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WM RE6a ERE Zwa BEeH kmat % %

(1. KITRZEFRL 2B, I 434025, 2. 1 EK =R BRI K =5 FLAT, 3R 434000)

FHE: A T30 I 5 B M 11 Culter alburnus) 2T 8 (5L R, 73BT AT 28 (A (94 THRRAE S R Geidk Ak, R f0 2K}
AR RERLH . B FLTERE T RS BE 20 8 2 K Hba 1 /2FIHbb1/2 cDNAJT I, #1743 E143.
143, 147FN4TDNERRE .. BE RS £ Hoal /2R Hbb1/25 A 2 A& 7RIS M e . 1451134
al PRAE AR FE . 12116 WK IM AT K 45 & hkIE, ¥ 16 al B145 A%, R Hbal/28 (1 B4 61 Bohr KM 7%
o SPAERAIEFLISAH L, #1258 HbaFIHbbER [ T REIk 23 A 10F1SA S R TR I B 4 £, X R T g &
N T AEILE PR R EIA S . TR A S AR S A L, L8 A s M IR AR R I — B 1 B 4, X
2% W 5 RS SRR AE AR AT e 32 31 L3 (5 5B ER A . B KGR B X< R R Hbal /2 Hbb /23 R T
RIS S AFAR AT B R AR TE M S A R R L ) 2 Ja HLA f0 8 A RN A R R 2 . AR
TE RGBT b, 5 oAt SSAH LR ) R BT ) £ 42 Hba 1 2 T HBb 1 3L R A5 TE T (55 255 &, X AR Al e
THFE Y H HIARRETE . BT ROabE 1 5 0 i 21 8 1 SR, 200 7 TR AIE A 5 H A )
P RGRKE KRR, IRV T R E I v] 88 SR, S R B iR A E P 22 0t T it 7 B Bt 5 v A

Jildl.

Xggia): MMEED; MAED; BEEWEE, THRME RAKE; KA, SEFEAEH
X EHE: 1000-3207(2021)05-0966-09

FEDHES: Q3441 SCRRARIRED: A

A A AR (Aerobic metabolism)s& 34 it FEA
PRI 2 —, BT WA R — R 51
BeEARENE . MK B TSR MESh Y, ik
P, BE S AP, B 2R
BHESPIICAT . SRR IR R % B
KRBT HEEERENESS . WK FREE S o PR 15
IR, ZNDATT TR 28 B AR A AR s R B A 4 31 1
B TR, FE IR 75 =X ) e AR Al R A 2E T A
B, T M40 A IE R SR A AR
REEPEAZ

I 21 25 1 (Hemoglobin, Hb)s& 1 % I 8% 40 1%,
NFRNBRE A, B LEE — A e s,
B HEBNYI B ML AT 8 50— o e R DU SR AR 45 4,
FH P 2% 22 JEkCE (ol o) R 25 B2 IR (B 1 AT B2) 2
. afIBZ BKEE 75 A 7RI 8N IE e F BL(A-H, a %
JKBETCDIRE), 1X LedB e Fr B AR e Fr B e

ks B HA: 2020-06-04; 1&1T HH#A: 2020-10-21

=

97 5| B RHIE = A BT N — AR (o, By 1
o) R ) — A (o B o B 1 e AT B B
FEAETLLA M, Reid i K A SR sk &2
HUA R S AR T, 280 AR B 1 i 4%
AR, S MEEh I 2L R 4T i — ol
580 v46 )5, &0 AIERS H R W50 g,
S QRN A e 0 A S A Py (AP UL S by NN
52 B, s Ao FEHR P RRE S RS
TR AL B A — AN %070 IR O A A 28 7 R R
TR BRI I 2L 8 [ 2 B B 5] 238087 e 4 v Fe
HIa AR SIME . MAaEAD FETRERA
BB 41 v FE IRV, A2 Wit o A B DR 2H 5 ) A 1 R
MR, A 9T R BE L0 AR A R o B 22 IR i O
& e F AL K Z1°M50%, H A A5 (Gnathostomata)
F o R BER £ A& FE450—500 Ma B8 g 20 iof 4= 3L K] 2
5 A b T A SS (Agnatha) 1 — A 2 K] &

EEWB: WG /NE FE X Al &% %) %% B [Supported by the Ecological Fishery Development Plan of Xiaowan Reservoir in

Lancang River]
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Sk gt T A 2 4T B oA BER 2R
F 8] 1 22 5 PEAR AT BB /2 7E320—400 Malifi# 125
R i B R 2 o S v A

FUWE 60 (Culter alburnus) R JBHEILH . #5}
SR EL 1R, R EP RS K R A, 2K
LR A vt R —, EACRB=H"1%
2, SME RN DU AMA R AR, B TR £
B M B v AR T B S S5 R R 52 U ORI A 2 XK
WL TR AN K SR S R 2 S ) 4
REE . WHREVFEATE0.44—0.51 gt RIME
A 7E 7K 21 C Iy 22 F80.41 mg/L; 24Kl F 72
29°CHF, H % B ik 50.57 mg/L . #1(Cyprinus
carpio)fEAAK11.3—14.2 cm. /KIE30°CHF, E 2 5
°H0.29 mg/L[23]; 588 (Cyprinus carpio var. specula-
ris){E ¥R E30—70 g. /KiR20°CH, EE A A
0.15 mg/L[24]; H i (Mylopharyngodon piceus){EF-13)
455 cm. KIR18°CHY, % H £50.31 mg/L™; J8
GG £ (Oreochromis niloticus) 1t~ V-4 K 13—14
cm. JKIF21°CHY, 5 5°80.07 mg/L[zs]o b 5 £
2 R IR A SR, IR SR A 5
5 A KA, IPTR, R MBI, M
HAE iz, WIRE 5 Bk S S BONMAESE
TR

