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Transcriptomic analysis of Metarhizium robertsii during
hemocoel colonization after deletion of a spermine synthase
MrSPS

LI Xinyi’, WANG Kai’, CHEN Haoran, WAN Rongjie, HUANG Bo, WANG Yulong

Anhui Provincial Key Laboratory of Microbial Control, Anhui Agricultural University, Hefei 230036, Anhui, China
Abstract: [Background] Spermine plays an important role in plant defense response, animal
anti-fatigue and anti-aging fight, and fungal growth and metabolism. However, there have been few
reports on spermine function in the entomopathogenic fungi. [Objective] The study explored the
molecular mechanism of spermine synthase (MrSPS) from Metarhizium robertsii during insect hemocoel
colonization. [Methods] Insect bioassays of Galleria mellonella larvae were performed to examine the
virulence of Mrsps deleted M. robertsii (AMrsps), and the growth characteristics of AMrsps in
hemolymph were observed. Hemolymph of G. mellonella larvae injected with AMrsps and wild-type
(WT) strains for 30 h were collected for transcriptome sequencing, and comparisons were made with
genes from M. robertsii and G. mellonella separately. Real-time quantitative PCR was performed for
verification of transcriptome sequencing. [Results] Compared to WT and complementation (AMrsps-cp)
strains, AMrsps showed significantly decreased virulence, and the pathogenicity of AMrsps reduced
markedly with decreasing of the injection concentration. After 36 h of infection, spores from both WT
and AMrsps germinated normally and began to grow in a yeast-like state, while AMrsps biomass was
less than that of WT after 60 h. A total of 3 202 genes were detected from M. robertsii, of which 1 769
were up-regulated and 922 were down-regulated in AMrsps. Lots of differentially expressed genes
(DEGs) were involved in carbohydrate metabolism, and transport, catabolism, translation, and amino
acid metabolism pathways. All identified 28 genes related to hemocoel colonization from DEGs were
down-regulated in AMrsps. Real-time quantitative PCR showed that both Collagen-like protein and
Colonization of hemocoel 1 genes were decreased during the whole stage of hemocoel colonization in
AMprsps compared to the conditions in WT and AMrsps-cp. A total of 13 249 genes were detected from
G. mellonella, of which 4 026 genes had differential expression. KEGG analysis revealed most of DEGs
were enriched in endocrine system and immune system. Furthermore, among the 22 genes involved in
Toll and Imd signaling pathways, 18 were up-regulated in G. mellonella infected by AMrsps, which
suggested AMrsps was more likely to cause the activation of the insect immune system than WT.

[Conclusion] The molecular mechanism of MrSPS function in hemocoel colonization of M. robertsii
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was explored for the first time, which provided a theoretical basis for further revealing the mechanism of

spermine function in fungi.

Keywords: transcriptome; Metarhizium robertsii; spermine synthase; hemocoel colonization
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Fl et s o 22 e (il Fh A SR HoA i e e,
o, B IR i O A RS = B A R
BEM RO R, EAsR. Wi
K. BHE . Wihaa R A AT
1L AR R AN AT B M T A0 PR e 3=
SEHEAT 1E WL £y I LA 25 LA XA 7E , e
5 RE T 01 @g B iR R 55 )M AR
M, BH#:Z 5 DNA Gl R s feE 1 Jo B
PR B 1977 AELOK, AfT—HEHINHEE
R AR S B AR D, W FEFEAEK
PR S R TCAE A, SR 3l JLAR A F 9% %
By, KM FREEARK . KE . BoE AR
Wy S R EEAERTY, B, MR E
RS I L A AR S A R (5 1L
SESTHEEE, S 5PN AR Y s
it (RS MR S 2 5 B B N %
HREHLE BT IR g

BAw R EEA LA E . kR . Fl
NG AU SRR A, EE R BIG T
AR E A, AP SHE E (Metarhizium)
E-REEWRAFREERE, kIt
T R YR aT> Y, B AR SRR R N AT
7 BT, HE (R A L s S R — A,
SRARTR A R AFE PR ROR AR E R
18 S5 HR, JFL v R R A A T I Ak R Y B T 2
BRI — A EEE R, SRR
Ty 78 58 27 2 L9 B 3 At e 9 K Ak £ 7 T
Eb G i =i 0k 2 3 i S e AR RO L Bk
A ERIEEE S RS, U RE S A SO AR B A
FRNMERY R T A K EEE, B, &

