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Establishment of a mariner-based transposon system for D. shibae

In the initial step of our investigations it was necessary to define suitable parameters for the
transfer of a transposon into the genome of D. shibae. First, the plasmid pBT20 encoding a
mariner transposon was chosen (Fig. 1). It further harbors the C9 mariner transposase
necessary for random recombination and transposon integration. The plasmid contains two
origins of replication. The oriT from the broad host range plasmid pRK2 allows for
conjugation into Gram-negative bacteria (1). With its origin of replication R6Ky (IncX) the
plasmid pBT20 can only be replicated in strains expressing pir (2). In pir-negative recipients
like D. shibae the plasmid should behave like a suicide vector mediating plasmid loss and
selection for integrated transposons as observed for other bacteria (1, 3). A corresponding
procedure was established and systematically optimized to finally obtained 9.0 x 10°
transposon mutants/per 2.5 x 10® bacteria. Precultures of D. shibae DFL12" (acceptor strain)
and E. coli ST18 (donor strain) were incubated under indicated different growth conditions. In
the exponential growth phase, co-cultures of both strains were prepared in a volume ratio of
10:1 of donor to acceptor strain. For this purpose D. shibae and E. coli ST18 cell cultures
were mixed and sedimented together for 4 min (4000 x g). The supernatant was discarded and
the cell material resuspended in hMB medium. Spots of the co-cultures were incubated for
conjugation on hMB-agar plate supplemented with 50 ug/ml aminolevulinic acid for 24 h at
30 °C. The D. shibae DFL12" transposon-mutants were subsequently selected on hMB-agar
plates supplemented with 80 pug/ml gentamycin. For this purpose, serial dilutions of the
conjugation cultures of 107107 were plated to maximize the efficiency. Single transposon

mutants were isolated and preserved.

Localization of the loci of transposon insertion in the DNA of D. shibae
For the localization of the integrated transposons in the chromosome or the plasmids of D.

shibae an arbitrary PCR approach was used (1). This method allows the amplification of DNA
3
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fragments consisting of 250 bp of the transposon DNA and a random length part from the
genome or plasmids of D. shibae (Fig. 1a). The insertion loci were finally identified via DNA
sequence determination of the arbitrary PCR products. Randomly selected mutants showed
PCR products from 270 bp up to 2000 bp (Fig. 1b). The obtained DNA sequences for the

various transposon integration sites indicated that no hot spots of integration were present.

Selection of transposon mutants with an anaerobic growth phenotype

The isolated 4500 D. shibae transposon mutants were screened for growth defects under
anaerobic, denitrifying conditions. For 1580 out of 4500 tested mutants, the loci of integration
were identified by DNA sequencing (Table S1, Supplemental Material). Residual transposon
mutants are currently under investigation. Overall, 718 out of 1000 transposon mutants were
in different genes. Assuming the presence of approximately 12% essential genes (4), which do
not result in viable transposon mutants upon mutation, a saturation of 82% of the genome can
be deducted. From the 4500 tested mutant strains 53 showed a decreased or even loss of
growth under tested anaerobic conditions (Table 1). This suggests that approximately 1% of
the genome of D. shibae was found essential or important for anaerobic growth. Besides
insertion into the chromosome multiple insertions into the pDSHIO1, pDSHIO2, pDSHIO3 and
pDSHIO4 were found. In total, D. shibae contains 5 plasmids, which are the 191 kb plasmid
pDSHIO1, the 153 kb plasmid pDSHIO2, the 126 kb plasmid pDSHIO3, the 86 kb plasmid
pDSHIO4 and the 72 kb plasmid pDSHIO5 (5). In figure 1 of the results section the random
distribution of transposon integration sites resulting in anaerobic growth defects of
corresponding strains is shown. Three genes were hit twice by the transposon — napA
encoding the nitrate reductase, the promotor region of the transposase gene Dshi_3356 and
the plasmid encoded gene Dshi_3678/3874/4083. For eight plasmid encoded genes the final

identification of the loci of integration failed, because they exists as multiple copies on the
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various plasmids of D. shibae. (5). Interestingly, no transposon insertion was found for
plasmid pDSHIOS indicating that genes encoded by this plasmid do not play a role in
anaerobic growth. As expected, accumulation of transposon integration sites was observed
between region 3142258 to 3767137 bp of the D. shibae chromosome (Fig. 1). This region

contains several known genes and operons involved in anaerobic metabolism (5).

Genes essential for aerobic and anaerobic growth of D. shibae

Table 1 provides an overview over the functional categories for the genes for which the 53
transposon mutants were isolated. These categories are described and discussed in the results
section and here in the Supplemental Material. Only 5 of the obtained mutants showed a
decreased growth under aerobic conditions indicating a general role for the D. shibae life
cycle. For example, Dshi_1643 encoding RecA, which is essential for the repair and
maintenance of DNA, was disrupted by the transposon close to the end of the gene. Partial
activity might be retained. Nevertheless, the significant decrease of growth under aerobic
conditions and complete loss of growth under anaerobic conditions showed the general
importance of this gene for D. shibae. Accordingly, when the recA gene was deleted in E. coli
a growth rate decrease by 50 % was observed under anaerobic conditions compared to the
wildtype (6).