BRI, ASHIE ST RIS iy SR o0s 9, saf 1 M
2L A Hbal/2F1Hbb1/2 cDNAJFHI, FHgH T
NG B INE D T TRAE B 5 AR 2R 5t
KRERR, NERNTHREAEY) AT B E

1 #R5ERE

1.1 iEf 57

A S SR 41 (42.5+3.7) e T o [ K P2 R}
SR ALK 1 T2 BT N 70 7 R o R I ) A i
W Ak 24h, 285 B T UK EFIMS-222 (100 mg/
L)JFREE, VI ORE, G FER . O AR, BRAE.
JiE 23, WU I, B HE R 2 2306 o FH K B 1Y
DEPC &b B /K i,  F i s A Uk, 2R 5 TR A7
T80 CUKsti & H -

FESIGEGRA W B REE ) A 7] (TaKaRa)
FIRNAIRBUR 7 6. DNAR SR, 005 5K 7)
%+ 3'-Full RACE Kiti{ 7] & . 5'-Full RACE KitiX
A B B R M A i UK 7T BL(DNA Marker) fl
DN A B ik [T 77 6 45071 19 Sigma A 7]
(R EE IR 2 — 2L T8 (DEPC) A 25 A IR ZE 7)o
1.2 HEDNAFFIHIEE

FIr B0 8 i) 44 2H U A ) S RINA ™ 4 44 R
R e B P SR AT AR R A . SR U1

RNA {40 2 IR & B A 1A (ND-2000) A6,
SERNE R BE 1. 5% I 2 i B F iR . AR HR
T fr) 2% 2H 2R T ) RN AR AR, {i ] TaKaRa
/A [9PrimeScript 11 1st Strand cDNA Synthesis
Kiti 7 & & ilicDNA F) 26— 26 8% .

# T GenBank fEnsemblH £ i 1 i) BT 5 A1
(Danio rerio) . WL (Oncorhynchus mykiss)
B A 4 2R A8 (Sinocyclocheilus rhinocerous) {1 Hbal «
Hba2. Hbb1FIHbb2E:F cDNAJTFFI, 15 1 5 b 5
6 FH fa R M B A A% 00 P B T R 51 (R 1) LA K
(55— BECDNA YRR, X e Sl cDNARZ O Jy Btk

# 1 Hbal. Hba2. Hbb1FIHbh2EERIEEES|IHIFT
Tab. 1 The primers used for the cDNAs cloning of Hbal, Hba2,

Hbb1 and Hbb2 genes

5] #JPrimer

¥ %Sequence (5'—3")

Primers for partial fragment

Hbal-F
Hbal-R
Hba2-F
Hba2-R
Hbbl-F
Hbbl-R
Hbb2-F
Hbb2-R

TCTGATAAGKACAMGGCTGTT
ATGCCCAATGCAGGWTTAG
GAACSACAGTGGWGAAGGGAG
CTGACCTGGRCGAGGAACT
GGCAAGGGTGCTGATTSTA
CAGCCTGAAGTTGWCTGRATC
TGAGAAGAYCACCATCCAG
GTTAAGCAGTCAGCCWAAA

Primers for 3’ RACE PCR

3" GS-Hbal 01-F
3" GS-Hbal 11-F
3" GS-Hba2 01-F
3" GS-Hba2 11-F
3’ GS-Hbb1 01-F
3" GS-Hbb1 11-F
3" GS-Hbb2 01-F
3" GS-Hbb2 11-F
3" RACE Outer

3" RACE Inner

AGAATGCTGACCGTCTACCC
GGTCTGGTCCTGTGAAGAA
CATTGGGCAGACCTAAACC
ACGACAGTGGTGAAGGGAG
TCCAGGGCAATCCCAAGGT
ACTGTGCTAAATGCGTTGG
CTCTACAACGCCGCTGCTA
GGACAACATCAAAGCCACC

TACCGTCGTTCCACTAGTGATTT

CGCGGATCCTCCACTAGTGATTTCACT
ATAGG

Primers for 5’ RACE PCR

5" GS-Hbal 01-F
5" GS-Hbal 11-F
5" GS-Hba2 01-F
5" GS-Hba2 11-F
5" GS-Hbb1 01-F
5" GS-Hbb1 11-F
5" GS-Hbb2 01-F
5" GS-Hbb2 11-F
5" RACE Outer

5' RACE Inner

CCCACAAGGTCGTCTATTTT
AAAGCATGAAGTTCGCTCA
CTGACCTGGGCGAGGAACT
CTCCCTTCACCACTGTCGTTCCA
TTCCAACGCATTTAGCACA
GTTGTGCCACCTTGGGATT
CATAGGTGGCTTTGATGTTG
GATAGCAGCGGCGTTGTAG

