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Summary

Pathogenic Yersinia spp. possess a protein secretion system, designated as type 3, that plays a clear
role in promoting their survival vis-a-vis the macrophage. Inductive expression of the Yersinia type
3 secretion system (T3SS), triggered either by host cell contact, or, in the absence of host cells, by a
reduction in extracellular calcium ion levels, is accompanied by a withdrawal from the bacterial
division cycle. Here we analyzed Ca?*-dependent induction of the T3SS at the single cell level to
understand how Yersinia coordinate their pro-survival and growth-related activities. We utilized a
novel high-throughput quantitative microscopy approach as well as flow cytometry to determine how
Ca?* levels, T3SS expression, and cellular division are interrelated. Our analysis showed that there
is a high degree of homogeneity in terms of T3SS expression levels among a population of Y.
pseudotuberculosis cells following the removal of Ca?* and that T3SS expression appear to be
independent of the cellular division cycle. Unexpectedly, our analysis showed that Ca2* levels are
inversely related to the initiation of inductive T3SS expression, and not to the intensity of activation
once initiated, thus providing a basis for the seemingly graded response of T3SS activation observed
in bulk-level analyses. The properties of the system described here display both similarities and
differences with that of the lac operon first described 50 years ago by Novick and Weiner.

Keywords
Gene expression; induction; Yersinia; type 3 secretion; Yops

Introduction

There has been a long-standing interest in the relationship between the growth characteristics
of Yersinia spp. (nee Pasteurella) and virulence. Several workers, most notably Surgalla,
observed an attenuation of virulence upon prolonged cultivation of Y. pestis at 37 ocl, Higuchi
and colleagues found that the addition of skim milk preparations to the basic growth medium
forestalled this temperature-induced loss of virulence; the active compound was quickly
identified as Ca?* (refs. 2'3). It became readily apparent that millimolar levels of Ca2* were
required for virulent Y. pestis to grow at 37 °C and if levels of Ca2* fell below a certain
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threshold, avirulent ‘mutants’ would soon predominant the cultures. What was odd though was
the seemingly high frequency of this virulence to avirulence transition, calculated to be
approximately 10 per bacterial generation, a value much too high to be explained by simple
genetics4. The underlying basis for this phenomenon remained enigmatic until the early 1980's
when several groups reported that ‘growth restriction’ (i.e. the inability of virulent Y. pestis,
as well as the enteropathogenic Y. pseudotuberculosis and Y. enterocolitica, to proliferate at
37 °C in low calcium-containing media) was associated with the presence of a ~70-kb
extrachromosomal plasmid that in turn was shown to direct the massive secretion of
Yersiniaouter proteins, or Yops5'9. Subsequently it was found that this appropriately-named
‘virulence plasmid’ encoded the components of a secretion system that directly delivers at least
6 Yops (which are also encoded on the virulence plasmid) directly into the host cell
cytoplasmlovll. About this same time it was found that this protein delivery system, which
was designated as ‘type 3’, was in fact widely distributed among several genera of bacteria and
invollvze% :)i)n a variety of both parasitic and mutualistic types of associations with eukaryotic
cells*4:+2.

In the yersiniae, regulation of the type 3 secretion system (T3SS) is remarkably complex and
is sensitive to a variety of culture conditions4. The basic regulatory circuit consist of a
transcriptional activator (LcrF) that directs the expression of the various plasmid-encoded
transcriptional units up to a certain level in the presence of millimolar Ca2* at 37 °c1516,
Under these conditions further expression of T3S-encoded transcri%ts gand resulting proteins)
are repressed by cytosolic LcrQ/SycH and YopD/SycD complexes1 -19 An additionally layer
of regulation occurs at the level of secretion that is controlled by both cytosolic and extracellular
regulatory proteins. Of the latter, YscF, a small protein that is itself secreted by the T3SS,
polymerizes on the exterior of the bacterial cell that may function directly as a Ca?*
sensor20:21 When extracellular Ca2* levels fall to the low millimolar range, cytosolic LcrQ
and YopD are exported from the bacterial cell by the T3SS further elevating the levels of T3SS-
encoding transcriptszz.

