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Entomopathogenic fungi as endophytes:
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It is now evident that entomopathogenic fungi are able
to colonize plant tissues as symptomless endophytes.
Although most data so far published in this regard
refer to Beauveria bassiana as an endophytic fungus,
two other entomopathogenic fungi, viz. Metarhizium
anisopliae and Lecanicillium lecanii have also been
shown to colonize plant tissues endophytically. Several
recent studies have also shown reasonable detrimental
effects on herbivorous insects feeding on plants har-
bouring these fungi as endophytes. However, data
published so far are highly variable and not consistent
with regard to the underlying mechanisms which
would allow explaining these effects. Growth condi-
tions, specific cultivar features, or interactions with
other microorganisms may impact the effect of these
endophytic entomopathogenic fungi on the herbivo-
rous insects. Furthermore, other fungi may block the
systemic growth of the fungi in plant parts distant to
the point of inoculation. Other parameters which need
to be taken into account for using these fungi as bio-
control agents are the level of mycotoxins produced in
plants, the level of pest reduction and the nature of
formulations allowing a consistent colonization of the
crop plants. This review discusses these and other
problems related to the use of entomopathogenic fungi
as endophytic biocontrol agents.

Keywords: Beauveria bassiana, biocontrol, coloniza-
tion, Metarhizium anisopliae, Lecanicillium lecanii.

Introduction

PLANTS are commonly colonized by a wide range of en-
dophytic microorganisms, such as bacteria and fungi'”.
Endophytes, a term first introduced by de Barry in 1866
(ref. 3), colonize internal plant tissues for at least a part
of their life cycle without causing visible disease symp-
toms (i.e. retarded growth, discolouration, lesions, etc.)
visible from the outside’. Although widespread and diverse
in both natural and agricultural ecosystems® and present
almost in all plant organs®, the role of endophytes in

*For correspondence. (e-mail: svidal@gwdg.de)

46

shaping plant—environment interactions, especially plant—
herbivorous insect interactions, has not been adequately
appreciated. A few studies indicate that fungal endo-
phytes may provide protection against herbivorous
insects®, plant diseases’*®, or plant parasitic nematodes’.

Endophytic fungal species comprise the well-studied
Clavicipitaceous grass endophytes, which form an inti-
mate association with their host plants because of vertical
transmission of the endophytic fungus via the seeds and
the production of specific alkaloids toxic to insects (class
I endophytic fungi'®). Much more abundant are the less
specialized endophytes colonizing either above- or below-
ground host plant tissues. Most species of entomopatho-
genic fungi belong to two divisions — Zygomycota and
Ascomycota — and so far only in the latter division ento-
mopathogenic species have been reported as endophytes
in the order Hypocreales''. According to Rodriguez et
al.'®, entomopathogenic endophytes should be classified
as Class II endophytes, because they have been found co-
lonizing both above- and below-ground tissues of their
respective host plants'*".

The endophytic growth of Beauveria bassiana (Bal-
samo-Crivelli) Vuillemin (BB) in corn has already been
reported by Bing and Lewis'*"’. These authors not only
proved the endophytic colonization of corn plant tissues
by this fungus, but also found a higher mortality of larvae
of the European corn borer (Ostrinia nublialis Hbn.)
when feeding on the plants endophytically colonized by
this fungus. Surprisingly, these data did not immediately
prompt additional studies into these specific plant—
entomopathogenic fungus interactions.