A similar phenotype was observed for disrupted gene Dshi_1932, encoding a putative
glutathione-S-transferase. Glutathione S-transferase catalyzes the conjugation of the reduced
tripeptide glutathione via the sulfhydryl groups to electrophilic substrates. In eukaryotes
substrates are made soluble and accessible to detoxification this way. Multiple families of the
enzyme catalyzing a broad variety of reactions were described (7). In contrast glutathione and
the glutathione-S-transferase possess various controversially discussed functions in bacteria

(8). They are involved in the protection against oxidative stress, in the maturation of proteins,
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in the metabolism of aromatic compounds and in antibiotic resistance (9). Interestingly, the
enzyme was also found in the periplasm contributing to redox processes, including disulfide
bond formation (see results and below) and cytochrome c¢ formation (10). Our findings

underscore the importance of the enzyme for D. shibae, especially for anaerobic growth.

Transcriptome and proteome of aerobically and anaerobically grown D. shibae

To identify anaerobically induced genes, transcriptome and proteome analyses were
performed. For this purpose D. shibae DFL12" was cultivated in a chemostat using salt water
medium (SWM) supplemented with 25 mM nitrate to sustain denitrification when oxygen
became limited. After 20 h D. shibae reached the steady state with a constant cell density of
ODs73 = 0.5 +/- 0.04. After 40 h of growth the aeration was switched off and the oxygen
concentration in the culture decreased within 20 min to 0.05 pM indicating microaerobic to
anaerobic conditions. The corresponding transcriptome dataset revealed 474 genes which
were differentially expressed by at least 1.74-fold when denitrifying and aerobic growth
conditions were compared. Out of the 474 genes 207 were found induced and 267 showed a
decreased expression. Proteome profiles were obtained via shot-gun analyses or inspection of
the membrane protein-enriched fraction (both by means of nanoLC-ESI MS). The analyses
detected 878 different proteins in the whole cell shot-gun approach and 1215 different
proteins in the membrane fraction, which covered nearly 25 % of the predicted proteins of D.

shibae. Results were compared with the results of the transposon mutagenesis (Table S2).

General aspects of cytochrome ¢ and disulfide bond formation

Disulfide bond formation in bacteria occurs in the periplasm. Corresponding target proteins
are secreted via the Sec-system into the periplasm. The disulfide bridges are then formed by
the disulfide bond protein A (DsbA). Recycling of DsbA is performed by the inner membrane

protein DsbB, which in turn transfers the electrons to various aerobic and anaerobic electron
6
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transport chains of energy generation (11). DsbC (Dshi_3082) is a protein disulfide
isomerase, which corrects DsbA misfolds or introduces non conservative disulfides in
periplasmic and outer membrane proteins like LptD (12-15). To fullfill its task DsbC is kept
reduced in the periplasm by DsbD, an integral membrane protein of the inner membrane. Our
study identified chromosomal dsbC and a plasmid encoded dsbD gene as essential for
anaerobic growth. Both DsbC and DsbD were linked to cytochrome c¢ biosynthesis and
anaerobic metabolism before (16-18). In E. coli DsbA, DsbB and DsbD were found essential
for anaerobic nitrate and nitrite respiration (17). In Xanthomonas oryzae DsbC was found
essential for a pathogenesis in rice (19). In Xylella, DsbC is required for biofilm formation
(20).

During cytochrome ¢ maturation iron protoporphyrin IX is exported via the Ccm-system
through the cytoplasmic membrane into the periplasm and covalently linked via disulfide
bridges to an apoprotein (21). Three different machineries for cytochrome ¢ formation
(system [, II, IIT) are known. In D. shibae most likely analogously to Rhodobacter capsulatus
(22) the apocytochrome protein gets translocated into periplasm via the Sec-system.
Subsequently, DsbA/DsbB, most likely in cooperation with DsbC/DsbD catalyze the thio-
oxireduction of the apocytochrome c. The Ccm machinery (CcmABCDEFGH) transports,
chaperones, delivers and ligates the heme to the apocytochrome c¢ (23). In this context, a
cemH (Dshi_3777/4053) mutant abolished anaerobic growth of D. shibae. The CcmH protein
is part of the CcmmFHI heme ligation complex which forms the stereo-specific thioether bonds
between the vinyl groups of the Fe-protoporphyrin IX and the thiol group of the
apocytochrome ¢ (24, 25). Interestingly, mutations of cysteine residues in the active site of E.
coli CcmH inactivated the protein under aerobic but not anaerobic conditions (26). Clearly,
different modes of cytochrome c¢ generation exist for anaerobic and aerobic growth

conditions.
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D. shibae possesses fixNOQP- and cycHJKL-operons encoding chbs-type cytochrome
oxidases. Cbbs-type cytochrome oxidases have a high O,-affinity and are important for energy
generation under microaerobic conditions (27). In P. aeruginosa it was shown that all of the
here outlined cytochrome oxidases are essential for anaerobic growth. The isoforms fulfilled
specialized roles under different oxygen tensions. They cannot complement for each other
(28). However, in D. shibae mutation of fixP did not lead to an anaerobic phenotype. As
expected the mutant with defect in the aerobic caas-type cytochrome ¢ oxidase subunit II
encoding gene Dshi_1140 was found without anaerobic growth phenotype. Accordingly, the

expression of this gene was found decreased under anaerobic conditions (Table S2).

