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Abstract

To investigate the mechanism of sugar accumulation in fruit vacuoles, a full length cDNA (CitVATP-A) encoding the
vacuolar H*-ATPase 69-kDa catalytic subunit was isolated from a cDNA library constructed from citrus fruit ( Citrus unshiu
Marc.). A 2304-bp insert of CitVATP-A was coded for a 623 amino acid polypeptide with a predicted molecular mass of
68.68 kDa. The deduced amino acid sequence for CitVATP-A showed a 96.5% homology with the carrot homologue.
Genomic Southern blot analysis suggested that CitVATP-A is a low-copy number gene. Northern blot analysis of leaves and
fruits during the developing stages showed that the level of expression is high in young leaves and is low in mature leaves, and
that it increased in both the edible parts and the peel, during fruit growth and maturity. © 1998 Elsevier Science B.V. All

rights reserved.
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In citrus fruit, one of the most important functions
of the vacuole is sugar accumulation; sugar is syn-
thesized as a photoassimilate in mature leaves
(source), and is exported in the form of sucrose to
accumulate in fruit tissues (sink), especially in va-
cuoles. Following initial cell division, the fruit of
most citrus species develops by sugar accumulation
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in the vacuoles of individual cells [1]. The mechanism
of sugar accumulation is unclear, but transport of
sucrose and glucose up a gradient into the vacuole
is believed to require a proton driving force produced
by two proton pumps, H translocating ATPase and
pyrophosphatase [2].

The vacuolar H*-ATPase (V-type ATPase) is a
large, multimeric enzyme composed of a hydrophilic
V| complex on the cytosolic face of the tonoplast
and a membrane-bound V,, complex. Two subunits
(~69 and ~60 kDa) associated with the V; com-
plex and a ~ 16-kDa proteolipid of the Vy complex
have been identified as the three major subunits con-
tained in all V-type ATPases [3]. From a typical sink
organ, such as pear fruit, 10 different polypeptides
were isolated to clarify the efficiency of allocating the
assimilated products into fruit tissue [4].
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The cDNA sequences of the catalytic subunit were
reported for carrot plants [5], cotton [6] and Brassica
napus [7]. The expression of this gene was in-
vestigated to explain the tolerance mechanism to-
ward salinity [8,9] and low temperatures [7,10]. Fur-
thermore, when the expression of a tonoplast-specific
Ht-ATPase 69-kDa catalytic subunit is inhibited by
antisense mRNA, transgenic carrot plants show
altered leaf morphologies resulting from defective
cell expansion [11]. These results suggest that the
role of the catalytic subunit is related to cell expan-
sion.

The relation between the vacuolar HT-ATPase ac-
tivity of lemon fruit and the mechanism of hyper-
acidification has been investigated [12]. However,
few studies exist of the molecular analysis of the
vacuolar H*-ATPase in Citrus. To better understand
the role and regulation of vacuolar H*-ATPase in
citrus fruit, we isolated and analyzed the expression
of the catalytic subunit gene in citrus during fruit
growth and maturity. The results of our experiment
suggest that the catalytic subunit gene in citrus fruit
has an important role not only in cell growth of
leaves, but also in fruit development.

Citrus plants (Citrus unshiu Marc. cvs. Miyagawa
wase and Okitsu wase) used in these experiments
were collected from the farm of the National Insti-
tute of Fruit Tree Science in Okitsu, Shizuoka, and
from the farm of Meiji University, Kawasaki, Kana-
gawa. The leaves and fruits were frozen immediately
in liquid nitrogen and then were stored at —80°C
until used.

For reverse transcription-polymerase chain reac-
tion (RT-PCR), first-strand ¢cDNA was prepared
from the fruit (juice sacs/segments epidermis) of C.
unshiu Marc. cv. Miyagawa wase as described by
Komatsu et al. [13]. The sense primer (5'-CCA
AGT TTA CGA AGA AAC-3) and antisense prim-
er (5'-CCA CAA CCA AAA GCA CC-3') were
designed on the conservative regions of vacuolar
H*-ATPase catalytic subunit genes from carrot and
cotton. The PCR conditions were 94°C for 1 min,
46°C for 1 min and 72°C for 2 min, for a total of
30 cycles. The PCR products with the expected frag-
ment length of 535 bp were cloned into the pCRII
vector with a TA Cloning System Kit (Invitrogen). A
candidate clone designated as pVATP-A was se-
quenced using the primer walking method with a

Taq Dye Terminator Cycle Sequencing Kit (Applied
Biosystems Instrument) and a 373S DNA sequencer.
It had a 84.4% homology to the carrot catalytic
subunit cDNA [5], and the 178 deduced amino
acids showed a 96.0% homology with that of the
carrot catalytic subunit. Therefore, pVATP-A was
confirmed as an amplified fragment from the
vacuolar H*-ATPase catalytic subunit gene of cit-
rus.

