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Phototrop1cbend1ng舳d1｛9ht－1nducedbmnch1ngrnVaucheha幽．

（フシブーシミドロ にお1＋る屈光佳と光による

分孜の誘導．）

H1ronao Kataoka



Phototropic bend．ing and 1ight－induced branching

             inVauCheria星型

                     Hironao Kataoka

Department o f Bio1ogy， Facu1ty of Science， Osaka Univers立ty，

               Toyonaka， Osaka， 560 Japan

     Axanthophyceancoenocyt■ca1gaVaucheria星幽exhibited

a typica1 tip－growth．  The growth pattern was c1ose1y re1ated to

the externa1 L－D regime． Und．er 12L－12D regime， the a1ga started

to grow at the beginning of the dark period and－ceased to grow

at the end of the 1ight period一； whi1e under 24L－0D，・it grew with

a constant rate’ranging from 1OO to 200 μln／hr．  The a1ga a1so

exhibited－a positive phototropism． Using ha1f－side－i11umination

method the mechanism of phototropic bending and branching in

Vaucheria星幽was ana1yzed． The bend一■ng process fo11owed．

the Weber－Fechner，s 1aw and－Bunsen－Roscoe，s 1aw．  The action

spectrum 圭。r the phototropis皿was determined一， and．the resu1t

indi cat ed that ◎n1y b1ue 1i ght was effect ive．  I t was shown that

the phototropic bending was initiated by the formation of a new

growth center on the i11uminated sid－e of the apica1 doIne of

the tube， and not by the difference in growth rate between the

1ighted and－shad－ed－s ides of the t ip．  The hya1ine cap， which

was found．on1γ at the growing tip， shifted－to the i11uminated

sid－e of the tip prior to the bend－ing．

Abbrevi at ions：一 @L， 1ight； D， dark； xL－yD， x hr L and．y hr D．



    児ranching was a1so initiated・when the part proxima1 to the

apica1 d－ome was i11uminated・ B1ue 1ight was effective for the

branching as it was in the case o・f phototropic bending．  The

refractive ind．ices ㎜easured－at the growing tip and．the area other

thanthetipwere1．36and1．34respective1y． Ahya1inepatch

resemb1ing t◎ the hya1ine cap， whi ch appeared．prior to the onset

of tip－growth in the apicaユ d．◎me， was invariab1γ for㎜ed short1y

befo】1・e the initiation of a new branch at the i11uminated 1ocus．

Introd－uct ion

    The p1ant b◎dy of Vaucheria星幽 is a sparce1y branched・

coencytic tube． Without giving detai1ed．kinetics K1ebs （1）

reported that the growth of this a1ga was by Inean of tip－growth．

The phototropism in Vaucheria was described－for the first time

by 01tmanns （2〕．  He f◎und that at a ㎜oderate 1ight intensitγ

the growing tube bent tow亭rd the 1ight， that at a verγ high

intensity， away from the 1ight， and that under a given intensity，

th・・ign・fphot・t・・pi・m砒dn・t・h・㎎・一 翌?Eth・・th・・1g・w・・

in water or in a mo ist chamber． According to Weber （3）， 1ight

with wave1engths shorter than th◎se of red．1ight was effective

for ph◎totropis孤 in Vaucheria． There have been few d．etai1ed．

studies on the phot◎tropism of tip－growing ce11s， 1〕ut 測。st of

them dea1t with either funga1 hyphae （4） and sporangiophores

（三，亘〕， or with fern prctonelnes （エ）・

     The mechanism of phototropic bend．ing in the funga1 germ

tube was stud．ied．extensive1y bγ Gettkand・t （土）・ Using Buder，s

ha1f－s id．e－i11uminat ion Inethod， s he demons trated tha．t in the ger㎜



tubes of Puccinia triticina and of some related－species the grow1二h

in the shaded sid－e was gTeater than in the 1ighted siae．  遣T0m

this fact she conc1ud・ed that this negative 1ight－9rowth reaction

was the cause of the neg8t1ve phototropism under uniユatera1

i11uminat ion， which conve rg ed．the 1ight on the sur face o f the

tube away fro㎜ the 1ight． The phototrop i sm in mature sporang io－

phores of Pi1◎bo1us kleinii is a1so caused by differentia1 growth

〔5， 8）．  工n the young sporangiophores of this fungus however，

Page （5〕 found that a guite different mechanism was operating

in phototropic bending．  Before formation 〇二E the sporangium， the

sporangiophore of Pilobolus showed the tip－growth as in the case

of Phycomyces （9）． According to Page， a new growth center was

formed．on the i1ユuminated side near the origina1 tip of the

γoung sporang iophor e wi th a s imu1t aneous de cay o f the or ig ina1

growth center， and．hence the new tip grew toward．the 1ight．

This mechanism was found a1so in po1arotropis皿 of a fern

旦三曲三 （エ）． Haupt （王旦） mentioned．that the formation of a new

growth center shouユd be co皿狐。n to a11 tip－growing ce11s in phcto－

tropism．  I11uminating a sma11 1ocus on the f1ank near the very

tip of the young sporangiophore of Pi1obolus， however， Page and－

Curry 〔6） ad－mitted 1ater that the d．ifferentia1 growth a1so

part icipat ed in the pho tot rop i sm of the sporangiophore when i t i s

young．  Green et a1． （11） showed．a schemat1c diagram of the bending

lnechanisIn in tip－growth． There they drew a sharp 1ine between

these two types of mechanisms， name1y the differentia1 growth and－

the for㎜ation of a new growth center．  They named the first type

”bowing一一 and the second， “bu1ging”．  In this paper it wi11 be shown

that the tip of Vaucher1a bends toward the light by forming a new

growth cente土 ◎n the i11uminated sid・e of the growing apica1 region・
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Mate士ia1 and methods

