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Cover photograph: Laser scanning confocal micrograph of fluorescently labeled Vibrio fischeri (green and red) colonizing the light organ of the
Hawaiian bobtail squid (Euprymna scolopes) (host cell nuclei stained blue). Pores on the surface of the light organ (upper right quadrant) lead
to distinct epithelium-lined crypt spaces housing the V. fischeri symbionts (lower left), all of which express mCherry (red fluorescence), but
only some of which are expressing a PhoB-dependent GFP reporter (green fluorescence), illustrating heterogeneous expression of this
low-phosphate response by symbionts in different crypt microenvironments. (See related article at e00603-18.) (Copyright © 2018 American
Society for Microbiology. All Rights Reserved.)
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ABSTRACT Transcriptional reporters are common tools for analyzing either the
transcription of a gene of interest or the activity of a specific transcriptional regula-
tor. Unfortunately, the latter application has the shortcoming that native promoters
did not evolve as optimal readouts for the activity of a particular regulator. We
sought to synthesize an optimized transcriptional reporter for assessing PhoB activ-
ity, aiming for maximal “on” expression when PhoB is active, minimal background in
the “off” state, and no control elements for other regulators. We designed specific
sequences for promoter elements with appropriately spaced PhoB-binding sites, and
at 19 additional intervening nucleotide positions for which we did not predict
sequence-specific effects, the bases were randomized. Eighty-three such constructs
were screened in Vibrio fischeri, enabling us to identify bases at particular random-
ized positions that significantly correlated with high-level “on” or low-level “off” ex-
pression. A second round of promoter design rationally constrained 13 additional
positions, leading to a reporter with high-level PhoB-dependent expression, essen-
tially no background, and no other known regulatory elements. As expressed report-
ers, we used both stable and destabilized variants of green fluorescent protein
(GFP), the latter of which has a half-life of 81 min in V. fischeri. In culture, PhoB in-
duced the reporter when phosphate was depleted to a concentration below 10
uM. During symbiotic colonization of its host squid, Euprymna scolopes, the re-
porter indicated heterogeneous phosphate availability in different light-organ
microenvironments. Finally, testing this construct in other members of the Pro-
teobacteria demonstrated its broader utility. The results illustrate how a limited
ability to predict synthetic promoter-reporter performance can be overcome through
iterative screening and reengineering.

IMPORTANCE Transcriptional reporters can be powerful tools for assessing when a
particular regulator is active; however, native promoters may not be ideal for this
purpose. Optimal reporters should be specific to the regulator being examined and
should maximize the difference between the “on” and “off” states; however, these
properties are distinct from the selective pressures driving the evolution of natural
promoters. Synthetic promoters offer a promising alternative, but our understanding
often does not enable fully predictive promoter design, and the large number of al-
ternative sequence possibilities can be intractable. In a synthetic promoter region
with over 34 billion sequence variants, we identified bases correlated with favorable
performance by screening only 83 candidates, allowing us to rationally constrain our
design. We thereby generated an optimized reporter that is induced by PhoB and
used it to explore the low-phosphate response of V. fischeri. This promoter design
strategy will facilitate the engineering of other regulator-specific reporters.
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alcolm Casadaban’s pioneering use of the lac operon as a transcriptional reporter

revolutionized the study of gene regulation, paving a new way to assess the
activity of a transcriptional promoter by fusing it to a gene encoding a readily screened
and measured phenotype, such as B-galactosidase activity (1). Ultimately, transcrip-
tional reporters became a mainstay of bacterial genetics and have led to countless
discoveries of conditions and regulators that activate or repress genes of interest. In a
twist on this original application, when a particular transcriptional regulator controls a
promoter, a corresponding promoter-reporter fusion is sometimes used to assess the
activity of that regulator (2-4). However, native promoters are not necessarily ideal for
the purpose of measuring the activity of a specific transcription factor.

An ideal readout of regulator activity would have minimal expression in the “off”
state, high-level “on” expression, and specificity for the regulator in question. Unfortu-
nately, these attributes do not necessarily reflect the evolutionary forces shaping native
promoters. For example, some leaky expression in the “off” state is selected for in some
cases (e.g. the lac operon), and native promoters are often regulated by multiple
transcription factors simultaneously (5-7). Such coregulation has been addressed by
avoiding or removing regulatory elements other than those of the transcription factor
being assessed (2, 8-12); however, given the complexity of gene regulation, and the
challenge of cataloging all the regulatory mechanisms at a natural promoter, this
approach may not always be effective for generating a regulator-specific reporter.

Synthetic promoters offer a powerful alternative approach for generating regulator-
specific reporters. Such promoters can be engineered to incorporate sequence motifs
consistent with regulation by one mechanism while avoiding binding sites for other
regulators. Online tools can aid in this process (13-15), but promoter-reporter perfor-
mance is not entirely predictable. Sequences with no known function, other than
spacing between established regulatory elements, can affect output (15), hampering
the rational design of such transcriptional reporters.

We sought to develop a transcriptional reporter to monitor the activation state of
PhoB in Vibrio fischeri. PhoB is the response regulator portion of a two-component
regulatory system that activates the expression of several genes under low-phosphate
conditions in various bacteria (16, 17). In Escherichia coli, PhoB is activated upon
phosphorylation by its cognate sensor kinase PhoR in response to low (<4 uM)
phosphate concentrations (18). Phosphorylated PhoB then binds to a “Pho box” se-
quence consisting of two well-conserved 7-bp direct repeats (5'-CTGTCAT-3’) separated
by 4 bp of AT-rich sequence (18-20). PhoB binding can compensate for a poor —35
promoter element and activate transcription. In V. fischeri, PhoB appears to indirectly
activate bioluminescence, which is a colonization factor in V. fischeri's light-organ
symbiosis with the Hawaiian bobtail squid, Euprymna scolopes (21-23). Moreover,
mutations in phoB or the phosphate uptake system that it controls reduce colonization
competitiveness, suggesting a symbiotic role for the PhoB regulon and prompting our
interest in investigating the PhoB-dependent response to low phosphate levels in V.
fischeri (21, 24). Previously, PhoB-dependent reporters have been generated by using
native promoters for pstS and phoA (17, 25-28), but these may have shortcomings, such
as high background levels or shared control with other regulators (29, 30).

Here we describe the generation of a synthetic PhoB-dependent transcriptional
promoter, which we linked to gfp as a reporter gene. We also expanded the utility of
green fluorescent protein (GFP) for assessing dynamic changes in gene expression in V.
fischeri by evaluating destabilized GFP variants. Our constructs are useful for assessing
the low-phosphate response in V. fischeri and other bacteria, and our general method
of synthetic reporter design should be effective for studying other regulators in a
variety of bacteria.

