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ABSTRACT Shewanella oneidensis is an extensively studied bacterium capable of re-
spiring minerals, including a variety of iron ores, as terminal electron acceptors (EAs).
Although iron plays an essential and special role in iron respiration of S. oneidensis,
little has been done to date to investigate the characteristics of iron transport in
this bacterium. In this study, we found that all proteins encoded by the pub-putA-
putB cluster for putrebactin (S. oneidensis native siderophore) synthesis (PubABC),
recognition-transport of Fe3*-putrebactin across the outer membrane (PutA), and re-
duction of ferric putrebactin (PutB) are essential to putrebactin-mediated iron up-
take. Although homologs of PutA are many, none can function as its replacement,
but some are able to work with other bacterial siderophores. We then showed that
Fe2*-specific Feo is the other primary iron uptake system, based on the synthetical
lethal phenotype resulting from the loss of both iron uptake routes. The role of the
Feo system in iron uptake appears to be more critical, as growth is significantly im-
paired by the absence of the system but not of putrebactin. Furthermore, we dem-
onstrate that hydroxyl acids, especially a-types such as lactate, promote iron uptake
in a Feo-dependent manner. Overall, our findings underscore the importance of the
ferrous iron uptake system in metal-reducing bacteria, providing an insight into iron
homeostasis by linking these two biological processes.

IMPORTANCE S. oneidensis is among the first- and the best-studied metal-reducing
bacteria, with great potential in bioremediation and biotechnology. However, many
questions regarding mechanisms closely associated with those applications, such as
iron homeostasis, including iron uptake, export, and regulation, remain to be ad-
dressed. Here we show that Feo is a primary player in iron uptake in addition to the
siderophore-dependent route. The investigation also resolved a few puzzles regard-
ing the unexpected phenotypes of the putA mutant and lactate-dependent iron up-
take. By elucidating the physiological roles of these two important iron uptake sys-
tems, this work revealed the breadth of the impacts of iron uptake systems on the
biological processes.
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ron (Fe) is an essential element for virtually all living organisms because it participates

in an array of biological processes as an extremely versatile prosthetic component for
proteins (1). However, iron acquisition is a challenge for life in general, because in oxic
environments iron exists in the extremely insoluble ferric (Fe3*) form (2). To survive and
compete, microorganisms have evolved multiple strategies to obtain iron, in various
forms, from the surroundings. The most diverse and broadly distributed iron uptake
mechanisms used by bacteria are those involved in siderophore-dependent iron ac-
quisition. Siderophores are small-molecule organic chelators with a very high affinity for
Fe3* which are biosynthesized under low-iron conditions (3). Once produced, these
molecules are exported into the environment, where they efficiently interact with iron
to form an iron-siderophore complex, which is shuttled back into the cell via specific
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transport pathways (4). In Gram-negative bacteria, iron-siderophore complexes are
recognized and imported into the periplasm by TonB-dependent siderophore receptors
(TBSRs) in the outer membrane (OM), a process depending on the energy transduced
by the TonB-ExbB-ExbD system located in the inner membrane (IM) (5). Subsequently,
iron-siderophore complexes are generally translocated across the IM by the activity of
ABC transporters or permeases into the cytoplasm, where Fe3™* is reduced to ferrous
iron (Fe2™) and released from the complex (6). In some cases, dissociation of iron-
siderophore complex occurs in the periplasm either by modification of the siderophore
scaffold or by reduction of Fe3* into Fe2* (6).

Bacteria can also import Fe2*. In contrast to Fe3*, Fe2* usually exists in its free form
and can be taken up directly by transport systems (7). To date, a variety of Fe2*
acquisition systems in bacteria have been characterized. While most of these systems
are species or strain specific and promiscuous with respect to divalent metal ions, the
Feo system is widely distributed and solely dedicated to the transport of Fe2* (8). The
majority (89%) of bacterial Feo systems are composed of two subunits, FeoA and FeoB,
but variations exist, including three subunits (FeoA, FeoB, and FeoC) that are present
only in some gammaproteobacterial species such as Escherichia coli and a single fused
FeoA/FeoB protein (8). FeoA is a small-molecule hydrophilic protein which has been
shown to be required for Feo function in several bacteria by promoting the
formation of the Feo complex (9-13). In contrast, FeoB is a large protein with an
N-terminal, cytoplasmic domain regulating transport and a C-terminal polytopic
transmembrane domain that functions as a permease or a GTP-gated channel for
Fe2* transport (14, 15).

Shewanella oneidensis, a representative of dissimilatory metal-reducing bacterial
species, is a Gram-negative facultative gammaproteobacterium capable of respiring a
variety of chemicals, including iron ores, as electron acceptors (EAs) (16). S. oneidensis
is rich in iron-containing proteins, which are largely accountable for the respiratory
versatility, and consequently requires iron at levels higher than those required by the
model bacterium E. coli (17). For iron uptake, S. oneidensis synthesizes and secretes
putrebactin, the only siderophore produced naturally (18). Putrebactin is an unsatu-
rated macrocyclic dihydroxamic acid synthesized from putrescine by three proteins,
PubA, PubB, and PubC (19). The putrebactin-specific TBSR and ferric putrebactin
reductase are predicted to be PutA and PutB, respectively, encoded by genes clustered
with the pubABC operon (20, 21). With respect to iron physiology, PutA has been found
to be crucial to iron acquisition under low-iron conditions and its loss affects expression
of the pubABC operon (20). However, the physiological effects of the putrebactin loss
on iron uptake are rather minor; as a result, an as-yet-unidentified siderophore has been
proposed to function in the absence of putrebactin (22, 23). Moreover, the importance
of PutB for iron physiology has been found to be negligible, implying the presence of
alternative reductases for releasing iron from iron-siderophore complexes (22).

The pub-putA-putB clusters are conserved in sequenced Shewanella species and
strains (see Fig. STA in the supplemental material), and PutB is homologous to char-
acterized ferric hydroxamate reductases of other bacteria (22). These data suggest that
the Pub proteins, PutA, and PutB constitute an iron uptake pathway specific for
putrebactin. We therefore propose that the inconsistent influences of Pub proteins,
PutA, and PutB on the iron physiology of S. oneidensis are probably a result of
interference of other iron transport systems, whose contributions to iron uptake are
altered in the strains lacking Pub and Put proteins. In this study, we found that the Feo
system, the other primary iron uptake system in S. oneidensis, is largely accountable for
the differences in the phenotypes of pub and put mutants. In its absence, all proteins
encoded by the genes in the pub-putA-putB cluster are essential to putrebactin-
mediated iron uptake, validating the idea that these proteins are components of the
putrebactin-mediated iron uptake pathway. We further showed that the Feo system is
also the route through which hydroxyl acids, such as lactate, promote iron uptake in S.
oneidensis.
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RESULTS

PutA appears to be the only TBSR that is critical for iron uptake in S. oneidensis.
Given that the impaired iron uptake of the AputA strain can be reversed by addition of
Fe3* (20), it is natural to propose that alternative Fe3* import routes exist in S.
oneidensis, albeit they are less effective. For identification, we first looked into other
TBSRs; there are 8 additional such proteins encoded in the S. oneidensis genome (S.
oneidensis 0798 [SO_0798], SO_1156, SO_1482, SO_3914, SO_4422, SO_4516, IrgA
[SO_4523], and SO_4743) (see Table S1 in the supplemental material). BLASTp analysis
results for PutA revealed modest sequence similarities (E values ranging from e~2# to
e~ °) between these proteins except SO_4516 (E value, 0.14) and PutA. In addition, these
annotated TBSRs, including PutA, are generally similar in size, ranging from 663 to 815
amino acid (aa) residues in length, with the majority being 720 = 15 aa.

