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Abstract

In the pastfew yearsmary a- and p-tubulin genesof differentorgansms have beenclonedand studied, and in
mog systemsstudiedthey congitute multigenefamilies In plants mog studieshave beendonein Arabidopss
thalianaandZeamays. In this paper the studyof mMRNA accumulatiorby in situ hybridizaion and the acivity of
threemaizea-tubulingenepromotrs(tual,tua2andtua3d) in transgenitobacclantsaredescribedin maize,the
expresionof thes threetubulin isotypeddiffer in therootandshootapex andis associatedwith differentgroupsof
cellsthroughouthe distinct stagesof cell differentiation.In trangienictobaccaoplantsthe promotersof the genes
fused to the uidA reporer gene(GUS), direct expresion to the sametissues observed by in situ hybridization
experimens. Thetualpromotrismainly acivein cortex-produchg meristemaic celsandin pollen, whereagua3
is active in cellswhich are differentiatingo form vasularbundlesin therootandshootapices Theaccumulation
of tua2mRNA is detectedby RNA blot in asimilarform astual, butataverymuchlow level. In situ hybridizaion
indicateghatthetua2mRNA specificallyaccumulateg the maizerootepidermisNo GUS stainingwas detected
in transgenidobaccoplantswith the tua2 promoter. The differencein expresion of the specfic genesmay be
linked to proceses wheremicrotubuleshave differentfuncions suggesing thatin plants, asin animals, thereare
differercesin the function of the tubulin isotypes.

Intr oduction

Microtubules area componenof the filamenbuscy-
toskeletonpresentn eukaryoticcellsandparticipaten
mary differentcell processesThey play animportant
role in intracelldar transport, arethe principal com-
ponentof structuressuch ascilia andflagellaandthe
mitotic and meictic spndle, and, with other cytoskele-
ton componerd, they take partin the control of cell
shape.In plant cells microtubules have a numberof
specializedroles, including participation in division
and differertiation processesDue to the existerce of

**The first two authorscontributed equally to the experiment
works.

the cell wall, differeniation in plants is regulatednot
by cel migration or changesn the shapeof thecells,
but by the definition of the plare of cell division and
the direcion of cel elongaton, proceses in which
microtubulesareinvolved. In this sense, microtubules
areat thebass of morphogenet proceses occurring
in plart cells.

Plantmicrotubule arrayschangeduring thecel cy-
cle. During interpha®, cortical microtubuleslie near
the pasma membrane and are believed to be involved
in the orientation of deposition of cellulose microfib-
rils during the growth of the cell wall. In elongaing
cels, cortical microtubuleshave a transerse orient
tion with regpectto the axis of elongation,andtheir
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densty is maintained as the cell elongaes [11]. In
dividing root cels differentcortical microtubule den-
sitiesand orientations have beenestallished in various
regions [2], showing that cels preparihg for rapid
elongaton have a transerse orientation of cortical
microtubules The microtubulesin isotropically grow-
ing cells in the root cap do not show a preferertial
orientation.

All microtubules are mainly compo®d of two
polypeptdes of ca. 50 kDa, a- and B-tubulin, with
a sequencehat has beenhighly conserved through-
out evolution. Theseproteins are encoded by families
of relatedsequencesdispersedin the genome, with
family sizesranging from one or two genesin sm-
ple unicelular systemsto 20 or more sequenceghat
cross-hybridizewith tubulin-coding sequencesn the
sea urchin and humangenomeg6], althoughmog
of these are known to be pssudogenesComplexity
isincreagdby pog-trandationalmodificaions which
producea variable popuhtion of tubulins. Thes phe-
nomenasugges that precse mecharéms contol the
functionof theseproteins.In mary caseghe genesof
differentisotypesare expresed differentaly during
developmentandin repon® to differentstimuli.