The cDNA library in A-ZAPII derived from fruit
poly(A)™ RNA was screened using pVATP-A as the
probe. The cDNA prepared from fruits (juice sacs/
segments epidermis) of 124 days after flowering
(DAF) was ligated and packaged as described by
Komatsu et al. [13]. The phages were amplified in
the E. coli XL-1-Blue MRF’ strain. Approximately
1X10° pfu of the fruit cDNA library were screened
by the ECL direct nucleic acid labelling and detec-
tion system (Amersham). The membranes were
washed twice for 20 min in 6 M wurea, 0.1 XSSC
and 0.1% SDS at 42°C. Among the 1x10° pfu,
one cDNA clone was screened and designated as
CitVATP-A, the full length of which was 2304 bp
with the translation start site (ATG) at nucleotide
45 and the stop codon (TGA) at nucleotide 1914
(Fig. 1), and was coded for a 623 amino acid poly-
peptide with a predicted molecular mass of 68.68
kDa. The polyadenylation signal (AATAAA) was
located between nucleotides 2296 and 2301, The Cit-
VATP-A showed a 83.9% homology with carrot
¢DNA in the open reading frame. Fig. 2 shows the
amino acid sequences of 18 species within eukar-
yotes; the sequence identities to other polypeptides
are shown ranging from 68.0 to 69.6% for mammals
(5 species), from 67.3 to 67.4% for insects (2 species),
from 61.4 to 65.1% for fungi (3 species), and from
60.6 to 68.8% for protozoans (2 species). Within the
plant kingdom, it showed 73.3-74.9% of homologies
for algae (2 species) and 82.9-94.2% for higher plants
(4 species). The ATP-binding site motif
(GAFGCGKTYV) [14] between amino acid residues
251 and 260 of CitVATP-A was completely con-
served (Fig. 2, Box A). The Mg?*-binding region of
the B subunit of FFy-ATPase (VYVGCGER), the
region conserved in both o and B subunit of F,F-
ATPase (TGITIAEYFRD), and the o and 3 subunit
signatures (PSVNWLISYS) were also conserved in
vacuolar H*™-ATPase catalytic subunit of higher
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ATCAACTCTTAACAAAT CCGCTGTCGGTTTGCTGAATT GAGAAAAT GCCGT CAGT TTACGGAGCT CGATTGACCACATTCGAAGACGAAGAGAAAGAGAGCGAGTACGGATATGTTCGCA 120
MPSVYGARLTTTFTEDETEKTESTETYGYVRK

AGGTATCAGGACCAGTGGTCATTGCAGAT GGCAT GAATGGCGCTGCTATGTATGAATTAGT CCGTGTTGGACATGACAATTTGATTGGTGAAATCATTCGATTGGAAGGAGATTCTGCTA 240
VSGe@PVVIADGMNSGAAMYTETLVRVGHDNILTIGETITIRTLTESGDSAT

CAATCCAAGTTTATGAAGAAACT GCTGGCTT GATGGT GAATGAT CCTGTTCTACGAACACACAAGCCTCTCTCGGTGGAGCTAGGACCAGGAATATTGGGAAATATTTTTGATGGAATTC 360
I QVYEETAGLMVYVNDPVLRTHIKPLSVELSGPGIULSGNTITFEFDSGTINDQ

AGAGGCCTTTGAAAACCATTGCAATAAGAT CCGGTGATGTGTATATCCCTCGTGGCGTATCTGTCCCAGCCCTTGATAAAGATACACTTTGGGAATTTCAGCCTAAAAAAATAGGTGAGG 480
R PLKTTIATIRSGDVYTIPRGVSVPALUDIKTUDTIULWETFA QPKTIKTIZGTES® G

GAGATCTTCTAACTGGTGGAGACTTATACGCTACT GTCTTTGAGAACAGT CTTATGCAGCACCATGTTGCTCTTCCTCCTGAT GCCATGGGAAAAGT CACATACGTTGCACCTGCTGGTC 600
DLLTGGDLYATVFENSTLMQHHV ALPPDAMGSGKUVYVTYVAPASGDA Q

AATATTCTCTAAAGGATACT GTGTTAGAGCTTGAGTTTCAAGGT GTCAAAAAGAGCTTTACTATGCTTCAAGCTTGGCCTGTACGTACCCCAAGGCCTGTTTCATCAAAGCTTGCTGCTG 720
YSLKDTVLELETFAQGVKIEKSTFTMLOQAWPVRTUPRPVSSKLAATD

ATACTCCACTGCTTACAGGACAGCGTGTTCTTGATGCCCTTTTCCCTTCAGTTCTTGGTGGGACTTGTGCTATTCCTGGAGCATTTGGTTGTGGCAAAACTGTTATTAGTCAAGCTCTCT 840
TPLLTGQRVLDALTFPSVLGGT CAIPGATFGCGKTVISQALS

