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ABSTRACT: Genetic modification of Beauveria bassiana with the scorpion neurotoxin aalT gene can distinctly increase its
insecticidal activity, whereas the effect of this exogenous gene on the metabolism of B. bassiana is unknown until now. Thus,
we investigate the global metabolic profiling of mycelia and conidia of transgenic and wild-type B. bassiana by liquid
chromatography—mass spectrometry (LC—MS). Principal component analysis (PCA) and orthogonal projection to latent
structure discriminant analysis (OPLS-DA) reveal clear discrimination of wild-type mycelia and conidia from transgenic mycelia
and conidia. The decrease of glycerophospholipids, carnitine, and fatty acids and the increase of oxylipins, glyoxylate, pyruvic
acid, acetylcarnitine, fumarate, ergothioneine, and trehalose in transgenic mycelia indicate the enhanced oxidative reactions.
In contrast, most metabolites related to oxidative stress are not altered significantly in conidia, which implies that there will be no
significant oxidative stress reaction when the aalT gene is quiescent in cells.

KEYWORDS: B. bassiana, transgenic strains, metabolomics, LC—MS, glycerophospholipid, oxidative stress, metabolic pathway,

antioxidant

1. INTRODUCTION

Environmental problems of chemical insecticides have stimu-
lated efforts to employ biological control agents. However, only
few alternative products have been widely used to control pests,
despite their promising potentials. The failed reasons have
included slow kill, failure to identify strains active at low doses,
and inconsistent control effects compared to chemical insecti-
cides.! Hitherto, at least 12 species or subspecies (varieties) of
entomogenous fungi have been employed and registered as
mycoinsecticides and mycoacaricides.” Beauveria and Metarhizium
are most commonly used for biological control because their
conidia are relatively easy and inexpensive for mass production in
field applications.” The utility of a genetic engineering technique
to introduce an exogenous gene can markedly increase the
virulence of entomopathogenic fungi.** Recently, most research
on the virulence of entomogenous fungi has focused on the genes
of lipase, chitinase, protease, etc. Furthermore, the scorpion
neurotoxin from the buthid scorpion Androctonus australisis is
widely applied in transgenic biological pesticides because of its
strict selectivity for insects and higher safety for mammals.>®

B. bassiana was transformed with scorpion neurotoxin aalT
gene by our research group and co-workers, and in comparison
to the wild-type strain, the engineered isolates take fewer spores
to kill 50% of pine caterpillars than the wild type.” However, it
is unclear how the metabolites of B. bassiana are influenced
by the aalT gene. Results of this study will not only contribute
to the chemeco-safety study of transgenic fungi but also
reveal the regulative mechanism of an exogenous gene on cell
metabolisms. Various metabolisms are linked to each other in a
complex biological system, and there is increasing evidence that
indicates that artificial alteration in gene expression may lead
to the changes of many other metabolisms.*~'* A metabolomic
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approach that is a complementary technology to genomics and
proteomics is required to reveal this effect. To the best of our
knowledge, there is no metabolomic report on the transgenic
fungus.

The goal of this work is to distinguish different metabolites of
mycelia and conidia from transformant and wild-type B. bassiana
using high-performance liquid chromatography—time-of-flight—
mass spectrometry (HPLC—TOF—MS) coupled with multi-
variate analysis. In addition, analysis of the metabolic pathway
in which these biomarkers participate can reveal the metabolic
perturbation of the aalT gene on wild-type B. bassiana.

2. MATERIALS AND METHODS

2.1. Chemicals and Reagents. HPLC-grade acetonitrile was
purchased from Merck (Germany). Formic acid was of HPLC grade
and was purchased from Agilent (Santa Clara, CA). Deionized water
was prepared using a water purification system (Millipore, Billerica,
MA). All other reagents used in this study were of analytical grade.

2.2. Fungal Strain and Maintenance. B. bassiana aalT single
transgenic strains Bb13T-10-3 and Bb13T-4-1 and wild-type strain
Bb13 have been catalogued and deposited in the Research Center on
Entomogenous Fungi (Hefei, China).” The strains are preserved as
mycelial pieces on agar slants at 4 °C, in distilled water at room
temperature, in sterile 10% aqueous glycerol in liquid nitrogen, and as
spores in milk sealed in a glass tube after freeze-drying, which are
stored at 4 °C.