In contrast to our knowledge of the key components that regulate T3SS activity, the molecular
mechanisms linking T3SS activity and the bacterial division cycle are completely unknown
despite the fact that their inverse relationship has been known for almost 50 years and should,
at least in theory, be amendable to positive genetic selection. To fully address this issue require
some understanding of how T3SS expression and cellular division are coordinated at the level
of the single cell. For example, before molecular correlates in an ‘induced’ population can be
identified, one should determine whether every cell is at a similar level of induction or if the
population actually consists of a mixture of fully induced and completely uninduced cells. In
fact the latter situation has now been documented for a variety of bacterial induction systems
and was termed “all-or-none’” when it was first described by Novick and Weiner in their studies
of the lac operon23'24.

Anequally enigmatic issue is how T3SS expression and cellular division are coordinated during
the infection cycle. Itis clear that these two activities occur simultaneously among a population
of Yersinia in cell culture infection system525. But again, it is unknown how an individual
bacterium manages these two activities when faced with a macrophage. To begin to address
this issue, we analyzed single Y. pseudotuberculosis cells in order to understand the kinetics
of inductive T3SS expression and its relationship to the division cycle.

Graded growth restriction and YopE expression

We analyzed Ca%*-dependent growth restriction and T3SS activation using the protocol
developed by Brubaker and colleague526'27. In our standard assay, we propagated Y.
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pseudotuberculosis (YPT) at 26 °C in defined Thoroughly Modified Higuchi's (TMH) media
supplemented with 2.5mM CaCly. Saturated cultures were diluted to ODggg of ~0.1 in the same
media and propagated for an additional 2 hr at 26 °C. These early log phase cultures were then
shifted to 37 °C for 1 hr and full T3SS activation was initiated in the thermally-induced cultures
by adding the Ca?* ion chelator EGTA.

Adding a 2-fold molar excess of EGTA over Ca2* to a thermally-induced YPT culture resulted
in maximal growth cessation in which the culture maintained a stationary-like phase at a greatly
reduced optical density (and titer, not shown) compared to non-EGTA-treated cultures (Fig.
1A). The growth of a YPT strain cured of the virulence plasmid was completely insensitive to
EGTA when similarly analysed (not shown). Reduction of the [EGTA]/[Ca%*] ratio resulted
in a corresponding increase in the terminal optical density (and titer) of the stationary-like
phase. We observe little or no differences in the growth plots between non-EGTA-treated
cultures and cultures containing a [EGTA]/[Ca%*] ratio 0.5 or less (Fig. 1A). We tested various
YPT strains and varied the composition of the growth media to be certain that this graded
relationship between the [EGTA]/[Ca2*] ratio and growth cessation was in fact due to the well-
documented link between free Ca2* ion concentration and the 72-kb virulence plasmid (see
Materials and Methods for details). We observe similar graded relationships between the
[EGTAJ/[Ca?*] ratio and growth cessation for both Y. pestis and Y. enterocolitica (not shown).

Concomitant with Ca?*-dependent growth cessation is the enhanced expression and secretion
of the virulence-encoded Yop proteins. There is a >16-fold increase in total YopE levels after
1 hr of full induction (i.e. [EGTA]/[Ca2*] = 2) (Fig. 1B). Cultures incubated in [EGTA]/
[CaZ*] = 1 required an additional hour to achieved a comparable level of YopE and the YopE
levels in the culture incubated in [EGTA]/[Ca2*] = 0.5 were only slightly above the non-EGTA-
treated culture. The YPT strain used in this experiment contains a GFP-encoding sequence
inserted between the stop codon and transcriptional termination sequence of the endogenous
yopE locus; this alteration of the yopE transcription unit has no detectable effect on the
infectivity of this strain (henceforth designated as the YPT/yopE::gfp strain) in either cell
culture- or animal-based assay525. The pattern of GFP expression as a function of [Ca?*] is
identical to that of YopE (Fig. 1C) and resembles what has recently been reported for Y.
pestis using a similar approach28. An important difference between the two products of this
engineered operon in the YPT/yopE::gfp strain is that following its synthesis, YopE is a
substrate for the T3S complex and is immediately exported from the bacterial cell in low-
Ca?* conditions (hence its synthesis and secretion closely match) whereas GFP is retained
within the bacterium following its synthesis. These data show that, like growth cessation, there
is a graded relationship between free [Ca2*] and yopE promoter activity.

