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Abstract: [Objective] The objective of this study is to de novo assemble a reference transcriptome for Apis cerana cerana
larval gut, perform gene function and pathway annotation for this transcriptome, and to identify specific SSR molecular markers for
A. c. cerana larvae. [Method] 3-day-old instar 4. c. cerana larvae were fed with the purified Ascosphaera apis spores, the guts of
4-, 5- or 6-day-old honeybee larvae were sampled and used as sequencing material for RNA seq. After filtration, clean reads were
obtained, and unigenes were assembled using Trinity software. BLASTX tool (E-value<<10~°) was used to search the unigenes
against NCBI Nr, Swiss-Prot protein, KOG as well as KEGG databases to perform gene function and pathway annotation. MISA
software was used to search microsatellite markers in the larval gut’s transcriptome. The specific primers of all SSRs were designed
using Primer Premier 5 program and several pairs were used to amplify SSR loci in 4. ¢. cerana larvae samples from 3 different
regions (Beijing, Xingcheng, and Chengdu) in China by method of PCR. [Result] In this study, RNA seq produced 35 670 000
high quality reads, which were assembled into 43 557 unigenes with a mean length of 898 nt. 18 225 unigenes were annotated in
the public protein databases. A total of 11 442 unigenes had a KOG classification and they distributed in 25 KOG categories, among
them, RNA processing and modification was the largest group (1 249). 9 679 unigenes could be classified into three gene ontology
(GO) categories, in which the mostly enriched ones were cellular process (4 201 unigenes), cell (2 900 unigenes) and binding
(4 935 unigenes). 4 517 unigenes were annotated to 216 KEGG pathways, among them, ribosome (385 unigenes) was the largest.
Finally, 13 448 SSRs were found in 7 763 unigenes, and 6 out 20 SSR loci could be successfully amplified in 4. c. cerana larvae
samples from 3 different regions in China using PCR. [Conclusion] This study assembled and annotated a reference
transcriptome for A. c. cerana larval gut, which will provide a key information not only to studies on eastern honeybee and its
larvae such as molecular biology and omics, but also to improve and validate the genome of 4. cerana. SSR markers developed
here could be applied to future investigation of A. ¢. cerana including gene map construction, genetic diversity analysis as well as
gene location. Meanwhile, this study suggested that developing molecular markers using transcriptome data of non-model organism
is a rapid and efficient method.
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Table 1 Summary of 4. c. cerana larval gut’s reference transcriptome assembled in this study

HEEHH GC st Ja K IR IR P B

Genes number GC percentage (%) N50 Max length Min length Average length Total assembled bases
43557 37.10 1704 22162 201 898 39117009

x2 A HEQHEFIRGITR

Table 2 Summary of annotation information of all unigenes in public protein databases

Unigene 15 Nr Hdi e Swiss- Prot £(#s i KOG %l %2 KEGG ##i i TR K £
Unigene number NCBI Nr database Swiss-Prot database KOG database KEGG database Annotated gene
43557 17456 12830 11442 9045 18225

VERE 2] Nr 2048 %2 unigenes (1) E-value 4347 it
~ (D, WX R R F I E-value ¥)<107,
Hort E-value<<107' {45 49.76%, UL LS 45 Ral
5 BE R o VEREFE DA [R5 R 51 1) P b A1 2 v 45 2R
WORHT 10 ALY R AKIRA Apis mellifera . Apis
dorsata Apis florea. Bombus impatiens. Bombus
terrestris < Lasius niger . Megachile rotundata
Harpegnathos saltator Capsaspora owczarzaki ATCC
30864 il Cerapachys biroi, £ ¥ 2| A. mellifera [f15&

RHCH 5 753(31.57%), 1R 2| A. dorsata F1 A. florea
I FE IR BA 53 A 3 695 (20.27%) A1 2 489 (13.66%)
(£3) .

