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Abstract

Sap beetles (Coleoptera: Nitidulidae) are commonly associated with ophiostomatoid fungi, especially those belonging to the
family Ceratocystidaceae. This coexistence of insects and fungi, usually on tree wounds, offers the ophiostomatoid fungi an
effective means of dispersal. The selective advantage of this association to sap beetles is, however, confounded by the versatile
life history strategies of these insects. In this study, we complemented field observations with rearing and feeding behavior
experiments in the laboratory, to investigate the symbiology of interactions between sap beetles and co-occurring fungi, from the
insect perspective. We determined that all predominant sap beetle vectors of the Ceratocystidaceae in a natural woodland feed on
and use the mycelial mats of these fungi to nurse their offspring in tree wounds. When reared on fungal cultures in the laboratory,
several of these insects successfully completed their life cycle. We were able to maintain Carpophilus hemipterus on this
exclusive fungal diet over several generations. The feeding preference of this insect was generally consistent with the patterns
of its fungal associations in the field as previously reported. There also appeared to be a correlation between the attractiveness of
Ca. hemipterus to various fungi and its fitness benefits from feeding on these fungi. Overall, our results suggest that, from their
partnership with ophiostomatoid fungi, sap beetles benefit from essential nutritional supplementation, enabling them to survive in
saproxyly in woodland ecosystems.
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1 Introduction

Few insects are metabolically equipped to break down wood
structural polymers such as cellulose or lignin into nutritionally
assimilable molecules (Martin 1983; Cragg et al. 2015; Ulyshen
2016). To circumvent this limitation, and to compensate for the
low nutriment value of wood tissues, saproxylic beetles, which
extract their food from wood while dwelling on dead or mori-
bund trees, rely on a variety of symbioses with microorganisms,
including fungi (Martin 1992; Douglas 2009). Some saproxylic
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beetles ingest or harbor fungi in their guts to exploit their
lignocellulolytic activity for digestion (Vega and Dowd 2005;
Delalibera et al. 2005; Geib et al. 2008); others maintain fungi
externally as food gardens, from which they derive the bulk of
their alimentation or some essential nutrients for their reproduc-
tion and development (Farrell et al. 2001; Klepzig and Six 2004;
Harrington 2005; Mueller et al. 2005). Saproxylic beetles may
also use fungal symbionts to neutralize ingested plant toxins or to
overcome host defense when infesting living trees (Dowd 1992;
Six and Wingfield 2011; Raffa et al. 2015). Fungal symbioses
are consequently a key driver of the evolutionary diversification
of saproxylic beetles, as well as a modulator of their physiolog-
ical processes, ecological interactions and impact on natural and
plantation forest ecosystems (Klepzig et al. 2009; Hulcr and
Dunn, 2011; Six 2013; Ploetz et al. 2013).

Ophiostomatoid fungi (Wingfield et al. 1993) are major
symbiont providers to saproxylic beetles (Kirisits 2007;
Harrington et al. 2010; Khadempour et al. 2012; Mayers
etal. 2015). Taxonomically, these fungi form a heterogeneous
group, as some classify in the Microascales and others in the
Ophiostomatales, two disparate lineages of Ascomycetes (de
Beer et al. 2013). Yet, they are ecologically unified by the
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same affinity for fresh wood habitats. Furthermore,
ophiostomatoid fungi have converged to similar morphol-
ogies, especially the formation of elongated fruiting bodies,
enabling them to deliver sticky spores above the substrate,
which adhere readily to the cuticle of insects (Malloch and
Blackwell 1993; Klepzig and Six 2004). These morphological
features, as well as the production of sweet, fruity odors by
species in the Microascales that lure insects to infected sub-
strates, are regarded as evolutionary novelties that facilitate
symbiotic associations with insect vectors (Lin and phelan
1992; Malloch and Blackwell 1993).

Three groups of coleopteran insects are predominantly in-
volved in the dispersal of ophiostomatoid fungi, including
ambrosia beetles (Curculionidae: Scolytinae and
Platipodynae), bark beetles (Curculionidae: Scolytinae)
(Harrington 2005; Klepzig & Six 2004; Six 2012, 2013),
and sap beetles (Nitidulidae) (Moller and De Vay 1968;
Ambourn et al. 2002; Hayslett et al. 2008; Heath et al.
2009a; Mbenoun et al. 2016, 2017). These vectors can be
further categorized as either tree wound creators or visitors
and appear to differ in the nature of the relationships with
fungal partners. Bark and ambrosia beetles create wounds by
excavating breeding galleries in the phloem and sapwood
layers of infested trees respectively (Six 2012; Kirkendall
etal. 2015). They are strictly saproxylic and obligately depen-
dent on the fungal flora introduced into the galleries for their
nutrition (Harrington 2005; Six 2012, 2013), which makes
these associations mutually beneficial (Klepzig and Six
2004; Harrington 2005; Six 2012). Sap beetles, on the other
hand, do not create wounds; instead, they opportunistically
infest freshly made wounds resulting from various forms of
physical damage on trees (Juzwik et al. 2004; Heath et al.
2009a; Mbenoun et al. 2016, 2017). Even though some sap
beetles have been documented to feed and rear their brood on
the fungi they carry, these insects have generally been viewed
as ecologically generalist, having only incidental interactions
with fungi (Juzwik 1999). This perception probably explains
why sap beetle-ophiostomatoid fungal associations have re-
ceived comparatively little attention.

