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Preface

From a macroscopic standpoint, the environment where we live maintains con-
stancy to some extent. This means the environment has a buffering capacity for vari-
ous types of impacts. Bacterial metabolic capacity, which plays an important role in
the global material cycle, contributes largely to the buffering capacity for huge and
unintended release of various chemicals. Recently, however, the prosperity and glo-
balization of material civilization has led not only to severe local contamination by
hazardous chemicals, but also to continuous increment of contaminant concentra-
tions worldwide. To solve such urgent global issues, bacterial functions that are
involved in biodegradation of hazardous chemicals have been analyzed. The term
“biodegradative bacteria” refers to the bacteria that have the ability to degrade such
xenobiotic (man-made) and/or hazardous chemicals.

Since the 1980s, following on the development of microbial genetics, molecular
genetic research techniques have been applied to the investigation of the function of
biodegradative bacteria. This research has resulted in the cloning of many genes and
gene clusters involved in the biodegradation of various types of contaminated chem-
icals. Similarly, many enzymes involved in unique biodegradative reactions with
recalcitrant hazardous chemicals have been analyzed to understand why biodegra-
dative bacteria can decompose corresponding chemicals. These analyses have pro-
vided an understanding of the structural bases of such novel reactions for xenobiotic
chemicals. As readers may know, the recent development of genome-wide investi-
gative techniques has largely promoted the comprehensive interpretation of a
whole-cell system of biodegradative bacteria. The degradative capacity of bacteria
for xenobiotic compounds may be developed through the adaptive change of native
enzymatic function and/or recruitment of genes or gene clusters accounting for the
new metabolic capacities. Therefore, analyses of biodegradative bacteria can be
said to have partially dealt with the rapid evolution process of bacteria in natural
ecosystems. From the application point of view, to remediate actual contaminated
sites by the biodegradative capacity of bacteria, it is quite important to know or to
control the behavior of biodegradative bacteria in the environment. These are quite



vi Preface

difficult issues, however, because there are numerous bacterial strains and diverse
environmental conditions in actual contaminated sites. Thus, in situ analyses of
biodegradative bacterial function should include investigation by recently devel-
oped molecular ecological techniques.

As mentioned earlier, analyses of biodegradative bacteria include various types
of studies, such as genetics, enzymology, genomics, cell physiology, ecology, and
evolutional biology. In another words, the targets investigated in research on bio-
degradative bacteria include single molecules, single cell systems, bacterial consor-
tia (interaction with surrounding microorganisms), and interaction with surrounding
biotic and abiotic materials. Such complexity makes the research on biodegradative
bacteria difficult but quite interesting.

Biodegradative Bacteria consists of three parts, each consisting of five to seven
chapters: (1) Genetic and genomic systems, (2) Degradative enzyme systems, and
(3) Bacterial behavior in natural environmental systems. The reader will find that
the scope of the various chapters is not uniform. In our opinion, they all are fascinat-
ing, however. We hope this book will contribute to readers’ knowledge of how far
biodegradative bacteria research has progressed and how various recent technical
innovations have led to such progress. To all the authors who in spite of their numer-
ous other duties found time to review the novel work in their field, we express our
gratitude. We are also grateful to Springer Japan and especially to Kaoru Hashimoto
and Yoshiko Shikano of the editorial staff for their support and counsel.

Tokyo, Japan Hideaki Nojiri
Sendai, Japan Masataka Tsuda
Sapporo, Japan Yoichi Kamagata

Nagaoka, Japan Masao Fukuda
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Chapter 1

Rhodococcus Multiple-Enzyme
and Parallel-Degradation System
for Aromatic Compounds

Masao Fukuda

Abstract Aromatic hydrocarbons are aerobically degraded by a variety of bacteria
via enzyme systems including ring-hydroxylating dioxygenases and monooxygenases
and extradiol and intradiol ring-cleavage dioxygenases. The degradation enzyme
genes of gram-negative bacteria usually constitute a single gene cluster. Multiple
gene clusters of degradation enzyme genes were found in the gram-positive
Rhodococcus strain RHA1. Multiple isozyme genes with 2,3-dihydroxybiphenyl
dioxygenase activity have been reported in several biphenyl/PCB-degrading
Rhodococcus strains including RHA1, suggesting the multiple-enzyme pathways
in Rhodococcus strains. Transcriptional induction of multiple isozymes and func-
tional involvement of multiple isozymes in degradation of not only biphenyl and
PCBs but benzene and alkylbenzenes have been reported in RHAI. A couple of
two-component regulatory systems are responsible for transcriptional induction of
multiple isozymes. This multiple-enzyme pathway is thought to support the strong
PCB degradation activity and the wide range of degradation activity of RHA1. The
multiple-enzyme system in combination with the regulatory system with a broad
inducing-substrate spectrum appears to provide the parallel-degradation system
conferring the tough degradation activity toward a broad range of aromatics,
suggesting the advantage of the multiple-enzyme system.

Keywords Acidovorax ¢ Biphenyl ¢ Dioxygenase * Extradiol dioxygenase ¢
Isozyme ¢ Polychlorinated biphenyls (PCBs) * Pseudomonas * Rhodococcus
Ring-cleavage dioxygenase * Ring-hydroxylating dioxygenase
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1.1 Aromatic Degradation Pathway Enzymes and Genes

Aromatic hydrocarbons are usually hydroxylated to generate dihydrodiol interme-
diates by ring-hydroxylating dioxygenases at the initial step as illustrated in Fig. 1.1.
In some cases, dihydrodiol intermediates are formed by duplicate hydroxylation
reactions by ring-hydroxylating monooxygenases. Dihydrodiol intermediates are
converted to diol intermediates by dehydrogenases. Then the aromatic rings of diols
are cleaved by extradiol or intradiol ring-cleavage dioxygenases. Extradiol and intra-
diol ring-cleavage dioxygenases cleave the C—C bonds neighboring to and between
two vicinal hydroxyl groups, respectively. The cleaved fragments formed via ring
cleavage are trimmed further to form intermediates such as pyruvate and acetyl-
CoA, which are incorporated into a TCA cycle. Bacterial aerobic degradation
enzyme systems of aromatic hydrocarbons had been characterized well in gram-
negative aerobic bacteria such as the genera Pseudomonas, Burkholderia, and
Sphingomonas.

The degradation enzyme genes of these gram-negative degraders usually consti-
tute a single gene cluster specialized for degradation of the target substrate. Biphenyl
catabolic enzyme pathway has been characterized in detail, because it is available to
degrade polychlorinated biphenyls (PCBs), which are well-known hazardous
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Fig. 1.1 Oxygenases involved in aromatic degradation pathways. The degradation enzyme steps
for the representative aromatic hydrocarbons are presented. Oxygenases are involved in the key
steps responsible for the initial hydroxylation and intermediate ring cleavage. Black and gray
arrows represent hydroxylating dioxygenases and monooxygenases, respectively. Shaded arrows
represent ring-cleavage dioxygenases. Open arrows indicate the other enzymes
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Fig. 1.2 Enzymes and genes of biphenyl degradation pathway. The enzyme and gene names of
each step in the biphenyl degradation pathway are presented above and below an arrow, respec-
tively. HOVA is converted to pyruvate and acetaldehyde, which is converted to acetyl-CoA by
acetaldehyde dehydrogenase. Benzoate is degraded through the independent benzoate pathway via
1,2-dihydroxybenzoate, catechol and 3-oxoadipate, to succinate and acetyl-CoA. Pyruvate, succi-
nate, and acetyl-CoA formed from biphenyl are utilized in TCA cycle. Compound names are
indicated below the corresponding compounds and abbreviated as follows: DHBP
2,3-dihydroxybiphenyl, HOVA 4-hydroxy-2-oxovalerate, HOPD 2-hydroxy-6-0xo-6-phenylhexa-
2,4-dienoate, HPDA 2-hydroxypenta-2,4-dienoate, PHDD 3-phenylcyclohexa-3,5-diene-1,2-diol
(dihydrodiol)

contaminants in the environment. Although PCBs are not the inducing substance for
the biphenyl pathway, they are cometabolized by the biphenyl pathway in the
presence of biphenyl. In the case of biphenyl catabolic enzyme pathway (Fig. 1.2)
the upper catabolic pathway enzymes are responsible for the transformation of
biphenyl to pentadienoate and benzoate, and the lower catabolic pathway enzymes
are responsible for that of pentadienoate to pyruvate and acetyl-CoA. Benzoate is
transformed via catechol, cis, cis-muconate, and 3-oxoadipate through the spe-
cialized benzoate pathway to succinyl-CoA and acetyl-CoA. Pyruvate, succinyl-
CoA, and acetyl-CoA generated by the lower catabolic and benzoate pathways are
incorporated into the citric acid cycle and used as carbon and energy sources. In the
gram-negative biphenyl-degrading strains, Acidovorax sp. KKS102 (Ohtsubo et al.
2001) and Pseudomonas pseudoalcaligenes KF707 (Watanabe et al. 2003), all the
upper and lower catabolic pathway enzymes are encoded by a single gene cluster
(Fig. 1.3a, b), although their gene organizations are different from each other. Both
the gene clusters contain the regulatory genes responsible for the transcriptional
induction of catabolic enzymes and encode a single respective enzyme gene for
each step, indicating that a single enzyme is responsible for each catabolic step.

In the strain Rhodococcus jostii RHA1 the upper and lower catabolic pathway
enzyme genes are distributed among multiple separate gene clusters (Fig. 1.3a)
(McLeod et al. 2006; Takeda et al. 2010). These gene clusters code the multiple sets of
isozymes that differ in amino acid sequence but catalyze the same chemical reaction.
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Fig. 1.3 Gene organizations of biphenyl degradation genes. Biphenyl degradation gene clusters of
gram-negative Acidovorax sp. KKS102 (a), Pseudomonas pseudoalcaligenes KF707 (b), and
gram-positive Rhodococcus jostii RHA1 (c) are presented. The sizes of linear plasmids and a
chromosome in RHA1 are indicated in parentheses. Genes coding biphenyl dioxygenase subunits
are presented by black arrows. Gray arrows indicate PHDD dehydrogenase, DHBP dioxygenase,
or HOPD hydrolase genes. Spotted arrows specify HPDA hydratase, HOVA aldolase, or acetalde-
hyde dehydrogenase genes. Regulatory genes are implied by shaded arrows. Compound names are
abbreviated as Fig. 1.2

In the upper pathway two sets of the first- to third-step enzyme genes are sepa-
rately distributed in the gene clusters of linear plasmids, pRHL1 and pRHL2. The
first-step enzyme, biphenyl dioxygenase, is composed of four subunits including
large and small subunits of terminal dioxygenase responsible for catalytic reaction
and ferredoxin and reductase subunits responsible for electron transfer from
NADH. The sets of the large and small subunits are encoded by bphAabphAb,
etbAaletbAbl, and etbAa2etbAb2. The deduced amino acid sequences of etbAalet-
bAbI and etbAa2etbAb2 are the same. The ferredoxin subunits are encoded
by bphAc and etbAc, and the reductase subunits are by bphAd and etbAd.
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The second-step dehydrogenases are encoded by bphBI and bphB2. The third-step
2,3-dihydroxybiphenyl dioxygenases are encoded by bphC1, etbC, bphC2, and so
on. The fourth-step hydrolase is encoded by etbD1, bphD1, etbD2, and bphD2. The
lower pathway enzymes are encoded by four gene sets including bphGbphF1b-
phEl, bphE2bphF2, bphE3bphG2, and bphG'bphF3. The bphG’ is truncated
homolog of bphG and is estimated to be inactive. In addition to these there are two
sets of regulatory genes including bphS1bphTI1 and bphS2bphT2. Therefore at least
a couple of isozyme genes are found for each catabolic step of the upper and lower
pathway, suggesting that R. jostii RHA1 has the multiple-enzyme pathway.

1.2 Multiplicity of Extradiol Dioxygenase Genes
Found in Biphenyl-Degrading Rhodococcus Strains

The multiplicity of extradiol dioxygenase genes was first reported in Rhodococcus
globerulus P6 (Asturias and Timmis 1993). Three 2,3-dihydroxybiphenyl
1,2-dioxygenase (DHBP dioxygenase) genes were found in the P6 strain. One was
the bphC1 gene encoding 291 amino acid residues that has good similarity with the
previously reported DHBP dioxygenase genes of type 1.3 extradiol dioxygenases
(Fig. 1.4). The other two genes, bphC2 and bphC3, encoded enzymes of 190 amino
acid residues and were classified in type 1.1 (Eltis and Bolin 1996). Because DHBP
dioxygenases are usually composed of around 300 amino acid residues, the sizes of
these enzymes are unique. Their amino acid sequences of the enzymes encoded by
bphC2 and bphC3 and the carboxyl-terminal half of type 1.3 enzyme have some
similarities. The amino acid sequences of P6 BphC2 and BphC3 enzymes are
aligned with that of Acidovorax sp. KKS102 BphC type 1.3 enzyme in Fig. 1.5.
The secondary structure of KKS102 BphC estimated from its three-dimensional
(3D) structure solved by X-ray crystallography is presented above the sequence
alignment. The 3D structure of KKS102 BphC suggested that BphC enzyme is
composed of two similar domains and each domain contains a couple of motifs
primarily consisting of f—a—p—p—P structures (Senda et al. 1996). The ferrous ion
required for catalytic activity resides only in the carboxyl-terminal domain indicat-
ing that the amino-terminal domain is not involved in the catalytic activity. The
secondary structure of the carboxyl-terminal domain of KKS102 BphC staring at
the residue 136 shows good similarity with the predicted secondary structure of P6
BphC2 (Fig. 1.5). In addition the key amino acid residues of KKS102 BphC respon-
sible for the ligands of a ferrous ion (H146, H210 and E259), the substrate binding
(Y250 and H241), and the catalytic base (H195) are all conserved in P6 BphC2 and
P6 BphC3. Thus the type 1.1 enzyme appears to constitute a single-domain subfam-
ily of type I enzyme and corresponds to the carboxyl-terminal domain of enzymes
of the type 1.3 subfamily (Bergdoll et al. 1998).

The significant multiplicity of DHBP dioxygenases was then reported in
R. erythropolis TA421, which was isolated from a termite ecosystem (Maeda et al.
1995). Seven DHBP dioxygenase genes including bphC1 to bphC7 were found in
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Fig. 1.4 Phylogenetic tree of type I DHBP dioxygenases from Rhodococcus strains. The phyloge-
netic tree of type | DHBP dioxygenases from Rhodococcus strains and the representative ones was
generated by the neighbor-joining method with Clustal W and drawn using the TreeView program.
Subtypes are indicated by peripheral arcs. DHBP dioxygenases from R. erythropolis TA421 are
underlined. Those from R. rhodochrous K37 are boxed. Those from R. globerulus P6 are high-
lighted with gray background. Those from R. jostii RHA1 are highlighted with black background.
The remaining type I enzymes of RHA1 found in the genome sequence are partly highlighted with
black background using gray characters. The representative type I extradiol dioxygenases
are presented using gray characters and their abbreviations are as follows: CF600 DmpB,
Pseudomonas sp. CF600 catechol 2,3-dioxygenase; CM-2 MndD, Arthrobacter globiformis CM-2
3,4-dihydroxyphenylacetate 2,3-dioxygenase; JMP222 Mpcll, Cupriavidus necator (Alcaligenes
eutrophus) JMP 222 metapyrocatechase 1I; KF707 BphC, Pseudomonas pseudoalcaligenes
KF707 2,3-dihydroxybiphenyl-1,2-dioxygenase; KKS102 BphC, Acidovorax (Pseudomonas)
sp. KKS102 2,3-dihydroxybiphenyl-1,2-dioxygenase; LB400 BphC, Burkholderia xenovorans
LB400 2,3-dihydroxybiphenyl-1,2-dioxygenase; MT-2 XylE, Pseudomonas putida mt-2 catechol
2,3-dioxygenase

TA421 by screening of the Escherichia coli gene library against DHBP dioxygenase
activity. Recombinant clones expressing DHBP dioxygenase convert DHBP to
HOPD and develop yellow color on the plate containing DHBP. Among the seven
genes, six genes are included in type 1.3 and bphC2 belongs to type 1.1 (Fig. 1.4).
The bphC2 to bphC4 genes were encoded in a 500-kb large linear plasmid,
pTA421(Kosono et al. 1997). Loss of pTA421 resulted in the deficiency in growth
on biphenyl and degradation of PCBs, suggesting that at least one of these three
DHBP dioxygenase genes is involved in biphenyl metabolism. The TA421 bphCl
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Fig. 1.5 Amino acid sequence and secondary structure alignment of type 1.1 and type 1.3 DHBP
dioxygenases. Amino acid sequences of R. globerulus P6 BphC2 and BphC3 dioxygenases
belonging to type 1.1 are aligned with Acidovorax sp. KKS102 BphC based on the results of
sequence alignment by clustal W program and their secondary structures. The secondary structure
of KKS102 BphC was estimated from the results of X-ray crystallographic analysis and is
presented above the amino acid sequence alignment. That of P6 BphC2 was predicted by the
JPRED3 program (http://www.compbio.dundee.ac.uk/www-jpred/) and is presented below the
sequence alignment. Horizontal cylinders and arrows represent the regions of helices and
{3 strands, respectively. An underlined bold character indicates the amino acid residue required for
the enzyme activity as a catalytic base. Shaded characters represent the residues that provide
ligands to a ferrous ion in the active center. Boxed residues specity the key residues responsible for
substrate binding

had mostly the same gene sequence as the P6 bphClI. The TA421 bphC2 showed
high amino acid sequence similarity to the P6 bphC2 gene. Southern hybridization
experiments using TA421 bphC gene probes indicated the presence of the orthologs
of each TA421 bphC gene in the strain P6. These results suggest that TA421 and P6
share the similar set of DHBP dioxygenase genes.

Using the same screening procedure, seven DHBP dioxygenase genes including
bphC1I to bphC6 and etbC were found in R. jostii RHA1 (Shimizu et al. 2001; Sakai
et al. 2002). Among the seven genes, four genes are included in type 1.3, one is in
type 1.1, and two belongs to type 1.6, implying the differences with the strains
TA421 and P6 (Fig. 1.4). The entire genome sequencing of RHA1 revealed addi-
tional six extradiol dioxygenase genes as illustrated in Fig. 1.4. The thirteen extra-
diol dioxygenase genes in RHA1 are distributed among all the subtypes. Northern
blot and DNA array analysis indicated that bphC1 and etbC were induced transcrip-
tionally during the growth on biphenyl (Sakai et al. 2002; Goncalves et al. 2006)
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and bphC5 was induced in the presence of cholesterol (Van der Geize et al. 2007).
These results suggest that bphC1 and etbC are involved in biphenyl catabolism and
bphCS5 is responsible for cholesterol catabolism. Accordingly the bphC5 gene was
reannotated as hsaC coding the 3,4-dihydroxy-9,10-seconandrost-1,3,5(10)-triene-
9,17-dione dioxygenase.

R. rhodochrous K37 has eight DHBP dioxygenase genes including bphClI to
bphC8 with distinct diversity (Taguchi et al. 2004). In addition to type 1.3 and 1.6
enzymes indicated in Fig. 1.4, K37 has type II extradiol dioxygenases including
bphC3 and bphC6. Only the bphC8 was transcriptionally induced in the presence of
biphenyl and bphC1, bphC2, and bphC7 were transcriptionally induced in the pres-
ence of testosterone. The type II extradiol dioxygenases have neither domains nor
duplicate motifs based on the three-dimensional structures of protocatechuate
4,5-dioxygenase encoded by ligAB of Sphingomonas paucimobilis SYK-6 and
appear to have originated from the ancestor independent from type II enzymes
(Sugimoto et al. 1999). However, the active centers of the type I and II enzymes are
very similar. Both of them contain a ferrous ion coordinated by two histidines and a
glutamate and have a histidine near the substrate, which is estimated to be a Schiff
base to draw a proton out of the substrate. The type I and II extradiol dioxygenases
appear to have evolved convergently to catalyze the same kind of reaction. In conclu-
sion Rhodococcus strains appear to have seven or more DHBP dioxygenase genes
and at least some of them are thought to be involved in metabolism of biphenyl.

1.3 Functional Involvement of Multiple Isozymes
in Biphenyl Degradation

Functional involvement of DHBP dioxygenase isozymes was examined in the
strains P6 and RHA1. Among the three DHBP dioxygenase isozymes in P6, two
enzyme proteins encoded by bphCl and bphC2 were induced and detected by
Western blot analysis during the growth on biphenyl (McKay et al. 2003). Purified
P6 DHBP dioxygenases prepared from E. coli recombinant strains showed different
substrate specificities toward chlorinated DHBPs as illustrated in Fig. 1.6a (McKay
et al. 2003; Vaillancourt et al. 2003). In the strain RHA1 the two DHBP dioxygen-
ase isozymes encoded by bphCl and etbC were induced during the growth on
biphenyl (Hauschild et al. 1996). Enzyme activities toward both DHBP and cate-
chol, which are diol metabolites of biphenyl and benzene, respectively, were indi-
cated by activity stain after electrophoretic separation. The results of activity assay
using the purified enzymes of bphC1 and etbC suggest that EtbC has broader sub-
strate spectrum than BphC1 (Fig. 1.6b). Higher relative activity of BphC1 against
catechol may suggest that BphC1 is more responsible for metabolism of single-ring
aromatics.

Two types of ring-cleavage-product hydrolases were purified from RHA1 grown
on biphenyl (Hatta et al. 1998). One enzyme was specific to HOPD, which was the
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Fig. 1.6 Substrate preferences of P6 (a) and RHA1 (b) DHBP dioxygenases involved in biphenyl
degradation. The relative activity toward each substrate is displayed by a vertical bar and the exact
value is presented on the bar. It is expressed as the percentage ratio of the activity to the activity
toward DHBP. The results of DHBP dioxygenases encoded by bphC1 (BphC1, open bars), bphC2
(BphC2, gray bars), and bphC3 (BphC3, black bars) of R. globerulus P6 and those encoded by
bphC1 (BphCl, open bars) and etbC (EtbC, gray bars) of R. jostii RHAI are presented in
the panels A and B, respectively. Substrate names are abbreviated as follows: DHBP
2,3-dihydroxybiphenyl, 2’-CIDHBP 2'-chloro-2,3-dihydroxybiphenyl, 3’-CIDHBP 3’-chloro-2,3-
dihydroxybiphenyl, 4'-CIDHBP  4'-chloro-2,3-dihydroxybiphenyl, CAT catechol, 3MC
3-methylcatechol, 4M C 4-methylcatechol, 3CC 3-chlorocatechol, 4CC 4-chlorocatechol. Substrate
structures are presented on the right. Substrate structures are displayed on the right

ring-cleavage product of DHBP generated from biphenyl. The other one was spe-
cific to 2-hydroxy-6-oxohepta-2,4-dienoate (HOHD), which was the ring-cleavage
product of 3-methylcatechol generated from toluene. Then one HOPD hydrolase
gene, bphDI, and two HOHD hydrolase genes, etbDI and ethD2, were cloned
(Yamada et al. 1998). RNA slot blot hybridization analysis indicated that these
three hydrolase genes are induced during the growth on biphenyl, benzene, toluene,
and ethylbenzene. The bphD1, etbD1, and etbD2 genes expressed in E. coli exhib-
ited activities specific to HOPD, HOHD, and HOHD, respectively, and the latter
two also showed activity to 2-hydroxy muconic semialdehyde (HMSA) generated
from benzene (Fig. 1.7). The amino-terminal amino acid sequences of the purified
enzymes, however, agreed with those of bphD1 and etbD1. The etbD2 gene appears
to have failure in expression in the posttranscriptional process. These results suggest
that bphD1 is responsible for metabolism of biphenyl and etbD1 is accountable for
that of toluene and benzene.



12 M. Fukuda

100
BphD1|[] 2.9 HOPD
i {0 EHOHD HOED N
1] COHMSA |
CH
Eth1_ = 100 03 coon
33 |/ HOHD
Eth2_| 00|  coon
12
o]
0 50 100 |

OH
relative activity (%) HMSA " cooH

Fig. 1.7 Substrate preferences of RHA1 BphD1, EtbD1, and EtbD2 ring-cleavage-product hydro-
lases encoded by bphD1, etbD1, and etbD 1, respectively. The relative activity toward each substrate
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2-hydroxy-6-ox0-6-phenylhexa-2,4-dienoate, HOHD 2-hydroxy-6-oxohepta-2,4-dienoic acid,
HMSA 2-hydroxymuconic semialdehyde. Substrate structures are presented on the right
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Fig. 1.8 Involvement of BphA and EtbA biphenyl dioxygenases in PCB degradation by R. jostii
RHAL. The degradation activities of the wild-type strain (black bars) and the deletion mutant
strains of bphA (gray bars) and etbA (white bars) are presented. Cells were incubated with a
mixture of chlorinated biphenyl congeners (1 mM each) for 10 h and the ethyl acetate extracts
were subjected to gas chromatography—mass spectrometry. Percentages of degradation were
estimated from the remaining amount of each congener after incubation and that after incubation
with autoclaved cells

The functional involvement of two biphenyl dioxygenase isozymes was exam-
ined by determining their activities of the mutant strains against PCB congeners
(Iwasaki et al. 2006). Figure 1.8 presents the results on 2,2'-, 4,4'-, 2,42’ 4'- and
2,5,2',5’-chlorobiphenyls. The terminal dioxygenase subunit gene, bphAa, was
inactivated in the HDA1 mutant strain to eliminate the BphA enzyme activity from
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RHAI. Because there are two sets of ethAa and etbAb genes, etbAalAbl and
etbAa2Ab2, coding the large and small subunits of a terminal dioxygenase with the
same amino acid sequences, both the etbAal and etbAa2 subunit genes were inacti-
vated in the HDBT1 mutant strain to remove the EtbA enzyme activity. Elimination
of either of the dioxygenases resulted in apparent reduction of degradation activity
except for 2,2’-chlorobiphenyl. Reduction of degradation activity of the EtbA-
deficient strain HDBT1 (AEtbA) was always more significant than that of the
BphA-lacking strain HDA1 (ABphA). These results suggest that both the BphA and
EtbA dioxygenases are involved in PCB degradation and EtbA is more responsible
for degradation than BphA. Broad substrate range of BphA and EtbA including
biphenyl, naphthalene, phenanthrene, dibenzofuran, dibenzo-p-dioxin, benzene,
toluene, and ethylbenzene was indicated using the recombinant Rhodococcus strains
expressing either BphA or EtbA (Iwasaki et al. 2007).

1.4 The Regulatory System for Induction
of Multiple Isozymes

Based on DNA microarray and quantitative reverse-transcription PCR analyses
(Goncalves et al. 2006), transcriptional expression of multiple isozymes in each step
of upper biphenyl metabolic pathway was indicated in RHA1 as presented in the
panel A of Fig. 1.9 (Goncalves et al. 2000). A couple of isozymes encoded by bphAa
to bphAd genes and etbAa to etbAd genes are involved in the first step. There are two
sets of etbAa and etbAD genes, etbAalAbl and etbAa2Ab2, as mentioned above. The
second and third steps also have a couple of isozymes encoded by bphBI and bphB2
genes and bphC1 and etbC genes, respectively. Three isozymes encoded by bphD1,
etbD1, and etbD2 genes are involved in the fourth step. Functional involvement of
these genes except for bphBI and bphB2 genes has been already described above.
These enzyme genes are distributed among five operons, which are under the
control of duplicate two-component regulatory systems encoded by bphSITI and
bphS2T2 genes (Takeda et al. 2010) as illustrated in the panel B of Fig. 1.9. Reporter
assay experiments using the /uxAB luciferase gene connected to the bphAa promoter
as a reporter indicated that both the bphSITI- and bphS2T2-coding regulatory sys-
tems activate the bphAa promoter in the presence of benzene or alkylbenzenes such
as ethylbenzene, toluene, isopropylbenzene, or xylenes (Fig. 1.10). In the presence
of biphenyl only the bphSITI-coding system activates the reporter, suggesting
some difference between bphSITI- and bphS2T2-coding systems in the inducing-
substrate preference. Higher degradation activity of PCBs was observed in the pres-
ence of ethylbenzene than in the presence of biphenyl, suggesting transcription
activation by the bphSITI- plus bphS2T2-coding systems is superior to that by the
sole bphS1TI-coding system (Seto et al. 1996). Transcriptional activation by
the bphS1TI-coding system was also observed with the reporter containing either of
the etbD1, etbAd, etbAal, or etbAa2 promoters (Takeda et al. 2004). The knowledge
obtained from the previously characterized two-component regulatory systems
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Fig. 1.9 The isozymes of biphenyl degradation steps (a) and the duplicated two-component
regulatory systems (b) in R. jostii RHAL. (a) The isozyme genes involved in each step of the upper
biphenyl degradation pathway are presented. The enzyme and gene names of each step are
presented above and below an arrow, respectively. Compound names are abbreviated as Fig. 1.2.
(b) The signal transduction pathways of the duplicated two-component regulatory systems,
BphS1T1 and BphS2T2, which are responsible for transcriptional induction of biphenyl degradation
enzyme genes in R. jostii RHA1, are presented. The sensor kinases, BphS1 and BphS2, activate
the response regulators BphT1 and BphT2 by phosphorylation in the presence of an inducing
substrate such as benzene and alkylbenzenes as illustrated. Biphenyl is the inducing substrate not
for BphS2 but for BphS1. Phosphorylated BphT1 and BphT?2 activate the five promoters of biphe-
nyl degradation gene operons that share the 24-bp consensus sequence indicated by a shaded box.
A thin dashed line originating from the 24-bp consensus sequence represents the direction of
transcription

suggests that the bphSI- and bphS2-coding sensor kinases phosphorylate bphT1-
and bphT2-coding response regulators, which simultaneously activate the transcrip-
tion of the five degradation enzyme operons (Table 1.1). Cross talk between the
sensor kinases and the heterologous response regulators was revealed using
bphSIT2- and bphS2TI-coding hybrid systems (Takeda et al. 2010). These five
operons share the 24-bp consensus sequence located around the nucleotide 28-30-
bp upstream from their transcription start (Figs. 1.9b and 1.11) (Shimodaira et al.
2012). The 24-bp consensus is also found in the upstream from the degradation
genes of other Rhodococcus strains including R. opacus B4, R. erythropolis BD2,
and Rhodococcus sp. TFB (Fig. 1.11), and is thought to be the binding site of the
specific transcription complex containing the bphT-coding response regulators or
the response regulator itself. Thus the strain RHA1 has the multiple-enzyme system
for biphenyl metabolism, which is induced by the multiple regulatory systems.
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Fig. 1.10 Inducing substrates of the duplicated two-component regulatory systems, BphS1T1 and
BphS2T2. Substrate-dependent relative luciferase activities conferred by the /uxAB reporter genes
under the control of BphS1T1 (black bars) or BphS2T?2 (shaded bars) are presented. The [uxAB
reporter gene was connected to the bphAa promoter in a reporter plasmid, which was introduced in
a host strain R. erythropolis IAM1399 containing a plasmid expressing either BphSI1T1 or
BphS2T?2. The recombinant strain was grown in the presence of one of the substrates indicated and
subjected to the luciferase activity measurement using a luminometer. Succinate and benzoate
were employed as non-inducing control substrates. The activity (RLU/ODyy) was expressed as
relative light unit (RLU) per milliliter per unit of the final ODgy,

Table 1.1 Involvement of the bphST regulatory system in the growth of RHAI on a variety of
aromatics

Growth?

Wild bphS1 bphS2  bphS1S2  bphTl  bphT2  bphTIT2
Substrate (RHA1) mutant mutant mutant mutant mutant  mutant
Biphenyl + - + - + + -
Ethylbenzene + + + - + + —
Toluene + + + - + + _
Benzene + + + - + + —
Isopropylbenzene  + + + - + + _
o-xylene + + + - + + -
Terephthalate + + + + + + +

*—no growth, + growth

1.5 The Advantages and Disadvantages
of the Multiple-Enzyme System

Consequently the multiple-enzyme system in combination with the regulatory sys-
tem with a broad inducing-substrate spectrum, which was uncovered in the strain
RHALI, appears to provide the parallel-degradation system conferring the tough
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Fig. 1.11 The consensus sequence among the BphST-regulated promoters and their homologs in
aromatic-degrading Rhodococcus strains. The promoter sequences regulated by BphST in R. jostii
RHA1 are aligned with the homologous sequences found in other aromatic-degrading Rhodococcus
strains. The conserved sequences corresponding to the consensus, which is presented on the top,
are in an open box. The sequences outside the consensus are in gray boxes. The transcriptional
starts are highlighted. The sequences are extracted from the upstream from bphAa of R. jostii
RHA1 (CP000432), etbD1 of RHA1 (CP000432), etbAal of RHA1 (CP000433), erbAa2 of RHA1
(CP000433), etbAd of RHA1 (CP000433), ro08049 of RHA1 (CP000432), 1010119 of RHA1
(CP000433), ROP_pROBO02-01580 of R. opacus B4 (AP011117), ROP_pROB02-01700 of
R. opacus B4 (APO11117), PBD2.153 of R. erythropolis BD2 (AY223810), PBD2.165 of R. eryth-
ropolis BD2 (AY223810), and thnA1 of Rhodococcus sp. TFB (32)

degradation activity toward a broad range of aromatics, suggesting the advantage of
the multiple-enzyme system. Table 1.1 clearly illustrates the broad substrate range
of the parallel-degradation system. Loss of degradation activity by the multiple-
enzyme system in the double knockouts of bphS1 and bphS2 or bphTI and bphT2
resulted in the growth deficiency on biphenyl, benzene, and alkylbenzenes. In addi-
tion the multiple-enzyme system with the broad induction system is expected to
give superior chances to evolve the degradation systems for new substrates with
accelerated evolution velocity. Recently we found that the competition between
BphA and EtbA dioxygenases makes RHA1 unable to grow on stylene, suggesting
the disadvantage of the multiple-enzyme system (unpublished results). However,
the multiple-enzyme system in Rhodococcus strains definitely seem to provide the
superior degradation activity and growth ability on a wide range of aromatics.
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Chapter 2

Appearance and Evolution

of y-Hexachlorocyclohexane-Degrading
Bacteria

Yuji Nagata, Michiro Tabata, Satoshi Ohhata, and Masataka Tsuda

Abstract a-Proteobacterial strains belonging to the so-called sphingomonads
group degrade various highly recalcitrant compounds, including xenobiotics, but
generally each strain degrades only a limited set of compounds, suggesting that
sphingomonads tend to be specialists for the degradation of extremely recalcitrant
compounds. Inthis chapter, the appearance and evolution of y-hexachlorocyclohexane
(y-HCH/y-BHC/lindane)-degrading bacteria belonging to sphingomonads will be
discussed on the basis of the structure and function of their genomes and mobile
genetic elements. y-HCH is a typical, completely man-made chlorinated pesticide
that has caused serious environmental problems due to its toxicity and long persis-
tence in upland soils. The genome sequence of an archetypal y-HCH-degrading
strain, Sphingobium japonicum UT26, and its comparison with those of other
closely related y-HCH-degrading and non-y-HCH-degrading sphingomonad strains
revealed that (1) these y-HCH-degraders appeared independently and in parallel at
geographically different areas by recruiting the “specific” lin genes into strains hav-
ing the core functions of sphingomonads; (2) various sphingomonad-specific plas-
mids and the insertion sequence 1S6700 play important roles in the recruitment and
dissemination of the “specific” lin genes; and (3) transposition of IS6/00 causes
genome rearrangements including deletion and inversion of DNA sequences and
fusion and resolution of replicons.
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Abbreviations

Chr Chromosome

IS Insertion sequence

PEG Polyethylene glycol

POPs Persistent organic pollutants

TBDR  TonB-dependent receptor
TCA Tricarboxylic acid

t-HCH  Technical-HCH

y-HCH y-Hexachlorocyclohexane

2.1 Introduction

Microorganisms have developed new metabolic pathways for various chemical
compounds, including xenobiotics, in order to exploit new carbon sources and to
detoxify toxic compounds (Janssen et al. 2005). The mechanism by which they
adapt to xenobiotics is of great interest. Furthermore, an improved understanding of
the molecular mechanisms underlying the degradation of xenobiotics could be
applied for successful bioremediation (de Lorenzo 2008). For these purposes, many
bacterial strains that utilize xenobiotics have been isolated and characterized
(Megharaj et al. 2011). Among them, the former genus Sphingomonas, which
belongs to a-proteobacteria, forms one of the most important groups, because they
degrade various compounds, including highly recalcitrant ones (Stolz 2009). This
group of bacteria is also becoming increasingly interesting in the field of environ-
mental microbiology, because strains belonging to this former genus are widely
distributed in nature. Furthermore, they have important properties that can be
exploited for use in industrial biotechnology (White et al. 1996).

Taxonomically, the former genus Sphingomonas is complicated. This genus was
previously divided into four genera, Sphingomonas sensu stricto, Sphingobium,
Novosphingobium, and Sphingopyxis (Takeuchi et al. 2001), and then Yabuuchi
etal. regrouped the species of the four genera again as the single genus Sphingomonas
(Yabuuchi et al. 2002). However, the four genera can still be recognized, and we
here refer to these four Sphingomonas-related groups collectively as sphingomo-
nads. The isolation of various sphingomonads which harbor different metabolic
pathways for the degradation of a wide variety of xenobiotic compounds suggests
that the members of sphingomonads have the ability to adapt more quickly or more
efficiently to the degradation of new compounds in the environment than members
of other bacterial genera (Stolz 2009). In this chapter, we will focus on the sphingo-
monad strains that assimilate y-hexachlorocyclohexane (y-HCH/ y-BHC/lindane)
aerobically and discuss the appearance and evolution of such bacterial strains on the
basis of the structure and function of their genomes and mobile genetic elements.
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2.2 Aerobic y-HCH-Degrading Bacteria

v-HCH is a completely man-made chlorinated pesticide that has caused serious
environmental problems due to its toxicity and long persistence in upland soils (Lal
et al. 2010; Vijgen et al. 2011). HCH is chemically synthesized by the process of
photochlorination of benzene. The synthesized product is called technical-HCH
(t-HCH) and consists of five isomers, namely, a-(60-70 %), y-(12—-16 %), p-(10—
12 %), 5-(6-10 %), and e-(3—4 %) (Vijgen et al. 2011). Among these HCH isomers
in t-HCH, only y-HCH has insecticidal activity, and thus y-HCH is generally puri-
fied from the other isomers in t-HCH and used as the insecticide lindane (>99 %
purity). However, we must take all the HCH isomers into consideration in the
cleanup of HCH-contaminated sites, because the remaining isomers are also
improperly discarded as “HCH muck” and have caused environmental problems.
Although the use of y-HCH has been banned, many HCH (y- and other isomers)-
contaminated sites are still present around the world (Lal et al. 2010; Vijgen et al.
2011). Furthermore, the -, -, and y-HCH isomers were recently included as new
persistent organic pollutants (POPs) at the Stockholm Convention, and thus HCH
contamination continues to be a major global concern (Vijgen et al. 2011). Only
60 years after the first release of y-HCH into the environment, a number of bacterial
strains that aerobically assimilate y-HCH have been isolated from geographically
distinct locations (Lal et al. 2010). This fact suggests that these bacteria acquired
their y-HCH-degrading abilities within a relatively short period.

Sphingobium japonicum UT26 was isolated from an upland experimental field to
which y-HCH had been applied once a year for 12 years (Senoo and Wada 1989;
Imai et al. 1989). UT26 utilizes y-HCH as a sole source of carbon and energy under
aerobic conditions and is the first and archetypal strain from which the /in genes for
the utilization of y-HCH have been cloned and characterized (Nagata et al. 2007).
The y-HCH degradation pathway in UT26 is shown in Fig. 2.1, and the /in genes are
listed in Table 2.1. In UT26, y-HCH is converted to f-ketoadipate via reactions cata-
lyzed by dehydrochlorinase (LinA) (Imai et al. 1991; Nagata et al. 1993a), haloal-
kane dehalogenase (LinB) (Nagata et al. 1993b; Nagata et al. 1997), dehydrogenase
(LinC) (Nagata et al. 1994), reductive dechlorinase (LinD) (Miyauchi et al. 1998),
ring-cleavage dioxygenase (LinE) (Miyauchi et al. 1999), and maleylacetate reduc-
tase (LinF) (Endo et al. 2005), and B-ketoadipate is further converted to succinyl-
CoA and acetyl-CoA by succinyl-CoA:3-oxoadipate CoA transferase (LinGH) and
B-ketoadipyl CoA thiolase (LinJ), respectively (Nagata et al. 2007; Nagata et al.
2011). The last two compounds are metabolized in the citrate/tricarboxylic acid
(TCA) cycle, which is a part of the central metabolic pathways. The linD and linE
genes constitute an operon and their expression is regulated by a LysR-type tran-
scriptional regulator (LinR) (Miyauchi et al. 2002).

The lin genes for the upstream and downstream pathways (Fig. 2.1: linA to linF)
are “specific” for the y-HCH-degrading pathway. In particular, the /inA gene is
unique, because it does not show significant similarity to any sequences in the
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Fig. 2.1 Degradation pathway of y-HCH in UT26. Compounds: /, y-hexachlorocyclohexane (y-HCH);
2, y-pentachlorocyclohexene; 3, 1,3,4,6-tetrachloro-1,4-cyclohexadiene; 4, 1,2.4-trichlorobenzene;
5,2,4,5-trichloro-2,5-cyclohexadiene-1-ol; 6, 2,5-dichlorophenol; 7, 2,5-dichloro-2,5-cyclohexadiene-
1,4-diol; 8, 2,5-dichlorohydroquinone; 9, chlorohydroquinone; /0, acylchloride; /7, hydroquinone;
12, y-hydroxymuconic semialdehyde; /3, maleylacetate; /4, p-ketoadipate; 15, 3-oxoadipyl-CoA; 16,
succinyl-CoA; 17, acetyl-CoA. TCA, citrate/tricarboxylic acid cycle

databases except for the almost identical /inA genes (>90 % identical) from other
bacterial strains (Nagata et al. 2007; Lal et al. 2010). On the other hand, the
B-ketoadipate pathway is one of the major pathways for the degradation of aromatic
compounds, and the genes for this pathway are often carried by many environmen-
tal bacterial strains (Harwood and Parales 1996). In addition to the /in genes encod-
ing these catabolic enzymes, genes for an ABC transporter system are also necessary
for the utilization of y-HCH in UT26 (Endo et al. 2007). This ABC transporter
system consists of four components, LinK, LinL, LinM, and LinN, and is involved
in the tolerance toward a toxic metabolite, 2,5-dichlorophenol (compound 6 in
Fig. 2.1) (Endo et al. 2007). It was suggested that LinKLMN is not a simple efflux
pump of toxic compounds, but is involved in the integrity of the outer membrane
(Endo et al., unpublished data). However, the substrate(s) of this transporter system
remain(s) unknown.

Aerobic y-HCH-degrading bacterial strains other than UT26 have been isolated
around the world, and most of them, at least those that have been adequately char-
acterized, are sphingomonads (Lal et al. 2010). Furthermore, all of these analyzed
strains have almost identical /in genes and identical IS6700 insertion sequences (Lal
et al. 2006). Although Sphingobium indicum B90A from India (Kumari et al. 2002)
and Sphingobium francense Sp+from France (Ceremonie et al. 2006) have been
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analyzed in detail, their genome sequences are unavailable. In this chapter, we will
describe mainly the structure of the UT26 genome and its comparison with the
genomes of other closely related non-y-HCH-degrading sphingomonad strains and
three y-HCH-degraders, Sphingobium sp. MI1205 from Japan (Ito et al. 2007),
Sphingomonas sp. MM-1 from India (Tabata et al. 2011), and Sphingobium sp. TKS
from Japan (Ohhata et al., unpublished data).

2.3 Genomes of y-HCH-Degrading Bacteria

The complete genome sequence of S. japonicum UT26 revealed five replicons com-
posed of two circular chromosomes (Chr), Chr 1 (3,514,822 bp, 64.8 % G+C, 3,529
ORFs) and Chr 2 (681,892 bp, 65.9 % G+C, 589 ORFs) and three circular plasmids,
pCHQI (190,974 bp, 63.0 % G+C, 224 ORFs), pUT1 (31,776 bp, 63.7 % G+C, 44
ORFs), and pUT2 (5,398 bp, 61.0 % G+C, 8 ORFs) (Nagata et al. 2010; Nagata
etal. 2011). Chr 1 and Chr 2 have one and two copies of rRNA gene (rrn) operons,
respectively. Because the rrn-containing large replicons in bacteria are usually
defined as chromosomes, the two large replicons were designated Chr 1 and Chr 2.
However, the border between “chromosome” and “plasmid” is vague. Although
pNL2 of Novosphingobium aromaticivorans DSM 12444 and Lpl of
Novosphingobium sp. PP1Y (D’ Argenio et al. 2011) have no rrn operon and thus
were categorized as plasmids, their putative replication origins are similar to those
of Chr 2 in Sphingobium japonicum UT26 and Sphingobium chlorophenolicum 1L-1
(Copley et al. 2011), suggesting these replicons are derived from a common ances-
tral repABC family plasmid (Fig. 2.2a, see below). Chr 1 and Chr 2 carry 51 and 4
tRNA genes, respectively, while the other replicons carry no tRNA genes. Out of the
206 bacterial essential genes proposed by Gil et al. (Gil et al. 2004), ten genes for
fructose-1, 6-bisphosphate aldolase, 6-phosphofructokinase, ribose S5-phosphate
isomerase, sn-glycerol-3-phosphate acyltransferase, hypoxanthine phosphoribosyl-
transferase, pantothenate kinase, adenylyl transferase, nicotinamide phosphoribos-
yltransferase, pyridoxal kinase, and thiamine pyrophosphokinase were not found in
the UT26 genome, and all the other 196 genes were located on Chr 1. Furthermore,
the putative replication origin of Chr 1 was found to be of a-proteobacterial-
chromosome type (Brassinga and Marczynski 2001; Sibley et al. 2006); this is an
upstream region of the uroporphyrinogen decarboxylase (hemE) gene with multiple
DnaA boxes [TT(A/T)TNCACA] (Schaper and Messer 1995; Nagata et al. 2011).
These results clearly indicated that Chr 1 is a main chromosome of UT26. However,
some important genes, e.g., the cysC and cysD genes for cysteine biosynthesis, were
found only on Chr 2 (Fig. 2.3), suggesting that Chr 2 is also essential for some
fundamental cell functions. The putative repA (for replication initiation protein)
genes of Chr 2 and pCHQ1 constitute clusters with putative partitioning genes, parA
and parB (Fig. 2.2a, b). The existence of this type of cluster is a feature of the
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Fig. 2.2 Proposed repA, parA, and parB regions of the sphingomonad plasmids/subreplicons
whose complete sequences were available (Table 2.3). Their types were classified on the basis of
RepA similarity: (a), UT26_Chr 2 type; (b), pCHQI type; (¢), pNL1 type; (d), pUT1 type; (e),
pUT2 type; and (), pLB1 type. Numbers under the genes show amino acid identity (%) with RepA,
ParA, and ParB of representative replicons of each type shown in bold at the top of each panel
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Fig. 2.2 (continued)

so-called repABC family plasmids, which are widely distributed among
a-proteobacteria (Cevallos et al. 2008), suggesting that Chr 2 and pCHQ! are origi-
nated from repABC family plasmids. The replication origin of pUT1 was proposed
to be located at the region upstream of the putative repA gene, because direct repeats
and a DnaA box were found in this region (Fig. 2.2d), which are typical features for
the replication origins of iteron-type plasmids (Chattoraj 2000). The replication ori-
gin of pUT2 was also proposed to be located at the region upstream of the putative
repA gene (Fig. 2.2e). However, pUT2 seems to be a member of the IncP-9/pM3
family (Krasowiak et al. 2006).

Sixty-three genes encoding TonB-dependent receptor (TBDR)-like proteins
were found in the UT26 genome: 43 on Chr 1, 18 on Chr 2, and 2 on pCHQI.
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Fig. 2.3 Three main replicons of UT26. Each replicon is drawn in circular. Note that the size
scale depends on the replicons. The top positions of the three replicons have been defined as puta-
tive replication origins (position 1). Positions of the /in genes, IS67/00, and bacterial essential genes
proposed by Gil et al. are marked with red, blue, and back bars, respectively. Results of GC skew
and G+C content are shown inside of the black scale circles: GC skew (inside), the parts higher and
lower than zero were colored with cyan and magenta, respectively; G+C content (outside), the
parts higher and lower than average of each replicon were colored with green and red, respectively.
Result of a blastN search of each region of the UT26 genome toward genome sequences of seven
other non-y-HCH-degrading sphingomonad strains, Sphingobium chlorophenolicum 1-1,
Sphingomonas sp. SKAS8, Sphingobium sp. SYK-6, Sphingomonas wittichii RW 1, Sphingopyxis
alaskensis RB2256, Novosphingobium aromaticivorans DSM 12444, and Novosphingobium sp.
PP1Y, is shown outside of the black scale circles in this order. The region whose homologous
sequence was found in the other strains (L-1, SKA58, SYK-6, RW1, RB2256, DSM 12444, and
PP1Y from inside to outside) was colored in the gradient depending on the level of similarity as
shown in explanatory note. Result of the same blastN search of each region of the UT26 genome
toward draft genome sequences of three y-HCH-degrading sphingomonad strains, Sphingobium
sp. TKS, Sphingobium sp. M11205, and Sphingomonas sp. MM-1 were shown outside of the circle
for the positions of IS6/00 in this order. See text for detail. This figure was drawn by ArcWithColor
(http://www.ige.tohoku.ac.jp/joho/gmProject/gmdownload.html)

Although TBDRs in other Gram(—) bacteria have originally been identified as outer
membrane proteins that mediate transport of siderophores into the periplasm
(Ferguson and Deisenhofer 2002), outer membrane polysaccharide-binding proteins
have sequence similarity with TBDRs (Cheng et al. 1995; Reeves et al. 1996).
Furthermore, the involvement of TBDR-like proteins in the uptake of polyethylene
glycol (PEG) (Tani et al. 2007), alkyl sulfate esters (Kahnert et al. 2002), and alginate
(Hashimoto et al. 2005) has also been suggested. The dioxin-mineralizing bacterium
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Sphingomonas wittichii RW1 was also found to have many genes for TBDR-like
proteins in its genome, and it was suggested that these proteins serve as transporters
of aromatic hydrocarbons and/or their breakdown products (Miller et al. 2010).
These facts strongly suggest that TBDR-like proteins are necessary for the
utilization of various compounds and that the possession of many genes for TBDR-
like proteins ensures the UT26 and RWI1 degradation abilities of various
compounds.

The lin genes for the y-HCH degradation are dispersed on Chr 1 (/inA, linB, linC,
and linKLMN), Chr 2 (linF and linGHIJ), and pCHQ1 (/inRED) (Table 2.1 and
Fig. 2.3), suggesting that UT26 did not simply acquire all the /in genes at once as a
sequential cluster. This is in contrast to the case of aromatic compound-degrading
Pseudomonas strains, which can acquire a whole set of genes necessary for the
degradation of aromatic compounds by conjugative transfer of plasmids and inte-
grative and conjugative elements (Davison 1999; Maeda et al. 2003; Sota et al.
2006; Yano et al. 2010; Shintani and Nojiri 2013).

Putative genes for the degradation of toluene/phenol, chlorophenol, anthranilate,
and homogentisate were also found in the UT26 genome (Nagata et al. 2011). These
genes constitute four clusters for the degradation of the respective compounds, and
each cluster contains all the genes necessary for conversion of each compound to
metabolites in the central metabolic pathway, strongly suggesting that UT26 can
utilize these compounds. However, the gene repertoire of UT26 for the degradation
of recalcitrant compounds is relatively small, compared with other environmental
bacterial strains, such as the versatile pollutant degrader Cupriavidus necator
JMP134 (Lykidis et al. 2010) and Burkholderia multivorans ATCC 17616 (Ohtsubo
et al. unpublished data), which is known to possess versatile catabolic activities
(Stanier et al. 1966; Yuhara et al. 2008). Although more analysis is necessary to esti-
mate the critical metabolic versatility of UT26, it can be concluded at this stage that
UT26 is a “specialist” for the degradation of y-HCH, but not a “generalist” for the
degradation of various compounds. It is known that sphingomonad strains degrade
various extremely recalcitrant compounds, such as dioxin-related compounds, chlo-
rinated herbicides, lignin-related compounds, polyaromatic hydrocarbons, and PEG,
but each strain degrades only a limited set of compounds (Stolz 2009). In other
words, sphingomonads tend to be specialists for the degradation of highly recalci-
trant compounds, not generalists like Cupriavidus and Burkholderia strains.

Comparative genomics often provide some insight into the evolution of bacterial
genomes. Thus, the genome of UT26 was compared with those of seven other non-
y-HCH-degrading sphingomonad strains whose genome sequences were available
in September, 2012 (Table 2.2): Sphingobium chlorophenolicum L-1 (pentachloro-
phenol degrader; Copley et al. 2011), Sphingomonas sp. SKAS58 (representative
marine oligotroph), Sphingobium sp. SYK-6 (lignin degrader; Masai et al. 2012),
Sphingomonas wittichii RW1 (dioxin degrader; Miller et al. 2010), Sphingopyxis
alaskensis RB2256 (representative marine oligotroph; Lauro et al. 2009),
Novosphingobium aromaticivorans DSM 12444 (degrader of a wide variety of
aromatic hydrocarbons), and Novosphingobium sp. PP1Y (degrader of a wide variety
of aromatic hydrocarbons; D’Argenio et al. 2011). The 16S rRNA gene analysis



T10¢ ‘Tequardog uy,

(suoqreds01pAy

JnjRWOIE JO AJoLIRA

(1107) T8 19 209°191°1 apIm JO IoPLISAp)
omasry. € CIA €01°c61 19T 98+ 116°¢ S06°€1E’S  Aldd ‘ds wmiqoSurydsoaon

(suoqres01pAy

JTRWOIR JO AJoLIRA

opIM JO IPEISAP) PHT T

NS SUDLOAIDDULOID
paystiqndun € v 81 1'INd 89C°L8%7 TINd  #86°196°¢ PIEEETY wniqosuydsoaoN

(ydomnoSro suLrew

(6000) 'Te 10 aAneuesaidor) 957z
ome] I OLTSPE'E EILELE'E sisuayso]p spxddosurydg

(0107) 812 LSL'TTT 8CT01€ (19peI3ap urxorp) My
TN 4 Z0LIMSd T0LIMSd 192°T8€°S 9T S16°S nyouIm spuowoduydg

(T100) TR 10 10881 (1opeisep urusy)
Tesejy 4 do1sd TEE661Y €ET'8YEY 9-MAS ‘ds wmqosuydg

(ydono3ro

(s3nuod 1) qurrew aAnejuasaxdar)
(€) 000°006°€ &2 8SVIIS “ds spuoutosuiydg

(19pei3op

[ouaydooyoryuad) 1-7

(1107) T2 12 €EL'ETI wino1jousydotoyd
£a1dop € [OHOHJSd 0L9°89¢°T  818°080°¢ 1TTELS Y winiqosuzydg

(1107) T8 12 9LLTE ¥L6°061 (10peISop-HOH-A) S9T1N
eleseN € 11nd 10HDd T68°189  TT8YIS'E 98 VTt wmnosodvl wniqosuiyds
QoudIRyey  uoredo (dq) (dq) (dq)  (dq)uoorder (dq) 1 1yD  (dq) 9z1s [eI0L, urens

L4 JO pruwserd pruserd pruserd adKy-g
nquny odA-reyo  odAy-zrnd  edAi-1rnd adK)-1INd  2dK-1OHD gD 9ZLN

A[qe[IBAR 2I9M $90UaNbas owouad asoym surens peuowosuryds g'7 dqeL



30 Y. Nagata et al.

97

62

00
00 SKAS8_2

mi1205 @
SYK-6_2
100
SYK-6_1
RW1 2
HW1 _1
MM-1 .

RB2256

PP1Y_3
100 PP1Y_2
7 | PP1Y_1
DSM 12444 _3
100 DSM 12444_2
DSM 12444 1
E. coli (out group)

Fig. 2.4 Neighbor-joining phylogenetic tree of 16S rRNA genes of sphingomonad strains.
Neighbor-joining phylogenetic tree of the conserved sites (1,385 nucleotides) in 16S rRNA genes
of 13 sphingomonad strains, S. japonicum UT26S (UT26_1, SJA_C1-r0010; UT26_2, SJIA_C2-
r0010; UT26_3, SJA_C2-r0040), Sphingobium indicum B90OA (B9OA, NR_042943), Sphingobium
francense Sp+(Sp+, NR_042944), Sphingobium sp. TKS (TKS_1, TKS_2, and TKS_3: unpub-
lished data), Sphingobium chlorophenolicum 1L-1 (L-1_1, Sphch_R0043; L-2_2, Sphch_R0058;
L-1_3, Sphch_R0067), Sphingomonas sp. SKA58 (SKAS58_1, SKAS58_r00366; SKAS58_2,
SKAS8_r18278), Sphingobium sp. MI11205 (MI1205: unpublished data), Sphingobium sp. SYK-6
(SYK6_1, SLG_r0030; SYK6_2, SLG_r0060), Sphingomonas wittichii RW1 (RW1_1, Swit_
RO031; RW1_2, Swit_R0040), Sphingomonas sp. MM-1 (MM-1: unpublished data), Sphingopyxis
alaskensis RB2256 (RB2256, Sala_R0048), N. aromaticivorans DSM 12444 (DSM_1, Saro_

R0065; DSM_2, Saro_R0059; DSM_3, Saro_R0053), and Novosphingobium sp. PP1Y (PPY_1,
PP1Y_ARO3; PPY_2, PP1Y_AR23 ;PPY_3, PP1Y_ARGS), was constructed using MAFFT pro-
gram (http://mafft.cbrc.jp/alignment/software/) and visualized by Njplot software. 16S rRNA gene
(rrsE: gene ID 7437018) of Escherichia coli str. K-12 substr. W3110 (E. coli) was used as an
out-of-group sequence. Bootstrap values calculated from 1,000 resampling using neighbor-joining
are shown at the respective nodes. Length of lines reflects relative evolutionary distances among
the sequences. Sphingomonas sp. SKAS8 should be Sphingobium sp. SKAS8 on the basis of com-
prehensive 16S rDNA analysis. However, we used Sphingomonas for the strain according to the
database in order to avoid confusion. y-HCH-degraders are bolded. Strains having 1S6/00 are
marked with black circles

suggested that these seven strains are phylogenetically similar to UT26, with L-1
showing the highest similarity, followed in order by SKA58, SYK-6, RW1, RB2256,
DSM 12444, and PP1Y (Fig. 2.4). A blastN search of each region of the UT26
genome was conducted toward genome sequences of the seven other strains. The
region whose homologous sequence was found in the other strains was colored in
the gradient depending on the level of similarity (Fig. 2.3). Because all the strains
have rrn genes homologous to those of UT26, the three positions of the rrn operons
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were colored red for all seven strains (Fig. 2.3). It was also clear that, among these
seven strains, only RW1 had the IS6700 insertion sequence (Fig. 2.3). Although a
more detailed examination of each region would certainly provide critical informa-
tion, our more general analysis revealed that the UT26 genome consists of regions
conserved among these sphingomonad strains as well as specific regions unique to
UT26 (Fig. 2.3). All of the abovementioned 196 bacterial essential genes proposed
by Gil et al. (Gil et al. 2004) are dispersed on the conserved regions of Chr 1
(Fig. 2.3). The G+C contents of the specific regions of Chr 1 are relatively low
(Fig. 2.3). One more important point is that the linKLMN and linGHIJ genes are
located on relatively conserved regions among sphingomonads, while the “specific”
lin genes (linA, linB, linC, linRED, and linF) are located within unique regions of
UT26 (Fig. 2.3). Most of the specific lin genes (linA, linC, linRED, and [inF) are
highly associated with IS6700 (Fig. 2.3), suggesting an important role of IS6700 in
recruitment of the specific lin genes.

Recently, the draft genome sequences of three y-HCH-degraders were deter-
mined: Sphingobium sp. MI1205 from Japan (Ito et al. 2007), Sphingomonas sp.
MM-1 from India (Tabata et al. 2011), and Sphingobium sp. TKS from Japan
(Ohhata et al. unpublished data). These three strains are phylogenetically dispersed
among closely related strains (Fig. 2.4). A blastN search of each region of the UT26
genome was also conducted toward the draft genome sequences of the three y-HCH-
degrading strains (Fig. 2.3). Among these y-HCH-degraders, regions for the specific
lin genes (linA, linB, linC, and linRED) are conserved. As for linF, some strains
have only part of /inF, and such strains may have another /inF functional homo-
logue (Ohhata et al., unpublished data). On the other hand, most of the other regions
unique to UT26 are not conserved among y-HCH-degraders (Fig. 2.3). In other
words, UT26 and the three y-HCH-degraders are similar with respect to y-HCH
degradation ability, but their overall gene repertoires are relatively different. In addi-
tion to suggesting their phylogenetic divergence (Fig. 2.4), this fact strongly sug-
gested that more than one y-HCH-degrader was emerged independently. At least, it
is unlikely that there was a single ancestral y-HCH-degrader that spread around the
world.

2.4 Mobile Genetic Elements of y-HCH-Degrading Bacteria

Although only the /inRED cluster is located on a plasmid in UT26, other “specific”
lin genes are also located on plasmids in other y-HCH-degrading strains: linA, linB,
and /inE in Sp+ (Ceremonie et al. 2006), linA in B90 (Kumari et al. 2002), and linA
to linF in MM-1 (Tabata et al. 2011). Furthermore, we successfully isolated by the
exogenous plasmid isolation technique from HCH-contaminated soil a conjugative
plasmid, pLB1, that carries an IS6/00-composite transposon containing two copies
of linB (Miyazaki et al. 2006). These facts strongly suggested that plasmids have
important roles in the distribution of the specific /in genes under environmental
conditions. Catabolic gene clusters for the degradation of recalcitrant compounds
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are often located on plasmids and disseminated by conjugation (Davison 1999;
Maeda et al. 2003; Sota et al. 2006; Yano et al. 2010; Shintani and Nojiri 2013).
Although the structural dynamism of several catabolic plasmids for the degradation
of aromatic compounds has been analyzed in detail, the information on plasmids
carrying lin genes is fragmented (Ceremonie et al. 2006; Tabata et al. 2011; Shintani
and Nojiri 2013). In fact, there are still only a limited number of sphingomonad
plasmids/subreplicons for which the complete sequences are available (Table 2.3).
As mentioned above, UT26 has three plasmids, pCHQI1, pUT1, and pUT2, and it
was strongly suggested that Chr 2 also has a plasmid-type replication machinery.
Based on the similarity of the putative RepA proteins and the structure of putative
replication origins, the sphingomonads plasmids/subreplicons could be classified
(Fig. 2.2 and Table 2.3). However, further analysis will be needed for the strict clas-
sification, because most of their putative RepA proteins showed a very low level of
similarity to those of well-studied plasmids (e.g., IncP-1, F, IncP-7, and IncP-9 plas-
mids). It is interesting that the size and gene contents of UT26_Chr 2-type replicons
are highly divergent (Table 2.3), suggesting that this type of replicon underwent
relatively dynamic rearrangements. The putative regions for the replication and par-
tition of pCHQ1, pSPHCHO1, and pSLGP are identical (Fig. 2.2b). A detailed com-
parison of these pCHQI1-type plasmids should provide clues about the structural
dynamism of sphingomonad plasmids. Among the four plasmid-type replicons in
UT26, only pCHQI carries a putative gene cluster for the type IV conjugative trans-
fer system. Conjugal transfer of pCHQ1 from UT26 to Sphingomonas paucimobilis
TAM 12578 was indeed detected in our previous study (Nagata et al. 2006). Although
only a few cases were experimentally proved (Nagata et al. 2006; Miyazaki et al.
2006), many sphingomonad plasmids may be self-transmissible (Shintani and
Nojiri 2013). A narrow host range of sphingomonad plasmids is also suggested
(Nagata et al. 2006; Miyazaki et al. 2006). Active DNA rearrangements between
plasmids and host chromosomes may cause the “mosaic” genetic structure of
sphingomonads.

IS6100 is often found in close proximity to lin genes in HCH-degrading strains
(Boltner et al. 2005; Fuchu et al. 2008) (Fig. 2.4), and copies of IS6/00 are also
located near the linA, linC, linRED, and linF genes in the UT26 genome (Fig. 2.3).
IS6100 is 880 bp in size and carries the tnp gene encoding transposase and 14-bp
terminal inverted repeats (IR) at both ends (Mahillon and Chandler 1998). A com-
parison of the flanking regions of the 13 copies of IS6/00 in UT26, which are dis-
persed on Chr 1, Chr 2, pCHQI, and pUT1, revealed five pairs of identical 8-bp
sequences (Nagata et al., unpublished data). IS6/00 is a “replicative” IS, and on the
basis of its transposition mechanism, the various near past events caused by IS6700
can be proposed (Fig. 2.5). Not only simple transposition with inversion (Fig. 2.5a)
but also transposition accompanying the replicon fusion (Fig. 2.5b, ¢) seem to have
occurred. The important point is that DNA exchange between replicons is possible
by these events. In addition to these near past events, IS6/00 seems to be involved
in the current gene rearrangements in UT26. The linA, linC, and linRED genes are
genetically unstable, and spontaneous deletion mutants of the regions containing
these genes could easily be obtained. The deleted regions of YOS (/inA-deletion
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Fig. 2.5 Proposed events caused by transposition and homologous recombination of 1S6700.
Black pentagons and white triangles with numbers indicate IS6/00 and 8-bp target sites, respec-
tively. Triangles with the same number mean identical sequence. Black pentagons marked with
white circle and triangle indicate IS6/00 which transposed and caused homologous recombina-
tion, respectively. Intramolecular transposition can cause inversion (a). Intermolecular transposi-
tion and the following intramolecular one resulted in DNA exchange between replicons (b).
Intramolecular transposition also caused deletion, and the deleted region was circlized. The deleted
region which has oriV could be maintained in the host as an independent replicon (c). The deleted
region without oriV also could be maintained in the host by homologous recombination with other
replicons (c)

mutant) (Nagata et al. 1999) and UT72 (linC-deletion mutant) (Nagata et al. 1994)
were estimated using tiling microarrays, and their exact deleted regions were deter-
mined using PCR followed by sequencing analysis of the PCR products (Nagata
et al. 2011). The deletion in YOS5 can be explained by an intrachromosomal single
homologous recombination event between two copies of IS6700 (Fig. 2.6a). On the
other hand, the deletion in UT72 can be explained by replicative transposition of
1S6100 from one side of /inC to the other side (Fig. 2.6b). Although an unknown
rearrangement seems to have occurred at one of the ends of the deleted region,
IS6100 also seems to have been involved in the deletion of linRED (Fig. 2.6c¢).
Furthermore, our recent use of the sacB-based IS entrapment technique indeed
revealed the transposability of endogenous IS6700 in UT26 (Nagata et al., unpub-
lished data). These results strongly suggested that transposition of IS6700 as well as
a homologous recombination event between two copies of IS67/00 are involved in
the genome rearrangements in UT26.
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Fig. 2.6 Proposed deletion mechanisms of lin-deletion mutants, YOS5 (linA-deletion mutant),
UT72 (linC-deletion mutant), and UT116 (linRED-deletion mutant). Black pentagons and white
triangles indicate IS6700 and target sites, respectively. Black pentagons marked with white circle
and triangle indicate IS6/00 which transposed and caused homologous recombination, respec-
tively. See text for detail

2.5 Conclusions

On the basis of the genome structure of UT?26, it is strongly suggested that UT26 is
a “specialist” for the degradation of y-HCH and potentially may have a physiological
background that supports the degradation of various recalcitrant compounds,
although experimental confirmation is necessary. Comparison of the UT26 genome
sequence with those of other non-y-HCH-degrading and y-HCH-degrading sphingo-
monad strains suggested that the y-HCH-degrading bacteria were emerged through
the recruitment of “specific” /in genes into an ancestral strain that had core functions
of sphingomonads, such as the LinKLMN-type ABC transporter system and
B-ketoadipate pathway (Fig. 2.7). TBDR-like proteins and other unknown factors
may also be involved in the core functions. The important conclusion at this stage is
that more than one y-HCH-degrader was born independently and in parallel around
the world (Fig. 2.7). Plasmids, most of which are unique to sphingomonads, and
IS6100 seem to be involved in the recruitment of the specific /in genes. Furthermore,
1S6100 is involved in the genome rearrangements, including deletion, recombina-
tion, and fusion of replicons. Further critical genome analysis of strains even more
closely related to UT26 will provide us with insights into more detailed mechanisms
for creating various y-HCH-degrading strains. The genomic structural information of
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Fig. 2.7 Proposed model for the appearance and evolution of y-HCH-degraders. See text for detail

UT26 will also be useful for practical biotechnological applications in the future.
In theory, for example, we could construct an engineered strain for bioremediation
that maintains lin genes more stably and expresses higher HCH degradation
activity.
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Chapter 3

Diversity of 2,4-Dichlorophenoxyacetic Acid
(2,4-D)-Degradative Genes and Degrading
Bacteria

Wataru Kitagawa and Yoichi Kamagata

Abstract Biodegradation of an anthropogenic herbicide, 2.4-dichlorophenoxyacetic
acid (2,4-D), wasdocumented in the 1950s, the early age of its usage. The 2,4-D-degradative
genes in bacteria have long been studied since the first report was published in the 1980s.
The well-known 2,4-D catabolic gene cluster #fdABCDFE on the plasmid pJP4 was
originally isolated from Cupriavidus pinatubonensis JIMP134 and is found to be widely
distributed among the phylum Proteobacteria. 2,4-D catabolic gene cluster in pJP4 pos-
sesses some distinguished features for the effective degradation and dissemination, e.g.,
complete gene set located on one site, duplication of the toxic chlorophenol degradation
pathway genes, and its self-transmissibility. The dioxygenase gene, #fdA, that catalyzes the
initial step of 2,4-D degradation is a distinctive gene in this system on the point that neither
similar nucleotide sequence gene nor similar function enzyme was discovered in the envi-
ronment. #fdA has been used as a good marker or reporter gene for identifying or detecting
the 2,4-D degradation system. However, two decades later, a novel 2,4-D degradation
gene system, cad gene cluster, was identified from Bradyrhizobium sp. strain HW13 in the
2000s. This finding and subsequent studies changed our whole view of 2,4-D metabolism
as ffd gene cluster had long been believed to be an exclusive system responsible for 2,4-D
degradation. The initial dioxygenase gene cadA is completely different from #fdA and is a
member of aromatic ring hydroxylation dioxygenase genes. In contrast to #fd gene carri-
ers, it is notable that the first organism carrying cadA was discovered from non-2,4-D-
contaminated pristine environment. To date, cad system is known to be widespread in the
genera Bradyrhizobium and Sphingomonas and perhaps more diverse organisms. In this
chapter, we overview the fundamental features, distribution, and competitiveness of those
two representative 2,4-D gene systems based upon genetic and biochemical studies
together with culture-independent molecular community analyses.
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3.1 Introduction

2,4-Dichlorophenoxyacetic acid (2,4-D) has been widely used as an agricultural
chemical since its introduction in the 1940s. It has phytohormone auxin activity, and
it exerts selective herbicidal action on broad leaf weeds by disrupting their endog-
enous hormone system, particularly in the meristem (Inoue et al. 1988). The advan-
tages of 2,4-D and its related compounds have made it a globally used treatment for
rice and other gramineous crops. Rapid environmental degradation of 2,4-D by
indigenous microorganisms was documented in the early days of its usage. As early
as the 1950s, degradation of 2,4-D by certain bacteria, via 2,4-dichlorophenol (2,4-
DCP) as an intermediate, was proposed (Steenson and Walker 1957). Since then,
numerous bacteria that degrade and mineralize 2,4-D have been isolated, mainly
from 2,4-D-treated agricultural, urban, and industrial soils and sediments (Bhat
et al. 1994; Don and Pemberton 1981; Ka et al. 1994; Mae et al. 1993; Suwa et al.
1996; Hoffmann et al. 2003). Due to the nature of these bacteria as readily cultivable
organisms, the biodegradation pathway of 2,4-D and its corresponding genes have
been comprehensively studied. In a historical context, 2,4-D is one of the oldest,
massively used artificial chemicals and is also the first chemical of which the bio-
degradation system was elucidated (Duxbury et al. 1970). It goes without saying
that the well-known 2,4-D-degrading strain, Cupriavidus pinatubonensis JMP134
(formerly known as Ralstonia eutropha, and more formerly, Alcaligenes eutrophus),
and its 2,4-D-degradative gene (#fd), which carries plasmid pJP4, have been
extremely valuable in the study of 2,4-D and have also been an important model
system for microbial degradation of xenobiotics (Don and Pemberton 1985; Don
et al. 1985; Neilson et al. 1994; You and Ghosal 1995; Filer and Harker 1997;
Trefault et al. 2002; DiGiovanni et al. 1996; Leveau et al. 1999). Complete genome
sequences of the pJP4 plasmid and chromosome were determined and published in
2004 and 2010, respectively (Trefault et al. 2004; Lykidis et al. 2010).

In this chapter, we summarize 2,4-D-degradative genes and 2,4-D-degrading bacteria
for the #fd gene system in pJP4 and an alternative “cad”’ gene system, and we speculate
on their diversity and evolutionary relationships. Finally, we discuss the possibility of
the presence of unknown 2,4-D-utilizing bacteria that have been proposed and identified
by advanced molecular biological techniques such as stable isotope probing (SIP).

3.2 2,4-D Degradation by tfd Genes

The 2,4-D-mineralizing strain, JMP134, that harbors pJP4 was originally isolated in
Australia, and since then, the strain has been extensively studied for decades. The
2,4-D-degradative gene, tfd (two, four-dichlorophenoxyacetic acid), is encoded on the
self-transmissible pJP4 plasmid, and a degradation pathway by #fd gene products has
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Fig. 3.1 Proposed degradation pathway of 2,4-D in Cupriavidus pinatubonensis JIMP134 (pJP4)
TfdA 2,4-D dioxygenase, TfdB 2,4-DCP monooxygenase, TfdC chlorocatechol 1,2-dioxygenase,
TfdD chloromuconate cycloisomerase, TfdE dienelactone hydrolase, TfdF maleylacetate reductase
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Cupriavidus pinatubonensis JMP134 pJP4 (AY365053)
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Achromobacter xylosoxidans subsp. denitrificans strain EST4002 pEST4011 (AY540995)
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Fig. 3.2 The organization of the 2,4-D-degradative gene cluster. Genes involved in 2,4-D degra-
dation are filled in gray. Highly conserved regions found between plJB1 and pEST4011 and
between plJB1 and P4a are shaded in light gray. Accession numbers are shown in parentheses

been proposed (Fig. 3.1). The pathway can be roughly divided into the following three
steps: (1) 2,4-D is transformed to 2,4-dichlorophenol (2,4-DCP) by a-ketoglutarate-
dependent 2,4-D dioxygenase encoded by #fdA; (2) 2,4-DCP is subsequently hydrox-
ylated by 2,4-DCP hydroxylase encoded by #fdB to form 3,5-dichlorocatechol
(3,5-DCC); and (3) 3,5-DCC is further metabolized through an intradiol ring cleavage
pathway encoded by #fdCDEF. Both the #fdB and tfdCDEF units exist in duplicate,
whereas the initial oxygenase gene, #fdA, exists as a single copy in pJP4 (Laemmli
et al. 2000) (Fig. 3.2). Because 2,4-DCP and 3,5-DCC are more cytotoxic than 2,4-D,
the duplication and expression of the latter two gene units is important in enabling
rapid consumption of these toxic intermediates (Ledger et al. 2006).
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Transcription of #fd genes is intricately regulated by at least three transcriptional
regulatory proteins, two identical LysR-type TfdR and TfdS proteins, and one IcIR-
type protein encoded by orf32 (You and Ghosal 1995; Harker et al. 1989; Kaphammer
et al. 1990; Trefault et al. 2009). In addition to these genes, the incomplete LysR-
type regulator gene #fdT, containing an insertion of the ISJP4 sequence, is also
found in the #fd gene cluster (Leveau and van der Meer 1996, 1997). Thus, the
overall regulation of #fd genes is still not completely understood. However, it is
known that TfdR/S positively regulate the transcription of tfdBCDEF and the sec-
ond #fdBCDEF genes with 2,4-dichloromuconate as the inducing molecule, pro-
duced by TfdC (Filer and Harker 1997). In contrast, transcription of #fdA is controlled
by the product of orf32 (Trefault et al. 2009). These transcriptional differences
between #fdA and other #fd genes might also prevent toxic intermediate accumula-
tion during 2,4-D mineralization.

Another #fd gene in the cluster is #fdK, whose product is involved in the 2,4-D
uptake. TfdK is a membrane protein, with significant similarity to a major facilitator
superfamily (MFES) transporter, and has the typical 12 transmembrane regions. At
high concentrations of 2,4-D, the host organism can utilize the substrate with or with-
out TfdK because it enters cells by diffusion. However, at low concentrations, TfdK
benefits the host’s ability of uptake and utilization of 2,4-D (Leveau et al. 1998).

