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Tropical plant species contain dozens of diverse secondary 
metabolites comprising up to half of their dry weight1. The 
current understanding of the mechanisms involved in the ori-

gin and maintenance of the vast diversity of plant secondary chem-
istry is based on the escape and radiate hypothesis (E&R)2, which 
links the rise of new plant species to the escape from herbivores via 
novel plant secondary metabolites. The evolution of highly effec-
tive chemical defences is hypothesized to significantly reduce the 
attack from herbivores, greatly increasing plant fitness, and giving 
a species the opportunity to enter a new adaptive zone and expand 
its ecological and geographic distribution2. Similarly, counter-adap-
tations by specialized herbivores would allow them to overcome or 
circumvent these ‘silver bullet’ defences. This co-evolutionary arms 
race is thought to represent the evolutionary machinery responsible 
for the immense diversity of plant natural products, and spur diver-
sification in both plants and insects3–5.

However, most studies testing E&R have focused on the inter-
action of a single class of metabolites across one or a small group 
of plant species, and a few specialist herbivore species6,7 (but see 
recent work by ref. 8). Yet, plants are confronted with a multitude 
of natural enemies with diverse ecologies and metabolic con-
straints, probably selecting for different defences simultaneously, 
and exerting distinct and potentially contrasting selection pressures 
on the same defence traits through a process called diffuse co-evo-
lution9–12. Furthermore, as particular herbivore species indepen-
dently overcome13 or, in some cases, adapt to use to their advantage  
specific secondary plant metabolites (for example, semiochemi-
cal cues or toxin sequestration14,15), defensive traits might not only 

lose effectiveness through time, but actually attract herbivores, thus 
increasing herbivore pressure, leading to negative selection across 
the host phylogeny. Therefore, to accurately assess the role of insect 
herbivores in the evolution of plant chemical diversity, one needs to 
not only holistically evaluate a plant’s secondary metabolite com-
plexity and herbivore diversity, but also assess the impact of each 
chemical defence across each herbivore species.

To better elucidate the mechanisms that mediate the evolution 
of plant chemical defences under the selective pressures of equally 
diverse herbivore communities, we conducted a detailed fine-scale 
study of the chemical diversity and plant–herbivore interactions 
of 31 sympatric tree species from the monophyletic clade Protieae 
(Burseraceae) from the lowland rainforest in the Allpahuayo-
Mishana National Reserve (Iquitos, Peru).

Here, we investigate how secondary chemical diversity of Protieae 
is related to plant–herbivore interactions. Specifically, we tackle this 
objective using four different approaches. First, we use our field col-
lection data to determine the relationship between the diversity and 
abundance of secondary metabolites across Protieae species and 
the diversity and abundance of their insect herbivores. Second, we 
use phylogenetic approaches to test for the presence of broad co-
evolutionary patterns between plants and insect herbivores. Third, 
we use a variable selection approach to determine which specific 
Protieae secondary metabolites are associated with a reduction or 
increase in attack rates from specific herbivore species and across all 
herbivores. Finally, we evaluate whether plant secondary metabo-
lites associated with an overall reduction of herbivore pressure are  
more frequent across the Protieae phylogeny, and whether they 
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show phylogenetic patterns consistent with strong positive selection 
across the phylogeny.

results and discussion
In one of the most comprehensive evaluations of the chemistry of 
any tree genus, we were able to differentiate and quantify close to 
600 putative secondary metabolites among the 31 Protieae species. 
The Protieae’s secondary chemical investment was high, averaging 
40% of leaf dry weight (22–58%) and, like other tropical clades, 
was restricted to a subset of several broad chemical categories 
(Supplementary Fig. 1)16–18, including phenolics (procyanidins, fla-
vone glycosides and chlorogenic acids) and terpenoids (saponins, 
triterpenes and sesquiterpenes; Fig. 1).

We recorded 4,214 feeding records from 231 insect morpho-
species (13 families, 5 orders; Supplementary Fig. 2). However, 
we restricted our analysis to insects that were recorded at least 
20 times; these 50 morphospecies represented 87% of all feeding 
records (Supplementary Fig. 3). On average, herbivore species fed 
on 11 species of Protieae, and strict monophagy was extremely rare  
(Fig. 2). Nevertheless, all herbivore species showed strong prefer-
ences or avoidance for specific Protieae species (Fig. 2). While the 
lack of monophagy contrasts with traditional expectations of spe-
cialization in tropical systems, it concurs with previous large-scale 
studies that found most herbivores to be polyphagous yet restricted 
to a subset of species or a plant clade19–21.

To assess the effect that the secondary chemistry of Protieae spe-
cies could have on determining a host-species herbivore commu-
nity, we examined the relationship between plant species chemical 
diversity and herbivore diversity. In agreement with long-standing 
predictions22, overall chemical diversity and chemical abundance 
were negatively correlated with total herbivore richness and abun-
dance after controlling for the potential phylogenetic non-indepen-
dence of plant chemistry via a phylogenetic independent contrast 

analysis (regression coefficient: r2 =  0.45, F =  19.67, P <  0.001 and 
r2 =  0.41, F =  17.13, P <  0.001 for richness and abundance, respec-
tively). These results confirm the role of plant chemistry on modu-
lating plant–herbivore interactions (Fig. 3a,b and Supplementary 
Fig. 4, but see ref. 18). However, despite the large effect that plant 
chemistry had on the size and diversity of a host-species herbivore 
community, overall host-plant chemistry was not associated with 
Protieae herbivore community assembly, even after controlling for 
the effect of phylogeny on plant chemistry (partial Mantel test: cor-
relation coefficient: r  =  0.06, P =  0.23).