RESULTS

Generation and screening of semirandomized variants of a synthetic promoter
region. To generate a PhoB-dependent and PhoB-specific synthetic transcriptional
reporter, we began with a framework based on canonical attributes of PhoB-activated
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FIG 1 Design and screening of synthetic PhoB-dependent promoter variants. (A) Synthetic constructs
included four PhoB-binding sites (gray boxes) as well as a —10 promoter element. The —35 promoter
region is indicated, although it does not resemble a —35 consensus. Randomized or semirandomized
positions are numbered, corresponding to the numbering in panel C. “N” indicates a randomized position
(labeled 1 to 3 and 7 to 19). Positions 4 to 6 were restricted to A or T (W). Eighty-three variants of the
sequence were cloned upstream of gfp and screened for activity. (B) GFP output for four representative
promoter variants. GFP was measured for constructs in ES114 and JLS9 (AphoB) grown in FMM medium
with a high (378 uM) or low (37.8 uM) added PO, concentration. Strains with the promoterless parent
vector (labeled “None”) show background fluorescence. Values were taken at an OD,, of 1.0 and
normalized to red fluorescence. Error bars indicate standard deviations (n = 3). Data from one repre-
sentative experiment of three are shown. (C) Each variable position (positions 1 to 19) was subjected to
a Mann-Whitney U nonparametric test to compare the average GFP output associated with each
individual nucleotide (A, T, C, or G) against the average value for constructs with the other nucleotides
in that position. Pairs of nucleotides were also compared at each position (A/T versus G/C, C/T versus A/G,
G/T versus A/C, and C/G versus A/T). Only comparisons with P values of <0.05 are shown. Values indicate
the mean GFP output for all constructs with the nucleotide (or nucleotide pair) at the indicated position
minus the mean value for the other constructs. For each of the four strain-medium combinations,
nucleotides that correlated with significantly higher or lower GFP levels are indicated by green or red,
respectively; *, **, and *** indicate P values of <0.05, <0.01, and < 0.001, respectively. The right column
indicates how randomization was further constrained for the next set of variants (round 2). 1 indicates
that the C at position 2 was underrepresented in the screened variants (in only 1 of the 83 variants) and
therefore was included in round 2.

promoters, such as those upstream of phoB and pstS in E. coli (31), and randomized the
sequences between the set sequences relevant to PhoB activation. In this initial
semirandomized sequence (Fig. 1A), we placed two closely spaced Pho boxes, with one
overlapping the —35 promoter region, which lacks a strong canonical —35 sequence
element, consistent with multiple Pho boxes and their arrangements in native promot-
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ers (27, 32-35). As noted above, the canonical Pho box includes 7-bp direct repeats;
however, an additional 3’ adenine may play a role (20). Of the four repeats in the two
Pho boxes that we used, none deviates from the 8-bp sequence 5'-CTGTCATA-3’ by
more than a single mismatch. Within each Pho box, the A/T richness of sequences
between the direct repeats appears to affect relative PhoB binding (36), and this spacer
between repeats was set at 5-AAT-3" in the Pho box distal to the reporter and
semirandomized as A or T (W) in the Pho box overlapping the —35 region (positions 4
to 6) (Fig. TA). The three nucleotides between Pho boxes were completely randomized
(positions 1 to 3) (Fig. 1A), as were positions upstream and downstream of the —10
promoter element (positions 7 to 11 and 12 to 19, respectively) (Fig. 1A). Altogether,
this promoter has 34,359,738,368 (476 X 23) possible sequence variants.

We cloned and sequenced 83 variants of this construct (Fig. 1A) upstream of a
promoterless gfp in a vector that also expresses mCherry constitutively. The GFP
expression level for each construct was measured in V. fischeri ES114 (WT) and its AphoB
derivative JLS9 grown in fischeri minimal medium (FMM) with low or high PO, levels
(for sequences and fluorescence from all 83 constructs, see the supplemental material).
Figure 1B shows GFP expression for a promoterless negative control and four promoter
variants that represent the wide range of variation in GFP outputs observed among the
83 variants screened. Although most clones displayed some of the desired low-PO,-
and phoB-dependent activation, the degree of activation varied, as did the level of
undesirable background GFP expression in the AphoB mutant and/or under high-PO,
conditions (e.g., see Fig. 1B). In some constructs, PhoB-dependent activation under
low-PO, conditions was too weak to be useful (e.g., variant 1) (Fig. 1B). In others, the
background GFP expression level, determined relative to the promoterless control, was
higher than optimal (e.g. variant 2) (Fig. 1B). Some variants displayed significant
activation with reasonably low background levels (e.g., variants 3 and 4) (Fig. 1B);
however, assessing 83 clones out of over 34 billion possibilities had not come close to
saturating the screen.

Optimization of the synthetic promoter. To assess the prospects for improving
the PhoB-dependent promoter without screening an intractably large number of
clones, we analyzed whether the identity of any of the 19 variable nucleotides (Fig. 1A)
correlated with GFP expression. Specifically, at each of the 19 positions, we used the
Mann-Whitney U test to compare the reporter output corresponding to each nucleo-
tide to the output from constructs with the other three possible nucleotides (A versus
C, G, orT; Cversus A, G, or T; G versus A, C, or T; and T versus A, C, or G). We likewise
made comparisons based on possible pairs of nucleotides at a position, for example, an
A or C at a position versus a G or T at the same position. Variable nucleotide positions
4,5, and 6 were limited to A or T (W) by design (Fig. TA), so only those two comparisons
were made in those cases.

Figure 1C summarizes the significant (P < 0.05, P < 0.01, or P < 0.001) correlations
between nucleotide identity at each of the 19 variable positions in the promoter and
the reporter output. We averaged the GFP expression level (normalized to mCherry)
corresponding to each nucleotide (or nucleotide pair) at each position and subtracted
the average GFP expression level of the constructs with other nucleotides at that
position, to yield the numbers reported in Fig. 1C. The output for each reporter was
analyzed for each of the four strain-medium combinations tested (wild type or AphoB
mutant under high- or low-phosphate conditions). Given that 460 comparisons were
tested for significance, some of those indicated in Fig. 1C may appear significant by
chance, particularly at the level of a P value of <0.05. On the other hand, in some
positions, all three background conditions (wild type under high-PO, conditions or
AphoB mutant under high- or low-PO, conditions) yielded similar results, suggesting
reproducibility and value in this approach. We did not perform a multiple-testing
correction because the P values are used only to select the most promising candidates
for further experiments. Our goal was to determine how we might rationally constrain
our sequence design to optimize output and not to definitively state a role for the
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FIG 2 Iterative optimization of PhoB-dependent reporter performance. A representative of the best
promoters from the first set of semirandomized variants (pEW6AQ) (numbered 4 in Fig. 1B) was
compared to an optimal variant (pJLS1088) generated after constraining additional positions, as indi-
cated in Fig. 1C. Reporters were evaluated in the ES114 and AphoB strains and were grown in minimal
medium amended with high or low concentrations of PO,. The promoterless parent vector pJLS27
(labeled “None”) is included to show the background. Fluorescence values were taken at an OD,, of 1.0,
and error bars indicate standard deviations (n = 3). Data show results from one representative
experiment of three performed.

sequence at any position, and the results suggested a rational approach to further
optimization might be possible.

