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Abstract

Biological collections around the world are the repository of biodiversity on Earth; they also
hold a large quantity of unsorted, unidentified, or misidentified material and can house
behavioral information on species that are difficult to access or no longer available to sci-
ence. Among the unsorted, alcohol-preserved material stored in the Formicidae Collection
of the ‘El Colegio de la Frontera Sur’ Research Center (Chetumal, Mexico), we found nine
colonies of the ponerine ant Neoponera villosa, that had been collected in bromeliads at
Calakmul (Campeche, Mexico) in 1999. Ants and their brood were revised for the presence
of any sign of parasitism. Cocoons were dissected and their content examined under a ste-
reomicroscope. Six N. villosa prepupae had been attacked by the ectoparasitoid syrphid fly
Hypselosyrphus trigonus Hull (Syrphidae: Microdontinae), to date the only known dipteran
species of the Microdontinae with a parasitoid lifestyle. In addition, six male pupae from
three colonies contained gregarious endoparasitoid wasps. These were specialized in para-
sitizing this specific host caste as no gyne or worker pupae displayed signs of having been
attacked. Only immature stages (larvae and pupae) of the wasp could be obtained. Due to
the long storage period, DNA amplification failed; however, based on biological and morpho-
logical data, pupae were placed in the Encyrtidae family. This is the first record of an encyrtid
wasp parasitizing N. villosa, and the second example of an encyrtid as a primary parasitoid
of ants. Furthermore, it is also the first record of co-occurrence of a dipteran ectoparasitoid
and a hymenopteran endoparasitoid living in sympatry within the same population of host
ants. Our findings highlight the importance of biological collections as reservoirs of hidden
biodiversity, not only at the taxonomic level, but also at the behavioral level, revealing com-
plex living networks. They also highlight the need for funding in order to carry out biodiversity
inventories and manage existing collections.
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Introduction

Specimens stored in natural history collections, together with their associated data, provide a
rich repository of information on biodiversity, ecology, behavior, natural resources, species
interactions, and ecosystems [1-3]. With about 3 billion specimens accumulated over 250
years [4,5], collections in natural history museums around the world are the primary archives
and physical databases of global species biodiversity [6,7]. For species that are unidentified, dif-
ficult to access, extinct in historical times or threatened, these collections also constitute a criti-
cal resource and are the only means to access such information and document populations or
locations no longer available to science [8-10]. This is clearly evident for endangered species
such as primates, as collections can provide data on anatomy, developmental biology, and life
history traits that cannot be replicated today, allowing for comparisons between modern and
historical environmental and behavioral variables [10]. Information derived from specimens
in biological collections has provided the foundation for numerous studies concerning distri-
butional changes over time and habitat modification, or under different climatic conditions
[2,11,12]. It has led to applications including species distribution modeling, tracking patterns
in phenology and resources use [13-16], or constructing inter-species interactions networks
and prediction models with applications in ecology, biodiversity, and emerging diseases [17].

Most museums have a large number of unidentified or misidentified specimens categorized
only to a higher taxonomic level, and numerous collections of the most diverse taxa, such as
insects, are not yet data based to species level [7]. Natural history collections are thus expected
to contain a significant amount of new, yet undescribed taxa [6,7,18]. This situation is espe-
cially true for arthropods, which constitute the vast majority of multicellular species on Earth
[19-21]. Recent estimations [21-23] suggest that about two-thirds of all arthropod species still
await discovery and description. However, it has long been stated that a significant part of this
unknown segment of biodiversity was already housed in museum collections as unidentified
material [24], and this still appears to be the case. According to Bebber and colleagues [18], a
lag of 23-25 years exists between the date a specimen of a new plant species is collected for the
first time and when it is subsequently described and published. Similarly, based on a random
set of species described in 2007 across all kingdoms, the average shelf life between discovery
and description of a new species was also found to be 21 years [6]. Biological collections in
Mexico are not the exception and may house an amazing hidden biodiversity, particularly in
those taxa that have been collected in association with a surveyed group, and were preserved
and stored, but were considered at this time as not deserving any specific study.