Single-cell analysis of Ca?*-dependent yopE promoter activity

We developed a quantitative microscopy-based technique to analyze Ca%*-dependent yopE
promoter activity in individual YPT/yopE::gfp bacteria. This strain was cultivated as described
above and fluorescence levels of individual bacteria (shown in Fig. 2) were measured using
high-throughput imaging and data processing techniques (see Materials and Methods and Fig.
3 legend). It is important to note that for the conditions used in this analysis, YPT/yopE::gfp
bacteria possessed a detectible level of fluorescence at time 0. In maximal induction conditions
([EGTA]/[Ca2*]=2), the mean fluorescence intensities (MFI; fluorescence normalized to area)
of individual YPT/yopE::gfp bacteria increased 2.7- and 6.2-fold after 1.5 and 2.5 hr,
respectively (Fig. 3 and Table I). If after 1.5 hr incubation in maximal inductive conditions,
the YPT/yopE::gfp strain is switched to minimal inductive conditions ((EGTA]/[Ca2*] = 0.5)
for an additional 1 hr, the MFIs of individual bacteria are much lower compared to bacteria
that were incubated a full 2.5 hr in maximal inductive conditions. [The replenishment of
Ca?* to the growth medium also resulted in an almost immediate (~20 min) rise in the optical
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density and cell titers (not shown), a result previously reported for Y. pestiszg.] These data
show that we can follow changes in yopE promoter activity in individual bacteria as a function
of CaZ* concentration.

Two key findings emerged from a statistical analysis of the experiment shown in Fig. 3. Firstly,
the MFIs at any given point following the removal or replenishment of Ca?* to the growth
medium are normally distributed around the mean. Secondly, the coefficient of variation, or
noise, defined as the ratio of the standard deviation to the mean of the population, remains
remarkably constant at the different sampling points (Table I). This latter point deserves
emphasis since at first glance it appears that the standard deviation increases with increasing
induction periods; this increase, however, is in lock-step with the increase in the mean of the
absolute signal. These data indicate that under these inductive conditions the population is
highly homogenous with respect to T3SS expression levels.

As mentioned in the Introduction, there are distinct temperature- and calcium ion-sensitive
mechanisms that regulate expression levels of the T3SS in Yersinia. In the experiment shown
in Fig. 3, cultures had been thermally induced for one hour at 37 °C prior to the removal of
free Ca2*; therefore only the Ca2*-sensitive component of T3SS regulation was being assayed.
To determine the induction profile of YPT/yopE::gfp bacteria starting at their ‘ground

state” (i.e. 26 °C/2.5mM Ca2*), we repeated the analysis described in Fig. 3 with cultures that
had been simultaneously shifted to 37 °C and low-Ca2* conditions ([EGTA]/[Ca%*] = 2). As
expected, using this scheme the levels of fluorescence of individual YPT/yopE::gfp bacteria
at the beginning of the induction period (‘starting”) were lower than bacteria that had been
shifted to 37 °C for 1 hr prior to Ca2* depletion (Fig. 4; compare to Fig. 3). Although there
was a modest increase in fluorescence after 60 min, bacteria from these cultures required ~2
hr to achieve a level of fluorescence that was obtained after 30 min by YPT/yopE::gfp bacteria
induced using our standard method (Fig. 4; compare to Fig. 5 below). Following this initial
lag phase, however, the levels of fluorescence of individual YPT/yopE::gfp bacteria increase
with comparable kinetics as bacteria induced by our standard method both in terms of fold-
increases between sampling times as well as the relationship between the standard deviation
and the absolute signal (see above and Fig. 4 legend).

