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Ubiquity of Insect-Derived Nitrogen Transfer to Plants by Endophytic
Insect-Pathogenic Fungi: an Additional Branch of the Soil Nitrogen
Cycle

Scott W. Behie, Michael J. Bidochka

Department of Biological Sciences, Brock University, St. Catharines, Ontario, Canada

The study of symbiotic nitrogen transfer in soil has largely focused on nitrogen-fixing bacteria. Vascular plants can lose a sub-
stantial amount of their nitrogen through insect herbivory. Previously, we showed that plants were able to reacquire nitrogen
from insects through a partnership with the endophytic, insect-pathogenic fungus Metarhizium robertsii. That is, the endo-
phytic capability and insect pathogenicity of M. robertsii are coupled so that the fungus acts as a conduit to provide insect-de-
rived nitrogen to plant hosts. Here, we assess the ubiquity of this nitrogen transfer in five Metarhizium species representing
those with broad (M. robertsii, M. brunneum, and M. guizhouense) and narrower insect host ranges (M. acridum and M. flavo-
viride), as well as the insect-pathogenic fungi Beauveria bassiana and Lecanicillium lecanii. Insects were injected with '’N-la-
beled nitrogen, and we tracked the incorporation of '*N into two dicots, haricot bean (Phaseolus vulgaris) and soybean (Glycine
max), and two monocots, switchgrass (Panicum virgatum) and wheat (Triticum aestivum), in the presence of these fungi in soil
microcosms. All Metarhizium species and B. bassiana but not L. lecanii showed the capacity to transfer nitrogen to plants, al-
though to various degrees. Endophytic association by these fungi increased overall plant productivity. We also showed that in
the field, where microbial competition is potentially high, M. robertsii was able to transfer insect-derived nitrogen to plants.
Metarhizium spp. and B. bassiana have a worldwide distribution with high soil abundance and may play an important role in

the ecological cycling of insect nitrogen back to plant communities.

espite its atmospheric abundance, nitrogen gas (N,) is not

directly available as a source of nitrogen to plants. Free-living
or symbiotic soil microbes fix N, and produce nitrogen-contain-
ing compounds that are directly utilized by plants (1). Tradition-
ally, the paradigm of symbiotic nitrogen transfer to plants has
focused on nitrogen-fixing bacteria such as Rhizobium. However,
once this nitrogen is fixed and transferred to the plant, it can be
lost, primarily through microbial mineralization of decaying veg-
etation or insect herbivory. With respect to mineralized nitrogen,
more than 90% of land plants are able to form symbiotic relation-
ships with soil fungi, and several of these fungi are able to transfer
nitrogen to plants (2). Mycorrhizal fungi, specifically from the
phylum Glomeromycota, have been shown to provide plants with
nitrogen obtained from the soil in exchange for plant-derived car-
bon (3).

Up to 31% of plant nitrogen in an ecosystem can be lost to
insects through herbivory (4). Recently, we illustrated a strategy
whereby plants can reacquire nitrogen previously lost to herbivo-
rous insects through an association with an endophytic, insect-
pathogenic fungus (EIPF) (5). In the soil, the EIPF Metarhizium
robertsii infected and killed an insect, formed an endophytic rela-
tionship with a plant, and subsequently transferred insect-derived
nitrogen directly to the plant. This strategy suggested the possibil-
ity that other endophytic, insect-pathogenic fungal species, such
as species of Beauveria and Lecanicillium, are also able to transfer
nitrogen from infected insects to plants.