Expression levels of iron transport systems are generally responsive to changes in
intracellular iron concentrations via the activity of Fur (ferric uptake regulator), which
plays a key role in maintaining iron homeostasis (24). In line with this, for all of these
TBSRs except SO_1156 and PutA, Fur boxes have been identified in the region up-
stream of their coding genes (21). To provide direct evidence for their implication in
iron uptake, we examined the impact of iron and of the fur deletion on expression of
all TBSR genes. DNA fragments of ~400 bp upstream of the operons for these receptor
genes, all of which are predicted to be transcribed independently (25), were amplified
and placed in front of the E. coli lacZ gene within integrative vector pHGRO3 (26). The
resulting lacZ reporter vectors were introduced into the wild-type and Afur strains, and
activities of the promoters were assayed in cells grown to the mid-log phase (optical
density at 600 nm [ODg,], ~0.3) in MS (KCl, 1.34 mM; NaH,PO,, 5 mM; Na,SO,, 0.7 mM;
NaCl, 52 mM; piperazine-N,N’-bis[2-ethanesulfonic acid] [PIPES], 3 mM; NH,Cl, 28 mM;
sodium lactate, 30 mM; MgSO,, 1 mM; CaCl,, 0.27 mM; FeCl,, 3.6 uM, pH 7.0) and
iron-limited MS (iIMS) media (Fig. 1A). Upon growth in MS medium, all promoters under
test except Pgo, ;55 Were significantly activated by the fur deletion compared to the wild
type. While the presence and absence of the Fur box in the promoter region perfectly
explained the phenomena seen with the Fur box-containing promoters and Py, ;56
respectively, the response of P, was exceptional because a Fur box was lacking.
Similarly, only P, ;55 Was not responsive to iron limitation (under conditions of growth
in iIMS medium), a condition allowing derepression of Fur-controlled genes. Expect-
edly, the effect of the fur deletion on all of these promoters was independent of the
iron level. These data indicate that TBSRs are subject to regulation by iron in general.

To determine the involvement of these TBSRs in iron uptake, in-frame deletion
mutants for each of them were constructed. In contrast to the AputA strain, which has
the whitish culture (WC) phenotype resulting from low iron content (20), deletion
strains for all other TBSR genes were indistinguishable from the wild-type strain,
displaying the signature reddish-brown culture color of Shewanella (Fig. 1B; see also Fig.
S2). Consistently, iron levels in these mutants were comparable to that in the wild type.
This result indicates that the impacts of TBSRs other than PutA on iron uptake are
insignificant. To test whether the presence of multiple TBSRs together would make a
difference, we removed the TBSR coding genes in a stepwise manner. Deletion of all
TBSR genes but putA (A8srg) did not significantly affect the culture color or iron levels
(Fig. 1B). The additional removal of putA from the A8srg strain, however, turned the
culture color from reddish to whitish and substantially reduced the iron content, the
same results as were seen with the putA single-knockout strain. Moreover, we measured
siderophore levels in these mutants using the Chromeazurol S (CAS) assay. While the
A8srg strain resembled the wild-type strain in siderophore levels, the additional re-
moval of the putA gene drastically increased siderophore production (Fig. 1C). Notably,
the difference in siderophore levels between the strains lacking PutA and all 9 TBSRs
(A9srg) was insignificant. It is worth mentioning that the reddish-brown culture strains
grew similarly to the wild type whereas the WC strains displayed modestly impaired
growth because of the deficiency in c-type cytochromes (see Fig. S2A in the supple-
mental material) as revealed before (20). These data, taken together, indicate that PutA
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FIG 1 PutA appears to be the only TBSR that is critical for iron uptake in S. oneidensis. (A) Expression of TBSR genes
in wild-type and Afur strains grown in MS and iIMS (iron-limited MS) analyzed by an integrative lacZ reporter. Cells
of the mid-log phase were prepared as described in Materials and Methods, and the activity of the indicated
promoters was assayed. Asterisks indicate statistically significant differences for each strain compared to the
sample grown in MS (¥, P < 0.05; **, P < 0.01; ***, P < 0.001 [throughout the study]). (B) Total iron in the wild-type
(WT) and AputA strains and representative TBSR mutants. Cultures (OD,, of ~0.6) of indicated strains grown in LB
were pelleted for photography and then subjected to determination of the iron content. A8srg, a strain in which
all TBSR genes but putA are deleted; A9srg, a strain in which all TBSR genes are deleted. (C) Siderophore production
in the wild-type, AputA, and representative TBSR mutant strains. Cultures (ODg,, of ~0.6) of indicated strains were
adjusted to the same OD and divided, and one part was applied onto LB-CAS plates and incubated for 16 h before
photography was performed (upper panel). The other part was used for quantification of siderophore contents by
the CAS assay of the supernatants (lower panel). For the data in panels B and C, the reaction mixtures were first
adjusted according to the protein levels of samples, and then the averaged levels of the mutants were normalized
to that in the wild-type strain, which was set to 1, giving relative content (RC). Statistics values were deduced on
the basis of comparisons to the wild type. All experiments were performed at least three times, and the data are
presented either as means = SEM or as values representative of similar results.

is the only TBSR for putrebactin and that the importance of the other TBSRs in
putrebactin-mediated iron uptake is negligible, although many of them are responsive
to iron in S. oneidensis.

Deletion of pubABC, putA, or putB results in different phenotypes. It is well
known that iron-siderophore uptake by TBSRs is highly selective and is sometimes even
a stereoseletive process, with each iron-siderophore complex having a specific TBSR
(27, 28). The unreplaceability of PutA by other TBSRs supports the idea of a functional
linkage of the Pub proteins, PutA, and PutB in putrebactin-meidated iron uptake.
Encouraged by this, we set out to validate the inconsistent effects of Pub proteins,
PutA, and PutB on iron uptake. To this end, we attempted to knock out putB and the
entire pub operon (pubABC) to compare the resulting mutants with the AputA strain.
Unlike the WC AputA strain, both the Apub (ApubABC) and AputB strains grown in LB
exhibited an reddish-brown culture phenotype, and consistently, these two mutants
had normal iron levels and growth compared to the wild-type strain (Fig. 2A; see also
Fig. 2B and S3B). The CAS assay revealed that the Apub strain lost the ability to produce
putrebactin irrespective of the culturing media used and that this defect was corrected
by expression of the operon in trans (Fig. 2C). Interestingly, unlike the Apub and AputA
strains, the AputB strain was not different from the wild-type strain with respect to
siderophore production (Fig. 2C). An expression analysis confirmed that the activity of
the pub promoter was not significantly affected by the PutB loss (Fig. S3).