As their name suggests, sap beetles are assumed to feed
on plant sap and therefore to be attracted for that resource
to mechanically injured trees. In reality, life history strat-
egies among the Nitidulidae are diverse and encompass
feeding habits on fruits, foliage, flowers, detritus and
decaying plant material, decomposing animal corpses
and fungi, as well as sap feeding (Cline 2005; Jelinek
et al. 2010). A few sap beetles have evolved to coexist
commensally (inquilinism) with social insects such as
bees and termites, while others have developed predatory
behaviors towards other invertebrates (Cline 2005; Jelinek
et al. 2010). Although narrow dietary specialization has
been noted in this group, many sap beetles, including well
known vectors of ophiostomatoid fungi, are polyphagous
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and occur across a broad-spectrum of trophic niches
(Cline 2005; Jelinek et al. 2010). Such is for instance
the case of the cosmopolitan dried-fruit beetle,
Carpophilus hemipterus, which is frequently encountered
on fresh and older tree wounds (Moller and De Vay 1968;
Heath et al. 2009a; Mbenoun et al. 2017), flowers, fresh
as well as overripe fruits (George et al. 1989; Hossain and
Williams 2003; Rosi et al. 2019), but is also known as an
important pest of ripening fruits and stored food products
(Dobson 1954; James et al. 1997; Rosi et al. 2019 and
references therein). This ecological plasticity has probably
overshadowed the benefits of ophiostomatoid fungi to the
ecological fitness of their sap beetle vectors in woodland
ecosystems.

Sap beetles are most consistently associated with
ophiostomatoid fungi belonging to the family
Ceratocystidaceae (Microascales) as defined by de Beer
et al. (2014). In that regard, these insects are best known for
their role in the dispersal of virulent Ceratocystidaceae tree
pathogens. In particular, the transmission of Bretziella
fagacearum, the causal agent of oak wilt in the United States
of America (USA) has been studied extensively (Cease and
Juzwik 2001; Ambourn et al. 2002; Hayslett et al. 2008 and
references therein). The principal sap beetle vectors implicat-
ed were observed to feed and reproduce on oak wilt fungus
mats, with remarkable differences in their trophic interactions
with B. fagacearum (Cease and Juzwik 2001). A similar pat-
tern, characterized by variable interspecific affinities was un-
covered in the interactions between sap beetle vectors and
Ceratocystis albifundus causing wilt of Acacia mearnsii in
South Africa (Heath et al. 2009a; Mbenoun et al. 2017).
Despite these inconsistencies with the general theory regard-
ing sap beetle relationships with ophiostomatoid fungi, there
has been no study to purposefully investigate sap beetle inter-
actions with the Ceratocystidaceae, in order to characterize the
true nature of these associations from the insect perspective.

Our aim in this study was to further explore the symbiology
of associations involving sap beetles and the
Ceratocystidaceae, with a focus on how these associations
influence the life cycle and ecological fitness of sap beetles.
We hypothesized that: (i) all major sap beetle vectors of the
Ceratocystidaceae are fungus-feeders; (ii) the patterns of their
interactions with these fungi reflect feeding preferences; and
(iii) there is a relation between fungus-feeding preference and
ecological fitness of sap beetle vectors of the
Ceratocystidaceae. To test these hypotheses, we carried out
extensive field observations in a natural savanna woodland
to characterize the interactions between sap beetles and
Ceratocystidaceae fungal partners in their natural ecological
niche on wounded trees. We also utilized Ca. hemipterus as a
model to establish laboratory rearing and feeding choice ex-
periments to study the fungus-feeding behaviors of sap bee-
tles, in relation to their development and reproduction.
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2 Materials and methods
2.1 Field studies

2.1.1 Characterization of sap beetle fungal interactions in tree
wounds

Field studies of insect-fungus interactions were carried out on
tree wounds arising from elephant browsing activity in the
Kruger National Park (KNP) of South Africa, during surveys
for ophiostomatoid fungi and their insect associations in nat-
ural savanna woodland ecosystems (Mbenoun et al. 2014,
2017). We especially focused on deep wood cracks and bark
splits that provide optimal conditions for the growth and main-
tenance of these fungi. Infected wood cavities were further
opened, using cutting tools such as axes, machetes or masonry
chisels where necessary, to expose the fungal mats on fresh
wood tissues. Fungal mats were inspected for infestation by
adult and immature stages of sap beetles, as well as for the
feeding signs of these insects. The flying and landing behav-
iors of visiting sap beetles were also recorded on very recently
made wounds.

Insect specimens were collected and kept in 90% ethanol
up till identification. Adult sap beetles were later identified as
five species of Carpophilus (Ca. hemipterus, Ca. dimidiatus,
Ca. bisignatus, Ca. apicipennis and Carpophilus sp.) and one
species of Brachypeplus (Br. ater) based on morphological
criteria (Mbenoun et al. 2017). The identity of the fungi was
primarily determined on site based on phenotypic characteris-
tics such as the typical ascomatal structures and fruity odors
produced by the Ceratocystidaceae. Isolations were also made
by transferring mycelial strands or ascopore masses from
wood tissues onto 2% malt extract agar (Biolab, Midrand,
South Africa; hereafter referred to as 2% MEA), supplement-
ed with ~0.01 g/L streptomycin sulphate (Sigma, Steinheim,
Germany) to preclude bacterial growth. Purified fungal cul-
tures were subsequently identified to the species level using
multilocus DNA phylogenies based on the ITS, S-fub and
tefl-x gene sequences, as previously reported in Mbenoun
et al. (2014). Consistent with recent developments in the tax-
onomic treatment of the Ceratocystidaceae (de Beer et al.
2014; Nel et al. 2017), these fungi included three species of
Huntiella (H. savanae, H. oblonga, H. cryptoformis), three
species of Ceratocystis (C. albifundus, C. zambeziensis,
C. thulamelensis), a Chalaropsis species and a
Berkeleyomyces species.