Here, we tested the potential ubiquity of insect-derived nitro-
gen transfer in four plant species (representing monocots and di-
cots) via five species in the genus Metarhizium, representing
broad-range insect pathogens (M. robertsii, M. guizhouense, M.
brunneum) and narrow-range insect pathogens (M. flavoviride
and M. acridum), as well as Beauveria bassiana and Lecanicillium
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lecanii. These fungi are found worldwide, from arctic to tropical
ecosystems (6), with up to 10° propagules per gram of soil (7), and
the broad-range insect pathogens can infect up to 200 different
species of insects (8). We measured insect-derived nitrogen trans-
fer by these fungi in soybean (Glycine max), haricot bean (Phaseo-
lus vulgaris), switchgrass (Panicum virgatum), and wheat (Triti-
cum aestivum). We also tested insect-derived nitrogen transfer to
plants by M. robertsii under field conditions. The results suggested
that all of the Metarhizium species and B. bassiana were able to
transfer significant amounts of insect-derived nitrogen to plants.
Endophytic association by these fungi increased overall plant pro-
ductivity. Also, in natural settings, where competition is poten-
tially high, Metarhizium is an effective conduit for the transfer of
insect-derived nitrogen to plants.

MATERIALS AND METHODS

Sources of fungi and plant material. (i) Fungal cultures. Metarhizium
robertsii strain 2575, M. acridum strain 7486, M. flavoviride strain 9358,
Beauveria bassiana strain 252, and Lecanicillium lecanii strain 313 were
obtained from the U.S. Department of Agricultural Research Service Col-
lection of Entomopathogenic Fungal Cultures, Ithaca, NY. M. brunneum
strain 43a-2i and M. guizhouense strain B77-ai were isolated from the field
and cultured in the laboratory (9). Aspergillus flavus strain 6982 was ob-
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tained from the University of Alberta Microfungus Collection and Her-
barium, Edmonton, Alberta, Canada. M. robertsii, M. guizhouense, B.
bassiana, and L. lecanii fungi carrying plasmids expressing green fluores-
cent protein (GFP) were used for confocal micrographs. The construction
of the GFP-expressing plasmids, as well as transformation of Metarhizium
species, have been previously described (10). Stock cultures were grown at
27°C in potato dextrose agar (PDA; Difco laboratories, Mississauga, On-
tario, Canada).

(ii) Plant material. Phaseolus vulgaris (haricot bean, cultivar ‘Soldier’)
and Panicum virgatum (switchgrass, cultivar ‘Blackwell’) seeds were ob-
tained from OSC Seeds, Waterloo, Ontario, Canada. Triticum aestivum
(winter wheat, cultivar ‘Accipiter’) seeds were obtained from Sprout Mas-
ter, Elmvale, Ontario, Canada. Glycine max (soybean, cultivar ‘Harosoy’)
seeds were obtained from the Agriculture Canada research station South-
ern Crop Protection and Food Research Centre London, London, On-
tario, Canada.

Seed sterilization and plating. Seeds were surface sterilized before use
in order to prevent any unwanted fungal or bacterial growth. Seeds were
immersed in sterile distilled water for 30 min in a 50-ml capped plastic
tube and subsequently immersed in a 4% sodium hypochlorite solution
three times for 5 min. After each sodium hypochlorite wash, seeds were
rinsed with sterile distilled water. Seeds were then placed in 15% hydrogen
peroxide for 10 min and subsequently washed three times with sterile
distilled water to remove all hydrogen peroxide. Seeds were kept overnight
at 4°C to allow for synchronization of growth and then plated on water
agar and kept at 25°C for a photoperiod of 16 h a day for a minimum of 7
days in order to obtain seedlings. The seedlings were then placed in soil
microcosms and harvested 1, 7, 14, and 28 days after placement in the soil
microcosms.

Injection and infection of Galleria mellonella (wax moth larvae). G.
mellonellalarvae were injected with 10 pl of a 5% ['*N]ammonium sulfate
solution through the rear proleg using a sterile syringe. After 48 h, live
larvae were infected with fungal conidia by agitation for 2 min on a 10-
day-old conidiating fungal culture of one of the Metarhizium species, B.
bassiana, L. lecanii, or A. flavus. The insects were then placed into the petri
dish portion of the soil microcosm.

