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Gene ontology (GO)#%i#} = #1 Kyoto Encyclopedia
of Genes and Genomes (KEGG) 44 22 17F4 T 5,
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001097 #1 novel_circ_000339)i}f4T RT-gPCR. %It
Guo ZPy )ik, MEFTIL circRNA BUBRIERFS1]
FIH] DNAMAN AR A Re Sk S 1 5 140
P DB S I B U7, AR T A TR (-
M)A A RA A G M5 Y. %8 actin B A
(LOC108004261) 1 Jy N 2. AHOCH I WIMF B L 3R
1. A RNA fii#gl & (TaKaRa A Fl,, H1E) 7
HIFEHC ACCK Fll AcT FESR IR RNA, 438 21477,
Horr 1 £ 4 RNA ] 3 U/mg RNase R (% 3844,
HEDIET TR, LARBRZGME RNA, 37 °C 4b#
15min, 70 °C4bBE 10 min, J5 ABENLE Ikt T I
Bk, 153 cDNA 7E4 circRNA [ gPCR it ;
T30 5 RNA BN, L Oligo (dT)zsfE
MG T IR S 53, 152XV A cDNA, 7ER actin
% QPCR bz, MR (20 pL) . 1E. i
5]47(10.0 pmol/L)4% 1 pL, cDNA ik DNA 1 pL,
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ABI QuanStudio 3 ¢)%:7E & PCR 4 (ThermoFisher
o], EE) BT, FEFFANR : 95°C 1 min, 95°C
15s, 60°C30s, 45 Mg, AT 31K
FAREE MY FEL . KA 2722
it DEcircRNA X ik . Graphpad Prism 7
BE#E T Student’s t test 2 AH 4L

x1 AHREARISD

Table1l. Primersused in this study
Primer name
Novel _circ_000645-F
Novel_circ_000645-R
Novel _circ_001097-F
Novel_circ_001097-R
Novel _circ_000339-F
Novel_circ_000339-R
actin-F

Primer sequence (5—>3')
GGCTTCTTGACTTTCAGCG
TTATTGTTCACCTGGACGC
GGTATGGTTGTCACATTTGC
GGAAGAATAGCATCAAGCG
GTCTCAAGCACTCCAGTTCTC
TTCCTTCTCCATCTGCGT
GCAGTTAGGCACTTTCTCTGA
CGTTTCCCACTTCTTCGTA

actin-R
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Figure 1. Comparison of structural properties and total expression levels of circRNAs between AcCK group and
AcT group. A: Venn analysis of circRNAs; B: length of circRNAs; C: circularization type of circRNAs; D: total

expression level of circRNAS.
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LA I | A EERSNE T circRNA
(520 F1 460 1~), HYEH—FMEF circRNA (114
95 ). AAEFHINEF circRNA (81 Fil 85
Y. R X EE cireRNA (45 #il 32 M), W& T
CircRNA (25 Fll 17 /M LL K SEH ] X circRNA (20
13 4 (K 1-C). BETANE RN E T
CircRNA, JARPURIIAEIETAE AcCK g5

2T AcT HY circRNA % (K 1-C).

AN, AcCK B9 CircRNA 31K 3235 7K W4 25
T AcT 11 circRNA #5157k 1 (K 1-D), AcCK
kR E Y circRNA J& novel_circ_000210,
novel_circ_000114 #1 novel_circ_000805 (3 2); AcT
kR E Y circRNA J& novel_circ_000210.,
novel_circ_000805 #/1 novel_circ_000114 (5% 3).

F 2. AcCK FFRIEE&HSHIAT 10 {iL circRNA

Table2. Top 10 circRNAs with the highest expression levelsin AcCK group

circRNA ID RPM value Length/nt Type Source gene ID
Novel_circ_000210 1574.036613 552 Annotated exonic circRNA 2288
Novel_circ_000114 260.4948974 528 Annotated exonic circRNA 1413
Novel circ_000805 189.1112718 3776 Exonic and intronic circRNA 8864
Novel_circ_000259 161.5815402 483 Annotated exonic circRNA 2706
Novel_circ_000254 93.93310427 576 Exonic and intronic circRNA 2706
Novel _circ_000727 83.14255621 394 Annotated exonic circRNA 7989
Novel_circ_000260 78.85400506 633 Annotated exonic circRNA 2706
Novel_circ_000457 71.93698707 1474 Intronic circRNA 4878
Novel_circ_000508 62.25316189 559 Single exonic circRNA 5524
Novel_circ_000555 61.69980045 640 Annotated exonic circRNA 5927
3. AcT PRIZERSAIET 10 fi circRNA

