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The interaction between a bacterial 
pathogen and its potential plant 

host develops from a complex combi-
nation of bacterial and plant elements, 
which determines either the establish-
ment of resistance or the development of 
disease. The use of virulence assays based 
on competitive index in mixed infections 
constitutes a powerful tool for the analy-
sis of bacterial virulence factors. In this 
work, we describe how the use of com-
petitive index assays also constitutes an 
alternative approach for the analysis of 
plant immunity, to determine the contri-
bution of different elements to bacterial 
recognition or immunity signaling.

The type III secretion system (T3SS) 
allows Gram negative bacterial pathogens 
to deliver a set of effector proteins into the 
host cell. The plant pathogen Pseudomonas 
syringae employs a large inventory of type 
III-secreted effectors (T3SEs) to suppress 
plant immunity. Individual mutation 
of effector genes has traditionally failed 
to provide a relevant virulence pheno-
type, a fact generally associated to a high 
degree of functional redundancy between 
T3SEs, which also hinders the charac-
terisation of effector activities within the 
plant cell. This problem has led research-
ers to use alternative approaches to over-
come functional redundancy, including 
the generation of polymutants lacking 
several effector genes, ectopic expression 
of effectors in heterologous strains lacking 
the corresponding homolog, as well as the 
generation of transgenic plants express-
ing a given effector.1 We have previously 
established that the use of competitive 
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index in mixed infections provides an 
accurate and sensitive manner of estab-
lishing virulence phenotypes for single 
effector mutants for which other assays 
have failed,2 thus providing an alterna-
tive to previously used approaches for the 
analysis of effector function within the 
context of the infection. This increase 
in sensitivity and accuracy is due to the 
direct comparison between growth of 
the co-inoculated strains within the same 
infection (Fig. 1), which replicate as they 
would in individual infections under the 
appropriate experimental settings.2

Plant immunity can be triggered by a 
group of conserved microbial molecules 
known as PAMPs (pathogen-associated 
molecular patterns). PAMP-triggered 
immunity (PTI) can be suppressed by 
effectors which in turn can be recog-
nized by nucleotide binding- leucine rich 
repeat (NB-LRR) proteins, encoded by 
resistance genes or R genes.3,4 Detection 
of such effectors by NB-LRR proteins 
determines effector-triggered immunity 
(ETI),3 an amplified version of PTI, which 
usually crosses the threshold inducing the 
hypersensitive response (HR), a local-
ized cell death response. Furthermore, 
bacteria have evolved effectors that sup-
press ETI, some of which can in turn be 
recognized by the plant, thus triggering 
a secondary ETI.4 Selection favors new 
plant NB-LRRs that can recognize such 
secondary, newly acquired effectors.

R-gene-mediated defences are usually 
associated with the accumulation of salycilic 
acid (SA),5 although SA-independent path-
ways such as that dependent on EDS1 
(enhanced disease susceptibility-1),6 can 
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is noteworthy that this contribution had 
only been identified thus far through the 
use of double mutant plants impaired in 
SA and EDS1-mediated pathways.8

The use of CIs to analyse the contri-
bution of particular plant genes in deter-
mining the plant-pathogen interaction 
has proven to be very straightforward 
when the plant genotype assayed does not 
affect the growth of the wild type strain 
used as a reference within the CI. In such 
case, the differences between the CI val-
ues obtained for the same query-wild 
type strain combination, when assayed 
in different plant genotypes, do reflect 
the contribution of those plant geno-
types to the growth of the query strain. 
However, when growth of the wild type 
strain is affected by the plant genotype 
being tested, a more complex analysis of 
the CI results is required. Plant genotypes 
displaying enhanced susceptibility to the 
wild type strain can give smaller CI values 
without actually facilitating the growth 
of the query strain tested (Fig. 2). On the 
other hand, plant genotypes particularly 
resistant to the wild type strain can give 
CI values closer to one, without being 
actually compromised in their resistance 
to the tested strain (Fig. 2). Thus, when 
applying CI assays to analyse the role of a 
plant genotype in the differential growth 
of the query bacterial strain, it is neces-
sary to consider carefully the actual bacte-
rial cfu numbers obtained for each strain 
within the mixed infection in each of the 
plant genotypes assayed, to make sure that 
the plant genotype is actually affecting the 
growth of the tested strain, and that the CI 
output is not misleading as a consequence 
of an altered growth behavior in a particu-
lar plant genotype of the wild type strain 
used as an internal control (Fig. 2). The 
possible outputs for CI assays of plant gen-
otypes, illustrated with examples that we 
have encountered throughout our work, 
are represented in Figure 2. This figure 
includes CI and cfu values for each type of 
interaction, together with their particular 
interpretations, thus providing the guide-
lines for the use of CI assays to analyse 
the role of plant genes in plant-pathogen 
interactions. As we show here, the use of 
CI assays in different plant genotypes, 
more complex to interpret than standard 
CI assays but equally straightforward to 