Soil sampling and plating. Soil was taken from microcosms contain-
ing G. mellonellalarvae infected with Metarhizium robertsii, B. bassiana, L.
lecanii, or A. flavus and plant seedlings. Soil was sampled 0.5 cm from the
plant root at a depth of 2 cm. One gram of soil was sampled from 5
separate plants every 2 days. Soil samples were suspended in 0.5 ml ofa 1%
peptone solution, vortexed, and plated on selective PDA that contained
9.75 g potato dextrose agar, 0.125 g cycloheximide, 0.05 g chloramphen-
icol, 0.125 g 65% Dodine, and 0.0025 g crystal violet (all weights per 250
ml). The samples were spread with a plate spreader and kept at 27°C for 10
days. After 10 days of growth, CFU were counted.

Microcosm setup. A 7-cm-diameter hole was cut in the lid of a plastic
petri dish (9 cm in diameter), which was then covered with a 30-wm mesh
and adhered with silicon glue. Plants were grown in plastic garden pots (10
cm in height by 15 cm in diameter). The garden pots and the modified
petri dishes were sterilized with UV light for 2.5 h prior to use. Once
sterilized, the petri dishes were filled with sterile soil and five fungus-
infected, '*N-injected larvae and sealed with parafilm. The petri dishes
were then placed in the pots at a depth of 8 to 9 cm and covered with sterile
soil, completing the microcosm. The pots were filled with soil to 1 cm
from the top, and a seedling was planted in each. Only the fungi were able
to penetrate the mesh and move across both compartments of the micro-
cosm. Plants were watered daily with sterile distilled water and once a
week with 50 ml of 50% MMN solution {0.05 g CaCl,, 0.025 g NaCl, 0.05
¢ KH,PO,, 0.5 g (NH,),PO,, 0.15 g MgSO,-7H,0, 1 mg FeCl;-6H,0, 5 g
glucose monohydrate, 10 ml trace element solution [3.728 g KCl, 1.546
g H,BO,, 0.845 g MnSO,-H,0, 0.05 g ZnSO,-7H,0, 0.0125 g CuSO,, 0.05
g (NH,)Mo,0,,-4H,0 per 1 liter] per 1 liter}. In total, 250 soil micro-
cosms were set up, representing all experimental and control treatments.
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Preparation of samples for >N analysis. Above-ground plant tissue
(stems and leaves) was removed at 7-day intervals subsequent to place-
ment in soil microcosms and was dried at 60°C. The plant material was
then crushed into a fine powder using a mortar and pestle. The commi-
nuted plant material was encapsulated in 4-mm by 4-mm tin cups and
analyzed for '°N content by using an NOI-5 emission spectrophotometer.

Plant growth measurements. Plants were grown under the experi-
mental conditions described above. In plants grown with the fungus
alone, conidia from 10-day-old fungal cultures were used to inoculate the
soil within the petri dish section of soil microcosms. In insect-only treat-
ments, insects were placed in the petri dish section of the microcosm
without fungus. After 4 days and then every 4 days for 16 days, plants were
harvested, washed with sterile distilled water to remove soil, dried at 60°C
for 24 to 48 h, and sectioned for weighing. Plant roots and leaves were
removed from the whole plant with a sterile scalpel. The plant growth
parameters measured were the leaf weight of haricot bean (Phaseolus vul-
garis), root weights of haricot bean (Phaseolus vulgaris), switchgrass
(Panicum virgatum), and wheat (Triticum aestivum), and whole-plant
weights of haricot bean (Phaseolus vulgaris), switchgrass (Panicum virga-
tum), and wheat (Triticum aestivum).

Confocal microscopy of plant root associations with GFP-labeled
fungus. The associations between the various fungi and plant roots were
visualized microscopically. Roots were observed using confocal micros-
copy to confirm association of EIPF by root colonizing. Plants were grown
under the experimental conditions described above. Whole roots were
harvested at 7 days and washed with sterile distilled water to partially
remove soil. The roots were then cut into 5-cm sections and placed on
glass slides for visualization. Plant tissue was examined using a Leica
DMIRE2 inverted display confocal microscope utilizing an argon-kryp-
ton laser operated at excitation wavelengths of 480 = 10 nm and 518 nm.