2.1.2 Matching sap beetle larval broods and adults using DNA
barcoding

Total genomic DNA was extracted from five representatives
of each sap beetle morphospecies and 20 larvae from different
fungal mats. Every insect specimen was processed separately,

using the prepGEM™ Insect DNA extraction kit (zyGEM,
New Zealand), following the manufacturer’s instructions.
The resultant DNA solutions were utilized to PCR-amplify
and sequence a portion of the cytochrome oxidase subunit 1
(CO1) gene, using the CI-J-2183/TL2-N-3014 universal prim-
er combination (Simon et al., 1994) and the same reaction
conditions as described by Mbenoun et al. (2016). The se-
quences generated were queried against the NCBI-GenBank
nucleotide database, using the BLASTn search tool. A nucle-
otide sequence dataset was assembled, including the queried
sequences and 16 significant (> 90 sequence similarity)
GenBank hits, supplemented with four previously unpub-
lished sequences of African sap beetle specimens. Sequences
representing two Curculio (Coleoptera: Curculionidae) wood-
boring larvae from the KNP were used as outgroups (see
Fig. 3 for all accession numbers).

A Multiple sequence alignment (MSA) was generated on
the nucleotide sequence dataset using the web interface of the
program MAFFT (http://mafft.cbrc.jp/alignment/server/).
Phylogenetic relationships were inferred from the MSA
based on the maximum likelihood (ML) criterion, with a gam-
ma model of rate heterogeneity. The analyses were performed
using the Vital IT RAXML web-server (http:/embnet.vital-it.
ch/raxml-bb/), where RAXML is executed with a rapid
bootstrap algorithm (Stamatakis et al. 2008). Putative species
were delineated on the COl ML phylogram based on the
Poisson tree processes (PTP) model (Zhang et al. 2013), im-
plemented with a Bayesian supplementation using the dedi-
cated bPTP web-server (http://species.h-its.org/ptp/).
Bayesian supports for the putatively delineated species
nodes were generated based on 500,000 MCMC
generations, including a 10% burn-in period. The conver-
gence of the MCMC chain was checked by visually examin-
ing the likelihood trace plot.

2.2 Laboratory investigations

2.2.1 Establishing and maintaining a colony of Carpophilus
hemipterus

For laboratory experiments, Ca. hemipterus was chosen as a
model. This was based on the fact that, unlike all other sap
beetle species recovered in the KNP, the rearing and develop-
mental biology of Ca. hemipterus was well-documented. In
addition, the availability of synthetic specific aggregation
pheromones and the cosmopolitan distribution of Ca.
hemipterus facilitated the collection of specimens using pher-
omone-trapping. A colony of Ca. hemipterus was initiated
with three adult individuals captured in the KNP, using a
wind-oriented funnel trap, baited with dough and a Ca.
hemipterus pheromone blend (Great Lakes IMP). The beetles
were transferred to the laboratory and introduced into a 90-
mm Petri dish containing 2% MEA, overgrown with a culture
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of H. cryptoformis, one of the species of the Ceratocystidaceae
most frequently associated with Ca. hemipterus in the KNP
(Mbenoun et al. 2017). The plate was sealed with Parafilm
tape and the lid was perforated with ventilation holes using a
heated needle. After 5 days at 24+ 1 °C and 12 L:12D photo-
period (hereafter referred to as standard conditions), several
larvae emerged in the plate. The larvae and adult beetles
grazed on the fungus mycelium and were transferred using a
small paint brush to new plates whenever the fungus-feed was
exhausted. As the number of insects increased, the Petri dish
rearing was modified and scaled up by growing the fungus in
60-mm plates and fitting four of these into a breeding unit,
made up ofa 150x150x50-mm” plastic food storage container,
lined with moistened paper towel (Fig. 1a). Ventilation holes
were made at each corner and center of the container cover.
The efficiency of our modified Petri dish rearing method was
later tested on various sap beetle species, including Ca.
dimidiatus, Ca. bisignatus, Carpophilus sp. and Br. ater ob-
tained from the KNP, as well as a Brachypeplus sp. from the
Garden Route National Park (GRNP) of South Africa.

2.2.2 Effect of fungal diet on Carpophilus hemipterus
survival and development

Ten ascomycete species were evaluated for their suitability as
a food source for Ca. hemipterus. These included
H. cryptoformis, C. albifundus, C. zambeziensis and
Chalaropsis sp., which occur as tree wound colonists along
with Ca. hemipterus and other sap beetle species in the KNP
(Mbenoun et al. 2017); H. moniliformis and Thielaviopsis
ethacetica, recorded in South Africa on eucalypts (Heath
et al. 2009b) and sugarcane (Mbenoun et al. 2015) respective-
ly, but also as common associates of sap beetles in cacao
agroforests of Cameroon (Mbenoun et al. 2016);
Ophiostoma sp., a common tree-wound colonist in the
Garden Route National Park (GRNP) of South Africa;

Fig. 1 Laboratory setup for the
rearing and feeding behavior
experiments with sap beetles: (a)
modified Petri dish rearing unit;
(b) multichoice experimental lay-
out for assessing fungal attrac-
tiveness to sap beetles
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Fusarium sp. and Botryosphaeria sp., two endophytes occa-
sionally isolated from tree wounds; and Penicillium sp., a late
saprophyte invader of tree wounds. The fungi were main-
tained on 2% MEA for 10 days and arranged in breeding units.
Ca. hemipterus was exposed to the fungi as eggs (except for
Th. ethacetica for which 1-day-old larvae were used) and
monitored for survival and development under standard con-
ditions. The developmental time was measured as the number
of days necessary for an individual egg to hatch and grow into
an adult beetle (see Fig. 4).

