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Isogenic bacterial populations can display probabilistic cell-to-cell variation

inresponse to challenges. This phenotypic heterogeneity can affect virulence
inanimals, butitsimpact on plant pathogens is unknown. Previously, we
showed that expression of the type lll secretion system (T3SS) of the plant
pathogen Pseudomonas syringae displays phenotypic variation in planta.
Here we use flow cytometry and microscopy to investigate single-cell flagellar
expressioninrelation to T3SS expression, showing that both systems
undergo phenotypic heterogeneity in vitro in apoplast-mimicking medium
and within apoplastic microcolonies throughout colonization of Phaseolus
vulgaris. Stochastic, spatial and time factors shape the dynamics of a
phenotypically diverse pathogen population that displays division of labour
during colonization: effectors produced by T3SS-expressing bacteriaact as
‘common goods’ to suppress immunity, allowing motile flagella-expressing
bacteriatoincrease and leave infected tissue before necrosis. These

results showcase the mechanisms of bacterial specialization during plant
colonization in an environmentally and agriculturally relevant system.

Flagellar motility is an important trait for environmental adaptation.
Members of the genus Pseudomonas can colonize soil, plant or animal
tissues. The Pseudomonas syringae species complex includes most of
those pathogenic to plants, collectively causing diseases in over 500
species, many agriculturally relevant'. P. syringae can live on the leaf
surface, but most favour endophytic colonization, using wounds and
stomatato enter the leaf. Flagellar motility confers advantages to epi-
phytic populations of P. syringae pv. syringae® and facilitates leaf entry

for many P. syringae pathovars®*. Inside the leaf, P. syringae colonizes
theintercellular spaces (apoplast). Onceinside, flagellar motility is not
required for systemic spread’®, while flagellin, the main component of
the pilus, triggers immunity®. Fittingly, flagellar expression is down-
regulated in the apoplast®®,

Flagellar biosynthesis is depicted as a deterministic programme
with acomplex and tiered regulatory hierarchy, where promoters are
sequentially activated, maintaining this state through active growth.
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However, single-cell studies revealed stochastic activation pulses
and bimodal patterns in the flagellar system of Salmonella enterica,
with clonal populations displaying phenotypic heterogeneity’ ™. In
P. syringae, regulation of flagellar synthesis remains mostly unchar-
acterized, but gene arrangement and promoter conservation with
P. putida supports a similar hierarchy of transcriptional regulation™,
with FleQ at the top®.

Apoplastic P. syringae use a type lll secretion system (T3SS) to
introduce effectors (T3Es) into the host-cell cytosol. T3Es suppress
plant immunity including flagellin-triggered responses, allowing
bacterial proliferation and disease'®. T3SS gene expression requires
HrpL". We showed that a AhrpL mutant displays increased swimming
motility in apoplast-mimicking Hrp-inducing medium (HIM), while
a mutant lacking HrpV, a repressor of ArpL expression'®, displays
reduced motility', suggesting a regulatory link between T3SS
and flagellar expression. Later, we established that P. syringae T3SS
genes display phenotypic heterogeneity during plant colonization
and bistable expression with reversible ON and OFF states in HIM?.

Here we show that flagellar gene expression displays phenotypic
heterogeneity in P. syringae, particularly within the plant apoplast.
While average expression levels of flagellin-encoding f1iC is down-
regulated in the apoplastic population, as previously described®™®, a
subpopulationexpresses high fliClevels during colonization. Analysing
flagellar and T3SS expression simultaneously, we found all possible
single-cell ON/OFF combinations, revealing the phenotypic complexity
arising amid clonal populations. Nonetheless, T35S°V/Flagella®* and
T3SS°/Flagella® subpopulations were generally more abundant,
suggesting counter-regulation between these loci. Expression of these
systems impacts bacterial growth at the population and/or cellular
level. Analysis of the spatial distribution of expression within apoplastic
microcolonies shows that T3SS°N bacteria are more abundant early
in the infection and close to the host-cell surface, while Flagella®
bacteria become more frequent later and further away from the
host cell. Following bacterial apoplastic multiplication, Flagella®"
bacteria actively exit the infected tissue before the onset of necrotic
symptoms. Our results support adivision of labour model with T35SV
secreted effectors acting as common goods, allowing Flagella®"
bacteriatoincrease and exit before tissue collapse.

Results

Flagellar expressionin P. syringae is heterogeneous

We generated a transcriptional fusion to GFP3 (AAB18957.1) of
flagellin-encoding fliC (WP_002554301.1) within its genome location,
preserving context and function without affecting fitness or virulence
(Extended Data Fig.1) in model bean pathogen P. syringae pv. phaseo-
licola 1448A%'. Using confocal laser scanning microscopy (CLSM)
and flow cytometry (FC), we monitored fliC::GFP3 expression in vitro
(Fig.1a).Inrichlysogeny broth (LB) medium and apoplast-mimicking

HIM medium, most bacteria express fliC::GFP3 (Flagella®") with consi-
derable cell-to-cell variation, but a subpopulation does not (Flagella®)
and can be visualized only by membrane staining, overlapping
with non-fluorescent bacteria in FC analyses (Fig. 1a). Expression
of GFP3 from a constitutive promoter is homogeneous?, ruling out
expression noise as the fliC::GFP3 source of heterogeneity.

Inkeeping withflagellar roleinfacilitating leafentry*™, leaf-surface
bacteriaare mostly Flagella®™. Nonetheless, images of bean (Phaseolus
vulgaris) leafs sprayed with fliC::GFP3bacteria constitutively express-
ing eCFP show that flagellar expression is also heterogeneous on leaf
surfaces (Extended Data Fig. 2). Four days post pressure inoculation
(dpi), bacteria recovered from the apoplast display lower average
expression than media-grown populations (Fig. 1b), agreeing with
transcriptomic data® . However, most apoplast-extracted bacteria
are Flagella® (Fig. 1a). Cell-to-cell differences in fluorescence were
more pronounced among apoplast-extracted bacteria than in media,
with a wider distribution revealed by FC (Fig. 1a (right),c). This vari-
ability is also apparent in planta, with apoplastic microcolonies of
fliC::GFP3 eCFP bacteria showing heterogeneous GFP3 fluorescence
overlaid with homogeneous eCFP fluorescence distribution (Fig. 1d).
Homogeneous eCFP expression was reported previously®.

LB populations were sorted by fluorescence-activated cell sorting
based on GFP fluorescence (Fig. 1e), enriching populations with low
or highfliC::GFP3 expression (Fig. 1e right) to use in swimming assays.
Since sorting causes physical flagellar damage, it can reduce motility
differences between sorted subpopulation pairs and increase vari-
ation between sorting events. Thus, we compared motility between
high/low subpopulations separated in the same sorting event (Fig. 1f):
we calculated the ratio between swimming halo diameters of high
GFP3- and low GFP3-expressing subpopulations (per sorted event).
High-to-low motility ratios for sorted LB populations were significantly
higher than 1.0, indicating that fIliC expression positively correlates
with motility (Fig. 1f). Similar results were obtained using HIM popula-
tions (Fig.1g,h). These resultsindicate that flagella are phenotypically
heterogeneousin P. syringae and show that, despite flagellin being an
immune elicitor, part of the apoplastic population expresses flagella.

Flagella and T3SS show counter-regulation at the cellular level

Next, we used a strain carrying transcriptional fusions fliC::tdT (to
tdTomato; AAV52169 1) and hrpL::GFP3 (WP_004656240.1) to evalu-
ate T3SS and flagella expression simultaneously. Population profiles
for fliC::tdT are similar to those of fliC::GFP3 (Extended Data Fig. 3a,b).
Potential interferences between fluorophores (that is, bleedthrough
leading to false positives or Forster resonance energy transfer (FRET)
leading to false negatives) were ruled out (Extended Data Fig. 3c,d).
Both systems were expressed heterogeneously in HIM (Fig. 2a,b (left)
and Extended Data Fig. 3e). FC showed two subpopulations, formed
by bacteria favouring expression of T3SS (T3SS°V/Flagella®) or fliC

Fig.1|Flagella display phenotypic heterogeneity in Pseudomonas syringae.

a, Left: CLSM images and FC analysis of bacteria carrying fliC::GFP3grownin LB or
HIM medium, or apoplast extracted from leaf apoplasts at 4 dpi. FM4-64 channel
(greyscale) display fluorescence from membrane staining. Scale bars, 2 pm.
Right: FC data obtained from fliC::GFP3 bacteria are represented using arbitrary
unitsinlogarithmic scale. Non-GFP graphs show autofluorescence levels of wild
type as reference for OFF subpopulations (vertical lines leave 99% non-GFP data
to the left). Microscopy and FC panels show typical results (n = 14 independent
experiments). b, Mean GFP fluorescence intensity of fliC::GFP3-carrying bacterial
populations (n =14) from FC data described in a. ¢, Robust coefficient of variation
(RCV) obtained from FC data described ina. b and c display individual sample
values, and sample sets displaying different letters are significantly different

as determined using one-way analysis of variance (ANOVA) followed by Tukey’s
multiple comparisons test (P < 0.05); all comparisons showed P < 0.0001. Lines
indicate the means of allindividual data. Error bars represent s.e.m.d, CLSM
images of fliC::GFP3bacteria expressing a constitutive eCFP gene growing in

microcoloniesin planta at 3 dpi. GFP channel shows heterogeneous distribution
of fliCexpression. CFP channel shows homogeneous distribution of CFP (n = 3).
Red inall panels corresponds to chloroplast autofluorescence. Scale bars, 5 pm.
Inaandd, contrast and brightness were adjusted to improve visualization

and kept constant across samples and channels. e,g, Histograms showing GFP
fluorescence vs cell count from fliC::GFP3 overnight LB-grown cultures (e) or 24 h
HIM-grown cultures (g) before (left) and after (right) sorting. Red lines indicate
gating used to separate fliC::GFP3bacteria according to fluorescence intensity.
f,h, Relative ratio between halo diameters in swimming plates seeded with cells
displaying high GFP expression, divided by the diameters of halos obtained from
seeding cells displaying low GFP expression, resulting from the same sorting
event (identified with different shades) from cultures grown in LB (f) or HIM