Siderophore-mediated iron uptake is particularly effective when iron availability is
limited. Thus, we compared the effects of the pub, putA, and putB deletions on culture
colors and iron content when cells were grown in LB with iron chelator 2,2-dipyridyl at
various concentrations (Fig. 2A). With respect to both characteristics, the putA mutant
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FIG 2 Characteristics of the pub-putA-putB cluster mutants. (A) Culture colors of indicated strains. Cultures (ODg,
of ~0.6) of indicated strains grown in LB were pelleted for photography without or with membrane-permeable iron
chelator 2,2-dipyridyl at various concentrations. (B) Total iron levels in indicated strains. Data corresponding to
relative contents of iron were obtained, and data were processed as described for Fig. 1. Statistics values were
deduced for each strain using comparisons to the sample grown in LB without 2,2-dipyridyl. (C) Siderophore
production of indicated strains grown in LB with 50 uM 2,2-dipyridyl. Apub/ppub, the Apub strain carrying a copy
of the pub operon in pHGE-Ptac for complementation. Data represent results obtained with 0.1 mM IPTG in
expression assays. All experiments were performed at least three times, and data are presented either as means *
SEM or as values representative of similar results.

was expectedly not significantly affected by the addition of 2,2-dipyridyl (Fig. 2A and B).
However, the pub and putB mutants, along with the wild-type strain, became paler with
increases in the 2,2-dipyridyl concentrations; clearly, both mutants were more sensitive
to 2,2-dipyridyl addition than the wild-type strain, indicating that the loss of PutB does
have an impact on iron uptake. Thus, it is clear that components of the siderophore-
mediated iron uptake system, including biosynthesis, transport, and reduction, differ
from one another in their levels of physiological impact on iron uptake.

FeoAB is the other primary iron uptake system. Given that putrebactin is the only
siderophore that S. oneidensis produces (18), it is certain that the loss of PubABC annuls
the siderophore-dependent iron uptake. Moreover, as the Apub strain is not impaired
in iron uptake, there must be alternative systems accountable for iron uptake in the
absence of siderophore. According to the genome annotation (29), S. oneidensis
possesses a Feo system, which is the major Fe2™ transport system and is composed of
FeoA and FeoB encoded by the feo operon (SO_1783-SO_1784) (Fig. S1B).

To assess the importance of the Feo system in iron uptake, we constructed a feoAB
deletion strain (Afeo). Rhe Afeo cells grown in LB had a lighter culture color and lower
total iron content than the wild-type strain, albeit the level was significantly higher than
that seen with the AputA strain (Fig. 3A). In line with the low iron content, this mutant
displayed impaired growth in LB which was able to be fully rescued by genetic
complementation (Fig. 3B). The growth defect resulting from the Feo loss appeared to
be more severe than that caused by the putA deletion (Fig. S2C). Subsequently, we
intended to remove the feo genes from the AputA strain with the established method
(30). Despite multiple attempts, no AputA Afeo colonies were obtained after the
resolution (theoretically generating a population of a 50:50 mixture of the mutant and
wild-type cells), the last step of the mutagenesis procedure performed on LB plates. On
the basis of our experience (31), the failure implies that the siderophore- and Feo-
dependent iron uptake systems are synthetically lethal under the experimental condi-
tions used. By using LB plates containing hemin as an iron source, we obtained the
intended mutant, which grew extremely poorly. Expectedly, no growth for the AputA
Afeo strain was observed either on LB plates or in liquid LB for 48 h (Fig. 3B and C).
Complementation with either putA or feo enabled growth, confirming that the inability
to grow in LB was due to the intended mutations.

Recently, Ficl (SO_3966), a protein of the Mg2™ transporter E (MgtE) family, has been
demonstrated to be a secondary Fe2* importer in S. oneidensis and to function only
under conditions with high Fe2* concentrations (32). We therefore hypothesized that
the AputA Afeo strain may be able to grow with elevated iron levels. Indeed, although
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FIG 3 The Feo system is the other primary iron uptake system in S. oneidensis. (A) Culture color phenotype and iron levels.
Cultures (ODg,, of ~0.6) of indicated strains grown in LB were pelleted for photography. Relative contents of iron were
obtained, and data were processed as described for Fig. 1. Statistics values were deduced for each strain using comparisons
to the WT. (B) Growth of indicated strains in LB. (C) Growth on LB plates with indicated additives. Complementation of the
feo and putA deletion mutant was performed with the vector carrying IPTG-inducible promoter Ptac. IPTG concentration,
0.1 mM. All other strain experiments were performed with empty vector. Experiments were performed at least three times,
and data are presented either as means = SEM or as values representative of similar results.

growth was not observed with 100 uM Fe2* in 48 h, it was evident in the presence of
0.5 mM Fe2" and was further improved with a 1 mM concentration (Fig. 3C). Despite
this, growth of the AputA Afeo strain remained severely defective, with a lag phase of
~10 h (Fig. S2D). Additionally, we found that the removal of Feo did not affect
siderophore production (Fig. S4A). Furthermore, we demonstrated that the AputA
AfeoA and AputA AfeoB strains were also unable to grow on LB plates, indicating that
both subunits of Feo are essential to function (Fig. S4B). These data, taken together,
enabled us to conclude that Feo is the other primary iron uptake system in S. oneidensis.

All genes in the pubABC-putA-putB cluster are essential for putrebactin-
mediated iron uptake. The depletion of Pub proteins or PutB did not elicit any
noticeable phenotype, indicating the possibility that functional replacements for these
proteins may be encoded in the genome. Given the synthetic lethality of PutA and Feo,
we predicted that Feo would also form synthetic lethal pairs with Pub and PutB unless
their functional substituents existed. To investigate this, we attempted to remove pub
and putB genes from the Afeo strain on LB plates supplemented with hemin. The
resulting deletion strains, mutants Apub Afeo and AputB Afeo, failed to show detectable
growth on LB plates in 48 h (Fig. 4A). The CAS assay confirmed that the Apub Afeo strain
lost the ability to produce putrebactin and that the AputB Afeo strain was normal in that
respect (Fig. 4B). The synthetically lethal phenotypes of these double mutants are
attributable to the additional removal of pub and putB genes, as genetic complemen-
tation experiments performed with the corresponding genes were successful (Fig. 4A).
In addition, we deleted pubA, pubB, and pubC individually from the Afeo strain to test
whether the intermediates of the putrebactin biosynthesis pathway could function as
siderophores. All of the resulting strains were found to be indistinguishable from the
Apub Afeo strain in this respect (Fig. S5). On the basis of these data, we conclude that
all genes of the pubABC-putA-putB cluster are essential for putrebactin-dependent iron
uptake in S. oneidensis.