Field experiment. The experimental plot (ca. 100 m*) was on an old
field (near St. Catharines, ON, Canada) predominantly comprised of clay
soil and dominated by three grass species, timothy (Phleum pratense),
smooth bromegrass (Bromus inermis), and orchard grass (Dactylis spp.).
Within the field site, the petri dishes, modified with 30- or 1-pm mesh
covers, were buried approximately 15 cm below the surface. The 1-pm
mesh was used in control treatments since Metarhizium is unable to mi-
grate through this mesh. The treatments in the modified petri dishes were
as follows: '"N-labeled insects plus M. robertsii with 30-um mesh (exper-
imental), *N-labeled insects plus M. robertsii with 1-pwm mesh, '*N-la-
beled insects with 1-pwm mesh, and '°N-labeled insects with 30-p.m mesh.
Samples (ca. 50 g) of grass collected at distances of 5, 10, and 30 cm from
the center of each buried petri dish were harvested at 1, 7, 14, and 28 days.

RESULTS
Nitrogen transfer to plants by Metarhizium species. (i) Soybean
(Glycine max). After 14 days of soybean growth in soil micro-
cosms containing Metarhizium-infected, '’N-injected wax moth
larvae, the insect-derived nitrogen levels in soybean ranged from
9% (M. robertsii) to 55% (M. acridum) (Fig. 1). At 28 days, M.
flavoviride had transferred the highest levels of insect-derived ni-
trogen to soybean roots, with insect-derived nitrogen constituting
60% of the total plant nitrogen content (Fig. 1). With the excep-
tion of soybean plants grown in the presence of M. robertsii-in-
fected, '"N-injected larvae, soybean plants with Metarhizium
showed significantly greater levels of >N incorporation than soy-
bean plants grown with '°N-injected but uninfected wax moth
larvae at 14 and 28 days (analysis of variance [ANOVA], P < 0.05).
The "N incorporation into soybean plants under the experi-
mental conditions was also compared to that in soybean plants
harvested from microcosms that contained the opportunistic in-
sect-pathogenic but nonendophytic fungus Aspergillus flavus.
Again, with the exception of soybean plants grown in microcosms
with M. robertsii-infected, '’N-injected insects, all experimental
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FIG 1 Percentages of plant nitrogen derived from '*N-injected wax moth larvae by five species of the endophytic, insect-pathogenic fungus Metarhizium (M.
robertsii, M. acridum, M. guizhouense, M. brunneum, and M. flavoviride). Four plant species were used, wheat (Triticum aestivum), switchgrass (Panicum
virgatum), soybean (Glycine max), and haricot bean (Phaseolus vulgaris). Results are means of three separate trials done in duplicate. Solid circles and open circles
represent treatments with and without wax moth larvae, respectively. Amounts of insect-derived nitrogen in leaves were determined by NOI-5 emission
spectrophotometer. Results were analyzed using ANOVA. Standard deviations not shown are less than 1% of the means.
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plants analyzed had significantly higher levels of >N incorpora-
tion (ANOVA, P < 0.05).

(ii) Haricot bean (Phaseolus vulgaris). All species of Metarhi-
zium were able to transfer significant amounts of insect-derived
nitrogen to haricot beans at 14 and 28 days. Plants grown in the
presence of M. guizhouense-infected, '°’N-injected wax moth lar-
vae were found to contain the highest levels of insect-derived ni-
trogen, while M. robertsii was found to have the lowest levels of "°N
incorporation (Fig. 1). However, all plants grown in soil micro-
cosms containing 15N-labeled, Metarhizium-infected larvae had
significantly higher levels of ">N incorporation than plants grown
in the presence of uninfected, '*N-injected insects or with A. flavus
(ANOVA, P < 0.05).

(iii) Switchgrass (Panicum virgatum). After 14 and 28 days,
all species of Metarhizium were able to transfer significant levels of
insect-derived nitrogen to switchgrass. Plants grown in micro-
cosms containing M. guizhouense had the highest '’N content
(48% and 62% of total plant nitrogen at days 14 and 28, respec-
tively) (Fig. 1). At 14 and 28 days, all switchgrass grown in the
presence of Metarhizium and '"N-injected insects had signifi-
cantly higher levels of '’N content than plants grown in the pres-
ence of uninfected, *° N-injected insects or A. flavus (ANOVA, P <
0.05).