yopE promoter activity as a function of [Ca?*] in individual cells

In bulk culture analysis, there is a dose-dependent relationship between Ca2* levels in the
growth medium and YopE/GFP levels (Fig. 1). To determine how these parameters are related
in individual bacteria, we repeated the experiment shown in Fig. 3 but varied the level of free
Ca?* as was done in the experiment shown in Fig. 1. The MFI of non-EGTA-treated bacteria
([EGTA]/[Ca2*] = 0) did not appreciably change over the course of the 90 min analysis period
(Fig. 5). Following their transfer to maximal induction conditions ([EGTA]/[Ca2*] = 2), the
MFIs of individual bacteria was slightly enhanced after 30 min, and, similar to what is shown
in Fig. 3, was ~3-fold higher after 90 min. And consistent with the bulk analysis, individual
bacteria cultivated in media containing [EGTA]/[Ca?*] of 0.5 and 1, displayed corresponding
intermediate levels of fluorescence (Fig. 5).

To verify this result and make certain that there was not a sub-population of bacteria that were
‘invisible’ in our microscopy analysis (e.g. cells possessing very low levels of fluorescence),
we measured the fluorescence levels of individual bacteria using flow cytometry. The MFIs
of bacteria from non-EGTA-treated cultures (i.e. [EGTA]/[Ca2*] = 0) changed very little
during the first two hours of the analysis and in fact decreased as the culture entered late log/
early stationary phase (Fig. 6). In contrast, the MFIs of bacteria cultivated in media containing
[EGTA]/[Ca2*] = 2 increased approximately 3-fold (2 hr) and 5-fold (4 hr) following the
addition of EGTA. The MFI of bacteria cultivated in media containing [EGTA]/[Ca2*] = 1 was
intermediate between bacteria cultivated in the non- and fully-induced cultures; increasing
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approximately 2-fold (2 hr) and 3-fold (4 hr) following the addition of EGTA. We compared
bacteria with similar light-scattering properties to ensure that the observed differences in
fluorescence between bacteria from separate cultures were not due to simply differences in
size. These data are consistent with the microscopy-based analysis and show that a seemingly
dose-dependent relationship between Ca2* levels and yopE promoter activity can be observed
in individual bacteria.

Upon inspection of the kinetics of activation of the yopE promoter between bacteria cultured
in media containing varying Ca2* levels (Figs. 5 and 6), a plausible explanation emerges for
the growth restriction behavior of bulk cultures. Bacteria from the [EGTA]/[Ca?*] = 1 culture
require more time to reach comparable levels of fluorescence as bacteria from the fully induced
([EGTAJ/[Ca?*] = 2) culture. However, once induction is initiated, the percentage increases
occurring between sampling points are remarkably similar. For example, in the [EGTA]/
[Ca?*] = 1 culture, the fold-increase in MFI between bacteria sampled at 60 and 90 min is
comparable to the fold-increases between the 30 and 60 min (as well as 60 and 90 min) observed
in bacteria from the [EGTA]/[Ca%*] = 2 culture (Fig. 5). Similarly, in the [EGTA]/[Ca%*] =
0.5 culture the fold-increase in MFI between bacteria sampled at 60 and 90 min is comparable
to the fold-increases between the 30 and 60 min observed in bacteria from the [EGTA]/
[Ca?*] = 1 culture. These data suggest that under these conditions, Ca?* levels in the medium
affect the propensity of YPT to activate their T3SS, but once this activation commences, the
kinetics of activation becomes largely independent of Ca2* levels (but not completely, see Fig.
3). Keeping in mind that cellular division and T3SS activity are mutually exclusive activities,
the reason the cultures containing various [EGTA]/[Ca?*] ratios differ in their terminal titer
(see Fig. 1A) is therefore due to the relative timing of T3SS activation. In other words, these
cultures differ in the growth restriction assay due to differences in the kinetics of initiation, not
because of differences in the strength of the activation.