2.2.3 Fungus-feeding choice behavior of Carpophilus
hemipterus

To assess the fungus-feeding choice behavior of Ca.
hemipterus, two sets of multichoice preference assays were
performed. Firstly, the relative attractiveness of
H. cryptoformis, C. albifundus, C. zambeziensis and
Chalaropsis sp. to Ca. hemipterus was evaluated. A breeding
unit was prepared for each fungus using 10-day-old cultures as
described above. The four breeding units were arranged at right
angles around a control unit containing sterile 2% MEA, inter-
connected through the control unit by means of plastic pipes
(length =10 cm, diameter=1 cm) (Fig. 1b). Thirty unsexed
adults of Ca. hemipterus were used in this experiment. These
insects were initially maintained on a composite fungal diet to
prevent them from becoming accustomed to any specific fun-
gus. The experiment was started by releasing the insects into the
control unit; the entire experimental arena was thereafter
protected from light using a cardboard shield. Fifteen hours
after the release, the distribution of the insects in the experimen-
tal arena was recorded. The experiment was replicated with a
second set of fungi, including H. cryptoformis, H. moniliformis,
Fusarium sp. and Ophiostoma sp. Five different new batches of
insects were tested in the first experiment and four in the second
experiment.
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In the second assay, Ca. hemipterus was evaluated for feed-
ing and oviposition substrate preference when presented with a
choice between H. cryptoformis, H. moniliformis, Fusarium sp.
and Ophiostoma sp. The fungi were cultured on 2% MEA for
10 days and arranged in composite breeding units containing all
four fungal cultures. Twenty unsexed, adult individuals of Ca.
hemipterus were introduced in each unit and maintained for
48 h, after which time the percentage of mycelium surface,
grazed over by the insects, was visually estimated in each plate,
facilitated by a grid drawn on the bottom, reverse side of the
plate. A count of offspring was made in the plates after 72 h.
The experiment was performed twice over time, using five
different new batches of insects. To assess the potential effect
of our laboratory rearing on the beetle choice behavior, each
insect batch was preconditioned by feeding the insects for one
week exclusively on one of five different fungal diets, including
the same strains used as feeding treatments (H. cryptoformis,
H. moniliformis, Fusarium sp., Ophiostoma sp.) and
T. ethacetica which was included as a control.

2.2.4 Effect of fungal diet on Carpophilus hemipterus
reproduction

The effect of fungal diet on Ca. hemipterus reproductive po-
tential was considered using H. cryptoformis, H. moniliformis,
Ophiostoma sp. and Fusarium sp. For each fungal diet, a
breeding unit was set up with 10-day-old cultures on 2%
MEA. Ten unsexed adult individuals of Ca. hemipterus,
which had been reared on a composite fungal diet, were intro-
duced into each breeding unit and monitored for brood pro-
duction for 14 days, under standard breeding conditions.
Fungal plates were renewed every five days and the old plates
were kept for three additional days, after which a count of
offspring was made in the plates. The experiment was per-
formed four times with different new batches of insects.

2.2.5 Statistical analysis

Statistical analyses were performed using R statistical soft-
ware (http://www.Rproject.org/). For all multichoice assays,
i.e., the relative attractiveness of fungi, as well as the feeding
and oviposition substrate preference of Ca. hemipterus,
differences between treatments were analyzed using
nonparametric Aligned Ranks Transformation analysis of
variance (ART anova) (Wobbrock et al. 2011), followed
where relevant by Tukey’s post-hoc pairwise comparisons.
Fungal relative attractiveness (FRA) was measured as the per-
centage of effective number of insects attracted, as determined
by the formula FRA = % x 100%, where N is the number of
insects recorded in the fungal diet unit, C is the number of
insects recorded in the control unit, 7 is the total number of
insects tested (sample size) and 7-C is the effective number of

insects tested (effective sample size). Feeding preference and
oviposition substrate preference were considered in separate
analyses, to test the effects of preconditioning fungus and
feeding fungus (fixed factors), as well as their interaction on
the surface grazed over and number of offspring laid (response
variables), respectively. The reproductive potential of Ca.
hemipterus, in terms of total number of offspring produced,
was analyzed using one way analysis of variance (ANOVA)
and Tukey’s pairwise comparisons. The conformity of off-
spring number data with ANOV A assumptions was checked
beforehand using Shapiro’s test (w=0.97, p =0.83) for nor-
mality and Barlett’s test (X2 =3.53,df=3, p=0.32) for homo-
geneity of variances. For all statistical tests, the significance
level was set to & = 0.05. Quantitative data were sumarized as
mean + standard deviation.

3 Results
3.1 Field studies

3.1.1 Patterns of sap beetle-fungal interactions in tree
wounds

Fresh mycelial mats of the Ceratocystidaceae occurred gener-
ally on newly damaged trees (1-4-week-old wounds).
Occasionally, we found fresh mycelial mats that had persisted
for periods beyond one month in extensively deep wood cav-
ities. A typical characteristic that distinguished a fresh myce-
lial mat from a dead one was that the former was associated
with fruity odors, often concurrent with an infestation of sap
beetles. The presence of sap beetles appeared to maintain the
mycelial mats clean, apparently consisting of pure cultures of
the Ceratocystisdaceae (Fig. 2), and signs of contamination by
other fungi were uncommon. In contrast, contamination by
Penicillium sp. was very common on abandoned or dead my-
celial mats.

