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ABSTRACT: Insect herbivory is a major driving force of plant evo-
lution. Phenotypic plasticity and developmental variation provide a
means for plants to cope with variable herbivory. We characterized
the genetics of developmental variation and phenotypic plasticity in
trichome density, a putative defensive trait of Mimulus guttatus (yel-
low monkeyflower). Our results are evaluated in relation to the op-
timal defense theory, which provides testable predictions for plastic
and developmental patterns in defense traits. We found that both
developmental stage and simulated insect damage affected trichome
production, but in different ways. Plants were more likely to produce
at least some trichomes on later leaves than on earlier leaves, re-
gardless of damage. Damage did not affect the average probability
of producing trichomes, but it did increase the density of hairs on
trichome-positive plants. We mapped trichome quantitative trait loci
(QTL) by selectively genotyping a large panel of recombinant inbred
lines derived from two highly divergent populations. Several highly
pleiotropic QTL influenced multiple aspects of the trichome phe-
notype (constitutive, developmental, and/or plastic responses). Only
one of the QTL influenced trichome induction following damage.
In a result that is consistent with a central prediction of optimal
defense theory, the high allele at this location was from the ancestral
population with low constitutive trichome production.

Keywords: phenotype plasticity, Mimulus guttatus, QTL, trichomes,
trade-off, optimal defense theory.

Introduction

As sessile organisms, plants must cope with variable her-
bivory while simultaneously allocating resources to growth
and reproduction (e.g., Herms and Mattson 1992). Optimal
defense theory (ODT) provides testable predictions for the
evolution of plant resistance to herbivory (McKey 1974,
1979; Feeny 1975, 1976; Rhoades 1979). ODT is based on
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the proposition that defensive traits are costly because their
production/maintenance draws resources from growth and
reproduction. Stamp (2003) summarized the major features
of this theory and outlined three basic predictions. First,
plants evolve a level of defense that is positively related to
attack rate by herbivores and negatively related to alloca-
tional or ecological cost. Second, plants will differentially
allocate defense to different parts or tissues, with greater
investment in tissues with high fitness values or where the
cost of defense is lower. Third, plants will increase defense
in response to attack, a form of plasticity that is often re-
ferred to as induction. ODT predicts that the capacity for
induction should be negatively correlated with levels of con-
stitutive defense.

ODT has been tested by direct evaluation of model pre-
dictions within natural populations. Intrapopulation stud-
ies provide support for the basic premises of ODT: her-
bivory is a strong selective agent (e.g., Marquis 1984;
Mauricio and Rausher 1997), defensive traits deter her-
bivores (e.g., Berenbaum 1981; Simms and Rausher 1989),
and resistance often carries significant allocational and/or
ecological costs (Simms 1992; Bergelson and Purrington
1996; Purrington 2000; Strauss et al. 2002). An alternative
approach is comparative: does ODT correctly predict dif-
ferences among populations or species in defensive phe-
notypes? In this article, we couple the comparative ap-
proach with a detailed genetic dissection of inter-
population differences in plant defense.

The power of comparative studies is greatly increased
where it is possible to cross divergent taxa. In hybrid ge-
notypes, such as those in the F, generation, the many trait
differences between the parental genotypes will segregate
more or less independently. The various effects of these
different phenotypes on, for example, the rate of herbivore
attack can then be distinguished (Jordan 1991; Nagy 1997;
Lexer et al. 2003; Hall and Willis 2006; Wright et al. 2006).
The extent to which different traits do not segregate in-
dependently is also essential information. Cosegregation of
different phenotypes reflects a genetic correlation between
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these characters and is due to either pleiotropy or close
linkage of the loci determining trait differences among taxa.
The functional trade-offs inherent to ODT—and most other
models in evolutionary ecology—should manifest as genetic
correlations within a segregating hybrid population. When
treating fitness within two environments as a pair of (po-
tentially) correlated traits (e.g., chap. 19 in Falconer and
Mackay 1996), ODT predicts a negative genetic correlation
between plant fitness with herbivores and plant fitness with-
out herbivores. This correlation should be evident in a cross
between populations (genotypes) with high and low in-
vestments in defense.