Bt — A0 WF 5T 2 4R A A A T b R BE A AL
PR, PRTHT B L S SRR OGS R Y

Il Sy 2H I e T L B I T A0 M T — S AR A
TAEMTE S PR E R RS, B HER R
2 55 AR B T A AH O TR R HL A SR 3SR
o AT FE— A% 2 3 I bk 22 5 A i AR P
bk e A BCEESE I Mrsps wl BRAR (AMrsps) it
e s e, 058 AMrsps 587 A= B4R
L) 27 b R R 22 AR AR O, AR
o3 T K EARGORG WG OB AE 2 H % i 1A 1L
S B R R AR T BILAR]

1 #RE57E

1.1 #HiAEHRINER

BB R ARSEF 23 (ATCC MYA-3075)
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FLR L AL IR . BT A AR R A T4
BN A A Y B A R e % o bR
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Table I Primer information involved in this study
FEW S LN 44 PR 1R 51
Gene ID Gene name Sequence (5'—3") (F/R)
MAA 01665  Mcll gene (collagen-like protein CTCCAAGCCAACTCGC/GAGGAAGAGCATAGCCAC
gene)
MAA_08820  Colonization of hemocoel 1 gene GACTGGCCGATCAAGAGAAG/GCTCAAAAGTAGAGGCGGTG
MAA_07675 Glyceraldehyde 3-phosphate GACTGCCCGCATTGAGAAG/AGATGGAGGAGTTGGTGTTG

LOC113510109
LOC113513204

dehydrogenase gene
CCAGGGAGCAGCAGATGTTA/CCTTGCGGTTCGTAGTCGTT
GTGCGGTCGGTCAGTTGTCA/ATAAGTAAACGCCGGTGTCG

Modular serine protease-like gene

Protein spaetzle gene

LOCI113509647 Toll-like receptor 6 gene CCGAGACCATGATGTGCTAC/TCCCTGTTTCTTCGGTAGTG
LOCI113521683 WD repeat-containing protein TGTTCCGATGCCAGCCTTAG/GCCCGACTTGTTAGTTATTGTTGT
gene
LOC113517774 Pirk gene GACGCTGATTCATTCCAATT/CCGACTACTTTCAACCGAGA
LOC113518290 Imd gene ACTGCGATTAGGTCAACAAC/TTCCCAACACTCTAACTCTG
LOC113511724 Fadd gene TAAGTGTTGGGTTATGTGAC/TTTCGCCTTTGTCGTTTATT
LOCI113517235 Dredd gene AGTCGGACGCACTAACTCACTC/GCTACCGCCAATATCCTTGTAT
LOCI113516167 Tab2 gene AATGTTCGGTGATAAAGTGATG/GCTAATGCGTGTTACCTTCTTG

LOC113510839

LOC113512859

LOC113515821
LOC113521894
LOC113523440
LOC113516033

Dual specificity mitogen-activated GATTATGACATCAGGGCAGAC/CAAGTAACTTCGCGTATTTAGG
protein kinase gene
Inhibitor of nuclear factor AAATCCGTCCAAACTAC/TAGCCAAGGTCTATGAGT
kappa-B kinase gene

TTTCCAGGGTGGGCTTTA/CCAGAATCGTCGGGTGA
ATGACAGTCGCTGCTTT/ATGCCAGTATGATCTACAA
CGCTTTCATAGTCGCAATA/GGTGGCTTGACGGTGAT

AAACAAGCCGCTGAAGGTCC/GTCAATAACTCTGCTAGAATAGC

Ankyrin gene
Caspar gene
Gallerimycin gene

Glyceraldehyde 3-phosphate

dehydrogenase gene CATAT

F B PUAME (AMrsps-cp)HL 5 pL A EH
FEE S B RS 4y i, DA A [R) B R 7 3
1o 5 WT 1 AMrsps-cp AHHLE, AMrsps Bt
e 7 2T R, T HL R A S v B R R
AMrsps B0 11T BE# U 3 (P<0.05, E 1A). 4
T EE Ry 108N F/mL B, 2EEGERTR] LTy,
i 3.36 d (WT) ETF = 3.67 d (AMrsps), %y
10%; FESTHREE R 10° M F/mL 5, LTyt 4.22d
(WT) ETH % 4.77 d (AMrsps), 3% 10%; 1
SPHeRE Sy 10* N0 F/mL I, LTs /1 6.00 d (WT)
FFFE 732 d (AMrsps), ¥IMZ) 22%.