Mexico is a major hotspot of biodiversity, supporting at least 10% of the world diversity for
many taxa [25]; however, as for many developing countries where biodiversity inventories and
collections are a long way down the list of priorities, Mexican biota are only partly inventoried,
and consequently there is a pressing need of support by funding agencies and institutions that
promote biodiversity studies, along with an efficient management of biological collections.
The Arthropod Collection of El Colegio de la Frontera Sur (ECOSUR) in Chetumal, Quintana
Roo, Mexico (ECO-CH-AR), was established to house the accumulated biological material
that resulted from multiple research projects of various nature [26]. Though some groups
(such as Araneae or Lepidoptera) have been organized, identified, and inventoried, other taxa
such as Formicidae (Hymenoptera) have been incompletely curated, and many specimens
were not organized until 2013. From this date onwards, and as part of a global initiative to
strengthen and modernize the biological collections managed by ECOSUR, ants stored in the
ECO-CH-AR have been revised, identified, and all associated information digitized, aiming to
both constitute a specific “Collection of Formicidae” (ECO-CH-F, see [27]) and make the
information available.
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During the revision of this material, two previously overlooked parasitoids were found in
the cocoons collected in 1999 from various colonies of the arboricolous ponerine ant Neopo-
nera villosa and then stored in the ECO-CH-AR: the only syrphid fly known to be a primary
parasitoid of ants, an association described very recently from live material [28], but which,
stored in alcohol, had been overlooked for 15 years, and an endoparasitoid wasp specialized in
attacking only male ant pupae, a remarkable association representing only the second case of
primary parasitoidism on ants in the Encyrtidae family [29].

Materials and methods
Ethics statement

N/A—All the research was performed on alcohol stored material from a museum collection.

Ant host

Based on strong molecular and morphological evidence, the Neotropical ant genus Neoponera
has recently been revived as a distinct genus from Pachycondyla [30]. Neoponera villosa (Fabri-
cius) is an opportunistic cavity-breeder that nests in dead wood, in cavities at the forks of live
branches, in bromeliads, and in abandoned or peripheral cavities of myrmecophytic Cecropia
spp- [31-34]. Widespread from tropical wet forests to dry scrub forest and even disturbed
areas [35], it is found from southern Texas to northern Argentina [34]. Workers are general-
ized arboreal predators preying on arthropods as well as collecting vegetable matter and liquids
such as extra-floral nectar [31,36,37].

Along with 12 other species, N. villosa belongs to the Neotropical N. foetida species complex
[38,39]. Following the available keys for this group [34,39], workers from our material run to
N. villosa as the anterior face of the petiole is almost straight, vertical, the posterior face broadly
convex, the base of the legs reddish (see S1 Fig), and the anterior margin of the clypeus concave
medially. We further compared our male and female specimens to the figures illustrating both
castes [39]. Until now, only N. villosa has been reported in the Yucatan Peninsula (with the
exception of an unreliable report of N. inversa in Yucatan [40]), and it is the only species
within the N. foetida species complex to have been reported inhabiting epiphytes such as Aech-
mea bracteata [33,41]. In order to discard any confusion between N. villosa, N. curvinodis, and
N. inversa—all three species belonging to the N. foetida species complex and reported in south-
ern Mexico- a sample of workers from our host species was sent to the specialist of this group,
JHC Delabie (Laboratdrio de Mirmecologia, Itabuna, Bahia, Brazil), who confirmed the iden-
tity of our species as N. villosa.

Sample data and revision

Unsorted, alcohol-preserved material corresponding to relatively complete nests of N. villosa
(with both adults and brood present) was stored in the ECO-CH-AR collection. The original
material was gathered during research on the diversity of frogs in bromeliads close to the town
of Zoh-Laguna, Calakmul, Campeche, Mexico (18°35’ N, 89°26’ W, 270 m above sea level), at
the eastern side of the Calakmul Biosphere Reserve [42]. In this study, 60 individual tank bro-
meliads (Aechmea bracteata (Swartz) Grisebach) were sampled for frogs at the end of the dry
season, 21-24 April 1999. Almost half of the bromeliads were collected in seasonally flooded
forest.