CTAAGTACTCCAATTCTGATACT GTTGTTTATGTTGGTTGT GGGGAGCGAGGAAAT GAAAT GGCAGAGGT GCTTATGGATTTTCCT CAATTGACAATGACATTGCCTGATGGCCGTGAAG 960
K'Y SNSDTVVYVG6G&CGERGNEMAEVLMDEFPQLTMTILPDGREE

AATCTGTCATGAAGCGTACAACACTTGTGGCCAACACTTCTAACATGCCTGTGGCTGCTCGTGAGGCTTCGATTTATACAGGAAT CACCATAGCT GAATATTTCAGAGATATGGGGTACA 1080
S VMKRTTLVANTSNMPVAARTEASTIYTSGITTIATEYTFRIDMGYN

ATGTTAGCATGATGGCAGATTCAACTTCTCGTTGGGCAGAAGCGTTGCGTGAAATTTCAGGACGGCT GGCAGAAAT GCCTGCAGATAGT GGATAT CCTGCTTACCTGGCTGCACGTTTGG 1200
VSMMADSTSRWAEA ALRTETISGRTLAEMPADSGYUPAYTLAARTLA

CCTCATTTTATGAACGT GCTGGGAAAGTTAAATGT CTTGGT GGACCAGAACGTACTGGTAGTGTCACAATTGTTGGTGCAGTTTCTCCTCCT GGAGGAGATTTCTCAGATCCTGTAACAT 1320
S FYERAGXKVKCLGGPERTGSVTIVGAVSPPGGDTFSDFPVTS

CTGCCACCCTCAGCATTGTGCAGGT CTTCTGGGGT CTGGATAAGAAACTTGCGCAGAGAAAGCATTTTCCTTCTGTAAACTGGCTTATTTCTTACTCGAAGTATTCAACAGCATTAGAGT 1440
AT LSIVQVFWG6G6LDIKIKLAQRIEKUBHTF®PSVNWILTISYSKYSTALTES

CTTTCTATGAGCAATTTGATCCGGATTTTATTAACAT CAGGACAAAGGCTAGAGAGGT GCTGCAGAGAGAAGAT GACCT GAATGAAATTGT GCAACTTGTCGGAAAGGATGCTTTGGCTG 1560
FYEQFDODPDTFTINTIRTIKAREVLO QREDDTLNETIVQLVGKDALAETE

AAGGAGATAAGATTACGCTAGAGACTGCTAAGCTTTTGAGGGAGGACTAT CTTGCTCAGAACGCATTTACTCCATATGACAAGTTCTGCCCTTTCTACAAGTCTGTTTGGATGATGCGTA 1680
G DKITLETAKTLTILRETDYLAQNAFTPYDIKTFT CPTFYZXKSVWMME RN

ACATTATCCATTTCTATAACTTGGCCAATCAGGCCGTAGAGAAAGGAGCT GGTATGGAT GGT CAGAAGATAACTTACACCCTTAT CAAGCAT CGGCT GGGAGATCTATTTTACAGATTAG 1800
I I HFYNLANGQAVEIKS GAGMDGAQKTITYTTLIZKUHRTLTGEGDTLTFTYRILYV

TATCACAGAAGTTTGAGGACCCAGCAGAAGGAGAACCAGCT CTGGTTGCTAAATTCAAAAAGCT GCACGAGGAT CTGACCGCTGGTTTCCGCGCCCTCGAGGATGAAACTCGATGATTGA 1920
S QKFEDPAEGEPALVAKTFIEKEKTLUHETDLTAGFRALTETDTETHR R®*

AAGTGTCAAGTTAGATTCTTTGTAGT CCCAGCGGCACCTCTGATCTTACGGTAACAACAGTTGGCTT CTCAATGTTCCATTGAAT GGAGAACCAAAAT GTTGGT GGGTCCATGTTATGCC 2040
ACTTTGCAGTGCTTGTTTGGCCTTCTAGTTGCAGTGTGGTAAATTTGATTCTATTATGTATTTTTTTGTTCTTCCTGTCGTTCCCTCAATTCCTTTTTTTGACTAGTGATCAAMAGTTCG 2160

AAGT CCAATCCTTATTTATGTATTTATGCAATAAGTGTGTGTATTGATTTTGTTAAAT GGCTTAGGAAAAACTGATGTCCGTTTTTGTTCTCGTTCTCATTCTCGTTCGCACTCTACGCT 2280

TTCTCCCCAATGGTTAATAAAGCA

2304

Fig. 1. Nucleotide and deduced amino acid sequences of the CitATP-A encoding the vacuolar Ht-ATPase 69-kDa catalytic subunit
from Citrus unshiu Marc. The ATP-binding site motif is underlined, deduced polyadenylation signal in bold. The numbers on the right

correspond to the nucleotide sequence.

plants (Fig. 2, Box B, C and D). Thus, citrus H*-
ATPase showed a high conservation of the vacuolar
H*-ATPase catalytic subunit gene.