43 ) W BB S 2 G i 1 R s e ¢y e, o £
BT RS WL, WE 1B IR, 36h)5 WT

M AMrsps I8 IE % 8 & HIF 06 DL I E)
R, R 4l H= As K i 41 i 2 5 s
FR s FERF 60 h 5, WT FEIMLME AR %
B, {HJEAHEST WT, AMrsps 4K SR 50
b, R MrSPS B\ 2450 1T B AR SHE T
T 4 H I A RE B
22 FTHRFEEERRESH

FEEUTSY 5 uL AR (10* M F/mL) 36 h 5
MREL &L RNA VG SRy, 38 SR
XPIEAGINE] 3 202 NI R GE R IR (K] 2A),
HA 535045 886 A1 1 517 AFERLFE WT Fl AMrsps
R R], A 799 NEEHRTE WT Fl AMrsps H1t
[EAEIE] . it FPKM ihxf 3R kit 10—
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A P<0.001 B 36 h 60 h

Srmwr
& AMrsps
AMrsps-cp

AMrsps

LT, (d)

AMrsps-cp

10° 10° 104
Concentration used for injection (spores/mL)
B 1 FREHBFENDRERMBEEREE  A: TES 5 pl AN [ iR LAY M B 2)y P BOE S
)5 B AN G PRAES) MR P AR RFE, FRR: 10 pm
Figure 1 The pathogenicity of different strains and growth characteristics in insect hemolymph. A: Insect

LTsy by direct injection of 5 puL spore suspension with different concentration; B: Growth characteristics of
different strains in larvae hemolymph; Scale bar: 10 pm.

A B 2000
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Gene number

500 -
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B2 MKBPREERRIEER A FAERM Mrsps BERHREENRIXTRE; B: MHETEA
B, AMrsps PR 225 R IRFE N

Figure 2 Gene expression of different strains collected from insect hemolymph. A: Venn analysis of gene
expression from WT and AMrsps; B: Differentially expressed genes from AMrsps compared to the wild-type.
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Transport and catabolism

Cell growth and death

Signal transduction

Membrane transport

Translation

Folding, sorting and degradation
Replication and repair |=

Transcription

Global and overview maps

Metabolism of terpenoids and polyketides
Amino acid metabolism

Metabolism of cofactors and vitamins
Energy metabolism

Lipid metabolism

Carbohydrate metabolism

Nucleotide metabolism

Metabolism of other amino acids

Glycan biosynthesis and metabolism
Biosynthesis of other secondary metabolites
Xenobiotics biodegradation and metabolism
Aging

Digestive system

71
:| Cellular processes

238 . . i .
] Environmental information processing

268

176 Genetic information processing

7617

Metabolism

} Organismal systems
| | | |

0

B3 FHRAFEEERFRIEERE GO 1 KEGG

200 400 600 800
Gene number
NEES T A: FARGEEZEFREEHEMR GO Y

REZMMTs B: ARG R 22 7R IB N 1) KEGG IRES T
Figure 3 GO and KEGG functional analysis of differential expressed genes from M. robertsii. A: GO
functional analysis of differential expressed genes from M. robertsii; B: KEGG functional analysis of

differential expressed genes from M. robertsii.
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A AMrsps WT

MAA 00180 Zincfinger domain-containing protein 25
MAA 00600 Serine/threonine protein kinase, AGC family 2.0
MAA_ 02264 Cell division control protein 2 (cyclin-dependent protein kinase)

MAA 03072 Protein kinase-like protein

MAA 04401 Protein kinase SNF1 1.0
MAA 04599 Calmodulin-dependent protein kinase

MAA 05221 Serine/threonine protein kinase-like protein 0.5
MAA_05805 Serine/threonine-protein kinase hal4 0.0
MAA 06337 Serine/threonine protein kinase