Single field analysis of Ca2*-dependent yopE promoter activity

To follow inductive yopE promoter activity in the same bacteria, single microscopic fields of
YPT/yopE::gfp cells were analyzed. The YPT/yopE::gfp strain was propagated as described
in Fig. 1 and at ‘time 0” was immobilized on pads prepared with inductive media solidified
with agarose and maintained at 37 °C. We determined in pilot experiments that to achieve
maximal inductive yopE promoter activity in these conditions required [EGTA]/[Ca?*] = 4.
As shown in Fig. 7A, we typically observed increased MFIs in all immobilized cells within a
microscopic field that in several respects resembled what was observed in our ‘snapshot’
analysis of cells induced in liquid culture shown in Fig. 5. Most notably, approximately 30 min
was required before a rise in fluorescence levels was detected in all YPT/yopE::gfp bacteria
within a field, and once past this ‘lag’ phase, the rate of increase in the MFIs was comparable
as illustrated in Fig. 7B. However, one striking difference between the two different methods
is the duration of inductive yopE promoter activity. In YPT/yopE::gfp cells induced in liquid
media, yopE promoter activity and YopE protein levels increased for several hours (see Figs.
1B and 3). In contrast, yopE promoter activity in YPT/yopE::gfp cells induced on semi-solid
media peaked at around 90 min (Fig. 7A).

Single field analysis of YPT/yopE::gfp cells provides three additional pieces of information
about inductive yopE promoter activity. Firstly, the percentage increases in MFIs were very
similar among individual cells, especially in the 40-55 and 55-70 min windows. This is evident
by comparing the various slopes that connect single cells between these sampling points.
Secondly, it shows that the rate increase of fluorescence of an individual cell is largely
independent of its absolute fluorescence. This means that cells that are above the population
medium in terms of their fluorescence at any given sampling point tend to remain above the
population medium at the next sampling point indicating that individual cells are not fluctuating
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around the medium during the course of the assay. And thirdly, by following the same cells,
we can determine whether there is any relationship between inductive yopE promoter activity
and cellular division. A number of cells completed cytokinesis in the experiment shown in Fig.
7A, and it is abundantly clear that those cells, either prior to or following cytokinesis, do not
appear to differ from non-dividing cells in terms of their MFIs between sampling points
(compare the two highlighted traces of a dividing and nondividing bacteria). This finding
suggests that inductive yopE promoter activity and cellular division (or at least the completion
of cytokinesis) proceed independently of one another. In summary, these data indicate that
under these conditions there is a high level of uniformity in terms of T3SS activity among a
population of YPT/yopE::gfp cells.

Discussion

Our analysis revealed several features of Ca2*-dependent inductive T3SS activity in YPT that
are not readily apparent from bulk-level types of analyses. Firstly, there is a general uniformity
of T3SS expression levels among bacteria cultured in similar conditions; this is clearly
indicated by the distribution of signal intensities and supported by the statistical analysis
presented in Table I. In addition to a uniformity of expression levels revealed in our ‘snapshot’
analyses, we also observed a general uniformity in expression rates among cells in our single
field analysis. Secondly, the kinetics of T3SS expression, at least initially, was similar between
YPT cells induced in liquid or semi-solid media. For unknown reasons, T3SS expression levels
began to subside after ~85 min in YPT cells on semi-solid media in contrast to liquid induced
cells in which increases in T3SS expression levels are observed for several hours. And lastly,
completion of the bacterial cellular division cycle did not in any obvious way affect inductive
T3SS expression levels suggesting that these two processes are controlled by distinctive
regulatory factors.