CATGGCTACATGCTGACAGCCTA

CGCGGATCCACAGCCTACTGATGATC
AGTCGATG

Note: Mixed bases: B-G/T/C; D-G/A/T; H-A/T/C; K-G/T; M-
A/C; R-A/G; S-G/C; V-G/A/C; W-A/T; Y-C/T



968 K& A& Y ¥ 45 %

79 1, PCR K & (20 uL): cDNABEHR 1 pL,
10xEx-Taq Buffer 2 pL, dNTP (2.5 mmol/L) 2 uL, fij
H5I¥%0.4 pL, Tagh§0.2 uL, ddH,O%hE %20 pL.
PCRX W 26 F: 94°C T AE P 4min; 94°CAE4:30s,
56°CiE k30s, 72°C1EH160s, 30 MEH; SR J572°C 4E
fi5min. PCRPHIZG L ki 81U J5 #EAT P4 &2
Ecoli DHS /&S24 20l H-44 PCRA I g FH A% 1) 52
B 7= ) 1R VR A8 B DU B AE AR IR A = P
IR T 45 45 SRAENCBI L3R 47 bt 4 A A 56 3 =) 95
Mo MR 70 1S B 1 3 R DN A 0 7 51 43 53 B it
3'F15" RACERE R MBI P(FR 1) FFEAT H Uz B,
Outer-PCR . N FEFE H: 94°C TiAE M 3min; 94°CAZ 4
30s, 55°CiE k30s, 72°C #E{H60s, 25538 ; R G
72°C F-IEH Smin. Inner-PCR M AR N: 94°C i
g P 3min; 94°C A 1:30s, 58°CiR k30s, 72°C ZEAi
60s, 30/ MBI, SR J572°C 4 ZE{H Smin.
1.3 FHa i Rt s pora g
FHDNAStar 3 {444 3543 1) 4= cDNA Jy Be it A7
AP, 3 3SR [ cDNAZ K75 ¥
133 4K B AENCBI T HEAT 76 28 ELxf, LA SE
FIaRAS (1) 2 7 410 i o) I 1 26 R 2 28 (http://blast.ncebi.
nlm.nih.gov/). FFig FINCBIH [ FF K& [ 152 HE(Open
Reading Frame, ORF)#% 2 JIlt 55 75 25 4K 500 5 fip] 1fi 21
R R PR 5] S HE 0 1R i R R T 41 it
ExPAsy (https://web.expasy.org/protparam/)7E £k 3¢
Al SRS ) L 21 B 1 P R AT 43 BT d8 TR 2R R A
SMART (http://smart.embl-heidelberg.de/) il 5 1
My 0 21 25 (A 25 M3 e 4 B eE R R R [R5 40 BT
18 [ Clustal-W# 4 {8 FIMEGA7.08 133473301k
43 Ht, LLARHE72:(Neighbor-joining, NI R St #k1L
B, AT 5B AT E E IR ECR 1000

2 R

2.1 Hbal2F1Hbb1/2 cDNAFFIHI 5 FH4HE
AW 7 E T RT-PCRAIRACE J5 ¥ 3k iU Hbal
Hba2. Hbb1FIHbH2HEH FIcDNAAK T4, H A
FE5r 1652 465+ 44THIATS bp(F 2). HIFHI45
H1 2 BHcDNA 7 5 ORF (FF Jil B2l B HE) 73 1] 9429
429, 44181441 bp, BIFERE A G 75 51143 8143
143, 147M147T AR . 1 7E LK Ex-
PAsy Tl 15 2| Hbs & 1 7 ¥ & 43 1 8 15479.01 .
15971.59. 16138.58F116335.91, 2 1225l K
Cr07H1119N183019854+ Cr29H 155N 183020855~ Cr31Hi148
N 960208841 C744H 115 N1930207S7, B SE H R0
N8.81. 6.91. 8.95116.50. HbalE HE & HAMR
(Ala, 11.2%). =% B2 (Leu, 9.8%) M i & B2 (Lys,

2 FMEEAHbal. Hba2. Hbb1FIHbb2EFEKIcDNAZKFF
FER

Tab. 2 The information for full-length cDNA sequences of Hbal,
Hba2, Hbb1 and Hbb2 from C. alburnus

K = L
B g SUTR SUTRORE Lol
(bp) P ®p  ©p) acids
Hbal 652 108 115 429 143
Hba2 465 21 15 429 143
Hbb1 477 21 15 441 147
Hbb2 475 18 16 441 147

9.8%), Hba2 Bl E & &AM (13.3%) WA
(9.1%)FIEHE B2 (Val, 8.4%), MTHbb1 K 5 & A&
fR(12.2%)~ FZIR(9.5%) FIAIZ 1R (9.5%), Hbb2 2K
HESHERR1.6%). HEIR(10.9%) M =8 5%
(8.8%) . FHIHTELL A SMART T 25 1 — 4 2%
Fsg, 45 SRR Hbal 28 A BT MEEE. 161
al 145 AR IE. 140 al P24 & rkdt . 12/ W4k i
2L R EE BRI N6 Bohr R M AR FE (& 1), 1fiHbb1/2
EEOESMZIE. 161 alplEE&FkE. 134
ol P24 A R AN 6N BRI 21 2K 45 A k2 (] 2).
2.2 Hbal/2F1Hbb12FEH % F5IL 3t