KOG VERBZ 7R, 11 442 /> unigenes 2304 T
25 NERFE (B12) o o, @REREmZ N
T AU, O D e TN AR R S AR
EEHME NS e HATEENE, A 170 4
unigenes {TRERIBTAALE], EATTAT AR T4 HUHR AR
W R NZ I R R ELZER
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M 1E-20<E-value<1E-5: 1092
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Fig.1

% 3 Unigenes YIS ftitaR (il 10 A1)
Table 3 Unigenes distribution in different species (top 10

species)

YFl Species Unigenes 4 Unigene number
VU7 % W% Apis mellifera 5753
K% W& Apis dorsata 3695
NE VW Apis florea 2489
SANFERE W Bombus impatiens 319
WKM€ ¥ Bombus terrestris 313
WY Lasius niger 309
EfE VIt Megachile rotundata 291
EN BRI Harpegnathos saltator 173
A5 L ATCC 30864 163
Capsaspora owczarzaki ATCC 30864

HE[CHLA AR Cerapachys biroi 156

2.3 Unigenes B Gene Ontology (GO) #E
XA unigenes 1T GO 703K, L4 9 679 4~
unigenes HAT GO DIREVIRE, XLECRLDN WD) RE 5k A4
Ve R ARl o F oy 1 DiRE 3 2K, Wil 3 R,
PR, FEREEAT A ERN . AR,
MR AR HRASAEY) G s AR 2R
Ko IBERGHRE . 1830, ARG 2 4121
i ZHMAZURE. A, AR N F9.

Distribution of E-value in four databases

F—A5 HUAKRTEFE ) unigenes % H 43514 22.92.1 655.
2. 519, 4156, 7. 16, 1132, 36. 4146, 52. 220.
25, 31. 819. 593 fi1 3263 14 4l s, HERF
M. AMER:. HiRE. NSRRI, A EET
Moy MIARX . BAMX T4 KG9 A,
AU MO i . A0 diR a2 5
fil. AR R I EEEAFE unigenes £ H 437
42900, 15. 2900, 39. 6. 27. 26. 1287. 1702,
1511, 65, 1893, 700 41. 37. 49 F149; 4 Ik
o ERERIPURAGEYE. AiE . EEAENE. @iy
TIEPE PREEENE. BT TE . IREEZ TR A
5/ P R RS (N o ) 18 IR K P R N e 2. MR G
IR G G e G ME . B A A Gk N Fis e, 45
R o> Gk s IR YEN unigenes £ H 43714 48,
4935, 2. 34, 89. 61. 150. 316+ 177. 30. 402 FlI
521,
2.4 Unigenes BY KEGG X151 1B 8% £ 5%

T unigenes HE4T KEGG ARSHH B ERE,
4 517 /> unigenes £ B E| KEGG #i#fi FErp, x4t
unigenes [ H {55 SN 4 fi7R . 1X4% unigenes 4 A
T216 MEAmARSER H, Hrb e REER R 21 10
AU B S AR BRAR LU A BT 2 1 T
WHF. RNA ¥z, WSS, ALBiiih. BYHiA,
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ABCDEFGHIJKLMNOPQRSTUVWYZ
€435 Function class

A: RNA I LFI&1fi RNA processing and modification; B: 445
5% )12 Chromatin structure and dynamics; C: AER=/EFH 4 Energy
production and conversion; D 4l J& 4% . 40 i 3 ¢\ G a4k Cell cycle
control, cell division, chromosome partitioning; E: Z(J&[212 Hif11¢ s
Amino acid transport and metabolism; F: T RRIZHAMLE Nucleotide
transport and metabolism; G: B/KEWIINIE A1 Carbohydrate
transport and metabolism; H: Flififiz 1L Coenzyme transport and
metabolism; I: g iz AI{Rif Lipid transport and metabolism; J:
e % B4R g5 Ky R A4S ) 4 B Translation, ribosomal structure and
biogenesis; K: #3% Transcription; L: &, HEHEMEE Replication,
recombination and repair; M: 4f [ BE/4H L/ 5 45 K4 1R A5 B Cell
wall/membrane/envelope biogenesis; N: #ifliZz)) Cell motility; O: Fi
PEJEEME . B8 . 15 Posttranslational modification, protein
turnover, chaperones; P: JEHLE ¥ 412 51 Inorganic ion transport and
metabolism; Q: K AEAM F=MitI & i 12 F4LiH Secondary metabolites
biosynthesis, transport and catabolism; R: —IZhHETIMN General function
prediction only; S: A 41ZIfE Function unknown; T: {5 5% S Signal
transduction mechanisms; U: Mipyigfir. Zrilb FIZFEHIZ % Intracellular
trafficking, secretion, and vesicular transport; V: FiffI#L#| Defense
mechanisms; W: 4l 7h45 14 Extracellular structures; Y: 1% 4454 Nuclear

