
Much evidence has been established regarding the role
of infochemicals in mediating interactions between

herbivores and their predators or parasitoids. These interac-
tions can be mediated by volatiles emitted by the host plant
as well as by cues produced by the herbivore and its natural
enemies. Since the suggestion by Price et al. (1980) that
plants can influence the third trophic level, many studies
have been conducted on interactions within trophic systems
involving predators and parasitoids in the laboratory and in
the greenhouse. These studies have shown that herbivore-
induced plant volatiles (HIPV) play a role in the attraction of
predators and parasitoids to plants under attack by herbi-
vores (Dicke & Sabelis, 1988; Dicke et al., 1990; Turlings et
al., 1990; Gnanvossou et al., 2001; James, 2005).

Apart from volatiles emitted by plants, cues released by
herbivores or their natural enemies may also influence the
behaviour of the natural enemy or the herbivorous victim.
Evidence has been established where prey and host hide and
escape from their predators and parasitoids (e.g., Janssen et
al., 1998; Pallini et al., 1999; Magalhães et al., 2002; Grostal
& Dicke, 2000). It is also evidenced that predators or para-
sitoids can be influenced by cues of their prey/host or by
their conspecific or heterospecifics (Janssen et al., 1997,
1998; Outreman et al. 2001; Nakeshima et al., 2004) 

Although the use of infochemicals is well established for
predators and parasitoids, very little is known about the use
of infochemicals by arthropod pathogens, particularly fungi.
Earlier reports include the observation of avoidance of
Beauveria bassiana-infected conspecifics by the ant
Solenopsis invicta (see review by Oi and Perera, 1993) and
studies by Brown et al. (1995) on the aphid pathogen
Pandora neoaphidis and Klingen et al. (2002) on the com-
mon arthropod pathogens Metarhizium anisopliae and
Tolypocladium cylindrosporium. Brown et al. (1995) report-
ed delay in germination of conidia of P. neoaphidis until after

the pathogen comes into contact with its aphid host, where-
as Klingen et al. (2002) reported an in-vitro inhibitory effect
of isothyocyanates on M. anisopliae and T. cylindrosporium.
Only recently, specific studies on the effect of HIPV on ento-
mopathogenic fungi have been conducted with the ento-
mophthorales Neozygites tanajoae (Hountondji et al., 2005)
and P. Neoaphidis (Baverstock et al., 2005). Moreover, a
series of interactions studies have been conducted on the N.
tanajoae system which involves the cassava green mite
(CGM), Mononychellus tanajoa (Bondar), a pest of cassava.

Neozygites tanajoae is pathogenic to CGM (Delalibera &
Hajek, 2004; Delalibera et al., 2004), which is a major pest of
cassava, a staple food crop in Africa (Yaninek & Herren,
1988). Neozygites tanajoae causes severe epizootics in
Northeastern Brazil (Delalibera et al., 1992), whereas in
Africa very low infections have been reported (Yaninek et al.,
1996; Dara et al., 2001). On the cassava leaf the acaropatho-
genic fungus completes its cycle by attaching to mobile CGM
stages by means of spores produced by sporulating infected
mite cadavers. The attached spores germinate, invade the
body of the mite, and cause its death within ca. 3-4 days at
28 °C (Oduor et al., 1995). Infected mites dry out and
become mummified after death. These so-called mummies
sporulate and spread spores over the leaf when relative
humidity is near saturation and temperature around 18-23
°C, in the dark (Oduor et al., 1996).

In this paper we present the results of studies conducted
on the N. tanajoae-M. tanajoa-cassava system towards
understanding the role infochemicals can play in the interac-
tions within such a system. In particular, the effect of plant
volatiles on the development of the acaropathogen and the
role of cues from the acaropathogen and from the mite are
investigated.
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The role of infochemicals in mediating interactions between herbivores and their foraging natural enemies, mainly
predators and parasitoids, is well established, but very little is known about infochemical use in interactions between
herbivores and their sit-and-wait pathogens. This paper reviews the role of infochemicals in interactions between the
cassava green mite (CGM), Mononychellus tanajoa, and its fungal pathogen, Neozygites tanajoae. In a closed-dish test,
herbivore-induced plant volatiles (HIPV) from cassava were found to influence conidia and capilliconida production of
the fungus but the effect of HIPV varied between isolates. HIPV consistently promoted conidia production of one iso-
late and capilliconidia production of another. Olfactory trials with one of the HIPV, methyl salicylate (MeSA), also pro-
moted conidia production of the same isolate, but no effect was found on capilliconidia production. In contrast to the
effect of HIPV, green leaf volatiles inhibited spore production, suggesting that the fungus uses HIPV to signal the pres-
ence of hosts. The behaviour of the mite towards infective spores was investigated in a two-choice unit (discs with vs.
without spores) and on detached leaves. Mites avoided the discs with spores, in particular for one isolate. Similar
observations were made on detached leaves where more mites were found on leaf lobes without spores than on
those with spores. However, mites did not avoid mummified infected mites that did not yet produce spores, suggest-
ing that the fungus may profit from going unnoticed inside the live infected mite to reach densely infested patches.
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Mononychellus tanajoa



