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Although virulence s typically attributed to single pathogenic strains, here
we investigated whether effectors secreted by a population of non-virulent

strains could function as public goods to enable the emergence of collective
virulence. We disaggregated the 36 type Ill effectors of the phytopathogenic
bacterium Pseudomonas syringae strain PtoDC3000 into a ‘metaclone’

of 36 coisogenic strains, each carrying asingle effector in an effectorless
background. Each coisogenic strain was individually unfit, but the metaclone
was collectively as virulent as the wild-type strain on Arabidopsis thaliana,
suggesting that effectors can drive the emergence of cooperation-based
virulence through their public action. We show that independently evolved
effector suits can equally drive this cooperative behaviour by transferring
the effector alleles native to the strain PmaES4326 into the conspecific but
divergent strain PtoDC3000. Finally, we transferred the disaggregated
PtoDC3000 effector arsenal into Pseudomonas fluorescens and show that
their cooperative action was sufficient to convert this rhizosphere-inhabiting
beneficial bacteriuminto a phyllosphere pathogen. These results emphasize
the importance of microbial community interactions and expand the
ecological scale at which disease may be attributed.

Emergent properties of biological systems are higher-order patterns
or processes that are irreducible to the individual components of the
system, but can arise owing to interactions among those components'.
Examples of emergent properties of bacterial communities include
multispecies biofilms that have enhanced antimicrobial resistance,
interspecies cross-feeding that result in new metabolic capabilities,
plant fitness during host-microbe interactions®* and, importantly,
virulence*’.

Work from Koch and Henle established postulates for ascribing
causative relationships between microorganisms and disease that
have resulted in our current understanding that disease is caused
by the colonization, growth and dissemination of a single patho-
genic organism®. Despite the foundational nature of these postu-
lates, they are considered incomplete unless adapted to include the
complex and interdependent roles of the host, the environment and

polyclonal (intraspecific) or polymicrobial (interspecific) diversity in
the host-associated microbiota’,

Although disease can surely be caused by a single pathogenic
clone, this clone is usually a member of a diverse microbial commu-
nity”®. Infections that encompass these communities have the poten-
tial for collective or social behaviours that can result in non-additive,
thatis, emergent, properties that can change the fitness of individual
community members and the ultimate outcome of the interaction. In
most cases, microbial social interactions depend on the production
of secreted (that is, extracellular) factors that directly or indirectly
condition the environment to make it more favourable for microbial
growth or persistence.

Secreted factors that promote positive social interactions are
called ‘public goods’ as they benefit both the producer of the goods
and other individuals in the local vicinity® . Strains that produce
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publicgoods are known as ‘cooperators’or ‘actors’, whereas those that
benefitbut donot produce the goods are called ‘recipients’, ‘cheaters’
or ‘freeloaders™™. If public goods are costly to produce, recipients
will have a competitive advantage over cooperators; however, mod-
elling has shown that cooperators and recipients can coexist even
when recipients do not have a fitness advantage®>'°. Coexistence is
particularly likely when cooperation generatesimmediate mutual fit-
ness benefits to the entire population as happens with the production
of iron-scavenging molecules".

The type lll secretion system (T3SS) is a key virulence system
used by many extracellular and membrane-associated intracellular
pathogens to translocate effectors into host cells to manipulate cel-
lular processes, suppress immunity or acquire nutrients'”'®, In plants,
T3SS effectors canalso elicit effector-triggerimmunity (ETI) if the host
encodesimmune receptors that recognize the presence or activity of
specific effectors'. Consequently, the specific suite of T3SS effectors
carried byanindividualstrainlargely determines whetheritsinteraction
willresultin disease orimmunity ona particular host. As extracellular
pathogens typically inject their effectors into the host cytosol, their
immune-modulatory and/or nutritional benefits canbe accrued by all
microbesinthevicinity of the breached host cell. Effectors, therefore,
have the potential to act as public goods.

Pseudomonas syringaeis abacterial species complex that causes
disease in awide range of plants?*?2. The P. syringae complex encodes
more than 5,000 unique effector proteinsinits pangenome, grouped
into 70 distinct effector families, with most strains carrying a suite of
12-40 effectors®. The T3SS and its effectors are required for P. syringae
virulence? and T3SS knockout mutant strains can freeload in a mixed
infection with a T3SSwild-type strain and grow to near wild-type levels™.
T3SS-associated freeloader behaviour has also been reported
for human pathogens®. Although it is known that a T3SS mutant can
benefit from the presence of a T3SS wild-type cooperator, how this
translates into a population setting remains unclear.

Here we investigate how the virulence potential of a bacterial
population canbe modulated by the activity of individual effectors and
whether the collective activity of a population cangiveriseto virulence
asan emergent property.

Results

Disaggregation of effectors into ametaclone

To study how suites of effectors and individual effectors modulate
host-pathogen interactions, we devised an experimental system to
manipulate the effector composition of a strain or population. We
disaggregated the repertoire of effectors carried by an individual
strain into a metaclone, which comprises a population of coisogenic
clones that each express a single effector (Fig. 1a). We produced a
metaclone for the 36 T3SS effectors of the tomato and Arabidopsis
thaliana pathogen P. syringae pv. tomato DC3000 (PtoDC3000)*
(Supplementary Table1). Effectors were barcoded and expressed under
the control of their native promoters on a pBBR1-MCS-2 plasmid as
previously described?. As T3SS effectors are frequently found on
plasmids in situ, plasmid-mediated expression is biologically plau-
sible” . We individually transformed each plasmid-borne effector
into a PtoDC3000-derived strain in which all 36 effectors had been
deleted (PtoDC3000D36E; hereafter designated D36E)*°. D36E is not
virulent and typically grows three or more orders of magnitude less
than PtoDC3000 using standard in planta growth assays*®**, We used
our library of D36E coisogenic clones expressing individual effectors
toset up experimentsin which different clones were combined to form
equivalent metaclones.

