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s.d. = 0.000014; E&A (n = 8), mean (20,,) = 0.708008(13), s.d. = 0.000020. A
polynomial least-squares fit to NBS-987 variance during the analysis period was used to
drift-compensate measured ratios relative to a baseline of 0.710242. Compensations for
these samples ranged from —0.000015 to 0.000009.
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Resistance genes (R-genes) act as an immune system in plants by
recognizing pathogens and inducing defensive pathways. Many
R-gene loci are present in plant genomes, presumably reflecting
the need to maintain a large repertoire of resistance alleles. These
loci also often segregate for resistance and susceptibility alleles
that natural selection has maintained as polymorphisms within a
species for millions of years'~. Given the obvious advantage to an
individual of being disease resistant, what prevents these resist-
ance alleles from being driven to fixation by natural selection? A
cost of resistance® is one potential explanation; most models
require a lower fitness of resistant individuals in the absence of
pathogens for long-term persistence of susceptibility alleles’.
Here we test for the presence of a cost of resistance at the RPM1
locus of Arabidopsis thaliana. Results of a field experiment
comparing the fitness of isogenic strains that differ in the presence
or absence of RPM 1 and its natural promoter reveal a large cost of
RPM1, providing the first evidence that costs contribute to the
maintenance of an ancient R-gene polymorphism.

RPM1 codes for a peripheral plasma membrane protein® that
confers the ability to recognize Pseudomonas syringae pathogens
carrying AvrRpml or AvrB>'°. Susceptible individuals lack the
entire coding region of RPMI (ref. 10), so there is a single
susceptible allele at this locus. Both resistance and susceptibility
alleles frequently occur together within natural populations and are
common across the range of A. thaliana®. Molecular evolutionary
analysis of the non-coding DNA flanking RPM1 indicates that the
resistance and susceptibility alleles have coexisted for more than
nine million years’. The great age of this polymorphism indicates
that the susceptibility allele might be maintained by natural
selection due to a cost of resistance, because other mechanisms
of coexistence can be eliminated. First, heterozygote advantage can
be excluded by A. thaliana’s high selfing rate''. Second, there is no
evidence of geographic differentiation between allelic classes’. Last,
because the susceptibility allele is deleted for the entire locus',
it cannot have differential adaptive values in alternative
environments.

To test for a fitness cost of RPM1 expression, we inserted a
3.84-kilobase (kb) region from Columbia containing RPM1I, its
promoter and its full terminator'® into a susceptible ecotype, Bla-2,
to create four independent transgenic lines. Transgenic plants
containing this fragment have been shown to respond to infection
with pathogenic P. syringae DC3000:AvrRpmI1 by eliciting the
appropriate hypersensitive response (D. Boyes and J. L. Dang],
personal communication). The RPM1 gene fragment was placed
between two lox sites'”. To induce recombinational excision of the
RPM]1 transgene, we crossed each replicate line with a Bla-2 line
expressing cre recombinase and created selfed lines that had lost the
RPM1 transgene. This allowed us to generate independent pairs of
homozygous lines with identical genetic backgrounds differing only
with respect to the presence or absence of the RPM1I gene. Individ-
uals within each pair shared a common insertion site for the
introduced DNA, but resistant individuals (RPMI1™") expressed
RPM]1 and the selectable marker, kanamycin, whereas susceptible
individuals (RPM1 ) expressed only kanamycin. The creation of
paired lines effectively controls for fitness changes caused by the
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Figure 1 RPM1 expression. Normalized expression levels (RPM1 threshold cycle (Cy)
divided by endogenous Cy) in RPM1 ™ transgenic plants (light grey bars) and nine
accessions that possess RPM1 naturally (dark grey bars; 1, Bur-0; 2, Col-0; 3, Ct-0; 4,
Kas-1; 5, Lip-0; 6, Pog-0; 7, Tsu-0; 8, Tamm-7; 9, Wu-0). No RPM7 expression was
detected in the susceptible Bla-2 ecotype or the four RPM1 ~ transgenic lines. Results are
means * s.e.m.

introduction of the foreign DNA (and a selectable marker) into each
location in the genome.