MATERIALS AND METHODS
Two main studies were conducted from 2002-2006 to under-
stand the role of infochemicals in mediating interactions with-
in the N. tanajoae-M. tanajoa-cassava system. One study eval-
uated the effect of green leaf volatiles (GLV) and HIPV on the
development of the acaropathogen. A second study assessed
the behaviour of the herbivorous mite (avoidance) imposed
by cues released by N. tanajoae associated or not with its
host.

Two isolates of N. tanajoae were used in the experi-
ments. One Brazilian isolate collected from Colas das Almas
in the state of Bahia in 1995 (Colal.brz), and one Beninese
isolate collected from Cotonou in 1997 (Coton.ben). The iso-
lates were maintained at 4 °C inside tightly closed photo-
graphic film canisters on top of dry cotton wool with glycerol
at the bottom to keep humidity low. The stored specimens
were renewed at approximately 6-month intervals through
host-to-host multiplication to minimize loss of viability.

Effect of plant volatiles on Neozygites tanajoae
In this study, the influence of cassava GLV and M. tanajoa-
induced cassava volatiles (HIPV) on N. tanajaoe was evaluated.
As described above, N. tanajoae displays a sit-and-wait strate-
gy to infect its host. Therefore, unlike predators and para-
sitoids that are shown to respond behaviourally to HIPV, we
hypothesized that HIPV affect spore production. Two types of
experiments were conducted. One experiment was carried out
in a closed-dish environment in which CGM mummies infect-
ed by N. tanajoae were placed for sporulation, either exposed
to GLV from clean, excised leaf discs, or to HIPV from excised
leaf discs fed upon by CGM, or to dead N. tanajoae-infected
mites or to clean air (control). The second experiment consist-
ed of an airflow experiment where mummies were allowed to
sporulate under HIPV environment provided by highly infested
cassava leaves against clean air. For details about the design of
these two experiments, see Hountondji et al. (2005).

Following a gas chromatography-mass spectrometry
(GC-MS) analysis conducted to identify volatiles produced by
cassava following herbivory by M. tanajoa, a few volatiles
were identified as HIPV, including methyl salicylate (MeSA),
a compound known to attract predators and parasitoids in
many herbivorous arthropod-plant systems. As part of the
HIPV tests, the effect of synthetic MeSA on the sporulation
of N. tanajoae was also tested in an additional experiment.
Mummified mites infected by N. tanajoae were allowed to
sporulate in a closed plastic box in an environment with or
without MeSA (Hountondji et al., 2006). 

Avoidance study
To test whether CGM can avoid contact with the fungal
spores, its behaviour in the presence of spores of N. tana-
joae was assessed. In a two-choice unit female spider mites
are allowed to make a choice between two opposite leaf
discs, one with spores of N. tanajoae and the other without
spores. The leaf discs were placed on top of moist cotton to
prevent escape of CGM, and connected by a thin wooden
bridge on the middle of which were placed the test mites.
After 24 h the position of the mites was scored. Spores were
obtained by incubating mummified mites infected by N.
tanajoae for sporulation on the leaf disc to be treated. Since
mummified infected mites may not sporulate immediately
after formation depending on the prevailing conditions, we
also tested the behaviour of the mite towards the fungus
inside the mite using the same unit.

To mimic realistic conditions, the behaviour of the mite
towards spores of N. tanajoae was also tested on cassava
leaves. The leaves were placed upside down over an arena of
moist cotton pad to prevent M. tanajoa from escaping. Test
mites were placed on top of the petiole (partially cut off to
allow only ca. 3 cm walk to the leaf blade) from where they
are allowed to choose between lobes with and without
spores in alternate positions.

Statistical analysis
Analyses of variance (ANOVA) were conducted using SPSS
12.0 for Windows to analyze spore production in the closed-
dish experiment and to study preference of CGM between
treated and control lobes of cassava leaves in the avoidance
study. The Student t-test was used to compare spore produc-
tion between treatment and control in the airflow trials and
to analyze CGM preference between leaf discs with and
without spores in the avoidance test.