To test for co-evolutionary patterns between plants and her-
bivores, we evaluated the relationship between plant chemical 
composition and the phylogenies of Protieae and its associated her-
bivores. For Protieae, overall chemical similarity between species 
was not associated with phylogeny (Mantel test: r =  0.07, P =  0.06). 
Similarly, insect herbivore evolutionary patterns were also uncorre-
lated with host chemical similarity (Mantel test: r =  –0.02, P =  0.65). 
Furthermore, although specific secondary compounds appear fre-
quently across Protieae, very few compounds showed significant 
phylogenetic signal (Supplementary Fig. 5). Instead, the majority 
of compounds showed varying degrees of phylogenetic divergence 
(most values of Blomberg’s K <  1; Supplementary Fig. 5), challeng-
ing the general expectations from E&R. Nevertheless, the presence 
of metabolites unrelated to plant–insect herbivore interactions has 
probably introduced a significant amount of noise in these analy-
ses, obscuring the phylogenetic and statistical signal of metabolites 
involved in herbivore defence.

Some metabolites represent effective defences against natu-
ral enemies, but others could have no effect on herbivores or 
could even be detrimental to plant fitness (for example, serving 
as semiochemical cues or granting protection to herbivores via 
sequestration). Therefore, to evaluate the overall evolutionary and 
ecological value of a particular plant metabolite on a particular 
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Fig. 1 | chemical diversity and investment of 31 Protieae species arranged by their phylogenetic relationships. The size of the multicoloured bars at 
the top represents the proportion of compounds detected for each chemical group. Chemical richness is shown by the number of distinct chemical 
compounds found. Chemical investment is shown by the percentage of a leaf dry-mass comprising secondary metabolites.
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plant host, one must estimate the effect of that metabolite on each 
herbivore—a formidable analytical challenge given the many thou-
sands of possible interactions in a dataset comprising so many sec-
ondary metabolites, host plants and insect herbivore species. To 
overcome this challenge and identify specific metabolites associ-
ated with the attack rates from particular herbivore species (either 
positively; henceforth, ‘attractant’, or negatively; henceforth, 
‘repellent’), we used Poisson regression with variable selection via 
the least absolute shrinkage and selection operator (LASSO)—a 
shrinkage method calibrated by cross-validation commonly used 
for high-dimensional data23. Across the 50 most common herbi-
vores, our approach identified 81 Protieae secondary metabolites 
(that is, herbivore active metabolites (HAMs)), representing 18% 
of Protieae’s total chemical diversity (Supplementary Fig. 6). These 
compounds belong to multiple categories of secondary metabolites  

that are widely distributed across the Protieae clade, such as α - 
and β -amyrin and many types of procyanidins (Supplementary 
Materials). Almost all species of herbivores showed an association 
with at least 1 HAM, but no plant species contained more than 14 
repellent compounds.

Given that the relationship between herbivore attack rates and 
HAMs was not consistent across all herbivore species studied (that 
is, attracting some herbivore species and repelling others), we calcu-
lated each HAM’s overall impact on Protieae plant–herbivore inter-
actions (that is, its ‘net value’) by averaging the estimated effect of 
each metabolite (that is, ‘association strength’) across all herbivore 
species, summing both negative and positive effects (Supplementary 
Materials). Consequently, Protieae species with metabolites  
with positive net values have lower total herbivore attack rates and 
vice versa.

Protieae phylogeny

Herbivore phylogeny
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Fig. 2 | Protieae trees and their associated herbivores. a, Plant–herbivore interaction network based on the 50 most abundant Protieae herbivores. The 
width of the blue lower herbivore nodes represents the abundance of each herbivore species. The width of the green upper plant nodes represents the 
number of herbivore individuals collected per plant species. The width of the red lines represents the number of feeding events for each plant–herbivore 
combination. b, Herbivore–host-plant associations that occur at higher (green) or lower (yellow) rates than 3 s.d. from a random Poisson model are shown. 
Herbivore species in a and b are represented by their morphospecies code, for more information please see Supplementary Table 1.
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Finally, we evaluated the role of plant–herbivore interactions on 
the evolution of HAMs. We found that HAMs with a higher net 
value (the overall effect of a metabolite across all herbivores) were 
significantly more frequent across the Protieae phylogeny (Fig. 4a). 
Furthermore, to determine the relationship between a metabolite 
net value and its mode and tempo of evolution, we tested how the 
variation of each HAM across the Protieae phylogeny fitted differ-
ent macro-evolutionary models of trait evolution (see Methods). 
Of the 81 HAMs tested, 57 showed some level of directional selec-
tion (that is, asymmetrical rates of trait evolution). For these 57 
HAMs, we estimated the rates of character gain and loss given the 
data. We found a very strong positive relationship between evolu-
tionary rates and the metabolite net value, suggesting that HAMs 
with a strong association with reduced herbivore attacks also 
showed phylogenetic distribution patterns consistent with strong 
positive selection across the phylogeny (Supplementary Fig. 7). 
Additionally, we used a maximum parsimony character reconstruc-
tion approach to assess how conserved each HAM was across the 