Table 3. Top 10 circRNAs with the highest expression levelsin AcT group

circRNA ID RPM value Length/nt Type Source gene ID
Novel_circ_000210 792.9234843 552 Annotated exonic circRNA 2288
Novel_circ_000805 181.9110957 3776 Exonic and intron circRNA 8864
Novel_circ_000114 152.1003061 528 Annotated exonic circRNA 1413
Novel _circ_000727 102.9233831 394 Annotated exonic circRNA 7989
Novel _circ_000259 92.91392091 483 Annotated exonic circRNA 2706
Novel _circ_000260 54.18165411 633 Annotated exonic circRNA 2706
Novel _circ_000254 47.43614698 576 Exonic and intron circRNA 2706
Novel_circ_000508 43.7369979 559 Single exonic circRNA 5524
Novel_circ_000457 42.86660988 1474 Intronic circRNA 4878
Novel_circ_000048 39.16746081 386 Annotated exonic circRNA 576

actamicro@im.ac.cn
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2.3 CircRNA iR RIKEMT

LSRR ER, AcCK vs AcT Hidlh
JL4 4941 DEcircRNA, 137 2574~ 7 circRNA
Ml 237 A~ F i circRNA, FREFE RGN T
2.04-7615.90, FiFEfEX T 0.000071-0.4, i
e 3 B¢ K J& novel _circ_000123 [log.(Fold
change)=12.89, P=4.75E-13]. novel_circ_000585
[log, (Fold change)=12.35, P=3.80E-09]#H

circ_000726 [log, (Fold change)= -13.78, P=
5.94E-18]. novel_circ_000119 [log, (Fold change)=

—-13.04, P=1.68E-11] #1 novel_circ_000265 [log,

(Fold change)=—13.02, P=3.21E-11] (¥ 5).

2.4 DEcircRNA SRiFE: K 12 88 Fof BB
GO s i B2 /R, DECircRNA [k

DREER AT E RS 29 SRR H , W A kAR

(94 1%) . BLHLGERE(T8 1Y) MHHEFE(78 1),

A= W) (62 A FAE (30 4N) 45 11 4492kt

novel_circ_000751

[log.

(Fold change)=12.29,
P=7.59E-09] (¥ 4); T JAIFEE ik KHZ novel_

F 4. AcCK vsAcT tb#E{¢AH AT 10 i i@ circRNA

FEAHSCAE H (K 2); 455 (120 1) MEALTE (83 1)

Table4. Top 10 up-regulated circRNAsin AcCK vsAcT comparison group

circRNA ID RPM in AcCK RPM in AcT Log, (Fold change) P value

Novel_circ_000123 0.001 7.615895157 12.89 4.75E-13
Novel_circ_000585 0.001 5.222328107 12.35 3.80E-09
Novel_circ_000751 0.001 5.004731103 12.29 7.59E-09
Novel_circ_000936 0.001 4.351940089 12.09 1.21E-07
Novel_circ_000206 0.001 3.916746081 11.94 4.82E-07
Novel_circ_000425 0.001 3.916746081 11.94 4.82E-07
Novel_circ_000574 0.001 3.916746081 11.94 4.82E-07
Novel_circ_000629 0.001 3.916746081 11.94 4.82E-07
Novel_circ_000688 0.001 3.916746081 11.94 4.82E-07
Novel_circ_001062 0.001 3.916746081 11.94 4.82E-07

F< 5. AcCK vsAcT tbE4E 9/l 10 £ T circRNA
Table 5. Top 10 down-regulated circRNAsin AcCK vs AcT comparison group

circRNA ID RPM in AcCK RPM in AcT Log, (Fold change) P value

Novel_circ_000726 14.1107167 0.001 -13.78 5.94E-18
Novel_circ_000119 8.438761945 0.001 -13.04 1.68E-11
Novel_circ_000265 8.300421585 0.001 -13.02 3.21E-11
Novel_circ_000208 5.948635469 0.001 —12.54 1.34E-07
Novel_circ_000399 5.53361439 0.001 -12.43 4.71E-07
Novel_circ_000207 5.39527403 0.001 -12.40 4.71E-07
Novel_circ_000852 5.39527403 0.001 -12.40 4. 71E-07
Novel_circ_001065 5.118593311 0.001 -12.32 2.20E-07
Novel_circ_000875 4.703572232 0.001 -12.20 8.16E-07
Novel_circ_000788 4.565231872 0.001 -12.16 1.57E-06
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Figure2. GO dataset annotation of source genes of DEcircRNAs.
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Figure3. KEGG dataset annotation of source genes of DECircRNAS.
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F 6. R GERKIEERE KIEE DEcircRNA
Table 6. Source genes and corresponding DEcircRNAs involved in cellular immune pathways

Pathway Ko number Num of source genes Num of DEcircRNAs DEcircRNA ID

Endocytosis ko04144 5 8 Novel_circ_000027
Novel_circ_000127
Novel_circ_000312
Novel_circ_000313
Novel_circ_000403
Novel circ_000405
Novel_circ_000408
Novel_circ_000749

Ubiquitin mediated proteolysis ko04120 4 4 Novel_circ_000073
Novel circ_000495
Novel_circ_000550
Novel_circ_000949