¥ Hbal . Hba2. Hbb1AIHbb2 & FE 2
FP 51 5 Ho Al £ 28 (B S AN ) L A SR TOE
(Xenopus laevis)]FR FLZE[ K B (Rattus norvegicus)]
FHLG, FRATTR BLIL F R 5 3 N 44.8%—93.0%
44.1%—88.8%. 51.7%—87.1%H147.6%—89.8%
(£ 3). Hrh¥MEHbal . Hba2 FTHbb2 & KM T
F1155 B TCIE 0 YRV e, HLLHbb 1 &R R T 5
R R VR AR . T G Hbal 22 3 R /7
A 55 5t 5y £ [mYR M iR, FEHbDb 122 LR 7 41 5 fif
[ Y05 4 £ 1 o
2.3 Hbal2F1Hbb12EE R G LD

I R A T R I, Hbal/23E R 7E M2
PG RFIIR P2 % B R — (B 3). Horp a2l
WRUE 2R ) Hbal FIHba2 HE R % H K3 —id ., Rk
Hh, UM 1 Hba 1 B2 DR 5 B T 0 SR 2550 R el 1 5 L
i 1685 5 22 AF T2, L Hba2 5 R, 5 B 1) 41 57 2%
KRB 5 3 85 (Monopterus albus)F1RK Y
(Dicentrarchus labrax)7< Z X EGL . 1E48, Hbb1/2
BRI, PR, AT AL RS HE
B3 (Bl 4). HA @R Hbb 1 FHPL2EE R % H
RE| g, (e, MM HPb 1 5N 5 i (Hy-
pophthalmichthys molitrix) BT 5y £ 3¢ 25 ¢ R il
M 585 (Siniperca chuatsi)F1 R 5 5 2 A0 X} 262,
HHbb2FE K N 5 8 FN I Carassius auratus)3 2%
FRIET ] -5 5 RO 0 5 28 AR G



5 A M G I 2T B AR R Hbs TS . 20 THRE K R G AL BT 969

3 iTig B % H 4> %4143 (Hbal FlHba2)#1147(Hbb 1 Al
31 SN E A4 TASE Hbb2)(F 2), HEH R4 EPHbal/Z%Dbei/Z%

BB LL R 1 TS, Tl e T EIRTRIS BB 1), B R
FHbal. Hba2. Hbb\AIHbbIEFcDNAZ KR B 80000 pe a0 % g i fa
5. HARIKECIE R (4 K P SUBRIE R R —FE, (2 (Schizopygopsis pylzovi) ™ -1 #(Cynoglossus
STV IR FE R 7 4 5 B0 W T o AT BER 2R semilaevis)" FIK B . (Larimichthys crocea)” 5

B o G H
Rattus norvegicus Hbal : ~MVI[SADDRTNIENCWGKIAdHCCE YEEEAN OB —MFA A | TRK ThagsH 1} SHCJVTLACHHPGDHT PAMHA SIIRRT AS|S T
Rattus norvegicus Hba2 : ~MVI|SAADKTNMKNC EE - -MFRAfFRET] SHCIRRVTLACH]
Hylobates lar Hbal : -MVI[SPADKTNJKAAY DY@AE LR
Hylobates lar Hba2 : -MVISPADKTNWKT. DY@AE Ll T] SHCIMIVTLAAH]
Varecia variegata Hbal : ==VI|SPADKNNJKSAWN. HAGEHEAE. s Qv
Varecia variegata Hba2 : —-VI|SPADKNNKSAWK HAGEHEAE LfFl] SHCAIVTLASH]
Bos mutus Hbal : ~MVI|SAADKGNJK: EY@rE LsfrET| SHSIMRVTLASH]
Bos mutus Hba2 1 —-VI|SAADKGNJK: KiddunrEvERE LSFRT]
Equus burchelli Hbal : -MvI|SADDKSNK EFEAE I o -
Equus burchelli Hba2 : -MVI[SAADKTNJKAAWGK GEFEAE LR ILPNDH
Xenopus laevis Hbal : ~MLI|SADDKKHMKAT! KFEGE - —MF TR P
Xenopus laevis Hba2 : -MLI|SADDKKHMKAT! KFEGE - —MFLVpgK] PR O
Triturus cristatus Hbal : ~MKI|SADDKHNKA T IEATEAEANCE--MFTS[LRT) LKPHI|
Triturus cristatus Hba2 B v DKANWK: EalHE--aFvd poc
Pleurodeles waltl Hbal : --KI|TAEDKHNJKAIWDHUKJHEEA T/EAE. SRR ele Uy LKPH
Pleurodeles waltl Hba2 : AVWEHYKAHEEV Y[@AE --AFLCPEO) IAHHUBATVLAMFILSQL]
Monopterus albus Hba2 : MTSI|SAKDKDTRAFW, @D, 'S HNERRVYLATMEPK
M. anguillicaudatus Hbal : -MSI|SARDKSVJKALWGKMSRADDI@AE. TV
Ictalurus Hba2 : -MSINAKDKAAUKAFFSKUSIKAEELENE s
Cyprinus carpio Hbal : -usI|rAKDKAVYKAF DAIOE T
Cyprinus carpio Hba2 : -MSI|SAKDKLAWKT I FDKYAHKAEDT@SE -~ TLEVY[g0] INHNJ#VVLSM
Carassius auratus Hbal : -MSI|SDKDKAV|JKALWAKMGYRADE [/gAE. T
Carassius auratus Hba2 : -MSI|SAKDKLAUKTFFGKUAIKAEDTESEANAR-~TLFY
Danio rerio Hbal : -MSISDTDKAVKAIWAKMSHKADE IEAE. T {1 R ENTI
Danio rerio Hba2 : -MSI|SAKDKANJKAFFL EET@RET - - TLEV]r[F0]
Oncorhynchus mykiss Hbal — : --sI|rAKDKSVKAFWGKM K ADVVE@AEANGRIDKMLT. 'SHNIR#VTLATHF PS D
Oncorhynchus mykiss Hba2  : -MSHTAKDKQI|TAFF EDIENE --1L; I P DDA
Dicentrarchus labrax Hbal ~ : -MSIINAKDKSVIKATWAKYS[HKSAET@REA|? TV A HNBRILYVLAMLF PADH]
Dicentrarchus labrax Hba2 ~ : -MSITAKDKARUKAF EDIETT IAHNIB#Y VLS IMFPEDH
Esox lucius Hba2 1 -MST|SVKDKARMKAFFGKMAHKARDVENEANSE-~TL f
C. idella Hbal : -MSI|TARDKAVKALWSKMSKADE I@AEANG] TVEO) fFPA]
Culteral burnus Hbal : -MSIJSDKDKAVYKAIWAKMSHKADE T@AEANGE- -MLT L F PG
Culteral burnus Hba2 : -MsI{SAKDKLANKT FFEKAHKAEE TNE T SR- - 7L EVIY§OIK TRERS H AR
b b 1 11122 222 2
A A AA