Our data pointed to further sequence constraints that might contribute to desirable
reporter properties, specifically, high-PhoB-dependent activation under low-PO, con-
ditions or low background levels under the other conditions. For example,a Cora T at
position 1 was correlated with above- or below-average background levels, respectively
(Fig. 1C), and therefore, we defined this position as a T in our second-round construct.
As another example, a C at position 12 was correlated with below-average expression
in the wild type under low-PO, conditions, so this position was constrained to A, T, or
G in the second-round construct. Using this approach, most positions were defined
more narrowly in the second round of screening. Three of the 19 positions (positions
6, 13, and 18) showed no correlation with promoter activity, and three others (positions
5,11, and 15) had a weak correlation, as significance was seen under only one of three
background conditions at the level of a P value of <0.05. These six positions were not
constrained further but rather were left as they were in the initial screen. For the most
part, the nucleotide representation at each randomized position had been evenly
distributed, but only 1 of the 83 promoters had a C at position 2, so C was included
again at this position in the second round of promoter design.

A second round of synthetic inserts was engineered to contain the same conserved
sequences as those in round 1 (Fig. 1A), along with the newly constrained positions
(Fig. 1C, right). The resulting constructs were assayed in the same manner as for the
first-round reporters. Many of the 99 resulting promoters that were screened exhibited
an increase in GFP expression in the “on” state (wild type under low-PO, conditions)
and/or decreased background levels under other conditions relative to earlier
constructs. Figure 2 illustrates the optimal second-round reporter (pJLS1088) com-
pared to the best promoter from round 1 (pEW6AQ). The newer reporter exhibited
significantly higher-level “on” activation and lower background levels (P < 0.05 by
Student’s t tests). The difference in GFP expression levels between the wild type and the
phoB mutant in low-PO, medium was 11-fold for cells carrying pJLS1088, compared to
3-fold induction for the best first-round construct, and the PhoB-independent back-
ground was eliminated (Fig. 2).

Reporter responsiveness to extracellular phosphate. To evaluate the level of PO,
at which the PhoB-specific reporter was activated, we measured both GFP expression
from pJLS1088 and phosphate levels during the growth of wild-type strain ES114 in
batch cultures, using the empty vector (pJLS27) as a negative control (Fig. 3). Due to the
rapid depletion of PO, during the exponential growth phase, measuring the exact PO,
concentration when GFP was first detectable proved difficult. However, GFP was
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FIG 3 A PhoB-dependent reporter is induced upon PO, depletion in batch culture. (A) GFP/OD,, values
and supernatant phosphate levels were measured over time in cultures of wild-type cells containing
either the promoterless parent vector (pJLS27) (squares) or the optimized PhoB reporter (pJLS1088)
(circles) grown in batch cultures in FMM amended at the outset with 37.8 uM phosphate for a final
concentration of 100 uM total phosphate. Filled shapes represent the GFP/OD,, fluorescence, whereas
open shapes represent the extracellular PO, concentration. (B) Growth of the cultures from panel A
shown as cell density (OD.,s) over time. Data from one representative experiment of three are shown.

consistently first detected when PO, levels were depleted to between 1 and 10 uM (Fig.
3), similar to the activation of PhoB in E. coli below an environmental concentration of
4 uM PO, (18).

The PhoB-dependent reporter responds to low PO, levels in other proteobac-
teria. Because the Pho regulon is well conserved among proteobacteria (37), we tested
whether the optimized reporter functions in bacteria other than V. fischeri. The reporter
plasmid pJLS1088 and its parent, pJLS27, each have two origins of replication: the R6K
gamma origin (38) and the origin from pES213, which replicates well in members of the
Vibrionaceae without the need to maintain antibiotic selection (39, 40). For the plasmid
to replicate in a variety of backgrounds, we added the pir gene to the parent vector and
reporter plasmid, which should enable replication from the R6K origin in a broad range
of non-Vibrio hosts (41).

We tested the GFP induction of our reporter in Vibrio cholerae, Escherichia coli,
Salmonella enterica, and Ruegeria pomeroyi, each of which encodes PhoB. Figure 4
shows the red and green fluorescence of colonies grown on solid media with relatively
high or low PO, levels. V. fischeri colonies are included for comparison. Red fluorescence
is the result of constitutive mCherry expression from the plasmids, whereas green
fluorescence corresponds to reporter GFP expression, with pJLS27 and pJLS71 serving
as promoterless gfp negative controls. Each strain displayed green fluorescence only
when grown with the reporter on low-phosphate plates (Fig. 4). Moreover, GFP
expression in V. cholerae was eliminated in a phoB mutant, just as we observed in V.
fischeri (Fig. 4).

Testing of GFP variants with reduced half-life in V. fischeri. The stability of the
GFP protein can lead to its accumulation and render this reporter nonideal for assessing
dynamic changes in gene expression. Specifically, the downregulation of the promoter
is difficult to detect if the reporter protein (in this case GFP) does not turn over. In some
bacteria, adding an SsrA tag to the C terminus of GFP increases its recycling via an
AAAT protease (42-44), such as CIpAP or CIpXP (45). Variations in the last 3 amino acids
of the 11-residue SsrA peptide sequence (AANDENYALAA) can alter the efficiency with
which the protein is recycled (42). We generated modified versions of gfp, encoding
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FIG 4 Response of reporters to low PO, concentrations in other proteobacteria. Red and green fluores-
cence from colonies of V. fischeri, V. cholerae, E. coli, S. enterica, or R. pomeroyi carrying a promoterless
parent vector (pJLS27 for vibrios or pJLS71 for nonvibrios) or a vector containing the PhoB-activated
promoter (pJLS1088 for vibrios or pJLS137 for nonvibrios) are shown. Strains include V. fischeri ES114 and
JLS9 (AphoB), V. cholerae AC2764 (AtcpA) and AC3236 (AphoB), E. coli MG1655, S. enterica MS1868, and
R. pomeroyi DSS-3. Strains were grown on agar plates with defined medium containing low or high
concentrations of added PO, (see Materials and Methods). Colonies of similar sizes were imaged by using

a Nikon Eclipse E600 microscope with a 51005v2 filter, which enabled the simultaneous visualization of
both the constitutive red fluorescence and the green fluorescence of the reporter.