Cooperative virulence via disaggregated effectors

Wefirst tested whether individual PtoDC3000 effectors were sufficient
forrestoring wild-type levels of virulence when expressed in the effec-
torless D36E background®"*%*>**, We carried out A. thaliana virulence

assays using spray inoculations for each of the 36 PtoDC3000 effectors
individually carried by D36E and compared their growth with D36E and
the parental PtoDC3000 carrying an empty vector (designated EV).In
these assays, bacterial growthis a proxy for virulence. Although there
was minor variationingrowth across the 36 effector clones, none grew
to alevel statistically different from D36E in planta (Extended Data
Fig.1). Ourresults differed slightly from previous studies****, inwhich
sixindividually tested effectors (AvrPtold, HopABIj, HopEla, HopGlc,
HopCla and HopH1a) significantly improved growth in Nicotiana
benthamiana compared with the D36E empty vector control. These
minor differences might be due to our use of native promoters for
effector expression compared with the use of a constitutive promoter
inthose studies, or the use of different plant hosts. We also found that
individual effector clones did not vary significantly in their growth
in vitro, with all clones having similar growth dynamics (Extended
DataFig.2).

Next we tested whether the PtoDC3000 metaclone could achieve
thesamelevel of virulence as the wild-type PtoDC3000 strain. We rea-
soned thatif no single effector could restore full virulence (Extended
Data Fig. 1), the disaggregated effector arsenal of the PtoDC3000
metaclone would only be able to recapitulate PtoDC3000 virulence
if part, or all, of the metaclone functioned collectively. We assem-
bled a PtoDC3000 metaclone named D36E::McDC[36], which com-
prised a population of 36 clones individually expressing, under their
native promoter, one of each of the 36 well-expressed PtoDC3000
effectors deleted from D36E. We also assembled a metaclone named
D36E::McDC[35], which lacked the effector AvrEIf (Fig. 1b) because
previous work had shown that AvrE1f can trigger ETI in A. thaliana
ecotype Col-0 plants when expressed on a multicopy plasmid?. We
spray-infected A. thaliana plants with the two metaclones, the parental
PtoDC3000 strain and the D36E effectorless strain harbouring
empty vectors, and quantified bacterial growthin plantaat 3, 5,7 and
12 days post-infection. The growth of the non-ETI-eliciting metaclone
D36E::McDC[35] was indistinguishable from that of the virulent paren-
talstrain PtoDC3000::EV, whereas the growth of the ETI-eliciting meta-
clone D36E::McDC[36] was indistinguishable from the non-virulent
D36E::EV (Fig.1b). We also obtained the same results using a traditional
pressure-infiltration pathology assay, which showed that our results
wereindependent of the means of infection (Extended Data Fig. 3). We
tracked unique barcode sequences that were incorporated into the
effector plasmids to confirm that all individual effector clones within
the metaclone were present throughout infection and that the overall
diversity of the metaclones remained unchanged (Extended Data
Fig.4).None of the individual effector clones persisted in the popula-
tion; therefore all, or a subset of, clones acted collectively to promote
population fitness. The approximately two log difference in growth
between D36E::McDC[36] and D36E::McDC[35] (Fig. 1b) illustrates
that effectors that impose a fitness detriment (AvrE1f) can reduce
the fitness of the entire population. In other words, immune-eliciting
effectors canact as a public bad**.

Cooperative virulence enables intra-and inter-specific
freeloading

Individual effector clones in a metaclone can only increase their fitness
through collective action; therefore, virulencein our experimental system
isan emergent property of the metaclone population. Itis possible that
not all effector clones contribute to metaclone fitness and that some
clones could be acting as cheaters or freeloaders. To test whether the
collective action of the metaclone was susceptible to exploitation by
freeloaders, weinvestigated whether the metacloneincreased the fitness
ofboththe cooperating clones (thatis, those clones that contribute public
goods toincrease in planta microbial fitness) and any freeloader clones
(that s, those clones that use but do not provide any public good). To
do this, we measured the growth of a freeloading D36E::EV strain when
grown inthe presence and absence of the metaclone. We measured the
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Fig.1|Metaclones of P. syringaefacilitate theemergence of population
virulence. a, Schematic representation of P. syringae metaclone construction.
(1) Effector gene sequences of a given parental P. syringae strain (PtoDC3000)
are annotated, synthesized and cloned into abroad host-range vector. (2)

The polymutant strain PtoDC3000D36E (designated D36E), constructed
inaprevious study*’, lacks all 36 well-expressed effector genes but retains
afunctional T3SS. (3) Each synthesized effector is individually transformed
into D36E. (4) Alibrary of D36E::effector lines is assembled into a metaclone:
apopulation ofisogenic strains that differ only by their carriage of a single
effector and that collectively mirrors the effector content of its parental strain.
b, Virulence of PtoDC3000 is recapitulated collectively by its metaclone on

A. thaliana.In plantabacterial growth measured via spray-infection assays at
days 3, 5,7 and 12 post-infection is shown for the wild-type pathogen PtoDC3000
harbouring an empty vector (PtoDC3000::EV), the effectorless D36E harbouring
an empty vector (D36E::EV), an ETI-eliciting D36E metaclone D36E::McDC[36]
and anon-ETl-eliciting metaclone lacking AvrE1f, D36E::McDC[35]. Diagrams on
the right represent the corresponding population and genetic makeup of each
infection. The non-ETl-eliciting metaclone consistently shows higher fitness
thanits counterpart metaclone capable of mounting a hostimmune response.
Error bars correspond to the standard deviation from the mean of four biological
replicates per treatment at each time point. c.f.u., colony-forming unit. Source
dataprovided in Supplementary Data 1.

growth of D36E::EV, PtoDC3000::EV and D36E::McDC[35] individually,
and then performed mixed growth assays by combining D36E::EV with
either other D36E::EV strains or the D36E::McDC[35] metaclone, main-
taining the freeloader strain at the same ratio in the overall population.
Different selectable markers were used to distinguish the freeloader
fraction from the rest of the population. In both cases, the mixing was
doneatal:36 ratio and growth was determined for the total population
and the freeloader fraction (Fig. 2a). The experiment showed that the
freeloader D36E::EV had significantly enhanced growth when grownwith
the D36E::McDC[35] metaclone compared with the control effectorless
population (Fig.2b and Extended Data Fig. 5a). This result indicates that
the collective virulence of the metaclone is a synergistic property that
canrescue the growth of freeloaders.