RESULTS

GLV and HIPV studies
The results of the experiment conducted on leaf discs showed
that odours can influence conidiation of the acaropathogen,
and that the effect of these odours depends on pathogen iso-
late. There was a significant difference between the odour
treatments for the isolate Colal.brz (F3 = 6.80, P = 0.001),
whereas no consistent difference was observed for the iso-
late Coton.ben (F3 = 0.20, P = 0.89). Mean separation using
Tukey’s Studentized range test at the 5% level showed that
conidia production by Colal.brz under clean air and environ-
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Figure 1 Conidia production of a
Beninese isolate (Coton.ben; white
bars) and a Brazilian isolate (Colal.brz;
black bars) of Neozygites tanajoae in
closed dish environment in the pres-
ence of green leaf volatiles (GLV), green
mite-induced cassava volatiles and
infected mites against the control (clean
air).



ment with leaf discs fed upon by CGM was higher than in an
environment with odours from a clean excised leaf disc (Fig.
1). No consistent difference was found between an environ-
ment with infected CGM on the leaf discs and any of the
other environments (clean air, GLV, HIPV). Also, no effect of
the odours was observed on the production of capilliconidia
for any of the isolates (P>0.05; results not shown).

The airflow experiment, where cues from cassava leaves
highly infested by CGM were compared with clean air, also
demonstrated that volatiles have an effect on sporulation of N.
tanajoae and that the effect varied with isolate (Fig. 2). For
Coton.ben, in presence of HIPV more conidia were made than
under clean air (251.0±33.6 vs. 183.8±28.7 conidia/mummy,
respectively; P = 0.07). No consistent difference was found for
isolate Colal.brz, although more conidia were produced in
presence of HIPV than in clean air (404.7±66.2 vs. 354.0±48.9
conidia/mummy; P = 0.27). The effect of volatiles was also seen
for capilliconidia production, but only for Colal.brz. The propor-
tion of capilliconidia formed from conidia was significantly
higher with HIPV than with clean air for Colal.brz (55.9±8.9 vs.
31.9±6.9 conidia/mummy; P = 0.02), but they were similar for
Coton.ben (58.1±8.2 vs. 65.2±5.8 conidia/mummy; P = 0.27). 

Similar findings were obtained for conidia production
when MeSA was tested (Fig. 3). Higher conidia production was
observed in the presence of MeSA than under clean air for
Coton.ben (265.2±43.5 vs. 184.1±36.3 conidia/ mummy,
respectively; P = 0.08) and no consistent difference for
Colal.brz (360.5±46.0 vs. 384.6±50.2 conidia/mummy; P =
0.36). In contrast, no effect was observed in capilliconidia pro-
duction for any of the isolates.

Avoidance study
Evidence for M. tanajoa avoiding the acaropathogen was
obtained but this depended on the pathogen state and the

isolate (Fig. 4). When the pathogen was outside the mite as
spores, avoidance was observed for both isolates, with a
stronger avoidance for the Colal.brz isolate (P = 0.009) com-
pared with the Coton.ben isolate (P = 0.09). Fewer mites
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Figure 2 Conidia production and capilliconidia production of a
Beninese isolate (Coton.ben) and a Brazilian isolate (Colal.brz) of
Neozygites tanajoae in a two-arm airflow experiment with cassava
leaves infested by the green mite Mononychellus tanajoa one side
(black bars) and clean air the other side (white bars).

Figure 3 Conidia and capilliconidia production of a Beninese isolate
(Coton.ben) and a Brazilian isolate (Colal.brz) of Neozygites tana-
joae in an environment with (black bars) and without methyl saly-
cilate (MeSA; white bars).

Figure 4 Migration of cassava green mite, Mononychellus tanajoa, in
a two-choice unit between a clean cassava leaf disc (white bars) and
a disc either treated (black bars) with a Beninese (Coton.ben) or a
Brazilian (Colal.brz) isolate of its fungal pathogen Neozygites tana-
joae. Top: treatment disc with mummified mite infected by N. tana-
joae; bottom: treatment disc with spores. 



went to the side of the two-choice unit with spores:
40.7±3.1% for Colal.brz and 44.2±3.9% for Coton.ben. In
contrast, when the pathogen was inside the mite (mummi-
fied CGM infected by the pathogen), CGM did not avoid the
mummies. Nearly half of the migrating mites went to the
side of the two-choice unit with mummies [51.8±4.2% for
Colal.brz (P = 0.61) and 51.5±3.2% for Coton.ben (P = 0.58)].

Avoidance of N. tanajoae spores was also evident in the
trial using cassava leaves, particularly for the Colal.brz isolate
(Fig. 5). Although fewer migrating mites were generally
observed on the lobes with than on those without spores for
Coton.ben, the difference was not significant. Pathogen dis-
tribution among leaf lobes appears to influence the impor-
tance of avoidance depending on the isolate. Avoidance was
more pronounced when spores were displayed on two lobes
than on three lobes for Colal.brz, whereas it was the oppo-
site for the Coton.ben isolate.