Sap beetles were found indiscriminately as single species
colonies in small mycelial mats, or in assemblies of colonies
of different species in larger mycelial mats, although there was
always a single dominant beetle species present. Various life
stages of sap beetles occurred on mycelial mats, including
adults and various larval instars, but pupae were never ob-
served. The feeding marks of larvae were conspicuous, indi-
cating in certain cases an exclusive fungal diet, and in other
cases a composite diet including fungal material and inner
bark tissue (Fig. 2). Although the feeding marks of adults were
hardly noticeable, some individuals of various species were
observed actively feeding on mycelial mats (Fig. 2). Where
trees had just been damaged, sap beetles were observed land-
ing on the wounds with a consistent behavioral pattern,
consisting of frenetic movements, apparently in search of deep
bark flaps or wood cracks where they eventually took refuge.
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. FARSSS * 3
Fig. 2 Ecological niche shared by sap beetles and ophiostomatoid fungi
in the KNP woodland ecosystem: (a) extensive tree wounding resulting
from elephant browsing, a major driver of saproxylic sap beetle popula-
tion dynamics; (b) deep wood cracks infested by sap beetles, with a fungal

3.1.2 Relationship between adult sap beetles and immature
larval stages on tree wounds

Thirty-five new nitidulid CO1 gene sequences of approximate-
ly 800 bp were generated in this study and made available in
GenBank (see Fig. 3 for accession numbers), including 20 se-
quences for adult sap beetles and 15 sequences for immature
larval stages. When queried against the GenBank database,
only sequences of Ca. hemipterus emerged with a broad distri-
bution of BLAST hits having a substantial degree of percentage
identity (> 98%). Sequences representing Br. ater were most
closely related to those of other Brachypeplus species previous-
ly reported from Africa, with sequence identity ranging be-
tween 90 and 98%. Similarly, Ca. bisignatus was most closely
related to a morphologically identical Carpophilus sp. previ-
ously reported from Africa based on 92% sequence identity.
For Ca. dimidiatus, Ca. apicipennis and the unnamed
Carpophilus sp. from the KNP, there were no matches in the
GenBank data base with >90% sequence identity.

The ML phylogram (Fig. 3) discriminated adult sap beetle
morphospecies from the KNP into discrete clusters with

@ Springer

lining building up on the cavity surfaces; (c) mature fungal mat under
bark flap, (d) adult sap beetle actively feeding on fungal mat, (e, f) feeding
marks of sap beetle larvae on fungal mat and inner bark tissue

strong bootstrap support. These clusters intermingled adults
and immature larval broods, which was indicative of a con-
specific relationship or phylogenetic close relatedness be-
tween these life stages. The highest Bayesian supported PTP
model revealed a greater species richness among the commu-
nity of sap beetle vectors of ophiostomatoid fungi in the KNP
than previously determined using morphological criteria, with
nine putative species delineated (Fig. 3). Moreover, the weak
Bayesian support (<0.8) of some of these delineated taxa sug-
gested that they may include more than one species.

Fig. 3 Phylogenetic tree based on CO1 gene sequence showing the P>
relationship between adults of predominant sap beetle vectors (pictures)
of the Ceratocystidaceae and larval broods feeding on these fungi in the
KNP. GenBank accession numbers of all sequences used are indicated as
taxon labels. Sequences newly generated in this study are highlighted in
boldface. Sequences obtained from larvae are marked with an asterisk.
Bootstrap values (> 70%) are indicated below branches. PTP-delineated
species are either terminal on branches or in red branching, with
supporting posterior probabilities (> 0.8) above branches. The origins of
beetle are indicated as KNP: Kruger National Park; CMR: Cameroon;
CHN: China, RSA: South Africa
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3.2 Laboratory investigations

3.2.1 Rearing and maintaing Carpophilus hemipterus
on fungal cultures

Using our modified Petri dish rearing method, it was possible
to maintain a colony of Ca. hemipterus over a period of
10 months, producing 12 generations of beetles, and in suffi-
ciently large numbers to provide for subsequent behavior ex-
periments. The modified Petri dish rearing method was also
effective with Ca. bisignatus, Carpophilus sp. and Br. ater
from the KNP, as well as Brachypeplus sp. from the GRNP,
which like Ca. hemipterus (Fig. 4) could complete their life
cycle and be maintained under standard conditions. Only the
offspring of Ca. dimidiatus failed to complete their life cycle
under these conditions, although the two adults tested sur-
vived for an extended period of time.

3.2.2 Effect of fungal diet on survival and development
of Carpophilus hemipterus

Among the eight fungi evaluated as food source for immature
stages of Ca. hemipterus, only Penicillium sp. appeared to be
unsuitable (Table 1). The eggs introduced onto Penicillium
cultures, like in most other fungal cultures, hatched after
~2 days, but the larvae failed to grow past the first instar and
died during the subsequent 24 to 48 h. The eggs introduced
onto T. ethacetica cultures were also destroyed by what

Fig. 4 Life stages of Carpophilus
hemipterus on Huntiella
cryptoformis cultures in Petri dish

1stinstar larva

MR

\"
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appeared to be a lytic activity on the egg membrane.
However, when one-day-old larvae were provided with
T. ethacetica, they all survived and developed into adults
showing the largest body size (Table 1). All other fungi tested
sustained the development of Ca. hemipterus from egg to
adult in a comparable time frame, but producing adults having
variable body size (Table 1). Overall, individuals reared on
ophiostomatoid fungi exhibited larger body size as compared
to individual raised on other fungi (Table 1).