2.3. Fungal Culture and Workup. Fungal isolates were cultured
on potato dextrose agar (PDA) medium (200 g/L potato, 20 g/L
glucose, and 20 g/L agar) at 25 °C for 15 days. The conidia were
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Figure 1. PCA score plots derived from HPLC—MS spectra of (A) mycelia and (B) conidia extracts in positive mode and (C) mycelia and (D)
conidia extracts in negative mode: (M) wild type and (A) transformant.

flooded with an aqueous solution of 0.01% Tween 80 and filtered
through sterile absorbent cotton. The final spore concentration was
adjusted to 1 X 10° spores/mL. The surspension was inoculated
200 uL/dish on cellophane membrane precovered PDA plates and
cultured at 25 °C.

Mycelia were harvested at 5 days of growth by a scoop, transferred
to S mL centrifuge tubes, subsequently frozen in liquid nitrogen, and
kept at —80 °C. Spores were collected at 15 days post-inoculation by
scrapping the colony into 40 mL of 0.01% Tween 80 solution, and
the contents were vortexed and filtered through a 20 um filter cloth.
The filtrate was transferred to a 50 mL centrifuge tube and centrifuged
for 10 min at 8000 revolutions/min. The precipitate was suspended
in 2 mL of distilled water and transferred to a S mL centrifuge tube;
then the spore suspension was centrifuged for 10 min at 10 000
revolutions/min; and, finally, the conidia were kept at —80 °C. All
samples were collected in three biological replicates. Mycelia and
conidia were lyophilized for 48 h, and mycelia were crushed into a fine
powder and then kept at 4 °C until extraction. The lyophilized powder
(mycelium or conidium) was weighed, and 10 mg of sample was
extracted with 2 mL of 80% MeOH, followed by 1 min of vortexing
and subsequent sonication for 1 h. Samples were further kept at 4 °C
for 12 h in the dark. After centrifugation at 10 000 revolutions/min
for 10 min, 1.8 mL of supernatant was collected and dried with a
centrifugal concentrator. All samples were stored at —80 °C until
analysis. The dried extracts were redissolved ultrasonically in 300 yL of
90% methanol and filtered through a 0.22 um polyvinylidene fluoride
(PVDF) membrane filter before HPLC—MS analysis.

2.4. LC—MS Data Acquisition. The chemical compositions of
mycelia and conidia extracts were analyzed using an Agilent 1100
HPLC with a photodiode array detector (PAD) coupled to a 6210
TOF mass spectrometer with an electrospray ionization (ESI) source.
The chromatographic separation was performed on an Agilent
Eclipse XDB-C18 (S ym, 150 X 2.1 mm inner diameter), and the
LC parameters were as follows: injection volume, S5 uL; column
temperature, 40 °C; flow rate, 0.3 mL/min; and the eluates were
monitored with a PAD at full-length scan from 200 to 600 nm. The
mobile phase was (A) 0.1% formic acid in water and (B) 0.1% formic
acid in acetonitrile, and gradient elution was carried out: 5% B for
0—3 min, 5—100% B for 3—50 min, and 100% B for 50—60 min. The
column was reconditioned with an initial gradient for 12 min. The
mass spectrometer parameter settings used for the measurement were
as follows: ionization mode, positive and negative; gas temperature,
350 °C; drying gas, 12 L/min; nebulizer pressure, 45 psi; capillary
voltage, 4000 V in positive mode and 3500 V in negative mode;
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fragmentor voltage, 215 V in positive mode and 170 V in negative
mode; skimmer voltage, 60 V; and OCT 1 RF, 250 V. Data acquisition
was performed in the m/z range of 50—1100 Da.

2.5. Data Processing and Statistical Analysis. The raw data
from LC—TOF chromatograms were preprocessed by MassHunter
software (Agilent Technologies, Santa Clara, CA) using the molecular
feature extraction (MFE) algorithm for automated peak detection
and chromatographic deconvolution. Peaks with signal-to-noise (S/N)
ratios lower than 5 were rejected. The mass/retention time/peak
height data array for each sample were generated and exported as
a .csv file. Then, all of the data were uploaded to MetaboAnalyst for
subsequent data process and statistical analysis."*'* Peaks were aligned
across all samples using the parameters of 0.01 Da and 0.5 min
tolerance. Finally, the processed data were downloaded for multi-
variate analysis. Principal component analysis (PCA) and orthogonal
projection to latent structure discriminant analysis (OPLS-DA) were
performed by SIMCA-P+ (version 12.0, Umetrics, Umea, Sweden).
The intensity for each peak was normalized to the sum of the peak
intensities for each data set,">'® and pareto scaling was applied for
PCA and OPLS-DA. One-way analysis of variation (ANOVA), ¢ test,
and hierarchical clustering analysis (HCA) were carried out by
MetaboAnalyst. The metabolic pathway was referred to the KEGG
database."”