High PO,

Low PO,

C-terminal SsrA tags terminating in the tripeptide LAA, ASV, or AAV, and expressed
them from an isopropyl B-b-1-thiogalactopyranoside (IPTG)-inducible promoter in wild-
type strain ES114 and three transposon mutants with insertions in clpA, clpX, or clpS, the
last of which encodes an adapter that delivers proteins to CIpAP (46, 47). The stable
parental GFP and the *ASV SsrA variant produced high-level fluorescence in all back-
grounds (Fig. 5). The *LAA and *AAV SsrA-tagged GFP variants yielded reduced or
nearly undetectable fluorescence in the wild type as well as the c/pA and c/pS mutants.
In the clpX mutant background, the level of fluorescence from the *AAV and *LAA
variants was higher than that from the wild type (Fig. 5). These results suggested that
SsrA tagging directed GFP turnover by ClpXP in V. fischeri; however, the level of

16 1 GFP Variant
= 147 -I— OStable
£ 12 1
a2 O*ASV
o 10 1
T g B+LAA
8'“ 6 - B<AAV
= 4
O 21

0 r r r i

WT clpA::Tn clpX::Tn clpS::Tn

Host strain genotype

FIG 5 Effects of clpX and specific SsrA tags on GFP fluorescence in V. fischeri. Specific fluorescence
associated with GFP variants is shown for wild-type strain ES114 or mutants with transposon insertions
disrupting clpA, clpX, or clpS. pJLS153 (“stable”) has gfp without an ssrA tag. pJLS150 (*ASV), pJLS151
(*LAA), and pJLS152 (*AAV) all have gfp with a modified ssrA tag, exchanging the last three C-terminal
amino acids, as indicated. Strains were grown in SWTO medium with 2 mM IPTG to induce gfp expression.
GFP/OD,,; values were taken at an OD, of 1.0, and error bars indicate standard deviations (n = 3). Data
from one representative experiment of three performed are shown.
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FIG 6 Addition of the *ASV SsrA tag to GFP increases the turnover rate in V. fischeri. ES114 cells carrying
pJLS150 (GFP*ASV) (squares) or pJLS153 (parental GFP with no SsrA tag) (circles) were grown in SWTO
medium plus 2 mM IPTG or SWTO medium with no inducer to an OD. of 1.5 before being washed and
resuspended in SWTO medium without IPTG. GFP/OD,, values were taken every 15 min for 4 h. Values
under noninduced conditions (no IPTG added) were subtracted as the background from values under

induced conditions. Error bars indicating standard deviations (n = 3) are smaller than the symbols. Data
from one representative experiment of four performed are shown.

fluorescence from the *LAA and *AAV derivatives was too low in the wild type to be
useful, apparently because they are degraded quickly by ClpX.

The *ASV variant of GFP yielded fluorescence values similar to those of the parental
GFP when IPTG was added to induce their expression (Fig. 5); however, when IPTG was
washed away, the fluorescence from the parental and *ASV-tagged GFPs diverged (Fig.
6). The parental GFP was remarkably stable, whereas fluorescence from the *ASV-
tagged GFP decayed noticeably (Fig. 6). The slope constant, w, and half-life (T, ,, = —In
2/w) for fluorescence were determined for each biological replicate (a total of 12 across
four experiments) and averaged. The fluorescence values for the parental GFP were
unchanged for the duration of the experiment, so a half-life could not be calculated,
but fluorescence from the ASV SsrA-tagged GFP had an estimated half-life of 81 min.
Taken together, our results suggest that GFP*ASV should be a useful reporter in V.
fischeri, displaying sufficient fluorescence to be detected when expressed but decaying
quickly enough to capture some changes in gene expression that would be missed by
using the parental GFP.

Variability in expression of the PhoB-dependent reporter within symbiont
populations. Initially, to begin assessing the state of PhoB in the juvenile squid light
organ, we infected juveniles with either ES114 or JLS9 (AphoB) harboring the best
reporter from round 1, pEW6AQ (Fig. 3), or its parent vector, pJLS27. In aposymbiotic
(i.e., uninoculated and uncolonized) squid, the light organ has minimal green or red
fluorescence (Fig. 7A), and juveniles infected with JLS9 or ES114 carrying the empty
vector display red, but not green, fluorescence (Fig. 7A and data not shown). Juvenile
squid infected with ES114 carrying pEW6AQ displayed distinct and in some cases
heterogeneous reporter expression. For example, some light organs displayed homog-
enous red fluorescence (Fig. 7B, top), while in other juvenile light organs, symbiont
fluorescence showed distinct areas of red or green fluorescence (Fig. 7B, bottom). These
results suggested spatial and/or temporal heterogeneity in the induction of the PhoB
response. Using an epifluorescence microscope, however, we were unable to distin-
guish the microenvironments being colonized, and the stable GFP used in these
experiments could potentially compromise our ability to distinguish temporal regula-
tion.

To better define the expression patterns observed in our initial studies, we com-
bined our round 2 PhoB-dependent promoter with the destabilized GFP*ASV variant
and used this construct to assess PhoB activation in symbiotic V. fischeri cells using
confocal microscopy. Within the bilobed E. scolopes light organ, symbionts colonize
distinct microenvironments. Six pores on the organ surface lead through ducts and
antechambers to six epithelium-lined crypts, three in each lobe, designated crypts 1, 2,
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WT promoterless

A posymbiotic

Antechamber 2

FIG 7 Expression of PhoB-dependent reporters in symbiotic V. fischeri cells. (A and B) Juvenile squid were
left uninoculated and aposymbiotic (A, left) or were infected with V. fischeri containing either the
promoterless vector (pJLS27) (A, right) or the first-round reporter pEW6AQ (B). Light organs (~250 um
across; outlined with dotted white lines) were visualized by epifluorescence microscopy with a red/green
filter at 24 h postinoculation. (C) Confocal microscopic image of a juvenile squid light organ showing
one-half of the organ from a juvenile colonized with ES114 cells harboring the second-round PhoB-
dependent promoter driving the expression of destabilized GFP (pJLS298). The squid tissue (blue) and
the pores, antechambers, and crypts are labeled when visible.

and 3 based on their progression in development (48). Using confocal microscopy, we
were able to delineate the individual crypt spaces. Again, in animals infected with JLS9
(AphoB) carrying the reporter pJLS298, all crypt spaces displayed only red fluorescence
from constitutive mCherry (data not shown). Also, similar to the results using an
epifluorescence microscope, some of the animals infected with ES114 carrying the
reporter pJLS298 that were viewed by using confocal microscopy had red fluorescent
symbionts within the crypts yet had no visible GFP fluorescence (data not shown);
however, some displayed heterogeneous GFP expression. Where heterogeneous ex-
pression was seen within a crypt, the population of GFP-expressing cells was clustered
together rather than dispersed throughout the crypt space. Typically, cells in crypt 2
displayed the strongest GFP fluorescence, while crypt 1 had at most a smaller and
fractional population of the cells expressing GFP (Fig. 7C and data not shown). Crypt 3,
which is the smallest crypt and the last to develop embryologically, was sometimes not
yet colonized, and in only one animal did we see GFP-expressing symbionts in this crypt
(data not shown).