K1 AWMEEAHbal MIHba2 2 IR 58 5 FLIE . WIRIR A HAd 1 228 Bt o3 A
Fig. 1 Alignment of C. alburnus amino Hbal and Hba2 amino acid sequences with mammalia, amphibian and other teleosts

BOWIFEAR > Rom A A R TR R e . AR AL R a3k E A, J7HER R IR XI5 (A—H, B& 7'D). ZhREFRIERIALE 3R RN
al PIA AR al P25 B RIE(Q2) WAKIMLL K& A (h)IBohr MM k3L (b). MR REEBBHAS, FREERFSI
MGenBank/EMBL/UniprotK BH 345 18 351 ILIE 3

The black shade denotes the identical residues. According to mammalian a globins, the helical regions (A—H, except D) were outlined by
boxes. The positions of functional residues are indicated by: alB1 interfaces (1), alB2 interfaces (2), heme binding (h), and Bohr effect
residues (b). Triangles indicate changes at amino acids sites. Deduced amino acid sequences were obtained from GenBank/EMBL/
UniprotKB, the accession numbers of which were dwelled on Fig. 3

E G H

Rattus norvegicus Hbbl : My NGLEGKNPDD! INAFNDGEKKED NExGT] H MR L LGNMIVIVLGHH] =@recao. VAGV] flE 147
Rattus norvegicus Hbb2 : MvH SGLQGKNADNY INAFNDGUKHWD NUKGTFA] iy P E AR 1.T,GNM TV I VLGHH] TPCRO: Y. HK|E 147
Panthera onca Hbbl : MSFI DE LNSFSDG] D DEKGH xR PR TGNV LYCVLAKH] POVOAAGORVVAGY 147
Panthera onca Hbb2 : MGFIEA NGL DE LNSFSDG] D DiKGH KillH| 3R LGNVLVCVLARH] POVOAARORVVAGVAKANALREE 147
Sphenodon punctatus Hbbl : -VHW LEAKYDVADI [FTMEGE D NIKET] g TENGK L LGN LY IVVLAARLHE-DSTPAAQRAGHIMLAY SVAHANARRMH 146
Sphenodon punctatus Hbb2 : -VHW TS LYTKYNVDE FTSE ) NMKAT] H W\ L LGDIFIIVLARHFG-KDETPACO, LVRVVAHAWAYEME 146
Xenopus laevis Hbb1 : MvH i TENL LSAVDE D DEKNELS Efl| RI<RLADVLVIVLAGKLG-AARTPOVOARLEMFSAGL SHEME 147
Xenopus laevis Hbb2 : MVHHIAEBIAART S VoK YNVEHT LSAV D SfKS rEME BKRFGGVLYIVLGAKLG-TART PKVOARIERF TAVLYDG N 147
M. anguillicaudatus Hbbl : -VEW TGLEUGKINPDEL] [MGGLER. D NMKAT] £ MR L LADY ITVCARMKEG 5 ANVOEARORFL 147
Monopterus albus Hbb2 : MVER TGIRSNIDYED [VHGLDRAWKNUD NMTAA Y W3R L LADCLTVVIAA] \BTPEKQ: FLSGVVARMGKDME 147
Silurus asotus Hbb1 2 VX ADVIGKIINPDET [VGGLDK D NEKGT] S <R P ST L LADCLT I TLAAKEGP PEVHE L GKpMH 147
Cyprinus carpio Hbb1 : MVEU THASVEGKINVDET BLNALDKANKNED GHKGT DKIN] BRLLADCLTIVVATAFG-S. PAVOATORFLSVVVARNSSREF 147
Cyprinus carpio Hbb2 : MVED ODIPSKMNYD LHGLDKAWKNED NiK; sExIHg MR . LGDCLTVVVAAQLG- AT PEVOARROMFLAVY T 147
Cara auratus Hbbl : MVER ASVGKKVDKT] LNALDK D GHKAT| Ty FR-SE@NPAVOATOMFLSVVVARISSRME 147
Carassius auratus Hbb2 : MVE NIESKMNYDLY LHGLDR D NEKAH i 11.G-AARIT PEVOAARORFTAVYT ORDME 147