Here we use mapping of quantitative trait loci (QTL)
to identify specific genomic regions that contribute to var-
iation in defense within a cross, and we compare our re-
sults with patterns predicted by ODT. While coarse—QTL
routinely contain hundreds of genes—measuring pheno-
typic effects at the scale of genomic segments facilitates
detection of evolutionary trade-offs (Kelly 2009). Here we
asked whether QTL for different components of defense
colocalized, that is, whether they mapped to the same ge-
nomic regions. In regard to ODT, we would like know the
extent to which defense induction is controlled by the
differential regulation of genes that are responsible for
constitutive defense, as well as the extent to which juvenile
and mature plant defenses are genetically and develop-
mentally related. We are aware of only one study that has
mapped QTL for constitutive and induced defenses: Klie-
benstein et al. (2002) mapped QTL for constitutive and
induced glucosinolate levels in Arabidopsis thaliana. Glu-
cosinolates are a group of defensive secondary metabolites,
and they were induced in response to methyl jasmonate
treatment. QTL for trait induction colocalized with QTL
for constitutive trait values (Kliebenstein et al. 2002).
However, contrary to the expectations of ODT, constitutive
and induced defenses were positively correlated.

In this article, we report the results of large-scale phe-
notypic and QTL analyses of ontogeny and plasticity of
trichome production, a putative defense trait of Mimulus
guttatus. Our mapping population was a large panel of
recombinant inbred lines (RILs) derived from crossing two
natural populations that are highly divergent for trichome
density (Holeski 2007b). Several lines of evidence suggest
that trichomes are a defensive trait in M. guttatus (see
“Traits, Study Species, and Populations”). The Point Reyes
population experiences relatively heavy herbivory, and its
plants have high constitutive trichome densities (Holeski
2007a), whereas the Iron Mountain population experi-
ences limited insect herbivory and its plants typically pro-
duce few trichomes. Our QTL mapping of trichome pro-
duction directly tested ODT prediction that induction
should be negatively correlated with constitutive defense.

Material and Methods
Traits, Study Species, and Populations

Trichomes are hairlike structures that extend from the ep-
idermis and occur in a variety of types, including glandular
or nonglandular and hooked or straight. They occur in a
diversity of plant species and may serve a variety of de-
fensive, physiological, and reproductive functions. For ex-
ample, trichomes can reduce transpiration by reflecting
light and by modifying the leaf boundary area conductance
(Ehleringer 1984; Larcher 2001), they can increase toler-
ance to freezing, they accumulate and secrete excess salt
(Gravano et al. 1998; Werker 2000), and they can facilitate
wind dispersal of seed (Butterworth et al. 2009). Leaf tri-
chomes have been shown to reduce insect herbivory in a
number of species (Levin 1973; Marquis 1992; Agren and
Schemske 1993; Mauricio 1998; van Dam and Hare 1998;
Romeis et al. 1999; Malakar and Tingey 2000; Handley et
al. 2005; Medeiros and Moreira 2005). They interfere with
insect movement and feeding and often secrete glandular
fluids that may trap, poison, or repel herbivores (Levin
1973; Elle and Hare 2000).

Yellow monkeyflower (Mimulus guttatus; Phrymaceae;
Beardsley and Olmstead 2002) is a herbaceous plant that
ranges from Mexico to Alaska in western North America
and typically inhabits wet areas such as stream banks. Local
populations differ extensively in morphology, life history
(the species includes both annual and perennial ecotypes),
mating system, biotic factors such as insect herbivory, and
various abiotic conditions (Ritland 1989; Fenster and Rit-
land 1994; Kelly and Arathi 2003; Hall and Willis 2006;
Hall et al. 2006; Holeski and Kelly 2006). Trichome density
is highly variable in M. guttatus, and its trichomes are
straight and unicellular and occur in the glandular form,
often secreting a sticky and potentially noxious fluid. Con-
stitutive trichome density is variable both within and
among populations of M. guttatus, and much of this var-
iation is genetic (Holeski 2007a).

Three lines of evidence suggest that trichomes in M. gut-
tatus are an herbivory defense trait. First, constitutive tri-
chome density has been shown to reduce insect herbivore
damage on M. guttatus plants, although this effect may de-
pend on the local assemblage of both herbivores and their
predators (J. Haloin, unpublished data). Second, damage
similar to insect herbivory on early leaves induces plants to
produce higher trichome densities on later leaves (Holeski
2007b). This response is more clearly consistent with a de-
fensive function than with alternative drought-related hy-
potheses. Third, consider the direction of differences be-
tween M. guttatus populations, both in phenotype and in
the physical and biotic environments. Plants in our low-
trichome population at Iron Mountain, which is located in
the Cascade Mountains of central Oregon, frequently pro-



