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[Tyree & Zimmermann 2002 <Zimmermann 1983]
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Xylem System and Immature Living Vessels

abs iy i s eddd) muwdl) 11
Xylem tissue: general definition
znill sed Aleldll 3 gl 5 A I i sSall aal Xylem adall ey o bl alladl
Ll Cillay lia G an Ale o) bl die dials daleall S il ~3Y1 s slall Jaa sall
) ga s gy 3l g elaill AN Jie dandall AadY) o sl il Jie Apdall UIAY e Le s
[Eames & McDaniels 1947] zul_ll 5 ¢ Laca¥) 5 <l 5 sl e 2 505 5 A1

L Ll g auda 535 LOAD) (e Ae giie de sane (00 ST dae st s ddll Dleadl
WA adall Sleall 8 and Asendill LBANS LIV i) (e saiae 480 (Sl Ly
e 8 laa daadie L a5 GV a0 LS aedill g Jua il Cailth 5 o588 ) Gl
Al Jua ill 8 sl Jans LS el Jlan) o Jesd g8 dandi yall LA Wl 2glall elacY!
daasill oo Ussue A dgle sl LAY o fdll moill 3 jealisll aaly el oladV)
«Eames & McDaniels 1947] 45l bl 4 dals mlady sl JS
gls¥) Gam s 4 g Al jalic s Sl i asis 1 [Tyree & Zimmermann 2002
oo ke o Alls Gl giall (me b 8 LS gl < pea s Sl Gall) il Jie Al
AUkl sda die Al dandi y LA leadtd dadil ) A g 36 glae 4ndall LAY o el 5
(1055

Clpeail) 230 Cm ) e AL R a0 1 i e Ry
GAlbHle clilall e 3 1K lasd LS bl jally el jud) Jie ddasad) cbilall aie 3ale ddiay
) aliall a5 Adall dae V) ed 481, il ada & LDIAD e il JSal) Wl sl
i) o3 Jaad il Jal gal) san) 038 5 slall Juasis Jii a6 lan ST i) o3 cafia Jand
Cosas o2 Lilul 50 8 [Eames & McDaniels 1947] o= ¥) 4as o 3k e g jiK



Jt

Gk g adidl) aUaill e gl g LS dal) 4l e §Y) pala JS s dpudial) die VU g
(il Sleall (o AV Gl Sl ) sl

Xylem structure (s2add) mawdll clig<a 2 ]

Tracheids (Tracheary elements) <luuadll J

Loy sai s & bl wie Aipe (A8 il Hhal il A gUaie 4 sl LA o4 (2dS) iyl
A )AL Jaa sill Adpks g3 Cilypadl) o 8 (Gl 55 ) dalall 3 lanll o (g siag V5 & b (g lall
Gl 3l oal) Jie Loall il Gl (8555 3 50 LAY e g il 134 25 Al el 5 A 5Y)
(b yaall) ol Gbjle clilall Qial wi)ll oSl lpadll ety Gedl judl
Angiosperms (Ls3 Slilie) 458 50 Gl uis 3 o) 53 Ll WS Gymnosperms
Cluadll Juaily mawd Al 48 hiaall jaill e S 20 35 Glpalll laa Gy Ly s
ve dald Jaliiey Sl jie JSdy Glpalll pua sl (i) 5 sl (o Lein Lad 5 ) sladiall
A8 ya ran 531 e R8I 55 D (e S d3e Basha G e Lasd Juai Laaas Gl 48 hall o) 52 Y)
Jall lé 13l [Zimmermann 1983 «Tyree & Zimmermann 2002] by el
Alalaial Gl jaadl g dalall Gl jaad) e 30 g sall jaill e o Clunall) 405 (6 s o

LA a5 cdball) clanailly Copad ) (a5 o 488 5 lanal LA 32 (e any
Al Ga JilE aaey ey Glpadll e gl s O WS ecilpadll ) Leie LYY ) Gl
S sill 8 4ia ST e il 8 Jead 4adll Cilynadl) 038 o ganll o dd siiadll

Ledl pany aaladi Ledl LS Joa gl il gy alll shiga lipadl) o Gialil) e 3p2all (5 3

230 L st iyl (8 (LYY dac lal) LAY Y ids ) bl e cae il b Alaidal)

(< [Eames & McDaniels 1947] Sl seanll aexi & Loga |50 canli ladas ol diula 1)

il S b g il Cilyadl) () afiey 43l dAiladiuall il sl ale g 4 skl Aalill

G gl S Sl e BA iy Gaali dpal) LD 8 Wlls Ll edilad) il
i)  dapis yull 5 LY 5 dae $Y) Jia LA (e ¢ site 22e 2l gl sl
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Xylem fibres @&id) dildi o

S8 e (o sint Aldy dudadtia ¢ paa g GlhY) Ante dldaiue Liandi 0 LA o
35 an A dpddll GLIYI Cayglad A Fide el WA LYY 0 g piing slalall (s 3 psa
Clysinall e dlla s de G Al LA oS il gl gl ahee die Lla sl
panll A Lead ey Al ¢ )51 DAL Ldall GUIY) JSa g aaa aling 4y lal) Claaall
«=li [Kishore & Rao 2003] LAY apase (o alidi gd andi uidll 4 Jay bl
(s AY) IRl LA (g Ay Lad el 5 Al gl JIS 8 pJai5 ¢8 dpaled Apda s 4l LY
Cid A G e Alle A a5y O el a3l Adiall dnzatal Ll as ) ddlayl
cLol Jie 3 pkdll oy plall daglial lede aaiad Al cle julSuadl e ey LAl any
[Dennis et al. 2001]
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Cam WA e AT 58 il alaea 2 aas cdpnddll GLIYI cladll ) diLaYl
aliall a8 A LAY e dils ) asee Cashia e Boke oy Andall el ull
alana s dile gl jaliall g Cilupaill (o Gl o cadall 8 dpandi pll IR (s AY) 4ppdal)
LA b i Jaasill Add g Laild Lele (gsing o3 gl & Lo dn B8 LY gl g3
Al Gk oo sl WA AU s Jeali Ll WS A8 ooy et dpdal) dends il
625 el LS el 8 A8hal) s 42l ol gall JLAs) gl dpandi yall LAY dik g (e Lal A 50 3all
O WAl e3¢l (Say Liad [Carlquist 1988 <Eames & McDaniels 1947]dsasill 5o
GV 5 e o Caysatll ) el sedl Jsaa e daalill i a1 (e dae o3 Ajlea b Lol | 50 Canl
b sl 3k andii all LSRN o g Crum cenl) QU5 s i g5 ALl 3 gaal) (6 g Ll Canas
Gl aseadl 4 painl el 2l s e Ll Aladl bl
o Lo 2 Al ) A dpandi ) LAY aal a5 [Holbrook & Zwieniecki 1999]
Ol o Lelad diad 3l dpdiall LAY (e a0 (e 3 ke A5 ¢« Xylem rays dsdall iV
8 Ledae ) ALY ¢ )Y e el Canli Dol aadl s2a elalll ) g lasl) e el
Van Bel 1990] a sl s olalll LA 1) cafidl) o gonil) Ji5 o Jant Ledls cilyieall sl
[Sauter & Kloth 1986 <Lev-Yadun & Aloni 1995
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Xylem vessels 4xddll 4o g¥) 2
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4uial)l LAY (e de sane (e did) ele sl 0 5Sh Apdaall yualiall  elall gaall Jysh Jall e
e 8 1 gae Ly gl ASa (ranll Lguzamy e Lo gae LAY 028 Juali G ddile ol LDIANL G g
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ralill sda yie el g elall gad o) LeiSa 4 1Al 3 jlaal) f LK Jaall ddais <l
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Lo sas lgany g Ahaiiall 5 andl Lginns 358 A siall e gl DAY o e pana (10 (0555
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(5 2 Jsd)

i el (a  shaita JS el Lo tle ) ualiall 55l phl) elale i Layac

sio el Jhaall ¢S WIS ASE 5 gl 5,08 Tl Ll yamy LAl 35 ,a Y1 o3 s

LAN ae Jalaii G L a5 Bainae dppall ol Jaay Lae B8N Hsan sai Jile iyl

sl e spee )1 G LIS Ao I LDIAT i el laal) ¢S5 Lt el 5 ) slanal

Ol Gy S Al V) bl ) yaa Al e dae DU (g1 laall clew Al
ASlaw S

Dl 05 e gee ¢pdall Baley aadiia g laa Ll salall (8 ()5S dae DU (g 1A laal)
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@ Ao sl ol Ly LOAD) G jealiall 5 05 ASja Al e Ao dexd Glaasa e 8 ke
Aoa JS LA i () ealiall g slall (S dad 5 055 3 2

O ety ane el £ H A 202l 30 Lo B Apilall ol e Sl S
sle g ele gl la 13 Sliad Lgaia g5 dbadlal) LAY daph o ¥ A ally adiay 2l ¢ 553
Ga Sl e Gl e DAY sle sl Guadlal) andans (e s Jall @l 8 il 0K 05 laall (a Al
SR o Jially Andall GLIBY dealsall dgall 8 axg UBY) e Lhe oo Y )l
it Aguddll LaEY) BIA ol dpadal) dapdi ) LA Gy adn ol el sle s Gn da 53 3l
Wl e (4 bl il g g Lo Legy Lax s leaasd Ay
.[Eames & McDaniels 1947]

sl o Ao gl ealial) () 55 Cum A8 1 Ll tie aBa) ) il sSa ] JS
3 tolsh ahie 2 e abie ] il e el ol sie Ji e Ayl
Apelad dapdi |7 #4830 GUIYY 6 ¢ae V) 5 ¢ SU Gadall 4 ¢ U adall
[Eames & McDaniels 1947] : sraall
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«Cnosiaie Giile s Juaiy) slalia 8y dae oS Adhal) jaall A dle sl g8 o g
Perforation plate cudiill dspiia mllaas (il daany Cua Hhaall e dilaiall o28 o 3llay
[Eames & McDaniels 1947] saall A &kl jlaall o4

sainll ¢ 5 caddll g o Aglall gl Y s e Gilisgd el s e 5Y) Jsh oo Wl

Lo VI Jsh Joay 285 138 lil) gmell gail) Jare Gl 5 4y bl b ele gl aBga s ¢ e Sl
slalall @l g bl alanae ie Gl e il 0 5S5 Le Llle Ll W) ccililall Gamy die jia (e ST )
axn S5 Lee bl A5 jae de o¥) O (e a2 1 e Gl I 53a 0 A (e i Lo 5l a5a 5
AU sl (o in B 5 Jaa Al 585 e V) Gam O iy hal) e 4l W) (5 lAl) Lol sas
dald il die gald J de oY) gl 2a sy ol yialall (ga ST ) A gY) (i sl o8

[Esau 1977 <Eames & McDaniels 1947] 4sluiall bl 5 a5 S 63 )0 Jia

celall jallg a yud) JBLY 84 0cls Y jualial) dpdialdl dpe §Y1 jried s o)) Aalill (g

Sl sl o) Andall Lo V) ey el Al Ay p300) 5 LN ailiadl) ) s o Jlad) dagaday 1aa
DA e el dsa g IS5 Do DU Sl Jghall A A hall Gl e SR aall 5 dad 1)
oLl ST sliga Ay s & Aile gl jualial) Jand Gailiadl) sda JS dae ¥ Gl e <l el
Mie ClpaillS Ludall jualisll (e gAY BlalBl )l @l slall oyl Jaill dayds