(iv) Wheat (Triticum aestivum). At 14 days, all species of
Metarhizium transferred significant levels of insect-derived nitro-
gen to wheat. Plants grown in microcosms with '°N-injected in-
sects infected with M. robertsii showed the highest level of '°N
incorporation (82% of total nitrogen). Plants grown with M.
brunneum showed the lowest levels of '°N incorporation (61%)
(Fig. 1).

At 28 days, 88% of total wheat nitrogen was insect derived
when the wheat was grown with "N insects and M. flaviviridae,
while wheat grown with M. acridum had the lowest levels of '°N
incorporation (58%) (Fig. 1). Wheat grown in the presence of
’N-injected insects alone or in the presence of ’N-injected in-
sects infected by A. flavus showed significantly less >N incorpora-
tion than wheat grown under all experimental treatments
(ANOVA, P < 0.05).

Beauveria bassiana and Lecanicillium lecanii. (i) Insect-de-
rived nitrogen transfer to switchgrass (Panicum virgatum) and
haricot bean (Phaseolus vulgaris). After switchgrass and haricot
bean plants had grown for 28 days in the presence of B. bassiana
and ""N-injected insects, the insect-derived nitrogen content in
the plants was significantly higher than in plants grown in the
presence of uninfected, '°’N-injected wax moth larvae alone
(ANOVA, P < 0.05) (Fig. 2). Plants grown with A. flavus did not
contain more than 12% "N, which was significantly lower than
the amount in plants grown under experimental conditions
(ANOVA, P < 0.05).

At 7, 14, and 28 days, switchgrass and haricot bean plants
grown in the presence of L. lecanii-infected, '’N-injected insects
did not have significantly higher '°N content than plants grown in
the presence of '’N-injected insects alone or plants grown in mi-
crocosms containing A. flavus-infected, '’N-injected wax moth
larvae (ANOVA, P < 0.05) (Fig. 2).

(ii) Soil samples. Soil samples from microcosms containing
insects infected with Metarhizium, Beauveria, Lecanicillium, and
Aspergillus were taken at 0, 2, 4, 6, and 8 days ata depth of 2 cm and
a distance of 0.5 cm from the plant root. Metarhizium and Beau-
veria were found within 0.5 cm of the plant root at 4 days with an
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FIG 2 Percentages of plant nitrogen derived from '*N-injected wax moth
larvae by the endophytic, insect-pathogenic fungi Beauveria bassiana and
Lecanicillium lecanii. Two plant species were used, switchgrass (Panicum vir-
gatum) and haricot bean (Phaseolus vulgaris). Results are means of three
separate trials done in duplicate. Solid circles and open circles represent treat-
ments with and without wax moth larvae, respectively. Amounts of insect-
derived nitrogen in leaves were determined by NOI-5 emission spectropho-
tometer. Results were analyzed using ANOVA. Standard deviations not shown
are less than 1% of the means.

average of 15 and 3.5 CFU/gram, respectively. L. lecanii and A.
flavus were found within 0.5 cm of the plant root at 6 days at an
average of 13 and 29 CFU/gram of soil, respectively (all results are
the means of five separate trials) (Fig. 3).

(iii) GFP confocal imaging. GFP-expressing M. guizhouense,
M. robertsii, B. bassiana, and L. lecanii hyphae were observed on
root surfaces of haricot bean (Phaseolus vulgaris) at 7 days (Fig. 4).
These images, as well as the soil samples, indicated that after 1
week, M. guizhouense and M. robertsii were able to migrate to the
plant and form root associations more efficiently than either B.
bassiana or L. lecanii.