Nine samples with adult ants and brood were obtained, corresponding to the material col-
lected from nine different bromeliads (see S1 Table for exact localition and colony sample
composition). Brood and adults numbers, sex, and caste were all recorded. Adults and larvae
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were examined for the presence of any external sign of parasitism (i.e. possible scars, alien lar-
vae attached to the cuticle, visible external changes, or respiratory funnels, see [29,43]);
cocoons were dissected and their content examined under a stereomicroscope (Nikon
SMZ745T, magnification 6.5 to 50x). Dissection of cocoons yielded several fly larvae and
puparia, in addition to a number of wasp larvae and pupae (see Results). Voucher specimens
of both parasitoids and ants were deposited in the arthropod (ECO-CH-AR: HV-044-049, D-
0046, D-0047) and formicid (ECO-CH-F: F-0275, F-0276, F-0281, F-0287, F-0301, F-0303, F-
308, F-0310, F-0316) collections of El Colegio de la Frontera Sur in Chetumal (Quintana Roo,
Mexico).

Parasitoid identification

Fly larvae and puparia were compared with voucher specimens of similar material that was
recently found in N. villosa nests at Kohunlich (Quintana Roo, Mexico) [28] and conserved in
the ECO-CH-AR collection.

Wasp pupae morphologically corresponded to a member of the Chalcidoidea, but the early
stage of development of these pupae precluded their identification beyond the family level.
Several techniques were used to extract and amplify the wasp DNA from pupae obtained from
dissected hosts: standardized extraction protocols of the BOLD initiative [44], using the Phire™
Tissue Direct PCR master Mix #F-170S kit (Thermo Scientific Baltics UAB, Vilnius, Lithuania)
[45], or using Chelex™ 100 (Bio-Rad, Hercules, CA, USA) [46]. Additionally, we used family-
level taxonomic keys to differentiate pupae [47], and the material was compared to voucher
specimens of pupae of Blanchardiscus pollux, the only encyrtid wasp known to date as a pri-
mary parasitoid of ants [29] and conserved in the ECO-CH-AR collection.

Results

Six of the nine colony samples (four queenright and two queenless colonies) were almost com-
plete and contained numerous adults and brood; three other vials contained only a few work-
ers and almost no cocoons (S1 Table). The six almost complete colony samples presented
between 0 and 5 dealate females, 85.8 + 24.2 workers (mean + SEM, range: 36-197), and

18.0 + 4.1 cocoons (range 7-32). Alate females and males were present in only four and three
colonies, respectively.

A total of 759 adults, 112 cocoons, and 12 larvae were examined (S1 Table). Four out of the
nine colony samples were parasitized. None of the larvae and adult individuals showed signs of
parasitism; in contrast, 12 cocoons (10.7%) were parasitized. Dissections demonstrated that
these cocoons had been attacked by two different parasitoid species (Table 1).

Six cocoons, all belonging to a single colony, contained worker ant prepupae (or their
remains) that have been attacked by the syrphid fly Hypselosyrphus trigonus, a solitary ectopar-
asitoid of the host prepupae that develops within the protection of the cocoon’s silky envelope
(Fig 1). Three first instar larvae, one last instar larva, and two puparia of this parasitoid fly
were secured. Only one cocoon out of the seven found in this colony sample resulted unpara-
sitized (Table 1).

