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Abstract

We summarize work on a speciose Neotropical tree genus, Inga (Fabaceae), examining how interspecific variation in anti-
herbivore defenses may have evolved, how defenses shape host choice by herbivores and how they might regulate commu-
nity composition and influence species radiations. Defenses of expanding leaves include secondary metabolites, extrafloral
nectaries, rapid leaf expansion, trichomes, and synchrony and timing of leaf production. These six classes of defenses are
orthogonal, supporting independent evolutionary trajectories. Moreover, only trichomes show a phylogenetic signature,
suggesting evolutionary lability in nearly all defenses. The interspecific diversity in secondary metabolite profiles does not
arise from the evolution of novel compounds, but from novel combinations of common compounds, presumably due to
changes in gene regulation. Herbivore host choice is determined by plant defensive traits, not host phylogeny. Neighboring
plants escape each other’s pests if their defenses differ enough, thereby enforcing the high local diversity typical of tropi-
cal forests. Related herbivores feed on hosts with similar defenses, implying that there are phylogenetic constraints placed
on the herbivore traits that are associated with host use. Divergence in defensive traits among Inga appears to be driven by
herbivore pressure. However, the lack of congruence between herbivore and host phylogeny suggests that herbivores are
tracking defenses, choosing hosts based on traits for which they already have adaptations. There is, therefore, an asymmetry
in the host-herbivore evolutionary arms race.

Keywords Plant defenses - Secondary metabolites - Extrafloral nectaries - Coevolution - Lepidoptera

Introduction

Communicated by Colin Mark Orians.

The interactions between plants and herbivores have pro-
found ecological and evolutionary consequences for life
on earth. This evolutionary arms race may promote spe-
ciation of both groups, and the antagonistic interactions
may enhance ecological coexistence and diversity (Ehrlich
and Raven 1964; Janz 2011; Marquis et al. 2016). In this
review, we summarize our work on a speciose Neotropical
tree genus, Inga (Fabaceae, Pennington 1997), examining
how interspecific variation in anti-herbivore defenses may
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have evolved, how defenses shape host choice by herbivores
and how they might regulate community plant composition
and influence species radiations (Farrell et al. 1991; Becerra
1997; Futuyma and Agrawal 2009; Schemske 2009). Inga is
an excellent system to explore plant-herbivore interactions
in ecological and evolutionary time because the genus has
explosively radiated in the last 4 million years, giving rise
to over 300 species (Richardson et al. 2001). Furthermore,
at any given Neotropical rainforest site, it is one of the most
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diverse tree genera and one of the most abundant in terms
of individuals (Valencia et al. 2004; Dexter et al. 2017). We
have data on defensive traits and herbivores for > 100 Inga
species at sites in Panama, Ecuador, Peru, Brazil and French
Guiana (Table S1). The large number of closely related
species and the broad geographic area allow comparative
analyses and insights into the macroevolutionary patterns
of defense and host associations.

Plants, pests and predators

Both top-down and bottom-up forces affecting herbivory are
centered on young, expanding leaves. In Inga, as with most
tropical trees, approximately 28% of the leaf area is lost to
herbivores during the 1-3 week period from bud-break to
full expansion (Coley 1980, 1983; Coley and Aide 1991;
Kursar and Coley 2003; Fig S1). This represents more than
70% of the damage accrued during the entire lifetime of
a leaf, typically 2-3 years (Coley and Aide 1991). Young
leaves are particularly vulnerable to herbivores because
growth requires high nitrogen and cell walls cannot be
toughened until expansion is completed. As soon as leaves
reach full size, they rapidly toughen, nitrogen content
declines and as a consequence, herbivore attack rate drops by
about 50-fold (Coley 1983; Kursar and Coley 2003; Brenes-
Arguedas et al. 2006). Toughness is one of the most effective
defenses, and most shade-tolerant species have mature leaves
that are very tough. In contrast, expanding leaves have very
diverse defenses that are poorly understood (see ‘Defenses
of Inga’), and it is these that we focus on.

In lowland tropical forests, Lepidoptera cause more dam-
age to leaves than do other herbivores (Janzen 1988; Bar-
one 1998; Novotny et al. 2004). Although Inga is associated
with a great variety of herbivores in addition to Lepidoptera,
including Coleoptera, Orthoptera, phloem-feeding Coreidae,
Diptera, sawflies, and Phasmida, our studies confirm that
Lepidoptera are the primary herbivores. In Peru, lepidop-
teran larvae comprise ~ 80% of all herbivore species sam-
pled on saplings of Inga.

Although pathogen attack is a critical source of mor-
tality in seedlings of many species, we hypothesize that
insect herbivores are the main pest for saplings through-
out the decades they persist in the understory. A 5-year
study of 32 shade-tolerant species on Barro Colorado
Island found an average of 25% leaf loss while leaves
were expanding (Table 1). In contrast, an average of only
4.2% of the leaf area was damaged by pathogens, and this
was primarily due to 100% loss of a few leaves. For 10
species of Inga, 26% of leaf area was lost while leaves
were expanding, with 2.6% lost to pathogens. In contrast,
the damage to mature leaves of nine species of Inga was
only 0.23% (Table 1). Therefore, because expanding leaves
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are constrained to be tender and nutritious, their defenses
are critical traits for mediating plant—herbivore interac-
tions and are under strong natural selection from insect
herbivores.

Although expanding leaves are preferred, they are
ephemeral. For larvae to complete development before the
leaf toughens and becomes unpalatable, oviposition must
occur at bud-break (Aide and Londofio 1989), making
timely host location challenging for ovipositing females.
Furthermore, many plant species in the understory do not
continuously produce young leaves, but may have only a
few flushes per year. Thus, we argue that, contrary to gen-
eralizations that competition between species is low and
food availability is high (Hairston et al. 1960), herbivores
that are dependent on expanding leaves of a restricted set
of plant taxa may be food-limited (Kursar et al. 2006).