(h) (n=9 asshown). Lines indicate the means of all individual data. Error bars
represent s.e.m. Asterisks indicate significant differences established by an
unpaired two-tailed t-test (P < 0.05). Pvalues are indicated.
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(T3SS°/Flagella®,) (Fig.2a,b (left)). Although these combinations were
more abundant, a continuous distribution with bacteria expressing
both (T3SS"/Flagella®) or none (T3SS°/Flagella®) was observed
(Fig. 2a,b (left) and Extended Data Fig. 3e). Apoplast-extracted bac-
teria (4 dpi) also displayed all phenotypic combinations, although

T3SS°Y/Flagella®* bacteria were more abundant (Fig. 2a,b (right)).
As reported?, apoplastic populations did not display bimodal GFP
distribution (Fig. 2a,b and Extended Data Fig. 3f). Analysis of T3SS
effector gene hopABI (ref.20)(WP_011282445.1) rendered similar results
(Fig.2c,d and Extended Data Fig. 3e,f).
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Fig. 2| Flagellar and T3SS expression display independent heterogeneous
expression at the single-cell level. a, CLSM images of dual-reporter hrpL::GFP3
SliC::tdT strain grown in HIM or extracted from leaf apoplasts at 4 dpi. Scale
bars, 2 um. Contrast and brightness were adjusted to improve visualization

and used throughout. b, FC analysis of bacteria described ina. Graphs show
GFP fluorescence intensity vs that of tdTomato. Results shown in the figure
arerepresentative of 3 or more independent experiments. ¢, CLSM images of
dual-reporter hopAB1::GFP3fliC::tdT strain grown in HIM or extracted from leaf
apoplasts at 4 dpi. Scale bars, 2 pm. Contrast and brightness were adjusted to
improve visualization and used throughout. d, FC analysis of bacteria described
inc. Results shown in the figure are representative of at least 3 independent
experiments.

Expression of T3SS or flagella carries growth penalties

Expression of Salmonella pathogenicity island 1 (SPI1) T3SS causes
growth delays, which have been proposed to drive phenotypic
heterogeneity®**. We used competitive index (Cl) assays (Fig. 3a) to
compare growth of a AhrpL mutant and wild-type bacteria (Fig. 3b).
Cls show that 4hrpL mutants outgrow wild-type bacteria in HIM
(CI1=1.75+0.15), but notin richmedium (Cl =1.07 + 0.08), where T3SS
genesare not expressed. Growth rates of AhrpL bacteriaare also higher
inHIM (Fig. 3¢). In planta, wild-type bacteria outgrow a derivative con-
stitutively expressing HrpL (Cl = 0.67 + 0.06) (Fig. 3d). Constitutive

expression of HrpL results in overexpression of T3SS genes®, support-
ing that T3SS expression carries a growth penalty.

Flagella often carries growth penalties** 2%, However, previous CI
assays did not show significant growth differences for AfliCbacteriain
P. syringae®. Fittingly, we did not observe significant growth differ-
ences for AfliC or AfleQ (WP_011169094.1) (lacking flagellar regulator
FleQ) mutantsbased on CI (LB: CI=1.08 + 0.22and 1.00 + 0.13, respec-
tively; HIM: CI =1.21 £ 0.22 and 1.31 + 0.13, respectively), although
variation in LB Af1iC Cl was large (Fig. 3b), or growth rates (Extended
DataFig.4a). However, adhrpL AfliC mutant remarkably outgrows wild
type, with Cl values (LB: CI=4.195 + 0.9975: HIM: CI = 25.79 + 5.156)
4-15fold those obtained for single AhrpL mutant (Fig. 3b). This sup-
ports the notion that flagellar expression carries a cost, at least when
simultaneously expressed with the T3SS. Constitutive expression of
fleQ from pFleQ led to severe growth delays (Extended Data Fig. 4a),
although pleiotropic effects could not be ruled out given the severity
of the phenotype.

Inplants treated with flagellin to void differences associated with
flagellin-mediated immunity, Cl assays revealed growth advantages
for AfliC mutants (Cl=1.88 + 0.34) (Fig. 3d). However, we cannot rule
out that AfliC mutant advantages in flagellin-treated plants may stem
from other reasons.

Since T3SS and flagellar expression are both highly heterogene-
ous, population-level assays could be noisy and may lead to under-
estimating growth penalties. Thus, we analysed these impacts at the
single-cell level using HIM-agar pads and time-lapse microscopy.
In this setting, hopAB1::GFP3 activation takes place too late in the
experiment to allow for confident quantification (Supplementary
Videos 1-4). However, activation of fliC::GFP3 takes place earlier
(Supplementary Videos 5 and 6, and Fig. 3e). Time-lapse analyses
show that fliC expression negatively correlates with bacterial
growth (Fig. 3f). Splitting the fliC::GFP3 population into two using
the median fluorescence intensity value, we detected a 6.5% growth
penalty for the higher-than-median-fluorescence half compared
with the lower half (Fig. 3g). Constitutive expression of eGFP does
not negatively correlate with growth (Extended Data Fig. 4b-f).

Phenotypic specialization during microcolony development
Apoplastic Flagella®/T3SS°" subpopulations are potentially
more vulnerable to plant defences since they trigger but cannot
suppress immunity. We used propidium iodide which binds to
membrane-compromised (not viable) bacteria to determine any cor-
relation between phenotypic variants and apoplast killing rates***.,
No significant differences were observed between dead/live ratios
of Flagella or T3SS ON vs OFF subpopulations (Extended Data
Fig.5), supporting that Flagella®/T3SS° cells are protected from plant
responses, perhaps by T35S bacteria suppressing defences in trans.
We established that T3SS mutant bacteria may proliferate up
to wild-type levels when growing within the same microcolony as
wild-type bacteria®, while wild-type and T3SS mutant bacteria grow-
ing in separate microcolonies develop according to their respective
abilities to suppress local immunity. Therefore, trans complementa-
tion between T3SS°N and Flagella®/T3SS° bacteria would require
phenotypic variants to rise during growth of the microcolony. Fluo-
rescence distribution of fliC:GFP3in planta shows that for flagella, ON/
OFF variants appear closely located within the microcolony (Fig. 1d).
Close examination of fliC::GFP3 distribution (Supplementary Video 7)
reveals areas with stronger fluorescence, suggesting a response
tolocal stimuli (or siblings’ inheritance of an expression pattern), but
alsoisolated bacteria displaying GFP fluorescence strikingly different
fromthose of nearby peers, in keeping with stochastic differences.
We followed expression of T3SS and flagella genes during the
development of apoplastic microcolonies, analysing leaves infiltrated
with hopABI::GFP3fliC::tdT or hrpL::GFP3fliC::tdTbacteria at different
timepoints (Fig. 4a,b). Stochastic T3SS heterogeneity was detected
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Fig. 3| Flagellar and T3SS expression impact on bacterial growth. a, Left:
competitive index assay overview: inocula containing 1:1 mixes of wild-type and
mutant (or plasmid-carrying) LB-grown cultures are used to inoculate leaves
(in planta CI) or to start fresh cultures (in vitro Cl). Resulting mixed cultures
and apoplast-extracted bacteria (4 dpi) are serially diluted and plated with or
without antibiotics for c.f.u. determination (output). Right: Clis calculated as
mutant-to-wild-type c.f.u. ratio in output divided by ratio in input. Cls different
from 1.0 indicate strains growing significantly differently: mutant outgrowing
wild type (CI>1.0) or vice versa (<1). b, Cls for mutants vs wild-type strain (WT)
inHIM or LB (n=3-9 as shown). ¢, HIM growth rates for AhrpL mutant and wild
type.d, Inplanta Cls for wild type constitutively expressing hrpL (pHrpL)

or AfliC, vs WT at 4 dpi (n =10 as shown). Plants for AfliC Cl pretreated with flg22.
Inb-d, datashow mean + s.e.m. Individual data for each biological replicate
shown; different shades identify independent experiments, and results

with asterisks are significantly different from 1.0 (non-parametric two-sided
Student’s ¢t-test). Significant Pvalues indicated. e, Time-lapse images of

fliC::GFP3bacteria growing on agar pads: phase-contrast channel (top),

GFP fluorescence (bottom). Contrast and brightness adjusted toimprove
visualization and kept constant across frames. f, Correlation between growth
rates and fluorescence intensity of individual fIiC::GFP3 cells. Each point
represents asingle cell, with fliC expression and growth rate averaged over
celllifetime. Grey-shaded area shows 95% confidence interval around linear
regression model fit. Correlation tested with Pearson’s correlation coefficient
using two-sided test (R =-0.17; P=1.03 x 10"°). g, Growth rates for high-GFP- and
low-GFP-signal cells (determined by splitting the population using median
fluorescence intensity) show significantly slower growth in high-GFP cells
(two-sided Mann-Whitney U-test, P= 3.6 x 10°%). Data presented as boxplots with
firstand third quartiles as bottom and top bounds, median shown as horizontal
linein the box, and 1.5 interquartile range shown as whiskers. Outliers not shown.
Grey violin plot shows distribution of all data points summarized in boxplot.
White diamonds show mean growth rate for all cells considered.