duce no or few trichomes. Iron Mountain plants have a
short life span: only ~2 months elapse from bolting to death.
Desiccation is the main cause of death. Iron Mountain
plants typically experience little herbivory (Holeski 2007a).
Our high-trichome population, Point Reyes National Sea-
shore, is a perennial, low-elevation, streamside population
located in the fog belt of coastal northern California. Plants
from the Point Reyes population generally experience heavy
herbivory (Holeski 2007a) but suffer little drought stress as
a result of a relatively constant water supply. Also, the Iron
Mountain population is subject to higher average solar ra-
diation than is the Point Reyes population (US National
Oceanic and Atmospheric Administration data for May—
July, 1985-2005). In summary, the pattern of divergence
between Iron Mountain and Point Reyes is opposite that
predicted by the drought adaptation hypothesis: the
drought-stressed population constitutively produces few
trichomes.

The Mapping Population

We developed recombinant inbred lines (RILs) from a
cross between an Iron Mountain plant (father) and a Point
Reyes plant (mother). Iron Mountain 767 is a highly in-
bred line derived via single-seed descent, and it is typical
of the Iron Mountain natural population in most of its
measured phenotypic aspects (Scoville et al. 2009). The
Point Reyes plant was an outbred plant that was two gen-
erations removed from the ancestral Point Reyes popu-
lation, and it is representative of the natural population
in all measured aspects of trichome production (L. M.
Holeski, unpublished data). A single F, individual from
the Iron Mountain X Point Reyes cross was self-fertilized
to generate ~1,000 F, individuals, each of which then
founded a distinct recombinant lineage. These lines were
propagated through single-seed descent for four subse-
quent generations. Because of line loss, approximately 450
RILs remained in the F; and F, generations.

To achieve sufficient replication, we collected trichome
data in three “measurement sets.” In all cases, plants were
grown in Fafard 3B potting soil (Conrad Fafard, Agawam,
MA) in 2-in pots in a greenhouse at either the University
of Kansas (Lawrence) or the University of Wisconsin
(Madison; 18-h day length; day/night temperatures, 25°/
18°C). Plants were randomized within and among treat-
ment categories and were rotated daily on the greenhouse
bench. Plants were bottom-watered by flood irrigation for
1 h daily and were fertilized (Blossom Booster, J. R. Peters,
Allentown, PA) once per week.

We counted trichomes on leaves from the second or
fifth true leaf pair within a defined measuring area of 1
cm’ on the basal central part of the adaxial side of the leaf
using a dissecting microscope (4 X magnification). Tri-
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chome counts were performed on a particular leaf as soon
as the succeeding leaf pair (third or sixth) was fully ex-
panded (Holeski 2007b). This ensured that measurements
were taken at the same particular development stage across
plants (Orians 2005; Morris et al. 2006). This practice also
effectively controls for leaf area, since leaves harvested at
this stage are very similar across plants. Also relevant, we
found that damage to second leaves does not affect area
of fifth leaves (L. M. Holeski, unpublished data). Thus,
any damage effects on trichome density are not due to
alteration of leaf expansion.

Estimating trichome density from counts within a de-
fined portion of a leaf is standard practice (e.g., Agrawal
2004; Mauricio 2005; Symonds et al. 2005; Traw and Feeny
2008). Trichome counts from within the region we used
are strongly correlated with trichome counts from the leaf
tip (A. Scoville, unpublished data) and should thus be a
good proxy for the whole-leaf trichome number. In her-
baceous plants, the second true leaf pair is in the juvenile
developmental stage and the fifth leaf pair is generally
considered to be in the adult or “mature” stage (Poethig
1997; Karban and Thaler 1999). We used fifth-leaf tri-
chome counts to assess induction (and the corresponding
constitutive values) because a preliminary experiment
showed that induction was more pronounced in fifth
leaves than in later (seventh) leaves (L. M. Holeski, un-
published data).

All trichome counts on second leaves were performed
on undamaged plants. Fifth-leaf counts were performed
on plants with and without damage to earlier leaves. For
the former, we simulated insect-chewing damage by
punching two holes per leaf, each ~6 mm in diameter, in
both leaves of the second leaf pair (Holeski 2007b). Mea-
surement sets differed slightly in detail. In set 1, we mea-
sured constitutive second-leaf trichome density as well as
fifth-leaf induced trichome density of F; plants. In set 2,
we measured induced and uninduced fifth-leaf trichome
density of F, plants using a discrete scoring system (0, 1,
or >1 trichomes cm™). In set 3, we assessed induced and
uninduced fifth-leaf trichome density of F, plants by av-
eraging counts from both leaves of the fifth leaf pair to
determine whether this would reduce estimation error.