Protieae phylogeny. Here, HAMs with a higher net value showed 
higher degrees of phylogenetic conservatism (Supplementary 
Fig. 8). Most notably, HAMs associated with higher rates of her-
bivore attack (low net values) were neither frequent nor highly 
conserved across the phylogeny. The strong relationship between 
a metabolite’s association across all insect herbivores and its dis-
tribution throughout the Protieae phylogeny strongly supports 
the role of herbivores in the evolution of plant chemical defences 
as predicted by E&R. Furthermore, while total chemical similar-
ity of host plants did not show any relationship with phylogenetic 
relatedness (see above), overall HAM composition showed a strong 
phylogenetic signal (Mantel test: r =  0.24, P =  0.003). In addition, 
Protieae with higher HAM richness expressed significantly lower 
total chemical investment, suggesting that HAMs may be more 
efficient than other metabolites, potentially allowing these plants 
to invest more resources in other metabolic processes and there-
fore further increasing their ecological and evolutionary value  
(Fig. 4b). Moreover, repellent HAMs were more abundant than 
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attractive HAMs, supporting the relationship between a com-
pound’s ‘net value’ and its ecological importance (Fig. 4c).

The strong effect of total chemical diversity on insect herbivores 
is probably linked to the positive association between the total num-
ber of chemicals and HAM diversity (Supplementary Fig. 10), as 
well as the potential synergistic effects between HAMs and other 
compounds24. Nevertheless, we note that the specific approach used 
here cannot determine whether the effect of HAMs on herbivore 
attack rates is due to the attraction of herbivore natural enemies (for 
example, parasitoids), rather than a direct effect on the actual her-
bivores. It is also important to emphasize that the great majority of 
the chemical compounds in our dataset are not HAMs and showed 
no direct correlation with insect herbivore feeding preferences. We 
speculate that these other compounds probably fall into four catego-
ries: (1) defences against fungal pathogens25, (2) defences effective 
against herbivores in different parts of the plants’ geographic range 
and maintained by gene flow26, (3) secondary metabolites associ-
ated with abiotic factors and (4) non-effective compounds probably 
undergoing different degrees of negative selection. As proposed by 
the screening hypothesis27, only a very small percentage of com-
pounds derived from a particular metabolic pathway are likely to 
be effective against enemies at any given time. Accordingly, a plant’s 
best strategy is to produce a great diversity of secondary metabolites 
in order to have enough effective compounds to significantly reduce 
total herbivore pressure. Our results agree with the predictions from 
this hypothesis, as well as many of the predictions of E&R.

Taken together, these findings represent robust and compel-
ling evidence for the role of plant–herbivore interactions on the 
evolution of plant chemical diversity. Furthermore, our results 
indicate that the net evolutionary advantage granted by particu-
lar secondary metabolites does not necessarily depend on their 
effect on specific antagonistic species, but on the cumulative effect 
across all herbivores. Thus, HAMs should not be thought of as 
‘silver bullets’; instead they represent successful means to reduce 
the selective pressures imposed by a subset of the entire herbivore 
community. The rich chemical diversity found in plants prob-
ably arises because, although many compounds are active, each 
one is only effective against a few herbivore species, and plants 
are confronted by a multitude of different enemy taxa with diverse 
metabolic traits and evolutionary histories28. Furthermore, as her-
bivores overcome, circumvent or even exploit such metabolites, 
their net evolutionary value is lost and, consequently, such com-
pounds experience negative selection and become less frequent 
across the clade.

We did not find a significant association between plant chemical 
composition and herbivore phylogeny—a pattern probably related 
to the almost complete absence of strict host-specialized herbivores 
in our system. Moreover, finding such strong patterns suggestive 
of selection for effective chemical defences in a system dominated 
by generalist herbivores strongly suggests that specialization onto a 
single host-plant species is not a requirement for insects to drive the 
evolution and maintenance of plant chemical diversity. Future stud-
ies on the genetics underlying chemical expression, together with 
manipulative experiments with active chemicals and important her-
bivore species, will give us a greater mechanistic understanding of 
the evolution of chemical diversity in plants.