We confirmed the appropriateness of our paired transgenic lines
for use in fitness trials in six ways. First, we sequenced the transgenic
RPM1 alleles to confirm that they were unchanged. Second, we used
anchor PCR" to determine that each transgene landed in a non-
coding DNA location with no known function. Third, we used
direct sequencing to confirm that excisions occurred precisely at the
lox sites, thus removing only the RPM1I locus. Fourth, we verified
that the RPM1*, but not RPM1 ~, lines elicited a hypersensitive
response after treatment with P. syringae DC3000 carrying AvrRpm1
(ref. 14). Fifth, we used quantitative real-time PCR to show that
background (that is, uninduced) levels of RPM1I expression in our
transgenic lines were indistinguishable from expression levels of
ecotypes carrying the RPM1 allele (Fig. 1). Last, to further confirm
that our transgenic lines did not overexpress RPM1, we tested for
induction of the salicylic acid pathway. Our measurement of
endogenous free salicylic acid and a defence induced by the
salicylate-dependent pathway (peroxidase activity) failed to reveal
any differences between the RPM1™* and RPM1 ~ lines (Table 1).
Furthermore, growth of P. syringae pv. tomato DC3000 did not
differ between RPM1" and RPM1 ™ lines (Table 1). These results
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indicate ‘normal’ functioning of the RPMI transgene in our
experimental lines.

In late spring 2001, we transplanted 500 replicates of each line
into the field, and grew them to maturity in the absence of
detectable disease. To monitor for pathogenic bacteria, we collected
and cultured bacteria from representatives of each plant line twice
during plant growth. Although numerous bacterial isolates were
collected, we found that they were not pathogenic and did not carry
AvrRpm1 or AvrB. When plants senesced, we counted the number of
siliques per plant and the number of seeds per silique, and measured
the dry biomass of each shoot. RPM1 ™" plants tended to have fewer
siliques and seeds per silique, as well as lower shoot biomass than the
paired RPM1 ™~ plants (Table 2). More importantly, we found that
RPM1 7V individuals suffered, on average, a 9% decrease in total seed
production relative to their RPM1~ counterparts (Fig. 2). There
was no significant variation among the four pairs of transgenic lines
in the magnitude of this cost of resistance (one-way analysis of
variance on difference in total seed production between paired
plants: F3 1,57 = 0.48, P > 0.6). This consistency across indepen-
dent transformed lines indicates that fitness loss was not a conse-
quence of ectopic RPM1 expression caused by position effects.

Given the large magnitude of this fitness cost, we asked whether
the cost of resistance might have been an unintended consequence
of inserting RPM1 into a susceptible genetic background containing
inappropriate alleles for an interacting cofactor. One such cofactor
is RIN4, a gene that physically interacts with RPM1 and is necessary
for elicitation of a hypersensitive response'®. Although RIN4 and
RPMI are not genetically linked, we hypothesized that, with strong
epistasis, there might be permanent linkage disequilibrium between
the two loci. We determined the RPM1 genotype and the RIN4 gene
sequences of 96 ecotypes; no evidence for association between alleles
at these two loci could be detected (Table 3). Indeed, Bla-2 contains
a haplotype (type 3) of RIN4 that is more commonly found in
resistant individuals. Thus, we find no evidence for a mismatch
between RPM1 and RIN4 alleles that could explain the fitness cost,
but this does not rule out the possibility that other, as yet
unidentified, cofactors are involved.

Two features of our experimental system facilitated the ability to
detect a pleiotropic cost of RPM1 resistance. First, we used genetic
engineering to remove potentially confounding effects of linkage.
Second, the susceptible allele, because it is a deletion of the entire
locus, completely eliminates any possible direct or indirect cost of
producing and expressing a ‘susceptible’ protein variant. Indeed, it
has been suggested'® that previous failures to detect costs of R-gene
resistance stemmed from a misclassification of ‘defeated” (but

