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i E [BMW] AW R &SI T Nosema ceranae W) y-WAEE H (y-tubulin) FEH y-tubulin
PEATRRIRIAE, W y-tubulin (53 THFIE, JFX AR 7 B B T ORHAB AR y-tubulin 25 1 HEFT IR ST
MRS, DI RT B M T R p-tubulin 58, FNRAIRE p-tubulin (HDIRERFFT
ARl [ ek ] it PCR B0E y-tubulin 13835 . 13T Expasy MU E AR SCE AU 44 y-tubulin
MIBALPERT . (F SRk, BERRALOL A . TSR =R E5H . (1] MEME BP0 4R J7 8 0 e sURnH
B Fp y-tubulin PFIEASFIEIT o W ad Mega 11.0 2R AR 07 56 WA R AR FP %) y-tubulin #1547 ZFEBR
FFHNZE A, IR AR LT y-tubulin R G . [ G53R 1 y-tubulin 167 )5 4 W A6 1 A7ty
T ESKK . y-tubulin Hifih 433 DR, 7 TRZAH 49.11 kD, 43T Cois6H3422Ns520663520, SRV
FEh 86.65, FHLEN 5.75; y-tubulin 7% 29 N 2ZAMBRILALN, 5 DESEBRBRGAL m S 14 IR IR
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Abstract [Objectives] To validate the expression of the Nosema ceranae y-tubulin gene, clarify its molecular
characteristics, and conduct a conserved motif and phylogenetic investigation of y-tubulin proteins in N. ceranae and other
species. [Methods] The expression of y-tubulin was verified by PCR. Its physical and chemical properties, signal peptide,
phosphorylation site and secondary and tertiary structures, were predicted and analyzed using related software on the Expasy
website. MEME software was used to predict conserved motifs in the y-tubulin of N. ceranae and other species. Mega 11.0
software was used to perform multiple alignment of amino acid sequences of y-tubulin from N. ceranae and other species,
followed by construction of a phylogenetic tree based on the neighbor-joining method. [Results] The expression of y-tubulin
was confirmed in N. ceranae spores. The molecular formula of the gene is Cij36H3420Ns500663S20. It contains 433 amino acids
and has a molecular weight of about 49.11 kD. Its lipid solubility coefficient is 86.65, and its hydrophilic coefficient is 5.75.
The N. ceranae y-tubulin gene contains 29 serine, 5 tyrosine and 14 threonine phosphorylation sites, and also includes a 191
a-helix, 66 extension, 17 B-turn and 159 random coil. The gene is found in the nucleus, cytoplasm and mitochondria. The same
five conserved motifs were identified in the y-tubulin gene of N. ceranae and those of another nine species. Phylogenetic
analysis indicates that the y-tubulin gene of N. ceranae, Nosema apis, Nosema bombycis, Encephalitozoon cuniculi,
Encephalitozoon hellem and Vittaforma corneae cluster within a single large clade, whereas that of Rhizopus microsporus and
Rhizopus azygosporus cluster in another large clade. The closest evolutionary distance was that between the y-tubulin protein
of N. ceranae and that of its sister species N. apis. [Conclusion] Our results confirm the expression of y-tubulin in N.
ceranae spores, clarify the molecular characteristics of this gene, reveal a close genetic relationship between y-tubulin in N.

ceranae and that in N. apis, and show that y-tubulin is highly conserved in N. ceranae, N. apis, N. bombycis, E. cuniculi, E.

hellem and V. corneae.