[Hacke & Sperry 2001]
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Legin Ay i) cadEy)
[Hacke & Sperry 2001] :raxll

dpddl) de ) iy galy lai 3 1

Vessel differentiation and development

o seal Sl L (o sl A5V o sl LDIA (e dadadl) Do W) Led Lay auiall DA il
138 (a5 oy pe Lgaiamy LA ol phl aaili gaill 36Y1 1 slY) 8 Sl sl s sadS i
Ly pe Lolad Aliaia DAY iy glad raad @l g dlgia ol jad o dgdkall joall olags Slasly|
Y dgle ol LA ¢ sb g geca G Jaadly clagae AL gha &gl jaal) ao sl oda 8 G S g an)
4o V) i 2 [Esau 1977] Voee sl () 58V e L i 2085 o sasl g dady 8 &30
iy saill 028 ol 3,08 Bl LYl 8 alaFis e yun Sl saill B ag o slSl LDIA (e
Gl e die e led SO A Glalueadl e led gl Sl laad)
s g dan gl LS oy ohaill g gaill 3 538 ) pa ddanlii g A88S (5 S5 L B gl [Yata et al. 1970]
(383 1,06 iy 13a (815 dile I AN 5 55 e S
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Ol Wl ele sl dguladl jaall e (g sl plaadl 0S5 Tay 1Y) jlaall s ie
O Ak ae (SN laadl (e Griide (e 435S Ll A5 5 00 laa Lgple ()5S DU 4 )kl
Jlaill Ao g LAY 5 o pail) Jlaill 8 Lo 33 5 g ) Tt A 1 sl o o5 JWaiS) amy Ay 18
e Qndlhgisll jehe muays e allin g 4 lall Cluaall o o5 Laie ((3JS3) (Sl
e Jiva 8 35 sadaag dAadalia g 3 puia 35l el Jladll e Aedsiall Jaf jell A LLeA)
8yad (8 A ye ASIL CanBly i g 5l el LY 5 Al mdiall (e Al ¢ Jall (8 La 330 sl
G ) maay ol dihia gAY sa Jladll A e 30l eLiad) oy LY 028 (8 sle gl
(395 Jndy alani o SKaT () LSy laad) 48y ol LS el 331 sl gy K& 5 (L 531 d Ta 5 las
L5 il S 518 Ay Slaadl &3y ) 50 [Esau 1977 «Yata et al. 1970] Ll s 5 Lasll
Ol e S 10 Gl Lpiany e Juaill A dile ol Caygaill Jlad) oy Las dail 5
Lo danzalill (5 AN e Upas Aozl Ao V) doai el s Llad okl lasll aia, 38
A e g il g 2dl) (o 8 Cant all Jil) i Adan) gy Apdaad) yealiall s oLl Ji3 b Lgaa aal]
(3J83) 48 paall s (4

sle sl dpulall o)) jaall ais i) 46 ghcaall el deglil) pie V) Jlati cc¥lall (e, 4
A sle s e ill pulall A8 adl ey Lae Ol paadl 028 o da gide ol ) il o0 Jsai
GGl GpsSE Je Jerd A 3 6 slaall dpapdi pl) WIAN G ) sl LT LS A
Go Aol BIAN Ales 5o Jlaall 138 o o saus dld 55kl Ao V) JIad pe al il
[Yata et al. 1970] &e 531 b Alalall cillaliall g by 531 Jody Jlail

Cogas A5 dge DU ikl laadl (b el ol HLEAYT s 388 340S i) 4alill (e
13 3Dl LS oy Alalidall Za8a Ay ) shlad) GV (e dah ) S ele ) i die s Jlady
el Sl 5y shibudly Aalad) cladlsl an dplag) cle s ary Cua ¢ SISl Ba3eie 430K dapla
Sl ALSISH <l LAY 53858 Le 138 g A phall jaall o aum g ¥ g (Oadall) digalll o sl
ruslsl o)l lldlly atldas die GLo0WL Aok Jlal ol Y QB da
. GYL oaialll 33l sk 53l Toluiding Blue-O
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bl laall dlats odall ele l 7z guaiy sai dal e g aaladd oy 3 84

Adle 5 4da aal idea (V) daendi 35 slae 4la 2a) 54 (P)

Ll s Lo gl 3 A 488 a3 s A Ao 5l 2 tele gl Bal e dpasudS A8 ]
dai dal e 5 4 ¢ 50 Llad g g2 Akl jlall ol ae dilall oyl e (g 5300 Lalaal)
sle 5.6 il LIAN dga sall dgall o 4 dida (5 o5 Baa dudatiall ye () aall
[Eames & McDaniels 1947] :sraall Cuay muali 4

el Al g Aaadle ol il Lddll ealiall aa Lo ddghmall il ek 4 JSd
bl (s STy
(pendl) L) (e 230 a4 5 Cluaill 43 saall Gl paall ki (A)
ABLY paliall (s day i Al dalad) 0 & suia 5 5ol (8 5 (A) 3o sall 2S5 (B)
[Zwieniecki & Holbrook 2000] : suaxl
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Pits and perforations on vessel walls
Al 435050 il 4l o5 8 ASLany ey B e 330 (55180 sl (IS L
slall W ats prand Gl jeay sl Lo laall s (gsing O (ssmall (o adld celall 5 0 aiad
DAL Ca ey Lo Ao DU 4dall o paall e aai 1]y A gllaall el g A g¥) o688 s Slld
Ly e dead Al <l yaall a5 c[Kitin et al. 2004] o sl oo sl ani LS (A 52 3all i)
(4J85) Jaill 3 jainsal) Apudal) A0l Glly (G8a5 5 (amy Lgiany Apudal) jualiall Juasis

(5 4J88) dae Y1 ) as o Aala 4 i g Ay st (e 3 e A Pits il
il g alaia JS5 pealially slal) g el duilas i jae padgis 5 slaall Ao oW Jay )y o Jand
6 A aadl a3 o B Sy s Bhlia 5 e ped cla Lo 5 Bainay Ak )5 o i
AT lanl iS5 e 3 pally 1 (S 5 A oLty Clyms a3 151 ol e
U sle s (a3 sall A8 pm A ja 5 Al e o Jomy 80 Aai (Il Jlas) oLt asa 5 aali
tia LS Laan SV LS jall gy s el o)) sl g elall 5 par oliall 138 ey Cua ¢ Al
ot Lail 5 cannd sLall o ol Ll Al ol ualill e 8N ) ey Lagae o) sl leli g5
dae S Alall ()l e @l aa g8 [Fujii et al. 2001] Ji swll 038 4S a 480 30 S) 5
DAl e Gl Wosale [kitin et al. 2004] 3skaial) e Y n Juai¥) Ghlia & dala
3 LelaS s Lol de 5¥1 aaY sl Jlaall Ll 55 JS oY el Pit pairs da sl il
S Ll Cim il by o sl slaally o slaall slegll a lo Al
Glaly ¢ a5l dagiiall g cpidall Y1 jlaall oo clide E0E e 5Sh 58 5 Pit membrane
Leanl (s Al ddlise LS jo @o Adalidall Aadal) &) shball GLIYI (e 403 e o 5Shy Lial) ld
OF G Aasy s Al W shima S8 ) Lbant s Leiineal o ) JS5 5 A0S 5 aua e i4l)
L 2a 58 8 Ayl il Ll Al JS5 e 58l oyt A0 Ala 2 5a g e 48 shnal) il
daxi Al a5 Torus = <oad A5 AIS ) cLie 38 5o (8 2 g XS 55 L) Adlad) o2
ASandl Ciliall o uailiy 3R (il s san) s @82 Lavie 5l 3 gad o Cun calacall Jae
(AJS) AT LY a3 jeaie (o ol sell el QUi 5 335 aiad Allad ilac A 5
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Y daul g Cilats e 3 e & Adle Gl o sl e Perforations <58l Lies (e

il dsdall Ll o oda aady | pualiallg elall all 5 pally ey Jualé slie o
e N laall e clalis & @il g 5 AT ddle 5 Ala u Jwati Sl Perforation plate
O Aand 5 Gl jae Gl 038 355 0 ganll o g dle o) pualiall gecai ol ey 3Y) Jady Jlas
Byl Gl s Adle Sl bl gal Jaall daleld 3al )y Jil sl AS a gl due V)

[kitin et al. 2004] s IS5 LA a3 of Lo Lo 53550l LS jall (€ay 5 ) 5all 38 pa

B aluse 4SS JSI 5 Glany Ludany Aile )l jualindl hay )y Ao il 5 8 (e IS Jani
Lpuial) LAY s dile gl pualiall day 5 LS ol sl (50 gandl olad¥1 (8 o) s i) (e
OS5l e il sud) A8 ja o () e SIS dpaaa jall LAY 5 LYY 5 st Jie 5 AY)
G4l Josiig 1 [kitin et al. 2004] ol sLiall 3sa o dnm & e Leia Jeud s g o
AN i e ol ella Y LY Lendd 8 4 all mildiall aa 68 Y (<id g jaall) 4y siuall il
Flynn 1995] Jall & &l eal guw Lo sas &0 e gl o die Al Jall
A gifa g danal 5 2l LY i gual) A o 55 Y sl o ) slalall el X [Siau 1984
DB Sam g o sl A Jaaldll eLiall 3 g g el Gl ) (Se S all A gl A0 JSE Y 5 el
e Sz dale S5 e dBa i Leie Jil sl 4S o daha g de ju o jig jalle MUl 5 4 jal)
sl e ACall depl e Wis Jin Chsw (QlsgVl Ji) el degb

.[Schulte et al. 1989]
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st s Agile sl LAY el mulall (35 STV el Aol 535 ) 50 |5 JS
o cluall Jia pelas Al Blall | Jle ) sl (S8 Gl Lpians (58
e sl sl (0 Sl Lgaiany (3 8 a5
[Fujii et al. 2001] : sxadl)
I gl Ailal) ) saall g oo gV (e Ailal) S 5 T
Lateral connections between vessels and lateral pathways for solutions
Siai Yy asfiae bad (8 end Y OABLY Do V) Gl o Laadly o oddll ) S 4
Zorie haa (4 i Leils aal 5 oladl 8 Lalad dagiinn il ol gl Gmmll Lpans ae 43 ) e
e gl o gy casandl e (6JS5) Sld) a5 Sle) Y (e daall dghall s jsan e jedas
s G cle Lo 53 4 e colalal 8 ey Al eliac S okl saall jae il sl Jayy (52
STl sl ) iy sV (ammy g i 8 4l LS Augila o dgile @ jlae 3L
Dslaxiy &l ABU de V) o aas «l) o3gd [Burggraaf 1972 <Fujii et al. 2001]
Oe 2aal) a8 (6UJSE) (g2 sanll Lol JDIA a8 gall 5 L& (o 1S 3 (5 AT e sl ae lind
OF Ji) saall Sy dila ) jaa gy Lo sa g ABLN A V) G VLAY a8l g0 die ol
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elallly utdll G deay JleaS dend Ll LS ((5d83) AT ) e s sl e o pe Jiiw
S Aile 5 A e JEE Gl dae U Sy 138 hall s 35N (A LS Aiaa) 5 dlall oYLl
lethdl) Galite gu Jeasiy by iy oag JAT culs I alal) dlaill 3 culs e sl A
slac ) Calisg Jay s AT ) caila (e 3l sall 5 yagd ran La 1385 ¢ Sl anall ol 32l
eloac ) Jaad Auilall @l el s YL ol o)) Lein Lad o) gall Jolii Jen s (iam Lecany
A3 Al o iy Lad oot 4all ddlidall culsall o saga el gl 31 sWIS 4l
«kitin et al. 2004 «Tyree & Zimmermann 2002] dndall 4gle Sl

[Orians et al. 2002

il gl Jgla e dndall peabiall adali ) ds il cl bl (o .6 JS&
sl 5 e grant Apula YLl A L Lad Jualig dpe §Y) (any 8115 (oS Ty
Adle sl paliall G Lasd

[Burggraaf 1972] :suadl
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Immature living vessels 4xad) 45581 4e ¥) .6 .1

iy Calida lgde 5S35 Adlall dul ol Ldea s Al Apdiall paliall 4 oda
G Lo U Y1 dalpall s Al LAY o dad) Al Do Y1 Gl I b 3 k)
Lo sanally e s Aainy dpn dppdall Lo ) ()85 oag il shiilly gaill A8 (dpdasial)
JaiSa e gl jlaall o LS Jlad g adis o 50 st oLy Jalad ((3US) 4y slall Clluzanll
o) sl 4GS Lo 30 s g B S O sad LAY o3 i [Milburn 1996] aidie ye 5 salll
Bamiay 3 )shie Adgell AANs dictyosomes Jie Al Cliasll Led aad s
8 jbany 4l 4 ) Ll lgee [Kitin et al. 2001 «Cronshaw & Bouck 1965]
o2 & [Milburn 1996] 1S 5 Jl 5 Ll W) Agalll jualiall Jada 33 5a gall iy lan g
a5 o le g S oaluil Jaramy jaaii Ll WS de p saiis i ddadi Lo 5¥) (685 Jalal
Aal gl LS dle ) LAY Flanly Aldaial 4 sl G Ll 1550 caaly alay) Ll
ALY 5 saill 558 Jlsh [Milburn 1996] 5, staell dpandi pll LA (e dadldl) Lo gaacall
A phall Gl ol Aasd 53 Al gamda y panall Lgumny (358 441 50 403 8 LDA (e 3 ke dall dpe g¥) B
(3UKE) e sl sl oS8 dgle sl LAY aaiiy 3,aY1 wda Jlaii o J8 (Luza el
[Milburn 1996] 4l LAAT 4, sall Sllileall aas o 585 Lgd) ¢ jlaialy

O A5l Lo 330 535 ol g Jadill e 53U sl oLl 5 ALaldll 4 phall Gl jandl 2 g ol daiis
Lgaa g de Hb o Al AL Lo ) Se ((3JSE) Lalad 33 sduse 5 Alanan (5585 dpall dye oY)
WJa IS ey Aall de oY1 e &y pa ety o 4 Y gaill (8 b sdgl s i) Jia
38 ey slall 4 pi) AS jall i gy aiad Leild Apudall 4020 3 sl 5 vie Aall e 5V
agdl Gl Jiai adall il 8 Laolaial s jealiall o3¢l JlSally el aal gl 48 jee ol
[Wang et al. 1994] 4wl 4aiall a8 Clidaally daayl g Jaill il 3ilShe