Tubulin genesave beenstudiedin only afew plant
speciesIn Arabidopssthaliana nine g-tubulin genes
and six a-tubulin genesare expresed [17, 26], and
the expresion of tubulin isoformsis heerogeneous
within various tisstes. One a-tubulin geneis congi-
tutively expressed in all tissues anotheris uniqueto
pollen and the others are differerially expressedn
roots,leavesandflowers[5]. In maize,threea-tubulin
geneshave beenclonedand sequenced?20, 21], three
othercDNAs have beenrepored [28] andat leas one
morehasbeendetectedy PCR [22]. It hasalsobeen
reportedin maizethat certaina- and pB-tubulin genes
arepreferentally expresed in rapidly dividing tissues
such asroot tips rather thanin more mature tissues
[16].

Why there are 0 many tubulins in an organism,
with only dight sequencedifferercesremairsanopen
quesion. Fulton and Simpon arguedin 1976[9] that
eachisotypewas involved in a specific microtulule
array or function; this was called the ‘multitubulin
hypothess'. In contras with this idea of a specific
functionfor eachtubulin, a numberof resultsshaved
that differentisotypescould perform the samefunc-
tionsboth in vitro andin vivo, and were functionaly
interchangeald. In the pag few yearssome differ-
encesbetveenisotype functions have beenrepored
in animals [13]. A study of the expresion of tubu-

lin genescoding for differentisotypesis necesary in
order to correlatetheir expressia with their function.

In this study the patterrs of expressiam of three
maize a-tubulin genes tual, tua2 and tua3 were
analysedoy in situ hybridizaion, showing thatthes
genesare differentially expresed within young tis-
sues Using the promotr region of thes genesfused
to the uidA genewe also studiedtransientexpres-
sion in tobaccoprotoplastsand in stable transgenic
tobaccoplantsusing Agrobaceriummedated trans-
formation. Interesingly, the p-glucurondase (GUS)
actiity driven by these promotersin tobacco, re-
flects the patern of expresion shown by the® genes
in maize using in situ hybridizaion. The fact that
thesegenesare expressedn differentcells indicates
that they may be assaiated with specific processes
involving microtubule activity.

M aterials and methods

Plagmid congructs

The 1076 bp Bglll-Bglll fragmentfrom the genomc
clone MG19/15, contining the tua3 promoer [20]
was clonedinto pUC18vecbor atthe BanH]| site.After
testirg that the 5 end of the promotr correponded
to the Hindlll side of the polylinker, a Hindlll- Snal
fragmentof 1115bpwasintroducednto thepBl101.1
plasnid [14] digeged by these redriction enzymes
The result was a transcriptionalfusion betweenthe
promotr of the tua3 gene,the coding region of the
uidA geneand the Nos term polyaderylation signal
(3211bp). The different5’ deletions were madeus
ing single restrictin sitesin the promoter: Clal, Nael,
Drall andHpal, and by digedion with exonucleas
Bal31 (seeFigure3A).

Similar fusions with the reporter gere uidA and
the Nos term were mace with the tual andtua2 pro-
moters The Xhd-Sadl fragmentfrom the genome
clone MG19/6 [21], correponding to the tual pro-
mater, and differert 5’ deletions wereintroducedinto
pBI101.1 using approprate enzymeg25]. Similarly,
a trarscriptional fusion betweenthe tua2 promotr
andthe uidA genewas madeby ligating the 1754bp
EcaRlI-Sal fragmentrom thegenomc cloneMG19/6
into pBI101.1.

Trandent expression assays

Leaf mephyl protoplags of Nicotanatabacumcv.
Petit HavanaSR1 wereisolated from sterile shootcul-



turesas describedby Paszkowski and Saul [24], and
restsperded in fuson medum at a concertration of
2 x 10° ppdml for elecroporaton. 20 ng of the
plasnid and 30 g of the salmon sperm DNA were
addedto 0.7 ml of protoplag sugpenson and anelec-
tric pulse of 10 ms and 750 V/cm was appled. The
protoplags were diluted immedately in 10 ml of AA
medum [10] andincubaed for 24 h in thedark, then
collectedand washedthreetimes by low speedcen-
trifugation in 250 mM NacCl. The remairing pellets
were frozenin liquid nitrogenand stored at —80°C
until the glucurondas acivity was determined.