Lysosome ko04142 4 5 Novel_circ_000069
Novel circ_000357
Novel_circ_000735
Novel_circ_000736
Novel_circ_000764
Phagosome ko04145 3 3 Novel_circ_000357
Novel_circ_000764
Novel circ_000427

Metabolism of xenaobiotics ko00980 1 1 Novel_circ_000087
by cytochrome P450

Insect hormone biosynthesis ko00981 1 1 Novel_circ_000015
Regulation of autophagy ko04140 1 1 Novel_circ_000146

F7. BRIKEREERKIIKIEEERIELN DECircRNA
Table 7. Source genes and corresponding DEcircRNAs involved in humoral immune pathways

Pathway Ko number Num of source genes Num of DEcircRNAs DEcircRNA ID

FoxO signaling pathway ko04068 4 5 Novel_circ_000312
Novel _circ_000313
Novel_circ_000304
Novel_circ_000323
Novel _circ_000606

MAPK signaling pathway ko04013 2 3 Novel_circ_000312
Novel _circ_000313
Novel_circ_000777

Jak-STAT signaling pathway ko04630 2 2 Novel_circ_000550
Novel circ_000323

actamicro@im.ac.cn
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Figure 4. RT-gPCR validation of DEcircRNA. A-C: RT-gPCR validation of novel_circ_000645, novel _circ_
001097 and novel _circ_000339. In RT-gPCR group, *: P<<0.05.
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Circular RNA response of Apis cerana cerana 6-day-old larvae
to Ascosphaera apis stress

Huazhi Chen”, Zhongmin Fu®, Jie Wang, Zhiwei Zhu, Xiaoxue Fan, Haibin Jiang,
Yuanchan Fan, Dingding Zhou, Wendong Li, Cuiling Xiong, Yanzhen Zheng,

Guojun Xu, Dafu Chen, Rui Guo’

College of Animal Sciences (College of Bee Science), Fujian Agriculture and Forestry University, Fuzhou 350002, Fujian
Province, China

Abstract: [Objective] Ascosphaera apis exclusively infects honeybee larvae, leading to chalkbrood, a fungal disease
damaging honeybee health and beekeeping industry. The objective of this study was to investigate the differentia
expression pattern of circular RNAs (circRNAs) and differentially expressed circRNAs (DEcircRNAS) involved in Apis
cerana cerana 6-day-old larval response to Ascosphaera apis stress, and the putative role of DECircRNAS in host A.
apis-response. [Methods] Norma and A. apis-infected 6-day-old larval guts of A. c. cerana (AcCK and AcT) were
sequenced using linear RNA-removed circRNA-seq technology. CircRNAs were identified using find circ software,
followed by summary of length and circulization type of circRNAs. DEcircRNAs were screened out following the
standard of |log,(Fold change)|=1 and P<0.05. Source genes of DEcircRNAs were annotated to Gene Ontology (Go)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases to gain function and pathway annotations. RT-gPCR
was conducted to validate three randomly selected DEcircRNAs. [Results] Based on circRNA-seq, 76342570 and
68269362 raw reads were produced from AcCK and AcT, and 74524108 and 66974392 clean reads were obtained after
strict quality control, with Q30 of 92.75% and 94% and GC content of 54.31% and 54.90%. In total, 23648400 anchor
reads were mapped to the reference genome of Apis cerana. In AcCK and AcT, 805 and 702 circRNAs were identified;
the lengths of these circRNAs were distributed among 201-1000 nt, and the most abundant circulization type was
annotated exonic circRNA; however, the numbers of circRNAs distributed in various lengths and circulization types
were different. There were 494 DEcircRNAsin AcCK vs AcT comparison group, including 257 up-regulated circRNASs
and 237 down-regulated circRNAs, with novel_circ_000123 and novel_circ_000726 having the highest up-regulation
and down-regulation levels. Source genes of the aforementioned DEcircRNAs were annotated to 11 biologica
process-associated terms, nine molecular function-associated terms, nine cellular component-associated terms, and
73 pathways. Further analysis demonstrated partia source genes were engaged in seven cédllular immune pathways and
three humora immune pathways. [Conclusion] A. c. cerana 6-day-old larvae may response to A. apis stress by altering
the numbers of circRNAs distributed in various lengths and circulization types, specifically expressing some circRNAS,
and regulating the expression of partial circRNAS; several DEcircRNASs such as novel_circ_000027, novel_circ_000127
and novel_circ_000312 may play specid roles in host A. apis-response via regulation of oxidative phosphorylation,
cellular and humoral immune pathways. Our findings offered novel insights into further understanding molecular
mechanisms underlying A. c. cerana larval response to A. apis and host-pathogen interaction.

Keywords: Apis cerana cerana, larva, circular RNA, non-coding RNA, Ascosphaera apis, immune response
(AT RBEm)
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