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H10] 4 1~ miRNA ST 6 5 N AVERE A mRNA; 4(255)1 AaM(AaS)HF#AT circRNA 1
1] 2(2) ™ miRNA SEMMJETE 8(2) MR BARE ™ Y £ )G HGE B A G HYHE mRNA; 9 4~ DEcireRNA #[1] 2
4~ DEmiRNA #EM#E 3 4~ MAPK {5518 41 5CH DEmRNA, RT-qPCR 55 /R 10 4~ DEcircRNA [
IR G PR3, WESE TR B AT [ 458 ] BREETA T 2R3 134T circRNA . R
circRNA F1 DEcircRNA ] G 1 IR S K B M98 24 ceRNA 19 77 2CIH 15 BRI 1 19 9 5 A f AR
WAEAER . B P E & M MAPK {5538 8%, FMisgmeRgE w2228 K . A R FEohtE .
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(mRNA Fl IncRNA 5538 4+PE455 miRNA, AT
)3 E 4 T U ¥E mRNA g g0 21 CHEN 45
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2B (clean reads), F| TopHat2 HLXBREE S
2 FL[H 4 (assembly AAP 1.0), ZE[E X} A clean
reads; FFFIARAIAR LT AT clean reads A4 ¥ 43
SAH 20 nt, 1535 741132 B (anchors reads);
anchors reads b XJ Bk 4% 15 2 % 5L A 4 (assembly
AAP 1.0), FIH find circ FECE Xt b %6 )%
FEB T circRNA, #2218 cireRNA JPFIES
FIEHARALE, MR cireRNA 43 R0F
KA. EVERBMAINE T circRNA (annotated and
exonic circRNA) ., HL.—#p i F circRNA (single
exonic circRNA) 7M. T F1 N & F circRNA (exonic
and intronic circRNA), 7% circRNA (intronic
circRNA), Jz 4% circRNA (antisense circRNA)LA
K FEHE] X circRNA (intergenic circRNA).
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1.4 IA circRNA. 8 circRNA X DEcircRNA
ISR IR B 4 #r

s RPM (B 7 Hext by sz BeH ] Hext b
S 1) BT UM B B B FVA TR AaM Al AaS
circRNA 1 % 15k & . Fl A omicshare ¥ &
(http://www.omichsare.com)fJ Venn . H-X} AaM I
AaS HHY circRNA 1T Venn 434, ik 3L
circRNA FIHFA circRNA., Ff] edgeR K427
& AaM vs. AaS A4 DEcircRNA, i hriE N
P<0.05 H|log, fold change|=1.,

circRNA ] 5 RNA R4GHE 11, UL /MERH
1A 1 S BE RIA 3l— AH TAE FH R 42 St 5 5 R iy 36
IR cireRNA 36 5 35 K] 3 321 Fi Bowtie2B”!
iR circRNA WY anchors reads o X ERAE
S LN H AT E . PR IR R B 3] GO
Bl e KEGG Bdla /e, 3 il gei st F i e
% H 1 KEGG 38 #% .
1.5 3EH circRNA, 45 circRNA & DEcircRNA
PRV B8 [ T B R4 Y 4 4 BT

FETHIHIARAG A AaM I AaS ) miRNA 2%
¥4E ™, M TargetFinder #K {4 P i i 4t 45
circRNA . 5#A circRNA F1 DEcircRNA # i 454
) miRNA. %18 P<0.05, [ HBE<3S MbrifEdt
— P BRI A R PR B cireRNA L FRA
circRNA #1 DEcircRNA J# miRNA, FiGIH
circRNA-miRNA . ¥4 circRNA-miRNA Ll &
DEcircRNA-miRNA [ K7 .

LA AR AaM FI AaS ) mRNA 417
B St A circRNA . 454 circRNA Al
DEcircRNA #£]5] miRNA AJ#E mRNA, M Bk
B 454 56 RAREB LA circRNA-miRNA-mRNA .
F¥A circRNA-miRNA-mRNA [ & DEcircRNA-
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miRNA-mRNA HJHE X R il Cytoscape 3K
PEP S PR 5 EA T AT, SECR B S
o #E—X A cireRNA | $54 circRNA #
DEcircRNA Y ceRNA J&#5 25 Y mRNA i
T GO 1l KEGG i e F¢ .
1.6 DEcircRNA fJ RT-qPCR i