Critical for understanding why herbivores focus on
ephemeral, expanding leaves instead of abundant, mature
leaves are parasitism and predation. High rates of both
place a premium on minimizing the length of the larval
period when Lepidoptera are most vulnerable to natural
enemies (Benrey and Denno 1997; but see Lill and Mar-
quis 2001). In fact, caterpillars feeding on expanding vs.
mature leaves grow 2.2 times faster (Coley et al. 2006).
In a single site in Panama, 20.7% of 1225 late-instar lepi-
dopteran larvae collected in the field from various phy-
logenetically disparate hosts were parasitized. Regarding
predation, the risk increases towards the equator. Predation
on clay caterpillars, often used as a measure of maximum
rates for undefended caterpillars (Richards and Coley
2007), was 2-7.5%/day in temperate broad-leaved forests,
14%/day in Panama and increased to 29-45%/day in Cen-
tral Africa and 35-73%/day in the Amazon (Table 2). Our
latitudinal data are similar to a larger study (Fig. S1 in
Roslin et al. 2017) that found approximately 7.5%/day for
temperate forests and a maximum of 65%/day in a tropical
forest. And as with our data, Roslin et al. (2017) reported
that at all latitudes, birds accounted for only a small frac-
tion of attacks, the majority being from arthropods, espe-
cially ants. Through 24-h observations of real caterpillars
in Utah, 1.8% of them were eaten daily, very similar to
the 1.9%/day observed for clay caterpillars (Fig. 1). For
24-h observations of real caterpillars in Panama, predation
rates were 13.6%/day for species that fed on fast-expand-
ing young leaves and appeared to have little defense, such
as green geometrids and gelechiids. This rate is identi-
cal to the rate for undefended clay caterpillars confirming
that clay models are a good estimate of predation risk.
In summary, we hypothesize that the high potential rates
of predation and parasitism explain why most herbivores
feed on ephemeral expanding leaves, which permit faster
larval growth.
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Igrb::?J ljif{rcent l;af area lost i Species Expanding leaves Mature
panding and mature leaves leaves
Number of Number of Total damage Pathogen damage Total
plants leaves (%) (%) damage
Inga acuminata 153 727 233 1.6 0.11%
Inga cocleensis 319 1461 23.6 3.6 0.30%
Inga goldmanii 149 544 22.8 1.0 0.12%
Inga laurina 91 362 314 0.5 0.22%
Inga marginata 131 596 40.6 1.1 0.17%
Inga nobilis' 128 559 24.3 45 0.19%
Inga pezizifera 223 958 254 23 0.31%
Inga sapindoides 167 579 22.4 1.2 0.46%
Inga umbellifera 192 843 20.5 4.0 0.23%
Inga vera 86 1672 26.8 6.4 na
Average for Inga 1639 8301 26.1 2.6 0.23%
32 other species> 1299 47,610 24.9 4.2 na

Data for expanding leaves are for ten species of Inga and 32 shade-tolerant tree taxa on Barro Colorado
Island, Panama. Saplings were visited monthly during both wet and dry seasons, and the percent of leaf
area lost was quantified for all leaves that had flushed and finished expanding during the previous month.
Data on expanding leaves were taken from February 2000 to November 2004 for Inga, and from 1995 to
2000 for the other 32 species. The percent leaf area lost for mature /nga leaves (right column) was meas-
ured over 120 days on ~ 50 plants per species and 2-3 leaves per plant. Values are the total percent of leaf
area lost during a 31-day period to make an equivalent comparison to the values for young leaf damage

"Previously referred to as Inga quaternata

2Alseis blackiana (Rubiaceae), Capparis frondosa (Capparaceae), Chrysophyllum panamense (Sapota-
ceae), Connarus turczaninowii (Connaraceae), Cupania rufescens (Sapindaceae), Cupania sylvatica (Sap-
indaceae), Desmopsis panamensis (Annonaceae), Eugenia oerstediana (Myrtaceae), Garcinia madruno
(Clusiacae), Guatteria dumentorum (Annonaceae), Gustavia superba (Lecythidaceae), Heisteria concinna
(Olacaceae), Hirtella triandra (Chrysobalanaceae), Hybanthus prunifolius (Violaceae), Laetia thamnia
(Salicaceae), Licania platypus (Chrysobalanaceae), Mouriri parvifolia (Melastomataceae), Myrcia fosterii
(Myrtaceae), Ouratea lucens (Ochnaceae), Paulinia bracteosa (Sapindaceae), Paulinia rugosa (Sapin-
daceae), Piper cordulatum (Piperaceae), Poulsenia armata (Moraceae), Prioria copaifera (Leguminosae),
Psychotria horizontalis (Rubiaceae), Psychotria limonensis (Rubiaceae), Psychotria marginata (Rubi-
aceae), Rourea glabra (Connaraceae), Sorocea affinis (Moraceae), Talisia princeps (Sapindaceae), Tetra-
gastris panamensis (Burseraceae), Trichilia tuberculata (Meliaceae)

Table 2 A latitudinal survey of daily rates of predation for clay caterpillars in the understory of broad-leaved forests

Location %lday N Latitude Elev (m) Dates Sites

Utah, USA 2.0 1898 40.8 1555 May-July 2000 Red Butte, City Creek
Connecticut, USA 7.5 320 37.1 12 Sept 2005 ‘Wadsworth Falls

Panama 13.6 441 9.2 400 Oct—Dec 1999, 2005 Barro Colorado Island

Peru 72.7 712 12.3 270 Jun—Nov 2007 Los Amigos Biological Station
Brazil 35.0 240 24 260 Jul-Sept 2005 Km 41, PDBFF

Central African Republic 45.0 289 2.2 360 Oct-Nov 2004 Mondika Research Center
Uganda 29.1 402 0.3 1100 Sept 2004 Kibale National Park

Caterpillars (2 X 20 mm) made out of green Sculpey II clay were glued with a dab of rubber cement to the midrib of mature leaves and censused
24 h later for predation marks (Richards and Coley 2007). N is the number of caterpillars. Latitude, elevation, sampling dates and specific site
locations are indicated. Panama experiences a more severe dry season than other tropical sites, and Uganda is at a higher elevation