In aggregate, we have RIL mean estimates for three dis-
tinct phenotypes: (1) constitutive second-leaf trichome
counts (435 RILs; 1,632 plants), (2) constitutive fifth-leaf
trichome counts (211 RILs; 1,126 plants, 315 of which had
both fifth leaves evaluated), and (3) induced fifth-leaf tri-
chome counts (441 RILs; 2,709 plants, 311 of which had
both fifth leaves evaluated). We used Minitab 14 (Minitab,
State College, PA) and JMP 7 (SAS Institute, Cary, NC) for
statistical analyses of data to address three specific questions:
(1) How does developmental stage and/or simulated insect
damage affect trichomes? (2) Is there genetic variation and/
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or genotype X environment variation for either the prob-
ability of producing trichomes or trichome density? And
(3) are there genetic correlations between trichome pro-
duction traits? If so, what are their direction and magnitude?

Trichome number per leaf was highly right-skewed (fig.
1). We partitioned trait variation into two components, first
by classifying plants dichotomously as trichome positive (1)
or trichome negative (0) and then by evaluating variation
in density among trichome-positive plants. These counts
were log-transformed for normality. Our procedure is anal-
ogous to partitioning total fitness into survivorship and then
fecundity among survivors. We applied a logit analysis (lo-
gistic regression with categorical predictors) to determine
whether there was genetic variation for probability of pro-
ducing trichomes. Measurement set, RIL, and damage treat-
ment were included as categorical predictors, and we al-
lowed an interaction between RIL and damage treatment.

Subsequent analyses, including the QTL mapping study,
were based on RIL means. For each RIL, we determined
the fraction of plants with at least one trichome on the
second and fifth leaf pair, respectively. “Trichome2” is the
arcsin-square-root-transformed proportion for second
leaves (Sokal and Rohlf 2000, pp. 419-422). “Trichome5”
is the corresponding value for fifth leaves. Constitutive
trichome density is the log-transformed count from tri-
chome-positive, undamaged plants. Induced trichome
density is the difference between the log-transformed
counts of damaged and undamaged plants within a RIL.
Like constitutive trichome density, induced trichome den-
sity was based entirely on trichome-positive plants. For all
four statistics, we calculated the least squares means for
each RIL, correcting for slight differences among mea-
surement sets. We assessed genetic correlations between
trichome production traits by calculating Pearson product-
moment coefficients.

QTL Mapping

The genotyping was performed in three stages. We first
performed a preliminary screen on a set of approximately
500 Mimulus gene-based markers (derived from expressed
sequence tags). This screen identified 163 informative mark-
ers (length polymorphic between the Iron Mountain and
the Point Reyes parents) spanning the 14 linkage groups of
M. guttatus. We then genotyped these markers in 47 RILs
that were chosen to represent the range of trichome phe-
notypes. This is the selective genotyping approach (Darvasi
1997; Lynch and Walsh 1998). With genotypes for the 47
RILs, we conducted a single-marker analysis for each tri-
chome trait, using generalized least squares to account for
differences among RILs in the accuracy of mean phenotype
estimates. This single-marker analysis was a weighted linear
regression of trait values onto number of Point Reyes alleles
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Figure 1: The frequency distribution is given for recombinant inbred
line means of trichomes per square centimeter. This figure pools con-
stitutive second and fifth leaf trichome counts from undamaged plants.

(0, 1, or 2). The third stage of genotyping was limited to
40 markers in the nine genomic regions with suggested
effects on one or more of the trichome phenotypes (see fig.
Al in the online edition of the American Naturalist). Using
these markers, we screened a total of 234 RILs with phe-
notypic data (the 47 RILs of the selective genotyping round
are a subset of this collection of 234 RILs).

Using genetic data from the full screen, we constructed
linkage maps (fig. Al) with the program AntMap, version
1.2 (Iwata and Ninomiya 2006). Generally, marker positions
on our genetic linkage maps corresponded with the place-
ment in previous maps (e.g., Hall and Willis 2005; Lee 2009).
We mapped QTL using the composite interval mapping
(CIM) function of Windows QTL Cartographer 2.0 (Wang
et al. 2007). For CIM, we used the default model settings:
the forward regression method with five control markers,
a window size of 10 cM, and a walk speed of 2 cM. Genome-
wide threshold values were established for each trait (at
significance level of P <.05) using 300 permutations of the
phenotypes against the genotypes (Churchill and Doerge
1994; Wang et al. 2007). The indicated significance thresh-
olds were similar across traits: Critical logarithm (base 10)
of odds = 2.77 for trichome2, 2.91 for trichome5, 3.04 for
constitutive trichome density, and 3.34 for induced trichome
density. We used the QTL results to address four main ques-
tions: (1) What is the genetic architecture of constitutive
trichome production? (2) Does the genetic architecture of
constitutive trichome density change with ontogeny? (3)
What is the genetic basis of trichome induction? And (4)
what is the relationship between QTL for constitutive and
induced trichome production?