FEALIZEHL 10 1~ DEcircRNA (novel _circ 000116,

novel circ_000206 .novel circ_002810.novel circ_

000018, novel circ_ 000079, novel circ 002976

novel circ 002726 .novel circ_001780.novel circ_

000474 Fl novel circ_002752)it
% M Guo % Mgy )y ik,

1T RT-gPCR Kl .
Wit G ok ik

DEcircRNA HFEFYER 0519 (3R 1). FI RNA
PR &R, H DB ERHC AaM il AaS |

BLRNA, 438 2 6y, Hop 1 34

L RNA 4 RNase R

£ 1. RT-qPCR HI5|#15 8

Table 1. Information of primers for RT-qPCR
Primer names Primer sequences (5'—3")

Novel circ_000116-F CACTTCGCTGATTTGACG
Novel circ_000116-R TGATGTGCTGGTGGTTTG
Novel circ_000206-F GAGACAGCATTTCGCAGAC
Novel circ_000206-R GGATTGGTGATAAGTTTGGC
Novel circ_002810-F TCCCTCTTCTATCATCTCTGC
Novel circ_002810-R CATCATCGTCATCTTTCTGG
Novel circ_000018-F CGAATACATTGGGAAAGGAG
Novel circ_000018-R AATCAAACTACTGCCGCC
Novel circ_000079-F TAAGGGTGTTCCTGTGGGA
Novel circ_000079-R TGATGTGCTGGTGGTTTGA
Novel circ_002976-F CCTTGTCCTCAAAACCAGC
Novel circ_002976-R ACAGCAACGAATAGCGATG
Novel circ_002726-F AGTTTCCTCTATCTGCGTG
Novel circ_002726-R GTCAGTGGTCCGACTTCCG
Novel circ_001780-F CTTCATCGCCCAACTTCTG
Novel circ_001780-R AAACCTCCACGCCTGCCTA
Novel circ_000474-F TGCCAAGGGCGTCCACACC
Novel circ_000474-R CTCGCGCGGGGATAGATCC
Novel circ_002752-F AAGAAGGTGCGTCGACCGA
Novel circ_002752-R CCCCACAACAGCGAAATGG
actin-F CAGGAAAGGCTATGTTCGC
actin-R ATTACCGAGGAGCAAGACG
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EEGEFE, thEDACILE LAREALS [T i 5, 3k
1% circRNA [#) cDNA 5452 ; 75— & RNA HH%EAE
KRR, DL Oligo (dT)is 1 N5 1WA T S il 5, 3K
NS EEA actin 1Y cDNA AT . #% 4 SYBR Green
Dye (UiPERE, v ) UEEH 3BT gPCR 14 SLhy 14 &
(20 pL). JZW{E ABI Q3 %G5 i PCR L (ABI 24
wl, SEED) BT, BRI T 3 IREK . R
ZA%: 94 °C 5 min; 94°C 50's, 60°C 30s, 454
TEFR, FIFH 2722 Bax) 3R DEcircRNA [IAH R 25
R TIFE . Eid GraphPad Prism 7
(GraphPad 2> v, € EN#FA A CH R /0 L2 14

2 ERFQM

2.1 BREFEHZMATH circRNA AT & 534

AaM Fl AaS [ anchors reads %43 5l K
13210156 F1 19011000 %%, Foxb 225 REIZ Y
anchors reads %0435k 6124922 (46.37%) %%,
11392886 (59.93%). 7£ AaM Hl AaS 14 \%Mﬁéiu
1868 /I~ 2225 4~ circRNA, HH AaM H 3£k
= A5 novel circ 000216, FYKJE novel circ
000217 #1 novel circ 002913 (% 2); AaS H3Rik
i = 12 novel cire 000216, HYKJ2 novel circ
000217 Fl novel circ 001553 (3% 3).

Fz 2. AaM HHI 10 AR S FKIE circRNA
Table 2. Top 10 highly expressed circRNAs in AaM
CircRNA ID RPM values
Novel _circ_000216 956073.87
Novel circ 000217 10185.83
Novel circ_ 002913 433.85
Novel circ_001553 276.43
Novel circ_001554 195.81
Novel circ_000650 180.45
Novel circ_ 001468 180.45
Novel circ_001884 176.61
Novel circ_000652 168.93
Novel circ_ 001382 145.89

% 3. AaS BET 10 LAY S FTIX circRNA

Table 3. Top 10 highly expressed circRNAs in AaS
CircRNA ID RPM values
Novel circ_000216 926438.18
Novel circ_000217 9431.94
Novel circ_001553 661.65
Novel circ 001554 428.93
Novel circ_000682 287.48
Novel circ_000652 282.91
Novel circ_002913 278.35
Novel circ_000986 264.66
Novel circ_000552 260.10
Novel circ 001363 246.41

Venn #3878, AaM il AaS L)
circNRA 47 1098 1>, H#A 1 circRNA 53514 770
11127 4~ 1E AaM il AaS H, 434 7E 1000-2000 nt
JUIERY cireRNA ¥ 2, 4r5lik3] 598 F1 690
Ay HIWR A3 ATE 2000-3000 nt F1 0-500 nt FY
circRNA (& 1), AaM Fl AaS H#x K circRNA
51M 61627 nt F190611 nt, K circRNA 43
514 90 nt Fi1 87 nto #F—H ML, XTF AaM
Fl AaS HHY circRNA, e =F & PRI 5
[ X cirecRNA, H K &4 F N T T
circRNA, H.—4h 5 circRNA (4] 2).