We showed that the metaclone can benefit freeloaders that share
the same genetic background, but we wanted to know whether the
metaclone canbenefitentirely unrelated freeloaders, thatis, freeloaders

from a different species. To do this, we tested whether the metaclone
could enhance the in planta growth of a non-virulent, natural isolate
of P. fluorescens 0-1 (PfO-1). The PfO-1 species is a rhizosphere isolate
commonly usedin the promotion of plant growth**. We spray-infected
leaves and measured bacterial density of the total population and the
freeloading strain via differential selection over 7 days. PfO-1alone grew
nobetter thanthe effectorlessD36E strainin A. thalianaleaves. However,
following co-inoculation with the D36E::McDC[35] metaclone, PfO-1in
plantagrowthincreased by more than three logs (Fig. 2c and Extended
Data Fig. 5b). No significant change in the relative proportion of free-
loaders and cooperators was observed, which provides support for the
coexistence of all members of the population and the maintenance of
the pBBRIMCS-2 plasmid carrying the cloned effectors (Extended Data
Fig. 5). These results demonstrate that the public goods provided by
the metaclone are available to freeloading strains of both the same and
different speciesin the environment.
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Fig.2| Collective action of the PtoDC3000 metaclone supports growth
oflaboratory and natural freeloader strains. a, Schematics representing

the composition of two populations in which an effectorless unfit strain is at
arelative abundance of 1:36, shown as the orange wedge. In the cooperating
population (bottom), the freeloader is complemented with the metaclone
D36E::McDC[35] expressing the effector repertoire of the pathogen PtoDC3000,
whereasin the effectorless mock population (top), the freeloader strain is mixed
only with D36E harbouring an empty pBBRIMCS-2 vector. b, The emergence of
collective virulence in the metaclone D36E::McDC[35] (‘Mixed’ panel) drives
asignificantincrease in fitness of the freeloading strain (D36E::pUCP20EYV,
orange) comparative to its performance in the absence of effectors in the control

population. In plantabacterial growth is reported for parental strains, metaclone
controls and mixed populations containing the D36E::EV as a test freeloader.

¢, The public goods made available by collective action in the metaclone promote
in plantagrowth of the distantly related P. fluorescens natural isolate PfO1
(PfO1::pUCP20EV), shownin orange. Growth is reported 7 days post-infection for
6 biological replicates per treatment for total and freeloader growth. Elements in
boxplots represent the median, 25th and 75th percentiles and 1.5 inter-quantile
ranges. All letters represent statistical significance groups, estimated using
one-way analysis of variance (ANOVA) and post-hoc Tukey-Kramer honestly
significance difference (HSD) comparisons, with a 95% confidence interval.
Source data provided in Supplementary Data.

Effector arsenals are portable within species

We wanted to test whether the collective virulence we observed was
due to coevolution between the effectors and the strain that carries
them (thatis, expression of PtoDC3000 effectors in the D36E mutant
background of PtoDC3000) and whether our results were generalizable
to different suites of effectors. Therefore we investigated whether our
results could be recapitulated using a metaclone constructed froma
suite of effectors carried by a divergent P. syringae strain thatis able to
cause disease on the same host. The use of effectors from another strain
has strong biological relevance given the high level of recombination
and horizontal gene transfer observed amongeffectorsinthe P. syringae
species complex®. P. syringae pv. maculicola ES4326 (PmaES4326) is
aradish pathogenin phylogroup 5thatis virulentonA. thalianabutis
divergent from phylogroup 1strain PtoDC3000 both with respect to
its core genome (dy = 0.034; average nucleotide identity (ANI" = 87.1%)
(Fig. 3a) and effector arsenal. At the effector allele level, PtoDC3000
and PmaES4326 carry 36 and 30 alleles with confirmed expression,
respectively*®. Only eight alleles are shared between strains, which
resultsinanallele-level Jaccard similarity value of 0.14 (ref. *) (Fig. 3b).
Similarly, at the effector family level, their combined effector arsenals
include 38 out of the 70 distinct P. syringae effector families*>*. Of
the 38 total families, 16 families were found in both strains, 13 were
found only in PtoDC3000 and 9 only in PmaES4326, whichresultsina
family-level Jaccard similarity value of 0.42 (Fig. 3c).

Paralleling the PtoDC3000 metaclones, we created two
PmaES4326 metaclones in the D36E background: one with the full
complement of effectors, including ETl elicitors, and one without ETI
elicitors. Two alleles harboured naturally in PmaES4326 (AvrEli and
HopO1b) have the potential to trigger ETlin A. thaliana*®, so we created
an ETl-eliciting metaclone, D36E::McES[30], and a non-ETl eliciting

metaclone, D36E::McES[28] (Fig.3c). As described above, all effectors
were synthesized, cloned and expressed with the native promoters
and chaperones when appropriate (Methods). We spray-inoculated
the PmaES4326 metaclones and controls onto A. thaliana plants
and observed similar results to the PtoDC3000 metaclones. That
is, the non-ETl-eliciting PmaES4326 metaclone D36E::McES[28] sig-
nificantly restored in planta growth compared with the effectorless
D36E::EV background strain, whereas the ETI-eliciting metaclone
D36E::McES[30] did not (Fig. 3d). The most notable difference
between the PtoDC3000 and PmaES4326 metaclone experiments
was anincreased variance between trials. Specifically, the ETI-eliciting
PmaES4326 metaclone was significantly more virulent than the
D36E::EV background in one experimental replicate. Taken together,
these dataindicate that the collective action of effectorsinametaclone
is functionally independent of the genetic background of conspecific
pathogens and effector suits are effectively exchangeable or conver-
gent atrelatively large evolutionary distances.

Animportant hypothesis arising from the PmaES4326 metaclone
is whether collective virulence can be explained solely by the set of
alleles shared by both PtoDC3000 and PmaES4326. We tested this
by creating D36E::McDC&ES[7], which is a population composed of
the seven shared alleles between the two strains that do not elicit ETI
(Supplementary Table 1). D36E::McDC&ES[7] failed to recover the
same population-level virulence observed for D36E::McDC[35] or the
parental strain (Extended Data Fig. 6).

