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(1. fREARRF PR (M2E2bE ), fRM 350002; 2. fRERARR A FITSE A, #&JH 350002 )

B E [B8)] AyEEMIA TR Nosema ceranae J&—F & 1 12 YL AR 25 e b 1 - Bz 240 14 20 40 ity 2L
PR, |2 Rt A M (e T L ASBIE S HOURI FH B 3RA5 14 7R ) 28 I f At H Al R 1) 1 o i S 2R 4K
PEHAT A B2 2 57 ( Single nucleotide polymorphism, SNP) Flfi A2k ( Insertion-Deletion, InDel )
PSS E TN, BTEEE A &S 7 1Ay SNP FI InDel {55, I B TAric BT & H et
fite [ A& #H GATK MR BIA Ty 8 eIt 1 ALY SNP Al InDel {7 s o RHT SnpEFf #4425 5+
A7 4 ) o PR 2 DX B AR S P A B R o B A A S A W 1R B A A B SNP RT InDel A7 s i 78 3
AT GO Al KEGG $iE/E, IRASHIN AShReRm R, [H&R] % EF] 28 1954 SNP i 4,
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Sy A ELA RN 2 A KA B W R 22 5% 5 SNP A InDel A0 5 T e FE R 5 2R J 28 e Al 0 1 338 o7 1 =5 40 P 3R 58
Lo s AR LA e R

KA A EBEMMT R PEEFREENE; MABRK; B4, /TR

Identification and analysis of SNP and InDel loci in Nosema ceranae
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Abstract [Objectives] Nosema ceranae is a widespread, single-cell, fungal pathogen that exclusively infects honeybee
midgut epithelial cells worldwide. The objective of this study is to identify and analyze single nucleotide polymorphism (SNP)
and insertion and deletion (InDel) loci in N. ceranae using high-quality transcriptome data obtained from clean N. ceranae

spores, with the aim of developing novel molecular markers. [Methods] SNP and InDel loci were detected using GATK
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software. SnpEff software was used to predict genomic regions with mutation sites and the effects caused by mutation. Genes
containing SNP or InDel loci were respectively aligned to the GO and KEGG databases to annotate them to corresponding
function and pathways. [Results] A total of 28 195 SNP loci were identified in N. ceranae, 21 403 of which were conversion
loci and 6 792 of which were transversion loci. These SNP loci had 12 types of mutation, the most abundant of which was C/T.
SNP loci were mainly distributed in the CDS region, followed by the intergenic region, upstream region, downstream region
and the intron. In addition, the most common type of mutation codon in SNP loci was synonymous mutation. Genes containing
SNP loci were annotated to 43 GO terms, including metabolic process, cellular process and catalytic activity, and 85 KEGG
pathways, such as metabolic pathway, ribosome and biosynthesis of secondary metabolites. 2 831 InDel loci were identified,
most of which were distributed in the intergenic region with fewest found in the CDS region. In addition, the most abundant
type of codon mutation was the frameshift mutation. Genes containing Indel loci were annotated to 38 GO terms, including
cellular process, cell and binding, and 73 KEGG pathways including metabolic pathways, the biosynthesis of secondary
metabolites and ribosomes. [Conclusion] There are high numbers of SNP and InDel loci in N. ceranae and, similar to other
species, the most common SNP mutation is conversion. The genomic distribution of the functional elements and mutation
types of SNP loci are obviously different from those of InDel loci. Genes containing SNP and InDel loci are potentially
involved in the adaptation of N. ceranae to the intracellular environment and the proliferation process of this pathogen.