2.6. Metabolite Identification. Metabolite identification was
performed in the following approaches: (1) The molecular formula
calculated by the MassHunter software based on the accurate mass and
isotopic pattern recognitions was used for confirming putative
identities by searching against the in-house database of entomopatho-
genic fungi and web databases [Dictionary of Natural Products (DNP,
Chapman & Hall/CRC), METLIN, PUBCHEM, and CHEMSPIDER].
(2) The fragments of the metabolite were compared to the compounds
that have the same or similar configuration in METLIN and
MASSBANK. (3) Putative biomarkers were verified by its elution
order (polarity) and structure characteristics. (4) The ultraviolet/visible
(UV/vis) spectra were used in the identification whenever possible. (5)
The ambiguous metabolites were identified by comparison to authentic
compounds available and/or referring to the published literature about
fungj, especially entomopathogenic fungi.

3. RESULTS AND DISCUSSION

3.1. Multivariate Analysis. LC—MS coupled with multi-
variate statistical analysis was used to study the metabolomic
differences of mycelia and conidia extracts from transgenic

dx.doi.org/10.1021/jf401703b | J. Agric. Food Chem. 2013, 61, 7008—7017
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Figure 2. OPLS-DA score plots derived from HPLC—MS spectra of (A) mycelia (R*X = 0.75, R*Y = 0.99, and Q* = 0.89) and (B) conidia (R*X =
0.69, R%Y = 0.99, and Q* = 0.91) extracts in positive mode and (C) mycelia (R*X = 0.79, R*Y = 0.99, and Q*> = 0.95) and (D) conidia (R*X = 0.81,
R*Y = 0.99, and Q* = 0.81) extracts in negative mode: (M) wild type and (A) transformant.
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Figure 3. S plots generated from OPLS-DA models of (A) mycelia and (B) conidia extracts in positive mode and (C) mycelia and (D) conidia
extracts in negative mode. The metabolites of mycelia and conidia extracts are identified in Tables 1 and 2, respectively.

(Bb13T-10-3 and Bb13T-4-1) and wild-type (Bb13) B. bassiana.
PCA, an unsupervised pattern recognition method, is initially
performed to examine intrinsic variation in the data set. A score
plot is applied for the grouping of samples by reducing the
dimensionality of the data. The data sets exhibiting similarities
are clustered together, and those that are different are placed
further apart.'®

As shown in Figure 1, PCA score plots of mycelia and
conidia samples employed in this study found that the two
single transgenic isolates were clearly separated from the
wild-type isolate. It is evident that the metabolisms of mycelia
and conidia are strongly affected by the aalIT gene. However,
Bb13T-10-3 and Bb13T-4-1 were not clustered into one group,
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and Bb13T-10-3 was closer to the wild type in the conidia
samples in positive mode (Figure 1B). The significant features
of transgenic and wild-type strains were not easy to identify by
the corresponding loading plots (data not shown). Although
PCA is undoubtedly a reliable grouping method in metab-
olomics, if variation within the sample of the same group is
bigger than between groups, a clear separation of each group
cannot be expected because the separation of PCA is achieved
from unbiased maximum variation within the samples tested."®
Therefore, a supervised pattern recognition method OPLS-DA
was used to maximize the separation between the groups and
discriminate differential metabolites of engineered and wild-type
strains. OPLS-DA helps the screening of marker metabolites

dx.doi.org/10.1021/jf401703b | J. Agric. Food Chem. 2013, 61, 7008—7017
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Table 1. Metabolites Putatively Identified by HPLC—TOF—MS in Mycelia Extracts

RT detected
(min) mass metabolite”
1.28 74.00040  glyoxylate
1.96 88.01640  pyruvic acid
1.28 116.01080  fumarate
1.26 117.07913  betaine
1.46 120.04360  purine
1.32 126.02548 2-methylsulfanylpyrimidine
1.23 150.05268  ribulose
1.23 161.10553  carnitine
1.35 185.09815  S-hexyl-1,3,4-thiadiazol-2-amine
1.33 203.11581  acetylcarnitine
1.33 229.08846  ergothioneine

48.37 256.24061

1.31 257.10367
46.31 280.24067

117 295.05885
36.90 296.23574
46.55 306.25650
49.46 308.27174
32.00 314.24591

1.48 316.12692
34.95 338.28198

palmitic acid

glycerophosphocholine

linoleic acid

S-aminoimidazole ribonucleotide

8-hydroxy-linoleic acid

linolenic acid ethyl ester

linoleic acid ethyl ester

7,8-dihydroxy-oleic acid

mycosporin glutamicol; 5’-carboxylic acid, 1’-amide

2-hydroxy-5,9-eicosadienoic acid;
(2¢,52,9Z)-form, Me ether

trehalose

1-heptadecene-4,6,8,10,12-pentol;
(45,68,8R,10R,12R)-form,penta-Me ether

1.24 342.11617
48.83 388.31932

46.55 412.31907  chondrillin
49.48 414.33454  tetrahydro-2,3,5-trihydroxy-6-nonadecyl-4H-
pyran-4-one