Dicentrarchus labrax Hbb1 © VKD TSWGK IDVNET rlMGGLORAJKNED DHKNVY Kl SE KM "G-RO@ITPDVOEALOMFLDVVVSAISROME 147
Dicentrarchus labrax Hbb2 1 MVER ODI[3SKMDYE! LHGLDR D DEKGT] SEKMH Ml3R LLADCLTIVVAAKLG-KARTGDYOARMORFLA 147
Ictalurus punctatus Hbb1l : MVSH DLYDKINVDET] LNALDNAWKNMD NMKET Tilsg MR L FADCLT IVIANKEG-ARGITPE I QATHORMFLAVY SSREF 147
Danio rerio Hbbl £ MVQI ASVSKIINVDET] LKALEKASKNED DHKTT] K| B LLADCLS IVIATNEG- PARNPAVOSTUORNLLSVVVARSTSRME 147
Danio rerio Hbb2 ¢ MUV ODIFAKADYDVI LKGLELAGKNED NHKAT K] [JRLLADCLTIVVAAQMG-AGRITPEVOARGORF IAVAVSARGRDRE 147
Oncorhynchus mykiss Hbbl — : - savlGKNIDET cGALDK AT - BV LADVLT IV ARKFG-AS[gTPE QAT ORFIK coflle 146
Oncorhynchus mykiss Hbb2 : MVVH sDI@SKYDYDD! LRGLER D DMKNT] R8P DK 115 DCLTIVIARKMG- TARTPEY QRS JOMFLS H o147
Siniperca chuatsi Hbb1 : MVKI AW TSLUGS JOVGET] MGGL ) DHKN. g WIR L LAEC I SVCVARKEG-ROBITPDVOE FL Ho 147
Esox lucius Hbb1 VOl 3 sADET] MKALDK, D NHKKT KAl R L LSECTTVCTARK[LGPTVEDAY THE. FMCY KDlE 148
H. molitrix Hbbl : MVEHER N IDET] LNALGK D DHKGTYS Ky 3RLLADCLTIVIATKFG-ARBNPAVOATIORLLS T 147
Culter alburnus Hbbl : MVER KINVDET] LNALEKAQKNYD DMKGT e DR .1 ADCTT TV ATKFG- PARNPAVOATORTT TSREF 147
Culter alburnus Hbb2 : MVER ODIYSKMNYE LHGLDRAKNUD NEKAT] 48 P DR LT ADCLTVVVAGO|LG- ASRT PEVORARORF TAVVT KplgE 147

h h222 2bh 2h T 1 11 1 111111 1 22
A A h A

B2 MEEIHbb 1 FIHbb2 Z AR 7 I 5L TCATIE. PR S H A Bl fh S LE X 43 #7
Fig.2 Alignment of C. alburnus amino Hbb1 and Hbb2 acid sequences with mammalia, reptilia, amphibian and other teleosts
BP0 A R R E AR A . R R MBERE A, T HER IR X (A—H). DIAEFRA AL E 3 FoR al pIEEi&
BRAE() . al PREi G kIR MA R GRE(h). ZAREREERE A L. LIREAIERFH MGenBank/EMBL/
UniprotKBH 3k 45 8 55 5 1 WL K] 4
The black shade denotes the identical residues. According to mammalian 3 globins, the helical regions (A—H) were outlined by boxes. The
positions of functional residues are indicated by: alB1 interfaces (1), a1p2 interfaces (2), and heme binding (h). Triangles indicate changes at

amino acids sites. Deduced amino acid sequences were obtained from GenBank/EMBL/UniprotKB, the accession numbers of which were
dwelled on Fig. 4
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Tab. 3 Identity analysis of C. alburnus Hbal, Hba2, Hbbl and
Hbb2 amino acid sequence with other species (%)

MR W fh AR TS

Amino acid  Zebrafish B4 Crap Xenopus A BRat
Hbal 93.0 68.5 44.8 51.0
Hba2 88.8 86.7 44.1 51.0
Hbb1 84.4 87.1 54.4 51.7
Hbb2 84.4 89.8 47.6 53.7