A,

structure; Z: ZHHI 1 4¢ Cytoskeleton

2 Unigenes BY KOG ThRE 2
Fig.2 KOG classification of unigenes

LI WG Az Z N FEAKME (R 4 . b
bk, ERFIEEEIA. MAPK {55301, Jak-STAT {3
S, BHUEEAYA K. BER. Ras 59500
. JHT RIS LK) unigenes 2054 119, 27,
25, 16+ 10~ 7 4 f14 4, HAp a7 fkimk L
unigenes 4 ] BETE 4y HU i 95 J5U AR ) NAR TR AR
P R P R A
2.5 SSR HFHrICERE

FIFH MISA #4443 557 4 unigenes H %8 5
i 13448 4~ SSR 7 il. Hh TR ES K Z, H
LF] 7 804 (58.03%) , HIKWKICH =K. Wi
TR AR ANETIRES, BHS MM 3 797
(28.23%) . 1 307 (9.72%) . 339 (2.52%) #1201

(1.49%) (F 5) . WX SSR FIit T8, K
I AT/AT ISR e (30.4%) , HkOh AG/CT
(22%) , ANFIZEAY SSR 7 & SSR ATy (1) Lb sl 4
Bl 5 Bis.

76 LiRAY 13 448 4~ SSR {57, FIJ] Primer
Primer 5 #XHEBENLBRIE 20 /4~ SSRs 751 W 15 11
e tEn 19, 19 E Bk 2 fros. $REL 4. 5.

3R 4 ERE KEGG EHREERT 10 fLCIHB RS
Table 4 Top 10 pathways of unigenes annotated in KEGG

pathway database
AR I SERECH R % 1D
Pathway Gene number (4517) Pathway ID
WA Ribosome 385 (8.41%) k003010
AR5 Carbon metabolism 270 (5.9%) k001200
PR i T 234 (5.11%) ko04141
Protein processing in endoplasmic
reticulum
P& Endocytosis 217 (4.74%) ko04144
RNA #;1& RNA transport 210 (4.59%) ko03013
R4 A4 Purine metabolism 207 (4.52%) k000230
FALBERRL 205 (4.48%) k000190
Oxidative phosphorylation
By {4 Spliceosome 201 (4.39%) k003040
IR 170 (3.71%) k001230
Biosynthesis of amino acids
ZHA TR A KA 146 (3.19%) k004120

Ubiquitin mediated proteolysis

F 5 g4 RAAIE SSR LA it

Table 5 Characteristics of SSRs in 4. ¢. cerana larval gut

Zivt Ui H - Statistical item ¥+ Number
J7 51 £ Total number of sequences examined 43557
J7H11) 1K Total size of examined sequences 39117009
SSR 477 £ 541 Total number of identified SSRs 13448
& SSR LR H 4L 7763
Number of SSR containing sequences
& 1ANLL L SSR JF A% 2793
Number of sequences containing more than one SSR
A48 SSR 7 A 2347
Number of SSRs present in compound formation

AZTFIRTE S SSR A £ 4L Di-nucleotide 7804
S MR E AL SSR A7 AL Tri-nucleotide 3797
DUAZF7 IR B 52 SSR 47 £5 4 Tetra-nucleotide 1307
TR FE K SSR 47 %1 Penta-nucleotide 339
INEFER FE S SSR A 1441 Hexa-nucleotide 201
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LA H Number of unigenes