Results

Across all plants, we found that 41.5% of second-leaf
counts were trichome positive (n = 1,632), 66.0% of fifth-



leaf counts from nondamaged plants were positive (n =
1,126), and 67.6% of fifth-leaf counts from damaged plants
were positive (n = 2,709). Developmental stage signifi-
cantly affected the probability of producing trichomes, but
damage did not (table 1). In contrast, developmental stage
did not affect the density of trichomes produced in tri-
chome-positive plants; second-leaf and fifth-leaf consti-
tutive trichome densities did not significantly differ
(E 105 <0.001; P = .99). Damage had a significant effect
on fifth-leaf trichome density, as damaged plants had sig-
nificantly higher fifth-leaf trichome densities than did un-
damaged plants (F ,,, = 23.05; P <.001).

The logit analysis demonstrated significant genetic var-
iation and genotype x environment (G x E) interaction
for both the probability of producing trichomes and tri-
chome density (table 2). Our standard ANOVA (normal
residuals) indicated significant effects of damage, RIL, and
a RIL x damage interaction on trichome density among
trichome-positive plants (table 2). There were significant
genetic (among-RIL) correlations between all four traits.
Among trichome-positive plants, RIL explained about 50%
of the variance in trichome density within both unda-
maged and damaged plants.

Genetic correlations can be estimated from RIL means.
The probability of producing trichomes on the second leaf
pair (trichome2) was positively correlated with the prob-
ability of producing trichomes on the fifth leaf pair (tri-
chome5; r = 0.36, P<.001) and with constitutive tri-
chome density (r = 042, P<.001). Trichome2 was
negatively correlated with induced trichome density
(r = —0.19, P<.02). Trichome5 was positively correlated
with constitutive trichome density (r = 0.22, P<.01) and
induced trichome density (r = 0.16, P < .05).

Most relevant to ODT is the relationship between con-
stitutive and induced trichome densities. If constitutive
trichome production is unrelated to induction, then the

Table 1: Number of plants with trichomes absent or present
for each measurement set

Measurement set, Trichomes
leaf pair Absent  Present X P
1 196.36 <.01
2nd leaf 954 678
5th leaf (damage) 544 1,061
2 2.29 .13
5th leaf (no
damage) 313 352
5th leaf (damage) 275 366
3 1.31 25
5th leaf (no
damage) 177 599
5th leaf (damage) 158 616

Note: Parts 1, 2, and 3 refer to measurement sets 1, 2, and 3 respectively.
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Table 2: Summary of the results of a logit analysis with the
probability of producing fifth-leaf trichomes as the response
variable and of an ANOVA with log fifth-leaf trichome den-
sity per square centimeter as the response variable

Analysis, source of variation df L-R x* p
Probability of producing
trichomes:
Measurement set 2 272.982 <.001
RIL 209 1,666.92 <.001
Damage 1 .00053 982
RIL x damage 209 281.790 <.001
Density among trichome-positive
plants:
Measurement set 1 2.12 145
RIL 299 2.32 <.001
Damage 1 23.86 <.001
RIL x damage 299 2.73 <.001
Error 1,617

Note: For the logit analysis with the probability of producing fifth-
leaf trichomes, the score for each plant/leaf pair is either 0 or 1. The
test statistic for logit (L-R x°) is a likelihood ratio evaluated relative the
x* distribution. Recombinant inbred line (RIL) is a random factor in
the ANOVA, all other factors are fixed, and F is the test statistic. Both
statistical tests include only those RILs with replicates that had and had
not received second-leaf damage

slope of the regression of RIL mean trichome count when
damaged onto mean trichome count when undamaged
should equal 1. While the relationship between counts is
positive (fig. 2), the slope is much less than 1, indicating
that the induction response decreases in magnitude as the
constitutive trichome density increases. In other words,
there is a negative genetic correlation between constitutive
trichome density and induction. Estimation error in the
predictor variable (X = constitutive counts) biases slope
estimates downward in linear regression, but that bias can
be corrected with an estimate for the reliability ratio (Fuller
1987, chap. 1). Given RIL-specific sample sizes and the
variance partitioning from a one-way ANOVA, we ob-
tained a reliability ratio of 0.84. The bias-corrected slope
is 0.322 (SE = 0.056), far below a value of 1.