39.73 420.30935
38.09 444.30892
40.90 446.32505
32.78 477.28499
35.12 479.30060
32.04 493.31640
31.80 517.31703
33.17 519.33192
34.88 521.27549
35.82 521.34751
36.67 523.29086
33.37 539.32300
41.44 543.36688
36.91 567.35389
43.16 591.36763
34.90 596.29639
37.80 598.31236
41.77 630.37860

1-hexadecanoyl glucitol
citric acid; 2-octadecyl ester
mono-9-octadecenoyl glucitol
PE(18:2/0:0)

PE(18:1/0:0)
PC(16:1/0:0)
PC(18:3/0:0)
PC(18:2/0:0)

PS(18:2/0:0)

PC(18:1/0:0)

PS(18:1/0:0)

PS(19:0/0:0)

beauverolide B
PS(21:0/0:0)

beauverolide C
P1(18:2/0:0)

PI(18:1/0:0)

beauverolide Ka

molecular theoretical Amass
ionization mode formula mass (mDa) changeb
ESI(-) C,H,0;, 74.00039 —0.01 1
ESI(-) C,H,0, 88.01604 —-0.36 1
ESI(-) C,H,0, 116.01096 0.16 1
ESI(+) CH,NO, 117.07898 —0.15 !
ESI(+) CH,N, 120.04360 0.00 1
ESI(+) CHgN,S 126.02517 —0.31 1
ESI(-) C4H,,0;4 150.05282 0.14 1
ESI(+) C,H,;NO, 161.10519 —0.34 1
ESI(+) CH NS 185.09867 0.52 1
ESI(+) CoH,,NO, 203.11576 —0.01 1
ESI(+) CoH N,0,8  229.08850 0.04 1
ESI(-) C1H,0, 256.24023 —-0.38 !
ESI(+) CyH,NOP 257.10280 —0.87 !
ESI(-) C,sH;,0, 280.24023 —0.44 !
ESI(+) CeHN;OP  295.05694 —~1.91 1
ESI(-) C,sH,,0, 29623514 —0.60 1
ESI(+) CyoH;,0, 306.25590 —0.60 !
ESI(+) CyH;60, 308.27150 —0.24 !
ESI(-) C,sH3,0, 314.24571 —-020 1
ESI(+) and ESI(=)  C,;H,N,O, 31612705 0.13 !
ESI(+) Cy Hy0;4 33828210 0.12 1
ESI(-) C,,H,,0,; 342.11621 0.04 1
ESI(+) CHiuOs 388.31887 —0.45 !
ESI(+) C,H,,05 41231887 —020 1
ESI(+) CpH,c05 414.33452 —-0.02 !
ESI(-) C,,H,,0, 420.30870 —0.65 !
ESI(-) C,H,,0, 444.30870 —022 !
ESI(-) C,,H,40, 446.32435 -0.70 !
ESI(+) and ESI(=)  CH,NO,P 47728554 0.55 !
ESI(+) and ESI(=)  CpH,NOP  479.30119 0.59 !
ESI(+) CpHNO.P 49331684 0.44 !
ESI(+) C,HNOP 51731684 —0.19 !
ESI(+) CHsoNO,P  519.33249 0.57 !
ESI(-) C,4H,,NO,P 521.27537 —0.12 !
ESI(+) CHoNOP  521.34814 0.63 !
ESI(+) and ESI(=)  CpH,NOGP 52329102 0.16 !
ESI(-) CyHNOP  539.32232 —0.68 !
ESI(+) and ESI(=)  CyH,N,Os 54336722 0.34 1
ESI(-) CpH,NOP  567.35362 —027 !
ESI(-) CysHoN;05 591.36722 —0.41 1
ESI(-) CyHyO P 596.29616 —-0.23 !
ESI(-) C,,H,,0,,P 59831181 -0.55 !
ESI(+) and ESI(=)  CyHgN,Os 63037812 048 1

“Abbreviations: PE, phosphatidylethanolamine; PC, phosphotidylcholine; PS, phosphatidyserine; and P, phosphatidylinositol. bRelative metabolite
level in mycelia of transgenic strains in comparison to the wild-type strain (1, increase; |, decrease).

responsible for maximum separation by removing systematic
variation unrelated to grouping.