GO% H GO terms

1: 4724 Behavior; 2: ‘£ Biological adhesion; 3: ZE#i4% Biological regulation; 4: 4iffiA%{) Cell killing; 5: 4Hl sl 5> 4 £ 8844 45 1K Cellular
component organization or biogenesis; 6: 4l ffliiFE Cellular process; 7: KA #EFE Developmental process; 8: ZE1: Growth; 9: %l ZREEHUFE Immune
system process; 10: 47 Localization; 11: JZ3)) Locomotion; 12: {RiffiHEf# Metabolic process; 13: Z41ZUEFE Multi-organism process; 14: 241
ZHZRHEFE Multicellular organismal process; 15: 4278 Reproduction; 16: “EFH T2 Reproductive process; 17: NI Response to stimulus; 18: {55 Signaling;
19: H—ATHLAAHEFE Single-organism process; 20: 4l Cell; 21: 40fii%4#Z Cell junction; 22: 4% F Cell part; 23: 4145 Extracellular matrix;
24: AIANIEJTA 5 Extracellular matrix component; 25: Jfi#hX Extracellular region; 26: Jfi#hX %4} Extracellular region part; 27: Ko THEW
Macromolecular complex; 28: 4f{ufbi Membrane; 29: 4ilJfufi% (' Membrane part; 30: 41} 4 [l¥ Membrane-enclosed lumen; 31: ZiJfi#% Organelle;
32: A ZEL; Organelle part; 33: 53fill Synapse; 34: %4 Synapse part; 35: Jji§#F Virion; 36: Jj#% 1| Virion part; 37: P TE Antioxidant
activity; 38: %54 Binding; 39: fE{L7E{E Catalytic activity; 40: 1 IE %5 T i, Channel regulator activity; 41: HL 744185k Electron carrier activity;
42: FFRIE M Enzyme regulator activity; 43: BRIERFRRACH R T35 M Guanyl-nucleotide exchange factor activity; 44: 43T Zhfig i1 X7 Molecular
function regulator; 45: 73 FHA#siGE Molecular transducer activity; 46: RS #4 5% K 7% ' Nucleic acid binding transcription factor activity; 47:
B 45 5 % T Protein binding transcription factor activity; 48: 454> Tt Structural molecule activity; 49: 438 T3 Transporter activity

3 Unigenes BJ GO 93

Fig.3 GO classification of all unigenes
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A: U Metabolism; Al: B/K4L & #1CH Carbohydrate metabolism; A2: ZFEMAL I Amino acid metabolism; A3: &% Global and overview; Ad4:
IR B Lipid metabolism; AS: fEfARH Energy metabolism; A6: %14 Nucleotide metabolism; A7: ZEHE M4 A4 Glycan biosynthesis
and metabolism; A8: 4iliBh KT FI4k 4 FE AR Metabolism of cofactors and vitamins; A9: HABZILIR U Metabolism of other amino acids; A10: A
P4 I B A AR Xenobiotics biodegradation and metabolism; A11: #2354k &M F1 2R Witk 504K Metabolism of terpenoids and polyketides; A12: 1L
i AR ) 2E )45 1 Biosynthesis of other secondary metabolites; B: 5% 4% EAL 2 Genetic information processing: B1: #J% Translation; B2: #14&.
SRk Fold, sorting and degradation; B3: #%3% Transcription; B4: & filF11& % Replication and repair; C: ¥35{7 E AL Environmental information
processing; Cl: {55 % T Signal transduction; C2: f5*5 %> T K H 1 Signal molecules and interaction; C3: [iZ%i Membrane transport; D: #ilfdlF:
Cellular processes; D1: &5 fi#4Rif Transport and catabolism; D2: #ifuf{A Cellular community; D3: #ifu4EKRIZET: Cell growth and death;

D4: 4iJftiZ3) Cell motility; E: “EMIZRZE Organism systems; El: I Aging; E2: W2 AR 4 Endocrine system; E3: AT Development; E4: J&
Hit RHE Sensory system; ES: fuf% 258 Immune system; E6: {1k R4t Digestive system; E7: {i§#F R4t Circulatory system; E8: fifi£4f R4t Nervous system;
E9: M HEiE N % Environment adaptation; E10: HEll R4t Excretory system; F: A&7 Human diseases; F1: P4r#A4R i85 Endocrine and metabolic
diseases; F2: fEH1EH Infectious diseases; F3: it Cancers; F4: #IZRIT MM Neurodegenerative diseases; F5: #)JFif#t Substance dependence;

F6: Ay Immune diseases; F7: LML PR Cardiovascular diseases

B 4 Unigenes B KEGG {5188 5%
Fig4 KEGG pathway annotation of all unigenes
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17 PCR ¥,

PCR =14 1% B IR UK I, 45 S BoR,
1 6 X SSRs KEFPESIY (SSR9. SSR11. SSR14,
SSR16. SSR19. SSR20) XJ 3 ANAN[A] K5 [ g4
Jr 3B R S R 1G T BAT 2 AR e AT (
6) , ULHIIXLE SSR 7 x5 AT AR Jy 4y UREAT (1) 4y
Fhrid, T 48R KM K SSR 4 Fhrid
A RAFIIHT 5