Lall Lo ¥l sl 70
Occurrence of living vessels
sl ¥ dala dglall slac ) aen 8 daadl 4l 4o GV aal g Ay ylail) Aaldll (g

¢LA.A.G‘\}”L;L;A‘9 e‘ﬁiﬂ\@uﬂ\wzjjd\auj&l\dhjdjﬁjwwi el ypadll sl
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abae JS58 Ba0a doe

CuIAl) alale ) aiuly dpelill Lppdall Aaui¥) e 2a 53 dall Ao V) O lax el (1
OS5 Cun | paline S0 Ba0a 4l LOA U0 o sl o gy sl pu e JOIAS ) gali g gai (8
A LA e Uias 3 julaiall e §Y1 AT ey Adadiig dan asasalSH (e Ay 3l Aaall de Y
Al doe V) of i) ¢ 8l & s 3o (JUd) das Slo | gei Ala s dn () 5S5 4 galSU
[Milburn 1996] 4=l de ¥ (e A8k o gaalSI Afda 2y 22 Cua ¢Bludly Japat Ak S5

Lal) de g1 Joa Adlad) @)y puait) 8 T

Current views about living vessels

£
hw‘

Anatomically Ly 233

lenaal 2t 5y daall 4l Lo V) o 58 gl cilidarall s Clagleall DA e a3y
&b Sainall o jgny Ll pilhy (slaty Lad dald dage Glalyay st ol danla gl g day il
el g o gedd) A1) 3Y S5 Y g lam 80 game LA e g il g Aadgall il jall () Jaill cilylae
dgay il iy el of Baadl ddle ddiay Al dpddll Aawl) G saiea) Al el Ll
pall At Lo V) eliall g Jlaa) 4 S S0 Craali 38 addl) il J e dllal) &) ) gl
il pall s g e i ellia of G ol alad A gl ) il sald) Bl e Gl uSail a8
O daa Dl Apay il sy paill g pmiliall g sl pall (& Aall paalial) adgd o o sansdll | sally daigall
5nle 5 A8 50 A ya Ll (gl AL Ao W) o JaiSa e g Aol JSES Lgl) ety daal) Al A )
35 e gl pug Ay e 5 3 le LIA V) & Lay sl slegll skl e dal e (e
gl e gV diad W AMa) Ay 30 il jail) plane (3 AT irey s e Aally Ao 5l ) Jsaii
el Sleall (8 Jeldy o) O 5SS

csilasll 5 Jadl) 5 JaiSall JSaN o dtaal) Bl A oW1 ()l (i i Ay il gy el ()
el il Alai€e 5 uiidas e LA A A o Ll o 3358 Lal) 4l Lo ) Lol
JSE Wl 5 e dpdaiall L) o) ) o ki dgag il Glul il ases o a0 casd)
a3 Y S 5 il dpdaiall due W) e dadh 2 Ay il Gaibeaddl A ) of LS JalSh) ad sl

Lo V) Gady e Ll dgmy i) ¢ gad) g aad el Cilide 8 dae g¥) odgy Ailaiall il slaall (5 gus
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Jaa Lo 138 5 S Hill g ISEN Lpialliad Ciy pai s Clua sl 481 Gl )3 aa g8 Y A3l dpal) 40
LA La e Y A jaS JS6 cileal Eua S Apay 5l Gl st Y ) 43 e 5Y)
il Sleadl A 5l G sSall (e Cand 9 43850

Aalaial) il ) & doall Al Ao V) L) 8kt ) (S G B 1) gl g Ll )
o aaen o V) dal) sle ) JSEEs ki dalye gl Gl ALY jealiall gaiy sk
JSi s sl Aliall Jal yall Cius gy Jadd aigd Lai 5 ol ) 5SS Aiall de VL Kigs Y il all
Al ¥l any el il lad Hall (e taa S gane dae @llia @l e ae N e afdll cle )
o Ay ) dabaiall AR e pealiall agms () Cpfialid) ey LA 88 Aall Al ualially
Oan LS pall A8 ja s paliaial (& s gealiall o2 dgas ol 3,3 bl 4y ,0a) dadl
[St Aubin et al. 1986 «Frensch & Steudle 1989] 28all Jleadl 4uil K ¢ sanall
lasa s el s all ddl) die 05 jpadl) ailiadll ey [Milburn 1996] ¢usile o X
LAY e g il 13 53l s aal 61l el

Physiologically i .

Al Lo Y1 18 ¢ adal) Slead) S i Al o daigal) dpmy il il 5 el pall A LS
aen O Jlaall 138 8 JaaSh Lea s ey b sanadll sl all (3 S i) Led (g Alaga g dpal)
sl oy Hhail) Cabiie Jaa Dl Lanind (A gidll A gV1 580 Jagd gl Jasi 5 4S a5 judall iy lail)
a3 gAY cllaill e S elulall 230 4 i g 4y saall & kil (5 3l adall el i i
QAT Gl e Bal) Sleall ASIISH @l gl y sy el e g sading slalall Y58 O
it ABU pualiall Jals &) san) (5l 5 Tniacall (il Ay patll (3 kall 5 i) s o Jaadl

rand Ll o3 aal (e dine s Aally Apdal) dae V) ares b iai s AWK G el e
Pressure haall 48 ¢ obiis ([Steudle 1993] Pressure probe technique bl e
Pressure volume aaallghacall sl ([Scholander et al. 1965] chamber method
o8 (B 1S aeludy dad Al aad il )Ladl) o3 ) ([Tyree et al. 1995] method

OS5 a8 (S1g AR Do V) e Aliuiall Jallaall oadaud) gl 5 0l g Jarally ddlaial) (ailiasll

Gyl (e 4l LS dal) 4l Lo V1 5l aa) 68 lasally 340 Levie a1 (o cllia
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Relationship between living vessels and anatomical architecture of xylem network
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foasais g 25 dpdall jualiall iy Hshaiy jolad bz oxll e gl ddle fl) cliukl)
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aldl) AEN (g Jiial) lall sa g Aoall Al e Y Jlae Ll cslall Jall A saY) lesdl)
Boall i oY) elall A8 ja alal | jals IS 51

Al Jalaiy dgall doe VL dals Lilaia) (o Lilea o2 s 1) L) o oda
aeb s & a3 ALy Kpan ] (nSy Lae 134 5 ciipanl Appdil) Bal) 3 il ) 5 sy okl Ll
& sagall daadl (4o 23 Laay skl s saill Jal o JOA Clbdaalls oLl g 3l Jaill Cilidas
A I el Gilileal) 23¢d ¢ ghaill 5 gaill Glilee laia (A Jladl) Jail) 4paly ) Sl ool
palual) g 3l e 1S a0 ) 5 138 5 danadiall 5 3 plaiall LOAD 5 oY) LA gaiy IS5 e
slac ) Calita g HLally (3159 (e IS of and (Al Aga (e S cildrall 5 slally prmiall 5
a3 oLalld iyl dpadial) o 3all (e 5 e Ainaally Akl Liliala o Joans Ay juadl
130 5 el Fye 1 an) iy seil) Am py iy 5gd ML Aselill o5l A sy slime Y1 o3 )
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[Martindale & Salisbury 1990] slall 4ulgall 4aiall (33

Effect of turgor and cell pressure s {3l Jazall § =Lty ):uu Na

ZLEY) OV 8 el Ao sy il A glall lla gl e Jaill o g rall (e

OB il Lalul ) Ll el il gyl Ao s aSal) agaiill Se ad g slall haxall
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1Al aall cand (K o5 5lal) Jarall glai ) vie LIAD o3 JAb Lgia o5 ) dieSlasd
[Oparka & Prior 1992] 3_slaall LAY gai cliglall Jamiy (3805 ) jaiusl JaaDly Cayaniall
OF I AL 130 (3983 10 5wy Vs Lo Lo 53 8 pped i Bm 4 Chanay 251201 C0lim 1 (3l
LAl ey 3V ey il Leayl o o glal) dariall A 4 glal) a8 408U oyl
il e el i Lagae i AN al sall (mnrs a1 g o sy 3l A1
Gl 45 mm ATP ase Apmdilll ey 3V () Fny 138 <Ol 3le e ) (a5 Z LY
O 58 anls Qi b sl LelS 5 ¢ gumsall a3 5,88 IVl Jla US e A slall cdla
Gl B0 4S5 suell VLAY Al oSaill s G0 CBla sl e Jiea sl dlee

.[Oparka & Prior 1992]

Callose (z sl fara) 35ISI 2

sl Callose 5sISI ani &y glall <Blasll yue 48U 3 oSt Wil aiay A ol gall G0 (10
e dglan) 038 (b o ay JS8) Caany SN fa i s L) QS Ly 5 ) ganay i e
o s LOAY Cp JEl A8 el Ay s S ot Laa ST A g 5Saall a5 2 5 yal) 4 sl
Aaling dglaall sl oS5 A lAll s JA Juay) @l aday g 4y lall EBa fll Jas e Il
5l sall LAY dilea o Jany () I8N (S0 Lyl 45 18l ) ) alida G A pud) 5 485kl
Jom iy dan JAl ) Gl y Eall o gy Cus oSl 358 ol (a5alS)
z sl 4Lyl (<1 [Rinne & van der Schoot 1998] 3, staall dasil) e ol sl LA
A5 LDAN Aalaii¥) ol A sa el ol puaill Aais JRa% o 508N (S e g pSaall lila)
[Wolf et al. 1991 Rinne & van der Schoot 1998] e siiays i€ &y e

Block or loss of Plasmodesmata 4—,1)333\ Q)M)M —ada )i —ad g A

aSall Ml g 4 glal) cdla o Adled g Lol 8 oSl Lgiay Al A6l Jal g2l ZaliaYLy
@S:;@)dew\awu\ah;\amgéﬁdiwusq‘gw\wﬁ\dm&
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A8 ya 5 1an LSy Cum Aaalina 5 e ST Al it L) b by slaiall LIAL 4y 51al) ) jaal)
s 25 sall Jie Japaall LISE 4 i) a5 ) giial) coliad jall abaza (jf a8 5 ) gl a3
COba sl a5y a5 8 DAY (e daell D g ral gl e 4l W) (110S) Gl JS
8 Agdall MR ) dilca) 13 s sl el UDIAN Calide (IS5 Al Calis G
Juiaall 8 Uialia () 5S5 ) Gallaiall 138 (e s (LDIA) cp Lelis o i o)) i Sy Al o) sall
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A ARl Jail g dal) sl e Y 5310
Living xylem elements and the symplastic transport
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il 5 Lo siandls Aile iS5 Aalie dadail oo doall LIAN 0 138 5 48 jlall o3gs o o 48
Jant Of clulaill g 230 (5 g8 (Sar Vs Lall LAY 8 (388 Y 5 pall 4l a1 ASjall ) Ay sl
i) Lanii ) Jie) dgal) dpadal) jealiall 8 Jal) O Jesgy (o3 o) 5a 138 Al 038 b
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e 2y Al Symplastic el Jaill ddacd 5 dall sl paliall e Jaill e
(aslall oolagll) oAl Bl e dia Gl dge 30k sl Clalaial) S e el & as
LAl cOlagl of SAL sl e [Roberts & Oparka 2003 <Evert et al. 1996]
Ao g uddll ekl Jie ABUY LdAl) depdill vie ehaies € JSh g gl das ]

Auall e ) e Talil) ntidl) pualial) 8 NS 5 Alilatal) UL e Clal

gl Lo V) e all Aol Jaal) LG8l duljall 38 e 1S e ja (aadl G
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Materials and Methods

Plant materials @M’ <laal) 1 UTI0

Slile ) it Al s Al ¢ 5 e paal) i) 5 asl s LaY) Jass Al
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Vitis vinifera & 5o «iall Gl o Gaall a8 4y a8 QLS Lellaatul ) 315 danida

Phoenix dactelifera S &) Al s Parthenocissus quinguefolia ¢) ) ciall <l

Vitis vinifera L. 33 i (i 1.1 11

el Al ol dpaiall 4y el 23l aad s2ld) cuie il ey (Aaludall bl (pe 45 S
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Phoenix dactelifera L. 333 53 3.1 111
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Anliall ) saal) ellias il dlag) g Aliaral) s3] i ol Jadl 5 celiac V1 (e g il 138 ae Jaladl
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iy A1A) B30l (e 8yl AT AN a5 (Rl DY) edall et of (Sas ¢ Alailly
g Al a5 Aae HAl ) dall jaad o (S LS dly sl cildlal Siai g can ] saahy B S o
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Lol colall 8 ) sdall Al o jee 13) Auals (pudill 8 Lt 5 1) 50 onli o g il ) shally s
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[Mebberley et al. 2008] arivall il Calidal Lpgiiaill (ailladll 1] Jgaa

