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Lethal Interactions Between Parasites
and Prey Increase Niche Diversity
in a Tropical Community
Marty A. Condon,1* Sonja J. Scheffer,2 Matthew L. Lewis,2 Robert Wharton,3

Dean C. Adams,4,5 Andrew A. Forbes6

Ecological specialization should minimize niche overlap, yet herbivorous neotropical flies (Blepharoneura)
and their lethal parasitic wasps (parasitoids) exhibit both extreme specialization and apparent niche
overlap in host plants. From just two plant species at one site in Peru, we collected 3636 flowers yielding
1478 fly pupae representing 14 Blepharoneura fly species, 18 parasitoid species (14 Bellopius species),
and parasitoid-host associations, all discovered through analysis of molecular data. Multiple sympatric
species specialize on the same sex flowers of the same fly host-plant species—which suggests extreme
niche overlap; however, niche partitioning was exposed by interactions between wasps and flies. Most
Bellopius species emerged as adults from only one fly species, yet evidence from pupae (preadult
emergence samples) show that most Bellopius also attacked additional fly species but never emerged as
adults from those flies.

Plant and insect diversity both peak in the
tropics (1) where insect diversity is strong-
ly associated with plant diversity (2, 3) and

extreme specialization (4). Ecological specializa-
tion is often considered a driver of diversification,
with increasing specialization reducing niche over-

lap and promoting speciation (5, 6). Diversifica-
tion of herbivorous insects, arguably the most
diverse group of organisms on Earth (7), is often
explained by “arms race” or “escape and radiate”
hypotheses involving specialized interactions ei-
ther between two trophic levels—host plants and
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Fig. 3. Proposed models for azimuthal anisotropy beneath the Pacific
and detection of the G. (A) The G as the top of an anisotropic entrainment
and segregation of melt within the asthenosphere. Dynamical upwelling produces
melt that is entrained into mantle flow and compacts at the base of the lith-
osphere from a solidus-induced change in permeability (10). The G coincides with
the top of the melting zone. In the scenario where the APM and fossil spreading

directions are parallel, the G would not be detected. (B) The G as a chemical
boundary between a weakly anisotropic dry layer and a hydrated region char-
acterized by the fossil frozen-in alignment of olivine. Olivine aligns with the
present-day APM in the hydrated, warm asthenosphere. In this scenario, G can
be both coincident with and above the thermally defined LAB and is detected by
the SS precursors where the anisotropy contrast between the two layers is large.
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specialized herbivores (8), or among three trophic
levels—plants, herbivores, and their specialized
enemies (9–11). Tritrophic studies emphasize shifts
to new host plants as a mechanism that can cause
cascading patterns of diversification. Specifically,
shifts to new “enemy-free” host plants allow her-
bivores to escape enemies like parasitoids (lethal
parasitic wasps) that often use plant-related cues to
find insect hosts (11); in turn, selection favors par-
asitoids that can respond to new plant-related cues
to track their prey (10, 11). Thesemodels emphasize
the lethality of parasitoids; however, parasitoids can
also be killed by their hosts (12–14). We suggest
that such “inhospitable” (lethal) hosts may help ex-
plain high levels of diversity in some communities.

Specificity to host plants is thought to be a
predictor of herbivorous insect diversity (2, 4);
however, diversity of some highly specialized her-
bivorous insect groups far exceeds predictions
based purely on host plants’ taxonomic diver-

sity and architectural complexity. For example,
all species in the species-rich neotropical tephritid
genusBlepharoneura feed on plants in the family
Cucurbitaceae (cucurbits). Unlike most plants,
all cucurbits have unisexual flowers, and many
cucurbit species are sexually dimorphic: plants
bearing female flowers differ architecturally from
plants bearing male flowers. Cucurbit flowers are
hosts to many species of Blepharoneura that
feed specifically on particular sex flowers of sin-
gle species of plants (15). To our surprise, we find
multiple sympatric cryptic Blepharoneura species
feeding specifically on exactly the same tissues—
the succulent fused sepals (calyces)—of the same
sex flowers of the same plant species. This pattern
suggests extreme niche overlap among specialists—
at least in the “plant-defined dimensions” of their
niches (15); however, niches can be defined by
multiple dimensions representing all environmental
factors that affect fitness of individuals (16)—
including predators and parasites. Species sharing
exactly the same food resources may not share the
same enemies.