Defenses of Inga

Most plants have a variety of defenses that act in concert to
successfully ward off nearly all potential herbivores. There
is no magic bullet, so it is the entire defensive profile that

determines susceptibility to the community of herbivores.
Thus, we have quantified as much of the defensive arsenal
as possible (Fig. 2) to understand tradeoffs, effectiveness
and evolutionary relationships among defensive traits.
Here, we present data on the defenses of expanding leaves,
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Fig.1 Daily predation rates on clay and real caterpillars for Utah,
USA, and Barro Colorado Island, Panama. Real caterpillars in Pan-
ama were divided into three functional groups based on whether they
specialized on fast-expanding, slow-expanding or mature leaves. Real
caterpillars with different letters are significant at P < 0.05

as that is the period of greatest attack by herbivores. We
have also focused on saplings, as they often persist in the
understory for decades, and are a key bottleneck in the life-
cycle of tropical trees (Poorter 2007; Green et al. 2014).

Secondary metabolites
In Inga leaves, soluble secondary metabolites are a key

defense (Endara et al. 2017). Recently, we have used untar-
geted metabolomics to characterize all soluble compounds

Chemical
OH
H
N
o OH
OH

Phenology of young leaves

Biotic (ants)

with intermediate polarity, primarily phenolics and sapo-
nins (Endara et al. 2015; Wiggins et al. 2016). Regarding
highly polar, soluble secondary metabolites, Inga species
make non-protein amino acids from at least three different
amino acids (lysine, proline and cysteine). One clade with
17 species overexpresses tyrosine, an essential amino acid
that is highly toxic at 5-19% of dry weight (DW) found in
expanding leaves (Lokvam et al. 2006). Expanding leaves
invest substantial resources in these soluble secondary
metabolites, averaging 45% DW (Lokvam and Kursar 2005;
Wiggins et al. 2016).

We have bioassayed the chemical fractions in Inga with
a generalist caterpillar (Heliothis virescens; Coley et al.
2005; Lokvam and Kursar 2005; Lokvam et al. 2006;
Brenes-Arguedas et al. 2008; Bixenmann et al. 2016; and
unpublished). We found high toxicity of the phenolic and
saponin fractions, and of tyrosine, even at concentrations
considerably lower than what are found naturally in expand-
ing leaves. The non-protein amino acid fraction showed
low toxicity. Nevertheless, some that we did not test such
as djenkolic acid, a cysteine derivative that is abundant in
Inga acuminata may be highly toxic (Segasothy et al. 1995).
The protein, organic acid/carbohydrate and lipid fractions
were non-toxic. This suggests that several distinct classes of
compounds found in Inga (phenolics, saponins, non-protein
amino acids and tyrosine) have a defensive role. An addi-
tional 20% of DW is covalently bound to cell walls, and
bioassays with H. virescens show that this fraction is also
highly toxic (Lokvam and Kursar 2005). Most studies ignore
cell wall-bound compounds, yet this fraction contains a
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Fig.2 Six independent classes of defenses for expanding Inga leaves.
Only trichomes (length and density) showed a phylogenetic signal.
Because leaves cannot toughen their cell walls while expanding, they
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remain tender. Therefore, toughness, which may be the most effective
defense, is only an option for mature (fully expanded leaves)
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substantial investment in toxic metabolites. Thus, including
soluble and cell wall-bound metabolites, over half of the dry
weight of an expanding leaf is invested in chemical defenses.

Little induction in secondary metabolites

Theoretical studies suggest that constitutive defenses will be
favored if herbivore pressure is constantly high and that induc-
tion will be advantageous if herbivory is variable and current
damage is a reliable predictor of continued attack (Adler and
Karban 1994). Although many studies have shown that spe-
cies can induce defenses, we argue that this strategy does not
make sense for expanding leaves in the tropics where herbi-
vore pressure is constantly high. Indeed, a study of mature
leaves of 17 rainforest tree species showed no induction
(Cérdenas et al. 2015). In the case of Inga, expanding leaves
also show little or no quantitative or qualitative induction
of metabolites in response to herbivory (Bixenmann et al.
2016). In experiments with four species of Inga in Panama, we
placed generalist caterpillars from the family Gelechiidae on
expanding leaves and kept other plants herbivore-free. Despite
the fact that 5-66% of leaf area was eaten in the herbivory
treatments, there was no difference in the total investment
in saponins, and only a 13% increase in phenolics. Compar-
ing herbivory plus and minus treatments, there was no dif-
ferential expression of individual compounds (saponins and
phenolics), so their metabolic profiles were similar. The major
effect of herbivory was a doubling of tyrosine in 1. umbel-
lifera. Herbivory also did not affect the production of nectar
at extrafloral nectaries (Bixenmann et al. 2011). This is not
because plants are incapable of adjusting, as both light and
the presence of ants increased nectar production. In addition,
Inga leaves are expanding for only 1-3 weeks and, in Panama,
lose 20-45% of their leaf area (Kursar et al. 2006). Under
such high herbivore pressure, even a delay of 1 day to induce
defenses could result in substantial damage. In addition, given
that more than 50% of DW is in constitutive soluble and cell
wall-bound secondary metabolites (Lokvam and Kursar 2005;
Wiggins et al. 2016), it might be physiologically impossible
to increase levels substantially.

Investment in chemical defense in expanding leaves is
highly canalized, exhibiting little plasticity, not only with
respect to herbivory, but also to light. Because of increased
carbon acquisition at higher light, carbon-based defenses
such as phenolics are expected to increase (Bryant et al.
1983), with typical increases in mature leaves of tropical
species of 200% or more (Sinimbu et al. 2012, Supplement
3). However, for expanding leaves of four Inga species from
Panama in understory vs. light gap conditions, there was no
difference in their metabolomic profiles (Bixenmann et al.
2016). There was also no increase in phenolic content for
any species and, for two species, only a 6 and 9% increase in
saponins. A Brazilian Inga showed no difference in saponins

in shade vs. gap conditions, and a 20% increase in phenolics
in gaps (Sinimbu et al. 2012). Thus, even though mature
leaves generally respond strongly to light, we found little
effect of light on expanding leaves.