Note: GenBank/EMBL/UniprotKB databases accession num-
bers: Hbal (Q90487, KTG39806.1, XP_018092516.1, NP_037
228.1); Hba2 (NP_898889.2, KTF87195.1, NP_001081493.1,
NP_001007723.1); Hbbl (NP_001003431.1, XP_018973479.1,
NP_001079742.1, NP_150237.1); Hbb2 (NP_001096600.1,
XP_018929000.1, NP_001081497.1, NP_001106694.1). The order
of accession numbers of each gene corresponds to zebrafish, crap,
xenopus, and rat, respectively
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—5. 5 NEMaERE [ 2 MR EL, SR i ok
FEEMalPILEBFRIE . ol 245 A TR IE AT Bk 2
REE GRS E AR, BR T 61 Bohr U & 5
FAES: . HHMEHRER R 1 2 IKBE Mol B145 & 54
B olp24i GREMT M A RS GRERE S
NKHIBEREE " HE LA AL
32 MAZEAZREHTH
TE ML 418 A S5 M LU i v, a2 g
i, Hf . HABEFA(Esox lucius) BRPNET, T
il PE e, 6. 6E. BN X R (Ictalurus pu-
nctatus)~ Ytk (Misgurnus anguillicaudatus) 35
I Hba & 3 B AL s 5 P S AR I TNl . et
WA (Triturus cristatus)FRKAER) R YE(Pleurodeles
walt P AR K R KE S (Hylobates lar)~ 5
Hba?2 Cyprinus carpio KTF87195.1
Hba2 Carassius auratus XP 026098283.1
Hba2 Danio rerio NP 898889.2
A Hba2 Culter alburnus MT 164171
Hba2 Ictalurus punctatus XP 017309774.1
Hba2 Esox lucius XP 019906648.1

93 Hba2 Oncorhynchus mykiss NP 001118054.1
Hba2 Monopterus albus XP 020466061.1
96 EH[MZ Dicentrarchus labrax APS87121.1
Hbal Dicentrarchus labrax APS87123.1
55 Hbal Danio rerio Q90487
ool 95 A Hbal Culter alburnus MT 164170

95

Hbal Ctenopharyngodon idella AAM93257.1
Hbal Misgurnus anguillicaudatus AAM93258.1
Hbal Carassius auratus XP 026109996.1

—|j Hbal Cyprinus carpio KTG39806.1
72 Hbal Oncorhynchus mykiss P02019

499|iHbal Triturus cristatus P10783
Hbal Pleurodeles waltl P06639

66

100]

Hba? Triturus cristatus P10784
IOOI_— Hba2 Pleurodeles waltl P06640

— Hbal Xenopus laevis XP 018092516.1

1001 Hba2 Xenopus laevis NP 001081493.1

100, Hbal Rattus norvegicus NP 037228.1
Hba2 Rattus norvegicus NP 001007723.1

97

99, Hbal Hylobates lar Q9TS35
Hba2 Hylobates lar Q9TS34

Hbal Varecia variegata P20018
100[ Hba?2 Varecia variegata P20019

99[ Hbal Bos mutus XP 014338656.1

Hba2 Bos mutus grunniens P01968
100" Hba2 Equus burchelli Q9TVA3

Hbal Equus burchelli Q9XSN3

P

0.

1

3 MR AE A G HES) YU Hba | FTHba2 25 11 R Ge gt A W (A T Ay i)

1 24 Fish

P52 Amphibian

g #L 2k Mammalia

Fig.3 The phylogenetic tree of Hbal and Hba2 from C. alburnus (A) and other vertebrate species
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WHE(Varecia variegata)s ¥E24-(Bos mutus) F1HE
(Equus burchelli)|FH LA 15/ R I FR TR 2 i A2 5 e,
Hp BRI RO A (A 1) fEC-EiRE
X 35 [A] () 55 48 A 2 ZE R EAdi N T N AR (Ala, A).
AR (Lys, K) KEAZR(Asn, N). 2% R (Ser,
S)+ FHEMR(Thr, T) B Z L (Pro, P), i ikiEH AL
fif p i O\ (2 8 5B (Trep, W) %, 78 20 T i v 2
WA R (Lys, K) P, 75 8 R Wi (Seriola lalandi)™ ' Fl
Kt Bl B MR (Gly, G). BT ML SRR A
F R N AL TE B 18] X, Miyata )N I T 48 i
SRR HE I A N0 T A0 2 A D R A = 4 2
PR 0 5 5 32 . OkamotZE P A Jy i 1] X frg
QIR & B H SRIE e 77 K 1, AR AT REXS T
HEDIRERA W . 5P LA, 28
Hbath [ 154 2 HE B Pk = B e b A 2> /& #EBohr
RONFRIE b, 2N Eal BLEE G Fk AL |, 10N 7ERE E X
RIS A FE AR WR T X 8. T R SR GRL i i

95 Hbb2 Cyprinus carpio XP 018929000.1
83 Hbb2 Carassius auratus XP 026110015.1
A HbDb2 Culter alburnus MT 164173
Hbb2 Dicentrarchus labrax APS87122.1
99 Hbb2 Danio rerio NP 001096600.1