Interest in the use of this life-history trait of entomopa-
thogenic fungi aiming at exploiting it for biological con-
trol strategy against pest insects of crop plants has gained
more interest only in the recent years. Since the beginning
of this century evidence accumulated that the findings of
Bing and Lewis'*'” were not outliers, but a common fea-
ture of these entomopathogenic fungi. The endophytic
growth of BB is a common feature in corn cropping sys-
tems in USA. Although highly variable, the natural colo-
nization of corn stalks in different US federal states
ranged from zero to more than 60% of plants sampled'®,
implying that entomopathogens as endophytes' may be
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quite common in other crop plants as well. For example,
seeds of a common cultivar of oilseed rape grown in
Germany, regularly contain a strain of BB (Jacobs-
Schonwand, pers. commun.). Since the benchmark papers
by Lewis and co-workers, many others were able to iso-
late entomopathogenic fungi and establish them either
naturally or by artificial inoculation in many different
plant species. Zimmermann'’ compiled papers reporting
BB as an endophyte in a few plant species. Since then,
there have been sporadic reports of BB, Lecanicillium le-
canii (Zimmermann) Gams and Zare (LL), or
Metarhizium anisopliae (since the revision of the genus
Metarhizium spp.'® it became apparent that this genus
comprises more species than previously recognized. For
convenience, I keep the old name M. anisopliae, although
several studies from the past decades may in fact refer to
other valid species within this genus) (Metchnikoff) So-
rokin (MA) being able to grow endophytically in differ-
ent host plants'®?’. Plant species harbouring BB include
cocoa’!, coffee’?, banana®, date palm24, sorghumlz, opium
poppy”’, cotton, pumpkin and wheat, pine trees”’, jute®®,
common bean® and artichoke™.

There is growing evidence that most, if not all, ento-
mopathogenic fungi are able to colonize tissues of at least
some plant species. Depending on the plant species and
the specific isolate of the endophytic entomopathogenic
fungus (EEPF), these interactions could be beneficial to
both the plant and the fungus, neutral or even antagonistic.
This article aims to summarize the information on the
extent of colonization of different plant parts by EEPF
and also addresses the influence of such colonization on
plant host metabolism. Recent findings on the preference
and performance of herbivorous insects on these plants
will be reviewed. Options and problems using these EEFs
within biocontrol strategies will be discussed.

Colonization of plants by endophytic
entomopathogenic fungi

The penetration and growth of an entomopathogenic
fungus (BB) isolate into plant tissues were described for
the first time in detail by Wagner and Lewis’'. Briefly,
conidia form germ tubes, which gradually elongate into
hyphae, enter the plants via either natural openings or
directly with the aid of enzymes and mechanical pressure
through the epidermal cell walls. With regard to insects,
the infection processes constituting adhesion and germi-
nation of conidia, and appressorium differentiation are
closely linked to fungistatic and nutritional compounds
found in the insect cuticle®®. Whether specific compounds
on the plant surface also contribute to the incidence of
endophytic colonization of entomopathogens in fungus—
plant interactions has so far not been investigated in detail.
Inside the maize plants, the hyphae grow through the
air spaces between parenchyma cells, and sometimes also
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within xylem vessels. Though the potential of a systemic
growth of the hyphae from leaves to stalks leading to
colonization of entire plants was suggested’', this
hypothesis was not corroborated in sorghum plants where
application of endophytic BB inoculum via the leaves did
not result in colonization of the roots when the plants
were grown in non-sterile soil, sterile soil or vermicu-
lite'2. Given these findings, it can be speculated that a
systemic colonization of plant tissues is facilitated by
acropetally growing hyphae when plants are colonized
via the seeds or the roots. On the other hand, the highest
colonization rates were found in plants grown in sterile
soil or in vermiculite, pointing to the importance of the
rhizosphere environment crucial for the initial establish-
ment of the endophyte'?. The growth of the hyphae within
opium poppy tissues has also been described by Landa et
al.*®. They reported a pronounced decrease in the coloni-
zation of inner tissues in poppy plants after 10—15 days,
following an inoculation of the fungal isolate via the leaf
surfaces. When applied on the leaf surfaces, colonization
rates of conidia were low and formation of appressorium-
like structures was not found®'**. Interestingly, MA
isolates seem to be less capable of colonizing different
plant species. Akutse et al.”> were not able to establish
infection by MA isolate ICIPE30 in Vicia faba or
Phaseolus vulgaris cultivars by soaking seeds in a conid-
ial suspension of 10° for 2 h. On the other hand, Batta®
reported a high recovery rate of a MA isolate applied
onto leaves of an oilseed rape cultivar, both from leaves
(not previously inoculated) or petioles (>70%) and stems
(>30%) after 4 weeks and high colonization rate of two
MA isolates was also observed in roots of faba beans’’.
Gurulingappa et al.*® were not able to establish L. lecanii
or BB in roots, stems or leaves of wheat and cotton when
the inoculum was applied directly in the soil. The highest
post-inoculation recovery was reported when coffee
plants were inoculated with a BB isolate by direct injec-
tion®”. Taken together, these data provide evidence that
fungal isolate—host plant interactions play an important
role for the potential establishment of the entomopatho-
gens in the plants; successful colonization may depend on
a specific character of the cultivars used and may be enhan-
ced when soil conditions provide an ‘enemy-free space’.
In our study, for evaluating the potential of BB isolates
to grow endophytically in crop plants, we used 14 differ-
ent BB isolates or strains isolated from different herbi-
vore species and in different regions of the world (Table 1),
to systematically test their potential to colonize oilseed
rape (Brassica napus var. Favorite, DSV — Reinsaat KG,
Germany) or faba bean (cultivar Hangdown Griinkernig,
Gevo — Germany) plants. For each isolate/strain, a stock
suspension was prepared in sterile 0.1% Tween 80 solu-
tion containing about 1 x 10°® conidia ml™' and 4 ml of
this suspension was applied to the upper and lower sur-
face of two opposite leaves assigned on each B. napus
plant, and to the third leaf pair on each V. faba plant.
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Table 1.