Of the nine regions suggested by our initial screen of 47
RILs, only four QTL (on linkage groups [LGs] 2, 5, 10, and
14) had significant effects on constitutive, ontogenetic, and/
or induced patterns of trichome production when analyzing
the full RIL set (table 3; see also fig. A2 in the online edition
of the American Naturalist). Two of these QTLs affected a
single trait while the other two influenced multiple aspects
of trichome production. Assuming that the QTLs combined
additively, they cumulatively explained 27% of the variance
among RIL means for trichome2, 53% for trichome5, 41%
for constitutive trichome density, and 16% for induced tri-
chome density (table 3). We did not have extensive repli-
cation of the two parental lines in the present experiment,
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Figure 2: The relationship between log-transformed counts for damaged
and undamaged plants (trichome-positive plants) across RILs is de-
scribed. The estimated (unadjusted) regression equation is given by the
solid line y = 0.737 + 0.271x (see text for bias correction).

but previous studies indicated that values for trichome2 and
trichome5 are close to 0 for the Iron Mountain population
and close to 1 for the Point Reyes population (Holeski
2007a). Using these estimates, our QTL explained about
50% of the divergence between the Point Reyes and the
Iron Mountain parents in trichome2 and 75% of the di-
vergence in trichome5. Constitutive trichome density and
induced trichome density exhibited transgressive segrega-
tion; that is, the RIL population exhibited values outside
the range of the parents. Thus, we report only the percent
variance in the RIL population explained by a particular
QTL for these traits.

The pleiotropic QTL (LGs 10 and 14) had the largest
effects. The allelic effects were typically in the direction ex-
pected, given the parental line phenotypes: the Point Reyes
allele increased trait values. There were, however, two ex-
ceptions. First, the Point Reyes allele on LG 2 reduced the
likelihood of producing second-leaf trichomes, partially off-
setting the large positive QTLs on LGs 10 and 14. Second,
for the only QTL that significantly influenced induced tri-
chome density, the Iron Mountain allele had a positive
effect.

Discussion

Inducible defenses are routinely found in organisms under
selective pressure from predators, parasites, herbivores,
and pathogens (Harvell and Tollrian 1999). Optimal de-
fense theory (ODT) predicts a negative correlation be-

tween constitutive defense and induced defense. We tested
this prediction using a cross between the divergent Iron
Mountain and Point Reyes populations followed by quan-
titative trait locus (QTL) mapping of recombinant inbred
lines (RILs). Within the RIL population, significant genetic
correlations existed between trichome production at dif-
ferent developmental stages and between constitutive de-
fense and induced defense. The mapping study documents
perhaps the first example of a QTL-specific trade-off be-
tween constitutive defense and induced defense, consistent
with a central prediction of ODT.

The Iron Mountain and Point Reyes populations were
chosen for this study because they span the range for con-
stitutive trichome production: low for Iron Mountain and
high for Point Reyes. ODT predicts that the Iron Mountain
population, which typically experiences relatively low her-
bivory and has a very short interval in which to grow and
reproduce, should have low constitutive defenses and may
induce defenses as needed. In contrast, the Point Reyes
population typically experiences relatively high herbivory
and has a longer growing season. ODT predicts higher levels
of constitutive defense and a reduced need for induction.
Three of our results directly supported these predictions:
(1) in the RIL population, constitutive trichome density and
induced trichome density were significantly negatively ge-
netically correlated; (2) the QTL on LG 14 exhibited a trade-
off for constitutive trichome density and induced trichome
density; and (3) in terms of the direction of the QTL-level
trade-off, the Point Reyes allele at this QTL increased con-
stitutive trichome density while the Iron Mountain allele
increased induced trichome density.

Variation in the Trichome Phenotype

In the two developmental stages examined in our study,
plant developmental stage but not damage significantly
increased the probability of producing trichomes (table 1).
In contrast, damage but not developmental stage signi-
ficantly increased the density of trichomes produced in
trichome-positive plants. We found significant genetic var-
iation for both traits (table 2). Inter-RIL variation reflects
the genetic divergence between the Iron Mountain and the
Point Reyes populations. The large sample sizes in this
study allowed us to detect two novel patterns that were
evident only after separating presence/absence of tri-
chomes from trichome density. First, we detected a sig-
nificant RIL x damage interaction for both the probability
of producing trichomes and trichome density (table 2;
nonsignificant in Holeski 2007b). Second, we determined
that developmental stage affected the probability of pro-
ducing trichomes. However, among trichome-positive
plants, average constitutive trichome density did not differ
between the second and the fifth leaf pairs.
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Table 3: The linkage group and nearest marker(s) for each significant quantitative trait locus

Trait
Nearest Constitutive trichome

Analysis, linkage group marker(s)  Trichome2  Trichome5 density Induced trichome density
Standardized effects (a):

2 513, 761 —.221

5 641 . 176 .