Jaaall ;\JJ:J\ Qi) pailall Caie
Phoenix Parthenocissus Vitis g5
dactelifera L. quinquefolia (L.) Planchon. vinifera L. species
)
Phoenix Parthenocissus Vitis
Genus
dlilad)
Arecaceae Vitaceae Vitaceae
Family
a5
Arecales Rhamnales Rhamnales
Order
Al gl Al gl Al gl ddithl)
Liliopsida Magnoliopsida Magnoliopsida Class
A 3l sl Ay 3l sl Ay 3l sl L)
Magnoliophyta Magnoliophyta Magnoliophyta Division
Lall) ASLaall Lall) ASLaall Lall) ASLaall dstedl)
Plantae Plantae Plantae Kingdom
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O sy o 55 Can ((16JSE) S ol Jaraza a5 dalal) dacaal) ddaud 53 andl 5 (aliaiaY)
daa g ¢ slall Jslaall (A Guasd JAY) Gkl Ll o) & guils J3a) 1 ) Aadadl (5 glal) sl
ledany Lo g5 Aiall Zial) dpe 3¥) A0 e ey o (bl Jslaall (8 i) dulee Jd
eae ahic ol ja) die A G L) Jsda mand Y LY digle pue S0 Aall due V) Wl oyl
Lal gl 2l dpe o8 Jias 5 4 shall dae oW AdaaDle (S dus 5 yall Al diell Caatia b
G el als bbbl sae ollia dashy sl 4l e 5V i Lgld ok o) A de Y
o) bl 5 dliall Alal) eliac V) lia) Jie dauzl gl daaaall gl clacal el
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AT 5 sl g ) LR Rl i)yl gen s ol any 16 JS
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Microscopy and photomicrography

Zeiss KF2 compound light microscope (Carl Zeiss, West Germany).
Motic DMB1-2MP b e )l seaally Llaia¥l Lehlaill 2 (18J55) 4y jeaal)  sucall

Motic Digital Microscope (DMB1- 2MP, Motic Instruments Inc., Xiamen, China).
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First part: the effect on the anatomical pattern of xylem network
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Presence of living vess;ls in developing stems
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J sk 3aly ) A8 ddliall 304 ) e aalal) Al 8 el (am gay (UL 5 S 5 jugd) A8 Bl )
(g2 sanl) Jull da i 4 5 e 5V JS Ly ()88 ARl Gl 8 eelld (g (Sal) e (Gl
bl Jsh e Wl o< AU dae oY) dae o WS S jall oda (Guat Adlae dos dac ol 2a g3 Y
Jaill JSAET e IS (sl (B i Vs Jaill daglie (A a3 Caga Jshall 8 5200 (ld caudl 3]
L) Aaall i) die ga se g LS LB e R (any (i gmy O 4lE e A1 sl

(39J53)
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GRS (A paluy L) o5all vie il @l OF GBS e e bl 39 J4
da i e V) S Ly i Al el 8 eld) e A Ja Adls 304 ) e Aadlll el 3l
Lo gl (8 2 55 Al 8305l daag Lo 585 o 5ee 058 JEI S (UL 5 430 panl) 4S sl
Adlisal) 304y ) go adl LaaY el a3l L sldl jlie B ST JS A8 (82 Lo ga 5 Jaid
138 5 gaxil 5 Jail) ol Lere <l ) LalS Adliall <l LalS il of ailadl (33l daalise ol 35

Ikl 5l (mdas 8 aaluy e
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Transport enhancement by ions U g¥) dawi) g3 Ja1Y 3.5 .4 .3 IV

Jaill 3 ol a8aill Aladl) daalosall ] A Lae L ol LeiSay il dagall a) shall (5as)

dsay o s Al COlasll e Jal) e gl il e daall) aall vie (S5 )
Jall o gl il Ay Wl clldl cllagl M e il dnS 5 alisY)
Jolaall & i) agny ol Aadl) iy a8l 2610 i) s 4l lasd) die Sl el
Aaga ppe 335l ()5S5 Laiy 4l kil die aga JS0n (Sl jued) Ji 30h ) ) g0 st
Al il SV puel) Jaill () g «(40JSEN 5 8 ¢7J s ) Aadlll AL adadl) vie las Adsma g
@iall Jolaall ) @l dila)l sie AW glawdl e s ST dasy sl
20 o ssing Jolaar shiall el has A 8@ (Student t test, paired; P <0.05)
akdll die a5 Ly 4l akadll wie 94 3.1 + 10.5 = 2o Silsoued) Jal) (b mM KCl
50 mM KCl e sing A0 Js¥) Jslaall Jas Lavie Jall xS 9% 0.4 + 1.4 - alul
8 2l ) die Lol 4l i) die % 2.6 + 12.9 0585 (Sils ) Jaill 8 a3l

A0JSEl il 96 0.8 £2.3 (s

L sine Al Y 50 mM 5 20 mM i3S 5 Ge Aadlll <l a8l Gl s 5 G g Lia

e Al el s &8 ¢(Student t test, unpaired; P <0.05) s e Al JS

Y b alstaall e IS O 61 50 MM Sl 4iliie 20 mML Sl Ll (6 JUal) Jans
A0JSEl ) il Ly 8 o jlite JS8 815 (Sals paell Jaill 8 sal )
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I glae 353 s sl ) ) A 0 el AN 585 17 J g

(x 107 g s MPa™ ) &y ned) LB

Aled) g lall) £ o
1964077 | 1.91+085 | 1.73+06 el il e
634+1.5 6.28+2.3 6.21£1.5 el A2l i)
212403 | 2.08+05 19408 it 2l Gt
o) 3l
3524056 | 349+0.88 | 340412 | el cuiall LUl i

L5V 381l Al e (%) S5 saed) LU 3 5o A 18 Jan

AU 4 jlBa (%) Al g gl ALY 8 Bl 31 A
shial) plall Bl g ) £ 53
50 mM KCIl 20 mM KCl
129+2.6 10.5+3.1 il el i)
23+0.8 1.4+04 il 43I0 e
11.8 £1.5 9.76 £2.2 o) pdal) Cuiall Apalal) )
3.33+0.9 25+0.7 e1 ) Caiall AaIU) eyl
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Al ey aall ola

i) Ll GBI 2 e Jal) Jglae b il 1 3 gm o) a5 el BN 3 330 3] e gy 40 JSi
daimse pall) ol dll Quiall Gl e jlaill &3l Jia (B) el il gl Ao ol &3l Jia (A)
bl Ay siaall CEMEAY (it AR oy all (10 = Slial) 230 ) (5 slamall ol jai¥T £+ Jandll i
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Effect of ions <Us¥ 26 5 .3 IV

A ) il 1l W ey (o 4y Al o 3all wie alad) Jaill Alledll daalisal) ()
Oadl) G & jadl 45 jlae (Al lapadl) 4aalill o all vie 5 508 CulS (Sl el Jail) e
oo by shaiall A Y1 G Aaslal) A8 el Jews JE) J slae & <l a1 2l 5 0 o slaall (e (AR
LY LS ) o Gl gl Ao gY) Gp Auilad) N S i daph e il (5 )k
Lo 138 5 «all¥) 038 (s @l paall s o8l pan i () gags il 8l 3 gad 8 53 e gl danSyl)
Zwieniecki et al. 2001]  salially  eldl  ASjal augl cVlae iy
celalall o 2=l s 4in L 1 [Van Ieperen et al. 2000 <Zwieniecki et al. 2003
i) alS e Lo S il 4 NaCl 5 KCI Jie @lis¥) 2y ol oSl sl cua
slial 43 Sall 4iiBls 5 aell s Al LYY o) ilad) Jail) e Al gunall I A0S 5 gl
& JIal s QLS L Jeany el Qled g Gl gl sdgd las dulua (9JSE) duilal) il
ele 5 (e Agailall elall A ja ol GV o2a Lgpass ) daslial) € S ity e 52 g Lgana
Jagniiy il 8 ol e Al Gl ad) e i clip¥) culS Ly cndl 1305 AT )
Aailall G el e ST aaied Gl aall 8 5aS W il ()6 of kil (e 4ild 38l 5 4S )
138 5 endiall aUall dleaY) Jail) e b W) cl il caal ) i) Jaill dealise 301 ) LalS i
Lalill el die 5T S Jalh saly ) 8 il )l o Wl s lall Uy jlas b sbiaa 5 L
ol ilal) G laall (s oaVL ol el Jaill o e S5 e sa s Al ) e 45 el
AL o el 8 85 dalil) 4 3all 8 S

Ll oyl pand) il g B jauall) L) e 541 .6 3 IV
Shorter vessels and effect of end walls

elall 5 yrinall dpailall 48 jal) o Jlain) & 508 Liidilie 8 Lga jla Con danls Al llia

L0dal) A8 3 Jshll 3 al Ao oY) 33y 25a s Ge Al oo Aaal) Gl 8 52 sa gl
2 A el Y (sasanll AN A 35S Aol aaad anall 3yl de Y Alill sl
Y LY Laga lile Jiad dledl) ol paall sda Ailedll Gloaall e daall Sliag o dgle Cang jualial)

«Zwieniecki et al. 2001] 4&dal g@lly Al ye V) palially elal H5ia zaud
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Al () aad) ea g (A a3 B matll de BN b cadl 13gY5 [Comstock & Sperry 2000
An gy a8 A3 sand) L gliall 30l ) Lada g <52 sandl bV (8 A sliall A )0 Ge 3 s
e aall 1k sl e 2eius Ua WS [Ellmore et al. 2006] xlsll oslad¥) gai 38l
il (i) L) ) 5 &bl sl (il Al all s 8 A Ea o slgaal @l e !
o i) Gailiadlly Gl Lad dald il o3a (g 4 sine AN 22 58 Y Al 8 (g jiall
<y Adluiall bl ) i A g paal) clilal) o sa @y (e dpaal Y1 dpiall de S
il 3o 5 Y A il il e V) o o Aslall g1 81 G e Lia e 5 Y sl SV e )
«Salleo et al. 1985 «Ewers et al. 1990] L ks & A gyl
Al 430 gaal) A laddl Gl ) sin 8 il e waad) G 2 5 [Zimmermann & Jeje 1981
Gl i dnsend) Alleal) Aagliall e %50 ) deal B LG gl e
Y 13 o} V) «[Scholander et al. 1965 <Wheeler et al. 2005 <Hacke et al. 2006]
Laals LS o) 30uil) (g 308 el Hadatl LS da jay Alle diledl) Ol paal) daglia ol Jiny
oo Al gloall e Al KN A genl) Aagliall O laa i) e 4l Al Lildas 8
Al Al A g¥) o Al A ganll daglial) oLl Alegay lan 8 ppa A dile Il glail
&bl Jalall iat dpall Lo s¥) 29 g5 (2BAD Sleal) sai da 0 0b oA (S 138 (e DU
A all 23a3 Al Jal sall (e paal) @llia Jadlly Al Atall i) 8 4uilad) A4S jal) Jaad paas
2l (585 Jaxazall DAl e Y1 (ailad s (S i dgile gl Rl S ana Jie dpailall
Jead) sai da a gl ass Jalgall 038 Y 48LaYU [Orians et al. 2002] &, Andall 4,3l

sl e b jall ety las lege Sale Jia  dal)
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Jiil) cllee b dall 4o U Alaiaall daalual) 4 TV

The possible contribution of living vessels in water transport
Cua dpalil) A bl eliae B 5 jrae daws o dall e V) oL AdLu clislial 3 Ly ol
aall ) (1 il g Jai e sl o sasel€ S Lalls aZall Slgadl bl iy aal s Ll
Jals Al L) dae W) 4y G 3 alaiaYl (udiy Gaad Y Aall e Y1 O sa olal) 1
AUl LSS ol ol o Gl Appdial) pualial) aie et 30 Jlaal) 138 8 st ) sl
e 5 il A gitall s Al i) e A G 5 le et Uil ol s s el
andl) die 1ol sdall e lolail sLall (pa Aleaiia g 5 jaien o glaia @l Ui ¢ Al ansall JalS
AN Als e V) (o Le jualiall o2 of (5 5 daall due DU Axilall 5kl o) L G1,sY1 5 & U Allal)
Al Oy Ll Al dgidll dae ) ol ey e STy Jal il Laga | ) 50 anli Y Ll 5 4850
SIS (5 S o lall 5yl A8l Gl 1 jala (S 5 Jil e (3 Ll Lgal) iy JalS UK i
Aalan) a3 e Ll ol Ay g ) sol Al 588 Y Aall A V) (1 mg Y 438 5 5 g0 ABLe YY) 028
CasSlan) adl Jaill Gk e dall e Y1 dals o day ISy oLl Jiiy (Y 508 40K cllia
Al Lo ) e Jstid) bl e adiad Al Ao o3 ) slaal) AWy LAY (5 «(Symplat
fall LAY D) il Gnfdll 3G e oLl Jsags o dead of dall due U oSa Cua
Gae Y1 oo Aaleal) oda it 135 Alitiaall LA 5 Eigall A0y Jas S Jand Ll (51 5550l
o3 CalS 13 Anal) e Y1 e Gaaal J Y IS0 Joa gl s il Bulae 3 Caaals 8 ()55 Gl
b s sl Jaa il o Jend ) s il Jyshall 5 g ) Jpossill e Jani 3l
B2l LAY ) As ga g ) o i gl) b 8 4T AdLdl

el Al Jal 5k e dall Ao V) DA jualially el 8 Al Juall daglay
LS5 Al anlall LAl LI JEY) A L daall due Y1 Y 13 Symplastic transport
LA Cadl e aaiay Al J3lal Jall Gl cCaall 1 e SE Jaadl) | 8 Wi 2l