The most distinguishing feature of the #fd system is the initial dioxygenase #fdA
gene and its function. Despite nucleotide and estimated amino acid sequences of
tfdB and tfdCDEF genes showing certain similarity to many other chlorophenol and
chlorocatechol degradation systems, #fdA has no significant sequence similarities or
similar functions to those that have been found in any aromatic degradation system.
Therefore, #fdA serves as a good marker or reporter gene (i.e., PCR primer, hybrid-
ization probe, and enzyme activity) for identifying the 2,4-D degradation system.
In fact, the 2,4-D-degrading bacteria that have been isolated for many years are
those that have recruited this system. The IncP-1p plasmid pJP4 in strain JMP134
contains the complete gene cluster needed for mineralization of 2,4-D. Many
2,4-D-degrading bacteria have been isolated to date, but only a few strains (plas-
mids) have the complete gene set at a location other than pJP4 (and its close rela-
tives). For example, an IncP-1f plasmid, plJB1, from Burkholderia cepacia strain
2a (Poh et al. 2002) and an IncP-18 plasmid, pEST4011, from Achromobacter
xylosoxidans subsp. denitrificans strain EST4002 (Vedler et al. 2004) harbor com-
plete gene sets. Since these two IncP-1 plasmids lack some parts of their transfer
genes, both are not self-transmissible plasmid (Sen et al. 2010). A complete gene set
was also identified in the chromosomal DNA of an alkali-tolerant strain, Delftia
acidovorans P4a (Fig. 3.2). Each of the corresponding #fd genes share sequence
similarity, but the organization of the cluster (gene order and multiplicity) is diverse,
as commonly observed in other incomplete 2,4-D gene clusters (Fulthorpe et al.
1995; Vallaeys et al. 1999). In many other 2,4-D degraders, the complete gene set
might exist, separated on multiple loci of the genome, or the microbial community
may mineralize the substrate. The pJP4-type #fd gene has achieved great success on
the predominant environmental distribution for several reasons. First, as mentioned
above, pJP4 has a complete gene set for 2,4-D mineralization at a single locus.
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Second, #fdB and tfdCDEF units, which play important roles in decomposing toxic
intermediates, are duplicative. The multiplicity and expression of those genes are
shown to accelerate the host organism’s growth on 2,4-D (Leveau et al. 1999;
Laemmli et al. 2000; Pérez-Pantoja et al. 2000). Third, pJP4 is a multicopy, broad-
host range, and a self-transmissible plasmid. There are approximately five copies of
pJP4 in JMP134 (Trefault et al. 2002). Because it has a complete gene set, pJP4
confers recipient microorganisms with the ability to utilize 2,4-D as the sole carbon
and energy source. In 2,4-D-disturbed fields, the pJP4 system could rapidly spread
over to indigenous microflora (Neilson et al. 1994; DiGiovanni et al. 1996; Newby
et al. 2000; Bathe et al. 2004). As summarized above, genetic studies on 2,4-D deg-
radation have long been performed exclusively on #fd, but this was changed by the
discovery of a new 2,4-D-degradative “cad” gene.

3.3 Discovery of a Novel 2,4-D-Degradative ‘“cad” Gene
in Pristine Soil Bacteria

Since their initial isolation, 2,4-D degraders have been easily obtained from
2,4-D-treated environments. However, Tiedje and his group put much effort into
isolating degrading bacteria from non-contaminated pristine soils over the world
(Fulthorpe et al. 1996; Kamagata et al. 1997). As a result, four strains were isolated
from Hawaii, one strain from Saskatchewan, and one strain from Chile. One of
these strains, HW1 from Hawaii, contained #fdA, but the remaining five strains did
not. The five strains showed negative results for a #fdA internal sequence by PCR
amplification as well as an a-ketoglutarate-dependent 2,4-D dioxygenase activity
test. In addition, no hybridization to the genomic DNA of the five strains occurred
using #fdA, tfdB, and tfdC nucleotide sequences as the probes. The 16S rRNA gene
analysis indicated that HW 1 was a -Proteobacteria; however, the other five strains
were a-Proteobacteria, in contrast to most of the other previously isolated 2,4-D
degraders, which are (- or y-Proteobacteria. These findings provided encourage-
ment for the isolation of a novel, non-#fd type of 2,4-D-degrading system.

In order to identify a new 2,4-D degradation system, we selected Bradyrhizobium
sp. strain HW13 for our further study (Kitagawa et al. 2002) because it showed the
fastest growth among the five strains (doubling time: 16 h). This strain was isolated
from buried, pristine soil from Volcanoes National Park, Hawaii. This soil was cov-
ered by lava flow 4,800 years ago, which separated the soil from human impact fol-
lowing Hawaiian colonization (Kamagata et al. 1997). A gene library for strain HW13
was constructed in Escherichia coli using a broad-host-range cosmid vector. The
library was screened for 2,4-D-degrading activity, but neither E. coli nor Pseudomonas
putida host strains showed 2,4-D conversion activity. We then transferred the gene
library into an alternative host strain, Sinorhizobium meliloti, a member of
a-Proteobacteria. S. meliloti, harboring the HW13 gene library, was screened for
2,4-D-degrading activity. Of the approximately 2,500 clones that were screened, only
one clone showed 2,4-D degradation activity. Consumption of 2,4-D in the culture
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Fig. 3.3 Organization of the cad gene cluster in Bradyrhizobium sp. HW13

broth was accompanied by the accumulation of 2,4-DCP. These results indicated that
the clone metabolized 2,4-D to 2,4-DCP, as had been found for strain JMP134. Five
open reading frames (ORFs) were identified from the minimal nucleotide region
required for the activity (Fig. 3.3). The deduced amino acid sequence of ORF1 showed
similarity to the AraC/XylS type of transcriptional regulators. ORF2 and ORF3
showed similarity to large (iron-sulfur protein-o,, ISPar) and small (ISPB) subunits of
aromatic ring hydroxylation dioxygenase (RHDO), with 46 % and 44 % sequence
identities to TftA and TftB, respectively, of B. cepacia AC1100, corresponding to the
large and small subunits of 2,4,5-trichlorophenoxyacetic acid (2,4,5-T) oxygenase,
respectively (Danganan et al. 1995). ORF4 showed similarity to the 2,4-D transport
protein, TfdK, of pJP4 (Leveau et al. 1998). ORF5 showed similarity to the [2Fe-2S]-
type ferredoxin of the P-450 monooxygenase system. On the basis of these results, we
inferred these ORFs to be chloroaryl ether degradation genes and designated ORFs
1-5 as cadR, cadA, cadB, cadK, and cadC, respectively. With the exception of cadK,
no similarities were observed with the #fd genes. A putative ferredoxin reductase gene,
which should work with cadC, was not found in the region; however, an unidentified
ferredoxin reductase supplied by the host S. meliloti strain might compensate for the
electron transport function. When these cad genes were expressed in P. putida, 2,4-D
conversion activity was not observed. This might be because of the lack of compatible
ferredoxin reductase in P. putida. From additional investigations, including frame
shift mutation and northern hybridization, we concluded that cadABC is a multicom-
ponent 2,4-D oxygenase gene and cadR is a transcriptional regulator gene, whose
product induces cadABKC transcription in the presence of 2,4-D or 4-chlorophenoxy-
acetic acid as the effector molecule. The discovery that an RHDO type of enzyme
catalyzes 2,4-D transformation to 2,4-DCP, which is a completely different enzyme
from #fdA, was surprising. The phylogenetic tree of the ISPa protein of RHDO is
shown in Fig. 3.4, and it indicates that CadA is a member of the benzoate dioxygenase
subfamily. TftAB has also been reported to transform 2,4-D to 2,4-DCP; however, the
host strain B. cepacia AC1100 does not convert 2,4-DCP any further, even more, it
does not grow on 2,4-D. In contrast, cadABC degrades 2,4,5-T, but strain HW 13 does
not mineralize the substrate. This was the first identification of a 2,4-D-mineralizing
bacterium that possesses degradative genes other than #fdA for growth. So far, no
endogenous plasmid has been found in strain HW13; however, localization of the cad
gene in the genome still remains unknown.

Since that study, the distribution of the cad gene among other 2,4-D degraders has
been extensively investigated. 2,4-D-Degrading bacteria have been classified into
three as follows (Kamagata et al. 1997): Class 1, tfdA-positive, fast-growing - and
y-Proteobacteria, mostly isolated from contaminated sites, e.g., C. pinatubonensis



3 Diversity of 2,4-D Degraders and the Genes 49

0.1

—
Ben putida PRS2000 (AF218267)
XylX putida mt-2 pWWO (M64747)
8 p. ADP1 )
B jostii RHA1 (NC_008268)
L{ bdA cepacia 2CBS (X79076) Benzoate
beA ia sp. NK8 AB024746 p
' p. ADP1 (AF071556) subfamily
ThA ia cepacia AC1100 (U11420)
4‘—{ {CadA Bradyrhizobium sp. HW13 (AB062679) |
ICadA Bradyrhizobium sp. RD5-C2 (AB19238)
adA Sphi sp. 58-1
DoxB Pseudomonas sp. C18 (MB0405)
NahAc Pseudomonas putida G7 (M83949)
stutzeri AN10 (
DntAc Burkholderia sp. RASC (U62430)
NagAc Ralstonia sp. U2 pWWU2 (AF036940)
sp. RPOO7 (AF061751) Naphthalene
NidA Rhodococcus sp. 124 (AF121905) subfamily
NarAa Rhodococcus sp. NCIMB12038 (AF082663)
Ph joides sp. KP7 (AB031319)
PadAal Jostii RHA1 (NC_008269)
1 Jjostii RHA1 (NC_008270)
DxnA1 Sphi sp. RW1 (X72850)
BphAT globerulus P6 (X80041)
BphAa Rhodococcus jostii RHAT (NC_008269)
IpbA1 Rhodococeus erythropolis BD2 (U24277)
TecA1 Burkholderia sp. PS12 (U78099)
TodC1 Pseudomonas putida F1 (J04996)
BnzP1 Pseudomonas putida BE-81 (M17904) .
BedC1 Pseudomonas putida ML2 (AF148496) Benzene / Biphenyl
CumA1 Pseudomonas fluorescens IP01 (D37828) subfamily
I—Lpnm sp. JR1 (U53507)
L Evana Pseudomonas putida 01G3 (AJ293587)
BphA1 C B-356 (U47637)
BphA1 sp. KKS102
BphA1 Pseudomonas pseudoalcaligenes KF707 (M83673)
%Bphm Burkholderia xenovorans LB400 (M86348)

Fig. 3.4 The phylogenetic tree of aromatic ring hydroxylation dioxygenase (RHDO) of ISPa
proteins. Accession numbers are shown in parentheses

JMP134; Class II, #fdA-negative, fast-growing o-Proteobacteria, isolated from
contaminated sites, e.g., Sphingomonas sp. B6-10 (Fulthorpe et al. 1995); and Class
I, #fdA-negative, slow-growing a-Proteobacteria, isolated from non-contaminated
sites, e.g., Bradyrhizobium sp. strain HW13. Surprisingly, the presence and activity
of the cadA gene were confirmed in all tested Class II and III degraders
(Sphingomonas sp. B6-10, TFD26, TFD44, Bradyrhizobium sp. HWK12, and
BTH) but not in the Class I strain, JMP134. An important observation is that the cad
gene was widely distributed among Class II and III degraders, regardless of whether
or not they were isolated from 2,4-D-contaminated environments. The discovery of
cad genes has had great impact on the field of biodegradation research, in terms of
genetic diversity.

3.4 Diversity, Distribution, and Evolution of the 2,4-D Genes

As mentioned above, the characteristic feature of 2,4-D degradation system is the
initial oxygenation step. Two types of genes, #fdA and cadA, were identified; there-
fore, we can now classify the various 2,4-D-degrading genes into two major fami-
lies on the basis of #fdA and cadA gene sequences. In this section, we discuss the
diversity and evolution of the 2,4-D genes and also summarize the diversity and
distribution of host microorganisms.
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Fig. 3.5 The phylogenetic tree of TfdA proteins. All strains indicated are 2,4-D degraders, except
for Escherichia coli and Bradyrhizobium japonicum USDAT110. E. coli TauD (taurine dioxygen-
ase) was used as an out-group. Accession numbers are shown in parentheses

3.4.1 tfdA Family

Phylogenetic studies of #fdA have mostly been performed using the partial nucleo-
tide sequence of the gene, but recent accumulation of genetic information has
enabled the analysis to be performed with the entire #fdA coding sequence (Balum
et al. 2010). A phylogenetic tree, based on the entire TfdA protein sequences, is
shown in Fig. 3.5. As previously proposed, TfdAs fall into three subgroups at the
genetic level, i.e., Classes I, II, and III (McGowan et al. 1998). Generally, Class I
and III genes are distributed in a wide range of host microorganisms (mostly - and
y-Proteobacteria) compared to Class II genes (genus Burkholderia). Most of the
Class I and III #fdA genes are coded on self-transmissible plasmids such as pJP4
(Balum et al. 2010), whereas Class II #fdA genes are coded on chromosomes, such
as in the Burkholderia tropica strain RASC. Although only partial sequences were
determined, large numbers of #fdA genes have been reported so far, including
2,4-D-degrading a-Proteobacteria (Lee et al. 2005).

Deduced amino acid sequence similarities between Classes I and II, Classes I
and III, and Classes II and III were 82 %, 84 %, and 96 %, respectively. However,
the functional differences between them remain unclear. A gene designated as tfdAa
was placed in the #fdA phylogenetic tree. The gene was originally identified in
2,4-D-degrading Bradyrhizobium sp. by PCR amplification by using degenerated
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nucleotide sequence primers designed on the basis of sequences of #fdA of strains
JMP134 and RASC. Nucleotide and deduced amino acid sequences of tfdAa of
Bradyrhizobium sp. RD5-C2 showed 66 % and 47 % sequence similarity to that of
the pJP4 type of #fdA (Classes I, II, and III). The recombinant TfdAa (MalE fusion
protein) showed significantly weak a-ketoglutarate-dependent 2,4-D dioxygenase
activity compared to TfdA of JMP134 (1/1,000 of specific activity) (Itoh et al.
2002). Bradyrhizobium sp. RD5-C2 was also found to harbor cad genes, suggesting
that #fdAa does not contribute to the 2,4-D mineralization in the host strain; instead,
the cad gene plays a role in 2,4-D degradation.

This is an important discovery when considering the evolution of #fdA. Recent
genomic studies revealed that #fdAa-type genes are ubiquitously found in both
2,4-D-degrading and 2,4-D-non-degrading strains of Bradyrhizobium. In contrast, the
pJP4 type of tfdA could not be ubiquitously found in any specific group of microor-
ganisms. Interestingly, #fdAa is identified in cad-dependent 2,4-D degraders. Ancestral
tfdA might have evolved in cad-dependent 2,4-D degraders, and horizontal gene trans-
fer of #fdA to chlorophenol degraders might have resulted in a highly organized and
efficient 2,4-D degradation system such as pJP4. For instance, #fdA and tfdAa share an
ancestral origin. Distribution of #fdA or a tfdA-like gene among 2,4-D-non-degrading
bacteria has also been reported (Hogan et al. 1997). The partial nucleotide sequences
of #fdA obtained from these strains showed 78—100 % sequence identity with that of
JMP134. This score is much higher than that obtained between t#fdAa and tfdA of
JMP134. They are not only from the phylum Proteobacteria but also from
Bacteroidetes, Firmicutes, and Actinobacteria. The original substrate of ancestral
TfdA or the substrate of a TfdA-like protein in 2,4-D non-degraders remains unknown.
However, cinnamic acid has been proposed as a substrate. TfdA showed, to some
extent, degradation activity for cinnamic acid, which is produced by plants and is
widely and massively distributed in nature (Hotopp and Hausinger 2001).

3.4.2 cadA Family

Only three entire coding sequences of cadA family genes have been determined so
far, namely, two cadA genes from Bradyrhizobium sp. (cadAs,) (Kitagawa et al.
2002; Itoh et al. 2004) and the cadA gene from Sphingomonas sp. (cadAs,) (Shimojo
et al. 2009). The nucleotide and deduced amino acid sequence identities between
cadAg, and cadAg, are 75 % and 86 %, respectively. In addition, #ftA of B. cepacia
AC1100 was found to be a member of this family (Fig. 3.4). The nucleotide and
deduced amino acid sequence identities between these cadA and #ftA genes are 66 %
and 54 %, respectively. The cad gene products of HW13 and the #ft gene products
of AC1100 showed functional differences in their substrate preferences. The Cad
system converts 2,4-D, 2,4,5-T, and phenoxyacetic acid (PAA) at almost equal effi-
ciencies; on the other hand, the Tft system preferentially converts substrates in the
following order: 2,4,5-T, 2,4-D, and PAA (Danganan et al. 1995). PCR screening
and Southern hybridization analysis demonstrated the presence of the cadA-type
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gene in Bradyrhizobium spp. and Sphingomonas spp. (Kitagawa et al. 2002; Itoh
et al. 2004). Although the host organisms are unknown, cadA and cadA-like genes
are also detected in the environment, such as in activated sludge (see below). The
cad gene may be more widespread than previously believed.

As described above, cad and tft are members of the aromatic RHDO, related to
the benzoate dioxygenase subfamily (Fig. 3.4). RHDO introduces two oxygen
atoms to an aromatic ring, resulting in hydroxylation of the aromatic ring. These
results strongly indicate an ancestral origin of cad and tft belong to RHDO. The GC
content of the cad gene in Bradyrhizobium sp. was different from that of host house-
keeping genes, indicating that the cad gene may also have been acquired by hori-
zontal gene transfer (Itoh et al. 2004). RHDOs are widely distributed in a diverse
array of microorganisms; hence, it is very difficult to speculate on the direct ances-
tor and donor. How the ancestral RHDO became a functional 2,4-D etherase is an
intriguing subject that is yet to be investigated.

3.5 Culture-Independent Studies on 2,4-D-Degrading
Bacteria and 2,4-D-Degradative Genes

As discussed above, most 2,4-D degraders have been isolated from 2,4-D-amended
environments, by a common practice that uses 2,4-D as the sole carbon and energy
source in the isolation media along with an enrichment procedure. This method is
simple and easy; however, only a limited group of bacteria, in terms of physiologi-
cal, functional, and phylogenetic aspects, can be isolated. Some bacteria do not
grow on synthetic media, even if they can degrade 2,4-D much faster than others.
Some others may mineralize 2,4-D only in the presence of specific partner organ-
isms. Even if there are many varieties of complete 2,4-D mineralizers in the envi-
ronment, enrichment culture distorts the evaluation of the microbial and catabolic
diversity (Dunbar et al. 1997). From that viewpoint, some unknown microorgan-
isms in the environment might degrade 2,4-D much faster and might have unknown
degrading enzymes. Culture-independent analyses would be a powerful and con-
vincing strategy to better understand which microorganisms truly degrade 2,4-D
and utilize it as the carbon source in situ as well as to determine which microorgan-
isms or genes increase or emerge after 2,4-D is introduced to their environments. In
this section, we summarize these studies by using advanced molecular methods.

3.5.1 Quantitative Detection of Multiple 2,4-D Oxygenase Genes

Before and after treatment of 2,4-D in activated sludge samples, quantitative detec-
tion of five types of 2,4-D initial oxygenase genes and microbial community analy-
sis was performed to investigate the differential emergence and diversity (Lee et al.
2005). Prior to the investigation, the authors had identified a cadA-like gene from
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the sample by PCR screening, using degenerate primers based on cadA of HW13
and #ftA of AC1100 nucleotide sequences. The nucleotide and deduced amino acid
sequence of the cadA-like gene showed 64 % and 60 % sequence identities with
cadA and 60 % and 54 % sequence identities with #ffA. In addition to the four known
2,4-D oxidative genes (tfdA of JMP134 [type 1], tfdA of RASC [type II], cadA of
HW13 [type III], and #ftA of AC1100 [type V]), the cadA-like gene was used as a
target gene (type IV). From the original sample (before 2,4-D treatment), only type
V was detected at low levels (8.8 x 103 copies/pg DNA), and the others were below
the detection limit (107 copies). After 2,4-D amendment, the copy number of type V
did not seem to be strongly affected; in contrast, the other four types emerged and
increased in copy number. In the continuous culture of both low (10 mg/L) and high
(300 mg/L) concentrations of 2,4-D, copy numbers of types I-IV were estimated to
be approximately 10’-10%, 10°-10°, 10°~10*, and 10° copies/pg of DNA, respec-
tively. In the repeated batch culture (subcultured 11 times, 300 mg/L of 2,4-D), only
types I and III were detected at approximately 10° and 10* copies, respectively.

In this study, the emergence of gene types varied in response to the concentrations
of 2,4-D and the 2,4-D amendment. Interestingly, even under highly selective condi-
tions (enrichment by consecutive transfer to the fresh medium amended with high
concentration of 2,4-D), the type III gene remained and coexisted with type I,
although the type III gene copy number was five orders of magnitude lower than that
of type L. This finding implies that a low level of cadA gene could coexist with #fdA,
somehow functioning as a 2,4-D-degrading gene in 2,4-D-contaminated sites. It may
also explain why #fdA dominates over cadA and, thus, why organisms harboring #fdA
are always isolated from 2,4-D-contaminated sites. The quick response and over-
whelming adaptation of the #fdA system that occurred under the experimental condi-
tions were also verified by PCR-DGGE and 16S rRNA gene cloning analyses, i.e.,
apparent microbial community change was observed during the 2,4-D treatment.
Several DGGE bands emerged, corresponding to the 16S rRNA genes of 2,4-D
degraders isolated from the samples. Interestingly, only the type I degrader was iso-
lated from the sample, as supported by the fact that the quantitative PCR results
demonstrated that type I is always numerically highly dominant. Nucleotide sequence
of another intense band in DGGE, detected only after treatment, did not match any
2,4-D-degrading isolates, indicating that unknown 2,4-D degraders, or at least bacte-
ria whose growth were strongly and positively affected by 2,4-D, are present in the
environment, and they would not grow under laboratory conditions. These culture-
independent methods revealed that the diversity and dynamics of 2,4-D genes and
communities, in turn, show biases caused by classical culture-dependent methods.

3.5.2 Application of Stable Isotope Probing

The SIP method has advanced the study of microbial ecology because it enables
functions to be linked to the identities of organisms without their cultivation. SIP
facilitates the identification of bacteria that assimilate a stable isotope-labeled
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compound from the complex surrounding microbial community. In the case of
2,4-D, a "BC-labeled substrate (ring labeled) was introduced to soil samples
(Cupples and Sims 2007). After treatment of labeled 2,4-D, total DNA was
extracted and subjected to density gradient ultracentrifugation. Ultracentrifugation
separated the light fraction from the heavy fraction, which contained
BC-incorporated DNAs. Only 2,4-D-assimilating bacterial DNAs were labeled
and recovered in the heavy fraction during the early stages of the cultivation.
Analysis of the 16S rRNA gene in the heavy fraction revealed the presence of
clones similar to the class Comamonadaceae (-Proteobacteria), which have not
been reported as 2,4-D degraders so far. This strongly indicates that these bacteria
belong to a novel group of 2,4-D utilizers. The results also suggest that SIP can be
a powerful tool for identifying unknown 2,4-D-degrading organisms.

3.6 Remarks

2,4-D is an anthropogenic xenobiotic compound that was first demonstrated to be
biodegradable into TCA cycle compounds. A large number of studies have been
conducted that aid our understanding of the entire mechanism of 2,4-D degradation.
These studies cover a broad range of topics, including the degradation pathway,
functions of each degradative gene, regulatory system, horizontal gene transfer,
evolution of genes, distribution and diversity of the genes and host bacteria, and the
effect of 2,4-D perturbation on the overall microbial community structure. The
2,4-D-degrading bacteria, Cupriavidus pinatubonensis JMP134, its plasmid pJP4,
and #fd genes have long been a part of 2,4-D studies. However, a new door was
opened about two decades ago, after the pJP4 type of #d genes were found, i.e.,
cadA and tfdAa were found from Bradyrhizobium spp. and Sphingomonas spp.
These findings had great impact on later 2,4-D studies, particularly in the context of
their genetic diversity and evolution. Two intriguing objectives are (1) to understand
the ancestral gene(s) of the anthropogenic chemical-degrading genes and their orig-
inal substrate before the chemical emerged in the twentieth century and (2) to clar-
ify the evolutionary (and/or recruiting) process of assembling the complete gene
cluster. Genetic information currently being accumulated at an accelerated rate will
shed new light on these important questions.
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Chapter 4
Genetic System of Organohalide-Respiring
Bacteria

Taiki Futagami, Masatoshi Goto, and Kensuke Furukawa

Abstract Organohalide-respiring bacteria (OHRB) utilize halogenated organic
compounds as terminal electron acceptors and are considered to be significantly impor-
tant from both viewpoints of bioremediation and natural halogen cycle. Growth-linked
bioremediation using OHRB has been successfully applied to removal of chlorinated
solvents, e.g., tetrachloroethene is successively converted to trichloroethene, dichloro-
ethenes, vinyl chloride, and nontoxic ethene. From OHRB, versatile reductive dehaloge-
nases (RDases), which catalyze the reductive dehalogenation reaction, were purified and
their corresponding genes have been identified. In this chapter, we present an overview
of current understanding of organohalide respiration, showing the RDase genes and
their associated genes are highly conserved in phylogenetically diverse OHRB.
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CDh Carbon dichloride

CF Chloroform

cis-DCE cis-1,2-dichloroethene

CP Chlorophenol

DMSO Dimethyl sulfoxide

EPR Electron paramagnetic resonance
ETH Ethene

IS Insertion sequence

OHRB Organohalide-respiring bacteria
PCBs Polychlorinated biphenyls

PCE Tetrachloroethene

RDase Reductive dehalogenase

Tat Twin-arginine translocation
TCB Trichlorobenzene

TCE Trichloroethene

TeCB Tetrachlorobenzene

trans-DCE trans-1,2-dichloroethene

VC Vinyl chloride

4.1 Introduction

Organohalide-respiring bacteria (OHRB) utilize halogenated organic compounds as
terminal electron acceptors and have been successfully applied to the detoxification
of soil and groundwater contaminated with chlorinated ethenes (Fig. 4.1a). Growth-
linked bioremediation using OHRB is a powerful technology for the removal of
chlorinated solvents such as tetrachloroethene [perchloroethene (PCE)] and trichlo-
roethene (TCE) in anaerobic environments. In contrast to aerobic microbial degra-
dation processes, the reductive processes associated with organohalide respiration
favor highly halogenated organic substrates. This is advantageous for degradation
of compounds such as PCE, as removal of PCE through reductive dehalogenation is
generally much more effective than oxygenative degradation.

In this chapter, we present an overview of current understanding of organohalide
respiration by anaerobic bacteria. The ability to perform organohalide respiration is
widespread among bacteria and to date has been described in the phyla Chloroflexi
and Firmicutes, as well as the epsilon and gamma subdivisions of the phylum
Proteobacteria. However, the genetic system controlling organohalide respiration is
well conserved among the versatile OHRB. The key enzyme, reductive dehaloge-
nase (RDase), contains an N-terminal Tat (twin-arginine translocation) signal
sequence and two Fe-S cluster-binding motifs. In addition, biochemical studies
have revealed that a corrinoid cofactor plays a significant role in the RDase-mediated
redox reaction. The gene encoding RDase is found in a gene cluster that also con-
tains a gene encoding a membrane-spanning protein that is believed to act as mem-
brane anchor for RDase. Genes encoding a transcriptional regulator, chaperone,
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Fig. 4.1 Reductive dechlorination during organohalide respiration. Sequential dechlorination
of chlorinated ethenes by hydrogenolytic dechlorination (a). Dichloroelimination of
1,2-trichloroethane (b). PCE tetrachloroethene, TCE trichloroethene, DCE dichloroethene, VC
vinyl chloride, /,2-DCA 1,2-dichloroethane

transposase, and phage integrase are also frequently found near the RDase gene.
Consequently, the transcriptional regulation and genetic rearrangement of these
gene clusters and chaperone-associated maturation of RDase have been studied.
Genetic events such as mutation and horizontal gene transfer were likely involved
in the evolution of the RDase gene, as well as in the evolution of other degradation
genes. An increasing number of studies have revealed that OHRB and RDase genes
are present even in pristine environments, indicating that they also play a significant
role in the dehalogenation of naturally produced organohalides, and not just artifi-
cial compounds.

4.2 Diversity of Organohalide-Respiring Bacteria

After the 3-chlorobenzoate-respiring bacterium Desulfomonile tiedjei DCB-1 was
first isolated in 1984 (Shelton and Tiedje 1984; Deweerd and Suflita 1990), other
versatile OHRB belonging to a wide range of bacterial phyla have been identified,
including members of the Firmicutes (low G+C Gram-positive bacteria), the epsilon
and gamma subdivisions of the phylum Proteobacteria, and the Chloroflexi
(Fig. 4.2). Most OHRB are obligate anaerobic bacteria that require reducing condi-
tions, the exception being the organohalide-respiring Anaeromyxobacter dehaloge-
nans strains, which are facultative anaerobes (Cole et al. 1994; Sanford et al. 2002).
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Fig. 4.2 Phylogenetic tree of organohalide-respiring bacteria. The neighbor joining (NJ) method
was used to construct a phylogenetic tree of the 16S rRNA gene sequences obtained from the
Hierarchy Browser of the Ribosomal Database Project (http://rdp.cme.msu.edu/). The 16S rRNA
gene sequence of Aquifex pyrophilus was used as the out group. The scale bar represents 0.02
substitutions per nucleotide sequence

With respect to their auxotrophic character, the OHRB can be classified roughly
into two types: (1) obligate OHRB and (2) OHRB capable of utilizing a range of
electron acceptors. The former are able to grow only by organohalide respiration,
whereas the latter can grow using electron acceptors other than organohalides. All of
the isolates from the phylum Chloroflexi, including the genera Dehalococcoides,
“Dehalobium,” and Dehalogenimonas, are obligate OHRB (Fig. 4.2). In addition,
isolates from the genus Dehalobacter are also obligate OHRB, but they are classified
into the phylum Firmicutes and the genus Desulfitobacterium, members of which are
able to utilize a range of electron acceptors, including fumarate, thiosulfate, sulfite,
nitrate, nitrite, dimethyl sulfoxide (DMSO), sulfonate, trimethylamine N-oxide,
As(V), Mn(1V), Fe(III), U(VI), Se(VI), and anthraquinone-2,6-disulfonate (a humic
acidanalog) (reviewedin Villemuretal. 2006). Non-dechlorinating Desulfitobacterium
spp. strains have also been identified (van de Pas et al. 2001).

4.3 The Genus Dehalococcoides: A Key Bacterial Group
for DCE- and VC-Reductive Dechlorination

The genus Dehalococcoides is an important member of the OHRB because these
bacteria are able to completely detoxify chlorinated ethenes by converting them
to ethene. In this process, PCE is successively converted to TCE, dichloroethenes
[cis-1,2-dichloroethene (cis-DCE) or trans-1,2-dichloroethene (trans-DCE)],
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vinyl chloride (VC), and nontoxic ethene through a process of hydrogenolytic
dehalogenation (Fig. 4.1a).

A number of OHRB genera are capable of respiring with PCE and TCE, includ-
ing  Dehalobacter, “Dehalobium,” Dehalococcoides, Desulfitobacterium,
Desulfuromonas, Geobacter, and Sulfurospirillum. In contrast, DCE and VC respir-
ers have thus far been found solely in the genus Dehalococcoides (reviewed in
Smidt and de Vos 2004; Loffler and Edwards 2006; Hiraishi 2008; Tiehm and
Schmidt 2011). Because VC is a well-known carcinogen and causes liver cancer
(Kielhorn et al. 2000), the accumulation of VC during the degradation process is of
serious concern. The dechlorination of PCE by OHRB is also important because
oxygenative degradation of PCE is generally difficult and thus rarely reported.
Some examples of aerobic degradation of PCE are available, such as that mediated
by toluene-o-xylene monooxygenase of Pseudomonas stutzeri OX1 and the cyto-
chrome P450 system of the white-rod fungus Trametes versicolor (Ryoo et al. 2000;
Marco-Urrea et al. 2006, 2009).

The first member of the genus Dehalococcoides to be isolated was
Dehalococcoides mccartyi 195 (formerly “Dehalococcoides ethenogenes” 195),
which was described in 1997 (Maymo-Gatell et al. 1997; Loffler et al. 2012).
D. mccartyi strains CBDB1, FL2, BAV 1, VS, GT, and MB have been isolated since
that time. Strains 195 and FL2 dechlorinate PCE and TCE, respectively, to ethene
(Maymé-Gatell et al. 1997; Loffler et al. 2000; He et al. 2005). However, these strains
are unable to use VC as a growth-supporting electron acceptor, and the dechlorina-
tion of VC to ethene is thus a cometabolic process (Maymoé-Gatell et al. 1999).
In contrast, three other D. mccartyi strains, BAV1, VS, and GT, can use VC as an
electron acceptor and thereby efficiently dechlorinate VC to ethene (He et al. 2003;
Cupples et al. 2003; Miiller et al. 2004; Sung et al. 2006). The strains CBDB1 and
MB predominantly dechlorinate PCE to trans-DCE (Cheng and He 2009; Marco-
Urrea et al. 2011). Strain CBDB1 was isolated based upon its ability to respire with
chlorobenzenes and dioxins, such as 1,2,3-trichlorobenzene, 1,2,4-trichlorobenzene,
2,3-dichloro-p-dibenzodioxin, and 2,3,7,8-tetrachloro-p-dibenzodioxin (Adrian
et al. 2000; Bunge et al. 2003).

Many molecular ecological studies have shown that the Dehalococcoides-like
Chloroflexi and their close relatives inhabit a wide range of anaerobic terrestrial and
marine ecosystems. The “Dehalobium” and Dehalogenimonas belong to the class
“Dehalococcoidetes” (subphylum II) of the phylum Chloroflexi, as does Dehalo-
coccoides (Hugenholtz and Stackebrandt 2004; Yamada et al. 2006) (Fig. 4.2).
“Dehalobium chlorocoercia” DF-1 predominantly dechlorinates PCE and TCE to
trans-DCE rather than to cis-DCE (Miller et al. 2005). Strain DF-1 was isolated based
upon its ability to dechlorinate chlorobenzenes as well as polychlorinated biphenyls
(PCBs). For example, cultures containing DF-1 are able to dechlorinate hexachloro-
benzene, pentachlorobenzene, 1,2,3,5-tetrachlorobenzene, and 1,3,5-trichloro
benzene (Wu et al. 2002; May et al. 2008). On the other hand, Dehalogenimonas
lykanthroporepellens strains BL-DC-8 and BL-DC-9 dechlorinate polychlorinated
aliphatic alkanes, including 1,2,3-trichloropropane, 1,2-dichloropropane, 1,1,2,2-tet-
rachloroethane, 1,1,2-trichloroethane, and 1,2-dichloroethane (Moe et al. 2009;
Yan et al. 2009).
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4.4 The Substrate Specificity of Reductive Dehalogenase

Reductive dehalogenase is a key enzyme in the organohalide respiratory chain, acting
as a terminal reductase to catalyze the dehalogenation reaction. RDases from a
number of genera, including Desulfitobacterium, Dehalobacter, Dehalococcoides,
and Sulfurospirillum, have been purified and functionally characterized (Fig. 4.3a).
Importantly, the substrate spectrum of each OHRB is not dependent on the bacterial
strain but rather is more likely dependent upon the type of RDase. Studies of RDases

a
0.6 0.4 0.2 0.0 |Protein name Host organism Enzymatic reaction Asﬁﬁf;;n Reference
L ' ! 1
' ' ' 89 i PceA Desulfitobacterium hafniense Y51 PCE—TCE—cis-DCE AAWB0323 Suyama et al. 2002
51 PceA Desulfitobacterium hafniense TCE1 PCE—-TCE—cis-DCE CAD28792 Maillard et al. 2003
99 PceA Dehalobacter restrictusPER-K23 PCE—TCE—cis-DCE CAD28790 Maillard et al. 2003
100 PoeA Desulfitobacterium hafniense POE-S | PCE—TCE->cisDCE | AAOBO101 Miller ot al. 1997,
Maillard et al. 2003
100 DcaA D¢ i i DCA1 PCE—cis-DCE CAJ75430 Marzorati et al. 2007
50 CprA5 Desulfitobacterium hafniense PCP-1 3,5-dichlorophenol—»3-CP | AAQ54585 Thibodeau et al. 2004
88 PrdA Desulfitobacterium sp. KBC1 PCE-TCE BAE45338 Tsukagoshi et al. 2006
PceA Sulfurospirillum multivorans PCE—-TCE—»cis-DCE AAC60788 Neumann et al. 1998
CprA D i i JW/IU-DC1| 3CI40HPA—4-OHPA AAD44542 Van de Pas et al. 1999
CbrA Dehalococcoides mccartyi CBDB1 1,2,3,4-TeCB—1,2,4-TCB CAI82345 Adrian et al. 2007
— TceA Dehalococcoides mccartyi 195 I TCE—>cis-DCE-»VC—ETH | AAW39060 Magnuson et al. 2000
100 BvcA Dehalococcoides mccartyi BAV1 cis-DCE-»>VC—ETH AAT64888 Krajmalnik-Brown et al. 2004
99 L VerA Dehalococcoides mccartyi VS cis-DCE—-»VC—ETH AAQ94119 Mdiller et al. 2004
b

| DceA | Desulfitobacterium dichloroeliminans TCA1 |

Highly similar (ca. 90%), but with different substrate specificity.

| PceA | Desulfitobacterium hafniense strains Y51, TCE1, and PCE-S

fighly similar (ca. 99%), but belonging to different genera. \_ow similarity (ca. 27%), but similar substrate specificity.

| PceA | Dehalobacter restrictus PER-K23 | | PceA | Sulfurospirillum multivorans

Fig. 4.3 Phylogenetic comparison of amino acid sequences of the functionally characterized reduc-
tive dehalogenases (a). The NJ method was used to build the phylogenetic tree. The substrates shown
in the “Enzymatic reaction” column that utilize chloroethenes were confirmed not to dechlorinate the
other chloroethenes. However, it should be noted that the catalytic reactions shown here are represen-
tative examples, e.g., the PceA RDases from Sulfurospirillum multivorans and Desulfitobacterium
hafniense PCE-S also debrominate brominated ethenes (Ye et al. 2010). In addition, CprA and CbrA
are known as ortho-chlorophenol dehalogenase and chlorobenzene dehalogenase, respectively. PCE
tetrachloroethene, TCE trichloroethene, DCE dichloroethene, VC vinyl chloride, ETH ethene, CP
chlorophenol, 3CI4OHPA 3-chloro-4-hydroxyphenylacetate, 4-OHPA 4-hydroxyphenylacetate,
TeCB tetrachlorobenzene, TCB trichlorobenzene. Schematic relationships among the RDases from
Desulfitobacterium, Dehalobacter, and Sulfurospirillum (b). Three relationships were found: highly
similar (ca. 90 %), but with different substrate specificity; highly similar (ca. 99 %), but belonging to
different genera; low similarity (ca. 27 %), but similar substrate specificity
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isolated from Desulfitobacterium, Dehalobacter, and Sulfurospirillum illustrate the
relationship between the RDase and OHRB (Fig. 4.3b).

The genus Desulfitobacterium is ubiquitous at contaminated sites (reviewed in
Villemur et al. 2006). Most of the isolates are capable of reductively dechlorinating
chloroethenes and/or chlorophenols, and the corresponding RDase enzymes have
been identified and characterized. Desulfitobacterium hafniense strains Y51, TCE1,
PCE-S, and JH1 dechlorinate PCE to cis-DCE via TCE, but do not dechlorinate
chlorophenols (Suyama et al. 2001; Miller et al. 1997; Gerritse et al. 1999; Fletcher
et al. 2008). These strains produce PCE/TCE RDases (PceA) that are nearly 99 %
similar based on amino acid sequences (Fig. 4.3a). In contrast, Desulfitobacterium
dehalogenans IW/IU-DCI1 and D. hafniense DCB-2 dechlorinate chlorophenols but
not chloroethenes (Madsen and Licht 1992; Utkin et al. 1994; Christiansen and
Ahring 1996). Strains IW/IU-DC1 and DCB-2 produce an ortho-chlorophenol
RDase (CprA) (Fig. 4.3a).

Dehalobacter restrictus strain PER-K23 dechlorinates PCE to cis-DCE via TCE
in a reaction mediated by a PceA enzyme that is highly similar (99 %) to the enzyme
produced by Desulfitobacterium (Maillard et al. 2003) (Fig. 4.3a, b). As is the case
with Desulfitobacterium, Dehalobacter is classified in the phylum Firmicutes, but
Dehalobacter is phylogenetically distant from the genus Desulfitobacterium
(Fig. 4.1), indicating that horizontal gene transfer might have occurred between spe-
cies of these two genera (see Sect. 4.8).

Sulfurospirillum multivorans also dechlorinates PCE to cis-DCE via TCE using
PceA (Fig. 4.3a, b) (Scholz-Muramatsu et al. 1995). However, the PceA produced by
Sulfurospirillum multivorans shows only 27 % sequence identity to the PceA enzymes
produced by Desulfitobacterium and Dehalobacter (Neumann et al. 1996, 1998). In
contrast, DcaA, which is produced by Desulfitobacterium dichloroeliminans DCA1
and was identified from a 1,2-dichloroethane (1,2-DCA)-contaminated enrichment
culture, shows a higher similarity (90 %) to the Pce A enzymes from Desulfitobacterium
and Dehalobacter than to the PceA from S. multivorans (Marzorati et al. 2007). The
DcaA enzyme catalyzes a different reaction, however, dechlorinating 1,2-DCA to cis-
DCE through a reductive dehalogenation reaction called dichloroelimination that
simultaneously removes the adjacent chlorine atoms (De Wildeman et al. 2003;
Marzorati et al. 2007) (Fig. 4.1b). An analysis of evolution rates using the method of
Nei and Gojobori (Nei and Gojobori 1986) indicated that DcaA evolved due to posi-
tive selection. Both the enrichment culture and D. dichloroeliminans DCA1 were iso-
lated from a site that had been contaminated with 1,2-DCA for more than 30 years (De
Wildeman et al. 2003; Marzorati et al. 2006, 2007).

The functions of four Dehalococcoides spp. RDases (TceA, VcrA, BvcA, and
CbrA) have been characterized to date (Fig. 4.3a). TceA catalyzes the dechlorina-
tion of TCE to ethene (Magnuson et al. 1998). The VcrA and BvcA dehalogenases
isolated from strains VS and BAV1, respectively, catalyze the dechlorination of
cis-DCE to ethene via VC (Miiller et al. 2004; Krajmalnik-Brown et al. 2004).
Alternatively, CbrA, identified from strain CBDB1, catalyzes the reductive dechlo-
rination of chlorobenzenes such as 1,2,3-trichlorobenzene (1,2,3-TCB) (Adrian
et al. 2007).
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Most of the OHRB RDases thus far characterized reductively dechlorinate
chlorinated aliphatic or aromatic compounds, such as chloroethenes, chlorophenols,
and chlorobenzenes. The fact that the known substrates for these enzymes consist
primarily of chlorinated organic compounds may be due to study bias. It should be
noted that OHRB are also able to utilize brominated and iodinated compounds. The
PceA enzymes were first identified as PCE- and TCE-reductive dehalogenases.
However, further study revealed that the PceA enzymes from S. multivorans and
D. hafniense PCE-S also catalyze the reductive debromination of brominated
ethenes (Ye et al. 2010).

Because the type of RDase has a significant influence on the dehalogenation
capability of OHRB, detecting the specific RDase genes rather than the 16S rRNA
gene is necessary for assessing and monitoring bioremediation potential in a given
environment. Detection of both RDase and 16S rRNA genes of OHRB using tech-
niques such as real-time PCR is now well established (reviewed in Cupples 2008).
Active Dehalococcoides populations can be detected also through fluorescent in
situ hybridization (FISH) and catalyzed reporter deposition (CARD)-FISH of 16S
rRNA (Aulenta et al. 2004; Dijk et al. 2008; Fazi et al. 2008). Recent advances now
enable researchers to detect and monitor OHRB using various omics technologies
as well (reviewed in Maphosa et al. 2010), for monitoring not only the expression
of the RDase gene but also the expression of other key genes. For example, DNA-
chip technology is no longer limited to the whole-genome microarray analysis of
OHRB, but can be used to detect the hydrogenase genes expressed by hydrogen-
producing and hydrogen-consuming microbes (Marshall et al. 2012). This is a sig-
nificant advance since hydrogen is akey electron donor for obligate hydrogenotrophic
OHRB such as Dehalococcoides and Dehalobacter.

4.5 Biochemical Properties of Reductive Dehalogenase

Corrinoid, which is a derivative of vitamin B, (cobalamin), is a cofactor located at
the catalytic center of the RDase enzyme. Involvement of the corrinoid cofactor in
the dehalogenation reaction was predicted through studies in which corrinoid was
reversibly inactivated with propyl iodides (Neumann et al. 1994). The importance of
corrinoid to the activity of S. multivorans Pce A was also confirmed by the discovery
that mutants incapable of dechlorinating PCE cannot synthesize corrinoid (Siebert
et al. 2002). The corrinoid cofactor of S. multivorans PceA was purified and struc-
turally identified as norpseudovitamin B, (Kréutler et al. 2003). Furthermore, the
activity of the PceA from S. multivorans was found to be enhanced by an estimated
4,800-fold over the nonenzymatic cofactor-dependent reaction (Glod et al. 1997,
Neumann et al. 2002; McCauley et al. 2005). The corrinoid cofactor of Dehalobacter
restrictus PER-K23 PceA has also been isolated, and its properties were found to be
the same as those of commercially available cobalamin (Maillard et al. 2003).
A cobalamin-binding domain “DXHXXG...SXL...GG,” which is found in subsets
of cobalamin-dependent methyltransferases and isomerases, has also been found in
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seven RDase homologues from Dehalococcoides strains and the CbrA enzyme
produced by strain CBDB1 has a truncated cobalamin-binding domain; however, in
many cases no cobalamin-binding domain has been identified (Ludwig and
Matthews 1997; Holscher et al. 2004; Adrian et al. 2007).

Schemes involving one corrinoid and two Fe-S clusters have been proposed as
feasible reaction mechanisms for reductive dechlorination by OHRB. For instance,
PCE is reduced through one-electron transfer from the Co(I) corrinoid, producing
the trichlorovinyl radical (Neumann et al. 1996; Holliger et al. 1998, 2003; Banerjee
and Ragsdale 2003; McCauley et al. 2005; Diekert et al. 2005). All of the function-
ally characterized RDase sequences contain two highly conserved Fe-S cluster-
binding motifs. These two Fe-S clusters are hypothesized to be involved in the
redox activation of the corrinoid cofactor. The presence of Fe-S clusters in the PceA
produced by D. restrictus PER-K23 and in the CprA produced by D. dehalogenans
IW/IU-DC1 was experimentally confirmed through electron paramagnetic reso-
nance (EPR) analyses, which demonstrated that the former enzyme contains two
[4Fe-4S] clusters and that the latter contains one [4Fe-4S] and one [3Fe-4S] cluster
(Schumacher et al. 1997; van de Pas et al. 1999; Maillard et al. 2003).

4.6 The Reductive Dehalogenase Gene Cluster

RDase-encoding genes are always organized in an operon with at least one gene
encoding a protein containing a 2- or 3-transmembrane domain (Fig. 4.4). Suyama
et al. (2002) reported that the mature PceA RDase of D. hafniense Y51, from which
the N-terminal Tat sequence has been cleaved, is localized in the periplasmic space,
while the unprocessed protein with the Tat sequence present is found in the cyto-
plasmic fraction. Moreover, the authors reported that the RDase did not possess any
membrane-associated domain structures. Given these facts, B proteins (e.g., PceB;
Fig. 4.5) are believed to act as membrane anchors for RDases. The localization of
the PceA of S. multivorans was characterized microscopically using the freeze-
fracture replica immunogold labeling technique (John et al. 2006). The results of
that study indicated that localization of PceA depends upon the electron acceptor,
though the mechanism remains unknown. When S. multivorans is grown with fuma-
rate as the electron acceptor, PceA localizes in the cytoplasm or associates with the
membrane side facing the cytoplasm. In contrast, when the same strain is grown
with either PCE or TCE as an electron acceptor, most of the PceA localizes along
the periplasmic side of the cytoplasmic membrane.

The constitution and order of the pceA, pceB, pceC, and pceT genes is highly
conserved among the Desulfitobacterium and Dehalobacter strains that dechlori-
nate PCE to cis-DCE (Fig. 4.4). The PceC protein has not been functionally charac-
terized, but is similar to the Nirl/NosR family of membrane-binding transcriptional
regulators that are known to be involved in nitrous oxide respiration (Cuypers et al.
1992) (Fig. 4.5). NosR has also been characterized as an electron-donating protein
(Wunsch and Zumft 2005). The PceC protein is composed of a 6-transmembrane
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Fig. 4.4 Comparison of reductive dehalogenase gene clusters. An identical pattern indicates simi-
lar genes, as described in the inset. GenBank accession numbers are as follows. Desulfitobacterium
hafniense Y51 pce genes: AY706985; Desulfitobacterium hafniense TCE1 pce genes: AJ439608;
Desulfitobacterium hafniense PCE-S pce genes: AY216592; Dehalobacter restrictus PER-K23
pce genes: AJ439607; Sulfurospirillum multivorans pce genes: AF022812; Dehalococcoides
mccartyi 195 tce genes: CP000027; Dehalococcoides mccartyi VS ver genes: AY322364;
Dehalococcoides mccartyi CBDBI1 cbr genes: AJ965256; Desulfitobacterium dehalogenans strain
IW/IU-DCI1 cpr genes: AF115542. The genome information for Dehalococcoides mccartyi strains
VS, BAV1, and CBDB1 was also obtained from the Joint Genome Institute (http://jgi.doe.gov/)

domain, a flavin mononucleotide (FMN)-binding domain, and a poly ferredoxin-
like domain (Fig. 4.5), implying that PceC localizes in the cell membrane in order
to donate electrons to PceA. The importance of PceC for organohalide respiration is
supported by the fact that the protein is returned as a reciprocal “best hit” in com-
parisons of the genome sequences of D. hafniense Y51 and D. mccartyi 195 (Nonaka
et al. 2006). In addition, the Nirl/NosR-like protein-encoding genes are conserved,
as is the cprC gene in D. dehalogenans IW/IU-DC1 and the verC gene in D. mccar-
tyi VS (Smidt et al. 2000; Miiller et al. 2004). Moreover, the pceABC genes of strain
Y51 and the verABC genes of strain VS are cotranscribed (Miiller et al. 2004;
Furukawa et al. 2005; Futagami et al. 20064, b), indicating that the C proteins might
play a role in organohalide respiration.

On the other hand, the pceT gene is not cotranscribed in strain Y51 (Furukawa
et al. 2005; Futagami et al. 2006b), but might be involved in the maturation of
PceA as a trigger factor (Fig. 4.5). The RDase contains a conserved Tat signal
sequence in the N-terminal region, indicating that the enzyme is localized across
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the plasma membrane. Due to this Tat system, PceA should localize correctly
only when the PceA precursor has been previously folded properly with its cofac-
tors (reviewed in Palmer and Berks 2012). Thus, PceT may contribute to the cor-
rect folding of the PceA precursor protein during Tat-mediated secretion.
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Recombinant PceT has peptidyl-prolyl cis—trans isomerase and chaperone
activity, and co-immunoprecipitation assay results showed that PceT interacts
with the Tat signal sequence of PceA in strain Y51, indicating that PceT helps
mediate correct folding of the precursor PceA (Morita et al. 2009). The PceT
enzyme from D. hafniense TCE1 has also been characterized and was shown to
efficiently aid in the solubilization of PceA during heterologous expression using
an Escherichia coli strain lacking both the trigger factor and DnaK chaperones
(Maillard et al. 2011). These results confirm that PceT is involved in mediating
the correct folding of the precursor of PceA.

The larger components of the RDase gene cluster have been identified in
chlorophenol-respiring Desulfitobacterium strains. For example, D. dehalogenans
IW/IU-DCI1 possesses an ortho-chlorophenol RDase gene cluster containing eight
genes: cprT, cprK, cprZ, cprE, cprB, cprA, cprC, and cprD (Fig. 4.4) (Smidt et al.
2000). CprK is a CRP-FNR (cAMP-binding protein/fumarate nitrate reduction
regulatory protein) family transcriptional regulator, whereas CprD and CprE are
putative GroEL-type molecular chaperones.

4.7 Regulation of Reductive Dehalogenase Gene Expression

Transcription of the ortho-chlorophenol RDase-encoding cprA gene in
Desulfitobacterium is regulated by CprK, which is similar to CRP-FNR family
proteins. The cpr gene cluster responds at the transcription level to the presence of
chlorophenols (Smidt et al. 2000; Gabor et al. 2008; Bisaillon et al. 2011). Both in
vivo and in vitro studies have revealed that high-affinity interaction between chlori-
nated aromatic compounds and a CprK effector domain triggers binding of CprK to
an upstream target DNA sequence called a dehalobox “TTAAT-N4-ATTAA,” which
closely resembles the FNR box (Pop et al. 2004, 2006; Gabor et al. 2006, 2008;
Joyce et al. 2006; Mazon et al. 2007). Joyce et al. (2006) determined X-ray crystal
structures of the oxidized form of D. hafniense DCB-2 CprK bound to a 3-chloro-4-
hydroxyphenylacetate ligand and of the reduced form of D. dehalogenans TW/
IU-DC1 CprK (both proteins are 89 % identical) without the ligand, thus enabling
identification of the allosteric changes induced by ligand binding.

Long-term regulation of the pceA gene in S. multivorans has also been demon-
strated (John et al. 2009). The authors of that study reported that transcription of
pceA decreases during subcultivation. After 35 subcultivations (approximately 105
generations), no pceA transcripts, PceA protein, or PceA activity could be detected.
Biosynthesis of catalytically active PceA could be restored to a level before the
subcultivation within about 50 h (approximately three generations) by the addition
of PCE or TCE to the culture medium. These results indicated that a novel type of
long-term regulation of pceA gene expression exists in S. multivorans.

Expression of the Dehalococcoides RDase genes bvcA and cbrA has been detected
in cells cultivated in the presence of VC and 1,2,3-TCB, respectively (Krajmalnik-
Brown et al. 2004; Adrian et al. 2007). These genes are located near by the putative
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transcriptional regulator genes. Within the bvc and cbr gene clusters of D. mccartyi
strains BAV1 and CBDBI, the bvcC-bveD and cbrC-cbrD genes encode a putative
two-component system consisting of a sensor signal transduction histidine kinase
and a response regulator (Fig. 4.4) (Adrian et al. 2007; McMurdie et al. 2009).

Expression of RDase gene is not always regulated, however (e.g., the pceA gene
of D. hafniense Y51 is constitutively transcribed in cultures grown in media con-
taining various electron acceptors such as fumarate, TCE, nitrate, or DMSO) (Peng
et al. 2012). The level of PceA expression in populations of D. hafniense Y51 is
affected by the emergence of non-dechlorinating variants that have lost the pce-
ABCT genes or pceABC promoter region through genetic rearrangements (Futagami
et al. 20064, b) (see Sect. 4.8).

4.8 Genetic Rearrangement of the Reductive Dehalogenase
Gene Cluster

Degradative genes are frequently found on mobile DNA elements (reviewed in van
der Meer et al. 1992; Tsuda et al. 1999; Liang et al. 2012). The RDase gene cluster
is no exception, and rearrangements involving mobile genetic elements, such as
gene duplication, the formation of chimeric genes, and gene transfer, are believed to
have played a role in the evolution of organohalide respiration.

Comparative sequence analyses have revealed vestiges of chromosomal rearrange-
ment. The pceABCT gene cluster of D. hafniense strains Y51 and TCEI is surrounded
by two nearly identical copies of an insertion sequence (IS) element that include a
gene encoding the IS256 type transposase (Fig. 4.4). The pceABCT genes of strain
TCEI share a 99.7 % identity with those of strain Y51. The direct repeat sequences
“CTGAACCA” and “TTTTTATA” are found just upstream of the first IS and down-
stream of the second IS in strains Y51 and TCEl, respectively (Maillard et al. 2005;
Futagami et al. 2006a). Thus, the pceABCT gene cluster seems to be inserted into the
chromosome as a composite transposon in these two strains. In addition, a circular
molecule carrying an entire pceABCT gene cluster and two terminal IS copies has
been described, indicating that the catabolic transposon can still function and be
excised from the chromosome. The pceABCT gene cluster, including the intergenic
regions, is highly conserved among Desulfitobacterium and Dehalobacter sp., sug-
gesting horizontal transfer between these genera. The recent acquisition of the pce-
ABCT gene cluster was supported by proteomic analyses of D. hafniense TCEI, the
results of which revealed that the expression of proteins involved in stress responses
and associated regulation pathways increases in the presence of PCE, suggesting that
strain TCE1 is still incompletely adapted to PCE respiration and that this strain is thus
not fully suited to PCE respiration (Prat et al. 2011).

During subculturing, strain Y51 was also found to spontaneously give rise to two
types of non-PCE dechlorinating variants (Futagami et al. 2006a). One variant was gen-
erated from deletion of the left IS, which contains a promoter region of the pceABC gene
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Table 4.1 Comparison of the genomes of organohalide dehalorespiring bacteria

Size G+C rRNA  Predicted RDase

Name (Mbp) (%) operon CDS gene Plasmid
Desulfitobacterium hafniense Y51 5.7 47 6 5,060 2 0
Desulfitobacterium hafniense DCB-2 5.3 48 5 5,042 7 0
Anaeromyxobacter dehalogenans 5.0 75 6 4,346 2 0
2CP-C
Geobacter lovleyi SZ 3.9 55 2 3,476 2 1
Dehalococcoides mccartyi 195 1.5 49 1 1,590 17 0
Dehalococcoides mccartyi CBDB1 1.4 47 1 1,385 32 0
Dehalococcoides mccartyi BAV1 1.3 47 1 1,371 11 0
Dehalococcoides mccartyi VS 1.4 47 1 2,096 36 0
Dehalogenimonas lykanthroporepel- 1.7 55 1 1,720 17 0
lens BL-DC-9

The data were summarized from Kube et al. (2005); Seshadri et al. (2005); Nonaka et al. (2006);
Thomas et al. (2008); McMurdie et al. (2009); Kim et al. (2012), and Wagner et al. (2012).
Dehalogenimonas lykanthroporepellens BL-DC-9 sequence information was obtained from the
Joint Genome Institute (http://www.jgi.doe.gov/)

cluster (Fig. 4.4). Transcription of the pceABC genes was thus abolished in this variant,
and accordingly the PCE-dechlorination capability. The other variant arose from homol-
ogous recombination between the left IS and right IS, resulting in excision of the entire
pceABCT gene cluster. Thus, in the absence of chloroethenes, several modes of genetic
rearrangement occur around the pceABCT gene cluster in strain Y51.

The PCE non-dechlorinating variants of strain Y51 predominate in the presence of
chloroform (CF) because CF significantly inhibits the growth of wild type strain Y51
but not the non-dechlorinating variants (Futagami et al. 2006b). Moreover,
CF-mediated inhibition of dechlorination by Sulfurospirillum and Dehalococcoides
has also been reported (Neumann et al. 1996; Maymd-Gatell et al. 2001; Duhamel
et al. 2002). On the other hand, studies have shown that CF can act as an electron
acceptor. Growth-linked dechlorination of CF to carbon dichloride (CD) was observed
in the enrichment culture containing Dehalobacter (Grostern et al. 2010).
Dechlorination of CF to CD and fermentation of CD to acetate, hydrogen, and carbon
dioxide has also been observed in Dehalobacter-dominated cultures (Lee et al. 2012).

Large numbers of putative RDase genes have been identified in the genome
sequences of OHRB (Table 4.1). From genomic information of Dehalococcoides
strains, recombination appears to have taken place between two RDase genes
(DhcVS1399 and DheVS1427) of D. mccartyi strain VS, resulting in formation of the
apparently chimeric gene, DET1535 of strain 195 (McMurdie et al. 2009). Analyses
of codon usage in the vcrA and bvcA genes of D. mccartyi strains VS and BAV1,
respectively, showed that these genes are highly unusual and are characterized by a
low G+C content at the third position (McMurdie et al. 2007). The comparatively high
degree of abnormal codon usage in the verA and bvcA genes suggests that the evolu-
tionary history of these genes is quite different than that of most other Dehalococcoides
genes. These data also suggest that mobile elements played an important role in the
arrangement and consequently the evolution of the RDase genes in Dehalococcoides.
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The tceAB gene cluster of D. mccartyi 195 is located in a putative integrated
element (Seshadri et al. 2005). The gene DET0076, which is located downstream of
the tceAB genes, encodes a protein that is highly similar to resolvase (Fig. 4.4). The
verABC genes of D. mccartyi VS are also embedded in a horizontally acquired
genomic island (McMurdie et al. 2011). The ssrA gene encodes a site-specific
recombinase (Miiller et al. 2004) (Fig. 4.4). The verABC-containing genomic islands
obtained from Dehalococcoides enrichment cultures have been sequenced. Using
available Dehalococcoides phylogenomic data, it can be estimated that these ssrA-
specific genomic islands are at least as old as the Dehalococcoides group itself,
which in turn far predates human civilization, indicating that it took place before
emergence of anthropogenic chemicals. The verABC-containing genomic islands
represent a recently acquired subset of a diverse collection of ssrA-specific mobile
elements that are a major contributor to strain-level diversity in Dehalococcoides,
and may have been throughout its evolution. The high degree of similarity between
verABC sequences is quantitatively consistent with recent horizontal acquisition
driven by ~100 years of industrial pollution with chloroethenes (McMurdie et al.
2011). Moreover, transcriptional analysis of a Dehalococcoides-containing micro-
bial consortium uncovered evidence of prophage activation (Waller et al. 2012).

D. mccartyi FL2 was isolated from a pristine environment, suggesting that
OHRB might be able to survive on naturally occurring organohalides (Loffler et al.
2000). In fact, more than 4,500 different natural organohalides have been identified
in samples from biotic and abiotic sources (Gribble 2003, 2010). RDase homolo-
gous genes were detected in marine subsurface environment using a degenerate
primer set designed based on Dehalococcoides RDase genes (Krajmalnik-Brown
et al. 2004; Futagami et al. 2009). The deepest sediment in which RDase homolo-
gous genes were detected was formed ca. 460,000 years ago, suggesting that OHRB
existed before industrial activity (Aoike 2007; Futagami et al. 2009). Molecular
ecological studies have shown that the density of Dehalococcoides-like Chloroflexi
in terrestrial pristine environments is proportional to the quantity of natural organo-
chlorines, suggesting that these bacteria play a significant role in natural halogen
cycles (Krzmarzick et al. 2012).

4.9 Conclusions and Future Perspectives

Organohalide respiration has received considerable attention because of its important
role in the remediation of environments polluted with chlorinated organic chemi-
cals. Investigations of the physiology of OHRB and the key RDase enzymes have
provided crucial background information for the establishment of OHRB bioreme-
diation technologies. An increasing number of studies have also begun to focus on
the evolutionary history of organohalide respiration. Genetic events such as muta-
tion and the gene transfer, as well as the selective force imparted by anthropogenic
organohalides released into the environment, likely have played a significant role in
the evolution of microbial organohalide respiration.
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Recent progress in genomic technologies has enabled researchers to undertake
experiments using global approaches in order to move toward a more comprehen-
sive understanding of organohalide respiration. Currently, the complete genome
sequences of the genera Anaeromyxobacter, Desulfitobacterium, Dehalococcoides,
Dehalogenimonas, and Geobacter are available (Table 4.1). However, more in-
depth studies of OHRB (e.g., determination of the substrates of the large number of
uncharacterized RDase homologues) require the establishment and application of
genetic engineering tools tailored to the study of organohalide respiration. Several
such tools, such as gene recombination using thermosensitive plasmids, gene dis-
ruption using transposon, and in vitro expression of active RDases, have been
described (Smidt et al. 1999, 2001; Kimoto et al. 2010).

For those interested in obtaining a deeper understanding of organohalide respira-
tion, we strongly recommend several additional resources, including the excellent
volume edited by Héggblom and Bossert (2003), and a number of recent review
articles (Holliger et al. 1998; Smidt and de Vos 2004; Villemur et al. 2006; Loffler
and Edwards 2008; Hiraishi 2008; Futagami et al. 2008; Maphosa et al. 2010;
Tiehm and Schmidt 2011).
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Chapter 5
Mobile Catabolic Genetic Elements
in Pseudomonads

Masataka Tsuda, Yoshiyuki Ohtsubo, and Hirokazu Yano

Abstract Bacterial capabilities to degrade various recalcitrant compounds are
often encoded on mobile genetic elements (MGEs) such as transposons, plasmids,
and integrative and conjugative elements (ICEs). The movement of the transposons
and consequently induced rearrangements of genome in a cell and the intercellular
transfer of the latter two MGEs greatly facilitate rapid adaptation and evolution of
the host cells and wide dissemination of catabolic genes and gene clusters in a variety
of phylogenetically distinct environmental bacteria. This chapter summarizes how
MGE:s participate in the emergence of degradative bacteria based on the earlier and
recent findings and analysis of catabolic MGEs in pseudomonads.

Keywords DNA rearrangements ® Horizontal gene transfer ¢ Integrative and
conjugative elements * Microbial degradation of recalcitrant compounds * Mobile
genetic elements * Plasmids ® Pseudomonads ¢ Transposons

5.1 Introduction

A number of bacterial strains able to completely degrade various environmental
pollutants as the sole sources of carbon and energy have been isolated around the
world. The genetic basis underlying the aerobic degradation of recalcitrant aromatic
hydrocarbons (e.g., toluene, xylenes, and naphthalene) and their halogenated
compounds has been studied in details. Comparative sequence analyses for cata-
bolic genes and their flanking regions have revealed the worldwide distribution of
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catabolic gene clusters of common origins in phylogenetically distinct bacterial
taxa. DNA segments containing catabolic genes often exhibit structural flexibility
such as duplication, deletion, and translocation. It is now known that these features
of catabolic gene clusters result from their presence near or within mobile genetic
elements (MGEs) such as insertion sequences (ISs) and transposons. Furthermore,
catabolic gene clusters are often located within transferable MGEs such as plasmids
and genomic islands. This allows the horizontal transfer of the catabolic gene
clusters to other bacteria, thus facilitating their rapid adaptation to the polluted
environments.

Bacterial MGEs encoding other phenotypic traits (e.g., resistance to various
antibiotics and heavy metals, pathogenicity, and symbiosis) are also recognized as
major agents driving rapid adaptation and the evolution of host cells (Frost et al.
2005; Sgrensen et al. 2005; Thomas and Nielsen 2005; Norman et al. 2009). This
chapter summarizes how catabolic gene clusters are assembled in representative
MGE:s and also addresses the molecular mechanisms underlying their intracellular
and intercellular movements. Since many of previously published reviews have
focused on bacterial catabolic MGEs (Tsuda et al. 1999; Top and Springael 2003;
van der Meer and Sentchilo 2003; Nojiri et al. 2004; Kivisaar 2004; Williams et al.
2004; Dennis 2005; Sota et al. 2008; Heuer and Smalla 2012; Shintani and Nojiri
2013), the present chapter emphasizes the progress of our recent studies.

5.2 Catabolic Plasmids of the Genus Pseudomonas

At the beginning of 1970s, several plasmids were discovered that encode the
complete pathway enzymes for recalcitrant aromatic compounds such as toluene/
xylenes, naphthalene, and 2,4-dichlorophenoxyacetic acid (2,4-D). Since then, a
number of plasmids involved in the catabolism of various recalcitrant compounds
from natural and man-made origins, collectively designated “catabolic plasmids,”
have been reported (Shintani and Nojiri 2013). Many of these plasmids were found
in pseudomonad (the y-proteobacterial genus Pseudomonas and its related genera,
some of which now belong to taxonomically different classes such as Alpha- and
Betaproteobacteria). One of traditionally convenient methods for classifying plas-
mids is based on incompatibility, a phenomenon in which two different plasmids
with very similar replication/maintenance systems cannot coexist in the same cell,
such that either one of plasmids will randomly and mutually excludes the other from
the cell. The plasmids capable of residing in Pseudomonas cells have been classified
into at least 14 incompatibility (Inc) groups (Thomas and Haines 2004), and the
associated catabolic plasmids thus far analyzed belong to the IncP-1, P-2, P-7, and
P-9 groups (Sota et al. 2008; Shintani and Nojiri 2013). In general, there is a
correlation between the replication-host range of plasmids and the corresponding
Inc groups. The IncP-1 plasmids are maintained in the phylum Proteobacteria, while
the IncP-2 and IncP-7 plasmids can be maintained only in Pseudomonas (Durland
and Helinski 1978; Hansen and Olsen 1978; Yano et al. 2010; Yano et al. 2012).
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The IncP-9 catabolic plasmids can be additionally maintained in at least Escherichia
coli, but they exhibit temperature sensitivity for their maintenance in this host (Tsuda
et al. 1989; Tsuda and Iino 1990).

5.3 Catabolic Transposons

Microbial transposons can be defined as discrete DNA fragments capable of moving
from one site to another without the requirement of genetic homology between
donor and target sites (Chandler and Mahillon 2002; Grindley 2002; Roberts et al.
2008). The transposase (Tnp or TnpA) encoded by a transposon catalyzes specific
and single- or double-stranded cleavage of the transposon ends at the donor site and
nonspecific and double-stranded cleavage at the target site. Cleavage at the latter
site generally produces a short (2-20 bases, depending on the transposons) single-
stranded protrusion at the 5’ end. Then, the transfer of the cleaved transposon to
such a target site, followed by the filling-in of the cohesive ends and subsequent
ligation, gives rise to the duplication of target sequence so as to flank the inserted
transposon. Most transposons carry terminal inverted repeat (IR) sequences with
sizes of more than 25 bp and less than 50 bp, depending on the transposons, and
such sequences are crucial for recognition and DNA cleavage by the transposases.
Single- and double-stranded cleavage of transposon ends at the donor site prior to
the transfer of transposon DNA to the target site defines the replicative and non-
replicative modes, respectively, of transposition, and most transposons prefer only
one of the two modes. The transposases mediate both inter- and intramolecular
transpositions. Intramolecular transposition of replicative transposons results in
either deletion or inversion of a replicon where the transposon is located. This
accounts for the duplication or deletion of catabolic genes in naturally occurring
plasmids (Krol et al. 2012; Sen et al. 2011).

Well-characterized bacterial transposons have been classified into several classes,
as based on the organization of transposition-related genes and sites and on the
transposition mechanisms. Three classes of transposons carrying the genes for the
catabolism of recalcitrant compounds (catabolic transposons) have been reported
thus far: classes I, class II, and conjugative transposons. The class I transposons
carrying the catabolic genes (Sota et al. 2008; Shintani and Nojiri 2013) are flanked
by two (nearly) identical copies of an insertion sequence (IS) with direct or inverted
orientation. Most of such class I catabolic transposons are less than 15 kb in sizes
and only rarely does each of these transposons carry all the genes necessary for
complete catabolism. This insufficiency suggests the accidental formation of the
class I catabolic transposon by the insertion of two copies of an IS element in the
vicinity of the catabolic gene cluster. Nonetheless, IS elements play important roles
in the catabolic gene activation and the amplification of copy number of catabolic
genes (e.g., Devers et al. 2008).
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Fig. 5.1 Representative class II transposons and their transposition. (a). Structures of representa-
tive groups of class II transposons and a few class II catabolic transposons. Closed triangles and
circles indicate the terminal IRs and the specific recombination sites for resolution, respectively.
(b). Two-step transposition mechanism of class II transposons. Box and triangle indicate the trans-
poson and the specific recombination site for resolution, respectively. See the text for details

Class II catabolic transposons are usually large (>37 kb in sizes), and each of
these transposons governs the complete catabolic pathway (e.g., Fig. 5.1a) (Tsuda
et al. 1999; Sota et al. 2008). The class II transposons, which also carry a number of
genes for resistance to heavy metals (e.g., mercury) and various antibiotics, trans-
pose by the replicative mode; in the intermolecular transposition, the transposase
(TnpA) generates the cointegrate of the donor and target molecules connected by
directly repeated copies of transposon, one at each junction (Fig. 5.1b) (Grindley
2002). Most class II transposons additionally encode, in the vicinity of tnpA genes,
site-specific recombination systems consisting of site-specific recombinases
(resolvases) and their target resolution (res) sites. Many such recombinases have a
conserved serine residue at the N-terminal region, and the class II transposon-
encoded serine recombinases (TnpR proteins) can generally carry out only resolu-
tion, but not inversion or intermolecular recombination. Several class II transposons
encode tyrosine recombinases (Tnpl or TnpS protein) (Rajeev et al. 2009), which



5 Catabolic MGEs in Pseudomonads 87

have a conserved tyrosine residue at the C-terminal region, for the resolution of
TnpA-mediated cointegrates at particular atf sequences. Tyrosine recombinases can
mediate both intramolecular and intermolecular recombination, but the so-called
accessory sequences in their respective resolution sites are present to coordinate the
direction of recombination such that resolution occurs most efficiently (Vanhooff
et al. 20006).

The TnpA and TnpR functions encoded by different class II transposons often
exhibit mutual interchangeability, indicating the phylogenetic relationship between
transposons (Grindley 2002). These transposons can therefore be divided into several
groups on the basis of the functional interchangeability of TnpR proteins (e.g.,
Tn3 and Tn2/ groups); moreover, the functional interchangeability of TnpA pro-
teins allows further subdivision of the latter group into Tn2/7 and Tn/722 subgroups
(Fig. 5.1a) (Liebert et al. 1999).

5.4 Catabolic Integrative and Conjugative Elements (ICEs)

Some catabolic transposons are the members of conjugative transposons, a group of
ICEs (van der Meer and Sentchilo 2003; Juhas et al. 2009; Toleman and Walsh
2011). The intact and functional ICE encodes a set of genes for tyrosine recombinase
(Int), its auxiliary protein [recombination directionality factor (RDF) represented by
excisionase (Xis)], and intercellular conjugal transfer. Such an ICE can be excised
at its ends (attL and attR) from the donor site by the Int and RDF functions (Rajeev
et al. 2009). The excised molecule is circularized, nicked at an oriT site, and the
single-stranded DNA synthesized by the rolling circle-type replication is transferred
to another cell by the ICE-encoded conjugal machinery. The transferred DNA in the
recipient is then converted to double-stranded DNA and thereafter is inserted into
the recipient genome by the Int function. Conjugative transposons can be distin-
guished from the other groups of ICEs by their capacity to be inserted into random
target sites.

5.5 TOL and NAH Plasmids

A group of plasmids, collectively designated TOL plasmids, are primarily from
Pseudomonas strains, and they encode a series of enzymes for the complete and
aerobic degradation of toluene and its methyl derivatives, xylenes (Fig. 5.2a)
(Sota et al. 2008). These compounds are dioxygenated and thereafter converted to
benzoate or its methyl derivatives by several enzymes produced from catabolic xyl
genes constituting the xyl upper pathway operon. The intermediates are then
converted to catechol or its methyl derivatives and then to the central metabolites by
enzymes encoded by the xyl meta pathway operon. Expression of the two operons
is transcriptionally regulated positively by the xylR and xylS products, respectively.
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Fig. 5.2 Bacterial TOL and NAH plasmids and their specified aerobic degradation of toluene
and naphthalene. (a). Simplified degradation pathways of toluene and naphthalene and their
responsible gene clusters. Transcriptional regulatory genes are indicated at the right side. (b).
Various TOL and NAH plasmids described in this chapter. Only the catabolic gene clusters are
depicted for simplicity. At the right side of each plasmid are indicated its Inc group and the country,
where the host strain was isolated. See the text for details. Plasmid pSVS15 is described in
Sentchilo et al. (2000)

The gene organization of xy/ genes in each operon is conserved among various TOL
plasmids although they exhibit the structural diversity in terms of the following:
sizes (from 78 to 270 kb), plasmid backbones, and the copy numbers and relative
orientations of the four xyl gene transcriptional units (Fig. 5.2b) (Williams and
Worsey 1976; Chatfield and Williams 1986; Sentchilo et al. 2000).

A group of plasmids governing the complete and aerobic degradation of
naphthalene are designated NAH plasmids (Fig. 5.2) (Sota et al. 2008). The
naphthalene-catabolic (nah) genes are organized into three transcriptional units: the
nah upper operon for the conversion of naphthalene to salicylate, the nah meta
operon for the conversion of salicylate to catechol and then to the central metabo-
lites, and nahR for the transcriptional activation of the two operons. It is noteworthy
that the xyl/ and nah meta operons share the evolutionarily common set of genes
involved in the conversion of catechol to the central metabolites (Fig. 5.2a). NAH
plasmids also exhibit the structural diversity with sizes ranging from 75 to 200 kb
(Fig. 5.2b) (Dunn and Gunsalus 1973; Izmalkova et al. 2006; Ono et al. 2007;
Sevastsyanovich et al. 2008).
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5.6 An Archetypal IncP-9 TOL Plasmid pWW0
and Its Catabolic Transposons

A self-transmissible and 117-kb IncP-9 plasmid, pWWO0, from P. putida mt-2
(Williams and Murray 1974; Nakazawa 2002) is the best-characterized TOL plasmid
whose xyl genes have been analyzed extensively together with their transcriptional
regulation (Ramos et al. 1997; Williams et al. 2004; Riuz et al. 2004). Such pioneer
studies were greatly advanced by use of in vivo-constructed IncP-1 plasmid deriva-
tives with the insertion of all of the xyl-containing fragments from pWWO (Lehrbach
etal. 1982). Atleast two such fragments were later identified as transposons, a 56-kb
transposon, Tn4651, and its encompassing 70-kb transposon, Tn4653 (Fig. 5.1a)
(Tsuda and Iino 1987, 1988). The xyl gene clusters in Tn4651 are located within a
39-kb segment that carries, at its extremities, two directly repeated copies of IS7246,
and the reciprocal recombination between the two copies gives rise to an internal
deletant of Tn4651 to generate Tn4652 (Jeenes and Williams 1982; Tsuda and lino
1987). The experimental results from which the IS7246-flanked segment behaves as
a composite transposon have not yet been obtained.