Electron donating systems for respiratory energy generation under anaerobic conditions
Membrane localized NADH dehydrogenases serve as primary dehydrogenase of many
electron transport chains. Different types of NADH dehydrogenases are known including type
I proton translocating (Nuo), type II-non-ion translocating (Ndh) and type III-Na'-
translocating. D. shibae possesses genes for all three types of NADH dehydrogenases. The
operon encoding the main proton-translocating NADH  dehydrogenase I
nuoABCDEFGHIJKLMN is encoded by the genes Dshi_1307-Dshi_1329. A mutant defect in
nuoM (Dshi_1328) showed no anaerobic growth defect (Table S1) indicating a minor role of
the proton-translocation NADH dehydrogenase Nuo for anaerobic energy generation.
Accordingly, the transcription of nuoM was found uneffected by the switch from aerobic to
anaerobic conditions (Table S2). The genes Dshi_1390 and Dshi_3590 encode two potential
type II NADH dehydrogenases (Ndh). Expression of both genes was not influenced by
oxygen tension. The mnhABCDEFG operon encodes the potential type III NADH
dehydrogenase (Dshi_0728-Dshi_0734). The expression of the mnhABCDEFG-operon was
found slightly decreased under conditions of oxygen depletion (Table S2). A second type III

NADH dehydrogenase operon phaACDEF is located on the plasmid pDSHIO2. The gene
8
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phaA (Dshi_3805) was found essential for the anaerobic growth of D. shibae (Table 1). The
gene is part of the phaACDEF operon (Dshi_3805-Dshi_3810) encoding a Na'-translocating
type III NADH dehydrogenase (NADH:quinone oxidoreductase). In accordance with its
function the expression of the phaACDEF gene cluster was found enhanced under conditions
of oxygen depletion. Currently, almost nothing is known about the function of the Pha-type
NADH dehydrogenase. However, its essential anaerobic functions raises the question for the
importance of Na*-dependent processes under anaerobic conditions in D. shibae.

Mutations in other established primary dehydrogenases like glucose dehydrogenase (gcd,
Dshi_0476), formate dehydrogenase (fdnG, Dshi_0504, fdhD, Dshi_3282) and lactate
dehydrogenase (//dD2, Dshi_0948) did not yield an anaerobic phenotype (Table S2).
Consequently these primary dehydrogenases are not essential for anaerobic growth.

A mutant carrying a defect in gene Dshi_0323, annotated to encode ferredoxin, with amino
acid sequence homology to NapF was found unable to grow under oxygen limitation (Table
1). Ferredoxins (EC 1.7.7.2) are iron-sulfur proteins that mediate electron transfer for a wide
range of metabolic reactions. In several bacteria reduced ferredoxins function as electron
donors during the reduction of nitrate to nitrite (29) or for the assimilatory reduction of nitrate
to ammonium (30, 31). In agreement, only nitrate reduction was found essential for anaerobic
growth. Here we add a Na*- translocating NADH dehydrogenase and a NapF-like ferredoxin

to the essential components of the anaerobic electron transport chains.

Adaptation of the central metabolism to anaerobic growth

The Dshi_1134 gene encodes 3-oxoacid CoA-transferase subunit B, which catalyzes the
reaction of 3-oxoacids with succinyl-CoA to obtain activated 3-oxoacyl-CoA. Its exact
function for anaerobic growth remains to be determined.

The two Cy-dicarboxylate transporter genes dctM1 (Dshi_1037) and dctM3 (Dshi_3395) and a

TRAP transporter solute receptor (Dshi_1195) were inactivated during transposon
9
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mutagenesis, causing an anaerobic growth phenotype. The first two genes are forming
potential operons with dctP- and dctQ-type genes. Clearly, two tripartite ATP-independent
periplasmic (TRAP) transporters for the uptake of succinate, the major carbon source of the
used SWM medium, were hit (32). However, both potential operons were not found oxygen
tension-regulated. Corresponding proteins were detected in our proteome analysis for aerobic
and anaerobic growth conditions. In P. aeruginosa dctPQM was subject to catabolite
repression via the crc-system (33). Their contribution to the anaerobic metabolism of D.
shibae remains to be determined. The transposon mutant of Dshi_3708 hit a gene encoding an
AraC, helix-turn-helix domain containing, transcriptional regulator. The gene is localized
downstream of the dctPQM-operon encoded by Dshi_3711-3709. It was proposed that these
transporters are high-affinity, Na'-dependent unidirectional secondary transporters (34, 35),
again pointing towards an important function of Na'-dependent transport processes for
anaerobic growth.

Surprisingly, only few enzymes of the central metabolism were found essential for anaerobic
growth. Many enzymes of the citric cycle and fermentation can be eliminated by transposon
mutagenesis without major consequences for aerobic or anaerobic growth. Other enzymes
might be important for both life styles and therefore not be traceable via the mutagenesis
approach. Only one of the pyruvate dehydrogenases was found essential for anaerobic growth.

Again, evidence for the importance of Na* gradient-dependent processes was obtained.