Extrafloral nectaries

Inga is also protected by extrafloral nectaries situated
between each pair of leaflets. When the leaf is expanding,
they produce sugar which attracts protective ants and reduces
herbivory (Koptur 1984). Nectar production (sugar/nectary/
day) and nectary size do not change during leaf expansion.
That is, at only 1% of full leaf size, nectar production and
nectary size are already at their maxima. This means that
early in leaf expansion, nectar per leaf area, and hence the
density of patrolling ants is high (Bixenmann et al. 2013).
Investment in nectar per leaf area declines during expan-
sion, and nectar production ceases entirely at full size and
leaf toughening.

Inga species vary considerably in investment in nectar
production, which influences the number of ants visit-
ing leaves (Bixenmann et al. 2011). For seven species in
Panama, average nectar production ranged from O to 277 pg
sugar/nectary/day and was composed of sucrose, fructose
and glucose. We have not quantified nectar components
such as amino acids. For both natural nectar and artificial
sugar water, ant visitation increased significantly with ele-
vated levels of nectar. For 95 species of Inga in Central and
South America nectary size ranged from 0.3 to 4.5 mm (Fig.
S2) and species with larger nectaries had more ant visitors
(Fig. 3). The 35 species of Inga at a single site in Peru also
differed in the community composition of ants at nectaries
(Endara et al. 2017). Some of this is due to differences in the
ant communities in terre firme vs. seasonally flooded forest,
with the remainder presumably due to interspecific variation
in rates of nectar production, and possibly composition.

Trichomes

As with many tropical species, some Inga species have non-
glandular hairs on the leaf surface and veins (Pennington
1997). These can provide a physical defense, particularly
against early instar caterpillars (Agrawal 1999). The spac-
ing and length of hairs can also influence which ant species
patrol the leaf, perhaps allowing the plant to favor more ben-
eficial ants (Davidson et al. 1989).

Rates of leaf expansion
As expanding leaves are preferred, shortening this win-
dow of vulnerability should reduce herbivory. However,

within Inga (Fig. 4), and across > 175 tropical species on
all continents (Coley and Kursar 1996), species with faster
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Fig.3 Mean extrafloral nectary diameter and the standardized num-
ber of ants visiting each nectary at five sites in Central and South
America (Panama, Ecuador, Peru, Brazil and French Guiana). There
were 155 species-site combinations. Because the abundance of ants is
different at different sites (low in Panama, high in Peru), we standard-
ized across sites by dividing the number of ant visitors per species by
the average visitation at that site (P < 0.001, R> = 0.12)

Herbivory (% leaf area damaged)
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Expansion rate (% day™")

Fig.4 Rates of leaf expansion (%/day) are correlated with the per-
cent of leaf area lost during expansion at five sites in Central and
South America (Panama, Ecuador, Peru, Brazil and French Guiana;
P=0.001, R = 0.08, N = 155 species-site combinations)

expansion had higher total herbivore damage during leaf
expansion. Most likely, physiological constraints cause rapid
expansion to correlate with traits that promote herbivory. For
example, expansion is positively correlated with nitrogen
content, as fast expanders, which can double in size daily,
divert resources to growth and require high levels of protein
(Kursar and Coley 1991, 2003). Thus, fast-expanding spe-
cies are more nutritious. Additionally, fast expanders appear
to have less harmful secondary metabolites. In pairs of non-
Inga from Panama, extracts from fast expanders were less
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toxic to caterpillars, beetles and fungi (Kursar and Coley
2003).

Synchrony and timing of leaf production

The phenology of young leaf production may in part be
selected by herbivore pressure. In the tropics, leaf production
is less constrained by abiotic factors than in the temperate
zone, and yet we still see periods of synchronous leaf flush-
ing (Coley and Aide 1991). Some of this can be attributed
to more sun at the beginning of the dry season, and greater
soil moisture at the beginning of the rainy season, leading to
bursts of production at these times (van Schaik et al. 1993;
Angulo-Sandoval and Aide 2000). But even in aseasonal
habitats, synchrony is pronounced, as it can provide escape
from herbivory by satiating available herbivores (Aide 1988;
Léotard et al. 2008; Lamarre et al. 2014). The time of year
that leaves are produced can also influence herbivory (Wolda
1988; Aide 1993). For example, there are fewer herbivores
in the dry season, and many herbivores are univoltine or
seasonal. Hence, for expanding leaves, both the synchrony
and timing of leaf production can be defenses.

Constraints and tradeoffs in the evolution
of defenses

Because resources are limited, allocation tradeoffs are com-
mon. This has led to the identification of syndromes of co-
occurring traits. As mentioned above, rapid leaf expansion
is correlated with higher herbivory, suggesting that fast
expanders may have less effective defenses. The advantages
of effective chemical defense are obvious, so we interpret
the strategy of rapid expansion as being a sub-optimal
strategy. One evolutionary scenario is that if a species’ sec-
ondary metabolites have been evolutionarily breached by
herbivores, selection would favor shortening the window of
vulnerability (Kursar and Coley 2003). So, rapid expansion
may not be an effective defense, but instead may be a way of
minimizing the negative impacts of herbivory by reallocat-
ing resources from ineffective chemical defense to growth.

Expansion rate is also highly negatively correlated with
chlorophyll content in Inga (Fig. 5) and hundreds of other
tropical species (Coley and Kursar 1996; Kursar and Coley
2003). Chlorophyll content is indicative of chloroplast devel-
opment, and fast expanders delay chloroplast development
until the leaves are full size and toughened (Kursar and
Coley 1992a, b, c). As a consequence, they appear white or
very light green and have much lower photosynthetic rates.
This negative correlation could be driven by a physiologi-
cal constraint prohibiting simultaneous investment in rapid
expansion and chloroplast development.

