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Abstract  The larval parasitoid Cotesia flavipes 
(Cameron, 1891) (Hymenoptera: Braconidae) has 
been widely used for biological control of the sug-
arcane borer Diatraea saccharalis (Fabricius, 1974) 
(Lepidoptera: Crambidae) in Brazil. The entomopath-
ogenic nematode (EPN) Heterorhabditis bacterio-
phora Poinar, 1976 (Rhabditida: Heterorhabditidae) 
also has shown to be a promising agent for controlling 
the pest. However, in some cases, EPNs can nega-
tively affect non-target organisms, such as parasitoids. 
Thus, this work evaluated the within-host interaction 
between C. flavipes and H. bacteriophora. Caterpil-
lars of D. saccharalis were offered to adult females of 
C. flavipes for parasitism and then inoculated with H. 
bacteriophora in intervals of three days until the 12th 
day. After death, caterpillars were kept for four days 
and dissected to verify the agent that caused death. 

We observed an intraguild competition between both 
control agents. When the EPN was applied until the 
12th day after parasitism, it developed and killed the 
parasitoid, even colonizing its larvae and pupae inside 
the caterpillar body. On the other hand, when the 
EPN was applied after 12  days from the parasitism, 
the parasitoid could develop, but not the EPN. We 
could conclude that the parasitoid C. flavipes and the 
EPN H. bacteriophora are not compatible for control-
ling D. saccharalis. If combined in a single control 
strategy, it must be considered a safe interval of more 
than 12 days between applications of each of them.

Keywords  Biological control · Sugarcane 
borer · Parasitoid · Entomopathogenic nematode · 
Parasitism · Intraguild competition

Introduction

The sugarcane Saccharum officinarum L. (Poaceae) 
is currently cultivated in the tropics worldwide. The 
main objective of industrial sugarcane processing is 
to obtain purified sugar and ethanol, which generates 
a considerable amount of biomass (bagasse) rich in 
lignocellulose. Economic interest in sugarcane has 
significantly increased in recent decades due to the 
worldwide demand for sustainable energy production 
(Cheavegatti-Gianotto et al. 2011).

The sugarcane borer Diatraea saccharalis (Fab-
ricius, 1794) (Lepidoptera: Crambidae) is the most 
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important pest for the crop in Brazil, where it is 
widely distributed throughout the country, and in 
other parts of the world. Its caterpillars make gal-
leries inside the stalks, causing loss of biomass and 
sugar production, besides killing buds and facilitat-
ing fungal infections that cause juice contamination 
(Cheavegatti-Gianotto et al. 2011; Pinto and Trujillo 
2019; Pinto 2021). Several insecticides are registered 
for use against D. saccharalis in Brazil (AGROFIT 
2024) but control has been achieved mainly by inun-
dative releases of the larval parasitoid Cotesia flavi-
pes (Cameron, 1891) (Hymenoptera: Braconidae) 
(Cheavegatti-Gianotto et al. 2011; Pinto and Trujillo 
2019; Pinto 2021), which is marketed and also pro-
duced in several mill facilities.

Cotesia flavipes is a gregarious larval endopara-
sitoid of several genera of grass stalk borers of the 
family Crambidae. Adult C. flavipes females seek 
the host caterpillars inside the stalks using chemical 
cues and insert their eggs into them. Parasitoid larvae 
feed inside the host and, when completely developed, 
leave the caterpillar body to pupate outside, forming 
masses of cocoons attached to it. The host then dies, 
and the adult parasitoids leave the cocoons, mate, 
and restart the cycle (Pinto et al. 2021). It originated 
in Southeast Asia and Australia but has been intro-
duced worldwide for controlling Diatraea spp. (Pinto 
and Trujillo 2019; Pinto 2021). In Brazil, about 
3,000,000  ha of sugarcane are currently under con-
trol with C. flavipes (Costa-Lima et  al. 2019; Pinto 
and Trujillo 2019), which makes it the most released 
parasitoid in the country. However, when the control 
of D. saccharalis is done only by C. flavipes, at least 
two releases of the parasitoid are necessary during 
the harvest (Pinto and Trujillo 2019). The relatively 
slow reduction of the pest population by C. flavipes 
has encouraged research on its use in association with 
other biological control agents, such as entomopatho-
genic fungi and parasitoids (Rossoni et al. 2014; Pinto 
and Trujillo 2019; Oliveira 2022), which is also in 
good agreement with the integrated pest management 
philosophy.