The sequence analysis of the catalytic subunit gene
and its characteristic in the genome have been ana-

lyzed to determine its evolution. In a study of the
copy number of the genome, Starke and Gogarten
[15] found that land plants contain two catalytic sub-
unit genes, from the direct sequencing of two discrete
PCR products. Each sequence would comprise a
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gi::ATP-A 1: M-—--PiVYGIS\RLTI'FEDEEKESEYGYVRKVSGPWIADGMNGMMYELVRVGHDNLIGEIIRLEGDSATIQVYEETAGLMVNDPVLKNKPLSVELGPG
otton v
Brassica
Carrot
Beet
Acetabularia .
Cyanidium to-m=-==T--T-V-R-VN-GM-K-N.IIK....... SEN.D........tn NEQ.V........ Voo, S..TIG....C.GS.
Human fammmoo- TS-TLIK.-S..DR. .KF.F.FA...... T.ERA.S......... YYE.V.. ..ol | D.S.VT.G...... G....
Cow : .PKIR..D...TF...HG...... I N SE.V........ Mooooooe, S.VS.G...... [,
Pig PKIL..D...TF...HG...... T.DA i SEV.iiniinnn | AN S.VS.G...... G....
Mouse .PKIR..D...TF...HG...... T.CDA....aeaenls SEV...oouu.n Moooooe, S.VS.G......G..
Chicken .PKIR..DR.AFV...QG...... TCNA...ooeenes SEV......... L..V...... S.VS.G...... Geverrnnnns
Fruit fly RK.K...R..... R.YA...... S.EA.S.S....uinn YYE.V......... Movooonnnn S.VT.G.R....G..
Tobacco hornworm H .K.IAN..N.ERF...FA...... T.EK.S.S......... YNE.V......... Moooooe, SVT.G... ... G..
Dictyostelium B SKNSG.PS.AST.ADNSQ. F LS........ NQLA............ NQ.V....... |25 IPTIIRN. S S
Schizosaccharomyces : AGGIELAKK IRSLKNYD.H.NR..SIFS...... V.AN.L.CS......... EE.V..V..IHQ.KC........
Neurospora R it .PQQ-NGA .VDGIHT .KIYS...... V.ED.I.V......K....Q.V..V..IN. .Q......
Trypanosoma :.TSD ----------- KNPYKT.QRM.A.KA........ EN.G.S......Q..SFR.V ......... Teveerinnn
Plasmodium H e KVAV. .. EP-.V.Y..A.SL...EN.S.TR....AK. . WNK.V........ NY.Y.....D.S..S.G...
* * LI ] * ¥ * £k *% * #% %
CitVATP-A 101: TLGNIFDGIQRPLKTIAIRSGDVYIPRGVSVPALDKDTLWEFQP -KKIGEGDLLTGGDL YATVFEN-SLMQHHVAL PPDAMGKVTYVAPAGQYSLKDTVL
Cotton T L T R L S IPIPRUR P S - P
Brassica
Carrot
1.0 )

Acetabularia e voo ALDV.L L. F... . .N..S.,QTKQ. . .R.-SAFKV. .RV. .. . IIGI.P..~..LD. K M.L.Q.K. T .L.AP.N.
Cyanidium H 1 P EK..E..NS.F.....N.....RKKV.. R.ADNLKV..PI.A. . I.GI.P. TP ID.KIM...NQ...IVFL..P.D
Human MS. e D.NEL.NSI...K..N....SRTAQ.D.5.-VSVKV.SHI...... GL.H..-T.VK.KLL. R.K.T.‘ I.EP.N.TVD.V..
Cow SMALL SD.SSQTQSI. ..... N.S..SR.VK.D.T.C.NLRV.SHI....I.GI.N..-..IK. KIM...RNR T...1..P.N.DTS.V..
Pig t.MAALL ... ... SD.SSQTQST. .. .. .N.S..SR.VK. .. T.S.NLRV. SHI....I.GI.N LIK.RIM...RNR.T...1..P.N.DTS.V..
Mouse :.M.A.........SD.SSQTQSI.... N.S .SR.IK...I.S.NLRV.SHI....I.GI.N..-..IK.KIM...RNR.S...I..P.N.DASNV..
Chicken LMAL L SD.STLTKSI......N.S..SR.VK.D.T.S.NLRV.SHI....I.GV.N..-..IK.KIM. . .RNR. T .I..P.N.DTS.V..
Fruit fly .M.S..... ... .RD.GVMINSI...K. .NTT..SRSEM...N.-LNVRV.SHI...... GV.H. —T VKQRMIVA.R.K.T.R.I N.N.E.I..
Tobacco hornworm [ .D.NELTQSI...K..N..S.AREVD...N.-LNVKV ,SHI......GI.H..-T.VK.KMIM. .R.K.T...T....N.KVT.V,.
Dictyostelium SUMNL L. NA. .EITKGI..... INT.S.NRTIK.PY..DT.LKV..NVS, . . IFGQ.V.-NN.IT.KIMV..KE. .TIVEI....E.T.DHAL.
Schizosaccharomyces :LAET.Y........ Q.FDK.QSI..... INTES.NREHK.D.T.N.DLRI..HVS.. VFGS....SLFND.KIM...R.R.T...I.E..S.HVDEKL.
Neurospora LNLLY. L EK..EA.NSI..... IAT....KKKK...T.--TMKV..HIA...WIG..Y..SFISV.KIL ..R.R.TI.RI.EK.E.TVEEKI
Trypanosoma tWMSE......... D..YRMVEN.F.....Q.KS.NDQKQ.D.--KPCLKV...VS.. . TIGS.V. SLMYN.SIMI. .NVR.R. .SIV.S.N.T.Q.DII
Plasmodium DY ER..NVC..... YK IDMTS M. KQ Q.YAD. .LKLN. IV IFGF D .KLFKE.KIMA. N K RL..I..D.S.T...KIF