throughout, while zonal distribution of flagellar and T3SS fluorescence
within the microcolonies changed over time. One-dpi microcolonies
displayed heterogeneous expression of T3SS, but no flagellar expres-
sion, supporting the idea that flagella is turned off in early infection
stages® %, Two-dpi microcolonies displayed orange and yellow tones
consistent with expression of both systems. By 3-4 dpi, predomi-
nantly red (fliC::tdT) or green (hopABI1::GFP3 or hrpL.::GFP3) zones with
thoroughly overlaid heterogeneity becomes the norm (Fig. 4a,b).
Zones with higher expression of hopABI1::GFP3 generally display lower
expression of fliC::tdT and vice versa, although there are also orange
and yellow spots indicative of T3SS°"/Flagella® bacteria (Fig. 4a,b).
Most remarkably, this zonal distribution shows a consistent spatial
pattern: bacteria closest to the lower epidermis (Fig. 4c-e),ortoa
spongy mesophyllhostcell (Fig. 4a (right),f,g), are predominantly green,
thatis, T3SSN, whereas those further away from the host-cell surface,
thatis, theinnermost or furthermost parts ofthe microcolonies, are pre-
dominantly red, thatis, Flagella® (Fig. 4, and Supplementary Videos 8
and 9). Although the T3SS°™ zone in the proximal side varies in width,
itis consistently wider than a single bacterial layer, supporting the
idea that the signal(s) activating T3SS expression include diffusible
molecules.

Flagella® bacteria actively exit infected tissues

The increase of Flagella® bacteria in older microcolonies suggests a
function at later infection stages. We took leaves at1 dpi, 2 dpi (asymp-
tomatic), 5 dpi (onset of macroscopic symptoms) and 7 dpi (fully symp-
tomatic) and submerged theminto a sterile MgCl, solution for 30 min.
We used CLSM to evaluate hopABI1::GFP3 and fliC::tdT expression in
those bacteria found in the solution. Bacteria exited even intact 1 dpi
leaves. Shorter incubations also allowed bacterial recovery but not

enough for reliable quantification. We compared T3SS or fliC expres-
sion between bacterial populations exiting the leaf and whole-leaf
populations obtained by mechanical extraction fromreplicate leaves
withoutincubation (Fig. 5and Extended DataFig. 6). Exiting and total
apoplast-extracted populations showed similar hopABI1::GFP3 expres-
sion profilesat1dpi,2 or 7 dpi (Fig. 5a,b and Extended Data Fig. 6), while
significantly fewer T3SS°" bacteriawere detected in the exiting fraction
by 5 dpi (Extended DataFig. 6).In contrast, bacteriaexiting 1 dpileaves
weressignificantly enriched in Flagella® (Fig. 5a,b), even though total
apoplast-extracted bacterial populations showed almost no Flagella®
bacteria (Figs. 4 and 5a, and Extended Data Fig. 6). This supports the
notion of Flagella® bacteria being more efficient in actively exiting the
leaf in humid conditions. We confirmed this notion using an experi-
mental setting mimicking rain or heavy dew, by spraying the infected
leaves every 5 min for 30 min and collecting the dripping solution for
microscopic examination (Fig. 5a bottom panels). The bias towards
Flagella® bacteria in the exiting populations detected at 2 and 5 dpi
and progressively decreasing until they are no longer detected at 7 dpi
(Fig. 5a,b and Extended Data Fig. 6), when leaf integrity has been lost,
suggests that flagellar motility isnot only important for bacterial entry
intotheleafbutalso for fast and active exit of apoplast-grown bacteria
before necrosis.

Discussion

Bacterial encounters with environmental changes lead to gene acti-
vation often assumed to happen in a non-fluctuating homogeneous
manner. However, studies averaging population data lose cell-to-cell
variation, and anincreasing number of traits have been shown to mani-
fest differently across clonal populations. Such phenotypic variation
may reflect microenvironmental differences but may also be caused

Fig. 4| Stochastic and spatially structured time-course distribution of
flagellar and T3SS expression within apoplastic microcolonies. a, CLSM
Z-stack compilation at different dpi showing apoplastic microcolonies of
hopABI::GFP3fliC::tdT bacteria. Allimages examined (n = 5or more) per
biological replicate (n = 2) and independent experiment (n = 2 for 1and 2 dpi;
n=4for3and 4 dpi). b, Images from aincluding orthogonal projections.

The colored lines within the centralimages indicate the planes that generate
each orthogonal section: green lines indicate the section that is displayed in

the green-boxed images (images above per time point), red lines indicate the
section thatis displayed in the red-boxed images (images on the right per time
point).Ingreen- or red-boxed images, the blue line correspondes to the section
displayed in the centralimage. Scale bars, 5 um. ¢, Schematic leaf 3D structure
with close-up showing location of apoplastic microcolonies. Position and
orientation of Z-stack acquisition are indicated; 1-3 represent three planes of a
bacterial microcolony growing from the lower epidermis inner surface inwards
(Lclosest to cell surface and 3 furthest) as shownind and Supplementary Video 8.
Plane 4 cuts through a bacterial microcolony growing wrapped around a spongy
mesophyll cell (SMC) (as microcolony and frame shown in fand Z-stack shown

inSupplementary Video 9).d, Frames of a Z-stack acquisition taken from an
apoplastic microcolony of hrpL::GFP3fliC::tdT bacteria at 4 dpi. Contrast and
brightness were adjusted to improve visualization and kept constant throughout.
Scale bars, 10 pm. Lower epidermis and mesophyll indicate relative position of
frames within the leaf. e, Schematic distribution of fluorescence for fliC::tdT and
73SS::GFP3within the type of apoplastic microcolonies indicated in ¢ (1-3) and
shownind: planes closest to lower epidermis (abaxial side) show predominantly
green bacteria and those furthest predominantly red, with intermediate plane
displaying yellow. Heterogeneity is observed within each plane. f, Z-stack frame
taken from an apoplastic microcolony of hopABI::GFP3fliC::tdT bacteria (Z-stack
inSupplementary Video 9) from experiments described ina. Scale bars, 20 um.
g, Schematic fluorescence distribution for fliC::tdT T3SS::GFP3bacteria within
apoplastic microcolonies of the type indicated in ¢ (4) and shown in f: bacteria
closest to the cell are predominantly green, turning to yellow and red as they get
further away. Heterogeneity is displayed throughout. In e and g, legend indicates
green as T35S/ Flagella®" bacteria, red as T3SS°/ Flagella®® and yellow/orange
as bacteria expressing both to different levels.
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by stochastic cellular changes (gene expression noise) and particular
regulatory circuits (enhancing noise)*.

P. syringae produce polar flagella®** upon activation of FleQ"
under a regulatory cascade that is mostly uncharacterized. Gene
arrangement and promoter motifs conservation with P. putida™,

which also produces polar flagella, support a similar organization.

Nonetheless, we show that P. syringae flagellar regulation shares an
important feature with that of peritrichous Salmonella: stochastic
cell-to-cell variation (Fig. 1and Extended Data Figs.1-3)°>*>*¢, Bistable
activation of Salmonella flagella is established by two mechanisms’
(1) a double-negative feedback loop and (2) a developmental check-
point. A dual mechanism is also involved in turning P. syringae

Z-stack
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l fliC::tdT
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Fig. 5| Active exit frominfected tissues is carried out by Flagella®" bacteria.

a, Selected images of apoplast-extracted bacteria (using negative pressure; top
panels), bacteria exiting the tissue on their own (during 30 min leaf incubation
within an MgCl, solution; middle panels) or bacteria recovered from excess
solution dripping from leaves sprayed every 5 min to mimic rain (bottom panels).
Contrast and brightness were adjusted to improve visualization but were kept
constant across the different conditions. b, Fluorescence quantification of the
images obtained in a (leftimages) at 1dpi (left graphs) and at 7 dpi (right graphs)
of the same time-course experiment, using Fiji software. Graph shows arbitrary

units of GFP fluorescence corresponding to the expression of the T3SS gene
fusion hopABI1.::GFP3, or tdTomato fluorescence corresponding to the expression
of fliC::tdT. Each dot corresponds to an individual bacterium as analysed from
theimage (n =44). Dataare presented as mean + s.e.m. Graphs show results
representative of 5independent experiments (n = 2 for strain carrying hrpL::GFP3
fliC::tdT and n =3 for strain carrying hopABI::GFP3fliC::tdT). Comparisons
between apoplast extraction and natural exit were carried out per sample using
anunpaired t-test (***P < 0.0001) and results shown for each pair.

T3SS noisy expression into bimodality®: (1) a double-negative'®*’
and (2) a positive feedback loop*. Research into the regulation of
flagellar synthesis in P. syringae will help identify elements involved
in phenotypic heterogeneity.

Flagellar motility is often costly®**, Flagellar expression also has a
costin P.syringae (Fig. 3 and Extended DataFig. 4), although this cost is
clearer atthe single-celllevel (Fig.3e-g).In Salmonella, costs linked to
expression of SPI1 T3SS have been proposed as afactor favouring both
counter-regulation with flagellaand maintenance of heterogeneity***.
T3SS expression also carries a growth penalty in P. syringae (Fig. 3),
and the strong growth advantage of aAfliC AhrpL double mutant indi-
cates an even greater fitness cost associated to expression of both.
Phenotypic heterogeneity is considered particularly advantageous
when affecting loci producing immunogenic and/or energetically
costly goods, with cost to the producers and benefits to the population
defining a cooperative behaviour®~*. The growth penalties detected

for flagellar and T3SS expressionin P. syringae provide selective advan-
tages to phenotypically heterogeneous populations and may drive
selection of genetic and/or epigenetic mechanism(s) underlying such
heterogeneities. For bacteriaengagingin hostinteractions, heteroge-
neous expression lowers the overall amount of flagellin displayed by
the population, or by amicrocolony at a local level, and could be also
advantageous by reducing defence elicitation and facilitatingimmune
suppression.