Methods
Protieae herbivore surveys. We conducted this study in permanent forest 
transects where multiple plants from 31 species of Protieae were selected by 
P.V.A.F. and I.M., both of whom have over 15 years of experience identifying 
Protieae saplings (Fig. 2, main text). Each Protieae individual was georeferenced 
and marked with a unique and consecutive ‘plant identification number’. To have 
a balanced sampling effort across all Protieae species, 18–25 individuals of each 
species were marked. A total of 860 Protieae plants were selected for this study. 
These plants were located within the Allpahuayo-Mishana National Reserve on 
transects that covered approximately 20 ha of forest near existing trails between 

km 24 and km 28 of the Iquitos–Nauta highway (see ref. 29 for a detailed map of 
the study area). Each plant was located at least 3 m (usually 5–10 m) away from 
any other plant included in the study. Once marked, all experimental individuals 
were censused for herbivores at least once a week for 64 consecutive weeks (May 
2013 to September 2014). Each plant census included two steps: observation 
and collection. The observation step was implemented with the objective of only 
recording and collecting herbivores that were observed feeding on the host plant. 
Herbivores present on the host plant but not observed to feed or show obvious 
signs of leaf, stem or vascular fluid consumption were not collected or recorded. 
Herbivores that were observed to be consuming plant material were carefully 
collected by hand, net and suction traps, and immediately placed in vials. Collected 
herbivores were fixed in 80% ethanol and later assigned to a morphospecies using 
a reference collection. The herbivore surveys yielded 231 morphospecies and a 
total of 4,214 feeding events were recorded. Of all morphospecies in the dataset, 90 
were singletons (found only once) and the 50 most abundant species (hereafter, the 
‘top 50 herbivores’) accounted for 87% of total records. Our sampling scheme was 
designed to accurately assess the quantitative and qualitative herbivore pressure 
experienced by our 31 focal host-plant species, and not to determine the ‘complete’ 
diet breadth of Protieae feeding herbivores.

Insect molecular work. Insect DNA barcoding was conducted at the species 
level. For each putative insect species (morphospecies), we sequenced at least 12 
individuals (more samples were used for recalcitrant species). A small sample from 
each insect (a leg or a small fraction of the abdomen) was washed with distilled 
water and dried to remove all traces of ethanol. DNA extraction was performed via 
proteinase digestion. Polymerase chain reaction amplification was accomplished 
using standard cytochrome oxidase subunit 1 (COI) primers: LCO1490/HCO2198 
(ref. 30) and LepF1/LepR1 (ref. 31). Alignment was done using the MUSCLE 
algorithm32. To determine the best substitution model for our data, we used 
the R package Phangorn via the Akaike information criterion33. Phylogenetic 
reconstruction was carried out using 10 independent runs under a general time 
reversible model, gamma-distributed and invariable sites (GTR +  G +  I) model for 
3 million generations (four chains, 25% burn-in, sampled every 100 generations) 
using MrBayes 3.2.6 (ref. 34) on the public Cipress Science Gateway servers35,36. See 
complete details in Supplementary Materials.

Plant chemistry. Chemical analysis. Chemical analysis was conducted at the 
species level (see Supplementary Materials for details). Between six and nine 
different individuals per species were analysed (more samples were used for 
recalcitrant species). Young and mature leaf samples were collected in silica gel 
from the same marked individuals within the permanent transects and transported 
to the University of California, Berkeley for analysis. To characterize the maximum 
number of secondary compounds, we performed separate analyses for high- and 
low-molecular-weight metabolites. All extraction and chromatographic methods 
were developed de novo using as a starting point the work of D.S.37,38 and J.L.1,39,40.

Low-molecular-weight metabolite chemistry. Sample extraction. For low-molecular-
weight metabolites, 100 mg of dry-leaf material was pulverized using a blade mill 
and passed through a 0.2 mm sieve to standardize the particle size. Then, 75 mg 
of the sample (± 1 mg to the nearest 0.1 mg) was placed in a 0.22 μ m spin filter 
(Corning Costar Spin-X). Chemical compounds were extracted using 150 μ l of a 
1:4 solution of ethanol:dichloromethane with 0.075 mg l–1 of piperine as an internal 
standard. Spin filters were centrifuged at 14 g for 4 min. Finally, flow-through was 
transvased to volatile organic compound autosampler vials.

Chromatography (gas chromatography mass spectrometry). We injected  
2.5 μ l of plant extract into a 4.0 mm ID Low Pressure Drop Precision Inlet 
Liner with glass wool (Restek). The inlet was kept at a constant temperature of 
275 °C. We used split injection with a 60:40 ratio. The oven was programmed 
as follows: 85 °C, hold for 2 min; ramp 1: 10 °C min–1; 155 °C, hold for 1 min; 
ramp 2: 6 °C min–1; 260 °C, hold for 1 min; ramp 3: 2 °C min–1; 300 °C, hold for 
14 min (total run time 60 min). No column guard was used. Mass spectrometry 
conditions were as follows: electron ionization source with positive ionization, 
70 eV, scanning range 40–550 amu, rate =  1 scan ms–1. To assess carryover and 
retention time shifts, we injected a sample of solvent containing two internal 
standards (piperine and limonine) between every Protieae sample. These ‘blank’ 
samples were analysed under identical chromatographic conditions to those 
described above.