* SEdhsEE * tt * &

A B

CitVATP-A 201: ELEFQGVKKSFTMLQAWPVKTPRPVSSKLAADTPLLTGQRVLDALFPSVLGGTCAIF GAFGCGKTVISQALSKYSNSDT\ 'YVGCGERGNEMAEVLMDFP
Cotton
Brassica
Carrot :
Beet HAPPUUUS' N SIS N DN .
Acetabularia CLVLLLALYEYSKLS. LS WVE Ll D N | e ) Y
Cyanidium HR QOKSVHQ. LWL W TELRK e Qe e sl G KL
Human 3. T..D.ERSK..... Vo... Q... TE.-P.NY.......... S...C.
Cow K.S.V.V....QV...TE..P.NH. ............. C. .
Pig K.S.V.V....QV...TE..P.NH...........hne C.
Mouse K.S.V.V....QV...TE..P.NK. ............e C.
Chicken e BEL L EKL VLV LLQVLLLTE L PNHL C.
Fruit fly . T..D.EITKH....V....HA...TE..P.NH..F.......5...C.
Tobacco hornworm Y....V....Q.... TE..P.NH.......... S...C.
Dictyostelium . L..VHN SA...IE. .PCNY.......... S...C.
Schizosaccharomyces :.V.. S..HT....AA. . LADN.T.NQ............ D % O ¢ R L R e I Y
Neurospora : YP.M.T....V...AAE.HS.NQ.F.V............Q... V.. .. SVLLF.. . VRl K...
Trypanosoma : LKLIMHR. . ... A..ESGNH................ v
Plasmodium HI AN .YI’YGLSML.‘..D....LE.VTG..L ......... S...T. . . ..

L] Shgw *& *ERkdd k2 & Sk k5 [wrddbbds SEPREDS £ "

C
CitVATP-A 301:QLTMTLPDGREESVMKRTTLVANTSNMPVAAREASIYTGITIAEYFRDMGYNVSMMADSTSRWAEALREISGRLAEMPADSGYPAY LAARLASFYERAGK
Cotton P I
Brassica N ..
Carrot P S
Acetabularia HI Mooo.... Y F
Cyanidium SEL-TMTIVGD. .. T oobeenn i niiieenne o dune
Human tL-SLELL W VT I c A de e
Cow tEL-TMEV. KV T LA
Pig SEL-TMEVL KV L. LA
Mouse SEL-TMEV. KA. T .o A ens
Chicken SE-TMEVL KV I LA
Fruit fly EL-TCELL VT L. A e
Tobacco hornworm E-TVEIE.VT.. L. . A et e
Dictyostelium tE.-H.KVGDK. .PT.Q..C...ceivvvvnnenns,
Schizosaccharomyces :E.-TIDIN.KP.PI......................
Neurospora :E.-SIEV.. .K.PI...... )
Trypanosoma :T..-.VI ...... B P N
Plasmodium :E..~.KV.NEDVGI. Q..C ................. ..
* *k * .ttttt“."t‘t‘l."t *& b4 *8% B EXERBERSRRREEE FRkdk & kbbE & bk BEh *