8850 A1 () AA (e dia ) dge 300 sid) ClalaieY) (e AS05 8 dliciall Plasmodesmata
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haa o cay (58 Jaill (e g sl 18 Lagds Al LJAD) (s La o) sl 5 e Jard dpa ) jlsa Lgin
adlad) 5 Jladll J a5l Gy 43Y T age 43S) L) 4pfiad) A0 3 el s LA Jially 4 )i
LA A Jan 558 gia () 585 4y sl cidla gl (o Jas o1 il allall (3 5 ) slavall GOIA ) cilydiall
& 1 @855 1y [Oparka & Turgeon 1999 <Lucas & Wolf 1993] 4l daal)
5 Aon gl sandll Aalill e saill sk 8l e s 48 LA e el dall dpial) de 5Y) Al
e 5l LAY e sl ddaal) 2820 3S0E0 e ) Ao W) ) Jay eld) G Tas Lihia
2y cpanl) Lpamny doal) dpe oW1 day 55 A A glal) 0 ) AS05 A ey sl Gl dall e )
Lo Y1 a0 s Jluadl (8 (5585 Al Al LDIA) dala Al LAY ) el J oy el
oailiadll sda JS 5 il g (S deadll A Juadilly Al )l Jall pailiad Ul ) add dal)
Al e V) pailiad ae age JS 30 Al i) (e g il 13gn A all Jal gl gV
Al eleac V) aie alaey) s Jall cillee 8 daal) dpuiald) e V) aalidi () lazgise (ud GUAL 2l

Al

Laslonl) pailadll sa clall Juasi 8 dall die oY) daalie LulSa) ad g Ly L ()

s oAV Al el skl e yal) ) ddla) (LA Calide cp dall e gY) LA 2a)
43yl g Andall Al sliacY) 8 dall Lo Y1 2l i o) Jembe JSE B Lgaa paiui g
JREY) s adall dadill WA ) 28] (41d83) Al W) Galide o Lealaisl
LeiSay dpal) Apudidll jualinll o) ) ady Alilaial) il die (aliaie) LA Jia 5 A Y1 451l
138 Gl 5 5 mail) cililoal) vie duala 4ol AW Calise G Al Jall 8 laasa | 5 Gaali
Lt Al ¢l 1 138 ac i i) A ol i) jalaall 5 A ol sad) VAN e SN @llin o e S
T Lae agdl) LIAY die laa 5 ghaie <5 ) Plasmodesmata 4 dall S3la sl (slaty
«Lucas & Wolf 1993] 4l due 520 488 sall Aall a5 Lot Lo 3 Sl il 4S el

0S8 o) st Aaa s A LA L S5 Aal) 4idl) Ae 3Y) ) [Oparka & Turgeon 1999
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Jaal) Aglaau e\:@ﬂ Jas k_ijlkA \.Jh_g ‘SJ‘}M‘ LJM\ O...\,ajl.e_":\,\\.agé:\.:.;.u\_gj E):\QS YL Cald

.Symplastic I Al

4uial)l jeabiell Alainal) daabisdl) e g & Hhai ) Y1 5 all Casd o8 daall

lead Loy Al 40dal) yualiall ()l Siad dapaly Laa o) ) 2e @lligh  Jaill cillee 8 dpal) 435
Jall cllee 8 Aanlas sl caeli of ey Al Al oS dall Al de V)
asaxll Je [McCully & Canny 1988 St Aubin et al. 1986 <Van Bel 1990]
e Gy A il 038 ac i Al cpal sl g LAY Calise (jal yrid o3 Liiddlie 8 gl Cage
Jall Cllae 8l 505 Al yualiall jlie W) salely ool Al ol SV 5585 Aall jualiall daal
Aall Ao V) aal g daleiall il Aala Al Aol el mlE e ) JSE dlaie Yl 1
O it Cigu Y ) ddla) s ddail) 4alal) dans¥) Gen A uel) s dung il el il

Adlal) e Al dpale AV s dma e 820l Ly il o guin gally i jal) bl 5 cilidanal) Caling

dall Lo S Juadl) g gill g paenal) 2061 .4 TV
Continued occurrence and significant arrangement of living vessels
Ol ilad 5 adaliny Jading e ol o gaalSH alaley g geal) Jalially saill 58 JolS JDA
Al S (e Lagen fe S i (05 (el AUt e ) paily 05 5 a5 Aal) B 5V
alinll (e U adidl) Slead) 06 ddadill g ol pumall dglal) slac V) JS 8 dpalil) 4l
Te V) O ) Al e L A5 e lan 5 pm Al e W) A 0 o g <o) sl e Al 5 s
gl Lo V) o an5 el Jases e B s 8 Aela 5 1o Fage (3hlia b g 555 Al
Y asaalsll LA (b Al Allad g ddadi p dn 0 oS5 Al Jlaad) 8 Sle ) o gaalST 5 ) glaall
Al T V) g pilie Sy Jos A38a ) 8 L0 Al Ao o) 3080 e sl b ()5S
Ll doe V1 e oad il o Jan® o sanalSH LA (ol dliie V1 (S 436 1 e Teliyg
O LeiSay Aall Lt pualiall 8 cAllall 4 oda CulS 136 (4]0S5) dad) A ) e Lail
00 Gaali () Lei€ay Aal) pualialld 63 juail)l Cliluall vie duala g 5l Jall cililee 8 L
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Cayaii gl g ecVlall (e Jah aal 5 Jlie 138 5 (41 JS5) AS0ghusall eliac Y1 5 Apall ASWEN (p Jagus 1)
Iy yeainS all e 5Y) Jaxi cV oda maes 8 Of 25 Cigu gl elmeY) AL e

AT al e slall Jiil Ly ) 2818

Loge | en Jind ol e 53 o s il (halliall die el Ll ) LSy edgilll ) 5dal) &
& senall 8 Ualii s dpanl SIS ¢ jall Jiad 4alil) slaliall oda (3408 kil dall oUail) b
$radll g senall gaielall (o o SO il 2y g (aliaie¥) Cililee o5 L) gie lad o5 53al)
Dsall Lt 5 el Gl (g jlse G dans gl) el Jiad dgall due 091 aa Alledll Aidaiall o2a
e YL Jiadls (sagenl) Jlually Ay 5lall @bl e 5 4 el sl (e dia N ailal)
A day w s Al Ll e V) e e O e ilal) Jludd) e Al sie s sld) ) Al
o2 A0 5l slmaeW) gad 4y panll s ;) A 3laid diall dye O da gidall i sail) oy a
Siiana s sail 2ana Jale (B3 O (San Al g Apan] LeanSS dal) e 5V L a5 Al Al 1)
il sy

Bpaal) 3 5 allall eda (e 238 Y L a3 50U 4l A0l aa ¢ sdall (e

&y L gy Jadiag 48 ) gl) 40dal) AN 48 Hhal) el die Lppdal) jualiall Gl cilul )l
Lall de V) of Laad xy 1385 [Chatelet et al. 2006] dadiy ¢l pad 3151 Caalale doa
(o Ak e Ji slalld colall Algiunall 48 5 511 LA 5 Aaal) Lo )y Jana 55 Al (35531 8
Loy Al paliall yie po o 40 2V 48 )50 il sadl) ) 5l 48 )50 LBIAY ) As gidall dpe Y]
G e o a gaaal Sl SRS (as sall g wie Lalucti ¥ ) dailall (315 5Y1 (1 g olai¥1 138 acy
&b aitad gl oS g Al G315 5Y) 03gh | gaill il i Calida 3 Aad) Ao Y1) (e el e
oo 15 asalSll AliS; Le s dall e U i) aal gl ) zlisg ol g 3as) Ll
Uiy 6 ) ¢ gaill 3gane didd) L Slen s o saalSI ) o838 5 5 Y) o2gd (Adalisiall (31 ) 5Y)
o3 o sall Al die (315 5Y) ae Csad oS a5 an gal Jaxd (31 5Y) 228 die Apall due V) O @853
G ¢ Aalaill (5 Y1 Jalis 5 i g Auad) dae V) 2 ga g oy Alaiadl) 483l day ;) ) U 63 cilaa D)
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2 esal€l aims o Jay aadl Al 31531 e a8 Sleal) jainaddl saily g sl Luaal
s a1 e Ll ol sl SaeY) e Jal e aian IS5 dual e ¥ 2 5
oY) e Ay pal) clleall aals daleia Y Gnall o 3al Gatied Al 03 G 52y clagee
Sl Zd1 530 e A el JAal lee ALY olally ALl 35500 355 A

oall sy

Al 5 Aalil) Al slime ) die atidl) aUasll ol i 5380 13) lamy Lad 38 (65 ) 13

> Sbesall s dpall 4adal) Lo V) (e S0 (W5 Cuall sl Laa Gty G bse (0 055
Cudl jlad) ye Jin Alad) sda el ol (41d85) daall Bl de Y1 o callyy 3
) sel) slme I A (41J53) ddline s Al Gl Al jluall JBA Jii e @ pas s JS
o8 o 5 Ll Ll Sl Al a0 55 5 AL pualial) Fpdl) Ll e ) i 391 (5 o
A3l ) 3aY) 3 e dleall (5555 Cpm (o elianal) Tl LT ) ) 2S00 (3 oLl Ji
doss 5 Ll Cum sball LuSlaa 55 Allall o 8 Lebae (ld il ol Jiud dall e Y1 (0S5
amaa Gl J8Y) 138 IS 135 (410S8) A Ao ) A pad duadl LN e oLl O 8
130 5 sl 2tle 51 A U5 g etV b i sl 5 Jal e 5 5080 ellias dual) e () cJ

Al dge BV e el daa Yl (e da )3 8 Ledaay s ST dpaal Lgdany o s
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el A3l 403N G Al Apial) Lo DU Jasus sl) i sill e gy Janladi 3 g0 41 JSG
dall ddee 4 dall de O Aldad) daaledll 44€ JSE oy Aladdl) dgldl LA
I alall Jall ok e el elall Jiiy all WIAD a8 ol 78 s (Jpasill 5
Llaud) ) 3aU dad) Lo V) Jae 8 DAY Liayl (LS 2 5la) cidla sl e aaing (52l

A sl ) 3aD 5 AYI
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dad) dpuddll pualind) e AT J8 :40ddd) el DA 2 4 TV
Xylem rays: another form of living xylem elements

Alall (8 dn e 5l 500 dlee Cad Al ApBAl) jealiall je 3l Adee dldall

JE e AT DG il elall aa el Jail) sy sa) daging dpdial) 43V palied | Ll
Yy uddl) gl LS JMA da A5 dadd Ll LA o dpdiall a1 Al @l
Jend Eun o ilall olad¥) (A Jragill 5 Jal) ddda s (5055 e ladll LOAL 038 Aue 5¥) Jie o
Lo Ll Ll LS o) o gaalSl g elall Al UDAD) ) Al 0dal) 4030 (e el i3 e
<Eames & McDaniels 1947] <biaalls paliall (5383 8 Jichi a5 5 a1 dege diida
Jvan Bel & Gamalei 1992 <Sauter & Kloth 1986 <Lev-Yadun & Aloni 1995
celalll palie ) Jeay of J8 Y ol dndal) 2300 4all UDAN DAy elall cdiall e Y1 Jia
Aaidl) AN 5 Al e 0¥ ASE (n Jeadl) Jale IS5 Aida ol) o3 dndal) AalY) palind
LAl o 2 dad) Lo oY) Gl (Caudiall dail) LA s laad) 8 220 Lavie @l olall
1 o LA (e slall o Jiani o g€ LDA 5 olalll jualic o il colall 8 daal iSY)
S e gl il e g da WA e e O &Y Aafall LAY sas Al e 5V e elall g ga
O bl Jil ks e Al el @l seaill daal je o g ey dda depls
bda ¢ ga o Al jualiall Jasdl sl e degd il eDlgin¥) LA 1) Al 3030
Jall Gllee 3 Jlady age JSE aalud o LSy Aall ALY LAY o Lla jeday ccillaadUl)
G anl ualiall oda (0 5S5 a8y ) Aglall cliac V) nie dald cildzall s elally g5l