Beauveria bassiana isolates/strains screened for endophytic establishment in Brassica napus and Vicia faba

Isolate/strain® Geographic origin

Insect host®

Plant host®

Coffee berries Coffea arabica L. (N)*
Opium puppy Papaver somniferum L. (I)**

Sorghum Sorghum spp. (I)"

Bb03032 Colombia -
EABb04/01-Tip* Spain Stem—borer Timaspis papaveris (Kieffer) larva
ATPO1 Ethiopia Stem borer Busseola fusca (Fuller) -
ATP02 Ethiopia Stem borer Busseola fusca (Fuller)
ATPO3 Ethiopia Sorghum chafer Pachnoda interrupta (Olivier) -
ATP04 Ethiopia Sorghum chafer Pachnoda interrupta (Olivier) -
ATPOS5 Ethiopia Sorghum chafer Pachnoda interrupta (Olivier) -
Bb64 Austria Codling moth Cydia pomonella L. larva -
Bbl101 The Netherlands Black vine weevil Otiorhynchus sulcatus (Fbr.) adult -
Bbl135 Germany European spruce bark beetle Ips typographus L. adult -
Bb1022* Canada Pine shoot moth

Rhyacionia buoliana (Schiff.)
Bb1025* Canada Insect (unidentified)
Bb1555* Canada -

Naturalis® (strain
ATCC74040-based USA
bioinsecticide)

Dead leaf (unidentified)

Cotton boll weevil Anthonomus grandis (Boh.) -

*Only isolates that have been characterized by molecular or biological means from other studies are referred to as strains (marked with an asterisk)
®Insect host from which the isolate/strain was originally isolated. °Plant host on which the isolate/strain has been reported as an endophyte.
YAn (N) or (I) following the host plant indicates whether B. bassiana was reported as a naturally occurring endophyte (N) or introduced into the

plant via artificial inoculation (I).

Plants in the control treatment received the same amount
of sterile 0.1% Tween 80 solution applied in the same
manner. Each treatment was replicated 10 times. Seven
days after inoculation, plant colonization by different iso-
lates/strains of BB was determined through re-isolation of
the fungus from surface-sterilized, inoculated leaves us-
ing a method described previously”. Twelve leaf discs
(approximately 2 mm?) per plant replicate were cut from
surface-sterilized, inoculated leaves using a sterile cork-
borer. Thus, a total of 120 leaf discs were obtained per
treatment combination. Leaf discs were evenly plated
onto BB selective medium®® in 55 mm petri dishes. In or-
der to determine whether the surface-sterilization method
was successful in eliminating epiphytic microorganisms
or BB spores remaining viable on the leaf surfaces, 20 pl
aliquot from 10~ dilution of the final rinse water was
plated onto petri dishes containing the selective medium.
The petri dishes were sealed and incubated for two weeks
at 25°C, after which all leaf discs were examined visually
for fungal growth. BB was identified based on morphol-
ogy and microscopic observations®. For each isolate/
strain, per cent colonization was calculated using the
formula: % colonization = number of leaf discs showing
BB outgrowth divided by the total number of incubated
leaf discs x 100 (ref. 41).