Fig. 2.
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D
CLtVATP-A 401:VKCLGGPERTGSVTIVGAVSPPGGDFSDWTSATLSIVQVFWGLDKKLAQRKHHPSVN'LiSYSKYSTALESFYEQFDPDFINIRTKAREVLQREDDLNE
Cotton :
Brassica
Carrot
2. SEL.D. resedsaiaeas
Acetabularia :.ALLS... G LN...P...K..S..VTL. K..E...
Cyanidium 1.5...5.N.Q G . .MK...PY..ERF. E L.y OOT LM
Human HN N.D.E G ..Nll..DD .DKNF.E. VPL... .I..E.E..S,
Cow R N...E G . .MR..DEY.DKHFTE.VPL....K.I..E.E..A.
Pig Teaeas N...E G . .MR . .DEY.DKHFTE.VPL....K.I..E.E..A.
Mouse P N...E .G . .MR..DEY,.OKHFTE.VPL....K.I..E.G..A.
Chicken HIN N...E G . .TR..DEY.DKHFTE.VPL....K.I..E.E..A.
Fruit fly HE N...E G . .MR..DEY.DKNY.E.VPL...VK.I. .E.E..S.
Tobacco hornworm HISPIN N.D.E Y P . .MR..DD...KNY.E. VPL...VK.I..E.E..S.
Dictyostelium :.S.I.H.T.I G o -MQ..DOTH.D.M. .E.VPL..R.K.I..M.E..S.
Schizosaccharomyces :AR...S.D.E. ..G.. ..|. . IN..QPW. .ERV.G.NTL.DQIKQII.Q..SML.
Neurospora ..QA..S.P.E G . .L.I.DKW..REY...PRL.DRI.QL.SDSEE.DQ
Trypanosoma . T.I...K.E G . . .LN...P.FNTL...YMRL.SV.A.I... .EE.Q.
Plasmodium L ISS T I T Moo A i iiiieiedonnns ST.F. .VKQ .QYFDN. Q .LSL.Q.ISDI. Q S...D
. & % % SRS RRERE KR4S S5 R4S KPRE & SEEREERES & * "%

CitVATP-A 501: IVQLVGKDALAEGDKITLETAKLLREDYLAQNAFTPYDKFCPFYKSWWRNIIHFYNLANQAVE KGAG-MDGQKITYTLIKHRLGDLFYRLVSQKFED
Cotton ... T i i it e et ie e iieanas V..NA....... ~Al-ael Sttt reraren
Brassice :
Carrot T
Beet H iaa 1. es . VN A
Acetabularia P S...I....RF.K....Q..5. .K...Y.. .G, VT HR TLO.LRTALNVL.LL .. FNI AK.‘..L KVS ......
Cyanidium LSRN S...No..... V..MI...F....S..E..R....... L.L .--—-MIHFYELANKAVE S-GE.HL.LAQ. .EQM.ETI.KISGM. .L.
Human N AS...T..... -V....KD.F.Q..SYS...R......T.G.LK.M.A. .DMSRH. . .-~STAQ-SEN. . .W-V.RDSM.NIL.Q.S.M. .K.
Cow O AS...T...... V...IKD.F.Q..GY....R......T.G.LS.M.A, .DM.RR...~-TTAQ-SDN. - .WSI.REHM.EIL.K.S.M..
K.Pig HIRRN AS...T...... V...IKD.F.Q..GY....R T.G.LS.M.A..D..RR...--TTAQ-SDN. . .WSI.REHM.EXL.K.S.
M. .K.
Mouse R, AS...T...... V...IKD.F.Q..GY....R ..T.G.LS.M.S..DM.RR...--TI’AQ-SDN WSI.REHM.EIL .K.S.M. .K.
Chicken P AS...T...-..V...IKD.F.Q..GY. R . T.G.LS.M.A. .DMRRR...--NTAQ-SDN. . .WSI.RENMSEIL...T.M..K.
Fruit fly HE AS...T..V...V....KD.F.Q..SYS...RV JT.G.L...MA, ET. RHCL ~-STAQ-SDN. , .WNT. .ESM. GIM.Q.S.M..K.
Tobacco hornworm HEPN AS...T...... V....KD.F.Q..SYSS R .T.G.LK. ..S..DMSRH. . .--STAQ-SDN.V.WNV.RDAM.NVL.Q.S.M. .K.
Dictyostelium tee....Q.S.G.SE...I.V.RIT.D.F.Q..G.S.. LEUTLL LK, -~--VMTFYNLAQKAVESSTADN V.WNQ. .NE.KEIIH.IT.M..Q.
Schizosaccharomyces :.I.....S..S.T..V..DI.GIIKN.F.Q..GYSD. RC .L..TYH.-M-RNMIAYYTKAKSA-VET.SVPWS . ----- ..ESTS.I..E.T.M.. .N
Neurospora Voo, $..SDP..... DM.T.IK..F.Q..GYSD..Q...IW.TE. .-M-KLMMGFHDEAQKA-IAQ.Q-NWN. «~- -~ VREATQ. .QAQ.K.L...V
Trypanosoma S, S.5.S...I..... VI..EF.Q......... Y..P..TC..---LRNIVAFYEESQRVVAE-SAGEL . . .WNY .REMIPHIYTG.TEM. .R.
Plasmodium P $.5.DQ.VVWM.V. II...F.Q....SD..YM..LQ.T.G.--~-MRIICHFYA. CLRTLQEYDSRER. .GWGS.YNT .RPTINKITHM. . .N