Tobaccostable trandormation

Vecbrs carrying the different plasmid congructs
were introduced into DH5a Escherichia coli K12
strainandinto Agrobacerium tumefaciensLBA4404
strain viatrangormaion of compeént Agrobacerium
Agrobacerium strains were then used to inocubte
sterile leaf piecesof N. tabacumcv. Petit Havana
SR1. After 48 h, transformedobaccocells were se-
lectedfrom shoot-inducingnedium[23] suppliedwith
100 pg/ml kanamyan and 500 pwg/ml carkenicillin.
Shootets were tranderredto rootinduchg medium
sypplied with 100 pg/ml kanamyan and 250 pg/mi
carkenicillin. T1 seeds werecollectedand germirated
on MS medum suypplied with 200 .g/ml kanamyai.
Genomic DNA, from the differenttrangentc plants,
was isolated and analysed by Southern blot in or-
der to assue the integration of the transgenc DNA,
hybridizing with a probe correponding to the 5
Hindlll- SnaBl fragmentof uidAgene.

GUSassy

Histochemical localizatim of GUS in transgenic
plantswas performedasde<ribed by Jefferson et al.
[15]. Small piecesof tissuewereimmersedn a histo-
chemicakeactionmixture containingl mg/ml X-Gluc
in 50mM sodiumphosgphatbuffer. Afterabriefimbi-
bition, the reaction wascarriedout in the darkat 37°C
overnight. Tissues wererinsed several timesin 70%
ethanolandexaminedby light microsopy.

‘In situ’ hybridization

The 3-untrardated region of the tubulin genes (a
361bp Xhd-Dral fragmentfor tual, a 373 bp Xhd-
Dral fragmentfor tua2, and a 458 bp Tagl-Dral
fragmentfor tua3d were subclonedinto pBluegript
plasnid. Thes probesare specffic for the genes as
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shown by Montliu etal. [20, 21]. The plagnidswere
linearzed to obtain sene and antisen® riboprobes
with T3 and T7 RNA polymerasesRoot segmerts and
young shoots from 3- to 5-day old maize seedings
were collectedand fixed in absolute ethanol/glacial
aceticacid 3:1, dehydrated¢hroughethanol/tert-htyl-
alcohol series and embeddedn parafin. DIG-UTP-
labelled probes werepreparedas descriledin the sup-
plier’s protocols (RNA colour kit for non-radoactve
in situ hybridizaion, Amersham) and hybridized to
8 wm sectionsaccordingto the proceduredescribed
by Langda&[18].

Results

MRMNA accumuation of tual, tua2andtua3genesin
maize

Previous reallts obtained by northern analysis had
shown that mRNAs correponding to al, a2 and a3
tubulin genesare preferentiallyaccumulatedn tissues
rich in dividing cells, such as root and shoot meris-
tems[16, 20, 21], but with significart differerces.The
MRNA of tualis accumulatednainly in therootapex
andpollen, but also in youngshoosandembryosThe
accumulatiorof tua2is nearly100 timeslessthantual
andmore specificallyin root meristemsand in imma-
ture cop.tua3mRNA is accumulatedimilarly to tual
but it is notpreentin pollen andis moreexpresed in
immatueemlryo, inimmatuecop and in the vascuar
cylinder of theroot. The patternof mMRNA accumula
tion studied by in situ hybridizaion technguesalso
producedsignificantdifferences.