The replicative transposition of Tn4651 and the phylogenetic relationship of its
TnpA protein with those of other transposases led to the classification of Tn4651 as
a class II transposon (Tsuda and lino 1987; Tsuda et al. 1989). However, the orga-
nization of genes and sites for the Tn4651 transposition significantly differs from
those of typical class II transpositions (Fig. 5.1a). The tnpA product shows moderate
similarity (20-24 % identity) with other transposases of the class II transposons, and
this gene is transcribed in an inward direction from a 46-bp IR (Hérak and Kivisaar
1999). A series of studies by Kivisaar’s group clarified the regulation of the Tn4652
transposase activity in P. putida cells (Kivisaar 2004). A 120-amino acid product,
TnpC, that is encoded just downstream of tnpA, positively controls the amount of
TnpA at the posttranscriptional level, although the detailed mechanism for such con-
trol remains unclear (Horak and Kivisaar 1999). The Tn4651 transposition is appar-
ently a stationary phase-specific event, and the transcription from the Tn4651 tnpA
promoter is indeed controlled positively by the stationary-specific sigma factor,
RpoS (Ilves et al. 2001). A P. putida nucleoid-associated protein (NAP), IHF (inte-
gration host factor), is required for the transposition (Horak and Kivisaar 1998). This
positive regulation by IHF is due to the transcriptional activation of the mpA gene
and the facilitation of TnpA binding to the IRs. The specific binding of IHF to the
tnpA promoter region and IRs might result in the conformational change of the DNA
regions to promote transcription and the cointegration reaction, respectively (Teras
et al. 2000). Higher amounts of RpoS as well as IHF in P. putida stationary-phase
cells provide favorable conditions for Tn465/ transposition (Ilves et al. 2004). In
contrast, another P. putida NAP, Fis (factor for inversion stimulation), exerts a
negative effect on Tn4651 transposition (Teras et al. 2009). Fis out-competes IHF
from the tmpA-proximal end of Tn4651, leading to the abolishment of TnpA binding
to the IR. Therefore, the Tn4651 transposition in P. putida is regulated by relative
amounts of the two sequence-specific NAPs that are encoded by the chromosome.
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The Tn4651-specified resolution system is unique in that (1) its efficient resolution
requires the two gene products, TnpS and TnpT, and (2) the 2.4-kb tnpT-res-tnpS
region is 48 kb apart from the tnpA gene (Fig. 5.1a) (Tsuda and Iino 1987; Tsuda
etal. 1989). [Although the original term of “res” (Tsuda and Iino 1987) was changed
to “rsf” in our recent article (Yano et al. 2013), the original term is used in this
review.] TnpS belongs to the site-specific tyrosine recombinase family and shows
structural similarity to Cre resolvase rather than phage integrases (Genka et al.
2002). In contrast, TnpT does not show any significant amino acid sequence
similarity with other proteins directly or indirectly involved in recombination. The
resolution of the Tn465/-mediated cointegrate requires both TnpS and TnpT (Yano
et al. 2013), while the intermolecular recombination at res does not seem to be
significantly dependent on TnpT (Fig. 5.1b) (Genka et al. 2002). In this sense, TnpT
is an RDF. However, the predicted secondary structure of TnpT is unique when
compared with those of other RDFs. The fully functional res region in Tn4651 is
located within a 136-bp segment, which contains a 33-bp inverted repeat (core site)
and 20-bp inverted repeat. Strand exchange takes place within the core site. TnpT
specifically binds to the 20-bp inverted repeat. The efficient resolution of the
Tn4651-mediated cointegrate also requires two sequences that flank the core site.
In other known resolution systems, the “accessory” sequence is located at only one
side of the core site. Therefore, the Tn465/ resolution system is unique, and our
preliminary study (unpublished data) suggests the requirement of (an) unknown
host protein(s) for resolution.

Three other Tn4651-like and experimentally transposable elements, collectively
designated the Tn4652 group of class II transposons (Grindley 2002), have been
reported: a mercury-resistance transposon, Tn5041, from Pseudomonas sp.
(Kholodii et al. 1997); a carbazole-catabolic transposon, Tn4676, from P. resinovo-
rans IncP-7 plasmid pCAR1 (Maeda et al. 2003); and a cryptic transposon, Tn4661,
from a P. aeruginosa IncP-7 drug-resistance plasmid Rms148 and from a P. aeru-
ginosa C pathogenicity island PAGI-4 (Yano et al. 2013). The presence in the
P. aeruginosa PA14 chromosome of a Tn465/-like sequence showing very high
similarity with the Tn4661 part from its one IR to the res site suggests that the
res sites in the Tn4652 group work as hot spots for TnpS-mediated site-specific
recombination, leading to DNA shuffling among related MGEs. The tnpST modules
lacking the mpAC modules are located on the plasmids and chromosomes of
Pseudomonas and Xanthomonas, and the former type of module might play an
additional role in the stable maintenance of plasmids and chromosomes in the
Pseudomonas-related genera (Yano et al. 2013).

Tn4653 is a class II transposon and encodes its own cointegration system
(Fig. 5.1a). Its 38-bp IRs and tpA gene show very extensive sequence similarity
with those of the Tn/722-subgroup of transposons (Tsuda et al. 1989). The Tn4653
and Tn/722 TnpA proteins indeed exhibit functional interchangeability. Just
upstream of the Tn4653 tnpA gene is tmpR, a gene encoding a site-specific serine
recombinase, which can complement the tnpR mutation of Tn/722. However, the
cointegrate formed by the Tn4653 derivative devoid of the Tn465/ resolution
system was unable to be resolved by supply in trans of the Tnl722 tnpR gene.
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This nonreciprocal mode of complementation is due to the disruption of the
ancestrally “intact” res site of Tn4653 (Fig. 5.1a) (Tsuda et al. 1989). The transpo-
sons in the Tn402/Tn5053 group of class II transposons are preferentially inserted
into the res sites of the Tn/722 subgroup of transposons (Minakhina et al. 1999),
and complete sequence determination of pWWO (Greated et al. 2002) revealed that
the insertion of a Tn5053-type transposon into the “intact” res site in the Tn4653
ancestor led to the loss of res function (Sota et al. 2008).

5.7 An Archetypal IncP-9 NAH Plasmid NAH7
and Its Catabolic Transposon

The best-characterized plasmid among the NAH plasmids is NAH7, which is a self-
transmissible and 82-kb IncP-9 plasmid from P. putida G7 (Dunn and Gunsalus
1973). All the nah genes for the degradation of naphthalene are loaded on a 39-kb
defective transposon, Tn4655, which is activated only when the Tn4653 or Tn1722
TnpA protein is expressed in the same cell (Fig. 5.1a) (Tsuda and Iino 1990).
Although Tn4655 has 38-bp IRs that are very similar to those of Tn4653 and
Tn1722, the res-tnpR-tnpA region is missing in the element. Tn4655 instead encodes
a unique site-specific resolution system, Tnpl-attl. Tnpl is a phage integrase-like
tyrosine recombinase, and it can mediate the resolution of the Tn4655-mediated
cointegrate as well as the intermolecular recombination between two molecules,
each carrying one attl copy (Sota et al. 2006b). No tnpl-attl cluster has been found
in any of the other groups of transposons. However, the homologous tnpI-attl clus-
ter is located near the nah operons on three other NAH plasmids, pDTG1 (IncP-9),
pNAH20 (IncP-9), and pND-1 (IncP-7) (Fig. 5.2b) (Dennis and Zylstra 2004; Li
et al. 2004; Heinaru et al. 2009). These three NAH plasmids lack the class II cata-
bolic transposons. Therefore, the Tnpl-aftl system might have originally played a
role in the site-specific insertion of nah operon(s) into appropriate replicons rather
than the resolution of the class II transposon-mediated cointegrate. It is at present
unpredictable how the two nah operons and the tnpl-att cluster are merged into the
ancestral form of Tn/722 to generate Tn4655.

Sequence comparison of three self-transmissible IncP-9 catabolic plasmids,
pWWO, NAH7, and pDTG1, revealed a 39-kb backbone structure of IncP-9 plas-
mids (Sota et al. 2006b). pPNAH20 with a size of 83 kb is considered to be a close
relative of pDTG1 (Heinaru et al. 2009). The backbone mainly encodes the basic
plasmid functions for replication, maintenance, and conjugation. The structural
diversification of the three plasmids must have occurred by the independent inser-
tion of class II catabolic transposons or catabolic gene clusters at different and
dispensable positions in the ancestral IncP-9 plasmid backbone (Sota et al. 2006b).
A comprehensive analysis of various IncP-9 NAH plasmids also suggested indepen-
dent insertion events of catabolic gene clusters or transposons into an ancestral
IncP-9 plasmid rather than divergent evolution from a single catabolic and ancestral
plasmid (Sevastsyanovich et al. 2008).
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pWWO and NAH7 can be maintained in P. aeruginosa and E. coli at 30 °C but not
at 42 °C (Tsuda and Iino 1988, 1990). Such plasmid phenotypes can facilitate the
escape of catabolic transposons from the “fragile” replicons to other co-residing and
“robust” replicons. These two plasmids, as well as other self-transmissible plas-
mids, carry the genes for DNA transfer and replication (Dtr) and mating pair forma-
tion (Mpf) systems. The former system governs the formation of the
relaxase-single-stranded DNA (ssDNA) complex at the oriT site for initiating the
rolling circle-type and conjugation-specific DNA replication, while the latter system
is involved in the formation of the type IV secretion apparatus for the transfer of the
relaxase-ssDNA complex into the recipient cell. Each dtr operon in broad-host-range
plasmids is transcribed from its oriT-containing region, from which another operon
with three genes is also transcribed divergently. The definite function of the latter
operon remains unknown; however, our analysis of such an operon (traD operon) of
NAHT7 revealed that the three gene products are not essential to the conjugation but
yet are required for efficient conjugation (Miyazaki et al. 2008). The most interesting
finding is that the NAH7 derivative with a deletion mutation of the last gene (traF)
in the operon is proficient in conjugal transfer from Pseudomonas to Pseudomonas
and E. coli and from E. coli to E. coli, but is deficient in conjugal transfer from
E. coli to Pseudomonas. This indicates that the traF product apparently works as a
host-range modifier in the conjugal transfer of NAH7. It is able to obtain the suppres-
sor mutants of P. putida that are able to receive the NAH7AtraF derivative by conju-
gation from E. coli, and one of these identified genes globally controls the
physiological states of the cell (Inoue et al. 2013). A detailed analysis of such a gene
and elucidation of the function of the traF gene product will contribute to clarifying
the host range of plasmid-specified conjugation systems.

5.8 IncP-7 TOL Plasmids

Plasmid pWW353 is a non-transmissible IncP-7 TOL plasmid from P. putida MT53
that was isolated in Great Britain (Keil et al. 1985a). Although pWW53 carries xyl
gene clusters that are highly similar to those of pWWQ0, its unique property is the
presence of two structurally homologous but functionally distinguishable xyl meta
operons that flank an xy/ upper operon (Fig. 5.2b) (Gallegos et al. 1997). The xyl
containing regions on pWW353 could translocate to other plasmids such as RP4
(Keil et al. 1987), and one such region covering one set of upper and meta operons
inserted in RP4 has been proven to be a 37-kb functional transposon, Tn4656, as a
member of the Tn/722 subgroup (Fig. 5.3a) (Tsuda and Genka 2001). The com-
plete determination of the 108-kb genome of pWWS53 revealed a complicated
structure with two sets of res-tnpR-tnpA clusters and five IRs (IR1 to IRS) of class
II transposons (Fig. 5.3a) (Yano et al. 2007). All of the xy/ genes as well as the frag-
ment governing the replication and partition systems are located within an 86-kb
transposon, Tn4657. This transposon encompasses three class II transposons.
The first transposon is Tn4658, a 5.7-kb and Tn/722-subgroup transposon that
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Fig. 5.3 Schematic structures of pWW53 and pDK1 with emphasis on class II transposons and
rearrangements of two plasmids. (a). Structure of Tn4657 on pWWS53 (top figure). Site-specific
inversion between res/ and res2 by the Tn4658-specified TnpR protein gives rise to Tn4656 (bot-
tom figure). (b). Structure of Tn4663 on pDK1 (bottom figure) and a three-process model for the
generation of Tn4663 from the Tn4660-containing pWWS53-like ancestral plasmid. The first
two processes with unknown order are (1) the insertion of TnAzcArs-like transposon in the ances-
tral plasmid and (2) the intramolecular inversion of the upper operon-containing region between
xylS1 and xylS3. The last process is the site-specific deletion of the meta 1-containing region
between the res2 site and the TnAtcArs-specified res site by the TnpR protein encoded by the latter
transposon

shares one IR (IR3) with Tn4657. The second one is an internally located 3.7-kb
transposon, Tn4659, whose transposition-related genes and site are organized in
the order of tnpR-res-tnpA. The last one is a 62-kb and xyl-containing transposon,
Tn4660, which shares IRs with the tnpA-proximal IR of Tn4659 (IRS) and the
Tn4658-distal IR of Tn4657 (IR1). Tn4656 per se is not found on the determined
genome of pWW53, and it consists of the two separate and inversely oriented seg-
ments of pWW53: the 3.7-kb and IR2-tnpA-tnpR-res (resl) segment from Tn4658
and the 33-kb and IR1-meta 1 operon-upper operon-res (res2) segment from
Tn4657. The Tn4658-encoded TnpR can mediate the inversion of the 50-kb seg-
ment located between the two inversely oriented res sites (res and res2) to give
rise to Tn4656 in the MT53 population (Fig. 5.3a) (Yano et al. 2007). Such an
inversion event mediated by the class II-encoded serine recombinase has not been
detected in other naturally occurring plasmids. The Tn4659 transposase can only
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mediate its own transposition among the pWW53-loaded transposons, while the
Tn4658 transposase can catalyze the transposition of Tn4656, Tn4657, and Tn4658.
An insertion of IS7492 in the Tn4659-distal IR of Tn4660 results in defect in the
Tn4660 transposition, and our experimental removal of such an IS element from
Tn4660 allowed the Tn4658 TnpA-mediated transposition of the Tn4660 deriva-
tive with concomitant generation of target duplication. Tn4660 on pWW53 is
flanked by target duplication, suggesting a previous transposition event. When
these observations are taken into consideration, one plausible scenario for the
establishment of the present structure of pWW353 is sequential transposition events
of Tn4660 and Tn4658 into the 76-kb IncP-7 backbone sequence (Yano et al. 2010).
Therefore, the accumulation of multiple copies of transposition-related genes and
sites on one plasmid can lead to their subsequent site-specific recombination and
the formation of complex embedded structures of transposons. Such structures are
also exemplified by Tn5/0 and Tn5/71 on IncP-1 plasmids, R906 and R772, respec-
tively (Petrovski and Stanisich 2011). The DNA shuffling among transposons is
obviously important for the revival of defective transposons and aids the persis-
tence of the transposon core genes “res-tnpR-tnpA” in the bacterial population.

The structural organization of the xy/ operons on pWW53 may be favorable for
the host under selective conditions, but unfavorable under nonselective conditions.
Keil et al. (1985a) reported the deletion of a segment containing the upper operon
under nonselective condition, possibly by the homology-dependent recombination
between the two meta operons. The evolutionary advantage of carrying two similar
meta operons is currently unclear. But we can speculate that one of the two xyl meta
operons can divergently evolve (or has already evolved) to be a novel operon that
encodes the enzymes capable of degrading new substrates. It should be noted that
the pWWS53-type xyl-operon structure is not exceptional in naturally occurring TOL
plasmids. This is exemplified by the TOL plasmids in Pseudomonas strains from
various oil-contaminated sites (Keil et al. 1985b; Sentchilo et al. 2000). The Inc
groups of such plasmids remain unknown.

Another IncP-7 TOL plasmid, pDK1, resides in P. putida HS1 from the United
States (Kunz and Chapman 1981; Shaw and Williams 1988). This 129-kb plasmid
differs from pWW53 in its self-transmissibility and possession of only one set of xyl
upper and meta operons (Fig. 5.3b) (Yano et al. 2010). The gene products of the
respective operons show remarkable similarity with those of the upper and meta 2
operons in pWW353, but the relative orientations of the two operons differ between
the two plasmids (Fig. 5.2b). pDKI1 carries three apparently intact class II transpo-
sons, Tn4659, Tn4662, and Tn4663. Tn4662, with a size of 7.2 kb, is located far
from the xyl gene clusters and is considered as a Tn550/-related transposon in the
class II transposons. Tn4663, with a size of 41 kb, carries the two xyl operons and is
transposable to RP4 (Shaw and Williams 1988). This transposon has three copies of
Tn21-like 38-bp IRs, one of which is shared by the nested Tn4659 element. The
Tn4659-encoded and Tn2/-like transposase must have been involved in the transpo-
sition of Tn4663. The Tn4659-distal end of Tn4663 is occupied by a 0.7-kb sequence
very similar to that of the res-tnpR-IR cluster from a Tn3-like arsenate-resistance
transposon, TnAfcArs. On the basis of further detailed analysis of pDKI1 and
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comparison with pWW353, the following three-step recombination event has been
proposed for the formation of xyl gene clusters on pDKI1 from the xy/ containing
region on an ancestor of pWW53 (Fig. 5.3b) (Yano et al. 2010). The first two steps,
in unknown order, are the transposition of TnAzcArs into the pDK1 ancestor with
the pWW53-type xyl cluster and the homology-dependent intramolecular inversion
between very similar xylS genes (xyISI and xylS3); the last step is the site-specific
resolution between the res2 and res sites in the TnAtcArs-like transposon by the
resolvase encoded by this transposon. This plausible model is considered as another
example by which the insertion events of more than two different class II transposons
into one replicon play an important role in the structural diversification of catabolic
plasmids and transposons.

The presence of xyl and nah operons of the same evolutionary origins on IncP-7
and IncP-9 plasmids strongly suggests the frequent exchange of catabolic operons
between the two Inc groups of plasmids. This is reinforced by the finding that even
the IncP-7 replicon itself is transposable as a part of a transposon (Fig. 5.3a) (Yano
etal. 2007). In fact, a NAH plasmid containing fused replicons of the two Inc groups
has been reported (Izmalkova et al. 2006).

Although a mini-replicon of pDK1 encoding its replication system was able to
replicate in four Pseudomonas strains tested, as was also the case with two other
IncP-7 plasmids (pWW53 and pCARI1), the successful conjugal transfer of pDK1
was only detected when a P. putida HS1 derivative cured of pDK1 and a P. fluore-
scens strain were used as recipient strains, but this was not observed with the use of
two other P. putida strains as the recipient strains (Yano et al. 2010). These findings
indicated that the host range of pDK1, contrary to that of many other plasmids, is
restricted by the conjugation system rather than by the replication system. The
molecular mechanisms defining this unique property of pDKI1 are still unclear.

5.9 IncP-1 Catabolic Plasmids and IS1071

Bacterial plasmids responsible for the complete degradation of various “man-made”
recalcitrant compounds belong to the broad-host-range and self-transmissible IncP-1
plasmids (especially IncP-1p plasmids, one subgroup of IncP-1 plasmids classified
on the basis of the phylogenetic relationship of replication machinery systems) (Top
and Springael 2003). The IncP-1p catabolic plasmids have been well characterized,
and such examples are pJP4 (for the degradation of 2,4-D) (Trefault et al. 2004),
pUOI (haloacetates) (Sota et al. 2003), and pADP-1 (atrazine) (Martinez et al.
2001). The detailed comparison of these plasmids revealed that the phenotypic
diversity of IncP-1f plasmids primarily results from the insertion of various gene
clusters at two distinct regions on the 41-kb IncP-1p backbone: one cluster with
catabolic genes in the Tn2/-type transposon or its remnant between oriV and trfA
and the other with various phenotypic genes in Tn402-type transposon or its remnant
between parA and the tral operon (Dennis 2005; Sota et al. 2007, 2013).
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Various recalcitrant compound-degrading genes on the above described IncP-1p
plasmids and on the genomes of several environmental 3-proteobacterial strains are
located within IS7/071-composite transposons or in the vicinity of IS/071 (Sota
et al. 2002, 2008; Krol et al. 2012). This suggests that IS/071 plays important roles
in the recruitment of catabolic genes into IncP-1p plasmids. Although there was
initially little evidence for the actual involvement of IS/07] transposition in the
insertion of catabolic genes in the plasmids, clear evidence was recently provided in
the case of an IS/071-composite transposon carrying a 3-chloroaniline oxidation
gene cluster (Tn6063) on an IncP-1 plasmid, pWLD7 (Krdl et al. 2012).

Regardless of its nomenclature, IS/071 encodes a transposase classified as that
of a member of class II transposons (Sota et al. 2006a). However, the unique proper-
ties of IS7071 [the much longer (110 bp) size of IRs, the low (20 %) similarity of
TnpA with those of the other class II transposons, and the complete absence of
resolution system] indicate that this MGE is phylogenetically distinct from the other
canonical members in the class II transposons. The final product of IS/071 transpo-
sition is indeed a cointegrate of donor and target molecules connected by two copies
of IS1071. Such a cointegrate can be resolved to the donor molecule and the IS/071-
inserted target molecule by the homology-dependent intramolecular recombination
system specified by the host chromosome. It is of interest why the IS/071 elements
thus far identified are (1) located close to genes involved in the degradation of vari-
ous recalcitrant compounds and (2) transposable in Betaproteobacteria but not in
Alpha- or Gammaproteobacteria (Sota et al. 2006a).

5.10 ICEs Carrying Catabolic Genes

The proteobacterial bph gene clusters responsible for the complete degradation of
PCB/biphenyl are in most cases located on the chromosomes. Among such various
bph gene clusters, those from three different proteobacterial strains were reported to
be located on ICEs. The first example is from Cupriavidus oxalaticus AS, and the
bph cluster has been reported to reside in a 55-kb element, Tn4371 (Springael et al.
1993), which encodes proteins commonly associated with conjugative transposons:
Int for excision from and integration into the genome and Dtr and Mpf systems for
conjugative transfer (Toussaint et al. 2003; van Houdt et al. 2012). Unfortunately,
the intercellular, but not intracellular, transfer of Tn4371 has not yet been demon-
strated. The second example is the P. putida KF715-derived bph-sal element (Nishi
et al. 2000), whose 90-kb segment containing the bph gene cluster, as well as the
salicylate-degrading gene, can move to other Pseudomonas chromosomes; however,
the detailed gene organization of this element remains unknown. The last example
is ICEks1024677, which is located on the chromosome of a f-proteobacterial strain,
Acidovorax sp. KKS102 (Ohtsubo et al. 2012a; Ohtsubo et al. 2012b). This 62-kb
element is conjugally transferable among the chromosomes of three tested proteo-
bacterial strains, Burkholderia multivorans (Betaproteobacteria), Sphingobium
Jjaponicum (Alphaproteobacteria), and P. putida (Gammaproteobacteria) with the
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preferred target site of 5'-GATTTTAAG-3’. ICExks1004677 carries the genes for
integration and excision, conjugal transfer, and replication-partition proteins (rep-
parAB). The int gene in the integrated form is located at one extreme end and is
transcribed in the inward direction. The int transcriptional level is much higher in
the circular form than in the integrated form, probably due to the read-through
transcription from the outwardly directed promoter located at the other end of the
element in the circular form. This higher level of transcription enables efficient
integration into the genome of the circular form into the recipient cell. The role of
Rep and ParAB proteins in the mobility and/or maintenance is still unclear although
the functional ParA homolog encoded by a genomic island of P. aeruginosa PA14
(PAPI-1) is known to play an important role in the maintenance of this island in the
genome (Qiu et al. 2006).

ICExks1004677 and Tn4371 show very high resemblance to each other in terms of
gene composition and organization. More than 35 Tn4371-related ICE-like elements
are located on the genomes of various environmental bacterial strains belonging to
the B- and y-proteobacterial classes (Ryan et al. 2009; van Houdt et al. 2012),
although the experimental evidence for their intercellular transfer is at present
limited to that of ICEkxs;024677. The 103-kb ICE,,. element (in the pKL102/PAGI
family of ICEs) (Klockgether et al. 2007) from P. knackmussii B13 encodes the
enzymes for the degradation of 3-chlorocatechol and aminophenol (Ravatn et al.
1998; Gaillard et al. 2006), and its excision from the chromosome and transfer to
the recipient genome, as well as the regulatory mechanisms for mobility, have been
investigated in detail (Miyazaki et al. 2012). However, the parA and int genes of this
element show weak (less than 26 % at the amino acid sequence level) similarity
with the corresponding genes from ICExgs;0,4677 in spite of the higher similarity
(>55 %) of the common catabolic genes shared by the two ICEs. The Int protein of
ICEkks104677 shows very low (<20 %) similarity to that of a well-characterized
drug-resistance ICE, R391, in the STX/R391 family (Toleman and Walsh 2011).

A 232-kb chromosomal region of Delftia sp. Cs1-4 containing all of the genes
for the complete degradation of phenanthrene is considered as an ICE-like genomic
island (phn island), since this region additionally encodes the conjugal transfer system
and DNA mobilization function (e.g., Int) (Hickey et al. 2012). However, its excision
from the chromosome and intercellular transfer has not yet been confirmed.

5.11 Perspectives

At the present genomic era of microbiological researches, we will be able to add a
very large number of microbial catabolic MGEs to the previous and experimentally
analyzed list of MGEs. The xyl and nah meta operons must have been formed by
combining the common gene cluster for the degradation of catechol to the TCA
cycle intermediates with the gene cluster for toluate dioxygenase and the gene for
salicylate hydroxylase, respectively. We do not currently know how the common
gene cluster has been fused with each unique gene or gene cluster. It is also unclear
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how various catabolic gene clusters have been incorporated into the evolutionarily
common class II transposon. Some clues to answering these unresolved questions
may be obtained by comprehensive and comparative analyses of the large number
of newly identified catabolic MGEs. The detailed investigation of Tn465/ has
revealed the importance of host-specified genetic determinants for transposition.
Our analysis of IS7071 also indicated the dependence of its transposability on the
host factor(s). Such unknown factors and their respective roles will be elucidated by
the establishment of appropriate in vitro systems for the transposition reaction. The
microbial catabolic MGEs thus far analyzed have been limited to those from strains
that are both culturable and capable of completely degrading compounds. However,
recent genomic sequencing of a number of culturable strains reveals various strains
containing only portions of catabolic pathway genes that are insufficient for complete
degradation. Additionally, more than 99 % of environmental microbes still remain
unculturable at present by conventional microbiological techniques. Therefore, it is
expected that a much higher number of catabolic MGEs with structurally novel
features must be present in the natural environments. Our functional screening of
activated sludge-derived metagenomic DNA for the expression of catechol
2,3-dioxygenase (C230) genes indeed led to the computational detection of a 37-kb
plasmid that carries only the genes for phenol hydroxylase and C230 (Suenaga
et al. 2009). One method of capturing transferable catabolic MGEs without the iso-
lation of their host strains is referred to as “endogenous plasmid isolation tech-
nique”; this technique involves the use of an appropriate culturable host strain, as
the recipient, and the environmental microbial community, as the donor, in a tradi-
tional conjugation experiment (Hill et al. 1992; Top et al. 1994). Our application of
this technique resulted in the successful isolation from polluted soils of (1) two
naphthalene-degrading plasmids and (2) a novel-type plasmid carrying only one
gene for the degradation of y-hexachlorocyclohexane (Ono et al. 2007; Miyazaki
et al. 2006). Much more comprehensive analysis using these two culture-indepen-
dent methods also promises to shed more light on catabolic MGEs in various micro-
bial communities in the natural environments.
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Chapter 6

Adaptation to Xenobiotics and Toxic
Compounds by Cupriavidus and Ralstonia
with Special Reference to Cupriavidus
metallidurans CH34 and Mobile Genetic
Elements

Max Mergeay and Rob Van Houdt

Abstract The purpose of this book chapter is to give a view of the relationships
between mobile genetic elements and genes related to environmental adaptations,
and the development of new catabolic properties but also of other properties linked
to the survival in anthropogenic (mostly industrial) environments. The insights and
knowledge in the genetics and genomics of the p-proteobacteria belonging to the
closely related Cupriavidus and Ralstonia genera, with some focus on the genome
of Cupriavidus metallidurans CH34, will be central.

Keywords Acetone * Betaproteobacteria ® Biphenyl ¢ Chromid ¢ Cupriavidus *
Heavy metals ¢ ICE e Integrative conjugative elements ® PCB  Tn4371 * Toluene

6.1 Cupriavidus and Ralstonia Genera: A Branch
of Burkholderiaceae in g-Proteobacteria: Historical
and Taxonomic Introduction

6.1.1 From Pseudomonas and Alcaligenes to Cupriavidus
and Ralstonia

Bacteria resistant to heavy metals and displaying both oxidative metabolism
and facultative hydrogenotrophy were first discovered in sediments of a decan-
tation basin in a nonferrous metallurgical plant (Mergeay et al. 1978) located

M. Mergeay (P<]) * R. Van Houdt

Unit of Microbiology, Belgian Nuclear Research Centre (SCK*CEN),
Boeretang 200, 2400 Mol, Belgium

e-mail: mmergeay @sckcen.be

H. Nojiri et al. (eds.), Biodegradative Bacteria: How Bacteria Degrade, Survive, 105
Adapt, and Evolve, DOI 10.1007/978-4-431-54520-0_6, © Springer Japan 2014



106 M. Mergeay and R. Van Houdt

in the province of Liege (Belgium). This region was a major player during the
industrial revolution in the early nineteenth century (development of the zinc
metallurgy under the process discovered in 1810 by Jean-Jacques Dony (1759—
1819)). Similar strains were also regularly found in soils of other metallurgical
plants in northeastern Belgium as well as in Germany and Congo (Diels and
Mergeay 1990). These isolates, which displayed multiple resistances to heavy
metals (especially cadmium, zinc, cobalt, and nickel and later to copper, chro-
mate, mercury, lead and silver) and with strain CH34 as the best studied repre-
sentative, were first assigned to the genus Pseudomonas at a moment where the
taxonomy of this genus was already in full and radical reassessment (Palleroni
2003; Stanier et al. 1966). Next, they were seen as close relatives to Alcaligenes
eutrophus, mainly due to the presence of two hydrogenases (one soluble and
one particulate) (Lejeune et al. 1983; Mergeay et al. 1978, 1985). Later, the
taxonomic proximity of strain CH34 with plant pathogens as Ralstonia sola-
nacearum (Yabuuchi et al. 1995) was also recognized as well as with some
strains able to efficiently degrade xenobiotic organics (Don and Pemberton
1981, 1985; Springael et al. 1993, 1994). This occurred with the isolation of
other metal-resistant strains from a variety of industrial sites or biotopes that
shared typical genetic features with strain CH34 (Brim et al. 1999; Diels and
Mergeay 1990; Goris et al. 2001; Mergeay 2000; Schmidt and Schlegel 1994;
Schmidt et al. 1991; Stoppel et al. 1995; Stoppel and Schlegel 1995) and espe-
cially the genetic determinants for high resistance to heavy metals as nickel,
cobalt, cadmium, zinc, lead, copper, mercury cations, and chromate carried by
plasmids or genomic islands (Borremans et al. 2001; Diels et al. 1985; Juhnke
et al. 2002; Liesegang et al. 1993; Monchy et al. 2007; Nies et al. 1987, 1989;
Nies 1995; Peitzsch et al. 1998; Ryan et al. 2009; Sensfuss and Schlegel 1988).
Yet the variety of new strains from different geographical origins that dis-
played uncommon phenotypes also led to further and rather drastic taxonomic
reevaluations and additions (as far as strain CH34 is concerned, from Alcaligenes
via Ralstonia and Wautersia to Cupriavidus in a couple of years) that seem to
be more or less stabilized now (Chen et al. 2001; Sato et al. 2006; Vandamme
and Coenye 2004; Vaneechoutte et al. 2004). As far as the resistance to cad-
mium, cobalt, and zinc mediated by the czc genes of pMOL30 is concerned,
other Cupriavidus strains carrying these genes and belonging to the species
Cupriavidus campinensis (especially strain DS185: plasmid pMOLS8S of
C. campinensis DS185 (from a “zinc desert”) is transferred at high frequency
to plasmid-free derivatives of Cupriavidus metallidurans CH34 by selecting
for metal resistance) and Cupriavidus basilensis ER121 were isolated from
various nonferrous metallurgical sites in northeastern Belgium (Brim et al.
1999; Diels et al. 1989, 1995a; Diels and Mergeay 1990; Goris et al. 2001), but
their genome is not yet sequenced.
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6.2 Available Genomes: A Material to Study Natural
Genetic Engineering and (Recent) Evolution

This study is mainly built around the genome of the pB-proteobacterium C. metal-
lidurans CH34 in close comparison with other genomes of strains belonging to the
genera Cupriavidus and Ralstonia. The available Cupriavidus genomes include
that of the catabolic strain C. pinatubonensis (R. eutropha) JMP134 encoding
around 300 genes predicted to be directly involved in the catabolism of aromatic
compounds and typified by plasmid pJP4 governing the degradation of herbicides
as 2,4-dichlorophenoxyacetic acid (Don and Pemberton 1981, 1985; Lykidis et al.
2010; Sato et al. 2006), the hydrogenotrophs C. eutrophus (C. necator, R. eutro-
pha) H16 and C. necator N-1 (Poehlein et al. 2012), and the B-rhizobium C. tai-
wanensis, a nitrogen-fixing symbiont of tropical legumes (Amadou et al. 2008).
The available Ralstonia genomes include that of the plant pathogen R. sola-
nacearum G1000 (Salanoubat et al. 2002) and other R. solanacearum sensu lato
genomes (including the plant pathogen R. haywardii subspecies celebensis R229
formerly called blood disease bacteria R229 due to the red color appearing on
infected banana plants (Remenant et al. 2011), which is not a nosocomial infection
despite a misleading appellation) and the environmental strains R. pickettii 12]
and 12D.

New strains of C. metallidurans were recently isolated from space-related envi-
ronments such as clean rooms for the construction of satellites (strain NE12) and
drinking water systems of the International Space Station (ISS) (strains NA1, NA2,
and NA4), and from clinical settings (H1130). The heavy metal resistance determi-
nants and mobile genetic element pool of these strains were already compared to
CH34 by comparative genome hybridization (Mijnendonckx et al. 2013; Van Houdt
et al. 2012b). Furthermore, the genomes of NA4 and H1130 are sequenced.
C. metallidurans strains could be compared to other atypical isolates of Cupriavidus
(eutrophus, and taiwanensis) and Ralstonia that were found in clinical settings
(Coenye et al. 2005). The first R. pickettii strains were found in clinical settings
(Ryan et al. 2006; Yabuuchi et al. 1995); however, the only available sequenced
genomes are from the environmental strains 12J and 12D that share many genomic
islands and characteristic metal resistance genes with C. metallidurans CH34 (Ryan
et al. 2007, 2009; Van Houdt et al. 2009). All the sequenced Ralstonia and
Cupriavidus genomes contain two chromosomes; the smaller one is now referred to
as a chromid, due to the fact that the replication function is more similar to that of a
plasmid (megaplasmid) than to that of a chromosome. Burkholderia strains from the
closely related Burkholderia genus have also chromids in their genome and are even
more ubiquitous than strains from the Ralstonia and Cupriavidus genera, especially
in soil, environmental, and clinical settings. Other p-proteobacterial genomes that
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will be taken into consideration are those of the environmental strains Delftia
acidovorans SPH-1, Comamonas testosteroni KF-1, and Bordetella petrii
DSM12804 for which mobile genetic elements very similar and sometimes identical
to some of C. metallidurans CH34 have been found (Ryan et al. 2009; Van Houdt
et al. 2009). These environmental p-proteobacteria have only one chromosome of
~6 Mb, in contrast with the various replicons found in Cupriavidus strains (Table 6.1),
although totalizing a comparable amount of genetic material.

6.3 Various Types of Replicons: Chromosomes, Chromids,
Megaplasmids, and Plasmids

Besides the chromosome and megaplasmids [for a discussion of this word see
(Schwartz 2009)] such as pHG1 (Schwartz et al. 2003) in C. eutrophus HI6,
pRALTA in C. taiwanensis LMG19424 (Amadou et al. 2008), and pMOL28 and
pMOL30 in C. metallidurans CH34 (Mergeay et al. 2009; Monchy et al. 2007), and
an IncP1 catabolic pJP4 plasmid in C. pinatubonensis IMP134 (Don and Pemberton
1985), all Cupriavidus and Ralstonia genomes are typified by the presence of a
second large replicon with a size around 2 Mb.

These large replicons, which are secondary to the main chromosome, have been
termed both “second chromosomes” if they carry essential genes and are indispens-
able for cell viability and “megaplasmids” if they do not use chromosome-type but
plasmid-type replication systems. Recently, the term “chromid” was introduced to
distinguish this replicon as it is neither a chromosome nor a plasmid (Harrison et al.
2010). Three criteria were defined: (1) chromids have plasmid-type maintenance
and replication systems, (2) chromids have a nucleotide composition close to that of
the chromosome, and (3) chromids carry core genes that are found on the chromo-
some in other species (Harrison et al. 2010). In the Cupriavidus and Ralstonia chro-
mids the gene cluster csp repA csp parA parB involved in replication and partitioning
is strongly conserved. Some Burkholderia genomes, which are closely related
[-proteobacteria, even carry more than one chromid and have an extraordinary total
number of replicons, e.g., B. xenovorans LB400 has one chromosome and two large
chromids, while B. vietnamiensis G4 has five additional plasmids. Many features
detected in Cupriavidus strains are also shared by these two strains (see Table 6.1
for an inventory of the replicons in the different strains). As illustrated below, chro-
mids are an important repository of typical “accessory genes” including virulence,
catabolism, and metal resistance genes (Van Houdt and Mergeay 2012).

The prevailing hypothesis for the origin of the chromid in the multipartite genomes
of Cupriavidus and Burkholderia implies that it evolved from ancestral plasmids. To
determine whether these putative ancestral plasmids were the same in the
Cupriavidus/Ralstonia and Burkholderia lineages, the similarity and phylogenetic
relationships of the ParA and ParB proteins encoded by chromids as well as of DnaA
proteins encoded by the chromosome were investigated in 19 p-proteobacteria from
those three genera (Lykidis et al. 2010). The reported data suggest that two distinct
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plasmids (one for Cupriavidus/Ralstonia and one for Burkholderia) may have been
the origin of the chromids present in the genera Cupriavidus/Ralstonia and
Burkholderia while DnaA is well conserved in the three genera (Lykidis et al. 2010).

6.4 C. metallidurans CH34, a Bacterium Adapted to Heavy
Metals and Industrial Environments, a Short Update

Besides taxonomy, extensive information about the biology of C. metallidurans
CH34 is already available (see (Mergeay 2000). Other comprehensive reports
addressed the catalogue of heavy metal resistance genes (Mergeay et al. 2003; Nies
1999, 2000, 2003; von Rozycki and Nies 2009), the metallotranscriptome (all the
genes that are regulated after metallic challenges tested with 16 different metals)
(Monsieurs et al. 2011), the genome (Janssen et al. 2010), and the content of mobile
genetic elements (Mergeay et al. 2009; Mijnendonckx et al. 2011; Monchy et al.
2007; Van Houdt et al. 2009), most of these features are discussed below.

The applications and perspectives in environmental biotechnology may be
recalled as well (Diels et al. 1993, 1995b, 1996, 2009; Magrisso et al. 2008). Taking
into account the diversity of mobile genetic elements in C. metallidurans and their
implication in horizontal gene transfer, it looks relevant to quote again the capacity
of C. metallidurans CH34 to express foreign genes as shown by heterologous com-
plementation either by electroporation (Taghavi et al. 1994) or by R-prime plasmids
carrying genes from Pseudomonas fluorescens, Salmonella enterica serovar
Typhimurium and other bacteria (Lejeune et al. 1983; Van Gijsegem and Toussaint
1982). A recent report shed a new light on this property to easily accept and express
foreign genetic material and suggests attractive developments in a modern perspec-
tive by showing that C. metallidurans CH34 is fully suitable for expressing genes
from the soil metagenome and subsequently synthetizing natural products such as
pigments and antibiotics after transformation by broad host range cosmid vectors
carrying metagenomic DNA, which appeared to be not expressed in an Escherichia
coli host (Craig et al. 2009).

6.5 A Specificity of the C. metallidurans CH34 Chromosome:
A Source of Genomic Islands and Mobile Genetic Elements

The full genome sequencing and complete closure of the C. metallidurans CH34
replicons combined with an extensive manual annotation unraveled a comprehen-
sive catalogue of mobile genetic elements (Table 6.2). Both aspects contributed
to the completeness of this catalogue, as draft genomic assemblies are very often
interrupted by transposable elements and genomic islands, thereby limiting the
ability to fully assess and understand the genomic context of important bacterial
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adaptations (Ricker et al. 2012). In addition, manual annotation combined with
comparative syntenic analyses allowed verifying and curating the high-throughput
automatic annotations (Janssen et al. 2010; Vallenet et al. 2006).

6.6 Integrated Mobile Genetic Elements and Transposons

6.6.1 The Tn4371 Family with a Modular Structure,
Not Only Catabolic Genes

The C. metallidurans CH34 chromosome carries four large genomic islands. One is
identical to island PAGI-2C of Pseudomonas aeruginosa clone C (Klockgether
et al. 2007; Larbig et al. 2002), while the other three belong to the Tn437/ ICE
(integrative conjugative element) family. This family consists of mobile genetic ele-
ments with four modules containing genes involved in integration (via a tyro-
sine-based site-specific recombinase (TBSSR)), maintenance/stability, accessory
genes conferring a special phenotypic trait to the host, and genes involved in conju-
gational transfer (Fig. 6.1).

The conjugative module displays similarity with conjugative genes of Ti plasmids
and IncP broad-host-range plasmids. It is now recognized how frequent
conjugation genes are integrated in the bacterial chromosomes mainly in ICE and how
they may be essential actors in horizontal gene transfer (Guglielmini et al. 2011).

Tn4371 (Springael et al. 1993, 2001), the first reported element of this family,
sometimes nicknamed as a “biphenyl transposon,” was isolated from Cupriavidus
oxalaticus AS and transferred to C. metallidurans CH34 (Merlin et al. 1997, 1999;
Springael et al. 1993, 2001). Another “biphenyl transposon” from Acidovorax sp.
KKS102 was the first member of the whole family where conjugational mediated

AccMod

StaMod

gicA  gilA2 rdfS

int
IntMod

gilA1  yafZ eap repA parA gicC traF

Sequence similar to Tn5 !

________________________________________________________________________________________________________________________

gilB1 trbB trbD trbJ trbL trbG

traR traG trbR trbC trbE gilB2 trbF trbl  gir
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Fig. 6.1 Characteristic genes of the Tn437/-ICE family. Black arrows: involved in integration and
excision; light gray arrows: involved in the stabilization of the element; dark gray arrows: involved
in the transfer of the element; white arrows: various genes whose functions are not known (not
always present in every element); checkered box: accessory gene module; black triangle: accessory
genes can also be present (adapted from Van Houdt et al. 2011)
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transfer was reported and quantified (Ohtsubo et al. 2012). Currently, this ICEr,;7;
family harbors around 40 elements with sizes ranging from 38 to 101 kb. Elements
carrying accessory genes, which are mostly flanked by the conjugative genes rixS
(virD2) and traR, reside in - and y-proteobacteria, while elements in a-proteobacteria
apparently lack accessory genes and display a more divergent pattern (Ohtsubo et al.
2012; Van Houdt et al. 2011). Accessory genes have not only very diverse functions
including catabolism of xenobiotic compounds, resistance to heavy metals and to anti-
biotics, chemolithotrophic metabolism but also some unknown functions that should
attract more interest in the future. Strains from man-made environments (sewages,
industrial wastes, and clinical settings) are predominant among the bearers of Tn4371
ICEs next to plant pathogens, which are also well represented (Van Houdt et al. 2011).

6.6.2 Tn6049: 12 Copies in C. metallidurans CH34

Transposon Tn6049 (3.5 kb) is often associated with genomic islands and is found in
12 copies. The element carries a transposase, two conserved hypothetical protein-
coding genes, and an ATPase-encoding gene, putatively named gspA because its prod-
uct shows strong similarities to putative general secretion pathway ATPases (Mergeay
et al. 2009). Tn6049 appears to play a peculiar role in “stabilizing” genomic islands in
strain CH34. It inactivated the terminal TBSSR gene of three genomic islands, a key
conjugation gene (relaxase) of CMGI-5 and IS/071. Furthermore, it transposed into
IS1071 at the extremity of the CMGI-28a island rich in metal resistance genes (Ryan
et al. 2009; Van Houdt et al. 2009). IS1071 is a very active IS element often observed
in catabolic plasmids (Providenti et al. 2006; Wyndham et al. 1994) and considered to
be involved in their generation (Sen et al. 2011). A similar transposon, named Tn6053,
was observed in B. xenovorans LB400, and it shares around 60 % protein identity
with the corresponding Tn6049 orthologs, except for tnmC where the 72-amino-acid
gene product of Tn6053 shares only 24 % identity with TnmC of CH34. Similar trans-
posons were also identified in B. phymatum STMBI15 (one copy), B. phytofirmans
PsIN (six copies), and B. petrii. The identities between these Burkholderia and
Bordetella Tn6049-like transposons are much higher (up to 100 % for mmC) than
with Tn6049 (Ryan et al. 2009; Van Houdt et al. 2009).

6.6.3 Tn6048 and Tn6050: Transposons with
“Unconventional” Accessory Genes

Transposon Tn6048 (Tn5053-like family) contains next to a module of four genes
involved in mobility eight metal-inducible genes. The mmfABCIDC2RSM cluster
codes for a peptidase (mmfA), a phosphatase (mmfB), two major facilitator super-
family (MFES) permeases (mmfC1 and mmfC2), a drug/metabolite transporter (DMT)
super family permease (mmfM), a two-component regulatory system (mmfRS), and
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a putative secreted protein (mmfD). Highly similar clusters were found on plasmid
pBVIEO2 of B. vietnamiensis G4 (on Tn6048-like transposon), in Acidovorax
delafieldii 2AN (draft sequence), and in Dechloromonas aromatica RCB. In a
related cluster in Thiomonas sp. 3As, the peptidase, phosphatase, and two-compo-
nent regulatory system are associated with a resistance-nodulation-cell division
(RND) superfamily efflux pump instead of permeases. Together with the pbr cluster
on plasmid pMOL30 of C. metallidurans CH34 (Borremans et al. 2001; Hynninen
et al. 2009; Taghavi et al. 2009), they make up three examples where a peptidase and
a phosphatase are associated with a transport system (ATPase, RND efflux pump, or
MES permease).

Transposon Tn6050 (two copies in the chromid of C. metallidurans CH34)
contains five genes. Two are involved in its mobility and are 100 % identical (protein
level) with their counterparts on Tn4380, the mercury transposon of pMOL30. Yet,
the accessory genes sulP (sulfate permease), uspAll (universal stress response), and
dksA (suppressor of dnaK) are very different from metal resistance genes. These genes
are often syntenic (not always associated with a transposon) in a variety of genomes.
The massive sequencing of bacterial genomes is likely to uncover new combinations
of accessory genes in mobile genetic elements that are not related to classical resis-
tance, virulence, or catabolic genes, with Tn6049 and Tn6050 as examples.

6.7 Insight in Integrases (TBSSRs)

The C. metallidurans CH34 genome carries in total a quite high number of TBSSRs
(28 intact and 16 fragments), especially compared to closely related bacteria like
C. taiwanensis LMG19424 (1 intact and 5 fragments) (Amadou et al. 2008). The
paucity of integrase genes in the chromosome and chromid of C. taiwanensis
LMG19424 and also of C. eutrophus H16, which both have expanded from a com-
mon backbone (Amadou et al. 2008), suggests that putative horizontally transferred
islands have become permanently domesticated. Contrary to the C. eutrophus H16
chromosome and cosmid, the megaplasmid pHG1 carries an extensive “‘junkyard”
region encompassing 39 remnants of transposases and phage-type integrases
(Schwartz et al. 2003). This suggests that the acquisition and rearrangements of
pHG1 are more recent similar to the development of pMOL28 and pMOL30 (see
above). Two particular cases/modules will be discussed in more detail below.

6.7.1 RIT Elements: A Three-Gene Structure for Site-Specific
Recombinases in Trio

The C. metallidurans CH34 genome revealed the presence of particular modules
with three adjacent and overlapping genes encoding tyrosine-based site-specific
recombinases (TBSSRs). These elements were named RIT (recombinases in trio).
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One RIT belongs to the integrase module of CMGI-2 (ICEr,,;7,6054) and inacti-
vates a radC-like gene (putatively involved in DNA repair). A second RIT belongs
to the complex accessory module of CMGI-2 where it inactivated a tnpA gene (IS66
family). These RIT elements were later found in other bacteria and taxa (e.g.,
Firmicutes, -, -, and §-proteobacteria) (Van Houdt et al. 2012a). For instance,
identical RIT copies were found in Burkholderia phytofirmans PsJN (three copies),
Aromatoleum aromaticum EbN1 (three copies), Dinoroseobacter shibae DFL 12
(two copies), Heliobacterium modesticaldum Icel (two copies), Bordetella petrii
DSM 12804 (two copies), Caulobacter sp. K31 (three copies), Mesorhizobium loti
MAFF303099 (two copies), and Gramella forsetii KT0803 (two copies). Their dis-
tribution among different taxa and multiple copies in a genome provides some hints
into the mobility of the RIT elements. Finally, although not particularly well con-
served, the three proteins in RITs make distinct families when included in a set of
over 1,300 TBSSR protein sequences (Van Houdt et al. 2012a). All three proteins
(families) display a possible catalytic motif, suggesting that the three enzymes may
be active. Apparently, RITs are more frequent in chromosomes (in 62.3 % of the
cases) than in plasmids (in 37.7 % of the cases). At least for 19 chromosomally
embedded RITs more information is available on the genomic context, indicating
that for this group approximately 68 % is located on a predicted genomic island.

6.7.2 PRQ Modules

Next to RIT elements, the C. metallidurans CH34 genome also harbors two modules
of four adjacent and overlapping genes encoding three putative TBSSRs and a putative
small regulatory protein. The modules were provisionally called PRQ (Para RIT in
Quatuor), carrying prg genes. The fourth and smallest gene clearly points to two
groups (prqABCP and prqABCR). Two PRQ modules were found in C. metallidurans
CH34. The small prgP gene belongs to a family of conserved hypothetical protein-
coding genes while prgR is often annotated as tefR-like pointing to a regulatory func-
tion. One is located at the extremity of CMGI-7, which carries genes involved in the
resistance to arsenic. Synteny analysis revealed at least nine conserved modules (prg-
AIBICIprgP]I) in other bacteria. The second module is associated with genomic island
CMGI-28b in plasmid pMOL28 (Rmet_6252-6255; prqA2B2C2R2) and displayed
synteny with around 35 other bacterial genomes. The two prq clusters of CH34 share
very little identity and looked to have been inherited separately. Both appeared to lie at
the extremity of a genomic island (possible difference with RIT) and resembled more
to other clusters such as bimAB (Van Houdt et al. 2012a) found at the extremity of a
pMOL30 metal resistance genomic island that is also found in R. pickettii 12J (Van
Houdt et al. 2009). Maybe two distinct families of prq elements have to be considered
separately as the corresponding syntenies do not or barely overlap. Inside the
Cupriavidus genus, there is one equivalent (with 25 % protein identity) in the C. neca-
tor N-1 genome (Fig. 6.2) and two copies in C. metallidurans NA4 (100 % conserved).
This is surprisingly low and may reflect the peculiar ability of C. metallidurans CH34
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Cupriavidus metallidurans CH34 (plasmid pMOL28)

prqA2  prgB2 prqC2 prqR2

X e

Cupriavidus necator N-1 (plasmid BB1p)

Fig. 6.2 Syntenic comparison of two regions from C. metallidurans CH34 and C. necator N-1.
The PRQ module genes belonging to a synteny block are in dark gray and connected

to capture a variety of mobile genetic elements that are not necessarily present in
related strains and its talent as a dedicated “collector” from different hosts. These prg
elements are observed frequently in y-proteobacteria, especially in vibrios and in
enterics (pathogens), in a-proteobacteria, and in some actinobacteria. Many of them
are closely linked to uvrAl and ssb genes as it is the case in CH34 and NA4. This
points to some DNA processing that could be linked to the action of site-specific
recombinases and also suggests that these elements have defined accessory genes. On
the other hand, the duplication in C. metallidurans NA4 suggests that the element is
mobile. Still, insufficient information is available about the mobility and functions of
these elements.

6.8 The Megaplasmids pMOL28 and pMOL30: Specialized
in the Maximal Viable Response to Heavy Metals

Megaplasmid pMOL28 carries genes for resistance to chromate, mercury, cobalt,
and nickel cations, all clustered in the complex genomic island CMGI-28a (Mergeay
et al. 2009; Monchy et al. 2007). The plasmid core with the main functions for rep-
lication, maintenance, and transfer is very similar to the megaplasmid cores of
pHGI1 from C. eutrophus H16 (Schwartz et al. 2003) and pRALTA from C. taiwan-
ensis LMG19424. These megaplasmids might well be regarded as the decisive fac-
tor in fixing their hosts to their ecological niche considering the distinct and
specialized functions on pMOL28 (heavy metal resistance in collaboration with
pMOL30), pHGI (hydrogenotrophy and chemolithotrophy), and pRALTA (nitro-
gen fixation and legume symbiosis). A fourth megaplasmid, this of C. necator N-1,
belongs to the same group. However, the accessory genes of the latter are very dif-
ferent than those found on pHGI, and there is no evidence for a specialization in
chemolithotrophy in the N-1 megaplasmid.

Despite the detailed annotation of megaplasmids pMOL?28 and pMOL30, continu-
ous manual curation of the CH34 genome via updated databases, and earlier func-
tional information from proteomic and transcriptomic approaches, many enigmatic
genes remain in both plasmids. Recent transcriptomic analyses revealed that five of
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such genes, located on CMGI-28a, are induced by submillimolar concentrations of
chromate (Juhnke et al. 2002; Monsieurs et al. 2011). All five genes are sited imme-
diately downstream of the chromate-regulated operon chrlAIBICEFI (Rmet_6199
through Rmet_6204) and were named chrO (Rmet_6198), chrN (Rmet_6197), chrP
(Rmet_6196, encoding a MFS family permease with ten transmembrane a-helical
segments), chrY (Rmet_6195, encoding a putative membrane protein), and chrZ
(Rmet_6194). Synteny analysis shows a fair to good resemblance between the
PMOL28 chr locus of C. metallidurans CH34 and the chr loci of R. solanacearum
Y45 (Liet al. 2011), Methylobacterium sp. 446, B. vietnamiensis G4, B. pseudomal-
lei, and Arthrobacter sp. FB24 (an actinobacterium); however, various gene combina-
tions are observed (Janssen et al. 2010). This puzzling variation in chr locus structure
may point to differences among these bacteria in terms of selectivity to chromate or
another metal oxyanion. The situation in R. solanacearum Y45 is interesting because
the chromate genes are adjacent to the cnr genes as in pMOL28. There are no bimAB
genes (with bimA encoding a TBSSR as in pMOL28) but a different TBSSR encoding
gene at the extremity of the cnr genes, adjacent to the first cnr gene cnrY. It suggests
again a new combination between mobile modules (here the integrase module and this
of accessory genes).

Plasmid pMOL30 encodes mainly resistance to cadmium, zinc, and cobalt (in a
~25 kb genomic island CMGI-30a that is also found with a high identity in the R. picket-
tii 12J chromosome) as well as to copper (Monchy et al. 2006), lead (Borremans et al.
2001; Hynninen et al. 2009; Taghavi et al. 2009), and mercury cations. Especially as far
as the cop and czc genes are concerned, it is striking to see the amount of additional
genes that are required besides the major well-known mechanisms of efflux and detoxi-
fication. For instance, the copper-inducible genes of pMOL30 constitute a cluster of
around 35 genes from which only 11 encode proteins responsible for the copper resis-
tance genes (P-ATPase, periplasmic detoxification pco/copABCD and silCBA, a RND-
based cation/proton antiporter efflux system) (Mergeay et al. 2003). It was hypothesized
that these additional genes are necessary for the adaptation to very high concentrations
of heavy metals (with concentrations ranging up to 20 mM) in circumstances where the
already numerous metal resistance genes on the chromid of C. metallidurans CH34
are insufficient (Janssen et al. 2010; Mergeay 2000; Monchy et al. 2007). Some recent
reports about such peculiar genes of pMOL30 and their encoded proteins begin to be
released: CopK (Bersch et al. 2008), a methionine-rich small periplasmic protein; SilB
(Bersch et al. 2011) with a metallochaperone domain; CopH (Sendra et al. 2006), a
periplasmic copper-binding protein and its paralog CzcE (Pompidor et al. 2007,
Zoropogui et al. 2008); CzcP (Scherer and Nies 2009), a novel PIB4-type ATPase; and
CnrX (actually on pMOL28), an anti-sigma factor (Pompidor et al. 2008), but a compre-
hensive view of their role and synergies is still needed.

A direct relationship of the megaplasmid pMOL30 to other known megaplas-
mids is less clear than the relationship observed with pMOL28 and reported above.
Nonetheless, through synteny analysis, it was noted that the backbone of pMOL30
shares, over a region of approximately 60 kb, many characteristics with the pBVIEO1
megaplasmid (398 kb) (Table 6.1) of B. vietnamiensis G4 (Mergeay et al. 2009).
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6.9 Cupriavidus and Ralstonia Chromid Genes
and Environmental Adaptation

A few characteristic features of the chromids will be reviewed with a focus on
genomic islands, the resistance-nodulation-cell division superfamily (RND) efflux
systems and catabolic genes.

6.9.1 The Genomic Islands of the C. metallidurans CH34
Chromid

The mosaic structure of the C. metallidurans CH34 chromid (and other Cupriavidus,
Ralstonia, and Burkholderia strains) made it difficult to identify genomic islands
based on (1) lack of synteny, (2) a base composition and/or phylogeny differing
from the bulk of the genome, and (3) a higher content of hypothetical genes than
neighboring regions. Consequently, no genomic islands were identified on the
C. metallidurans CH34 chromid in a first approach (Ryan et al. 2009; Van Houdt
et al. 2009). However, comparison of 16 different C. metallidurans strains to strain
CH34 via genomic hybridization revealed the presence of at least five genomic
islands on the C. metallidurans CH34 chromid (Van Houdt et al. 2012b) (Table 6.2).
One island (CMGI-B £ D) carries multiple genes coding for phage-related proteins
(associated to phages of Ralstonia solanacearum) and other genes in synteny with
R. solanacearum. Genomic island CMGI-E carries genes putatively involved in the
degradation of aromatic compounds (vanillate O-demethylase oxygenase and
phthalate 4,5-dioxygenase) (Van Houdt et al. 2012b).

6.9.2 Metal Resistance Genes and Especially RND Genes

The C. metallidurans CH34 genome harbors 12 loci coding for RND efflux systems.
These are distributed among the megaplasmids pMOL28 (cnr) and pMOL30 (czc, sil,
and ncc), the chromid (cus, nim, czc2, hmv, zni, zne, hmy), and the chromosome (agr,
hmgz). Despite considerable efforts, the diversity of the RND mechanisms, especially on
the chromid, remains to be fully elucidated. Likewise, many heavy metal resistance loci
carry genes accessory to the efflux mechanism that are still poorly studied and only
partly understood. The czc and cnr systems on pMOL30 and pMOL28S, respectively,
were analyzed in most detail. A possibility is that the chromid allowed a fairly good
adaptation to heavy metals in a (volcanic) biotope colonized by the ancestor of strain
CH34 before its more recent adaptation to industrial biotopes in which the acquisition
and rearrangements of megaplasmids became decisive for the survival of the bacteria.
The duplication of some genes and functions could have been followed by the inactiva-
tion of redundant genes (that were maybe less adapted to extreme metallic conditions).
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Fig. 6.3 Genomic organization of two RND systems on the C. metallidurans CH34 chromid.
Dark and light gray: genes coding for RND systems; black: genes coding for two-component regu-
latory systems; checkered: gene coding for a MFS permease

One particular locus on the chromid with two RND systems and a MFS perme-
ase attracts the attention (Fig. 6.3). The zneBAC operon structure consists of a gene
coding for a membrane fusion protein (B), an integral membrane pump protein
belonging to the RND superfamily (A), and an outer membrane pore protein (C)
instead of the more common CBA structure. A similar arrangement is found in
chromids of most Ralstonia spp. (R. syzygii R24, R. solanacearum PS107, CMR15,
Y45, and GMI1000, R. haywardii ssp. celebensis R229). The zne cluster is likely
linked to zinc resistance since the ZneB protein (membrane fusion protein), which
has been purified and crystallized to a resolution of 2.8 A, was shown to be highly
specific for Zn>* (De Angelis et al. 2010). However, the system is not induced by
any of the 16 metals (including Zn?*) analyzed in a transcriptomic study (Monsieurs
etal. 2011).

The zniBA zniC zniS zniR cluster has also a very peculiar structure. Both the
genes coding for the efflux pump and the regulatory system are divergently tran-
scribed (Fig. 6.3). A similar arrangement is also found in most Ralstonia spp. and in
Bradyrhizobium BTAi1. Furthermore, R. pickettii 12J carries three copies of the zni
cluster, and all three are associated with another efflux gene coding for a CDF pro-
tein (cation diffusion factor) and a transposon with msAmiABQ genes (somewhat
similar to those in Tn6048 (tniABQOR)). In fact one of the three transposons is
slightly different in identity and contains a second CDF gene.

Finally, the zne and zni systems appear to mainly belong to the specific patri-
mony of the genus Ralstonia as they are not present in other Cupriavidus genomes.
These genes were not induced by a monometallic challenge (Monsieurs et al. 2011),
suggesting that they are either inactive or that they respond to very different induc-
ers or physiological circumstances. Examples are the induction of zneBAC and
zneRS in magnesium-free growth medium (unpublished results) and the induction
of hmy when basalt was used as iron source (Olsson-Francis et al. 2010).

6.9.3 Catabolic Genes in Cupriavidus and Ralstonia

Chromids are a good observatory to look at catabolic genes and especially those of
C. pinatubonensis IMP134 (Lykidis et al. 2010) and R. pickettii 12]. As an example,
acluster of 25 R. pickettii 12)J chromid genes (Rpic_4616-4641) involved in the catab-
olism of aromatic compounds (tmo, tom, mhp) has high identity orthologs in perfect
synteny in the C. pinatubonensis JMP134 chromid (79 % protein identity on average)
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but also in the C. metallidurans CH34 chromosomally embedded genomic island
ICEr,437,6064 (with some rearrangements and somewhat lower identity). It may be
recalled that the three strains are environmental strains typical of anthropogenic/
industrial biotopes. Codon usage of the C. metallidurans CH34 catabolic genes is
clearly divergent from the host supporting recent horizontal acquisition (some genes
of this island are also almost 100 % identical with B. vietnamiensis G4 orthologs),
while the orthologous R. pickettii genes share the codon usage of their host.

Other catabolic clusters on the R. pickettii chromid that illustrate the variety of
acquired catabolic genes are (1) the degradation of phenylacetate (paa genes; also
observed in all Ralstonia chromids and Cupriavidus chromosomes), (2) the degra-
dation of aliphatic sulfonates (also observed in C. metallidurans chromosome and
the chromids of most of the other Cupriavidus), (3) the metabolism of phosphono-
acetaldehyde (also observed in all Ralstonia chromids and the nosocomial C. metal-
lidurans), (4) the degradation of catechol via dioxygenase (also observed in all
Cupriavidus except C. metallidurans), (5) homogentisate 1-2 dioxygenase (also
observed in all Cupriavidus/Ralstonia chromids), and (6) 2-nitropropane dehydro-
genase (also observed in all Cupriavidus/Ralstonia chromids).

An interesting catabolic pathway of C. metallidurans CH34 is the degradation of
acetone and isopropanol (Rosier et al. 2012), which was serendipitously discovered
through proteomic studies made with bacteria exposed to a spaceflight to the
International Space Station (Leys et al. 2009). The involved acxRABC genes are
found in the C. metallidurans CH34 and NA4 chromids, in the C. necator N-1 chro-
mid, and in the megaplasmid of C. pinatubonensis JMP134. Although quite rare
the cluster can be found in a-, -, y-, and e-proteobacteria as well as in some
actinobacteria.

6.10 Conclusion: Some Visibility on the Genomic Strategies
Used by Some -Proteobacteria for Their Adaptation
to Harsh Anthropogenic Environments

The study of the accessory genes associated to the various genetic elements and
involved in a variety of environmental and metabolic responses showed that:

1. The accessory genes can be associated to different recognizable mobile elements
(e.g., autonomous vs integrated MGESs) and yet be quite conserved.

2. They may appear fully “integrated” in the chromosome of their host (most often
integrated in the chromid as far as the genera Ralstonia, Cupriavidus, and
Burkholderia are concerned). Evidence of the mobile genetic element carrying
the accessory genes has been lost. The indications of a horizontal gene transfer
are generally restricted to differences in GC content or codon usage as well as
lack of synteny.

3. Intermediate situations do also exist as suggested by the inactivation of genes
involved in mobility (deletions, insertions in tyrosine-based site-specific
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recombinases or divergences between flanking IS elements). Transposon
Tn6049 appears to play a peculiar role in “stabilizing” genomic islands in strain
CH34 as reported above. Again, we hypothesize that such inactivation of key
mobile elements helps to stabilize the genomic island conferring a specific
advantage to its host. This could be one of the very first steps of the further
irreversible erosion of mobility genes. Especially for genes related to the
response to high concentrations of heavy metals as it is observed in metallurgi-
cal sites, natural selection is expected to force their stability by inactivating the
mobility of their MGE carriers.

All three categories have been found in the C. metallidurans CH34 genome by
comparison with other closely related strains and especially with the plant-associated
C. taiwanensis LMG19424 and R. solanacearum for which the adaptation to plants
could be considered much more ancient than the adaptation of C. metallidurans
CH34 to man-made situations (e.g., wastes of chemical or metallurgical industry).

Genes involved in the catabolism of man-made very recalcitrant organic chemi-
cals (also called organic xenobiotics) that were likely synthetized during the late
nineteenth or the twentieth century are often associated to mobile genetic elements
of infectious character as judged by their presence and maximal conservation in the
genomes of taxonomically distant bacteria (broad host range). Some of these cata-
bolic genes may be considered to be recently emerged via genomic rearrangements,
i.e., during the twentieth century and captured in some way by active mobile
genetic elements. This kind of rationale may also be extended to other functions
that are linked to anthropogenic activities as the resistance to heavy metals, to anti-
biotics, and even some virulence genes. This also makes perceptible the evolution
of living cells and their genomes inside a measurable time period with a striking
feeling of immediacy and accessibility even at the experimental level. Some steps
of the evolutionary mechanisms involved in horizontal gene transfer, the acquisi-
tion of new functions, and their stabilization in the genomes of interest look to be
accessible to experimentation. In this respect, to speak about natural gene engi-
neering (Shapiro 2011) by reference to “in vitro” genetic engineering and geneti-
cally modified organisms (GMOs) is not anymore a metaphor but also a way to
address the current controversy about GMOs in a more consensual way by explor-
ing the mechanisms by which bacteria may (1) acquire genes from taxonomic dis-
tant sources, (2) modify and rearrange genes as a response to environmental
characteristics (such as the availability of potential new carbon sources even from
xenobiotic sources), and (3) integrate new genetic combinations into its regulatory
and structural network (genome structure). As it appears from the studies on mobile
genetic elements and their accessory genes in bacteria, natural genetic engineering
sorted out by natural selection can be powerful, finely regulated, and fast in its
accomplishments.

A major challenge rising from these studies on genomes of P-proteobacteria
adapted to anthropogenic environments and rich in new kinds of mobile genetic ele-
ments and accessory functions is to scrutinize the inventories and to decipher the
correlated functions.
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Chapter 7
Conjugative Elements: Host Chromosome
Function Modifiers

Masaki Shintani, Yurika Takahashi, and Hideaki Nojiri

Abstract Conjugative transfer of plasmids and integrative and conjugative
elements (ICEs) play a key role in rapid bacterial evolution and adaptation. These
elements give a host several new phenotypes that can be advantageous for host
survival in some cases, but disadvantageous in others. Comparisons of growth rate
and biomass yield as well as competition assays have shown that carriage of plas-
mids frequently imposes a fitness cost on the host cells. New phenotypes are caused
by cross talk between plasmid- and chromosome-encoded factors during implanta-
tion of regulatory circuits into the host native transcriptional network. Nucleoid-
associated proteins (NAPs) are important factors for adaptation of the ICEs to the
new host cell environment. Plasmids and ICEs, containing genes involved in the
biodegradation of various compounds, are excellent models to study the impact on
the host. A chlorocatechol-degradative ICE, ICE,,, can express its degradative
genes without changing the fitness of the new host. The host of toluene/xylene-
degradative plasmid pWWO builds cooperative regulatory systems to express
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metabolic activity. The influence of naphthalene-degradative plasmid NAH7 on the
host cells is modest, and the carriage of NAH?7 alleviates host stress when exposed
to naphthalene. The effects of carbazole-degradative pCAR1 carriage on the host
cells depend on the type of host, and the NAPs encoded on pCAR1 are important for
controlling the transcriptional network of the host. The extent of the impact on the
host cells changes the genetic stability of these elements in the host, which is impor-
tant for spreading these genetic elements among different bacteria.

Keywords Fitness ® Horizontal gene transfer * Integrative conjugative elements ®
Nucleoid-associated protein ¢ Plasmid

7.1 Introduction

Horizontal gene transfer (HGT) enables bacteria to acquire various new traits. Among
the processes of HGT, conjugation is the most effective means to spreading genes
(Guglielmini et al. 2011) and is therefore one of the most important phenomena for
rapid bacterial evolution and adaptation. Bacterial plasmids are mobile genetic ele-
ments (MGEs) and extrachromosomal genetic units that can self-replicate and be
transferred among various bacteria by conjugation (Sota and Top 2008; Frost et al.
2005). Integrative and conjugative elements (ICEs) are also transferable by conjuga-
tion and are similar to plasmids but are usually integrated into the host chromosome
(Wozniak and Waldor 2010). Plasmids and ICEs are able to transfer very large DNA
regions of genomes, containing many genes that endow various host phenotypes such
as antibiotic and heavy metal resistance, pathogenicity, and biodegradation ability for
various compounds, including persistent organic pollutants. In some cases, expression
of new phenotypes is advantageous for host survival, but in other cases, expression of
new phenotypes is disadvantageous. Expression of phenotypes beneficial for host sur-
vival requires the successful implantation of gene regulatory circuits on MGE:s into
the host native transcriptional network. Occasionally, the implantation causes a fitness
cost to the host cell, resulting in decreased host survival. These effects occur by vari-
ous interactions between plasmid- and chromosome-encoded factors. In this chapter,
we review recent reports of how plasmids and ICEs alter host phenotypes as well as
how these alterations are caused by MGEs.

7.2 Classification of Plasmids and ICEs

A large number of plasmids have been identified, and the nucleotide sequences of 3,173
plasmids have been determined (as of Sept. 2012, ftp:/ftp.ncbi.nih.gov/genomes/
Plasmids/). Bacterial plasmids have been classified into incompatibility (Inc) groups
based on their replication and partition systems. When two different plasmids cannot be
maintained in a single bacterial cell line, these two plasmids are deemed incompatible
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and belong to the same Inc group. There are 27 Inc groups for the Enterobacteriaceae
(Carattoli 2009), at least 14 groups for pseudomonads (Thomas and Haines 2004), and
approximately 18 groups for staphylococci (Frost et al. 2005; Sota and Top 2008),
although these groups do not comprise all plasmids. Notably, six mobility (MOB)
classes (MOBg, MOBy, MOB,, MOB¢, MOBp, and MOBy) and four mating pair for-
mation (MPF) types (MPFg, MPF,, MPF;, and MPF;) have been proposed on the basis
of amino acid sequences of the proteins involved in plasmid MOB or the type IV secre-
tion system during MPF. These groupings enabled us to classify more plasmids in plas-
mid databases (Smillie et al. 2010; Garcillan-Barcia et al. 2009; 2011).

Fewer ICEs have been experimentally identified than plasmids (approximately
10 kinds of ICEs have been described) because ICEs are ordinarily linked to the
host chromosome (Wozniak and Waldor 2010). Guglielmini et al. found 682 puta-
tive conjugative systems through in silico analysis of more than 1,000 prokaryotic
genome sequences (Guglielmini et al. 2011). Thus, ICEs are likely more abundant
MGE:s than plasmids in bacteria, although a detailed classification of ICEs is not yet
available.

7.3 Effects of Carriage of New Genetic Elements on Host Cells

Since the 1970s, plasmids have been used as a vector for genes to produce various
proteins (including enzymes), and many studies on how to improve protein produc-
tion in Escherichia coli using ColE1-type vectors and their derivatives have been
described. In these studies, various comparisons have been performed to identify
the effect of the plasmid (vector) carriage on host cells, including growth rate, fit-
ness cost, biomass yield, glucose consumption, oxygen uptake rate, and survivabil-
ity of the host (Lee and Edlin 1985; Bouma and Lenski 1988; Birnbaum and Bailey
1991; Rhee et al. 1994; Andersson et al. 1996; Rozkov et al. 2004; Buch et al. 2010;
Sharma et al. 2011). Similarly, the above comparisons have been performed with
naturally occurring plasmids, which are conjugative or non-conjugative plasmids
isolated from nature (Table 7.1). Several studies have shown that plasmid carriage
induces biofilm formation (D’ Alvise et al. 2010; Engberg et al. 1975; Ghigo 2001;
Reisner et al. 2003; Yang et al. 2008). The results of these studies suggest that plas-
mid carriage is frequently a burden to the host.

Over the past decade, comprehensive analyses of the burden caused by plasmids have
been performed by comparing host transcriptomic and proteomic data with information on
plasmid and host chromosome DNA sequences. Notably, ColEl-type plasmid carriage
commonly reduces the glycolysis and TCA cycle activity and increases the production of
acetate (Diaz Ricci and Herndndez 2000; Wang et al. 2006; Ow et al. 2006).

Currently, only two studies have reported the impact of ICEs on host cells: one
report on ICE,,. (Sect. 7.6) and the second report on Tn/549 (Foucault et al. 2010).
Tnl549 was identified in Enterococcus spp. and carries vancomycin resistance
genes (Garnier et al. 2000). The fitness costs to the hosts carrying these ICEs were
not significant; however, artificial constitutive expression of vancomycin resistance
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genes resulted in a large reduction of host fitness (Foucault et al. 2010). This fact,
together with the studies of ICE,,. (Sect. 7.6), ICEs may impose a smaller impact on
their host, although the number of reports of ICEs is still insufficient.

7.4 Roles of Nucleoid-Associated Proteins (NAPS)
That Carry Conjugative Elements

Bacterial chromosomal DNA is folded by NAPs to a compact structure, the nucleoid
(Dorman and Kane 2009; Dillon and Dorman 2010). Some NAPs are well-known
DNA-binding proteins, such as Fis (factor for inversion stimulation), H-NS (histone-
like protein H1 from E. coli strain U93), IHF (integration host factor), and Lrp
(leucine-responsive regulatory protein), but there are less well-studied NAPs, such as
NdpA, which are distributed among Gram-negative bacteria (Takeda et al. 2011).
These NAPs are not only involved in forming the nucleoid, but are also global regula-
tors of gene expression (Dillon and Dorman 2010). Notably, H-NS, which binds to
A+T-rich DNA regions, provides a host defense system against acquired foreign DNA
with low G+C content by binding to low G+C regions and silencing the expression of
(detrimental) genes in the xenogenetic region (Navarre et al. 20006).

H-NS and other NAPs are not only encoded on the bacterial chromosome but
also on plasmids (Takeda et al. 2011). One such plasmid, pSf-R27 in Salmonella,
has a gene encoding an H-NS-like protein, Sth (Doyle et al. 2007). Carriage of sfh-
deleted pSt-R27 results in alteration of the transcription of more genes, in addition
to the transcription of the native pSF-R27 (Doyle et al. 2007). Thus, a protein
homologous to H-NS, encoded on the plasmid, likely has a stealth function that
enables the plasmid to transfer its genetic material into the host cell without interfer-
ing with the host transcriptional network, by silencing host xenogenetic genes and
maintaining host fitness. Takeda et al. found relationships between plasmid features
(size, G+C content, transferability) and the presence of NAP-encoding genes on the
plasmid, based on a comparison of more than 2,000 plasmids: (1) a large plasmid
frequently carries NAPs genes, (2) a (putative) transferable plasmid tends to carry
NAP genes, and (3) the G+C content of a plasmid with an H-NS-encoding gene is
relatively low (Takeda et al. 2011). Therefore, NAPs may have important roles in
plasmid distribution. In addition, H-NS encoded on the plasmid may allow the host
to stably maintain the plasmid via the stealth function, even in hosts with higher
G+C contents. Recently, Castang and Dove reported that the genes for two H-NS
family proteins, MvaT and MvaU, encoded on the chromosome cannot be removed
from the host P. aeruginosa PAO1 because these proteins are crucial for repressing
the expression of Pf4 prophage (an acquired foreign DNA), which kills cells or
inhibits cell growth (Castang and Dove 2012). NAPs, including H-NS family pro-
teins, may have key functions in the coexistence of the host and MGEs.
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7.5 Degradative Plasmids and ICEs

In the last three decades, a large number of plasmids have been identified that carry
genes involved in the biodegradation of various compounds, known as degradative
plasmids (Nojiri et al. 2004; Shintani and Nojiri 2013). Among these plasmids, IncP-1
(MOBy, MPFy), P-7 (MOBy, MPFy), and P-9 (MOBg, MPF;) group plasmids have
been thoroughly analyzed in regard to their basic features, such as replication, parti-
tion, and conjugative transfer. It should be noted that many other plasmids, such as
carbazole-degradative plasmid pCAR3 (MOBg, MPFy) (Shintani et al. 2007), biphe-
nyl-degradative plasmid pNL1 (MOBg, MPFy) (Romine et al. 1999), and dibenzo-
p-dioxin-degradative plasmid pSWIT02 (MOBj, MPE;) (Miller et al. 2010), which
probably belong to unidentified Inc groups, have not been studied in detail, although
their sequences have been determined. One of the characteristic features of the IncP-
1, IncP-7, and IncP-9 groups is the host range of these plasmids. The host range is
determined by replication and conjugative transfer systems and can be broad (IncP-1),
narrow (IncP-7), or intermediate (IncP-9) (Shintani et al. 2010b). Several ICEs carry
degradative genes, such as biphenyl-degradative genes on the bph-sal element (Nishi
et al. 2000) or Tn4371-like element (or ICEr,,;;,) (Toussaint et al. 2003; Ryan et al.
2009) as well as the ICEgks,004677 (Ohtsubo et al. 2003, 2006, 2012) and 3-chloro-
catechol-degradative genes on the clc element (or ICE,,.) (Ravatn et al. 1998a).