Data preprocessing. Gas chromatography mass spectrometry chromatograms were 
processed using the approach in refs 37,38. Briefly, we assessed chemical similarity 
between all sampled species by building a mass spectra library containing all 
chromatographic features for each species (one library per species). The libraries of 
each species were then cross-referenced across all species using the automated mass 
spectral deconvolution and identification system to identify common and unique 
features based on mass spectra, molecular weight and expected retention time41–44. 
This methodology yielded a species-pair matrix of chemical similarity between all 
sampled Protieae species.
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Using the chemical similarity data from the above methodology, we performed 
a hierarchical clustering analysis (Ward’s algorithm, R package pvclust45,46) to 
construct a dendrogram based on species chemical similarity. Subsequently, we 
extracted a species-pair matrix of chemical distances from the dendrogram.

Finally, the mass spectra of the different compounds in the samples were 
compared with National Institute of Standards and Technology/Environmental 
Protection Agency/National Institutes of Health and MassBank databases43, as 
well as with the primary literature. Metabolites that did not have a match from the 
available mass spectra databases or in the available literature were classified  
as unknown.

High-molecular-weight metabolite chemistry. Sample extraction. Leaf samples 
from marked trees of each of our 31 study species were further dried under 
moderate vacuum (100 mTorr) at ambient temperatures for 36 h. Each sample 
was pulverized using a Mini-BeadBeater (BioSpec Products). For each study 
species, 100 mg samples of three expansion-phase and three fully expanded leaves 
were independently extracted with 1.5 ml of 3×  hexane, 4×  4:1 (v/v) aqueous 
ethanol:0.5% acetic acid and 3×  7:3 (v/v) aqueous acetone:0.5% acetic acid. For 
each sample, aqueous ethanol and acetone extracts were combined in tared vials 
and dried first under a stream of nitrogen at 37 °C and then under moderate 
vacuum for 36 h. The mass of each extract was recorded before analysis by high-
performance liquid chromatography (HPLC).

Chromatography. HPLC analyses were carried out using two systems. The first 
was a Hitachi LaChrom Elite (Hitachi High-Technologies America) equipped 
with a photodiode array (PDA) detector (L-2455) configured in tandem with an 
evaporative light-scattering (ELS) detector (SEDEX 75; SEDERE). The second was 
an Agilent 1100 system configured for electro-spray ionization mass spectrometry 
(ESIMS) using an ion trap mass detector (LCQ Fleet; Thermo Fisher Scientific). 
For each analyte, the PDA provided absorption data, the ELS provided relative 
abundance data and ESIMS provided molecular weight data. In all cases, separation 
was performed using an Atlantis T3 2 ×  150 mm 3 µ  ODS HPLC column (Waters) 
that was maintained at 40 °C.

HPLC samples were prepared by dissolving the extracts in a standard solution 
at the rate of 100 µ g µ l–1. The standard solution was a 1:1 mixture of methanol  
and methyl sulfoxide that was acidified with 0.1% (v/v) formic acid and 
contained the following retention time standards (in order of elution; all 200 mM 
concentration): gallic acid, 4-hydroxy benzoic acid, sinapinic acid, flavone, chrysin 
and α -tocopherol. Injection volumes were 2 µ l (PDA and ELS analyses) or 3 µ l  
(ESIMS analyses).

All HPLC analyses were carried out with a solvent system consisting of a 1:1 
mixture of methanol and acetonitrile (A) and water (B), both acidified with 0.1% 
(v/v) formic acid. A conservative elution programme was employed. It had the 
following linear gradient steps. At time (t, min) =  0, 5% A in B; at t =  10, 15% A 
in B; at t =  60, 30% A in B; at t =  75, 70% A in B; at t =  100, 95% A in B; at t =  135, 
100% A. This was followed by an isocratic step of 100% A to t =  150. With this 
gradient elution programme, all phenolic compounds eluted by 80 min and 
saponins eluted by 110 min. PDA data were collected between 250 and 700 nm. 
ESIMS data were collected in the negative ion mode from t =  0–80, in the positive 
ion mode from t =  80–114 and in the negative ion mode from t =  114–150.

Data preprocessing. HPLC raw data were processed using MZmine (see complete 
analytical workflow in Supplementary Materials; ref. 47). The final peak list 
was used to construct a plant-by-metabolite matrix. Due to time and financial 
constraints, we were limited to analysing only 6–9 samples per species, which 
represents 30% of all 860 plants that were surveyed for herbivores. Consequently, 
to reduce the potential bias caused by intraspecific variation in subsequent 
analyses, we transformed the plant metabolite abundance data into four abundance 
categories to assess the effect that chemical abundance had on herbivore 
interactions (1 =  below the twenty-fifth percentile; 2 =  between the twenty-fifth and 
fiftieth percentile; 3 =  between the fiftieth and seventy-fifth percentile; 4 =  above 
the seventy-fifth percentile).

Data analysis. Chemical diversity and Protieae phylogeny. To determine whether 
Protieae secondary compounds show non-random phylogenetic patterns, we 
assessed the phylogenetic signal of chemical composition for both individual 
metabolites and overall species. For individual chemical compounds, we assessed 
Blombergs’ K index using its implementation in the Picante R package48,49. For 
overall chemical composition, we used the R package Vegan50 to calculate the Bray–
Curtis chemical similarity distance between each Protiaeae species (vegdist). Next, 
we used a Mantel test (Ade4 package, 10,000 iterations; ref. 51) to correlate species’ 
overall chemical similarity and phylogenetic distance.