S. oneidensis is able to take up iron with siderophores produced by some other
bacteria. Although TBSRs other than PutA are unable to recognize putrebactin, it is
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FIG 4 pubABC and putB are essential for putrebactin-mediated iron uptake. (A) Growth of indicated
strains on LB plates. (B) Siderophore production of indicated strains grown in LB with 50 uM 2,2-dipyridyl.
Complementation of the pub and putB deletions was performed with the vector carrying IPTG-inducible
promoter Ptac. IPTG concentration, 0.1 mM. All experiments were performed at least three times, and
data are representative of experiments with similar results.

possible that some of them may work with siderophores released from other microbes
in the environment for iron uptake, a scenario reported for many bacterial genera, such
as Vibrio and Pseudomonas (3). To test this, we employed a cross-feeding assay to
examine whether spent culture supernatant of other bacteria could rescue the syn-
thetically lethal phenotype of the Apub Afeo strain.

The bacterial species tested included E. coli, Pseudomonas aeruginosa, Vibrio harveyi,
Yersinia pseudotuberculosis, Bacillus subtilis, and Staphylococcus aureus, and the sidero-
phores that they produce are shown in Fig. S6 (3). All of these bacteria were cultivated
under iron starvation conditions (LB with 50 uM 2,2-dipyridyl) to ensure siderophore
production (Fig. $6). The wild-type and Apub Afeo strains were inoculated into LB mixed
with 0.5 ml of the cell-free supernatants of the spent cultures for each bacterium, and
growth was monitored. Growth of the wild-type strain was observed in the superna-
tants of all cultures under test (data not shown), indicating that none of the spent
medium critically inhibited growth of S. oneidensis. Similarly, the Apub Afeo strain was
able to grow in the supernatants of the S. oneidensis AputA culture, which was used as
the positive control (Fig. 5). In contrast, in the same supernatants there was no growth
with the AputA Afeo strain, serving as the negative control. With the bacteria under test,
the growth phenotypes of the Apub Afeo and AputA Afeo strains were identical; both
were able to grow in the supernatants of E. coli, V. harveyi, B. subtilis, and S. aureus but
not in the supernatants of other species (Fig. 5). Moreover, we tested the effect of a
commercially available siderophore, desferrioxamine (DFO), on growth of these two
strains. The result showed that DFO at concentrations of 0.5 to 100 uM could not
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FIG 5 S. oneidensis is able to take up iron with siderophores produced by some other bacteria. Cultures
of the indicated bacteria grown in LB to the stationary phase with 50 uM 2,2-dipyridyl were centrifuged.
A 500-ul volume of the supernatant from each bacterium was added to 1.5 ml fresh LB for cultivation
of indicated strains. For DFO, LB concentrations of 5 to 100 uM was tested. Growth was monitored, and
data corresponding to the maximum cell density are presented. S. o, S. oneidensis; B. s, B. subtilis; E. c, E.
coli; P. a, P. aeruginosa; S. a, S. aureus; V. h, V. harveyi; Y. p, Y. pseudotuberculosis. The experiments were
performed at least three times, and data are presented as means + SEM.
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described for Fig. 1. Statistics values were deduced for each strain using comparisons to the AputA Apub strain. (B) Siderophore production of
indicated strains grown in LB with 50 uM 2,2-dipyridyl. (C) Effect of DFO on culture color and iron levels of indicated strains. Cultures (ODg,, of
~0.6) of indicated strains grown in LB with DFO at various concentrations were pelleted and photographed. Relative contents of iron were
obtained, and data were processed as described for Fig. 1. Statistics values were deduced for each strain using comparisons to the WT grown
under the same conditions. All experiments were performed at least three times, and data are presented either as means = SEM or as values

representative of similar results.

support growth under the experimental conditions (Fig. 5). On the basis of these data,
it appears that S. oneidensis has receptors for siderophores from E. coli, V. harveyi, B.
subtilis, and S. aureus.

Overproduced putrebactin dictates the WC phenotype of the AputA strain. The
WC phenotype of the AputA strain is puzzling given that the Apub and AputB strains
were normal with respect to culture color. As the first step to solve this, we constructed
Apub AputA and AputA AputB strains. Surprisingly, the culture colors of these two
mutants grown in LB were not the same; the AputA Apub strain was reddish-brown
whereas the AputA AputB strain was whitish (Fig. 6A). We then deleted all genes in this
cluster together and found that the resulting mutant (Apub AputA AputB) was reddish-
brown in LB. As the expression of the pub operon in trans converted the Apub AputA
AputB strain to whitish, it is conclusive that the pub genes are required for the WC
phenotype.

In the AputA strain, putrebactin is constitutively produced at elevated levels. Since
the Feo system is dominantly responsible for iron uptake of the AputA strain, we
reasoned that the free iron levels in the environment decreased because of chelation
of overproduced putrebacterin, leading to the WC phenotype. This notion was sup-
ported by the finding that the AputA AputB strain overproduced siderophore, resem-
bling the AputA strain in that respect (Fig. 6B). For further confirmation, we examined
effects of DFO, a siderophore that (as shown above) cannot be imported into the cell,
on the culture color of relevant strains (Fig. 5). It was immediately seen that the impact
of DFO on culture colors of the wild-type and Apub and AputB strains was more evident
(Fig. 6C) than that seen with membrane-permeable 2,2-dipyridyl (33) as shown in Fig.
2A. At 0.5 uM, DFO whitened the cultures of all three strains and decreased their iron
content significantly. Apparently, the AputB strain was more sensitive to the sidero-
phore than the wild-type strain, as, in the presence of 2 uM DFO, it turned out to be
indistinguishable from the AputA strain in that respect. The difference in the responses
of the wild-type and AputB strains to DFO can be reasonably explained by the
accumulation of putrebactin in the AputB culture because the two strains produce
putrebacterin at comparable levels but the latter strain loses putrebactin-dependent
iron uptake activity. On the basis of this finding, we propose that excessive putrebactin
is largely accountable for the WC phenotype of the AputA strain.

Hydroxy acids facilitate iron import through the Feo system in S. oneidensis.
We have previously shown that lactate facilitates iron uptake of the AputA strain
through a mechanism that is independent of the presence of lactate permeases (20). In
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FIG 7 Alpha-hydroxy acids facilitate iron import through the Feo system in S. oneidensis. Data corresponding to the culture color phenotype and iron levels
are presented. Cultures (ODg,, of ~0.6) of indicated strains grown in LB were pelleted for photography. Relative contents of iron were obtained, and data were
processed as described for Fig. 1. Statistics values were deduced for each strain using comparisons to the AputA strain grown in LB. All experiments were
performed at least three times, and data are presented either as means = SEM or as values representative of similar results.

the presence of L-lactate at a concentration of 8 mM or above (p-lactate is much less
effective), the AputA culture grown in LB is red. Consistently, grown in defined medium
MS with lactate, the AputA strain and the wild-type strain are similar in culture color
(20). This intriguing finding is critically relevant to Shewanella physiology as lactate had
been used as the carbon source and electron donor for defined media in most of the
published studies.