The depletion of the xenobiotics is dependent on the replication and (stable)
maintenance of these MGEs, expression of degradative genes on the MGEs, effi-
cient degradation of intermediates during the degradative reactions (i.e., no accu-
mulation of intermediates) by cooperative regulation(s) of enzyme expression. In
other words, the degradative ability can change depending on the host strain, and
some hosts are not able to degrade xenobiotics because (1) the degradative ability is
not expressed in the host (Goris et al. 2002), (2) the genes on the host chromosome
are not efficiently transcribed because they are not induced by the intermediate
compounds of the substrate degradation (or accumulation of an intermediate com-
pound) (Takahashi et al. 2009a; Shintani et al. 2011a), and (3) genetic instability of
degradative genes in the host cells (Williams et al. 1988; Duetz and van Andel 1991;
Leddy et al. 1995). Therefore, degradative MGEs represent an excellent model sys-
tem for understanding the influence of genetic elements on host cells by analyzing
cooperative regulation of transcriptional networks.

The following sections describe the effect of degradative MGEs on host cells in
more detail. The discussion is focused on ICE,,, two IncP-9 plasmids, pWWO and
NAH?7, and the IncP-7 plasmid pCARI.

7.6 3- and 4-Chlorocatechol and 2-Aminophenol-
Degradative ICE,,

ICE,,. in Pseudomonas knackmussii B13, a 3-chlorobenzoate (3-CBA) metabolizing
strain, normally carries ICE,,. at two chromosomal locations (Ravatn et al. 1998a).
The nucleotide sequence of the 103 kb ICE,,. element was determined, and the
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Fig. 7.1 Metabolic pathway of aminophenol (a) and 3-chlorocatechol (b) in P. knackmussii B13
carrying ICE,,.. Red arrows indicate conversions catalyzed by the Amn (a) and Clc (b) enzymes
encoded on ICE,,,, while blue arrows indicate other enzymes encoded on the host chromosome. (c)
Genetic organization of the clc and amn genes on ICE,,, of the P. knackmussii B13 chromosome.
Black, red, and white pentagons indicate regulatory genes, catabolic genes, and other unrelated
OREFs, respectively. Arrows from 3-chloro-cis,cis-muconate in panel (b) indicate that the com-
pound is an effector of the transcriptional regulator ClcR. Transcription upstream from the pro-
moter on clcA is induced by the effector. The effector of AmnR has not yet been identified

element was found to carry not only genes essential for 3-CBA degradation,
clcRABDE, which encodes the enzymes for 3- and 4-chlorocatechol degradation,
but also 2-aminophenol metabolism, amn (Fig. 7.1; Gaillard et al. 2006). ICEclc-
like elements are distributed among various bacteria. One biphenyl-degrading bac-
terium, Burkholderia xenovorans LB400, carries a nearly identical ICE,, with
additional o-halobenzoate-degradative genes (Gaillard et al. 2006; Chain et al.
2006). Ralstonia sp. strain JS705, isolated from groundwater, also carries an ICEclc-
like element with another insertion of chlorobenzene-degradative genes (Miiller
et al. 2003). The element was initially recognized as an IncJ plasmid able to transfer
among Beta- and Gammaproteobacteria (Ravatn et al. 1998c); however, this trans-
fer is not due to a conjugative plasmid but an ICE (Ravatn et al. 1998a, b).
Interestingly, the transfer system of ICE,,. has two functional origins of transfer
(oriTs), which is rather different from other transferable genetic elements such as
plasmids (Miyazaki and van der Meer 2011a, b).

The clc genes are induced in the presence of 2-chloro-cis, cis-muconate, which is
an intermediate compound of the 3-CBA and 4-chlorobenzoate-degradation pathway
and is acting as an inducer of ClIcR (Fig. 7.1; Coco et al. 1994). These genes are also
induced by anthranilate, benzoate, and salicylate (Gaillard et al. 2006), which are
predicted to be converted to catechol and cis, cis-muconate, an analog of 2-chloro-cis,
cis-muconate. CIcR is, however, not efficiently induced by cis, cis-muconate (Park
and Kim 2001). Therefore, activation of the clcA promoter by anthranilate, benzoate,
and salicylate likely occurs via cross-activation by a non-ICEclc, chromosome-
encoded transcriptional activator such as CatR (Parsek et al. 1994).



7 Conjugative Elements: Host Function Modifiers 137

The ICE is ordinarily integrated at the 3’-end of fRNA®"-encoding genes on the
host chromosome (Gaillard et al. 2006). The element is occasionally excised from
the chromosome and forms a circular shape, primarily in stationary phase cells, and
then transferred to a new host cell and site-specifically integrates into the tRNAGly-
encoding gene in the chromosome of the new host (Sentchilo et al. 2009). Fifteen
transcripts of ICE,, have been identified by northern blot and microarray analyses,
and eight of these transcripts are upregulated during the stationary phase (Gaillard
et al. 2010). These transcripts are found only after pre-growth of the cells on 3-CBA
or fructose, on which the transfer of this element is promoted (Gaillard et al. 2010).

Gaillard et al. assessed the impact of acquiring ICE,,. in the P. aeruginosa PAO1
chromosome, a nonnative carrier of this element, using transcriptome profiling,
phenotype arrays, competition assays for fitness cost, and biofilm formation studies
(Gaillard et al. 2008). Only a few differences between ICE,,-free PAO1 and ICE,,-
containing PAO1 were detected (Gaillard et al. 2008), contrary to most studies on
plasmids, as previously mentioned. Repression of three potential operons on the
PAO1 chromosome is observed by carriage of ICE,,.. One of the operons is likely
involved in transport of small molecules (PA3232—-PA3235), and the two other oper-
ons are involved in acetoin (aco) and glycolate catabolism (glcDEF) (Gaillard et al.
2008). No fitness cost was detected in ICE,.-containing PAO1 by the competition
assay, suggesting that the repression of the operons did not affect the host fitness
(Gaillard et al. 2008). Comprehensive comparisons of host phenotypes using phe-
notypic microarrays showed that no significant changes occurred by carriage of
ICE,,. (Gaillard et al. 2008). The carriage of ICE.. on the PAO1 chromosome
resulted in the reduction of biofilm formation during growth on succinate, glucose,
or acetate, whereas the growth rate and biomass yield were not significantly affected
by these substrates (Gaillard et al. 2008). In contrast, the catabolic genes on ICE,,
were not silent. The ICE_,-containing PAO1 was able to grow on 3-chlorobenzoate
and 2-aminophenol as sole carbon sources (Gaillard et al. 2008). ICE,,. could be
transferred from PAOI to P. putida UWCI, indicating that the transfer machinery
of ICE,,. was also correctly expressed in PAO1 (Gaillard et al. 2008). The presence
of xenogenetic silencing by MvaT and MvaU (H-NS family proteins in PAO1) for
the ICE,,. in PAOL1 is unclear; however, gene transcription on the element in PAO1
may not be silenced but comparable to the original host, B13 (Gaillard et al. 2006).
These results indicate that the newly acquired MGE not always reduces host fitness.
Although the fitness cost to other hosts than PAO1 is still unclear, the low fitness
cost of ICE,,. may result in successful implantation of the element into the host,
enlarging the host range.

7.7 IncP-9-Degradative Plasmids

IncP-9 is a major group of degradative plasmids (Shintani et al. 2010b). The replica-
tion and partition systems of IncP-9-degradative plasmids have not been well inves-
tigated; however, the systems of the IncP-9 plasmid pM3 have been characterized
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(Sevastsyanovich et al. 2005). The oriV-rep system of IncP-9 cannot function in
E. coli without a part of the par region in cis (Sevastsyanovich et al. 2005). The
IncP-9 plasmids are known to transfer to Pseudomonas species as well as E. coli,
Erwinia chrysanthemi, Hydrogenophaga palleronii, Serratia species, and
Burkholderia species (Benson and Shapiro 1978; Nakazawa 1978; Nancharaiah
et al. 2003; Ramos-Gonzalez et al. 1991; Sarand et al. 2000). Notably, Miyazaki
et al. reported that the fraD operon of NAH7 is a host-range modifier in conjugative
transfer (Miyazaki et al. 2008).

7.7.1 Toluene/Xylene-Degradative Plasmid pWW0

pWWO is an IncP-9 plasmid identified in P. putida mt-2, carrying toluene/xylene-
degradative (xyl) genes contained by two kinds of class II transposons, Tn46517 and
Tn4653 (Tsuda and Iino 1987, 1988; Tsuda et al. 1989). The 117-kb nucleotide
sequence of pWWO0 has been determined (Greated et al. 2002). The transcriptional
and translational regulatory mechanisms of pWWO have been well characterized
(reviewed in Ramos et al. 1997; Ruiz et al. 2004). Toluene is converted to benzoate
by gene products encoded on an upper operon, and benzoate is converted to acetal-
dehyde and pyruvate via meta-cleavage by gene products on the meta operon
(Fig. 7.2; Greated et al. 2002; Ramos et al. 1997). xyIR and xylS, located down-
stream of the meta operon, encode specific transcriptional regulators that activate
the expression of pathway genes. Toluene induces transcription of the upper operon
from promoter Pu by acting as an effector of XylR. Benzoate is a transcriptional
inducer of the meta operon from promoter Pm and an effector of XylS. Toluene also
induces the expression of the meta operon without being converted to benzoate
(Inouye et al. 1987; Ramos et al. 1987). The regulatory circuit of these operons on
pWWO in the host P. putida is built by interplay of factors encoded on both the
plasmid and the host chromosome. At least four host sigma factors are required for
expressing the entire set of xyl genes. Pu is a 6°*-dependent promoter, under positive
control of the NtrC family protein XyIR (de Lorenzo et al. 1991; Pérez-Martin
and de Lorenzo 1996). The Pu activity is also influenced by IHF and the nitrogen-
related phosphoenolpyruvate:carbohydrate phosphotransferase system (PtsN) of
P. putida (Cases et al. 1999; Aranda-Olmedo et al. 2006). Another NAP, HU, is
predicted to be involved in Ps activity (Ramos et al. 1997). Activated XyIR also posi-
tively regulates another o>*-dependent promoter of xylS, Psl, and negatively regu-
lates its own promoter Pr, containing the tandem promoters Prl and Pr2 (Marqués
et al. 1998; Bertoni et al. 1997). In addition to ¢°*, other sigma factors are involved
in the transcriptional regulation; ¢* and ¢ in the transcription from Pm, and the
housekeeping ¢”° in the transcription from Prl/Pr2 and from Ps2, the other xylS
promoter present in the Ps region (Fig. 7.2; Marqués et al. 1995, 1999). TurA, an
H-NS family protein is an additional host factor that binds to Pu and likely represses
transcription at low temperatures (Rescalli et al. 2004). PprA, a LytTR-type two-
component response regulator, is another host factor that inhibits Pu transcription by
a mutual exclusion mechanism between PprA and XyIR that bind to upstream
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Fig. 7.2 (a) Catabolic pathway of toluene in P. putida mt-2, carrying pWWO0. Red arrows indicate
conversions catalyzed by the Xyl enzymes encoded on pWWO, and blue arrows indicate other
enzymes encoded on the host chromosome. (b) Genetic organization and regulatory circuit of the
xyl genes on pWWO in mt-2 (reviewed by Ramos et al. 1997 and Ruiz et al. 2004). Black, red, and
white pentagons indicate regulatory genes, catabolic genes, and other related genes, respectively.
Pr and Ps contain tandem promoters Pr/ and Pr2 as well as Ps/ and Ps2, respectively. Arrows
from toluene, benzyl alcohol, and benzoate in panel (a) indicate effectors of the transcriptional
regulators XyIR and XylIS. Host factors involved in the promoter activity are shown in black (sigma
factors) and white (other host factors) boxes. The symbols “+” and “—” indicate induction and
repression of transcription from the promoter, respectively

activating sequences (Vitale et al. 2008). The Crc protein, a global regulator that
controls carbon flow in the host cell, has an important role in inhibition via catabolite
repression of preferred carbon sources. Crc is a translational repressor that binds to
the translation initiation regions of the mRNAs coding for XyIR and XyIS (Moreno
etal. 2010). Crc also binds to the translation initiation regions on the mRNAs of eight
xyl genes (xylU, xylX, xylA, xylB, xyIN, xylL, and xylQ). Notably, five of the seven
genes on the upper operon contained a strong binding site for Crc, suggesting that
Crc tightly regulated the genes involved in the upper pathway of toluene-to-benzoate
conversion (Moreno et al. 2010). In summary, implantation of the regulatory circuit
of the degradation pathway of pWWO into the host cell requires cross talk between
plasmid- and chromosome-encoded factors.

7.7.2 Naphthalene-Degradative Plasmid NAH7

NAH7 is a self-transmissible plasmid of the IncP-9 group, identified in the
naphthalene-degrading bacterium P. putida G7 (Dunn and Gunsalus 1973). The
83-kb nucleotide sequence of this plasmid has been determined (Sota et al. 2006).
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Fig. 7.3 (a) Metabolic pathway of naphthalene in P. putida G7 carrying NAH7. Red arrows indi-
cate conversions catalyzed by the Nah enzymes encoded on NAH7, and blue arrows indicate other
enzymes encoded on the host chromosome. (b) Genetic organization of the nah genes on NAH7.
Black, red, and white pentagons indicate regulatory genes, catabolic genes, and other related
genes, respectively. An arrow from salicylate in panel (a) indicates that salicylate is an effector of
the transcriptional regulator NahR, which regulates the transcriptional activity from the two pro-
moters Pnah and Psal. Transcription from each promoter is induced by the effector

The naphthalene catabolic (nah) genes on the plasmid have been investigated in
detail; the enzymes encoded by the upper nah operon (nahAa to narE) convert
naphthalene to salicylate, and those encoded by the lower nah operon (nahG to
nahJ) convert salicylate to pyruvate and acetaldehyde via the meta-cleavage path-
way (Fig. 7.3; Yen and Serdar 1988). The promoters of these operons, Pnah and
Psal, are regulated by NahR, a LysR-type transcriptional regulator, and salicylate
acts as an effector (Schell and Poser 1989). Both the upper and lower operons on
NAH?7 are located on a class II transposon, Tn4655 (Tsuda and Iino 1990). Although
this transposon lacks the tmpA gene involved in self-regulated transposition (Sota
et al. 2006), Tn4655 can form a cointegrate when the tmpA gene of Tn4653 is
supplied in trans (Tsuda and Iino 1990; Sota et al. 2006).

Recently, Fernandez et al. reported the effect of carriage of NAH7 on P. putida
KT2440 (Fernandez et al. 2012). The growth rate of KT2440 was influenced by the
presence of naphthalene, although no bactericidal effect was observed. Only a slight
difference in the growth rate was found by carriage of NAH7, whereas the host
containing NAH7 could degrade naphthalene by efficient expression of the Nah
catabolic pathway. The colonization ability of the plant rhizosphere was not affected
by the carriage of NAH7 (Ferndndez et al. 2012). Transcriptome comparisons of the
plasmid-free and plasmid-containing KT2440 cells were performed. Transcription
of only 19 genes altered by carriage of NAH7, indicating that NAH7 carriage mod-
estly affected the gene expression in the host cell (Ferndndez et al. 2012). Based on
transcriptome comparisons of NAH7-free and NAH7-containing hosts (in the
absence and presence of naphthalene), cellular stress through exposure to naphtha-
lene was alleviated by the carriage of NAH7 (Fernandez et al. 2012).
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7.8 IncP-7 Carbazole-Degradative Plasmid pCAR1

pCARI is found in a carbazole (nitrogen-containing aromatic heterocyclic
compound)-degrading bacterium, P. resinovorans CA10 (Ouchiyama et al. 1993;
Nojiri et al. 2001). The 200 kb sequence of pCAR1 has been determined (Maeda
et al. 2003; Takahashi et al. 2009b), and the plasmid belongs to the IncP-7 group
(Shintani et al. 2006). The basic features of pCARI replication, partition, and con-
jugative transfer have been characterized (Shintani et al. 2005a, 2006). The
carbazole-degradation pathway of CA10 is shown in Fig. 7.4. pCARI1 carries carba-
zole-degradative (car) genes and anthranilate-degradative (anf) gene that allows the
bacterium to convert the carbazole to anthranilate and the anthranilate to catechol
(Nojiri 2012). The chromosome of CA10 possesses catechol-degradative (car)
genes (Nojiri 2012), as do most Pseudomonas. The catechol is host-dependently
metabolized by CatABC and enzymes encoded further downstream on the chromo-
some (Harwood and Parales 1996). The car and ant genes are induced by AntR, and
anthranilate is an effector of AntR (Fig. 7.4; Urata et al. 2004). Transcription of
antR is regulated by the ¢°*-dependent promoter P,z (Miyakoshi et al. 2007), and
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Fig. 7.4 (a) Catabolic pathway of carbazole in Pseudomonas spp. carrying pCAR1. Red arrows
indicate conversions catalyzed by the Car and Ant enzymes encoded on pCARI1, and blue arrows
indicate Cat and other enzymes encoded on the host chromosome. (b) Genetic organization of the
car and ant genes on pCARI, the cat gene cluster on the P. putida KT2440 and P. aeruginosa
PAO1 chromosomes, and the ben-cat gene clusters on the P. fluorescens PfO-1 chromosome. Black
and red pentagons indicate regulatory genes and catabolic genes, respectively. Arrows from anthra-
nilate, benzoate, and cis, cis-muconate in panel (a) indicate effectors of the transcriptional regula-
tors AntR, CatR, and BenR, respectively. Transcription from each promoter is induced by the
effector. P,z is regulated by ¢**
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thus transcriptional regulation of the car and ant genes is mediated by factors
encoded on the plasmid, and the host chromosome, as is the case with xyl genes on
pWWO in P. putida mt-2. The cat genes in most Pseudomonas are induced by CatR,
the effecter of which is cis, cis-muconate (Harwood and Parales 1996). This plas-
mid carries a functional 73-kb transposon, Tn4676, containing the car and ant genes
(Maeda et al. 2003; Shintani et al. 2005b; 2011b). Conjugative transfer of pCARI1 is
found in the Pseudomonas, and the frequency of pCARI1 transfer can be altered by
changing the host donor (Shintani et al. 2005a; 2006). pCARI1 is also transferred to
Stenotrophomonas spp., whose bacterial order (Xanthomonadales) is different from
that of Pseudomonas (Pseudomonadales), in bacterial populations extracted from
natural river water (Shintani et al. 2008a). Note that the transfer from P. putida to
the pCAR1-cured Stenotrophomonas has not been detected, likely due to the differ-
ent conjugation conditions in the laboratory and in the environment (Shintani et al.
unpublished data).

In our recent work, comparisons of phenotypes and transcriptome profiles of dif-
ferent hosts of pCARI other than CA10 (the original host of pCAR1) have been
performed, e.g., using P. putida KT2440, P. aeruginosa PAO1, P. fluorescens Pf0-
1, P. chlororaphis subsp. chlororaphis JCM 2778 (previously P. chlororaphis ITAM
1511), and P. putida HSO1 (Miyakoshi et al. 2007; 2009; Shintani et al. 2008b,
2010a, c, 2011c; Takahashi et al. 2009a). Among these, PfO-1 is an unsuitable host
of pCARI1 for carbazole degradation (Takahashi et al. 2009a) because the transcrip-
tional regulation of the cat genes in PfO-1 is different from in other hosts (Takahashi
et al. 2009a). CatR is the transcriptional regulator of the cat genes in hosts such as
KT2440 and PAO1, whereas BenR is the transcriptional regulator in PfO-1 (Fig. 7.4).
cis, cis-muconate, an intermediate in the catechol-degradative pathway, acts as an
effector of CatR and inducer of the cat genes (Fig. 7.4). Conversely, the cat genes
of PfO-1 are not induced by catechol but by benzoate, which is not an intermediate
in carbazole catabolism (Fig. 7.4). In fact, the initiation of carbazole degradation in
pCARI1-containing PfO-1 is significantly slower than in other hosts (Takahashi et al.
2009a). Catechol accumulation is always deleterious to the host cells, and thus
expression of the ant genes in the presence of carbazole can be deleterious to PfO-1.
This is an example of an implantation failure of a regulatory circuit in the degrada-
tion pathway encoded on pCARI, in the context of the native transcriptional net-
work of the host. Notably, deletion of DNA regions containing ant genes is
frequently detected in PfO-1 in the presence of carbazole (Takahashi et al. 2009a;
Shintani et al. 2011a, b). The host of ant-deleted pCARI1 can still use carbazole as
the sole carbon source because the host carries the carDEF genes, encoding enzymes
that catalyze the conversion of 2-hydroxy-penta-2.4-dienoate to acetyl-CoA
(Fig. 7.4; Shintani et al. 2011a). The deletion results in the improvement of survival
in the presence of carbazole because excessive accumulation of catechol is avoided
(Takahashi et al. 2009a; Shintani et al. 2011a, b). This is one example of plasmid
and host adaptation when the host encounters a new carbon source.

The influence of pCAR1 carriage on different host strains was compared for
three Pseudomonas hosts: P. putida KT2440, P. aeruginosa PAO1, and P. fluores-
cens Pf0-1. Competition assays with the plasmid-free and plasmid-containing hosts
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showed that pCAR1 carriage imposes a fitness cost; this cost is the smallest in Pf0-1
and the largest in KT2440 (Takahashi et al. submitted). Transcriptome comparisons
with tiling arrays have been performed to evaluate the effect of pCAR1 carriage on
the host, both during early-log phase (Miyakoshi et al. 2007; Shintani et al. 2010a)
and from the exponential phase to the early stationary phase (Takahashi et al. sub-
mitted). Phenotypic comparisons have also been performed between pCAR1-free
and pCARI1-containing host cells using phenotype microarrays (Takahashi et al.
submitted). The number of upregulated and downregulated genes by pCAR1 car-
riage is the largest in KT2440 and the smallest in PfO-1. Genes on putative pro-
phages in each host chromosome are commonly upregulated by carriage of pCARI1
(Shintani et al. 2010a; Takahashi et al. submitted). pCAR1 carriage alters the host
gene expression of the iron acquisition system, especially in KT2440 and PAOI1
(Shintani et al. 2010a). A greater amount of a major siderophore for iron acquisi-
tion, pyoverdine, was found in pCAR1-containing hosts as compared with pCAR1-
free hosts, partly due to the expression of the car genes on pCARI (Shintani et al.
2010a). Comparisons of the transcriptome profiles of the pCAR1-free and pCAR1-
containing hosts showed that pCAR1 carriage affected the host more greatly during
the transition and stationary phases than during the log phase (Takahashi et al. sub-
mitted). The putative functional categories of the affected genes are more similar
between KT2440 and PAO1 than between other host combinations. These catego-
ries contained genes encoding the RNA polymerase core (rpo), ribosome protein
subunits (7ps, rpl), ATP synthetase (atp), and succinate dehydrogenase (sdh)
(Takahashi et al. submitted). Not only the phenotype but also the primary metabolic
capacity of the TCA cycle, and several steps away from the TCA cycle, is com-
monly affected in the host cells (Takahashi et al. submitted).

The transcriptions of several genes in KT2440 are specifically affected
by pCARI1 carriage (Shintani et al. 2010a). PP_3700 is significantly upregulated by
pCARI carriage, and the expression of PP_3700 is almost silent in the absence
of pCAR1 (Miyakoshi et al. 2007; Shintani et al. 2010a). PP_3700, designated parl,
is located on a genomic island in the KT2440 chromosome of three hosts; thus, the
gene is also specifically present in KT2440 (Miyakoshi et al. 2007; 2012). Parl is a
putative type la ParA family member, involved in chromosomal and plasmid
DNA partitioning (Miyakoshi et al. 2007; 2012). Parl interferes with the IncP-7
plasmid partitioning system, suggesting that parl on the genomic island can restrict
the host range of the plasmids (Miyakoshi et al. 2012). Therefore, Parl and the par-
titioning system of IncP-7 plasmids can mediate incompatibility between the plasmid
and the chromosomal genomic island.

MexEFOprN, a host efflux pump, is also upregulated by pCAR1 carriage in
KT?2440 (Shintani et al. 2010a). Although genes orthologous to mexEFoprN are also
present on two other host chromosomes, the transcriptional levels are not affected
by pCARI carriage (Shintani et al. 2010a). The higher expression of the pump by
pCARI1 carriage results in enhancement of KT2440 chloramphenicol resistance;
hence, the resistance is not mediated by antibiotic-resistance genes on the plasmid
(Shintani et al. 2010a). Although the physiological explanation why these genes are
upregulated by pCARI carriage is presently unclear, the higher expression of the
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efflux pump can be costly to the host. Overexpression of the efflux pump may thus
have resulted in a large fitness cost of the host KT2440.

pCARI has three NAP genes, pmr, phu, and pnd (Yun et al. 2010; Nojiri 2012).
Disruption of pmr in KT2440 (pCAR1) affected the host transcriptome more than
pCARI carriage (Yun et al. 2010). The transcriptional levels of several genes that
increased upon pCARI carriage, such as the expression of the parl or mexEFoprN
genes, reverted with the pmr disruption (Yun et al. 2010). Notably, the transcrip-
tional levels of putative horizontally acquired genes are altered by the disruption,
whereas these levels are not affected by pCARI1 carriage. This suggests that Pmr has
a stealth function (similar to H-NS) on other plasmids, e.g., pSf-R27 (Doyle et al.
2007). Indeed, Pmr binds to many DNA regions on pCARI1 and the KT2440 chro-
mosome, especially to A+ T-rich regions (Yun et al. 2010). Recently, double disrup-
tions of two of the three above-described NAP genes resulted in genetic instability
of pCARI1, suggesting that the NAP genes on the plasmid may be involved in main-
taining genetic stability in the host cell (Hirotani et al. unpublished). The transcrip-
tion of genes on pCARI was also compared by tiling arrays of six different
Pseudomonas hosts, including the three above-described hosts (Miyakoshi et al.
2009; Shintani et al. 201 1c). The transcription levels of the accessory genes (car and
ant genes) and genes on the IncP-7 plasmid backbone involved in plasmid replica-
tion, partition, and conjugative transfer are different depending on the host
(Miyakoshi et al. 2009; Shintani et al. 2011c). Notably, the transcription levels of
the three NAP genes also depended on the host, suggesting that these genes may
control the transcriptional network interplay between the plasmid and host
chromosome.

7.9 Conclusions and Perspective

MGE:s alter the host phenotype by modulating the gene expression of the MGEs and
the host chromosomes. The influence of MGE carriage clearly changes depending
on the host cell environment. Plasmid carriage often imposes fitness costs to the
host cells, although the extent of these costs depends on the type of host. The effects
are influenced by (1) the size and copy number of the plasmid, (2) expression of
deleterious genes on the plasmid, and (3) regulation conflicts of gene expression
between the plasmid and host chromosome, processes in which NAPs are crucial.
Plasmids and hosts appear to modulate the transcriptional network for coexistence.

Plasmids can adapt to new host environments by introducing mutations, such as
pCARI in PfO-1 (Shintani et al. 2011a, b). Sota et al. reported that the IncP-1 plas-
mid improves its stability in hosts where the plasmid is unstable by introducing
mutations to the replication initiation protein (Sota et al. 2010). Naturally, host
adaptation mechanisms may also exist, e.g., point mutations, chromosomal rear-
rangements, and transcriptional adjustment by NAPs; however, detailed analyses of
host adaptation are lacking.
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The extent of the influence of the carriage of ICE:s is still unclear. Considering
that ICEs have been conserved during bacterial evolution, these elements may have
developed mechanisms to adapt to new hosts. Gaillard et al. proposed several pos-
sibilities for the stealth function of ICE,,. The site-specific insertion of ICE,,. into
tRNA®Y may depress high expression of the integrase (intB13) gene, which is delete-
rious to the cell. Possibly, no other deleterious gene functions are present on ICE,,
and no regulation conflicts arise between the regulators on ICE,,. and the host chro-
mosome (Gaillard et al. 2008). Guglielmini et al. showed that plasmids and ICEs
use similar conjugative systems and that ICEs and conjugative plasmids should be
regarded as the same. Differences in the means of existence of extrachromosomal or
intrachromosomal ICEs and conjugative plasmids in cells are likely due to different
requirements for stable maintenance (Guglielmini et al. 2011).

Previous studies of the effects of MGEs have focused on host cell populations
rather than on single cells. However, gene expression and regulation is often sto-
chastic events that occur in individual cells (Rosenfeld et al. 2005; Pedraza and van
Oudenaarden 2005). Indeed, Silva-Rocha and de Lorenzo reported a high-degree
stochastic transcription of xyl genes on pWWO in P. putida mt-2 (the original host)
at the single-cell level, when the cells were exposed to m-xylene (Silva-Rocha and
de Lorenzo 2012). They proposed that this phenomenon is essential for host sur-
vival when encountering mixtures of nutrients in the environment (Silva-Rocha and
de Lorenzo 2012). Thus, single-cell genomics, transcriptomics, proteomics, and
metabolomics will be necessary to understand how the MGEs and their hosts have
evolved and adapted in nature.
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Chapter 8
Online Monitoring of Biodegradation
Processes Using Enzymatic Biosensors

Sarka Bidmanova, Eva Hrdlickova, Tana Koudelakova,
Jiri Damborsky, and Zbynek Prokop

Abstract Biodegradation of organic compounds by natural attenuation or
bioaugmentation is widely used for removal of unwanted chemicals from the envi-
ronment. The essential component of remediation technologies is monitoring of a
contaminant levels. Although the analytical methods of gas and liquid chromatog-
raphy are available, they are time-, labour- and resource-demanding, placing limita-
tions on the number of samples that can be analysed at a time. Furthermore, these
methods cannot be easily adapted for in situ measurements. Biosensors can be used
as an alternative or complement to these conventional techniques. Biosensors are
based on a biological component coupled to a transducer, which translates the inter-
action between an analyte and a biocomponent into a signal that can be processed.
Application of biosensors in monitoring of environmental contaminants is promis-
ing owing to their sensitivity, low costs, user-friendliness and adaptability for in situ
measurements. In this contribution, we describe development of haloalkane
dehalogenase-based biosensors and their application for detection of halogenated
hydrocarbons in the environmental samples.
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Abbreviations

CB Chlorobutane

CCMP  3-Chloro-2-(chloromethyl)-1-propene

DBA 1,2-Dibromoethane

DbjA Haloalkane dehalogenase from Bradyrhizobium japonicum USDA110
DCA 1,2-Dichloroethane

DhaA  Haloalkane dehalogenase from Rhodococcus rhodochrous NCIMB 13064
DhlA Haloalkane dehalogenase from Xanthobacter autotrophicus GJ10

EC Enzyme commission number

LED Light-emitting diode

LinB Haloalkane dehalogenase from Sphingobium japonicum UT26

MW Molecular weight

pl Isoelectric point

SD Standard deviation

TCP 1,2,3-Trichloropropane

8.1 Introduction

Biodegradation of organic compounds by natural attenuation or bioaugmentation is
widely used for removal of unwanted chemicals from the environment. The essen-
tial component of remediation technologies is monitoring of the contaminant levels
in the treated soil or groundwater. Analysis of the multiple samples collected at a
locality and transported to a laboratory has to be conducted to secure data describ-
ing the real situation in the heterogenous environment. Besides heterogeneity of
the soil and groundwater samples, also changes in pollutant concentration within
time complicate monitoring of the progress in remediation. Rigorous monitoring of
contamination at a locality using conventional analytical methods (Fig. 8.1) is
therefore very time-, labour- and resource-demanding. One possible solution to
this problem is development of online monitoring systems for continuous analysis
of the contaminants. Such a system should be robust, selective, sensitive, easily
operable and cheap, to allow sensing of the contaminants at many different loca-
tions for longer periods of time.

The tendency to carry out field monitoring has driven the development of bio-
sensors as the new analytical tools. They can be an alternative or a complement to
conventional techniques. Their application in environmental monitoring is very
promising owing to their sensitivity, low costs, user-friendliness and adaptability for
on-site field measurements. Biosensors are highly useful for monitoring of long-term
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Fig. 8.1 Schematic representation of environmental analysis using conventional analytical
methods (adapted from Jakubowska et al. 2009)
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Fig. 8.2 Schematic setup of a biosensor (adapted from Leonard et al. 2003)

changes in contaminant concentrations or preliminary screening of contamination
from landfills with inappropriate protective barriers, old sewers, sewage or industrial
effluents before applying more costly techniques (Allan et al. 2006). A biosensor is
a self-contained integrated device (Fig. 8.2) which is capable of providing specific
quantitative or semi-quantitative analytical information using a biorecognition ele-
ment which is retained in direct spatial contact with a transducer (Thévenot et al.
1999). The chemical compounds to be detected (target analytes) interact selectively
with the biorecognition element. This biocatalytic or bioaffinity reaction between the
analyte molecules and sensitive layer causes a change in the physicochemical prop-
erties of the layer, e.g., changes in mass or optical properties. The altered properties
are converted by the transducer to an electronic output signal, which is proportional
to the analyte concentration. The signal is amplified, processed and displayed as a
measurable signal, which is then evaluated using a computer system. Biosensors
should be distinguished from bioassays, where the transducer is not an integral part
of the analytical system (Leonard et al. 2003; Rodriguez-Mozaz et al. 2005; Thévenot
et al. 1999; Ziegler and Gopel 1998).

Biosensors have to be sensitive and selective for the analyte of interest (Table 8.1).
They also need to be cheap, simple to use and able to measure pollutants in complex
matrices with minimal sample preparation (Andreescu and Sadik 2004; Eltzov and
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Table 8.1 Comparison of conventional analytical methods and
biosensors for detection of environmental pollutants

Characteristics Conventional methods  Biosensors

Sample pretreatment -
Sensitivity +
Selectivity +
Time consumption -
Costs -
Measurement mode
Requirement on personnel — +

+ o+ + WK+

+

+ advantage, — disadvantage, + limitation (Dennison and Turner
1995; Rodriguez-Mozaz et al. 2007)

Marks 2011). Other advantages offered by biosensors over conventional analytical
techniques are fast response time, continuous signal providing a real-time monitor-
ing data, the possibility of miniaturization and portability; permitting their use as
field devices working on-site. In addition to determining specific chemicals, some
particular biosensors offer the measurement of biological effects of pollutants due
to their biological base (Dennison and Turner 1995; Rodriguez-Mozaz et al. 2006,
2007). Despite of their clear advantages, the development of a successful biosensor
has encountered several problems, e.g., limited lifetime and reproducibility, which
are affected by the sensitive nature of the biorecognition element (Andreescu and
Sadik 2004; Karube and Nomura 2000; Wanekaya et al. 2008). Further drawback is
also the limited selectivity in differentiating among compounds of similar classes
(Rodriguez-Mozaz et al. 2006).

8.2 Enzymatic Biosensors

One of the largest group of potentially harmful pollutants are halogenated hydrocar-
bons, mainly as a result of their extensive use in agriculture and industry. These
compounds belong to prevalent groundwater contaminants and are significant com-
ponents of hazardous wastes and landfill leachates. Since halogenated hydrocarbons
are very resistant to degradation and have adverse health effects, their accurate
monitoring in the environment is necessary.

Several biosensing systems for the detection of halogenated hydrocarbons have
been reported. These biosensors are catalytic, utilizing microorganisms or purified
enzymes as the biorecognition elements (Table 8.2). The whole-cell biosensors with
microorganisms producing enzymes offer advantages of simple preparation, pres-
ence of all co-factors and enzymes involved in a multistep reaction in a single cell.
Whole cells are also more tolerant to a significant change in pH, temperature or
ionic concentration than purified enzymes. The major limitations for the use of
whole cells are long response times due to mass transfer of an analyte and a product
and lower specificity than enzymatic biosensors (D’Souza 2001; Orellana and
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Table 8.2 Comparison of whole cells and purified enzymes as the biorecognition elements in the
biosensors (D’Souza 2001; Mehrvar et al. 2000; Orellana and Haigh 2008; Rogers 2006; Wang and
Liu 2010)

Properties Whole cells Purified enzymes

Preparation Simple culturing and harvesting Tedious, time-consuming and
costly purification
Changes of catalytic Modification by genetic engineering, Modification by genetic

properties adaptation to adverse conditions engineering
Requirement of Presence of all needed co-factors in ~ Need of extra co-factors
co-factors single cell
Multianalyte detection Presence of all enzymes in single Immobilization of enzyme
cell mixture on transducer
Sensitivity Low due to lower concentration of ~ High
enzyme
Selectivity Low due to unwanted side reactions  High
Response time Long due to need for cell membrane Fast
crossing
Lifetime Long due to stabilization of enzymes Limited due to low stability of
inside cell enzymes
Regeneration Allowing re-growth of cells Immobilization of fresh enzymes

Haigh 2008; Rogers 2006). They also need more time to return to the baseline level
after the use (Wang and Liu 2010). The enzymatic biosensors possess several advan-
tages, e.g., high selectivity and ability to modify catalytic properties or substrate
specificity by means of genetic engineering (Rogers 1995, 2006). However, enzyme
purification is time-consuming and expensive process, which is the main limitation
of this type of biosensors (D’Souza 2001; Lei et al. 2006; Orellana and Haigh 2008).
Other disadvantages can be lower stability and requirement for soluble co-factors
(Lei et al. 2006; Mehrvar et al. 2000).

Dehalogenating enzymes with the potential for application in the biosensors for
halogenated pollutants are able to cleave carbon-halogen bonds by using distinct
catalytic mechanisms. These enzymes may or may not use co-factors for their activ-
ity. During dehalogenation, the halogen substituent is often replaced by a hydrogen
atom or a hydroxyl group. Seven principal mechanisms have been described for
enzymatic cleavage of the carbon-halogen bonds: (1) reductive dehalogenation, (2)
oxidative dehalogenation, (3) hydrolytic dehalogenation, (4) thiolytic dehalogena-
tion, (5) intramolecular nucleophilic substitution, (6) dehydrodehalogenation and
(7) hydration (Fetzner 1998; Fetzner and Lingens 1994; Janssen et al. 1994, 2005).
Halogenated aliphatic hydrocarbons can be converted by haloalkane dehalogenases
(EC 3.8.1.5), haloacid and chloroacrylic acid dehalogenases (EC 3.8.1.2 and 3.8.1.-)
and three lyases: haloalcohol dehalogenases (EC 4.5.1.-), dechlorinases (EC 4.5.1.-)
and glutathione-dependent dichloromethane dehalogenases (EC 4.5.1.3).

Several bioassays and biosensors for the detection of halogenated aliphatic
hydrocarbons have been described in the scientific literature. They are based on
whole microbial cells containing haloalkane dehalogenases (Campbell et al. 2006;
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Hutter et al. 1995; Peter et al. 1996, 1997; Reardon et al. 2009) and haloacid deha-
logenases (Bachas-Daunert et al. 2009; Maliszewska and Wilk 2008). The haloal-
kane dehalogenases represent an attractive biorecognition element due to
co-factor-free hydrolytic mechanism, leading to products easily detectable electro-
chemically or optically. In addition, haloalkane dehalogenases exhibit a broad
substrate specificity, enabling detection of many significant environmental pollut-
ants, e.g., metabolites of y-hexachlorocyclohexane and/or f-hexachlorocyclohexane,
1,2-dichloroethane, 1,2-dibromoethane and 1,2,3-trichloropropane. Properties of
haloalkane dehalogenases and methods for their immobilization are described in
the Sects. 8.2.1 and 8.2.2. Sensing principle for the detection of dehalogenation
products and analytical performance of current haloalkane dehalogenase-based
biosensors are introduced in the Sects. 8.2.3 and 8.2.4.

8.2.1 Haloalkane Dehalogenases

Haloalkane dehalogenases are hydrolytic enzymes able to catalyse cleavage of a
carbon-halogen bond in a wide range of halogenated aliphatic hydrocarbons via
mechanism of nucleophilic substitution, followed by the nucleophilic addition of
water. Products of the reaction are a corresponding alcohol, a halide and a proton
(Janssen 2004). Except of biosensing of halogenated hydrocarbons (Bidmanova
et al. 2010a, b; Campbell et al. 2006; Hutter et al. 1995; Peter et al. 1996, 1997,
Reardon et al. 2009), variety of environmental applications have been described for
haloalkane dehalogenases, including by-product recycling and bioremediation of
contaminated sites (Koudelakova et al. 2013; Lal et al. 2010; Mena-Benitez et al.
2008; Stucki and Thiier 1995; Swanson 1999). Haloalkane dehalogenases were fur-
ther applied for detoxification of chemical warfare agents (Blum and Richardt 2008;
Prokop et al. 2005, 2006), synthesis of chiral intermediates for pharmaceutical use
(Prokop et al. 2004, 2010; Szymarnski et al. 2011; Westerbeek et al. 2011) and
molecular imaging (Hong et al. 2011; Los et al. 2008; Taniguchi and Kawakami
2010; Zhang et al. 2006). Some of these applications have been commercialized by
the companies BMG Engineering (www.bmgeng.ch), Enantis (www.enantis.com),
OptiEnz (www.optienz.com), Promega (www.promega.com) and Photon System
Instruments (WwWw.psi.cz).

During the past two decades, 16 different haloalkane dehalogenases have been
identified and biochemically characterized (Drienovska et al. 2012; Hasan et al.
2011; Jesenska et al. 2000, 2005, 2009; Keuning et al. 1985; Nagata et al. 1997,
Poelarends et al. 1998; Sallis et al. 1990; Sato et al. 2005; Scholtz et al. 1987;
Yokota et al. 1987). They have been originally isolated from bacterial strains living
in a soil contaminated with halogenated compounds (Keuning et al. 1985; Nagata
et al. 1997; Poelarends et al. 1998; Sallis et al. 1990; Scholtz et al. 1987; Yokota
et al. 1987), later also from pathogenic (Hasan et al. 2011; Jesenska et al. 2000,
2005) and symbiotic bacteria (Sato et al. 2005). Recently, the haloalkane dehaloge-
nase originating from extremophilic bacteria has been described and experimentally
characterized (Drienovska et al. 2012).


http://www.bmgeng.ch/
http://www.enantis.com/
http://www.optienz.com/
http://www.promega.com/
http://www.psi.cz/
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Substrate specificity, catalytic efficiency and stability of haloalkane dehalogenases
are important parameters to be considered for their practical applications, including
design of catalytic biosensors. These enzymes possess broad substrate specificity.
They are able to convert chlorinated, brominated and iodinated aliphatic hydrocar-
bons including alkanes, cycloalkanes, alkenes, alcohols, esters, carboxylic acids,
ethers, epoxides, nitriles and amides (Damborsky et al. 2001; Koudelakova et al.
2011). Compounds carrying more than one halogen on a single carbon, fluorinated
or aromatic are not converted (Damborsky et al. 2001). Halogenated compounds
1-bromobutane, 1-iodopropane, 1-iodobutane, 1,2-dibromoethane and 4-bromobu-
tanenitrile are the most general substrates, which are converted by overwhelming
majority of haloalkane dehalogenases. On the other hand, 1,2-dichloropropane,
1,2,3-trichloropropane, chlorocyclohexane and (bromomethyl)cyclohexane were
identified as poor substrates of haloalkane dehalogenases (Koudelakova et al. 2011).
Nevertheless, the substrate range as well as the rate of conversion of individual
substrates differs among haloalkane dehalogenases (Damborsky et al. 2001;
Kmunicek et al. 2005; Sato et al. 2005).

Catalytic efficiencies of haloalkane dehalogenases are in the range from 10* to
10° M s7! with their best substrates (Bosma et al. 2003; Chaloupkova et al. 2003;
Pavlova et al. 2009; Schanstra et al. 1996). Even though these numbers are far from
the theoretically maximal value 10% to 10° M~ s7! of diffusion-limited enzymes,
they are close to the recently estimated median catalytic efficiency of an “average
enzyme” (Bar-Even et al. 2011). However, the catalytic efficiency with the anthro-
pogenic chlorinated substrates such as 1,2,3-trichloropropane is significantly lower,
which might be critical for the biosensor performance with these analytes.

Stability of haloalkane dehalogenases is a key factor for their application in bio-
sensing in different environmental conditions. The pH optimum of most haloalkane
dehalogenases lies between 8.0 and 9.2, the temperature optimum between 37 and
50 °C (Koudelakova et al. 2013). Activity of haloalkane dehalogenases is reduced
approximately five times at 20 °C, in comparison with the activity at 37 °C
(Bidmanova et al. unpublished data). Haloalkane dehalogenases, showing good
activity at lower temperatures, are attractive for biosensing and biodegradation,
since the performance of these enzymes is strongly dependent on conditions at an
application site. Therefore, isolation of haloalkane dehalogenases with different
temperature and pH preferences or their improvement by protein engineering and
immobilization is of interest for biosensing applications.

The haloalkane dehalogenases LinB (Nagata et al. 1993), DhlA (Keuning et al.
1985), DhaA (Kulakova et al. 1997) and DbjA (Sato et al. 2005) exhibiting the high-
est level of activity and ability to convert otherwise resistant compounds represent
useful biocatalysts and will be described here into detail (Table 8.3).

LinB enzyme was isolated from the bacterium Sphingobium japonicum UT26
(formerly Sphingomonas paucimobilis) that utilizes pesticide y-hexachlorocyclo-
hexane as the sole carbon and energy source under aerobic conditions. The natural
substrate of LinB is 1,3,4,6-tetrachloro-1,4-cyclohexadiene, the intermediate in bio-
degradation of y-hexachlorocyclohexane (Nagata et al. 1993). LinB exhibits the
broadest substrate specificity of all known haloalkane dehalogenases, preferring
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long-chain and fB-substituted haloalkanes (Nagata et al. 1997). Activity of LinB
towards chemical warfare agent sulphur mustard, bis(2-chloroethyl) sulphide, has
been recently reported (Prokop et al. 2005).

One of the best studied haloalkane dehalogenases to date is DhIA enzyme pro-
duced by the bacterium Xanthobacter autotrophicus GJ10 (Keuning et al. 1985).
This enzyme is involved in degradation pathway of 1,2-dichloroethane (Janssen
et al. 1989) which is toxic compound used in synthesis of vinyl chloride. DhlA
generally dehalogenates only small terminally halogenated aliphatic hydrocarbons
(Damborsky et al. 2001).

DhaA enzyme was isolated from the soil bacterium Rhodococcus rhodochrous
NCIMB 13064, utilizing 1-chloroalkanes as a sole carbon and energy source
(Kulakova et al. 1997). DhaA has been extensively studied due to its activity towards
1,2,3-trichloropropane, which is a harmful by-product in the manufacture of epi-
chlorohydrin (Bosma et al. 2003; Gray et al. 2001; Pavlova et al. 2009). DhaA
shows activity towards the chemical weapon sulphur mustard (Prokop et al. 2005).

More recently described DbjA enzyme originates from the symbiotic bacterium
Bradyrhizobium japonicum USDA110. DbjA can dehalogenate compounds with
chain lengths of up to ten carbon atoms with the optimum activity for compounds
with six or seven carbon atoms (Sato et al. 2005). Additionally, this enzyme exhibits
high catalytic activity for f-methylated haloalkanes (Chovancova et al. 2007).

Other haloalkane dehalogenases exhibit rather low dehalogenating activity
(Koudelakova et al. 2013) and therefore enhancement of their catalytic properties
by protein engineering or immobilization strategies is essential for practical appli-
cations. Additionally, identification and isolation of novel enzymes from extremo-
philic bacteria can provide biocatalysts possessing useful features for their
applications, including biosensing.

8.2.2 Immobilization of Haloalkane Dehalogenases

Immobilization of biorecognition elements on the transducer surface is a necessary
and critical step in the design of biosensors, strongly affecting their analytical per-
formances (Andreescu and Sadik 2004; Sassolas et al. 2012). Therefore, an intensive
effort has been devoted to development of successful immobilization strategies for
haloalkane dehalogenases. A good immobilization method should be simple, fast
and gentle (Biran et al. 2008). Immobilized elements have to remain tightly bound
to the surface and should not be desorbed during the use. There are five common
methods of immobilization (Fig. 8.3, Table 8.4): (1) entrapment, (2) adsorption, (3)
covalent binding, (4) cross-linking and (5) affinity binding (Sassolas et al. 2012).
Immobilization by entrapment is a simple method based on the fixation of bio-
catalysts, most frequently the microbial cells, within three-dimensional matrices
without direct binding to the support (Bickerstaff 1997). The biocatalysts and addi-
tives can be simultaneously deposited in the same sensing layer. There is no need
for modification of the biological element so that the function and activity are
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Fig. 8.3 Schematic representation of the basic immobilization methods (Sassolas et al. 2012)

preserved. Biosensors based on entrapped enzymes or cells are often characterized
by increased operational and storage stability. Major limitations of entrapment are
diffusion restrictions caused by the support. They can be minimized by increasing
the porosity of the matrix. On the other hand, entrapment often results in leaching
of the enzymes or the cells during continuous use, which can be remedied by cross-
linking (Mehrvar et al. 2000; Sassolas et al. 2012).

Adsorption onto solid supports is the simplest technique of immobilization
which involves reversible surface interactions between enzymes or cells and support
(Sharma et al. 2003). The adsorption mechanism is governed by weak bonds such
as Van der Waal’s forces, electrostatic and/or hydrophobic interactions between bio-
materials and support (Choi 2004), so no chemical activation is required. This pro-
cedure is generally non-destructive to the enzymes or the cells (Sassolas et al. 2012).
Adsorption is cheap, fast and reversible, allowing regeneration with fresh enzymes
or cells (Bickerstaff 1997; Lei et al. 2006). The most significant drawback of this
technique is desorption of the element resulting from changes in temperature, pH
and ionic strength (Choi 2004; Sassolas et al. 2012). Thus, biosensors based on
adsorbed biocatalysts suffer from poor operational and storage stability (Sassolas
etal. 2012). Another disadvantage is the non-specific adsorption of other proteins or
substances (Bickerstaff 1997; Choi 2004).

Covalent binding is popular immobilization method for the enzymes, while it is
not suitable for the microbial cells due to affecting cell viability by harsh conditions
during the immobilization (D’Souza 2001). This method is based on binding of the
biocatalysts to the surface through functional groups that they contain and that are
not essential for their catalytic activity. The binding of enzymes to the solid support
is generally carried out by initial activation of the surface using multifunctional
reagents, followed by enzyme coupling to the activated support, then the removal of
excess and unbound molecules (Sassolas et al. 2012). This technique is more per-
manent than the adsorption and avoids problems of protein leaching from the sup-
port. One drawback of this technique is that covalent binding might cause changes
in the enzyme conformation resulting in lower activity (Lei et al. 2000).

Cross-linking is another well-known approach to develop biosensors which uti-
lizes intermolecular cross-linking of proteins using glutaraldehyde or other cross-
linking reagents (Mateo et al. 2004). The enzyme molecules can be either
cross-linked with each other or in the presence of a functionally inert protein, e.g.,
bovine serum albumin. This method is attractive due to its simplicity and achieved
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strong chemical binding between the biomolecules. The main disadvantage is the
possibility of activity losses due to the distortion of the active enzyme conformation
and the chemical alterations of the active site during cross-linking (Sassolas et al.
2012). Cross-linking is rarely used as the only means of immobilization because the
absence of mechanical properties and the poor stability are severe limitations. This
technique is most often used to enhance other immobilization methods, mainly
adsorption and entrapment (Bickerstaff 1997).

Affinity binding can provide oriented and site-specific immobilization of enzymes
in order to avoid enzyme deactivation by the active site blocking (Campas et al.
2009; Sassolas et al. 2012). Affinity bonds are created between an activated support,
e.g., with avidin or metal chelates, and a specific group of protein sequence, e.g.,
biotin or histidine (Sassolas et al. 2012). An enzyme can contain affinity tags in its
sequence or the affinity tag needs to be attached to the protein sequence by genetic
engineering methods (Campas et al. 2009; Andreescu and Marty 2006). This method
might be also useful for immobilization of cells.

All aforementioned strategies were investigated for immobilization of haloal-
kane dehalogenases in the cells or in a purified form (Bidmanova et al. 2010a;
Campbell et al. 2006; Dravis et al. 2001; Hutter et al. 1995; Johnson et al. 2008;
Peter et al. 1996, 1997; Reardon et al. 2009; Samorski 2008). Some of them were
also applied to the development of biosensors for detection of halogenated aliphatic
hydrocarbons. Two previous reports described covalent binding of DhaA onto
Eupergit (Samorski 2008) and alumina support impregnated by polyethyleneimine
(Dravis et al. 2001). Combination of affinity and covalent binding was used for
immobilization of DhlA on iron oxide nanoparticles (Johnson et al. 2008). Whole
microbial cells, containing haloalkane dehalogenases, were entrapped in alginate
and chitosan gel and used in a form of beads or layer coating the transducer
(Campbell et al. 2006; Hutter et al. 1995; Peter et al. 1996, 1997; Reardon et al.
2009). Purified haloalkane dehalogenase used in the optical biosensor was pre-
immobilized by adsorption and then cross-linked with glutaraldehyde (Bidmanova
et al. 2010a). In this case, cross-linking of LinB was favourable due to the highest
activity retention and negligible leaching, unlike the entrapment and the combina-
tion of entrapment and cross-linking.

8.2.3 Sensing Principle of Biosensors with Haloalkane
Dehalogenases

Upon addition of a halogenated compound to haloalkane dehalogenases immo-
bilized in a purified form or inside the cells, the interaction between enzyme and
target analyte can be detected by a number of analytical techniques using appro-
priate transducers. The measured signal should be correlated with the concen-
tration of the analytes (Su et al. 2011). Among various sensing methods,
electrochemical and optical techniques are most widely used in the development
of catalytic biosensors (Rodriguez-Mozaz et al. 2004; Su et al. 2011) and were
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also reported for the detection of products of dehalogenase reaction (Bidmanova
et al. 2010a; Campbell et al. 2006; Hutter et al. 1995; Peter et al. 1996, 1997,
Reardon et al. 2009).

Detection of halogenated aliphatic hydrocarbons based on potentiometry as one
of several electrochemical approaches was described by Hutter et al. (1995) and
Peter et al. (1996, 1997). The authors used chloride and bromide electrodes with an
ion-selective AgX/AgS membrane in combination with the Ag/AgCl reference
electrode. The electrodes were interfaced with the pH-ionometer (Hutter et al.
1995). Firstly, they developed a bioassay based on the aforementioned ion-selective
electrode and polymer beads with entrapped microbial cells containing haloalkane
dehalogenases (Hutter et al. 1995). This sensing design was adapted in the compact
biosensor by coating the working electrode with an immobilized microbial layer.
Whole cells containing haloalkane dehalogenases had minimal influence on halide
ions in measurement solution, however, the enzymatically formed chloride or bro-
mide ions generated the change in the potential resulting from ion accumulation at
the ion-selective membrane interface. Potential difference between the working
electrode and the reference electrode exhibited concentration-dependent behaviour
(Peter et al. 1996).

Although the potentiometric biosensor employing haloalkane dehalogenase
(Peter et al. 1996) was only partially characterized and effect of some factors, e.g.,
buffering capacity or presence of other chemicals, was not studied, application of
potentiometry can be advantageous for environmental analysis. In general, potenti-
ometric systems exhibit a wide detection range, high sensitivity and selectivity due
to the ion-selective working electrode. However, a highly stable and accurate refer-
ence electrode is always required (Griffiths and Hall 1993; Su et al. 2011).
Significantly, an ion-selective potentiometric biosensor only requires measurement
of the electrode potential at near zero current, thereby simple and inexpensive
instrumentation can be applied for potential field monitoring. Desirable features of
potentiometric biosensors for environmental analysis are also possibility of porta-
bility and miniaturization (Dennison and Turner 1995; Thévenot et al. 1999).
However, this electroanalytical technique is confronted with a wide range of poten-
tial problems coming from complex environmental samples: (1) electrode fouling
resulting in erroneous response characteristics, (2) electrode drift leading to poor
reproducibility, (3) electrode dissolution causing a high surface excess of analyte
that degrades the detection limit of the ion-selective electrode and (4) electrode
instability resulting in the response characteristics which are erratic and non-
representative (De Marco et al. 2007).

Biosensors for optical detection of halogenated aliphatic hydrocarbons were
firstly described by Campbell et al. (2006) and Reardon et al. (2009). Their sensing
concept utilized immobilized whole microbial cells containing haloalkane deha-
logenase on the optical transducer. The first biosensor exploiting purified haloal-
kane dehalogenase has been recently reported by Bidmanova et al. (2010a). All
mentioned systems (Bidmanova et al. 2010a; Campbell et al. 2006; Reardon et al.
2009) were based on the measurement of optical signal changes produced in depen-
dence on the concentration of protons as products of dehalogenase reaction.
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Fig. 8.4 Schematic of optical biosensor system including enlarged view of the biosensor tip. LED
light-emitting diode (adapted from Campbell et al. 2006)

Reported biosensors consisted of an pH optode and optoelectronic instrumen-
tation: light source, light detector and signal processing (Fig. 8.4). The optode was
constructed by immobilization of a fluorescent pH indicator on an optical fibre,
which was used to couple light between the indicator and the measuremet instru-
mentation. The light from the halogen lamp or light-emitting diode (LED) was
filtered to select narrow band of wavelengths at excitation maximum of the indica-
tor. After reflection on a dichroic mirror, the light was introduced into polymeth-
ylmethacrylate optical fibre to excite the immobilized indicator on a tip. Emitted
light was collected and transmitted by a fibre to a dichroic mirror which reflected
the long-wavelength light and passed shorter wavelengths. The light directed into
a photomultiplier was then transformed into an electrical signal (Bidmanova et al.
2010a; Campbell et al. 2006; Reardon et al. 2009).

These first prototypes of the biosensor systems provided space for optimization.
The most recent biosensor called EnviroPen was developed in collaboration among
Loschmidt Laboratories at Masaryk University (www.muni.cz), Enantis (www.
enantis.com) and Photon System Instruments (www.psi.cz). The EnviroPen follows
the original sensing concept. However, its optoelectronic instrumentation part was
fine-tuned to be more sensitive and simultaneously simple, miniature and inexpen-
sive (Fig. 8.5). Photomultiplier in this instrument was replaced by photodiode and
optical fibre was replaced by the plastic stick.

Selection of an indicator dye for the pH optode is a critical step in biosensor
development. Although many pH indicators are known, only a few meet the require-
ments for the use in a pH optode. They should possess an appropriate pK, in the pH
range of interest, strong absorption within the wavelength range from 400 to 700 nm,
photo and chemical stability, non-toxicity, availability of functional groups suitable
for immobilization and high quantum yield (Leiner and Hartmann 1993). Indicator
dyes which were applied in the biosensors with haloalkane dehalogenases (Fig. 8.6)
were (1) fluoresceinamine, (2) 5(6)-carboxyfluorescein and (3) 5(6)-carboxynaph-
thofluorescein (Bidmanova et al. 2010a; Campbell et al. 2006; Reardon et al. 2009).
These molecules undergo reversible changes in their fluorescent intensity upon
reaction with protons (Leiner and Hartmann 1993). Although they all belong to the
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Fig. 8.5 Optical biosensors employing purified haloalkane dehalogenase: (a) instrumentation of
the first biosensor prototype (25x7x25 cm, Bidmanova et al. 2010a) and (b) the fine-tuned and
miniaturized latest version of the biosensor EnviroPen (6 X3 x 19 cm, www.enantis.com)

HOOC

Fig. 8.6 Structure of fluorescent pH indicators used in optical biosensors employing haloalkane deha-
logenases: (a) fluoresceinamine, (b) 5(6)-carboxyfluorescein and (c) 5(6)-carboxynaphthofluorescein

derivatives of fluorescein, they differ in their properties, e.g., pK, value, excitation
and emission wavelength, the Stokes shift and quantum yield (Bidmanova et al.
2012; Duong et al. 2006). They also possess different functional groups for the
immobilization to ensure close proximity with the optical transducer.
Immobilization method has significant impact on mechanical integrity and
response characteristics of the constructed biosensor. Generally, the same immobi-
lization strategies as described for the biorecognition element are applicable for the
indicator molecules. Fluoresceinamine in biosensors developed by Campbell et al.
(2006) and Reardon et al. (2009) was immobilized on the tip of optical fibre by
cross-linking with glutaraldehyde. The microbial cells containing haloalkane deha-
logenases were immobilized subsequently on the prepared sensing layer. More con-
venient approach is co-immobilization of biorecognition element and indicator dye
by a single immobilization method, which is suitable for both sensing elements
(Biran et al. 2008). Cross-linking with glutaraldehyde was used by Bidmanova et al.
(2010a) to prepare a biosensor tip formed by one sensitive layer of the purified halo-
alkane dehalogenase and the conjugate of fluorescent pH indicator with bovine
serum albumin. The microenvironment resulting from the sensing layer usually
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affects the properties of a pH indicator. In particular, shifts of several units in pK,
value can be observed (Duong et al. 2006; Lobnik et al. 1998; Schulman et al. 1995;
Wencel et al. 2009). Furthermore, response time or photostability of immobilized
indicator may be altered due to different diffusion rates and hydrophobicities
(Lobnik et al. 1998; Wolfbeis et al. 1992). Therefore, the immobilized conjugates of
5(6)-carboxyfluorescein and 5(6)-carboxynaphthofluorescein with bovine serum
albumin were characterized into detail (Bidmanova et al. 2012).

The optical biosensors employing haloalkane dehalogenases offer numerous
benefits for environmental monitoring. Optical systems can be easily miniaturized
(Farré et al. 2009) as it was demonstrated for the latest version of biosensor EnviroPen
(Fig. 8.5). These devices are cost-effective and thus can be fabricated as disposable
biosensors. Moreover, fibre-optic biosensors can be used for remote or hazardous
applications because light is transmitted over long distances in the fibre and the detec-
tor can be located at the distance from the sensor tip (Biran et al. 2008; Lin 2000;
Marazuela and Moreno-Bondi 2002). These biosensors do not require additional ref-
erence element, unlike potentiometric biosensors (Biran et al. 2008; Marazuela and
Moreno-Bondi 2002). Further advantage is transmission of multiple signals simulta-
neously, enabling detection of several analytes at a time (Farré et al. 2009; Marazuela
and Moreno-Bondi 2002). Such multichannel device for detection of environmental
contaminants including halogenated hydrocarbons has been recently developed by
the company OptiEnz (www.optienz.com). On the contrary, optical biosensors also
implicate certain limitations. They have a narrow dynamic range compared to the
electrodes (Lin 2000; Wolfbeis 2005), can be interfered by the sample turbidity, the
ambient light or the scattered excitation light. They offer limited operational lifetime
due to possible photobleaching or leaching of the indicator dye out of the biosensor
(Biran et al. 2008; Lin 2000; Marazuela and Moreno-Bondi 2002).

8.2.4 Performance of Biosensors with Haloalkane Dehalogenases

The developed biosensors employing haloalkane dehalogenases were characterized
by evaluation of their analytical parameters such as limit of detection, selectivity,
stability and reproducibility. Selected biosensors were also tested for functionality
under operating conditions. Characteristics of both potentiometric and optical sys-
tems are summarized in the Table 8.5 (Koudelakova et al. 2013).

Reported biosensors differ in the detection limit ranging from 1 to 25,000 pg L™
(Bidmanova et al. 2010a; Campbell et al. 2006; Peter et al. 1996; Reardon et al.
2009). Although such detection limits are sufficient for monitoring of contami-
nated sites, they would have to be lowered for the analysis of drinking water
(Reardon et al. 2009). The maximum contaminant limits of regulated chemicals
1,2-dibromoethane, 1,2-dichloroethane and y-hexachlorocyclohexane in drinking
water set by US EPA range from 0.05 to 5 pg L™ (United States Environmental
Protection Agency 2011). Improvement of the detection limit was successfully
demonstrated with the optical biosensor based on the purified enzyme LinB from
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Table 8.6 Comparison of the optical biosensors based on purified haloalkane dehalogenases
demonstrating a progress made from the first prototype to the fine-tuned and miniaturized biosensor

Properties Prototype EnviroPen
Chemical compatibility Aqueous solution® Aqueous solution®
Detection limits (pg L") 24,985 for DBA 2,630 for DBA
1,750 for CCMP 750 for CCMP
pH range = 4-10¢
Temperature range (°C) - 4-404
Measurement time (min)® 30 1
Storage Dry or wet conditions Dry or wet conditions
Size (cm) 25x7Tx25 6x3x19
Estimated manufacturing costs (€) 6,000 1,600

CCMP 3-chloro-2-(chloromethyl)-1-propene, DBA 1,2-dibromoethane

2Potential for gas biosensing

*Not tested

¢Retention of >60 % biosensor response

dRetention of >20 % biosensor response

¢Measurement time used for monitoring of enzymatic reaction and calculation of detection limit

Sphingobium japonicum UT26. The first prototype of the biosensor (Fig. 8.5a)
exhibited detection limit of 25,000 pg L™ for 1,2-dibromoethane (Bidmanova et al.
2010a). Systematic research and development led to construction of innovative
biosensor EnviroPen (Fig. 8.5b, Table 8.6) based on different indicator dye and fine-
tuned optoelectronics, lowering the detection limit by one order of magnitude,
reaching 2,600 pg L' (Hrdlickova et al. unpublished data). Further decrease of the
detection limit will require application of protein engineering to improve the cata-
lytic performance of employed enzymes (Campas et al. 2009).

Selectivity of a biosensor is determined by employed biorecognition element.
Individual haloalkane dehalogenases are not specific to the particular substrate due
to their wide substrate scope (Koudelakova et al. 2011). Limited selectivity of halo-
alkane dehalogenase-based biosensor can be improved through the protein engi-
neering or by using sensor arrays carrying the enzymes with different selectivities
(Reardon et al. 2009). Such strategy is applicable for the detection of
1,2-dichloroethane, which is converted only by DhlA (Janssen et al. 2005). Another
approach, enabling monitoring of a broad range of halogenated compounds, can be
based on combination of several haloalkane dehalogenases with different substrate
specificities in the multichannel device. This system might be very useful for pre-
liminary screening of potentially contaminated sites with analysis of the positive
samples by confirmatory analytical techniques.

Critical parameters of biosensors influencing their applicability are repro-
ducibility, measurement time and storage stability. All reported biosensors
employing both whole cells and purified enzyme exhibit standard deviation
lower than 10 %, even though this value is calculated from a different number
of measurements (Bidmanova et al. 2010a; Campbell et al. 2006; Peter et al.
1996; Reardon et al. 2009). The time necessary for monitoring of biosensor
response is up to 30 min in the most of the reported biosensors. This is
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acceptable for the long-term monitoring; however, mapping of contamination
favours collection of the data more rapidly (Allan et al. 2006). Improvement of
the instrumentation and modification of data analysis led to remarkable reduc-
tion of the measurement time from 30 to 1 min (Table 8.6). Important issue is
also the storage stability of the biosensors. Current biosensors are stored at 4 °C
in buffer solution (Campbell et al. 2006; Reardon et al. 2009) or in a dry form
(Peter et al. 1996); however, their stability is limited. Storage stability can be
improved by lyophilization (Cao 2005).

Biosensor performance, mainly enzymatic reaction in biosensor, is strongly
affected by the properties of the application site, particularly by temperature and
pH. Average temperature of a groundwater in Central Europe is approximately
9.5 °C (Pitter 2009). Temperature of surface water is strongly dependent on the
climatic conditions and ranges from 0 °C under ice to 40 °C in the hot springs. The
average annual temperature of Central European rivers is approximately 10 °C;
however, the temperature strongly varies throughout the year (Pitter 2009). The
most common pH is 6.5 to 8.5 for surface water (Hem 1985) and 6.0 to 8.5 for
groundwater systems (Hem 1985; Jordana and Piera 2004). However, acidification
caused by industry can lead to pH values lower than 5.5 (Scheidleder et al. 1999).
Majority of reported biosensors are able to cover the common pH range of waters
(Hrdlickova et al. unpublished data, Peter et al. 1996; Reardon et al. 2009); how-
ever, broad temperature diversity might be an obstacle. The biosensors perform well
in the temperature range from 20 to 30 °C, retaining minimally 80 % of their
response (Bidmanova et al. 2010a; Campbell et al. 2006; Peter et al. 1996; Reardon
et al. 2009). The optical biosensors utilizing purified haloalkane dehalogenases
LinB and DhaA31 are also able to detect halogenated chemicals down to 5 °C.
Application of novel haloalkane dehalogenases from extreme environments, active
at lower temperature and pH, would be an advantage for preparation of the biosen-
sors suitable for variety of environments.

While monitoring contaminants in the environment, the evaluation of potential
matrix effects on biosensor performance is of great importance. Environmental sam-
ples are usually comprised of extremely complex and variable mixtures of proteins,
carbohydrates, lipids, small molecules and salts, which may lead to false positive or
false negative results (Long et al. 2009). The potential matrix effect of environmen-
tal water samples (Fig. 8.7) was evaluated with the biosensor employing purified
haloalkane dehalogenase LinB (Fig. 8.8). The detection limit for the water samples
spiked with 1,2-dibromoethane was 64,000 pg L', which was slightly higher, com-
pared to the detection limit in the buffer solution (25,000 pg L™).

8.3 Conclusions

The biosensors employing haloalkane dehalogenases have been demonstrated
as fast, reliable, simple and cost-effective tools for detection of halogenated
aliphatic hydrocarbons under laboratory conditions. The field trials under
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Fig. 8.7 Environmental water samples collected from the landfill site Hajek in Czech Republic.
Samples were spiked with 1,2-dibromoethane and analysed using the haloalkane dehalogenase-
based biosensor
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Fig. 8.8 Calibration plot of the dehalogenase-based biosensor for 1,2-dibromoethane (a) in buffer
solution and (b) in spiked water sample collected from landfill site. Error bars represent three to
five independent measurements (Bidmanova et al. 2010a, b, Hrdlickova et al. unpublished data)

environmental settings are currently in progress. On the basis of reported features,
good perspectives are given to the optimized systems in both field screening and
field monitoring. Applications of the biosensors for screening based on high-
throughput analyses may include spatial and temporal characterization of specific
halogenated contaminants, e.g., identification of hot spots in the contaminated
site or concentration changes of a contaminant on a short timescale. Developed
systems are also particularly suited for continuous in situ monitoring, where
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sample removal is inconvenient, difficult or dangerous. Specific examples might
include in situ monitoring of a process control stream to determine the efficiency
of hazardous waste site remediation, monitoring an agricultural run-off during a
peak application periods or continuous monitoring of wells to determine whether
concentrations of an analyte of interest during remediation procedure or after the
site closure are in compliance.
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Chapter 9
Structure and Function of Aromatic-Ring
Hydroxylating Dioxygenase System

Kengo Inoue and Hideaki Nojiri

Abstract A wide variety of aromatic compounds are aerobically degraded by
bacteria. Aromatic-ring hydroxylation is one of the most common initial degrada-
tion step and thus is an essential catalytic reaction for aromatic-ring degradation by
bacteria in nature. Most of the cases, the hydroxylation is catalyzed by an oxygenase
family known as Rieske nonheme iron (di)oxygenase or Rieske oxygenase (RO).
ROs catalyze a broad range of aromatic-ring compounds including mono- and poly-
cyclic aromatic and hetero-aromatic compounds. ROs are composed of terminal
oxygenase and electron transfer components. The terminal oxygenase component
has Rieske [2Fe-2S] cluster as a redox center for receive electrons from the electron
transfer component(s) and mononuclear iron as a catalytic site for dioxygen activa-
tion. In addition to genetic and biochemical studies, their crystal structures have
been extensively studied recently. To date (11/7/2012), the structures of 15 different
terminal oxygenases and 11 electron transfer components have been determined and
deposited to Protein Data Bank (76 structures including their variants in total).

This chapter will address structures and functions of aromatic-ring hydroxylat-
ing dioxygenases. The overviews of ROs (Sect.9.1) and overall structure of ROs
containing their electron transfer components (Sect.9.2), inter- and intramolecular
electron transfer in ROs (Sect.9.3), catalytic mechanism (Sect.9.4), and substrate
specificity and enzyme engineering (Sect.9.5) are reviewed.
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9.1 Aromatic-Ring Hydroxylating Dioxygenases

Aromatic compounds are widely distributed and abundant organic compounds in
nature. They are derived from aromatic amino acids, lignin components, flavonoids,
quinones, crude oils, etc. Some of the toxic xenobiotics, such as dioxins, polychlori-
nated biphenyls, and nitroaromatics, also contain aromatic ring(s). Aromatic com-
pounds are utilized by microorganisms as the carbon source and/or electron donor for
respiration. Bacterial aerobic metabolism of aromatic compounds has been exten-
sively studied for their applications of bioremediation and chemical and pharmaceuti-
cal industries. Initial reaction of aromatic-ring degradation is generally dihydroxylation
by Rieske nonheme iron dioxygenase (RO) to yield cis-dihydrodiols and derivatives
with strict stereo- and regio-specificity (Boyd and Sheldrake 1998; Gibson and Parales
2000; Ullrich and Hofrichter 2007). ROs catalyze not only dioxygenation but also
monooxygenation, sulfoxidation, denitrification, and demethylation (Fig. 9.1)
(Rosche et al. 1995; Herman et al. 2005; Nojiri 2012). In contrast to bacterial ROs,
less numbers of these family enzymes in higher organisms are found, but known ROs
in plants and insects play essential roles in biological processes, such as chlorophyll
metabolism, cell death, development, and cholesterol metabolism (Gray et al. 1997;
Tanaka et al. 1998; Yoshiyama et al. 2006; Yoshiyama-Yanagawa et al. 2011). Among
the ROs, relatively simple compounds, such as naphthalene and biphenyl, are the sub-
strates for the best-studied RO members. In these ROs, enzymatic mechanisms based
three-dimensional structures are understood in detail.

9.2 RO Structures

9.2.1 C(lassification

ROs are composed of terminal oxygenase and electron transfer components.
Oxygenation reaction is catalyzed by the terminal oxygenase component and two
electrons are required for the reaction (Wolfe et al. 2001). Electron transfer compo-
nents transfer the electrons from NAD(P)H to terminal oxygenase component.
Electron transfer components are only reductase or ferredoxin and ferredoxin
reductase (Table 9.1). All the components contain redox center(s) for storage of
electrons. According to Batie’s classification system, ROs are divided into five
groups by their component numbers and prosthetic groups (Table 9.1) (Batie et al.
1991). In class I ROs, the electron transfer component is only reductase which
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Table 9.1 ROs classification by electron transfer components
[modified classification by Batie et al. (1991)]

Prosthetic group(s)*

Class Oxygenase Ferredoxin Reductase

1A [2Fe-2S]g Fe** - FMN [2Fe-2S1p
IB [2Fe-2S]g Fe** - FAD [2Fe-2S]p
A [2Fe-2S]g Fe* [2Fe-2S]p, FAD

1IB [2Fe-2S]y Fe* [2Fe-2S]x FAD

1IC [2Fe-2S] Fe** [3Fe-4S] FAD

111 [2Fe-2S]g Fe** [2Fe-2S]x FDA [2Fe-2S]p

i[2Fe-2S]z Rieske-type [2Fe-2S] cluster, [2Fe:2S], plant-type
[2Fe-2S] cluster, [2Fe-2S]p, putidaredoxin-type [2Fe-2S] cluster

contains FMN (class IA) or FAD (class IB) and plant-type [2Fe-2S] cluster as the
cofactors. The reductase component possesses NAD(P)H binding site for transfer-
ring electrons from NAD(P)H to terminal oxygenase via FMN or FAD and the
plant-type [2Fe-2S] cluster. ROs in class II have two electron transfer components,
ferredoxin and ferredoxin reductase. The ferredoxin reductase in class II has only
FAD as a cofactor. Ferredoxin components in class ITA and IIB have putidaredoxin-
type [2Fe-2S] cluster and Rieske-type [2Fe-2S] cluster, respectively. The [2Fe-2S]
cluster of putidaredoxin-type ferredoxin is coordinated by four cysteine residues,
whereas that of Rieske-type ferredoxin is coordinated by two cysteine and two his-
tidine residues. There are few examples of RO systems with [3Fe-4S]-type ferre-
doxin as the electron transfer component (Martin and Mohn 1999; Kim et al. 2006;
Takagi et al. 2005). However, so far, they have not been classified into any class in
Batie’s classification. Therefore, here we propose “class IIC” into which ROs with
[3Fe-4S]-type ferredoxin as the examples are classified (Table 9.1). Class III ROs
have both ferredoxin reductase and ferredoxin component as well as class II ROs,
but the ferredoxin reductase component contains plant-type [2Fe-2S] cluster and the
FAD cofactor similarly to the reductase component of class IB ROs.