Key words

R EMEIL T Nosema ceranae &=—Ff
A A AT 2 0 v i 2 2 BRI B TR I, X e
T MR R B E (BRI R
A, 2009 )0 ART7 BT IR G Al Xof e 1
T AN LA FARBEIAS | Sy B0 R o i 4 L 4 47 T
520 ( Macias-Macias et al., 2020; Ozgor, 2021 ),
BIRARIT B AR T IR S LN L 7E 2009
ERRT AR, (A2 IR T 5 = B i e 3L R R
B, YRZHEER DB FAAE R (Cornman
etal., 2009 ),

y- T4 B 1 (y-tubulin) & B A= ) 088 & 1
KR Z—, TEAIHE T K234 ( Lindstrdm
and Alvarado-Kristensson, 2018 ), y-tubulin /£4
S SR S RN N S T S R, R LA
4 Jif JE B AR G A R i B FE /R A ( Binarova
and Tuszynski, 2019 ), EHHEEE (2009 ) KH
FPET Y OF AR y-tubulin 76 FIR Y
FKikar, KIBEE MR BALREERS N y-tubulin
Y FRIR R, DLW y-tubulin 55 ¢ B & R o
BRI o W5 R y-tubulin FERTE B H WA

microsporidian; Nosema ceranae; y-tubulin; honey bee; molecular characteristics; systematic evolution

FEEHEEINRE, #40 Vogel F1 Snyder ( 2000 ) #F5¢
KPR y-tubulin T3 2R 20 M 5T A Bk
EHREL B B, A8 p-tubulin {H 1 2 L AN 0
TG 1A, Wi 38 y-tubuldin Xt H 2R JC 10
SO, SR, AR5 S W 1L y-rubulin WIHFSE
TEAATIRRDG o PRI, RFEAR T I A 1 1
y-tubulin W73 RePEIF AT RGE AL 3T, TR
FAOCTRERT T $2HE 2 %15 B AELB RS
A5 K& B nce-miR-12220 Jr H: # 5t
y-tubulin TE AR J5 5 W A6 1 MR e 2 R ) 4 e
Apis mellifera ligustica ( DAF Rifx “EIgE”) T &
(R A e 34 2 SR BRI R A %, nee-miR-
12220 3@ 15t 1F V835 y-tubulin FeH F3k W AE S 51
TR E A T AUz g (RIESE, 2022), H
B, AR5 5 Y y-tubulin AHICHIFFE R
K, THRERW . P, AT AR 5 2 e (4
T B y-tubulin AT R IBEUE, 40 9T
y-tubulin (57 F R, PETXS AR 07 58 0 folftl 1
AR y-tubulin 1T RS HEL AT, LI
FEFEERATEIE y-tubulin WD RERF 5T 2 HEIERE
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1 #R5ETE
11 Bkt

AR5 B M A T R Al 61 R AR AR AR
RepahPpRlersalbe (ersalbe ) iR R
SehE s (BROCHEAE, 2022 ),

1.2 y-tubulin B PCR ¥ ¥4 5 ik

AHEFE A AT Bl M cDNA #E
JEI) RNA-seq $ AR A 7 5 w76 - MU 4l e
6L S HEA I, BRAR T T ) sk AR

(Guo et al., 2018 ), T FibfL A, R
P y- A (y-tubulin) FEK y-tubulin J§ 5%
T R EY 514 (F: 5-ATGCGAGAA-
ATAATTACTCT-3";R: 5-TTACATCTCTGGCTC-
TTGGT-3'). F] Trizol PAREUZR Jy 8 Wt 1
HALFAE B RNA /E AR, FIH] Oligo dt
19 K BEALG | Wit AT R A5 8] cDNA 1E A
Meit4T PCR 444 . e A& &R (25 pL )27 PCR mix
22 uL, cDNA Fi# 1 uL, b REFSIYI4% 1 ul.
SIS FERE A 98 “C 2 min; 98 'C 20's, 50 C 1 min,
72 °C 1 min, 34 ME¥; 72 °C 5 min, PCR ¥
28 1.5% I B B A L K S P B R A (1
WG, PED) ST,