S80S » * * 5 & L 1] [ 1] - * L)
CitVATP-A 601:P-~AEGEPALVAKFKKLHEDLTAGFRALEDETR
Cotton : E N
Brassica
Carrot
Beet
Acetabularia +.~SD. GVVT HLNE N E.KEK....
Cyanidium R B R
Human :.VKD..AKIK.D.EQ....IQQA. .N.
Cow :.VKD. .AKIK.DYAQ.L..
Pig :.VKD. .AKIK.DYAQ.L..
Mouse :.VKD..AKIK.DYAQ.L..
Chicken :.VKD..TKIK.DYAQ.F..
Fruit fly :.VKD..QKIK.OYDQ.Y..
Tobacco hornworm :.VKD..AKIK.D.DQ.L.. .
Dictyostelium :.-TD..QT.T.H.ST.N. IITA -RNFSDLV
Schizosaccharomyces :.-N...KEI.EHYET. .KKIEDX.HT.TE---
Neurospora $.-S. .QEKICK. YEAIQQQMLDK.ASVI. . -~
Trypanosoma : .QEGE.ANVEFYR .QNE. IVS.FASL .Q----
Plasmodium : . KNSD. YFKKYFKALEE. ITVGLRNLM. K- --

*

Fig. 2. Comparison of the deduced amino acid sequence encoded by CitVATP-A with sequences from cotton 91.0% (L03186), brassica
91.0% (U15604), carrot 94.2% (J03769), beet 82.9% (X98767), Acetabularia acetabulum 74.9% (D50528), Cyanidium caldarium 73.3%
(U17100), human 68.0% (1.09234), cow 68.7% (X58386), pig 69.6% (X62338), mouse 69.3% (U13837), chicken 69.0% (U22077), fruit
fly 67.3% (U19742), tobacco hornworm 67.4% (S21107), Dictyostelium discoideum 65.1% (U49169), Saccharomyces pombe 62.3%
(X68580), Neurospora crassa 61.4% (J03955), Trypanosoma congolense 68.8% (Z25814) and Plasmodium falciparum 60.6% (1.08200).
The ATP-binding site motif is shown in box A, the Mg?*-binding region of the B subunit of F,Fy-ATPase is shown in box B, the re-
gion conserved in both the o and B subunit of FFy-ATPase is shown in box C, and the o and P subunit signatures are shown in
box D. The vacuolar H*-ATPase catalytic subunit from higher plants is shown above the line.

gene family; a superfamily composed of two gene DNA was made to estimate the number of vacuolar
families has been reported for cotton [16]. H*-ATPase catalytic subunit genes in the citrus ge-
In this study, Southern blot analysis of genomic nome. Total DNA was isolated from mature leaves
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Fig. 3. Southern blot analysis of total DNA of C. unshiu using
pATP-A as a probe. Blots were washed in high stringency:
68°C, 0.1XSSC (A) and in more moderate stringency: 50°C,
1 XSSC (B).

of C. unshiu using the method of Dellaporta et al.
[17). Fifteen pg of total DNA was digested with
BamHI, Dral, EcoRI, HindIll and Xbal, electro-
phoresed on 0.8% agarose gels, and was blotted
onto a nylon membrane (Hybond N, Amersham).
The membranes were hybridized using a pVATP-A
insert labeled with Dig-11-dUTP and a random
primer DNA labeling kit (Boehringer Mannheim).
From one to three bands were detected in BamHI,
Dral, EcoRI, HindIIl and Xbal digests when the
blots were washed under high stringency conditions
of 68°C, 0.1 X SSC (Fig. 3A). Almost identical results
were obtained with more moderate stringency condi-
tions of 50°C, 1 X SSC with Dral, EcoRI and HindIIl
(Fig. 3B). However, some additional weak bands ap-
peared. Therefore, these fragment patterns suggest
that the vacuolar HT-ATPase catalytic subunit gene
is organized as a low-copy number with a somewhat
low identity with the citrus genome.

We investigated the expression of the vacuolar H*-
ATPase catalytic subunit gene using Northern blot
analysis. Total RNA was isolated from the leaves
and fruits of C. unshiu. cv. Okitsu wase. Leaves at
different stages of development, 2.5, 4-5, 6, 7-8 and
10 cm long, were collected as samples. Fruits were
harvested at 89, 120, 148, 187, 223 and 297 DAF and

were divided into two tissues, juice sacs/segments ep-
idermis (edible parts) and albedo/flavedo (peel). Five
ug of total RNA were electrophoresed on 1.0% agar-
ose gels containing formaldehyde and were blotted
onto nylon membranes (Hybond N, Amersham). Hy-
bridization was carried out using the same proce-
dures as for Southern blot analysis, except for strin-
gent washing conditions of 0.2 X SSC and 0.1% SDS
at 65°C.