Effectors are sufficient for cooperative virulence

Finally, we tested whether an otherwise beneficial species would
act as a pathogen after acquiring a disaggregated effector arsenal
from a pathogenic species. These experiments test whether the
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Fig.3 | Portability of pathogenic effector repertoires. a, Core genome,
maximum likelihood phylogeny of host-associated strainsin the P. syringae
species complex displays the evolutionary relationship between two pathogens
of A. thaliana, PtoDC3000 and PmaES4326, clustering in divergent phylogroups
1(blue)and S (purple), respectively. Nodes with distance <0.01 are collapsed.

b, Venn diagram showing the private and shared effector alleles between
PtoDC3000 and PmaES4326 used in this study. ¢, Effector families present

in PtoDC3000 and PmaES4326 and used for building their corresponding
metaclones. Numbers inside boxes correspond to the total number of unique
alleles of each effector family used for metaclone assembly of each strain. Light
grey highlighting indicates that the two strains possess different alleles from the
same effector family, whereas dark grey indicates allelic identity. Red labelling
of an effector indicates a strain-specific ETI-eliciting allele. HopD is marked with
(2) as each strain shares two identical alleles. Numbers at the bottom are the sum
of unique effector families represented in each genome. Additional information

inSupplementary Table 1. d, Effectors native to the genome of PmaES4326 can
drive collective virulence when delivered by the distant conspecific relative
D36E. In planta bacterial fitness was quantified 6 days post-infection for at

least 4 biological replicates per treatment and over 3 independent infection
replicates. ETI-eliciting and non-ETlI-eliciting D36E metaclones of PtoDC3000
and PmaES4326 were compared with the effectorless strain D36E::EV and

their corresponding parental strains carrying empty vectors. Similar to the
successful PtoDC3000 metaclone, the non-ETlI-eliciting PmaES4326 metaclone
D36E::McES[28] reaches collective virulence with significantly higher growth
than that of the effectorless D36E strain. Elements in boxplots represent the
median, 25th and 75th percentiles and 1.5x inter-quantile ranges. All comparisons
were performed within each infection replicate. Letters represent significant
groups estimated using one-way ANOVA and post hoc Tukey-Kramer HSD
comparisons, performed with a confidence level of 95% for 3 independent
experiments. Source data provided in Supplementary Data 1.

collective action of effector arsenalsis a portable trait between diver-
gent species and whether these effectors are sufficient to enable
virulence. Given the complexity of host-associated microbiota and
the frequency of horizontal genetic exchange, it is conceivable that
effectors could be transmitted across species boundaries. Here we

asked whether these events can fundamentally change the nature of a
host-microbeinteraction. Asdiscussed above, P. fluorescensis akey
member of the plant root microbiome that has been widely studied
as a plant-growth-promoting species**°. Although P. syringae and
P. fluorescens arerelated, the two species are phylogenetically distinct,
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Fig. 4 | Effectors are sufficient for converting a beneficial straininto a
pathogen. Metaclones constructed by moving the effectors of PtoDC3000 and
PmaES4326 individually into the plant-growth-promoting strain P. fluorescens
Pf-0 EtHAn (carrying a P. syringae T3SS) induce virulence in A. thaliana. Three
independent spray-infection assays were performed for ETI-eliciting PfEtHAn
metaclones PfEtHAN::McDC[36] and PfEtHAN::McES[30], non-ETl-eliciting
PfEtHANn metaclones PfEtHANn::McDC[35] and PfEtHAn::McES[28], and control
strains harbouring an empty vector. Growthin plantais reported at 6 days

post-infection for at least 4 biological replicates and 3 independent infection
replicates. Elements in boxplots represent the median, 25th and 75th percentiles
and 1.5x inter-quantile ranges. All comparisons were performed within each
infectionreplicate, and letters represent significance groups estimated using
one-way ANOVA and post hoc Tukey-Kramer HSD comparisons were performed
witha confidence level of 95% for 3 independent experiments. Source data
provided in Supplementary Datal.

with PtoDC3000 and Pf0-1 sharing an ANI of only 80.73%". This is a
similar evolutionary distance to Escherichia coli K-12 substr. MG1655
and Salmonellaenterica subsp. enterica serovar Typhimurium str. LT2
(ANI = 81.91%). To test our hypothesis, we used the P. fluorescens strain
PfO1EtHAN, which has been engineered to contain a functional
P. syringae T3SS capable of delivering effectors*. We individually
transformed all PtoDC3000 and PmaES4326 effectors into
PfO1EtHAnN and assembled ETI-eliciting PfEtHANn::McDC[36] and
PfEtHAN::McES[30], and non-ETl-eliciting PfEtHAn::McDC[35] and
PfEtHAN::McES[28] metaclones, which represent the effector suites
of PtoDC3000 and PmaES4326. We then quantified their growth in
plantarelative to their corresponding pathogenic parental strains.
The non-ETl-eliciting PFEtHAn::McDC[35] metaclone multiplied
within the host to levels comparable to those of the pathogen
PtoDC3000::EV, whereas the PfEtHAn::McES[28] metaclone grew
to alevel indistinguishable from PmaES4326::EV (Fig. 4). Consistent

with our observations described above, ETI-eliciting metaclones did
not grow significantly better than the effectorless background strains
D36E::EV and PfEtHAN::EV. Intermediate virulence and ETI responses
were observed in one experimental replicate of non-ETl-eliciting and
ETl-eliciting PFEtHAn metaclones. That s, variance in fitness outcomes
were moderately higher for the PfEtHANn background than for D36E.

Inaddition to assessing pathogen fitness by counting the number
ofviable colonies recovered fromin plantagrowth assays, we assessed
plant fitness by monitoring symptom development. Consistent with
theresults described above, infections with the McDC[35] metaclones
developed similar chlorosis to plants infected with the wild-type path-
ogen PtoDC3000 in both the D36E and the PfEtHAn backgrounds
(Extended Data Fig. 7). These data demonstrate that the virulence
contribution of effectorsis transferrable to different species and that
these arsenals (along with the appropriate secretion system) are both
portable and sufficient for pathogenicity.
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Discussion