1.3 y-tubulin BEHE B FEDH

R Hf A3 S50 Y AR T TR T
y-tubulin ¥4, ) NCBI Muh | (https://www.
ncbi.nlm.nih.gov/ ) HJ ORF T.E.X} y-tubulin f* 4
R P AN AT . it Expasy Mk (https://
www.espasy.org/resources ) I {Y Protparam .
ProtScale 1 SWISS-model F5#k 43T y-tubulin
PFAEPEST . SRR PR =54 ; R SignalP
4.1 Server ( http://www.cbs.dtu.dk/services/SignalP-
4.1/ ). NetPhos 3.1 Server ( http://www.cbs.dtu.dk/
services/NetPhos/ ) 1 TMHMM (https:/services.
healthtech.dtu.dk/service.php? TMHMM-2.0) K&
SOPMA ( https://npsa-prabi.ibcp.fr/cgi-bin/npsa_
automat.pl?page=npsa_sopma.html ) ZE#{4 ( Ison

etal., 2013 ) Tl y-tubulin F{5 5K . BERRILAT
ML B SEAIR K —g5K . {fiH PSORTII
( https://www.genscript.com/psort.html ) % 1
( Sedaghat-Nejad et al., 2021 ) Fiiill] y-tubulin £E
P14 ST 40 5 A0

1.4 y-tubulin FH K EHEHN

i FH MEME #{4 ( Bailey and Elkan, 1994 )
( https://meme-suite.org/ ) T 7 J7 % W ol A0+
HAHALI RN y-tubulin IPRSFEEY, S E
e BER I N BRI IR 6 aa, S B
KBFEMIEFEHCH 50 aa, AIRIZEFIR A E R R
5, HRSHBINEE .

1.5 vy-tubulin EEN RS HL S

FIH Blast T HA AR 7 8 Wi+ L y-tubulin
M2 FEER 751 L XF %) NCBI GeneBank % ¥
J% ( https://www.ncbi.nlm.nih.gov/genbank/ ) A##
RITHIABIPE R S 0 HAL AP Y y-tubulin, 8
Mega 11.0 fF ( Tamura et al., 2021 ) X755 %
M T A HAB AP y-tubulin #1720 E R
JPo 2 HXT, RS A @ LT y-tubulin
RGO, R BIASEL

2 HREHGH

2.1  p-tubulin B FTIEEAE

BRE AR A Bk 25 S i, dlad PCR 9714
tH 91300 bp 19 H B A5G U /N E 1),
ULAH y-tubulin #2728 J7 B AT U - BL 5K
ik,

2.2 y-tubulin 99 FH S

y-tubulin 2256 1302 MEAFER, 0] 4wt 433
NEIEPR . y-tubulin 2K 0T 8E20 49.11 kD,
NeiE ZHECH 86.65, FHLE N 575, /TN
Ca186H3420N5500663S200 y-tubulin H1 7% 1 f /51 ) 2
SRy 22 @R, R B AR A Z LR I R 5
AN, y-tubulin £35% 52 DA ELER, Hrh
KGR ERRIA 25 A1 27 45 44 NIE
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bp
2 000

1 000
750

1 y-tubulin B PCR #1& P= 41 i 3R B8 # 5% Bk PR ik
Fig.1 Agarose gel electrophoresis for PCR
amplification product from y-tubulin

JkiE M: DNA marker; kif 1: DEPC 7K; kil
2: y-tubulin Y 7=

Lane M: DNA marker; Lane 1: DEPC water; Lane
2: Amplified product from y-tubulin.

LMy 2 R, ol PR ARG 2 R 3 il A 25 N
19 1>,

y-tubulin )R K R ECN-0.25, SEKE I
MREE e K 2R L (Bl 2: A), BIZEN
NEKMEEH . HEF, y-tubulin HALE A HLA Y

55 K, U A M A (1 2: B ). 7E y-tubulin

S £ 48 ABERRILAL A, A7 29 L E R
FRAbA s . 5 DS FRBEIR LA A S 14 4952
MRk (Bl 2: C)s

y-tubulin A 191 4> (44.11% ) o-12JiE, 66
A (15.24% ) $EREE, 174 (3.93%) B-5ff,
159 /1~ (36.72% ) RN (K 3: A), K3
(B) Ji/nly y-tubulin (K =24sHy, HAH N
7qj0.1.K, S5Z[FEUEMER 48.96%, HH 58.01%

k3 A E S 70% L0 F. S 4h, wiml
y-tubulin [F]B 2 FA0MEA% . 40 M B ARk,

HEA R 56.50% . 17.40%F1 13.00%.