(iv) Nitrogen transfer under field conditions. In field experi-
ments, M. robertsii transferred insect-derived nitrogen to three
grass species, timothy (Phleum pratense), smooth bromegrass
(Bromus inermis), and orchard grass (Dactylis spp.). There was a
progressive decline in the amount of insect-derived nitrogen in-
corporated by these grasses harvested further away from the soil-
implanted source, the Metarhizium-infected, 15 N-injected insects.
After 28 days, the '°N contents in these grass species were 26.2%,
13.7%, and 1.0% at 5, 10, and 30 cm, respectively, from the Metar-
hizium-infected-, '>N-injected-insect sources (Fig. 5). The con-
trols included insects only, as well as Metarhizium-infected, '°N-
injected insects that were contained separate from plants by a
1-pm mesh. The '°N contents in field grass samples harvested
after 28 days at 5 and 10 cm from the Metarhizium-infected-,
’N-injected-insect sources were significantly greater than the '*N
contents in plants grown under all control treatments and har-
vested at the same time point at the same distances (ANOVA, P <
0.05).

(v) Plant growth. Plant growth parameters were taken every 4
days in order to ascertain the overall health of the plants under
various experimental conditions. Bean plants grown in the pres-
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FIG 3 Time course of fungal propagules found per gram of soil after place-
ment of infected insects. Soil was sampled within 0.5 cm from plant roots at a
depth of 2 cm. Soil was plated on selective medium, and CFU were counted.
(A) CFU of Metarhizium species per gram of soil. Open circles, M. brunneum;
black circles, M. robertsii; gray circles, M. flavoviride; black squares, M. acri-
dum; open squares, M. guizhouense. (B) CFU of Beauveria bassiana and Lecani-
cillium lecanii per gram of soil. Open circles, B. bassiana; closed circles, L.
lecanii. Standard deviations of the means are shown. n = 5 for each time point.

ence of M. robertsii and infected insect larvae had greater average
leaf weight, root weight, and overall plant weight than plants
grown with the fungus or the insect alone (ANOVA, P < 0.05)
(Fig. 6). In switchgrass and wheat grown in the presence of Metar-
hizium species and insect larvae, the root weight and whole-plant
weight were greater than in plants grown with either the fungus or
the insect alone (ANOVA, P < 0.05) (results are the mean of five
separate trials) (Fig. 6).

DISCUSSION

Here, we found that five species of Metarhizium, as well as Beau-
veria bassiana, were able to endophytically associate with and
transfer insect-derived nitrogen to four plant species representing
fast-growing monocots and dicots.

B. bassiana shares a number of characteristics with Metarhiz-
ium, including a wide insect host range, wide habitat distribution
from the arctic to the tropics (11, 12), and shown here, the ability
to endophytically associate with several plant species, as well as the
ability to transfer insect-derived nitrogen to plants. This over-
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looked branch of the soil nitrogen cycle represents a potentially
large transfer of insect-derived nitrogen to plants. We calculated
that there is between ca. 0.47 and 7.44 kg/hectare/year of insect-
derived nitrogen provided to plants through EIPF, or approxi-
mately 4.7% of the total fixed nitrogen in a given ecosystem (see
the supplemental material). This value represents a theoretical
potential of EIPF in furnishing plants with insect-derived nitrogen
under defined conditions. However, mitigating factors such as
plant species and their growth parameters, preferential plant col-
onization by EIPF, nitrogen requirements, and microbial compe-
tition could influence EIPF-mediated nitrogen transfer on an eco-
system-by-ecosystem basis.

The five Metarhizium species studied here have various degrees
of insect host specificity. For example, M. robertsii has a broad
insect host range and can infect over 200 species of insects,
whereas M. acridum is specifically virulent to acridids, such as
grasshoppers and locusts (13). Despite the various insect host
ranges within the genera of Metarhizium tested here, the strains
tested were all able to transfer insect-derived nitrogen to plants
using G. mellonella larvae as the host insect (this larva is readily
infected by all fungal species tested). These results were intriguing
and suggest that the insect host ranges of the Metarhizium species
tested and the plant host ranges are not linked. Similarly, other
endophytic fungi do not display plant host preferences and broad
plant range colonization is a common feature in arbuscular my-
corrhizal fungi (14). There are ca. 150 species of arbuscular my-
corrhizal fungi and ca. 2,000 species of mycorrhizal fungi overall
that are capable of colonizing 300,000 plant species (15). This low
fungal species-to-plant host species ratio suggests that most plant-
associated fungi do not have fastidious preferences with respect to
their plant hosts (14). These plant symbioses, however, show a
commonality with respect to the overall positive effect on plant
productivity and nutrient uptake (14).