However, delayed greening could also be adaptive by
minimizing the negative impact of herbivory (Kursar and
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Fig.5 Rates of leaf expansion (%/day) are negatively correlated with
chlorophyll content (mg of chlorophyll dm™2 of leaf) of expanding
leaves at five sites in Central and South America (Panama, Ecuador,
Peru, Brazil and French Guiana; P < 0.001, R> = 0.39, N = 138 spe-
cies-site combinations). Chlorophyll was measured when leaves were
50-80% of full size (Kursar and Coley 2003; Kursar et al. 2009)

Coley 1992c¢). For a given amount of damage, leaves with
delayed greening lose ~ 20% fewer resources as they have
not yet invested in chloroplasts. Thus, under conditions of
low light (< 1% full sun) and high herbivory (> 30% leaf
area lost), the costs of forfeited photosynthesis match the
benefits of reduced losses. This set of conditions is only
commonly found in the understory of tropical rainforests
and is the only environment that favors white young leaves.
Furthermore, the cost/benefit analysis predicts that delayed
greening should be more common in fast-expanding, shade
species as they suffer high losses to herbivores. As with
other traits, delayed greening is developmentally canalized,
such that even if saplings are in the high light of a treefall
gap, they still delay greening (Kursar and Coley 1992a).

We also suggest that species with less effective chemical
defenses may have more synchronous leaf production, even
in aseasonal environments, due to selection by herbivores.
Given that there is an opportunity cost to synchrony asso-
ciated with storing and defending resources, species with
young leaves having effective chemical defenses should pro-
duce a leaf as soon as there are enough resources (a lack of
synchrony). In Panama, we tracked leaf production by sap-
lings for 4 years and calculated synchrony as the CV in the
number of individuals leafing each month. There was a posi-
tive relationship between expansion rate and synchrony for
25 species (Coley and Kursar 1996, R>=036,P < 0.001)
and for 10 species of Inga (Fig. 6), consistent with a syn-
drome of high synchrony in species with weaker chemical
defenses (Kursar and Coley 2003).

160

120 4

80 -

Synchrony (CV)

40 -

0 T T T
0 20 40 60 80

Expansion rate (% day ')

Fig.6 Rates of leaf expansion (%/day) are correlated with the degree
of synchrony among individual plants within ten /nga species flush-
ing young leaves on Barro Colorado Island, Panama. From March
2001 to November 2004, 50 individuals of each species were cen-
sused monthly for leaf production for 5 years. A higher value indi-
cates more synchronous production of leaves (P = 0.03, R? = 0.46)

Divergent selection on defenses

Despite physiological or genetic constraints that may pro-
mote trait correlations, we find that many traits evolve
independently, providing further evidence that herbivores
may be driving selection. For 33 Inga species from Peru,
the six classes of defense (Fig. 2) are orthogonal in trait
space (Endara et al. 2017), indicating that each defensive
category has evolved independently of the others. The
trichome axis represents both length and density of tri-
chomes, which were correlated. Similarly, the ant-defense
axis includes the correlated number and identity of visit-
ing ants, and the two correlated developmental traits are
expansion rate and chlorophyll. Although we treat sec-
ondary metabolites as a single class, there are hundreds of
compounds that can vary independently. Thus, there are
many axes of trait divergence that are possible, leading
to an infinite number of trait combinations (Coley and
Kursar 2014).

The six different classes of Inga defenses (Fig. 2) are not
only evolving independently, but are also diverging between
close relatives (Kursar et al. 2009; Endara et al. 2017). Only
trichomes show a phylogenetic signal, suggesting that the
evolution of defensive traits is evolutionarily labile. Diver-
gence is also documented for chemical defenses in other
speciose tropical genera, Bursera, Psychotria, Protium,
Solanum and Piper (Becerra 1997; Sedio 2013; Fine et al.
2013a, b; Haak et al. 2014; Salazar et al. 2016a). In con-
trast, although we measured very few traits associated with
resource acquisition, these appear to evolve more slowly
(Endara et al. 2015). A similar pattern has been found for
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Psychotria and Solanum (Sedio et al. 2012; Haak et al.
2014). Thus, it appears that selection from herbivores causes
strong divergent selection for defensive traits (Marquis et al.
2016). Nevertheless, much more work is needed to tease
apart the relative importance of divergence in defenses vs.
resource acquisition traits in the evolution of new species.

Defenses shape local tree diversity

The diversity of trees in a single hectare of tropical rain-
forest (655 species) exceeds that of the entire US and
Canada combined (less than 500 species). This contrast
requires explanation, particularly for speciose genera such
as Inga, where 45 closely related species can coexist at a
single site (Valencia et al. 2004). The high local diver-
sity is generally thought to result from negative density
dependence, such that no one species ‘wins’. One possible
driver of negative density dependence is that competition
for resources will be greater for conspecifics (Chesson
2000). However, since all trees need similar resources
(light, water and nutrients), it is difficult to see how there
could be 655 different niches in a single hectare (Wright
2002; Sedio et al. 2012). An alternative explanation for
negative density dependence is that specialized pests keep
one species from dominating (Janzen 1970; Connell 1971;
Kursar et al. 2009; Terborgh 2012; Bagchi et al. 2014).
And, if one considers the almost infinite number of pos-
sible defense profiles, there could be an enormous number
of niches with respect to herbivores (Singer and Stireman
2005; Kursar et al. 2009; Coley and Kursar 2014). We
hypothesize that if neighbors differ in defense, they are
unlikely to share herbivores and coexistence is enhanced.
Most examples of negative density dependence show that
conspecifics, which would share traits, are over-dispersed
(Harms et al. 2000; Comita et al. 2014; Kraft et al. 2015a,
b; Zhu et al. 2015; LaManna et al. 2017). But this does
not identify the responsible mechanisms, competition for
resources or pest pressure, nor the key traits, defenses or
resource-acquisition traits.