Although the importance of interactions within polymicrobial and
polyclonalinfections are becomingincreasingly well recognized, most
studies of infectious diseases still focus on the role of single, virulent
strains’®. Here we experimentally showed that virulence can be achieved
through collective action, even in the absence of any individually fit
strain, making it an emergent property. We demonstrated that effectors
actas public goods that can support the growth of other strainsinthe
environment and that functional effector suites can be disaggregated
and delivered from multiple strains. We found that effector arsenals are
highly portable, can functioninindependently evolved backgrounds
and that the position of a species on the interaction continuum from
beneficialto virulentis potentially labile, as a beneficial species canbe
converted into a pathogen if provided with the appropriate effectors
and secretion system. Finally, we showed that a single immune-eliciting
effectors can negate the fitness benefits of the rest of the effector reper-
toire; thatis, ETlelicitation can be thought of as epistatic or dominant.
This finding emphasizes the effectiveness of ETI in limiting disease
outbreaks, whichis particularly interesting given recent findings that
nearly all P. syringae strains carry at least one effector with ETI-eliciting
potential*. However, pathogens also evolve under tremendous selec-
tive pressure to avoid or suppress these ETIresponses, which explains
the high rate of effector degeneration, loss***° and the prevalence of
ETI-suppressing effectors*®*2°1-%,

We propose that all, or a subset, of the clones in a metaclone are
cooperators thatact synergistically to achieve cooperative virulence.
Most studies of cooperation in microbes have been based on central-
ized sourcing of publicgoods, wherein one strainincurs the total cost
of producing the public good”. Here no individual strain pays the cost
of producing all the public goods, yet at the same time, no strain is fit
without the collective action of multiple strains secreting publicgoods.
This opens questions regarding the distribution of fitness cost/benefits
across the population but suggests that ultimately, these public goods
provided by multiple members of the community canact together, in
support of the reported prevalence of positive interactions among
microorganisms®-°,

While effector arsenals might not be naturally found dissagregated
among multiple single-effector clones, our study provides evidence for
the plausibility of collective action as a mechanism that may contribute
to the maintenance of population diversity, the emergence of virulence
or host shifts. In accord with the Black Queen hypothesis, it can be
advantageous to lose essential yet costly functions (for example, gene
products) aslong as those functions are produced by other members of
the community and are public or leaky®. Collective virulence in nature
would require the co-occurrence of diverse strains. Although reports of
polyclonal and polymicrobial infections are better documented in ani-
malsystems than plant systems® ", cooperationin plantinfections has
beenreported. For example, conspecific Rhizobium melilotistrains can
promote the establishment of alfalfa nodules® and co-occurrence of
multiple P. syringae strains in asingle host has been recently reported®.
Thisfinding is somewhat expected given the prevalence of this species,
itsreputation for long-distance dissemination through the water cycle
and its high epiphytic fitness?"°°.

Itisstriking that a plant-growth-promoting rhizosphere-adapted
species such as P, fluorescens can be converted into a pathogen by the
acquisition of so few genes. This is particularly notable given that the
spray-inoculation methods required the strains to migrate across the
leaf surface to the stomatal openings, transit into the leaf apoplast,
moveintodirect contact with the plantcells, inject effectors and thrive
in the apoplastic environment, which presumably is highly different
totherhizosphere where P. fluorescens is most frequently found. The
interaction spectrum of mutualists to pathogens is clearly fluid, a
finding that further supports the challenges in defining “whatis a
pathogen™’. Although debate on this fundamental question has largely
focused on the fact that the outcome of a host-microbe interaction

depends on the specific strain, host and environment, our study dem-
onstrated thatevenrelatively small changesin the genetic composition
of the microbiota can facilitate certain microbial social behaviours
that can result in dramatic changes in the interaction outcome with
the host. Although the traditional study of pathogenesis has focused
onthevirulence potential of individual strains, our study showed that
we shouldincorporate theimpact of interactions ocurring within these
diverse microbial communities.

Methods

Effector selection and synthesis

Effector clones were designed as previously described?. Note that
all effector clones were constructed with their native promoters, and
chaperoneswereincluded when appropriate. All construct sequences
were chemically synthesized by Gene Universal and synthesized
into a Gateway donor vector harbouring a gentamycin resistance
marker (pDONR207). Although PtoDC3000 has 47 annotated effec-
tor alleles®, a number of these are known to be pseudogenes or are
poorly expressed. Inaprevious study*’, the authors deleted 36 out of
the 47 effectors from PtoDC3000 to create the effector polymutant
strain D36E, which was used here as the genetic background for the
metaclones. We elected to generate clones of only the 36 knocked out
PtoDC3000 effectors, as the remaininglociare either weak expressors
or pseudogenes and still encoded in the D36E genome. The effector
HopT2,deletedin D36E, was not recognized through our methods and
was therefore not included in this study. Three HopO alleles deleted
form D36E (HopO1-1, HopO1-2 and HopO1-2), correspond to four
alleles based onour methods (HopOla,HopO1lb, HopOlc and HopO1d).
PmaES4326 has an effector repertoire of 33 effector alleles, of which
3 were excluded from this study owing to lack of expression data
(Supplementary Table 1). Of the nine alleles shared by PtoDC3000
and ES4326 (Fig. 3b), eight are well expressed, hence were reported
tobe deleted from D36E (ref. *°), and seven do not elicit ETIin A. thal-
iana (Supplementary Table 1). For this study, we only considered
PtoDC3000 effectors that were deleted or disrupted in the construc-
tion of D36E (36 alleles) and effectors of PmaES4326 with expression
dataavailable (30 alleles) (Supplementary Table1and Fig. 3b,c). The
PtoDC3000 effector sequences were synthesized with100% nucleo-
tide identity to the PtoDC3000 reference genome (NCBI reference
sequence identifiers NC_004578.1, NC_004633.1 and NC_004632.1).
By contrast, the PmaES4326 effectors were selected from previously
synthesized representative alleles in the P. syringae Type Il Effector
Compendium (PsyTEC)?. Each of these 30 PsyTEC representative
sequences therefore belong to the same identity cluster as the cor-
responding sequence native to PmaES4326, which means they share
at least 95% nucleotide identity. Selection criteria for representative
allelesincluded the presence of an upstream hrp box and no ambigu-
ousbases. Onerepresentative (HopBD1g) was selected by chance from
the PmaES4326 genome, whereas the remaining 29 representatives
were selected from other strains (Supplementary Table 2). No major
phenotypic discrepancies are expected between the alleles inside
a 95% identity cluster, but minor expression or functional variation
cannotberuled out.