UlO

35,
398690 » AaM
30t 15 « AaS
S
o 20t
£
S 15t
£
| -
0

0-500 500-1000 1000-2000 2000-3000 >4000
Length of circRNA/nt

1. REREZMMAFP circRNA BKESH
Figure 1. Length distribution of circRNAs in 4. apis

mycelium and spore.
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Figure 2.

22 MREWHZMMFHILAE cireRNA, FFE
circRNA Fl DEcircRNA F)3 IR 3 R S PR E R
FEAT cireRNA FRZRIEIE R A] R 2] GO B e
29 MUIRESRH, bR T, TEREL
R ZNAR B AR G2 ). MR
VB —ZHLUHFE(19 AN ; L5 FIIRERE S, 1R
B2 W TR E(17 1Y) . 45616 T EEEEHE
W@ AN EARA R, RN
LA D). 4L ) AR (16 M(E 3).
AaM [FFA circRNA R IEIER v iR 2 31
ANIIRESH , ORI | AR — 2 21
PHRRAE 15 MEYE ARG H s 454 ki
PR IE TR TS 7 N0 FOIREMIDCACH s g, 40
MLH A MANE RS 9 ML HHEA H (B 2).
AaS BIFFA circRNA Bk IFIE R A {3 B 2 34 42
REZCH , ARSI R | 20 M bR A B — ] SR
5516 NMEYISFIFAMCEH s 4G A
SER TG TESE 6 N FUIREAOCA H s 4l . 4h
JRLZH Z AN A2 12 N4 50 A o6 45 AL (K 3).
PEAh, BRI cireRNA (135 J5 35 B T 3 e 3]
KEGG $ b 5408 . L (s B AL R | FREE(5 8,
ACFRFNANEDERRAR DG 14 S, 35 AR EhE
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Cyclization type of circRNAs in 4. apis mycelium and spore.
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e, AR IUHRE RS Q27 45) . RGN YIRS
(15 45) . BAEIRAL 55) . PLAERMAEY G K
(11 %) FIAS [ B3 H A Al 2 A (8 %) (K 4)
2.3 DEcircRNA ik BORIEEEE 5347

AaM vs. AaS R4 IR Ak 553 A
DEcircRNA, 4% 456 4~ |- circRNA F1 97 &
¥ circRNA, iX2£ DEcircRNA F) 0 5 3 [K Al v ERE
29 NI & H, AIGMIEIERE | T IERE F R
— LR 12 DAY H A5G
AL I RN EE R 2 FIGTESE 6 D FIIREMIE 4%
B 4iff. 20M020 5 FAn i #5511 4> 4H ff 4 540
KLH. AL, @A ER R CHHEE (1L ).
IRPAEYI Y E 6 ). ARG ).
AR (4 ) FIAS [ PREE o i AR (4 1)
55 40 FE T
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Figure 3.

24 REWHZAMFHILSE cireRNA, FFH
circRNA F1 DEcircRNA ) ceRNA {E# W 454 £
S Gigiiy

223 A cireRNA A[#E A 22 4> miRNA #F
M454 310 7~ mRNA; 194 4~ AaM HI454T
circRNA #J#[a] 9 4~ miRNA #Eigh & 264 A~
mRNA; 282 /> AaS W47 circRNA AJ§8[a] 17 4~
miRNA Y255 28 1 mRNA ; 68 /1> DEcircRNA

GO database annotation of source genes of common and specific circRNAs in 4. apis mycelium and spore.

AR ) 3 ) miRNA SE45 A 1082 4~ mRNA.
X ceRNA T4 45 H i #E mRNA #5172 RETE
e, 5RO RIEA circRNA AYHE mRNA A] VR4
MOERE . AR R ARG TS 31 D IRESRH .,
DLR AR . A 2 B E Y& BURR R A )
HHEY) A NAE 72 258 ; AaM BYFFEA circRNA 1)
1 mRNA RV | AR R RO A T 4
%30 NIhRESRH, DLRARHRERS . UAERAY
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Figure 4. KEGG database annotation of source genes of common and specific circRNAs in 4. apis mycelium and

spore.