3.2.3 Fungus-feeding choice behavior of Carpophilus
hemipterus

In assessing fungal relative attractiveness to Ca. hemipterus,
25-28 out of 30 total insects used in the experiment effectively
participated in the test when only Ceratocystidaceae species
cohabiting with Ca. hemipterus in the KNP were used. Of
these, 46.7+27.7% were attracted to H. cryptoformis, 20.4
+17.7% to C. zambeziensis, 19+21.8% to C. albifundus and
13.9+15.5% to Chalaropsis sp. However, although the rela-
tive attractiveness of H. cryptoformis was at least two times
greater than that of any other fungus, no statistically signifi-
cant difference (F'=1.11, df=3, p=0.38) was detected be-
tween the tested fungi (Fig. 5a). When fungi of disparate or-
igin and families were compared, the effective number of
insects tested varied between 25 and 29; of which
H. moniliformis attracted 49.9+10.7%, H. cryptoformis
attracted 25.7 +11.2%, Ophiostoma sp. attracted 13.0 +

Mature adult

Eggs
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Table 1 Effect of different fungal diets on survival, developmental time and adult body size of Carpophilus hemipterus
Fungal culture (diet) Number of insects tested Survival Developmental time (days) + sd Relative body size
egg larvae
Ceratocystis albifundus 36 \ \ 18+1 regular
Ceratocystis zambeziensis 15 \ \ 19+1 regular
Huntiella cryptoformis 26 V V 19+2 regular
Huntiella moniliformis 22 V \/ 171 regular
Chalaropsis sp. 04 \ \/ ND regular
Thielaviopsis ethacetica 25 x v 1742 large
Ophiostoma sp. 24 V v 19+1 small
Botryosphaeria sp. 25 \/ V 1941 small
Fusarium sp. 24 N v 20+£3 small
Penicillium sp. 04 V x NA NA

Note: V: Successful; x: Failed; NA: Not applicable; ND: Not determined; sd: standard deviation; the relative body size was assessed visually using the

beetles collected from the field as reference

7.1%, and Fusarium sp. attracted 11.4+5.6%. A statistically
highly significant variation (#'=12.2, df=3, p=0.0002) was
detected in Ca. hemipterus response to the various fungi test-
ed. Notably, H. moniliformis was found to be statistically
more attractive than Fusarium sp. and Ophiostoma sp. but
statistically comparable to H. cryptoformis, while
H. cryptoformis was more attractive than Fusarium sp., but
not Ophiostoma sp. (Fig. 5b, Table S1).

In the feeding and oviposition substrate preference tests
with Ca. hemipterus, the identity of the fungal food source
(treatment) was the only statistically supported source of var-
iation in Ca. hemipterus choice behavior (Table 2). The initial
fungal diet (pre-treatment) had some effect on the number of
offspring produced by the insects, but it did not affect their
grazing activity (Table 2). There was no interaction between
pre-treatment and treatment (Table 2), implying that precon-
ditioning did not alter the choice behavior of Ca. hemipterus.
Overall, H. moniliformis emerged as the most preferred food
source with 80.5 = 17.2% of the mycelial surface grazed over.
This was statistically comparable to H. cryptoformis (69.44 +
12.8%) but significantly different from Ophiostoma sp. (48.8
+17.9%) and Fusarium sp. (17.5+13.8%) respectively
(Fig. 6a, Table S2). In terms of oviposition, Ophiostoma sp.
was statistically singled out as the favored substrate with 36.6
+16.1 offspring, while H. cryptoformis (16 + 11.6 offspring),
H. moniliformis (11.9 = 11.1 offspring) and Fusarium sp. (5.5
+ 5.8 offspring) did not differ significantly from one another
(Fig. 6b, Table S3).

3.2.4 Effect of fungal diet on Carpophilus hemipterus
reproductive potential

Carpophilus hemipterus exhibited statistically highly signifi-
cant variation in reproductive potential when maintained

on different fungal diets (F=11.21, df=3, p=0.0009).
Overall, the greatest reproductive potential was observed
on H. moniliformis, with 138 +37 offspring produced by
10 unsexed individuals in 14 days. This value was statisti-
cally comparable to the 115+ 33 offspring produced on
H. cryptoformis, but significantly different from the 75 +
20 and 33 + 12 offspring obtained on Ophiostoma sp. and
Fusarium sp. respectively (Fig. 7, Table S4). Pairwise
comparisons also indicated that Ca. hemipterus perfor-
mance on H. cryptoformis and Ophiostoma sp. were statis-
tically comaparable, while H. cryptoformis provided a bet-
ter oviposition substrate than Fusarium sp. (Fig. 7,
Table S4).

4 Discussion

Several previous studies have documented the ecological as-
sociation of sap beetles, notably members of the genera
Carpophilus and Brachipeplus, with ophiostomatoid fungi
in the Ceratocystidaceae on tree wounds in Africa (Heath
et al. 2009a; Mbenoun et al. 2016, 2017; Misse et al. 2017;
Lee et al. 2018). The focus of those studies was on the trans-
mission and spread of some members of the
Ceratocystidaceae associated with tree diseases.
Consequently, their account of insect-fungus interactions
placed most emphasis on the enhanced dispersal benefiting
the fungi, while the insect perspective was largely overlooked.
The results of the present study address this information gap,
showing that sap beetles dispersing the Ceratocystidaceae in
Africa selectively feed on and use these fungi to nurse their
offspring in tree wounds. Similar patterns of life history have
been reported for sap beetles elsewhere, including in the USA
with sap beetle vectors of Ceratocystis fimbriata (Moller and
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Fig. 5 Comparison of fungal relative attractiveness to Carpophilus
hemipterus as expressed by the percentage of insects attracted in a
multichoice experimental setting: (a) the fungi tested are all members of
the Ceratocystidaceae co-occurring with Ca. hemipterus in the KNP; (b)