Table 1 Effect of RPM1 presence or absence on the salicylate-dependent pathway

Line Salicylic acid concentration Peroxidase activity Bacterial growth
(mmol per g dry leaf) (As7omin” " per mg total protein) (log colony-forming units)
RPM1+ RPM1 ™~ P RPM1+ RPM1~ P RPM1+ RPM1~ P
T 0.011 + 0.001 0.011 + 0.001 0.939 34.2 +20.0 34.3 254 0.996 8.0+ 0.3 7.6 =01 0.292
T3 0.012 * 0.002 0.013 + 0.001 0.674 7.7 =33 46+1.0 0.887 7.5+0.2 7.6 =01 0.832
5 0.011 + 0.001 0.009 + 0.001 0.767 243 +9.5 28.8 +11.8 0.844 81 +04 7.8+ 0.1 0.386
6 0.012 = 0.001 0.016 + 0.006 0.412 44.4 £ 24.8 24.4 +11.6 0.388 7903 7.4 =06 0.211

Results are means * s.e.m.

Table 2 Effect of RPM1 presence or absence on correlates of fitness

Line No. of siliques per plant No. of seeds per silique Shoot dry biomass (g)
RPM1+ RPM1~ P RPM1+ RPM1~ P RPM1+ RPM1~ P

T 821.9 = 32.6 889.6 * 34.3 0.009 385*04 40504 <0.001 1.23 £ 0.05 1.48 = 0.05 <0.001
T3 670.3 £ 28.0 729.1 = 28.3 0.008 382*04 39.5 0.4 0.151 1.21 £0.04 1.36 = 0.05 0.001
5 798.1 = 29.6 835.6 + 30.4 0.080 33.6 £0.3 35.4 0.3 <0.001 0.94 + 0.03 1.08 = 0.04 0.003
6 782.7 £ 31.9 802.9 + 31.9 0.386 38.6 =04 411 +£03 <0.001 1.31 £ 0.05 1.42 = 0.05 0.015
Results are means + s.e.m.
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Figure 2 Total seed numbers. Seed production of RPM7* sibs (light grey bars) and
RPM1 ~ sibs (dark grey bars) in each transgenic line (T1, T3, T5, T6) is shown. Total seed
number was estimated as the number of siliques multiplied by the average seed number
per silique (7 = 5). Results are means = s.e.m. Data were analysed with paired t-tests
for each background. Two asterisks, P < 0.01; three asterisks, P < 0.001.

functional) resistance alleles as susceptibility alleles. The issue of
whether R-genes have a cost of resistance has been actively debated
in the literature™>"7~"*. This is the first definitive demonstration that
such a cost exists. In addition, we find that the magnitude of this
cost is surprisingly large, easily exceeding the 3.5% average fitness
cost of disease resistance revealed by a meta-analysis of published
studies of costs of resistance®.

The cost of RPM1 resistance is unlikely to be explained by the
metabolic cost of RPM1 synthesis, as the constitutive level of RPM1
is extremely low'’. Although we currently lack a molecular mecha-
nism to explain the reduction in the fitness of resistant plants, two
hypotheses can be proposed. First, RPMI " plants might trigger the
induction of plant defence pathways because of RPMI overexpres-
sion in the absence of pathogens. Although RPMI was expressed
at normal levels in our greenhouse plants (and the salicylate-
dependent defence pathway does not seem to have been induced),
recent work on the rice-blast-resistance gene family demonstrates
that R-gene expression levels can be markedly upregulated by
environmental signals*'. If this occurred during our field trial,
then fitness could decline because R-gene overexpression can lead
to constitutive defence response*>*, cell death®* and even plant
death?. The second hypothesis is that basal levels of RPM1
indirectly induce plant defence responses as a consequence of
interactions with other R-proteins, the targets they guard, and the
bacterial effectors (Avr proteins) they recognize'>”~°. Distinguish-
ing between these alternative hypotheses will be important for
understanding R-gene structure/function and evolution.