9.2.2 Terminal Oxygenase Component

Terminal oxygenase in RO has Rieske-type [2Fe-2S] cluster and mononuclear non-
heme iron. Crystal structures of naphthalene dioxygenase, biphenyl dioxygenase,
carbazole dioxygenase, nitrobenzene dioxygenase, dicamba monooxygenase,
2-oxoquinoline 8-monooxygenase, toluene dioxygenase, cumene dioxygenase, and
polycyclic hydrocarbon dioxygenase have been determined (Table 9.2). Terminal
oxygenase component is usually an a3 or ozf; subunit configuration (Fig. 9.2). The
terminal oxygenase component of naphthalene dioxygenase (NDO) is the first
example of terminal oxygenase structure of ROs (Kauppi et al. 1998). The terminal
oxygenase of NDO is o;p; configuration and resembles shape of mushroom. The
height of the mushroom is 75 A and the diameters of the cap and stem are 102 A and
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Ferredoxi ¥, , Terminal oxygenase(o.,B,)

NAD(P)*

NAD(P)H + H*

Ferredoxin reductase

Fig. 9.2 Overall structures of Rieske oxygenase components. The iron atom, sulfur atom, FAD,
and carbazole are shown in brown sphere, yellow sphere, yellow sticks, and yellow and blue sticks
(imino nitrogen), respectively. (a) The terminal oxygenase component with a; configuration (blue;
PDB entry code: 2DE7), ferredoxin (red; PDB entry code: 1VCK), and ferredoxin reductase
(orange; unpublished) of carbazole 1,9a-dioxygenase. Schematic electron transfer is also pre-
sented. Magnified view of the substrate-binding pocket is shown in the in set. (b) The terminal
oxygenase of naphthalene dioxygenase with a;f; configuration (PDB entry code: INDO). The o
and f subunits of the terminal oxygenase component are colored in blue and green, respectively

50 A, respectively. The terminal oxygenase component of carbazole dioxygenase
(CARDO) and 2-oxoquinoline 8-monooxygenase are the first examples of RO
which have o; configuration (Nojiri et al. 2005; Martins et al. 2005). The terminal
oxygenase of CARDO is a doughnut shape with 100 A in diameter, a central hole in
30 A, and 45 A thickness. Both of the redox centers (Rieske [2Fe-2S] cluster and
mononuclear nonheme iron) and substrate-binding site are in the a-subunit. The
B-subunit is thought to have a structural role in the holoenzyme but, in biphenyl
dioxygenase (BDO) from Pandoraea pnomenusa (formerly Comamonas testoster-
oni) strain B-356, the B-subunit influences substrate specificity (Hurtubise et al.
1998). The a-subunit is consist of two domains, Rieske and catalytic domains. One
iron (Fe,) of the Rieske cluster is coordinated by two cysteine residues and the other
iron (Fe,) is coordinated by two histidine residues. Two inorganic sulfide ions bridge
the two iron ions, forming a flat rhombic arrangement. This domain of ROs is simi-
lar to the Rieske iron-sulfur protein of the cytochrome bc; complex in the electron
transport chain for ATP generation (Iwata et al. 1996) and chloroplast bsf complex
(Carrell et al. 1997). The Rieske domain of terminal oxygenase component is likely
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to be derived from a common ancestral Rieske protein with these Rieske proteins
because of their similarities. The distance between the Rieske center and the mono-
nuclear iron within a single a subunit is further from the distance between the
Rieske center and the iron in a neighboring o subunit. Therefore, electrons are
thought to transfer from a Rieske center to a mononuclear iron in the neighboring a
subunit (Fig. 9.2). The catalytic domain of RO is dominated by a stranded antiparal-
lel pB-sheet which extends into the middle of the domain. One side of the large
[-sheet is covered with a-helices that contain ligands, an aspartate, and two histi-
dines, to the mononuclear iron. A channel from molecular surface, which enables
substrates to access to the active site, is formed by the sheet and the helices. The
region close to the active site iron is primarily composed of hydrophobic residues so
that the terminal oxygenase of ROs can accommodate hydrophobic substrates.

9.2.3 Electron Transfer Components

The crystal structures of the electron transfer components of ROs have not been
determined as many as the terminal oxygenase components (Table 9.2), but the
structures have offered important insights into structure-function relationships of
electron carrier proteins.

9.2.3.1 Reductase

The first three-dimensional structure of class I reductase component is phthalate
dioxygenase from Burkholderia cepacia strain DBO1 (Table 9.2) (Correll et al.
1992). This protein has three individual domains: FMN, NAD, and [2Fe-2S]
domains (N-terminal to C-terminal). The FMN-binding, [2Fe-2S] cluster, and
NADH-binding domains are brought together near a central cleft in the molecule
with only 4.9 A separating the 8-methyl group of FMN and a cysteine sulfur ligated
to iron. The phthalate dioxygenase belongs to class IA but another example of
reductase structure of class I, benzoate dioxygenase, belongs to class IB. The reduc-
tase component of benzoate dioxygenase from Acinetobacter baylyi strain ADP1
also has three domains, [2Fe-2S] cluster, FAD-binding, and NADH-binding
domains (N-terminal to C-terminal), with different order from that of phthalate
dioxygenase (Karlsson et al. 2002).

9.2.3.2 Ferredoxin

ROs in class II have a ferredoxin component which transfers electrons from ferre-
doxin reductase component to terminal oxygenase. Crystal structure of ferredoxin
component of BDO (BphF) from Burkholderia xenovorans strain LB400 was deter-
mined as the first example of RO ferredoxin (Colbert et al. 2000). This small protein
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composed of 109 amino acid residues has a Rieske [2Fe-2S] cluster which is located
at the apex of this molecule with its two histidine ligands exposed to solvent. Redox
potential of BphF was approximately —150 mV, whereas Rieske proteins from the
bc, or bgf complexes have redox potentials near +300 mV. Some other ferredoxin
structures of ROs; two different CARDOs, NDO, toluene dioxygenase; and other
two different BDOs have been determined (Table 9.2). They are primarily similar to
BphF protein at structural level except for ferredoxin of CARDO from
Novosphingobium sp. strain KA1, which is not Rieske-type ferredoxin but putidare-
doxin type. This protein structure is round shape rather than wedge shape as the
Rieske-type ferredoxins (Umeda et al. unpublished). This difference probably influ-
ences interaction with terminal oxygenase and ferredoxin reductase component.

9.2.3.3 Ferredoxin Reductase

Crystal structure of ferredoxin reductase (BphA4) in class IIB from Acidovorax sp.
strain KKS102 with and without NADH has been determined as the first example of
ferredoxin reductase in this class (Senda et al. 2000). This protein has significant
similarity to not only ferredoxin reductases of ROs in other bacteria but also puti-
daredoxin reductase of P450cam system of Pseudomonas putida, and it has essen-
tially the same fold as the enzymes of the glutathione reductase family. This protein
has three domains, FAD-binding, NADH-binding, and C-terminal domain. The
FAD-binding and C-terminal domains have interacting surface areas for its counter-
part, ferredoxin component (BphA3) (Senda et al. 2007). Crystal structures of fer-
redoxin reductase components of CARDOs from Janthinobacterium sp. strain J3
and Novosphingobium sp. strain KA1 and toluene dioxygenase from Pseudomonas
putida strain F1 have been also determined (Table 9.2). They are essentially similar
to BphA4 structure.

9.3 Electron Transfer in Rieske Oxygenase

Both intra- and intermolecular electron transfers in ROs are essential for catalytic
activity. Redox potential of each redox center is an important factor for electron
transfer but limited numbers of reports which demonstrated experimentally mea-
sured redox potentials (Table 9.3). The Rieske proteins have reduction potentials
ranging from —150 to +400 mV which is proposed to be due to electrostatic environ-
ment of the cluster and/or structural differences, whereas the redox centers in RO
are relatively lower (Colbert et al. 2000; Brown et al. 2008). The redox potential of
Rieske proteins is known to be dependent on pH probably because of the two iron-
coordinating histidines. The wide range redox potential of Rieske proteins is first
proposed to be due to solvent accessibility or protein structure. However, deter-
mined structures of Rieske proteins are significantly similar and do not have large
variations in solvent accessibility. Thus, the redox potential is likely to be determined
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by structural difference rather than solvent accessibility. This is supported by
biochemical studies using mutated enzymes (Klingen and Ullmann 2004).

One redox center must be in close proximity to the other so that electron transfer
occurs. In class II or III ROs, the ferredoxin component shuttles between the ferre-
doxin reductase and terminal oxygenase components and thus the ferredoxin nonco-
valently binds to the other components. To date, two electron transfer complexes have
been reported: ferredoxin reductase (BphA4) and ferredoxin (BphA3) of BDO from
Acidovorax sp. strain KKS102 and ferredoxin and terminal oxygenase of CARDO
(from Pseudomonas resinovorans strain CA10 and Janthinobacterium sp. strain J3,
respectively). These crystal structures have revealed interacting site, binding force,
and conformational changes by complex formation. The crystal structure of BphA4
and BphA3 complex demonstrated BphA3 binds to middle of BphA4 by hydrophobic
interaction (four tryptophan residues in BphA4 and two proline residues in BphA3),
electrostatic-like interaction (negatively charged surface of BphA4 interacts with pos-
itively charged BphA3 surface), and hydrogen bonds (Fig. 9.3a) (Senda et al. 2007).
Electrons are likely to be transferred from FAD in BphA4 to the [2Fe-2S] cluster in
BphA3 via Trp320 of BphA4 and His66 of BphA3. Structural comparison between
the free and complex forms of BphA3 and BphA4 revealed conformational changes,
clockwise rotation of NADH and C-terminal domain of BphA4, side chain rotation of
His66 (a ligand in [2Fe-2S] cluster) of BphA3, and the peptide bond between Gly46
and Glu47 of BphA3. This report also presents the butterfly-like motion of the isoal-
loxazine ring of FAD along with redox status. The other electron transfer complex of
ferredoxin and terminal oxygenase of CARDO revealed interacting amino acid resi-
dues between the components (Fig. 9.3b, ¢) (Ashikawa et al. 2006). Ferredoxin binds
to boundary of the terminal oxygenase subunits by electrostatic and hydrophobic
interactions. Free forms of ferredoxin and terminal oxygenase component of CARDO
have also been determined. Detailed comparison revealed two significant conforma-
tional changes of main chain, Lys12-Trp15 and Asp347-Asn352 of the terminal oxy-
genase component. These amino acid residues are located at the component boundary
to form hydrophobic interactions and the hydrophobic residues: Trp15 and Val351 of
Oxy interact with Phe67 and Pro83 of Fd, respectively. On the interacting molecular
surfaces, electrostatic interactions (Lys13, Argl18, Arg210, and Glu353 of the termi-
nal oxygenase interact with Glu64, Glu43, Glu55, and His68 of the ferredoxin com-
ponent, respectively) were also observed. According to the complex structure, electron
transfer pathway from the terminal oxygenase and the ferredoxin was proposed
(Fig. 9.3¢). The distance between the Rieske cluster of ferredoxin and mononuclear
iron of the terminal oxygenase is approximately 22 A. This is too far for the direct
electron transfer without Rieske cluster of the terminal oxygenase. However, the aver-
age distance between the ligand atoms of the Rieske clusters of terminal oxygenase
and ferredoxin was approximately 12-13 A which is shorter than 14 A threshold, the
limit of electron tunneling in a protein medium (Page et al. 1999).

The distance from Rieske [2Fe-2S] cluster of one terminal oxygenase o subunit and
mononuclear iron of the neighboring « subunit is shorter than 14 A as well. A conserved
aspartate residue (D180 in CARDO; Fig. 9.3c) binds to a histidine ligand to the Rieske
cluster and a histidine ligand to the mononuclear iron. A mutational study of the
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Fig. 9.3 The crystal structures of the electron transfer complexes. (a) The ferredoxin and
ferredoxin reductase complex of biphenyl dioxygenase from Acidovorax sp. strain KKS102 (PDB
entry code: 2Y VJ). The ferredoxin and ferredoxin reductase are colored in red and orange, respec-
tively. The [2Fe-2S] cluster, FAD, and NAD* molecules are shown as the brown and yellow balls,
yellow sticks, and green sticks, respectively. The Rieske [2Fe-2S] cluster of the ferredoxin binds
closely to the FAD and NAD+ molecules in the middle of ferredoxin reductase component.
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corresponding residue to the aspartate residue in toluene dioxygenase from Pseudomonas
putida strain F1 (Asp219) demonstrated this residue is essential for enzyme activity
(Jiang et al. 1996; Friemann et al. 2009), indicating the aspartate residue construct a
main path for electron transfer from the Rieske cluster to mononuclear iron.

9.4 Catalytic Mechanism

In ROs, dioxygen is reductively activated as well as other oxidase and oxygenase
enzymes. Biochemical studies of the ROs, especially for single turnover studies by
regulating the enzymes to be oxidized and reduced, have provided important insights
into reaction mechanisms. A scheme of proposed catalytic mechanism of ROs based
on the previous studies (Ashikawa et al. 2012; Karlsson et al. 2003; Neibergall et al.
2007; Wolfe and Lipscomb 2003; Wolfe et al. 2001, 2002; Kovaleva and Lipscomb
2008) is presented in Fig. 9.4. Single turnover studies of NDO have revealed two
electrons (reduction of one Fe of Rieske [2Fe-2S] cluster and the mononuclear iron),
and substrate binding is required for oxygen reactivity (Wolfe et al. 2001). After sub-
strate binding and oxygen reactivation, an Fe(IlI)-OOH intermediate is likely to
undergo O—O bond homolytic fission to yield an Fe(V)-oxo-hydroxo intermediate.
The cis-hydroxylated product is released when one or two electron(s) come from the
electron transfer component. ROs with the Rieske cluster oxidized and the mononu-
clear iron reduced are under resting state. Addition of H,O, to NDO under resting
state allows reaction with the substrate to yield the product (Fig. 9.4) (Wolfe and
Lipscomb 2003). This is so-called “peroxide shunt” reaction that does not require a
reduced Rieske cluster. In benzoate 1,2-dioxygenase, even fully oxidized form with
the Rieske cluster oxidized and mononuclear iron in the Fe(III) state can utilized H,O,
as a source of reduced oxygen atom to form the appropriate product from benzoate
(Neibergall et al. 2007). Several crystal structures with substrate and oxygen and reac-
tion intermediates suggested further detailed reaction mechanisms. Karlsson and
coworkers revealed that a molecular oxygen species bound to the mononuclear iron in
a side-on fashion by determining crystal structures of NDO with substrate and dioxy-
gen (Karlsson et al. 2003). The side-on binding of dioxygen enables each oxygen to
attach neighboring carbons from the same face of the aromatic ring to produce the
cis-dihydrodiols. However, when NO is introduced instead of O,, NO is bound end-on
to the mononuclear iron, whereas NO is commonly used as an analogue for dioxygen

<
<

Fig. 9.3 (continued) (b) The terminal oxygenase and ferredoxin complex of carbazole dioxygenase
from Janthinobacterium sp. strain J3 and Pseudomonas resinovorans strain CA10 (PDB entry code:
2DE7). Chains A, B, C (terminal oxygenase) and chains D, E, F (ferredoxin) are colored in light blue,
marine, deep blue, light pink, red, and dark pink, respectively. The iron atom, sulfur atom, and carba-
zole are shown in brown sphere, yellow sphere, and yellow and blue (imino nitrogen) sticks, respec-
tively. The ferredoxin components bind to the terminal oxygenase one for one in close proximity
between each Rieske [2Fe-2S] cluster. (¢) Stereoview of proposed electron transfer pathways between
the ferredoxin and terminal oxygenase of carbazole dioxygenase. Two possible routes are presented
as orange and red arrows, according to a report by Ashikawa et al. (2006)
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Fig. 9.4 Scheme of proposed catalytic cycles of Rieske oxygenases. Oxidized Rieske [2Fe-2S]
cluster, reduced Rieske [2Fe-2S] cluster, oxidized nonheme iron, and reduced nonheme iron are
shown as [2Fe-2S]ox, [2Fe-2S]red, Fe**, and Fe**, respectively. Oxidized, reduced, and resting
state of the redox centers in the terminal oxygenase are shown in red, blue, and purple background.
Solid arrows indicate the proposed main pathway taking account into the biochemically and struc-
turally well-characterized ROs. Broken arrow shows the possible pathway based on biochemical
studies and the complex structures determined

(Karlsson et al. 2005). Crystal structures of CARDO with substrate, dioxygen, and
both carbazole and dioxygen revealed that a room for oxygen binding in the substrate-
binding pocket is created by substrate binding, suggesting the substrate binds to the
active site before dioxygen binding (Ashikawa et al. 2012). On the other hand,
CARDO with the substrate revealed conformational changes with closure of the
entranceway of the substrate by substrate binding (Fig. 9.5b, ¢) (Ashikawa et al.
2006). This conformational change seems to trap the substrate at the substrate-binding
site and to exclude water from the active site during turnover in order to minimize the
risk of leakage of partially processed substrates.

9.5 Substrate Specificity

ROs are known for their broad range of substrate (not only aromatic compounds but
cholesterols and chlorophylls as described above). ROs also catalyze monooxygen-
ation, sulfoxidation, O- and N-dealkylation. Substrate specificity analyses and
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recent structural studies revealed what determines the substrate specificity and the
relationship between structure and substrate specificity, which provides critical
clues to the modification of the substrate-binding pocket to obtain an enhanced cata-
lyst for bioremediation (degradation) of toxic contaminants and enzymatic synthe-
sis of chiral precursors for the production of specialty compounds. Several examples
of studies on mutant enzymes demonstrated that regio- and enantio-selectivity can
be altered by the mutation as follows (Boyd and Sheldrake 1998).

BDO is one of the best-characterized RO by its mutant and chimeric enzymes
(Furukawa et al. 2004). Randomly recombined terminal oxygenase components of
BDO from Pseudomonas pseudoalcaligenes strain KF707 and Burkholderia xenov-
orans strain LB400 by DNA shuffling showed expanded substrate specificities not
only for biphenyl derivatives and polychlorinated biphenyl (PCB) but for single
aromatic compounds (Kumamaru et al. 1998). Subsequent random priming and
site-directed mutants of BDO from strain KF707 showed expanded substrate range
and different regio-specificities for various polychlorinated biphenyls from the
wild-type enzyme (Suenaga et al. 2001, 2002). Many of the mutants which showed
different substrate specificity from the wild-type enzyme had mutation at hydropho-
bic amino acid residues, such as Phe227, Ile335, and Phe377. According to struc-
tural studies of ROs, the substrate-binding pocket is commonly composed of
hydrophobic residues consistent with RO’s preference for hydrophobic substrates
(Fig. 9.5a). These mutational studies indicate that hydrophobic residues also play an
important role in determining substrate-binding orientation. BDO from Burkholderia
xenovorans strain LB400 is also well-studied enzyme by mutations. Mutated termi-
nal oxygenase BphAE,, (Thr335Ala/Phe336Met) and its derivative BphAEgg4
metabolize dibenzofuran two and three times faster than wild-type enzyme, respec-
tively (Mohammadi et al. 2011). The crystal structures of BphAE,,; and BphAEggy4
revealed that replacement altered the constraints (hydrogen bonds) or plasticity of
the substrate-binding pocket and increased available space for bulkier compounds
than biphenyl, such as dibenzofuran and the doubly ortho-chlorinated congener
2,6-dichlorobiphenyl (Kumar et al. 2011; Mohammadi et al. 2011).

NDO is also one of the extensively studied ROs by mutational studies. Mutant
enzymes of NDO from Pseudomonas putida strain NCIB9816-4 have demonstrated
alteration of a series of amino acid residues composing the substrate-binding pocket
can affect the regio-selectivity of product formation (Parales et al. 2000a, b; Yu
et al. 2001). Detailed comparison between wild-type NDO and its amino acid
replacement variants in which Phe352 is substituted by valine demonstrated region-
and stereo-selectivity was principally dependent on the orientation of the substrate
binding at the active site (Ferraro et al. 2006).

Another example of mutational study based on the crystal structure is CARDO from
Janthinobacterium sp. strain J3. A series of site-directed mutagenesis variants in which
the mutated amino acid residues are located at substrate-binding pocket wall showed
different oxygenation site to hetero-aromatic compounds (Uchimura et al. 2008).
Among the mutant enzymes, [le262Val and GIn282Tyr converted carbazole to
1-hydroxycarbazole which is probably a dehydrated compound of lateral dioxygenation
product (cis-1,2-dihydroxy-1,2-dihydrocarbazole) with higher yield than the wild-type
enzyme. Another mutated variant Phe275Trp converted fluorene to 4-hydroxyfluorene
(probable dehydration product of cis-3,4-dihydroxy-3,4-dihydrofluorene), whereas
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Fig. 9.5 Substrate-binding site of RO with a substrate (crystal structure of carbazole 1,9
a-dioxygenase and carbazole complex by Ashikawa et al. 2006). (a) Stereoview of carbazole bound
to the substrate-binding pocket of CARDO. The amino acid residues which contact the substrate
are shown in light pink sticks and carbazole is shown in a white and blue (imino nitrogen) sticks.
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wild-type enzyme cannot catalyze this substrate. This variant also could oxidize fluor-
anthene to yield unidentified cis-dihydrodiol. Subsequent structural studies of mutated
CARDO variants revealed difference in substrate-binding orientation between the vari-
ants and wild-type CARDO (Inoue et al. unpublished). In I1e262Val and GIn282Tyr
variant structures with carbazole, the substrate bound to the active site rotated approxi-
mately 15° and 25°, respectively, from the substrate position of the wild type. In
CARDO, imino nitrogen of carbazole forms hydrogen bonds with carbonyl oxygen of
Gly178 at the active site (Fig. 9.5a). This hydrogen bond is likely to stabilize the sub-
strate binding [in 2-oxoquinoline-8-monooxygenase from Pseudomonas putida, strain
86 also has similar hydrogen bond between NH group of the substrate, 2-oxoquinoline,
and carbonyl oxygen of Gly216 (Martins et al. 2005)]. In the mutant enzymes, there is
no “direct” hydrogen bonds between carbazole and the carbonyl oxygen of Gly178 but,
instead, two water molecules were introduced into the space which created by the sub-
strate rotation, and they formed different hydrogen bond networks with substrate and
carbonyl oxygen of Gly178. The structural analysis of the mutant enzymes of CARDO
suggested that different substrate orientation stabilized by the hydrogen bond networks
increased formation of the lateral dioxygenation product.

Protein engineering technology combined with three-dimensional structure
information has enabled alteration of substrate specificity of ROs. However, limited
numbers of modification of the substrate specificity of ROs were reported so far.
Further structural and biochemical studies of ROs will develop novel catalytic reac-
tions and applicable enzymes.

9.6 Outlook

In this chapter structural and functional properties of aromatic-ring hydroxylating
dioxygenases which is known as Rieske oxygenases were presented. In addition to
the genetic and biochemical studies, recent structural studies of ROs have demon-
strated interactions between the components, the substrate recognition, and cata-
lytic mechanisms at the atomic level. Considering that ROs have been found to be
extensively diverse and widespread in nature (Capyk and Eltis 2012; Iwai et al.
2011), basic structural and functional studies on each enzyme are becoming more
and more important. The structural information and mutational studies with genetic
and biochemical approach help each other to generate enzyme which is attractive to
application for bioremediation and industrial biocatalysis.

<

Fig. 9.5 (continued) (b) Superposition of the entrance of the substrate-binding pocket of CARDO.
The carbazole-free and carbazole-binding structures are shown in blue green and green and orange
and pink, respectively. (¢ and d) The surface plots of the carbazole-free (¢) and carbazole-binding
structures (d). White arrows indicate the entrance of the substrate-binding pocket. The insets show
the molecular surfaces viewed from the orientation directed by the white arrows (Reprinted from
Ashikawa et al. (2006), with permission of Elsevier)
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Chapter 10
The Protocatechuate 4,5-Cleavage Pathway:
Overview and New Findings

Naofumi Kamimura and Eiji Masai

Abstract The protocatechuate (PCA) 4,5-cleavage pathway is one of the key
catabolic routes for the degradation of various aromatic compounds, such as lignin-
derived low-molecular-weight aromatic compounds, phthalate isomers, and fluorene.
In this pathway, the aromatic ring of PCA is initially cleaved by PCA 4,5-dioxygen-
ase, and the resultant product is degraded to pyruvate and oxaloacetate, via the five-
enzymatic steps. The gene organization of the PCA 4,5-cleavage pathway genes is
divided into two types, which constitute several transcriptional units (Sphingobium
type) or a single operon (Comamonas type). This chapter summarizes properties of
each enzyme involved in this pathway and focuses on the recently characterized
transcriptional regulation of the pathway genes. We also described a newly found
enzyme involved in the pathway, 4-oxalomesaconate tautomerase. The role of the
PCA 4,5-cleavage pathway in the catabolism of lignin-derived aromatic compounds
is discussed at the end of this chapter.
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10.1 Introduction

Protocatechuate (PCA) is one of the key intermediate metabolites in the bacterial
degradation of various aromatic compounds, including lignin-derived low-
molecular-weight compounds such as ferulate and vanillate (Masai et al. 2007),
petrochemical aromatic compounds such as phthalate isomers (Sasoh et al. 2006;
Eaton 2001; Wang et al. 1995), chlorobenzoates (Nakatsu et al. 1997; Nakatsu and
Wyndham 1993), p-toluenesulfonate (Locher et al. 1989), and polycyclic aromatic
hydrocarbons from fossil fuels and coal derivatives such as naphthalene, fluorene,
and its analogs (Seo et al. 2009; Wattiau et al. 2001; Goyal and Zylstra 1997)
(Fig. 10.1). It is commonly known that PCA is degraded via three distinct catabolic
pathways: the PCA 2,3-cleavage (Crawford et al. 1979); PCA 3.,4-cleavage
(Harwood and Parales 1996); and PCA 4,5-cleavage (PCA45) pathways (Dagley
et al. 1960). These pathways funnel PCA to the Krebs cycle. In the case of the PCA
2,3-cleavage pathway, the aromatic ring of PCA is cleaved by PCA 2,3-dioxygenase
to yield 5-carboxy-2-hydroxymuconate-6-semialdehyde. The subsequent product is

COOH

cooH COO0H COOH COOH
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HC COOH phthalate COOH naphthalene
COOH
terephthalate isophthalate
SURC I e ) | Y 0)
OH OH

phthalate isomers fluorene

v

lignin derived A4 polycyclic aromatic

aromatic compounds hydrocarbons
bay T A

COOH

ferulate vanillate

OH
OH

protocatechuate
(PCA)

2,3—cleavaiy | \:5—cleavage

COOH 3,4-cleavage COOH

Z>CHo ¢ |//L]\
H OHC
.00 COOH Hooc” “oH

OH

=~

I COOH

COOH

Fig. 10.1 Aromatic compounds funneled to protocatechuate (PCA), which is further metabolized
through the three distinct ring-cleavage pathways
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Fig. 10.2 The PCA 4,5-cleavage pathway. Enzymes: E-I, PCA 4,5-dioxygenase; E-1I, CHMS dehydro-
genase; E-III, PDC hydrolase; E-IV, OMA hydratase; E-V, CHA aldolase/oxaloacetate decarboxylase.
Abbreviations: CHMS, 4-carboxy-2-hydroxymuconate-6-semialdehyde; PDC, 2-pyrone-4,6-dicarbox-
ylate; OMA, 4-oxalomesaconate; and CHA, 4-carboxy-4-hydroxy-2-oxoadipate

finally degraded to pyruvate and acetyl coenzyme A (Crawford et al. 1979).
The PCA 2,3-cleavage pathway has been previously reported only in Paenibacillus
sp. (formerly Bacillus macerans) strain JJ-1B. This pathway was first described by
Crawford (Crawford 1975), and the genes responsible for this pathway were recently
identified and characterized (Kasai et al. 2009). In the PCA 3,4-cleavage pathway,
PCA is converted into 3-carboxy-cis,cis-muconate by the reaction catalyzed by
PCA 3,4-dioxygenase, and the resulting product is subsequently degraded to suc-
cinyl CoA and acetyl CoA via the p-ketoadipate pathway, which is widely distrib-
uted among soil bacteria. The varied organization and regulation of the genes have
been characterized in detail in Acinetobacter baylyi (formerly Acinetobacter calco-
aceticus) ADP1, Pseudomonas putida PRS2000, and Agrobacterium tumefaciens
A348 (Harwood and Parales 1996).

The PCA45 pathway was reported in 1960 (Dagley et al. 1960), and it was enzy-
matically characterized by Arciero et al. (1983, 1985), Arciero and Lipscomb (1986),
Kersten etal. (1982), and Maruyama and colleagues (Maruyama et al. 1978; Maruyama
1979, 1983, 1985, 1990). In this pathway, PCA is initially transformed to 4-carboxy-
2-hydroxymuconate-6-semialdehyde (CHMS) by PCA 4,5-dioxygenase (Fig. 10.2).
CHMS is nonenzymatically converted to an intramolecular hemiacetal form and then
oxidized by CHMS dehydrogenase. The resultant 2-pyrone-4,6-dicarboxylate (PDC)
is hydrolyzed by PDC hydrolase to yield the keto and enol tautomers of 4-oxalome-
saconate (OMA), which are in equilibrium. OMA is converted to 4-carboxy-4-hy-
droxy-2-oxoadipate (CHA) by OMA hydratase. Finally, CHA is cleaved by CHA
aldolase to produce pyruvate and oxaloacetate. In 1990, the PCA45 pathway genes
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coding the above enzymes were first isolated from Sphingobium sp. strain (formerly
Sphingomonas paucimobilis) SYK-6 (Noda et al. 1990), and their functions have been
subsequently revealed (Hara et al. 2000, 2003; Masai et al. 1999, 2000). Fifty years
after the first report of the PCA45 pathway, the involvement of a novel enzyme, OMA
tautomerase, in this pathway was reported in separate studies on Comamonas sp.
strain E6 (Kamimura et al. 2010a) and P. putida KT2440 (Nogales et al. 2011).

In this chapter, we review the PCA45 pathway, its molecular and biochemical pro-
files, its enzymology, and the transcriptional regulation of its genes. We also discuss
the roles of this pathway in the catabolism of lignin-derived aromatic compounds.

10.2 Genes and Enzymes

To date, the PCA45 pathway genes have been isolated from Sphingomonas sp.
strain LB126 (Wattiau et al. 2001), Comamonas sp. strain E6 (Kamimura et al.
2010a), Comamonas testosteroni BR6020 (Providenti et al. 2001), Pseudomonas
straminea (formerly Pseudomonas ochraceae) NGJ1 (Maruyama et al. 2004), and
Arthrobacter keyseri 12B (Eaton 2001) in addition to Sphingobium sp. strain SYK-6.
The gene organization of the PCA45 pathway genes was suggested to be divided
into two types (Fig. 10.3) (Masai et al. 2007). The organization of the SYK-6 lig
genes for the PCA45 pathway is quite similar to fld genes in Sphingomonas sp.
strain LB 126, which appears to constitute several transcriptional units (Sphingobium
type). On the other hand, the organization and order of the PCA45 pathway genes
in Comamonas sp. strain E6 (pmd), C. testosteroni BR6020 (pmd), P. straminea
NGIJ1 (pro), and A. keyseri 12B (pcm) are similar, and this type of gene cluster
seems to constitute a single operon (Comamonas type). Recent studies indicated
that the SYK-6 /ig genes for the PCA45 pathway consist of three transcriptional
units, including the ligK-orf1-ligl-IsdA operon, the ligJ-ligA-ligB-ligC operon, and
the monocistronic ligR (Kamimura et al. 2010b), whereas the pmdUKEFDABC
genes of E6 is a single transcriptional unit (Kamimura et al. 2010a). Amino acid
sequence identities of PCA45 pathway enzymes from SYK-6 and E6 with those
from other bacteria are shown in Table 10.1.

10.2.1 PCA 4,5-Dioxygenase

PCA 4,5-dioxygenase catalyzes the 4,5-cleavage of PCA by incorporating molecu-
lar oxygen to produce CHMS. In the 1980s, Arciero et al. investigated the enzymatic
characteristics and mechanisms for a ring-cleavage reaction using the purified PCA
4,5-dioxygenase from C. testosteroni (formerly Pseudomonas testosteroni) (Arciero
and Lipscomb 1986; Arciero et al. 1983, 1985). The enzyme genes were isolated
from Sphingobium sp. strain SYK-6 (ligAB) (Noda et al. 1990), C. testosteroni
BR6020 (pmdAB) (Providenti et al. 2001), P. straminea NGI1 (proOaOb)
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Fig. 10.3 Comparison of the genetic organizations of the PCA45 pathway gene clusters in various
bacteria. Genes: a-subunit gene of PCA 4,5-dioxygenase, ligA, fldV, pmdA, pmdAy, and proOa,
B-subunit gene of PCA 4,5-dioxygenase; ligB, fldU, pmdB, pmdBy, and proOb; PCA
4,5-dioxygenase gene, pcmA; CHMS dehydrogenase gene, ligC, pmdC, proD, and pcmB; PDC
hydrolase gene, ligl, fldB, pmdD, proL, and pcmC; OMA hydratase gene, ligJ, fldW, pmdE, proH,
and pcmD; CHA aldolase gene, ligK, fldZ, pmdF, proA, and pcmE; OMA tautomerase gene, ligU
(orfl), fldA, pmdU, and proX; transcriptional regulatory gene, ligR; putative transcriptional regula-
tory gene, fldY and pcmR; putative PCA transporter gene, pmdK and proT;, putative lignostilbene
o,pB-dioxygenase gene, IsdA; putative alcohol dehydrogenase gene, fldC and pcmF

(Maruyama et al. 2004), and C. testosteroni T-2 (pmdAB) (Mampel et al. 2005), and
LigAB and PmdAB of C. festosteroni T-2 were purified and characterized. Most
PCA 4,5-dioxygenases studied to date consist of small () and large () subunits and
have a o3, heterotetrameric structure exemplified by LigAB and C. festosteroni
enzyme (Sugimoto et al. 1999; Arciero et al. 1990). On the other hand, the Rhizobium
leguminosarum biovar viceae USDA 2370 enzyme consists of only one subunit, and
this enzyme is a homodimer (Chen and Lovell 1994). The PCA 4,5-dioxygenase of
A. keyseri 12B (PcmA) also consists of one subunit, which contains the region cor-
responding to the o and 3 subunit of PCA 4,5-dioxygenases at the N- and C-terminals,
respectively (Eaton 2001). The enzyme of C. festosteroni T-2 shows an absolute
requirement for vicinal hydroxyl groups in the 3- and 4-positions of the aromatic
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Table 10.1 Amino acid sequence identities of PCA45 pathway enzymes from SYK-6 and E6 with
those from other bacteria

Size (number of % Identity® with:

Enzymes Source amino acids) SYK-6 E6

PCA 4,5-dioxygenase

o subunit
LigA Sphingobium sp. strain SYK-6 139 - 47.6
FldVv Sphingomonas sp. strain LB126 103 49.6 44.3
PmdA Comamonas sp. strain E6 149 47.6 -
PmdA; Comamonas sp. strain E6 132 50.7 69.1
PmdA C. testosteroni BR6020 149 47.6 98.0
ProOa P. straminea NGJ1 149 46.3 97.3
PcmA A. keyseri 12B 433 48.1° 56.7°

PCA 4,5-dioxygenase

{3 subunit
LigB Sphingobium sp. strain SYK-6 302 - 57.3
FldU Sphingomonas sp. strain LB126 281 66.4 64.6
PmdB Comamonas sp. strain E6 289 57.3 -
PmdBy Comamonas sp. strain E6 290 57.3 97.9
PmdB C. testosteroni BR6020 289 57.3 99.3
ProOb P. straminea NGJ 1 289 57.0 99.7
PcmA A. keyseri 12B 433 52.8¢ 65.8°

CHMS dehydrogenase
LigC Sphingobium sp. strain SYK-6 315 - 75.0
PmdC Comamonas sp. strain E6 319 75.0 -
PmdC C. testosteroni BR6020 319 74.7 99.1
ProD P. straminea NGJ1 319 73.8 96.9
PcmB A. keyseri 12B 317 69.4 67.2

PDC hydrolase
Ligl Sphingobium sp. strain SYK-6 293 - 539
FldB Sphingomonas sp. strain LB126 295 80.1 56.5
PmdD Comamonas sp. strain E6 305 53.9 -
PmdD C. testosteroni BR6020 305 54.5 974
ProL P. straminea NGJ1 305 54.5 98.0
PcmC A. keyseri 12B 312 50.5 73.4

OMA tautomerase
LigU Sphingobium sp. strain SYK-6 351 - 15.4
FldB Sphingomonas sp. strain LB126 356 78.1 17.8
PmdU Comamonas sp. strain E6 230 15.4 -
ProX P. straminea NGJ1 230 14.1 94.8
GalD P. putida KT2440 361 56.9 11.3
PmdU C. testosteroni CNB-2 230 15.2 96.5

OMA hydratase
LigJ Sphingobium sp. strain SYK-6 341 - 63.1
FldW Sphingomonas sp. strain LB126 340 87.7 63.1
PmdE Comamonas sp. strain E6 342 63.1 -
PmdE C. testosteroni BR6020 342 62.8 99.4
ProH P. straminea NGJ1 342 63.1 100

(continued)
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Table 10.1 (continued)

Size (number of % ldentity* with:

Enzymes Source amino acids) SYK-6 E6
PcmD A. keyseri 12B 342 63.2 71.6
LigJ Rhodopseudomonas palustris 342 61.6 79.5

CGA009
GalB P. putida KT2440 258 14.7 6.8

CHA aldolase
LigK Sphingobium sp. strain SYK-6 228 - 65.1
FldZ Sphingomonas sp. strain LB126 224 79.8 63.0
PmdF Comamonas sp. strain E6 227 65.1 -
PmdF C. testosteroni BR6020 227 65.1 99.1
ProA P. straminea NGJ1 227 65.1 98.7
PcmE A. keyseri 12B 230 574 60.4
Pput_1361 P. putida F1 238 58.2 56.7

4dentities were measured using EMBOSS Needle alignment tool (www.ebi.ac.uk/Tools/psa/
emboss_needle)

®Amino acid residues 1-149 of PcmA were used for the alignment

°Amino acid residues 148-433 of PcmA were used for the alignment

ring and for the carboxyl group of PCA, this enzyme additionally catalyzes
5-hydroxy-PCA (gallate) (Mampel et al. 2005). LigAB exhibited a significantly
higher activity with PCA than with gallate and 3-O-methylgallate. The V,,,./K,, of
LigAB for gallate and 3-O-methylgallate were 9.5 % and 0.24 % of the value for
PCA, respectively (Kasai et al. 2005).

Vaillancourt et al. proposed that extradiol dioxygenases belong to at least three evo-
lutionarily independent families (Vaillancourt et al. 2006). Type I extradiol dioxygen-
ases belong to the vicinal oxygen chelate superfamily, including 2,3-dihydroxybiphenyl
1,2-dioxygenase of Burkholderia xenovorans LB400 and catechol 2,3-dioxygenase of
P. putida mt-2. Type 1l extradiol dioxygenases include enzymes consisting of one (e.g.,
2,3-dihydroxyphenylpropionate 1,2-dioxygenase and homoprotocatechuate 2,3-dioxy-
genase of E. coli) or two different subunits (PCA 4,5-dioxygenase of Sphingobium sp.
strain SYK-6, C. festosteroni, and P. straminea NGJ1, and 2-aminophenol 1,6-dioxy-
genase of C. testosteroni CNB-1 and Pseudomonas pseudoalcaligenes JS45). Type 111
enzymes are part of the cupin superfamily (Fetzner 2012), including gentisate 1,2-diox-
ygenase of C. testosteroni, 3-hydroxyanthranilate 3,4-dioxygenase of Saccharomyces
cerevisiae, and flavonol 2,4-dioxygenase (quercetinase) of Aspergillus japonicus. All
the Fe(II)-dependent extradiol dioxygenases share similar active sites, and all have the
same iron ligands: the two histidines and one glutamate that constitute the 2-His 1-car-
boxylate structural motif.

A refined crystal structure of LigAB was determined by Sugimoto et al. (1999). The
larger B subunit has 302 residues which form a globular o/ structure composed of 11 §
strands, nine o helices, and one 3, helix. The 139 amino acids of the a subunit are com-
posed of ten a-helices, which assemble into a platelike shape that interacts extensively
with one face of the  subunit of the same protomer and with the § subunit of the second
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Fig. 10.4 The active site of the LigAB-PCA complex. (a) The binding pocket of PCA covered by
the o subunit. PCA (represented as CPK) is accommodated in a cavity on the upper part of the 3
subunit (shown as grey surface). Helices a8 and a9 from the o subunit (shown in green) form a lid
that closes the open end of the pocket. The Fe ion is colored orange. (b) The iron coordination
sphere in the LigAB-PCA complex. The coordination sphere is a distorted tetragonal bipyramid
with His12b, Glu242b (suffix “b” indicates amino acid residues of the  subunit), and O4 of PCA
as equatorial ligands and His61b and O3 of PCA as axial ligands. Amino acid residues conserved
among the type II extradiol dioxygenases (Sugimoto et al. 1999) are shown in pink. The residues
from the o subunit are shown in blue (suffix “a” indicates amino acid residues of the o subunit).
Hydrogen bonds between PCA and amino acid residues, and coordinate bonds of the Fe ion are
shown as dotted cyan and yellow lines, respectively. These figures were kindly provided by Dr.
Toshiya Senda (National Institute of Advanced Industrial Science and Technology)

protomer. The latter o-f3 contacts stabilize the o,f, structure. The active site contains a
nonheme iron coordinated by His12b, His61b, and Glu242b (suffix “b” indicates amino
acid residues of the f subunit) and a water molecule located in a cleft of the B subunit,
which is covered by the o subunit (Fig. 10.4). His195b is thought to act as an active site
base to facilitate deprotonation of the hydroxyl group of the substrate.

Comamonas sp. strain E6 has two sets of the PCA 4,5-dioxygenase genes
(Fig. 10.3), pmdAB and pmdApBy, the products of which share high amino acid
sequence identities (PmdA and PmdAy, 69.1 %; PmdB and PmdBy, 97.9 %)
(Kamimura et al. 2010a). The pmdAB genes are included in the PCA45 pathway
genes (pmdUKEFDABC), and pmdB was found to be essential for the growth of E6
on PCA. On the other hand, there were no other PCA45 pathway genes proximal to
pmdApBy. Disruption of pmdBy; did not affect the growth on PCA. Our recent study
suggested that both genes are necessary for the syringate catabolism in E6
(Kamimura et al., unpublished results).

10.2.2 CHMS Dehydrogenase

Since CHMS is in equilibrium between the open form and the cyclic hemiacetal form
(Kersten et al. 1982), it is thought that CHMS dehydrogenase oxidizes the hemiacetal
form of CHMS to generate PDC. The enzyme is a homodimer. Both NAD* and NADP*
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acted as coenzymes, although the apparent K, value for NAD" is greater than that for
NADP*. The enzyme activity was not affected by various metal ions, metal chelating
reagents, or reducing reagents. Meanwhile, the catalytic activity was strongly inhibited
by the addition of sulfhydryl reagents, suggesting that the cysteine residue plays a key
role in the enzyme reaction (Maruyama et al. 1978; Masai et al. 2000).

The amino acid sequence of characterized CHMS dehydrogenases, LigC from
Sphingobium sp. strain SYK-6 and ProD from P. straminea NGJ1 showed 15-19 %
identity with CbaC family enzymes (Nakatsu et al. 1997). These are the dehydroge-
nases for carboxylic cis-dihydrodiol compounds involved in the degradation of
3-chlorobenzoate or phthalate in C. testosteroni (formerly Alcaligenes sp. strain)
BR60, P. putida NMH102-2, and Burkholderia cepacia DBO1 (Chang and Zylstra
1998). These dehydrogenases do not have any apparent relationship with group I
(long-chain zinc-dependent enzyme), group II (short-chain zinc-dependent enzyme),
or group III (iron-activated enzyme) microbial NAD(P)*-dependent alcohol dehy-
drogenases. Among the enzymes related to the CbaC family, the amino acid
sequence H-(X);;-K-H-V-L-X-E-K-P-X-A (located in the o helical domain within
N-terminal 130 amino acids) is conserved (Nakatsu et al. 1997). LigC and ProD
contain the largest part of this conserved sequence at their N-terminals. The CbaC
family members also have the putative NAD(P)*-binding motif G-X-X-G-X-G at
their N-terminals. Instead, LigC and ProD have G-X-G-X-X-G at their terminals.

10.2.3 PDC Hydrolase

PDC hydrolase catalyzes the reversible conversion of PDC to OMA. This conversion
is in equilibrium among two tautomeric enol forms (OMA,,,) and a keto form
(OMA). In the reversible reaction catalyzed by the enzyme, the equilibrium con-
centration of PDC and OMA,,,,/JOMA,.,, is dependent on the solution pH. The relative
concentrations of PDC and the hydrolysis products are equal to one another at pH
8.25 (Hobbs et al. 2012). The enzyme from Sphingobium sp. strain SYK-6 (Ligl) is a
monomer (Masai et al. 1999), and the kinetic constants, k., and k.,/K,, of this enzyme
for the hydrolysis of PDC are 340 s™! and 9.8 x 10 M~! s7!, respectively (Hobbs et al.
2012). The kinetic constants are dependent on pH, which suggests that a single active
site residue is deprotonated for the hydrolysis of PDC (Hobbs et al. 2012).

The enzyme belongs to the amidohydrolase superfamily (Holm and Sander 1997),
members of which catalyze a diverse set of chemical reactions, including the hydroly-
sis of amide or ester bonds, deamination of nucleic acids, decarboxylation, isomeriza-
tion, and hydration (Seibert and Raushel 2005). The enzymes in the amidohydrolase
superfamily have a distorted (B/a)s-TIM barrel structure that typically possesses an
active site containing one to three divalent metal ions. In contrast, Ligl does not con-
tain bound metal ions, and the addition of metal chelators or divalent metal ions to the
assay mixture did not affect the enzyme activity (Hobbs et al. 2012). In the presence
of the reaction product, the crystal structures of Ligl and the Asp248Ala mutant
revealed the roles of conserved residues and a proposed mechanism of enzyme action.
The C8 and CI11 carboxylates of PDC are coordinated with Argl30 and Argl24,
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respectively, through ion pair interactions, with an additional electrostatic interaction
between Tyr49 and the C11 carboxylate. The lactone carbonyl group of PDC is polar-
ized by electrostatic interactions with His31, His33, and His180. Asp248 deproton-
ates an active site water molecule for a nucleophilic attack on the C2 carbonyl group
of PDC. After formation of the tetrahedral intermediate, the C2-O1 bond is cleaved.
All these active site residues are conserved among the enzymes of Sphingomonas sp.
strain LB126 (FIdB), Comamonas sp. strain E6 (PmdD), C. testosteroni BR6020
(PmdD), P. straminea NGJ1 (ProL), and A. keyseri 12B (PcmC), suggesting that these
proteins seem to catalyze the same reaction as Ligl.

10.2.4 OMA Hydratase

OMA hydratase catalyzes the conversion of OMA into CHA. The enzyme is a dimer
and does not require the addition of any metal ions for catalytic activity (Hara et al.
2000). X-ray crystallographic data for OMA hydratase from Rhodopseudomonas
palustris CGA009 (PDB 2GWG) showed that the enzyme contains one Zn ion per
subunit. The imidazole group of His223 located near the Zn ion is thought to be
involved in enzyme catalysis. The Zn ion was suggested to be strongly bound to the
enzyme because the metal chelator reacted with only denatured enzymes (Li et al.
2007). While the enzyme was activated by various reducing reagents such as cyste-
ine and dithiothreitol, the addition of HgCl, and p-chloromercuribenzoate strongly
inhibited the activity; therefore, cysteine residue is suggested to be a part of the
catalytic site (Maruyama 1985; Hara et al. 2000). Site-directed mutagenesis analy-
ses of the cysteine residues in the P. straminea enzyme (ProH) done by Li et al.
showed that Cys186 is important for the protection of the Zn ion from chelators.
Although the region between Thr181 and Thr190 is missing in the crystallographic
data, the authors predicted that this region forms a loop structure and lies just above
the Zn ion to protect Zn ion from chelators (Li et al. 2007).

To date, the substrate of OMA hydratase had been considered to be OMA,.,, (Hara
et al. 2000; Kersten et al. 1982; Maruyama 1985). However, Nogales et al. recently
reported that GalB, an OMA hydratase involved in the gallate degradation pathway in
P. putida KT2440, utilizes OMA,,, as the substrate for the formation of CHA
(Nogales et al. 2011). Although GalB (a hexameric protein) does not show significant
amino acid sequence similarities with OMA hydratases of other bacteria (Table 10.1),
these proteins have similar enzymatic characteristics. In the report by Nogales et al.,
galB was able to complement the function of /igJ, suggesting that the substrate of LigJ]
and GalB is the same. This will be further discussed in the following section.

10.2.5 CHA Aldolase

CHA aldolase catalyzes the aldol cleavage of CHA to produce pyruvate and oxalo-
acetate, which can then be channeled to the Krebs cycle. The enzymes of
Sphingobium sp. strain SYK-6 (LigK) (Hara et al. 2003), P. straminea NGJ1 (ProA)
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(Maruyama 1990), and P. putida (Tack et al. 1972; Wang et al. 2010; Nogales et al.
2011) have been enzymatically characterized. The subunit structure of all the
enzymes is a hexamer, and their catalytic activities were dependent on a divalent
cation such as Mg?*. Aldolases are typically divided into two groups based on their
catalytic mechanism. The class I aldolases utilize a Schiff base mechanism to stabi-
lize a carbanion intermediate. On the other hand, the class II aldolases utilize diva-
lent metal ions to stabilize an enolate intermediate. Since the catalytic activity of
CHA aldolase required a divalent metal ion and the enzyme was activated by the
presence of phosphate ion, the enzyme is thought to belong to the class II aldolase
(Hara et al. 2003). 4-Hydroxy-4-methyl-2-oxoglutarate (HMG)/CHA aldolase of
P. putida F1 has higher catalytic specificity (k./K,) toward CHA (2.2x10%) and
HMG (7.4 x 10*) than other 4-hydroxy-2-ketoacids, a-keto-y-hydroxyglutarate, and
4-hydroxy-2-oxopentanoate (Wang et al. 2010). The enzyme also exhibits oxaloac-
etate decarboxylation activity, which involves C—C bond cleavage leading to a for-
mation of pyruvate and CO,, and pyruvate a-proton exchange activity.

The crystal structure of CHA aldolase of P. putida F1 revealed that the enzyme
forms a four-layered a-p-p-a sandwich structure with the active site at the interface
of two neighboring subunits of a hexamer. This fold is similar to the RNase E inhibi-
tor, RraA (Wang et al. 2010). The catalytic site contains Mg?* ligated by Asp124
and three water molecules (one forms a hydrogen bond to Aspl124, one forms a
hydrogen bond to Asp102 and Glu199’ (the prime indicates an amino acid from a
different protomer), and the third forms a hydrogen bond to Glu199’). The mecha-
nism for CHA aldolase was proposed as follows: deprotonated metal bound water
(Wat-1) abstracts a proton from C4—OH of the substrate, leading to the aldol cleav-
age of the C3—C4 bond and the concomitant formation of the enolate intermediate.
The hydrogen bond between Argl123 and the C2 keto oxygen appeared to stabilize
the development of a negative charge on this oxygen. A water molecule (Wat-4)
binds and donates a proton to pyruvate enolate, forming pyruvate.

10.3 Tautomerization of 4-Oxalomesaconate

In the PCA45 pathway, tautomerization of the enol and keto forms of OMA was
previously believed to have been converted nonenzymatically. Recently, Kamimura
et al. and Nogales et al. independently discovered the enzyme genes encoding OMA
tautomerase, pmdU and galD, from Comamonas sp. strain E6 and P. putida KT2440,
respectively (Kamimura et al. 2010a; Nogales et al. 2011).

Analyses of a pmdU mutant of Comamonas sp. strain E6 indicated that pmdU is
essential for the growth of E6 on PCA (Kamimura et al. 2010a). This mutant was
suggested to lose the ability to convert OMA. Since the pmd operon contains the
OMA hydratase gene, pmdE (Fig. 10.3), pmdU was assumed to encode tautomerase
involved in the conversion of OMA,,, into OMA,.,,. OMA,, had been thought to
be the substrate of OMA hydratase (Hara et al. 2000; Kersten et al. 1982; Maruyama
1985). On the other hand, Nogales et al. characterized the gal gene cluster including
galD for the gallate catabolism in P. putida KT2440 (Nogales et al. 2011). Gallate
dioxygenase, GalA, cleaved the aromatic ring of gallate to produce OMA,,, and
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the resultant OMA,.,, was concluded to convert into OMA,,,; by the further addition
of crude GalD. The conversion of gallate into OMA and the tautomerization of
OMA were performed continuously at pH 7.0. The chemical structures of the prod-
ucts were then determined by NMR. The most recent work by Ni et al. also con-
cluded that OMA tautomerase of C. testosteroni CNB-1, PmdU, converted OMA,.,,
into OMA,,, (Ni et al. 2012). The substrate for OMA tautomerase used in this study
was prepared using the method of Nogales et al. and by incubation of gallate with
recombinant PmdAB at pH 7.0. In 2012, Hobbs et al. estimated the relative amount
of OMA,,, and OMA,,,, at various pH values (pH 6-10) using a heteronuclear
multiple-bond correlation NMR spectroscopy (Hobbs et al. 2012). At pH 7.0, the
relative amounts of the two forms were estimated at 95 % OMA.,, and 5 % OMA,.,
(Hobbs et al. 2012). This fact appeared to suggest that OMA tautomerase catalyzes
the conversion of OMA,,, into OMA ...

OMA tautomerases (PmdU) of Comamonas sp. strain E6 and C. testosteroni
CNB-1 show only 11.3 % and 12.0 % amino acid sequence identity to that of
GalD of P. putida KT2440, respectively, and their sizes are also different
(Table 10.1). In spite of the low sequence similarity, these proteins seem to have
the same function, since GalD was able to replace the function of PmdU in
C. testosteroni CNB-1(Ni et al. 2012). The amino acid sequence of GalD shows
36.7 % and 35.7 % of identity, respectively, with 3-methylitaconate-A-isomerase,
Mii, from Eubacterium barkeri DSM1223 (Alhapel et al. 2006) and methyla-
conitate isomerase, PrpF, from Shewanella oneidensis MR-1 (Garvey et al. 2007)
that share a common structural fold.

In a previous study, it was reported that an ORF (orfl) downstream of ligl is
essential for the growth of Sphingobium sp. strain SYK-6 on vanillate and syringate
(Hara et al. 2003). The product of orfl (designated here ligU) shows 56.9 % of
amino acid sequence identity with GalD while it shows only 15 % identity with
PmdU (Table 10.1). Our recent studies showed that a ligU mutant of SYK-6 lost the
ability to convert OMA, and an introduction of ligU in a pmdU mutant of Comamonas
sp. strain E6 restored its ability to grow on PCA. In addition, pmdU was also able to
complement the function of ligU in SYK-6 (Kamimura et al., unpublished results).
These observations suggest that /igU encodes OMA tautomerase. In addition to
ligU, orthologs of pmdU and galD were found in the pro genes of P. straminea
NGIJ1 (proX) and fld genes of Sphingomonas sp. strain LB126 (fldA), respectively
(Fig. 10.3). In the pmd cluster of C. testosteroni BR6020, a pmdU ortholog is most
likely to be just upstream of pmdK because the genetic organization of the pmd
genes in this strain is quite similar to those in E6 and NGJ1. Interestingly, there is
no similar gene of pmdU or galD in the A. keyseri 12B plasmid, pRE]1, carrying the
pcm genes (accession number, AF331043). Correlated to this fact, a galD mutant of
P. putida grew normally on 5 mM gallate but grew poorly at gallate concentrations
lower than 2 mM (Nogales et al. 2011). Considering that the relative amount of
OMA.,,; and OMA,, is almost equal at pH 8.0 (Hobbs et al. 2012) and the cytoplas-
mic pH is maintained within a range of 7.4-7.8, in a neutrophilic bacteria, such as
Escherichia coli and Bacillus subtilis (Slonczewski et al. 2009), OMA tautomerase
is not indispensable for certain types of bacteria to catabolize OMA.
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10.4 Transcriptional Regulation

The transcriptional regulations of the PCA45 pathway genes have been investigated
in Sphingobium sp. strain SYK-6 (Fig. 10.5) and Comamonas sp. strain E6. The
only characterized regulatory protein in the PCA45 pathway is LigR. LigR posi-
tively regulates transcription of the ligK-ligU-ligl-IsdA operon (ligK operon), the
ligJ-ligA-ligB-ligC operon (ligJ operon) in SYK-6 in response to the effector mol-
ecules, PCA or gallate, and represses transcription of its own gene (Kamimura et al.
2010b). LigR is a member of LysR-type transcriptional regulators (LTTRs) and
shows 20.8 % and 22.1 % of amino acid sequence identities with PcaQ of
Agrobacterium tumefaciens A348 (Parke 1996) and Sinorhizobium meliloti
(MacLean et al. 2006, 2008), respectively. These proteins positively regulate the
expression of the pcaDCHGB operons involved in the PCA 3,4-cleavage pathway.

LTTR is one of the most common types of regulatory proteins among prokary-
otic regulators. Proteins belonging to the LTTR family participate in the regulation
of diverse physiological processes, such as degradation of aromatic compounds,
carbon and nitrogen metabolism, and the oxidative stress responses (Schell 1993;
Tropel and van der Meer 2004; Maddocks and Oyston 2008). In solution, LTTRs are
homodimers or homotetramers, and their DNA-binding forms are suggested to be
tetramers (Maddocks and Oyston 2008). LTTRs associate with two distinct binding
sites at the target promoter. The recognition binding site (RBS) contains the LTTR
consensus binding sequence (T-Nj;-A) and is commonly essential for the binding of
LTTR. The activation binding site (ABS) located between RBS and a target pro-
moter is important for transcriptional activation (Porrda et al. 2007). A large number
of LTTRs have been shown to induce DNA bending upon binding of the protein.
Binding of inducers provokes a conformational change and typically alters the bind-
ing region and DNA bending angle (Tropel and van der Meer 2004).

COOH COOH
OH HO OH
OH OH
PCA gallate
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Fig. 10.5 The transcriptional regulatory system of the PCA45 pathway genes controlled by LigR
in Sphingobium sp. strain SYK-6. LigR activates transcription of the /igK and ligJ operons in the
presence of PCA or gallate, while repressing the transcription of its own gene. LigR binds to the
ligK and ligJ promoter regions as a dimer or dimer of dimers. A PCA- or gallate-bound dimer of
dimers appeared to be the transcriptionally active form
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Although LigR is a dimer in solution, this protein binds to DNA as a dimer
or dimer of dimers. The T-N;;-A motifs in the /igK and ligJ promoter regions,
Box-K and Box-J, are respectively, centered at positions —65 and —69 relative to
each transcriptional start site. Box-K and Box-J were thought to function as
RBS, since they were essential for the binding of LigR and transcriptional acti-
vation of both operons. DNase I footprinting and circular permutation analyses
demonstrated that LigR bound to the positions =77 to =51 and —80 to —48 of the
ligK and ligJ promoters, respectively, and induced DNA bending. In the pres-
ence of PCA or gallate, the DNA bending on both promoters was enhanced. In
addition, the regions between the LigR-binding boxes and the —35 regions were
required for the enhancement of DNA bending. On the other hand, the 3’ end of
LigR-binding region on the /igK promoter was significantly extended from a
position =51 to proximal to the —35 region in the presence of an effector mole-
cule, while the region on the l/igJ promoter was shortened from —48 to —55.
These results may suggest that binding of effectors results in different confor-
mational changes in the LigR-DNA complex on the /igK and ligJ promoters.
The behavior of LigR is distinct from the mode of action of well-characterized
LTTRs, such as AtzR (Porrta et al. 2007), CbbR (Dubbs et al. 2004), CbnR
(Ogawa et al. 1999), OccR (Wang et al. 1992;Wang and Winans 1995a, b), and
OxyR (Toledano et al. 1994), known as the sliding dimer model. In this sliding
dimer model, LTTRs cause the effector-dependent shortening of the 3’ end of
binding region to proximal to the —35 region and a relaxation of the DNA bend-
ing. These events are thought to be important in the release of the recognition
site of RNA polymerase and the conformational change of regulator-DNA com-
plex suitable for transcriptional activation. However, the behavior of Trpl in
response to effector is similar to that of LigR (binding to the ligK promoter). In
the presence of effector, Trpl enhanced DNA bending with an extension of the
3" end of Trpl-binding region from —52 to —32 (Chang and Crawford 1990;
Pifieiro et al. 1997). This extension of the binding region proximal to —35 was
thought to allow the interaction of Trpl with RNA polymerase (Gao and Gussin
1991). In the case of the ligK promoter, the PCA- and gallate-dependent struc-
tural alteration of LigR-DNA complex seems to cause the same effect as Trpl on
transcriptional activation.

The transcription of the pmd genes in Comamonas sp. strain E6 is activated
during growth in the presence of PCA (Kamimura et al. 2010a). Both PCA and PDC
act as the inducer molecules of the pmd operon, and PDC was found to be the more
effective inducer. A sequence containing inverted repeat (underlined),
GCTATGCCTTTGCGGCATAGOC, is centered at position —67 relative to the tran-
scription start site of the pmd operon; however, no obvious canonical promoter
sequences for the 67 factor of E. coli was found. Deletion analysis of the pmd pro-
moter region suggested that this inverted repeat sequence is indispensable for the
induction of the promoter. On the other hand, there is no transcriptional regulator
gene within and proximal to the pmd operon. In Comamonas sp. strain E6, an LTTR
gene, orf4, is flanked by pmdA;By; (Fig. 10.3); however, this gene is not involved in
the transcriptional regulation of the pmd operon (Kamimura et al. 2010a). In the
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Comamonas-type PCA45 pathway gene clusters reported to date, an ORF related to
the transcriptional regulator has been found only upstream of the pcm gene cluster
of a gram-positive bacterium, A. keyseri 12B (pcmR) (Fig. 10.3). A database search
of genome sequences of C. festosteroni KF-1 (NCBI accession number,
AAUJ02000001), C. testosteroni CNB-2 (NC_013446) (Ma et al. 2009), and C.
testosteroni S44 (NZ_ADVQO00000000) revealed the presence of LTTRs that
showed approximately 30 % identity with pcmR. The isolation of the regulator
gene(s) for the pmd operon will be essential to clarify the transcriptional regulatory
mechanism of the Comamonas-type PCA45 pathway genes.

10.5 Roles of the PCA4S5 Pathway in the Catabolism
of Lignin-Derived Aromatics

Lignin is the most abundant aromatic substance in nature, and its decomposition
represents a key step in the terrestrial carbon cycle. It has been described as a
random and three-dimensional network polymer comprised of variously linked
phenylpropane units. In nature, peroxidases secreted by fungi, such as lignin per-
oxidase, manganese peroxidase, laccase, and versatile peroxidase, initiate the
degradation of native lignin (Martinez et al. 2005; Hofrichter et al. 2010). These
enzymes produce free radicals for depolymerization of lignin. Although several
studies have reported the direct wood degradation by bacteria, bacteria generally
play a main role in the mineralization of large amounts of lignin-derived low-
molecular-weight compounds in soils (Vicufia 1988; Zimmermann 1990).
Sphingobium sp. strain SYK-6 is one of the best-characterized degraders of lig-
nin-derived aromatic compounds, and this strain is able to utilize various lignin-
derived biaryls, including B-aryl ether, biphenyl, and phenylcoumaran (Masai
et al. 2007). In SYK-6, lignin-derived biaryls with guaiacyl (4-hydroxy-3-
methoxyphenyl) and syringyl (4-hydroxy-3,5-dimethoxyphenyl) moieties are
converted to vanillate and syringate, respectively (Fig. 10.6). After O demethyl-
ation of vanillate and syringate, PCA and 3-O-methylgallate are generated,
respectively (Abe et al. 2005; Masai et al. 2004). PCA is further degraded via the
PCAA45 pathway. On the other hand, 3-O-methylgallate is degraded through mul-
tiple ring-cleavage pathways involving 3-O-methylgallate 3,4-dioxygenase
(DesZ), PCA 4,5-dioxygenase (LigAB), and vanillate/3-O-methylgallate
O-demethylase (LigM) and gallate dioxygenase (DesB) (Kasai et al. 2004, 2005,
2007). Eventually, these pathways conjoin with the PCA45 pathway at PDC or
OMA; therefore, the PCA45 pathway is also essential for the catabolism of syrin-
gate. In order to catabolize syringate via PDC or OMA, the generation of inducer
molecules for the /igK and /igJ operons is essential. In the ring-cleavage pathways
of 3-O-methylgallate, an inducer molecule, gallate, is formed by O demethylation
of 3-O-methylgallate catalyzed by LigM. This fact indicates that the degradation
pathway for 3-O-methylgallate via gallate is crucial for the catabolism of syringyl-
type lignin-derived aromatics.
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Enzyme: LigM, vanillate/3-O-methylgallate O-demethylase; LigA and LigB, o and f} subunits of
PCA 4,5-dioxygenase; LigC, CHMS dehydrogenase; Ligl, PDC hydrolase; LigU, OMA tautomer-
ase; LigJ, OMA hydratase; LigK, CHA aldolase/oxaloacetate decarboxylase; DesA, syringate

O-demethylase;

DesZ, 3-O-methylgallate 3,4-dioxygenase;

DesB, gallate dioxygenase.

Compound: CHMOD, 4-carboxy-2-hydroxy-6-methoxy-6-oxohexa-2,4-dienoate



10 The Protocatechuate 4,5-Cleavage Pathway... 223

References

Abe T, Masai E, Miyauchi K, Katayama Y, Fukuda M (2005) A tetrahydrofolate-dependent
O-demethylase, LigM, is crucial for catabolism of vanillate and syringate in Sphingomonas
paucimobilis SYK-6. J Bacteriol 187(6):2030-2037. doi:10.1128/JB.187.6.2030-2037.2005

Alhapel A, Darley DJ, Wagener N, Eckel E, Elsner N, Pierik AJ (2006) Molecular and functional
analysis of nicotinate catabolism in FEubacterium barkeri. Proc Natl Acad Sci USA
103(33):12341-12346. doi:10.1073/pnas.0601635103

Arciero DM, Lipscomb JD (1986) Binding of "O-labeled substrate and inhibitors to protocatech-
uate 4,5-dioxygenase-nitrosyl complex. Evidence for direct substrate binding to the active site
Fe?* of extradiol dioxygenases. J Biol Chem 261(5):2170-2178

Arciero DM, Lipscomb JD, Huynh BH, Kent TA, Miinck E (1983) EPR and Mossbauer studies of
protocatechuate 4,5-dioxygenase. Characterization of a new Fe?* environment. J Biol Chem
258(24):14981-14991

Arciero DM, Orville AM, Lipscomb JD (1985) ['"O]Water and nitric oxide binding by protocate-
chuate 4,5-dioxygenase and catechol 2,3-dioxygenase. Evidence for binding of exogenous
ligands to the active site Fe?* of extradiol dioxygenases. J Biol Chem 260(26):14035-14044

Arciero DM, Orville AM, Lipscomb JD (1990) Protocatechuate 4,5-dioxygenase from
Pseudomonas testosteroni. Methods Enzymol 188:89-95

Chang M, Crawford IP (1990) The roles of indoleglycerol phosphate and the Trpl protein in the
expression of trpBA from Pseudomonas aeruginosa. Nucleic Acids Res 18(4):979-988

Chang HK, Zylstra GJ (1998) Novel organization of the genes for phthalate degradation from
Burkholderia cepacia DBOL. J Bacteriol 180(24):6529-6537

Chen YP, Lovell CR (1994) Purification and properties of a homodimeric protocatechuate
4,5-dioxygenase from Rhizobium leguminosarum. Arch Microbiol 161:191-195

Crawford RL (1975) Novel pathway for degradation of protocatechuic acid in Bacillus species.
J Bacteriol 121(2):531-536

Crawford RL, Bromley JW, Perkins-Olson PE (1979) Catabolism of protocatechuate by Bacillus
macerans. Appl Environ Microbiol 37(3):614-618

Dagley S, Evans WC, Ribbons DW (1960) New pathways in the oxidative metabolism of aromatic
compounds by microorganisms. Nature 188:560-566

Dubbs P, Dubbs JM, Tabita FR (2004) Effector-mediated interaction of CbbR; and CbbRy; regula-
tors with target sequences in Rhodobacter capsulatus. J Bacteriol 186(23):8026-8035.
doi:10.1128/JB.186.23.8026-8035.2004

Eaton RW (2001) Plasmid-encoded phthalate catabolic pathway in Arthrobacter keyseri 12B.
J Bacteriol 183(12):3689-3703. doi:10.1128/JB.183.12.3689-3703.2001

Fetzner S (2012) Ring-cleaving dioxygenases with a cupin fold. Appl Environ Microbiol
78(8):2505-2514. doi:10.1128/AEM.07651-11

Gao J, Gussin GN (1991) Mutations in Trpl binding site II that differentially affect activation of
the trpBA promoter of Pseudomonas aeruginosa. EMBO J 10(13):4137-4144

Garvey GS, Rocco CJ, Escalante-Semerena JC, Rayment I (2007) The three-dimensional crystal
structure of the PrpF protein of Shewanella oneidensis complexed with frans-aconitate: insights
into its biological function. Protein Sci 16(7):1274-1284. doi:10.1110/ps.072801907

Goyal AK, Zylstra GJ (1997) Genetics of naphthalene and phenanthrene degradation by
Comamonas testosteroni. J Ind Microbiol Biotechnol 19(5-6):401-407

Hara H, Masai E, Katayama Y, Fukuda M (2000) The 4-oxalomesaconate hydratase gene, involved
in the protocatechuate 4,5-cleavage pathway, is essential to vanillate and syringate degradation
in Sphingomonas paucimobilis SYK-6. J Bacteriol 182(24):6950-6957

Hara H, Masai E, Miyauchi K, Katayama Y, Fukuda M (2003) Characterization of the 4-carboxy-
4-hydroxy-2-oxoadipate aldolase gene and operon structure of the protocatechuate 4,5-cleavage
pathway genes in Sphingomonas paucimobilis SYK-6. J Bacteriol 185(1):41-50

Harwood CS, Parales RE (1996) The p-ketoadipate pathway and the biology of self-identity. Annu
Rev Microbiol 50:553-590. doi:10.1146/annurev.micro.50.1.553


http://dx.doi.org/10.1128/JB.187.6.2030-2037.2005
http://dx.doi.org/10.1073/pnas.0601635103
http://dx.doi.org/10.1128/JB.186.23.8026-8035.2004
http://dx.doi.org/10.1128/JB.183.12.3689-3703.2001
http://dx.doi.org/10.1128/AEM.07651-11
http://dx.doi.org/10.1110/ps.072801907
http://dx.doi.org/10.1146/annurev.micro.50.1.553

224 N. Kamimura and E. Masai

Hobbs ME, Malashkevich V, Williams HJ, Xu C, Sauder JM, Burley SK, Almo SC, Raushel FM
(2012) Structure and catalytic mechanism of Ligl: insight into the amidohydrolase enzymes of
c0g3618 and lignin degradation. Biochemistry 51(16):3497-3507. doi:10.1021/bi300307b

Hofrichter M, Ullrich R, Pecyna MJ, Liers C, Lundell T (2010) New and classic families of
secreted fungal heme peroxidases. Appl Microbiol Biotechnol 87(3):871-897. doi:10.1007/
$00253-010-2633-0

Holm L, Sander C (1997) An evolutionary treasure: unification of a broad set of amidohydrolases
related to urease. Proteins 28(1):72-82. doi:10.1002/(SICI)1097-0134(199705)28:1

Kamimura N, Aoyama T, Yoshida R, Takahashi K, Kasai D, Abe T, Mase K, Katayama Y, Fukuda
M, Masai E (2010a) Characterization of the protocatechuate 4,5-cleavage pathway operon in
Comamonas sp. strain E6 and discovery of a novel pathway gene. Appl Environ Microbiol
76(24):8093-8101. doi:10.1128/AEM.01863-10

Kamimura N, Takamura K, Hara H, Kasai D, Natsume R, Senda T, Katayama Y, Fukuda M, Masai
E (2010b) Regulatory system of the protocatechuate 4,5-cleavage pathway genes essential for
lignin downstream catabolism. J Bacteriol 192(13):3394-3405. doi:10.1128/JB.00215-10

Kasai D, Masai E, Miyauchi K, Katayama Y, Fukuda M (2004) Characterization of the
3-O-methylgallate dioxygenase gene and evidence of multiple 3-O-methylgallate catabolic
pathways in Sphingomonas paucimobilis SYK-6. ] Bacteriol 186(15):4951-4959. doi:10.1128/
JB.186.15.4951-4959.2004

Kasai D, Masai E, Miyauchi K, Katayama Y, Fukuda M (2005) Characterization of the gallate
dioxygenase gene: three distinct ring cleavage dioxygenases are involved in syringate degrada-
tion by Sphingomonas paucimobilis SYK-6. J Bacteriol 187(15):5067-5074. doi:10.1128/
JB.187.15.5067-5074.2005

Kasai D, Masai E, Katayama Y, Fukuda M (2007) Degradation of 3-O-methylgallate in
Sphingomonas paucimobilis SYK-6 by pathways involving protocatechuate 4,5-dioxygenase.
FEMS Microbiol Lett 274(2):323-328. doi:10.1111/j.1574-6968.2007.00855.x

Kasai D, Fujinami T, Abe T, Mase K, Katayama Y, Fukuda M, Masai E (2009) Uncovering the
protocatechuate 2,3-cleavage pathway genes. J Bacteriol 191(21):6758-6768. doi:10.1128/
JB.00840-09

Kersten PJ, Dagley S, Whittaker JW, Arciero DM, Lipscomb JD (1982) 2-pyrone-4,6-dicarboxylic
acid, a catabolite of gallic acids in Pseudomonas species. J Bacteriol 152(3):1154-1162

Li S, Kimura M, Takashima T, Hayashi K, Inoue K, Ishiguro R, Sugisaki H, Maruyama K (2007)
Role of cysteine residues in 4-oxalomesaconate hydratase from Pseudomonas ochraceae
NGIJ1. Biosci Biotechnol Biochem 71(2):449-457. doi:JST.JSTAGE/bbb/60503 [pii]

Locher HH, Leisinger T, Cook AM (1989) Degradation of p-toluenesulphonic acid via sidechain
oxidation, desulphonation and meta ring cleavage in Pseudomonas (Comamonas) testosteroni
T-2. J Gen Microbiol 135(7):1969-1978

Ma YF, Zhang Y, Zhang JY, Chen DW, Zhu Y, Zheng H, Wang SY, Jiang CY, Zhao GP, Liu SJ (2009)
The complete genome of Comamonas testosteroni reveals its genetic adaptations to changing
environments. Appl Environ Microbiol 75(21):6812-6819. doi:10.1128/AEM.00933-09

MacLean AM, MacPherson G, Aneja P, Finan TM (2006) Characterization of the p-ketoadipate
pathway in Sinorhizobium meliloti. Appl Environ Microbiol 72(8):5403-5413. doi:10.1128/
AEM.00580-06

MacLean AM, Anstey MI, Finan TM (2008) Binding site determinants for the LysR-type
transcriptional regulator PcaQ in the legume endosymbiont Sinorhizobium meliloti. ] Bacteriol
190(4):1237-1246. doi:10.1128/JB.01456-07

Maddocks SE, Oyston PC (2008) Structure and function of the LysR-type transcriptional regulator
(LTTR) family proteins. Microbiology 154(Pt 12):3609-3623. doi:10.1099/mic.0.2008/022772-0

Mampel J, Providenti MA, Cook AM (2005) Protocatechuate 4,5-dioxygenase from Comamonas
testosteroni T-2: biochemical and molecular properties of a new subgroup within class III of
extradiol dioxygenases. Arch Microbiol 183(2):130-139. doi:10.1007/s00203-004-0755-4

Martinez AT, Speranza M, Ruiz-Duenas FJ, Ferreira P, Camarero S, Guillen F, Martinez MJ,
Gutierrez A, del Rio JC (2005) Biodegradation of lignocellulosics: microbial, chemical, and
enzymatic aspects of the fungal attack of lignin. Int Microbiol 8(3):195-204


http://dx.doi.org/10.1021/bi300307b
http://dx.doi.org/10.1007/s00253-010-2633-0
http://dx.doi.org/10.1007/s00253-010-2633-0
http://dx.doi.org/10.1002/(SICI)1097-0134(199705)28:1
http://dx.doi.org/10.1128/AEM.01863-10
http://dx.doi.org/10.1128/JB.00215-10
http://dx.doi.org/10.1128/JB.186.15.4951-4959.2004
http://dx.doi.org/10.1128/JB.186.15.4951-4959.2004
http://dx.doi.org/10.1128/JB.187.15.5067-5074.2005
http://dx.doi.org/10.1128/JB.187.15.5067-5074.2005
http://dx.doi.org/10.1111/j.1574-6968.2007.00855.x
http://dx.doi.org/10.1128/JB.00840-09
http://dx.doi.org/10.1128/JB.00840-09
http://dx.doi.org/JST.JSTAGE/bbb/60503%20%5Bpii%5D
http://dx.doi.org/10.1128/AEM.00933-09
http://dx.doi.org/10.1128/AEM.00580-06
http://dx.doi.org/10.1128/AEM.00580-06
http://dx.doi.org/10.1128/JB.01456-07
http://dx.doi.org/10.1099/mic.0.2008/022772-0
http://dx.doi.org/10.1007/s00203-004-0755-4

10 The Protocatechuate 4,5-Cleavage Pathway... 225

Maruyama K (1979) Isolation and identification of the reaction product of a-hydroxy-y-
carboxymuconic e-semialdehyde dehydrogenase. J Biochem 86(6):1671-1677

Maruyama K (1983) Purification and properties of 2-pyrone-4,6-dicarboxylate hydrolase.
J Biochem 93(2):557-565

Maruyama K (1985) Purification and properties of y-oxalomesaconate hydratase from
Pseudomonas ochraceae grown with phthalate. Biochem Biophys Res Commun 128(1):271-
277. doi:0006-291X(85)91674-2 [pii]