De Vay 1968; Hinds 1972) and Bretziella fagacearum
(Juzwik et al. 2004), as well as in Argentina in relation to
the recently described Huntiella decorticans (de Errasti et al.
2015). While there is evidence that many other sap beetles
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the fungi tested are from disparate taxonomic families and geographic
origins. Letters on top of boxes, when different, indicate a significant
difference between means (red crosses), based on Tukey’s pairwise com-
parison (= 0.05)

interact only temporarily with tree wounds to feed on sap
(Cline 2005), the results of the present study support the view
that sap beetle vectors of the Ceratocystidaceae use their as-
sociation with these fungi to foster a saproxylic lifestyle on
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Table 2 Summary of ART anova
of mycelium surface grazed and
number of offspring laid within

48 h by 20 unsexed Carpophilus
hemipterus adults on various
fungal cultures (Treatment) in a
multichoice experiment. Pre-
treatment referred to fungal cul-
tures used to maintain the insects
prior to the test

Factor Source of variation df F- P>F
value

Surface grazed over Pre-treatment 4 2.37 0.09
Treatment 24.75 6.2e-07
Pre-treatment: Treatment 12 0.45 0.92

Number of offspring laid Pre-treatment 4 2.79 0.054
Treatment 3 8.61 0.0007
Pre-treatment: Treatment 12 041 0.94

freshly wounded trees. This relationship was postulated by
Kirejtshuk (2003) but the present study is the first to consider
it in any detail.

Within the context of saproxyly, sap beetles interact
with tree wounds as early colonists. This implies that their
appearance at the infestation site shortly after a tree has
been injured (Juzwik et al. 2004; Mbenoun et al. 2016) is
driven by the prospect of a convenient breeding nest. As

they settle in, their movements enable multiple site inoc-
ulation of their fungal partners onto the wound surface.
This promotes the formation of a mycelial mat, which
creates a more sustainable living environment, especially
for the young stages. Evidence from the present study
suggests that the development of fungal mats could stim-
ulate mating and oviposition in saproxylic sap beetles.
After hatching, the larvae feed on this substrate until
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Fig. 7 Comparison of
Carpophilus hemipterus
reproductive potential, expressed
in terms of number of offspring
produced by 10 unsexed
individuals, when maintained on
various fungal diets for 14 days.
Letters on top of boxes, when
different, indicate a significant
difference between means (red
crosses), based on Tukey’s
pairwise comparisons (x = 0.05)
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they reach the wandering stage. The absence of pupae
from the wounds is consistent with the fact that
wandering larvae ultimately fall off from the wounds to
the ground, where pupation occurs, as has previously been
reported by Moller and De Vay (1968) and Hinds (1972).
Adult saproxylic sap beetles most probably also feed on
fresh and fermented sap, which may be crucial during the
early days of wound infestation. Despite the apparent
cleanliness of infested fungal mats, we failed to observe
any behavioral patterns of the insects that could represent
measures to maintain a clean environment; and we are not
aware of studies to suggest how the fungal mats are main-
tained without contamination. It was, however, evident
that saproxylic sap beetles would abandon their nests
whenever the fungal mats died or became heavily contam-
inated by other microbial invaders.

The results of our Petri plate assays suggest that saproxylic
sap beetles meet their nutritional needs feeding on their
Ceratocystidaceae fungal partners. We were able to breed
Ca. hemipterus over several generations and achieved the
completion of life cycle consistently with four other nitidulid
species on cultures of H. cryptoformis in Petri dishes. Petri
plate assays have been useful in investigating insect-fungus
interactions in a variety of symbiotic associations, involving,
e.g., bark beetles (Freeman et al. 2012), ants (Baker et al.
2017) and sap beetles (Cline et al. 2014). To the best of our
knowledge, such assays have been utilized in only two previ-
ous instances involving sap beetle vectors of the
Ceratocystidaceac (Moller and De Vay 1968; Hinds 1972).
Those studies sought to better understand the transmission
of C. fimbriata by insects. In the study of Moller and
De Vay (1968), sap beetles could be reared from egg to adult-
hood on fungal cultures, whereas in the study of Hinds (1972),
they seldom pupated and died and became overgrown by the
fungi. This inconsistency in the results could have resulted
from the fact that in the first study, only pure cultures of
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C. fimbriata were utilized, whereas in the second, a diverse
microbial flora carried by the insects was allowed to grow in
the plates. This could have included toxic species such as
Penicillium sp., which was shown to be unsuitable as food for
Ca. hemipterus in the present study. Our experiments, similar to
those of Moller and De Vay (1968), were performed with pure
fungal cultures, and under these conditions, of the five sap
beetle species tested, only Ca. dimidiatus failed to thrive.