To decipher the mystery, we grew the AputA strain in LB supplemented with a
variety of carboxylic acids at 32 mM, including formate, acetate, pyruvate, glycolate,
propionate, malate, and citrate, some of which have been used before as carbon
sources to support growth of S. oneidensis (34-37). Lactate-like effects on the AputA
culture color were observed only with glycolate (Fig. 7). With concentrations of up to
128 mM, both malate and citrate exhibited a noticeable influence on the culture color
whereas the others remained ineffective (Fig. 7). As citrate has the highest stability
constant for both Fe2* and Fe3* among these acids (38), the iron-chelating capacity
does not seem critical. Glycolate, malate, and citrate, as well as lactate, differ from the
remaining acids in that they are classified as a-hydroxy acids (Fig. S7), implying that
that characteristic may be critical for the effect. This notion was supported by the
finding that B-hydroxybutyrate was much less effective than a-hydroxybutyrate in
facilitating iron uptake. Furthermore, we compared the effects of three a-hydroxy acids
which differ from one another in size. While glycolate at 2 mM was sufficient to turn the
color of the AputA culture to reddish, to achieve the similar effects, a-hydroxybutyrate
and lactobionate required 32 and 128 mM, respectively (Fig. 7), indicating that small-
molecule a-hydroxy acids are more effective.

To test whether the iron uptake promoted by a-hydroxy acids is dependent on Feo,
the Apub AfeoAB strain was inoculated into LB containing 32 mM lactate. For incuba-
tions lasting up to 48 h, no growth was observed (data not shown). The same results
were obtained from all other chemicals tested above, even with concentrations of up
to 128 mM. Thus, we conclude that hydroxy acids, especially a-type hydroxy acids, are
able to facilitate iron uptake, a process relying on the Feo system.

DISCUSSION

The primary objective of this study was to address the questions associated with the
siderophore-dependent iron uptake in S. oneidensis that were raised but left unan-
swered in our previous reports (20, 21). We have performed a genetic analysis of
predicted components of iron uptake pathways, generating the following three con-
tributions to the current understanding of the subject. First, the recognition of putre-
bactin is specifically mediated by PutA although the bacterium possesses an array of
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FIG 8 Model for iron uptake in S. oneidensis. Fe>* in the environment can be reduced to Fe?* and
scavenged by putrebactin produced and secreted by S. oneidensis to form Fe3*-putrebactin complexes.
The complex enters the periplasm through PutA. Fe3* can also be captured by some other bacterial
siderophores present in the environment and enters the cell through other siderophore receptors (OSR).
Through the activity of either unknown ABC transporters (ABC?) or reductases (R?), the complex is
imported into the cytoplasm or releases Fe2*, respectively. In the cell, Fe2* is released from the complex
after the reduction catalyzed by PutB. Transportation of Fe2* across the IM is primarily mediated by Feo,
with the assistance of Ficl when its concentrations are high. Alpha-hydroxy acids probably compete with
siderophores for Fe3+ for formation of iron-carrying complexes, which likely enter the periplasm via
porin, where Fe3* is reduced and released. The resulting Fe3* crosses the IM via Feo. Alpha-hydroxy acids
can be imported in large amounts through specific permeases (Per); in the case of lactate, such
permeases include LctP1 and LctP2, which are not involved in lactate-dependent iron uptake.

siderophore receptors which may interact with siderophores produced by other bac-
teria. Second, the Feo system is another major route for iron uptake. Third, hydroxyl
acids, especially a-type hydroxyl acids, facilitate iron uptake via the Feo system.

On the basis of the findings reported previously and determined in this study, a
model of iron uptake in S. oneidensis was proposed (Fig. 8). Although we previously
proposed on the basis of phenotypic analysis of the putA mutant that PutA is the only
receptor for putrebactin in S. oneidensis (20), direct evidence is lacking. As the mutant
devoid of all other putative siderophore receptors was normal in its iron uptake and as
putrebactin is the only siderophore that S. oneidensis produces naturally (18), it is clear
that PutA is the sole protein responsible for recognition and uptake of ferric putrebac-
tin. Despite this, the alternative siderophore receptors may still be involved in iron
uptake, as most of them are responsive to iron with respect to expression. The
responsiveness is mediated by the regulator Fur, given the presence of the Fur box in
their promoter regions (21). More importantly, the notion gains support from the
observation that S. oneidensis is able to utilize siderophores produced by some other
bacteria to acquire iron for growth (Fig. 8). However, there is a caveat with respect to
this observation: all major iron uptake systems must be removed because they obscure
the physiological influences of siderophore receptors other than PutA.

It is frequently seen that multiple iron uptake systems are encoded in a bacterial
genome, but the simultaneous loss of the major routes generally results in synthetic
lethality under normal growth conditions (39-41). On the basis of this feature, we
identified Feo as the other primary iron uptake system that is present in addition to that
depending on putrebactin (Fig. 8). Feo is dedicated to transport of ferrous ions and
functions under both anoxic and oxic conditions, although it is induced in anoxic and
low-pH environments, which allow iron to exist in the soluble ferrous form (8, 42). S.
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oneidensis is among the best-studied dissimilarity metal-reducing bacteria, capable of
reducing Fe3™ to Fe2™, even in the presence of oxygen (16, 43). Naturally, the
contribution of the Feo system to iron uptake is likely unusually significant. This indeed
is the case given that the loss of Feo results in an evident defect in growth whereas the
lack of the siderophore-dependent route (the pub mutant) does not affect growth or
affects it at most marginally. A reasonable explanation for the differences in the growth
defects of the feo and pub mutants is that the feo mutant imports iron at a rate
significantly lower than that seen with the pub mutant.

Using the strain in which both major iron uptake systems were absent, we have
been able to identify xenosiderophores that S. oneidensis can utilize. The cross-feeding
assays revealed that the supernatants of the E. coli, B. subtilis, and S. aureus cultures
were able to support growth of the strain missing all of the feo and pub genes. E. coli
produces two siderophores, enterobactin and aerobactin, which belong to catecholate-
type and mixed-type siderophores, respectively (44). In S. oneidensis, SO_4523 (IrgA) is
annotated as the TBSR for enterobactin and is highly homologous to E. coli FepA and
P. aeruginosa PfeA (BLASTp E values, 9e—54 and 7e—60, respectively), which recognize
and bind to ferric enterobactin (45, 46). Similarly to S. oneidensis, P. aeruginosa is
equipped with a large number of TBSRs for siderophores and does not produce
enterobactin by itself (47). Hence, it is very likely that IrgA is the TBSR for enterobactin
in S. oneidensis. We do not yet know the TBSRs of S. oneidensis for siderophores
produced by B. subtilis and S. aureus. IrgA may also work with bacillibactin (produced
by B. subtilis), which is structurally similar to enterobactin (Fig. 8), but it does not
recognize any of the siderophores produced by S. aureus (48-50). We are working to
identify S. oneidensis TBSRs for these xenosiderophores.