All screened BB isolates/strains, except Bbl101 and
Bb1555, were able to colonize inoculated leaves of oil-
seed rape and faba bean plants (Table 2). Colonization
significantly varied among the screened isolates/strains
within each host plant (F4,70 = 70.060; P < 0.0001). For
example, colonization of B. napus by BB was signifi-
cantly higher when the plants were inoculated with iso-
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lates/strains ATP02, ATP04, and ATCC74040 (BB-based
Naturalis®) in contrast to ATP05, Bb03032, Bb1022 and
Bb1025 (P<0.05; Tukey’s HSD test with Bonferroni
correction for multiple testing; Table 2). On the other
hand, colonization of V. faba plants by ATP02 was
significantly higher than that by ATP03, ATPOS,
Bb03032, and ATCC74040 (BB-based Naturalis®;
P <0.05). Isolates ATPO3 and strain ATCC74040 (BB-
based Naturalis®) colonized B. napus plants more consis-
tently than V. faba plants, while strains Bb1022 and
Bb1025 colonized V. faba plants better than B. napus
plants (P < 0.05).

Influence of endophytic entomopathogens
on herbivorous insect performance

Information available so far on the effect of an endo-
phytic entomopathogenic fungus on the performance of
eggs, larvae or adults of herbivorous insects is inconsis-
tent. Lepidopteran larvae (Ostrinia nubilalis or Sesamia
calamistis) exhibit reduced tunnelling in corn and sor-
ghum plants inoculated by BB isolates'*****; however,
mycosis was not observed (or not reported) in these stud-
ies, indicating an indirect effect of the fungal colonization
of plant tissues on larval performance (Table 3). In
banana inoculated with a BB isolate, banana root borer
larvae exhibited a higher mortality, and both eggs and
adults showed mycosis*’. Inoculation of opium poppy
with endophytic BB reduced larval abundance of the gall
wasp [lraella luteipes up to 73%, although without any
mycosis®. These authors® also reported that the poppy
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Table 2. Colonization (%) of B. napus and V. faba plants by 14 B. bassiana isolates/strains seven days after in-

oculation of plants with a sterile 0.1% Tween 80 conidial suspension containing 1 x 10% conidia ml™" of each iso-

late/strain. Control plants were treated with sterile 0.1% Tween 80 solution. Colonization (%) represents the
number of colonized segments divided by the total number of cultured segments x 100

Colonization (%) £ SE

Treatment
Beauveria bassiana isolate

Brassica napus

Vicia faba

ATPO1

ATP02

ATP03

ATP04

ATPO05

Bb03032

EABbD04/01-Tip

Bb64

Bb101

Bb135

Bb1022

Bb1025

Bb1555

Naturalis® (strain ATCC 74040-based
bioinsecticide)

Control

76.36 £9.01 A*, abc”
9273 £227A,a
61.82 £9.17 A, be
89.09 +3.26 A, ab
53.64 £ 10.18 A, ¢
5546 £ 550 A, ¢
71.82 £ 5.15 A, abc
70.91£9.66 A, abc
00.00 £0.00d
64.04 £ 7.67 A, be
54.55 383 A, ¢
52.73 £ 4.66 A, ¢
00.00 £0.00d
83.64 £ 227 A, ab

00.00 +0.00 d

83.64 £ 3.79 A, ab
91.82 £2.12A,a
3636 £ 7.17B, ¢
88.18 £ 3.61 A, ab
69.09 =492 A, b
68.18 733 A,b
79.09 543 A, ab
81.82 £3.03 A, ab
00.00 + 0.00 d
75.46 £ 3.85 A, ab
78.18 + 4.54 B, ab
7273 £7.55B, ab
00.00 + 0.00 d
68.18 =529 B, b

00.00 +0.00 d

“Different uppercase letters refer to means (+ SE) significantly different within rows; different lowercase letters
refer to means (+ SE) significantly different within columns (P < 0.05, Tukey’s HSD test with Bonferroni correc-

tion for multiple testing after two-way ANOVA).