As Figure 2 showed, OPLS-DA between transgenic and
wild-type B. bassiana samples was implemented to investigate
the metabolic influences of the aalT gene on the wild-type
strain. Clear separation according to the first component
(OPLS1) was observed in the score plots. The OPLS-DA
models of mycelia and conidia were established using one
predictive and three orthogonal components. Subsequently,
the S plots from the OPLS-DA models were constructed to
understand the metabolites responsible for the differentiation

(Figure 3). The lower left quadrant of the S plot displays the
higher levels of metabolites in the left group related to the
right group in the OPLS-DA score plot, whereas those placed
in the higher right quadrant show the higher levels of
metabolites in the right group. The S plot shows the covariance
p against the correlation p(corr) of the variables of the
discriminating component of the OPLS-DA model. Cutoff
values for the covariance of p > 10.05] and for the correlation of
p(corr) > 10.5] were used. Moreover, the significances of the
discriminatory metabolites were confirmed by a pairwise
comparison to the ¢ test.

7011 dx.doi.org/10.1021/jf401703b | J. Agric. Food Chem. 2013, 61, 7008—7017
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Table 2. Metabolites Putatively Identified by HPLC—TOF—MS in Conidia Extracts

RT detected
(min) mass metabolite”
2.37 100.01609  succinic anhydride
1.32 126.02548  2-methylsulfanylpyrimidine
1.4S 129.04252  S-oxoproline (pyroglutamic acid)
1.19 147.05300  glutamic acid
1.23 150.05268  ribulose
122 174.11157  arginine
1.20 182.07923  mannitol
127 235.14209  ulvaline
49.00 28225607  oleic acid
40.82 30026619  3-hydroxy-stearic acid
29.19 301.29816  sphinganine
320 311.12270  dimethyl guanosine
1.48 31612692  mycosporin glutamicol;
S-carboxylic acid, 1-amide
29.30 317.29239  2-amino-6-methyl-1,3,4-heptadecanetriol
32.57 329.32883  2-amino-1,3-eicosanediol
29.36 345.32362  2-amino-1,3,4-eicosanetriol
127 35222094  unknown 1
39.57 43424330  PA(18:2/0:0)
4334 43625894  PA(18:1/0:0)
3166 45126996  PE(16:1/0:0)
3555 45328541  PE(16:0/0:0)
3512 479.30060  PE(18:1/0:0)
3204 49331640  PC(16:1/0:0)
3491 495.33198  PC(16:0/0:0)
3317 519.33192  PC(18:2/0:0)
3488 52127549  DPS(18:2/0:0)
3582 52134751  PC(18:1/0:0)
3667 52329086  PS(18:1/0:0)
33.37 539.32300  PS(19:0/0:0)
3691 567.35389  PS(21:0/0:0)
3490 59629639  PI(18:2/0:0)
37.80 59831236  PI(18:1/0:0)
“Abbreviations: PE,

molecular theoretical Amass
ionization mode formula mass (mDa) changeb
ESI(-) C,H,0, 100.01604 —0.05 !
ESI(+) CH(N,S 126.02517 -031 1
ESI(-) C,H,NO, 129.04259 0.07 1
ESI(-) CH,NO, 147.05316 0.16 !
ESI(-) C5H,40; 150.05282 0.14 1
ESI(-) C¢H,,N,0, 174.11168 0.11 1
ESI(-) C4H,,04 182.07904 —0.19 1
ESI(+) C,oH,NO; 235.14197 —0.12 1
ESI(-) C1H,,0, 28225588 —0.19 1
ESI(-) C,sH60, 300.26645 0.26 !
ESI(+) CsHy,NO, 301.29810 —0.06 !
ESI(+) C,H,,NO; 311.12297 027 1
ESI(+) and ESI(—=)  C5HyN,0, 316.12705 0.13 !
ESI(+) CgHyNO, 317.29299 0.60 !
ESI(+) CHyNO, 329.32938 0.55 !
ESI(+) CyH4NO; 345.32429 0.67 !
ESI(+) CsH,N,0, 352.22095 0.01 1
ESI(-) CyH,0,P 434.24334 0.04 1
ESI(-) C,H,,0,P 436.25899 0.05 1
ESI(+) and ESI(-)  C,,H,,NO,P 451.26989 —0.07 !
ESI(-) C,H,,NO,P 453.28554 0.13 1
ESI(+) and ESI(=)  C,;H,NO,P 479.30119 0.59 !
ESI(+) C,H,sNO,P 49331684 0.44 !
ESI(+) C,,H NO,P 495.33249 0.51 1
ESI(+) C,HyNO,P 519.33249 0.57 !
ESI(-) C,,H,,NO,P 52127537 —0.12 !
ESI(+) CyHs,NO,P 521.34814 0.63 !
ESI(+) and ESI(=)  C,,H,NO,P 52329102 0.16 !
ESI(-) C,sHsoNO,P 539.32232 —0.68 !
ESI(-) C,,Hg ,NOGP 567.35362 —0.27 l
ESI(-) C,H,0,,P 596.29616 -0.23 !
ESI(-) C,,H;,0,,P 598.31181 —0.55 !