Single cell analysis has allowed us to determine the basis of certain aspects of the yersiniae
growth restriction response. The seemingly graded relationship between extracellular Ca?*
levels and terminal culture titers and YopE protein levels that are evident in bulk-level analyses
can be entirely accounted for by our single cell analysis. Specifically, we showed that there is
an inverse relationship between extracellular Ca?* levels and the rate of initiation of inductive
T3SS expression (Fig. 5). However, once initiated, inductive T3SS expression proceeds at
comparable rates suggesting that the process is autocatalytic in nature. Therefore, the terminal
titer of the [EGTA]/[Ca2*] = 1 culture is higher than the [EGTA]/[Ca?*] = 2 culture (Fig. 1A)
because the former took a longer amount of time to completely withdraw from the division
cycle, not because of a “partial’ (or otherwise sub-maximal) activation of the T3SS in individual
bacteria. This latter point bears emphasis since conclusions about the behavior of individual
cells are often drawn from culture-level observations. A possible molecular mechanism
underlying this effect could be that Ca2* levels control the rate of secretion of a negative
regulator (such as LcrQ and/or YopD) and that activation occurs once the levels of this regulator
falls below a certain threshold.

Whatever the mechanism, certain aspects of T3SS induction that we show here are highly
reminiscent of both Novick and Weiner's findings about the lac promoter23, as well as what
was described later for the araBAD promoterzg. At high inducer concentration every bacterium
within a population displays maximal activity of these two promoters. At lower, subsaturating
levels of inducer, there is a corresponding increase in time before induced bacteria are detected,
and furthermore, like what we show here for the yopE promoter, once induction is initiated the
lac and araBAD promoters become fully activated through a seemingly positive autocatalytic
pathway (hence the basis for the “all-or-none’ phenomenon). There is, however, a clear
difference between the activation of the yopE promoter with that of the lac and araBAD
promoters at subsaturating inducer levels: whereas we observed the entire population
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undergoing induction (Figs. 2°6), Novick and Weiner23 as well as Siegele and Hu30 observed
a mixed population of either high- or non-expressin% cells the ratio of which being a function
of inducer concentration. This so-called bistability2 , in which two stable gene expression
states coexist among cells within a population, has been described for a number of bacterial
stress-response systems including T3SS expression in Pseudomonas aeruginosa and
salmonella enterica31:32, There are a number of differences between Yersinia,
Pseudomonas, and Salmonella in how their respective T3SSs are regulated; whether any of
these differences can account for bistability (or not) remains to be determined.

Does Ca?*-dependent T3SS expression described here have anything to do with host cell
contact-dependent T3SS expression? Previously, we and others have shown that T3SS activity
increases when the yersiniae interact with cultured vertebrate cells and that this activity
enhances bacterial survival and apparent proliferation rates22:25,33, Although there is strong
circumstantial evidence??, it is simply not known whether the Ca2*- and host cell contact-
sensitive induction signals are mechanistically related. Likewise, while growth restriction is
easily demonstrated in the absence of host cells using long-term (several hours), bulk-level
assays, it is unclear whether T3SS expression and bacterial cell division are mutually exclusive
phenomena during host cell interaction. Our analysis reported here indicates, that at least over
short periods of time (~15 min), progression of the bacterial cell division does not compromise
Ca?*-induced T3SS expression (Fig. 7A). Whether this will be the case for host cell contact-
induced T3SS expression remains to be determined.

Materials & Methods

The construction and flow cytometric characterization of the Y. pseudotuberculosis YPIII/
pIB1EG (yogE::gfp) strain, here referred to as YPT/yopE::gfp, has been described
previously2 32 The. pestis KIM5-3001 and Y. enterocolitica WA strains were provided by
G. Plano. The growth restriction assay is described in the Fig. 1 legend. Brubaker has recently
shown that culture conditions greatly affect the growth restriction kinetics of Y. pestis: in
addition to [Ca2*], important parameters include pH, and the concentrations of Na*, Mg2*, and
dicarboxylic amino acids14. We therefore tested the robustness of our EGTA-inducing growth
restriction assay by varying these parameters. We found that increasing either the MgCl, or
NaCl concentration 20-fold or 5-fold, respectively, had no detectable affect on the cell division
withdrawal kinetics. Similarly, replacing EGTA with EDTA at comparable concentrations
likewise did not affect growth restriction in our assay. The latter, together with the fact that
MgCl, is at 20mM in our standard buffered media whereas CaCl, is at 2.5mM, supports the
conventional view that a Ca2*-sensitive signal induces growth restriction.