In all samples of this study, a single band with
approximately 2.5-kb transcript was observed as
the expected transcription size (Figs. 4 and 5).
From the results of Southern blot analysis and the
size of transcripts, these single bands derived from
pATP-A or other vacuolar H"-ATPase catalytic sub-
unit genes. The transcription levels were high in the
youngest leaves (2.5 cm long) and low in the other
leaves (4-5, 6, 7-8, 10 cm long) (Fig. 4). The tran-
scription levels of the fruit increased in the juice sacs/
segments epidermis (Fig. 5A) and in the albedo/fla-
vedo peel (Fig. 5B) until fruit maturity (DAF
89-223), but decreased only after harvest time
(DAF 297) in the juice sacs/segments epidermis
(Fig. 5A).

The increase in the mRNA levels by Northern blot
analysis may be strongly related to cell expansion

Leaf

"LE’ & « c‘z & A% cﬂig &

CItVATP-A- () e »= we ws

178

Fig. 4. Northern blot analysis of transcript levels for vacuolar
H*-ATPase catalytic subunit during leaf expansion. Total RNA
was isolated from leaves of 2.5, 4~5, 6.0, 7~8 and 10 cm
long. Five-microgram samples of total RNA were fractionated
by electrophoresis on 1.0% agarose gel including 2.2 M form-
amide and transferred to Hybond-N membrane. In the lower
panel, total RNA on the gel was stained with ethidium bro-
mide.
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Fig. 5. Northern blot analysis of transcript levels for vacuolar
H"-ATPase catalytic subunit during fruit expansion. Total
RNA was isolated from edible parts (juice sacs/segment epider-
mis) of 89, 120, 148, 187, 223 and 297 DAF (A), and peel parts
(albedo/flavedo) of 89, 120, 148,187 and 223 DAF (B). Five-mi-
crogram samples of total RNA were fractionated by electropho-
resis on 1.0% agarose gel including 2.2 M formamide and trans-
ferred to Hybond-N membrane. In the lower panel, total RNA
on the gel was stained with ethidium bromide.

and sugar accumulation. When the expression of a
tonoplast-specific Ht-ATPase 69-kDa catalytic sub-
unit is inhibited by antisense mRNA, transgenic car-
rot plants show altered leaf morphologies resulting
from defective cell expansion [I11]. The constituent
levels of accumulation mRNA for the 70-kDa sub-
unit in unexpanded tomato leaves are much higher
than those in expanded leaves [9]. In citrus, Northern
blot analysis in this study of leaves at various stages
of development agreed with these previous reports.
The fact that the expression level of the youngest

leaves is higher than at any other stage is interesting,
so further investigation is needed to clarify the rela-
tionship between cell expansion and the H*-ATPase
catalytic subunit gene. However, the relative levels of
immunoblotting with antibodies against two major
subunits (68 and 57 kDa) of the vacuolar HT-AT-
Pase do not change during the growth of radish root
[18].

Our results of Northern blot analysis in fruits were
different from the results in leaves. The levels of
mRNA were high in expanded fruits and low in un-
expanded fruits. Thus, we believe that other factors
have a role in gene expression, including sugar accu-
mulation. The fruit growth of this cultivar (cv. Okit-
su wase) is almost completed by late September, cor-
responding to 120 DAF. The fruits then accumulate
sugar. The sugar content of fruits, both juice sacs/
segments epidermis and albedo/flavedo, increased
rapidly, reaching a maximum in late December, cor-
responding to 223 DAF (data not shown). This
change in sugar content correlated with an increase
in catalytic subunit mRNA. Vacuolar H"-ATPase
catalytic subunit mRNA with salt stress increases
in mature leaves that have accumulated salt in the
vacuoles [8,9]. Therefore, we believe that the increase
in this mRNA at fruit maturity may be involved in
the function of sugar accumulation as a sink organ.
Furthermore, such a high mRNA level in the young-
est leaves may indicate the initial function of the
leaves as the sink.

This is the first report on the isolation, character-
ization of the genomic organization and the tran-
scription of catalytic subunit of vacuolar H*-ATPase
in fruit trees in relation to the vacuolar function of
sugar accumulation, but the roles of vacuolar H-
ATPase cannot be explained only by the investiga-
tion of catalytic subunit genes. More detailed inves-
tigations, such as by using Western blot analysis,
measurement of enzymatic activity and analysis of
other subunit genes [19], should make these roles
clear during the sugar accumulation in citrus fruit.
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