The variability of the insect-derived nitrogen transfer by EIPF
to plants found in our study suggests that there may be other
ecophysiological criteria with respect to efficient endophytic asso-
ciation and subsequent nitrogen transfer. We have alluded to this
in our theoretical calculations for the value of insect-derived ni-
trogen provided to plants in a given ecosystem. For example, we
did not find significant levels of insect-derived nitrogen transfer
between M. robertsii and soybean. Potentially, M. robertsii requires
specific environmental indicators from soybean in order to trans-
fer nitrogen. Previous work with M. robertsii and soybean suggests
that this may be the case. Successful soybean root colonization by
M. robertsii alleviated salt-induced oxidative stress in plants (16).
While this is a specific example of EIPF mitigating stress to plant
partners, it indicates a potential for this unique group of fungi to
aid in plant growth, development, and sustainability under a
number of fluctuating soil conditions. For example, in soils with
high concentrations of heavy metals, such as nickel, chromium, or
cobalt, endophytes are able to increase the heavy metal tolerance
of plants prone to hyperaccumulation of metals from the soil (17).

The nitrogen uptake efficiency of soybean is related to the rhi-
zospheric pH. In soil environments where the pH is below 6, there
is a significant loss of nitrogen uptake by soybean (18). The inabil-
ity of M. robertsii to furnish soybean with significant levels of in-
sect-derived nitrogen may be directly related to the pH of the soil.
M. robertsii can potentially alter the pH of the rhizosphere (19).
This pH change can directly affect the activity of H"-ATPase or
the proton permeability of the plant cell membrane and conse-
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FIG 4 Confocal micrographs obtained after plants had grown in soil microcosms with wax moth larvae and Metarhizium expressing GFP for 7 days. GFP
micrographs of EIPF associating with plant roots at 7 days are overlaid over bright-field images. Magnification, X400. Bars represent 10 um. (A) Metarhizium
guizhouense. (B) Metarhizium robertsii. (C) Beauveria bassiana. (D) Lecanicillium lecanii.

quently influence the amount of nitrogen absorbed by the plant
(18).

Beauveria was able to transfer insect-derived nitrogen to
plants, albeit at a lower rate than Metarhizium. This is potentially
due to the length of time required to colonize plant roots, a vari-
ation that has been seen in other plant-associating fungi (20). The
fluorescent micrographs suggest that Beauveria showed a lower
rate of association than Metarhizium on the plants used in this
study (Fig. 4).

The inability of L. lecanii to transfer insect-derived nitrogen to
plants, despite its ability to infect insects and form endophytic
associations, was surprising, since L. lecanii is similar to Metarhi-
zium and Beauveria with respect to insect host range and endo-
phytic competence (21,22). We can only speculate as to the reason
for this. Perhaps there may be differences in the pathways by
which L. lecanii metabolizes insect-derived nitrogen. The meta-
bolic pathways of nutrient assimilation could vary between species
of insect-pathogenic fungi (23). With respect to nitrogen, we pos-
tulate that insect-derived nitrogen may be directly metabolized by
the fungus and not necessarily converted to inorganic nitrogen
that can be transferred to plant roots. If this is indeed the case, the
symbiotic relationship that exists between L. lecanii and its plant
partners may rely on the transfer of other important soil nutrients,
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such as phosphorus, a relationship that has been observed in some
species of mycorrhizal fungi (24).