Key words Nosema ceranae; single nuclectide polymorphism (SNP); insertion and deletion (InDel); transcriptome; molecular

marker

IRy At 1~ 1. Nosema ceranae & — 7
LA Y AT B W v i B2 200 R %) B 4T Y L 1
R, NPT | T e R e 4 e R LA SRR
Yt ( Traver and Fell, 2012; Eirietal., 2015) .
PR A e o, TR N, T
JIRE 1352 B8 ( Martin-Hernandez
etal., 2018) . HTj, Ry &M T RS %
KK 2H ( Cornman et al., 2009 ) F1 4K 5k 52 (
RS, 2020) IR A, S H TR I
SEWFIE TR ATT R BEE T I S 3t

MoK AR £ & M ( Single nucleotide
polymorphism, SNP) J2&487E LK 4K b i B
MZAFERINAE AT 2R DNA Pl 28540, &
ST R AT 5 AL AR S PR E WL — i, R AR HE
L EZRAE (BB, 2006) . 1 AGE
( Insertion-Deletion, InDel ) Z875 4 o —Fhigh
RISrFhmic, $5 A b Fr B3 40 it A Bt
4% ( Wajnberg and Passetti, 2016) , AHXfT#% 1
¥ 5% ( Copy number variations, CNV ) , InDel
AR IR 2 S AR (Cui et al.,
2018) , [MlBT ELA muEmftE . mhaeE AL g
Wi 5 A S (T4, 2016) o A 4b, InDe
PR A P 0 ) 2L 22 2P iy B AT Ao 1)
I, Tz RS ke . SRR, gl

WA | BEARBE T Ko TR B s A B AR
T ( Bhattramakki et al., 2002; Vi et al., 2008;
Luetal., 2009) .

240k, ZRIMTPHEARKE TKER
J&, A AR AR TR T s i R T
H, WHEA B, &R EREAT A
SERB, AR AR B R R F o AR IC
Y E I % (Blythe et al., 2012; Danielson et al.,
2017). B, HF A FHE AR SNP A InDel
W5 B 1EXY Gallus domesticus, K Zea mays &
441112~ Capra hircus S F b UL E R IEC B AR
2020; XI/NET, 2021; RIEESE, 2021) o SRTM,
7R 7 B I B SNP AT InDel BF5%E 2475 8%
Bk,

BUHT, 25 Frfe B BRI Hlumina )54 A
XiF 2R B W A R Al A T AT T R A
MF, IE%F IncRNA Fl circRNA #3517 T RS % &
T (Guoetal., 2018a, 2018b) ; LXf &%
FEZH BT R AT T 25k, I 58 A gy
BE T RIEREIHTIE N (RERFAAE, 2019) o AHF
FEAUTNFH 3R A5 1 1m0 Jo 2t 2 Sk 41 5000 X AR T
AT HU i SNP FI InDel 47 15 HEAT %8 58 Fl
B, DA FLSE R B w8t A% 2 PR A%
KSR SRR o FhRic, T A LA
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GEIEEVENTEE T Vb
1 #MRETE

1.1 K EwHre

A FE A8 FH 10 2R T W AR - LA PR A
RO R 27 W 2 2 [ 8 e R 97 S 36 22 ol % R R
1t (Guoetal., 2018a) .

1.2 77 EEERTE T B AR B P S ke iR

B3 T A AT ARG A 5L g = S N AT T
IR 7 W R ik, IR Nlumina
Hiseq Xten -5 % 4l v 155 i 46 - 147 8L I
FF, 3AEFREM LIS 65 632 198 952 Sk Jlh
BeP (raw reads) , 28" 4% 15 5 218 462 218
ZA R B clean reads ), V-3 Q30 157! 90.22%
(Guo et al., 2018a ). ¥ I b B g £ 1% NCBI
SRA ¥#li /%2, Bioproject 5. PRINA395264, '
Jo 2 2 s A 8 AT T A iF 58 v SNP AT InDel
I S E 50 W

1.3 SNP# InDe il L ES ST

SRS (2022) W7k, fiiH GATK #&
£ (McKenna et al., 2010) iR 5IE: 4B S
R ERMBT RS % IELHEA (assembly
ASM98816v1) Z[H] BB IEET T, 4 WA
i) SNP 1 InDel 37 &5 . GATK iR SIFRAEII T (1)
35 bp 7l ] N 3% 22 B B A L ) 3405