B IFIR AT DA RS 61 4538 % ; AaS
(A circRNA (U4 mRNA Al ERRAM A ERE . 10
WSS G5 21 MUIREACH, DL RNA iz |
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DEcircRNA [ mRNA ARt A . ik
FERMIEALIE RS 41 DIREScH, LRSI |
PRI T AW 6 ORTUAE R A5 5% 106
%

t—20 oM kB, 36 T HEA circRNA AJHE ] 4
> miRNA #TEHE 6 DN AVERIAISCHEE mRNA
( 5-A); AaM ) 4 PMRAA cireRNA Al 2 4>
miRNA BEIJAE 8 ASURGACH ™) )6 G
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HRHIHE mRNA (K 5-B); AaS HY 255 Ay
circRNA A [ 2 4~ miRNA FEiJE 5 2 SRR
WA ) Fr G B ARG A FE mRNA (& 5-C);
9 4~ DEcircRNA A #[ii] 2 /> DEmiRNA i 4%
3 /> MAPK {5 51l A5G DEmRNA (4 6).
2.5 DEcircRNA i RT-qPCR H:iF

BEHLIEHL 10 4> DEcircRNA #E1T RT-qPCR %
HE, 25 59 78 DEcircRNA 192635 7K 5 10 F 50
HORH R ) ek K AR R fa A — (& 7), IERH T
W 7 B (4 AT 45 R R DEcireRNA 38k 34 i1 o
it
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Identification and comparison of circular RNAs in Ascosphaera
apis mycelium and spore
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Abstract: [Objective] The objective of this study is to clarify the differences of number, type and expression profile
of circRNAs between Ascosphaera apis mycelium and spore, and discuss the potential role of common circRNAs,
specific circRNAs and differentially expressed circRNAs (DEcircRNAs). [Methods] Based on previously gained
high-quality RNA-seq data of 4. apis mycelium (AaM) and spore (AaS), circRNAs were predicted using find_circ
software. Common circRNAs and specific circRNAs were filtered via Venn analysis. DEcircRNAs of AaM vs AaS
were screened following the standard of P<<0.05 and |log, fold change|=1. Function and pathway annotation of
source genes of circRNAs was done via alignment against GO and KEGG databases. CircRNA-targeted miRNAs and
miRNA-targeted mRNAs were predicted using TargetFinder software. Cytoscape software was used to visualize
competing endogenous RNA (ceRNA) regulation network. DEcircRNAs were verified by RT-qPCR. [Results] There
were 13210156 and 19011000 anchors reads in AaM and AaS, respectively, among them 6124922 and 11392886 ones
can be mapped to the reference genome of A. apis. In AaM and AaS groups, 1868 and 2225 circRNA were
respectively identified, and the numbers of common circRNAs, specific circRNAs in AaM and specific circRNAs in
AaS were 1098, 770 and 1127, respectively. In addition, the length of circRNAs in AaM and AaS was mainly
distributed among 1000-2000 nt, and the most abundant circularization type was intergenic circRNA. Further, 456
upregulated circRNAs and 97 downregulated circRNAs were contained in AaM vs AaS comparison group. Source
genes of common circRNAs were annotated to 29 functional terms and 14 pathway classifications; source genes of
specific circRNAs in AaM were annotated to 31 functional terms and 17 pathway classifications; source genes of
specific circRNAs in AaS were annotated to 34 functional terms and 16 pathway classifications; source genes of
DEcircRNAs were annotated to 29 functional terms and 40 pathways. ceRNA regulation network analysis showed that
36 common circRNAs can target four miRNAs, further regulating six mRNAs related to endocytosis. Additionally,
four (255) specific circRNAs in AaM (AaS) can target two (two) miRNAs, further regulating eight (two) mRNAs
related to biosynthesis of secondary metabolites; nine DEcircRNAs can target two DEmiRNAs, further regulating
three DEmRNASs associated with MAPK signal pathway. The result of RT-qPCR displayed that the expression trend of
10 DEcircRNAs was consistent with that in the sequencing result, verifying the reliability of our sequencing data.
[Conclusion] Common circRNAs, specific circRNAs and DEcircRNAs in 4. apis mycelium and spore may regulate
material and energy metabolisms, endocytosis, biosynthesis of secondary metabolites, and MAPK signaling pathway
through controlling the expression of source genes and serving as ceRNAs, further affecting the mycelium growth,
spore germination, and pathogenicity of 4. apis.

Keywords: chalkbrood, Ascosphaera apis, mycelium, spore, circular RNA, microRNA, competing endogenous RNA
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