DISCUSSION

Synthetic regulator-specific transcriptional reporters offer a promising approach to
assess regulator activity under different conditions. When the goal is to examine the
activity of a particular regulator, synthetic reporters may be superior to native promot-
ers if they can be optimized in terms of specificity (response to a specific transcription
factor) and the signal-to-noise ratio (high-level expression in the “on” state and
low-level background expression in the “off” state). However, this synthetic approach is
hindered by our limited ability to predict the effects of specific sequences in the
promoter region and by the absence of high-throughput technology that would allow
the testing of all possible construct variants, which could include billions of possibilities.
One approach to overcome the intractable number of sequence possibilities is to
screen a subset of sequence variants, identify positions where a specific nucleotide(s)
correlates with enhanced performance, and thereby experimentally evolve a better
synthetic reporter.

We used such an approach to study the PhoBR two-component regulatory system
in V. fischeri, both in culture and in symbiosis with the Hawaiian bobtail squid, E.
scolopes. First, we generated an improved PhoB-dependent reporter that has high-level
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expression when activated by PhoB but low-level background expression. We began
with a rationally designed sequence (Fig. 1A), based on known elements of PhoB-
regulated transcriptional promoters; however, our results underscored our limited
ability to predict promoter function and effectiveness as a reporter. We randomized, or
semirandomized, nucleotide positions for which we did not foresee a sequence-specific
role in promoter optimization, yet constructs with different nucleotides at these
positions had highly variable performances (e.g., see Fig. 1B). While some of the 83
constructs initially screened worked reasonably well, others did not. Had we designed
a single defined sequence for a reporter, it would most likely have been only marginally
effective.

Our inability to predictively design an optimal reporter highlights gaps in our
understanding of how specific sequences influence a PhoB-dependent promoter or
promoters in general. As noted above, the individual nucleotide identities highlighted
in Fig. 1C should be viewed cautiously, particularly at the level of a P value of <0.05,
given the number of comparisons being made, but in aggregate, the data make a
compelling case that positions that we did not predict would influence the reporter
were important. Even in retrospect, some of the nucleotide identities that appear to
impact promoter performance (Fig. 1C) seem inexplicable, especially for the positions
outside the Pho boxes or the promoter elements. In one notable example, a guanosine
at position 10, in the gap between Pho boxes and the —10 element, significantly
correlated with decreased fluorescence under all three background conditions (P <
0.01 to P < 0.001). Although there is precedence for the promoter spacer region
sequence affecting transcription (49-51), to our knowledge, it remains difficult to
predict such effects in a synthetic promoter.

Similarly, the mechanisms underlying the differences in promoter-reporter perfor-
mance are unknown. The sequence-specific effects that we observed may be due to
subtle changes in DNA topology or context-specific effects on RNA polymerase (RNAP)
or PhoB binding and/or interactions. Additionally, there may be alternative weak
promoters and transcriptional start sites aside from the promoter highlighted in Fig. 1A,
and changes that minimize their activity would decrease the PhoB-independent back-
ground. Although we cannot rule out the possibility that we have created binding sites
for additional regulators, this mechanism seems improbable given the sequence spec-
ificity of most regulators and the lack of any apparent binding sites for known
regulators. Moreover, a non-PhoB activator of the reporter would itself have to be
activated by PhoB, because activation is specifically PhoB dependent.

A second round of screening, narrowed by informative results from the first round,
enabled us to increase the reporter output under low-phosphate conditions and to
decrease background expression (Fig. 2). While a similar combination of rational and
randomized nucleotide screening methods to design promoters for reporter use was
used previously (15), this study shows that by screening only 83 unique promoters out
of over 34 billion possible sequence combinations, rational changes could be made to
optimize reporter performance. The very best possible variant was likely not screened,
and some aspects of the optimized sequence may be too dependent on the sequence
context to be identified by our approach, but nonetheless, we showed that improve-
ments could be made by screening a manageable number of clones. Importantly, the
round 2 promoters essentially eliminated the PhoB-independent background of the
reporters (Fig. 2). This elimination of the background is particularly important for
applications where an obvious qualitative distinction between “active” or “inactive” is
beneficial. Notably, although background fluorescence can be subtracted readily in
comparisons of batch cultures, in examining symbiotic cells in situ, a low background
level allows the sensitive detection of the “on” state of a reporter.

In addition to providing a proof of principle for optimizing a synthetic promoter, our
reporter proved a useful tool for investigating the PhoB-mediated response to low
phosphate levels in V. fischeri. The E. coli PhoBR system is activated upon sensing
environmental phosphate levels of less than 4 uM (18), and we similarly observed the
PhoB-dependent activation of the reporter to occur at concentrations of between 1 and
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10 uM phosphate (Fig. 3). In the future, more samples could be taken from batch
cultures, or phosphate could be defined under chemostat conditions, to more precisely
determine the threshold phosphate concentration required for activation. Furthermore,
the threshold for reporter activation may not be constant for all bacteria. Among
various proteobacteria, different concentrations of phosphate in minimal media were
required to visualize reporter activation (or a lack thereof) (Fig. 4). Therefore, it could be
useful to determine the threshold phosphate concentration below which the reporter
turns “on” in different organisms. Such differences could possibly be utilized for
determining bioavailable phosphate levels in various environments and samples by
using different species, or engineered strains of V. fischeri, that induce their PhoB
response at different phosphate concentrations. It is worth noting that the PhoB-
activated pst operon, which encodes the proteins for a high-affinity phosphate importer
(18, 52), is often used in metatranscriptomic data sets as an indication of bacteria
coming from phosphate-limiting conditions (53). Reporter strains added to such sam-
ples may help refine our understanding of bioavailable phosphate.

In this study, we also extended the utility of GFP as a reporter in V. fischeri. The use
of GFP reporters can lead to an accumulation of a fluorescent signal that remains even
after transcription has turned off, due to GFP’s stability (42). To address this problem,
we tagged gfp with the three variants used previously in E. coli (42-44), and our results
are consistent with the SsrA tag targeting proteins to the CIpXP protease in V. fischeri
(Fig. 5). Even in the clpX mutant background, the GFP variant with the LAA-SsrA tag
showed attenuated fluorescence (Fig. 5), which could suggest that either (i) the protein
is also recycled by another protease or (ii) it is not properly folded, resulting in less
fluorescence. Regardless, and more importantly, we determined the half-life of the ASV
SsrA variant to be 81 min, and it showed a useful balance between fluorescence under
inducing conditions (Fig. 5) and the decay of the signal once the inducer was removed
(Fig. 6). Our results parallel data from studies of E. coli where the LAA SsrA variant had
the shortest half-life, followed by the AAV and ASV variants (42). This decreased-half-life
GFP variant should be particularly useful in in situ experiments assessing symbiotic V.
fischeri, and it should be able to capture major changes in gene expression over the
diurnal symbiotic cycle (54, 55).