Proteases are involved in anaerobic growth of D. shibae

Four protease encoding genes for aminopeptidase N (Dshi_1223), DNA binding, ATP-
depending protease Lon (Dshi_1777), the potential AAA-ATPase subunit of a Clp-type
protease (Dshi_1883) and a hemolysin type RTX (repeats-in-toxin) protein (Dshi_3872) were
identified with the transposon mutagenesis approach to be essential for anaerobic denitrifying

growth (Table 1).
10
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The gene Dshi_1223 encodes the aminopeptidase PepN, which is involved in the degradation
of the intracellular peptides generated by protein breakdown during the normal growth or in
response to nutrient starvation and temperature stress (36, 37). PepN is also a negative
regulator of sodium-salicylate-induced stress (37). Interestingly, Vibrio fisheri
aminopeptidase N is essential for the colonization of the squid Euprymna scolopes (38).
Analogously, D. shibae colonizes dinoflagellates.

The gene Dshi_1883 encodes a putative ClpA/ClpB family protein. This type of ATP-
dependent proteases plays a major role in the degradation of misfolded proteins and is
induced in response to heat shock and many other stress signals (39-41). The gene Dshi_1777
encodes the Lon protease. Lon proteases degrade short-lived regulatory and abnormal proteins
in presence of ATP (39). Lon proteases negatively control the acid resistance genes of E. coli
(42), bacterial communication via quorum sensing (43, 44), motility via flagellar structures
(45, 46), the SOS response to DNA damage (47, 48) and heme biosynthesis (49). The
mutation of lon confers reduced pathogenicity/virulence to many bacteria, for example via
regulation of type III secretion system (50, 51). Lon proteases activity is controlled by
phospholipids, especially cardiolipin (52). Finally, Lon protease is essential for the anaerobic
survival of E. coli during glucose starvation (53).

The gene Dshi_3872 encodes a hemolysin-type calcium-binding region protein belonging to
the RTX exoprotein family with similarity to the peptidase serralysin (54). These proteins are
exported across the bacterial envelope via a type I secretion system and contain glycine and
aspartate rich repeats for Ca® binding. The target of this protein, maybe the dinoflagellate,
remains to be determined. A hemolysin-type transporter is cotranscribed with Dshi_3873. The
clear measurable decrease of growth of these mutants under anaerobic conditions compared to
the wildtype indicated an important regulatory and restructuring effect of these proteases for

the adaptation to anaerobiosis.
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Peptide transport is necessary for anaerobic growth

The gene Dshi_3796 encodes the ATP-binding protein OppD of an oligopeptide ABC
transporter. The gene is obviously necessary for anaerobic growth of D. shibae. The oppD
gene was not found differently expressed between aerobic and anaerobic conditions (Table 1
and 2). Clearly, no peptides or amino acids are provided by the SWM medium. The Opp
transporter was shown to be involved in the transport of small external signal peptides
involved in cell-cell communication and intracellular regulation in Enterococcus faecalis and
other Gram-positive bacteria (55). The use of signal peptides in Gram-negative bacteria is
currently discussed. Their essential function to anaerobic growth in D. shibae remains to be

determined.

Restructuring of the cell envelope during anaerobic growth

Several genes encoding enzymes involved in the restructuring of the cytoplasmic membrane,
the cell wall and the lipopolysaccharide layer (LPS) of the outer membrane were found
essential for anaerobic growth. The alkB2 gene (Dshi_0027) encodes an alkane-1-
monooxygenase. It is an integral membrane di-iron enzyme which oxidases Cj, up to Cyg n-
alkanes using molecular oxygen. Acyl lipid desaturases are members of this enzyme family.
Differential gene expression for alkBl and alkB2 genes from P. aeruginosa in dependence of
the growth phase was described (56).

The fadK gene (Dshi_3403) encodes a short chain acyl-CoA synthetase, which activates fatty
acids via the ATP-dependent formation of a fatty acyl-CoA. The acyl-CoAs are central
intermediates for fatty acid transport, f-oxidation or phospholipid biosynthesis. The E. coli
fadK is maximally expressed under anaerobic conditions and repressed in the presence of
oxygen (57). However, the expression of its D. shibae fadK counterpart was not respondinig

to oxygen tension. One general explanation of our observations is the proven existence of two
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distinct pathways for the B-oxidation of lipids under aerobic and anaerobic conditions in
bacteria.

The gene Dshi_0808 encodes MipA, a scaffolding protein essential to murein biosynthesis
(58). Several proteins of cell wall formation are coordinated in their function via MipA
interaction. The MipA protein was found essential for biofilm formation in E. coli and
Salmonella (59, 60). The expression of the mipA gene in E. coli responded to the glucose
concentration in the medium (61). Interestingly, the mipA gene of E. coli is regulated by NO
via a cascade including the NO sensor NsrR, the alternative sigma factor E and the small
RNA RybB (62) indicating its essential function in nitrate respiration. However, no
differential mipA expression was observed for D. shibae.

The gene Dshi_1766 encodes a LysM domain protein. The LysM domain is a binding motif
for peptidoglycan (63). Obviously, this protein involved in the cell wall metabolism is
essential for anaerobically growing D. shibae.

Finally, the glycosyl transferse gene Dshi_3576 is forming at its genomic locus an operon
with various genes involved in LPS biosynthesis. Changes in the LPS structure in response to
anaerobic growth have been reported before (64, 65).