Entomopathogenic nematodes (EPNs) have also 
been highlighted in the last decades as important 
biological control agents, mainly for cryptic pests 
(Andaló et al. 2019; Leite et al. 2019; Dolinski 2020). 
Infective juveniles (IJs) of EPNs from the genus Het-
erorhabditis actively seek out their hosts and enter 
their bodies, usually through natural openings such 

as the mouth, spiracles, and anus (Dowds and Peters 
2002; Andaló et al. 2019; Dolinski 2020). Once inside 
the host, the EPNs migrate to the hemocoel, releas-
ing symbiotic bacteria that produce toxins and kill 
the host through bacterial septicemia within 24–48 h. 
Nematodes then feed on the bacteria and decomposed 
host tissues, producing two–three generations inside 
the host body, depending on the food availability, and 
abandon the host cadaver to restart the cycle (Forst 
and Clarke 2002; Andaló et al. 2019; Dolinski 2020). 
Some studies have evaluated the control of sugar-
cane pests with EPNs (Leite et al. 2003; Bellini and 
Dolinski 2012), and the species Heterorhabditis bau-
jardi Phan, Subbotin, Nguyen and Moens, 2003 and 
Steinernema carpocapsae (Weiser, 1955) have shown 
promising results against D. saccharalis under green-
house conditions (Bellini and Dolinski 2012).

The integrated use of more than one natural enemy 
against a given pest is desirable. However, it can be 
deleterious when one species kills the other besides 
the pest (Pell et al. 2008). Interactions involving some 
control agents of sugarcane pests have been investi-
gated, such as the interaction of the entomopatho-
genic fungus Metarhizium anisopliae  with  the 
EPN  Heterorhabditis  bacteriophora Poinar, 1976 
(Acevedo et al. 2007); of the fungi M.  anisopliae and 
Beauveria bassiana with the parasitoid C. flavipes 
(Rossoni et al. 2014); of M. anisopliae and B. bassi-
ana with the parasitoids Palmistichus elaeisis Del-
vare and LaSalle, 1993, Tetrastichus howardi (Olliff, 
1893) and Trichospilus diatraeae Cherian and Mar-
gabandhu, 1942 (Hymenoptera: Eulophidae) (Ros-
soni et al. 2016); and of M. anisopliae and B. bassi-
ana with a granulovirus (Pauli et al. 2018). However, 
the interaction between C. flavipes and EPNs has yet 
to be studied. Therefore, the present work aimed at 
investigating the possible competition of the larval 
parasitoid C. flavipes and the EPN H. bacteriophora 
within the host D. saccharalis, as well as to determine 
a safe interval for application of both, allowing their 
integrated use in biological control programs.

Materials and methods

Insects and EPN obtainment

The sugarcane borer D. saccharalis and the parasi-
toid C. flavipes were provided by Fitoagro—Controle 
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Biológico Ltda., a commercial producer of biologi-
cal control agents located in Maceió, AL, Brazil. The 
sugarcane borer was reared on the artificial diet of 
Hensley and Hammond Jr (1968), and the parasitoid 
was multiplied on this host according to the meth-
odology described by Pinto (2021). The facility pro-
vided 14-day-old D. saccharalis caterpillars and one-
day-old mated C. flavipes adult females, ready to be 
used in the bioassays.

The EPN H. bacteriophora was obtained from 
the Collection of Entomopathogenic Nematodes of 
Embrapa Tabuleiros Costeiros, Unidade de Execução 
de Pesquisa de Rio Largo, located in Rio Largo, AL, 
Brazil. For bioassays, the nematode was multiplied in 
vivo on third to fifth instar caterpillars of the greater 
wax moth Galleria mellonella (L., 1758) (Lepidop-
tera: Pyralidae), which were reared on the diet of 
Guerra (1973).