10 519, 846 323 .706 414

14 137 .348 486 —.396
Proportion of RIL

genetic variance (a’):

2 513, 761 .049

5 641 . .031 .

10 519, 846 .104 499 171

14 137 121 237 157

Total 27 .53 41 .16

Note: Standardized effects (a) are the standardized additive effects of the Point Reyes allele at each QTL (in phenotypic SD). Data
for trichome2 are the arcsin-square-root-transformed proportions for second leaves; for trichome5 they are the corresponding values

for fifth leaves. Data for constitutive trichome density are the log-transformed counts from trichome-positive, undamaged plants; for
induced trichome density, they are the differences between the log-transformed counts of damaged and undamaged, trichome-positive

plants within a recombinant inbred line (RIL).

Our results suggest that whether a leaf produces any tri-
chomes is more developmentally canalized than is trichome
density. The plasticity versus canalization of patterns of tri-
chome production could have both ecological and evolu-
tionary effects (DeWitt et al. 1998; Karban et al. 1999). If
trichome production is costly, plants with a canalized tri-
chome-negative ontogenetic trajectory may be less suited to
defend themselves against herbivores, but they are more
resource efficient when herbivores are absent. In trichome-
positive plants with increased trichome density following
herbivory, developmental variation and induction could be
complementary strategies to maximize resistance to herbiv-
ory while minimizing potential costs of trichome
production.

RILs differed in their responses to simulated herbivory
(significant RIL x damage interactions; table 2). De-
pending on the precision of Mimulus guttatus’s signal-and-
response mechanism for induction, genotypic response
could vary with the type of damage received. For example,
in plants with precise signaling networks, damage by chew-
ing herbivores versus by sucking herbivores can elicit dif-
ferent plant-induced responses; certain genotypes might
induce in response to one of these forms of herbivory but
not the other (Karban and Baldwin 1997). Thus, the ge-
notype X environment interaction for induction indicates
that particular genotypes could have increases and/or de-
creases in fitness (relative to other genotypes in the pop-
ulation) as associated herbivore populations increase or
decrease in abundance.

Our use of simulated insect damage in these experiments
has both advantages and disadvantages. The main disad-

vantage is that the experimental results may not be directly
applicable to any particular natural enemy, depending on
the specificity of the induction response to cues from the
herbivore. However, M. guttatus is attacked by a number
of generalist chewing insects (Holeski 20074), and simulated
damage addresses the effects of plant tissue loss that are
independent of the effects of salivary compounds unique
to particular herbivores (Inouye and Tiffin 2003). As evi-
dence builds that some herbivores are able to avoid plant
induction responses (Peiffer and Felton 2009), the separa-
tion of the effects of mechanical damage versus those of
salivary compounds becomes increasingly important.

The Genetic Architecture of Trichome Production

We found a small number of QTLs with relatively large
effects on trichome production in M. guttatus. Three aspects
of trichome production—the probability of producing tri-
chomes on second leaves, the probability of producing tri-
chomes on fifth leaves, and constitutive trichome density—
were influenced to a large extent by the same genomic re-
gion. The QTL on LG 10 explained 10%-50% of the var-
iation in the RIL population for each of these traits (table
3). Our selective genotyping method is specifically designed
to find large-effect QTLs, but similar results have been ob-
tained in trichome QTL studies of other plant species. For
example, a single QTL was estimated to explain 43% of
phenotypic variation in leaf trichome density in a cross
between the cotton species Gossipium hirsutum and Gossi-
pium barbadense (Wright et al. 1999; Lacape and Nguyen
2005). In Arabidopsis thaliana, a single QTL explained 73%
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of the variation in first leaf-pair trichome density within an
RIL population formed from a cross of plants from the
Columbia and the Landsberg erecta ecotypes (Col-0 x Ler;
Larkin et al. 1996). Symonds et al. (2005) mapped nine
QTLs for fifth-leaf trichome density across four A. thaliana
RIL populations, including a QTL overlapping the genomic
region identified by Larkin et al. (1996). The relevance of
these results to ODT is unclear, because trichomes serve a
variety of functions and are not necessarily homologous
structures in different species.