Six other cocoons, belonging to three different colonies, were parasitized by a gregarious
endoparasitoid wasp. Though male, gyne, and worker pupae were available as potential hosts,
the attacks significantly targeted male pupae (see Table 1): 6/29 male pupae parasitized, 0/11
gyne pupae, 0/25 worker pupae, and 0/47 unidentified prepupae (Fisher’s exact test for count
data, two-sided p = 0.001147). Numerous parasitoid wasp larvae or pupae were present inside
each parasitized host pupa, grouped in dense clusters at the level of the abdomen (Fig 2A) and
thorax (Fig 2B) of the already formed ant male pupa. Up to 43 parasitoid wasp pupae were
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Table 1. Data obtained from the dissection of the cocoons of all the Neoponera villosa colony samples containing brood. Figures correspond to the
numbers of immature stages present, dissected cocoons, parasitized and non-parasitized cocoons for each host caste, and to the parasitism rates and the
identity of the parasitoids.

ECO-CH-F | Larvae | Cocoons Cocoon dissection Non- Parasitized % Parasitoid Observations
Code Prepupae | Male Gyne  Worker parasitized | cocoons | parasitism |identity

pupae | pupae | pupae cocoons

F-0275 7 0 - - - - - - NA

F-0276 0 2 2 0 0 0 2 0 0

F-0281 2 23 5 14 0 4 20 3 13.0 Encyrtidae sp. 3 N. villosa male
pupae
parasitized®®

F-0287 1 32 14 2 10 6 30 2 6.3 Encyrtidae sp. 2 N. villosa male
pupae parasitized®

F-0301 0 8 2 6 0 0 7 1 12.5 Encyrtidae sp. 1 N. villosa male
pupa parasitized®

F-0303 2 25 15 7 1 2 25 0 0

F-0308 0 7 1 0 0 6 1 6 85.7 Hypselosyrphus | 3 L1/prepuae, 1

trigonus L3, 2 puparia

F-0310 0 13 6 0 0 7 13 0 0

F-0316 0 2 2 0 0 0 2 0 0

Total® 12 112 47 29 11 25 100 12 10.7

2. Parasitized male ant pupae presented very reduced antennae and showed some deformation of the legs.

P: One host pupa dissected yielded 21 parasitoids (20 pupae, 1 larva); the second pupa contained parasitoid larvae and the third contained several
parasitoid pupae; however, the latter two host pupae were not completely dissected to preserve them as voucher specimens.

°: Both host pupae not completely dissected to preserve them as voucher specimens; the first contained parasitoid larvae, the second parasitoid pupae.
9: Host pupa dissected:; dissection yielded 43 parasitoid pupae.

©: Except for “% parasitism” that corresponds to the mean.

https://doi.org/10.1371/journal.pone.0184614.t001

found in a single host pupa. Though several protocols of DNA extraction and amplification
were assayed (see Material and methods), we failed to acquire sufficient DNA to obtain a
sequence, and molecular identification was not possible. However, the position and general
aspect of the developing parasitoids inside the ant host body strongly resembled that of the lar-
vae and pupae of the encyrtid wasp Blanchardiscus pollux when parasitizing pupae of the con-
generic arboricolous ant N. goeldii [29], thus strongly suggesting that the hymenopteran larvae
and pupae in our study belong to the Encyrtidae family. This is further supported by various
morphological traits: the mesocoxae are inserted anterior to midline of mesopleuron, much
closer to precoxae than to metacoxae, the axillae are acutely transverse-triangular, meeting
medially (Fig 3A), and the cerci on the metasoma are advanced anteriorly (Fig 3B); all traits
conforming the diagnostic characters of this family [47]. Wing venation was the only other
character defining Encyrtidae that could not be assessed on our pupae. The parasitoid pupae
associated with N. villosa were significantly larger than those of B. pollux (Fig 4), strongly sug-
gesting a different species at least.