Aondal) AN e il il a8 se (e 4liag Ll @l

Haustorium of parasitic plants Aikiall CULAY clasa 3 4 TV
Jall dglee 8 dgall dpuiial) jualiall g saall il acx Al gAY Al G (e
b Fanadic glacl cllall oda ellicd dya Aliaiall Uil dalall clac V) 2 alaeyl

5 Haustorium loaedl sliacY) o3a iy dpaall clilall (e cildaall s slall Galiaial

121



FENGEl Jt

Press et al. 1990] dall delijm lan dgnd 4 Ladipn WIS e sSE
Jeai¥) (ghalia die dlshl) Clasdl JSEE [Mir et al. 2009 <Stewart & Press 1990
Slead) e 8l VLl <, Al 13e Asdl 8 Jadam Cumy (Jilall bl JLalal)
s Jilaill Ak s e (42055) dasthaal) 3 sall Gabiaial LiSay gl Sallly 58l
o bl 5 elall Jygais Ji e lanall duandi jll GIAY Joxd Al AT 4 2 Ciliasa
Press et al. 1990]dikiall  AWLN  dxwal¥) L Jl clall ABL daal)
b Jabaiall g dpmaall ( elall Jaal s | jlse JS55 Lild 48 5hall 03635 <[ Stewart & Press 1990
e 138y (42J85) ABLH Lk (ol (Al jeally Jeagll jualie Jidh b Al aa
Andal) A Al dnsal) A8l Lay )y e Jead daall jualial) Gl ABEN daa @l aS JC4
Adgall
soala ol dun sl gn Abaa o Alilaiall lilal) Cliaes b Aal) dapdi ) 2ga g Lk
Tyl 3 ey sn s doall yealinl) dpen] uSay sqd ol (o ST 43S clidaiall Ll vie Luia e
b Y Jidaial) il ) Jstad) @l (e Jaiiadl el ) AN dadailyl calisg o Jrea il
La8al) o el Jie Ll lalica peiu) 3 VD) S dudy 138 5 cdpandi ) 4all LAY e e
DAl g il (g 8 () 65 Alabiall lill) plana die &) uSAl) dadl AN g Al ) sdall g il
OS5 dndal) e Y1 8l 6 8 () e 138 5 dnd s ) ) of lliad Y il 38 (Y an B ykea
G g ATl ) bl s zliag el daall clal) (e elall pabaiel iS5 Y 5 digeia
sie gaxiall Ll 5 8k Jeati i) Haustorium <basd) g Jiati 4051 o3 5 dpnaall a slall
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o Jilad) bl Bl g Jalaiall Bl o Jua¥) ddads (5 e e oin e ahaie 42 JS&
:\.:\.\m;“ MA:\J.:).\S\ )\4\_'::;]\ O ).uS Qe aal gh dalaidll ol ‘;3 . Haustorium ua.«d\ g_uS)S
bl Al LAY s il call sl A e elal) sty 0B e Jand 30 Al
il e 33l jualiall Jadl) | gall ey L 138 5 Jalaiall

[Mir et al. 2009] : )yaxll

Alalll jualiall s Al & g9 o il 4 4TV

Similarity between living vessels and sieve elements
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Abstract

Although the presence of immature living vessels and their effects on the structural
and functional characteristics of developing xylem tissues are very important issues for
understanding the transport process within younger plant organs, still little and insufficient
studies and information are available in this field. Therefore, the main aims of this thesis were
to study: 1. The presence and arrangement of living vessels within the xylem network of
developing stems and roots, 2. The effect of living vessels on the pattern of water movement
and the importance of lateral flow in the effective transport through developing xylem
bundles, and 3. The possible contribution of living vessels in supplying nutrients to the
neighbouring living cells.

To determine the living vessels and follow the different steps of growth and
development of xylem tissues we have used the suction and coloration test which is based on
the mobility of an apoplastic dye. To elucidate the magnitude and importance of lateral flow
we have used: 1. The method of staining to evaluate the capacity for lateral flow, 2. Effect of
increasing the distance of water transport by using the hydraulic conductance techniques, and
3. Effect of ion concentrations on both developing and mature stems.

The results showed that the living vessels are continuously present along the
developing xylem bundles. These elements occur at the developing ends of xylem vessels,
forming a substantial barrier to apoplastic water flow. But at the same time they form a
connecting factor, thus favouring their possible contribution in the transport of materials
between the living cells and the network of dead vessels. Furthermore, data from the capacity
of lateral flow, increasing the transport length and altering the ion concentrations supported
the critical contribution of the lateral flow to the total hydraulic conductance within the
developing bundles.

Based on the results of the suction and coloration test we have described the
anatomical and hydraulic architecture of the developing xylem bundles of the younger stems
and roots. According to the hydraulic effects of living vessels and the impact of lateral flow,
we have demonstrated the model and the pattern of water movement in the developing
bundles. Finally, all results are explained and discussed in terms of reliability and efficiency
of water transport during shoot growth and development.

Keywords: Immature living vessels; mature dead vessels; anatomical architecture; hydraulic
conductance; lateral flow; lateral pathways; intervessel contacts; axial flow; developing
bundles; developing xylem, Parthenocissus quinquefoli, Phoenix dactelifera, Vitis vinifera.
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Résumé

La présence des vaisseaux vivants, et leurs effets sur les caractéristiques structurales et
fonctionnelles des tissus jeunes du xyléme est un ¢lément trés important pour comprendre les
processus de transport d’eau dans les organes des plantes les plus jeunes, les études et les
informations disponibles dans ce domaine sont encore trés limitées et insuffisantes. Par
conséquent, les principaux objectifs de cette thése sont: 1. Etudier la présence et
I’arrangement des vaisseaux vivants dans le xyléme des tiges et des racines en croissance; 2.
Estimer l'influence des vaisseaux vivants sur le type du mouvement de I'eau, et 1'importance
du flux latéral dans le transport actif par les faisceaux en croissance du xyléme; 3. Discuter la
contribution des vaisseaux vivants, dans la fourniture des substances nutritives aux cellules
voisines.

Pour déterminer les vaisseaux vivants et suivre les différentes étapes de la croissance
et du développement des tissus du xyléme, nous avons utilisé le test de la succion-coloration,
qui se base sur la mobilit¢ d'une teinture apoplastique. Pour élucider I'importance du flux
latéral, nous avons utilisé les techniques suivantes: 1. La méthode de coloration, afin
d’évaluer la capacité du flux latéral; 2. Test d’influence de la distance du transport en utilisant
la technique de la conductance hydraulique; 3. Test d’influence des concentrations des ions,
sur des tiges jeunes et matures.

Les résultats ont montré que, les vaisseaux vivants se trouvaient continuellement dans
les faisceaux en croissance. Ces ¢léments se trouvent dans les portions distales des vaisseaux,
en formant un obstacle au flux apoplastique de 1’eau. Mais en méme temps, ils forment un
facteur de connexion, dans le transport des matieres entre les cellules vivantes et le réseau des
vaisseaux morts. Par ailleurs, les résultats sur la capacité du flux latéral, I’influence de la
longueur du transport et la concentration des ions, ont soutenu I’hypothese de la contribution
du flux latéral a la conductance hydraulique totale dans les faisceaux en croissance.

D’apres les résultats du test de la succion-coloration, nous avons décrit I'architecture
anatomique et hydraulique des faisceaux en croissance du xyléme; et suivant les résultats
obtenus sur I’influence hydraulique des vaisseaux vivants et l'impact du flux latéral, nous
avons démontré le type du mouvement de I'eau dans les faisceaux en croissance. Enfin, tous
les résultats sont expliqués et discutés en termes de fiabilité et d’efficacité du transport de
l'eau pendant la croissance et le développement des organes des plantes.

Mots-clés: Jeunes vaisseaux vivants, matures vaisseaux morts; architecture anatomique;
conductance hydraulique; flux latéral; chemins latéraux; flux axial ; Connexions entre les
vaisseaux; faisceaux en croissance; xyleme, Parthenocissus quinquefoli, Phoenix dactelifera,
Vitis vinifera.
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Abstract In the developing xylem bundles of young
stems, the presence of immature living vessel elements can
strongly restrict or even block axial hydraulic conductance,
especially in newly matured vessels. Lateral connections
between vessels may provide an alternative pathway for
water movement to bypass these closed, living elements.
Using the grapevine as a model system, the present study
aimed to demonstrate the effects of living vessel elements
on water movement patterns, and the importance of lateral
flow for effective water conductivity in the developing
bundles. Living vessel elements were detected using dye
staining and the pattern of vessel development and matu-
ration was then monitored. The importance of lateral flow
was confirmed using several approaches: (1) capacity for
lateral flow, (2) effect of increasing the distance of water
transport, and (3) effect of ion concentrations. Living
vessel elements were found along the developing bundles,
they occupied a significant proportion of the distal and
peripheral parts of the flow path, forming a substantial
barrier to apoplastic water flow. Water in the developing
xylem bundles could move easily from vessel to vessel and
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between secondary and primary xylem. Furthermore, data
from increasing the transport length and altering the ion
concentrations supported the critical contribution of the
lateral flow to the total hydraulic conductance within the
developing bundles. The hydraulic architecture of the
developing xylem bundles is described. The results are
discussed in terms of reliability and efficiency of water
transport during shoot growth and development.

Keywords Axial flow - Developing bundles - Intervessel
contacts - Grapevine - Lateral flow - Lateral pathways -
Living vessel elements

Introduction

Vessels in most dicotyledonous species do not extend
exactly parallel to one another but deviate from their lon-
gitudinal course through the stem. Each vessel makes
sequential contacts along its course with a number of other
vessels (Burggraaf 1972; Fujii et al. 2001; Tyree and
Zimmermann 2002; Kitin et al. 2004). Numerous pits are
present at these sites of contact, allowing lateral flow of
water between vessels in both radial and tangential direc-
tions. Different authors have pointed out the importance of
lateral flow in plants; Taneda and Tateno (2007) showed
that radial flow within the internode contributes signifi-
cantly to the effective water supply to the leaf. Fujii et al.
(2001) and Kitin et al. (2009) demonstrated that lateral
transport has potentially important implications in the
growth of cambium and differentiating xylem elements.
Moreover, the large potential for lateral flow provides a
mechanism for rapid and sustainable water movement
around blocked vessels, because water can easily bypass
vessel occlusions by lateral movement to other functioning

@ Springer



706

Trees (2012) 26:705-714

vessels (Tyree and Ewers 1991; Tyree et al. 1994; Tyree
and Zimmermann 2002).

Immature vessel elements have been widely recognized
to be one of the major factors affecting water movement in
developing plant tissues (St Aubin et al. 1986; Frensch and
Steudle 1989; Meuser and Frensch 1998). Immature ele-
ments are living and turgid cells with a functional plas-
malemma within thin unlignified walls (Milburn 1996).
They have large vacuoles and dense cytoplasmic contents
in which the dictyosomes and elements of rough endo-
plasmic reticulum are especially numerous (Cronshaw and
Bouck 1965; Kitin et al. 2001). These actively growing
cells are usually separated from each other and remain as
individual cells for a given time before they lose their end
walls and cell contents. Living vessel elements with
crosswalls and cytoplasm are completely occluded; there-
fore, they largely impede the apoplastic flow of water.
Because of this feature, the presence of living vessel ele-
ments can profoundly affect the patterns of water move-
ment within the developing xylem networks. For example,
in the developing xylem bundles of young stems, the living
vessel elements at the distal end of the newly formed
vessels offer a high resistance against the axial movement
of water. This would create pressure differential between
vessels, which further promotes lateral exchange within the
vessel network (Ellmore et al. 2006), and thus, it can be
expected that lateral flow would be higher in developing
xylem bundles than in mature bundles.

Studies on lateral flow in young stems focus essentially
on vascular sectoriality, i.e. water exchanges between dif-
ferent xylem sectors or vascular bundles (Bull et al. 1972;
Marshall 1996; Vuorisalo and Hutchings 1996; Orians and
Jones 2001; Zwieniecki et al. 2003; Orians et al. 2005;
Ellmore et al. 2006). However, lateral flow within a single
vascular bundle and its importance for water transport, in
particular during xylem development have received rela-
tively little attention. Therefore, this study was conducted
to investigate the hydraulic properties of the developing
xylem bundles, looking specifically for the role of lateral
flow in the effective water transport. We hypothesised that
due to the gradual development of the xylem network and
the existence of still-living vessel elements, a significant
amount of water in the developing xylem bundles is
transported in the lateral direction.