Our work on Inga is one of the few studies to measure
defensive traits and test their effect on promoting local diver-
sity and coexistence. For Inga in both Panama and Peru,
neighboring saplings were more different in their defenses
than would be expected by a random draw of species in
that forest (Kursar et al. 2009). This was true even for Peru,
where neighbors were more closely related than expected
by chance. This pattern is consistent with selection by her-
bivores, favoring rare defenses whether or not species are
closely related (Becerra 2007; Coley and Kursar 2014; Rich-
ards et al. 2015; Salazar et al. 2016a, b).

We suggest that the composition of Inga species in a
given forest may also be shaped by herbivores. Inga lineages
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have dispersed across the Amazon Basin repeatedly, such
that the species pool at any site is potentially drawn from
across the Amazon (Dexter et al. 2017). What determines
which species actually occur at a site no doubt includes abi-
otic filters, but perhaps also the defensive profiles of the co-
occurring species. We predict that the species at a site will
be more different in defenses than expected from a random
draw of all Amazonian species. Thus, at spatial scales of
meters to kilometers, herbivores may influence host com-
munity composition.

Chemistry: evolution of innovations
and divergence between species

One long-standing prediction from coevolutionary theory is
that key innovations in host clades, such as glucosinolates
or latex, lead to radiations in hosts and then in herbivores
(Ehrlich and Raven 1964; Farrell et al. 1991). It is gener-
ally assumed that the evolution of these novel secondary
metabolites is through changes in the genes that code for
biosynthetic enzymes (Berenbaum 1978, 1981; Ryan et al.
2012). However, such biosynthetic innovations are relatively
rare, and hence their signature is typically seen at the level
of family or genus. We hypothesize that chemical dissimilar-
ity between species allows plants to escape from herbivory,
regardless of whether they are based on combining common
metabolites or from biosynthetic innovations.

Chemical dissimilarities based on compounds
composed of common building blocks

The genus Inga does not manifest any compounds that are
based on biosynthetic innovation. Instead, an important
source of interspecific variation in chemistry is due to dif-
ferent, and sometimes novel, compounds composed of com-
mon building blocks (Kursar et al. 2009). Examples in Inga
are compounds based on only (epi)catechin, glucose and
cinnamic acid that were new to science (Lokvam et al. 2004;
Fig. 7, compound #27 without gallate). Evolution of these
compounds in /nga may proceed by changes in the regulation
of genes that code for their synthesis or the genes that code
for condensation enzymes such as acyltransferases (Barrier
et al. 2001; Wray 2007). For example, for a flavan-3-ol, such
as compound #27 (Fig. 7), this would be through upregu-
lation of the synthesis of (epi)catechin, gallate, glucose
and cinnamate, and variations in acylation, glycosylation,
and galloyltransferase activities. Because most condensing
enzymes belong to large gene families, such evolutionary
transitions could be due to gene duplication followed by the
evolution of novel substrate affinity, without the evolution of
a unique enzymatic reaction (Bontpart et al. 2015).
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Chemical dissimilarities based on novel
combinations of compounds

The most common pattern of chemical divergence in Inga is
based on each species having different combinations of all
the compounds that /nga can make. For example (Fig. S4),
one Inga species contains compound #30 (Fig. 7, (epi)gal-
locatechin gallate) and compound #33 (a triterpene saponin,
Fig. S3), whereas another species also contains compound
#30 but combined with flavone glycosides (FG, Fig. S4).
Thus, closely related species of Inga diverge via novel com-
binations of compounds leading to dissimilar chemical pro-
files rather than via the evolution of key biosynthetic innova-
tions. Similar patterns may exist in other genera (Lokvam
et al. 2015). A likely mechanism for creating new combina-
tion of compounds may be through gene regulation.

Evidence for evolution by changes in gene
regulation

For phenolic compounds, the most abundant of the toxic
compounds in /nga, the known biosynthetic pathways pro-
vide insight into the underlying genetic mechanisms of
metabolite evolution (Fig. 7). When mapping compounds
onto the phylogenetic tree for Peru and Panama, a particular
metabolite class (e.g. quinic acid gallates, (epi)catechin pol-
ymers, (epi)gallocatechin gallate polymers, saponins, tyros-
ine gallates) occurs sporadically across the phylogenetic
tree (Kursar et al. 2009). In fact, in some cases, expression
is in only one member of a pair of closely related species.
It is unlikely that the ability to synthesize each compound
evolved independently many times. Instead, the most parsi-
monious explanation is that all species have the genes cod-
ing for the biosynthetic enzymes for each compound, but
these are turned on or off in different species. We also often
detect trace amounts of common compounds by ultra-perfor-
mance liquid chromatography followed by mass spectrom-
etry (UPLC-MS), supporting the hypothesis that structural
genes are present but strongly downregulated.

Another example consistent with gene regulation is that in
5 of the 42 species from Panama and Peru, 80% or more of
the secondary metabolites are triterpene saponins, with the
remainder being phenolic compounds (Kursar et al. 2009;
unpublished). As the shikimic acid pathway is required
for primary metabolism, and as the five species are spread
throughout the phylogeny, with close relatives making phe-
nolics, the production of saponins and the repression of phe-
nolics most likely result from regulatory changes (Mertens
et al. 2016). Additionally, the tyrosine-accumulating clade
mentioned previously (Fig. 7: compound #4) is most sim-
ply explained as a change in regulation without a change in
biosynthesis. Another example is the intriguing pattern that

species make adducts or derivatives of either compound #14
or of compound #18 but not both, suggesting an important
switchpoint at compound #10 (Fig. 7). Furthermore, each
chemotype is spread across the phylogeny and close relatives
may differ. It appears that, during evolution, this switchpoint
has repeatedly and reversibly converted between two states.

Evolutionary patterns

If secondary metabolism evolves in Inga by the simple
mechanisms suggested above, this may permit rapid evolu-
tion and explain why closely related species are chemically
distinct (Kursar et al. 2009; Endara et al. 2017). Large and
fast shifts in defensive chemicals, such as between saponins
and phenolics, also may permit evolution in long-lived trees
to keep pace with rapid evolution (short generation times
and large population sizes) of most insect herbivores (Gould
1991).