Maruyama K (1990) Purification and properties of 4-hydroxy-4-methyl-2-oxoglutarate aldolase
from Pseudomonas ochraceae grown on phthalate. J Biochem 108(2):327-333

Maruyama K, Ariga N, Tsuda M, Deguchi K (1978) Purification and properties of a-hydroxy-y-
carboxymuconic e-semialdehyde dehydrogenase. J Biochem 83(4):1125-1134

Maruyama K, Shibayama T, Ichikawa A, Sakou Y, Yamada S, Sugisaki H (2004) Cloning and
characterization of the genes encoding enzymes for the protocatechuate meta-degradation
pathway of Pseudomonas ochraceae NGJ1. Biosci Biotechnol Biochem 68(7):1434-1441.
doi:JST.JSTAGE/bbb/68.1434 [pii]

Masai E, Shinohara S, Hara H, Nishikawa S, Katayama Y, Fukuda M (1999) Genetic and
biochemical characterization of a 2-pyrone-4,6-dicarboxylic acid hydrolase involved in the
protocatechuate 4,5-cleavage pathway of Sphingomonas paucimobilis SYK-6. J Bacteriol
181(1):55-62

Masai E, Momose K, Hara H, Nishikawa S, Katayama Y, Fukuda M (2000) Genetic and biochemi-
cal characterization of 4-carboxy-2-hydroxymuconate-6-semialdehyde dehydrogenase and its
role in the protocatechuate 4,5-cleavage pathway in Sphingomonas paucimobilis SYK-6.
J Bacteriol 182(23):6651-6658. doi:10.1128/JB.182.23.6651-6658.2000

Masai E, Sasaki M, Minakawa Y, Abe T, Sonoki T, Miyauchi K, Katayama Y, Fukuda M (2004) A
novel tetrahydrofolate-dependent O-demethylase gene is essential for growth of Sphingomonas
paucimobilis SYK-6 with syringate. J Bacteriol 186(9):2757-2765. doi:10.1128/
JB.186.9.2757-2765.2004

Masai E, Katayama Y, Fukuda M (2007) Genetic and biochemical investigations on bacterial cata-
bolic pathways for lignin-derived aromatic compounds. Biosci Biotechnol Biochem 71(1):1-
15. doi:JST.JSTAGE/bbb/60437 [pii]

Nakatsu CH, Wyndham RC (1993) Cloning and expression of the transposable chlorobenzoate-3,4-
dioxygenase genes of Alcaligenes sp. strain BR60. Appl Environ Microbiol 59(11):3625-3633

Nakatsu CH, Providenti M, Wyndham RC (1997) The cis-diol dehydrogenase cbaC gene
of Tn5271 is required for growth on 3-chlorobenzoate but not 3,4-dichlorobenzoate.
Gene 196(1-2):209-218. doi:S0378-1119(97)00229-1 [pii]

Ni B, Zhang Y, Chen DW, Wang BJ, Liu SJ (2013) Assimilation of aromatic compounds by
Comamonas testosteroni: characterization and spreadability of protocatechuate 4,5-cleavage path-
way in bacteria. Appl Microbiol Biotechnol. 97(13):6031-6041. doi:10.1007/s00253-012-4402-8

Noda Y, Nishikawa S, Shiozuka K, Kadokura H, Nakajima H, Yoda K, Katayama Y, Morohoshi N,
Haraguchi T, Yamasaki M (1990) Molecular cloning of the protocatechuate 4,5-dioxygenase
genes of Pseudomonas paucimobilis. J Bacteriol 172(5):2704-2709

Nogales J, Canales A, Jiménez-Barbero J, Serra B, Pingarrén JM, Garcia JL, Diaz E (2011)
Unravelling the gallic acid degradation pathway in bacteria: the gal cluster from Pseudomonas
putida. Mol Microbiol 79(2):359-374. doi:10.1111/j.1365-2958.2010.07448.x

Ogawa N, McFall SM, Klem TJ, Miyashita K, Chakrabarty AM (1999) Transcriptional activation
of the chlorocatechol degradative genes of Ralstonia eutropha NH9. J Bacteriol 181(21):
6697-6705

Parke D (1996) Characterization of PcaQ, a LysR-type transcriptional activator required for catab-
olism of phenolic compounds, from Agrobacterium tumefaciens. J Bacteriol 178(1):266-272

Pifeiro S, Olekhnovich I, Gussin GN (1997) DNA bending by the Trpl protein of Pseudomonas
aeruginosa. J Bacteriol 179(17):5407-5413

Porrda O, Garcia-Jaramillo M, Santero E, Govantes F (2007) The LysR-type regulator AtzR bind-
ing site: DNA sequences involved in activation, repression and cyanuric acid-dependent repo-
sitioning. Mol Microbiol 66(2):410-427. doi:10.1111/j.1365-2958.2007.05927.x


http://dx.doi.org/0006-291X(85)91674-2%20%5Bpii%5D
http://dx.doi.org/JST.JSTAGE/bbb/68.1434%20%5Bpii%5D
http://dx.doi.org/10.1128/JB.182.23.6651-6658.2000
http://dx.doi.org/10.1128/JB.186.9.2757-2765.2004
http://dx.doi.org/10.1128/JB.186.9.2757-2765.2004
http://dx.doi.org/JST.JSTAGE/bbb/60437%20%5Bpii%5D
http://dx.doi.org/S0378-1119(97)00229-1%20%5Bpii%5D
http://dx.doi.org/10.1007/s00253-012-4402-8
http://dx.doi.org/10.1111/j.1365-2958.2010.07448.x
http://dx.doi.org/10.1111/j.1365-2958.2007.05927.x

226 N. Kamimura and E. Masai

Providenti MA, Mampel J, MacSween S, Cook AM, Wyndham RC (2001) Comamonas testosteroni
BR6020 possesses a single genetic locus for extradiol cleavage of protocatechuate. Microbiology
147(Pt 8):2157-2167

Sasoh M, Masai E, Ishibashi S, Hara H, Kamimura N, Miyauchi K, Fukuda M (2006)
Characterization of the terephthalate degradation genes of Comamonas sp. strain E6. Appl
Environ Microbiol 72(3):1825-1832. doi:10.1128/AEM.72.3.1825-1832.2006

Schell MA (1993) Molecular biology of the LysR family of transcriptional regulators. Annu Rev
Microbiol 47:597-626. doi:10.1146/annurev.mi.47.100193.003121

Seibert CM, Raushel FM (2005) Structural and catalytic diversity within the amidohydrolase
superfamily. Biochemistry 44(17):6383-6391. doi:10.1021/bi047326v

Seo JS, Keum YS, Li QX (2009) Bacterial degradation of aromatic compounds. Int J Environ Res
Public Health 6(1):278-309. doi:10.3390/ijerph6010278

Slonczewski JL, Fujisawa M, Dopson M, Krulwich TA (2009) Cytoplasmic pH measurement and
homeostasis in bacteria and archaea. Adv Microb Physiol 55:1-79, 317. doi:10.1016/
S0065-2911(09)05501-5

Sugimoto K, Senda T, Aoshima H, Masai E, Fukuda M, Mitsui Y (1999) Crystal structure of an
aromatic ring opening dioxygenase LigAB, a protocatechuate 4,5-dioxygenase, under aerobic
conditions. Structure 7(8):953-965. doi:st7819 [pii]

Tack BF, Chapman PJ, Dagley S (1972) Metabolism of gallic acid and syringic acid by
Pseudomonas putida. J Biol Chem 247(20):6438-6443

Toledano MB, Kullik I, Trinh F, Baird PT, Schneider TD, Storz G (1994) Redox-dependent shift
of OxyR-DNA contacts along an extended DNA-binding site: a mechanism for differential
promoter selection. Cell 78(5):897-909. doi:S0092-8674(94)90702-1 [pii]

Tropel D, van der Meer JR (2004) Bacterial transcriptional regulators for degradation pathways of
aromatic compounds. Microbiol Mol Biol Rev 68(3):474-500. doi:10.1128/
MMBR.68.3.474-500.2004

Vaillancourt FH, Bolin JT, Eltis LD (2006) The ins and outs of ring-cleaving dioxygenases. Crit
Rev Biochem Mol Biol 41(4):241-267. doi:10.1080/10409230600817422

Vicufia R (1988) Bacterial degradation of lignin. Enzyme Microbiol Technol 10(11):646-655

Wang L, Winans SC (1995a) High angle and ligand-induced low angle DNA bends incited by
OccR lie in the same plane with OccR bound to the interior angle. J Mol Biol 253(1):32-38.
doi:10.1006/jmbi.1995.0533

Wang L, Winans SC (1995b) The sixty nucleotide OccR operator contains a subsite essential and
sufficient for OccR binding and a second subsite required for ligand-responsive DNA bending.
J Mol Biol 253(5):691-702. doi:10.1006/jmbi.1995.0583

Wang L, Helmann JD, Winans SC (1992) The A. tumefaciens transcriptional activator OccR causes
a bend at a target promoter, which is partially relaxed by a plant tumor metabolite. Cell
69(4):659-667. doi:0092-8674(92)90229-6 [pii]

Wang YZ, Zhou Y, Zylstra GJ (1995) Molecular analysis of isophthalate and terephthalate degra-
dation by Comamonas testosteroni YZW-D. Environ Health Perspect 103(Suppl 5):9-12

Wang W, Mazurkewich S, Kimber MS, Seah SY (2010) Structural and kinetic characterization of
4-hydroxy-4-methyl-2-oxoglutarate/4-carboxy-4-hydroxy-2-oxoadipate aldolase, a protocate-
chuate degradation enzyme evolutionarily convergent with the Hpal and DmpG pyruvate
aldolases. J Biol Chem 285(47):36608-36615. doi:10.1074/jbc.M110.159509

Wattiau P, Bastiaens L, van Herwijnen R, Daal L, Parsons JR, Renard ME, Springael D, Cornelis GR
(2001) Fluorene degradation by Sphingomonas sp. LB126 proceeds through protocatechuic acid:
a genetic analysis. Res Microbiol 152(10):861-872. doi:10.1016/S0923-2508(01)01269-4

Zimmermann W (1990) Degradation of lignin by bacteria. J Biotechnol 13(2-3):119-130.
doi:10.1016/0168-1656(90)90098-V


http://dx.doi.org/10.1128/AEM.72.3.1825-1832.2006
http://dx.doi.org/10.1146/annurev.mi.47.100193.003121
http://dx.doi.org/10.1021/bi047326v
http://dx.doi.org/10.3390/ijerph6010278
http://dx.doi.org/10.1016/S0065-2911(09)05501-5
http://dx.doi.org/10.1016/S0065-2911(09)05501-5
http://dx.doi.org/st7819%20%5Bpii%5D
http://dx.doi.org/S0092-8674(94)90702-1%20%5Bpii%5D
http://dx.doi.org/10.1128/MMBR.68.3.474-500.2004
http://dx.doi.org/10.1128/MMBR.68.3.474-500.2004
http://dx.doi.org/10.1080/10409230600817422
http://dx.doi.org/10.1006/jmbi.1995.0533
http://dx.doi.org/10.1006/jmbi.1995.0583
http://dx.doi.org/0092-8674(92)90229-6%20%5Bpii%5D
http://dx.doi.org/10.1074/jbc.M110.159509
http://dx.doi.org/10.1016/S0923-2508(01)01269-4
http://dx.doi.org/10.1016/0168-1656(90)90098-V

Chapter 11
Toluene Tolerance Systems in Pseudomonas

Ana Segura and Juan Luis Ramos

Abstract Organic solvents such as monoaromatic hydrocarbons are highly toxic for
living cells; however, most Pseudomonas putida strains are able to grow in the pres-
ence of low concentrations of these compounds. The cellular response toward the
presence of organic solvents in the culture media is multifactorial. An early and
quick response toward organic solvents is a decreased in the fluidity of the cell mem-
brane via cis—trans isomerization of unsaturated fatty acids. This is followed by tran-
scriptional reprogramming, leading to induction of stress-related functions and
metabolic pathways to increase energy production. This energy is used by the
microbe to extrude toxic compounds to the outer medium via efflux pumps of
the RND (resistance, nodulation, and cell division) family—one of the most effective
mechanisms for solvent tolerance. All of these processes concur in response to the
presence of organic solvents in the majority of P. putida strains studied so far. There
are a number of P. putida strains that have been described as highly solvent tolerant;
for these strains, the action of one efflux pump (named TtgGHI in P. putida strain
DOT-T1E) is required for full tolerance to a second phase of the organic solvent.

Keywords cis—trans isomerization ¢ Efflux pumps ¢ Membrane fluidity e
Pseudomonas * Regulation of efflux pumps ¢ Solvent tolerance * Stress responses

11.1 Introduction

Over the last century high amounts of toxic chemicals have accumulated in the
biosphere due to industrial activities. Organic solvents and fuels enter the environ-
ment through accidents, solvent evaporation, or loss during storage or production.
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The accumulation of these pollutants represents a serious hazard for plants, animals,
and humans, and therefore there is the urgent need to decontaminate affected areas
and to prevent further contamination. The use of microorganisms to bioremediate
contaminated sites or to prevent the emission of these chemicals to the atmosphere
is an environmentally friendly approach that is often limited due to the toxicity of
the compounds. Thus, the utilization of robust microorganisms, able to withstand
high concentrations of organic solvents, has become a very attractive strategy to
fight pollution by toxic chemicals.

Organic solvents are highly toxic for microorganisms because they accumulate
in cell membranes, disorganizing them and provoking the loss of ions and metabo-
lites and the malfunction of several membrane-associated proteins that ultimately
lead to cell death (Sikkema et al. 1995). Toxicity of an organic solvent depends on
the physicochemical properties of the solvent (mainly determined by the logP,,
[logarithm of the partition coefficient of the organic solvent in a defined mixture
of octanol and water]) (Inoue and Horikoshi 1991; Sikkema et al. 1995) and the
intrinsic tolerance of the bacteria (Ramos et al. 2002). Compounds with a logP,,,
between 1.5 and 4.0 are extremely toxic for microorganisms. Toluene, with a log-
P,,, of 2.69 has been used as model compound in studies carried out to decipher the
molecular mechanisms of solvent tolerance in Pseudomonas, although the effect
of butanol and ethanol especially in Escherichia coli strains has become the focus
of intense study due to the use of these alcohols in the bioenergy industry (Segura
etal. 2011).

In this chapter we will focus on toluene tolerance in P. putida because this model
has been widely used to unveil the mechanisms of solvent tolerance. Despite the
high toxicity of toluene, most Pseudomonas are able to grow in its presence when
it is added at a concentration below 0.53 g/L (5.75 mM); however, at higher con-
centrations (above its solubility limit in water), toluene is highly toxic. The pres-
ence of low concentrations of toluene in culture media triggers several similar
molecular responses independently of the intrinsic solvent tolerance of the strain.
Although not all Pseudomonas strains have been studied at the same level of detail,
most of them respond in a similar way to the presence of toluene in the media.
These responses include cis—trans isomerization of the unsaturated fatty acids;
changes in the saturated to unsaturated fatty acids; changes in phospholipid head-
groups; stress-related responses; increased energy demand; and extrusion of tolu-
ene via efflux pumps.

In those bacteria able to withstand a double phase of toluene, which have been
classified as solvent tolerant (Segura et al. 2003), in addition to the abovementioned
mechanisms, the action of one efflux pump has been found to be the main determi-
nant that confers the solvent tolerant phenotype. This efflux pump is known as
TtgGHI in P. putida DOT-T1E and P. putida MTB6 (Rojas et al. 2001; Segura et al.
2003) and SrpABC in P. putida S12 (Kieboom et al. 1998) and P. putida GM73
(Kim et al. 1998). In these solvent-tolerant strains, tolerance is an inducible process
that can be enhanced by pre-incubation of the cells with low concentrations of tolu-
ene (Fig. 11.1).
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Fig. 11.1 Survival after 0.3 % v/v toluene shock. Cultures of P. putida DOT-T1E and isogenic
mutants were grown until exponential phase (O.D.gg0,m = 0.8) in LB (a) or LB plus toluene in the
gas phase (b) and then 0.3 % (v/v) toluene was added to the cultures. No toluene was added to the
control culture. Serial dilutions were spread on LB agar plates 10 min after toluene addition and
number of viable cells was counted

11.2 General Responses to Low Concentrations of Toluene

11.2.1 Membrane Changes

The main target of the toxicity of toluene is the cellular membrane and there are several
mechanisms through which P. putida modifies lipid and fatty acid composition in
response to the solvent. Most of these mechanisms contribute to a decrease in membrane
fluidity in an attempt to counteract the fluidification effect of toluene. Changes in the
state of membrane fluidity can be determined measuring fluorescence polarization of a
DPH (1,6-diphenyl-1,3,5-hexatriene) probe inserted into the lipid bilayer (Trevors 2003).
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Fig. 11.2 Effect of toluene on the cell membranes. (a) Fluorescent polarization values were mea-
sured as in Bernal et al. (2007a), with cells grown on either LB (LB); LB with 0.1 % (v/v) toluene
added shortly before the DPH probe reading (LB + T); and LB plus 3 mM toluene (LB,). (b) Schematic
representation of a saturated fatty acid, a cis-unsaturated fatty acid and trans-unsaturated fatty acid.
(¢) Schematic representation of the effect of organic solvent on fatty acids within the cell membrane

LB+T
LB,

The sudden addition of a second phase (0.3 % [v/v]) of toluene to a P. putida DOT-T1E
culture provokes membrane fluidification as detected by a decreased in fluorescence
polarization (Bernal et al. 2007a); however incubation of the culture in the presence of
3 mM of toluene provokes an increase in fluorescence polarization when compared
with the culture without toluene (Fig. 11.2a). This indicates that in the presence of low
concentrations of toluene the bacterial membranes became more rigid than in its
absence. Similar effects have been observed in other Pseudomonas in response to
different organic solvents (Kim et al. 2002).

11.2.1.1 Changes in Fatty Acid Composition
One mechanism that contributes to decreased membrane fluidity is the conversion

of the cis-unsaturated fatty acids (cis-UFAs) to trans-UFAs (Heipieper and de Bont
1994; Ramos et al. 1997). The cis conformation of the double bond provokes a
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bending in the acyl chain (Fig. 11.2b) while trans-UFAs have long linear structures
that are similar to those of saturated fatty acids. This linear conformation allows a
tightly packing of the acyl chains in the membranes (Fig. 11.2¢) (Seelig and Waespe-
Sarcevic 1978; McDonald et al. 1985). Thus, the cis to trans isomerization provokes
an increase in the ordered package of the acyl chains in the membrane and contrib-
utes to membrane impermeabilization.

UFAs in P. putida are mainly synthesized as cis-isomers and under normal labo-
ratory conditions at exponential phase of growth they represent around 30-40 % of
the total fatty acids, depending on the strain (with 0.3-5 % of trans-UFAs) (Weber
et al. 1994; Pini et al. 2009; Riihl et al. 2012). The cis—trans isomerization is carried
out by a cis—trans isomerase that is constitutively expressed (Junker and Ramos
1999; Heipieper et al. 1994; Heipieper et al. 1996; Bernal et al. 2007b) although it
is only active in the presence of membrane fluidification agents such as heat or
organic solvents (Heipieper and de Bont 1994; Heipieper et al. 1996; Junker and
Ramos 1999). As the enzyme is always present in the cell and the modification does
not require “de novo” synthesis of the unsaturated fatty acids (Heipieper et al.
1992), the increase in the trans-UFAs is a very fast response that occurs within
minutes after toluene addition (Ramos et al. 1997).

Although cis—trans isomerization is a quick response that contributes to the protec-
tive response against low concentrations of toluene, two lines of evidence point to the
nonessential role of the cis—trans isomerase in solvent tolerance. First, most P. putida
strains studied so far are able to produce this isomerization independently of their
solvent-tolerant or solvent-sensitive character (Heipieper et al. 2003; Riihl et al. 2012),
and second a P. putida DOT-T1E mutant in the cis—trans isomerase is as tolerant as the
wild type to the sudden addition of 0.3 % (v/v) toluene (Junker and Ramos 1999).
It is quite possible that cis—trans isomerization acts as an emergency mechanism that
provides the cell time to synthesize other active mechanisms of response.

Denser membranes can also be obtained by increasing the proportion of satu-
rated fatty acids. In some P. putida strains an increase in the saturated-to-unsaturated
fatty acids ratio has been observed after organic solvent exposure (Pinkart et al.
1996; Loffhagen et al. 2001). This change requires the de novo synthesis and it is
therefore considered a long-term adaptation.

Cyclopropane fatty acids (CFAs) are mainly synthesized during the stationary
phase of growth (Chang and Cronan 1999; Pini et al. 2009, 2011). Some authors
have suggested that CFAs increase membrane stability (McDonald et al. 1985), but
their role in membrane fluidity is not fully understood. In fact, membranes of
P. putida KT2440 showed higher steady-state fluorescence polarization values of
the DPH probe at stationary phase than at exponential phase of growth (Mufloz-
Rojas et al. 2006), suggesting that at this stage membranes are more rigid. However,
a P. putida DOT-T1E mutant in the cyclopropane synthase (which is unable to syn-
thesize CFAs) has similar polarization values than the wild-type strain at stationary
phase of growth (Pini et al. 2009). This mutant has a slightly reduced tolerance
toward sudden exposure to a double phase of toluene than the wild type (Pini et al.
2009), suggesting only a minor role for CFAs in solvent tolerance. Furthermore, the
cyclopropane synthase gene expression or the relative amount of CFAs in the mem-
brane does not change in response to toluene (Pini et al. 2011).



232 A. Segura and J.L. Ramos

11.2.1.2 Changes in Phospholipid Headgroups

The main phospholipids in P. putida membranes are phosphatidylethanolamine
(PE), phosphatidylglycerol (PG) and diphosphatidyl-glycerol, or cardiolipin (CL).
Identification of the changes in phospholipid headgroups after organic solvent addition
suggests that different P. putida strains developed different strategies for changing the
composition of phospholipid headgroups to overcome damage produced by organic
solvents (Fang et al. 2000; Riihl et al. 2012). In P. putida Idaho the incorporation of 2P
after o-xylene was higher in PE, suggesting a higher synthesis of this phospholipid
headgroup in response to the organic solvent (Pinkart and White 1997). PE has higher
melting point than PG and therefore a higher PE content may result in higher mem-
brane stability. In P. putida DOT-T1E incorporation of P after toluene addition was
higher in CL (Ramos et al. 1997). Several studies have suggested that CL is an impor-
tant structural determinant of the membrane architecture (Mileykovskaya et al. 2003;
Kawai et al. 2004). A P. putida DOT-T1E cls (cardiolipin synthase) knockout mutant
(which contained lower levels of CL) is slightly more sensitive to the sudden addition
of toluene than the wild-type strain, but its role in solvent tolerance seems to be more
related with the correct insertion or stability of the efflux pumps components in the
membrane than with an increase in membrane stability (Bernal et al. 2007a).

11.2.1.3 Vesicle Formation

The formation of vesicles in response to organic solvents has been observed in
P. putida TH-2000 (Kobayashi et al. 2000) and P. putida DOT-T1E (Ramos et al.
1995; Baumgarten et al. 2012). In both strains, vesicles consisted of phospholipids,
lipopolysaccharides (LPS), and proteins. In P. putida TH-2000 the vesicles also
contained toluene and vesicle formation has been described as a mechanism to elim-
inate toluene from the cellular membrane. In P. putida DOT-TIE the release of
vesicles produces changes in cell hydrophobicity mainly as a consequence of the
removal of certain fractions of LPS in the vesicles (Baumgarten et al. 2012).

11.2.2 Stress-Related Responses

Although no differences in growth rates are observed in the solvent-tolerant P. putida
DOT-TI1E (Fig. 11.3) or solvent-sensitive P. putida KT2440 in the presence and absence
of low concentrations of toluene, the cellular responses identified by proteomic and
transcriptomic assays revealed that these cells are undergoing a stress response (Segura
et al. 2005; Dominguez-Cuevas et al. 2006). Similar stress-related responses have been
described in the solvent-tolerant P. putida S12 growing in a chemostat in the presence of
toluene (Volkers et al. 2006) and in other P. putida and E. coli strains using different
organic solvents (Roma-Rodrigues et al 2010; Brynildsen and Liao 2009). In these stud-
ies several stress-related proteins/genes have been identified that are induced in response
to organic solvents suggesting that processes such us oxidative damage or protein
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Fig. 11.3 Role of different stress-related proteins in solvent tolerance in P. putida DOT-T1E. Growth
of the wild-type and mutant strains on M9 minimal medium plus glucose as the carbon source in the
absence (open symbols) and in the presence of toluene in the gas phase (solid symbols)

misfolding may be occurring under these mild conditions. Oxidative damage is probably
a consequence of the membrane disorganization and the resulting disruption of the elec-
tron transport systems provoked by toluene. Misfolding of proteins due to the presence
of toluene in the cytoplasm and the periplasm is also a potential signal for the induction
of chaperone genes such us groES, groL, or dnaK.

Studies have shown that mutants in several stress-related genes in P. putida DOT-
T1E exhibit retarded growth in the presence of low concentrations of toluene
(Fig. 11.3), implicating these genes as important to the solvent response in the pres-
ence of low concentrations of toluene (Fig. 11.3).

11.2.3 Energy Requirements

Culture yield in the presence of organic solvents is lower than in its absence,
suggesting that energy requirements are higher in the presence of the toxic com-
pound (Ramos et al. 1995; Isken et al. 1999; Neumann et al. 2006). This was
confirmed by proteomic analysis, which revealed that even in the presence of low
concentrations of toluene, several TCA cycle genes were induced (Segura et al.
2005; Volkers et al. 2006). Furthermore, a number of strains induce the expression
of genes that allow metabolism of the toxic compound as way to both remove the
compound and gain energy (Mosqueda et al 1999; Segura et al. 2005).

The increased energy demands due to exposure to organic solvents are due both
the toxic effects (e.g., increased membrane permeability and loss of ions and pro-
teins) and the adaptive mechanisms by which cells respond to toluene, especially
those that depend upon RND efflux pumps (Heipieper et al. 2009).

11.2.4 Efflux Pumps

Extrusion of the toxic compound from the cell is one of the main mechanisms of
solvent tolerance (Ramos et al. 2002). This extrusion is carried out mainly by efflux
pumps of the RND family (Paulsen et al. 2001; Saier and Paulsen 2001).
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The structure of these efflux pumps has been extensively studied in recent years
because of their contribution to the multidrug resistance (MDR) phenotype that is
associated with their activity, and excellent reviews have been published on the
subject (Blair and Piddock 2009; Nikaido 2011). RND transporters consist of tripar-
tite complexes, an inner membrane, an outer membrane protein (OMP), and the
periplasmic adaptor protein (PAP). All three elements form a multicomponent com-
plex traversing the inner and the outer membrane. These efflux pumps are energized
by proton motive force; it was therefore not surprising that P. putida DOT-T1E
mutants in exbBexbDtonB (system involved in the energy transduction) showed
hypersensitivity toward toluene (Godoy et al. 2004).

Most of the efflux pumps described so far have a broad substrate range.
Interestingly, although there is no structural similarity among the different sub-
strates and the charge states are also different, they all are relatively lipophilic or
contain lipophilic domains (Nikaido 1996).

The best studied efflux pumps of the RND family are the AcrAB efflux pump in
E. coli—described as able to confer resistance to acriflavine (Ma et al. 1993) and
also involved in solvent tolerance (Aono et al. 1998)—and the MexAB-OprM efflux
pump of P. aeruginosa that confers resistance to fluoroquinolones, chlorampheni-
col, tetracycline, novobiocin and several -lactam antibiotics (Li et al. 1995), and
organic solvents (Li et al. 1998). The crystal structure of the AcrB (Murakami et al.
2002; Nakashima et al. 2011) and MexB (Sennhauser et al. 2009) efflux pumps, the
TolC (Koronakis et al. 2000) and OprM (Akama et al 2004a) outer membrane pro-
teins, and those of AcrA (Mikolosko et al. 2006) and MexA (Akama et al 2004b;
Higgins et al 2004) periplasmic adaptor proteins have been solved, allowing the
construction of a model of the tripartite efflux pump. AcrB and MexB have twelve
transmembrane domains and two large periplasmic loops. Three monomers of the
efflux pump are arranged in the final structure, forming a structure with a large
periplasmic domain whose upper part forms a funnel whose dimensions would be
expected to allow direct contact with the outer membrane protein. The funnel con-
sists of a large cavity (35 A of diameter) which accommodates the substrates.
Substrates can be taken up from the lipid bilayer through an opening between pro-
tomers (called vestibules) that lead to the central cavity (Murakami et al. 2002; Yu
et al. 2003). The outer membrane protein forms also a trimeric structure that is
anchored in the outer membrane and forms a long (100 A) periplasmic tunnel. The
PAP, with an elongated structure, is anchored to the inner membrane and interacts
with the efflux pump and the OMP (Husain et al 2004; Touzé et al. 2004; Tamura
et al. 2005; Tikhonova et al. 2011). Thus the efflux complex traverses the inner
membrane, the periplasmic space, and the outer membrane, such that substrates can
be removed from either the cytoplasm or most probably the periplasm (Elkins and
Nikaido; 2003), captured in the central cavity and transported directly through the
channel to the external medium (Murakami et al. 2002).

Most P. putida strains sequenced so far contain several RND efflux pumps in
their genomes (Godoy et al. 2010). In the solvent-tolerant strain P. putida DOT-
TI1E three efflux pumps (TtgABC, TtgDEF, and TtgGHI) contribute to solvent
tolerance. Of these three efflux pumps, homologs of TtgABC are present in all
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P. putida strains sequenced so far regardless of their solvent-tolerant capacities,
while TtgDEF homologs are present in all P. putida strains that are able to degrade
toluene via the toluene dioxygenase (TOD) pathway (Segura et al. 2003). TtgGHI
(named SrpABC in P. putida S12) is only present in those strains with the highest
solvent tolerance (see below).

TtgABC (encoded by the #tgABC operon in P. putida DOT-TIE) and its
homologs ArpABC (encoded by the arpABC operon in P. putida S12) and
MepABC (of a toluene-tolerant mutant derivative of P. putida KT2442) are
mainly involved in antibiotic resistance. Mutants in these efflux pumps are more
sensitive to a range of antibiotics than the corresponding wild-type strains
(Ramos et al. 1998; Fukumori et al. 1998; Kieboom and de Bont 2001). Despite
high sequence homology between the TtgABC, MepABC, and ArpABC (x99 %)
there are significant functional differences among them; while #7gB and mepB
mutants were more sensitive to toluene, the arpB mutant was as tolerant to sev-
eral organic solvents as the wild-type strain. Furthermore, the t7gA promoter was
induced by several antibiotics (e.g., chloramphenicol and tetracycline) but not
by organic solvents (Terdn et al. 2003), while the arpA promoter was not induced
by chloramphenicol, carbenicillin, or erythromycin (antibiotics that are trans-
ported by this efflux pump) or by organic solvents.

The fact that this type of efflux pump is present in solvent-tolerant as well as in
solvent-sensitive strains and that it is not induced by solvents suggests that this
efflux pump is involved in the innate response of the cells toward the presence of
low concentrations of organic solvents.

Unlike the ttgABC operon, the ttgDEF operon (named sepABC in P. putida
F1) is induced in response to solvents in P. putida DOT-T1E and P. putida F1
(Mosqueda and Ramos 2000; Phoenix et al. 2003). A P. putida DOT-T1E mutant
in ttgD showed a lower survival rate than the wild type after toluene shock
(Fig. 11.1) but only when the cells were first induced by low concentrations of
toluene; similar results were obtained by Phoenix et al. (2003) using P. putida
F1 mutants in sepB and sepC. These data suggest that this type of efflux pump
is involved in the inducible toluene response. Furthermore, the t#tgDEF operon
is considered to have a lateral role in solvent resistance because P. putida strains
that encode it can be both solvent tolerant and solvent sensitive. Indeed, a
P. putida DOT-T1E double mutant in which the TtgABC and TtgDEF efflux
pumps were inactivated was still able to survive 0.3 % (v/v) toluene (Fig. 11.1)
when it was pre-induced with low concentrations of toluene, suggesting that
other solvent-tolerance mechanisms in this strain were sufficient for survival
(Mosqueda and Ramos 2000).

11.2.4.1 Regulation of ttgABC and ttgDEF

Located upstream the efflux pump operons ##gABC and #gDEF and divergently
transcribed, are the genes that encode the corresponding regulatory proteins (named
TtgR and TtgT, respectively).
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1tgABC Regulation

TtgR (ArpR in P. putida S12 and MepR in P. putida KT2442TOL) is a repressor of
the TtgABC efflux pump that belongs to the TetR family. While TtgR is able to
recognize several antibiotics and plant secondary metabolites, it is unable to recog-
nize organic solvents that are substrates of the efflux pump (Terdn et al. 2003, 2006;
Alguel et al. 2007). A TtgR mutant led to increased expression of the 1#gABC operon
and consequently showed increased antibiotic resistance (Duque et al. 2001). This
mutant was as resistant to toluene as the wild type, indicating that overexpression of
the TtgABC efflux pump does not provoke an increase in toluene tolerance.

TtgR binds to a pseudo-palindromic site that overlaps with the tzgR-#tgA promot-
ers (Teran et al 2003). Two dimers of TtgR bind to the minimal 30 mers DNA TtgR
operator. The current model for regulation is that each of the TtgR dimers binds to
an 18-bp palindrome (Krell et al. 2007). In the presence of effectors, the repressor
protein is released from the operator DNA allowing the binding of the RNA poly-
merase and the start of transcription. The basal level of expression of the regulator
and efflux pump allows for rapid extrusion of antimicrobials, and the high affinity
of the TtgR protein for its effectors guarantees responsiveness to toxic chemicals.

1tgDEF Regulation

TtgT and SepR are the regulatory proteins of the t#gDEF (in P. putida DOT-T1E) and
sepABC (in P. putida F1) operons, respectively. TtgT and SepR belong to the IcIR
family of regulatory proteins, and they act as repressors of the corresponding efflux
pumps. As with other regulatory proteins of efflux pumps SepR and TtgT recognize
different substrates (toluene, styrene, m-xylene, among others). p-Galactosidase
assays suggest that the basal level of expression of the efflux pump operon in both
strains is quite low and mutants in the regulatory protein show a twofold increase in
the level of efflux pump expression (Phoenix et al. 2003; Teran et al. 2007).

A SepR mutant has a shorter lag phase when growing in toluene than the wild-
type strain and cultures of the mutant strain showed higher survival rate when
exposed to toluene shock (Phoenix et al. 2003). These effects were not observed in
a P. putida DOT-T1E TtgT knockout mutant (Terdn et al. 2007) because there is
another efflux pump, TtgGHI, that masks the physiological role of this efflux pump
and also because TtgV, the regulator of the 1#gGHI operon, also regulates t#gDEF
expression (discussed below).

11.3 Mechanisms of Solvent Resistance
in the Solvent-Tolerant Strains

Only several P. putida strains (P. putida DOT-T1E, P. putida S12, P. putida MTB6,
and P. putida GM73) have been classified as solvent tolerant, which means that
these strains are able to grow in the presence of a second phase of organic solvent
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(Ramos et al. 1995; Isken and de Bont 1996; Huertas et al 2000; Kim et al 1998). In
all these strains a TtgGHI (SrpABC) efflux pump is present, which belongs to the
RND family of pumps (along with TtgABC and TtgDEF).

A P. putida DOT-T1E mutant deficient in TtgGHI and a P. putida S12 mutant
lacking the SrpABC efflux pump were unable to thrive in the presence of high con-
centrations of toluene (Rojas et al. 2001; Kieboom et al. 1998). Furthermore, this
strain was sensitive to toluene even when pre-induced with low concentrations of
toluene (Fig. 11.1). Considering these results, and because the tzgGHI operon is
constitutively expressed under normal laboratory conditions and induced in the
presence of toluene (and other organic solvents), this efflux pump participates both
in the innate and the inducible solvent tolerance.

In P. putida DOT-T1E and MTB6 strains, t#1gGHI genes are located on a mega-
plasmid named pGRT1 (Rodriguez-Herva et al 2007). Sequencing of pGRT1
(Molina et al. 2011) revealed that this plasmid is conjugative and that the efflux
pump operon is located within a Tn4653-like transposon. As such, both plasmid and
transposon can be lost at a very low frequency (<10® per cell per generation) lead-
ing to a solvent-sensitive phenotype. Transfer of this plasmid to the solvent-sensitive
P. putida KT2440 strain results in acquisition of the solvent-tolerant phenotype
(Rodriguez-Herva et al. 2007). These data confirm the hypothesis that the TtgGHI
efflux pump is the main determinant for solvent tolerance in DOT-T1E strain.

Contrary to what has been described for other environmental megaplasmids,
pGRT1 does not contain any catabolic genes. Instead, many plasmid functions are
related to stress resistance; i.e., it contains three genes involved in UV resistance, an
OREF that encodes a universal stress protein (UspA), and a transporter involved in
iron capture (Molina et al. 2011). Interestingly, this plasmid also encodes two
methyl-accepting chemotaxis proteins that are involved in the hyperchemotaxis of
P. putida DOT-T1E toward toluene (Lacal et al. 2011).

11.3.1 Regulation of ttgGHI Efflux Pump

Upstream of the efflux pump operon, two open reading frames encoding putative
regulators were found. These putative regulatory proteins were named TtgV and
TtgW in P. putida DOT-T1E (Rojas et al. 2003), and the homologous proteins were
named SrpS and SrpR in P. putida S12 (Wery et al. 2001). TtgV and SrpS belong to
the IcIR family of transcriptional regulators and act as repressors of the corresponding
efflux pumps. Under non-induced conditions TtgV binds to the promoter region pre-
venting binding of the RNA polymerase, while in the presence of an inducer the regu-
latory protein dissociated from its target operator allowing RNA polymerase binding
(Guazzaroni et al. 2004). As expected, mutants in TtgV and SrpS are more resistant to
toluene than the corresponding wild-type strains (Rojas et al. 2003; Wery et al. 2001).

Despite the high sequence identity between tzgW and srpR (96 %), SrpR acts as
an antirepressor that binds to SrpS releasing it from the DNA, thus allowing tran-
scription (Sun et al. 2011), while the ##gW gene has a stop codon that truncates the
protein, leading to a nonfunctional protein (Rojas et al. 2003).
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There is also another interesting difference between the two strains. In P. putida
S12 two different insertion sequences, named ISS72 and ISS21, were reported to be
located within the s7pS regulatory protein in P. putida S12 variants that grew after
sudden addition of high concentrations of toluene (Wery et al. 2001; Sun and Dennis
2009). Hybridization of Kpnl cut P. putida DOT-T1E genomic DNA with a probe
based on ISS/2 failed to identify any band while in P. putida S12 seven bands were
seen. Furthermore, amplification of ##gV gene from cells growing after toluene addi-
tion yields a band of the expected size (Segura, unpublished results). These results
suggest that the genomic plasticity that allows P. putida S12 to maintain high
expression of the srpABC efflux pump within a significant part of the population is
not present in the P. putida DOT-T1E strain.

TtgV recognizes a wide variety of effectors such as mono- and biaromatic hydrocar-
bons, antibiotics, or aliphatic alcohols (Guazzaroni et al. 2005). This property is highly
unusual in regulators of the IcIR family which generally show high specificity for effec-
tor molecules. The ##gV gene is transcribed divergently from the ##gGHI operon and
binds as a dimer of dimers to a 42-bp DNA fragment that covers the —10 and —35
regions of the ##gG promoter and the —10 region of the ##gV promoter (Lu et al. 2010).
Furthermore, binding of TtgV creates a 57° bend that reinforces the steric occlusion of
the RNA polymerase binding site (Guazzaroni et al. 2007). Effector binding releases
TtgV from its operator sequence and this results in an increased expression of both 1zgV
and #tgGHI operons (Rojas et al. 2003; Guazzaroni et al. 2004). TtgV monomer contains
an N-terminal domain responsible for DNA binding, a linker helix and a C-terminal
domain that contained a hydrophobic pocket proposed to be the effector-binding site
(Guazzaroni et al 2005; Lu et al. 2010). The TtgV tetramer exists in two different func-
tional states, a stable symmetric state (with both dimers in the T-state) that is unable to
bind to its DNA operator and a less stable asymmetric form (with both dimers in the
R-state) that has the correct conformation to bind to DNA (Lu et al. 2010). Effectors
bind to each monomer independently (Guazzaroni et al. 2005) stabilizing the T-state.
The proposed model suggests that TtgV binds to two DNA sites (within the operator) in
a cooperative manner (Guazzaroni et al. 2007; Lu et al. 2010; Fillet et al. 2011).

TtgV is also able to bind to the ##g7-ttgDEF intergenic region with higher affinity
than the local regulator TtgT (Terdn et al. 2007; Fillet et al. 2009). gV expression
is higher than #tgT. Consequently, expression of the t##tgDEF efflux pump operon is
mostly controlled by the TtgV regulator. Thus, the TtgV regulator, which is encoded
on a plasmid, serves as the key regulator, while chromosomally encoded TtgT takes
a secondary role. Therefore, TtgT seems to serve as a backup system for P. putida
DOT-TI1E cells that have lost the pGRT1 plasmid.

Recently, a new mode of regulation of the ttgGHI efflux pump was found.
Through a still unknown mechanism, ORF32, encoded on the pGRT1 plasmid, is
able to regulate the expression of this efflux pump. A mutant in ORF32 displayed
higher survival after toluene shock than the wild-type strain. The mutant also
showed higher levels of expression from of the 1#gG promoter, which in turn results
from the downregulation of the ##gV promoter (Molina et al. 2011). ORF32 has
homology with an SdiA-regulated protein and SdiA has been involved in the regula-
tion of the AcrAB efflux pump in E. coli (Rahmati et al. 2002).
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Regulation of the ##gGHI efflux pump is therefore a complex process with at least
two different layers of regulation. Furthermore, there is an interplay between the TtgV
and TtgT regulatory proteins to regulate plasmid and chromosomal promoters.

11.4 Other Genes Involved in Solvent Tolerance

Several other genes have been involved in solvent tolerance in different P. putida
strains. These are described below.

Alkyl hydroperoxide reductases (AHPRs) have been identified as general stress
proteins and one of them, AhpC, is involved in solvent tolerance in E. coli (Ferrante
et al. 1995). Fukumori and Kishii (2001) found that AphC is overexpressed in the
P. putida KT2442TOL solvent-resistant strain. They demonstrated that OxyR,
which is the regulatory gene of ahpC-ahpF operon, was mutated in the solvent-
tolerant strain. This suggests that oxyR and oxyR-regulated genes affect solvent tol-
erance in P. putida, although these genes are not crucial for survival.

One of the most curious findings is the relationship observed between the flagella
biosynthetic pathway and solvent tolerance found in P. putida DOT-T1E and P. putida
S12 (Segura et al. 2001; Kieboom et al. 2001). Several solvent-sensitive mutations in
genes involved in flagella biosynthesis have been identified by random mutagenesis in
solvent-tolerance assays. In P. putida S12 alower expression of the srpABC efflux pump
was observed in the solvent-sensitive mutants in figK, flaG, fleQ, fliA, fliF, fliC, and fliH.
In P, putida DOT-T1E however, no differences in the expression of the #gGHI efflux
pump was observed in a fliA mutant compared with the wild-type strain. Because the
flagella apparatus forms a complex structure in the membrane, failure to synthesize this
structure may alter the membrane structure, leading to solvent-sensitive strains. It has
also been hypothesized that flagella transport system has been parasitized by some sol-
vent-resistance related proteins to allow their insertion into the membrane.

Cytochrome o ubiquinol oxidase (cyoABCDE) has also been implicated in sol-
vent tolerance (Kobayashi et al. 1999; Duque et al. 2004). Cyo genes are involved
in the transport of electrons from the ubiquinone pools, and there are two apparently
redundant systems in P. putida. The cyoABCDE operon is overexpressed in P. putida
S12 cultures exposed to toluene (Volkers et al. 2009) and a P. putida TH-2000 mutant
for cyoC is unable to grow in the presence of toluene (40 % v/v). The P. putida
IH-2000 cyoC mutant exhibited significant differences in the outer membrane pro-
teins and in the lipid composition and an increase in cell surface hydrophobicity,
which may explain loss of the solvent-tolerant phenotype (Kobayashi et al. 1999).
A mutant in cyoB in P. putida DOT-T1E was also hypersensitive to toluene although
efflux pump expression and cis—trans isomerization were not affected. Proton
motive force was also unaffected in this mutant probably as a consequence of the
activity of the cytochrome d complex (cyd system). It was observed, however, that
mutant cells showed a number of vesicles on the cell surface together with nonpolar
and polar invaginations. So it appears that cyo genes are required to maintain cell
surface properties necessary for solvent tolerance.
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P, putida strains encode several extracytoplasmic sigma factors (ECFs); one of these
ECFs, named RpoT, has been implicated in solvent tolerance. RpoT in P. putida DOT-
T1E controls the expression of around 50 genes including membrane proteins, including
components of the respiratory chain and transporters. One of these genes—the t#gGHI
efflux pump operon—is expressed at levels several fold lower in RpoT mutants versus
wild type. Thus it is possible that the solvent sensitivity observed in the RpoT mutant is
a consequence of reduced expression of the TtgGHI efflux pump (Duque et al. 2007).

Trgl, a protein of unknown function has also been implicated in solvent tolerance
in P. putida S12. Using proteomic assays it was found that the Trgl protein is present
at lower levels in the presence of toluene (Volkers et al. 2006) and this result was
confirmed using transcriptomic assays (Volkers et al. 2009). Furthermore, a Trgl
mutant improved survival after 30-min exposure to 1 % (v/v) toluene. Conversely, a
strain that overexpressed the gene exhibited a lower survival rate than wild type.
The most interesting observation was that the knockout strain was more resistant to
toluene-induced lysis than the wild type or the strain overexpressing the gene. This
result, together with a high resistance of the mutant strain against p-lactams and
other phenotypes consistent with an altered outer membrane, leads to the hypothesis
that Trgl is somehow involved in outer membrane impermeabilization (Volkers
et al. 2009). Because trgl is downregulated almost immediately after toluene addi-
tion, it is thought to be one of the first responses in solvent tolerance.

In addition of the efflux pumps described above, other transporters have been
implicated in solvent tolerance although their mechanisms of action are still unknown.
One of these transporters belongs to the ATP-binding cassette family (ABC), which
is present in P. putida GM73, KT2440, and DOT-TE strains (Kim et al 1998; Garcia
et al. 2010). In P, putida KT2440 proteomic studies have shown that this ABC trans-
porter is induced in the presence of phenol (Roma-Rodrigues et al. 2010). Mutants in
this transporter, named Trg2 ABC, were hypersensitive to toluene. Another trans-
porter that is a member of the major facilitator superfamily, known as TtgK, is impor-
tant to solvent tolerance. TtgK was previously shown to be involved in bicyclomycin
resistance, and a P. putida DOT-T1E TtgK knockout mutant grown in the presence of
0.3 % (v/v) toluene was likewise unable to survive.

The specific mechanisms through which these genes participate in solvent tolerance
have not yet been fully elucidated. Interestingly, most of the functions described (except
the role of AphC) contribute to the maintenance of cell envelope structure. Thus these
findings highlight the importance of cell envelop architecture to coping strategies that
provide protection against environmental stressors such as organic solvents.

11.5 Biotechnological Applications of Solvent-Tolerant
Pseudomonas

Solvent-tolerant bacteria hold much potential as biocatalysts and for the construc-
tion of biosensors, and recent advancements have led to the realization of this potential
for a number of applications.
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Biosensors to detect and follow up contaminant degradation must be highly
sensitive and rely on the use of robust strains that are able to resist hazardous
environmental conditions. One biosensor that was successfully constructed in
P. putida F1 takes advantage of the sep promoter and the luxCDABE gene cas-
sette. A biosensor construct consisting of these genes was chromosomally inserted
and the effect of several inducers was studied (Phoenix et al. 2003). One of the
main limitations that previously existed for measuring bioluminescence in
response to organic solvents is the unspecific activity of the [ux genes that arises
likely due to the induction of fatty acid biosynthesis (which in turn increases the
aldehyde levels required for light production). Use of solvent-resistant strains
alleviates this problem as no “solvent effect” is observed when the P. putida F1
strain is used (Phoenix et al. 2003).

The usefulness of solvent-tolerant bacteria for whole-cell biotechnological pro-
cesses, especially in double-phase bioreactors in which the reactions involve highly
toxic substrates or products, is undeniable. The preferential partitioning of the sub-
strates/products into the organic phase while the cells (biocatalysts) are within the
aqueous phase allows higher yields of the toxic compound. Furthermore, higher
solubility of the product in the organic phase allows the reduction of the cost of
downstream processing and product recovery. Several examples of production of
value-added chemicals using double-phase bioreactors have been published
recently, including systems for the production of catechols (Husken et al 2001;
Rojas et al. 2004); phenol from glucose (Wierckx et al. 2005); cinnamic acid
(Nijkamp et al. 2005); and p-hydroxybenzoic acid (Ramos-Gonzélez et al. 2003).
With heightened demand for efficient biofuel production, exploitation of solvent-
tolerant strains to improve the process of production of butanol and ethanol is a
burgeoning field of research.

The study of the regulators and promoters of efflux pumps involved in solvent
tolerance has allowed the design of new strategies for the control of therapeutic trans-
genes (Gitzinger et al. 2009). An example of this was the finding that phloretin, a plant
metabolite, is a potent inducer of 1zgABC efflux pump expression that is recognized by
the TtgR regulatory protein. Using this information, a regulatory element was con-
structed that is able to control reporter protein expression (e.g., secreted alkaline phos-
phatase). The authors were then able to study the expression of the transgene in
different mammalian cell lines as well as the secretion of the reporter protein after
application of skin lotions containing phloretin in mice implants.

11.6 Concluding Remarks

Solvent tolerance is a complex process in which many physiological processes con-
spire to achieve. The first line of defense is constituted by the cell envelop. Not
surprisingly, disturbing the cell envelop leads to cells with decreased solvent toler-
ance. The mechanisms involved in the early response to toluene are typically not
regulated by the organic solvent, or if they are, they respond within the first minutes



242 A. Segura and J.L. Ramos

of toluene addition. Efflux pumps are the major determinants in solvent tolerance,
and the TtgGHI-type efflux pumps are essential for a highly solvent-tolerant pheno-
type. Obviously, solvent tolerance is an energy-demanding process—thus, the pres-
ence of organic solvents causes much stress to the cell.

Understanding the structural determinants of solvent tolerance will allow researchers
to engineer different strains for the creation of better biocatalysts for innovative new
green processes. We now know that transfer of the pGRT1 plasmid to solvent-sensitive
Pseudomonas strains provides them with a solvent-tolerant phenotype. Further manipu-
lation of the plasmid will allow the transfer of the pGRT]1 to other relevant strains. With
biofuel production currently a key aim of industry, the use of solvent-tolerant strains as
gateways for the production of fuels is a timely field of research. The utilization of
-omics techniques to optimize microbial strains for the production of value-added chem-
icals and biofuels has already being initiated (Wierckx et al. 2008; Goodarzi et al. 2010).
This work will open new avenues for dramatically improving current biotechnological
processes as well as the development of new applications. While much progress has
been made, much work is still required in order to realize and successfully translate
these breakthroughs from the lab to industry.
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Chapter 12

Diversity and Evolution of Aromatic
Degradation Pathway Enzymes

in an Activated Sludge

Kentaro Miyazaki

Abstract Metagenomics has emerged as an alternative approach to conventional
microbial screening that allows exhaustive screening of microbial genomes in their
natural environments. We adopted a functional metagenomic approach to screen for
catabolic pathway genes for aromatic compounds. A fosmid library was created in
Escherichia coli using an environmental DNA from an activated sludge used to treat
industrial wastewater contaminated with aromatic compounds as a source of
metagenome. By screening the library for extradiol dioxygenases (EDOs), we iden-
tified 91 positive clones, of which 38 were subjected to sequence analysis. Forty-
three genes encoding EDOs were identified, including enzymes belonging to novel
subfamilies. In particular, EDOs belonging to the 1.2.G subfamily were overrepre-
sented (20 clones). Enzymatic analysis revealed that the 1.2.G EDOs were Mn(II)-
dependent and had the strongest affinity for catechol reported thus far, which should
enable host organisms to utilize the limited carbon sources and may be the basis for
their dominance. As for the organization of catabolic pathway genes, unlike to
known aromatic-degrading bacteria with complete pathways, the majority of the
clones contained only subsets of the genes with novel arrangements. A circular
plasmid-like 36.7-kb DNA form, designated pSKYEI, was assembled from the
sequences of the clones carrying 1.2.G EDOs, which possessed only a small set of
genes for phenol degradation. Taking the dominance of this gene set (20 out of 38)
into account, pSKYEI may play a role in detoxification in the environment.
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12.1 Introduction

The ability to utilize various aromatic compounds as a source of carbon and energy
is widespread in bacteria, and in the natural environment these bacteria contribute
greatly to the breakdown of aromatic compounds and the global carbon cycle
(Wittich 1998; Furukawa et al. 2004). Most bacterial aromatic degradative pro-
cesses are aerobic (Gibson and Harwood 2002) and utilize series of enzymes that
are usually categorized as “upper”- or “lower”’-pathway enzymes (Williams and
Sayers 1994). Generally, the upper-pathway enzymes transform aromatic com-
pounds to aromatic vicinal diols. An initial hydroxylation step is performed by a
monooxygenase or dioxygenase that incorporates an oxygen atom(s) into the aro-
matic ring (Gibson and Parales 2000). The second enzyme in the upper pathway is
dihydrodiol dehydrogenase, which catalyzes the conversion of dihydrodiol to a
dihydroxy compound. In the lower pathway, the resulting dihydroxylated aromatic
compounds, or catecholic compounds, are transformed into ring-cleavage products
by extradiol dioxygenases (EDOs) or intradiol dioxygenases (IDOs). The subse-
quent metabolic steps are referred to as meta or ortho pathways. The ring-cleavage
products are further degraded into compounds that can enter the tricarboxylic acid
(TCA) cycle. Of these enzymes, EDOs play a key role in determining catabolic
pathway specificity (Hirose et al. 1994; Vaillancourt et al. 2004; Fortin et al. 2005).
Because the activities of EDOs can be easily identified due to the yellow pigmenta-
tion of their products, numerous studies have been carried out to isolate EDOs as
well as the entire degradative pathways (e.g., Furukawa et al. 2004; Fortin et al.
2005). On the basis of primary-sequence similarities, EDOs are classified into two
evolutionarily independent families, types I and II (Eltis and Bolin 1996). The
majority of these enzymes are of type I and may be further divided into subfamilies
on the basis of their primary sequences (Eltis and Bolin 1996; Mesarch et al. 2000;
Junca et al. 2004). Type II enzymes are rare and lack sequence similarity with each
other and with type I enzymes.

The genes encoding upper- and lower-pathway enzymes are often clustered into
operons, and the varied combinations of upper and lower pathways provide diverse
functions. Point mutations in conjunction with various gene rearrangements (e.g.,
insertion, deletion, duplication, and inversion) further promote the functional diver-
sity of these genes and gene clusters (van der Meer et al. 1992). The presence of
foreign compounds can lead to the selection of mutant bacteria that are capable of
metabolizing them. Aromatic catabolic genes are often harbored by mobile genetic
elements (e.g., plasmids, transposons, and integrative or conjugative elements) that
effectively disseminate the catabolic traits to phylogenetically diverse bacteria
(Tsuda et al. 1999; Top and Springael 2003; Nojiri et al. 2004).
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However, because the generalizations described above come from studies of bac-
teria that can be cultivated under standard laboratory conditions, they are probably
biased. Since the vast majority (>99 %) of bacteria in the natural environment are
difficult to culture in the laboratory and are thought to differ greatly from known
cultured ones (Amann et al. 1995), the not-yet cultivated species may possess novel
genes, enzymes, or pathways. In addition, the aromatic compound-degrading bacte-
ria thus far analyzed were isolated on the basis of their ability to utilize aromatics as
their sole carbon and energy source. This approach can isolate only those bacteria
that possess all of the genes necessary to completely degrade aromatic compounds.
To complement these drawbacks, we adopted a culture-independent approach, i.e.,
functional metagenomics, to search for catabolic genes for aromatic compounds.

Metagenomics has emerged as an alternative approach to conventional microbial
screening that allows exhaustive screening of microbial genomes in their natural
environments. By directly cloning environmental DNA (or metagenome) in a sur-
rogate host, one can exhaustively investigate the metagenome, independent of the
culturability of the source organisms. This innovative technology is anticipated to
innovate the discovery process of novel genes from microorganisms. In fact, various
novel enzymes have been identified that have unique activities and/or sequences
(Uchiyama and Miyazaki 2009; Suenaga 2012).

As a target environment, we selected an activated sludge used to treat coke-plant
wastewater. The wastewater contains various organic pollutants such as phenols,
monocyclic and polycyclic nitrogen-containing aromatics, oxygen- and sulfur-
containing heterocyclic compounds, and polycyclic aromatic hydrocarbons
(Stamoudis and Luthy 1980); thus, the sludge is considered to contain various
microorganisms responsible for decomposing such compounds. We constructed a
metagenomic library using the sludge DNA and screened the library for EDO activ-
ity. In this chapter, we describe several novel EDOs as well as the genetic organiza-
tion of aromatic catabolic genes identified through metagenomic analysis.

12.2 Materials and Methods

12.2.1 Construction and Screening of the Metagenomic
Fosmid Library

A metagenomic library was constructed using activated sludge treating coke-plant
wastewater. The environmental DNA was fragmented into 3348 kb in length,
which was inserted into a fosmid as a vector (pCC1FOS, Epicentre). An advantage
to using fosmid is that it can accommodate longer inserts (30—-40 kb) than can com-
mon plasmid vectors (<5 kb) (Entcheva et al. 2001; Daniel 2005). As known cata-
bolic operons (gene clusters) for aromatic compounds often range from 10 to 30 kb,
we used a fosmid so that we could clone whole-gene clusters.
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Transformants were selected on LB agar plates containing 12.5 pg/mL chloram-
phenicol (LB/Cm), and colonies were picked and re-suspended in separated wells of
96-well plates containing 200 pL of LB/Cm; each well contained 100 independent
clones. A total of 96,000 colonies were used to construct a library in ten 96-well
plates.

Library cells were then grown at 37 °C for 2 h, harvested by centrifugation, re-
suspended in 50 mM phosphate buffer (pH 7.5), and disrupted by addition of 150 pLL
of BugBuster plus Benzonase Nuclease (Novagen). For each sample, cell debris
was removed by centrifugation and the supernatant transferred to a clean plate.
Substrate (0.5 mM catechol) was added to 100 pL of each cell extract, and the reac-
tion plates were incubated with mild agitation (250 rpm) at 25 °C. Positive clones
were identified after incubation for 1 h or 16 h.

12.3 Functional Screening of a Metagenomic Library
for Genes Involved in the Microbial Degradation
of Aromatic Compounds

12.3.1 Construction and Screening of the Metagenomic
Library

An E. coli library was created using activated sludge used to treat coke-plant waste-
water as a source of DNA and a fosmid as a vector with an average insert size of
33 kb. The library comprised approximately 96,000 clones, which covered 3.2 Gb
of metagenomic DNA. Approximately 100 clones were mixed in each well to
reduce the amount of labor required for screening to yield ten 96-well plates. The
entire screening process involved growing recombinant E. coli in liquid medium,
extracting the proteins from the cells, mixing the proteins with catechol, and detect-
ing EDO activity by monitoring the development of a yellow color. Initial screening
identified 85 positive wells; subsequent screening resulted in the retrieval of 91
positive fosmid clones from the 85 wells.

12.3.2 Identification of EDOs Belonging to New Subfamilies

On the basis of the substrate specificities of the 91 fosmid clones, we selected 38 of
the clones and subjected them to shotgun DNA sequencing. BLAST search (Altschul
et al. 1997) was carried out to identify at least one type I EDO gene was identified
in each fosmid as well as other components in the flanking regions, such as phenol
hydroxylases. Five fosmids carried different EDOs in their gene clusters, yielding a
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Fig. 12.1 Phylogenetic tree of metagenomic EDOs with known type I EDOs. Sequences isolated
in this study from metagenomic library are indicated in bold

total of 43 genes (40 full length and three partial). The failure to identify type II
EDO genes suggests their scarcity in the environment. Figure 12.1 illustrates the
phylogenetic relationship between the metagenomic and known EDOs. Eight EDOs
(3 F10, 9E4-2 partial, 9B1, 6B9-2, 2H2, 5 F10-2, 3A2, and 2C5-2) belonging to
subfamily [.2.A were identified, where a majority of EDOs obtained through
cultivation-based methods belong. However, a greater number (35) of EDOs belong-
ing to other subfamilies were identified, including those belonging to the new sub-
families I.1.C, 1.2.G, 1.3.M, and 1.3.N. Approximately half (20) of the EDOs fell
into subfamily 1.2.G, suggesting a specific role for these EDOs in the environment.

12.4 The Molecular Basis for Adaptive Evolution in Novel
EDOs Retrieved from the Metagenome

The 20 EDOs belonging to the 1.2.G subfamily were not identical; they were sepa-
rated by single-nucleotide polymorphisms (SNPs) and were classified into six
groups. Using combinations of the SNPs, a possible evolutionary lineage of the
1.2.G clones was reconstructed as shown in Fig. 12.2. We propose that these genes
evolved from a common ancestor (group 1) and diverged via the accumulation of
various mutations (groups 2—6). To investigate the reason for the dominance of the
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Fig. 12.2 Evolutionary lineage of EDOs in the 1.2.G subfamily. The clone names, the groups, and
the frequencies of the retrieved EDO clones are indicated in the boxes. Amino acid substitutions
are indicated by the arrows. This figure was taken from Fig.2 in Suenaga et al. (2007) and Fig. 1
in Suenaga et al. (2009a) with the publisher’s permission

1.2.G EDOs and the roles of the amino acid changes observed in the 1.2.G enzymes,
we selected eight new EDOs: six from [.2.G and one each from the 1.3.M (clone
7E11) and I.3.N (clone 1F2) subfamilies. These enzymes were purified to homoge-
neity, and their physical and catalytic properties were investigated.

12.4.1 Metal Dependence

The majority of known EDOs use Fe(Il) as a cofactor, and only five EDOs have
been reported that utilize metals other than Fe(Il). The enzyme from Klebsiella
pneumoniae uses Mg(Il) (Gibello et al. 1994), while the other four enzymes use
Mn(II) (Que et al. 1981; Hatta et al. 2003; Viggiani et al. 2004; Miyazawa et al.
2004). We first tested the metal dependence of the metagenomic EDOs. Recombinant
E. coli were grown in M9 medium supplemented with Fe(IT) or Mn(II). The activities
of a crude extract prepared from the cells were then assayed using catechol. Enzymes
prepared in the absence of metal ions were inactive with both substrates. The 1.2.G
EDOs displayed activity only when Mn(II) was added to the medium. By contrast,
both the 7E11 and 1F2 EDOs were Fe(II)-dependent.

12.4.2 Kinetic Analysis

The known EDOs exhibiting a preference for catechol have Ky, values ranging from 1
to 50 pM (Cerdan et al. 1995; Okuta et al. 2003; Junca et al. 2004; Viggiani et al. 2004).
However, all of the 1.2.G EDOs showed an extremely high affinity for catechol, with
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Table 12.1 Kinetic parameters and specific activities of purified EDOs*

Relative
activity to
2,3-dihydroxy-

Enzyme Subfamily Group® K, (UM)® ke (s7')° kead Koy (M s71)¢ biphenyl®
1A1 1.2.G 1 0.75+0.15 0.36+0.02 0.48+0.07 14

1D2 12.G 2 0.33+£0.02 0.38+0.03 1.14%0.60 1.29
7B2 12.G 3 0.64+0.13 0.22+0.02 0.34+0.04 1.09

2B9 12.G 4 0.55+0.17 0.34+0.02 0.63+0.19 1.58

5B2 1.2.G 5 0.46+0.21 0.40+0.03 0.85%0.26 1.05

2C1 1.2.G 6 0.62+0.56 0.32+0.11 0.51%0.19 1.35
TEI1 1.3.M - 459+13.1 0.353+0.06 8.0x1073x£2.0x107 6.91

1F2 13.N - 245+78 1.00£0.26 4.08x1073+£0.22x1073 3.01

*Values are expressed as average +SD of three to five independent experiments
®The groups were defined in Fig. 12.1

¢ Activity to catechol

4The specific activity of 1A1 was 0.246 U mg™'

Ky values below 1 pM (Table 12.1), which is the lowest value reported thus far. The
overall catalytic efficiency, or k../Ky;, varied from clone to clone. The 1D2 (group 2)
and 5B2 (group 5) clones showed significantly higher levels of activity due to a lower
Ky and higher k. The 7E11 and 1F2 EDOs exhibited much lower catalytic efficien-
cies (approximately two orders of magnitude) probably because they preferred
2,3-dihydroxybiphenyl to catechol.

12.4.3 Thermostability

Thermostability was determined by measuring the remaining activity after incuba-
tion at a high temperature (60, 70, or 80 °C). As shown in Fig. 12.3, 1F2 was the
most thermolabile and lost activity at 60 °C within 10 min. The 7E11 enzyme was
also thermolabile; incubation at 60 °C for 1 h decreased the activity to 41 % of the
preheated level. In contrast, the 1.2.G enzymes were quite thermostable. Of the six
1.2.G EDOs, four (1A1, 2C1, 5B2, and 7B2) retained almost full activity after treat-
ment at 60 °C for 1 h. Of these, 1A1 and 7B2 were the most thermostable, retaining
25 and 17 % of their activities even after incubation at 70 °C for 1 h, respectively.
Note that the two most active clones, 1D2 and 5B2, were the most thermolabile
among the 1.2.G EDOs.

12.4.4 Effects of Chemical Inhibitors

Table 12.2 shows the tolerance of the EDOs against the chemical inhibitors H,O,
and NaCN. The oxidizing agent H,O, (10 mM) caused concentration-dependent
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Fig. 12.3 Thermal inactivation profiles of metagenomic EDOs. Purified enzymes were incubated
at 60 °C (closed circle), 70 °C (closed square), or 80 °C (closed triangle). At various time inter-
vals, aliquots were recovered, and the remaining activities were determined at 30 °C

Table 12.2 Effects of inhibitors on the activity of purified EDO*

Remaining activity

H,0, NaCN
Enzyme Subfamily Group® 1 mM 10 mM 1 mM 10 mM
1A1 1.2.G 1 81+6 21+1 98+1 98+2
1D2 1.2.G 2 79+5 262 99+1 10811
7B2 1.2.G 3 708 214 95+2 113+£9
2B9 1.2.G 4 84+6 26+3 88+8 10312
5B2 1.2.G 5 59+2 24+3 97+9 112+12
2Cl1 1.2.G 6 63+10 21+4 97+6 1139
TE11 L.3.M - 174 13x1 87+4 31+4
1F2 IL3.N - 261 16+6 91+10 35+6

*Values are the average of three independent experiments
*The groups were defined in Fig. 12.1

inactivation and reduced the activities of the 1.2.G EDOs to between 21 and 26 % of
their initial levels. H,O, decreased the activity of 7E11 to 13 % of its initial value
and the activity of 1F2 to 16 % of the level in the preincubated enzyme. The differ-
ences in tolerance between the 1.2.G EDOs and other enzymes were more signifi-
cant at 1| mM. The metal-binding reagent NaCN selectively inhibited 7E11 and 1F2
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by 65 and 68 % at 10 mM, respectively. No loss of activity was observed for the
1.2.G enzymes treated with NaCN under identical conditions. These results and
those from our heat inactivation experiments indicate that the 1.2.G EDOs were
structurally more robust than the 7E11 and 1F2 enzymes.

12.4.5 Basis for the Dominance of the 1.2.G EDOs

As described above, unlike many other EDOs, which are Fe(II)-dependent, the 1.2.G
EDOs preferred Mn(II). We believe that this is the primary reason for the domi-
nance of the 1.2.G EDOs in our library. Because coke-plant wastewater contains
0.5-3 mM NaCN (Chao et al. 2006; Chang et al. 2008), the use of Mn(II) instead of
Fe(IT) should favor enzyme resistance to NaCN stress. The structural robustness of
Mn(II)-dependent enzymes is supported by many studies. The Fe(II)-dependent
EDO from Pseudomonas ovalis is rapidly inactivated by H,O, and NaCN, but this
is not the case for Mn(II)-dependent enzymes (Que et al. 1981; Whiting et al. 1996);
moreover, the high thermostability of a Mn(II)-dependent EDO was reported by
Hatta et al. (2003). Other Mn-dependent enzymes have the capacity to withstand
stress (Asada et al. 1975; Lumsden et al. 1976). The 1.2.G EDOs were further char-
acterized by their substrate affinities (Table 12.1). The Ky, values for the 1.2.G EDOs
using catechol (<1 pM) were the lowest values reported thus far. Although the actual
concentration of catechol in wastewater remains unclear, a lower substrate concen-
tration may enable the host organism to utilize the limited carbon source.

12.4.6 Adaptive Evolution in 1.2.G EDOs

Next, we assessed the capacity of the .2.G EDOs to evolve based on their individ-
ual enzymatic properties. The catalytic properties of EDOs are influenced by single
amino acid changes (Junca et al. 2004) and are, presumably, positively selected for
in the environment in response to pollution. As for the metagenomic 1.2.G EDOs,
their catalytic activities varied from group to group, apparently due to minor amino
acid substitutions (Table 12.1). The ancestral 1 A1 was the most thermostable, while
two of its descendents, 1D2 and 5B2, had significantly greater catalytic efficiency
but reduced stability (Table 12.1 and Fig. 12.3). Hence, an apparent trade-off exists
between activity and stability. Because protein stability promotes adaptive protein
evolution (Bloom et al. 2006), the more active 1D2 and 5B2 may have arisen through
areduction in 1A1 thermostability. Note that the 1.2.G clones with increased activ-
ity (groups 2 and 5) were found more frequently among the retrieved 1.2.G clones
(eight group-2 enzymes and three group-5 enzymes), which probably reflects their
allele frequencies in the environment.
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12.5 Novel Organization of Aromatic Degradative Pathway
Genes in a Microbial Community as Revealed
by Metagenomic Analysis

12.5.1 General Features of the Metagenomic Fosmid Inserts

Shotgun DNA sequencing of 38 fosmids resulted in the identification of single con-
tigs in 22 fosmids. The inserted fragments, which collectively amounted to 1.5 Mb,
ranged from 29.1 to 41.6 kb in length, from 53.9 to 69.3 % in G+C content, and
from 26 to 45 ORFs. In total, there were 1,317 ORFs. When these ORFs were clas-
sified on the basis of their predicted functions and compared to those identified in
purely cultivated aromatic-utilizing bacteria, the metagenomic DNA fragments
exhibited a lower proportion of aromatic-degrading genes and a higher proportion
of genes for DNA replication/maintenance/processing, conjugative transfer, DNA
transposition, and site-specific recombination, as compared to those in the genomes
of the cultivated strains.

12.5.2 Diverse Genetic Organization of Aromatic Degradation
Genes in Metagenomic DNA

The genetic organization of representative fosmid inserts is depicted in Fig. 12.4.
Most EDO genes were flanked by genes or gene clusters predicted to be involved in
the degradation of aromatic compounds. These gene products exhibited moderate to
significant levels of identity with well-studied catabolic enzymes from isolated bac-
teria (Shingler et al. 1992; Duffner et al. 2000; Fukumori and Saint 2001; Zhou et al.
2001; Sota et al. 2006).

12.5.3 Genes in the Fosmids Carrying 1.2.G EDO Genes

12.5.3.1 Aromatic Catabolic Genes

In the 38 fosmids, the genes of the novel 1.2.G EDO subfamily were overrepre-
sented, constituting 18 clones. The dominance of the 1.2.G subfamily suggests that
this type of EDO plays an important role in the coke-plant wastewater habitat. Thus,
we focused on this unique group to address the basis for their dominance among the
retrieved clones and, possibly, in the environment.

Each of the 18 fosmids carried three genes encoding a single-component-type
phenol hydroxylase, catechol 2,3-dioxygenase, and 2-hydroxymuconic semialde-
hyde hydrolase, in that order. The 2-hydroxymuconic semialdehyde hydrolase
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Fig.12.4 Genetic maps of representative fosmid inserts analyzed in this study. ORFs are indicated
by pentagons, and those referred to in the text are shown with their numbers above the symbols.
Predicted ORF functions are shown according to color: dark yellow, EDO; light yellow, degrada-
tion of aromatic compounds; green, replication, maintenance, and processing of DNA; red, conju-
gative transfer; pink, DNA transposition or site-specific recombination; dark green, transport; light
blue, transcriptional regulation; grey, other known functions; and white, unknown function.
Horizontal lines indicate non-scaled spaces between genes. Two contigs in one fosmid insert are
separated by double oblique strokes. Fosmids carrying same inserts are described in parentheses.
This figure was taken from Fig. 1 in Suenaga et al. (2009b) with the publisher’s permission

genes in the fosmids were apparently either intact or truncated at their 3’-ends. All
of the phenol hydroxylase genes were very similar to one another, and their deduced
products were 46 % identical to PheA from B. stearothermophilus BR219, the only
known single-component-type phenol hydroxylase (Kim and Oriel 1995). The
activities of the putative phenol hydroxylases were confirmed by a coupling assay
with EDO; cellular expression of the phenol hydroxylase and EDO resulted in a
yellow color in the presence of phenol.

12.5.3.2 Mobile Genetic Elements

Fosmids carrying the 1.2.G EDO genes were characterized based on the relative
abundance of mobile genetic elements and their remnants. It is noteworthy that the
transposase genes for ISPmel (in 1D9 to 7B2; see below) and an ISSop9-related
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Fig. 12.5 Circular map of plasmid pSKYEI reconstructed in silico. Predicted ORF functions are
shown according to color as in Fig. 12.4. This figure was taken from Fig.6 in Suenaga et al.
(2009b) with the publisher’s permission

element (ORF2B9-5, ORF2A1-27, and ORF2C1-24) were located very close to the
single-component phenol hydroxylase genes. Fosmid 3G3 contained at least ten
genes predicted to be involved in a type IV conjugative transfer system: the gene for
coupling protein (TraG) and Trb genes for the mating-pair formation apparatus. The
organization of the genes (frbBCDEJLFGI) in 3G3 resembles that found in the
Tn4371 genomic island (Toussaint et al. 2003) rather than that found in self-
transmissible plasmids (Schroder and Lanka 2005). Taking the high (~90 %) iden-
tity to those found on the second chromosome of the a-proteobacterial strain
Ochrobactrum anthropi ATCC 49188, the transfer-related gene cluster in 3G3
appears to be part of a variant Tn4371-type genomic island in which several
a-proteobacterial genomes also reside.

The deduced gene products of ORF2A1-17, ORF2A1-16, and ORF2A1-15
were similar to the RepA (ZP_01441940), RepB (ZP_01441941), and RepC
(ZP_01038470) of Roseovarius sp. This type of repABC operon controls replica-
tion and the partitioning of large and low copy-number plasmids and has been
found only in a-proteobacteria (Cevallos et al. 2008). Therefore, the 2A1 insert
appears to originate from an a-proteobacterial plasmid.

12.5.3.3 Reconstitution of a Plasmid-Like Circular DNA from Fosmid
Sequences Carrying 1.2.G EDO Genes

The fosmid fragments in 1D9, 1D2, 9B9, 3HS5, 1H11, and 6D4 had overlapping
sequences that were assembled into a circular DNA form 36,684-bp long (Fig. 12.5).
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This circular DNA, designated pSKYEI, contained a total of 34 ORFs and was
considered to be a plasmid because of the observations described below.

The circular DNA pSKYEI carried several genes related to plasmid replication
(ORF1D9-5), partitioning (ORF1D9-12 and -29), and conjugation (ORF1D9-1,
-14, and -31). The deduced gene product of ORF1D9-5 was 82 % identical to RepA
of the plasmid pAMI2 in a-proteobacterial Paracoccus aminophilus. An IS element
and transposon were found in pSKYEIL. The former mobile element flanked by
50-bp IR sequences was located very close to the single-component phenol hydrox-
ylase gene and was thought to be ISPmel, an IS element from pMTH1 in Paracoccus
methylutens DM12 (Bartosik et al. 2008). The latter element, designated Tn6032,
had 25-bp IR sequences and carried three ORFs encoding polypeptides with moder-
ate sequence identity to TniA, TniB, and TniQ in Tn5053 from Xanthomonas sp.
W17 (Kholodii et al. 1995).

With respect to the genes involved in aromatic compound degradation, pSKYEI
contained only two genes for phenol hydroxylase and EDO. This situation is very
different from that of known bacterial catabolic plasmids, which are usually large
(>50 kb) and carry operonic degradative gene clusters (van der Meer et al. 1992;
Dennis 2005). Because of their great lipophilicity and ability to produce reactive
oxygen species, phenol and catechol are potentially toxic to bacterial cells
(Benndorf et al. 2001). Therefore, pSKYEI, which carries the necessary compo-
nents for degrading aromatic compounds, is likely to provide a survival advantage
to its host cells in this harsh environment. The same environment might host bacte-
rial strains that cannot degrade aromatic compounds by themselves. These bacteria
may be fortunate in having this “detoxification apparatus” functioning in their
environment.

12.6 Concluding Remarks

Through functional metagenomics, we obtained various new insights into the distri-
bution and organization of aromatic degradation genes. A major finding was that the
complete pathways generally recognized as “standard” in previous studies are
extremely rare in the sampled natural environment. Instead, various gene subsets
were identified that were not similar to previously reported “upper’- or “lower”-
pathway modules, suggesting that aromatic compounds are degraded through the
concerted actions of various pathways.