EPN inoculum preparation

Nematode infective juveniles (IJs) were obtained 
using the methodology of Woodring and Kaya (1988). 
The G. mellonella caterpillars were inoculated with 
2  ml of a suspension containing approximately 
200  IJs in Petri dishes lined with a double layer of 
moistened filter paper. Petri dishes were sealed and 
kept in a Biological Oxygen Demand (BOD) chamber 
(25 ± 1 °C; 80 ± 5% RH and total scotophase) during 
nematode development and reproduction. After 5–7 
days from the death of caterpillars, IJs were recovered 
from the cadavers using White traps (White 1927) 
and stored in aqueous suspension at 12  °C until its 
use in the bioassays, which occurred within a maxi-
mum of 30 days after emergence. The inoculum was 
quantified immediately before EPN use. A volume of 
25 μl of the IJs suspension was poured into four-well 
ELISA plates with a micropipette and counted under 
a stereoscopic microscope. The average of the four 
wells (500 IJs per ml) was considered as the inoculum 
concentration. The mobility of IJs was also checked 
during counting.

Bioassays

To evaluate the possible competition between 
C. flavipes and H. bacteriophora within the D. 

saccharalis caterpillar body, we performed two 
experiments in which we initially inoculated D. 
saccharalis caterpillars with H. bacteriophora and 
then offered them to C. flavipes adult females for 
parasitism after different periods (experiment 1), 
and vice versa (experiment 2). However, when H. 
bacteriophora was inoculated before the parasitism 
by C. flavipes, it did not allow the development of 
the parasitoid (data not shown). So, such treatments 
were not considered in the present paper.

In the experiment 2, the treatments were as fol-
lows: D. saccharalis without parasitism nor inocu-
lation (T1); D. saccharalis only parasitized by C. 
flavipes (T2); D. saccharalis only inoculated with 
H. bacteriophora (T3); and D. saccharalis para-
sitized by C. flavipes and inoculated with H. bac-
teriophora immediately after, after three days, after 
six days, after nine days, and after 12 days (T4, T5, 
T6, T7 and T8, respectively). All treatments started 
with 14-day-old D. saccharalis caterpillars. For 
T1, the caterpillars were put in Petri dishes (five 
caterpillars per dish) lined with a double layer of 
moistened filter paper and pieces of the same arti-
ficial diet they were reared on and kept in a BOD 
chamber (25 ± 1  °C; 80 ± 5% RH and total sco-
tophase). In the following treatments (T2 to T8), 
after inoculation, parasitism, or both, all caterpil-
lars were kept in Petri dishes with diet at the same 
conditions described for T1. For T2, caterpillars 
were individually exposed to a one-day-old mated 
C. flavipes adult female for parasitism until stinging 
visualization. For T3, caterpillars were inoculated 
with 2  ml of the IJs suspension (500  IJs  per  ml; 
1,000 IJs per dish), applied on the filter paper. From 
T4 to T8, all caterpillars were exposed to parasitism 
as described for T2 and then inoculated with IJs as 
described for T3 at the different periods (immedi-
ately after, after thee days, after six days, after nine 
days, and after 12 days, respectively).

Dishes were checked daily for mortality records. 
After four days from death, the cadavers were dis-
sected to confirm the presence of the parasitoid, 
nematode, or both. We considered that if the natu-
ral enemy was present it was responsible for the 
mortality, since this is what happens in the field. In 
the case that both were present, they were together 
considered responsible for the mortality. Caterpil-
lars from T1 and T2 were dissected at the end of the 
experiment. We calculated the mean mortality by 
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parasitoid, mortality by parasitoid with pupal mass 
formation, mortality by nematode, and mortality by 
both parasitoid and nematode.

Experimental design and statistical analysis

The experiment followed a completely randomized 
design, with eight treatments and 20 replications 
each. A set of five caterpillars was considered as one 
replication. Data were submitted to ANOVA and 
mean mortalities were compared to each other by 
Tukey’s test (P = 0.05). The statistical software used 
was GENES (Cruz 2013, 2016).