The elaborate feeding experiments conducted with Ca.
hemipterus suggested that saproxylic sap beetles can survive
and even proliferate on a relatively wide variety of fungi.
These include members of the Ophiostomataceae, Nectriaceae
and Botryosphaeriaceae, some of which (the Ophiostomataceae
in particular) are common tree wound colonists and are vec-
tored by sap beetles (e.g. Nkuekam et al. 2013). This raises
questions regarding the factors driving the greater prevalence
of sap beetle associations with the Ceratocystidaceae in natural
environments. The fruity volatiles produced by these fungi,
which give them a unique advantage over other fungi in
attracting insect vectors, most likely play an important role.
The corresponding adaptive character for saproxylic sap beetles
might lie in their selective fungus-feeding behaviors, as shown
in our results by a clear preference for the Ceratocystidaceae.
Indeed, when simultaneously exposed to Ophiostoma sp.
(Ophiostomataceae), Fusarium sp. (Nectriaceae) and two
Huntiella species (Ceratocystidaceae), Ca. hemipterus exhibit-
ed significantly greater attractiveness to and feeding activity on
Huntiella species. Interestingly, when Ca. hemipterus was ex-
posed to a H. cryptoformis, C. albifundus, C. zambeziensis and
a Chalaropsis sp., all members of the Ceratocystidaceae co-
existing with Ca. hemipterus in the KNP, the Huntiella species
remained the most attractive, although differences were less
striking. This result is consistent with the prevailing associa-
tions of Ca. hemipterus with members of the genus Huntiella
observed in South African savanna ecosystems (Heath et al.
2009a; Mbenoun et al. 2017).
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The apparent correlation between the feeding attractiveness
of various fungi and their effect on the brood production of
Ca. hemipterus was noteworthy. This suggests that the feeding
choice of this insect could be determined by a gain anticipated
in reproductive success. It is well known that nutritional fungal
associates enhance the fitness of saproxylic beetles with the
dietary benefits they provide. These include amino acids, vita-
mins and sterols, which are essential nutrients for insect devel-
opment and reproduction (Six 2012, 2013 and references
therein). Moreover, fungi produce semiochemicals used by
some insects as precursors or components of the pheromones
modulating their mating and other social behaviors (Engl and
Kaltenpoth 2018). As it relates to saproxylic sap beetles, we
suspect that the Ceratocystidaceae feature a quantitatively and/
or qualitatively better content of these elements as compared to
other fungi. This would explain why Ca. hemipterus displayed
greater brood production, but also larger body size and an ag-
gregation behavior in association with Huntiella species, not
found with Ophiostoma sp. or Fusarium sp.

Rather than to be solely linked to some physiological pro-
cesses, the correlation between the feeding preference of Ca.
hemipterus and its reproductive potential on various fungi
could also reflect a selective behavior in the choice of ovipo-
sition sites. Such a relationship was documented by Schmidt
(1935), who observed in his study that Carpophilus humeralis
females chose to lay their eggs only when a suitable feeding
substrate was supplied to them. That same study found that the
nature of the medium was the ultimate factor significantly
controlling the oviposition performance of Ca. humeralis dur-
ing any given period. Ca. hemipterus could similarly be sen-
sitive to the quality of the substrate in its oviposition behavior.
This would explain the intriguing fact that this insect chose to
deposit more eggs on Ophiostoma sp., while feeding more
actively and showing greater reproductive potential on
H. moniliformis and H.cryptoformis. In effect, overfeeding
on Huntiella cultures depleted these favored treatments of
their food provisions. This made them less attractive for ovi-
position than Ophiostoma cultures where less grazing had
occurred. Besides, only Ophiostoma sp. regenerated readily
in the plates after insect feeding (data not shown).

It is interesting that, in our experiments, H. moniliformis
emerged over H. cryptoformis as a potentially better source
of food for Ca. hemipterus, even though the differences
between the two fungi were not statistically strong. This
highlights the importance of contextual environmental fac-
tors in shaping patterns of saproxylic sap beetle fungal
associations in nature. These factors may restrict the occur-
rence of favored fungal partners in certain environments,
as appeared to be the case for H. moniliformis in the KNP.
This fungus was never detected in our field surveys, in
contrast to the highly prevalent H. cryptoformis and its
close relatives (Mbenoun et al. 2017). This result echoes
two previous studies conducted in South African savanna

woodlands (Kamgan et al. 2008; Heath et al. 2009a) in
suggesting that the savanna environment exerts a selective
exclusion against H. moniliformis, all the more so consid-
ering that this fungus has been recorded in other South
African ecosystems (Heath et al. 2009b). A similar argu-
ment was invoked to explain the differential association of
Brachypeplus sap beetles with Huntiella fungal partners in
Cameroonian cacao agroforests experiencing disparate en-
vironmental and agroecological conditions (Mbenoun et al.
2016).

Overall, the results of this study suggest that the part-
nerships between saproxylic sap beetles and
ophiostomatoid fungi share some commonalities with fun-
gal symbioses of bark and ambrosia beetles. These would
include most notably the same foundation on mutual ben-
efit, where the insects gain nutritional advantages and the
fungi gain transport and access to ephemeral habitats (Six
2012; Hulcr and Stelinski 2017). This ecological conver-
gence is even more conspicuous in the light of contempo-
rary understanding of beetle-fungus symbioses, as dynam-
ic assemblies of communities, which can change with
context and involve multiple associates exchanging di-
verse services, with variable degrees of dependence and
reciprocity (Klepzig and Six 2004; Six and Bentz 2007;
Kostovcik et al. 2015). On that account, saproxylic sap
beetles are authentic, mutualistic symbionts to
ophiostomatoid fungi, notwithstanding the versatility of
some of these insects in life history strategy. These part-
nerships are crucial for the survival of saproxylic sap bee-
tles in the KNP and similar African ecosystems, especial-
ly during winter when extensive drought creates a scarcity
of alternative food resources (Mbenoun et al. 2017). The
perpetuation of such conditions may ultimately lead to a
greater specialization of saproxylic sap beetles in their
fungal interactions, possibly involving a corollary devel-
opment of adaptive morphological structures. Bark and
ambrosia beetles exemplify that specialization by their
mycangia and sophisticated fungus-farming behaviors
(Six 2012; Huler and Stelinski 2017). Recognising the
symbiotic foundation of saproxylic sap beetle fungal as-
sociations will hopefully provide additional clues leading
to a better understanding of sap beetle transmission of
pathogenic ophiostomatoid fungi and enable the develop-
ment of more effective management strategies for their
associated diseases.
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