MAA 06809 Serine/threonine-protein kinase

MAA 08008 serine/threonine protein kinase

MAA_10657 Protein kinase-like protein

MAA_10959 Serine/threonine-protein kinase

MAA 00781 Peptidase C1-like family protein

MAA 01034 Peptidase s33, tripeptidyl-peptidase

MAA 01035 Peptidase C65 Otubain

MAA 01333 Carboxypeptidase Al precursor

MAA 01699 Serin endopeptidase

MAA 02408 Peptidase S8/S53, subtilisin/kexin/sedolisin

MAA 03667 Peptidase M 14, carboxypeptidase A

MAA 04936 Peptidase Al

MAA_06797 Peptidase family M28

MAA 07334 Peptidase C19, ubiquitin carboxyl-terminal hydrolase 2

MAA 07701 Cysteine, histidine-dependent amido hydrolase/peptidase

MAA 07860 Peptidase M41, FtsH

MAA 09637 Peptidase C15, pyroglutamyl peptidase I-like protein

MAA 08820 Colonization of hemocoel 1

MAA 01665 Collagen-like protein Mcll

[mWT
= AMrsps
| @ AMrsps-cp

WT
= AMrsps
AMrsps-cp

20

15

10

Relative expression level
EAN
Relative expression level

60 ]
¢ (h)

4 FTHAXFEENRIREEMEXESRIEER A POAXSGHEREMEEMAAHLERRBIILREBL

ME; B: REANFEMBEZARSMER Mcll FEEFIRFFAE; C. RYAE BB Z 1A K o5 #H

Colonization of hemocoel 1 JE[RIFEIRGRAE, *. AbFHAIEIEZ R B2, P<0.05

Figure 4 Expression characteristics of differential expressed genes involved in hemocoel colonization from
M. robertsii. A: Heat map of differentially expressed genes involved in hemocoel colonization; B: Expression
characteristics of Mcll gene from different stages of insect infected with M. robertsii; C: Expression
characteristics of Colonization of hemocoel 1 gene from different stages of insect infected with M. robertsii.
*: Data were significant difference between treatments, P<0.05.
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Rk 25, FATETE R PCR XA Hsk
fEFE AR YL BE Y Colonization of hemocoel 1
Al Mell BRI Fak st A, 45RE 0] 2 4~
NTE AMrsps 5 WT Hi ik b i # L,
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REPE(E 4B F1 4C),
2.5 KEEMEREREFTIESH

HIE—EBHH Mrsps #5555 SRR A 1
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Figure 5 Gene expression from G. mellonella infected with different strains. A: Venn analysis of gene
expression from G. mellonella infected with WT and AMrsps; B: Differential expressed genes from G.

mellonella infected with AMrsps compared to the WT.

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



Microbiol. China

(DGX7ES ik

4128

"D]jau0]]u *£) WOIJ SoUdF passardxe [enUAILIJIP JO SIsA[eue Jeuonouny DO :g ‘pjjouojjoui *H woiy soued poassardxa
[eIIURIQJJIP JO SISA[RUR [RUONOUNJ OO Y 'Pjjouojjaui *H wolj sauag passaidxa [enualsjip jo sisA[eue [euonounj HOTY pue OO 9 2SI