phosphatidylethanolamine; PC, phosphotidylcholine; PS, phosphatidyserine; PA, phosphatidic acid; and PI,

phosphatidylinositol. YRelative metabolite level in conidia of transgenic strains in comparison to the wild-type strain (1, increase; |, decrease).

S plots (Figure 3) showed the most relevant variables affecting
differentiation between transgenic and wild-type mycelia and
conidia, and the identified biomarkers were summarized in
Tables 1 and 2. The high-resolution ESI-TOF—MS data for
some metabolites are shown in Figure 4. To test the validity of
the OPLS-DA model, we performed a permutation test usin%
the PLS-DA model with the same number of components.”
Generally, the extrapolated intercept value of Q* < 0.05 indicates
no overfitting in the model. Model validation with the number
of permutations equaling 100 generated intercepts of the Q*
value that were —0.008, —0.027, —0.186, and —0.206,
respectively, which showed that the models in this study had
good predictability.

3.2. HCA. To visualize the differences of metabolites be-
tween mycelia and conidia, a HCA that performs simulta-
neous clustering of metabolites and samples was used. Before
analysis, the data were first mean centered and scaled, then
subjected to hierarchical clustering with Spearman’s rank
correlation and an average linkage clustering method.”!
Figure S presented the resulting heat map of 34 metabolites
(positive mode; Figure SA) and 35 metabolites (negative mode;
Figure SB) that were significantly different (p < 0.01) from one-
way ANOVA. This dendrogram illustrates the arrangements of
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the clusters of samples and compounds based on similarity of
metabolite abundance profiles and biochemical relativity,
respectively.”> Each rectangle represents a metabolite and is
colored by its abundance intensities on a normalized scale from
—3 (low) to 4 (high). On the y axis, mycelia and conidia
samples each formed a cluster. In the mycelia and conidia,
transformant was clearly separated from the wild-type strain.
Metabolites that were biochemically related were generally
cluster together on the x axis, in positive mode, such as
PE(18:1/0:0) (479.30)/PC(18:1/0:0) (521.34), PC(16:1/0:0)
(493.31)/PE(16:1/0:0) (451.27), PS(18:1/0:0) (523.29)/
PC(18:3/0:0) (517.31), linoleic acid ethyl ester (308.27)/
linolenic acid ethyl ester (306.25), beauverolide Ka
(630.37)/beauverolide B (543.36), and PE(18:2/0:0)
(477.28)/PC(18:2/0:0) (519.33) and in negative mode,
such as PE(18:2/0:0) (477.28)/PI1(18:2/0:0) (596.29)/
PS(18:2/0:0) (521.27), palmitic acid (256.24)/linoleic acid
(280.24), 1-hexadecanoyl glucitol (420.30)/mono-9-octade-
cenoyl glucitol (446.32), beauverolide C (591.36)/beauver-
olide Ka (630.37)/beauverolide B (543.36), glyoxylate
(74.00)/fumarate (116.01), and PE(16:1/0:0) (451.27)/
PS(19:0/0:0) (539.32). These results showed good cluster-
ing of sample replicates and evident differences between
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Figure 4. High-resolution mass spectra measured on the ESI-TOF instrument for (A) betaine, (B) purine, and (C) ergothioneine in positive mode
and (D) trehalose, (E) glutamic acid, and (F) mannitol in negative mode. The fragment structures are referred to the metlin database.

mycelia and conidia, as well as significant metabolic differences
between transgenic and wild-type strains.

3.3. Pathway Analysis. To overall unravel the effects of
these metabolites on the metabolic network, the metabolic
pathway of some metabolites identified in mycelia and conidia
extracts was shown in Figure 6.

As Figure 6 showed, the decrease of glycerophospholipids,
esters, carnitine, and fatty acids and the increase of oxylipins,
glyoxylate, pyruvic acid, acetylcarnitine, trehalose, and fumarate
in transgenic mycelia directly or indirectly indicated that the
hydrolysis of lipids and oxidation of fatty acids were promoted.