Cooperative virulence canalso prevent the rise of non-producing
mutant variants at the expense of the producers**. Phenotypically
OFF bacteria can outcompete less frequent mutant OFF variants and
safely revert to ON, thus preventing loss of function and stabilizing
the cooperative behavior*’. Cheater mutant variants affected in type
lllsecretion have been described in P. syringae populations colonizing
Arabidopsis, although at frequencies lower than expected considering
the potential for exploitation of T3SS effectors as public goods**°.
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This role of T3SS effectors as public goods has been reported using
mutants® and metapopulations, where mixed isogenic P. syringae
derivativeslacking effectors, and each overexpressing a single effector,
cooperatively restore virulence*.

Phenotypic heterogeneity can also allow bacterial populations to
cope withrapid environmental changes, since preexisting subpopula-
tions preadapted to incoming stresses can overcome these changes
faster®*°, This is known as ‘bet-hedging™'. Phenotypic heterogeneity
canalsolead to ‘division of labour’ when a population diversifies, allow-
ing the distribution of tasks among phenotypically different variants.
Whileinbet-hedging, one subpopulationisfitter than the otherin each
environment, division of labour increases fitness for the entire popula-
tion*. We found no evidence of any T3SS/flagellar phenotypic variant
benefiting during plant colonization, as expected in a bet-hedging
scenario. However, different defence elicitation contexts (for example,
resistant plants) might differentially benefit certain phenotypes, as
shown for genome-reorganized variants**%. Our results support a
‘division of labour’ scenario, with T3SS°N bacteria complementing
T3SS probably through suppressing immunity by ‘common goods’
T3SS effectors® (Fig. 4 and Extended Data Fig. 5). The percentage
of T3SS°N bacteria required for effective trans complementation of
T3SSFF, since a subpopulation is expressing immunogenic flagellin,
islikely to be balanced by growth trade-offs.

Aseukaryotic cell types work within tissues, bacterial cooperation
emerges within spatially structured populations*. However, structured
cooperation has been rarely shown within the context of disease’.
Indeed, although phenotypic heterogeneity is well documented in
planktonic cultures, how these processes occur in spatially structured
communities is less understood™. The regulatory loops involved in
establishing bistable expression of the T3SS in planktonic HIM* cul-
tures are in place during plant colonization'*?, However, apoplastic
bacteria encounter different stimuli specific to their microenviron-
ment, which changes over time, potentially leading to cell-to-cell
variation orthogonal to that generated through T3SS and flagellar
stochastic heterogeneity. Time-course analysis of T3SS and flagellar
expression during plant colonization shows heterogeneity through-
out time and locations, but also an overlapping structured pattern
(Fig. 4). On the leaf surface, most bacteria are T3SS°" regardless of
the single-cell status of flagellar expression, changing to a majority
of T3SS°V/ Flagella® during early growth in the apoplast (Fig. 4a,b,
1dpi). From2 dpionwards, heterogeneity isthe normforbothloci, but
predominantly T3SS°N or Flagella® areas appear. These areas show a
three-dimensional (3D) pattern: those closely associated to host-cell
surfacesare enriched in T3SS°Vbacteria, while distal areas, or the inner-
most parts of the microcolony, are predominantly Flagella®™ (Figs. 4 and
Extended Data Fig. 7, and Supplementary Videos 4 and 5). This is con-
sistent with the notion of T3SS°™bacteria predominantly located where
T3SSactivity isrelevant to suppress cellularimmunity and explains the
lack of selective killing of T3SS° bacteria® (Extended DataFig. 5). Such
phenotypic differentiation into spatially distributed subpopulations
cooperating in a complex environment (that is, in planta vs in vitro)
has rarely been investigated, particularly for more than a trait™, but
itis reasonable to expect it to take place in the context of host coloni-
zation processes. Spatially structured cooperation in the context of
disease hasbeen demonstrated for choleratoxin and toxin-coregulated
pilusin Vibrio cholerae in mice intestinal microcolonies, and for nitric
oxide (NO)-detoxifying hmp gene in Yersinia pseudotuberculosis in
spleen microcolonies***, Spatial heterogeneity has also been described
through single-cell omics within in vitro biofilms of human pathogen
P. aeruginosa, including variation in flagellar expression®*. Host-cell
signals, cell-to-cell interactions or lineage history> could be involved
in T3SS activationin host-proximal areas. How environmental signals
combine with stochastic processes to generate phenotypic variation
is a current topic of interest™, one particularly challenging to study
beyond in vitro systems if positional information is to be obtained™>.

Asapoplastic microcolonies develop, Flagella® bacteriaincrease
in numbers. Motile bacteria are expected to exit the leaf more effi-
ciently (Extended DataFig. 7), and our results experimentally support
this notion by showing that mostly Flagella® bacteria exit colonized
tissue before necrosis (Fig. 5). The final stages of the infection and host
exitisanunderstudied domain, evenfor model pathogen P. syringae, so
whether this active early exit is more biologically relevant than passive
exitfromnecrotictissue remains to be explored, butit appears asafer
strategy since necrosis leads to the release of toxiccompounds and to
the activation of additional defence responses®®~.

Only ahandful of studies have analysed expression of two bistable
heterogeneous loci simultaneously****, Ours studies two locirelevant
for bacterial-host interaction (Supplementary Video 10) and does it
inthe context of disease within a spatially structured dynamic micro-
colony. It provides an example of division of labour and cooperative
virulence in a plant host, validating the importance of phenotypic
heterogeneity in nature and shifting the emphasis fromits mechanistic
understanding to its ecological and biological relevance. Finally, the
study establishes phenotypic heterogeneity and cooperative virulence
as a conserved strategy by which bacterial pathogens cope with the
fluctuating challenges encountered in plant and animal hosts.

Methods

Bacterial strains and growth conditions

Bacterial strains used and generated in this work are detailed in Supple-
mentary Tablel. E. coli and P. syringae strains were grown with aeration
in LB medium® at 37 °C for E. coli or 28 °C for P. syringae. Antibiotics
were used, when necessary, at the following concentrations: ampicil-
lin, 100 pg ml™ for E. coli and 500 pg ml™ for P. syringae; kanamycin,
50 pg ml™ for E. coli and 15 pg ml™ for P. syringae derivative strains;
gentamycin, 10 pug ml™; nitrofurantoin, 40 pg ml™; and cycloheximide,
2pugml™,

To induce the expression of the hrp/hrc genes, bacteria were ini-
tially cultured overnightin LB at 28 °C, supplemented with the appro-
priate antibiotic, then washed twice in 10 mM MgCl, before being
cultured in Arp-inducing minimal medium (HIM), containing 10 mM
fructose®. For this study, the pH of HIM was adjusted to 7.0 with 10 N
NaOH. Theinitial optical density (OD) was adjusted to 0.13 and cultures
wereincubated at 28 °C with agitation.

Fluorescence labelling of bacterial strains

Bacterial strains carrying a chromosome-located transcriptional
fusion of fliC gene to a promoterless tdTomato gene were generated
using an adaptation of the method previously described in ref. 61.
The plasmids used and generated for this purpose are detailed in
Supplementary Table 2. The primers used are described in Supple-
mentary Table 3. For the generation of the allelic exchange plasmid,
two fragments of ~-500 pb were amplified from Pph 1448A genomic
DNA using QS5 High-Fidelity DNA Polymerase (New England Biolabs);
one of these fragments (A) encompasses the 3’ end of the open read-
ing frame (ORF), including the STOP codon, while the other fragment
(B) covers the sequence immediately downstream of the STOP codon.
All primers used are described in Supplementary Information. Each
reaction was carried out at 98 °C for 1 min for the initial denaturation
step, followed by 30 cycles at 98 °Cfor30 s, annealing at 62 °Cfor30 s
and extension at 72 °C for 30 s, followed by 5 min at 72 °C for the final
extension step. The reaction mixture for each PCRincluded 0.64 mM
deoxynucleotide triphosphate (ANTP) mix, 0.4 ng of each primer,
1ngofgenomic DNA, the appropriate enzyme buffer and commercial
ultrapure water (Nalgene). A volume of 2 pl of each gel-purified PCR
product was employed as template for the subsequent fusion PCR,
employing primers Aland B2 in a PCR reaction conducted under the
conditions described, with an extended elongation time of 1 min. The
resulting bands, comprising the end of each ORF and its downstream
sequence separated by an EcoRVrestriction site, were A/T cloned into
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pGEM-T (Promega) and subjected to full sequencing to discard clones
carrying mutations. This process rendered the pGT-AB-fIiC plasmid
necessary for generating the allelic exchange plasmid.