the virulence of co-inoculated single and/
or multiple mutants.11,12 We have gone 
beyond its use in animal pathogens in 
finding applications for CI analysis, using 
it to identify novel translocated effectors, 
by using a modification of a reporter-based 
translocation assay.13 In a recent report, we 
have also used competitive index assays to 
analyse functional relationships between 
T3SEs within the plant cell, showing 
that HopZ1a triggers a partially additive 
plant defence response to that triggered by 
the well characterized effectors AvrRpt2, 
AvrRpm1 and AvrRps4.14 In addition, we 
applied CI assays to rule out the hypoth-
esis of these partially additive defences 
being due to the signaling pathways shar-
ing common elements, demonstrating 
that HopZ1-triggered immunity is inde-
pedent of SA, EDS1, jasmonic acid (JA) 
and ethyene (ET)-dependent pathways. 
These results, in addition to other phe-
notypic and molecular assays, allowed us 
to establish that HopZ1a suppresses ETI. 
In this report, we were also able to detect 
a reduction in the defence response trig-
gered by AvrRpt2 in eds1 mutant plants,14 
revealing the quantitative contribution 
of EDS1 to RPS2-mediated signaling. It 

also mediate ETI and trigger an HR.7 
Although regulating independent path-
ways, EDS1 and SA have been recently 
described to function redundantly to reg-
ulate R-gene-mediated signaling.8

The Competitive Index Angle

Our work applying CI assays has been 
based on the knowledge generated from 
the different applications of this method 
in animal pathogens, and has proven that 
it is possible to adapt this methodology to 
the analysis of bacterial growth in several 
plant hosts of, at least, two bacterial species 
of major relevance among microbe-plant 
interactions: Pseudomonas syringae and 
Ralstonia solanacearum.2,9 The versatility 
that mixed infections have demonstrated 
as a methodology for genetic analysis of 
virulence suggests that they are potentially 
adaptable to other models of bacteria-plant 
interactions. So far, we have taken advan-
tage of the high sensitivity and accuracy 
offered by CI assays to determine the con-
tribution of many effector proteins to bac-
terial growth within the host plant.2,9,10 CI 
and CI-based assays have also been used 
to carry out genetic analysis by comparing 

Figure 1. Basis for the increased sensitivity and acuracy of ci assays. a mixed inoculum with equal 
amounts of wild type and query strain is inoculated within the same plant (a), allowing a direct 
comparison between the replication values of both strains within the same infection (B). On the 
contrary, in regular individual infections, the values obtained from different plants have to be 
pulled first and compared afterwards (B), thus accumulating experimental and plant-to-plant 
variation.
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Figure 2. mixed infection-based analysis of the contribution of a given plant genotype to the defence triggered by a query bacterial strain. aBacterial 
numbers are given in log (cfu/cm2). bBars represent competitive index values representative of the tested strains in the corresponding plant geno-
types. Both bacterial numbers and competitive index values are indicative of typical values for easier comparison. accurate numbers are presented in 
reference 14.
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perform, can constitute a powerful tool, 
complementary to molecular analysis, 
to elucidate the contribution of different 
plant signaling elements in the context of 
a defence response.
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