Effector transformation and tri-parental mating

Each pDONR207 vector was transformed into chemically competent
E. coliDH5a cells. To confirminsert sizes, plasmids were purified using
aThermo Scientific GeneJet Plasmid Miniprep kit, and Notl sites flank-
ing the construct were targeted for restriction enzyme digestion. Band
sizes were confirmed by agarose electrophoresis. Gateway cloning
(LR reaction) was performed to transfer the construct insert from
the donor vectorinto alow-copy broad-host-range expression vector
(pBBRIMCS-2) with a kanamycin resistance marker, and insert sizes
were again confirmed via Notl and EcoRV (from pBBRIMCS-2 back-
bone) digestions.
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Tri-parental mating was used to deliver each of the constructs
in pBBRIMCS-2 into either the P. syringae polymutant strain D36E or
the P. fluorescens PfEtHAR strain, with their native rifampicin or tet-
racycline resistance, respectively. To this end, the strain E. coli HB101
(RK600, chloramphenicol resistant) was used as a helper, and double
antibioticselection, including kanamycin, was used toisolate success-
ful colonies after plasmid delivery. Control strains (PtoDC3000::EV,
PmaES4326::EV, PfEtHAN::EV and D36E::EV) were built by delivering
an empty pBBRIMCS-2 vector into the wild-type strain and consist-
ently maintaining both antibiotics for proper selection. ApUCP20TC
non-gateway empty vector was used to construct the both freeloader
strains D36E::pUCP20TC(EV) and PfO1::pUCP20EV.

Bacterial growth conditions

All Pseudomonas spp. strains were grownin selective King’s B (KB) agar.
Medium was supplemented with antibiotics as follows: 50 pg ml™ of
rifampicin for any PtoDC3000 or D36E strain or metaclone; 8 pl mi™
of tetracycline for any strain or metaclone of PfEtHAn; and 100 pg ml™*
of streptomycin for PmaES4326. To maintain the plasmid in trans-
formed strains or populations harbouring either a pBBRIMCS-2 or
pUCP20TC construct, they were grown inmedium additionally supple-
mented with 50 pg ml™ kanamycin or 8 pl ml™ of tetracycline, respec-
tively. E. coli cultures were made with LB medium and supplemented
with the appropriate antibiotics.

Invitro bacterial growth assays

Growth curves were performed for D36E::effector lines before assem-
bling the complete D36E::McDC[36] metaclone (Extended DataFig. 2).
Each strain was grown overnightin liquid KB medium with rifampicin
and kanamycin. Optical densities (ODs) were measured and adjusted
to 0.05 and a starting volume of 150 pl, and cultures were transferred
intriplicate to 96-well plates, avoiding edge wells. Growth assays were
performed inamicroplate reader (ICG12 robot manufactured by S&P
Robotics) set to shake and quantify the OD at 600 nm (ODq,,) every2 h
while maintaining a constant temperature of 30 °C for 60 h (around 10
generations per 24 h).

Plant growth conditions

A. thaliana ecotype Col-0 plants were grown under controlled condi-
tions until ready for infection assays. Seeds were sown into Sunshine
Mix 1, LC1 (75-85% sphagnum peat moss, perlite, dolomite, limestone,
pH adjusted) and kept under domes until germination. On day 11-15,
seedlings were thinned and spaced to avoid overlap at full size. Regular
watering and growth chamber conditions (12-h dark photoperiod at
21°Cand12-hat20 °C) were maintained until plants reached 3-4 weeks
when they were transferred into the laboratory for infection assays.

Metaclone assembly

Individual strains were streaked from -80 °C glycerol stocks and grown
overnight in KB agar medium with the corresponding antibiotics at
28 °C. Liquid cultures were inoculated and grown shaking overnight
until saturation, when the OD.,, was measured. If necessary, cell
densities were adjusted by spinning down the cultures for 5 min at
4,600 r.p.m. and correcting their final volume to reach equal concen-
trations. For any given metaclone, equal volumes of individual strains
were mixed to produce a single liquid culture with all corresponding
antibiotics, which was then vortexed at low speed until thoroughly
mixed and stocked or plated. Note that for instances in whichmore than
one allele of the same cluster (for example, HopR1g) was annotated
andincludedinthis study, the final concentration of its corresponding
D36E or PfEtHAN metaclone was adjusted accordingly.

Spray-infection assays
All strains and metaclones used for spray-inoculation assays were
taken through two growth cycles to help synchronize growth and to

guarantee that infections were made with fresh culture. A first streak
from -80 °C glycerol stocks in the corresponding antibiotics was
followed by 30-48 h of growth at room temperature. Subsequently,
bacteria were resuspended in 10 mM MgSO, and streaked onto fresh
plates to form lawns. For metaclones, either fresh well-mixed liquid
culture was plated or full cryovial stocks were thawed and immediately
plated. Heavy metaclone lawns were recovered by adding 4 ml of 1x
KB medium and shaking the plates at 1,700 r.p.m. A final solution of
1:100 was prepared, plated and grown at 28 °C for infection. When
ready for spray infection, strains and metaclones were recovered from
plates, resuspended in a solution of 10 mM MgSO, with 0.04% Silwet
L-77, and were sprayed at an OD,, = 2. This inoculum concentration
was chosen after testing a range of OD,, = 0.5-4, with similar visual
results across the range (Extended Data Fig. 8). Approximately 2.5 ml
ofbacterial solution was sprayed onto each plant using Preval sprayers.
Immediately after spraying, plants were domed to maintain consistent
humidity conditions until the completion of each experiment. The
progression of disease was monitored using bacterial growth assays.
Day 0 measurements of OD,,, were taken with the purpose of adjusting
to the desired value and are not included in figures as they represent
the sprayed solution and not in planta growth.

Leaf syringe infiltration assays

Similar to spray infections, syringe-pressure infiltrations were per-
formed with strains or populations at active log phase, grown over-
night in solid KB medium supplemented with their corresponding
antibiotics. Onthe day of infection, plants were marked and domed at
least1 hbeforeinfectiontoincentivize stomatal opening. All bacterial
treatments were resuspended in10 mM MgSO, and diluted toreach a
final OD¢, = 0.00002. Using 1 cc needleless sterile syringes, leaves were
pressureinfiltrated, and excess moisture was cleaned. After infection,
plantswere domed for1 h, after which day O measurements were taken.
Plants were returned to their growth chamber conditions and undomed
until collected at the indicated time point.