Obviously, the cell envelope composed of the inner membrane, the cell wall and the outer
membrane with its LPS have to adapt to anaerobic growth conditions. Most likely we

identified some of the essential players involved in these processes.

Cation efflux proteins sustain anaerobic growth delay

Transition metals are known to cause toxicity under anoxic conditions (66). The gene
Dshi_3624 encodes the cation efflux system CzcD. It was found induced under anaerobic
conditions in P. stutzeri (67). It is known that transition metals interfere with the anaerobic

metabolism and must be exported.
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The flagellar hook-length control protein FliK and nitrogen regulation

The Dshi_3364 gene encodes the flagellar hook-length control protein FliK. Besides its
function in flagellar biosynthesis, the gene was important for biofilm development in
Shewanella oneidensis (68). For Campylobacter jejuni modulation of the sigma 54-dependent
regulon by the fliK locus was observed, including the regulation of the nuo genes for NADH
dehydrogenase (69). Similar observations were made for Heliobacter pylori. Here, the FliK
influenced the transcription of genes for a ferredoxin and thioredoxin (70). Obviously, the
FliK protein mediates multiple regulatory functions besides its structural function during
flagella formation. One of these functions is essential for anaerobic growth of D. shibae under

anaerobic conditions.
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Fig. S1: Experimental approach of transposon mutagenesis and insertion site
localization. The structure of the employed mariner transposon carrying plasmid pBT20 is
depicted (a). Below the strategy of arbritary PCR approach is shown (b). Arrows represent the
annealing location and orientation of the used primers. The first PCR-round contained primers
1, 2 and 3. The second PCR-round included primers 4 and 5 (modified after O’ Toole et al.,
1999). Analysis of arbitrary PCR products. Obtained PCR products were separated by agarose
gel electrophoreses and visualized by ethidium bromid staining. Shown are the used marker
and lanes 1 to 15 display the PCR products from different D. shibae DFL12" transposon

mutants. For more information also see the Supplemental Material Table: S1
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Table S2: Transcriptional profiling of gene classes including essential genes for anaerobic

growth. Maximal fold change of gene expression within 2 h of oxygen depletion and presence

of cytoplasmic and membrane proteins under anaerobic, denitrifying conditions. (o) not

detected, (+) detected

Locus tag Gene Fold change/Detection
name Transcript Protein

Function of the gene product anaerob aerob anaerob

Denitrification

Dshi 3161  napC N apC/N irT cyto.chrome ¢ domain- 29 o +
containing protein

. Nitrate reductase cytochrome c-type

Dshi_3162 napB subunit (NapB) 2.5 0 +

Dshi 3163  napH Quinol dehydrogenase membrane 32 o o
component

Dshi_3164  napG NapG family ferredoxin-type protein 3.0 0 0

Dshi_3165  napA Nitrate reductase catalytic subunit 4.4 + +

Dshi_3166  napD NapD family protein 3.6 0 0

Dshi_3167  napF Ferredoxin-type protein NapF 1.4 0 0

Dshi_ 1667  nasD N 1tr1t§ reductase (NAD(P)H), large 12 o o
subunit

Dshi 1668  nasE N 1tr1t§ reductase (NAD(P)H), small 11 o o
subunit

Dshi_1669  nasA Molybdopterin oxidoreductase -1.0 o o

Dshi_1670 Hypothetical protein 1.0 0 0

Dshi_1671  cysG Uroporphyrin-III C-methyltransferase 1.1 0 0

Dshi_0323 Ferredoxin -1.3 0 0

Dshi_0540 NnrU family protein 1.8 + +

Dshi_3180 nirS Nitrite reductase precursor 31.6 0 +

Dshi 3181  nosR2 N 1tr0}1s oxide reductase regulatory 13.0 o +
protein NosR

Dshi_3192 Hypothetical protein 14.2 0 0

Dshi_3195 nosD Nitrous oxide maturation protein 12.8 0 0

Molybdopterin biosynthesis

Dshi_2974  moeB Molybdopterin biosynthesis protein 1.1 o +

Dshi_3089  moaB  Molybdopterin binding domain -1.1 + +

Dshi_1290  moaA Moly.bdenum cofactor biosynthesis 14 + +
protein A

Dshi_3482  modB Molybdenum transport system 11 o o

permease protein ModB
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Molybdenum import ATP-binding