Herbivore diversity and Protieae chemistry. To investigate the relationship between 
plant chemistry and plant–herbivore interactions for our system, we used a 
comparative species-level approach by contrasting the secondary  

chemical composition and herbivore fauna across 31 Protieae species. However, 
because herbivores can be affected by the host plant’s particular chemical 
makeup as well as the concentration of plant secondary metabolites, we tested the 
relationship between plant chemistry and herbivore fauna in both quantitative and 
qualitative ways.

Qualitatively, we assessed the relationship between chemical richness (the total 
number of chemical compounds detected across all our chemical analysis) and 
herbivore species richness and abundance via linear regression.

Similarly, for our quantitative analysis we assessed the relationship between 
species’ total chemical investment (the average leaf dry-mass percentage of all 
secondary metabolites) and herbivore species richness and abundance via  
linear regression.

To assess whether the polyphagous Protieae herbivores showed strong 
preferences for specific host species (Fig. 2b), we calculated the expected encounter 
rate for every plant–herbivore species pair under a Poisson distribution model 
taking into account plant and herbivore abundances. We then contrasted the 
expected encounter rate with the observed encounter rate from our field data. 
If the observed encounter rate of a particular plant–herbivore species pair was 
different from their expected encounter probability by at least 3 s.d., the plant–
herbivore interaction was classified as a strong non-random preference (see Fig. 2).

To determine whether closely related herbivores had preferences for 
closely related Protieae hosts, we calculated the ‘phylogenetic diet similarity’ 
between all herbivore species pairs. By treating each herbivore species diet as 
an independent community (including abundance data), we could calculate 
the phylogenetic β  diversity between the diets of each herbivore species-pair 
(Picante package, comdist). We then used a Mantel test (10,000 iterations) 
to correlate this measure of phylogenetic diet similarity with the herbivore 
phylogenetic similarity.

To assess whether the chemical composition of the herbivores’ diets was 
correlated with herbivore phylogenetic relationships, we first calculated diet 
chemical similarity between all herbivore species pairs. Using a chemical distance 
matrix instead of the Protieae phylogenetic distance matrix as input for the comdist 
function, we could assess the ‘chemical β  diversity’ between herbivores diets. We 
then used a Mantel test (10,000 iterations) to compare herbivore chemical diet 
similarity and herbivore phylogenetic distance.

Additionally, to assess whether chemically or phylogenetically similar Protieae 
species harboured a similar community of herbivores, we correlated both chemical 
and phylogenetic Protieae similarity with both simple herbivore community 
similarity (vegdist, Bray–Curtis algorithm) and herbivore community phylogenetic 
similarity (comdist).

Effective chemical defence diversity. LASSO regression. To determine how specific 
secondary metabolites affected the attack rate from specific herbivores on each 
Protieae species (number of feeding events per herbivore per plant host species 
over 64 weeks), we used LASSO regression—a statistical learning regularization 
technique that can handle high-dimensional data via penalized shrinkage-based 
variable selection23. Regularization approaches like LASSO use a penalization term 
(we used the common L1 penalization norm) that shrinks unassociated predictor 
variables to zero and therefore performs a simultaneous variable selection. 
The amount of penalization (λ) is estimated for each dataset via K-fold cross-
validation. When the number of explanatory variables (that is, chemicals) is much 
larger than the response sample size (that is, host-plant species), the shrinkage 
can be quite strong, resulting in the selection of only those variables with clear 
predictive roles. For the present study, we used the LASSO implementation from 
the Glmnet package52. Briefly, for each of the top 50 herbivores, we used a LASSO 
Poisson model and estimated the LASSO λ parameter via K-fold cross-validation. 
This resulted in a model for each herbivore species that predicts the expected 
number of visits to each host-plant species as a function of host-plant chemical 
composition. Given that sample sizes for each plant host were slightly different, 
we used sample size (log) as a regression offset in the cross-validation and final 
LASSO models.

Metabolite ‘net value’. The effectiveness of a particular secondary metabolite as 
a plant defence is likely to vary from one herbivore to another. Some compounds 
are likely to serve a defensive function against herbivores; nevertheless, if 
detoxification evolves in a particular herbivore species, some plant compounds 
can become cues in the search and recognition of compatible plant hosts15,53,54. 
Furthermore, other compounds can even confer protection to herbivores against 
third-trophic-level attack; for example, sequestration55–57. Finally, given that 
biological activity can be a very rare natural occurrence58, most compounds are 
likely to have no significant effect on any given herbivore species. Consequently, 
it is difficult to assess the true ecological and evolutionary value of a particular 
secondary metabolite based on the effect it has on a single herbivore species. Thus, 
to determine whether the phylogenetic patterns of Protieae secondary metabolites 
are associated with their effect on herbivores, we calculated the average effect 
(henceforth: net value) that each secondary metabolite had across all of the top 
50 herbivores (which accounted for 87% of all herbivore feeding records). Our 
LASSO approach yielded a herbivore-species-by-secondary-metabolites matrix 
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populated with regression coefficients. These coefficients represent the relative 
strength and sign of the association between the presence of these compounds on 
a plant host and changes in herbivore attack rates. Thus, to estimate the net value 
of a particular metabolite in terms of defence against herbivores, we averaged the 
effects (that is, coefficients) of each metabolite across all of the top 50 herbivores. 
Finally, to facilitate the interpretation and visualization of the results, we multiplied 
all net values by –1 so that positive values indicated repellent effects and negative 
values indicated attractive effects. As a result, in the final analysis, compounds 
that have a strong positive effect for a plant’s fitness (a significant reduction in 
overall herbivore pressure) are represented by positive net effect values, and vice 
versa. Compounds with a non-zero net value (HAMs) were used for subsequent 
downstream analysis.