Parasitoids represent an important third trophic
level inBlepharoneura communities, as inmost other

communities of herbivorous insects (9–11, 17). Par-
asitoids lay their eggs inside immatureBlepharoneura
(eggs or larvae) hidden within flower tissues. The
parasitized fly is not killed immediately but con-
tinues to feed on plant host material until larval
development is complete and the fly forms a pu-
parium by hardening its larval exoskeleton. The
immature parasitoid feeds on the immature fly
and completes metamorphosis within the fly pu-
parium. When the wasp reaches adulthood, it
emerges from the puparium, leaving behind ma-
terial (“postemergence puparium”) containing both
the wasp and host-fly DNA.

To reveal patterns of fly and parasitoid diver-
sity, niche overlap, and tritrophic interactions, we
collected 3636 flowers representing four host-plant
niches: male flowers and female flowers of two
species of cucurbit vines (Gurania acuminata and
G. spinulosa) growing along or near the perimeter
of a 1-km-long airstrip at Los Amigos Biological
Station in Madre de Dios, Peru, in October 2008
(18). Fewer than half of the flowers were infested
by flies (Fig. 1). From those flowers, we obtained
1478 fly puparia. We used a traditional approach
to individually rear 1085 puparia (18): we waited

 Plant species

 acuminata   spinulosa

Male Flowers

Female Flowers

Attacked by wasps

Fly species

N

Not attacked

Fly species� host plants

Fly species attacked by wasps

sp1     sp2      sp3     sp4     sp8     sp10  sp11  sp12   sp21  sp28   sp30  sp44  nsp1  nsp2     

 17   112   210  116    70    48    22    36     58   121   141    1    151     3      

Fig. 2. Gurania host plants (top) used by each of 14 fly (Blepharoneura) species and percentage
of each fly species attacked bywasps (bottom). Samples (N) include pre- and postemergence flies. Fly
species were color-coded as in Figs. 3 and 4, and figs. S1 to S8.
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Fig. 1. PercentageofGurania flowers infested
by immature Blepharoneura flies (left) and sur-
vivorship of flies (right) revealing many unin-
fested flowers and parasitoid-free flies. Fly only:
adult flies and preemergence puparia without wasps.
Parasitoid wasp: adult wasps and preemergence
puparia containing wasps. Dead/decayed puparia:
unknown cause of death. Flowers: f, female; m, male,
GA, Gurania acuminata, GS, G. spinulosa.
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for adults (either a single fly or a single wasp) to
emerge from each puparium. We preserved those
adults and associated postemergence puparia
in ethanol. Instead of rearing the remaining 393
puparia to adulthood, we used ethanol to kill and
preserve newly formed puparia (“preemergence”)
shortly after pupariation, before adult fly or wasp
emergence.

To identify fly species, we usedmitochondrial
cytochrome oxidase I (mtCOI) sequences (18)
previously corroborated by nuclear data (15). To
identify parasitoid species, we sorted wasps into
morphospecies, analyzed sequences of mtCOI
and nuclear genes 28S and ef1-a, and genotyped
a panel of 155 amplified fragment length poly-
morphism (AFLP) loci (18). To determine the host
(fly) species killed by each wasp, we extracted
DNA from the postemergence puparium of each
adult wasp and used fly-specific primers to pref-
erentially amplify fly mitochondrial DNA (mtDNA)
(18). Postemergence wasp-fly associations repre-
sent successful (lethal to flies) host use by wasps.
We also used preemergence puparia to assess
wasp-fly associations. We extracted preemergence
puparial DNA and used taxon-specific mtCOI
primers to independently amplify fly mtCOI (al-
ways present) and wasp mtCOI (if present). Pre-
emergence wasp-fly data include associations
that would have been successful (lethal to flies)
as well as “inhospitable” associations that would
not have been successful (lethal to wasps). Com-
parison of post-and preemergence wasp-fly asso-
ciations can expose virulence at two trophic levels:
wasps lethal to flies, and flies inhospitable (lethal)
to wasps.