Strikingly, a small piece of the aromatic degradation pathway consisting of a
single-component-type phenol hydroxylase and EDO was overrepresented. Taking
into account the fact that this module was found in pSKYEI, a plasmid-like circular
DNA form, we conclude that pSKYEI plays a crucial role in the detoxification of
aromatic compounds in our target environment. These findings were obtained from
an analysis of DNA fragments totaling 1.5 Mb. Thus, the sequence analysis of
metagenomes exhibiting specific functions is extremely useful in uncovering novel
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findings concerning targeted biological functions and their evolutionary status
across a wide range of bacterial strains.

Similar to our functional or activity-based screening of metagenomic library,
Uchiyama et al. (2005) has employed a reporter-based screening method, desig-
nated SIGEX. In SIGEX, flow cytometry-compatible gene (i.e., green fluorescence
protein) was used as a reporter, which was cloned downstream of the metagenomic
inserts. By screening a metagenomic library using a series of aromatic compounds,
they have succeeded in the retrieval of several transcriptional regulators that specifi-
cally response to benzoate and naphthalene. Because of its high throughput, this
approach is complementarily used with activity-based approach.

Acknowledgement This paper is reproduced with permission of John Wiley & Sons, Inc.
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Chapter 13
Syntrophic Interactions in Biodegradative
Consortia

Kazuya Watanabe and Atsushi Kouzuma

Abstract Bioremediation is carried out in nature, where countless microbes coexist
and interact with each other. This chapter highlights syntrophic interactions among
biodegradative bacteria that may be important to understand how organics (e.g.,
pollutants) are biodegraded in nature. We particularly focus on methanogenic and
dechlorinating biodegradation with the expectation that scientists will more direct
their studies toward syntrophic association among biodegradative bacteria.

Keywords Dechlorination ¢ Dehalogenation ® Fermentation ¢ Interspecies electron
transfer « Methanogenesis ® Symbiosis ¢ Syntrophy

13.1 Introduction

After the prominent work of Robert Koch and Louis Pasteur, microbiology has
progressed based on pure-culture techniques and nutrient-rich culture media. Pure-
culture techniques have been successfully used for identifying pathogens
(Woolhouse and Gaunt 2007) and constructing industrially useful microbes (Steele
and Stowers 1991). On the other hand, it has been argued that such microbiology
has limitation in understanding the ecology of microbes in the natural environment
(Amann et al. 1995; Watanabe and Baker 2000), since natural microbial habitats are
largely different from laboratory cultures in terms of nutrient conditions and the
presence of different microbial species. In the 1990s, molecular techniques have
been introduced in microbial ecology, facilitating the detection and phylogenetic
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identification of microbes in natural and engineered environments without isolation
and cultivation (Amann et al. 1995). Microbial ecologists have realized that, in most
cases, conventional laboratory isolates constitute minor populations in the environ-
ment, and there exist yet-uncultured microbes, some of which play major ecological
roles (Watanabe and Baker 2000).

Studies on biodegradative bacteria are typically initiated by the isolation of bac-
teria from environmental samples that are able to grow on a target organic com-
pound as a carbon and/or energy source. Subsequently, isolated strains are
investigated for understanding their physiology and activities, followed by the iden-
tification of genes coding for degradative pathways (Watanabe 2001). These studies
have uncovered a tremendous diversity of biological metabolic pathways, from
which many industrially useful catabolic genes have been identified (Parales and
Ditty 2005). It should however be noted that biodegradative bacteria studied in such
ways are, in many cases, not major players for the biodegradation of organic com-
pounds in natural environments (Watanabe and Hamamura 2003). For instance, a
study on phenol-degrading activated sludge has shown that the major phenol-
degrading bacteria in sludge could not be isolated after a conventional batch-
enrichment culture (Watanabe et al. 1998). It is also noteworthy that a metagenomic
screening of oil-contaminated groundwater for obtaining bacterial catabolic genes
showed that those obtained by the metagenomic screening were mostly present in
segmentalized operon structures (Uchiyama et al. 2005), suggesting that most bac-
teria in nature may harbor only parts of complete gene sets necessary for biodegra-
dation. This finding also implies that many bacteria in the environment may partially
contribute to the entire biodegradation process (from organic compounds to carbon
dioxide and/or methane), as has been observed in methanogenic biodegradation of
organic matter (Schink 2002, 2006).

This chapter highlights syntrophic interactions among biodegradative bacteria
that may be important to understand how organics (e.g., pollutants) are biodegraded
in nature. We particularly focus on methanogenic and dechlorinating biodegrada-
tion with the expectation that scientists will more direct their studies toward syn-
trophic association among biodegradative bacteria.

13.2 Methanogenic Biodegradation

Methanogenic biodegradation occurs in the anaerobic environment, where appro-
priate electron acceptors are not present (Ferry 1993). This situation is common in
subsurface environments, such as agricultural soil (Le Mer and Roger 2001), sedi-
ment of eutrophic lakes (Lovley and Klug 1983), and subterranean oil fields (Jones
et al. 2008), and a substantial portion (~10 %) of photosynthesized organics are
considered to be decomposed via methanogenesis (Vogels 1979). In addition, meth-
anogenic biodegradation has been used in anaerobic digesters to treat organic wastes
and generate biological fuel gas (methane) from them (Gujer and Zehnder 1983).
A characteristic of methanogenic biodegradation is that different species of bac-
teria and archaea share respective steps in the decomposition of complex organic
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matter to produce methane and carbon dioxide (Fig. 13.1); these steps include
(1) hydrolysis of complex organic matter to generate monomers (e.g., amino acids
and sugars), (2) fermentation of monomers to generate alcohols and volatile fatty
acids (VFAs), (3) syntrophic conversion of alcohols and VFAs to acetate, hydrogen,
and carbon dioxide, (4) methane production from acetate, and (5) methane produc-
tion from hydrogen and carbon dioxide. Many microbes that have catalytic activi-
ties for respective steps have been isolated, and complete genome sequences for
some of them have been determined (Kosaka et al. 2008). Studies have revealed that
the first three steps are catalyzed by bacteria, while archaea are responsible for the
last two steps. Among these steps, the syntrophic conversion is considered to be the
bottleneck step (Schink 1997), since a high load of organic wastes to anaerobic
digesters results in the accumulation of VFAs, acidification, and subsequent process
breakdown (Ward et al. 2008). Understanding of the syntrophic conversion of VFAs
is therefore necessary for the reliable operation of anaerobic digesters.

VFAs are unfavorable substrates for anaerobes, since oxidation of these sub-
strates to hydrogen and carbon dioxide (or formate) is endergonic under standard
conditions (i.e., the changes in the Gibbs free energy are positive) and is thermody-
namically feasible only when the hydrogen partial pressure (or formate concentra-
tion) is kept low. For instance, thermodynamic estimation has predicted that
hydrogen partial pressures as low as 10 and100 Pa are necessary for the oxidation
of propionate and butyrate, respectively (Schmidt and Ahring 1993; Schink 1997).
Since hydrogen and formate are scavenged mainly by the carbonate-respiring meth-
anogenic archaea, syntrophic association of VFA-oxidizing bacteria (called syn-
trophs) and methanogenic archaea (methanogens) is considered indispensable for
efficient VFA oxidation (Thauer et al. 1977; Schink 1997, Ishii et al. 2005).

In order for interspecies hydrogen transfer to occur stably and efficiently, studies
have found that syntrophs and methanogens need to be co-aggregated to achieve
close physical contacts (Ishii et al. 2005, 2006). Recently, it was uncovered that
flagella of syntroph Pelotomaculum thermopropionicum specifically adhere to the
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cell surface of partner methanogen Methanothermobacter thermautotrophicus,
facilitating their specific contact (Shimoyama et al. 2009). Besides, it was also
found that the binding of a flagellum cap protein (FliD) of P. thermopropionicum
causes transcriptomic shifts in M. thermautotrophicus, allowing this methanogen to
prepare for the upcoming syntrophic methanogenesis (Shimoyama et al. 2009). This
is the first example of specific interspecies communication between prokaryotes,
which should be pursued to examine how widely such protein-assisted interspecies
communication distributes over prokaryotic communities. It will also be a subject
of future studies to develop methods to utilize such molecular mechanisms for facil-
itating syntrophic conversion of VFA to methane.

Hydrocarbons are also subjected to methanogenic biodegradation in subsurface
environments, such as oil reservoirs (Gieg et al. 2008; Jones et al. 2008) and heavily
contaminated sites (Kasai et al. 2005; Siddique et al. 2011). Studies analyzing natu-
ral oil-contaminated samples have shown linkages between hydrocarbon decay and
methane formation, while a direct evidence for methanogenic hydrocarbon degrada-
tion was provided using enrichment cultures, in which a consortium comprised of
Deltaproteobacteria and Euryarchaeota transformed *C-labled hexadecane into
“C-methane at a feasible stoichiometry (Zengler et al. 1999). Aromatic hydrocar-
bons, such as benzene (Weiner and Lovley 1998), toluene, and xylenes (Edwards
and Grbi¢-Gali¢ 1994), are also reported to be biodegraded under methanogenic
conditions. These examples show that methanogenic biodegradation can contribute
to the natural attenuation of hydrocarbons and the formation of natural gas in sub-
surface oil fields.

13.3 Dechlorinating Biodegradation

Chlorinated organic compounds have divergent and useful chemical properties and
are widely used as solvents (e.g., chloroform, dichloromethane, dichloroethene, tri-
chloroethene (TCE), and tetrachloroethene [perchloroethene; PCE]), polymers
(e.g., polyvinylchloride), insulators (e.g., polychlorinated biphenyls [PCBs]), and
pesticides (e.g., pentachlorophenol [PCP]) (Mohn and Tiedje 1992). These com-
pounds are industrially produced in large quantities, in some cases, resulting in
accidental and deliberate releases into the environment. In addition, chlorinated
organics such as polychlorinated dibenzo-p-dioxins (PCDDs) and dibenzo-p-furans
(PCDFs) are formed as unwanted by-products of manufacturing and incineration
processes (Meharg and Osborn 1995). Many of such chlorinated organics are
regarded as serious environmental pollutants that affect human health and ecosys-
tems because of their toxicities, environmental persistence, and bioaccumulation
properties (Henschler 1994). A wide variety of approaches, including physicochem-
ical and biochemical processes, have therefore been studied and applied for remov-
ing these pollutants from the environments. Among them, bioremediation processes
utilizing dechlorinating bacteria are regarded as one of the promising approaches to
remediate the polluted environments. Studies have reported that many bacterial
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species and microbial communities are capable of degrading a large variety of halo-
genated organics with the aid of their metabolic functions and syntrophic
interactions.

Several pathways have been reported for bacterial dechlorination of chlorinated
organic compounds (e.g., oxidative, fermentative, and reductive dehalogenation
pathways) (Fetzner 1998; Smidt and de Vos 2004). Among them, reductive deha-
logenation processes have been revealed to play crucial roles as the initial degrada-
tion step for chlorinated organic compounds, especially for highly polychlorinated
compounds such as PCDDs, PCDFs, PCBs, and PCE, since these compounds are
recalcitrant to oxidative dehalogenation and have the tendency to accumulate in
aquatic sediments and soils in the anaerobic environment (Bunge and Lechner
2009). Significant attention has therefore been given to the isolation and character-
ization of anaerobic microbes that are capable of reductive dehalogenation. Studies
have indicated that reductive dehalogenation by anaerobic bacteria can be largely
divided into two types: co-metabolic (abiotic) dehalogenation and metabolic deha-
logenation (halorespiration) (Fetzner 1998). Co-metabolic dehalogenation is pro-
posed to be catalyzed by metal-containing porphyrins, corrinoids, and cytochromes
(Egli et al. 1988; Holliger et al. 1992; Picardal et al. 1993). These catalytic sub-
stances are produced by a variety of anaerobes, including methanogenic archaea
and acetogenic, sulfate-reducing, and iron-reducing bacteria. However, these
microbes cannot couple the reductive dehalogenation to energy conservation (i.e.,
respiration). On the other hand, various bacteria have been isolated and character-
ized that can conserve energy and grow during reductive dehalogenation. These
bacteria, called halorespiring bacteria, utilize halogenated organic compounds as
the electron acceptors during anaerobic respiration (i.e., halorespiration). Since
halorespiration processes dechlorinate a wide variety of chlorinated compounds,
including highly polychlorinated organics, and proceed at rates several orders of
magnitude higher than those with co-metabolic processes (Holliger and Schumacher
1994), halorespiring bacteria are assumed to play critical roles in dechlorination and
detoxification of these harmful chlorinated compounds in the environment.

In many cases, however, it is reported that isolated halorespiring bacteria are not
capable of the complete dehalogenation of polychlorinated organics in pure cultures
(Bunge and Lechner 2009). It is also reported that, in natural environments, many non-
halorespiring bacteria contribute to the growth of halorespiring bacteria by supplying
energy sources and growth factors (Dolfing and Tiedje 1986; Drzyzga and Gottschal
2002; Heimann et al. 2006). These studies have indicated that halorespiring bacteria
have developed tight syntrophic relationships with other halorespiring or non-
halorespiring bacteria for achieving the effective dehalogenation. Several types of
syntrophic interactions have been reported, including interspecies transfer of halogenated
intermediates among halorespiring bacteria and interspecies transfer of energy sources
(e.g., hydrogen and acetate), growth factors (e.g., vitamins), and other metabolic
intermediates between halorespiring and non-halorespiring bacteria (Fig. 13.2).

Interspecies transfer of halogenated intermediates has been observed in dechlorina-
tion processes of polychlorinated organics, such as PCE, PCDDs, and PCDFs. Under
anaerobic conditions, PCE is consecutively converted to TCE, dichloroethenes (DCEs,
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Fig.13.2 Syntrophic interactions among dechlorinating and non-dechlorinating bacteria.
(a) Syntrophic dechlorination of PCE by Desulfovibrio fructosivorans and Desulfitobacterium hafni-
ense TCE1 (Drzyzga and Gottschal 2002). (b) Syntrophic interactions among Desulfomonile tiedjei,
Methanospirillum sp., and BZ-2 in a defined consortium growing on 3CB (Mohn and Tiedje 1992)

mainly cis-1,2-DCE), vinyl chloride (VC), and ethene during the reductive dehaloge-
nation. Many halorespiring bacteria belonging to the genera Desulfitobacterium,
Dehalobacter, Sulfurospirillum, Desulfuromonas, and Geobacter can dechlorinate
PCE to cis-1,2-DCE, although these bacteria cannot completely dechlorinate cis-1,2-
DCE to ethene (Futagami et al. 2008). On the other hand, only bacterial strains
phylogenetically related to the genus Dehalococcoides have been shown to reduc-
tively dechlorinate cis-1,2-DCE to ethene (Cupples et al. 2003; He et al. 2003a, b). It
is reported that Dehalococcoides ethenogenes strain 195 can completely dechlorinate
PCE to ethene (Maymé-Gatell et al. 1997). However, this strain cannot utilize VC as
the electron acceptor. The dechlorination of VC to ethene by strain 195 is a slow reac-
tion that is assumed to proceed in a co-metabolic manner, therefore resulting in the
transient accumulation of this highly toxic intermediate in its pure culture (Maymo-
Gatell et al. 1997). However, in the dechlorination processes proceeding in mixed
cultures of some halorespiring bacteria, it is reported that various Dehalococcoides
and related strains contribute to the complete and rapid dechlorination of PCE through
tight syntrophic interactions for interspecies transfer of dechlorinated intermediates
(Bunge et al. 2007). Dehalococcoides and related bacteria are also considered to be
the key organisms in reductive dehalogenation of PCDDs and PCDFs. In natural envi-
ronments, these compounds are also assumed to be degraded through the combination
of sequential dechlorinating reactions by interactions of halorespiring bacteria,
although details and the extent of such interactions are currently not sufficiently
known (Bunge and Lechner 2009).

Most halorespiring bacteria, including Dehalococcoides species, mainly utilize
hydrogen as the electron donor. Studies have demonstrated that syntrophic relation-
ships for interspecies hydrogen transfer exist between such halorespiring bacteria
and hydrogen-producing microbes. For instance, it was reported that PCE-
dechlorinating Desulfitobacterium hafniense (formerly Desulfitobacterium frapp-
ieri) strain TCE1 formed a syntrophic relationship with a sulfate-reducing bacterium,



13 Syntrophic Interactions in Biodegradative Consortia 273

Desulfovibrio fructosivorans, in mixed cultures supplemented with fructose, sulfate,
and PCE (Drzyzga and Gottschal 2002). In this mixed culture, hydrogen was
produced by D. fructosivorans during the fermentation of fructose and was utilized
by strain TCE]1 as the electron donor for reductive dechlorination of PCE. This type
of syntrophic relationship was also found in a mixed culture containing hydrogen-
producingarchaea(Methanosarcina)and VC-dechlorinatingbacteria(Dehalococcoides)
(Heimann et al. 2006). In this mixed culture, Methanosarcina produces hydrogen dur-
ing the oxidization of acetate to CO,, and the produced hydrogen was utilized for
hydrogenotrophic dehalorespiration of VC to ethene by Dehalococcoides. Generally,
in anaerobic environments where hydrogen is the main source of electrons, hydrogen-
utilizing (hydrogenotrophic) microbes such as methanogens, acetogens, and sulfate
reducers compete with halorespiring bacteria. However, since dechlorinating bacteria
have a high affinity for H,, it is assumed that they are superior to such hydrogenotrophic
competitors, especially in the environment where partial pressures of hydrogen are low
(Ballapragada et al. 1997; Fennell and Gossett 1998; Yang and McCarty 1998; Loffler
etal. 1999).

Acetate is also one of the main intermediates during the anaerobic degradation
of organic substances and has been reported as another electron source for reduc-
tively dehalogenating bacteria. Acetate-utilizing (acetotrophic) halorespiring bac-
teria belonging to the genera Desulfuromonas, Desulfovibrio, Trichlorobacter, and
Anaeromyxobacter (Krumholz et al. 1996; de Wever et al. 2000; Sun et al. 2000;
Sanford et al. 2002) have been isolated from diverse environments, suggesting that
interspecies transfer of acetate plays a role in facilitating halorespiration in the
natural environment. In addition, He et al. (2002) reported the presence of dechlo-
rinating populations that used acetate but not H, as a direct electron donor for
dechlorination of PCE to cis-DCE in hydrogen-supplemented microcosms. This
study indicated that, under that condition, the dechlorinating process depended on
syntrophic interspecies transfer of acetate between homoacetogens and acetotro-
phic dehalorespiring bacteria rather than the activity of hydrogenotrophic deha-
logenating bacteria. Similar syntrophic interactions were also reported for
dechlorination of 2,3,5,6-tetrachlorobiphenyl in sediment-free enrichment cultures
(Cutter et al. 2001).

Essential growth factors for halorespiring bacteria (e.g., vitamins) can also be
supplied via syntrophic relationships with non-halorespiring microbes. He et al.
(2007) reported that syntrophic interactions with Acetobacterium woodii, known for
its ability to synthesize vitamin B,,, promote the growth of D. ethenogenes strain
195. Dolfing and Tiedje (1986) reported syntrophic relationships consisting of three
microorganisms in a defined consortium growing on 3-chlorobenzoate (3-CB) as
the sole organic substrate. In addition to the key dechlorinating bacterium
Desulfomonile tiedjei, the consortium contained a benzoate-fermenting bacterium
(BZ-2) and a hydrogen-consuming methanogen (Methanospirillum sp.). In this con-
sortium, 3-CBwas reductively dechlorinated by D. tiedjei, and the released benzoate
was fermented by BZ-2 with consequent production of acetate and H,. Benzoate
fermentation was dependent on a low hydrogen partial pressure, which was main-
tained by the hydrogen consumption by the methanogen and also by the



274 K. Watanabe and A. Kouzuma

dechlorination of 3-CB by D. tiedjei. The rate of benzoate fermentation and
consequent hydrogen production were rather simulated by the combination of their
hydrogen consumption. Methanospirillum sp. also played a role in providing vita-
mins to D. tiedjei.

As mentioned here, syntrophic associations among dehalorespiring bacteria and
other members of microbial communities play significant roles in facilitating the
dechlorination and detoxification of many chlorinated organic compounds. In addi-
tion to the anthropogenic release, abundant and diverse halogenated organics are
also produced naturally (Gribble 1996), suggesting that halogenating bacteria and
their syntrophic relationships have divergently evolved in the presence of various
halogenated organics of natural origin. Although our knowledge of these syntrophic
relationships is not yet complete, understanding of such complex microbial interac-
tions would provide useful information for assessing the biodegradability of chlori-
nating organic compounds in the natural environment.

13.4 Conclusions

This chapter collectively discussed syntrophic interactions in methanogenesis and
dechlorination, aiming at highlighting their importance in biodegradation of organic
compounds in the environment. We consider that syntrophic interactions among
biodegradative microbes ubiquitously contribute to biodegradation of organic mat-
ter in the environment, to which we need to pay more attention than hitherto. For
instance, it has been shown that degradation of 4-chlorodibenzofuran by
Sphingomonas sp. RW1 results in the accumulation of a dead-end product
3,5-dichlorosalicylate, while the inoculation with Burkholderia sp. JWS enables the
cooperative complete degradation (Arfmann et al. 1997). Besides, it has also been
reported that a consortium comprised of Escherichia coli SD2 and Pseudomonas
putida KT2440 pSB337 efficiently degrades parathion without accumulation of
toxic intermediates (Gilbert et al. 2003). These examples imply possible utilization
of syntrophic interactions for bioremediation, which should be investigated in the
future.
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Chapter 14
Strategies to Reveal Genomic Function
in Natural Soil Systems

Yoshiyuki Ohtsubo, Eri Nishiyama, Yoko Ishibashi, Yuji Nagata,
and Masataka Tsuda

Abstract IVET (in vivo expression technology) and STM (signature-tagged
mutagenesis) are suitable methods for revealing genes that are induced in soil and
are essential in soil, respectively. These methods are potentially advantageous over
newer methods, such as microarray and RNA-seq, because they allow analyses of
bacteria under non-sterile conditions. However, their application to non-sterile soil
also presents challenges that must be overcome. In this work, we describe the dif-
ficulties we faced when using IVET to identify genes that are upregulated in
Burkholderia multivorans ATCC 17616 in soil. We also describe the future perspec-
tives of these and other analytical schemes, including the potential use of next-
generation sequencing technologies that might allow comprehensive isolation of
soil-relevant genes and also might improve the quality of research from a qualitative
point of view.

Keywords Illumina ¢ IVET « STM

14.1 Introduction

To utilize bacterial activities in natural environments, including the abilities to
degrade man-made recalcitrant compounds, it is crucial to reveal the natural lives of
bacteria in the environment. It is especially important to reveal their lives in the soil.
It seems to be widely accepted that the transfer of pure-cultured bacteria grown in
a laboratory medium into the natural ecosystem eventually results in the
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disappearance of the bacteria and in the failure to observe the expected functions of
the augmented bacteria. To overcome this problem, it is important to identify genes
that play pivotal roles in the survival of bacteria in the soil environments. As bacte-
rial lives in the soil environments are not well understood, revealing such genes
from the genome of each soil strain is also of particular interest from a biological
point of view. In this chapter, we describe the two strategies, STM (signature-tagged
mutagenesis) and IVET (in vivo expression technology), which have been used to
reveal the lives of bacteria in the soil. We also describe the potential use of next-
generation sequencing technologies that might aid in the studies in this field. For the
general use of IVET and STM, see Rediers et al. (2005) for IVET and Mazurkiewicz
et al. (2006) for STM. Also relevant is Saleh-Lakha et al. (2005) that deals with
methods for microbial gene expression in soil and environmental factors affecting
gene expression in soil.

14.2 Strategies to Reveal the Lives of Bacteria
in a Soil Environment

One basic approach to investigate the lives of bacteria in soil environments is to
inoculate the bacterial cells of interest, whose genomic sequence might be known,
into soil samples. Although the augmentation of cells within a soil sample may lead
to an unusual community structure in which the augmented clonal cells occupy the
major part of the population, such an experimental scheme is valuable to shed light
on the lives of bacteria in soil environments.

The identification of genes that play a pivotal role in natural non-sterile soil
samples is compromised because of the nature of soils. First, in the soil samples,
there is an immense variety of bacterial cells and eukaryotic creatures, such as fungi
and possibly protozoa. This variety itself makes it impossible to isolate RNAs that
originated from the augmented bacteria. Even if a sterilized soil sample is used, it is
difficult to isolate RNA of sufficient quality and in sufficient amounts to be used for
further analyses. This difficulty mainly arises from the presence of humic sub-
stances in the soil; these substances have physicochemical properties very similar to
those of nucleic acids and are co-purified with RNA, and they interfere with the
enzyme reactions and hybridization. The microarray technique was applied to ana-
lyze the expression profiles of Pseudomonas putida KT2440 in soils by Wang et al.
who established a protocol to extract high-quality RNA from sterile soil inoculated
with KT2440 (Wang et al. 2011). The other approach is to identify induced genes
by adding extracts from soil to a laboratory medium and purify the RNA for further
analysis. Yoder-Himes et al. used a next-generation sequencer, illumina, to conduct
RNA-seq to identify genes that are expressed in response to soil extracts from in
Burkholderia cenocepacia HI2424, which was isolated from an agricultural field
(Yoder-Himes et al. 2009). Recently, genes upregulated in Rhodococcus jostii
RHALI, a polychlorinated biphenyl degrader, during its growth in sterile soil, were
reported based on microarray analysis of RNAs recovered from the sterilized soil
(Iino et al. 2012).
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These recent approaches have successfully identified soil-induced or soil-repressed
genes. However, these studies are limited because they utilized sterile soil or soil
extracts that were added to the laboratory medium. These conditions are different
from the in vivo conditions, e.g., there are no competing organisms that might attack
the augmented bacteria by predation or continuous production of substances with
antimicrobial activities. In this regard, these new technologies allow efficient iden-
tification but fail to detect genes that might have been identified by using one of the
two more traditional approaches mentioned above. These strategies, IVET and
STM, enable the identification of genes that are specifically induced in soils and
genes that are essential in soils, respectively. These approaches could be applied to
non-sterile environments, although such applications also face difficulties and will
require further improvements (see below).

IVET utilizes a positive screening scheme, in which two reporter genes play
essential roles. The IVET strategy is rather complicated and there are several varia-
tions among the systems. The two major differences are the type of reporters used
and the way in which the reporter genes are maintained in the bacterium, i.e., use of
aplasmid vector or a specialized integration system (see Rediers et al. (2005) for the
details of IVET strategies). For simplicity we here describe the IVET system that
we utilized in our previous study to identify genes that are induced in the soil isolate
Burkholderia multivorans ATCC 17616 within soil but not in a laboratory medium
(Nishiyama et al. 2010). In this study, a dapB gene and lacZ gene were used as the
reporter genes. dapB encodes an enzyme essential for the biosynthesis of lysine and
diaminopimelate (DAP), and a dapB mutant of ATCC 17616 required the two sub-
strates. To the dapB mutant, we introduced a genomic library of ATCC 17616,
which was constructed in Escherichia coli. Each plasmid clone in the library carried
a DNA region derived from ATCC 17616 fused with a tandem array of dapB and
lacZ. Because of the nature of the R6K ori, the plasmid is not replicable in ATCC
17616, and the selection by the tetracycline-resistance gene located on the plasmid
resulted in the isolation of strains, in which the plasmid was integrated in the genome
by homologous recombination between the DNA region cloned in the plasmid and
the corresponding DNA region in the genome (see Fig. 14.1). The IVET library was
then inoculated into a soil sample, and incubated for a certain period of time for the
elimination of cells not expressing the dapB gene (first screen). During the incuba-
tion, it was considered that the cells in which the dapB gene was transcribed would
be able to survive or proliferate in the soil environment. After the incubation, the
cell fraction was recovered and spread onto medium containing X-gal as well as
DAP and lysine. We chose LacZ™ (i.e., white) colonies to make an output pool (sec-
ond screen). Each of these clones that formed a white colony had the dapB-lacZ
cassette in a genomic locus that is expressed in the soil environment but not in the
laboratory medium. To identify the genomic regions where the plasmid was inte-
grated, we considered two methods, one based on the retrotransfer of the integrated
plasmid to E. coli strains, and the other based on determination of the integrated
locus by sequencing using the genomic DNAs as templates, and we chose the latter
(Shimoda et al. 2008). To obtain the sequencing traces we needed two unique prim-
ers that anneal to the region flanking the cloning site of the plasmid. To design such
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Fig. 14.1 Integration of a reporter plasmid into a genome. The gray bar on the plasmid represents
an insert DNA derived from the strain to be analyzed. The plasmid is integrated by homologous
recombination (crossing bars) between the insert DNA and the corresponding DNA in the target
genome. In the cells, RNA polymerases are transcribing from left to right through the dapB-
proximal end of the cloned fragment. Note that the promoter for the transcription might lie in the
cloned region or might be located upstream of the cloned fragment

primers, we created a tool named ‘“PrimerFinder,” which is now available as an
accessory tool of the GenomeMatcher software (Ohtsubo et al. 2008). This tool
finds, from the specified region of a replicon, primers whose 3’ N-mer (i.e., 1 1-mer)
are unique among all the DNA sequences of the specified replicons. Once we come
up with two good primers to determine the two junctions, we can determine the
junctions in a high-throughput manner.

One of the major problems we experienced in the application of the IVET system
was the isolation of false-positive clones. The false-positive clones were clones that
formed white colonies in the second screen, irrespective of the genomic location
where the IVET reporters were integrated. In our preparative experiments, we con-
structed a negative control strain, in which the IVET plasmid was integrated to a
genomic location that should not transcribe the dapB-lacZ cassette (the cassette was
integrated in the opposite direction of a gene for cytochrome oxidase, cox). We also
constructed a positive control strain that carries the cassette not in the opposite
direction as the cox gene. The two strains were mixed and inoculated into the soil,
and after certain time intervals the cell fraction was spread onto media containing
X-gal. Ideally, the number of white colonies should reach zero after a certain period
of incubation. However, white colonies were always observed at a very low, but a
steady level, even after 70 days of incubation. We speculated that such white colo-
nies appeared because a fraction of the cells had reached a dormant state after inoc-
ulation into the soil sample. There might be many places where a cell can hide itself
from the other competing cells, e.g., the hollows of soil particles, leading to the
survival of the cell. This speculation was supported by a finding that following the
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Fig. 14.2 Schematic representation of how chimeric plasmids generate false positives. If two
regions (A and B) from a genome are cloned in a single plasmid, the plasmid can then be integrated
into a region A or B in the genome or transiently exist in the cell in a free plasmid form. Here, it is
presumed that transcription of the two reporters (designated as first and second) occurs in the cell
when the plasmid is integrated into the region A but not into the region B. The integrant at region
A can survive the soil conditions and continuously form the free plasmid. The free plasmid can
integrate into region B, resulting in an integrant which can pass the second screen of the IVET
strategy because it does not express the reporter genes. To avoid false positives, it is essential to
determine both ends of the insert DNA

inoculation of the dapB mutant into the sterile soil, the CFU of the mutant did not
decrease for a long period of time, suggesting that the dapB mutant did not grow but
could survive in the soil.

The isolation of chimeric clones is more complicated (see Fig. 14.2). The chi-
meric clones are IVET clones that carry an integrated plasmid whose insert is
comprised of more than one DNA region of the genome. The rate of chimeric
clones of the IVET library constructed in E. coli is low, as exemplified by the plas-
mid extraction and sequencing of a fraction of clones in the library. However, the
rate was significantly higher in the output pool (44 % of isolated clones). This
increase in the rate of the chimeric clone was attributed to the chimeric plasmid
reaching a complex equilibrium upon introduction to ATCC 17616, a condition
under which it could not undergo autonomous replication. Under equilibrium, the
plasmid is integrated in the genome at either of the genomic regions that are cloned
or in its plasmid form, which might tentatively arise when the plasmid changes the
integration location. The presence of such “free” plasmid is evident from the fact
that such integrated plasmid could be retrieved to E. coli strains by means of con-
jugative cloning (Rainey et al. 1997). A chimeric IVET plasmid has more than one
genomic region for integration, and if one region but not the other region tran-
scribes the two reporters, the clone carrying such a plasmid can pass the first and
second screens (see Fig. 14.2). In the soil, cells that carry the integrated plasmid in
a genomic locus that transcribes dapB-lacZ survive and proliferate. In a very minor
fraction of these cells, a free plasmid emerges and is integrated into a non-expressing
locus, leading to the emergence of cells not expressing dapB-lacZ, which will be
chosen in the second screen.
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These two features, dormancy and chimeric clones, are the important features of
IVET screening that should be taken into consideration to gain insights of biological
importance. To overcome the difficulties, we constructed four libraries, and each
library was screened in 60 independent tubes (total 240 tubes). Since the dormant
cells were supposed to be recovered by chance, genomic loci that were identified
from more than one tube were less likely to result from the dormant cells. We also
tested whether or not the isolated clones were chimeric by obtaining sequence reads
of both of the two junctions. We excluded chimeric clones and listed genomic loci
that were identified from at least two independent clones, and loci that were experi-
mentally confirmed to be induced in the soil by LacZ analysis of the cells recovered
from the soil sample.

There were several difficulties in applying our IVET system to non-sterile envi-
ronments. In a control experiment, the dapB mutant (LacZ") and a dapB-expressing
strain (LacZ*) were mixed and inoculated into the non-sterile soil sample. The col-
ony-forming units (CFUs) of the inoculated cells decreased dramatically, and the
ratio of white to blue colonies that were observed when the cell fraction recovered
from the soil was plated onto an X-gal-containing agar plate, did not decrease sig-
nificantly, only reaching about 1/3 in 90 days. This slower progression of competi-
tion between the dapB mutant and dapB-expressing strain indicated that a long
incubation period (e.g., 5 years) is required. Although the IVET system has poten-
tial to be applied to non-sterile environments, prolonged incubation periods or
advances in experimental settings are needed to stimulate the competition and to
prevent the initial rapid decrease of CFU. For example, to prevent the initial rapid
decrease in the CFU, cells could be inoculated into a small amount of sterile soil for
a certain period of time to allow them to adapt to the soil environment before non-
sterile soil is added.

It seems that the current IVET systems used thus far are limited in terms of the
number of genomic loci they can identify. We spent about 2 years to determine the
integration regions of 1,280 clones. Development of further analytical schemes that
allow efficient identification of induced genomic loci will accelerate the IVET stud-
ies in the future (see also below).

STM is originated from a study that identified genes from Salmonella
typhimurium, which has been implicated in the virulence to mice (Hensel et al.
1995). Basically, STM utilizes a negative screening scheme, in which transposon
mutants that disappeared during the incubation or passage in a specific environment
are searched, leading to identification of genes that are essential in the environment.
Several modifications have been made to improve the system, resulting in several
variations. The two major differences among the resulting systems are (1) the way
in which each mutant is tagged with a specific DNA sequence and (2) the way to
detect clones that have disappeared during the period of incubation in a given envi-
ronment (Mazurkiewicz et al. 2006).

To date, except for a study of Burkholderia vietnamiensis G4 to identify essential
genes in the rhizosphere (O'Sullivan et al. 2007), there has been no study in which
STM was applied to reveal the essential genes in soil environments. In our laboratory,
a fur gene (Yuhara et al. 2008) for the ferric uptake regulator was identified from
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B. multivorans ATCC 17616 (our unpublished observation). However, to compile an
entire list of genes essential in soil, further screening and confirmatory studies will be
needed. The STM techniques will be replaced by new experimental schemes utilizing
next-generation sequencers, which should identify essential genes in vivo more effi-
ciently (see below).

14.3 Genes Found to be Induced or Essential in Soil

Table 14.1 lists studies that have identified genes that are induced or essential in
soils or the rhizosphere. Although these studies identified tens or hundreds of such
genes, in order to understand the function of the genes in soil, further dedicated
studies will be needed. Here we describe examples of genes that were identified in
the IVET screening and that were analyzed further to gain insight into their function
in soil.

An IVET study of P. fluorescens Pf0-1 to identify genes important in soil identi-
fied 22 genes, including ten genes that were present in an antisense orientation rela-
tive to the overlapping protein-coding genes, and two studies followed to reveal the
functional significance of the inversely oriented genes. The gene iiv/9 overlaps with
the leuA2 gene, which encodes an enzyme for leucine biosynthesis. A disruption
study of leuA2 resulted in a surprising finding, namely, that the absence of lexA2 in
soil is advantageous when leucine is added exogenously (Kim and Levy 2008).

Table 14.1 Studies pertaining to identify genes that are important in soil or rhizosphere

Growth/incubation

Strain Strategy conditions used Reference
Pseudomonas IVET Sugar beet seeds soaked with ~ Rainey (1999)
fluorescens SBW25 bacteria and recovery of
cells from rhizosphere
Pseudomonas IVET Sterilized sandy loam soil Silby and Levy
fluorescens Pf0O-1 (2004)
Pseudomonas putida IVET Maize seeds soaked with Ramos-Gonzalez
KT2440 bacteria and recovery of et al. (2005)
cells from rhizosphere
Burkholderia STM Pea rhizosphere O'Sullivan et al.
vietnamiensis G4 (2007)
Burkholderia cenocepacia ~ RNA-seq Soil medium containing soil Yoder-Himes et al.
HI2424/AU1054 extracts (2009)
Burkholderia multivorans ~ IVET Sterilized/non-sterilized Nishiyama et al.
ATCC 17616 brown forest field soil (2010)
Pseudomonas putida Microarray  Sterilized soil in the presence ~ Wang et al. (2011)
KT2440 or absence of
3-chlorobenzoic acid
Rhodococcus jostii RHA1 Microarray  Sterilized brown forest Iino et al. (2012)

field soil
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The gene iiv8 is upregulated in soil and is antisense to the ppk gene that encodes
polyphosphate kinase. The induction of antisense RNA encoded by iiv8 reduced the
ppk transcript to a level that was 1/5 of the uninduced control, suggesting a post-
transcriptional mechanism. It was also suggested that precise control of polypho-
spate production is important for survival in the soil environment (Silby et al. 2012).
As these two studies demonstrated, antisense RNAs might play significant roles in
soil, suggesting that the transcriptions that generate transcripts that are complemen-
tary to protein-coding mRNA should not be ignored.

A cluster of genes (andAcAdAbAa) for anthranilate dioxygenase was identified
in the IVET screen of B. multivorans ATCC 17616, and the expression level in the
soil increased more than 100-fold as determined by measurement of the LacZ activ-
ities of cells recovered from the inoculated soil (Nishiyama et al. 2010). The dis-
ruption of the andA operon resulted in a strain that failed to proliferate in the initial
period after inoculation (the initial proliferation started after one week). The
expression level of the andA locus remained low until, after four days, it started to
increase, and then it increased further after two weeks, suggesting that the andA
expression plays a pivotal role in the initial proliferation of cells after inoculation
into the soil (Nishiyama et al. 2012). In laboratory medium, the andA operon
expression was induced by anthranilate and tryptophan. But no anthranilate or tryp-
tophan was detected in the soil, and thus the origin of the inducer(s) and the physi-
ological significance of the andA operon in soil remain a matter of speculation
(Nishiyama et al. 2012).

14.4 Factors Controlling Gene Expression in Soil

It is of particular interest to identify the signals that induced the individual genes in
soil (see Fig. 14.3 for potential inducers). To date, no global regulator that induces
the expression of a set of genes in soil environments has been found. It seems that
no soil-specific sigma factor or soil-specific transcriptional regulator exerts its
effects to make a global expression profile in the soil. Rather, different independent
signals present in the soil induce the respective genes.

Among the possible signal types, one of the most plausible is the low-molecular-
weight signal, such as that given by organic compounds or by iron, arsenic, or other
ionic forms of metals. In fact, soil extracts prepared by washing the soil with water
or by organic solvents such as ethyl acetate have been shown to induce a group of
genes in laboratory media (Yoder-Himes et al. 2009; Nishiyama et al. 2010). It is
possible that antimicrobial agents, such as antibiotics and bacteriocins produced by
co-residing bacterial or eukaryotic cells, are the inducing signals. However, it should
be noted that soil is made up of soil particles that do not allow the free diffusion of
chemical signals. That is, a chemical compound can be locally accumulated to reach
a level sufficient to induce a gene in a bacterial cell present at that very location, but
not to a level that upon extraction leads to induction in laboratory media. It is also
possible that chemical compounds accumulated in the soil are the inducer.
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Fig. 14.3 Signals that might generate a soil-specific gene expression profile. White cells drawn in
a cavity of a soil particle are the cells for analysis. These cells might be influenced by quorum-
sensing signals produced by akin cells or by antimicrobial agents from fungi or other kinds of
bacterial cells (hatched cells). Chemical substances could be locally accumulated (asterisks).
Under low-nutrient conditions, particular substances such as anthranilate or tryptophan may accu-
mulate in the cell (dots)

The andA genes in ATCC 17616, which encode anthranilate dioxygenase and are
involved in anthranilate metabolism, were induced by anthranilate and tryptophan
in a laboratory medium. However, neither tryptophan, which is converted to anthra-
nilate by metabolism, nor anthranilate was detected in the soil extract. Moreover,
the induction in the soil required several days of incubation, indicating that the
anthranilate is not present in the soil sample but accumulated in the cell after the
onset of incubation in the soil. These possibilities might account for the failure of
induction by the extracts added to the laboratory medium.

Another difficulty with identifying the signal in vivo is that identification of the
inducing signal in a laboratory medium might suggest but not prove that the same
signal inducer induced the expression. For example, genes for fusaric acid-resistance
in ATCC 17616 are upregulated in the soil, and their induction in the laboratory
media requires a gene for the LysR-type transcriptional regulator, FusR, and the
addition of fusaric acid (our unpublished observation). This finding in laboratory
media suggested that fusaric acid is the inducer in the soil; however, the involve-
ment of other inducers and regulatory proteins could not be excluded due to the
complex nature of the soil.

Although there should be other types of signals involved in producing a soil-
specific expression profile, at present only speculations can be made. It is possible
that close proximity to the wall of the soil particles might be recognized by a bacte-
rial cell to change its expression profile. It is also possible that stressful conditions that
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were brought about by the poor nutrient conditions, contents of dead cells, presence
of phages in the soil, and quorum-sensing molecules produced by akin cells might
be responsible for generating the soil-specific expression profiles.

14.5 Future Perspectives

The TraSH method, which utilizes microarray technology, was first developed to
identify essential genes in Mycobacterium bovis on minimal but not rich medium
(Sassetti et al. 2001). Like STM, the TraSH procedure utilizes a transposon mutant
library, but the identification of the transposon-inserted genes that result in the
decreased fitness is done by a microarray co-hybridized with probes generated from
input and output pools (Sassetti et al. 2001). In 2009, applications of three new
technologies, named HITS (Gawronski et al. 2009), Tn-Seq (van Opijnen et al.
2009), and traDIS (Langridge et al. 2009), were reported. Each utilizes illumina-
sequencing technology to identify the location of the transposon cassette in the
massive parallel sequencing. The application of the illumina-sequencing greatly
increased the efficiency of screening, making it possible to identify the insertion site
and simultaneously to qualitatively assess the fitness of the mutants. Since then,
several reports that utilize these technologies have been published (Smith et al.
2010; Gallagher et al. 2011; Khatiwara et al. 2012; Eckert et al. 2011), and use of
the next-generation sequencing technologies will be the standards in the next
decade. These technologies will be replacing the STM strategy in the future because
specific tag sequences to discriminate each mutant will no longer be used.

In contrast, although it would be possible to apply the next-generation
sequencing technologies to the IVET system, their use will be limited to the
identification step of the insertion regions. However, to exclude chimeric clones,
both junction sequences must be determined for each clone. Therefore, a new
strategy must be developed to identify both junctions of each strain present in a
mixture of strains.

To utilize next-generation sequencing technologies to identify soil-induced
genes, the next challenge will be to augment a strain of interest into a non-sterile
soil sample and prepare the RNA for illumina sequencing. As the illumina produces
a huge amount of data, and the data production scale is still increasing, in the near
future, it will be possible to collect a great number of sequence reads derived from
the input bacteria (i.e., reads that are 100 % matched to the genomic sequence of the
input bacteria) while excluding those derived from the indigenous bacteria which
should dominate the whole sequence reads, so that the data can be assessed from a
quantitative point of view.

The studies of microorganisms in soil are hindered by the fact that different soil
samples are so different with respect to the compositions and also to the bacterial
flora present in the soil. This makes it difficult to compare the results from different
studies that use different soil samples. It would be possible to develop and use a
formulated soil made up of known materials that are readily available, such as
crushed igneous rocks and leaves of a certain kind of trees, and augment this with a
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mixture of bacterial cells with known genomic sequences. The other alternative
might be to decide to use a representative soil sample and share it among the labo-
ratories. Our laboratory and those of other researchers have shared a brown forest
soil sample collected from the Ehime Agricultural Experiment Station (Matsuyama,
Japan). The physicochemical properties of the soil have already been reported by
Wang et al. (2008).

It will also be challenging to develop an experimental scheme to recover inocu-
lated bacterial cells from a mixture of a huge number of other kinds of cells, possi-
bly by using the surface antigen of the input cells. The endogenous surface antigen
could be used or bacteria could be engineered to express an exogenous one. The
other idea is to embed the cells of the library in small permeable capsules that allow
the diffusion of small molecules across the membrane, but protect the inside cells
from being rapidly killed by creatures in soil. The recovery of such capsules from a
soil sample would be easy, and the inside cells could be used for further analyses.
For example, an RNA sample could be prepared for further analysis including
RNA-seq (Mortazavi et al. 2008; Nagalakshmi et al. 2008; Yoder-Himes et al. 2009)
or dRNA-seq for transcription start site analyses (Sharma et al. 2010) that utilize
next-generation sequencing technologies.
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Chapter 15
Monitoring Microbial Community Dynamics
to Evaluate Bioremediation

Brett R. Baldwin, Dora Ogles, and Cindy H. Nakatsu

Abstract Bioremediation can be an effective treatment strategy at contaminated
sites when applied appropriately and implemented properly. Thus it is important to
have methods that can be used to reliably assess biodegradation potential and ulti-
mately the feasibility and performance of bioremediation as a treatment approach.
While an important component of site monitoring, decreasing trends in contaminant
concentrations can result from physical processes, do not document that loss is due
to biodegradation, and can be difficult to discern in practice. Therefore direct mea-
sures of microbes responsible for biodegradation of compounds have been devel-
oped. These methods fall into two categories: direct measure of biodegradation
functional genes using methods such as quantitative PCR and microarrays and indi-
rect measures in changes in microbial community structure using methods such as
PCR-DGGE and T-RFLP when target genes are unknown. This chapter describes
the various molecular methods being used and examples where they have been
applied for the assessment of environmental samples.
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Abbreviations

BSS Benzylsuccinate synthase

BTEX Benzene, toluene, ethylbenzene, and xylenes
DCE cis-1,2-dichloroethene

DGGE Denaturing gradient gel electrophoresis
FGA Functional gene array

ISP Iron—sulfur protein

MNA Monitored natural attenuation

MPN Most probable number

NAH Naphthalene dioxygenase

PAHs Polycyclic aromatic hydrocarbons

PCE Tetrachloroethene

PCR Polymerase chain reaction

PHE Phenol hydroxylase

qPCR Quantitative polymerase chain reaction
RMO Ring-hydroxylating toluene monooxygenase

RT-PCR  Reverse transcriptase-polymerase chain reaction

RT-gPCR  Reverse transcriptase-quantitative polymerase chain reaction
TCE Trichloroethene

TOD Toluene/benzene dioxygenase

TOL Toluene/xylene monooxygenase

T-RFLP  Terminal-restriction fragment length polymorphism

15.1 Introduction

Whether through monitored natural attenuation (MNA) or an engineered strategy,
bioremediation has increasingly become the preferred approach for environmental
restoration at sites impacted by a wide variety of contaminants including petroleum
hydrocarbons and chlorinated solvents (Pandey et al. 2009). Evaluating the feasibil-
ity and subsequent performance of a bioremediation strategy for site cleanup should
be based on converging lines of chemical, geochemical, and microbiological evi-
dence. Microbial communities can be composed of thousands of species and only a
subset is responsible for bioremediation. Therefore strategic approaches must be
used to the target-specific populations responsible for bioremediation. In the envi-
ronmental remediation industry, practitioners have traditionally relied on cultivation-
based methods like plate counts (heterotrophic or “specific degrader”) or most
probable number (MPN) analyses to enumerate target microorganisms and assess
biodegradation potential. However, this approach had severe limitations due to the
difficulty in identifying conditions suitable for the cultivation of the majority of the
microbes present in most communities (Amann et al. 1995; Staley and Konopka
1985). As the biases and limitations of cultivation-based methods have become
more apparent and widely known, the use of nucleic acid based techniques has
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Table 15.1 Gene-based monitoring techniques used to assess environmental restoration potential
by biodegradation

Technique Application

qPCR (16S rRNA gene) Quantify specific microorganisms (e.g., Dehalococcoides spp.)
capable of a particular biodegradation process (e.g., reductive
dechlorination)

qPCR (functional genes) Quantify a gene encoding an enzyme (e.g., toluene dioxygenase)

responsible for biodegradation of a specific contaminant
RT-qPCR (functional genes)  Quantify the expression of a functional gene encoding an
enzyme in the biodegradation pathway of a specific
contaminant as an indicator of activity
Functional gene microarrays  Highly parallel detection of functional genes involved in
contaminant biodegradation or geochemical processes (e.g.,

GeoChip)
PCR-DGGE or T-RFLP (16S  Genetic fingerprint of microbial community to determine
rRNA gene) population richness and assess shifts in community structure
Community microarray (16S  Highly parallel detection of microorganisms present in a
rRNA gene) community (e.g., PhyloChip) including taxa known to be

capable of biodegradation
High-throughput sequencing ~ Comprehensive information on microbial community
(metagenomics) composition and potential functional and other physiological
traits encoded in the community

grown substantially not only as research tools but to guide site management deci-
sions (Widada et al. 2002b). With continued advances and increasing availability,
molecular biological techniques including quantitative polymerase chain reaction
(qPCR), denaturing gradient gel electrophoresis (DGGE), microarrays, and more
recently high-throughput DNA sequencing technologies (Table 15.1) will provide
more rapid, accurate, and comprehensive characterization of microbial community
composition and dynamics at contaminated sites.

15.2 Targeted Functional Gene Analysis

With releases ranging in scale from leaking underground storage tanks at retail gas-
oline stations to events like the Deepwater Horizon incident, petroleum hydrocar-
bons are among the most common environmental contaminants. The aromatic
compounds benzene, toluene, ethylbenzene, and xylenes (BTEX) as well as naph-
thalene and larger polycyclic aromatic hydrocarbons (PAHs) are often the contami-
nants of concern at sites impacted by petroleum products. Biodegradation of
aromatic hydrocarbons is mediated by a diverse polyphyletic group of bacteria such
that rRNA-based approaches to assess aromatic hydrocarbon catabolism and evalu-
ate contaminant biodegradation in the field are of limited value. However, aerobic
and to a lesser extent anaerobic pathways for aromatic hydrocarbon catabolism have
been identified allowing development of qPCR assays targeting functional, cata-
bolic genes.
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15.2.1 Anaerobic Biodegradation of Petroleum Hydrocarbons

Of the anaerobic pathways, toluene biodegradation is the most understood. The first
step in this pathway, mediated by benzylsuccinate synthase (BSS), is the addition of
fumarate onto the toluene methyl group to form benzylsuccinate (Biegert et al.
1996). The presence of BSS has been documented in cultures that degrade toluene
under denitrifying, iron reducing, sulfate reducing, and methanogenic conditions
(Beller and Edwards 2000; Heider et al. 1998; Kane et al. 2002; Spormann and
Widdel 2000). Furthermore, while the anaerobic biodegradation of benzene may be
initiated by a carboxylase (Abu Laban et al. 2010), the addition of fumarate appears
to be a common mechanism for activation of hydrocarbons under anaerobic condi-
tions. BSS and more recently naphthyl-2-methyl-succinate synthase (NMS) have
been implicated in the anaerobic biodegradation of a number of methylated aro-
matic compounds including ethylbenzene (Kniemeyer et al. 2003), o- and m-xylenes
(Achong et al. 2001; Krieger et al. 1999), and 2-methylnaphthalene (Selesi et al.
2010). Finally, activation by addition of fumarate is not limited to aromatic hydro-
carbons. Kropp et al. (2000) demonstrated that an analogous enzyme, alkylsucci-
nate synthase, is responsible for initiating anaerobic biodegradation of alkanes.

15.2.1.1 Quantitative PCR of Anaerobic Degradation Genes

A gPCR assay targeting the a-subunit of the benzylsuccinate synthase gene (bssA)
to quantify bacteria capable of anaerobic toluene metabolism has been developed
(Beller et al. 2002). In microcosms inoculated with aquifer sediments from sites
with previous exposure to petroleum hydrocarbons, the number of bssA gene copies
increased 100—1,000-fold during the period of rapid toluene degradation (Beller
et al. 2002). In subsequent laboratory studies, bssA gene copies have been found to
correspond to (Da Silva and Alvarez 2004) and to correlate with (Kazy et al. 2010)
rates of anaerobic toluene degradation. At the field scale, monitoring bssA gene cop-
ies has been employed to establish that sulfate injection promoted growth of alkyl-
benzene utilizing populations in a gasoline-impacted aquifer (Sublette et al. 2006).
However, the qPCR assay for bssA genes was primarily based upon gene sequences
closely related to those of Thauera and Azoarcus species utilizing toluene under
denitrifying conditions (Beller et al. 2002; Winderl et al. 2007) and therefore may
not capture the in situ diversity of bssA-like genes. Winderl et al. (2007) designed
alternative PCR primer sets and screened additional pure cultures for bssA ampli-
cons to expand the range of reference sequences particularly within the
d-proteobacteria. In subsequent experiments with one of the alternative PCR primer
pairs, diverse bssA-like genes were amplified from three tar-oil-contaminated sites.
At one site, all clones were closely related to Geobacter spp. bssA genes while
detected bssA-like genes from a second site appeared to originate from a novel lin-
eage, branching between the reference d-proteobacterial and p-proteobacterial bssA
sequences (Winderl et al. 2007). This second group, termed the F1 cluster of uniden-
tified bssA genes, was detected in high abundance in a sulfidogenic zone underneath
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the BTEX plume core (Winderl et al. 2008). Overall, the available evidence demon-
strates that monitoring bssA genes can provide a direct line of evidence to guide
management activities at contaminated sites but cautions that the true environmen-
tal diversity of catabolic gene sequences must be continually examined and
considered.

15.2.2 Aerobic Biodegradation of Aromatic Hydrocarbons

In contrast to the anaerobic pathways, aerobic biodegradation of aromatic hydrocar-
bons has been intensively studied and well characterized. In general, aerobic catab-
olism of aromatic hydrocarbons can be viewed as a collection of upper pathways in
which dioxygenases or monooxygenases initiate transformation of aromatic com-
pounds ranging in size from benzene to benzo(a)pyrene into a limited number of
common intermediates (e.g., catechols or substituted catechols) that are further
metabolized by a few conserved pathways. The ring-hydroxylating aromatic dioxy-
genases are Rieske nonheme iron oxygenases composed of a terminal oxygenase
component (iron-sulfur protein (ISP)) and electron transfer components (Butler and
Mason 1996). The subunits of ISPs contain the Rieske-type (2Fe-2S) cluster and a
substrate-binding site (for more details see Chap. 2, Sect. 2.2) and are believed to
confer substrate specificity (Gibson and Parales 2000; Erickson and Mondello 1993;
Parales et al. 2000). Therefore, the overwhelming majority of reported PCR and
qPCRs assays target the o subunits of the initial oxygenase genes of the various
pathways to quantify bacteria capable of aerobically metabolizing specific aromatic
hydrocarbons found in petroleum products. In fact, Iwai et al. (2011) have recently
compiled and performed an in silico review of 115 primer sets designed to amplify
various aromatic dioxygenase genes.

Aerobic biodegradation of toluene, the model for the BTEX compounds, can
proceed via one of five different biochemical pathways based on the mode of the
initial oxygenase attack (see Cao et al. (2009) for a review). The first is mediated by
toluene/benzene dioxygenase (TOD) that incorporates both atoms of molecular
oxygen into the aromatic ring. The second known pathway involves initial mono-
oxygenase attack at the alkyl substituent by a toluene/xylene monooxygenase
(TOL). The final three known pathways are initiated by different ring hydroxylating
monooxygenases (RMO) which incorporate one atom of molecular oxygen into the
aromatic ring at the ortho (T2MO), meta (T3MO), or para (TAMO) position pro-
ducing arene oxides as unstable intermediates which are converted to phenols.
Further oxidation to form substituted catechols can be mediated by phenol hydroxy-
lase (PHE) or by the initial RMO as is the case with the TouA toluene/o-xylene
monooxygenase (Bertoni et al. 1998). Similarly, some RMOs with greater sequence
similarity to phenol hydroxylases such as the TbmD toluene/benzene-2-
monooxygenase (Johnson and Olsen 1995) may be responsible for both the initial
and second oxidation (Kahng et al. 2001). Thus, the difference between toluene
monooxygenases (RMOs) the phenol hydroxylases (PHEs) is not absolute in terms
of substrate specificity and catabolic function.
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Naphthalene has long served as the model compound for investigating the aero-
bic biodegradation of polycyclic aromatic hydrocarbons (PAHs). The most well
studied naphthalene dioxygenases and catabolic pathways are from the archetypal
naphthalene utilizing Pseudomonas putida strains PpG7 and NCIMB 9816-4
(Cerniglia 1992). While these nah genes have been detected in a wide variety of
bacteria and environments (Ahn et al. 1999; Baldwin et al. 2008; DeBruyn et al.
2007; Ferrero et al. 2002; Lloyd-Jones et al. 1999; Widada et al. 2002a; Tuomi et al.
2004), other less closely related genes for naphthalene and PAH biodegradation
have been described. For example, the naphthalene dioxygenase from Ralstonia sp.
strain U2 (nagA) and the dinitrotoluene dioxygenase (dntA) from Burkholderia sp.
DNT show limited sequence identity to nahA but clearly belong in the naphthalene
dioxygenase family. In addition, the phn genes from Burkholderia sp. strain RPO07
are only distantly related to the nah genes (Laurie and Lloyd-Jones 1999) and nag
genes. Finally, initial oxidation of higher molecular weight PAHs by Gram-positive
bacteria including Mycobacterium sp. strain PYR-1 is mediated by naphthalene
inducible dioxygenases which have little in common with the nah genes in terms of
sequence identity, regulation, and substrate specificity (Khan et al. 2001).

15.2.2.1 Quantitative PCR of Aerobic Degradation Genes

gPCR quantification of aromatic oxygenase genes can be employed at the site char-
acterization, remedy selection, and performance monitoring stages to guide site
management activities. Assays for qPCR quantification of bacteria harboring TOD,
TOL, RMO, PHE, and NAH (nahA-like, nagA-like, and nidA-like) genes have been
developed by a number of laboratories (see Iwai et al. 2011 for review) and employed
to evaluate remedial actions and investigate microbial community dynamics at sites
impacted by BTEX, chlorobenzenes, and PAHs. In terms of evaluating the feasibil-
ity of MNA, mesocosms deployed in impacted wells have demonstrated coloniza-
tion by bacteria with tmoA-like (RMO) and xylM/xylEI-like (TOL) genotypes to
document intrinsic biodegradation potential at a BTEX impacted industrial site
(Hendrickx et al. 2005). In our laboratories, gPCR quantification of a broad range
of aromatic oxygenase genes, most notably PHE and RMO, corresponded with his-
torical trends in contaminant concentrations and allowed identification of a site
where MNA would be effective and areas within a second site where engineered
corrective actions needed to be considered (Baldwin et al. 2008). While not always
the intent of the experiments, the frequent detection of the nahA-like naphthalene
dioxygenase genes in impacted environmental samples (Ahn et al. 1999; Baldwin
et al. 2008; DeBruyn et al. 2007; Ferrero et al. 2002; Lloyd-Jones et al. 1999;
Widada et al. 2002a; Tuomi et al. 2004) not only establishes the ecological signifi-
cance of the genotype but also indicated the potential for aerobic PAH biodegrada-
tion at the study sites. Similarly, qPCR quantification of naphthalene dioxygenase
genes other than the nahA-like subfamily has demonstrated the potential for PAH
biodegradation in soil (Laurie and Lloyd-Jones 2000) and freshwater sediments
(DeBruyn et al. 2007; DeBruyn et al. 2009; Dionisi et al. 2004). When monitored
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over time, qPCR enumeration of aromatic oxygenase genes can be used to provide
rapid and direct feedback on contaminant degrading populations to predict and eval-
uate the performance of corrective actions. In column studies, for example, increases
in PHE copies corresponded to higher dichlorobenzene removal providing an addi-
tional line of evidence suggesting that aerobic biostimulation would promote biore-
mediation (Dominguez et al. 2008). In our laboratories, quantification of aromatic
oxygenase genes was successfully used to assess the impact of the subsurface injec-
tion of an oxygen-releasing material. Following injection, PHE and RMO gene cop-
ies in groundwater samples increased by 1-3 orders of magnitude and BTEX
concentrations decreased substantially indicating that increased oxygen availability
promoted growth of aerobic BTEX utilizing bacteria. After depletion of the oxygen-
releasing material, PHE and RMO gene copies decreased and BTEX rebounded
(Nebe et al. 2009). Thus, the qPCR results corresponded to changes in contaminant
concentrations, geochemical conditions, and overall site management activities.

15.2.2.2 Reverse Transcriptase-Quantitative PCR

While enumeration of aromatic oxygenase genes in the aforementioned studies
allowed quantitative assessment of biodegradation potential under existing site con-
ditions and in response to corrective actions, qPCR results carry the caveat that the
presence of a catabolic gene, even in high copy numbers, does not necessarily indi-
cate expression and activity of the pathway. Organisms harboring aromatic oxygen-
ase genes can and often are present in high abundance at petroleum-contaminated
sites but may not be active due to prevailing subsurface conditions such as low oxy-
gen availability. Increased activity of aromatic hydrocarbon-utilizing bacteria in
response to site activities (Nebe et al. 2009) or laboratory perturbations (Dominguez
et al. 2008; Laurie and Lloyd-Jones 2000; Park and Crowley 2006) at times can be
inferred from increases in target gene abundance (i.e., growth). However, with ele-
vated background populations, any enhanced contaminant biodegradation may be
due to increased activity rather than increases in degrader populations (Dominguez
et al. 2008; Nebe et al. 2009). Detection or quantification of catabolic gene expres-
sion would therefore be a more direct avenue to demonstrate in situ biodegradation
activity. With early RNA extraction and reverse transcriptase-PCR (RT-PCR) tech-
niques, researchers were able to demonstrate expression of toluene-4-monooxygenase
(Ogram et al. 1995) and naphthalene dioxygenase (Wilson et al. 1999) genes directly
from environmental samples. With improvements in RNA extraction (Kong and
Nakatsu 2010) and field preservation protocols, RT-qPCR is being used more fre-
quently to better evaluate the feasibility and performance of corrective actions at
petroleum hydrocarbon-contaminated sites. Recently, RT-qPCR quantification of
alkane monooxygenase (alkB) and dioxygenase genes involved in PAH metabolism
revealed that nutrient addition stimulated microbial activity in Arctic soils impacted
by diesel fuel releases (Yergeau et al. 2009). Interestingly, the ratio of PAH
dioxygenase gene transcripts from Gram-negative bacteria to those from Gram-
positive bacteria decreased over time suggesting a shift as the initial r-strategists
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(organisms with high growth rate and many offspring) were eventually outcompeted
by the K-strategists (organisms with low growth rate and few offspring) capable of
utilizing the more persistent high molecular weight PAHs. RT-qPCR has been uti-
lized to monitor gene expression to evaluate the effectiveness of an oxygen infusion
system to promote BTEX biodegradation at a gasoline-impacted site (Baldwin et al.
2010). During system operation, transcription of aromatic oxygenase genes (PHE
and TOD) at the infusion point increased by as many as five orders of magnitude with
concurrent decreases in contaminant concentrations. Moreover, aromatic oxygenase
gene transcription was noted at downgradient monitoring points after an initial lag
period despite low dissolved oxygen levels. Conversely, oxygenase gene transcripts
were not detected at infusion or downgradient monitoring points when the oxygen
infusion system was deactivated indicating that enhanced activity of aerobic BTEX
degraders was indeed due to system operation. From an overall site management
perspective, RT-qPCR has demonstrated in situ expression of target genes which pro-
vided site managers with rapid and most importantly direct feedback that the correc-
tive action was indeed stimulating aerobic BTEX degrader activity.

Although qPCR and RT-qPCR quantification of the abundance and expression of
aromatic oxygenase genes can provide a direct line of evidence to evaluate the fea-
sibility and performance of corrective actions at sites impacted by aromatic hydro-
carbons, what little information is available in the literature regarding the prevalence
and selection of known aromatic catabolic genotypes in contaminated environments
is often conflicting. In several studies, PHE (Baldwin et al. 2008; Hendrickx et al.
2006b) and RMO (Baldwin et al. 2008; Cavalca et al. 2004; Hendrickx et al. 2005;
Hendrickx et al. 2006b; Nebe et al. 2009) were the most frequently detected geno-
types or corresponded most closely to site activities (Nebe et al. 2009). In various
studies conducted with field samples, TOD was not detected (Hendrickx et al. 2005;
Nebe et al. 2009), infrequently detected (Hendrickx et al. 2006b), commonly
detected (Baldwin et al. 2008), and routinely detected in high abundances
(Dominguez et al. 2008). Similarly, the work of DeBruyn et al. (2007, 2009) sug-
gests that the nidA genes from Mycobacterium spp. may be particularly important
in the biodegradation of high molecular weight PAHs. However, the nagA-like and
nahAc-like naphthalene dioxygenase genes are also commonly detected at PAH-
contaminated sites and have been correlated to naphthalene concentrations (Dionisi
et al. 2004) and "“C naphthalene mineralization (Tuomi et al. 2004). The selective
enrichment of individual genotypes could be related to a number of factors includ-
ing the spectrum of contaminants present, contaminant concentrations (Duetz et al.
1994; DeBruyn et al. 2007; Yagi and Madsen 2009), and dissolved oxygen concen-
trations (Leahy and Olsen 1997). However, with the experience gained by performing
qPCR enumeration of aromatic oxygenase genes with thousands of environmental
samples on a commercial basis, all of the known pathways for aerobic catabolism of
aromatic hydrocarbons are ecologically significant and can be prevalent at a
petroleum-contaminated site. Additionally, renewed emphasis on evaluating func-
tional gene diversity has shown that the presently characterized aromatic
dioxygenases do not adequately reflect in situ diversity (Yeates et al. 2000) and that
novel as less well characterized groups are also selected at BTEX-impacted sites
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(N1 Chadhain et al. 2006; Taylor and Janssen 2005; Taylor et al. 2002; Witzig et al.
2006; Yeates et al. 2000). With an ever-increasing catalog of applicable gene tar-
gets, platforms capable of not only high throughput but also highly parallel quanti-
fication will be increasingly important for thorough characterization of contaminant
degrader populations, microbial community functional dynamics, and catabolic
gene expression.

15.2.3 Functional Gene Arrays

While originally developed for gene expression profiling of pure cultures, func-
tional gene arrays (FGAs) are readily applicable to the environmental restoration
industry. With rapid advances in printing technologies, microarrays can now con-
tain hundreds of thousands of probes (Gentry et al. 2006) and therefore offer highly
parallel detection/quantification which could provide a more comprehensive char-
acterization of microbial community functional dynamics. For example, the
GeoChip has been expanded from 1,662 oligonucleotide probes targeting 2,402
genes (Rhee et al. 2004) to 83,992 probes targeting 152,414 genes in 410 gene cat-
egories (Lu et al. 2011). FGAs have been used to investigate biodegradation of
petroleum hydrocarbons (Iwai et al. 2008; Lu et al. 2011; Yergeau et al. 2009; Rhee
et al. 2004; Rodriguez-Martinez et al. 2006; Hazen et al. 2010) and PCBs (Denef
et al. 2003). In recent studies, the GeoChip 4.0 FGA was employed to investigate
how deep-sea oil contamination resulting from the Deepwater Horizon incident
affected the marine functional composition and to determine which microbial func-
tional genes were enriched in response to the spill (Hazen et al. 2010; Lu et al.
2011). For example, genes involved in the biodegradation of alkanes (e.g., alkB),
alkenes (e.g., Xamo), benzoate (e.g., bco), and BTEX (e.g., catB) were significantly
more abundant in seawater samples obtained from the plume than in samples out-
side the plume taken from the same depth. Moreover, the abundance of these cata-
bolic genes, most notably those for PAH biodegradation, was correlated with
concentrations of various hydrocarbons present in the samples (Hazen et al. 2010).
FGA analysis allowed simultaneous evaluation of shifts in microbial processes
involved in nitrogen, sulfur, and phosphorus cycles in deep-sea samples (Lu et al.
2011). For example, nitrate reductase (nasA) and nitrite reductase (nir) for assimila-
tory nitrate reduction and glutamate dehydrogenase (gdh) for ammonia assimilation
were more abundant in plume samples. Likewise, the genes encoding exopolyphos-
phatase (ppx) for inorganic polyphosphate degradation were enriched in plume
samples suggesting stimulation of organic phosphorus release. Finally, the greater
abundance of genes involved in sulfite reduction (dsrAB) and iron reduction (cyto-
chrome c) as well as anaerobic toluene degradation (bbs) in the plume samples sug-
gested enrichment of anaerobic pathways for hydrocarbon degradation. Thus, the
highly parallel detection offered by microarray analysis can provide a comprehensive
characterization of the impact of a petroleum hydrocarbon release on the functional
community composition and selected microbial processes.
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15.3 Targeted 16S rRNA Gene Analysis

While trends in contaminant concentrations and subsurface geochemical conditions
are important lines of evidence, the most direct and perhaps most rapid means of
assessing the feasibility and performance of a bioremediation strategy is to quantify
the abundance and activity of target microorganisms capable of biodegradation of
the specific contaminants of concern present at a site. With its high degree of speci-
ficity and increasing commercial availability, qPCR is regularly employed in the
environmental remediation industry to quantify specific microorganisms or func-
tional, catabolic genes involved in contaminant biodegradation. As will be discussed
for petroleum hydrocarbons, the ability to catabolize many of the most common
environmental pollutants is generally not limited to a few bacterial genera so eluci-
dation of catabolic pathways and development of qPCR assays based on functional
genes is required for meaningful results. However, for a few common contaminants,
biodegradation appears to be linked to relatively narrow phylogenetic groups.
In these cases, qPCR assays targeting 16S rRNA have provided quantification of
key microorganisms deemed critical to successful bioremediation in the field.
Perhaps the best examples of the latter are members of the genus Dehalococcoides
and the reductive dechlorination of chloroethenes.

15.3.1 Dehalococcoides spp. and Reductive Dechlorination

Chlorinated ethenes including tetrachloroethene (PCE) and trichloroethene (TCE)
were widely used as dry cleaning fluids and industrial solvents and are now promi-
nent groundwater contaminants. Under anaerobic conditions, PCE and TCE can
undergo sequential reductive dechlorination through the daughter products cis-1,2-
dichloroethene (DCE) and vinyl chloride to nontoxic ethene (DiStefano et al. 1991;
Freedman and Gossett 1989). However, a “stall” where the daughter products accu-
mulate can occur at PCE- and TCE-impacted sites especially those undergoing
MNA. While a number of bacterial cultures including Dehalococcoides,
Dehalobacter, Desulfitobacterium, and Desulfuromonas species capable of reduc-
tive dechlorination of PCE and TCE to DCE have been isolated (Field and Sierra-
Alvarez 2004), the only bacterial cultures isolated to date that are capable of not
only reductive dechlorination of the parent compounds PCE and TCE but also DCE
and vinyl chloride belong to the genus Dehalococcoides (Maymo-Gatell et al. 1999;
also see Chap. 1, Sect. 1.4 for more details). In fact, the presence of Dehalococcoides
spp. as demonstrated by PCR methods has been associated with complete reductive
dechlorination of PCE and TCE to ethene at sites across North America and Europe
(Hendrickson et al. 2002). Furthermore, Lu et al. (2006) proposed using a threshold
abundance of 1x 107 Dehalococcoides 16S rRNA gene copies/L as a screening cri-
terion to identify sites where reductive dechlorination will yield a generally useful
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biodegradation rate. The Lu et al. (2006) results are consistent with those of an
internal database of Dehalococcoides abundance and groundwater monitoring
results maintained in our laboratory. In an internal study conducted with nearly
1,000 groundwater samples obtained from sites across the USA, ethene production
was observed in approximately 80 % of the samples in which qPCR results were
greater than or equal to 1x 107 Dehalococcoides 16S rRNA gene copies/L. Thus,
the abundance of Dehalococcoides is often the most critical factor in evaluating
anaerobic bioremediation at PCE- and TCE-impacted sites.

15.4 Microbial Community Analysis

With the great variety and chemical complexity of contaminants released into the
environment, genetic mechanisms underlying biodegradation pathways or the
responsible microbes are not always known. As an alternative, or for use as sup-
portive information, changes in microbial community structure can be examined
using a variety of methods to obtain an indirect assessment of microbial response to
environmental change due to contaminant inputs. Most methods have been chosen
because they are relatively high throughput and applicable when small sample sizes
or limited microbial biomass is available. The methods that have been used most
often are denaturing gradient gel electrophoresis (DGGE) (Muyzer et al. 1993) and
terminal-restriction fragment length polymorphism (T-RFLP) (Liu et al. 1997) of
PCR products. Less commonly used but a relatively rapid method to determine
community composition and relative abundances are microarrays constructed from
small subunit rRNA sequences (DeSantis et al. 2007). In the future we will likely
see more use of high-throughput sequencing methods that have been decreasing in
costs and will soon be a feasible alternative to microarrays and perhaps to genetic
fingerprinting. A brief description of these methods and examples of their applica-
tion to bioremediation assessment is given in the next section.

15.4.1 Genetic Fingerprinting Methods: PCR-DGGE
and T-RFLP

Rapid and relatively high-throughput microbial community analysis methods typi-
cally are dependent on PCR and produce genetic fingerprints representing community
structure. Two of the most commonly used PCR-dependent genetic fingerprinting
approaches, DGGE (Muyzer et al. 1993) and T-RFLP (Liu et al. 1997), are per-
formed differently but yield similar results. Fingerprints are produced by DGGE
because of differential migration of DNA strands of the same length with different
sequence composition when electrophoresed through a linear gradient of denaturant



304 B.R. Baldwin et al.

(Nakatsu and Marsh 2007). For T-RFLP the PCR primer is fluorescently tagged
allowing high-resolution detection using automated sequencing system to detect
PCR amplicon fragments after restriction enzyme digestion. Details for performing
these methods are available elsewhere (Nakatsu and Marsh 2007; Muyzer et al.
1996) but some points should be made to aid in the interpretation of results. Critical
to community fingerprinting approaches is choosing the appropriate phylogenetic
markers for PCR amplification; typically the 16S rRNA genes are used. By target-
ing the 16S rRNA gene, the population richness of complex microbial communities
may exceed the resolution power of the method and shifts in communities may not
be captured. But in highly contaminated sites population richness of communities is
less than in non-contaminated locations (Nakatsu et al. 2000) reducing the chances
that this will be a problem. Additionally if biodegradation is occurring, the microbes
utilizing these compounds as a growth substrate will increase in numbers; these
enriched populations will result in changes to the community genetic fingerprint
(Huang et al. 2000). Alternatively, to reduce complexity group-specific or func-
tional genes involved in bioremediation have also been targeted using these meth-
ods (Hendrickx et al. 2006a).

Genetic fingerprinting methods do not provide detailed information about the
members of the communities but this is not the objective for their application. In
assessment of bioremediation potential, community analysis using genetic finger-
printing techniques is typically being used for comparisons of many environmental
samples to evaluate spatial and temporal differences in the microbial communities
in response to applied technologies (Nakatsu et al. 2005; Nebe et al. 2009). They
have been used to assess remediation potential both in the laboratory and in the
field. Microcosms under controlled laboratory conditions have been used as the first
step in assessment of biodegradation of specific compounds or compound mixtures
(Bordenave et al. 2007) and to test the efficacy of various remediation technologies
(Roling et al. 2004; Stephen et al. 1999). Microcosms constructed from the site of
interest are the most appropriate, particularly if remediation potential of particular
habitat is being assessed. This maximizes the chance that the indigenous microbes
from the field would be present. Also, most field sites are heterogeneous and micro-
cosms provide a means to test specific chemical, physical, and/or biological vari-
ables that may promote or hinder bioremediation (Nakatsu et al. 2005). Ultimately
these methods are being tested for their value in remediation assessment; therefore
final tests must be tested on samples collected from the field. A number of studies
have used these methods to evaluate microbial communities involved in bioreme-
diation to identify potential degraders in the field (Duarte et al. 2001) or as a means to
assess in situ spatial and temporal changes in communities undergoing remediation
treatments (Kao et al. 2010; Ogino et al. 2001; Stephen et al. 1999). Although these
fingerprinting techniques do not provide direct proof that enriched populations are
directly responsible for biodegradation, other methods such as sequencing and sta-
ble isotope probing (SIP) are typically used in conjunction with fingerprinting to
identify microbes involved in biodegradation (Busch-Harris et al. 2008; Kasai et al.
2006). Genetic fingerprinting techniques will likely continue to have a role in
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bioremediation assessment even with the advent of newer high-throughput sequenc-
ing methods because they are relatively rapid and less expensive means of screening
samples prior to analysis using other more in-depth methods.