3 it

2015 4F, BEEIHTSN A T AR 7 B bk
FERAUE S, (I IR AL AL S S D RETE
Fefs B, WANG 251008t o) o i R 47 3o 5 S 2L
BIRFASUIE 3 R T4, 1 FIR TG 1
R Tl SRAEME DL B, MOzfe 415 B

SSR20 SSR19 SSR16

M: 2000 bp ladder; B: Jb 5T 1) -H i 4l FE i Larvae sample from Beijing; L: JUH T30 7 X314 LR i Larvae sample from Xingcheng, Liaoning;

St KTV A ) 4 HUFE iy Larvae sample from Chengdu, Sichuan

6 EMA 3 NRIEHEEL HAE SSR LA EE

Fig.6 SSR loci identification of A. c. cerana larval gut samples from three different regions in China
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Table S1  Characteristics of bases before and after filtration
FEA 1L JEHT Before filtration L 9EJ5 After filtration
Sample e WA 20 19 JIRHE ) 30 0 oL M JRHE ) 20 ) JREA D 30 )
Data before Bl oy b Hedls H o b Data after Bl oy ke BdE ot
filtration (bp) Q20 (%) Q30 (%) filtration (bp) Q20 (%) Q30 (%)
AcCK-1 4191778750 4122004862 (98.34%) 4030429418 (96.15%) 4120582000 4064246549 (98.63%) 3979833851 (96.58%)
AcCK-2 4334195500 4213996428 (97.23%) 4077228759 (94.07%) 4160134000 4083143848 (98.15%) 3965993864 (95.33%)
AcCK-3 3586255750 3521454328 (98.19%) 3438794473 (95.89%) 3519954500 3468760601 (98.55%) 3393319631 (96.40%)
AcT1-1 3553351500 3451094311 (97.12%) 3335859989 (93.88%) 3405554750 3340447479 (98.09%) 3242098346 (95.20%)
AcT1-2 3893773250 3787923084 (97.28%) 3667212827 (94.18%) 3741024750 3672494334 (98.17%) 3568820941 (95.40%)
AcT1-3 3997812500 3872456664 (96.86%) 3736549940 (93.46%) 3813806000 3736163317 (97.96%) 3622084861 (94.97%)
AcT2-1 3712367500 3645843238 (98.21%) 3556475695 (95.80%) 3643512000 3588525599 (98.49%) 3505311512 (96.21%)
AcT2-2 3367244250 3299992256 (98.00%) 3211236465 (95.37%) 3305180000 3250516762 (98.35%) 3168526789 (95.87%)
AcT2-3 3456114000 3391514363 (98.13%) 3305319508 (95.64%) 3394594250 3341561175 (98.44%) 3261515432 (96.08%)
AcT3-1 3955549750 3852320596 (97.39%) 3730784980 (94.32%) 3813542000 3745784753 (98.22%) 3640301441 (95.46%)
AcT3-2 3382756500 3312883983 (97.93%) 3223515743 (95.29%) 3313704750 3258324213 (98.33%) 3176565510 (95.86%)
AcT3-3 4445430000 4358157898 (98.04%) 4244135651 (95.47%) 4357619750 4287478600 (98.39%) 4182386252 (95.98%)

Mizz 2 POR #3858 &R SSR AL 2549551
Table S2  Primers of SSR loci that can be amplified by PCR

5414 %5 Primer name

54917\ Primer sequence

Uni9-F 5-GCGAGCTCGAATTTGGATAA-3'
Uni9-R 5-GAACGTCTCTCGTCTCCCAG-3'
Unill-F 5-GAGTGCCCTGTGAGAGCAG-3'
Unill-R 5-CAAACACGTCACACTTTGGG-3'
Unil4-F 5-ATTCAACAGCAGCAGCAACA-3'
Unil4-R 5-CGTTCAGCTGTTGGAACGTA-3'
Unil6-F 5-GTTCGCGACGAGTTTCTCTC-3'
Unil6-R 5-GAGATGGGGATTGGAATTGA-3’
Unil9-F 5-TCATCCCTCGATAAGTTGGG-3'
Unil9-R 5-CAAATACGCATTTCCCGAAT-3’
Uni20-F 5-GAAACGTAATCCGACCGAGA-3'
Uni20-R 5'-CATGATGAACGTATCAGCGG-3'
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