We found extraordinary diversity. In just these
two plant species at this single site in Peru, we
found 14 fly species (all Blepharoneura) and 18
parasitoid species (18) (figs. S1 to S7). Most par-
asitoids were braconid wasps in the subfamily
Opiinae (17 species): 14 Bellopius species (n =
199 individuals), two Thiemanastrepha species
(n = 50), and one Utetes species (n = 2). We also
reared a figitid wasp species (n = 62) (18). The
level of parasitism of each fly species ranged from
zero (Blepharoneura sp1) (Fig. 2) to ~50% (sp21
and sp28) (Fig. 2). Although wasp abundance was
correlated with host-fly abundance (r = 0.58) (fig.
S8a), the relative proportion of each fly species
that was parasitized was independent of fly abun-
dance (r = –0.05) (fig. S8b).

Multiple species occupied each of the four
host-plant resources (two flower sexes of each of
two host-plant species). For example, nine fly
species and 12 parasitoid species were discovered
in male flowers of G. spinulosa (Figs. 2 and 3).
Most fly species in this system are extreme spe-
cialists: 11 of 14 fly species feed primarily (≥ 90%
of individuals) on a single tissue of a single host-
plant species (Fig. 2 and fig. S1). Most parasitoid
species are evenmore specific to the host plants of
their fly hosts: All but 1 of the 11 species of
Bellopius represented by more than one specimen
exhibited complete (100%) fidelity to a single plant-
host species and to a single flower sex (Fig. 3).

Bellopius wasps also discriminate among fly
species sharing identical plant resources. As many
as 11 Blepharoneura fly species infest a single
plant resource (Fig. 2) and would be available to
parasitoids visiting that plant resource, yet adult
Bellopius parasitoids revealed a pattern of extreme
specialization. Ten of the 11 species of Bellopius
represented by more than one adult emerged from
its “own” single species of Blepharoneura (Fig.
3), which revealed a high level of niche partition-
ing (not niche overlap) among wasps that success-
fully kill flies. Similarly, mortality suffered by each
fly species was usually caused by a single species
ofBellopius. Of the 10 fly species killed byBellopius,
7 were killed by a single species (Figs. 3 and 4).
Such diversity and specificity is especially remark-
able because the two vine species grew very close
together—often intertwined. Single individual plants
served as hosts to as many as six species of flies
(table S9), yet all but one species of Bellopius
(a member of poorly definedBellopius group E1c)
(fig. S7 and table S10) visiting those plants suc-
cessfully parasitized only one species of fly. Such
extreme specialization reveals a clear pattern of

niche partitioning among the parasitoids, which
in turn adds unique dimensions (defined by spe-
cific parasitoids) to each fly species’ niche (Fig. 4).

A different pattern, however, emerges from
analysis of preemergence puparia (Fig. 3). Of the
11 species ofBellopius detected within more than
one preemergence fly puparium, 8 species were
found in puparia of more than one species of
Blepharoneura. The difference between the pre-
and postemergence samples is biologically inform-
ative (table S8) (Fisher’s exact test, P = 0.0075;
confirmed by permutation test, P = 0.0001) (fig.
S10): Preemergence puparia show that eight spe-
cies of Bellopius oviposited into more than one
species of fly, but reared samples show that adults
of each species of Bellopius (all but species L)
emerged from just a single species ofBlepharoneura.

Comparison of pre- and postemergence sam-
ples suggests that each fly species can defend
itself (perhaps immunologically) against most spe-
cies of Bellopius. Offspring of wasps that oviposit
into the “wrong” fly are dead offspring (our records
show no adults emerging from those fly species)
(Fig. 3); thus, selection favors extremely specialized

Fig. 3. Parasitoid (wasp) and host-fly
associations revealed by adult wasps
and preemergence puparia. Colors in pie
charts represent fly species. Flower icons
represent plant hosts of flies.
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host choice by the wasps. Comparison of pre- and
postemergence samples also reveals that wasps
only oviposit into the “wrong” fly species when
their primary host is found on the same flowering
branch (table S9) (Fisher’s exact test, P = 0.0155),
which implies that wasps can identify that their
host fly is present on a plant but can less accu-
rately discriminate among individual larvae feed-
ing within flowers.

The Bellopius pattern contrasts sharply with
patterns of specificity shown by other parasitoids
reared from Blepharoneura. For example, the two
species of Thiemanastrepha reared from these

Blepharoneura are generalists and attack 10 spe-
cies of flies in all four plant-defined niches (Fig. 3);
at least seven species ofBlepharoneura arevulnerable
to the most abundant species of Thiemanastrepha
(Fig. 3). The single figitid species (Tropideucoila
blepharoneurae) found in this study also attacked
10 different fly species (Fig. 3).