MRNA accumulationcorreponding to the tual
genein the root was found preferenially in specific
groupsof meristemaitc cels (FigurelA, C, Eand G).
Longitudinal secionsshowedthat the expresion was
seenin the more apical zone of the meristem,where
undifferentated and dividing cells aremoreabundant
but not in the quiescententre,wherethe rate of di-
vision is very slow. In more distal zonesexpresion
is concertratedin the cortical cells, preferertially in
the vascular cylinderborders(Figure1A). Hybridiza-
tions usingtrans\erse sectionsalso shoved a greater
accumulatiorof mRNA in the meristem(Figure 1C)
ard in more mature zones in cells asseiatedwith the
vascular bundles (Figure 1E), but always in discrete
groupsthroughoutthe cortex (FigurelG).

Asfor tualgenetheexpresionof tua3is detected
in specffic areasof the root meristem. Longitudi-
nal sectionsshav accumulationof mRNA in cells
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Figure 1. In situ hybridizationof 6-day old maizeroots A (70x) and B (70x) corregpondto longitudinal sectionshybridizedwith tual and
tua3probesrepectively. C (45x), E (45x) and G (70x) correpondto root cross sectionshybridizedwith tual at differentdistancesfrom the
roottip, close to distal. D (45x), F (45x) and H (45x) are hybridizedwith tua3 from close to distal to thetip. | (70x) and J (45x) correpond
to longitudinaland cross sectionshybridizedwith tua2 Thereis adifferencein expresion of all threegenesdn this zoneof root differentiation.

associatedwith vascularbundlesandcalyptrogern(Fig-

ure 1B, 1D), but, aswith tual, thereis no expresion

in the quiescententre.Differencesvereobsened in

the patternof mMRNA accumulatiorof the two genes
in trans\ersesectionsHere,the tua3 geneis strongly

associatedwith vascular bundles but mRNA distrib-

ution is more or less continuouswithin the vasular
cylinder althoughnot in the inner cortex or in the
extermal parenchymatic cellsin the more mature cells
(Figure 1F, 1H), in contad to tual With tua3there
isalow level of MRNA expresion in youngercels

in thesezones. The vascularassociatedexpression
appeargo involve all the cells: protoxylematc, pro-

tophloemaic and associated cels. Thereis also an

accumulatiorof tua3mRNA in the epidermisin zones

distal to the root tip (Figure 1H). The small groups
of cellswith tualexpresioncould be thecelswhich

areprobablystill undifferentiatedTheothercellshave

reachedh |laterstepin differentiationwhich the tua3
geneseemso indicate.

Finally, mRNA levelsof tua2aremuchlowerthan
tual or tua3in all tissuesstudied[21]. In situ hy-
bridization shows that theselow levels are probably
due to a very redricted expresion of the gene. In
roots, tua2mRNA isfoundonly in theepidermisand,
rarely, in discretemeristematiccells (Figure 11, 1J) of
the root tip. This epidermalexpresion seemsto be
in apical undifferentated cells, while tua3mRNA ac-
cumulatesin epidermal cells more distal to the root
tip, probably at a later stage of differertiation. The
in situ hybridizaion studies seemto indicat that, in
the root ap of matize, the expresion of these three
isatypes of tubulin is differert, being assaiatedwith
differentgroupsof celsandin differentdifferentation
stagesFor all thesan situ hybridizaionssense probes
were used simultaneou$y as negaive contols (dat
notshown).

Pronoter-drivenexpression in trangenic tobacco
plants

Results obtained by in situ hybridizaion techngues
indicak thattual andtua3 geneswere expresed in
definedtissuesandgroupsof cels. The putative full-
length promotersof thesetubulin genes (seeMaterials
and method9 were fused to the uidA geneand in-

troducedinto tobaccovia Agrobaceriumtransforma-
tion. Expermens using tual promoter:GUSfusions
in transgenictobaccoplants have shovn cell- and
tisswe-specific expressia [25].