The sequence of the promoterless tdTomato (tdT) gene was
acquired through PCR amplification from the tdTomato-pBAD plas-
mid (Addgene plasmid 54856) using the ProtFluorF and ProtFluorR
primers. This PCR generated a tdTomato fragment with a 5" EcoRV
restrictionsite and a3’ EcoRlrestriction site. Similarly, the kanamycin
cassette (nptll; EJQ5150444.1) was amplified using the P1EcoRV and P2
EcoRlI primers, and plasmid pKD4 served as DNA template to obtain
the FRT-npt/lI-FRT fragment needed for the resistance to kanamycin.
This fragment featured a 5’ EcoRV and 3’ EcoRlI restriction site. Both
amplification reactions were performed using Q5 High-Fidelity DNA
Polymerase (New England Biolabs) in a 50-pl PCR reaction mixture con-
sisting of 500 ng of plasmid as DNA template, 0.5 uM of each primer,
0.2 mM dNTPs and 0.5 pl of Q5 High-Fidelity DNA Polymerase. Each
reaction followed athermal cycling protocol that began with aniinitial
step of 98 °C for 2 min, followed by 30 cycles at 98 °C for 10 s, 60 °C
for 30 s and 72 °C for 45 s, concluding with a final extension at 72 °C
for 5 min. The gel-purified fragments, both the tdTomato and the
FRT-nptlI-FRT, underwent digestion with EcoRI and EcoRV enzymes
and were cloned into the EcoRV-digested pGT-AB-fliC plasmid, render-
ing the allelic exchange plasmid to be named pGT-fliC::tdT.

Strain 1448A fliC::tdT was obtained by introducing the pGT-
fliC::tdT plasmidinto P. syringae pv. phaseolicola 1448A through elec-
troporation, following the method described in ref. 61. Selection was
carried out on LB plates with kanamycin. Subsequently, the resulting
colonies were replicated onto LB plates with ampicillin (500 pg ml™)
todiscard the colonies with plasmid integration, whichisindicative of
asingle recombination event. The colonies that exhibited kanamycin
resistance but ampicillin sensitivity were then confirmed through
PCR using the Al f1iC and B2 fliC primers, and through Southern
blot analysis employing the nptll gene as a probe to confirm proper
allelic exchange resulting from a double recombination event occur-
ring at a unique position within the genome. To generate strains
carrying two chromosomal transcriptional fusions, the pGT-
SliC::tdTplasmid was transformed into the previously generated strains
1448A hrpL::GFP3,1448A hopAB1::GFP3 and 1448A hrcU::GFP3, to
generate the1448A hrpL::GFP3fliC::tdT,1448A hopABI.::GFP3fliC::tdT
and 1448A hrcU::GFP3fliC::tdT strains.

Bacterial strains carrying achromosome-located transcriptional
fusionof fliCgene to apromoterless GFP3gene, 1448AfliC::GFP3strains,
were generated followinga modified method®?. The GFP3-FRT-npt/I-FRT
fragment was obtained by digesting the plasmid pGT-GFP* with
the EcoRI digestion enzyme. This fragment consists of the promoter-
less GFP3 gene, complete with its ribosomal binding site, followed by
the kanamycin resistance gene (nptll) flanked by flipase recognition
target (FRT) sites, with the entire construct bordered by two EcoR/
restriction sites. The GFP3-FRT-nptlI-FRT fragment was then blunt
ended through a PCR procedure and ligated into EcoRV-digested
pGT-AB-fliC through blunt-end ligation, leading to the generation of
the pGT-fliC::GFP3 plasmid. Subsequently, the resulting plasmid was
transformed into P. syringae pv. phaseolicola 1448A to generate the
1448AfliC::GFP3strain.

Inaddition, the constitutively expressed fluorescent reporter gene
eCFPwasintroducedinto the chromosome of the 1448AfliC::GFP3and
1448A hopABI::GFP3 fliC::tdT strains using a Tn7 delivery system” to
generate the 1448A fliC::GFP3 eCFP and 1448A hopABI1::GFP3fliC::tdT
eCFPstrains.

Generation of mutant bacterial strains

Thebacterial strain carrying a deletion of the fleQ gene was generated
following the method described in ref. 61, which involves the gen-
eration of gene knockouts by allelic exchange, replacing the specific
ORF by akanamycin cassette. The allelic exchange plasmid pGT-4fleQ

was generated as previously described for the generation of the
pGT-AB-fliC using primers Al AfleQ, A2 AfleQ, B1 AfleQ and B2 AfleQ,
andthe same experimental settings described above. The FRT-npt/l-FRT
fragment was obtained by PCR amplification using P1 EcoRI and P2
EcoRIprimers and pKD4 as template, and the kanamycin cassette was
finally inserted by ligation in the EcoR/ restriction site, generating the
allelic exchange plasmid pGT-AfleQ. This plasmid was transformed
into 1448A Pseudomonas syringae pv. phaseolicola and mutants were
obtained as described in ref. 61.

Thebacterial strain carrying a deletion of the ArpL gene and of the
fliC gene was generated by allelic exchange as previously described,
transforming the plasmid pGT-AfliC described in ref. 29 into the
Ahrpl strain described in ref. 19 to render 4hArpL AfliC double-mutant
strain.

Generation of pFleQ

pFleQwas generated using the backbone of pPBBRMCS-4. For its genera-
tion, thefleQ ORF was amplified using QS High-Fidelity DNA Polymerase
(New England Biolabs) in a 50 pl PCR reaction mixture consisting of
500 ng of 1448A Pseudomonas syringae genome as DNA template,
0.5 pM of fleQF and fleQR primers, 0.2 mM dNTPs and 0.5 pl of Q5
High-Fidelity DNA Polymerase. The reaction followed athermal cycling
protocol that began with aninitial step of 98 °C for 2 min, followed by
30cyclesat98 °Cfor10s, 60 °Cfor30sand72°Cfor45s, concluding
with a final extension at 72 °C for 5 min. The gel-purified fragment
underwent digestion with Kpnl and Sacll enzymes, and was cloned
into the Kpnl/Sacll-digested pBBRMCS-4 plasmid. The resulting clones
were subjected to full sequencing to discard those carrying mutations,
and transformed into the corresponding bacterial strains using the
method described in ref. 61 for plasmid transformation of P. syringae.

Plant growth and inoculation

Phaseolus vulgaris bean cultivar Canadian Wonder plants were
cultivated under controlled conditions at 23 °C and 95% humidity.
Artificial light was maintained for periods of 16 h within the 24 h
of the day. All experiments carried out were performed using
10-day-old plants.

For the preparation of bacterial inoculum, bacterial lawns were
cultivated onto LB plates for 48 hat 28 °C. Subsequently, biomass was
resuspended in 2 ml of 10 mM MgCl,. The OD,,, was adjusted to 0.1,
corresponding to the concentration of 5 x 10’ colony-forming units
per millilitre (c.f.u.s mI™). Serial dilutions were performed to achieve
the desired final inoculum concentration.

Theinfiltration of beanleaves for visualizing microcolonies using
confocal microscopy was performed using a needleless syringe with
bacterial suspensionat 5 x10°to10° c.f.u.s ml™.

The inoculation of bean leaves for visualizing bacteria on the
surface using confocal microscopy was performed by dipping. For this,
abacterial suspensionwith 5 x 10 c.f.u.s ml™ was prepared inal0 mM
MgCl, solution, and the entire leaf was submerged in the inoculum for
afewseconds. Visualization was performed at 6 h post inoculation.

Forinfiltrating bean leaves to extract bacteria from the apoplast
for subsequent analysis by FC and CLSM, a previous report® was fol-
lowed. This involved immersing the entire leaf in a bacterial solution
with a concentration of 5 x 10* c.f.u.s ml™, containing 0.01% Silwett
L-77 (Crompton Europe), and using a pressure chamber. Bacteriawere
recovered from the plant at 4 dpithrough apoplastic fluid extraction.
This extraction process® entailed pressureinfiltratingawhole leaf with
10 mlofa10 mM MgCl, solutioninside a20-mlsyringe. After applying
5 cycles of pressure, the flow-through was collected and transferred
to a fresh 50-ml tube. Three hundred microlitres of the flow-through
were directly analysed by flow cytometry. Simultaneously, the 50-ml
tubes were centrifuged for 30 min at low speed (900 g) at 4 °C. The
resulting pellets were resuspended into 1 ml of a10 mM MgCl, solution
and subsequently analysed by microscopy.
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To compare flagellar expression in cells mechanically extracted
from or naturally exiting leaves, bean leaves were infiltrated with a
5x107 (for1dpi), 5 x 10® (for 2 dpi) or 5 x 10° c.f.u.s ml™ (for 5and 7 dpi)
bacterial suspension using a pressure chamber, as described above.
For natural exit mimicking rain, leaves were sprayed with water every
5min during a 30-min period, and drops flowing through the leaves
were collected in a 50-ml cylinder tube. Bacteria were concentrated
by centrifugationat10,000 gfor 5 min. For quantification at different
timepoints, leaves were detached from the stem by cutting the petiole
inthe base of the leaf blade at the specified timepoints and incubated
for30 minina50-mltube containing 30 ml of 10 mM MgCl, to analyse
natural exit. Mechanical bacterial extraction from the apoplast was
carried outas described above.

Flow cytometry and cell sorting

For HIM cultures, 500 pl of an overnight P. syringae LB culture was
washed twice in 10 mM MgCl,, added to 4.5 ml of HIM and incubated
at28 °Cfor 24 h. LB cultures were obtained froman overnightincuba-
tionin LB and apoplast-extracted bacterial suspensions were obtained
as indicated in the ‘Plant growth and inoculation’ section. Of the
cultures in HIM, LB or in planta, 300 pl were analysed using a BD
FACS Verse cytometer (BD Biosciences), and graphs were generated
with the Kaluza software (Beckman Coulter; https://www.beckman.
es/flow-cytometry/software/kaluza). Aminimum of 100,000 events
were analysed per sample. FITC-A and PE-A filters were used to visual-
ize GFP and tdTomato signals, respectively. To ensure bleedthrough
was not taking place, strains with transcriptional single fusions to
GFP3 and tdTomato were analysed with the PE-A and FITC-A filters,
respectively, with the observation of fluorescence as the negative
control level.