The depletion of Feo also enabled us to validate the essentiality of PubABC and PutB
to putrebactin-dependent iron uptake (Fig. 8). This resolves the conflicting phenotypes
resulting from the deletion of the pub, putA, and putB genes, supporting the notion of
a functional linkage of the proteins encoded by the pubABC-putA-putB cluster. The WC
phenotype of the putA mutant is attributable to enhanced putrebactin production, a
scenario that also occurs with the addition of membrane-impermeative DFO. In both
cases, the consequence is that iron levels further decrease by chelation, preventing the
Feo system from taking up iron at rates that meet the physiological needs. The loss of
PutB, however, does not have such an effect because putrebactin is not overproduced.
This seems reasonable because the putB mutant retains the ability to retrieve sidero-
phores released into the surroundings.

One of the most striking findings in our previous report was that the putA mutant
displays the reddish-brown culture phenotype when grown in defined MS medium (20).
The factor that accounts for the phenotype is lactate, which has been used as the
default carbon source in defined media for cultivation of Shewanella species (51). In this
study, we showed that lactate, as well as many hydroxyl acids, facilitates iron uptake in
S. oneidensis (Fig. 8). Apparently, the chelating capacity of these hydroxyl acids does not
dictate the process because citrate (whose stability constants for Fe2* and Fe3* are 3.2
and 11.85, respectively), the strongest iron chelator among these hydroxyl acids, is
rather weak in facilitating iron uptake (38). In parallel, the nature of the acids is also not
the determining factor as formate, acetate, pyruvate, and propionate do not work.
Rather, it is clear that two characteristics determine the efficiency of these acids in their
promotion of iron uptake: acids with an a-hydroxyl group are more efficient than those
with a B-hydroxyl group, and for acids of the same configuration, the smaller the
molecule, the more effective. As the WC phenotype of the putA mutant is due to
increased putrebactin production, it is conceivable that these small-molecule acids
achieve this by chelating and delivering iron into the periplasm. Once in the periplasm,
ferric iron appears to be reduced to the ferrous form, which is then transported into the
cytoplasm by the Feo system. It is worth mentioning that the route by which these
hydroxyl acids promote iron uptake is unlikely to be the pathway for their transport
across the IM in a large quantity. For example, to support growth, lactate is imported
via the activity of lactate permeases LctP1 and LctP2 (20).
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In our previous reports, the Fur regulon was predicted with newly determined Fur
box sequences (21). Unlike the pub operon, putA does not appear to be under the direct
control of Fur. However, our data reveal that expression of the pub operon and
expression of the putA operon take place in concert in response to iron levels and Fur
depletion. How this occurs is unknown, but it may be linked to siderophore levels. We
speculate that when cells are subjected to conditions of iron scarcity, Fur is inactivated
and the pub operon is derepressed, leading to siderophore production, which in turn
upregulates expression of the putA gene. However, this merits further investigation.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The bacterial strains and plasmids used in this
study are listed in Table 1. Sequences of the primers used in this study are given in Table 2. All chemicals
are from Sigma-Aldrich Co. unless otherwise noted. E. coli and S. oneidensis were grown aerobically in LB
(Difco, Detroit, MI) at 37°C and 30°C for genetic manipulation. When appropriate, the growth medium
was supplemented with the following: 2,6-diaminopimelic acid (DAP), 0.3 mM; ampicillin, 50 ug/mi;
kanamycin, 50 ug/ml; gentamicin, 15 pg/ml.

For physiological characterization, both LB and MS defined medium containing 0.02% (wt/vol)
vitamin-free Casamino Acids and 30 mM sodium lactate as the electron donor were used in this study,
and consistent results were obtained (59). Fresh medium was inoculated with overnight cultures grown
from a single colony at a 1:100 dilution, and growth was determined by recording the optical density at
600 nm (ODy,,) of cultures.

In-frame mutant construction and complementation. In-frame deletion strains were constructed
using the att-based fusion PCR method as described previously (30). In brief, two fragments flanking
the genes of interest were amplified by PCR with outside primers (O; Table 2) containing attB and
gene-specific sequences and with inside primers (I; Table 2) containing complementary sequences and
gene-specific sequences and were then linked by a second round of PCR with outside primers. The fused
fragments were introduced into plasmid pHGMO1 using Gateway BP clonase Il enzyme mix (Invitrogen)
according to the manufacturer’s instructions. The resulting vectors were maintained in E. coli DAP
auxotroph WM3064 and subsequently transferred into relevant S. oneidensis strains via conjugation.
Integration of the deletion constructs into the chromosome was selected by resistance to gentamicin and
confirmed by PCR. Verified transconjugants were grown in LB in the absence of NaCl and plated on LB
supplemented with 10% sucrose. Gentamicin-sensitive and sucrose-resistant colonies were screened by
PCR for intended deletions. Mutants were verified by sequencing the mutated region.

Plasmid pHGE-Ptac was used for genetic complementation of the mutants (57). Genes of interest
generated by PCR were placed under the control of isopropyl-B-b-1-thiogalactoside (IPTG)-inducible
promoter Ptac within pHGE-Ptac. After verification by sequencing, the resultant vectors were transferred
into the relevant strains via conjugation.

Analysis of gene expression. The activity of promoters was assessed using a single-copy integrative
lacZ reporter system as described previously (26). A DNA fragment of ~400 bp containing the sequence
upstream of the coding region for each gene under test was amplified and cloned into pHGEIO1 reporter
vector and verified by sequencing. The resultant vector was then transferred by conjugation into relevant
S. oneidensis strains, in which it integrated into the chromosome, and the antibiotic marker was then
removed by an established approach (58). Cells grown to the mid-log phase under conditions specified
in the text and/or figure legends were collected, B-galactosidase activity was determined by monitoring
color development at 420 nm using a Synergy 2 Pro200 multi-detection microplate reader (Tecan), and
the results are presented as Miller units (26).

Culture color assay and quantification of intracellular total iron. Cells grown in LB to the late log
phase (0D, of ~0.8) were collected by centrifugation. After being photographed for culture color, the
pellet was washed with phosphate-buffered saline (PBS, pH 7.4) and adjusted to an OD,, of ~0.6, and
quantification of total iron was carried out with the established method (60). In brief, aliquots of 50 ml
were mixed with 5 ml of 50 mM NaOH, sonicated on ice, and centrifuged at 5,000 X g for 10 min. The
cell lysates (100 wl) were then mixed with 100 ul 10 mM HCl plus 100 ul iron-releasing reagent (a freshly
mixed solution of equal volumes of 1.4 M HCl and 4.5% [wt/vol] KMnO,) and treated at 60°C for 2 h. After
cooling, the iron detection reagents (6.5 mM ferrozine-6.5 mM neocuproine-2.5 M ammonium ace-
tate-1 M ascorbic acid-water) were added. The absorbance of samples at 550 nm was measured 30 min
later. The standard curve was depicted using FeCl; at concentrations of up to 300 M.

Siderophore assays. In order to assess siderophore production and secretion, S. oneidensis strains
were grown in LB without or with 50 uM 2,2-dipyridyl to the stationary phase and cell-free culture
supernatants were obtained by centrifugation. Siderophore levels within the supernatants were quan-
tified using the Chromeazurol S (CAS) assay (61). For visualization, S. oneidensis strains grown on agar
plates under the same conditions were subjected to direct detection of siderophores (61).