plants were colonized by the endophyte following seed
treatment throughout the growth of the plants from the
rosette stage via the capsule formation to the seeds of the
second generation'’. Larvae of the leaf mining fly Lirio-
myza huidobrensis suffered significantly when develop-
ing on BB endophyte-inoculated faba or common bean
plants, resulting in less pupation; moreover, emergence of
adults from pupae developing on inoculated plants was
reduced. However, mycosis was never observed in more
than 6000 cadavers recovered from inoculated faba
plants®®. Gurulingappa et al.*® were able to establish both
L. lecanii and BB in cotton, wheat, bean, tomato, corn and
pumpkin plants when these crops were inoculated via the
leaves; but recovery rates in almost all cases significantly
declined within three weeks after the initial inoculation.
A significantly reduced reproduction rate was reported
in two aphid species (Aphis fabae and Acyrthosiphon
psium) confined on the leaves of faba plants, inoculated
by soaking seeds in a spore suspension of two BB and MA
isolates (additionally tested endophytic fungi not dis-
cussed here). Colonization of the roots, though variable,
was reported to be over 95% after one month, but systemic
growth into aerial parts of the plants was not assessed’’.
In most of the studies published so far on endophytism
of entomopathogenic fungi, mycosis has either not been
tested or not observed (Table 3). Mycosis of herbivore
developmental stages feeding on inoculated banana plants
has been reported with more than 60% mycosed adults®.
Mycosed larvae of Helicoverpa zea were also reported
from BB-inoculated tomato plants, but no difference in
acute larval mortality or longevity was found*. Thus, the
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mode of action of EEPFs in most of the studies remains
obscure.

We tested the virulence of endophytic BB strains on
third instar larvae of the American bollworm (Helicoverpa
armigera), using inoculated faba bean plants, a host plant
species for this herbivore. Only BB strains/isolates that
were able to endophytically colonize faba plants (Table
2) were used in this study. Plants were treated as described
above and seven days past-inoculation, a clip-on cage
containing a single larva was attached to one of the leaf-
lets of the uninoculated fourth leaf pair of each plant to
ensure that any effect against the introduced larvae was
ensuing from fungal growth within plant tissues. The lar-
vae were monitored daily and the time taken for them to
die was recorded. In cases where almost all leaf material
within the cage was consumed, the clip-on cage contain-
ing the larva was moved to the adjacent leaflet of the
fourth leaf pair and kept on the plant until death or pupa-
tion. Dead larvae were transferred to petri dishes lined
with moistened filter paper to monitor outgrowth of the
respective BB isolate/strain. Mycosis of larval cadavers
(i.e. cadavers showing external mycelial growth) was
monitored daily for 14 days.

While all H. armigera larvae fed upon plants of the
control treatment remained alive until pupation, larval
mortality was observed on faba plants inoculated with the
fungus in all other treatments (Table 4). However, only
plants inoculated with the isolates ATPO1, ATP02, and
Bb03032 resulted in a significantly higher larval mortality
compared to control plants (one-way ANOVA, P < 0.05;
Tukey’s HSD test with Bonferroni correction). While
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Table 4. Virulence of 12 B. bassiana endophytic isolates/strains against third instar Helicoverpa armigera
larvae fed on leaves of inoculated V. faba plants

Parameter sampled + SE

Treatment

B. bassiana isolate

Mortality (%)

Mycosis (%)

Survival time (days)

ATPO1 70.00 £ 0.11 ab”
ATPO02 85.00 £0.08 a
ATPO3 10.00 £0.07 cd
ATP04 30.00 £ 0.11 bed
ATPOS 40.00 £0.11 abed
Bb03032 55.00 £0.11 abc

EABb04/01-Tip
Bb64

45.00 £0.11 abed
40.00 £0.11 abed

Bb135 25.00 £ 0.10 bed
Bb1022 30.00 £ 0.11 bed
Bb1025 35.00 £ 0.11 bed

Naturalis® (strain ATCC74040-
based bioinsecticide)

Control

25.00 £ 0.10 bed

00.00 +0.00 d

00.00 £ 0.00 b

100.00 +0.00 a

00.00 £ 0.00 b
1676 £0.17 b
37.50+0.18 b
54.55+0.16a
66.67+0.17 a
50.00 £0.19 ab
40.00 £0.25 ab
00.00 £ 0.00 b
28.57+0.18b
22.22+0.15b