Sixteenindependentransgenid¢obaccglantscar
rying the tua3 promoer-uidA fusion were generagd.
The numberof copiesintegraed andthe integrity of
the cassettavere identified in eachtransgenicplant
by Southernanaysis. Thenumberof integrated copies
was betweenl and 3. The histochemicalocalization
of GUS acivity shows that the expresion driven by
the tua3 genepromotkr obsrned in maize is main-
tainedin transgenicobaccoplants(Figure 2). Blue
stainingisdetecidin rootandshootmeristemsand, at
leastin root,isrelatedto meristematicells,otherthan
those wherethe tual promoer is acive [25]. Thus
tua3isexpresed in themoreapicalcels, equivaentto
the cellsin the calyptrogen,wherethe expresionwas
detectedn maize,andin adistalandcentralmeristem-
atic zone (Figure 2A). In cross sectians the staining
isin the form of four cental spots (Figure 2C), cor-
regponding to the four vascular bundles pregnt in
tobacco.This indicateghattua3is expressedn cells
which are differentating to vasular bundles

The patern of GUS expresion drivenby the tual
promoer is differentto that shown by the tua3 pro-
moter When transgenicplants containingthe tual
promotr fused to uidA genewereanalysedGUS ac-
tivity was also detectedin the root meristem. This
expresionis notassociatedwith vascular bundlesbut
with the cortex-producingtissues In this cag a good
correlationbetweenblue stainingandthe presencef
dividing cells(stainedwith haematoxylin-edn) is ob-
served (Figure 2B, 2D). The® differencesin GUS
expresion driven by thes two promoers might be,
agan, a conequenceof the organizaion of differ-
entmeristematiaells andspecific cellularmachinery
beinginvolved in specificdifferentiatiorpathways.

The tua3 genepromotr also drivesexpresionin
other organs such as secondaryforming roots (Fig-
ure 2E), shoot apices (Figure 2F), cotyledons(Fig-
ure 2G) ard pollen grains (Figure 2H). tualis also
acfve in thes tissues exceptin the shoot meristem.
tua3 expresion in the shoot meristem starts in very
youngplantets (seedingsaroundé daysold) and con-
tinuesthroughouthelife of theplant Thelocalzaion
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Figure 2. A to D. Compaiison of GUS actvity in trangienic tobaccoplantstrangormed with a1- anda3-tubulin promotersfuson genes A
(20x) and C (40x): expresion drivenby tua3 pronoter, longitudinaland cross sections regectively. B (20x) and D (40x): expresion driven
by tualpromoter, longitudinaland cross sections regectively. E to H. Expresion inducedby the tua3 pronoterin othertissuesandorgansof
trangyenic tobaccoplants Blue stainingis foundin new ramifi cationsitesin the root (E: 45x), in the merigem apex (F: 70x), in cotyledons

(G:10x) andin pollengrains(H: 150x).

Table 1. Histochenical analyss of trangenic plants carying
different deletionsof tua3 genepronoter fused to the uidA re-
portergene.Fractionindicateshe proportionof trangyenicplants
which expres the congruct by histochenical stainingamongall
trangenic plantsobtained.

Root  Shoot Leaf Stem Cotyledons
tip meristem
—1076 8/16 8/16 0/16 0/16 8/16
—633 3/6 3/6 0/6 0/6 3/6
—486 3/10 3/10 0/10 0/10 3/10
—333 0/25 0/25 0/25 0/25 0/25
—159 0/30 0/30 0/30 0/30 0/30

of the blue staining, cental andsub-aptal, suggess
that expressioncould also be relatedto vasculartis-
sues Finally, cotyledonexpresionisvery higharound
5 days after germination (Figure 2G), and very similar
tothe expresionof tual Inpollen,thereisexpresion
inarelatively smal percenageof grains as compared
with tual[25].

When transgenictobacco plants containing the
tua2promoterfused to uidAgenewere anaysed,GUS
activity was not detectedin root tisstesor in the other
tissues examined, even though some acivity is de-
teced in pollen, by fluorometic assays, when the
fusionis transientlyexpressedn tobaccoprotoplasts
(datanot shown). The very restrictedandlow expres-
sion of tua2 genein maize may explain this reault in
tobacco.