In planta growth assays

Following spray or pressure-infiltration infections, in planta growth
assays were carried out to quantify endophytic bacterial fitness. For
each infected plant, tissue was collected from a total of four leaves,
which were cleaned to remove excess moisture before coring. An area
of 1cm?was collected from each leaf using a number 3 corer. Four
cores (4 leaves from 1 plant) were pooled together and sterilized with
70% ethanol for 10 s to remove epiphytes in control experiments. All
4 harvested cores per plant (typically 5 plants per treatment) were
then transferred together into 200 pl of 10 mM MgSO, with a sterile
glass bead. Samples were ground inabead-beater for 2 mintorelease
and recover endophytic bacterial cells residing in the apoplast. The
plant-microbe solution was then transferred to the top row of a 96
well-plate, and 10-fold serial dilutions were performed by transferring
20 plof10 mMMgSO, into wells with 180 pl of the same MgSO, solution.
Next, 5 pl of solution across dilutions were plated on solid KB medium
with the native antibiotic of the corresponding strain or population.
Colony counts were performed after 24-48 h of growth at 30 °C, and
bacterialfitnessresultsarereportedaslog(colony-formingunitspercm?).
Allbacterial growth datawere analysed using Rstudio (v.1.3.1073), and
the following packages were used: ggplot2 (v.3.3.5), readr (v.2.1.1),
RColorBrewer (v.1.1-2), ggsci (v.2.9), ggpubr (v.0.4.0) and scales (v.1.1.1).

Effector barcode amplification, sequencing and
quantification

Effector-specific barcodes were obtained directly frominfected leaves
via PCR. Primers were designed on the basis of the final pPBBRMCS-2
broad-host-range vector containing the synthesized constructs. All
barcodes were 8-bp long and at least one mutational step away from
each other®®. Primers were designed to include Nextera overhang
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adapters to enable manageable high-throughputlibrary preparation
(Supplementary Table 3) and to produce an amplicon of approxi-
mate 300 bp, which only differs across all constructs in their barcode
sequence. A modified Dilution and Storage protocol using Thermo
Scientific Phire Plant Direct PCR was optimized to enable storage of
the plant-microbe solution obtained during in planta bacterial growth
assays for subsequent amplification. This strategy was optimized so
that amplicon concentrations reflected bacterial densities used for
infection to arecovery threshold at 0D, = 0.002. Effector composi-
tion of metaclones in sequencing data followed expectations based
on the initial molarity of individual effectors in the inoculum. Tissue
samples were stored at 20 °C. A two-step, short-cycle PCR reaction
was optimized to avoid PCR bias as follows: initial denaturation for
5min at 98 °C; 24 cycles of 5s at 98 °C followed by extension for 5 s
at72°C; and 1 min at 72 °C. Amplicons were column-cleaned using
Macherey-Negel NucleoSpin Gel and PCR Clean-up and sent for Next-
SeqIllumina150 paired-end sequencing at the Center for the Analysis
of Genome Evolution and Function. Trimmomatic (v.0.38)° was used
to remove sequencing adapters, filter (-phred33) and set minimal
length (MINLEN:100). Finally, anin-house custom Python scriptusing
Biopython® (v.1.79, Seq, Seql0), was used to quantify effector-specific
barcode sequences. These counts were used to calculate mean Shannon
index values, which represent effector-clone diversity (vegan (v.2.5-7)"°
inRStudio (v.1.3.1073)).

Freeloader experiment

For each public good experiment (Fig. 2 and Extended Data Fig. 5),
the mixed populations (Fig. 2a) were assembled by inoculating
KB broth liquid cultures supplemented with rifampicin only and
incubating overnight at 30 °C and shaking until saturation. Cultures
were spun down and OD,, was normalized across all clones before
mixing. All populations containing a test freeloader strain were mixed
inal:36 ratio (freeloader:rest of the population), both when mixed
with the metaclones and when mixed with amock population. Meta-
clone assembly conditions were followed downstream, keeping only
rifampicin selection before infection to avoid excluding either geno-
type of the mix. For the mock metaclone, D36E harbouring an empty
pBBRIMCS-2 was used as a background effectorless mock and was
mixed with the test freeloader (D36E harbouringa pUCP20TC empty
vector or P. fluorescens PfO-1 harbouring the same empty vector,
both with tetracycline resistance). A similar process was followed
to construct the metaclone mixed populations, in which each clone
of D36E::McDC[35] was mixed in at the same concentration as the
test freeloader. The resulting freeloader ratio (tetracycline resist-
ance) was therefore 1:36 for both the mock and the metaclone mixed
populations. Spray infections and growth assays were performed as
described above, but with differential selection of the tenfold serial
dilution inrifampicin alone (no selection, total growth), rifampicin
plus kanamycin (selection for pPBBRIMCS-2, metaclone/background
mock) and rifampicin plus tetracycline (selection for pUCP20TC,
freeloader).

Statistics

To evaluate differences in growth between strains and metaclones,
analysis of variance (ANOVA) tests were performed with post-hoc
Tukey or Tukey-Kramer honestly significant difference tests using 95%
confidence intervals. All data processing was performed in RStudio
(v.1.3.1073), using packagesin tidyverse (v.1.3.1), ggpubr (v.0.4.0) and
multcompView (v.0.1-8) for significant grouping. Source data and
statistical analyses for allmain figures are reported in Supplementary
Datal.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability
Metaclone data are available in Supplementary Data 1. Barcode
sequence dataareavailable at https://doi.org/10.5281/zenod0.7254975.