A critical deficiency in the study of the evolution of sec-
ondary metabolites is that most compounds are not identified
structurally. As a result, while one can quantify compounds
that are shared by species, the analysis of non-shared com-
pounds is highly problematic unless one can distinguish
structurally related from unrelated compounds. Structural
similarity is important because it may indicate similar
functions with respect to anti-herbivore activity, as well as
similar biosynthetic pathways. These both shed light on the
evolution of secondary metabolites and their effectiveness
as defenses. One approach to quantify structural similarity
that we use is UPLC followed by isolation of the molecule
of interest using MS, its fragmentation, and the detection of
fragments (MS-MS). MS—-MS provides a structural finger-
print such that the relatedness of compounds can be quanti-
fied using networks (Duncan et al. 2015; Sedio 2017; Sedio
et al. 2017). In addition, we use UPLC-MS to detect many
more compounds than in HPLC. At present, the combination
of UPLC-MS with MS-MS may be one of the most rigorous
approaches for quantifying the chemical similarity of species
(but see Richards et al. 2015).

Evolutionary responses of insect herbivores
to plant defenses

High degree of specialization

The lepidopteran herbivores attacking Inga are predomi-
nantly highly specialized, with most species restricted to
three or fewer hosts, and only a few being more generalized
(Fig. S5; Dyer et al. 2007; Forister et al. 2015). Based on
our data from Panama, French Guiana, Ecuador and Peru,
60% of 483 caterpillar species are associated with a single
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host species. Given that different herbivore clades have dis-
tinct physiologies and that different plant species may host
distinct communities of specialist herbivores (Endara et al.
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2017), we hypothesize that each herbivore community exerts
dissimilar selective pressure on their hosts. In short, high
specificity in herbivores could generate divergent evolution
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«Fig. 7 Biosynthetic context of phenolic metabolites in /nga. Shown
here are the structures and substructures of compounds observed in
a survey of 38 phenolic-synthesizing Inga species and their positions
in the biosynthetic pathways that produce them. Metabolites that
accumulate are shown in black; adducts and intermediates in gray.
Wavy bonds indicate variable stereochemistry. Shikimic acid path-
way: 1 quinic acid; 2 gallic acid; 3 quinic acid gallate; 4 L-tyrosine;
5 tyrosine gallate; 6 tyramine; 7 tyramine gallate. Phenylpropanoid
pathway: 8 cinnamic acid; 9 coumaric acid. Flavonoid pathway: 10
dihydrokaempferol (commonly used flavonoid numbering scheme is
shown); 11 dihydrokaempferol glycoside; 12 kaempferol; 13 kaemp-
ferol glycoside; 14 dihydroquercetin; 15 dihydroquercetin glycoside;
16 quercetin; 17 quercetin glycoside; 18 dihydromyricetin; 19 dihy-
dromyricetin glycoside; 20 myricetin; 21 myricetin glycoside; 22
(epi)afzelechin; 23 catechin-(epi)afzelechin mixed polymers; 24 (epi)
catechin; 25 (epi)catechin polymer; 26 (epi)catechin-3-O-gallate; 27
(epi)catechin-3-O-pyrano-O-gallate/O-cinnamate; 28 (epi)gallocat-
echin; 29 (epi)gallocatechin polymer; 30 (epi)gallocatechin-3-O-gal-
late; 31 (epi)gallocatechin-3-O-coumarate. For the polymeric forms
of 23, 26, 27, 30, and 31, the C-3-O position is variably substituted
with the indicated groups or with OH, resulting in polymers consist-
ing of mixed monomeric units. Key enzymatic steps (solid arrows)
are labeled: AHD arogenate dehydrogenase, TDC tyrosine decarboxy-
lase, AHT arogenate dehydratase, PAL phenylalanine-ammonia lyase,
F3'H flavonoid-3'-hydroxylase, F3'5'H flavonoid-3',5'-hydroxylase,
DFR dihydroflavone reductase. Dashed arrows represent biosynthetic
steps of unknown enzymology

of defenses in Inga and this mechanism could drive eco-
logical speciation (sensu Nosil 2012), and adaptive radiation
(sensu Schluter 2000). Two other groups sawflies (Hyme-
noptera) and Coreidae (Hemiptera) that cause substantial
herbivory show distinct patterns of specialization. Sawflies
are highly specialized, feeding on one or two hosts, whereas
Coreidae feed on most, and possibly all, Inga at a site.

Herbivores chose hosts based on traits

Most studies on host range for insect herbivores consider
host phylogeny but often do not consider anti-herbivore
traits. Although the significance of plant defenses in host
selection is recognized, this has been insufficiently stud-
ied for insect herbivores of the tropics. Traditionally, sec-
ondary plant chemistry has been invoked as a major axis
in host selection (Thompson 1988), and our studies with
Inga and its associated herbivores are consistent with this
view. For example, a choice experiment with a sawfly larva
showed that even small differences in secondary metabo-
lites among its normal hosts within the I. capitata complex
were big enough to affect preference (Endara et al. 2015). In
Peru, 30% of the variation in the herbivore community was
explained solely by chemistry, and it was consistently iden-
tified as an important variable across specific lepidopteran
clades (Endara et al. 2017). Larvae from the Gelechioidea
and Riodinidae show preference for Inga hosts that express
saponins, whereas Erebidae are more abundant on plants
that express amines. These results are of particular interest

because it suggests that specific classes of secondary metab-
olites strongly influence host choice (Berenbaum 1981).

Nevertheless, as was noted, in addition to chemistry,
plants invest in a variety of important defenses (Carmona
et al. 2011). Our analyses show that different clades of
Lepidoptera respond to different non-chemical defenses of
Inga (Endara et al. 2017). For example, for Riodinidae, a
group of myrmecophilous larvae, ant associations with Inga
explained as much as 30% of their total community variation
(Endara et al. 2017). By contrast, for Lycaenidae, a sister
family of Riodinidae, ants did not represent a significant
factor for host selection. This pattern is expected given that
Lycaenidae feeding on Inga are not tended by ants. This
result highlights the fact that, even for sister clades of her-
bivores, differences in plant defenses matter for host use.