Insects have a well-developed immune sys-
tem, and the defenses of larval flies against their
internal parasitoids are particularly well-studied
(12–14). Blepharoneura flies’ defenses against
Bellopius parasitoids represent a “hidden” niche
dimension revealed through analysis of preemer-

gence puparia (Figs. 3 and 4). In this tropical sys-
tem, specialized parasitoids’ offspring die in the
“wrong” species of fly. Thus, selection favors para-
sitoids able to discriminate among multiple sym-
patric species of flies infesting the same host plants.
Fidelity to host-plant parts and host-plant species
increases Bellopius parasitoids’ chances of detect-
ing the “correct” host-fly species, but such fidelity
also provides opportunities for flies to escape (Fig.
4): Flies on alternate host-plant parts (or alternate
host-plant species) escape detection by their spe-
cialized lethal parasitoid(s), which oviposit primar-
ily into a particular part and species of plant (Figs.
3 and 4). Yet, in this system, “escape” is not the
only defense against parasitoids: Inhospitable flies
are lethal to parasitoids.

Instead of representing an example of extreme
niche overlap (15), this highly diverse commu-
nity of 14 fly species and 14 Bellopius parasitoid
species, all occupying flowers of just two species
of plants, represents a community with nonover-
lapping niches—each distinguished by lethal in-
teractions between parasitoids and vulnerable flies
and between parasitoids and inhospitable (lethal)
flies (Figs. 3 and 4). Highly specific virulence
(lethality) in both parasitoids and their prey adds
a previously hidden but highly dynamic dimen-
sion to analyses of tritrophic interactions, which
typically focus on unidirectional cascading pat-
terns of escape via shifts in host plant use (10, 11, 17).
Discovery of such insect parasitoid-prey interac-
tions in complex communities of cryptic species
depends onmolecularmethods to exposemorpho-
logically cryptic species and reveal interactions
(15, 19, 20). Future studies using molecular genetic
methods to identify species in other communities
throughout the Neotropics are likely to reveal a
geographic mosaic (21) of highly diverse and
dynamic interactions driven by “escape and radi-
ate”mechanisms not only at the level of host plant
use, but also at the level of virulent interactions.
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Structure of Human RNase L Reveals
the Basis for Regulated RNA Decay in
the IFN Response
Yuchen Han,* Jesse Donovan,* Sneha Rath,* Gena Whitney, Alisha Chitrakar, Alexei Korennykh†

One of the hallmark mechanisms activated by type I interferons (IFNs) in human tissues involves
cleavage of intracellular RNA by the kinase homology endoribonuclease RNase L. We report
2.8 and 2.1 angstrom crystal structures of human RNase L in complexes with synthetic and natural
ligands and a fragment of an RNA substrate. RNase L forms a crossed homodimer stabilized by
ankyrin (ANK) and kinase homology (KH) domains, which positions two kinase extension
nuclease (KEN) domains for asymmetric RNA recognition. One KEN protomer recognizes an identity
nucleotide (U), whereas the other protomer cleaves RNA between nucleotides +1 and +2.
The coordinated action of the ANK, KH, and KEN domains thereby provides regulated,
sequence-specific cleavage of viral and host RNA targets by RNase L.

Cells of higher vertebrates respond to path-
ogens and damage by releasing interferons
(IFNs), which activate protective programs

in surrounding cells. One of the ubiquitous pro-
tective programs in mammalian tissues involves
cleavage of intracellular RNA by a protein kinase
family receptor, RNase L (1). RNase L is a latent
endoribonuclease encoded by the hereditary pros-
tate cancer 1 (HPC1) locus and activated by the sec-
ond messenger, 2-5A (2′,5′-linked oligoadenylates
of variable length) (1). In human cells, 2-5As are
synthesized by IFN-induced 2-5A synthetases,
which serve as sensors of pathogen- and damage-
associated double-stranded RNA (dsRNA) (2, 3).
The activation of RNase L thus depends on the
action of IFNs and accumulation of dsRNA.

Here, we report two crystal structures of
human RNase L (table S1). These structures
and complementary functional studies reveal
the mechanism of 2-5A sensing and RNA cleav-
age by RNase L and suggest that a similar mech-
anism of RNA cleavage operates during regulated
Ire1-dependent decay (RIDD) (4). We obtained
diffracting crystals of nearly full-length human
RNase L using cocrystallization with 2-5A, nu-
cleotides, and an RNA 18-nucleotide oligomer
5′-GGCUUUUGACCUUUAUGC-3′ (RNA18).