In the first part of the present study, we investigated the
presence and extent of living vessel elements to better
understand the hydraulic architecture of the developing
xylem bundles and how this influences the direction of water
movement. For this purpose, we used the current-year shoots
of grapevine (Vitis vinifera L.) and we followed in detail the
course of vessel differentiation and maturation along the
developing bundles of the stem axis. Grapevine provides an
ideal experimental plant for these investigations, because it

@ Springer

has relatively wide and also long vessels (Ewers et al. 1990;
Schubert et al. 1999; Thorne et al. 2006). Living vessel
elements were identified using dye movement method. This
technique is based on the mobility of the apoplastic dye:
Toluidine blue O (TBO). This dye is a non-penetrating dye in
living cells; it cannot cross an intact cell membrane (Chaves
et al. 2002). In contrast, TBO is able to pass freely via open
vessels and through pit membranes (Shane et al. 2000).

In the second part of the study, we used three experi-
mental approaches to support the hypothesis that lateral
flow contributes significantly to water transport in devel-
oping bundles. First, we determined the capacity for lateral
flow within the developing bundles. An apoplastic dye was
directly pulled through the primary vessels and its move-
ment in the secondary vessels was followed. Since any
transfer of water from secondary vessels to primary ones
must be through lateral transport, the presence of dye in the
secondary vessels when the tension occur only in the pri-
mary vessels should reflect the existence and the magnitude
of lateral flow. Secondly, we compared the effects of
increasing the transport distance. Generally, increasing the
distance of water transport reduces the hydraulic conduc-
tance. But this effect decreases with increased contribution
of lateral flow because longer xylem pathway provides
more chance for intervessel connections (Taneda and Tat-
eno 2007). Therefore, if lateral flow has a significant
contribution to water conductance in the developing bun-
dles, the reduction effect of the distance should be smaller
in younger developing stems than in mature stems. Third,
we compared the effects of ion concentrations on hydraulic
conductance. It was shown that lateral flow is enhanced
more than axial flow when xylem fluid is changed from
deionized water to ionic solutions (Zwieniecki et al. 2003),
i.e. the effect of ions increases with increasing dependence
of water conductivity on lateral flow. Thus, the enhance-
ment effect of ions on flow should be greater in developing
xylem bundles if there is significant lateral movement in
these bundles.

Materials and methods
Plant material

All samples were obtained from mature, field-grown
grapevines (Vitis vinifera L. ‘Cabernet’) in the garden of
the horticulture at the University of Oum EI Bouaghi.
Algeria. Current-year shoots were used for the developing
xylem experiments; Green shoots, with about 25 internodes
and length ranged from 1.3 to 1.6 m, were collected from 3
different plants, placed in plastic bags, and immediately
transported to the laboratory. For the mature xylem
experiments, 1-year-old stems were used.
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Dye movement experiments

The presence and arrangement of living vessel elements
along the xylem pathway of the current-year shoots of
grapevine were investigated using the following methods:
(1) dye-suction method and (2) dye-pressure method. For
the suction method, 0.06-m-long segments were cut under
water from the centre of the internodes 4-21 counting from
the shoot apex. The basal end of the segment was imme-
diately immersed in the xylem lumen-mobile dye (Tolui-
dine blue O, 1% w/v aqueous solution). The upper end was
connected to a transparent plastic tubing of the suction
pump. The suction force of —120 KPa was applied for a
few seconds (5-10 s). Segments were then free-hand sec-
tioned approximately at the middle, and the presence of
living vessel elements within the vascular bundles was
checked microscopically. In the pressure method, the dye
was carried into the dead vessels by using a high pressure
force (120 KPa). 0.06-m-long segments were cut under
water, and immediately connected to rubber tubing at their
lower ends. Toluidine blue dye was pumped into the seg-
ments for a few seconds. Xylem tissue was observed in
cross sections to determine the mature and immature vessel
elements.

All material was examined with a Zeiss KF2 compound
light microscope (Carl Zeiss, West Germany). The photo-
micrographic images were captured using Motic Digital
Microscope (DMB1- 2MP, Motic Instruments Inc., Xia-
men, China).

Vessel differentiation and maturation

Green stems, consisting of 21 internodes, were cut into
segments 0.2 m long. These segments were kept in their
original sequence. Each segment was defoliated and the cut
proximal end was re-cut underwater and attached to a
rubber tube. Toluidine blue O solution was pumped into the
segment base at a pressure of 120 kPa. After about 15 min,
when the dye was clearly observed on the cut surface of the
apical end, the stem segment was cross-sectioned every
5 mm starting from the apical end towards the base. After
each 4-6 sections, pressure was applied again for a few
seconds. Sections were examined under light microscope
and the pattern of xylem differentiation and maturation was
monitored from the top to the base. The distance from
where a new layer of secondary vessels first appeared at the
outermost region of the vascular bundles to the dye loading
point was measured. The distance from the point at which
the new vessels open (first appearance of dye in the vessel
lumens) to the loading point was also recorded. The dis-
tances of differentiation and maturation of each new layer
of vessels from the stem apex were then calculated. The
length of living portion of vessels (the closed portion of the

xylem vessels) was measured as the distance from the point
where the new vessels first appeared to the point of their
openness.

Capacity for lateral flow

In order to detect the lateral movement of water in the
developing xylem via vessel-to-vessel pathways, staining
was performed by a method somewhat modified from
Taneda and Tateno (2007). An apoplastic dye was directly
pulled through the primary xylem and its movement in the
secondary xylem was followed. Stem segments, consisting
of 10 internodes, were collected from positions starting
between the 4th and the 13th internode, counted from the
shoot apex. The position of the segments ensured that the
pathway of axial flow in the secondary vessels was com-
pletely blocked, because at the fourth internode only the
primary xylem vessels were mature and open, as tested by
the dye-pressure method. Each stem segment was defoli-
ated and the cut end of each petiole was sealed using an
acrylic based glue (Super Bonder Loctite 409; Loctite
Corporation, Rocky Hill, CT, USA). The apical end of the
segment was connected to a suction pump through a plastic
tubing. The basal end was placed in a 0.1% TBO solution
(aqueous, w/v). By using a suction force of —80 KPa, the
dye solution was directly pulled through the open primary
vessels at the apical end for 15 min. To check for the
presence of dye in the secondary vessels, free-hand cross-
sections were taken at 0.05, 0.1, 0.15, 0.2 and 0.25 m
above the dye injection site. Slides were then viewed under
optical microscope, and the number of stained and
unstained secondary vessels was counted. Only the func-
tional vessels were considered, the outermost layer of liv-
ing vessels was not included in the analyses. To confirm
that the ascent of dye was not an artifact resulting from a
simple passive infusion, movement of TBO under tension
from primary vessels was compared with its movement in
the absence of tension. Therefore, stem segments were
prepared in the same manner as above, but in this case, the
dye solution was allowed to flow passively under labora-
tory conditions for 15 min.

Effect of increasing the transport distance

The method of Taneda and Tateno (2007) was used to
demonstrate the significant contribution of lateral flow to
water transport in developing xylem bundles. The
hydraulic conductance of the stem xylem was measured
on progressively shortened stem segments. Segments of
0.35 m length were cut from the current-year shoots at
0.2 m from the shoot apex. Leaves were removed from
the stem segment and their petioles were sealed with
acrylic based glue. The segment base was cut again and
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gently glued to plastic tubing. We avoided using clamps
to seal the segments to the tubing to avoid crushing the
vessels at the point of stem attachment (Sperry et al.
2005). To remove any air emboli initially present in the
vessels, the stem segment was flushed with filtered
deionized water at about 150 kPa for at least 15 min. The
hydraulic conductance of flushed segment was determined
as the mass—flow rate of water divided by the pressure
applied (Tyree and Ewers 1991). Deionized water was
pushed at 80 KPa pressure through flushed segment until
a steady flow was observed. The rate of outflow was
measured for 3 min using a balance (model 210, Sarto-
rius). The segment was shortened by successive cuttings
off 5 cm from the basal end and the respective values of
hydraulic conductance were obtained. Changes of
hydraulic conductance in response to changing segment
length were compared between developing and mature
stem segments. Therefore, the same experiment was
repeated with 0.35-m-long segments taken from 1-year-
old branches.

Effect of ion concentrations

We followed Zwieniecki et al. (2003) to assess the effect of
ion concentrations on the hydraulic conductance. Devel-
oping and mature stem segments were used. Unbranched
stem segments measuring 0.35 m in length were collected
from 1-year-old branches. For the developing stems, seg-
ments were taken at 0.2 m from the shoot apex as men-
tioned above. Leaves were removed and their cut ends
sealed with acrylic-based glue. The proximal end was re-
cut underwater and attached to a hydraulic system that
allowed switching between the solutions supplied to the
stem segment. Prior to the first conductivity measurement,
deionized distilled water at a positive pressure of 80 KPa
was applied until a steady flow was established. Following
this, the rate of outflow from the upper end was measured
for 3 min using electronic balance. Deionized water was
then replaced by 20 mM KCI solution, and the flow rate
was remeasured. Finally, the 20 mM KCI solution was
replaced by a 50 mM KCI solution and the measurements
repeated.

Statistical analysis

All data were obtained at least in triplicate and presented as
mean =+ standard deviation. Different experimental groups
were compared either with the Student’s 7 test or with the
one-way ANOVA followed by Bonferroni’s test for com-
parisons post hoc. A probability level of P < 0.05 was
considered to be statistically significant. The SPSS soft-
ware package (SPSS Ver. 15.0, SPSS Inc., Chicago, IL,
USA) was used for all tests.
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Results

Presence and arrangement of living vessels
along the xylem pathway

Young developing stems of grapevine were examined at
different heights, and the presence of living vessel elements
within the developing xylem could be followed from the
base to the top. Dye-pressure and dye-suction methods
were used, and results were similar for both techniques.
When the apoplastic dye was forced through the xylem
network of the stem segments, it distributed throughout the
network of open, dead vessels, and this distribution could
be restricted only by the closed, living vessel elements.
Dead vessels were easily distinguished by colour from
living vessels, the dye was observed in both vessel lumens
and surrounding fibre cells, whereas for the living vessel
elements, dye appeared neither in vessels nor in fibre cells.

In the present investigation, all the tested segments
showed the existence of living vessel elements in the xylem
pathway. The full maturation of xylem was never observed,
even in the oldest segments away from the stem apex. In all
the cases, the outermost vessels closer to the cambium
remained unstained. The dye pushed through the stem
segments could not move through any of these elements,
although a high pressure was used, signifying that the
outermost vessels were still alive and not open. Figure 1
shows a typical example of cross-sectional images that
reflect the presence and arrangement of living vessel ele-
ments within the xylem system of young stems of grape-
vine. However, the same pattern of staining was observed
in nearly all the xylem bundles; at least one layer of living
vessels occurred in the outermost region of each xylem
bundle.

Vessel differentiation and maturation

The progress of differentiation and maturation of the con-
secutive vessel layers were studied in young grapevine
stems. Primary elements appeared at the beginning of
xylem differentiation and were fully mature at a few cen-
timetres from the top. Maturation of secondary vessels
occurred much later than primary vessels. The first layer of
secondary vessels started to appear at 0.08 £ 0.01 m
behind the stem apex, but the maturation and openness of
this layer started at about 0.16 + 0.03 m from the apex
(Table 1). At a distance of about 0.15 &= 0.03 m from the
top, a second layer started to develop at the outermost
region of each bundle. Vessels of this layer were larger
than that of the first layer. These elements matured to open
vessels at a mean distance of 0.35 £ 0.05 m proximal to
the top. The differentiation of the third, fourth, and fifth
layers was observed to start at about 0.34 £ 0.04,
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Fig. 1 Microphotographs showing the existence of immature living
vessel elements (unstained vessels) within the developing bundles of
grapevine stems. Since there were no visible differences between the
two methods, all pictures are for dye-pressure method. a Transverse
hand section through the centre of the internode 9, about 0.25 m from
top. Only the primary xylem and the first layer of secondary vessels
are stained. The second layer at the outermost region adjacent to the
cambium is still alive. The section in b was obtained 0.2 m below the
section in a, about 0.45 m from top. At this location, the second layer
is fully mature and a third layer with living vessel elements appear at
the outermost region. ¢ Freehand cross section through the internode
17, about 0.63 m from the top, showing two layers of living vessels at
the outermost region of secondary xylem: layer 5 of differentiating
xylem vessels (DV) and layer 4 of living xylem vessels (LV). The
first, second, and third layers are fully mature. Scale bars 400 pm

0.51 £ 0.05, and 0.67 & 0.06 m from the stem apex,
respectively. Maturation of these layers started at about
0.52 £ 0.05, 0.68 £ 0.06, and 0.81 & 0.09 m, respec-
tively. A schematic diagram showing the pattern of vessel
development and maturation is presented in Fig. 2. It is
notable that the appearance of each new layer started
before the maturation of the previous layer; for example,

the third layer appeared at a distance of about 0.34 m
whereas the second layer matured at 0.35 m. This may
explain why two layers of living vessels could be observed
in some cases (Fig. 1c). In addition, the length of living
portion of vessels ranged from 0.07 £ 0.02 to
0.19 £ 0.02 m and the longest occurred in the second layer
of secondary vessels.