Pleiotropy is a key feature of genetic architecture and
is the information that is most directly relevant to testing
ODT. At our largest-effect QTL on LG 10, the Point Reyes
allele increased the probability of producing trichomes on
the second and fifth leaf pairs and increased constitutive
trichome density. Correspondingly, we found significant,
positive genetic correlations between the probabilities of
producing trichomes on leaves of different developmental
stages and between the probability of producing trichomes
on a particular leaf pair and the density of trichomes pro-
duced. These results are similar to those of a mapping
study in Arabidopsis, in which variation in constitutive
trichome density on juvenile and adult leaves were influ-
enced by a single major QTL (Mauricio 2005). The pleio-
tropic effects of the LG 10 and LG 14 QTLs suggest that
the various trichome-related traits may have evolved in
concert in ancestral populations, although here we caution
that linkage disequilibrium among closely linked genes is
an alternative explanation for the multiple phenotypic ef-
fects of a single QTL.

We found significant, negative genetic correlations be-
tween trichome2 and induced trichome density and be-
tween constitutive trichome density and induced trichome
density. These traits are all significantly influenced by the
QTL on LG 14 (table 3), where the Point Reyes allele
increased the probability of producing second-leaf tri-
chomes and constitutive trichome density but reduced in-
duced trichome density. In this case, the QTL-specific trait
correlations are fully concordant with the overall genetic
correlations. However, we note that the LG 14 QTL is the
only mapped factor for induced trichome density, and it
explains only 16% of the RIL variance. It is also possible
that the effect of this QTL is contingent on genetic back-
ground. Epistasis is suggested by the nearly complete ab-
sence of trichome induction in the Iron Mountain parental
line (Holeski 2007b), where the “high” allele (Iron Moun-
tain) is homozygous. Instead, high induced trichome den-
sity was observed in RILs that are Iron Mountain ho-
mozygous at the LG 14 QTL but have a mixture of Iron
Mountain and Point Reyes segments for the rest of the
genome. We did not see any strong interaction between
the QTLs of table 3 (using simple two-way ANOVAs), but

our selective genotyping approach precluded a thorough
scan for interactions across the genome.

The genetic architecture of trichome presence/absence
was partially uncoupled from that governing trichome
density. We identified two QTLs that significantly influ-
enced only the probability of producing trichomes on a
particular leaf pair (on LG 2 for trait trichome2 and on
LG 5 for trait trichome5). The Point Reyes parental allele
at the QTL on LG 2 decreased the probability of producing
trichomes on the second leaf pair, while the Point Reyes
allele at the QTL on LG 5 increased the probability of
producing trichomes on the fifth leaf pair (table 3). Al-
though these single-trait QTL explained only a small
amount of the RIL-level population variation in trichome2
and trichome5, they indicate that some degree of inde-
pendent evolution of these traits was possible in the natural
ancestral populations of the RILs.

Conclusions and Prospects

The development of RILs from a cross between two di-
vergent populations allowed us to elucidate novel patterns
of genetic variation in the phenotypic plasticity and on-
togeny of trichome production. There was generally good
correspondence between observed genetic correlations and
the results of QTL mapping for both ontogenetic and con-
stitutive/induced trichome production. We documented a
trade-off between constitutive and induced levels of de-
fense at the QTL level. The direction of the trade-off cor-
responds to that predicted by ODT, given differential pat-
terns of selection by herbivores and expected resource
allocation priorities in coastal (Point Reyes) and alpine
(Iron Mountain) populations.

Our genetic results motivate additional hypotheses about
ODT that can be tested with field experiments. A reciprocal
transplant experiment that includes the Iron Mountain x
Point Reyes RILs (e.g., Hall et al. 2006) can estimate the
reproductive fitness of RILs with high constitutive trichome
density/low induced trichome density and vice versa in each
environment. ODT predicts a reversal of selection across
low- and high-herbivory habitats. Direct estimates for the
current strength and direction of selection, both on indi-
vidual traits and on trait combinations (e.g., constitutive
and induced trichome densities), inform questions about
the historical process of divergence in the multivariate tri-
chome phenotype. Finally, we note that trichomes are only
one of numerous herbivore defense traits in M. guttatus.
The characterization of foliar phytochemistry and the chem-
istry of trichome glandular exudate (K. Keefover-Ring, L.
M. Holeski, A. Clauss, D. Bowers, and R. Lindroth, un-
published data) will enable a broader range of hypothesis
tests in the future.
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