1445
FRIEODEMNMH M Fr Y H SCRR Y 6 AL TODL M Fr VR HZEEMY V. WEREDOMDIHOOHAFREZLZEHY I E

Jaquinu uon

0001 008 009 00v 00T 0
Joqunu duon) _ T T _ _

L8 Buijeudig
oﬁ_uv om_vm oﬁ_vm oﬁ_: 0 1| sso00ad srunp Ay
- 58 Lyl Ajunwwos renja) vel snjnwis 03 asuodsay
.m m m 891 [Jeap pue yimois [[9) €| ssao01d aanonpoiday
£ © &lgoz wsI[oqe1es pue odsuel], €| uononpoxday
1oq
g o 91 || sseo01d [ewsIULSIO TR MIN
.M G UOI}OBIdUI PUB sa[nddjow Jureudis . Z| ss9001d wstuesIO-NINIY
m m CLE uononpsues) [eusis m €6€ ssao01d d1j0qeIN
o
£ & S ol uonduiosuelry, g | uonowooo]
o —
£ 2 h= m aredar pue uonesrjdoy .w 16 uonezI[eso]
= 2e8 ' o ) Z1 | sws1ueSIo usamiaq uororIuI saroadsioju|
H S8 8 uonepeiop pue 3unios Bulpjo] < 6| ss9001d wosks sunwwy
£ 5 .2
= =L 191 uorne[suel], /M 7| ymoin
B WISI[0qeIoW PUE SISOYIUASOIq UBIA[D) Tl || ssa001d [eyuawidoroasg
g SUIWE)IA PUE SI0JOBJOD JO WSI[0qE)d 555 ssaooud B[y
m HUBRA P J033 HOT=AN 981 uone[ngal [es13ojorg
m wISI[0qeoW Proe ourury - 01 | uorsoype [ea130j01g
W wISI[0qeIeu 9)eIpAY0qIe)) m L 1| 101aBYy0g
wsijoqeiow pidi m, Sl xMﬂ&MMM SurureIU0o-UId)0Ig
U
Susy S (433 Te[nj[eoenuy
" : slies AJ13u9 [eorwojeue Jen[[o)
£ uorjeydepe [eJUSWUOIIAUY 2 bl AnAnoE sop0dsuel ],
W juowdojoraq S g 6 | Aanoe 103e[NJ01 UONR[SURI],
.m WoSAS SNOAION 5 0¢ Bl Ananoe Jojeingar uondrrosuel],
=) g 0¢€ il &1A10€ 9[NoS[OW [BINJONI)S
.2 WA)SAS 9A1ISATI = c
g S 5 L€ Wl Ananoe 10onpsuer) Je[nos[oN
ﬂwvb wo)sAs sunuwy Ei 0¢ [l 103eINS21 UOTIOUN] JR[NOJ[OIA
woysAs auLpopuy m $89 Ayanoe onkrere)
YoL Suipuig
qa - ¥ | A1anoe juepixonuy v

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



AR FeS AL M BE IR AR B RS I & 1 MrSPS A3 FU IR LI 7€ FE D RE

4129

A

AMrsps WT

113511190
113518077
113514235
113517323
113515350
113515582
116413682
113523551 0 I
113516167
113521894
113511724
113517441
116412730
113509590
113509667
113509702
113509901
113510109
113511129
113511546
113513204
113514053
113515821 e
113516672
113516893
113517774
113518290

113519267
113520063
113517096

113514084

113519468

113523452

11331685 —
5

113514662

113517605

113510779 EEET
113512856
I

113513604
113515308

113515309

113515311

113516887

113518369

113511846

113512298

113520122

113518251
113521058

113509271
113516665
113509097

113509746

116413036

113521512

113520648

113511456

113512437

113515039

116412704

113519170
113512698
113515763
113511362
113517068
113518692
113518986
113517374
113522545
116413662
113511901
113512345
113523631

TNF signaling pathway

Hematopoietic cell lineage

Toll and Imd signaling pathway

RIG-I-like receptor signaling pathway

NOD-like receptor signaling pathway

Complement and coagulation cascades

ECM-receptor interaction

Focal adhesion

| Hippo signaling pathway

I | Chemokine signaling pathway

Calcium signaling pathway

MAPK signaling pathway

Log, FPKM

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



4130

(DGX7ES ik

Microbiol

. China

=3 WT
= AMrsps
AMrsps-cp

2222,

Gallerimycin =

Caspar E

Ankyrin [

Inhibitor of nuclear factor kappa-B kinase E

Dual specificity mitogen-activated protein kinase E
Tab2 E

DREDD E

WD repeat-containing protein E
Toll-like receptor 6 E
Protein spaetzle E

Modular serine protease-like Ex

72272272227

0 2 4 6 8
Relative expression level

B7 KEMERBHEXEFFEER A REEGEHICE FRIKIER REME; B: Toll #l Imd {75
i BEAH G RE R 15 i PCR Bl *: AbPRMAIEE 22 5% 2%, P<0.05
Figure 7 Expression characteristics of differential expressed genes involved in immunity from G. mellonella. A:

Heat map of differentially expressed genes involved in immunity; B: Real-time quantitative PCR verification
of genes involved in Toll and Imd signaling pathway. *: Data were significant difference between treatments,

P<0.05.
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