Oxylipins represent a vast and diverse family of secondary
metabolites that originate from the oxidation or further con-
version of polyunsaturated fatty acids and a mixture of oxylipins
collectively called psi factor.** Fungal oxylipins are derived from
oleic acid (18:1), linoleic acid (18:2), and linolenic acid (18:3),
after the addition of an O, molecule to polyunsaturated fatty
acids.”* The decrease of linoleic acid with the increase of
8-hydroxy-linoleic acid and 7,8-dihydroxy-oleic acid in trans-
genic mycelia (Table 1) indicated that the aalT gene may
upregulate the expression of the lipoxygenase gene or the
oxylipins may be converted from the non-enzymatic process in
response to oxidative stress.”>*® Oxylipins of pathogenic fungi
are important signal factors, which play vital roles in fungal
growth, sexual/asexual sporulation, host—fungus crosstalk, host
immune defense, and pathogenicity.”>***” Moreover, oxidative
stress and oxylipin metabolism are also involved in mycotoxin
synthesis.**® Beauverolides are insecticidal cyclodepsipeptides
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in B. bassiana. The increase of beauverolide B, beauverolide C,
and beauverolide Ka in the transformant (Table 1) may be
related to oxidative stress and/or oxylipin metabolism.

Isocitrate lyase, a key enzyme of the glyoxylate cycle, which
mediates the production of glyoxylate from acetyl-CoA and this
pathway, is usually induced by excess acetyl-CoA. The higher levels
of glyoxylate in transgenic mycelia indicate the enhancement of
P-oxidation of fatty acids. It is noteworthy that the glyoxylate cycle
has been shown to be required for germination, pathogenesis, and
saprobic growth in insect pathogenic fungi.”® Therefore, it is likely
that increased levels of glyoxylate and beauverolides are one reason
why the transformant is more toxic than wild isolate.

A decrease of carnitine and an increase of acetylcarnitine and
fumarate in transgenic mycelia suggested that parts of acetyl-CoA
from p-oxidation of fatty acids enter the mitochondria for
tricarboxylic acid (TCA) metabolism, because the carnitine shuttle
is essential for acetyl-CoA from peroxisomes to cross mitochondrial
membranes, and subsequently, acetyl-CoA was used for the
synthesis of AalT and other metabolites. Furthermore, acetyl units
are released from acetylcarnitine in mitochondria, and acetyl-CoA is
converted to citrate, which subsequently enters the glyoxylate cycle.

In addition, acetyl-CoA is an activator of pyruvate carbo-
xylase, which catalyzes pyruvate to oxaloacetate and then is
converted to phosphopyruvate (PEP), which bypasses the last
irreversible reaction of glycolysis. Pyruvic acid and trehalose
were increased in transgenic mycelia, implying that gluconeo-
genesis in engineered mycelia may be stimulated by abundant
acetyl-CoA from f-oxidation of fatty acids.
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The protein kinase AMPK and Snfl play a central role
not only in regulating lipid metabolism (fatty acid oxidation,
fatty acid synthesis, and carnitine transport) but also in overall

7014

control of energy homeostasis in the eukaryotic and yeast cells,
respectively.’® The alterations of sugars, lipids, and carnitine
in the transformant suggested that the energy metabolism of
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B. bassiana was interfered by the exogenous gene. Energy
metabolism provides a driving force for material metabolism
in the biological system. It could be inferred that the global
metabolic regulation in transgenic strains is caused by the
perturbation of energy metabolism.”'

Oxidative stress and changes in energy metabolism are due to
the introduction of the aalT gene, which is further verified by
the increased oxidative stress protectants, such as ergothioneine
and trehalose.

Ergothioneine is only produced by fungi and some pro-
karyotes, and it has a specific role in protecting mitochondrial
components, such as DNA, from oxidative damage associated
with mitochondrial generation of superoxide®* and acting as a
protectant against UV radiation.*® Recently, Bello identified an
ergothioneine biosynthetic gene Egt-1 in Neurospora crass and
demonstrated that ergothioneine enhances conidial survival and
protects against peroxide toxicity during conidial germination.>*
Thus, the high levels of ergothioneine in the transformant
support the oxidative stress caused by the enhanced oxidative
reactions in peroxisomes and mitochondria.