For quantitative fluorescent microscopy, we used techniques that were originally developed to
analyze yeast cells34:35, In our standard experiment, we used a Nikon TE2000-U microscope
equipped with a Retiga EXi camera (Q Imaging) and MetaMorph software (version 6.3r2,
Molecular Devices) to record images from several fields per condition. One major modification
for analyzing bacterial cells was automating the data analysis using CellC software
(http:/lwww.cs.tut.fi/sgn/csb/cellc/), thus making it possible to collect larger data sets. For each
data set we measured the fluorescence intensities of sharply-focused individual bacteria that
fell within defined size dimensions (eliminating both bacteria that are slightly out of the focal
plane as well as overlapping cells in clumps that could not be separated). The fluorescent
intensity was reported as the mean fluorescence intensity of the quantified cell or the MFI. For
real time analysis, pads were prepared by spreading 125ul agarose (1.8%) melted in TMH
supplemented with CaCl, (2.5mM), ascorbic acid (1mM, added to combat bleaching) and
EGTA (10mM) on a microscope slide with a micropipette. After the slide was warmed to 37
°C, 1.5ul from a pre-induced liquid-grown culture (i.e. propagated at 26 °C for 2 hr and 37 °
C for 1 hr), mixed with fluorescent beads (InSpeck Green (505/515) Microscope Imaging
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Intensity Calibration Kit; Molecular Probes, 17219) as an internal control for bleaching, was
spotted on the pad. A coverslip was placed on top of the pad and secured by fingernail polish.
The slide was then placed on the stage of the microscope which was contained in a temperature-
controlled enclosure (Solent Scientific) equilibrated at 37 °C. Strict care was taken to maintain
the samples at 37 °C temperature throughout the experiment. To prevent the agarose pad from
rapidly dehydrating, it was necessary to place a small humidifier (Kaz 5520B PersonalMist
Ultrasonic Humidifier) within the enclosure that maintained the humidity ~45%. A field was
chosen that allowed the cells to be viewed in a single focal plane together with a fluorescent
control bead. These cells were then followed for the indicated times with a picture being taken
every fifteen minutes. The collected data was then analyzed using CellProfiler software
(www.cellprofiler.org) to identify and quantitate individual cells. Data for each cell was then
linked from each time point and the mean fluorescent intensities (MFIs) were corrected for
photobleaching using the fluorescent bead as an internal control.
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Figure 1.

Ca%*-dependent growth restriction and YopE/GFP levels in the YPT/yopE::gfp strain. (A) The
YPT/yopE::gfp strain was grown to saturation at 26 °C in a defined media supplemented with
2.5 mM CaCl,, diluted 50-fold in the same media, and then propagated for 2 hrs at 26 °C
followed by 1 hr at 37 °C by which time the titer was approximately 1 x 108 cfu/ml. The culture
was then divided into fourths (time 0), with each part receiving EGTA at a final concentration
of either 0, 1.25, 2.5, or 5 mM (resulting in molar ratios of EGTA/Ca2* of 0, 0.5, 1, and 2,
respectively). At the indicated time points the turbidity of each culture was determined by
measuring the ODggg. (B) In the same experiment shown in (A) and at the same time points,
samples of each culture were removed and YopE protein levels from combined whole cell and
supernatant fractions derived from an equivalent number of bacterial cells (determined by
viable plating) were assessed by immunoblotting. Dilutions of the 5 hr sample from the [EGTA/
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Ca?*] = 2 culture are shown on the lowest blot. (C) The blots shown in (B) were stripped and
re-probed with a GFP-specific antiserum.
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starting

Figure 2.

Ca%*-dependent fluorescence in individual YPT/yopE::gfp cells. The YPT/yopE::gfp strain
was cultured as described in Fig. 1 induced at time 0 by adding EGTA such that [EGTA/
Ca%*] = 2. At the indicated times bacterial cells were removed from the culture and examined
by fluorescence microscopy.
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Figure 3.