The fact that the expression of defenses in Inga is inde-
pendent from its phylogeny (discussed above) has allowed
us to show that host switching in lepidopteran herbivores is
more strongly associated with host defenses than host phy-
logeny (Endara et al. 2017). Thus, closely related herbivores
prefer Inga hosts with similar defenses rather than closely
related Inga. Similar patterns have been found for other
groups of herbivores, including leaf beetles (Blepharida),
several groups of herbivores associated with Apiaceae, and
larvae from Melitaeini species (Becerra 1997; Berenbaum
2001; Wahlberg 2001). These results are consistent with
the hypothesis that herbivore lineages have evolved new
host associations with plant species for which they are pre-
adapted (Agosta and Klemens 2008).

Herbivore diversification

Although it is certain that plant defenses have shaped the
evolution of the herbivore traits associated with host use,
what promotes herbivore diversification is less clear. The
fact that Inga herbivores show phylogenetic conservatism
in host use suggests that the traits of the herbivores that
determine host choice are evolving relatively slowly such
that related herbivores feed on plants with similar defenses.
We hypothesize that the diversification of the Lepidoptera
associated with Inga is not solely driven by their interactions
with host defenses. Other factors, such as predation, can
influence host choice and, possibly, diversification (Singer
and Stireman 2005). In Inga, we find that the risk of pre-
dation is related to host plant traits, implicating a linkage
between top-down and bottom-up forces. Nutritional and
defensive properties of leaves determine herbivore growth
rates, with slower growth increasing the susceptibility to pre-
dation. Because caterpillars that feed on mature leaves grow
slowly, taking about 1 month to develop, predation rates of
only 5% per day or greater would not allow enough time
for most larvae to complete development. Consequently,
mature leaf feeders have been selected for defenses, and
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show significantly more hairs, spines, warning coloration
and gregarious behavior than herbivores feeding on expand-
ing leaves (Coley et al. 2006). Due to effective defense, they
suffer low rates of actual predation in the field (Fig. 1) or
in feeding trials with ants (Coley et al. 2006). In contrast,
herbivores that feed on fast-expanding leaves must also grow
fast so as to complete development in the ~ 7 days before
leaves toughen (Aide and Londofio 1989). The premium on
fast growth means caterpillars can invest little in defense and
as a consequence suffer high rates of predation in the field
(Fig. 1) and in feeding trials with ants. Herbivores that feed
on more slowly expanding young leaves have intermediate
levels of growth and predation. In summary, interactions
with predators may depend on the type of food consumed
by herbivores.

Inga and its herbivores: a coevolutionary
arms race?

Coevolution has been seen as a major driver of diversifi-
cation in plants and insects, with diversification for both
groups associated with major biosynthetic innovations in
chemical defense (Ehrlich and Raven 1964). This predicts
phylogenetic constraints in the sense that closely related
plant species will have similar defenses and closely related
herbivores will feed on closely related plants. Our results
with Inga favor an alternative hypothesis in which plant
defensive traits evolve rapidly and in the absence of biosyn-
thetic innovations. Hence, closely related host plants may
not have similar defenses allowing daughter plant lineages to
escape a subset of herbivores attacking their parent species.

A second prediction from coevolutionary theory is that
trait evolution is stepwise with a shift in defense correlated
with a shift in counter-defense (Berenbaum and Schuler
2010), and therefore, evolutionary change between both
plants and insects should be reciprocal (Mitter and Brooks
1983). This model is not supported by the result that the
phylogenies of insect herbivores rarely match the phylog-
enies of their hosts. An alternative model is sequential evo-
lution in which the host is colonized by herbivores from
closely related host lineages (Futuyma and Agrawal 2009;
Janz 2011). In this case, coevolution between herbivore and
host would not be a prerequisite for an association, and the
diversification of the host usually predates that of the herbi-
vore (Jermy and Szentesi 2003).

However, for Inga, comparisons of the ages of diversifica-
tion of the host with its lepidopteran herbivores and of the
topologies of their phylogenetic trees contradict the above
models (Endara et al. 2017). First, reciprocity in evolution-
ary events is not supported in the phylogenetic analyses. We
find that unrelated hosts that happen to have similar defenses
also support similar herbivore assemblages. Furthermore,
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the evolution of host use for Inga herbivores is associated
more with Inga defenses than with Inga phylogeny. Second,
diversification dates for the associated herbivores predate the
diversification of Inga (~ 2-10 MY ago, Lavin 2006; Rich-
ardson et al. 2001) by many millions of years. For example,
10 of the 15 species of Riodinidae found on /nga belong to
the genus Nymphidium, whose radiation may be at least six
times older (50-60 MY ago; Wahlberg et al. 2013; Espeland
et al. 2015) than Inga. The species of Nymphidium found on
Inga also occur on other legume genera (e.g. Zygia, Senna
and Cassia; DeVries et al. 1992; Janzen and Hallwachs, Cat-
erpillars of ACG database: http://janzen.sas.upenn.edu/index
.html). These species may have diverged prior to the Inga
radiation and switched to Inga, or they could have diverged
after the Inga radiation onto multiple genera of legumes. In
either case, we hypothesize that Nymphidium shifted onto
those hosts for which they had preadaptations.

Thus, our analyses with /nga and its herbivores do not
support either coevolution or sequential evolution. Instead
they are more consistent with macroevolutionary tracking
of Inga defenses. The interactions between Inga and its her-
bivores appear to be asymmetric. While plants may evolve
under selection by herbivores, herbivores may not show
coevolutionary adaptations but, instead, may ‘“chase” or
track hosts based on host defenses (Brooks and McLennan
2012; Agosta 2006), a non-reciprocal model of host-herbi-
vore trait evolution. This framework suggests that anti-her-
bivore defenses may evolve more rapidly than the herbivore
traits that determine host choice and/or ability to feed and
grow successfully, allowing plant species to outpace the rela-
tively short generation times of herbivorous insects.
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