Cocrystallization with RNA18 was enabled by
the use of a catalytically inactive RNase L mutant
H672N. The final construct includes residues 21
to 719. Aversion of this construct with awild-type
(WT) active site is catalytically active in solution.

We determined structures of two RNase L
complexes, which crystallized in different space
groups (table S1). Both complexes reveal the
same crossed homodimer that buries >8000Å2 of
surface area (Fig. 1A). Previous solution studies
indicated that RNase L can form dimers and
higher-order oligomers (5).Modeling based on the
oligomer of Ire1 (6) predicts that the homodimers
of RNase L could form a similar assembly. The
kinase homology (KH) domain of RNase L has a
typical protein kinase fold with two globular
lobes (Fig. 1B). Adenosine diphosphate (ADP)
and b,g-methyleneadenosine triphosphate are
bound to the KH domain in the same conforma-
tion as ADP in the catalytically active protein
kinase Ire1 (fig. S1, A to C). Nonhydrolyzable
nucleotides and ATP exhibit the same effect on
RNase L (fig. S1D), indicating that ATP hydrol-
ysis is not involved in RNase L regulation, as
suggested previously (7).

The KH domain lacks the conserved DFG
motif found in most protein kinases and con-
tains the DFD sequence, resembling protein ki-
nases Mnk1/2 (8). RNase L does not carry out
autophosphorylation (7), but it remains unknown
whether RNase L phosphorylates nonself targets.
To examine this possibility, we assayed phospho-

rylation of a nonspecific substrate, myelin basic
protein (MBP), using Ire1 as a control kinase.
Ire1 phosphorylatedMBP, whereas RNase Lwas
inactive (fig. S1E), supporting the current consen-
sus that RNase L is a pseudokinase. The activa-
tion loop of RNase L contains only 13 amino acid
residues and is among the shortest in the human
protein kinome (fig. S3). The interlobe hinge and
the ATP pocket contact a unique helix from the
ankyrin (ANK)/KH linker (Fig. 1B and fig. S2).
These attributes of the KH domain likely reflect
adaptation to autophosphorylation-independent
control as a homodimerization scaffold.

Previous structural studies identified two dif-
ferent 2-5A binding sites in the ANK domain (5, 9).
The crystal structure of the entire RNase L now
reveals an unanticipated third site in the N lobe of
the KH domain (Fig. 1A and fig. S4, A to C). The
ANK and KH domains create a composite pock-
et for 2-5A binding, which exposes the 2′-end to
solvent to accommodate long 2-5A molecules
and anchors the 5′-end in the ANK domain (fig.
S5A). Although RNase L can recognize 5′-p and
5′-ppp groups, at saturating concentrations 2-5pA3

activates RNase L stronger than 2-5pppA3 (fig.
S5, B and C). The ANK/ANK homodimer binds
2-5A in a configuration that displays the phos-
phate p1 for recognition by the KH domain (fig.
S6). Mutagenesis of the KH/2-5A interface con-
firms that the N lobe is functionally involved
in 2-5A sensing (fig. S4D). The ANK domain con-
tains a characteristic helix aI, which docks to
the KH domain in trans upon homodimeriza-
tion (fig. S7). The aI/N-lobe interaction and an
ANK/N-lobe contact mediated by the residue
R238 also facilitate RNase L activation by 2-5A
(fig. S4, C and D).

The KH/KH and kinase extension nuclease
(KEN)/KEN interfaces resemble those in Ire1
(10). Mutagenesis confirmed that both interfaces
are important for 2-5A–dependent RNase L ac-
tivation (Fig. 2A) and dimerization (fig. S8). The
KEN residues involved in catalysis in Ire1 (10, 11)
are structurally invariant in RNase L (Fig. 2B),
indicating that these enzymes share the same cat-
alytic mechanism. However, the KEN domains
contain different a-helix/loop elements (HLE) (6),
implicated in RNA specificity (10). To examine
the HLE function, we shortened this element in
RNase L (DHLE). The DHLEmutant still cleaved
RNA but exhibited a decreased rate and a greater
preference for single-stranded RNA (ssRNA)
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