For cell sorting, stationary cultures in LB obtained after an over-
night incubation were sorted using a BD FACSAria Fusion flow cyto-
meter (BD Biosciences). Exponential cultures in HIM obtained after24 h
ofincubation from0.13 0Dy, were sorted usingaMoFloTM XDP cytom-
eter (Beckman Coulter). To initiate the process of sorting, gates were
drawn to distinguish cells displaying fluorescence levels overlapping
withthe1448A non-GFP bacterial population, which served asthe nega-
tive control, from cells expressing higher GFP levels, asindicated inthe
corresponding histogram. On the basis of this analysis, 1 x 10° events
were sorted for cells expressing higher GFP levels and lower GFP levels.
Cells from each gate were collected into separate sterile tubes. After
sorting, cells were centrifuged at 12,000 gfor 10 min, and the resulting
pellets wereresuspended into 10 mM MgCl,. Analiquot of sorted cells
wasrunagaininthe cytometer to confirmthe differencesin expression
between the separated populations. Data from cytometry experiments
were analysed using Kaluza 2.1 (Beckman Coulter) for further analysis
and visualization.

Confocal microscopy

For single-cell visualization of apoplast-extracted bacteriaand cultured
bacteria, suspensions of 2 pl were deposited over a 0.17-mm cover-
slip, and an agar-pad square was placed on top of the drop to create
a bacterial monolayer®. To visualize all cells, bacterial suspensions
were stained with FM4-64 (Life Technologies) at 20 pM, and bacterial
membranes were visualized with fluorescent light; alternatively, in
other cases, bright-field images were included. Images of single-cell
bacteria were acquired using the Zeiss LSM880 confocal microscope
(Zeiss) using x100 objectives.

For the visualization of P. syringae microcolonies and surface cells,
sections ofinoculated P. vulgarisleaves (-5 mm?) were carefully excised
using arazor blade and mounted onslidesin double-distilled H,0, posi-
tioning the lower epidermis towards the objective. A 0.17-mm coverslip
was placed over the sample. Images of the leaf mesophyll were taken
using the Leica Stellaris 8 confocal microscope (Leica Microsystems)
with x40 objectives.

Filters for wavelength selection were used for the visualization of the
following fluorophores (excitation/ emission): eCFP (405 nm/450-500),
GFP (488 nm/500-533 nm), FM4-64 (488 nm/604-674 nm), tdTomato
(514 nm/570-600) and plant autofluorescence (514/605-670 nm).Image
processing was performed using Leica LAS AF (Leica Microsystems)
software. To ensure bleedthrough was not taking place, strains with tran-
scriptional single fusions to GFP3, tdTomato and strains constitutively
labelled with eCFPwere observed under the microscope inthe visualiza-
tion conditions mentioned above, with the observation of no fluores-
cence. Z-series imaging was performed at1 um using x40 objectives.

Time-lapse microscopy

Heterogeneous flagellum expression was measured during microcolony
formationin HIM +1.25% agarose pads as follows: 2x HIM medium was
mixed with a melted 2.5% agarose solution and immediately placed in
the wells of a custom 3D-printed mould (template available at https://
github.com/JLuneau/Pseudomonas_AgarPads_fliC/tree/main/3D_
printed_AgarPad_mold) disposed ona50-mmround coverslip (Epredia,
CB0O05005A140MNZ0). To ensure the flatness of the pads, another
coverslip wasimmediately placed on top of the mould. The pads were
solidified for 15 min at room temperature. The bottom coverslip was
removed and 4 pl of bacterial suspensions adjusted to OD = 0.005in HIM
were dropped onthe pad surface. Immediately after the dropletsdried,
anew coverslip was placed on the mould and the assembled device
was mounted on the microscope. For time-lapse experiments, images
were taken every 15 min, starting at 4 h after cells were placed on the
pads andfor 24 hat 25 °C.Images were acquired using the NIS-Elements
software on a Nikon Eclipse Ti2 inverted microscope equipped with
a Hamamatsu ORCA-Flash4.0LT digital camera and a Nikon Plan Apo
Lambda x100/1.45 oil objective. The 1.5% manual knob was engaged to
enhance magnification. lllumination settings: phase contrast,100 ms,
50% intensity; GFP (470 nm excitation and 519 nm emission filters),
300 ms, 50% intensity. Allimaging data are available at https://www.
ebi.ac.uk/biostudies/bioimages/studies/S-BIAD1413.

Time-lapse image analysis

Time-lapse movies were visually inspected using Fiji 2.14.0 to crop the
region of interest around microcolonies and to remove later frames
when cells overlapped. Cells were segmented and tracked using the
DeLTA 2.0 deep learning-based pipeline®* with the default pretrained
models for segmentation and tracking. Time-lapse data analysis was
performed using custom Python scripts adapted fromref. 65 (available
at https://github.com/JLuneau/Pseudomonas_AgarPads_fliC). Visual
inspection of DeLTA 2.0 output movies showed that while segmenta-
tionerrorswererare, tracking errors were frequent at late timepoints.
Thus, similarly to ref. 65, we filtered out erroneous cell tracks. Upon
division, (1) we kept cells for which two sister cells were tracked for at
least four frames after division, (2) we excluded sister cells for which
the cumulated length at birth differed strongly from the length of the
mother cell before division (increase or decrease of more than 20%)
and (3) weexcluded sister cells that showed unexpectedly large jumps
in cell length between two frames (increase or decrease of more than
20%). For allretained cells, thefliCexpression level was estimated as the
mean fluorescence intensity in the GFP channel for all pixels belonging
to asingle cell, averaged over the lifetime of each individual cell. The
growth rate was obtained by performing a linear regression on the
log-transformed cell length over the lifetime of each cell. To estimate
the cost of flagellum expression, we grouped cells into two classes: the
GFP-high cells showing amean fluorescence intensity above the median
fluorescenceintensity of all cells, and the GFP-low cells showing amean
fluorescence intensity below the population’s median.

Live/dead staining
One drop of the propidium iodide solution Ready Probes (Thermo
Fisher) wasadded to 300 pl of the suspension with apoplast-extracted

Nature Microbiology | Volume 10 | April 2025 | 958-972

968


http://www.nature.com/naturemicrobiology
https://www.beckman.es/flow-cytometry/software/kaluza
https://www.beckman.es/flow-cytometry/software/kaluza
https://github.com/JLuneau/Pseudomonas_AgarPads_fliC/tree/main/3D_printed_AgarPad_mold
https://github.com/JLuneau/Pseudomonas_AgarPads_fliC/tree/main/3D_printed_AgarPad_mold
https://github.com/JLuneau/Pseudomonas_AgarPads_fliC/tree/main/3D_printed_AgarPad_mold
https://www.ebi.ac.uk/biostudies/bioimages/studies/S-BIAD1413
https://www.ebi.ac.uk/biostudies/bioimages/studies/S-BIAD1413
https://github.com/JLuneau/Pseudomonas_AgarPads_fliC

Article

https://doi.org/10.1038/s41564-025-01966-0

bacteria, and live/dead bacteria were identified by flow cytometry. For
live/dead staining, bacteriawere syringe infiltrated into bean leaves at
5x10*c.f.u.s ml™ and extracted from the apoplast at 4 dpi.

Competitive index assay

Clwas calculated by determining the ratio between the mutant strain
and the wild type in the output sample divided by that in the input
(whichshould be1.0)%°. Assays were performed after the mixed strains
had been growingin either beanleaves or LB and HIM cultures.

Classays® were performed in bean plants (Phaseolus vulgariscv.
Canadian wonder). Bean plants were inoculated with 200 pl of amixed
bacterial suspension containing 5 x 10* c.f.u.s ml™ of each strain, con-
sisting of an equal proportion of wild type and mutant strains. For the
assay performed in Fig. 3d, the peptide flg22 (GeneScript) was added
to the bacterial suspension to a100 nM concentration. Inoculation
was performed using a 1-ml syringe without needle. Samples were
extracted for quantification at 4 dpi. Bacterial recovery was carried
out by taking 5 discs of 1-cm diameter from the infected leaf with acork
borer and homogenizing them by mechanical disruption into 1 ml of
10 mM MgCl,. After homogenization, serial dilutions of the bacterial
suspensions were prepared and plated onto agar plates supplemented
with 2 pg ml™ cycloheximide. Bacterial enumeration was performed
and Cls were calculated after 2 days of growth at 28 °C. To distinguish
wild-type from mutant bacteria within the mixed infection, an aliquot
from the same dilution was plated onto LB agar and LB agar plates
supplemented with kanamycin.

For Classays performedin LB cultures, 500 pl of amixed bacterial
suspensionwith 5 x 10° c.f.u.s ml” wasinoculated into 4,500 pl of liquid
LBinculture tubes. For Classays performed in HIM cultures, 500 pl of
amixed bacterial suspension with 5 x 107 c.f.u.s ml™ was inoculated
into 4,500 pl ofliquid LBin culture tubes. After 24 h of incubation with
continuousagitation, inboth LB or HIM cultures, serial dilutions were
prepared and plated onto LB agar and LB agar plates supplemented
with kanamycin.

To confirm dosage and relative proportion of the strains, serial
dilutions of the inocula were plated onto LB agar and LB agar plates
supplemented with the appropriate antibiotic. After bacterial count-
ing, the ratio of the wild-type vs the mutant strain should be close to
1. The competitive indices represent the mean of at least three inde-
pendent experiments, each with at least three replicates each. Error
barsindicate standard error. Statistical analysis was performed using
two-tailed Student’s ¢-test with a significance threshold of P< 0.05 to
assess deviations from aratio of 1.