Quantifying Ca2*-dependent fluorescence in individual YPT/yopE::gfp cells. The YPT/
yopE::gfp strain was cultured, induced, and imaged as described in Figs. 1 and 2. Each column
represents the fluorescence intensities of every bacterial cell in a single field (equivalent to
what is shown in a single panel in Fig. 2). Details of the quantification protocol are provided
in the Materials & Methods. The four fields on the right were from a culture that was cultivated
1.5 hr in maximal inductive conditions ([EGTA/Ca2*] = 2) followed by a 1 hr cultivation in
minimal inductive conditions achieved by adding CaCl, such that [EGTA/Ca%*] = 0.5. Bars
represent the population median and the statistical analysis of this experiment is presented in
Table I.
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Figure 4.

Kinetic analysis of individual YPT/yopE::gfp cells following a simultaneous shift of
temperature and Ca2* levels. The YPT/yopE::gfp strain was cultured as described in Figs. 1
and 2 except that following dilution, the culture was incubated for 3 hrs at 26 °C at which time
the temperature was shifted to 37 °C and EGTA was added ([EGTA/Ca2*] = 2). At the indicated
time points cells were removed and analyzed for YopE and GFP protein levels by
immunoblotting (inset) as in Fig. 1B and fluorescence as described in Fig. 3. In each column,
500-600 cells were plotted from at least three different fields. The fluorescent levels of bacteria
analyzed at the 120, 150, and 180 sampling points are normally distributed around the mean
(o = 0.05) and the coefficient of variation (standard deviation/mean of the absolute signals)
was calculated as 0.2, 0.18, and 0.17, respectively.
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Figure 5.

Kinetic analysis of Ca2*-dependent fluorescence in individual YPT/yopE::gfp cells as a
function of EGTA/Ca%* molar ratios. The YPT/yopE::gfp strain was cultured, induced, and
imaged as described in Figs. 1 and 2. At the indicated time points cells were removed and
analyzed for either YopE protein levels by immunoblotting (upper inset) as in Fig. 1B or for
fluorescence as described in Fig. 3. In each column, 1000-1500 cells were plotted from at least
three different fields. Bars represent the population median and statistical comparisons between
selected groups are shown above the data points.
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Figure 6.

Flow cytometric analysis of Ca2*-dependent fluorescence in individual YPT/yopE::gfp cells.
The YPT/yopE::gfp strain was cultured and induced as described in Figs. 1 and 2 and at time
0 the starting culture was divided into thirds with each part containing a EGTA/Ca2* molar
ratio of either 0, 1, or 2. At the indicated time, samples were removed from each culture and
analyzed by spectroscopy (A) and flow cytometry (B). For flow cytometry, 104 cells with
similar light scattering properties (not shown) were analyzed. In each histogram the 0, 2, and
4 hr samples are represented by either dotted, thin solid, or thick solid traces, respectively, and
the means of the fluorescence within the M1 region is displayed in the lower right hand corner
of each histogram (top, 0 hr; middle, 2 hr; bottom, 4 hr).
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Figure 7.

Single field analysis of Ca2*-dependent fluorescence in individual YPT/yopE::gfp cells. (A)
The YPT/yopE::gfp strain was cultured as described in Fig. 1 and at time 0 a small aliquot of
the culture was placed on an agarose pad (prepared with maximal inductive media) and
maintained at 37 °C. Images of a single microscopic field were recorded every 15 minutes. To
control for photobleaching, fluorescent intensities of the cells were normalized to that of a
fluorescent bead that was present in the same field. For illustrated purposes, the traces of two
different cells are highlighted in thicker, broken lines; one of these highlighted cells completes
cytokinesis during the experiment (indicated by an arrow). (inset) From the same data set are
shown cells completing cell division; only data just prior to or immediately following
cytokinesis is shown. (B) Plotted is the relative changes in the mean fluorescence of YPT/
yopE::gfp cells induced either in liquid (open circles, data from Fig. 4) or on semi-solid media
(solid boxes, data from Fig. 7A).
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