15.4.2 Community Microarray Analysis

Microarray analysis can be performed using either directly nucleic acids directly
extracted from the sampling site or PCR amplicons to enrich the target 16S rRNA
gene to obtain a microbial community profile (Yergeau et al. 2009). Microarrays can
only detect the presence of known targets that have been included on the array, a
methodological limitation. The most comprehensive phylogenetic microarray is the
PhyloChip that includes probes for all known microbial taxa. It can provide substan-
tial and valuable information about microbial communities (DeSantis et al. 2007;
DeAngelis et al. 2011). The method was successfully used to assess dynamics of
microbial communities and their response to treatments for remediation enhance-
ment in trichloroethene (Lee et al. 2012)- and oil (Hazen et al. 2010) contaminated
sites. Similar to the genetic fingerprinting, microarrays cannot directly identify
populations responsible for biodegradation. But taxonomic information is available
providing a means to identify metabolic groups responding to bioremediation tech-
nologies (Mohanty et al. 2011). This method is more costly than the genetic finger-
printing methods, which is possibly one factor contributing to its limited use thus far
for bioremediation assessment. With the availability and reduction in costs of high-
throughput sequencing supplies and instruments, many genomic facilities are begin-
ning to use sequencing instead of microarrays.

15.4.3 High-Throughput Sequencing

The application of high-throughput sequencing for assessment of biodegradation
potential in contaminated sites has just begun. It has been used to directly sequence
nucleic acids extracted from environmental samples or targeted genes (e.g., 16S
rRNA gene) first enriched using PCR. Metagenomic sequencing has the advantage
of providing information on composition, presence of catabolic genes involved in
biodegradation, and other physiological traits in the community. However, suffi-
cient funds are needed to obtain sequencing depth to capture the community’s diver-
sity; costs increase along with community complexity. Costs can be optimized by
prescreening samples using a rapid genetic fingerprinting method and choosing
only a subset of representative samples for sequencing (Hamady and Knight 2009).
There are a number of instruments and chemical technologies currently in use and
in development but this technology is rapidly changing in costs, throughput time,
and numbers of reads (Shendure and Ji 2008). Targeted pyrosequencing of the 16S
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rRNA gene was used to assess potential for degradation oil washed onto beaches
after the Deepwater Horizon disaster (Kostka et al. 2011). Most notable was the
agreement of intrinsic biodegradation potential found between chemical analysis and
cultivation of oil degraders, pyrosequencing, and qPCR. Pyrosequencing has also
been used with stable isotope probing to identify populations responding to petro-
leum remediation efforts (Bell et al. 2011). Much like the other assessment methods
there is value in using multiple approaches when attempting to determine biodegra-
dation potential in the field.

15.5 Conclusions

A number of different methods are being used to assess biodegradation potential in
contaminated sites. Numerous investigations have shown that approaches targeting
functional genes, particularly qPCR, provide a direct measure of biodegradation
that is occurring in the field. However, for qPCR to be effective, there is a need to
recognize functional genes or microbes that are indicative of biodegradation occur-
ring in the field and not only the laboratory. There is still need to identify the best
degraders under field conditions leading to the importance of methods for microbial
community analysis in bioremediation assessments. Functional gene analyses and
microbial community analyses along with other innovative techniques like stable
isotope probing provide valuable and complementary information. Used in con-
junction with traditional groundwater monitoring, these techniques for monitoring
microbial community dynamics allow better assessment, implementation, and
understanding of bioremediation in the field.
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Chapter 16

Selective Stimulation of Aromatic Compound
Degradation by the Indigenous Marine
Bacterium Cycloclasticus for Bioremediation
of Oil Spills in the Marine Environment

Noriyuki Iwabuchi

Abstract S-2 EPS, an extracellular polysaccharide produced by Rhodococcus
rhodochrous S-2, is a functional biopolymer that increases the organism’s organic
solvent tolerance. We previously demonstrated that addition of S-2 EPS and miner-
als to oil-contaminated seawater enhanced the degradation of an aromatic fraction
(AF) of Arabian light crude oil by Cycloclasticus, a polycyclic aromatic hydrocar-
bon (PAH)-degrading indigenous marine bacterium, and stimulated its growth in
AF-contaminated seawater. Moreover, Cycloclasticus growth and PAH degradation
were selectively activated by the association of S-2 EPS with Cycloclasticus cells.
In this chapter, the effects of S-2 EPS on the growth and PAH degradation activity
of Cycloclasticus in hydrocarbon-degrading marine bacterial consortia are summa-
rized. S-2 EPS regulates the interaction between living bacteria and oils, and because
it selectively stimulates degradation of aromatic compounds by the indigenous
marine bacterium Cycloclasticus, S-2 EPS is useful for bioremediation of oil spills
in the marine environment.

Keywords Aromatic hydrocarbons ¢ Biodegradation ¢ Bioremediation
e Cycloclasticus * Extracellular polysaccharides ® Rhodococcus

16.1 Introduction

Petroleum is composed of more than 1,000 different hydrocarbons and is a major
pollutant of marine environments. Polycyclic aromatic hydrocarbons (PAHs) are
petroleum constituents that are resistant to biodegradation and therefore may remain

N. Iwabuchi (<)

Laboratory of Molecular Microbiology, Department of Applied Biological Science,
College of Bioresource Sciences, Nihon University, Fujisawa, Kanagawa 252-0880, Japan
e-mail: iwabuchi@brs.nihon-u.ac.jp

H. Nojiri et al. (eds.), Biodegradative Bacteria: How Bacteria Degrade, Survive, 313
Adapt, and Evolve, DOI 10.1007/978-4-431-54520-0_16, © Springer Japan 2014



314 N. Iwabuchi

at polluted sites for many years (Henson and Hayasaka 1982; Payne and Phillips
1985; Mackay and MacAuliffe 1988). The complete removal of PAHs from oil-
contaminated marine sites thus necessitates the development of techniques that will
enhance the ability of native marine bacteria to degrade these compounds.

Bacteria of the genus Cycloclasticus play a key role in the degradation of various
aromatic hydrocarbons in marine environments and as such may be useful in biore-
mediation efforts (Dyksterhouse et al. 1995; Zaidi and Imam 1999; Maruyama et al.
2003; Dubois et al. 2007; Yakimov et al. 2007; Lozada et al. 2008; Wang et al. 2008;
Niepceron et al. 2010). Although Cycloclasticus spp. have been detected in hydro-
carbon-contaminated seawater and marine sediment through molecular ecological
analyses and cloning of genes related to phenanthrene degradation, physiological
studies of Cycloclasticus are lacking. It is thus necessary to investigate the proper-
ties of Cycloclasticus species in pure culture and their behavior in marine bacterial
consortia if these organisms are to be used for the bioremediation of oil spills in
marine environments.

In this chapter, we summarize our efforts to regulate the bacterial community
structure using bacterial polysaccharides and discuss selective stimulation of aro-
matic compound degradation by Cycloclasticus. In the first section, we review the
role of rhodococcal extracellular polysaccharide (EPS) in the development of oil
tolerance. In the next section, we review the effect of S-2 EPS, produced by
Rhodococcus rhodochrous S-2, on Cycloclasticus-mediated degradation of aro-
matic components in crude oil. Finally, we discuss the properties and growth behav-
ior of Cycloclasticus and the adaptive changes in the bacterial community structure
in seawater by the addition of various hydrocarbons.

16.2 EPSs Are Functional Biopolymers That Increase
Organic Solvent Tolerance

EPSs are found on the surface of many bacteria and are believed to play an impor-
tant role in regulating interactions between the cell and the surrounding environ-
ment (Lindberg 1990; Minnikin 1991). Effective bioremediation efforts require
optimization of this interaction in order to maximize pollutant degradation. In this
regard, our group has been studying the effects of various EPSs on the biodegrada-
tion of oils in the marine environment. Our previous studies indicated that EPSs are
important for the degradation of petroleum by rhodococci. In this section, we dis-
cuss the importance of EPSs in the biodegradation of oils, based primarily on our
research.

Rhodococci are a metabolically diverse group of bacteria. Some rhodococci can
degrade a wide variety of organic compounds, including man-made xenobiotics
such as PCBs, while others are capable of degrading numerous aliphatic and aro-
matic hydrocarbons (Finnerty 1992; Warhurst and Fewson 1994; Bell et al. 1998;
Whyte et al. 1998). In addition, our group reported that some rhodococci completely
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Fig. 16.1 The relationship between colony morphotype and oil tolerance of Rhodococcus strains.
(a) Photographs illustrating the colony morphotypes of rough and mucoidal strains. (b) Growth of
various colony morphotype strains in seawater-based medium containing AF (SW-AF) with and
without S-2 EPS. (¢) Growth of genetically engineered strains in SW-AF medium with and without
S-2 EPS. This figure was modified from that previously reported by Iwabuchi et al. (2000)

translocate to the alkane phase, where they can grow well (Iwabuchi et al. 2009).
Rhodococci are thus considered candidates for use in bioremediation efforts.

It is generally believed that PAHs and their derivatives become the major pollut-
ants in oil-contaminated marine environments as a result of photooxidation and/or
weathering of spilled oils. Therefore, in a previous study, we screened a number of
Rhodococcus strains for their ability to degrade AF (Iwabuchi et al. 2000). We
found that some Rhodococcus strains grow well in seawater-based medium contain-
ing a high concentration of AF or various oils. The relationship between colony
morphotype and oil tolerance of the Rhodococcus strains we examined is summa-
rized in Fig. 16.1. Almost all of the mucoidal strains of Rhodococcus exhibited
significant growth in medium containing oil, while rough strains did not. To confirm
these results, we subsequently examined the growth of colony morphotype mutants
derived from R. rhodochrous CF222 in AF-containing media. Mucoidal strain S-2
grew better than rough strains R-1 and R-2 in AF-containing media, while strains
R-1 and R-2 were more sensitive to organic solvents than was mucoidal strain S-2
(Fig. 16.1b). These data suggest that the mucoidal morphology influences the abil-
ity to grow in the presence of AF. A similar observation was reported by Whyte
et al. (1995), who demonstrated that Rhodococcus sp. Q15 changes its morphology
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by producing an extracellular polymeric substance when diesel fuel is supplied as a
carbon source at a low temperature. These results suggest that a close relationship
exists between colony morphology and oil tolerance in Rhodococcus.

Since mucoidal strain S-2 produces considerably more EPS than do the rough
strains (Sunairi et al. 1997), we genetically engineered 2 strains that form rough
colonies and examined how S-2 EPS affected their growth (Fig. 16.1c). Strain S-2
(pK41I-7) was constructed by introducing plasmid pK4I-7, which contains a gene
involved in suppression of S-2 EPS production (Iwabuchi et al. 1997). The S-2 Aepsl
strain was constructed by disrupting the gene that encodes the TetR family tran-
scriptional regulator of S-2 EPS production. Our analyses showed that the growth of
both rough transformants was inhibited in the presence of AF. In contrast, the
growth of the mucoidal strain complemented by the epsl gene was significantly
enhanced compared to the S-2 AepsI strain. These data indicated that the mucoidal
morphology influences the ability to grow in the presence of AF, in agreement with
the data described above.

The sensitivity of Rhodococcus to hydrocarbons was also examined. Addition of
S-2 EPS to AF-containing medium resulted in a 10- to 100-fold increase in the
number of viable R-1 and R-2 cells at all sampling times compared to cells grown
in the absence of EPS. The growth of rough transformants derived from R. rhodo-
chrous S-2 strain was also enhanced by the addition of S-2 EPS to AF-containing
media. In addition, survival of strains R-1 and R-2 in the presence of 10 % (w/v)
n-hexadecane increased approximately 10- to 100-fold after addition of S-2 EPS.
The survival of cells of other rough strains was also enhanced by the addition of S-2
EPS. These results suggest that the EPS produced by strain S-2 protects the rough
strains from hydrocarbon-induced toxicity (Iwabuchi et al. 2000).

Since S-2 EPS plays an important role in the solvent tolerance and biodegrada-
tion capabilities of Rhodococcus, we determined the chemical structure of the sugar
chain of S-2 EPS (Urai et al. 2006b) and found that S-2 EPS is composed of
D-galactose, D-mannose, D-glucose, and D-glucuronic acid, in a 1:1:1:1 molar ratio.
The structure also contains 0.8 % (w/w) octadecanoic acid and 2.7 % (w/w) hexa-
decanoic acid. Chemical and enzymatic analyses, as well as 'H- and '*C-NMR spec-
troscopy, revealed that the polysaccharide consists of tetrasaccharide repeating
units, as shown in Fig. 16.2a.

The sugar chain of S-2 EPS was found to be novel. Several reports by Richards’
research group on the chemical structures of five EPSs produced by different sero-
types of the equine pathogen R. equi indicate that their structures are different from
that of S-2 EPS, and they reportedly do not contain fatty acids (Leitch and Richards
1990; Masoud and Richards 1994; Severn and Richards 1990, 1992, 1999).

There have been several reports that indicate bacterial EPS plays a role in hydro-
carbon biodegradation. These different EPSs contain long-chain fatty acids (mainly
C16 and C18) attached via alkali-labile ester bonds and include emulsan, produced
by Acinetobacter Iwoffii RAG-1 (Belsky et al. 1979), simusan, produced by
Arthrobacter sp. strain CE-17 (Senchenkova et al. 1995), and two EPSs produced
by R. rhodochrous ATCC 5396816 and R. rhodochrous SM-1 (Urai et al. 2002).
These EPSs reportedly contain similar amounts of fatty acids and function as
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Fig. 16.2 Chemical structures of EPSs. (a) S-2 EPS (Urai et al. 2006b). (b) 33 EPS (Urai et al.
2006a). (¢) Schematic illustrating how EPS enhances the oil tolerance of Rhodococcus. HC indi-
cates hydrocarbon

biosurfactants (Belsky et al. 1979; Senchenkova et al. 1995). The above findings
suggest that the biosurfactant activity of EPSs may enhance the degradation capa-
bility and organic solvent tolerance of various bacteria.

Our group has also studied the effect of EPS on benzene tolerance in Rhodococcus
sp. 33 (Aizawa et al. 2005). We found that under both resting and growing condi-
tions, rough mutant strains derived from strain 33 are more sensitive to benzene than
the mucoidal parent strain. The rough strains produce little or no EPS, whereas the
parental strain 33 produces a large quantity (33 EPS). Supplementation of benzene-
containing growth medium with 33 EPS enhanced both the survival and growth of
the rough strains. These data indicate that 33 EPS plays an important role in ben-
zene tolerance in Rhodococcus strain 33, particularly by helping the cells survive
initial challenge with benzene. The effect of 33 EPS on both biodegradation and
benzene tolerance is similar to that of S-2 EPS, suggesting that both EPSs share a
similar structure. Urai et al. (2006a) reported the chemical structure of 33 EPS
(Fig. 16.2b), which consists of tetrasaccharide repeating units containing pyruvic
acid: [—4)-B-p-Galp-(1 — 4)-p-D-Glcp-(1 — 3)-p-p-Manp-(1 — 4)-p-p-Glep-(1—-]n.
The hydrophobic functional groups in the hydrophilic main chain of EPSs are
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believed to enhance hydrocarbon degradation and/or organic solvent tolerance. The
polyphilic structure of EPS is thus considered to play an important role in regulating
the response of bacteria to hydrocarbons (Fig. 16.2¢). In fact, several reports indi-
cate that addition of S-2 EPS to the culture medium may decrease the cell surface
hydrophobicity and increase the cell surface hydrocarbon affinity of many hydro-
carbon-sensitive rough strains (Iwabuchi et al. 2000, 2003). In addition, Sunairi
et al. (1997) reported that S-2 EPS functions as a hydrophiline, lowering the cell
surface hydrophobicity of rough strains (Sunairi et al. 1997). Since the surface of
Rhodococcus cells is highly hydrophobic due to the presence of mycolic acid
(Goodfellow 1989; Roberts 1996), these findings suggest that in order to increase
the efficiency of biodegradation, hydrocarbon tolerance must first be enhanced
through regulation of the hydrophobicity of the cell surface.

16.3 S-2 EPS Stimulates Degradation of Aromatic
Components in AF by Indigenous Marine Bacteria

Since S-2 EPS plays an important role in hydrocarbon tolerance and growth in the
presence of hydrocarbons in Rhodococcus strains, we subsequently examined the
effect of S-2 EPS on the degradation of AF hydrocarbons in seawater by natural
microbial populations. The results of that work are summarized in this section
(Iwabuchi et al. 2002).

We first examined the effect of S-2 EPS on the ability of native marine bacteria
to degrade the AF derived from Arabian light crude oil. Natural seawater medium
(NSW medium) containing nitrogen, phosphorus, and iron nutrients was prepared
as described previously (Iwabuchi et al. 2002), and the AF was added to a final
concentration of 10 mg/mL (NSW-AF medium). Biodegradation of AF components
was assessed gravimetrically by determining the amount of AF remaining in culture
after 15 days of cultivation. At the start of the determination, the dry weight of the
extracted oil was 106.6+5.2 mg. The degradation experiments demonstrated that
the relative weight of oil decreased significantly in the presence of S-2 EPS
(Fig. 16.3a). In the absence of S-2 EPS, however, the weight of oil remaining after
15 days was 99.2+9.1 mg, which was almost the same as that remaining in the
control sample incubated in sterilized seawater.

The degradation of some AF constituents, i.e., antrathene (ant), dibenzothio-
phene (DBT), phenanthrene (phn), and their alkyl-substituted derivatives was deter-
mined using gas chromatography—mass spectrometry (GC-MS), and the results are
shown in Fig. 16.3b. In the absence of S-2 EPS, ant, DBT, phn, and their derivatives
were not degraded, whereas in the presence of S-2 EPS, all three compounds were
degraded. These results were similar to those described above, indicating that AF
and its constituents are recalcitrant to degradation by bacteria indigenous to seawa-
ter unless S-2 EPS is added.

To determine the effect of S-2 EPS on the seawater bacterial community structure,
polymerase chain reaction-denaturing gradient gel electrophoresis (PCR-DGGE)
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Fig. 16.3 Effect of S-2 EPS on the degradation of AF hydrocarbons in seawater by natural micro-
bial populations. (a) Degradation of AF. Time 0, dry weight of the extracted oil at Time 0; negative
control, extracted from the control sample incubated in sterilized seawater; no S-2 EPS, extracted
from the NSW-AF sample in the absence of S-2 EPS; +S-2 EPS, extracted from the NSW-AF
sample in the presence of S-2 EPS. (b) Degradation of AF constituents. Relative amounts of
remaining oil were determined using GC-MS and are shown here. Ant, degradation average of ant
and its derivatives; DBTs, DBT and its derivatives; Phn, phn and its derivatives. (¢) DGGE profile
of the structure of AF-degrading marine bacterial consortia after a 15-day cultivation. This figure
was modified from that previously reported by Iwabuchi et al. (2002)

fingerprinting analysis was performed. NSW-AF medium was prepared and cells
were cultured for 15 days, after which total DNA was extracted, the V3 region of
small-subunit ribosomal DNA was amplified by PCR, and the amplified products
were analyzed by DGGE. The DGGE profiles were highly reproducible: the pat-
terns of the major bands were always identical, while those of minor bands were
not. A typical electropherogram obtained after a 15-day cultivation is shown in
Fig. 16.3c. In the absence of S-2 EPS, major bands for which sequencing analysis
indicated a close relationship to Alcanivorax borkumensis DMS11573 appeared
reproducibly throughout the cultivation period. Many reports have indicated that
Alcanivorax strains, members of the gamma-proteobacteria, become predominant
in oil-contaminated seawater supplemented with nutrients and that these organisms
play a key role in the degradation of various aliphatic hydrocarbons in the
marine environment (Head et al. 2006; Schneiker et al. 2006; Coulon et al. 2007;
Yakimov et al. 2007). In oil-contaminated seawater supplemented with nutrients,
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saturates of crude oil (i.e., alkanes) rapidly decreased, whereas other major compo-
nents of crude oil, such as aromatics, resins, and asphaltenes, decreased at much
lower rates. Alcanivorax strains cannot utilize PAHs for growth (Schneiker et al.
2006) and therefore utilize either alkanes contained in the AF and/or alkyl side
chains of PAHs as carbon and energy sources.

In NSW-AF medium containing S-2 EPS, no Alcanivorax bands were apparent,
but bands closely related to Cycloclasticus pugetti PS-1 appeared reproducibly
throughout the cultivation. These results suggest that Cycloclasticus species domi-
nate the microbial community in AF-contaminated seawater when S-2 EPS is pres-
ent. Cycloclasticus belonging to gamma-proteobacteria is capable of utilizing a
variety of aromatic hydrocarbons as a sole carbon source, including toluene, xylene,
biphenyl, naphthalene, phenanthrene (Dyksterhouse et al. 1995; Geiselbrecht et al.
1998), and pyrene (pyr) (Wang et al. 2008). Other studies have provided additional
evidence that Cycloclasticus spp. play a key role in the degradation of various aro-
matic hydrocarbons in marine environments and thus may be useful in bioremedia-
tion efforts (Kasai et al. 2002; Maruyama et al. 2003; Coulon et al. 2007; Yakimov
et al. 2007). The wide substrate specificity of Cycloclasticus thus accounts for the
rapid degradation of PAHs in AF-containing cultures supplemented with S-2 EPS.
Although Cycloclasticus has been detected in hydrocarbon-contaminated seawater
and marine sediment through molecular ecological analyses and cloning of genes
related to phenanthrene degradation, evidence indicative of an interaction between
living Cycloclasticus cells and aromatic compounds contained in oil is lacking.

To clarify the mechanism through which S-2 EPS enhances PAH biodegradation,
it is essential that we first understand how S-2 EPS affects the physiology of
Cycloclasticus. We therefore examined the effect of S-2 EPS on the growth and
biodegradation capabilities of Cycloclasticus using pure cultures of the type strain
and environmental isolates. Although physiological analyses of Cycloclasticus are
limited by this organism’s low plating efficiency, we developed a method to increase
the plating efficiency and used it to determine the number of viable biphenyl (bph)-
degrading C. pugetti PS-1 cells in pure culture. Using our novel spotting inoculation
and most probable number (SI-MPN) assay, we demonstrated that S-2 EPS pro-
motes the growth of Cycloclasticus and its degradation of light crude oil AF and its
constituents. Briefly, the growth of C. pugetti PS-1 in seawater-based medium con-
taining AF (SW-AF) was examined in the presence and absence of S-2 EPS, and
typical results are shown in Fig. 16.4a. At all sampling times, the number of viable
cells was severalfold to 15-fold greater than the number in control cultures incu-
bated in the absence of S-2 EPS. The growth of C. pugetti PS-1 in complete medium
containing AF was also assessed using the SI-MPN method, and the results indi-
cated that S-2 EPS greatly enhances the growth of C. pugetti PS-1. In addition, the
growth of various environmental isolates of Cycloclasticus in the presence of AF
was also enhanced by the addition of S-2 EPS. These results indicated that addition
of S-2 EPS to the culture medium enhances the growth of Cycloclasticus.

To determine whether enhanced growth of C. pugetti PS-1 is associated with
increased degradation of AF, we gravimetrically assessed changes in the amount of
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Fig. 16.4 Effect of S-2 EPS on Cycloclasticus growth and degradation of AF. (a) Growth of
C. pugetti PS-1 in SW-AF. (b) Degradation of AF by C. pugetti PS-1 in SW-AF. AF was extracted
from the culture and the remaining dry weight amount (%) was determined. Values are the average
of three independent experiments. The percent remaining was calculated according to the following
formula: percent remaining=dry weight remaining in culture/dry weight remaining in sterilized
control x 100. This figure was modified from our unpublished data (Iwabuchi et al. manuscript in
preparation)

AF remaining in SW-AF cultures of C. pugetti PS-1. The initial dry weight of the
extracted AF was 112.9+2.7 mg, and the weight of AF remaining in negative con-
trol samples lacking bacteria cultivated for 7 days in the presence and absence of
S-2 EPS was almost the same. As shown in Fig. 16.4b, the percentage of AF remain-
ing after 7 days was significantly lower in the presence of S-2 EPS than in its
absence. In the absence of S-2 EPS, 80.1+4.1 % of the initial amount of AF
remained, which was about 1.25-fold higher than the percentage of AF remaining in
cultures containing S-2 EPS. In addition, the degradation of various AF constituents
(nph, phn, fluorene, DBT, and alkyl-substituted derivatives of each) was also
enhanced in the presence of S-2 EPS. These results indicate that S-2 EPS enhances
the biodegradation of AF and its constituents by C. pugetti PS-1. The results
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summarized here suggest that Cycloclasticus may become the predominant
organism in AF-contaminated seawater supplemented with S-2 EPS and mineral
nutrients.

16.4 Adaptive Changes in the Bacterial Community
Structure in Seawater by Addition of Alkanes or PAHs

As discussed above, S-2 EPS is a multifunctional biopolymer that stimulates the
growth of the PAH-degrading marine bacterium Cycloclasticus and enhances its
degradation of AF in oil-contaminated seawater containing S-2 EPS and minerals.
In this section, we discuss changes in the seawater bacterial community structure by
the addition of pure alkanes or PAHs in the presence and absence of S-2 EPS. We
first examined the effect of S-2 EPS on the community structure of bacterial alkane-
degrading consortia in the presence of n-alkanes 10 to 30 carbons in length. The
seawater used in these experiments was collected from Heita Bay, Kamaishi, Japan.
The DGGE profiles of 16S rDNAs amplified from the cultures are shown in
Fig. 16.5a, b. More than ten major and minor bands were detected in each lane of
the DGGE gels. Although each experiment was repeated at least three times, there
was considerable variation in the DGGE profile, irrespective of the presence of S-2
EPS. In addition, the alkanes were always degraded, independent of changes in the
bacterial consortium, suggesting that many marine bacteria are capable of degrad-
ing pure alkanes.

In contrast, when pure PAH was added to the seawater-based culture, highly
reproducible DGGE profiles were obtained in four independent experiments, and
the profiles were not affected by the presence of S-2 EPS (Fig. 16.5¢). Nucleotide
sequencing of the major band in each lane indicated that it (Fig. 16.5¢, arrow) was
identical to C. pugetti PS-1. These results indicated that Cycloclasticus spp. come
to dominate the seawater bacterial consortium when pure PAH is present, regardless
of the presence or absence of S-2 EPS.

To determine whether the increase in the number of cells is related to the even-
tual domination of consortia by Cycloclasticus, the total number of cells in bph-
containing enrichment cultures was assessed over time using DAPI counting, and
changes in the bacterial community structure were monitored by PCR-DGGE.
As shown in Fig. 16.6a, the total number of cells increased significantly after an
initial lag, reaching a maximum of 1.7 x 108 CFU/mL. Those DGGE bands showing
the same relative mobility indicated by the arrow in Fig. 16.6b increased in concen-
tration with the increase in total number of cells. Sequencing of the predominant
DGGE bands indicated that they were identical to C. pugetti PS-1. Addition of S-2
EPS to the medium did not significantly affect the total number of cells or the even-
tual domination of the community by Cycloclasticus. These results suggest that the
observed increase in the total number of cells in PAH-contaminated seawater is
primarily due to an increase in the Cycloclasticus population.
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profile of the community structure of bacteria cultured in NSW added PAHs and with and without
S-2 EPS

To determine whether the domination of consortia by Cycloclasticus sp. in the
presence of pure PAH is limited only to Heita Bay, we collected samples of surface
and deep seawater from other bays and repeated the above experiments. The degree
of Cycloclasticus predominance was estimated based on the intensity of DGGE
bands that sequencing indicated were closely related to genes of Cycloclasticus sp.
Cycloclasticus sp. came to dominate the consortia when pure bph, nph, phn, or ant
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Fig. 16.6 Relationship between the increase in total number of cells and predominance of
Cycloclasticus. (a) Total direct count of bacteria cultured in NSW with bph. (b) DGGE profile of
the community structure of bacteria cultured in NSW with bph

was added to SW medium as the carbon and energy source, regardless of sample
origin or depth (Table 16.1). In contrast, when pyr was added as the carbon and
energy source, whether Cycloclasticus spp. were detected or not varied with sample
origin. Cycloclasticus sp. reproducibly came to dominate the consortia of deep
seawater collected from Iwanai, Heita, Shiogama, Haruno, and Miyako, but were
not detected in other samples. In these cases, considerable variation in the DGGE
profile was observed.

With some exceptions, Cycloclasticus sp. came to dominate the consortia in
many of the seawater samples tested. These results are consistent with the data
presented above and suggest that Cycloclasticus spp. are common in the marine
environment, even where there have been no large-scale oil spills, and that they
play a key role in the degradation of a number of aromatic hydrocarbons in
seawater.

To determine whether the observed domination of consortia by Cycloclasticus
sp. is associated with the presence of PAHs, we assessed the degradation of various
PAHs by native bacteria in seawater sampled from Heita Bay. The percent of PAH
remaining in the sample after 15 days was determined gravimetrically (Table 16.2).
The percent remaining decreased to a certain extent for all five of the PAHs tested,
suggesting that PAH degradation and dominance of consortia by Cycloclasticus are
closely related and that degradation of PAHs in seawater is mediated by indigenous
Cycloclasticus sp.



16  S-2 EPS Stimulates Cycloclasticus Growth 325

Table 16.1 Variation by sampling location in Cycloclasticus sp. domination of bacterial consortia
in PHA-contaminated seawater

Location Bph Nph Phn Ant Pyr
Surface seawater
Iwanai Bay ++ ++ ++ ++ ++
Syukutsu Bay ++ ++ ++ ++ _
Heita Bay ++ ++ ++ ++ ++
Shiogama Bay ++ ++ ++ ++ ++
Tsu ++ ++ ++ ++ -
Toyama Bay ++ ++ + + -
Haruno Bay ++ ++ ++ ++ ++
Deep seawater
Iwanai ++ ++ ++ ++ -
Miyako ++ ++ ++ ++ ++
Toyama ++ ++ ++ ++ -

++ Cycloclasticus sp. always predominated consortia; + Cycloclasticus sp. usually predominated
consortia; — no major or minor DGGE bands identified to Cycloclasticus spp. were detected in the
seawater sample. Samples of surface seawater were collected from seven locations: Iwanai Bay
(Lat. 42°59’12"N, Long. 140°30'35"E), Syukutsu Bay (Lat. 43°13'55"N, Long. 141°0'57"E),
Heita Bay (Lat. 39°14’57"N, Long. 141°53'46”E), Shiogama Bay (Lat. 38°19'9”N, Long.
141°2"18"E), Tsu (Lat. 34°45'48"N, Long. 136°32'29"E), Toyama Bay (Lat. 36°46’37"N, Long.
137°20'36"E), and Haruno Bay (Lat. 33°28"7"N, Long. 133°30"'29"E). Samples of deep seawater
were collected from three locations: Iwanai (Lat. 42°59'12"N, Long. 140°30'35"E, at a depth of
approx. 300 m), Miyako (Lat. 39°54'N, Long. 142°39'35"E, at a depth of 200-300 m), and Toyama
(Lat. 39°79'N, Long. 137°32’E, at a depth of approx. 333 m)

Table 16.2 Degradation of PAHs by native marine bacteria

PAH Amount remaining (%)
Biphenyl 62.9+9.6
Naphthalene 63.3+9.2
Phenanthrene 69.7+9.0
Antrathene 72.3+8.1
Pyrene 78.0+£8.5

PAHs were extracted from the culture and the percentage of the
dry weight of the compound remaining was determined. Values
for the percent remaining were calculated according to the
following formula: percent remaining=dry weight remaining in
enrichment culture after 15 days of cultivation/dry weight remain-
ing in sterilized control after 15 days of cultivationx 100. Values
shown are the average and standard deviation of three independent
experiments



326 N. Iwabuchi

16.5 Effect of S-2 EPS on the Change in the Marine
Bacterial Community Structure When Alkanes
and PAHs Are Supplied Concurrently

As mentioned above, we found that pure PAHs were degraded in NSW medium in
the absence of S-2 EPS, in contrast to our previous results. Therefore, we examined
the effect of alkanes on the degradation of PAHs by indigenous Cycloclasticus since
AF contains a small amount of alkanes, branched alkanes, and various alkyl residues
(Iwabuchi et al. 2002).

Phenanthrene and n-hexadecane (C16) were used as representative compounds
to prepare a simple model of AF. Samples of NSW medium containing various
concentrations of phn and/or C16 and with or without S-2 EPS were prepared using
seawater collected from Heita Bay. The samples were cultured for 15 days, after
which the bacterial community structure and degree of phn and C16 degradation
were examined using DGGE and GC-MS, respectively. A typical DGGE result is
shown in Fig. 16.7. In the absence of C16, a major DGGE band identified to
C. pugetti PS-1 (band 2) was detected, regardless of the presence of S-2 EPS.
In contrast, no bands closely related to Cycloclasticus spp. were detected in the
absence of phn. These results were similar to those described above (see Fig. 16.5).

In NSW medium containing C16 as a carbon and energy source along with phn,
the major band closely related to Cycloclasticus was either not detected or was

10 10 10

Fig. 16.7 DGGE profile of the community structure of bacteria cultured in NSW with phn and
C16 and with and without S-2 EPS
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Table 16.3 16S rDNA sequences most similar to the major DGGE bands shown in Fig. 16.7

Accession Percentage
Band  Closest related match number identity
1 Pseudoalteromonas sp. TG4-11 AJ414129 97
2 Cycloclasticus pugetii PS-1 U12624 100
3 Uncultured gamma-proteobacterium clone 33-PA143B9 ~ NR_041705 96
4 Uncultured gamma-proteobacterium clone CD2G11 AY 038471 96
5 Alpha-proteobacterium GMD29ES AY 162072 96
6 Alpha-proteobacterium Med4Cl1:1 AF493974 100

Table 16.4 Effect of S-2 EPS on the dominance of bacterial consortia by Cycloclasticus in alkane-
and PAH-amended seawater from various locations

S-2 EPS present S-2 EPS absent

Predomination Detection Predomination Detection
Location frequency (%) frequency (%) frequency (%) frequency (%)
Iwanai Bay 0 0 100 100
Syukutsu Bay 0 0 80 80
Shiogama Bay 0 0 100 100
Haruno Bay 0 0 75 75

Between three and five independent experiments were repeated using samples collected at each
location. Inhibition of Cycloclasticus predomination of consortia in the presence of C16 and resto-
ration of Cycloclasticus predomination of consortia by the addition of S-2 EPS were assessed
using DGGE. Frequency =predomination or detection/total experiments x 100

reduced in intensity in the absence of S-2 EPS, regardless of C16 concentration. In
the presence of S-2 EPS, the Cycloclasticus band was prominent, regardless of C16
concentration.

The results of database searches for homology with the sequence of the DGGE
bands are shown in Table 16.3. Although the major Cycloclasticus DGGE band was
reproducibly detected in these experiments, the other bands, with the exception of
bands 5 and 6, were not consistently detected. In addition, bands 5 and 6 were usu-
ally detected when C16 was present in the NSW medium, but not when only phn
was present, indicating that the bacteria associated with bands 5 and 6 do not con-
tribute to phn degradation in seawater. These results suggest that a close relationship
exists between domination of consortia by Cycloclasticus sp. and the presence of
S-2 EPS in seawater that also contains phn and C16.

To determine whether the inability of Cycloclasticus sp. to dominate consortia in
the presence of C16 and the restoration of this ability by the addition of S-2 EPS
was limited only to seawater from Heita Bay, we examined changes in the bacterial
community structure using NSW-phn+C16 medium prepared with seawater from
Syukutsu, Iwanai, Shiogama, and Haruno Bays. The inability of Cycloclasticus sp.
to dominate consortia in the presence of C16, and the restoration of this ability by
the addition of S-2 EPS, was observed with significant reproducibility in NSW-
phn+C16 medium prepared using seawater from these other locations (Table 16.4).
These results were consistent with those mentioned above; the Cycloclasticus band
was prominent in the presence of S-2 EPS regardless of C16 concentration.
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Fig. 16.8 Degradation of C16 and phn by native marine bacteria. (a) Degradation of C16.
(b) Degradation of phn. The light and dark shaded bars represent the absence and presence of S-2
EPS, respectively

We then examined the degradation of C16 and phn in order to determine how phn
affects the restoration of Cycloclasticus sp. as the predominant members of consor-
tia. As shown in Fig. 16.8a, C16 was degraded by indigenous alkane-degrading
bacteria regardless of the presence of S-2 EPS. No relationship between degradation
enhancement and the presence of S-2 EPS was observed.
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In contrast to the results observed in the presence of C16, in the absence of C16,
the percentage of phn degraded was unaffected by the presence of S-2 EPS
(Fig. 16.8b), indicating that phn degradation was occurred regardless of the pres-
ence of S-2 EPS. The percentage of phn remaining in the presence of C16 differed
greatly depending upon whether S-2 EPS was present or not. In the absence of S-2
EPS, the percentage of phn remaining under each of the conditions tested was
more than 100 %, indicating that essentially no phn degradation occurred, regard-
less of the amount of C16 present. These results suggest that phn degradation is
inhibited in the presence of C16. When S-2 EPS was present, the percentage of
phn remaining was about 75 %, a significantly lower amount compared to samples
lacking S-2 EPS. Collectively, these results indicate that a close relationship exists
between the presence of S-2 EPS and the predominance of Cycloclasticus sp.
within consortia and degradation of phn. We therefore concluded that degradation
of phn in seawater is mediated primarily by indigenous Cycloclasticus that are
activated by S-2 EPS.

16.6 Adaptive Changes in the Bacterial Community
Structure

It is generally held that PAHs in the marine environment are resistant to biodegrada-
tion and thus may remain at polluted sites for many years (Henson and Hayasaka
1982; Payne and Phillips 1985; Mackay and MacAuliffe 1988). New techniques
that would accelerate PAH degradation by native marine bacteria are required for
the success of bioremediation efforts aimed at the removal of PAHs from oil-
contaminated marine environments. Since we found that S-2 EPS promotes the deg-
radation of aromatic compounds by indigenous Cycloclasticus in marine bacterial
consortia, we have attempted to clarify the mechanism through which S-2 EPS
enhances PAH biodegradation.

To understand the adaptive changes in native marine bacterial communities that
enable degradation of hydrocarbons, we examined how the presence of alkanes or
PAHs affects the bacterial community structure. With the exception of long
alkanes, the addition of pure alkanes to seawater resulted in a diverse array of
adaptive changes in the community, suggesting that a wide variety of bacteria are
involved in degradation of these compounds. In contrast, the adaptive changes that
occurred when pure PAHs were added to seawater were more uniform and almost
always involved Cycloclasticus sp. becoming the predominant members of the
bacterial community structure. In addition, the predominance of Cycloclasticus
sp. always coincided with the degradation of PAHs and an increase in the total
number of cells, further indicating that Cycloclasticus plays an important role in
PAH degradation in the marine environment (Maruyama et al. 2003; Coulon et al.
2007; Yakimov et al. 2007; Lozada et al. 2008; Wang et al. 2008; Niepceron et al.
2010). Hence, it is reasonable to conclude that PAH degradation mediated by
Cycloclasticus sp. is a fundamental characteristic of marine bacterial consortia.
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16.7 The Effect of S-2 EPS on Cycloclasticus

To clarify the mechanism by which PAH biodegradation is enhanced by S-2 EPS
(Iwabuchi et al. 2002), we examined the effect of S-2 EPS on both the predomi-
nance of Cycloclasticus in the bacterial consortium and the degradation of PAHs
using a simplified model medium mimicking AF. The results of these experiments
showed that the rise to predominance by Cycloclasticus sp. is inhibited by the addi-
tion of C16 and that addition of S-2 EPS to NSW medium containing phn and C16
results in restoration of Cycloclasticus sp. predominance. These results suggest that
the presence of S-2 EPS in seawater contributes significantly to the rise of
Cycloclasticus sp. to eventual predominance in seawater when C16 and phn are
present.

Using model mixed cultures with A. borkumensis DMS11573, we recently dem-
onstrated that both Cycloclasticus growth and degradation of PAHs are selectively
activated by association of S-2 EPS with the cell, suggesting that in seawater S-2
EPS primarily affects Cycloclasticus. Our most recent metagenomic analysis
involving natural seawater also showed that the presence of S-2 EPS stimulates
PAH degradation by Cycloclasticus and enhances its growth (Iwabuchi et al. manu-
script in preparation). Therefore, it is probable that in seawater S-2 EPS selectively
affects the growth of Cycloclasticus and enhances its ability to degrade PAHs.

In the present study, C16 inhibited the ability of Cycloclasticus to dominate bac-
terial consortia in seawater also containing phn. Using the SI-MPN assay developed
to analyze Cycloclasticus viable cells, we examined the effect of C16 on the growth
of Cycloclasticus sp. in pure culture. The results of this experiment showed that C16
does not inhibit the growth of C. pugetti PS-1 in SW-bph medium. In addition, C16
did not inhibit the growth of environmental isolates of Cycloclasticus, suggesting
that C16 is not toxic to Cycloclasticus.

When C16 and minerals were added to seawater, with or without addition of phn
or S-2 EPS, many bands were detected upon DGGE analysis, indicating that many
bacteria are capable of growing in media containing these components. It is there-
fore presumed that except for the carbon source, bacteria within the consortium com-
pete for nutrients, such as nitrate, phosphate, and/or trace metals. Schneiker et al.
(2006) reported that Alkanivorax spp., which play an important role in the degrada-
tion of alkanes in marine environments, are highly efficient scavengers of such
nutrients, which enables them to dominate bacterial consortia in oil-contaminated
marine environments. In fact, Kyoto Encyclopedia of Genes and Genomes (KEGG)-
based comparative genomic analyses of Cycloclasticus strain S4 and A. borkumen-
sis DMS11573 indicated that the predicted nutrient-uptake capability of
Cycloclasticus strain S4 is lower than that of A. borkumensis (Iwabuchi et al. manu-
script in preparation). In addition, results similar to those described above were
obtained from the comparative genomic analyses of A. borkumensis DMS11573
and Cycloclasticus P1 (Iwabuchi et al. manuscript in preparation), for which
genomic information was recently reported (Lai et al. 2012). The results of our
recent proteogenomic analyses of Cycloclasticus strain S4 cultured with and
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without S-2 EPS in pure culture suggest that the expression of some nutrient-uptake
transporters is upregulated by S-2 EPS (Iwabuchi et al. manuscript in preparation).
It is thus possible that in the presence of C16 and phn, S-2 EPS-induced upregula-
tion of nutrient transporters accelerates the domination of marine consortia by
Cycloclasticus, thereby enhancing PAH degradation.

In conclusion, S-2 EPS is a functional biopolymer that stimulates the growth of
Cycloclasticus sp. in seawater, enabling them to dominate the bacterial community
and making them a potentially useful tool for the bioremediation of oil-contaminated
marine environments. Further detailed investigations are needed, however, to define
the relationship between S-2 EPS, nutrient uptake, and domination of the bacterial
community structure by Cycloclasticus.
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Chapter 17
Biofilm as a Multicellular Bacterial System

Masanori Toyofuku and Nobuhiko Nomura

Abstract Biofilm is thought to be the primary natural habitat for many bacteria and
they are associated with a wide range of human activities, such as wastewater treat-
ment and clinical infections. Current research points out that cells inside biofilms
are physiologically distinct from free-floating cells. In biofilms, bacteria are embed-
ded in extracellular polymeric substances (EPS) that have physical and biological
functions. One of the main roles of these EPS is to hold the cells together, which
leads to the development of multicellular consortia. Once developed, usually the
environment inside the biofilm becomes heterogenous which initiates the biofilm to
function as a multicellular system. The development of biofilm is well organized
following common stages among species. During this process, intercellular and
intracellular signaling also takes place. This chapter will give a brief introduction to
biofilms to support the understanding of bacterial multicellular systems.

Keywords Biofilm ¢ c-di-GMP e Cell-to-cell communication * Confocal reflection
microscopy ® Diffusible signal factor (DSF) ¢ EPS ¢ Outer membrane vesicle (OMYV)

17.1 Introduction

Although much of the knowledge in microbiology is based on the study of free-
floating planktonic cells, it is thought that the primary habitat for many microorgan-
isms is biofilm. Bacterial biofilms are multicellular consortia in which the bacterial
cells are embedded in an extracellular matrix or EPS that is often produced by
themselves. Microbial mats in the natural environments or plaques that are
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developed on the surface of teeth are examples of surface-associated biofilms.
Biofilms are not only necessarily attached to the surface but also are present as sus-
pended cell aggregates, also known as flocs and granules (de Beer and Stoodley
2006). Natural biofilms can develop under most conditions were bacteria are pres-
ent and their relevance in ecosystems has been recognized. Taking advantage of the
multicellularity, biofilms are considered as a robust and sustainable system.
Currently, biofilms are practically used for biological wastewater treatment. On the
other hand, they are also associated with a wide range of problems in industry and
also in clinical infections. For instance, biofilms have increased resistance against
antimicrobial agents and is hard to eradicate them (Hgiby et al. 2010). Given the
potential benefits and drawbacks that biofilms can confer, there is high interest in
their control.

Accumulating report demonstrates that biofilms are distinct from their free-
floating counterparts (Lépez et al. 2010). Cells in biofilms have different gene
expression patterns compared to planktonic cells and numerous regulatory mecha-
nisms take place during biofilm formation, suggesting that there is a unique pro-
gram for biofilm development. Moreover, the gene expressions, phenotypes vary
between the cells in a biofilm. This heterogenous nature of biofilm could be a con-
sequence of differential gene expression that is initiated by a different gradient of
nutrients, physicochemical factors effecting the cell activates. In addition, emer-
gence of genotypically and phenotypically diverse mutants may lead to the heterog-
enous nature of biofilm. Remarkably, cells inside biofilms interact physically and
chemically with each other to coordinate social behaviors. It is not surprising that
the organization and differentiation of biofilm has led some scientists to compare
biofilms with higher multicellular organisms.

In this chapter we will give a brief introduction to biofilms and discuss the fea-
ture of this multicellular bacterial community.

17.2  Sticking the Cells Together: The EPS Matrix

In order to form a multicellular community, the cells must have a way to connect to
each other. EPS is one of the key components in biofilms and it could be simply said
that “There is no biofilm without an EPS matrix” (Flemming and Wingender 2010).
The EPS consists of different types of biopolymers which are polysaccharides, pro-
teins, lipids, and nucleic acids. Also, polymers from other origin such as humic acid
may be embedded into biofilms. It was long believed that polysaccharides are the
main constituent of the EPS matrix; however, results from various studies indicate
that the main EPS in terms of amounts and their impact on biofilm formation differs
among species. The major role of EPS in biofilm is to connect the cells with the
substratum or other cells and provide the mechanical stability of the biofilm.
Therefore, the maintenance of the structured biofilm depends largely on the produc-
tion of EPS. Several studies using pure culture have demonstrated that mutants lack-
ing the component of EPS have altered biofilm morphology. For instance, in
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Pseudomonas aeruginosa, at least three types of exopolysaccharides that alter
biofilm formation are identified. Psl is a mannose- and galactose-rich polysaccha-
ride while Pel is a glucose-rich polysaccharide (Friedman and Kolter 2004a, b).
Alginate is the major exopolysaccharide in mucoid strains that are the predominant
morphotype of strains isolated from chronic infections (Govan and Deretic 1996);
Psl and Pel exopolysaccharides are critical for biofilm formation on abiotic surfaces
(Friedman and Kolter 2004a; Jackson et al. 2004; Matsukawa and Greenberg 2004).
Further studies have demonstrated extracellular DNA (eDNA) to constitute an
important component of the P. aeruginosa biofilm matrix (Whitchurch et al. 2002;
Allesen-Holm et al. 2006). Although eDNA was initially thought to be a residual
material from lysed cells, many groups indicate that it is in fact an integral part of
the matrix. In Rhodovulum sp., flocculation was disrupted when treated with nucleic
acid-degrading enzymes (Watanabe et al. 1998). Similar results are obtained with
activated sludge that is composed of multispecies. DNase treatment of the activated
sludge resulted in complete dissolution of the flocs in combination with shear force,
whereas shear force alone did not (Dominiak et al. 2011). These results demonstrate
that eDNA is related to structural integrity. In addition to the role in structural integ-
rity, eDNA in bacteria may retain extracellular proteins as observed in the defensive
web of neutrophil extracellular traps (NETs) (Brinkmann et al. 2004).

The presence of proteins in the biofilm matrix has been reported in many sam-
ples and they are sometimes even more abundant than polysaccharides in natural
cell aggregates (McSwain et al. 2005; Frglund et al. 1996; Urbain et al. 1993).
While the functions of these proteins are not fully understood, it is reported that
these proteins at least include extracellular enzymes as well as structural proteins.
Various extracellular enzymes that are involved in degradation of biopolymers have
been detected in the matrix suggesting its role as an external digestion system in
addition to the immobilization of the cells (Baty et al. 2001; Flemming and
Wingender 2010).

Structural proteins include CdrA which is an extracellular protein in P. aerugi-
nosa that is induced upon biofilm formation. This protein cross-links polysaccha-
rides and/or tethers the cells with the polysaccharides providing biofilm stability
(Borlee et al. 2010). Carbohydrate-binding proteins, called lectins, are also involved
in biofilm formation and stabilization in a wide range of species. Lectins have a very
specific recognition of sugars, and therefore, they may be involved in recognizing
particular polysaccharides and glycoconjugates on the cell surface of other cells
allowing them to coaggregate (Rickard et al. 2003).

Another type of proteins that seems to be ubiquitous among bacterial biofilms
are amyloid fibers. Amyloid fibers are defined by their characteristic cross-f-strand
structure, where the f-sheets are oriented perpendicular to the fiber axis (Sunde
et al. 1997). Amyloids of bacterial origins have been found in various natural bio-
films suggesting their importance in the natural habitat (Otzen and Nielsen 2008).
In certain species, amyloid proteins such as curli fimbriae in Escherichia coli and
Salmonella typhimurium, TasA in Bacillus subtilis have critical roles in biofilm for-
mation together with the polysaccharides (Chapman et al. 2002; Romero et al. 2010;
Zogaj et al. 2001).
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A group of surface proteins that are named biofilm-associated proteins (Bap)
also plays a role in the cell adhesion to biotic and/or abiotic surfaces in Gram-
positive and Gram-negative bacteria. These proteins contain core regions of amino
acid repeats involved in cellular adhesion (Latasa et al. 2006).

Recent proteomic studies reveal that in addition to these extracellular enzymes,
intracellular proteins that are normally localized to the cells are present in the matrix
at a certain amount. Examples include membrane proteins, histone-like proteins,
ribosomal proteins, and superoxide dismutase (Jiao et al. 2011; Eboigbodin and
Biggs 2008). While the functions of the intracellular proteins in the matrix remain
to be fully investigated, some reports suggest a role of intracellular proteins outside
of the cell. Such proteins that display two distinct functions are known as moon-
lighting proteins (Jeffery 2003). For example, the elongation factor Tu as well as the
chaperonin protein complex GroEL have been identified on the cell surface of lac-
tobacilli and were shown to be involved in adhesion to mucin and human epithelial
cells (Bergonzelli et al. 2006; Granato et al. 2004). A recent study suggested that a
large amount of these intracellular proteins are delivered to the matrix by membrane
vesicles (Toyofuku et al. 2012a).

17.3 The Life Cycle of a Biofilm

Based on the knowledge of a limited number of model organisms, similarity of the
biofilm life cycle has been recognized so far. From these observations mainly from
mono-species biofilms, it is proposed that the biofilm life cycle consists of initial
attachment, production of EPS matrix, maturation to complex colonies, and finally
dispersal of cells from the biofilm. Accumulated researches indicate that these steps
involve complex regulatory mechanisms that are influenced by environmental con-
ditions and cell interactions. As a consequence, the structure of biofilms becomes
highly variable ranging from flat-layered mats to complex mushroomlike structures
depending on the nutritional conditions and cell interactions (Davies et al. 1998).
Thus, cells undergo flexible and dynamic lifestyles in biofilms.

Biofilm formation begins with attachment to a surface that can be a substratum
such as metals, glasses, or a surface of another cell. This step is important for the
bacteria so that they settle down in the right environment. Initial attachment to abi-
otic surfaces is well characterized in the attachment of Pseudomonas sp. It was
indicated that during the cell attachment, the cells first attach to the surface loosely
via adhesins, such as flagellar and pili (O'Toole and Kolter 1998a, b), that may read-
ily detach. Once the cells attach to the surface along their axis, this step is called
irreversible attachment, the bacteria commit to their life as a biofilm (Petrova and
Sauer 2012). Even this single step in biofilm formation is highly regulated by sev-
eral factors indicating that biofilm formation is an active biological process, and as
discussed later, an intracellular second messenger whose production is controlled
by several environmental modulates this step.
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While the initial attachment is the beginning of the life as a biofilm, the commu-
nity comes to an end when cells disperse from the biofilm and seek new environ-
ments. The mechanism by which bacteria regulate dispersal is not fully understood
and strategies to manipulate biofilm dispersal are of great interest for broad applica-
tion in controlling biofilm formation. Passive processes for cell dispersal such as the
erosion of biofilms by shear stress are observed; however, many bacteria undergo
active dispersal processes where the cells convert from sessile to planktonic free-
swimming bacteria (Sauer et al. 2002). Several environmental cues such as carbon
sources, oxygen depletion, and nitric oxide induce cell dispersal, which allows the
cells to respond to changes in environments. As observed in P. aeruginosa, not all
cells but a subpopulation of cells localized at the center of mature biofilms disperse
while the majority of the cells remain in the biofilm. These cells that remain seem
to be dead cells which is also an indicative of the heterogenous nature of the cells in
the biofilm (Barraud et al. 2006). In the dispersal cells, genes that are related to
biofilm formation such as exopolysaccharides are downregulated, whereas genes
that are related to motility are induced. In addition to active motility, the cells must
disassemble from the EPS matrix. EPS-degrading enzymes such as chitinase and
nuclease are also reported that could potentially be involved in the cell dispersion
(McDougald et al. 2012).

Several signals that are produced by the cells are also involved in this dispersal
event indicating that the cells themselves can initiate cell dispersal in a coordinated
fashion. For example, a fatty acid molecule, cis-11-mehyl-2-dodecenoic acid which
is known as a diffusible signal factor (DSF), was found to be involved in dispersal
in Xanthomonas campestris (Dow et al. 2003). DSF in X. campestris activate the
production of endo-f1, 4-mannanase that disrupts cell aggregates. Further work
indicated that DSF reduce the biosynthesis of a putative exopolysaccharide, provid-
ing more the detailed mechanism of how DSF regulate dispersal (Tao et al. 2010b).
DSF-related molecules are also found in other species implicating its role in inter-
species signaling (Zhang and Dong 2004; Ryan and Dow 2011). For instance, DSF
produced by Stenotrophomonas maltophilia induced stress-related genes in P. aeru-
ginosa through a putative sensor kinase whose homologous protein is widespread
among pseudomonads (Ryan et al. 2008). P. aeruginosa itself also produces a DSF-
family signal, cis-2-decenoic acid, that induces biofilm dispersion of which the
mechanism is not clear (Davies and Marques 2009). Interestingly, DSF-family sig-
nals play an interkingdom role where it is recognized by Candida albicans (Davies
and Marques 2009; Boon et al. 2008).

Signals that induce dispersal are also found from B. subtilis biofilms called pel-
licles that are formed at the air-liquid surface. The cells are held together in the
matrix that consists of exopolysaccharide and amyloid fiber which is largely com-
posed of TasA. D-amino acids that are produced during the maturation of biofilm are
incorporated into the cell wall peptidoglycan and trigger the release of amyloid
fibers from the cell wall. A second biofilm-disassembly factor was found recently
from B. subtilis that is a polyamine norspermidine. Norspermidine, which is pro-
duced in the late life cycle of the pellicle directly, interact directly with the exopoly-
saccharide component of the matrix (Kolodkin-Gal et al. 2012). Though the
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mechanism is not fully understood, both D-amino acids and norspermidine can
induce cell dispersal in other bacteria, including Gram-negative cells.

17.4 c-di-GMP, An Intracellular Second Messenger,
Regulates Biofilm Formation

The observations of the stage-specific gene regulation in biofilms indicate that
biofilm development is a biologically programmed process. For instance, once the
cells find a suitable surface, they should alter their gene expression so that they can
settle down to switch their lifestyle from planktonic cells to biofilm cells.
Furthermore, cells respond to environmental cues in dispersal. These phenomena
observed universally among bacterial suggest that there is a common mechanism
that is involved in these processes. Recent studies have found out that a small
molecule, bis-(3’-5")-cyclic dimeric guanosine monophosphate (c-di-GMP), is an
(almost) ubiquitous signal that plays a central role in biofilm development of
diverse bacteria (Hengge 2009; Romling et al. 2005). C-di-GMP is a second
messenger that passes through the information outside the cells into the cytoplasm.
In general, high levels of c-di-GMP concentration correlate with the biofilm mode
of lifestyle and low concentrations of c-di-GMP correlate with planktonic mode of
growth. In other words, a high level of c-di-GMP stimulates the biosynthesis of
adhesins and extracellular matrix and inhibits motility, thus allowing the cells to
form and maintain biofilms. In dispersal cells, c-di-GMP levels decrease that allow
the cells to become motile. The level of c-di-GMP is controlled by the enzymes
that produce (diguanylate cyclases) and degrade (phosphodiesterases). Diguanylate
cyclases activity is associated with the GGDEF domain, which is named after the
highly conserved amino acid sequences they contain, and c-di-GMP-specific phos-
phodiesterases activity is associated with the EAL or HD-GYP domains. These
domains are often found with N-terminal sensory domains, compromising sensor
domains as well as phosphoacceptor. The great variety of these sensory domains
indicates that c-di-GMP level responds to numerous signals (Hengge 2009). The
extracellular signal DSF is also one of the signals that alter c-di-GMP levels by
degrading c-di-GMP (Tao et al. 2010a; Deng et al. 2012). Hence, a diverse range
of signals are integrated to the c-di-GMP-signaling system enabling the cells to
respond to changing environments.

Although the target of c-di-GMP is not fully understood, it has been indicated
that c-di-GMP binds to the target component and alter the structure and functions.
Several examples demonstrate that the binding components of c-di-GMP are highly
diverse that can be proteins as well as riboswitches. For instance, c-di-GMP binding
to PilZ proteins is an essential step in c-di-GMP-mediated regulation (Ryjenkov
et al. 2006). In riboswitches, c-di-GMP binds to mRNA motifs which alter the
expression of the gene (Sudarsan et al. 2008).
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17.5 Bacterial Communications that Influence
Biofilm Formation

Multicellularity in bacteria can be defined as a group of cells that function as a
greater entity. In order to accomplish this, intercellular interactions must play a
crucial role to enable cells coordinate their activities (Shapiro 1998). Although it is
a still-opening question whether bacteria generally function for the whole in bio-
films, scientists have discovered that bacteria can communicate with each other
through chemical molecules in order to coordinate the cell behavior. Moreover, cell-
to-cell communication has been demonstrated to affect biofilm formation in many
species. A typical signaling molecule produced by Gram-negative bacteria is the
N-acyl homoserine lactones (AHLs). Over 100 species of Proteobacteria use AHLs
as signal molecules. AHLs usually consist of a fatty chain acid coupled to a homo-
serine lactone. There are variations in the acyl-group length, substitution at the C3
position (hydrogen, hydroxyl, or oxo group), and the saturation of the fatty acid
chain. These variations confer signal specificity that is recognized by their cognate
LuxR family transcriptional regulators. AHLs are synthesized by LuxI family pro-
teins. The lux/ gene is induced in the presence of AHLs, consisting an autoregula-
tory system.

While the fatty acid side chains were typically found in these homoserine lactone
signals, recently, a new class of non-fatty-acid-based AHL signals has been discov-
ered. The phototrophic soil bacterium Rhodopseudomonas palustris possesses a
pair of LuxIR homologues, RpalR. Rpal synthesize p-coumaroyl-homoserine lac-
tone, from exogenous p-coumaric acid, which is thought to be obtained from the
plant host. These aryl-homoserine lactone homoserine productions have also been
observed in Bradyrhizobium sp. BTAil and Silicibacter pomeroyi DSS-3(Schaefer
et al. 2008; Ahlgren et al. 2011).

P. aeruginosa is one of the most studied bacteria in cell-to-cell communication
and biofilms. This opportunistic human pathogen produces at least two AHLs that
are N-butyryl-HSL (C4-HSL) and N-(3-oxododecanoyl)-HSL (3-oxo-C12-HSL).
Each signal is produced by Rhll and Lasl, respectively. The organized structure of
biofilms evoked researchers to think that there must be some interactions between
cells when forming biofilms. The involvement of AHL on biofilm formation was
first reported in 1998, when Davies et al. reported that a /as/ mutant formed biofilms
that were flat compared to the wild type that formed structured microcolonies
(Davies et al. 1998). Since then, many groups have confirmed that the effect of cell-
to-cell communication on biofilm formation in P. aeruginosa depends on strain and
experimental conditions (de Kievit 2009).

The mechanism is not clear how cell-to-cell communication influences biofilm
formation because AHLs control a wide range of genes. However, several factors
that influence biofilm formation are known to be controlled by cell-to-cell commu-
nication (de Kievit 2009). These are biofilm matrix, rhamnolipids, and denitrifica-
tion. In P. aeruginosa, at least three types of exopolysaccharide (alginate, Pel, and
Psl) that are related to biofilm formation have been confirmed. Thus far, only the
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pel-gene cluster has been identified as being regulated by cell-to-cell communication.
Pel is a glucose-rich exopolysaccharide which is essential for biofilm formation
(Friedman and Kolter 2004a). It was discovered that the Las system is mainly
involved in the transcription of pel biosynthetic genes (Sakuragi and Kolter 2007).
Another important component of the extracellular matrix, extracellular DNA
(eDNA) is also suggested to be influenced by QS. The mechanism by which the
DNA is exported outside of the cell is not fully understood. Interestingly, spatial
analysis of P. aeruginosa biofilms revealed distinct patterns of eDNA localization.
In the early stages of biofilm formation, eDNA was shown to accumulate on the
surface of microcolonies, while in older biofilms eDNA was shown to accumulate
at the junction of the stalk and cap of the typical mushroomlike structure of micro-
colonies (Allesen-Holm et al. 2006). It was observed that QS-deficient mutants con-
tain less eDNA than the wild type, suggesting that QS induce eDNA (Allesen-Holm
et al. 2006).

Rhamnolipids are amphipathic glycolipids that act as biosurfactants. The expres-
sion of rhamnolipid synthesis operon rhIAB is regulated by the rhl QS system
(Pearson et al. 1997). A mutant deficient in rhamnolipid production forms biofilms
that are flat and relatively homogenous compared to the structured wild-type bio-
films (Davey et al. 2003). From these observations, it is proposed that rhamnolipids
are important in forming distinct architecture of the biofilm. In addition to main-
taining the biofilm structure, rhamnolipids are necessary for detachment of the
cells from the biofilm (Boles et al. 2005). The influence of rhamnolipids on mul-
tiple facets of biofilm formation suggests that the production is regulated at
particular location and time points during biofilm formation. Supporting this idea,
microscopic analysis using gfp-fused rh/AB genes indicated that rhamnolipid pro-
duction is maximal in the stalks of a developing microcolony (Lequette and
Greenberg 2005).

P. aeruginosa is capable of growing anaerobically by using N-oxides as terminal
electron acceptors instead of oxygen (Toyofuku et al. 2012b). Under denitrifying
conditions, P. aeruginosa forms robust biofilms (Yoon et al. 2002). Inactivation of
Rhl QS leads to nitric oxide (NO) accumulation that is toxic to the cells causing cell
death. Further study demonstrated that QS repress denitrification activity (Toyofuku
et al. 2007, 2008). One of the key factors influencing biofilm formation is NO.
While high concentration leads to cell toxicity, sublethal concentrations trigger dis-
perse of the cells from the biofilm (Barraud et al. 2006). Interestingly, the process of
biofilm formation under anaerobic condition seems somewhat different from aero-
bic condition, where cells become filamentous under anaerobic condition (Yawata
et al. 2008). The cell elongation is one of the important factors in biofilm formation
under anaerobic conditions and it is influenced by the production of NO (Yoon et al.
2011). Hence, fine tune of NO accumulation by QS as well as other factors appears
to be important in biofilm formation under anaerobic conditions.

In Gram-positive bacteria amino acid peptides are widely used as signal mole-
cules. Once the precursor signal protein is synthesized within the cell, active signals
are generated by cleaving the proteins to short form of peptide chains and these
peptides are subject to posttranslational modification in some bacteria resulting in a
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great diversity of the signal (Dunny and Leonard 1997). The peptide signals are
linear or cyclic usually ranging in the size of 5-26 amino acid residues. Interestingly,
some signal peptides also function as bacteriocins. These peptide signals that do not
diffuse across the cell membrane are secreted by ABC transporters. Once secreted,
the cells then sense the peptide signals by a two-component regulatory system.
Most typically, the peptide signal is sensed at the surface of the bacteria by a histi-
dine kinase sensor. This results in the autophosphorylation of the sensor kinase and
the phosphoryl group gets transferred to a response regulator that regulates the
expression of genes.

In the case of Staphylococcus aureus, the autoinducing peptide (AIP) is encoded
by agrD. The AgrB protein processes and exports AIP. The secreted AIP is detected
by a histidine kinase AgrC, which activates the response regulator AgrA by phos-
phorylation. Activated AgrA then modulates gene expression including the positive
control of the agrBDCA operon. As expected, the agr QS system is involved in
biofilm formation. In S. aureus, the agr QS system mutant forms thicker biofilm
than the wild type (Vuong et al. 2000). Furthermore, extracellular proteins such as
proteases and nucleases that are involved in dispersal of biofilm are upregulated by
the QS system. Hence, the agr QS system inhibits biofilm formation.

In addition to AHLs and signal peptides, Al-2 is discovered broadly among
Gram-negative and Gram-positive bacteria. AI-2 was originally described in Vibrio
harveyi, where it was involved in the regulation of bioluminescence (Chen et al.
2002). AI-2 is produced by a spontaneous reaction of 4,5-dihydroxy-2,3-
pentanedione which is synthesized by LuxS. The AI-2 signal which is recognized
by homologues of the [uxS gene has been identified in over 350 sequenced bacterial
genomes (Shrout and Nerenberg 2012). Thus, AI-2 appears to be an interspecies
signal. Whether LuxS is involved in biofilm formation or not is not clear. For
instance, in Staphylococcus epidermidis, LuxS has negative effects on biofilm for-
mation (Li et al. 2008), while this is not the case in S. aureus (Doherty et al. 2006).
Taking into account that AI-2 is an interspecies signal, AI-2 may be involved in
multispecies biofilm formation.

17.6 Multispecies Biofilm

In the natural environment, bacteria form complex multispecies biofilm. Compared
to the mono-species biofilm, our understanding of multispecies biofilm is limited.
The common feature of these bacterial communities is that normally the cells are
dense and physically close to each other compared to the free-living planktonic
cells. As a result of active metabolism of the cells in biofilms, nutrient in the liquid
surrounding may be consumed by cells in the outer layers and metabolites may
accumulate in the biofilms. These gradients create microenvironments that become
niches for other bacteria. One of the techniques that are commonly used for obser-
vation of complex natural biofilm is fluorescence in situ hybridization (FISH). With
this method, localization of bacterial populations can be visualized by hybridizing a
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fluorescently labeled oligonucleotide probe to the target 16S rRNA (Amann et al.
1990; DeLong et al. 1989). Compartmentalized or mixed structures of species
within natural biofilms have been observed based on this method. The stratification
of species within the biofilm can mostly be explained by the difference of metabo-
lism among the species. For instance, in a nitrifying activated sludge, nitrifying
bacteria are split into layers according to their use of different electron acceptors.
During nitrification, ammonia is oxidized by ammonia-oxidizing bacteria and the
produced nitrite is further oxidized to nitrate by nitrite-oxidizing bacteria.
Consequently, ammonia-oxidizing bacteria locate at the outer layer and the nitrite-
oxidizing bacteria colonize immediately below the ammonia oxidizers in nitrifying
biofilms (Okabe et al. 1999). Compartmentalized is also explained by computa-
tional simulations revealing that these structures result from simple diffusion of
growth-limiting nutrient (Nadell et al. 2009). Some model experiments using two
bacterial species has also revealed that physicochemical conditions determine the
localization of bacterial colonies within the biofilm. For example, Burkholderia
xenovorans LB400 and Pseudomonas sp. B13 are able to degrade a pollutant,
3-chlorobiphenyl, to water and carbon dioxide. In this case, B. xenovorans LB400
degrades 3-chlorobiphenyl only to chlorinated benzoate and no further, while
Pseudomonas sp. B13 further degrades chlorobenzoate to water and carbon dioxide.
Since Pseudomonas sp. B13 cannot utilize 3-chlorobiphenyl, it is able to grow only
if it is together with B. xenovorans LB400 when 3-chlorobiphenyl is the sole car-
bon/energy source. When a mixed-species biofilm was developed by these two
strains using 3-chlorobiphenyl as the only available carbon source, Pseudomonas
sp. B13 was always mixed with B. xenovorans LB400, whereas separate colonies
were observed when another carbon source that can be used by both strains was
given (Nielsen et al. 2000). In another case using Acinetobacter sp. C6 and
Pseudomonas putida KT2400, distinct colonies but not mixed-species colonies
were formed even under experimental settings that support host-commensal rela-
tionship (Hansen et al. 2007). When benzyl alcohol is given as a sole carbon source,
the presence of P. putida KT2400 is dependent on Acinetobacter sp. C6.
Acinetobacter sp. C6 metabolize benzyl alcohol to benzoate that is partly excreted
and can be utilized by P. putida KT2400. Under this condition, Acinetobacter sp.
C6 and P. putida KT2400 form distinct colonies where Acinetobacter sp. C6 is
loosely surrounded by P. putida KT2400. In this case, competition of oxygen might
counteract the host-commensal partnership of carbon source. Hence, the examples
show us how the final structure could be affected by different interactions that occur
among the consortia. Interestingly, extended incubation of the Acinetobacter sp. C6
and P. putida KT2400 mixed-biofilm under the host-commensal condition led to the
emergence of a variant distinct cell from the ancestral type of P. putida KT2400
(Hansen et al. 2007). The variant was not detected in chemostat culture with
Acinetobacter sp. C6 or in single-species biofilms, indicating that the variant can
evolve in the microenvironment within biofilms in the presence of Acinetobacter.
The evolved community was more stable and more productive than the ancestral
community. Altogether, these examples demonstrate how spatial organization is
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important for the function of the community and further leads to the understanding
of how a community is optimized in their natural habitat.

In addition to these chemical interactions, direct contact of the cells also plays an
important part in mixed-species biofilms. Interspecies electron transfer is known to
be important during anaerobic degradation of organic matter to methane. During
this process, close physical contact between syntrophs and methanogens is required.
Direct observation of granular sludge indicated that these microbes locate close to
each other (Harmsen et al. 1996). In Pelotomaculum thermopropionicum and
Methanothermobacter thermautotrophicus, such symbiosis is mediated by a flagel-
lum (Shimoyama et al. 2009). P. thermopropionicum can ferment propionate to
acetate, bicarbonate, and H,; however, this conversion is endergonic and the partial
pressure of H, should be kept low for this process to proceed In the presence of
M. thermautotrophicus, H, is consumed to CH, as an energy source and enable
P. thermopropionicum to oxidize propionate. When grown together, these two
strains form aggregates that are maintained by flagellum of P. thermopropionicum.
The flagellum not only maintains the symbiosis but also synchronizes their metabo-
lism by inducing gene expression involved in methanogenesis of M. thermautotro-
phicus. More recently, another type of bacterial communication that is based on
physical contact was discovered. This communication is mediated by nanotubes
that connect neighboring cells in Bacillus subtilis (Dubey and Ben-Yehuda 2011).
These tubes were not synthesized during planktonic growth but were produced in
colonies. These tubes allow bacteria to exchange small molecules including pro-
teins and plasmids even between other species. Although the relevance of this nano-
tube in the natural environment is yet to be understood, the findings open up a new
era of bacterial interaction between species.

Another bacterial-derived structure that potentially has a role in interspecies
communication inside biofilms is the outer membrane vesicles (OMVs). OMVs are
particles ranging from approximately 20 to 200 nm that are mainly produced in
Gram-negative bacteria (Kulp and Kuehn 2010; Tashiro et al. 2012). These vesicles
are mainly composed of outer membrane, periplasmic components and also contain
DNA. In P. aeruginosa, a hydrophobic QS molecule, Pseudomonas quinolone sig-
nal (PQS) is incorporated in OMVs allowing the PQS to freely diffuse from the cell
and shuttle them to the neighboring cells (Mashburn and Whiteley 2005).
Consequently, PQS carried by OMVs coordinate social behaviors in P. aeruginosa.
In addition, PQS are able to induce OMV production in P. aeruginosa and other
species (Tashiro et al. 2010; Mashburn and Whiteley 2005). Importantly, OMV's
have been observed in the EPS fraction of mono-species biofilms such as P. aerugi-
nosa and Myxococcus xanthus and also mixed-species biofilm of environmental
samples (Schooling and Beveridge 2006; Toyofuku et al. 2012a). M. xanthus is a
bacterium that shows complex social behavior and biofilm (also known as fruiting
body) formation. In this bacterium, protein can be exchanged through direct cell
contact in which the precise mechanism is not completely understood. As a result of
protein exchange, individual cells can endow their neighbors with new characteris-
tics without altering the genome. Direct observation of M. xanthus biofilm demon-
strated that the intercellular region is packed with OMVs that are tethering on the
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cell surface (Palsdottir et al. 2009). From these observations it is hypothesized that
these OMVs may play a role in the protein exchange of M. xanthus (Remis et al.
2010; Konovalova et al. 2010). OMVs are also found extensively in the EPS of
P. aeruginosa biofilm. It is well studied that OMVs in P. aeruginosa are associated
with virulence against the host (Tashiro et al. 2012). Moreover, these OM Vs derived
from P. aeruginosa have the potential to fuse and/or attach to other Gram-negative
and Gram-positive cells that may confer new properties to the recipient by trans-
porting proteins or DNA. The role of OMVs in biofilms is yet to be investigated
while some report indicates that they are involved in the development of mixed-
species biofilm. OMVs produced by Porphyromonas gingivalis induce co-
aggregation of S. aureus and Prevotella intermedia via an adhesin localized to the
OMVs (Kamaguchi et al. 2003), indicating the role of OMVs in interspecies biofilm
formation. Given that there are numerous proteins in the EPS, OMVs could also be
contributing to place the proteins in the EPS.

17.7 Recently Developed Methods to Study Biofilms

Since biofilm mode of growth differs from planktonic cells, several methods to cul-
tivate and analyze biofilms have been developed. One of the most popular method
used in the assay of biofilm development is the 96-well biofilm assay (O'Toole et al.
1999). In this method, biofilm are developed in a static batch culture and the cells
attached to the 96-well plate are stained after washing. This method is very power-
ful for screening for factors that affect biofilm formation and thus has been used in
various species by many scientists. Biofilm structures have been revealed by micros-
copy techniques such as electron microscopy and the bacterial community structure
with their localizations is often analyzed by FISH. FISH can be combined with
other useful techniques, for instance, with combination of microautoradiography,
uptake of different organic substrate can be monitored in order to demonstrate active
cells (Lee et al. 1999; Kindaichi et al. 2004). The limitation of these techniques is
that they only give a snapshot of the biofilm images while the biofilm development
is highly dynamic. The use of time-lapse microscopy with combination of flow-cell
system where the intact biofilm development can be monitored for several days has
overcome this limitation for some bacteria. By using the flow-cell system, the life-
style of biofilms became clear that it consists of several stages. Moreover, the use of
confocal laser scanning microscopy (CLSM) with the flow-cell system allows the
observation of three-dimensional structure of the biofilm during the time course for
fluorescent-labeled bacteria. The fluorescent protein can be expressed constitutively
and can be used for mono-species and mixed-species biofilms. In addition, fluores-
cent protein can be expressed under control of a particular promoter which gene is
of interest in order to monitor gene expression in biofilms.

Recently, a technique adapting the confocal reflection microscopy (CRM) was
used in biofilm. The advantage of this technique is that intact biofilms can be
observed directly by confocal laser scanning microscopy without staining, fixation,
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40pm

Fig. 17.1 Development of a mixed-species biofilm monitored by COCRM

or labeling with fluorescent proteins. Because CRM relies on the reflected light of
the sample, reflection artifact obtained from bright spots such as cover glasses often
becomes a problem. To solve this problem, the signal intensity of the cells can be
maintained to a constant level along the Z-axis continuously by adjusting the detec-
tor gain manually while scanning. This modified mode of CRM called continuous-
optimizing-CRM (COCRM) enables direct imaging of mixed-species biofilms and
also mono-species biofilms alive during time courses (Yawata et al. 2010) (Fig. 17.1).
While microscopy observation enables detailed analysis of the biofilm structure and
development, yet there are few nondestructive methods that allow both microscopy
analysis and measurement of metabolites. Measurement of metabolites along with
the biofilm structure is important in understanding the activity of the biofilm and
further understanding how biofilm reacts to the environment as a whole. To this end,
flow-cell system was improved that gaseous metabolites can be collected and mea-
sured simultaneously with gas chromatograph (Yawata et al. 2008). Another method
commonly used to monitor microbial activity is the use of microsensors.
Microsensors are used for profiling spatial distributions of specific substrates and
products (de Beer and Stoodley 2006). These microsensors can be mounted to
chambers that cultivate biofilms and the concentration of certain metabolites can be
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monitored real-time. Since microsensors are small with a tip size of 1-20 pm it is
feasible for small chambers and was adapted to a micro-fluidic device to monitor
NH,* consumption of activated sludge with its structure (Toda et al. 2011). Raman
microspectrometer is also a powerful tool in chemically characterizing the biofilms
noninvasively without any pretreatment of the sample. Biomolecules along with
second metabolites can be identified with its space-resolved information, which will
give us a more detailed understanding of the activity and heterogeneity of the cells
(Venkata et al. 2011; Patzold et al. 2006). These new techniques with others will
provide a new insight into the structure functional correlation of biofilms.
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