Code availability
The script used for reading metaclone barcodes is available at https://
doi.org/10.5281/zenodo.7249118 (https://zenodo.org/record/7249118).
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Extended Data Fig. 1| In-planta fitness of individual effector clones. Bacterial positive virulence controls, respectively. No individual effector clone deviated
growth was quantified on day 6 post spray-infection for at least 4 independent significantly from the mean of the effector-less control strain. Elements in
plant replicates infected with each of the 36 effector clones that comprise the boxplots represent the median, 25" and 75" percentiles, and 1.5 *inter-quantile
well-expressed effector arsenal of the pathogen PtoDC3000. Allinfections were ranges. All comparisons were performed via one-way ANOVA with post-hoc
performed at the same time and controls were placed in each flat. D36E and Tukey-Kramer HSD using a 95% confidence interval (Source data and p-values
PtoDC3000, each harboring an empty vector (EV), were used as negative and provided in Supplementary Datal).
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Extended DataFig. 2| In-vitro fitness of individual effector clones. Growth (KB) with kanamycin. Time measures with SE > 0.07 were excluded as the high
curves of individual effector clones composing the PtoDC3000 metaclone variability was likely due to condensation, which was noticeable during lag phase,
D36E::McDC[36], and control strains harboring empty vectors (EV). Harboring predominantly over the first 10 hours. This, however, did not impact the overall
any of the individual effector plasmids did not substantially burden or benefit trajectory of the growth curves and there were no overall substantial differences
the growth of D36E in vitro. Data points represent the average optical density between effector clones. NC: negative buffer control.

(OD) measured at 600 nm across 3 technical replicates grown in rich media
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Extended Data Fig. 3| Collective virulence emerges when using syringe
pressure infiltration assays on A. thaliana. a. Endophytic bacterial growth at
0-,3-,5-and 7-days post infection using syringe pressure infiltration. Diagrams
ontherightrepresent the corresponding population and genetic makeup of each
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infection. Error bars correspond to standard deviation from the mean of at least
4 biological replicates per treatment at each timepoint. b-d. Host symptoms
shownin photos taken of 4 representative leaves per bacterial treatment, and 2
plants for MgSO, controls atb, 3-, ¢, 5-and d, 7- days post infection.
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Extended Data Fig. 4 | Mean Shannon’s diversity index for metaclones

does not deviate significantly throughout disease progression. Diversity
calculations were based on the relative abundance of each D36E::effector
barcode composing the PtoDC3000 metaclones D36E::McDC[36] (ETI-eliciting)
and D36E::McDC[35] (not ETI-eliciting). Barcode sequence diversity is reported
as the mean Shannonindex across four biological replicates + /- SE for each
metaclone. No significant differences were found between any stage of infection
and the mean barcode diversity of the original inoculum (Bonferroni-corrected

two-sided Student’s t-tests. p-values: D36E::McDC[35]: DOpi-D3pi = 0.66,
DOpi-D5pi = 0.41, DOpi-D7pi = 0.89; D36E::McDC[36]: DOpi-D3pi = 0.56,
DOpi-D5pi = 0.57, DOpi-D7pi = 0.35)). Error bars represent standard error across
4 biological replicates. Higher variance across replicates is observed in the
ETl-eliciting metaclone D36E::McDC[36], particularly on the latter stages of
the infection process, which can be attributed to smaller population sizes and
increased drift in the metaclone composition.
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Extended DataFig. 5| Freeloading strains benefit from collective virulence
and coexist with cooperating portion of the metaclone. The virulent
PtoDC3000 metaclone D36E::McDC[35] or mock population (D36E::EV) were
mixed with strains unfit for multiplication in the plant apoplastic space (that is.
freeloaders). Bacterial endophytic growth is reported at 7 dpi for cooperator and
freeloader, separately and together, following standard spray infection of mixed
populations and controls (Fig2). Differential antibiotic selection shown was used
to measure fitness of the two genotypes present in each population, together
(Total Growth -Rifampicin only -grey) and separately (Cooperator -rifampicin
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and tetracycline -blue; Freeloader- rifampicin and kanamycin -orange) a. The
effectorless polymutant strain D36E, and b. the natural soil-associated sister
species PfO-1are rescued to significantly higher load when in the presence of
public goods provided cooperatively by the metaclone. Elements in boxplots
represent the median of 6 biological replicates per treatment per selection
category, the 25" and 75" percentiles, and 1.5 *inter-quantile ranges. Letters
represent significant groups estimated via one-way ANOVA with post-hoc Tukey-
Kramer HSD using a 95% confidence interval (Source data and p-valuesinin
Supplementary Datal).
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Extended Data Fig. 6 | Metaclone representing the effector allele overlap D36E::McDC[35]. In-planta fitness was quantified 6 dpi for 5Sbiological replicates
between PtoDC3000 and PmaES4326, McDC&ES[7], fails to match fitness per treatment and 4 independent infection replicates. Elements in boxplots
of PtoDC3000 and the non-ETI-eliciting metaclone D36E::McDC[35]. represent the median, 25" and 75% percentiles, and 1.5 * inter-quantile ranges.
D36E::McDC&ES[7] shows a fitness significantly closer to that of the effectorless Comparisons were performed via one-way ANOVA and post-hoc Tukey-Kramer
polymutant D36E::EV and does not restore the growth levels typical of their HSD using a 95% confidence interval was performed separately for 4 independent
wildtype parental strain PtoDC3000 or its non-ETl eliciting metaclone experiments (Source data and p-values in Supplementary Datal).
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Extended Data Fig. 7 | Representative plant photos show symptom (left panels) and with a camera green-pass effect filter setting which facilitates
development for the metaclones D36E::McDC[35] and PfEtHAn::McDC[35] the inspection of lesions (grey) and viable (green) tissue (right panels). The
compared to their effector-less background and the pathogen PtoDC3000. MgS04 control, D36E::EV and PfEtHAR::EV treatments are presented on the left
For each treatment, a total of 8 leaves from 2 plants show host symptoms at (top to bottom), and PtoDC3000::EV, D36E::McDC[35] and PfEtHAn::McDC[35]
a.3,b.5,and c. 7 days post bacterial pressure infiltration. The progression of are presented on the right (top to bottom).

symptom development is visible in photos taken with a no-flash standard settings
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PtoDC3000::EV D36E:EV

D36E::McDC[35]

Extended Data Fig. 8 | Dose response of the PtoDC3000 metaclone
D36E::McDC[35]. A range of inoculum concentrations (OD, 0.5,1,2 and 4) was
tested on 8 plants and visual symptoms were followed at 3, 5, 6 and 12 dpi. Photos
were taken with agreen-only pass filter, showing in grey any chlorotic yellow or
brown tissue. Plant fitness (ie. green) detectably declines more when infected

with the pathogen PtoDC3000 and the D36E::McDC[35] than it does for the
effectorless control D36E::EV. No visual differences are observed across the range
of concentrations tested for the metaclone D36E::McDC[35] and plant fitness is
visually reduced at an optical density as low as 0.5.
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