Different reports suggest that PhoB in symbiotic V. fischeri might be either active
(indicative of low phosphate availability) or inactive during colonization with E. scol-
opes. Mutants with a transposon insertion in phoB or the genes for the high-affinity
phosphate importer, pstA and pstS, have decreased competitive fitness when competed
against the wild type for symbiotic colonization (24, 56), suggesting that phosphate
might be limiting. However, in a separate study looking at the transcriptome of V.
fischeri cells vented from the light organ by the host, the pst genes were not upregu-
lated, suggesting that PhoB was not in an activated state and that the light organ was
not a phosphate-limited environment (57). A way to reconcile these two data sets could
be if PhoB was activated in specific microenvironments of the light organ, as is the case
with the lux operon (39). Sycuro et al. found that the crypts of the light organ are not
vented equally (58), but rather, most vented cells are from crypt 1. Therefore, if PhoB
is activated more significantly in crypts 2 and 3, which are not vented as completely, the
Pho regulon may not appear induced in the transcriptomic data set.

We found that the PhoB-dependent reporter has heterogeneous expression be-
tween and within juvenile squid light organs at 24 h (Fig. 7B and C). Likewise, in
infected animals displaying symbionts with green fluorescence, we saw a noticeable
partitioning of GFP expression within and between the crypts. For example, in Fig. 7C,
crypt 1 is shown in three regions, with GFP being detectable in only a portion of one
of the regions, yet crypt 2 shows that most cells are expressing GFP, with only a small
section of cells with undetectable green fluorescence. The clustered nature of the
GFP-expressing cells may indicate that there was a localized low-phosphate microen-
vironment in the host. Still, some squid were well colonized by V. fischeri based on the
homogenous mCherry fluorescence (and symbiotic bioluminescence) yet showed little
to no green fluorescence, indicating that these symbionts in the light organ are not
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inducing a low-phosphate response (Fig. 7B, top, and data not shown). These data
suggest that select regions of the light organ are phosphate limited at some point,
which is consistent with the competitive defect seen when phoB, pstA, or pstS is
disrupted. As crypt 1 tends to be the most completely vented each morning and could
account for most cells in the light-organ ventate (58), these data are also consistent
with the results of the transcriptomic study of vented cells, as many crypt 1 symbionts
did not display PhoB-dependent reporter activation. Therefore, our data illustrate the
power of considering the microenvironments of the squid light-organ crypts in expres-
sion studies. Future studies should help to further define the spatial and temporal
pattern of gene expression in symbiotic V. fischeri.

MATERIALS AND METHODS

Media and growth conditions. Vibrio fischeri strain ES114 was used as the wild type and parent for
strain construction (59). Escherichia coli strains DH5« and DH5aApir (40) were used as hosts for plasmids.
V. fischeri was grown at either 24°C or 28°C in either lysogeny broth (LB) salt (LBS) medium (60), seawater
tryptone (SWT) medium (59), seawater tryptone osmolarity (SWTO) medium (61), or modified fischeri
minimal medium (FMM) (62), with 37.8 uM K,HPO, or 378 uM K,HPO, added for “low”- and “high”-
phosphate conditions, respectively. Plasmids were maintained in E. coli grown in LB (63) at 37°C. Solid
media were prepared by adding 15 g liter—" agar. For the selection of plasmids in E. coli, kanamycin (Kn),
chloramphenicol (Cm), erythromycin (Erm), or trimethoprim (Tmp) was added to LB at a final concen-
tration of 40, 20, 150, or 10 ug ml~7, respectively. To maintain selection in V. fischeri on LBS medium, Kn,
Cm, Erm, or Tmp was added at 100, 2, 5, or 10 ug ml—7, respectively.

E. coli strain MG1655, Salmonella enterica serovar Typhimurium strain MS1868, and Vibrio cholerae
strains AC3236 and AC2764 were maintained and transformed by using LB medium, and their response
to PO, was assessed by using modified MOPS (morpholinepropanesulfonic acid) minimal medium at 37°C
(64). V. cholerae strain AC2764 has a deletion of tcpA, reducing strain virulence. To generate a base for
the MOPS medium, we added no phosphate and used 1 g/liter Casamino Acids. For low-phosphate
MOPS medium, the base minimal medium was used with no added phosphate other than that in
Casamino Acids and other components, whereas 800 uM K,HPO, was added to the base medium for
high-phosphate conditions. R. pomeroyi strain DSS-3 was grown at 30°C on half-strength yeast tryptone
sea salts (1/2YTSS) medium (65), and to manipulate PO, availability, it was grown in modified marine
basal medium (MBM) (66), with either 0.2 mM K,HPO, or 2 mM K,HPO, added for low- and high-
phosphate conditions, respectively. A total of 80 ug ml~" Kn was included to maintain plasmid selection
in DSS-3 (65, 66).

Plasmid and strain construction. Plasmids were mobilized from E. coli to V. fischeri by triparental
mating using helper plasmid pEVS104 maintained in CC118Apir (67), as previously described (68).
Plasmids were moved into E. coli MG1655 and S. enterica MS1868 by transformation. Plasmids were
moved into V. cholerae AC3236 and AC2764 by conjugation using helper plasmid pEVS104 and by
selecting for recipients on LB supplemented with Kn (to select for the plasmid) and 2 ug ml~" potassium
tellurite (to select against E. coli donor cells). Plasmids were similarly moved into R. pomeroyi DSS-3 via
conjugation using helper plasmid pEVS101 and by selection on 1/2YTSS medium with Kn and 2 ug ml—’
potassium tellurite.

JLS9, an in-frame AphoB deletion mutant, was constructed through allelic exchange (22) and verified
by PCR. To generate the AphoB allele, 2 kb upstream and downstream of phoB was PCR amplified (using
primer pair PhoBupF and PhoBupR and primer pair PhoBdnF and PhoBdnR, respectively) and cloned into
pCR-Blunt TOPO, generating pSJB2 and pDC6, respectively. To generate the in-frame deletion, two small
self-annealed oligonucleotides were inserted at the Ascl sites of pSJB2 and pDC6, generating an Ndel site
and yielding pJLS21 and pJLS22, respectively. pJLS22 was fused to pEVS118 at the Kpnl site, generating
pJLS23, which was subsequently digested with Apal and self-ligated to remove the ColE1 origin of
replication and generate pJLS24. The sequences upstream and downstream of phoB were joined by
fusing pJLS21 and pJLS24 at the Ndel site. The resulting construct, pJLS25 was mobilized into ES114 to
generate AphoB mutant strain JLS9 via allelic exchange.

To generate the semirandomized promoter regions for reporter plasmid screening, oligonucleotides
JLSPhoBPF2 and JLSPhoBPR (round 1) or JLSPhoBPF3 and JLSPhoBPR2 (round 2) (Table 1) were annealed
together and filled in by using the DNA polymerase | Klenow fragment to generate a blunt-ended
double-stranded product. The filled-in product was digested with Sphl and Sall, ligated into similarly
digested pJLS27, and transformed into DH5aApir. Transformants were screened by visualizing plates
under an epifluorescence microscope, using a red/green filter, and the green or yellow colonies were
picked. Fluorescence intensities of V. fischeri were later screened by using a Synergy 2 plate reader
(BioTek, Winooski, VT), with excitation/emission wavelengths for GFP of 485 nm/528 nm and for mCherry
of 530 nm/590 nm, normalizing GFP to mCherry (GFP/mCherry) or GFP to the optical density at 595 nm
(ODsqs), as indicated.