Dshi_3483  modC protein ModC -1.1
Cytochromes c and its biosynthesis
Dshi_0508 Cytochrome c class I -1.2
Dshi 1932 Glutathione S-transferase -1.8
Dshi_2081 Putative cytochrome ¢ 2.5
Dshi_2868 Cytochrome ¢ -1.6
Dshi_3082 dspc  uwative C-type cytochrome 12
biosynthesis protein
Dshi_3407  dsbD Thiol:disulfide interchange protein 14
DsbD
Dshi_3606 Cytochrome ¢ biogenesis protein 1.0
Dshi_3944 transmembrane region o
Dshi_3620 dsbAl DSBA oxidoreductase -1.5
Dshi_3621 dsbB Disulfide bond formation protein -1.2
Dshi 3775 cemF Cytochrome c-type biogenesis protein 12
CcmF
. . Periplasmic protein thiol disulphide
Dshi_3776  ccmG oxidoreductase DsbE 1.0
Dshi_3777
ccemH Cytochrome ¢ biogenesis protein -1.1
Dshi_4053
Dshi_3778  ccml TPR repeat-containing protein -1.1
Dshi 3779  dsbD Thiol:disulfide interchange protein 13
DsbD precursor
Dshi_3887 cccA Cytochrome c class I 1.2
Dshi_3894 Cytochrome ¢ 1.2
Anaerobic electron transport chain
Dshi_0451  pgqB Coenzyme PQQ biosynthesis protein B -1.6
Dshi_0452  pgqC Coenzyme PQQ biosynthesis protein C -1.6
Alcohol dehydrogenase class III/S-
Dshi_0473 (hydroxymethyl) glutathione -1.5
dehydrogenase
Dshi_0476  gcd Quinoprotein glucose dehydrogenase 2.1
Dshi_0504  fdnG Formate dehydrogenase alpha chain -1.9
Dshi_0664  fixP Cytochrome c oxidase 5.7
Dshi_0728  mnhA NADH dehydrogenase (quinone) -1.1
Ty : .
Dshi 0729  mnhB Na /H antiporter MnhB subunit-related 11
protein
: : T
Dshi 0730  mnhC Put.anve monovqlent cation/H 11
antiporter subunit C
Dshi_ 0731  mnhD  NADH dehydrogenase (quinone) -1.1
Dshi_0732 mnhE Cation antiporter -1.1
Dshi_0733  mnhF Multiple resistance and pH regulation -1.2
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protein F

Monovalent cation/proton antiporter,

Dshi_0734  mnhG MnhG subunit -1.0
Dshi_0948  lldD2 L-lactate dehydrogenase 1.2
Dshi_1140 Cytochrome c oxidase subunit II 4.2
Dshi_ 1144 ctak Cytochrome c oxidase subunit II 2.9
. Respiratory-chain NADH
Dshi_1281  fdhB dehydrogenase domain 1.2
. Complex with fdhB, Molybdopterin
Dshi_1282  fdhA oxidoreductase, contains Fe-S cluster 1.0
Dshi 1328  nuoM Prgton—translocatwn NADH-quinone 13
oxidoreductase
Dshi_1954 putative short-chain dehydrogenase -1.1
Dshi_2278  dmsA Dimethyl sulfoxide reductase precurser 11.7
Dshi_3324  dld2 D-lactate dehydrogenase 1.0
Dshi_3590 Ubiquinone dependent NADH 21
dehydrogenase
Dshi_3805  phaA NADH dehydrogenase 2.0
: : i
Dshi_3806  phaC Put.anve monovglent cation/H 12
antiporter subunit
: : ;
Dshi 3807  phaD Put.anve monovglent cation/H 12
antiporter subunit
: : ¥
Dshi 3808  phak Put.anve monovglent cation/H 11
antiporter subunit
Dshi 3809  phaF Mult1.ple resistance and pH regulation 13
protein
. Monovalent cation/proton antiporter,
Dshi_3810  phaG PhaG subunit 1.3
Photosynthesis
Dshi_3524  pufM Reaction center protein M chain -1.1
. Photosynthetic reaction center
Dshi_3525  pufC cytochrome ¢ subunit precurser -1
Dshi 3544  acsF Aerobic magnesium-protoporphirin IX 1.0
monomethyl ester
Fermentation
Dshi_0432 arcA Arginine deminase 2.5
Dshi_1825  ptal Phosphate acetyl transferase 1.0
Dshi_3553  Acs Acetyl-coenzym A synthetase 1.8
Central metabolism
Dshi 0535  pdhBI Pyruvgte dehydrogenase E1 component 15
subunit beta
Dshi_1227 glcB Malate synthase G 2.1
Dshi_1966  IpdA Dihydrolipoyl dehydrogenase 1.3
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Dshi_1968  aceE Pyruvate dehydrogenase E1 component 3.0
Dshi 2158  pdhAl Pyruvatg dehydrogenase (acetyl- 11
transferring)
Dshi_2159  pdhB2  Pyruvate dehydrogenase subunit beta -1.9
. Branched-chain alpha-keto acid
Dshi 2160 pdhCl dehydrogenase subunit E2 2.4
Dshi_2485  pyc Pyruvate carboxylase -1.1
Dshi_2490 citEl Citrate lyase -1.7
Dshi_2491  sucC2  Succinyl-CoA synthetase 2.3
Dshi_2876  mdh Malate dehydrogenase 1.1
Potential Na*-dependent membrane processes
Dshi 0699  detMl TRAR dicarboxylate transporter, DctM 11
subunit
Dshi_0743 mcsS MscS mechanosensitive ion channel 1.1
Dshi 1035  dctP TRAR dicarboxylate transporter- DctP 1.9
subunit
. i Tripartite ATP-independent periplasmic
Dshi_1036  dctQ transporter DetQ -1.6
Dshi 1037  detMl TRAR dicarboxylate transporter, DctM 14
subunit
Dshi_1709 mscS MscS mechanosensitive ion channel -14
Dshi_1816 mscS MscS mechanosensitive ion channel 1.1
Dshi_2998 mscS MscS mechanosensitive ion channel -1.3
Dshi 3326  detP3 TRAR dicarboxylate transporter- DctP a1
subunit
Dshi 3328  detM4 TRAR dicarboxylate transporter, DctM 14
subunit
Dshi 3395  detM3 TRAP C4-dicarboxylate transport 13
system permease DctM subunit
. ) Tripartite ATP-independent periplasmic .
Dshi_3396  dctQ ransporter DctQ 1.6
Dshi 3397  dctP TRAR dicarboxylate transporter- DctP 1.8
subunit
Dshi_3905 mscS MscS mechanosensitive ion channel 1.2
Dshi_4182 mscS MscS mechanosensitive ion channel 1.1
Peptidases and peptide transporters
Dshi_0655  oppA ABC peptide transporter 1.1
Dshi_0658  oppDF  ABC peptide transporter 1.2
Dshi_0841 Hypothetical protein 13
Dshi_1223  pepN Aminopeptidase N 1.1
Dshi_1777 ATP-dependent protease 1.0
Dshi_1883 Putative CIpA/ClpB family protein 14
Dshi_3624 Co/Zn/Cd efflux system component 1.1
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Dshi_3962