Invitro growth curves

Growth curvesto analyse growth differences between mutant and over-
expressing strains were generated by culturing strainsin 96-well plates
(Biofil), adjusting the bacterial inoculumto an optical density (Abs,)
of 0.13 in HIM in 150 pl of final volume. The inoculum was obtained
from an overnight LB culture and cells were washed twice with MgCl,
before adjusting the optical density. Plates were incubated for 50 hat
28 °Cwith agitationin an EONC plate reader (Bio Tek Instruments).

Growth curves to compare AhrpL growth vs that of the wild-type
strain were generated by culturing strains in culture tubes in HIM at
an initial optical density of 0.13 (Abs,,). The inoculum was obtained
from an overnight culture in LB, washed twice with MgCl,. Samples
were taken at 20, 24, 26, 28,30, 34, 38, 44,48 and 50 h.

To calculate bacterial growth rate, the log,, of absorbance data
were calculated and represented versus time. The regression curve was
calculated over the zone of exponential growth and the graph slope
obtained was used as the growthrate.

Flagellar motility assay
Flagellar motility assays were conducted after sorting bacterial cultures
carrying fliC::GFP3 by inoculating 2 pl of the aliquots obtained after

sorting (adjusted to 10,000 sorting events) in HIM plates containing
2.5gl™Magarorintryptone plates containing 3% tryptone, 5% MgCl, and
2.5g 1" agar. Plates were subsequently incubated at 28 °C, and digital
photographs were captured to measure the diameter of the swim-
ming halo.Images were then taken at1and 3 dpi (for LB-grown sorted
samples) or 3 dpi (for HIM-grown sorted samples). Halos obtained
were measured and the ratio between the diameters of high versus low
expression within each sorted pair was calculated.

Quantification, statistical analysis and reproducibility

All quantification and statistical analysis described in this study was
performed using GraphPad Prism 9.0 (Prism; https://www.graphpad.
com/). Details of the analysis used and specific Pvalues are indicated
in the figure legends for each experiment, for all or at least signifi-
cantly different values. Reproducibility was tested in independent
experiments and the total number of biological replicates indicated
in figure legends. Software used for data quantification and analysis
arefurther detailedin Supplementary Table 4. Inall scatterplot graphs,
mean +s.e.m. areindicated. No statistical method was used to prede-
termine sample size. No data were excluded from the analyses, except
for Figs. 1a and 5b, and Extended Data Fig. 6b,c in which, to adjust the
sample size (n value) between conditions, some data were excluded
followingblind elections. The experiments were not randomized. The
investigators were not blinded to allocation during experiments and
outcome assessment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data generated has been made available in the public repository
Zenodo and the DOIs generated for each figure and extended data
figure listed in refs. 67-77. Source data are provided with this paper.

Code availability

Time-lapse data analysis was performed using custom Python scripts
adapted from ref. 65 (https://github.com/JLuneau/Pseudomonas_
AgarPads_fliC). This paper doesnotreportoriginal code. Any additional
information required to reanalyse the data reported in this work is
available from the lead contact upon request.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| Transcriptional fusions to tdTomato do not affect gene
function. (a) A strain carrying afliC::tdT transcriptional fusion displays wild
type motility in the photographs (a) and quantifications (b) of swimming plates
(n=4).No statistical differences were observed as indicated by an unpaired
two-tailed t test (P < 0.05). Scatter dot graph shown mean +/-SEM. The fliC::tdT
constructis integrated in the native chromosome location of the fliCgene as
established by Southern blot analysis (using the npt/l gene conferring resistance
toKm as a probe) of a Alw21l (Thermo Fisher Scientific, USA) digestion of
genomic DNA from the wild type (Pph) andfliC::tdT derivative strains (c) showing
the expected band sizes (d). (e) Representative images of the symptoms caused
by the wild type strains and their relative hopABI::GFP3fliC::tdT, hrpL::GFP3
fliC::tdT and hrcU::GFP3fliC::tdT strains at 5 and 7 dpi. (f) Representative images

ofthe colonies obtained after plating serial dilutions of the indicated strains
previously adjusted to 0.1 optical density (Abs,,). (g) Quantification of the data
obtainedinf. All dilutions reach similar values indicating no differences in CFU/
ml occasioned by expression of fluorescence reporter genes. fand gillustrate
one experiment (>3 technical replicates), data from 3 additional independent
experiments carried out in the same manner are showed in h. (h) Mean number of
cfu/ml obtained after plating a dilution of the culture previously adjusted to 0.1
optical density (Abs,). Data obtained for the different strains (n = 3 biological
replicates; technical replicates not used for statistical analysis) did not show
significative differences according to a one-way ANOVA followed by Tukey’s
multiple comparison test (P < 0.05). Graph shows individual values (scatter plot)
and mean +/-SEMis also indicated.
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Extended DataFig. 2 | Flagella expression is heterogeneous on plant surface. panel, corresponding to hopABI expression, is not shown since no fluorescence
Selected images of the hopABI::GFP3fliC::tdT eCFPstrain on the plant surface was detected. Scale bars correspond to 20 pm. Contrast and brightness were

at 6 hpostinoculation (hpi) by dipping the leafinto a 5 x 10’ CFU/ml bacterial adjusted to improve visualization but were kept constant across panels. Circles
suspension. tdTomato panel shows the fluorescence of tdTomato associated to highlight bacteria detected in the eCFP panel without expression in the tdTomato
fliCexpression, and eCFP panel shows the fluorescence of eCFP as constitutive channel (Flagella®™®. Right panels correspond to the magnification of the area
expression reporter, using grey scale in both cases toimprove contrast. The GFP selected in rectangles. Images are representative of 3independent experiments.
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Extended Data Fig. 3| Flagella display heterogenous expressionin
Pseudomonas syringae. (a) CSLM of a strain carrying fliC::tdT grown O/Nin

LB (upper), or 24 hin HIM (central), or extracted from bean leaf apoplasts 4 dpi
(bottom). tdTomato panels show tdTomato fluorescence as reporter of fliC
expression and BF panel corresponds to bright field. Scale bars correspond to

2 pm. Images are representative of 3independent experiments (b) FC analysis
of fliC::tdT strain in conditions described in a. Dot plots show cell size versus
tdTomato fluorescence intensity, represented as arbitrary units in logarithmic
scale. Data collected for 100,000 events per sample. The non-tdT graph show
autofluorescence levels displayed by wild type not carrying any fluorescent
gene. Vertical lines leave 99% of data of non-tdT strain to the left and is used as
reference to differentiate for OFF cells. aand b show representative results of
atleast three independent replicates. (c) FC analysis shows GFP3and TdTomato
fluorescence detection is not bias by bleed through. Left graphs correspond to
fliC::GFP3strain and right to the fliC::td T strain. Upper graphs show tdTomato
fluorescence versus cell count and bottom graphs show GFP fluorescence versus
cell count. Inall cases the non-fluorescent strain is included as negative control
and data were treated as inb. (d) Quantification of GFP lifetime (t) in the presence
or absence of tdTomato. Bacteria expressing similar levels of hrpL::GFP3

(determined as GFP fluorescence intensity) and differing in the expressing of
fliC::tdT expression (as shown by different tdTomato fluorescence intensity) were
chosen for the analysis (upper panel). GFP lifetime was obtained for each pixel
ofthe image (lower-left) and mean was calculated for each single bacterium.
Average of four bacteriain each condition is represented (lower-right) and
statistical significance determined with a t-test. (e and f) Dot plot graphs display
fluorescence intensity of GFP or tdTomato versus cell size in non-fluorescent
bacteria (wild type), or strains carrying hrpL::GFP3fliC::tdT or hopABI::GFP3
fliC::tdT corresponding to datashown in Fig. 4 as GFP fluorescence versus that
of tdTomato. Figure show representative results of at least three independent
experiments. In (e), bacteria grown 24 hiin HIM after diluting an O/N LB culture,
display reproducible bistable expression of both ArpL::GFP3and hopABI::GFP3
and heterogeneous (occasionally bistable) expression of fliC::tdT. In the case

of hopABI::GFP3liC::tdT strain in HIM, an additional vertical line (dashed) was
added to separate the subpopulations differing in hopABI expression, which

is higher due to the high basal levels of this gene. In (f), bacteria extracted

from bean leaf apoplasts 4 dpi display typical heterogeneous (never bistable)
expression of hrpL::GFP3, hopABI1::GFP3and fliC::tdT.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4| T3SS and flagella expressionimpact on bacterial growth
and growth cost associated with single cell levels of flagella production is not
due to GFP. (a) Growth rates of 1448 A wild type, a derivative carrying a plasmid
that determines constitutive expression of hrpL (pHrpL), or of fleQ (pFleQ), or
afleQdeletion (4fleQ), in HIM. Data correspond to 4 biological replicates. Data
are presented as mean values +/- SEM. Significative differences are observed
between WT and pFleQ strains according to a one-way ANOVA followed by
Tukey’s multiple comparison test (P < 0.05). P value is indicated in the graph.

(b) Selected timelapse images of wild type constitutively expressing GFP (eGFP)
during the microcolony development on agar pads in phase contrast (top) and
GFP fluorescence (bottom) channels. Contrast and brightness were adjusted
and maintained throughout. (c) Comparisons of mean growth rates for eGFP
strain and fliC::GFP3 strain. Note that GFP in the eGFPstrain has amuch higher

fluorescence intensity compared to fliC::GFP3. eGFP shows a significantly lower
average growth rate compared to fliC::GFP (Mann-Whitney U test, P=7.7 x
107%). (d) Comparison of growth rate of cells displaying high or low GFP signal
(determined by splitting the population into two groups using the median
fluorescence intensity value) for eGFP strain shows no significant differences
between growth rates of cells expressing high or low GFP levels (Mann-Whitney
Utest, P < 0.05). (e) Correlation between growth rates and fluorescence intensity
ofindividual fliC::GFP3 cells indicates that higher fliC expression is associated
with slower growth. The shaded area shows the 95% confidence interval.