Expression of tua3pronoter deletions

Tobaccoplants were transformedwith different 5
deletionsof thetua3promoerfused to uidAgene(Fig-
ure 3A), as published with the tual promotr [25].
Expresionis foundin rootandshootmeristems and
cotyledonswith the —633 and —486 congructs, as
in the caseof the —1076bp (putative full promotr),
but no staining is detectedwith the smallerconstructs,
—333bporless(Tabke 1).

As the histochemical assayis lesssersitive than
fluorometic analysis [15], the glucurondas actvity
was measired by fluoromety in the differentorgans
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Figure 3. A. Schenttic repreentation of tua3 transriptional fu-
sionsused for trangent and stable transformation of tobacco,and
redriction enzymes used to producethe different deletions The
numberscorrepondsto the distancefrom the transcription start. B.
Fluoronetric assays of plant tissues carrying different deletionsof
tua3promoter a, rootape; b, shootape; c, cotyledonsfrom 5-day
old plantlets d, matureleaf; e, leaf protoplas supenson.

where the full tua3 promoteris active. Results are
summarizedin Figure 3B. In all cases,higher ac-
tivity is found in tissues rich in dividing cels and
in plantstrangormedwith the longercongructs but
in all casesvalues are higher thanin untransformed
plans. In shoot (Figure 3B.b) androot (Figure 3B.a)
apices wherethereare a high percenage of dividing
cels, thelarged differencesarefoundwhenreducig
the size of the constructs from —486 to —333 and
—1076to —633, reducig the level of expresion to
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30-50%of the original condruct In cotyledonsthese
phenomenare moremarked,and only 23%of the ac-
tivity of the —486 congructis conserved in the —333
congruct (Figure 3B.c). However, in the maure leaf
(Figure 3B.d), an organwith relatively little cell divi-
sion, the decreasés not significant. Theseresultsare
quite similar to those observed with the tualpromoter
deletions[25].

In the different organsanalysed thereis a high
diversity of cel types Thevaluesobtainedare anav-
erageof the expresing andnon-presing cels. To
obtain a homobgouspopuhtion of cels, we devel-
opedsimilar studiesin transientlytransformedobacco
leaf protoplastswith thesedifferert constructs. The
resuts areshown in Figure 3B.eand aresimilar to the
ones obtained with transgeric plarts. In protoplasts,
there is a coninuousdecreas of acivity concomi
tart with a decreasen length of promater, and this
decreasén expressioris greatestvhenthe —486con-
structis reducedo —333 bp, asoccurredfor cotyle-
dons Inthestwo organs wheretheexpresionisvery
high (cotyledon3 or the popubtion of non-epresing
cellsis minimal (protoplasts),thereare two promoter
controlmechanismsvorking togetheronespecificbe-
tween—486 and—333andthe othernon-gecific and
presenin full-length promater. In the other organsthis
result may be diluted by the non-presing cells, re-
suting in lessclear values. When compared with the
histochemicatesultsjn bothcasegthemajordecrease
of promotracivity isfoundwhenreducng the —486
bp to a —333 bp congruct, indicaing that the mog
important cis elementf the promoterare presenin
this zone. Similar resuts wereobtained with the tual
promotr[25].