DISCUSSION
These experiments demonstrate that infochemicals influ-
ence interactions between CGM and its pathogen N. tana-
joae. Cassava GLV inhibited spore production of N. tanajoae,
whereas cassava HIPV produced following herbivory by CGM
promoted spore production of N. tanajoae. Cues from N.
tanajoae were found to influence mite behaviour.

Evidence of GLV influence on N. tanajoae results from
observations on the Colal.brz isolate in the closed-dish
experiment, where production of conidia was consistently
higher in clean air than in an environment with damaged
(excised) leaf discs. Evidence of an impact of HIPV influence
is based on three arguments: (1) the highest production of
conidia in the infested-disc treatment despite the inhibition
effect of GLV in the closed-dish experiment; (2) the signifi-
cantly higher production of conidia and capilliconidia for
Coton.ben and Colal.brz isolates, respectively, in the HIPV
compared with clean air treatment of the airflow experi-
ment; and (3) the significantly higher production of conidia
in an environment with MeSA than in an environment with-
out MeSA. The increase in spore production in an environ-
ment with HIPV suggests a defense strategy of the cassava
plant as it would promote host-to-host transmission on the
leaves. Surprisingly, improved conidia production due to
HIPV does not always result in improved infection
(Baverstock et al., 2005). Inhibition of spore production by
high production of GLV may reduce the action of HIPV as
observed in the closed-dish experiment with excised leaves.

However, temporary GLV-inhibition of spore germination
was observed for another arthropod pathogen as a strategy
for awaiting the host (Brown et al., 1995) and inhibition of
growth was also observed for M. anisopliae and T. cylin-
drosporum in the laboratory, but not under field conditions
(Klingen et al., 2002). Cassava volatiles, especially HIPV, may
thus well help indirectly to protect the cassava plant from
CGM attack.

The influence of cues from the acaropathogen is evident
in the avoidance behaviour of CGM towards spores of N.
tanajoae in both the two-choice and the leaf-lobe experi-
ments, and the indifferent behaviour of M. tanajoa towards
the acaropathogen when inside the mite, a result obtained
for both isolates. It is realistic that avoidance takes place on
infested cassava leaves given the spatial distribution of the
acaropathogen. Spores are displayed within 8 mm around
the sporulating mites hither and thither on the leaf surface,
allowing pathogen-free spaces for avoidance. It is not clear
why N. tanajoae produces cues that betray its presence.
Production of cues may be the consequence of unavoidable
physiological processes. However, the inability of the host
mite to recognize the acaropathogen when inside the host
would profit the pathogen. Infected mites mummify on the
leaf and wait for favorable conditions to produce spores. It is
thus profitable for the mummies to stay unnoticed in mite
patches until they sporulate. The non-attraction of mummi-
fied infected mites may be the result of the confinement of
the pathogen cues in the mite body and may have evolved as
a strategy of the pathogen to increase its transmissibility. In
this case it is expected from infected mites as long as they
are still alive to transport the fungus to dense mite patches.
We hypothesize that infected mites act as a Trojan horse for
N. tanajoa to infect M. tanajoa populations.

As seen throughout these studies, N. tanajoae’s per-
formance depends on its management of the chemical infor-
mation present in the tritrophic system (Hountondji, 2008).
In nature, chemical signaling is subject to variability due to
the environment sensu lato and its impact on the various
levels of the system (plant, herbivore, and pathogen). This
could explain variability observed in the results of these
studies, particularly in the responses of N. tanajoae isolates.
The isolates of N. tanajoae demonstrated specificity in the
treatment of the chemical information and infochemical
dosage may play an important role in this as exemplified by
the closed-dish vs. airflow HIPV experiments. Variation in
emission of volatiles is found in many plant-herbivore sys-
tems (Dicke, 1999, 2000; Turlings et al., 1990); dosage might
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Figure 5 Migration of the cassava green
mite Mononychellus tanajoa between
clean cassava leaf lobes (white bars) and
cassava leaf lobes either treated (black
bar) with a Beninese (Coton.ben) or a
Brazilian (Colal.brz) isolate of its fungal
pathogen Neozygites tanajoae.



thus interfere with the strength of interaction. On a different
scale, our experiments on sporulation were conducted
under supposedly optimal conditions whereas in the field,
the pathogen is mostly subject to suboptimal conditions.
Further studies should consider testing the effect of HIPV
and GLV on sporulation of N. tanajoae under suboptimal
conditions and the effect of dosage, density of host and
pathogen in the different interaction studies. Further exper-
iments should also be conducted to test the Trojan horse
behaviour, as this may have profound consequences for eval-
uation of the transmission rate of arthropod pathogens.
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