2.3 y-tubulin JRFEF S

TEZR J5 48 W At ¥~ U y-tubulin TR0 S 5
AMESEILT . Motif 1. Motif 2. Motif 3. Motif 4
Hl Motif 55 ZEflHh, TEEEMA T 1 Nosema
apis . FAENIAL T H Nosema bombycis. HIKKR
AT Encephalitozoon cuniculi. WK R

%(5) A 10FB C-score—
1o S-score —
. 0.8 ‘ Y-score—
o 0.5 ° [&/{E Threshold—
g 0 5061
@ 0.5 e
-1.0+ ’
& 1.5+ = 02
—%(5) - 0 (T EFRT AT AR AATT T AT
—3.0 50 100 150200 250300 350 400 0 1I0 2IO 3IO 410 5IO 6I0 70
FEHIf & Sequence position R34 B Sequence position
C — %W Serine  — {4 Tyrosine

—

L — 7% F8 Threonine T FE Threshold

+

TETEBRRRAL AL AL
Phosphorylation potential

|
I

(=)
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J¥31{ii & Sequence position

& 2 y-tubulin BIFEKE (A ) 15

Sk (B) fgEUf= (C)

Fig. 2 Hydrophilic (A), signal peptide (B) and phosphorylation site (C) of y-tubulin
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Fig.3 Secondary structure (A) and tertiary structure (B) of y-tubulin
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filF W Encephalitozoon hellem . ff | 2% 7 B
Vittaforma corneae . /NMEAREE Rhizopus microsporus
7T MR EE Rhizopus azygosporus Y y-tubulin £
RT3k 5 RSP ( 4), Ut
W] y-tubulin 75 7R J7 & #e fdcfel - s R A 7 4~ Py e
PR

2.4 y-tubulin B RZEHFHML S

PR E BT P &A 2 4 y-tubulin 4b, &R
Ty BRI L BT R i S A
BRI R AT A RS N
AR AL EA 11 y-tubulin (F 1), &I
MR 22 8 LU A5 R R, 2R 7 S e ffed - sl 5 oA
7 P O 2 FIAREE B 1) y-tubulin ()T 51—

YIRL 12244 HHAH PH
Name of species Name of proteins P value
Nosema ceranae AAJ76 200012095 P <0.01
Nosema apis NAPIS ORF01572 P<0.01
Nosema bombycis NBO_ 1312g0002 P <0.01
Nosema bombycis NBO_ 13g0069 P <001
Encephalitozoon cuniculi ECU08 0670 P <0' o1
Vittaforma corneae VICG 00121 '
Encephalitozoon hellem EHEL 080630 P<0.01
Rhizopus azygosporus CU097014479 P <0.01

Rhizopus microsporus

BCV71DRAFT 35897 P <001 i mWmmm 0 mmmm = 00
0 50 100 150 200 250 300 350 400 450

Bk (B 5). REHMSITERER, R
5 S M R At o R L R
Hu AR AR AR H TR A A8 A T L S A
ZAL MY y-tubulin ROg—ANRZ, M/ MERE S
A EMREER y-tubulin A5 — DKL (E 6);
ROT IR 7 U S B A T IR Y y-tubulin
AR el , HUCh F a2 (Kl 6 ).
DL b 25 B0 2R O 2 e it o 5 o e A 1
HUHY y-tubulin 3E2% ¢ R T, y-tubulin 754 [F] 3
il o A s i ORsE

3 itig
y-tubulin J7{ZAFFE T HUC AR RN 97 R 45 1k

TH

| I
| I
L B
.
|

| I
L I
. T
I

”IIIIIII

P31 Sequence position

Motif 1 I GGGAGNNWA HGYYVGQKHK EDVMDIIQR EA EGCDSI EGFFLCHSIAGGTG
Motif 2 1 FPKKIIQTYSIFPNNEESSDVVVQPYNSILTLDR LTEYADSIIVMDNTAL