Discussim

Theexpresionpaternsof threemaize a-tubulin genes
(tual, tua2 andtuad have beenstudiedin maizeby
in situ hybridizaion, andby histochemtal stainingin
transgenicobaccoplants containingconstructswith
the respective promaters. The reslts indicate that,
with same exceptions, for thesegeresthe main fea-
turesof their expressio are essettially equivalent in
both maize and tobaccoplants. Previous studiesby
RNA blot showed that o-tubulin genesare in gen-
eralhighly expresed in meristemaic tissues[16, 20].
With in situ hybridizaion it is possible to distinguish,
within ameristemwhich cell types expressthe differ-
entgenesUntil now, in situ hybridizaion studieshave

only beenused with the tua4 gene[8]. In this study;,
whena tua4 cDNA was used as a probe, meristem-
atic regions were alsolabelled. a-tubulins are highly
congrved genesso acDNA probeconfiningthe con-
served region of the protein may detect not only the
tuadtrangript, butalso mRNA correpondigto other
a-tubulin genes In the in situ experiment using the
sense probeof thetuadgeneasacontrol, they deecied
asignificantlevel of signalin sometissues|[8]. In our
case,using 3-specfic probes no signalin the sense
contols of thein situ experimens werefoundfor any
of thethreetual, tua2or tua3genes

In the present study, using probescorresponding
to the 3'-untrandated region of thesethree a-tubulin
genesit waspossible to observe that the threegenes
are differertially expressedwithin the meristematic
tip of the root as deducedfrom the RNA blot re-
sults [16, 20]. tualexpresion appeargo be higherin
the cortex-producng cels, whereatua3is associated
with the cells that differentiateto vascular bundles
Expresion of the third gene,tua2, is limited to the
root apex epidermis and its promogr is not acive in
trangyenic tobaccoplants although, due to the fact
that GUS assayg are usually more sersitive than in
situ hybridizationexperiments the inability to detect
GUSactvity in tobaccaplantscarryingthetua2-GUS
transgengrobably could resultfrom a differentpat-
tern expressionbetweenthe tobaccodicot plant and
the maize monocotplant

The cellswherethesea-tubulin genesappearto be
expresed at the highes levels are cels from meris-
temsthatdifferentiateto cellswith differentmorpho-
logical featuresVascularcells, for example,areusu-
ally very longandparaléd to theroot axis. This adult
cell shape is the reslut of spatially controlled division
andelongaton proceses [27], in which microtubules
participatg 19]. It sesemgeasonablehereforeto sug-
geg thatthis paricularmorphobgy of the adult cel is
the reault of elongaton and division proceses where
the tua3isotype,whichis preferenially taking part is
the mog highly expresed. Following this idea,tua3
would be expressed in provascular cels that undego
divisonpreferenialy inalongitudinalaxisand subse-
guently show a concertric deposition of the cellulose
microfibrils to the root axis. Thereforejt may be sup-
posdthat microtubulestaking partin these proceses
would be compogd preferenialy by o3 tubulin. In
contag, tual appeardo be expressedn cells, such
asthose in the cortex, where the orientation of divi-
sionsis preferentiallytrans\ersaland periclinal [27],



andits patern of expresion doesnot seemasstrictly
confolled asfor tua3

It hasbeenpropo®d that undifferentated meris-
tematiccells contain all the tubulin isotypes [12, 16]
andmicrotubule arrays[2]. Whendifferentiatingand
acquiringdifferentcharacteristicsthe levels of some
isotypesincreas [16] in orderto favour procesesin
which specfic tubulin isotypes may be taking part
Therefae,in those cellsin which tua3is expresed at
high levels, the othera-tubulin isotypesare probaby
also preent[2, 12] but at alower level [16], and their
paricipationinthesameproceseswould belower. As
the tua3geneis preferertially expressedn meristem-
atic cels producng vasular bundles the proceses
of differentation of thes cels probaby requre the
participation of tubulin «3.

An interestirg datathat implies a clearregulation
differencebetweentual and tua3 promotrsis that
in trangenic tobaccoplantsit is possible to induce
only thetubulin a3 isotypein repons to infecion by
mycorrhizaewhile tubulin a1 is notinduced3]. My-
corrhizalinfectionis producedin matureroot zones,
wherecells have a lamge centralvacuoleand the nu-
cleusis eccentric.Infection causeshe reductionof
the cental vacuok and the repostioning of the nu-
cleus towards the centre of the cell, in a kind of
de-differertiating process.Moreover, a restricturing
of chromatinis producedwhich is probablyaccom-
panedby denovo expresion of mary geneq4]. Itis
thenpossible thatthetua3 protein may beinvolvedin
processesf restructuringcortex cellsin the absence
of cel divison, afeaurethatwould favour arole for
this protein in processe®f cell differertiation occur-
ringatlater stagesthanthose wheretualexpresionis
obsered.