(2) & PSR AR I BT E R T 2.0, &
FE AT R B DL E AR R IRi e, R AR W HEMY)
SNP/InDel 137 /5, SnpEff ( Cingolani et al., 2012 )
B—AHFHERZES (SNP, InDel ) FIf 2z 5
SO F AR o AR AR S A S B 4 Y
P N 275 B Ay R A7 AR B T AR S
A7 05 7E SE TR 2 kA 1 DX 3R % A S 7 A 1 52 i)
(R X g s R [m] L84 ) o AR T 4
1) 1 AR SNP o7 5 Y 28 A8 28 B 43 o 7 46

( Transition ) FIHi# ( Transversion) .
1.4 SNP #1 InDel i 5 FrEE BB E TR

KW B AEY = F 5 (https//www.
omicshare.com/tool s’/home/index/index ) A9 4H 4=
Y B TR AR e it 1 1) SNP 37
FrAe 3£ AT InDel i s BT fESE N L GO ( Gene
Ontology ) %t % ( https:.//www.omicshare.com/
tools’Home/Soft/gogsea ) #1 KEGG ( Kyoto
Encyclopedia of Genes and Genomes) % /%

( https://www.omicshare.com/tool yHome/Soft/pat
hwaygsea ) LbXT, LIIRASFAHN D) GESS H ( Term)
Fhid g (Pathway ) .

2 HREHH

21 FHEBEMAFHSNP LRHEESSH

U o B AR 5 S A R 28 195
SNP 1V 5, #8743 SNP v S TR S B2 1 fr

F 1 FAEEMAFHRAONS SNPHIEHAER
Tablel Detailed information of partial SNPsin Nosema ceranae

Jefa i 1D (DAL ST I GEAL Ak (A3 M 1D
Chromosome ID Position Reference base Mutant base Structure type GeneID
NW_003314216.1 12 908 C T CDS Genel973
NW_003314154.1 3572 A G CDS Genel485
NW_003308797.1 128 G C Intergenic -
NW_003308797.1 223 A G Intergenic -
NW_003314154.1 3685 A G Upstream Genel485
NW_003314145.1 2933 C T Upstream Genel43l
NW_003311411.1 528 T C Downstream Genel05
NW_003314154.1 3882 A G Downstream Genel486
NW_003314145.1 6785 A T Intron Genel422
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No BUHESR IR, 414 21403 Fil 6792 4
SNP &A= Fh 4 P4 . R % 04 96+ Y
SNP {3 5530 12 A9 A8 2680, 4345 CIT. GIA,
AIG, TIC. GIT. AIT. C/IA. T/IA. TIG. AIC,
CIG 1 GIC; HrpigF & MRABLRA N CIT
(5422) , /PRI CIG (302) (K
1: A) . SNPESHILR A TIRE TR 43 M Bt
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A 6000

SNP#i &
N
S
=
S
=3

Number of SNP

B CDS[X. CDS region
[Ki[E] X Intergenic region
%X Upstream region
J#[X. Downstream region

A& F X Intron region

10n

i

R 20 X
Genome reg
-

5339

region) Y SNP {ii fifxZ (10865) , SAJ5 &I
RIME]IX (10508) . Lii#IX (3465) . FiifIX (3
356) MINETFIX (1) (E 1: B) . #E—%4
Wi/ Aife CDS XHY SNP i i i 2505 15828 2%
B, e E NEE T RAR R R R LA (6
448) , RIGIREE N RAE (4357) . ZabEFHm
(38) . ZikTA (11) . BahFuEd (9)
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Fig. 1 Mutation type of SNPs (A), location distribution in genome of SNPs (B) and mutation type of codons (C)

22 FHEWMBFRE SNPAAEEED
BiEETR

GO BUi R ERLE R B /R, R BT
HU SNP A7 S BT SE VS I 43 iRk H, 2
fEA Mt RE (538) AR (514) &5 22 4>
HEWtR AN R SAH, i (365) Fndi e o

(365) 45 11 MMM H , 454 (512)
FEALTE (467 )5 10 N FINREMI & H(E
2: A) . KEGG Fl e B R R, SNP i

FUTTTESER Y ) 85 2%, 1R iR £ )il
AR (92) , HUORZMHAR (56) . X
AR T A B (45) S EURG A W R b
kA (37) % (B 2: B) .