With more than 100 R-gene loci spread across the Arabidopsis
genome, many of which are likely to be segregating for resistance
and susceptibility alleles, can the fitness cost of RPM1 resistance be
representative of other R-genes? We think not. First, the presence of
so many loci segregating for alleles with 9% fitness costs would
impose an impossibly large genetic load on populations. Second,

Table 3 Common haplotypes (more than two individuals) in RIN4 gene among 96
A. thaliana accessions

Resistance
Amino acid location genotype
No. of

Type  accessions* 38 56 89 129 134 147 RPM1%Y  RPM1~
1 41 - - - - - - 30 11
2 17 - - T A - 14
3 14 - P - T A - 12 2
4 11 - - D - - - 10 1
5 5 - - - T A - 4 1

Consensus M H G S T \Y 70 18

*Eight accessions exhibited rare haplotypes.
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the fact that RPMI segregates for a long-lived polymorphism for
resistance and susceptibility alleles could bias it towards having a
large fitness cost of resistance. Theoretical models predict that
resistance alleles with the largest costs are least likely to be driven
to fixation in the species, and thus facilitate long-term maintenance
of polymorphism™. Our previous molecular evolutionary analyses
of the RPM1 flanking sequence suggested a trench warfare model in
which resistance and susceptibility alleles fluctuate in response to
pathogen epidemiology but are both maintained because of the
costs and benefits of resistance’. The recent demonstration that
pseudomonads attack A. thaliana in natural populations® and the
current demonstration of a substantial cost of resistance lend
further support to this model. O

Methods
Cre-lox insertion of RPM1

To create lox-RPM1-lox lines, we cloned a 3.84-kb region from Columbia, containing
RPM1, its minimal promoter and its full terminator, between two lox sites in the vector
pBS246 (Gibco-BRL catalogue no. 10349-019; Life Technologies). There is relatively little
non-coding DNA between RPM1 and adjacent loci (577 base pairs (bp) 5’ and 989bp 3'),
and our transgene contains almost all of this sequence. Thus, unless RPM1 cis-regulation
extends into or across the adjacent loci, our transgene contains the entire cis-regulatory
region. A 4-kb fragment with lox sequences on either side of RPM1 was then cloned into
the binary vector pBin19. This construct, which included the selectable marker nptII
outside the lox sites, was introduced by means of vacuum infiltration into Bla-2.

To create cre lines, a 3.43-kb region containing cre with the 35S promoter and Nos3'
terminator, as well as the selectable markers Basta and GUS, was cloned in the binary
vector pPCAMBIA3301. This construct was used to create six cre lines of the susceptible
ecotype Bla-2. The lox-RPM1-lox lines were emasculated and then pollinated by the cre
lines. In the F, generation, the presence of cre was negatively selected with Basta (AgroEvo
USA) diluted 1:1,100. The remaining plants were screened by PCR to identify an
individual that had lost RPM1 and its sib that had retained RPM1. After confirmation that
these lines were not resistant to GUS or Basta, each pair was self-pollinated for five
generations and the homozygosity of RPM1 ™+ or RPM1~ was confirmed by PCR. Inserts
were sequenced in each RPM1 " line to confirm their integrity, and in each RPM1 ~ line to
confirm clean excision. Southern blots and anchor PCR tests were consistent with the
presence of only a single insert for each transformed line.

Quantitative real-time PCR

Eight PCR replicates from three independent RNA extractions were run for each line on an
ABI Prism 7700 sequence-detection system with TagMan PCR core reagent (PE
Biosystems). Leaves were sampled from 4-week-old plants. EF1a, an elongation factor, was
used as an endogenous reference gene in the same reaction tube™.

Field experiment

Seedlings of each RPM1 ™" and RPM1 ™ line were germinated in plug trays containing
Premier Pro-Mix in the University of Chicago greenhouse. At the four-leaf stage, 4,000
seedlings (500 per line) were transplanted into a field site in Downer’s Grove, Illinois, in a
pseudo-random design in which RPM1 " and RPMI ~ sibs were paired, and lines were
cycled throughout the field. Plants were set out in 20 rows of 200 each, spaced by 0.3 m
within rows and by 1 m between rows. Plants were irrigated for 1 week to reduce
transplantation shock, and then were sustained only by natural rainfall. Plants were hand-
weeded once and received no protection from pests. Roughly 21% of plants died, but these
were evenly distributed among the treatments. Pairs of plants were excluded from analysis
if either individual died prematurely.