Results

There was no mortality in the control (T1—D. sac-
charalis caterpillars without C. flavipes parasitism 
nor H. bacteriophora inoculation), which signifi-
cantly differed from all others (Table  1). The total 
mortality of D. saccharalis caterpillars caused solely 
by C. flavipes (T2) or H. bacteriophora (T3) differed 
from the control. When D. saccharalis caterpillars 
were parasitized by C. flavipes and inoculated with 
H. bacteriophora at different times (T4 to T8), total 
mortality was not different from that of the biological 
control agents solely (T2 and T3), but from the con-
trol (T1). Mortality in T5 was statistically different 

from T8 and T1 but not from the other treatments 
(F7, 152 = 54.27; P < 0.0001).

When the presence of the death-causing agent was 
confirmed, the nematode was shown to be the only 
responsible for caterpillar mortality in the treatments 
it was applied solely (T3), applied on the same day 
of parasitism (T4), and applied in the 3rd day after 
parasitism (T5) (Table  1). When the nematode was 
applied on the ninth and the 12th days after parasitism 
(T7 and T8, respectively), it did not cause caterpillar 
mortality (F7, 152 = 300.07; P < 0.0001). Parasitoid and 
cocoon mass formation were found in the treatment 
with no nematode inoculation (T2), when parasit-
ism occurred nine days before inoculation (T7), and 
when parasitism occurred 12 days before inoculation 
(T8) (F7, 152 = 37.68; P < 0.0001). Nematode + para-
sitoid was the main cause of mortality when nema-
tode was applied on the 6th day after parasitism (T6) 
(F7, 152 = 94.85; P < 0.0001).

Dissection of dead D. saccharalis caterpillars from 
T6 revealed that H. bacteriophora had infected C. 
flavipes larvae (Fig 1a) inside the caterpillar body. In 
T7, there was parasitoid cocoon mass formation, indi-
cating mortality by parasitoid, but caterpillar cadavers 
also showed a reddish color, characteristic of infec-
tion by EPNs of the genus Heterorhabditis. When 
dissecting parasitoid pupal cocoons, we found that the 
nematode also infected parasitoid pupae, which could 
be seen by the same reddish color (Fig 1b).

Table 1   Causes of mortality (mean ± SE) of D. saccharalis caterpillars submitted to parasitism by C. flavipes, inoculated with H. 
bacteriophora, or both, after different periods (25 ± 1 °C; 80 ± 5% RH and total scotophase)

Means followed by different letters in the columns are significantly different by Tukey’s test (P < 0.05)
a No parasitism or inoculation (T1); Parasitism by C. flavipes only (T2); Inoculation with H. bacteriophora only (T3); Parasitism by 
C. flavipes and inoculation with H. bacteriophora in the same day, after three days, after six days, after nine days, and after 12 days 
(T4, T5, T6, T7 and T8, respectively)

Treatmenta Cause of mortality (%)

C. flavipes C. flavipes (cocoon mass) C. flavipes + H. 
bacteriophora

H. bacteriophora Total

T1 0.00 ± 0.00c 0.00 ± 0.00c 0.00 ± 0.00c 0.00 ± 0.00c 0.00 ± 0.00c
T2 36.00 ± 6.09b 52.00 ± 5.51a 0.00 ± 0.00c 0.00 ± 0.00c 88.00 ± 3.04ab
T3 0.00 ± 0.00c 0.00 ± 0.00c 0.00 ± 0.00c 88.00 ± 3.37a 88.00 ± 3.37ab
T4 0.00 ± 0.00c 0.00 ± 0.00c 0.00 ± 0.00c 84.00 ± 3.11ab 84.00 ± 3.11ab
T5 2.00 ± 1.38c 0.00 ± 0.00c 0.00 ± 0.00c 76.00 ± 3.73b 78.00 ± 4.08b
T6 9.00 ± 4.92c 0.00 ± 0.00c 72.00 ± 5.51a 6.00 ± 3.58c 86.00 ± 3.58ab
T7 58.00 ± 6.31a 11.00 ± 4.22bc 16.00 ± 4.72b 0.00 ± 0.00c 85.00 ± 3.20ab
T8 73.00 ± 5.08a 21.00 ± 4.92b 1.00 ± 1.00c 0.00 ± 0.00c 95.00 ± 2.86a
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There was an increase in mortality by C. flavi-
pes with or without cocoon mass formation and, 
inversely, a decrease in mortality by H. bacterio-
phora as the time of EPN application after parasitism 
advanced. The mortality caused by C. flavipes + H. 
bacteriophora increased until the 6th day after parasit-
ism when it reached the highest value and decreased 
again. The highest mortality rate caused by C. flavi-
pes was obtained with EPN application on the 12th 
day after parasitism, and the highest mortality rate by 
H. bacteriophora was obtained when it was applied 
on the same day of parasitism.