00.00 £ 0.00 b

1036 £0.82 b
6.41 £0.58 a
23.5+1.50 cd
21.33+£0.67 cd
20.63 £0.59 cd
18.64 £0.64 ¢
19.11 £0.63 ¢
2025+0.59¢
20.80 £ 0.66 cd
21.00 £0.97 cd
2029 +£0.67 ¢
21.11 £ 0.68 cd

24.60 +0.83 d

*Means (£ SE) followed by the same letter within a column are not significantly different at P < 0.05 (Tukey’s

HSD test with Bonferroni correction for multiple testing).

none of the larval cadavers collected from plants inocu-
lated with isolates/strains ATPO1, ATP03 and BB1022
displayed BB mycosis, between 16.76 and 100% of the
cadavers recovered from plants inoculated with the
remaining isolates/strains showed mycosis (Table 4).
Survival time varied significantly among larvae fed upon
plants inoculated with different BB isolates/strains (one-
way ANOVA, Fip99 = 60.847; P <0.0001). Isolate ATP02
followed by isolate ATPOl1 caused significantly earlier
larval mortality compared to the remaining isolates/
strains (Table 4).

Endophytic entomopathogenic fungi—host
plant—herbivorous insect interactions

Although it is known that entomopathogenic fungi could
colonize plants endophytically, many questions regarding
this specific endophyte—plant interaction remain to be
answered. The high variability of the results reported
above (Tables 2 and 4) calls for a more holistic approach
to understand these plant—fungus interactions.

At least several isolates of BB are able to grow endo-
phytically in both monocotyledonous and dicotyledonous
angiosperms as well as in gymnosperms. Whether MA or
LL isolates are also able to grow in a diverse array of dif-
ferent plant classes and divisions still remains to be
tested. The results from the tests with 14 different BB
isolates reported above indicate that a high variability,
both in colonization efficiency and in adverse effects on
herbivorous insects, can be expected. Specific plant spe-
cies (or even cultivar) — EEPF relationships may in one
instance result in a high colonization incidence, whereas
in other cases only low or even no colonization of plant
tissues may be found. The role of the inoculation meth-
odology and environmental conditions which the plants
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are exposed to, already addressed above, may also play a
crucial role in these interactions. These specific condi-
tions have not been taken into account in most of the
studies published so far, and we hypothesize that climatic
conditions and the nutritional status of the plants may
also contribute to the incidence of successful establish-
ment of EEPFs. Given the low colonization rate of a BB
endophyte in plant tissues®®, host plants may also upregu-
late their defence metabolism, perceiving the endophytic
organisms as adverse intruders.

It has already been pointed out previously that hardly
any information exists on interactions between endo-
phytic fungi and other ecological groups of fungi
co-occurring in the same plant tissues*’. Plants are com-
monly colonized by a diverse array of endophytic organ-
isms*. It can therefore be expected that antagonistic
interactions between these fungi are the rule rather than
the exception. When EEPFs are starting to grow systemi-
cally from the point of inoculation to other plant parts,
they inevitably have to confront other fungi already
established. Since studies so far most probably have not
used axenic plants, they are highly likely to already har-
bour endophytic fungi at the time of executing the
experiments, thus adding a component of interspecific in-
teraction to the already complex set-up in these experi-
ments. In line with this hypothesis, a recent paper by Yan
et al.*¥’ reported almost no systemic growth of endophytic
fungi in Silene dioica (L.) Clairv., a non-mycorrhized
forb, because most of the fungi were starting to exhibit
antagonistic interactions when plated together in a kind of
competitive setting on a growth medium.

Recovery of EEPFs from inoculated plants is taken as
evidence for their active colonization of the plant tissues
above or below the point of inoculation. However, in
most of the studies demonstrating an antagonistic activity
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of EEPFs to herbivorous insects, mycosis has not been
observed. In these cases the effect of the EEPF may have
been mediated by a change in the metabolism of the host
plant or by the activation of specific metabolites, aiming
at out-competing other endophytic organisms. Direct
colonization of an insect pest by entomopathogenic fungi
via ingestion of hyphae or spores seems to be unlikely, or
at least, has to be demonstrated in vivo. We are not aware
of any study demonstrating that ingestion by an insect of
entomopathogenic fungal hyphae growing as endophytes
results in mycosis.