Discussion

Each year, taxon experts name and describe about 15,000-18,000 new species in addition to
improving our understanding of already known species [7,22]. New species are identified on
the basis of new collection effort and through discriminating among cryptic species or previ-
ously “hidden” material stored in natural museum collections. Beyond their extensive use for
taxonomic and phylogenetic research, scientific museum collections are also becoming critical

PLOS ONE | https://doi.org/10.1371/journal.pone.0184614 September 19, 2017 5/13


https://doi.org/10.1371/journal.pone.0184614.t001
https://doi.org/10.1371/journal.pone.0184614

o @
@ : PLOS | ONE Hidden biodiversity in entomological collections

Fig 1. General aspect of alcohol preserved cocoons of Neoponera villosa. (A) Cocoon containing a
worker pupa. (B) Another cocoon, containing a puparium of the ectoparasitoid syrphid fly Hypselosyrphus
trigonus. Photo: G. Pérez-Lachaud.

https://doi.org/10.1371/journal.pone.0184614.9001

sources of information in a wide range of fields, from biotic communities interaction and
structure to environmental monitoring and human health [1,2,48]. Our findings represent an
example of the potential of biological collections to house behavioral information in addition
to taxonomic diversity. We report on the discovery of a new hymenopteran primary parasitoid
of ants from N. villosa colonies that had been stored in alcohol without detection for the past
18 years. Our research also confirms the attack by another primary ant parasitoid, the syrphid
fly H. trigonus. Both endoparasitoid hymenopteran and ectoparasitoid dipteran species co-
occurred in the same ant host population.

Thousands of myrmecophilous invertebrates have been inventoried to date [49-54]
although, with regard to ant parasitoids, there is still a noteworthy lack of knowledge despite
some recent efforts endeavored to reduce this gap [55,56]. Insect parasitoid species that attack
ant immature stages or adults are present in nine families belonging to the order Hymenoptera
[29,55,56] and four families from the order Diptera [28,57-59]. During the last five years,
three of these families, Encyrtidae for hymenopterans and Syrphidae and Chloropidae for dip-
terans, have been reported for the first time as primary ant parasitoids, a clear indication that,
to improve our knowledge on ant parasitoids, a more sustained sampling effort is required.

Many undiscovered species are difficult to encounter because they are cryptic, small in size,
or nesting in microhabitats with low accessibility [60,61]; furthermore, many new taxa with
elusive life histories are destined to remain undiscovered, even in the best-studied parts of the
world [20]. Our results suggest that although many more ant parasitoids certainly await dis-
covery in the field, a large number of them, possibly small size endoparasitoids such as the
encyrtid wasps reported here, are potentially available to science, but inadvertenly hidden in
collections all around the world.
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Fig 2. Neoponera villosa male pupa parasitized by a gregarious hymnopteran endoparasitoid. The
parasitoid wasp larvae and pupae occupy both the abdomen (A) and the thorax (B) of the ant pupa (arrows
indicate the developing parasitoids). Photos: G. Pérez-Lachaud.

https://doi.org/10.1371/journal.pone.0184614.9002

Most encyrtids are endoparasitoids of arachnids and insects, or hyperparasitoids of other
hymenopteran parasitoids, and almost half of all the species for which the host is known are
parasitic upon Coccoidea [62]. Originating from the unsorted material of the ECO-CH-AR
collection, our discovery of an encyrtid wasp parasitizing N. villosa pupae is only the second
record of an encyrtid parasitizing ants. It is noteworthy that the first report of a gregarious
endoparasitoid encyrtid wasp (B. polux) parasitizing ants was also fortuitously found by revis-
ing material that had been stored for ten years of the arboreal ant N. goeldii from French

PLOS ONE | https://doi.org/10.1371/journal.pone.0184614 September 19, 2017 7/13


https://doi.org/10.1371/journal.pone.0184614.g002
https://doi.org/10.1371/journal.pone.0184614

o @
@ : PLOS | ONE Hidden biodiversity in entomological collections

Fig 3. Unidentified encyrtid wasp pupa found within the abdomen of a Neoponera villosa male pupa. Arrows indicate
two of the diagnostic characters of this family: (A) the axillae are acutely transverse-triangular, meeting medially; (B) the
metasoma presents cerci advanced anteriorly. Photo: H. Bahena Basave and G. Pérez-Lachaud.