Trehalose, a non-reducing disaccharide, which is usually
induced by heat, drying, and oxidative stress and plays roles
in stabilizing cell membrane fluidity and protein stability, is
widely present in fungi.*® In this study, fungal cultivations were
not subjected to heat and drying treatments; therefore, the
higher levels of trehalose in genetic mycelia may be associated
with oxidative stress, which is consistent with the increase in
ergothioneine. Furthermore, trehalose may play a significant
role in fungal pathogenicity. The accumulation of trehalose
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enhances conidiospore thermotolerance without altering
virulence in Metarhizium acridum.>® However, in the study of
Magnaporthe gasea, trehalose synthesis is required for virulence
and it is possible that either trehalose accumulates as an
accessory-compatible solute in appressoria or the sugar plays a
role in the regulation of appressorium turgor generation.*”

Relative to mycelia, metabolites related to oxidative stress,
such as carnitine, acetylcarnitine, oxylipins, ergothioneine,
trehalose, mannitol, etc., are either not significantly changed
or even reduced in conidia, which indicated that the oxida-
tive stress is generated in the processes of transcription and
translation. There is no significant oxidative stress reaction
when the aalT gene is quiescent in conidia. The decrease of
phospholipids in conidia may result from the declined import
of phospholipids from mycelia in sporulation.

The increased dimethyl guanosine in transgenic conidia
might diminish some gene transcription, which would cause
slow metabolism and quiescence®® and lead to improved shelf
life of biological insecticide.

A mannitol cycle was first proposed by Hult and Gatenbeck,>
and this pathway comprises four enzymes: mannitol 1-phosphate
dehydrogenase (MPDH), mannitol 1-phosphate phosphatase
(MPP), NADP*-mannitol 2-dehydrogenase (MDH), and hexo-
kinase (HX), of which MPDH is the main synthetic enzyme
and MDH is the main catabolic enzyme, but the metabolism
operating as a cycle has been questioned.***' Mannitol showed a
significant decrease in transgenic conidia, indicating that the
expression of the Mpdh gene may be downregulated by the aalT
gene in sporulation. The roles of mannitol vary in different fungi.
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Mannitol might act as a scavenger of reactive oxygen species in
plant pathogen Uromyces fabae.*” Wheat pathogen Stagonospora
nodorum mannitol gene mutants are unable to sporulate on
host plants, but their pathogenicity is not compromised.**** In
contrast, mannitol biosynthesis is required for pathogenesis of
Alternaria alternata on tobacco but is not required for spore
germination.* Therefore, the lower levels of mannitol in
transgenic conidia may have an important impact on environment
adaptability, sporulation, and virulence.

Sphingosine is a signaling lipid and may be involved in
insect—fungi recognition. A C,-sphingosine that can recognize
the receptors on conidia and induce the germination of
Nomuraea rileyi was isolated from the silkworm pupae.*
Sphinganine is the biosynthetic precursor of sphingosines and
sphingolipids, and its decrease in transgenic conidia may affect
fungal signaling.

We have investigated mycelia and conidia extracts of
transgenic and wild-type B. bassiana using a LC—MS-based
metabolomic approach. The results of PCA have displayed clear
differences of mycelia and conidia between transgenic and
wild-type strains, implying that the introduction of the aalT
gene has strongly influenced the metabolism of B. bassiana.
Many significant biomarkers in mycelia and conidia can be
identified by OPLS-DA. HCA further corroborates significant
metabolic differences between transgenic and wild-type strains.

Pathway analysis has shown that many changed metabolites
in mycelia are correlated with oxidative stress and energy
metabolism. More specifically, (1) a decrease of fatty acids
and an increase of oxylipins are due to f-oxidation of fatty
acids and the reaction of adding an O, molecule to fatty acids,
respectively; (2) the biosynthesis of glyoxylate is facilitated
by isocitrate lyase, which may be stimulated by acetyl-CoA
generated from f-oxidation of fatty acids; (3) carnitine shuttle
helps acetyl-CoA cross mitochondrial membranes to enter the
TCA cycle for the synthesis of proteins (AalT, beauverolides,
etc.) and other metabolites; and (4) gluconeogenesis meta-
bolism accelerated for the pyruvate carboxylase may be induced
by excessive acetyl-CoA. These changes lead to enhanced
oxidative reactions in cells. Correspondingly, some antioxidant
metabolites, such as ergothioneine and trehalose, show higher
levels in transgenic mycelia, suggesting that fungal cells are
under oxidative stress and cellular protective response has been
induced by oxidative stress.

In contrast to mycelia, although glycerophospholipids are
decreased in engineered conidia, other compounds related to
oxidative stress, such as carnitine, oxylipins, ergothioneine,
trehalose, mannitol, etc., are either not significantly changed or
even reduced in conidia. This difference indicates that the
oxidative stress is generated in the processes of transcription
and translation; therefore, there is no significant oxidative stress
reaction when the aalT gene is quiescent in conidia.
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