Beauvericin, the most important virulence factor of BB
effective against herbivorous insects, has not yet been
reported to be produced in plant tissues. Similarly, with
reference to MA, the most important virulence factor pro-
tease Pr1A (ref. 50), has not yet been reported to be
upregulated or even identified in plant tissues colonized
by this fungus. However, destruxins were found in cow-
pea endophytically colonized by a Metarhizium robertsii
J.F. Bisch., Rehner and Humber isolate 12 days after in-
oculation®. Thus, more focused studies need to un-
equivocally demonstrate that the anti-insect effect is due
to the fungus or by metabolites originating from the fun-
gus, and not by fungus-mediated changes in host plant
metabolism. Most of the studies cited above do not quan-
tify the tissues colonized by the EEPF isolates, with one
exception®. Though PCR methodology could be useful
here, care should be exercised to ascertain the specificity
of the primers used. False positive results may be not un-
common, but also false negative results are probable, be-
cause the methodology used for the assessment of the
fungal isolates in the plant tissues will have a strong im-
pact on the results, both qualitatively and quantitatively’>.

Options for using endophytic entomopathogenic
fungi for pest control

Several problems and caveats need to be addressed before
the potential of using entomopathogenic fungi as endo-
phytes as a biological control strategy targetting herbivo-
rous pests on crop plants can be fully capitalized. To date,
more than 700 species of fungi have been determined to be
pathogenic to insects and mites and about 170 insect bio-
control agents, based on different fungal entomopatho-
genic species, have been commercialized worldwide;
however, over 75% of these products are based on the
hypocrealean fungi BB, MA, Isaria fumosorosea (Wize)
A.H.S.Br. and G.Sm. and Beauveria brongniartii (Sacc.)
Petch™. Two-thirds of these commercialized products are
based on aerial conidia preparations of BB and MA, al-
though the drawbacks of aerial applications of these for-
mulations are known for long®*. Reasons for the variable
efficacies reported in most field studies are the environ-
mental instability of fungal spores when exposed to solar
irradiation>. Moreover, weather conditions prevailing
during application periods also affect the efficacy; rain-
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fall will immediately wash-off the applied spores from
the plant surface resulting in low colonization®®. None of
the commercialized products so far made use of the
endophytic mode of action of entomopathogenic fungi,
although at least one product is able to colonize plants
endophytically (Table 3).

Several of the shortcomings, most probably contribut-
ing to the lack of commercialization, have already been
addressed above. We currently do not understand how
and to what extent plant tissues are colonized by EEPFs,
and whether the colonization per se or changes in plant
metabolism mediated by these fungi, contribute to the
reduced herbivore damage. For use as a biocontrol
agents, the efficacy of the product must be guaranteed,
and following an application, pest abundance reductions
need to be consistent and at a comparable level to chemi-
cal insecticides. An additional major hurdle is the poten-
tial of some of the entomopathogenic fungi to produce a
wide array of compounds such as mycotoxins with bio-
logical activity against other organisms, including
humans®’. The specific human toxicity of beauvericin or
destruxin has been described and discussed previously’®.
Currently, we do not have sufficient data to understand
whether genes responsible for the production of these
toxins are expressed differentially in insects and plants.

An optimal and probably the most effective option for
making use of the endophytic growth of entomopatho-
genic fungi would be the inoculation of host plants with
these fungi at the start of the germination of seeds, either
by producing seeds already containing these fungi, or by
coating the seeds with spores and protecting against
adverse environmental conditions for their survival in the
soil. Quesada-Moraga et al** and Biswas et al.”® used
conidia as a seed treatment and were able to isolate the
inoculated BB strains from most plants used in their stud-
ies, but there is most probably much room left for
improved formulations.

Currently, the prospects for using endophytic entomo-
pathogenic fungi as biocontrol agents are difficult to as-
sess, given the many open research areas. However, the
question raised by Hyde and Soytong® regarding ‘how
much do we really know about fungal endophytes, espe-
cially the non-grass endophytes?’ (now also including the
entomopathogenic fungi) deserves much more work
before an answer can be given.
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