Discussion

Our control was evaluated when the borers were 
28 days old, and there was no mortality. At this time, 
all insects had reached the pupal stage or adulthood 
and were alive, which is consistent with the mean 
developmental period of this species in artificial 
diet (King et  al. 1975; Costa et  al. 2010; Echeverri-
Rubiano et al. 2022). Mortality caused by C. flavipes 
was considered high when applied solely (T2) or nine 
(T7) and 12 (T8) days before H. bacteriophora inocu-
lation. According to Pádua (1983), the age when cat-
erpillars were submitted to parasitism (14  days old) 
is suitable due to the high fat and water content in its 
tissues. In all treatments with H. bacteriophora, the 
D. saccharalis caterpillars died within two days after 
inoculation. We did not go forward to inoculation on 
the 15th day after parasitism because, at this time, D. 
saccharalis caterpillars were already dead, some of 

them with cocoon mass formation or even with adult 
parasitoids emerged.

Results from T4 to T8, in which D. saccharalis 
caterpillars were submitted to both C. flavipes and 
H. bacteriophora, showed intraguild competition 
between the parasitoid and the EPN. When H. bac-
teriophora was inoculated at the same time (T4) or 
on the 3rd day after parasitism by C. flavipes (T5), 
the nematode prevailed and was the only or the main 
cause of caterpillar mortality, showing that it is more 
aggressive than the parasitoid. When H. bacterio-
phora was inoculated six days after parasitism by C. 
flavipes (T6), both natural enemies were able to 
develop and were found together in most of the dead 
D. saccharalis caterpillars.

The infection of C. flavipes larvae and pupae by 
H. bacteriophora showed that the EPN has an advan-
tage over the parasitoid, impairing its development 
and leading it to death. Even being generally con-
sidered beneficial organisms, EPNs can eventually 
impair beneficial insects, such as parasitoids (Akhurst 
and Smith 2002). After the inundative application of 
EPNs, there is an impact associated with their non-
selectivity, as these organisms are able to infect sus-
ceptible non-target species at the time of their appli-
cation (Atwa et  al. 2013). The interference of EPNs 
from the families Heterorhabditidae and Steinerne-
matidae on the development of endoparasitoid wasps 
from the families Braconidae and Ichneumonidae has 
been documented in the literature (Kaya 1978; Kaya 
and Hotchkin 1981; Shannag and Capinera 2000). 
Everard et al. (2009) also found that, when the EPN 
Heterorhabditis downesi Stock, Griffin and Burnell 

Fig. 1   Entomopathogenic nematode H. bacteriophora infect-
ing the larval parasitoid C. flavipes in sugarcane borer D. sac-
charalis caterpillars. a H. bacteriophora infecting C. flavipes 
larvae inside D. saccharalis caterpillars when the nematode 

was inoculated six days after parasitism. b C. flavipes pupae 
normal (right), normal within cocoon (left), and with reddish 
color (center), characteristic of the infection caused by EPNs 
of the genus Heterorhabditis. Scalebars = 2.0 mm
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was applied on the braconid parasitoid Bracon hylobii 
Ratz. (Hymenoptera: Braconidae) feeding on larvae 
of the weevil Hylobius abietis L. (Coleoptera: Cur-
culionidae), the EPN infected the parasitoid larvae, 
and there was a reduction in cocoon formation and 
fewer cocoons eclosed. The EPN belongs to the same 
genus, and the parasitoid belongs to the same family 
as those of the present study. However, B. hylobii is 
an ectoparasitoid, so the parasitism occurred outside 
the host pest body.