Field assay of bacteria

Ninety-six leaf samples (representing plants of all eight lines) were ground and plated on
KB medium on two dates during the field experiment. Bacteria were found in 24 samples
from day 14, and in 32 samples from day 30. Out of hundreds of colonies, 15 potentially
distinct bacterial types were identified by general appearance (colour, size and growth
pattern). Each type was tested for pathogenicity on tobacco at a concentration of 10°
colony-forming units per ml (ref. 33), sequenced for 16S rRNA (ref. 34) and compared to
published sequences in GenBank. None of these bacterial isolates were pathogens,
according to the tobacco HR test or their 16S identity. Finally, we used PCR to screen for
the presence of AvrRpm1 and AvrB. For AvrRpm1I, we designed a pair of degenerate
primers for conserved regions of the gene based on three homologous sequences in
GenBank. We also screened with a pair of primers that reliably amplified the P. syringae
gene. For AvrB, only a single published sequence was available. We screened with nine
combinations of primer pairs based on the published sequence. We failed to detect the
AvrRpm1 or AvrB genes in any of our colonies.

Chemical analyses

Five replicates of each line were grown in the greenhouse and harvested at 3 weeks for
chemical analysis. Leaf material was frozen in liquid nitrogen, freeze-dried and
homogenized. Material for salicylic acid analysis was extracted three times with 70%
methanol and quantified by high-performance liquid chromatography®. Material for
protein analysis was extracted in 0.25 ml of 0.05 M sodium phosphate buffer pH 7.0.
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Peroxidase activity was determined by following the oxidation of guaiacol for 1 min at
470 nm and was standardized by total protein content as previously described’®.

Bioassay with P. syringae pv. tomato DC3000

Fifteen replicates of each line were challenged by infiltration of three leaves with 10*
colony-forming units per ml (Dgoo = 0.002) after 3 weeks of plant growth. After 5 days,
leaf discs were removed, ground and plated on KB medium to determine the
concentration of bacteria.
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Animals have developed stereotyped communication calls to
which specific sensory neurons are well tuned“’. These com-
munication calls must be discriminated from environmental
signals such as those produced by prey. Sensory systems might
have evolved neural circuitry to encode both categories. In
weakly electric fish, prey and communication signals differ in
their spatial extent and frequency content™. Here we show that
stimuli of different spatial extents mimicking prey and com-
munication signals cause a switch in the frequency tuning and
spike-timing precision of electrosensory pyramidal neurons,
resulting in the selective and optimal encoding of both stimulus
categories. As in other sensory systems’, pyramidal neurons
respond only to stimuli located within a restricted region of
space known as the classical receptive field (CRF)®. In some
systems, stimulation outside the CRF but within a non-classical
receptive field (nCRF) can modulate the neural response to CRF
stimulation even though nCRF stimulation alone fails to elicit
responses”®. We show that pyramidal neurons possess a nCRF
and that it can modulate the response to CRF stimuli to induce
this neurobiological switch in frequency tuning.

The complex statistical structure of many naturalistic visual® and
auditory'® stimuli makes our interpretation of neural responses to
these stimuli difficult and often prevents clearcut correlations of the
responses with behaviour. Weakly electric fish offer a simple system
for studying the differential encoding of natural stimuli because
there is a clear spatiotemporal distinction between prey and
communication stimuli. Amplitude modulations (AMs) of the
electric fish’s self-generated electric organ discharge (EOD) contain
information relevant to both types of stimulus''. Epidermal electro-
receptors encode these AMs precisely'” and provide synaptic input'
to pyramidal neurons of the electrosensory lateral line lobe (ELL),
whose antagonistic centre—surround CRF structure® resembles that
of visual neurons’. Relative motion of the fish near prey during
feeding produces low-frequency (less than 10 Hz) spatially localized
AMs’. However, communication signals from conspecifics produce
high-frequency (more than 50 Hz) spatially diffuse AMs*.

To provide naturalistic stimuli that mimic prey and communi-
cation signals, we used two stimulation geometries (see Methods).
Local stimulus geometry provides AMs whose spatial extent is
similar to that produced by prey, while global stimulus geometry
produces spatially diffuse AMs similar to communication signals

© 2003 Nature Publishing Group 77