(f) Correlation between growth rates and fluorescence intensity of individual
eGFP cellsindicates that higher GFP expression is not associated with slower
growth. The shaded area shows the 95% confidence interval.
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Extended DataFig. 5| Dead-live staining shows neither bias towards Flagella®
cells nor for T3SS°F cells during plant growth. Graph shows the dead/live

ratio for bacteria either expressing or not fliC::GFP3, hrpL::GFP3, hopABI.GFP3

or hrcU::GFP3 during plant growth. Apoplast-extracted bacteria at 4 dpiin bean
leaves were stained with a solution of Propidium iodide (PI). Data were obtained
by flow cytometry analysis (100,000 events/ per replicate) and GFP levels

were used to differentiate between ON and OFF cells using the non-fluorescent
wild type strain as reference, as indicated before. Fluorescence of Plwas used
to differentiate dead and alive bacteria comparing to the non-fluorescent wild
type. Each dot represents biological replicate in two different experiments
(ReplandRep2).
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Extended Data Fig. 6 | Active exit from infected tissues is preferentially
carried out by Flagella®" bacteria. (a) Selected images of apoplast-extracted
bacteria (using negative pressure; upper panels) or bacteria exiting the tissue
on their own (during leafincubation within a MgClI, solution; natural exit, lower
panels) at 1dpiand 2 dpi (asymptomatic tissue), or 5 dpi (just before visible
symptoms appear) and 7 dpi (fully symptomatic necrotic tissue). Contrast and
brightness were adjusted toimprove visualization but were kept constant across
the different conditions. (b and c) Fluorescence quantification of the images
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obtained inafor 2 dpiand 5 dpi using Fiji software. Graph shows arbitrary units
of GFP fluorescence, corresponding to the expression of the T3SS gene fusion
hopABI::GFP3inthe samples, or tdTomato fluorescence corresponding to the
expression of fliC::tdT. Each dot corresponds to an individual bacterium (n = 44)
as analyzed from the image. Comparisons between apoplast extraction and
natural exit were carried out per each sample using an unpaired two-tailed t-test.
Data are presented as mean values +/— SEM. Graphs show results representative
of3independent experiments.
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Extended Data Fig. 7| T3SS and flagella phenotypic heterogeneity overlays
with dynamic and spatial expression patterns during interaction with the
plant host. Model summarizes the dynamic of expression of these two loci
duringin planta growth. Starts at the beginning of the infection (top left). A

leaf section with different structural elements indicated, illustrates entry of
swimming bacteria into the apoplast through a stoma, where bacteria expression
profiles switch from Flagella®/T3SS to start the interaction with host-cell
needed to suppress defences and to allow bacterial multiplication. During the
initial multiplication (1 dpi) bacteria maintain a predominant Flagella®"/T3SSN
expression profile with orthogonal stochastic switching to T35SV, regardless
of flagellar expression which is reduced to a very limited proportion of the
population. However, Flagella®™ bacteria are particularly capable of exiting

New leaf

the leaf within a humid environment and the exiting populationis enriched
inFlagella® bacteria. As the microcolony grows those bacteria closest to the
host cell remain T3SS°N with the occasional stochastic switch to T35S, but
the growing side of the microcolony, father away from the host cell switch to
Flagella®/T3SSF. The latter also show overlaid stochastic heterogeneity. When
theinfection reaches the last stages and the plant tissue becomes necrotic,
bacteria of all phenotypic combinations exit the compromised tissue in wet
environments. Bacteria exiting the tissues at all the stages of the infection can
potentially move onto a new niche or host. Red bacteria indicate Flagella®/
T3SS° bacteria, and green bacteria Flagella®"/T3SS", although bacteria
expressing both to different levels can also be found. Grey bacteria indicate
stochastically OFF bacteria for either locus.
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value) between conditions, some data were excluded following blind elections.

Replication Independent experiments and biological replicates were carried out to verify the reproducibility of the experimental findings. All attempts at
replication were successful and the variation observed is reflected on the results shown in the manuscript. The exact number of independent
experiments and biological replicates is indicated for each figure either within the actual figure or its legend. Details on statistics are also
included in the legends and expanded on the corresponding methods section.

Randomization  No randomization was performed. Bacterial cultures and assays were always carried out under homogenous controlled environments and
were always genetically homogenous (clonal cultures) from a reference strain or strain derivates generated by our laboratory and fully
defined in this or previous reports (as referenced). Assays including plants use a single commercially verified plant variety and are always
carried out in homogeneous controlled enrivonments.

Blinding Data collection and analysis was not carried out blindly. Assays employed involved automated data collection (except straightforward colony
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Blinding counts) and analysis was software-supported whenever possible. When not possible, such as when describing non-quantifiable microscopy
data was collected, the fact that only one sample type was analyzed therefore made blinding not possible.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
D Antibodies |Z D ChlP-seq
D Eukaryotic cell lines D |Z Flow cytometry
D Palaeontology and archaeology |Z D MRI-based neuroimaging
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|:| Animals and other organisms
|:| Clinical data

|:| Dual use research of concern
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Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes

[ ] Public health

|:| National security

|:| Crops and/or livestock

|:| Ecosystems
|:| Any other significant area
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Experiments of concern

Does the work involve any of these experiments of concern:
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Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin
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Any other potentially harmful combination of experiments and agents




Plants

Seed stocks Phaseolus vulgaris var. Canadian Wonder (https://www.sativa.biO/en/canadian-wonder-bol6)

Novel plant genotypes No novel plant genotypes were generated

Authentication Not applicable

Flow Cytometry

Plots

Confirm that:

|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

& The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Software

Cell population abundance

Gating strategy

Cytometry samples were obtained from bacterial cultures or from infected plant tissue as detailed in the methodology
section

BD FACS Verse cytometer (BD Biosciences, USA) for analysis
BD FACSAriaTM Fusion flow cytometer (BD Biosciences, USA) for cell sorting.
MoFloTM XDP cytometer (Beckman Coulter, USA) for cell sorting.

To acquire Flow cytometry data for analysis BDFACSuite software was used.

To generate graphs Kaluza software was used.

To acquire flow cytometry data for cell sorting BDFACSDiva was used.

To analyze flow cytometry data from cell sorting FlowJo and Kaluza was used

Kaluza Analysis 2.1 (Beckman Coulter; https://www.beckman.es/flow-cytometry/software/kaluza)

B D F ACS Diva 9.0.1 ( B D; https ://www. bd biosciences. co m/ko-kr / prod u cts/softwa re/instrument -softwa re/bd-fa
csdiva-softwa re) BD FACSuite 1.0.5 ( BD; https://www .bdbiosciences.com/en-ie/products/software/i nstru ment-software/
bd-facsuite-application#Overview)

FlowJo Xv. 10.0.7r (Tree Star; https://www.flowjo.com)

Cell population abundancy was determined as 100,000 events included in the performed gates

To acquire data, circular gates expanding out from the FSC and SSC mean were performed to include events enriched in
particle with bacterial size. After acquisition, all SSC, FSC, and fluorescence zero values were excluded to generate graphs

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

=
Y]
=t
=
@
1®)
@)
=
o
=
®
o)
@)
=
=
(e}
wv
c
=
=
o
=<




	Pseudomonas syringae subpopulations cooperate by coordinating flagellar and type III secretion spatiotemporal dynamics to f ...
	Results

	Flagellar expression in P. syringae is heterogeneous

	Flagella and T3SS show counter-regulation at the cellular level

	Expression of T3SS or flagella carries growth penalties

	Phenotypic specialization during microcolony development

	FlagellaON bacteria actively exit infected tissues


	Discussion

	Methods

	Bacterial strains and growth conditions

	Fluorescence labelling of bacterial strains

	Generation of mutant bacterial strains

	Generation of pFleQ

	Plant growth and inoculation

	Flow cytometry and cell sorting

	Confocal microscopy

	Time-lapse microscopy

	Time-lapse image analysis

	Live/dead staining

	Competitive index assay

	In vitro growth curves

	Flagellar motility assay

	Quantification, statistical analysis and reproducibility

	Reporting summary


	Acknowledgements

	Fig. 1 Flagella display phenotypic heterogeneity in Pseudomonas syringae.
	Fig. 2 Flagellar and T3SS expression display independent heterogeneous expression at the single-cell level.
	Fig. 3 Flagellar and T3SS expression impact on bacterial growth.
	Fig. 4 Stochastic and spatially structured time-course distribution of flagellar and T3SS expression within apoplastic microcolonies.
	Fig. 5 Active exit from infected tissues is carried out by FlagellaON bacteria.
	Extended Data Fig. 1 Transcriptional fusions to tdTomato do not affect gene function.
	Extended Data Fig. 2 Flagella expression is heterogeneous on plant surface.
	Extended Data Fig. 3 Flagella display heterogenous expression in Pseudomonas syringae.
	Extended Data Fig. 4 T3SS and flagella expression impact on bacterial growth and growth cost associated with single cell levels of flagella production is not due to GFP.
	Extended Data Fig. 5 Dead-live staining shows neither bias towards FlagellaON cells nor for T3SSOFF cells during plant growth.
	Extended Data Fig. 6 Active exit from infected tissues is preferentially carried out by FlagellaON bacteria.
	Extended Data Fig. 7 T3SS and flagella phenotypic heterogeneity overlays with dynamic and spatial expression patterns during interaction with the plant host.