Viability assay. S. oneidensis strains grown to the mid-log phase were adjusted to approximately 108
CFU/ml followed by 10-fold serial dilutions. A 5-ul volume of each dilution was spotted onto LB plates
without or with relevant chemicals. The plates were incubated at 30°C for at least 24 h before being read.

Cross-feeding assays. For the detection of other bacterial siderophores that S. oneidensis can use,
cross-feeding assays were performed. E. coli, P. aeruginosa, V. harveyi, Y. pseudotuberculosis, B. subtilis, and
S. aureus were inoculated into LB containing the iron chelator 2,2'-dipyridyl at 50 uM. When cultures
entered the stationary phase, cells were removed by centrifugation and the supernatant was collected
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TABLE 1 Strains and plasmids used in this study?

Strain or plasmid Description Source/reference
Strains
S. oneidensis

MR-1 Wild type Laboratory stock
HG0798 ASO_0798 mutant derived from MR-1 This study
HG1156 ASO_1156 mutant derived from MR-1 This study
HG1482 ASO_1482 mutant derived from MR-1 This study
HG1783 AfeoA mutant derived from MR-1 This study
HG1784 AfeoB mutant derived from MR-1 This study
HG1783-4 Afeo mutant derived from MR-1 This study
HG3030 ApubA mutant derived from MR-1 20
HG3031 ApubB mutant derived from MR-1 20
HG3032 ApubC mutant derived from MR-1 20
HG3030-2 Apub mutant derived from MR-1 20
HG3033 AputA mutant derived from MR-1 20
HG3034 AputB mutant derived from MR-1 20
HG3914 ASO_3914 mutant derived from MR-1 This study
HG4422 ASO_4422 mutant derived from MR-1 This study
HG4516 ASO_4516 mutant derived from MR-1 This study
HG4523 ASO_4523 mutant derived from MR-1 This study
HG4743 ASO_4743 mutant derived from MR-1 This study
HG3033-Feo AputA Afeo mutant derived from MR-1 This study
HG3034-Feo AputB Afeo mutant derived from MR-1 This study
HGPub-Feo Apub Afeo mutant derived from MR-1 This study
HGPut-Feo AputA Apub AputB mutant derived from MR-1 This study
HG-8TBSR A8srg mutant derived from MR-1 This study
HG-9TBSR A9srg mutant derived from MR-1 This study

Other bacteria

E. coli MG1655
E. coli DH5«
E. coli WM3064

Wild type
Host strain for routine cloning
Donor strain for conjugation; AdapA

Laboratory stock
Laboratory stock
W. Metcalf, UIUC

P. aeruginosa PAO1 Wild type 52

V. harveyi BB120 Wild type 53

Y. pseudotuberculosis Yplll Wild type 54

B. subtilis 642 Wild type 55

S. aureus ATCC 25923 Wild type 56

Plasmids

pHGMO1 Ap" Gm" Cm" suicide vector 30
pHGE-Ptac IPTG-inducible Ptac expression vector 57
pHGEIO1 Integrative lacZ reporter vector 26
pBBR-Cre Helper vector for antibiotic marker removal 58
PHGEIO1-Ps00,50 For measuring Py, activity This study
PHGEIO1-Psy; ;56 For measuring Psg;,5s activity This study
pHGEIO1-Psp; 45> For measuring P45, activity This study
PHGEIO1-Psp30,4 For measuring Pgys,;, activity This study
pPHGEIO1-Psp,40 For measuring Py ., activity This study
PHGEIOT-Psp 4576 For measuring P56 activity This study
PHGEIO1-Psp 555 For measuring Psg 5,5 activity This study
pPHGEIO1-Pspy45 For measuring Psg,,,; activity This study
PHGEIO1-P,,,4 For measuring P, activity 20
PHGEIO1-P,,,,, For measuring P, activity This study
pHGE-Ptac-pub Vector for inducible expression of pub This study
pHGE-Ptac-feo Vector for inducible expression of feo This study
pHGE-Ptac-putA Vector for inducible expression of putA This study
pHGE-Ptac-putB Vector for inducible expression of putB This study

aAp, ampicillin; Cm, chloramphenicol; Gm, gentamicin; UIUC, University of lllinois Urbana—Champaign.

from each bacterial culture. The test strains, S. oneidensis mutants Apub Afeo and AputA Afeo, were
inoculated into the mixture of 1.5 ml LB and a 0.5-ml volume of one of the supernatants, and growth was
monitored by recording ODg,, values.

Other analyses. Homologues of proteins of interest were identified via a BLASTp search of the NCBI's
nonredundant protein database, using the amino acid sequence as the query. Student’s t test was
performed for experimental data by using Prism software (GraphPad Software, San Diego, CA) unless
otherwise noted. Experiments were performed multiple times (indicated in the figure legends) indepen-
dently. Values were presented as means * standard errors of the means (SEM).
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TABLE 2 Primers used in this study

Primer

Primer sequences

In-frame deletion
HG0789-M50
HG0789-M5I
HG0789-M3lI
HG0789-M30
HG1156-M50
HG1156-M5I
HG1156-M3lI
HG1156-M30
HG1482-M50
HG1482-M5I
HG1482-M3I
HG1482-M30
HG1783-M50
HG1783-M5I
HG1783-M3lI
HG1783-M30
HG1784-M50
HG1784-M5I
HG1784-M3lI
HG1784-M30
HG3030-M50
HG3030-M5I
HG3030-M3I
HG3030-M30
HG3031-M50
HG3031-M5I
HG3031-M3lI
HG3031-M30
HG3032-M50
HG3032-M5I
HG3032-M3lI
HG3032-M30
HG3034-M50
HG3034-M5I
HG3034-M3I
HG3034-M30
HG3914-M50
HG3914-M5I
HG3914-M3lI
HG3914-M30
HG4422-M50
HG4422-M51
HG4422-M3I
HG4422-M30
HG4516-M50
HG4516-M5I
HG4516-M3I
HG4516-M30
HG4523-M50
HG4523-M5I
HG4523-M3lI
HG4523-M30
HG4743-M50
HG4743-M5I
HG4743-M3lI
HG4743-M30