23 FHEBERMAFHE InDd IRNEES
S

e B A7 T 1 Hrd 2 831 4™ InDel
D75 . #R4 InDel 1 S5 EEANE BanER 2 Fis .
InDel 13 25501 e =5 & W T RE oAk 2 [H ]
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GO%H GO term

i % Pathway

2R R A 4 A Bl AR ¥ & A Cellular component organization or biogenesis

ZH A2 Cellular process

fRiH#ERRE Metabolic process
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H: Y1845 Biological regulation

H: W JE 5 952 Regulation of biological process
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#HfIZH 53 Cell part
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KT 4% Macromolecular complex
Y01/ Membrane

AN fIAS2H 4> Organelle part

40 L 4H 4> Membrane part
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454 Binding

1AL M Catalytic activity
LERY 4 FIE P Structural molecule activity
1B 55 Transporter activity

4% Metabolic pathways

WA= B4 476 i, Biosynthesis of secondary metabolites
1% Carbon metabolism

Him#EAe i Glycerophospholipid metabolism

KebEA Ribosome

ERZAYHs A A Y) & 42 Ribosome biogenesis in eukaryotes
PN 5 R H £ 28 15 BN T Protein processing in endoplasmic reticulum
RNA%%3Z RNA transport

#E A Proteasome

mRNA W lli%4% mRNA surveillance pathway

FEH & % DNA replication

HERRYIBREE Nucleotide excision repair

FeRl%% 5 K F Basal transcription factors

Z N2 E /K f# Ubiquitin mediated proteolysis

RNA4f# RNA degradation

RBEFR-RNARAEY)H i, Aminoacyl-tRNA biosynthesis
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A= 223 Biological process
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Fig.2 GO and KEGG database annotation of genes with Nosema ceranae SNPs

A. GO BUls EFERRT 20 (7 4 H 5 B. KEGG $dii 4 i B 1 T 20 453 % o
A. Top 20 terms annotated in GO database; B. Top 20 pathways annotated in KEGG database annotation.
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X, BHCH 15014, HYCh BiFX . THFXAH
CDS X, 433k 593 4~ . 493 4N Fl 244 (K]
3: A) o XI5 TE CDS X[ InDel 37 55,
(B ASF R ARSI T 43T, foe=F 8 IS 58
ARG R AE (227) , HIR s T Hede
(8) . HIBFIHA (4) . KibFHhn (2) |
Jash b (2) kvl (1) (K 3:B).

24 FHEBEMAFHE InDe (IRFEER
RO IR B TR

iR InDel {3 8 BT fESE R aT v E R E] 38 A4T)
REZH , s Rt Re (212) Mgnf i (212)
4 20 SR RRAH OGS H , 4 (136) A4t
MuiERE (136) % 10 RN /M4 H, 454

s R 3
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F2 FAEEMMBFHR InDe fLaFHER
Table2 Detailed information of partial InDelsin Nosema ceranae
Jetifk 1D frE #H 1D ZH Ik RABT I (A= 3
Chromosome ID Position GeneID Reference base Mutant base Structure type
NW_003309261.1 200 - A ATT Intergenic
NW_003308803.1 14 - TA T Intergenic
NW_003312054.1 66 Genelb4 TA Upstream
NW_003312054.1 66 Genelb4 TA Upstream
NW_003311908.1 192 Genel43 TA T Downstream
NW_003313537.1 1286 Gened34 AG A Downstream
NW_003313774.1 2393 Gene603 ATAT A CDS
NW_003314116.1 1679 Genel272 A AT CDS
Q -
A -b% F[R [H] X Intergenic region 1501

] E iR Upstream region 593

g g€ TFIfIX Downstream region 493

5 CDS[X. CDS region 244 . .

© 0 500 1 000 1500
¥E Number
B #8527 Frame shift 227

= % I Codon deletion

w = ST A Codon insertion

3 % 1| T8N Stop gained

RS T Startlost

& 11 T8/ Stop lost

50 100 150 200 250

(&= Number

B3 InDel WEERAMES (A) MEBFRELE (B)
Fig. 3 Location distribution in genome of InDels (A) and mutation type of codons (B)

(205) FEAL IR (204) %5 8 44> T-IhREAH &
B (E 4. A) ; BLIMERTLAERRCT R
(45) | WAARET=YIR LA (23) KAzb
i (19) % 73 4% (K 4: B) .