Phylogenetic patterns of Protieae active secondary metabolites. To determine 
whether there was a relationship between the defence effectiveness of secondary 
metabolites and phylogenetic patterns consistent with positive or negative 
selection, we used four complementary approaches.

(1) We performed a linear regression between metabolite net value and the 
phylogenetic frequency of each metabolite across all Protieae species. Phylogenetic 
frequency is defined here as the number of taxa that have a specific trait (in our 
case, the number of Protieae species where a particular metabolite was detected). 
This is the most robust approach of the four listed here. Although this approach 
does not yield any information on specific evolutionary processes, and does 
not discriminate between single versus multiple independent evolutions of any 
particular metabolite across Protieae, the strong positive relationship found 
between the phylogenetic frequency of a metabolite and its net value represents 
compelling evidence that herbivores play a key role on the evolution of these 
specific metabolites (Fig. 4a; main text).

(2) To determine whether the net value of the LASSO-selected HAMs was 
associated with different degrees of positive or negative selection, we tested the 
fit of the phylogenetic patterns of trait variation for each HAM to two macro-
evolutionary continuous-time Markov models of trait evolution. The first model 
tested was a symmetrical evolutionary model where the probability or rate of 
evolving from state 0 (HAM not expressed) to state 1 (HAM expressed) is equal 
to the probability of evolving in the opposite direction (we call this the equal rates 
model). The second model fitted to each HAM was an asymmetrical model where 
the two rates (losing or gaining a HAM) are allowed to differ (that is, the all rates 
differ (ARD) model). If HAMs are evolving in a directional fashion (that is, they 
are either selected in favour or against), we expect the ARD model to better fit their 
phylogenetic distribution. To use a conservative approach and remove the potential 
bias that intraspecific chemical variation could have on the analysis, we performed 
the analysis using discrete characters (presence or absence of the metabolite). 
To test the fit of the models to the data, we used the function fitDiscrete from 
the R package Geiger (a maximum-likelihood approach). A total of 57 HAMs fit 
the ARD model based on the Akaike information criterion values of the models 
and thus showed some level of directional selection. For all HAMs that fitted the 
ARD model, we used the same R function to estimate the rates of character gain 
(q10) and loss (q01) for each metabolite given the data. As a proxy of selection 
strength and direction, we used the following index: log(q10/q01). In this index, 
negative values correspond to metabolites with a higher rate of character loss than 
gain (q10 <  q01) meaning that the phylogenetic distribution of said metabolite 
is consistent with negative selection across the Protieae phylogeny. In contrast, 
positive values correspond to metabolites with a higher rate of character gain 
compared with character loss (q10 >  q01), indicating some degree of positive 
selection. Finally, we regressed this index against the HAM’s net value to determine 
the relationship between each HAM’s effect on herbivore attack and their estimated 
strength and direction of selection across the Protieae phylogeny (Supplementary 
Fig. 7). We found a very strong positive association between the selection strength 
index (log(q10/q01)) and the metabolite net value, suggesting that HAMs with 
a strong association with reduced herbivore attacks also showed phylogenetic 
distribution patterns consistent with strong positive selection across the phylogeny.

(3) To determine whether closely related Protieae species were more similar in 
HAM chemical composition than distantly related species, we used a Mantel test 
between species HAM chemical similarity and phylogenetic distance  
(10,000 iterations).

(4) See Supplementary Materials for an additional maximum parsimony 
character reconstruction approach that we conducted.

Relationship between HAMs and chemical investment. To assess the relationship 
between HAM diversity and overall plant chemical investment, we used a linear 
regression between host-species HAM richness (the total number of HAMs detected 
in a particular Protieae species) and host-plant species total chemical investment 
(measured as the average leaf dry-mass percentage of secondary compounds).

In addition, to determine the relationship between metabolite net value and 
metabolite concentration, we employed a linear regression between each metabolite’s net 
value and its average mass percentile (equivalent to a mass rank of all metabolites). Mass 
percentiles were used instead of chromatogram signals or intensities to incorporate all 
compounds into a single analysis. Given that the different chromatographic approaches 
used here to characterize Protieae species chemistry are intrinsically different (for 

example, the relationship between signal intensity and metabolite abundance), the use 
of ranked metabolite concentrations represents a conservative yet robust approach to 
assessing relative chemical investment across these techniques.