To increase the bacterial host range of the optimized reporter, we amplified the pir gene from
PGRG36pir (69) with primers JLSpirF3 and JLSpirR3 and cloned the Sacll-digested product into the “round
1" and “round 2" optimized reporters pEW6AQ and pJLS1088, generating pJLS70 and pJLS137, respec-
tively. To generate an isogenic promoterless vector, we digested pJLS70 with Sall and ligated-in a
fragment consisting of oligonucleotides JLSMCS1 and JLSMCS2 annealed together, which created a
multiple-cloning site and generated pJLS71.
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TABLE 1 Strains, plasmids, and oligonucleotides used in this study

Applied and Environmental Microbiology

Strain, plasmid, or Reference
oligonucleotide Genotype, description, or sequence (5'-3')? or source
Strains
Escherichia coli
CC118Apir A(ara-leu) araD Alac74 galE galK phoA20 thi-1 rpsE rpsB argE(Am) recA Apir 67
DH5« $»80dlacZAM15 A(lacZYA-argF)U169 deoR supE44 hsdR17 recAl endA1 gyrA96 thi-1 relA1 72
DH5aApir Apir derivative of DH5« 40
MG1655 F~ A~ ilvG rfb-50 rph-1 73
Ruegeria pomeroyi DSS-3 Wild-type isolate from coastal seawater, Georgia (USA) 74
Salmonella enterica serovar leuA414(Am) hsdSB(r— m™*) Fels— 75
Typhimurium MS1868
Vibrio cholerae
AC2764 E7946 AtcpA A. Camilli
AC3236 E7946 AphoB 76
Vibrio fischeri
ES114 Wild-type isolate from E. scolopes light organ 59
JLS9 ES114 AphoB This study
JLS38 ES114 AphoU This study
VFS008C4 ES114 clpAzmini-Tn5 Erm" C. Whistler
VFS024A1 ES114 clpS:mini-Tn5 Erm" C. Whistler
VFS025G1 ES114 clpX:mini-Tn5 Erm* C. Whistler
Select plasmids®
pEVS101 Conjugative helper plasmid; oriVqyg, 0riTgp, Erm" 68
pEVS104 Conjugative helper plasmid; oriVgey,, 0riTge, Kn" 68
pEW6AQ 0riVgsy OFiTgp, PES213 mCherry Kn® P e-Cm™-gfp (round 1) This study
pJLS25 AphoB allele; oriVey g, 0riVgey,, OriTgp, Knm Cmr This study
pJLS27 0riVieky OriTgps PES213 mCherry Kn' promoterless Cm-gfp 15
pJLS70 0riVgsy OriTgp, PES213 mCherry Kn™ pir Py ,e-Cm™-gfp (round 1) This study
pJLS71 0riVieky OFiTgpq PES213 mCherry Kn' pir promoterless Cmr-gfp This study
pJLS137 0riVggy OriTgp, PES213 mCherry Kn' pir P, ,;-Cm™-gfp (round 2) This study
pJLS149 0riVeky OFiTgps PES213 mCherry P, ,-Tmp® lac/a-P,. This study
pJLS150 0riVgy OriTgp, PES213 mCherry P ,,-Tmp" lacla-P,-gfp-ssrA-ASV This study
pJLS151 0riVgsy OriTgp, PES213 mCherry P ,,-Tmp" lacla-P, -gfp-ssrA-LAA This study
pJLS152 0riVeky OFiTgps PES213 mCherry P, -Tmpr lacla-P.,-gfp-ssrA-AAV This study
pJLS153 0riVgsy OriTgp, PES213 mCherry P ,,-Tmp" lacla-P, -gfp This study
pJLS198 0riVieky OriTgps PES213 mCherry P_,,-Tmp" promoterless gfp-ssrA-ASV This study
pJLS203 0riVsy OFiTgp, PES213 mCherry P ,,-Tmpr P,p,,-gfp-ssrA-ASV This study
pJLS298 0riVgsy OriTgp, PES213 mCherry P o,-Tmp" P, 5-gfp-ssrA-ASV This study
pJLS1088 0riVeky OFiTgps PES213 mCherry Kn' P, ,;-Cm™gfp (round 2) This study
pRK12 Kn® oriVgek, promoterless Cmr-gfp-ssrA R. Kaul
pVSV33 Knr oriVgek, pPromoterless Cmgfp 39
pVvSV102 0riVggy OriTgp, PES213 Kn' gfp 39
Oligonucleotides
PhoBupF GGC GCC TAG AGT GTT GTC TGG ACG This study
PhoBupR ATG GCG CGC CGG ATC CTT CTA GCC ATT CTC This study
PhoBdnR GGC GTA TCC ATA GGT GCC AGA GAC TGA G This study
PhoBdnF ATG GCG CGC CGG TAT AAA GGT AAT GGT TGA GCG TC This study
Ndelprimer1 CGC GAA ACA TAT GAA A This study
Ndelprimer2 CGC GTTTCATATGTTT This study
JLSMCS1 GCA TGC TGT AAA ACG ACG GCC AGT ACG TGC TAT GCG AGC TCG GGC CCG C This study
JLSMCS2 GTC GAC GCT AGC CAT TGC GCA GCG CGC TCT AGA TAG CGG GCC CGA GCT CGC ATA GC This study
JLSphoBPF2 TAG CAT GCC TGT CAT AAA TCT GTC ATA NNN CTG ACA TAW WWC TGT CAC ATG TT This study
JLSphoBPR TAG TCG ACT GNN NNN NNN AAA ATA NNN NNA ACA TGT GAC AG This study
JLSphoBPF3 TAG CAT GCC TGT CAT AAA TCT GTC ATA TSR CTG ACA TAT WWC TGT CAC ATG TT This study
JLSphoBPR2 TAG TCG ACT GDN CNH AAA ATA NCV DVA ACT AGT GAC AG This study
JLSpirF3 TAC CGC GGT TGA CTC TCA TGT TAT TGG CG This study
JLSpirR3 TAC CGC GGA CGC GTT CAC CCC TTA GCT TTT TTG GGA GG This study
DSgfpP1 ACA CTA GTC ACT ACT CTG TGC TAT GG This study
DSgfpP2 AGCTGCCAATGCGTAGTTTTCGTCGTTTGCGACGTT GTA CAG TTC ATC CAT GCC ATG This study
DSgfpP3 GTC GCA AAC GAC GAA AAC TAC GCA TTG GCA GCT TGA GGA TCC CCG GGA ATT C This study
DSgfpP4 ACC CGC GGG GAT CTT AGG This study
JLSgfpF ATG GCT AGC AAA GGA GAA GAACTCT This study
JLSssrA-ASV TAT GGA TCC TCA AAC TGA TGC TGC GTA GTT TTC GTC GTT TGC GAC This study
JLSssrA-LAA TAT GGA TCC TCA AGC TGC CAA TGC GTA GTT TTC GTC GTT TGC GAC This study
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TABLE 1 (Continued)