We observed increased plant health and productivity in plants
grown in the presence of an EIPF-infected insect compared to
plants grown in the presence of EIPF without an insect, which
again had greater health and productivity than plants grown with-
out a fungal partner. Plant photosynthate production is positively
correlated with N availability. Plants require substantial amounts
of N (2 to 5% N content by dry weight, compared with 0.3 to 0.5%
phosphorus content), and well over 50% of leaf N is devoted to
photosynthesis (25). Therefore, the acquisition of nitrogen by
plants is directly related to their ability to fix carbon via photosyn-
thesis. EIPF can act as a conduit for insect-derived nitrogen avail-
ability to plants. Several species of endophytic fungi have been
shown to provide plants with nitrogen. Heteroconium chaetospira,
a dark septate endophyte, was able to transfer nitrogen to the roots
of cabbage plants (26). It was also found that the roots of Ranun-
culus adoneus colonized by endophytic fungi had increased nitro-
gen acquisition early in the growing season that resulted in an
increased plant survival rate (27).

Our field studies suggest that nitrogen transfer by M. robertsii
to plants occurred at high levels in natural environments. Root-
colonizing fungi show strong competition for available root space,
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FIG 5 Percentages of plant nitrogen derived from '*N-injected wax moth
larvae by the endophytic, insect-pathogenic fungus M. robertsii under field
conditions. Three dominant grass species were present in the field site, timothy
(Phleum pratense), smooth bromegrass (Bromus inermis), and orchard grass
(Dactylis spp.). Open circles, '’N-labeled, M. robertsii-infected insects under
30-pwm mesh; black squares, '’N-labeled, M. robertsii-infected insects under
1-pum mesh; closed circles, '°N-labeled, uninfected insects under 1-pwm mesh;
gray circles, '’N-labeled, uninfected insects under 30-pum mesh; white squares,
grass-only controls. Results are means of two trials done in duplicate. Standard
deviations are less than 1% of the means.

An Additional Branch of the Soil Nitrogen Cycle

and this competition is predicated on carbon availability from the
plant (28). However, even where competition in the rhizosphere is
potentially high, Metarhizium was able to effectively transfer in-
sect-derived nitrogen to plants. This suggests that the plants in our
field experiments accommodated colonization by Metarhizium.
Metarhizium has also been found in soils at relatively high concen-
trations compared to the concentrations of other root-colonizing
microbes (29).

Metarhizium and Beauveria are ubiquitous endophytic soil
fungi isolated from habitats as diverse as the arctic tundra, tem-
perate soil, and tropical environments (6). The worldwide distri-
bution of these fungi and their broad plant host ranges, as well as
their ability to infect a broad range of insect species and to con-
tribute to the nitrogen flux in plants, suggest that insect-derived
nitrogen transfer to plants mediated by these fungi is a common
feature in soil environments worldwide and is an overlooked
branch of the global soil nitrogen cycle.

Conclusion. In most ecosystems, nitrogen is the major limit-
ing factor for plant growth and productivity. Furthermore, insect
herbivory exacerbates nitrogen deprivation since it removes nitro-
gen from plants. Here, we show a novel mechanism by which
plants form a symbiotic relationship with the EIPF Metarhizium
and Beauveria and reacquire this lost nitrogen. These fungi are
globally ubiquitous in soil ecosystems and are able to infect a wide
range of insects. Potentially, there are a number of other insect-
pathogenic fungi with plant-associative abilities, specifically
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FIG 6 Plant growth measurements taken every 4 days for 16 days. Three plant species were used in order to ascertain overall plant health under 3 separate growth
conditions. Closed circles, plants grown in the presence of Metarhizium-infected insects; open circles, plants grown in the presence of Mertarhizium only; gray
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within the Clavicipitaceae. The potential for nitrogen transfer to
plants may extend to fungi like Pochonia and Rotiferophthora that
infect insects, nematodes, or rotifers (30). Within the Clavicipita-
ceae, there are examples of interkingdom host jumping, poten-
tially allowing other arthropod-pathogenic fungi to associate with
plants (30). Conversely, most of the zygomycetous fungi that are
insect pathogenic are obligate insect pathogens and show no evi-
dence for plant colonization (30). Our results suggest that EIPF
play an important role in the ecological cycling of insect nitrogen
back to plant communities.
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