Assessment of the relative importance of secondary metabolite traits to 
herbivore diversity. To disentangle the relative importance of total chemical 
diversity, total chemical investment and HAM chemical diversity on the herbivore 
diversity of Protieae species, we performed a simple general linear model 
predicting herbivore species richness with total chemical richness, total chemical 
investment, HAM richness and the interaction between HAM richness and total 
chemical richness (Poisson distribution, log link functions). All traits showed 
a significant negative effect on host-species herbivore diversity. The strongest 
predictor of herbivore diversity was total chemical investment, followed by HAM 
richness, total chemical richness and finally the interaction between total chemical 
richness and HAM richness (see Supplementary Table 2).

Research permits. Research permits for this study were provided to P.V.A.F. by the 
Ministerio del Ambiente and Servicio Nacional de Área Naturales Protegidas por 
el Estado, Peru.

Reporting Summary. Further information on experimental design is available in 
the Nature Research Reporting Summary linked to this article.

Code availability. All R code used for the final analysis and figures is available on 
request.

Data availability. The datasets generated and/or analysed during the current 
study are available from the corresponding author upon reasonable request. 
Copies of the results from the COI gene sequencing for the Protieae herbivores 
are deposited in GenBank (see Supplementary Table 1 for accession numbers 
of herbivore samples and GenBank record numbers). Datasets generated 
for this study include a herbivore–plant interaction dataset and a full set 
of chromatograms for all Protium species analysed using the following 
chromatographic techniques: gas chromatography mass spectrometry, liquid 
chromatography mass spectrometry, liquid chromatography with a diode array 
detector and liquid chromatography with an ELS detector. Also available is a 
collection of photographs of almost all morphospecies of herbivores observed 
(although please note that the chromatographic data and the photographs of 
herbivores are large (~12 GB total) and may require special arrangements to be 
transferred). All 2,300 herbivore voucher collections are deposited in the Essig 
Museum of Entomology on the campus of the University of California, Berkeley 
(http://essig.berkeley.edu).
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    Experimental design
1.   Sample size

Describe how sample size was determined. Sample size was limited by the nature and scale of the work. We aimed to assess 
the herbivore species diversity of 31 species of amazonian tropical trees. To assess 
the later, we needed to visit each species enough across the year to capture not 
only the diversity of herbivores at each time of year, but also how herbivores 
changed along the seasonal changes along the year. Thus, each species was 
sampled once a week for more than a year (64 consecutive weeks). Each week we 
selected ~30 individuals of each species to be visited and surveyed for herbivores.  
With 31 species, we samples more than 900 individuals per week. For 64 weeks 
that is more than 57000 plant surveyed. This yielded more than 4500 insect 
records. 

2.   Data exclusions

Describe any data exclusions. Two kinds of data where excluded from the final analysis. First, chemical 
compounds found only on one plant species. The reason behind this was that these 
compounds will not be informative to the LASSO regression in order to assess 
which compounds are candidates to have an effect of herbivore attack rates.  
The second kind of data excluded was herbivores for which we had 19 records or 
less. We wanted to be sure we had a good idea of the diet breath of the herbivores 
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3.   Replication

Describe whether the experimental findings were 
reliably reproduced.

Data in this project is correlative.

4.   Randomization

Describe how samples/organisms/participants were 
allocated into experimental groups.

Data in this project is correlative, nonetheless, samples in the field and specific 
transect locations where chosen at random. 

5.   Blinding

Describe whether the investigators were blinded to 
group allocation during data collection and/or analysis.

Data in this project is correlative.
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6.   Statistical parameters 
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the 
Methods section if additional space is needed). 

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same 
sample was measured repeatedly

A statement indicating how many times each experiment was replicated

The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more 
complex techniques should be described in the Methods section)

A description of any assumptions or corrections, such as an adjustment for multiple comparisons

The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted

A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

Clearly defined error bars

See the web collection on statistics for biologists for further resources and guidance.

   Software
Policy information about availability of computer code

7. Software

Describe the software used to analyze the data in this 
study. 

Data was analyzed via R from publicly available packages. References for these 
packages are included in the Materials and Methods and Supplement.

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made 
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for 
providing algorithms and software for publication provides further information on this topic.

   Materials and reagents
Policy information about availability of materials

8.   Materials availability

Indicate whether there are restrictions on availability of 
unique materials or if these materials are only available 
for distribution by a for-profit company.

None of our analytical approach used restricted, proprietary or hard-to-find 
materials. 

9.   Antibodies

Describe the antibodies used and how they were validated 
for use in the system under study (i.e. assay and species).

n/a

10. Eukaryotic cell lines
a.  State the source of each eukaryotic cell line used. n/a

b.  Describe the method of cell line authentication used. n/a

c.  Report whether the cell lines were tested for 
mycoplasma contamination.

n/a

d.  If any of the cell lines used are listed in the database 
of commonly misidentified cell lines maintained by 
ICLAC, provide a scientific rationale for their use.
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Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals
Provide details on animals and/or animal-derived 
materials used in the study.
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12. Description of human research participants
Describe the covariate-relevant population 
characteristics of the human research participants.
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