Controlled expression
Pub-CEF
Pub-CER
Feo-CEF
Feo-CER
PutB-CEF
PutB-CER

GGGGACAAGTTTGTACAAAAAAGCAGGCTAGGGAACTGTCACATTGGCACC
GGTCCGGGTTCGCTATCTATTTGCACGGATCACTTTGTCGCC
ATAGATAGCGAACCCGGACCGGCGATATCCACTCTGGCCGAT
GGGGACCACTTTGTACAAGAAAGCTGGGGTGGCGTGGGCGGACTGTTCTT
GGGGACAAGTTTGTACAAAAAAGCAGGCTCAAGCCATATTATGGCGCGGCA
GGTCCGGGTTCGCTATCTATATCACAACACACAGGTATTGCC
ATAGATAGCGAACCCGGACCAACCGCCAATCTGCTCGCGCAA
GGGGACCACTTTGTACAAGAAAGCTGGGTGGTCTGTCATGGCATTAATCA
GGGGACAAGTTTGTACAAAAAAGCAGGCTGCATGCGATTGGCGATTATCTG
GGTCCGGGTTCGCTATCTATACGCGGCCAATTTGCCACACATA
ATAGATAGCGAACCCGGACCAGTGTAATGATGCCTATTCTGC
GGGGACCACTTTGTACAAGAAAGCTGGGTGATCAATCAAGTAATTAGACAC
GGGGACAAGTTTGTACAAAAAAGCAGGCTGCATGCGATTGGCGATTATCTG
GGTCCGGGTTCGCTATCTATACGCGGCCAATTTGCCACACATA
ATAGATAGCGAACCCGGACCAGTGTAATGATGCCTATTCTGC
GGGGACCACTTTGTACAAGAAAGCTGGGTGATCAATCAAGTAATTAGACAC
GGGGACAAGTTTGTACAAAAAAGCAGGCTGCATGCGATTGGCGATTATCTG
GGTCCGGGTTCGCTATCTATACGCGGCCAATTTGCCACACATA
ATAGATAGCGAACCCGGACCAGTGTAATGATGCCTATTCTGC
GGGGACCACTTTGTACAAGAAAGCTGGGTGATCAATCAAGTAATTAGACAC
GGGGACAAGTTTGTACAAAAAAGCAGGCTGCATGCGATTGGCGATTATCTG
GGTCCGGGTTCGCTATCTATACGCGGCCAATTTGCCACACATA
ATAGATAGCGAACCCGGACCAGTGTAATGATGCCTATTCTGC
GGGGACCACTTTGTACAAGAAAGCTGGGTGATCAATCAAGTAATTAGACAC
GGGGACAAGTTTGTACAAAAAAGCAGGCTGCATGCGATTGGCGATTATCTG
GGTCCGGGTTCGCTATCTATACGCGGCCAATTTGCCACACATA
ATAGATAGCGAACCCGGACCAGTGTAATGATGCCTATTCTGC
GGGGACCACTTTGTACAAGAAAGCTGGGTGATCAATCAAGTAATTAGACAC
GGGGACAAGTTTGTACAAAAAAGCAGGCTGCATGCGATTGGCGATTATCTG
GGTCCGGGTTCGCTATCTATACGCGGCCAATTTGCCACACATA
ATAGATAGCGAACCCGGACCAGTGTAATGATGCCTATTCTGC
GGGGACCACTTTGTACAAGAAAGCTGGGTGATCAATCAAGTAATTAGACAC
GGGGACAAGTTTGTACAAAAAAGCAGGCTGCATGCGATTGGCGATTATCTG
GGTCCGGGTTCGCTATCTATACGCGGCCAATTTGCCACACATA
ATAGATAGCGAACCCGGACCAGTGTAATGATGCCTATTCTGC
GGGGACCACTTTGTACAAGAAAGCTGGGTGATCAATCAAGTAATTAGACAC
GGGGACAAGTTTGTACAAAAAAGCAGGCTGCATGCGATTGGCGATTATCTG
GGTCCGGGTTCGCTATCTATACGCGGCCAATTTGCCACACATA
ATAGATAGCGAACCCGGACCAGTGTAATGATGCCTATTCTGC
GGGGACCACTTTGTACAAGAAAGCTGGGTGATCAATCAAGTAATTAGACAC
GGGGACAAGTTTGTACAAAAAAGCAGGCTGCATGCGATTGGCGATTATCTG
GGTCCGGGTTCGCTATCTATACGCGGCCAATTTGCCACACATA
ATAGATAGCGAACCCGGACCAGTGTAATGATGCCTATTCTGC
GGGGACCACTTTGTACAAGAAAGCTGGGTGATCAATCAAGTAATTAGACAC
GGGGACAAGTTTGTACAAAAAAGCAGGCTGCATGCGATTGGCGATTATCTG
GGTCCGGGTTCGCTATCTATACGCGGCCAATTTGCCACACATA
ATAGATAGCGAACCCGGACCAGTGTAATGATGCCTATTCTGC
GGGGACCACTTTGTACAAGAAAGCTGGGTGATCAATCAAGTAATTAGACAC
GGGGACAAGTTTGTACAAAAAAGCAGGCTGCATGCGATTGGCGATTATCTG
GGTCCGGGTTCGCTATCTATACGCGGCCAATTTGCCACACATA
ATAGATAGCGAACCCGGACCAGTGTAATGATGCCTATTCTGC
GGGGACCACTTTGTACAAGAAAGCTGGGTGATCAATCAAGTAATTAGACAC
GGGGACAAGTTTGTACAAAAAAGCAGGCTGCATGCGATTGGCGATTATCTG
GGTCCGGGTTCGCTATCTATACGCGGCCAATTTGCCACACATA
ATAGATAGCGAACCCGGACCAGTGTAATGATGCCTATTCTGC
GGGGACCACTTTGTACAAGAAAGCTGGGTGATCAATCAAGTAATTAGACAC

GGGAATTCGTTGGAAGAAAAAGAAATACTCTGG
CGGGATCCCCCGACATCTCTGTGACTGAATCC
GGGAATTCGTGCTAGAAGCATATCGTAAAC
CGGGATCCCGCTGGCTTTTGCATTTTATATC
GGGAATTCATGCCAAAGTTACGATCAGC
CGGGATCCGCGACGATGCGAGAGATAACA
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Primer

Primer sequences

lacZ reporters

Ppub-F GGGAATTCCAGGGAACTGTCACATTGGCACC
Ppub-R CGGGATCCAGGTCTAACTATATTGCCAGTA
P0789-F GGGAATTCGGCATGCGATTGGCGATTATCTG
P0789-R GGGAATTCCAAACTTCCTTTGCACCTTTTT
P1156-F GGGAATTCCCTTAGTATTAGGCGTCGGGTTT
P1156-R CGGGATCCGGATAGACTCCTAATTTAAATT
P1482-F CGGGATCCCAAGCCATATTATGGCGCGGCA
P1482-R CGGGATCCAATCAAGGCATTGTAGTGAATG
P3914-F GGGAATTCGGCATGCGATTGGCGATTATCTG
P3914-R GGGAATTCCAAACTTCCTTTGCACCTTTTT
P4422-F GGGAATTCCCTTAGTATTAGGCGTCGGGTTT
P4422-R CGGGATCCGGATAGACTCCTAATTTAAATT
P4516-F CGGGATCCCAAGCCATATTATGGCGCGGCA
P4516-R CGGGATCCAATCAAGGCATTGTAGTGAATG
P4523-F GGGAATTCGGCATGCGATTGGCGATTATCTG
P4523-R GGGAATTCCAAACTTCCTTTGCACCTTTTT
P4743-F GGGAATTCGGCATGCGATTGGCGATTATCTG
P4743-R GGGAATTCCAAACTTCCTTTGCACCTTTTT
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