FBEA A, . M6, BPEhfa . BTSSR MN. BR
PNy, L L K R (Silurus asotus) FEEEFTYE
ik )Hbb £ [ 61~ 24 3 IR 7k 22 5 4 (o7 i A3 SN /1 W8 e
DX AT T AN FE AR [X 4o 3% e 5 FR AT 45 1) 25
TR 7T e A MR ZE i 3047 0 88 7K b B B0, ik
B AR B S S AR B A RSP A
SHIRE I E B FEE T, R, XA
1) 0 2 5 R R 4A f 28 fE Hba/bBE [ — 4 45 0 b IF
KR I — B R I TR TR AL ¥, X R AR
XoF I 80 IE 1R T B 2 A2 21 1 21 2 (3 Ui 8% 1)
e
33 AEHANRZAE S

ARG RE xR KRINHbal /2 M Hbb1/2FE K 75 1
25, PIMER RN LRI % B R — ¢, H ARt
PR] S 200 1 B B Dy — S (& 3AIE] 4) . — AN
AR B a M BER 2B 1 £E450—500 Ma B8P 20 I 45 5k
PR 40 A2 1) A TS RIS — A oy B R R #6401k

42 w

Hbb1 Misgurnus anguillicaudatus AAM93260.1

Hbb2 Monopterus albus XP 020471570.1
Hbb2 Oncorhynchus mykiss NP 001117660.1

Hbb1 Esox lucius ACO14107.1

79 60

99

82

Hbb1 Dicentrarchus labrax APS87124.1

R I
98 Hbb1 Siniperca chuatsi AKA66317.1

Hbb1 Silurus asotus AAB50797.2
Hbb1 Oncorhynchus mykiss P02142
Hbb1 Ictalurus punctatus AHA82589.1

99 [ Hbb1 Cyprinus carpio XP 018973479.1
83 Hbb1 Carassius auratus XP 026109989.1

97 Hbb1 Danio rerio AAH76338.1
54 F Hbb1 Hypophthalmichthys molitrix ADF97630.1

97— A Hbb1 Culter alburnus MT 164172

100y
|

Hbb1 Xenopus laevis NP 001079742.1

£h 2k Fish

Pitli2k Amphibian

Hbb2 Xenopus laevis NP 001081497.1

97

68
L Hbb2 Sphenodon punctatus P10061
100 99|: Hbb1 Rattus norvegicus NP 150237.1

Hbb2 Rattus norvegicus NP 001106694.1

Hbb1 Sphenodon punctatus P10060 B .
€472 Reptilia

I ZL 2 Mammalia
I Hbb1 Panthera onca P68049

0.1

100 Hpb2 Panthera onca P68064

4 FRMEENFI AR A HE S Hbb L RTHbb2 2R (1 R LG (A BT Ao 1)
Fig. 4 The phylogenetic tree of Hbbl and Hbb2 from C. alburnus (A) and other vertebrate species
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CLONING, MOLECULAR CHARACTERISTIC AND PHYLOGENETICS OF
HEMOGLOBIN GENES IN CULTER ALBURNUS

QI Mei', WU Jia-Wei', TAN Feng-Xia', LUO Ming-Zhong', CHENG Bao-Lin’, ZHANG Yuan-Song’ and CHAI Yi'

(1. College of Animal Science, Yangtze University, Jingzhou 434025, China; 2. Yangtze River Fisheries Research Institute,
Chinese Academy of Fishery Sciences, Jingzhou 434000, China)

Abstract: Hemoglobin is one of the most important proteins for aerobic metabolism in vertebrate. The studies of Hb are
more in Mammalia, but less in fishes with low-oxygen environment. This study cloned Hbal/2 and Hbb1/2 cDNA se-
quences of Culter alburnus (C. alburnus) hemoglobin, which encode 143, 143, 147 and 147 of amino acids, respec-
tively. The second structure analysis of proteins indicated that Hbal/2 and Hbb1/2 included 7 and 8 helical regions, 14
and 13 a1B2 interfaces, 12 and 16 heme bindings, 16 and 16 a1B1 interfaces, respectively, and 6 Bohr effect residues
only for Hbal/2. Compared with amphibians and mammalia, there were 10 and 5 amino acid substitutions in fishes of
Hba and Hbb functional domains, which may be used to adapt to hypoxia. However, compared with tolerant and into-
lerant hypoxia fishes, we did not find any coherent substitution in the second structure of proteins, indicating that the to-
lerant hypoxia trait of fish may be regulated by upstream signal pathways. The phylogenetic relationship showed the
duplication events of Hbal/2 and Hbb1/2 isoforms may occurre after vertebrate and before teleost of whole-genome du-
plications. Interestingly, in the phylogenetic trees, the genetic relationships of C. alburnus and Danio rerio of Hbal/2
and Hbb1 were closer than those of C. alburnus and other fishes, probably because both C. alburnus and Danio rerio
belong to Cypriniformes and intolerant to hypoxia. This study cloned Hbal/2 and Hbb1/2 cDNA sequences of C. al-
burnus hemoglobin, analyzed molecular characteristics and phylogenetic relationships with others, and discussed the
possible causes of fish tolerance to hypoxia. These findings provide a theoretical basis and potential direction for fish
tolerant hypoxia biology.

Key words: Culter alburnus; Hemoglobin; Gene cloning; Molecular characteristic; Phylogenetics; Tolerant hypoxia;
Whole-genome duplication