https://doi.org/10.1371/journal.pone.0184614.9003

Fig 4. The only two ant endoparasitoids known among encyrtid wasps. (A) Pupa of the unidentified
encyrtid wasp parasitizing Neoponera villosa in Mexico. (B) The encyrtid wasp Blanchardiscus pollux
parasitizing Neoponera goeldiiin French Guiana. Photo: G. Pérez-Lachaud.

https://doi.org/10.1371/journal.pone.0184614.9004
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Guiana [29]. While B. pollux parasitized both worker and gyne pupae of N. goeldii, the uniden-
tified encyrtid associated with N. villosa revealed a clear host caste specificity by attacking only
male pupae. Though the low rate of parasitism might seem insignificant at the host ant popula-
tion level, the fact that in the present case sexual forms are the main targets of parasitism sug-
gests that encyrtid parasitoids may exact a significant fitness cost to their ant hosts. Very few
cases of parasitoids attacking exclusively sexual castes of their ant host have been reported
from diapriid and eurytomid wasps [55] or from phorid flies [45, 63].

Hypselosyrphus trigonus is a neotropical microdontine fly species resembling a stingless bee.
Described by Hull [64] on the basis of a single individual, its parasitic lifestyle on N. villosa pre-
pupae has been reported only very recently [28], based on rearing data. Information on dip-
teran parasitoids of ants has been recently reviewed [45]. Originally described using specimens
from Barro Colorado, Panama [64], H. trigonus has been reported in Belize and in the Mexican
state of Quintana Roo [28]. Our research extends its known distribution to the Mexican state
of Campeche in association with N. villosa nesting in Aechmea bromeliads.

Considering the extended distribution of N. villosa in America, it remains to be studied
whether or not this species is parasitized by both parasitoid species throughout its distribution
range. According to predictions formulated by the geographical mosaic model [65], geographi-
cal variation in the strengths of coevolution may lead to differences in ant-host use at both
local and regional levels. Thus, in some cases, not only the availability of host species, but also
the presence of other competitors might shape coevolution between particular species of social
parasites and their hosts [54]. Field collecting in proximity to the sites where our samples were
originally collected did not yield more material. In fact, during the last five years, 43 nests of N.
villosa have been collected in different localities of the Yucatan Peninsula (10 of them near the
original 1999 site) ([28] and Rocha, Lachaud, and Pérez-Lachaud, unpub. data) confirming the
presence of the syrphid fly H. trigonus in some localities; however, not one single encyrtid
wasp has been found again to allow the isolation of high-quality DNA.

Our results emphasize that examining insect material already housed in collections will cer-
tainly result in the discovery of new species to science and will unveil unanticipated biological
interactions and complex living networks. Identified species of tropical arthropods make the
largest contribution to overall global species richness [22], and many more species are
expected to be discovered at diversity hotspots [61,66], the very areas that are most threatened
by anthropogenic and global changes [20,60]. Approximately 80% of extant species remain to
be described [23,67], and it is likely that a large proportion of these species may become extinct
over the next few decades. A management of natural history collections that is focused on the
careful scrutiny of stored material, combined with new generation molecular sequencing, will
be central to the successful exploration of species diversity. This would most likely reveal unex-
pected biodiversity, adding critically important data for species identification, phylogenetic
reconstructions, and interaction networks. Adequate funding that allows both biodiversity
inventories and proper curatorial management of existing collections will be critical in achiev-
ing such an urgent goal.

Supporting information

S1 Table. Neoponera villosa colony samples used in this study. All colony samples were col-
lected in 1999 from Zoh-Laguna, Calakmul (Campeche, Mexico) and stored in the Formicidae
Collection (ECO-CH-F) of El Colegio de la Frontera Sur in Chetumal (Quintana Roo,
Mexico).

(PDF)
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S1 Fig. A worker of the ant host Neoponera villosa. (A) Left profile of the worker showing

the almost straight, vertical anterior face of the petiole, the posterior face broadly convex,
the reddish base of the legs. (B) Close-up of the petiole. Photo: J-P Lachaud.
(PDF)
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