On the other hand, when the EPN was inocu-
lated during the late larval stage of the parasitoid, 
in the ninth and 12th days after parasitism (T7 and 
T8, respectively), the parasitoid was able to develop 
within the host’s body, being the main cause of cat-
erpillar mortality. Parasitoids may die of starvation 
when the quality of the host is reduced by nematode 
infection. Besides this, when the IJs encounter the 
parasitoid larvae developing inside the host, they can 
also enter its body like they do with the host pest. 
However, there seems to be a development threshold 
beyond which EPN can no longer impair the parasi-
toid’s development. It is possible that when parasi-
toids are in an advanced developing stage, they have 
consumed most of the host resources, and the nema-
tode and its symbiotic bacteria cannot reproduce.

It was evident that C. flavipes and H. bacterio-
phora interfere with the development of each other 
within D. saccharalis. If the EPN infests the host 
before, the parasitoid is killed by it. On the other 
hand, if the parasitism occurs early, the nematode 
and its symbiotic bacteria do not have enough food to 
develop. In any case, the combined application results 
in a waste of resources.

Our results showed that C. flavipes development 
and parasitism in D. saccharalis are not impaired if 
H. bacteriophora is applied 12 days after parasitism. 
This is approximately the same duration of the nema-
tode cycle inside the host (Neves et al. 1998; Andaló 
et al. 2019). However, our experiment was carried out 
with a parasitism/inoculation pressure higher than 
expected in the field. The dose we applied in the labo-
ratory was 500 nematode IJs  per  ml and the manu-
facturer’s recommended dose for the field results in 
approximately 114,000 IJs per ml. All IJs applied in 
the laboratory are potentially able to infect the cat-
erpillars. On the other hand, field application is cur-
rently addressed to the planting furrow and the vast 
majority of the nematodes will not be in contact with 

the D. saccharalis caterpillars. Additionally, under 
field conditions, EPN pathogenicity is thought to be 
reduced, mainly in tropical regions, due to the sen-
sitivity to high temperature and other environmental 
conditions, which affects IJs metabolic processes, 
such as the rate of nutritional reserves use, mobility, 
survivorship, and capacity of infection, development, 
and reproduction (Dunphy and Webster 1986; Kaya 
and Gaugler 1993; Glazer 2002; Andaló et al. 2019; 
Dolinski 2020), and also to natural enemies and other 
antagonists (Kaya 2002). Furthermore, the IJs that 
abandon the host cadaver would be inside the bor-
ers galleries in the sugarcane stalk and would hardly 
find another caterpillar infested by C. flavipes. Con-
sequently, the adult parasitoids that emerged from the 
cocoons would hardly find another caterpillar already 
infected by H. bacteriophora. Thinking of a strategy 
that both biocontrol agents could be used in order that 
one will kill the insects that escaped from the other, 
the safe interval for both is more than 12 days, inde-
pendent of which would be applied before, because 
at this time substantial number of wasps may still be 
active in the field with potentially detrimental effects.

Although there are no products based on EPNs 
registered for the control of D. saccharalis in Bra-
zil, biopesticides based on H. bacteriophora were 
recently launched, registered for the control of sev-
eral pests, including the weevil Sphenophorus levis 
(Vaurie, 1978) (Coleoptera: Curculionidae) in sug-
arcane (AGROFIT 2024). Thus, the present study 
brings essential initial information regarding pest 
management in this crop since both biological control 
agents studied here may be present simultaneously in 
the sugarcane fields. Knowing their interaction is an 
essential condition for the definition of control strate-
gies for the target pests. However, it is still necessary 
to understand the dynamics of the interactions under 
field conditions in order to validate the best strategy 
for applying these biocontrol agents in the sugarcane 
crop.

In conclusion, we have found that there is intragu-
ild competition between the parasitoid C. flavipes and 
the EPN H. bacteriophora in the parasitism of D. 
saccharalis. Heterorhabditis bacteriophora is able to 
develop inside the host only if it is inoculated until six 
days after the parasitism by C. flavipes, and C. flavi-
pes can develop inside the host only if H. bacterio-
phora is inoculated from  nine days after parasitism. 
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The safe interval between applications is more than 
12 days for integrating both biocontrol agents.
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