Motif 3 I MREIITLQIGQCGNQMGTEFWKSICK EHGIDSDGTLI SNQD

Motif 4 mmm HINSLISTVMSASTSTIRFPGYMYSDL ASIHSSLIPFPNI K FVVPSYTPF

Motif 5 0 RVSGI SLTNTTGISSLI SK ISGQFDKLRKQK AFLEIYK K FGVELEBFDEC

4

FAEEMBFRNEM 7 M FE y-tubulin EBESHHRTFTER

Fig. 4 Conserved motifs in y-tubulin proteins in Nosema ceranae and other seven species

B 3 T 222 B P XA FRIEISE 1, The Chinese name in the figure is the same as table 1.

*1

FHEEMBAFRSEM 7 YA y-tubulin 5

Table 1 Overview of y-tubulin proteins from Nosema ceranae and other seven species

Y R NCBI GeneBank ¥z 4 i 57 5
Species Number Accession number in NCBI GeneBank database
IRIT B AT L Nosema ceranae 1 AAJ76 200012095
BT . Nosema apis 1 NAPIS_ORF01572
KA AT H Nosema bombycis 2 NBO _1312g0002, NBO_13g0069

T RILA T2 Encephalitozoon cuniculi
TEAR I R AT B Encephalitozoon hellem
RS Vittaforma corneae

/NRIAREE Rhizopus microsporus

AT AR EE Rhizopus azygosporus

ECU08_0670
EHEL 080630
VICG_00121
BCV71DRAFT 35897
CU097 014479
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AAJ76_200012095 |-x
NAPIS_ORF01572 -x
NBO_1312g0002 -
NBO_13g0069 -
ECU08_0670 -
EHEL,_080630 -y
VICG_00121 |-x
BCV71DRAFT 35897 ¥
CU097 014479 ¥

xm m m m m mom m m

AAJ76_200012095
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BCV71DRAFT 35897
CU097 014479

- mm mm 'm M

I

b e et e et e e X L L

AAJ76_200012095
NAPIS_ORF01572
NBO_1312g0002
NBO_13g0069
ECU08_0670
EHEL_080630
VICG_00121
BCV71DRAFT 35897
CU097 014479

AAJ76_200012095
NAPIS_ORF01572
NBO_1312g0002
NBO_13g0069
ECU08_0670

EHEL 080630

VICG 00121
BCV71DRAFT_35897
CU097 014479

RS LR W SR O P P e

EEE [ -4 ]

oo
B b b bt b b bt e

_ JICSSn ot Pt P e et Pt m = 9
]
[l
]
1
1
~
w

[ e e e e e
&l
"=
o
=

I e T T I

&l
% e
o
[

vIvy]
1IVY
IVVy
IVVY
IVVY
11ffM L
VIVMDNEAL
VVVLDNAAL
VVVLDNAAL

LR Bad B RS R RS P R

mm M m M mm

R R L = e R I e

o

st e e e e ed e e

i
&
=

¥ 457
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Fig. 5 Multiple alignment of amino acid sequences of y-tubulin proteins from
Nosema ceranae and other seven species

*FORFTETEN 100%,
* indicates the homology is 100%,

EHLUL (Stearns et al., 1991; Zheng et al.,
1991), Z 5=l 2253 2425 R4 Z 1 ( Bornens,
2002 ), Farache 55 (2018 ) 7EMF5E 1 &K y-TuSC
Fl y-TuRC ARG T 5 | 32 27 R A4 B 1Y) )™ 2 B3l
FEr, 2 J ST BELIRE S A A0 T . BB AR T —
PRERAR , ALAERFHAR B RIRIKF . AR5 i8 1 PCR
TEAR T S I T LAl 7 S 25 1 000 bp

- indicates amino acid deficiency.