3 itig

ST O ARA I i B i S AL, AN oY
YR 5 3 W A 1 R ) SNP I InDel 43 #1061 7
YN, FHUES] 28 1954 SNP i, H:
HE IR 75.91%01 SNP {3 i 28 AR R AN e, 31X
HErATFEXS (GkiG 2%, 2021) M HSESHE
Puccinia helianthi ( EF5%, 2018 ) SEHF 1Y
WA AR o TTeL 7 HOUR SE PR 21 2540 e ff Ak i)
— R EAZAY), HA A7 R v OB T 18 £ 40

P EREE, PRICAH H T3 E X, 5 s H E
A CDS X 2332 B 3 K By BB e £ 15 7
(Williamset al., 2016) . W55+, 431 SNP
iR ZWIIEETE A CDS X, 5 bikghig—
B, HE— XM ARTE CDS X Y SNP {3 i #1758
AR, KR Ik 59.35%H SNP 13 5 A [FH]
NRAE, VR AR K AR PR, 55
K (XI/NET, 2021) Ak (# A, 2018) %
Py e O AIE 9 285 HA — B 3K e AR 2 el f 1
AR AR Y B B2 B A A0 PN ) R A
VEPEIE T, (A BB A3 e 2 5 AR5 a5 2R 1 1 AR
EPE

AT 5 7 B ARy B R R 2 831
A~ InDel 37 14, 5 SNP {7 5 43 A e s AN, 22
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Fig.4 GO and KEGG database annotation of geneswith InDel in Nosema ceranae

A. GO Bl FETEREIURT 20 (i 25 H 3 B. KEGG KUl TEFE IR 20 A%1H 3

A. Top 20 terms annotated in GO database; B. Top 20 pathways annotated in KEGG database annotation.

% (53.02% ) InDel {37 S AFEFE A ] X, M43
fii#E CDS X InDel {7 i e/l (8.62% ) , HH
f i Fh A 5T HGE AL ( Bhangaleet al., 2005;
Brandstrom and Ellegren , 2007) ., 75 HJRHA,

FHEET SNP, InDel 4% 4= 7E CDS X % it i i
GRAR , HETT 2 P BOE S SR, SRR R4k
SRR R, — AR S CRIE I R D g A G

535 F R e v, InDel 28748 55/ % A 7F CDSIX.,
ORI H SRR 25 R o 5T AFEWEIE KA &
P/ A7E CDS X1 InDel {7 S s 5 £ H 3 1y
f5%, BRI R i 79878 (Livetal.,

2015) . FERAYIE, AR A, YT %G
i ftl ¥ HU iy InDel, &= 7F CDS X RS 1 5275
Uik 93.03%, T LA i1 R B LR T Y R
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1Y 4.92%, 7R 7 I A R R AU A
2 614 FEPH , FE K %5 & ok 0.6/kb( Cornman et al.,
2009 ) . HEMZR 7 s e it AU InDel H A5
ZEAAF (7 HUAR e R S DR A e R T b L PR ()
RN EFSYETE

AR LI, R 1% SNP i
SUITAESE R V0 S AR R | 20 2 oy Ak Ab s 1
G A3 ANTIRERE, USREHER . AR AR
AU W R 6 LA 85 2538 K 5 InDel £ 1
FrESE R AR R A K R E BRI AR 5E S
N ZEAH S 38 1~ GO 2% H Fll 73 2% KEGG i i#5 .
DL F 45 SR 0 SNP I InDel 2875 5 45 7 28 1 il
- HUIE I A T 40 PN IR R DR R A o A LA
WEENHEELR,
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