Theexpresionin the shootapex is maintainedfor
the tua3promotelin thetransgenid¢obaccagplantsand
lostin the caseof the tual gene.As suggesed previ-
oudy, thelackof acivity of thetualpromoermaybe
areallt of thedifferentstructure of the meristem inthe
shootapex anddifferentation proceses of maize and
tobaccd25] but, asthetua3geneis expresed, andin
a similar way in the two speciesat leastsomeof the
proceses appearto be common.This congervation of
expresion of tua3 andnot of tual seemgo indicate
that tual is expressedn earlier steps of differertia-
tion, which are more variable in maize and tobacco
than later stages This hypohess is also suppored
by the root reailts where, in longitudinal secions of
both maizein situ hybridizaions and trangenc to-
baccoroot, the tual geneseemsto be more highly
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expresed in zonesmore apical thanthos expresing
tua3(Figurel).

An intereding patern of expresion, foundin both
tualandtua3transgeniglantsis obsened in cotyle-
dons A similar patern of expresion hasbeenre-
ported for other genes[1, 7]. It hasbeensuggesed
that this patern correpondsto the expresion in the
maizeembryo, which is not reflectedin tobaccobut
is reproducedn cotyledons[7]. In the ca® of tubu-
lins, the level of expresion is probaby so high due
to the growth of the cotyledon cells after the first
endo-reduptaion [1]. This growth occursin all ori-
enttions and probaby needsmary differenttubulin
isotypes producihg ahighlevel of expresionof these
congructs.

Thestudy of thetransgeni¢obaccolantscarrying
differentfragmens of the promotr of thetua3 gene
gives an indicaion of the regulation of this promotr.
It appearghat, in all cases,the largest decreasen
expresion is found with the —486 to a —333 con-
struct deletions and this changeis more pronounced
in cotyledonsand protoplads thanin root and shoot
meristemgFigure 3). This may be due to the factthat
in root and shoot apicesthereis only a small popu-
lation of cells expressimg the uidA reportergene, as
shawvn by histochemicahssaysDueto the high back-
groundproducedy thisratio betveenexpresingand
non-epresing cels, the expresion may be diluted
by the non-epresing cels, and thereforespeciic ac-
tivity values decreas. In cotyledons the popuhtion
of non-epresing cels is smaller and the valuesare
not diluted. Similarly, in protoplads the popubtion
of cels expresing the genesmay be more homo-
geneousreducng the disperson andincreasng the
valuesobtainedover thebackground.

In systemswhere the promoter actvity is high,
such asprotoplags andcotyledons using both in situ
hybridizaion and histochemcal assays, a larger de-
creag in expresion, or a lack of blue staining, is
observed whenthelength of thetua3congructisfrom
—486t0 —333.Thisdecreasis maintained,to alesser
degree,in the other systems.lt is thereforepossible
to concludethat in cotyledonsand protoplags, and
probaby in the other organs the mos importnt cis
elementsof this promoterare locatedin this region
(see Table 1). Interesingly, in the ca® of the tual
promotr, the major loss of acivity is also found be-
tween postions —449 and —352 [25], which seems
to indicae that in both tubulin promoers the main
cis elemens would be locaed around—400. This ef-
fecthappensn theabsencef any detectablesequence
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similarity. It could be possible thatin geneswherethe
codingsequenceéhasbeerso highly conserved asisthe
casefor a-tubulins, the gereraldistribution of control-
ling elementshasalsobeenconsered in the different
memlersof the multigene family.
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