FEB R B (K 1), IR p-tubulin B E IR IK,
XHE7R p-tubulin TEAR T % EMAAF ATk
YR, HAFHE P05 . WG B2 i R
BN, R E AT U y-tubulin 195012
Ca186H3420N5800663S20, 77T LN 49.11 kD, 2
IKEFERE R LHKE R L (Bl 2: A), B
WHE M KRN 75, y-tubulin AEAE
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Nosema ceranae|AAJ76_200012095

98 Nosema apis NAPIS_ORF01572

Nosema bombycis NBO_1312 g0002

96
Nosema bombycis NBO_13g0069

Encephalitozoon cuniculi ECU08_0670

100

Encephalitozoon hellem EHEL_080630

Vittaforma corneae VICG_00121

Rhizopus azygosporus CU097_014479

100
0.050 ‘Rhizopus microsporus BCVTIDRAFT 35897

B 6 4BEEMEET y-tubulin HER A EHERMME
FHREHM 7 M FE RS R
Fig. 6 Phelogenetic tree of Nosema ceranae and

other seven species based
on y-tubulin by neighbor-joining method

SHRCIE 2:B), UEBZE F A M EE 1 5 y-tubulin
[ A T2 A% . Al RN Zekifa, =z
Ak —AREE y-tubulin TIRERYT 2 AT E
Bk, RTRBMHAE R ARG, AT a-tubulin
M B-tubulin W5REZ, EAMNFTIEH a-tubulin
TESRME Drosophila WREYE A58 40 M 22 T 41 i 4
Frrpl 2 CEEAEM (Tao er al., 2021),
B-tubulin C 9% IE 55 5 B W BUR H A SR R R
Metarhizium acridum WM 5346 . 3 1 7= 040
K (Zhang et al., 2017 ). HHABFTEINE TG
Tk ) e T T 2R ) B T AL IR y-subulin
Pk, R y-tubulin PR EEFNG 2-12 d 1Y
KA/ OARERA DD ETHBE (REF,
2022), WE/R y-tubulin 578 J7 8 WA 7 HU 384
PR YA AEAR A o T — 20 400 i 1R dsRNA
( Goto et al., 2003 ) 5% siRNA ( Huang and Evans,
2020 ) B 5 1 0 R R e T AR PR ) R Ty e
AT 1 p-tubulin $E1T RNAI, DIBAHHHAE R Y
AR IIRE
IR 5 W 7L - M R LA T o 2 W e A
WU F SR B B B 1 2 PP T L AR
RI, AR5 e A R I A S
1A y-tubuling SR ALT L RSN AR A

T HRAAPERAARW R ER 1A p-tubulin, X
IR Jr s i il F e e fb st B rh AR T
y-tubulin W o BT 7R J7 4 WAt 7 LA
SRIVTE T, IEAEIZHTIBA B AR T v %) 2 e ol o 1
Mt (Mayack and Naug, 2009 ), #EM y-tubulin 1€
IR 7 W AR A A A RS A ke B A
Mo R 5 mEH 24 p-tubulin (£ 1), A
WFFEAE 2R T B W g6l 7~ HL y-tubulin il ) 5
AMRESFEEF ( Motif 1. Motif 2. Motif 3, Motif 4
Fl Motif 5 ); TEMMERMIE TR . FKAaff TR,
LA € RSN (o1 1 € [ = O £ %
W NS R AN AT AR R 1Y y-tubulin H [RIAE TR0
| LR S AMRSFET (B 4); 1o, ik 8 A4
YIi i) y-tubulin ZIERR 51— bR (1815 ).
IRZEREH] y-tubulin 76 AR 5 8 IR RN
HAth 9 DA b BEORSY o RGBTSR 0
TN, AR AT S s U SR S R
6l Y y-tubulin 2 R—A> KL, AR5 E A
FH SRR F A y-tubulin JEALEE B Har

(K 6), HE—3RH y-tubulin 7EA [F L T H
BT R EE RS, HEEDNASTR] et 7~ HU Y y-tubulin
RAFA RIS AE

4 Zig

ARWFFEAUESE T y-tubulin 1678 7 5 W0+
WA P ESCAATE, B T p-tubulin [R5y FFF
P, F48 78 7R J7 s i 1 e 5 e i -
y-tubulin FEZ K RIIT, y-tubulin 75 7R J7 8 54
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