Strain, plasmid, or Reference
oligonucleotide Genotype, description, or sequence (5'-3')? or source
JLSssrA-AAV TAT GGA TCC TCA AAC TGC TGC TGC GTA GTT TTC GTC GTT TGC GAC This study
JLSgfpR GCA GGA TGG TCA GTT GTA CAG TTC ATC CA This study
pJLS198mCherryPcon 475-bp synthetic DNA fragment< This study

aDrug resistance abbreviations: Cmr, chloramphenicol resistance (cat); Erm", erythromycin resistance; Kn", kanamycin resistance (aph); Tmp", trimethoprim resistance
(dfr). Nonstandard nucleotides are as follows: N (A, C, G, or T), W(AorT),D (A, G, orT), H(A, C orT),V (A CorG),S (CorG), and R (A or G).

bThe plasmids listed may contain the RP4 origin of transfer (oriTgp,). Replication origins are denoted ColE1, pES213, and/or R6KYy.

<Designed DNA “gene block” ordered from Integrated DNA Technologies (Coralville, IA); the sequence is available upon request.

To generate destabilized GFP variants, an ssrA tag (VANDENYALAA) was added at the end of the gfp
coding sequence. The gfp-ssrA variant was constructed by using splicing by overhang extension (SOE)
PCR with primers DSgfp1, DSgfp2, DSgfp3, and DSgfp4 to amplify gfp and add an ssrA tag to the end of
the protein just before the stop codon. The PCR product was digested with Sacl and Spel and ligated into
pVSV102 cut with the same enzymes to generate pRK12. A new vector (pJLS149; GenBank accession
number MG752896) was constructed to enable the IPTG induction of GFP variants in V. fischeri, with
mCherry expression from a consensus sigma-70 promoter. To obtain different variants of the unstable
GFP, primers JLSgfpf and either JLSssrA-ASV, JLSssrA-LAA, or JLSssrA-AAV were used to amplify gfp from
PRK12, and the subsequent fragments were digested with Nhel and BamHI and ligated into pJLS149 cut
with the same enzymes, generating pJLS150, pJLS151, and pJLS152, respectively. A stable variant was
constructed in the same manner, using primers JLSgfpF and JLSgfpR to PCR amplify gfp from pVSV33 to
generate plasmid pJLS153. To use the PhoB-dependent reporter from pJLS1088 (Fig. 2) in combination
with the destabilized GFP*ASV variant, we generated pJLS298 (GenBank accession number MG752897),
which is mobilizable and stable in V. fischeri and encodes constitutively expressed mCherry.

Sequencing and statistical analyses. Sequences of over 100 semirandomized promoter regions
were determined at the University of Michigan DNA Sequencing Core Facility. To determine whether
nucleotide identity at a particular position was significantly correlated with above- or below-average
fluorescence from the reporter, a Mann-Whitney U test was utilized. The reporter data analyzed were the
green/red fluorescence values at an OD of 1.0 from ES114 and JLS9 cultures grown in FMM with 10 uM
or 200 uM KH,PO,. The background fluorescence from strains with the promoterless parent vector was
subtracted from each of the 83 promoter variants for each combination of strain and medium. The
fluorescence and sequence data for the 83 variants are provided in the supplemental material. At each
(semi)randomized nucleotide position, each nucleotide was compared to the other three nucleotides,
and similarly, pairs of nucleotides were compared at each position against the other pairs (see Results).

Fluorescence assays. To measure levels of GFP and mCherry, cultures were grown in 96-well black
clear-bottom plates (Greiner Bio-One, Monroe, NC). Plates were placed into a Synergy 2 plate reader
(BioTek) and incubated without shaking, and OD.,s, GFP (480/20-nm excitation filter and 528/20-nm
emission filter), and mCherry (530/25-nm excitation filter and 590/35-nm emission filter) measurements
were taken every 30 min for 12 h. OD,,, readings were divided by 0.46 so that the value corresponds to
the OD,,; over a 1-cm path length. Green and red fluorescence measurements were compared at a
corrected OD,,, of around 1.0.

Phosphate concentration assays. The concentration of inorganic phosphate in the culture medium
was measured by using the ascorbic acid method (70). Briefly, T ml of cells was removed at different
times during growth, and the cells were removed by centrifugation. The supernatant was assayed for
inorganic phosphate directly, or after dilution in distilled water, by amending a 500-ul sample with 10
wl of a solution containing 11 N sulfuric acid, 40 ul AM-APT (described below), and 20 ul fresh ascorbic
acid. AM-APT was made by dissolving 8 g ammonium molybdate and 0.2 g antimony potassium tartrate
in a final volume of 1 liter. Ascorbic acid was prepared by adding 60 g to a final volume of 1 liter of water
and adding 2 ml acetone. After mixing the reagents well and incubation at room temperature for 5 min,
the absorbance of the samples at an OD,, was determined and compared to a standard phosphate
curve.

Microscopy. Bacteria were grown on FMM, MOPS medium, or MBM, as indicated above, with either
no K,HPO, added or the amount of K,HPO, indicated, for 24 to 48 h at 28°C, 30°C, or 37°C as appropriate
for the bacterial species being assessed. Colonies of similar sizes were imaged by using a Nikon Eclipse
E600 microscope with filter set 51005v2 to visualize simultaneously both the constitutive red fluores-
cence and the green fluorescence of the reporter. To assess V. fischeri strains in the juvenile squid light
organ, strains were grown in static SWT cultures to an ODy,, of between 0.4 and 0.7 before dilution to
between 3,000 and 7,000 CFU mI~" in ocean water or Instant Ocean (Spectrum Brands, Blacksburg, VA)
mixed to 36 ppt; in either case, water was sterilized by passing it through a 0.22-um filter. Juvenile squid
were exposed to the prepared inocula for 24 h before either dissection and imaging by epifluorescence
microscopy or fixation overnight in 4% paraformaldehyde in marine phosphate-buffered saline (mPBS)
(71) for confocal imaging. Animals used for confocal imaging were then washed three times for 30 min
each in mPBS, dissected to expose their light organ, and stained overnight with a nuclear dye (Hoechst
33342). Dissected animals were mounted in Vectashield (Vector Laboratories, Burlingame, CA) to
preserve fluorophores before imaging. Confocal microscopy was performed by using a Zeiss LSM 710
confocal microscope. Samples were excited at 405 nm, 488 nm, and 561 nm and visualized at an emission
wavelength of 462 nm (Hoechst), 473 nm (GFP), or 610 nm (mCherry). Images were processed by using
FUI (Image)).
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and MG752897.
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