Capacity for lateral flow

The magnitude of lateral flow was evaluated in younger
stem segments that had closed secondary network, i.e. the
distal ends of all secondary vessels were closed by
immature vessel elements while the basal ends were open.
When the basal ends of stem segments were immersed in
TBO, for simple passive infusion, stained vessels were
observed only in the basal portion of segments. Little or no
dye was observed beyond a distance of 0.15 m above the
loading site (Fig. 3). Results were different when the dye
was pulled through the primary xylem at the distal end. The
stained vessels were observed in the secondary xylem at
the different distances from the injection site. The per-
centages of stained vessels were more than 60% of the total
number of open secondary vessels (Fig. 3). In each vas-
cular bundle, the secondary xylem was stained not only in
the inner part adjacent to the primary xylem but also in the
middle and outer parts except the outermost vessels (living
vessel elements) which did not stain. This suggested that
the tension was transmitted from the primary to the sec-
ondary xylem and between secondary vessel elements.
Although we could not determine how much intervessel
contacts occurred along the courses of xylem vessels, the
results implied that secondary vessels were hydraulically
connected with each other and also with vessels in the
primary xylem, and water could be drawn from secondary
to primary vessels through lateral pathways.

Effect of increasing the transport distance

To elucidate the importance of lateral flow in water
transport during xylem development, the variations in
hydraulic conductance with increasing the distance of
water transport were investigated on developing and
mature stem segments. Overall, mature segments showed
significantly higher values of hydraulic conductance than
developing segments. For example, the 0.05-m-long seg-
ments of mature stems exhibited a mean hydraulic con-
ductance of 17.5 x 107° kg st MPafl, about 6.7 times
greater than that of the developing stems (2.6 x 107°
kg s~' MPa™!). The effect of increasing the length of the
transport pathway is expressed in Fig. 4 as the percentile
decrease in hydraulic conductance relative to that measured
in 0.05-m-long segments. Both developing and mature
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Table 1 Distances of differentiation and maturation of the successive layers of secondary vessels, from the first layer near the pith to the fifth

layer close to the epidermis

Vessel layer Distance of

Distance of Length of living

differentiation (m) maturation (m) portion (m)
Ist layer 0.08 £ 0.01 0.16 + 0.03 0.07 + 0.02
2nd layer 0.15 £ 0.03 0.35 + 0.05 0.19 + 0.02
3rd layer 0.34 £+ 0.04 0.52 + 0.05 0.17 + 0.04
4th layer 0.51 £ 0.05 0.68 + 0.06 0.17 + 0.02
5th layer 0.67 + 0.06 0.81 £+ 0.09 0.14 £+ 0.03

The length of living portion of vessels was determined as the distance from the site of differentiation to the point of maturation. Measurements
were made on current-year shoots consisted of 21 internodes. Overall shoot length was 1.01 £ 0.12 m. Values are mean + SD (n = 6)

Fig. 2 a Diagrammatic longitudinal section showing the normal
course of maturation and openness of vessel elements and the
arrangement of immature living vessel elements along the developing
vascular bundle in younger grapevine stem. Note that the distal end of
each vessel is alive. b Diagrammatic cross-sections of the vascular
bundle. Only the vessel elements are shown for the sake of simplicity.
PX primary xylem, SX secondary xylem. The horizontal axis of this
figure is not drawn to scale

segments showed a decrease in hydraulic conductance with
increasing segment length, but this decrease was signifi-
cantly lower in the developing segments than in the mature
segments (Student ¢ test, paired; P < 0.05). When the
distance of water transport was increased from 0.05 to
0.3 m, the hydraulic conductance was decreased by 72% in
the mature segments while in the developing segments the
reduction was only 26% (Fig. 4).
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Fig. 3 Results of dye injection experiments for the capacity of lateral
movement in the developing bundles. The vertical axis represents the
mean percentage of stained secondary vessels at the different
distances from the injection site. Dye was loaded into the proximal
end of the stem segment and allowed to move passively (open circles,
dashed line) or under tension created in the primary xylem (closed
circles, continuous line). Vertical bars £1 SD (n = 10 stem segments)

Effect of ion concentrations

The effect of ion concentrations on hydraulic conductance
within the developing and mature stem segments are pre-
sented in Fig. 5. In the presence of ions in the perfusing
solution, the hydraulic conductance increased significantly
in the developing segments, while in the mature segments
the increment was very weak and did not exceed 3%. When
the xylem system was supplied with 20 mM KCl,
enhancement of the hydraulic conductance was 10.5 £
3.1% for developing segments versus 1.4 £ 0.4% for
mature segments. In the presence of 50 mM KCI, the
hydraulic conductance increased by 12.9 & 2.6% in the
developing segments while in the mature segments only
increased by 2.3 & 0.8%. In addition, it must be noted that
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Fig. 4 Changes in hydraulic conductance of developing and mature
stem segments in response to the changes in segment length. Data are
presented as the percentile decrease in hydraulic conductance relative
to that measured in 0.05-m-long segments. *Significant difference
from 0.1 m by the Bonferroni multiple-comparisons test at P < 0.05.
Vertical bars =1 SD (n = 10)

for both developing and mature segments, there was not a
significant difference in the flow enhancement between
20mM and 50 mM KCl (Student ¢ test, unpaired;
P < 0.05).

Discussion

By using the apoplastic dye, Toluidine blue O (TBO), it
was possible to distinguish between dead and living vessel
elements. TBO stained the cell wall of all dead vessels,
because it easily moved within and between dead vessels.
Instead, TBO was completely stopped by living elements;
when vessel elements were alive and their plasma mem-
branes were intact and functionally active, TBO could not
penetrate through these elements. This confirms previous
observations on the movement of TBO through xylem
networks (Chatelet et al. 2006; Shane et al. 2000; Zanne
et al. 2006). However, in this study, dye movement method
appeared to be reliable and rapid way not only to identify
lateral pathways between vessels, but also to detect living
vessel elements in developing xylem networks, at least in
grapevine stems.

This study clearly showed the presence and extent of
immature, living vessel elements and their influences on
the patterns of water flow within the developing xylem of
the growing stems. Secondary vessels of grapevine stems
were observed to develop with a slow and regular progress.
Immature vessel elements were continuously present in the
developing vascular bundles, throughout the growing

Fig. 5 Enhancement of xylem hydraulic conductance in developing
and mature stem segments due to the addition of 20 and 50 mM KCI.
Values are mean £ SD; n = 10; different letters indicate significant
differences between treatments; Student ¢ test, P < 0.05

period. The distal portion of each secondary vessel was
always alive. This closed, living portion could extend to a
significant length (Table 1), signifying that the maturation
and openness of vessel elements occurred at considerable
distances from the cambium, and consequently, the cam-
bial cells were largely separated from the dead vessels.
This isolation from the open secondary xylem might serve
to protect the cambial tissues from mobile pathogens and
their toxins in the xylem stream (McCulley 1995). How-
ever, due to their anatomical arrangement, immature vessel
elements could form a significant barrier to apoplastic
water movement at the peripheral and terminal ends of the
developing secondary xylem (Fig. 6).

The hydraulic architecture of the developing vascular
network and the presence of living vessel elements and
their locations relative to the water pathway (Fig. 6) sug-
gested that the axial movement of water within the
developing bundles was strongly restricted. It was evident
that water flow in the newly matured vessels would be
completely blocked when encountering immature vessel
elements at their distal ends. To bypass these closed ele-
ments, water must move laterally to the adjacent inner
vessels, where it can spread axially in the vessel lumen
before being stopped again by the distal, living portion
(Fig. 6). But this requires that mature vessels connect with
each other. Indeed, grapevine vessels commonly occur in
radial clusters or chains of two to three vessels, where
intervessel pits present as bordered pit pairs in a scalari-
form arrangement and are numerous and much larger than
other types of pits in the xylem network (Sun et al. 2006).
These clusters provide multiple pathways for water
movement around closed vessels (Tyree et al. 1994; Ste-
venson et al. 2004). This was further supported by the
results of the capacity of lateral movement. The results
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Fig. 6 Schematic presentation of the hydraulic architecture and the
patterns of water flow in the mature (a) and developing (b) vascular
bundles. Water flow within the mature bundle is mostly in the axial
direction and only very small amounts of water flow laterally between
conduits. By contrast, large amounts of water in the developing
bundle must be transported in the lateral direction because of the
presence of living vessel elements. For further explanation, see text.
PX primary xylem, SX secondary xylem. This figure is not drawn to
scale

showed that water in the developing bundles moved easily
between vessels, meaning that vessel-to-vessel pathways
were distributed between different layers of secondary
vessels and between primary and secondary xylem.

The relative decrease in hydraulic conductance in
response to increasing distance of water transport was
considerably lower in the developing segments compared
to mature segments. This could be attributed to the effect of
lateral flow. As mentioned above, the majority of second-
ary vessels in the younger stem segments were closed at
their distal ends by living vessel elements. So the pathway
of axial flow within these vessels was blocked. It is clear
that the contribution of such vessels to the total hydraulic
conductance should be only through lateral pathways
(Fig. 6). This contribution should be increased with
increasing the distance of water transport, since longer
pathways provide more intervessel connections (Taneda
and Tateno 2007). In addition, the number of secondary
vessels in the developing segments increased with
increasing segment length. Increasing both the connections
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between conduits and the number of secondary vessels
would enhance conductance and thus compensating for
losses in conductive capacity due to the effect of increasing
distance. In contrast, almost all secondary vessels in the
mature segments were open for the axial movement, and
their number was approximately constant along the length
of the segment. In this case, increasing length would only
increase the resistance to water flow.

The significant contribution of lateral flow for water
conduction within the developing vessel networks may
explain why the enhancement effect of ions on hydraulic
conductance was higher in developing bundles as com-
pared to mature ones. The presence of ions in the xylem
fluid facilitate lateral transport between adjacent xylem
vessels by changing the hydration status of pectin hydro-
gels located in bordered pit membranes (Van Ieperen et al.
2000; Zwieniecki et al. 2001a). These authors stated that
ions cause shrinkage and swelling of pectin hydrogels,
thereby increasing the porosity of the pit membranes and
thus decreasing their resistance to water flow. However,
since the principal pathway of lateral flow between adja-
cent vessels is through bordered pit pairs, increasing ion
concentrations should substantially increase the conduc-
tance of the lateral pathway more than that of the axial
pathway and consequently should increase conductance
more in the bundles with a higher contribution from lateral
pathway to overall flow than those with a lower contribu-
tion from lateral pathway.

It is possible that the significant lateral flow seen in the
young stems may be due to the dominance of shorter
vessels within their developing xylem bundles. Shorter
vessels exhibit high resistance to axial flow because water
would have to pass through more end walls (Comstock and
Sperry 2000; Zwieniecki et al. 2001b). Increased axial
resistance favours lateral flow between adjacent vessels
(Ellmore et al. 2006). However, we exclude this possibility
because vessels of grapevine are among the longest and
widest vessels found in plants (Zimmermann and Jeje
1981; Salleo et al. 1985; Ewers et al. 1990). Although it has
been reported that end wall resistivity averaged more than
50% of the stem axial resistance in grapevine (Sperry et al.
2005; Wheeler et al. 2005; Hacke et al. 2006), this does not
mean that end wall resistivity is sufficiently high to pro-
mote significant amounts of lateral flow, as observed in our
developing stems. It seems very logical that the total axial
resistance due to end wall and lumen resistivities is neg-
ligibly small compared to axial resistance due to closed
living elements. Thus, it may be suggested that the degree
of xylem development and the presence of living vessel
elements might be the dominant factors affecting patterns
of lateral flow in developing stems. It is already known that
lateral flow is affected by several factors including size and
density of intervessel pits, vessel width and length, and
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pressure gradients (Orians et al. 2004). In addition to these
factors, the developmental state of xylem is another
important factor that deserves further attention.

In conclusion, it is apparent from this and other studies
that living vessel elements have a significant influence on
water transport and distribution. We suggest that living
vessel elements are a very important factor that cannot be
neglected, and the water transport across developing bun-
dles, in respect to these elements, appears to be more com-
plex than that of mature bundles. To model water and
nutrients exchanges in the developing xylem, it is not suffi-
cient to consider dead conduits only; immature living con-
duits are a significant part of the developing xylem pathway
and must be included in the study of water transport within
developing plant organs. In addition, the insights provided
by this study further emphasize the importance of lateral flow
in plants. In addition to its roles in supplying water, main-
taining the functional water transport system, and controlling
water and particle movement, lateral flow has important
roles in water transport efficiency and reliability during shoot
growth and development.
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