Dshi_3626 . .

Dshi_3964 Co/Zn/Cd resistance protein -1.0

Dshi_3625 Hvpothetical protei

Dshi_3963 ypothetical protein 1.1
ABC transporter (importer)

Dshi_3796 oppD -1.1
ATP-binding protein '

Phages, transposons, insertion elements, DNA restructuring enzymes

Dshi_1643 recA Bacterial DNA recombination -1.1

Dshi_2174 Putative phage capsid protein 1.0

Dshi_2177 Phage portal protein, HK97 family 1.2

Dshi_3758 Transposase

Dshi_4034 Sposas -1

Dshi_3679

Dshi_3875 Integrase catalytic region (transposase) 1.2

Dshi_4082

Dshi_3678 ATP-binding protein,

Dshi_3874 1.1

Dshi_4083 putative transposase ’

Dshi_3678 ATP-binding protein,

Dshi_3874 1.1

Dshi_4083 putative transposase '

Dshi_4023  repA Regulator protein RepA -1.4

Cell envelope

Dshi_0027 alkB1 Fatty acid desaturase -1.0

Dshi_0543 Na'/P;-cotransporter 3.5

Dshi_0750 Conserved hypothetical protein -1.4

Dshi 0808  mipA Membrgne boupd transglycosylase and 10
penicillin-binding protein

Dshi_ 1134 3-Oxo acid-CoA-transferase (B subunit) -1.7

Dshi_1277 Hypothetical protein -1.0

Dshi_1766  lysM Pepidoglycan-binging protein LysM 1.0

Dshi_2238 Perlpla.srn.lc binding protein/Lacl 10
transcriptional regulator

Dshi 2312 Type Irestrlctlon—modlhcatlon system 12
(R subunit)

Dshi_2726 Hypothetical protein 1.0

Dshi_3168  apbE ApbE family lipoprotein 23.5

Dshi_3673 Hypothetical protein 1.2

Dshi_3708 AraC-like ligand binding domain -1.1

Dshi_3872 Hemolysin-type calcium-binding 11

protein
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549  Table S3: Comparison of the growth phenotype, fold change of gene expression after 30 min
550 of oxygen depletion and the presence of cytoplasmic and membrane proteins under anaerobic,
551  denitrifying conditions. In the table (2) stands for normal growth, (1) for decreased growth, (-)

552  for no growth, (o) for not detected, (+) for detected

553
Fold change Presence
Locus Gene Function of gene product Transposon Growth Transcript  Protein
Tag name insertion phenotype anaerob anaerob
Dshi_3180 nirS Nitrite reductase precursor + 2 31.6 +
Dshi_3192 Hypothetical protein + 2 14.2 0
Dshi_3195 nosp  iwous oxide maturation + 2 12.8 0
protein
Dshi_2278  dmsa;  Dimethyl sulfoxide + 2 11.7 0
reductase precursor
Dshi_0542 Phosphate transporter + 2 8.3 0
Putative nitrite reductase
Dshi_3173 nirJ heme biosynthesis J + 2 6.6 0
protein
Putative regulator of cell
Dshi_2304 morphogenesis and NO + nD 6.2 +
signaling
. . Cytochrome c oxidase,
Dshi_0664  fixP chb3-type, subunit Il + 2 5.7 +
Dshi 3165  napA N1trat§ reductase catalytic N i 44 N
subunit
Dshi_0543 Na'/P;-cotransporter + - 3.5 0
. Protein of unknown
Dshi_3152 function DUF1445 + 1 35 0
Dshi_1449 TonB-dependent receptor + nD 3.3 0
. Ferredoxin-type protein
Dshi_3163  napH NapH + 2 32 0
Dshi 2233 phbC Poly-beta-hydroxybutyrate + 5 31 +
polymerase
Dshi_3558 Hypothetical protein + 2 3.1 +
Dshi_1968  aceE ~ Lyruvate dehydrogenase 2 3.0 +
subunit E1
Dshi_3066  aroB ~ “eey-CoA + 2 2.9 +
acetyltransferase
Dshi_2363  ureE ~ UreE urease accessory + 2 27 0
domain-containing protein
Dshi_0432 arcA Arginine deiminase + 2 2.5 0
Dshi_3590 NADH dehydrogenase + 2 2.1 +
(ubiquinone)
Dshi_0563 irpA  Iron-regulated protein + 2 2.1 +
Dshi_2052 Hypothetical protein + 2 2.1 0
. 3-Methyl-2-oxobutanoate
Dshi_2966 ~ panB hydroxymethyltransferase * 2 21 N
Dshi_0426 Hypothetical protein + 2 2.1 0
Dshi_3805 phaA  NADH dehydrogenase + - 2.0 +
. . Flagellar hook-basal body
Dshi_3249  fliE protein FLE + 2 1.9 0
Dshi_2965 Hypothetical protein + 2 1.8 0
Dshi_3553 acs Acetate--CoA ligase + 2 1.8 +
Dshi_0540 NnrU family protein + 2 1.8 +
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Dshi_1399 acsA Acetate--CoA ligase 2 1.8
Dshi_0628 Extracellular solute-
R . 2 -1.8
binding protein
Dshi_3447 secB Preprotein translocase
. 2 -1.8
subunit SecB
Dshi_2633 aspS Aspartyl-tRNA synthetase 2 -1.8
Dshi_0008 Hypothetical protein 2 -1.8
Dshi_1650 Binding-protein-dependent
transport systems inner nD -1.8
membrane component
Dshi_0319 bztB Polar amino acid ABC
transporter, inner 2 -1.8
membrane subunit
Dshi_3397 dctP TRAP dicarboxylate > 1.8
transporter- DctP subunit )
Dshi_0113  ahpC Redoxin domain- > 1.9
containing protein )
Dshi_1374 NMT1/THI5-like domain- > 1.9
containing protein )
Dshi_0485 Hypothetical protein 2 -1.9
Dshi_3981 virB5 Conjugal transfer protein 5 1.9
Dshi_3647 TrbG/VirB9/CagX ’
Dshi_0504  fdnG Molybdopterin
- 2 -1.9
oxidoreductase
Dshi_2159 pdhB Pyruvate dehydrogenase i 1.9
subunit beta ’
Dshi_0484 YVTN beta-propeller 5 20
repeat-containing protein )
Dshi_0125 fadH NADH:flavin
oxidoreductase/NADH 2 -2.0
oxidase
Dshi_3977 virB3 Hypothetical protein 2 -2.0
Dshi_0389  rbsC Monosaccharide- oD 20
transporting ATPase )
Dshi_0839 Acyl-CoA dehydrogenase
. .7 . 2 -2.0
domain-containing protein
Dshi_3976 virB2 CagE TrbE VirB
component of type IV 2 -2.0
transporter system
Dshi_3111 asiA Sulfatase 2 2.1
Dshi_1404 Branched-chain amino
acid ABC transporter, 2 21
periplasmic binding ’
protein, putative
Dshi_1227 gicB Malate synthase G 2 2.1
Dshi_1397 Phospholipase/lecithinase/ 2 21
hemolysin-like protein )
Dshi_0373  fadD Long-chain-fatty-acid-- > 21
CoA ligase )
Dshi_3326 dctP TRAP dicarboxylate 5 a1
transporter, DctP subunit ’
Dshi_3547 cycA Cytochrome c class [ nD 2.1
Dshi_2342 TRAP-type
mannitol/chloroaromatic
compound transport 2 2.1
system small permease
component-like protein
Dshi_2964 Basic membrane > a1
lipoprotein )
Dshi_0476 gcd Pyrrolo-quinoline quinone 2 2.1
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Dshi_0506 fdni Formate dehydrogenase, 5 29
gamma subunit )
Dshi_2661 Carbon monoxide > 29
dehydrogenase subunit G )
Dshi_2842 Basic membrane 5 29
lipoprotein )
Dshi_2617 Hypothetical protein 2 2.2
Dshi_2491  sucC Succinyl-CoA synthetase > 23
subunit beta )
Dshi_2000 D-xylose ABC transporter,
periplasmic substrate- 2 2.3
binding protein
Dshi_0531 araF ABC sugar transporter,
periplasmic ligand binding 2 2.4
protein
Dshi_0974 Extracellular solute- 5 4
binding protein )
Dshi_3877 thiC Thiamine biosynthesis 5 4
Dshi_3681 protein ThiC ’
Dshi_1652 Extracellular solute-
o . 2 2.4
binding protein
Dshi_0378 Hypothetical protein 2 -2.5
Dshi_2081 Cytochrome c class [ 2 2.5
Dshi_1590 Membrane protein
involved in aromatic 2 2.7
hydrocarbon degradation
Dshi_0872 Extracellular solute- > 238
binding protein )
Dshi_1144 ctaE Cytochrome c oxidase 2 29
subunit III )
Dshi_2659 coxL Aldehyde oxidase and
xanthine dehydrogenase 2 -3.0
molybdopterin binding
Dshi_0390 rbsB Periplasmic binding
protein/Lacl transcriptional 2 -3.1
regulator
Dshi_0547 ugpB Extracellular solute-
binding protein nb 42
Dshi_1140 ctaC Cytochrome c oxidase 2 42
subunit II )
Dshi_1195 TRAP transporter solute
receptor TAXI family - -4.8
protein
Dshi_1194 TRAP transporter, > 5.1
4TM/12TM fusion protein )
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