Cu1ture cond－itions

    The a1ga was co11ected in 1970 at A1bany， New York State，

U．S．A． bγ Dr． N． Ka㎜iya． The a1ga was identified as Vaucheria

星幽旦 （Vauch．） De Condo11e． var． 星幽旦by Dr． H． Hirose of

Kob6 University （cf． 12〕． Contaminated organisms were e1iminated

by pu11ing the p1ant c◎vered．with Charcoa1 powder in ge1atin

（Ohiwa， p ers ona1 commun icat i◎n）．  The cu1ture so1ut ion used was

a combination of Uspenski，s （cf・ 13） and Dard－en－s （14） media

with some Inod．ifications． The fo11owing ingredients were disso1ved

i・di・ti11・d．・・t・・t…k・1000・1・ffi・・1・・1…：25㎎KN03・

25㎎MgS04・7H20・100・gC・（N03）2・4H20・13・6㎎KH2p04・582μ9

M・C12・4H20・30㎎C・C12．6H20・24㎎N・M・04・4・5mgN・2’EDTA・

0・0001㎎Bi・ti… d0・0001μ9Vit・mi・B12・Th・m・di㎜…

buffered．〔pH ； 7．2） with 1mM Tris－HC1， then it was autoc1aved．

at 1200C for 20 min before use． The a1ga was cu1tured in the

gr◎wth cabinet under 12 hr 1ight and．12 hr dark （12L－12D regime）

at 20oC．  The 1ight intensity was 1000－1500 1ux， from white

f1uorescent tubes （T◎shiba FLR20 S－W／M）．  For the experiments of

phototrop i sm， the a1ga was cせ1tured for 3 days und．er cont inu◎us

1ight at about 1000 1ux at 20oC in 6 cm petr i di shes， in ord－er

to nu11ify the ciTcaaian rhythm of growth （see 1ate1【一pages）．

The a1ga having thc growth rate of about 200 1』m／hr was used

except otherwise stated．

三曲with ca1cof1uor
     In order to stain tbe ce11 wa11， a f1uorescent dye Ca1cof1uor

White ST 〔Ame士ican Cγanamide Co． Bound Brook， N．J．） was used．

This dye is we11 l（nown by its affinity with ce11 wa11s of ㎜any
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p1ants〔15）． Asma11portionofthetha11ihavingsevera1

growingtip・wasincubatedfor30minat20化in0．05宅C・1cof1uor
so1ut ion buffered wi th 10 mM Tr i s－HC1 at pH 7．2．  Then the a1ga

was carefu11y washed 5 times with the buffer． The tips which

continued to grow were observed under a f1uorescent microsc◎pe

2 hr after the treatment．

Resin ad．hesion

    Green 〔16） reported．tha．t partic1es of weak anion exchanging

resin adhered－we11 to the ce11 to the ce11 surface of Nite11a．

In the present experiments Dowex A－1 （C1 －type） bead．s were

changed．to OH －type with NaOH，washed．we11 with disti11ed water，

and－9round in a g1as s ho皿。geni zer．  Tiny res in partic1es with

diameters of 1－10 口m were obtained．by centr ifugat ion． A drop

of the resin suspension was ad．d．ed－to the petri dish in which a

few tha11i with severa1 growing tips were immersed in the cu1ture

med．ium．  The di sh was shaked．gent1y so that the part ic1e s adhered．

on the tha11i， then a cover s1ip was p1aced on them to ho1d

the materia1 in position．

幽em1・・d
    Experilnents were carried．out on the s tage of a microscope

in a dark room at 20oC．  Pig． 1 shows the diagram of the optics

i11uminating 1oca11γ a sIna11 region of the tube of the a1ga

with two beams of monochr◎mat ic 1ight．  The 1ight sources

（C1・・dC2）w… 1・w・・1t・g・i・…d・・…t1・・p・with1…

（01yInpusMicroscopeCo．Ltd．）． Ag1assp1ate（M），5cmx5cm，

was made from Kod－ack s1ide lnounting g1ass．  One ha1f of it was

mad．e to a surface mirror w1th vacuum evaporatio11 of a1uminium，
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and the other ha1f， 1eft transparent．  The p1ate was set at 45o

against the optica1 axis of the microscope． With this setup

th・1ightb… f・㎝C1・・f1・・t・d・tth・・in・・h・1f・fth・p1・t・

・・dth・1ightb… f… C2p・…dth…ghth・t・…p・…th・1f

of the p1ate so that the two beams reached．the right and 1eft

fie1d・s of the microsc◎Pe， respective1y．  In ord．er to e1iminate

the ref1ected 1ight at the p1ain g1ass surface， a b1ack vane （V）

was put in front o f M （Fig． 1a）． The image s of the tw◎ 1amp

fi1aments were focused on the condenser aperture； and．the image

of the ed．ge of the milrror （M） was focused．on the a1ga in a

petri dish p1aced on the stage of the microscope （Fig． 1b）．

The heat generated from the ユamps was reduced by water containing

g1ass ce11 〔W） p1aced－in front ◎f the 1amps． Desired㎜onochro－

lnatic 1ight beams were obtained by using interference fi1te＝rs

（T・・hib・KL・…i・・）（F1・・dP2）・whi・hw… p1…db・t・・㎝th・

g1ass ce11 and the pユate 〔M）， as shown in Pig． 1a． To e1iminate

further the heat entire1y， heat cutting fi1ters （Toshiba IRQ－80）

were p1aced next to the interference fi1ters； and－to e1iminate

excess secondary interfered 1ight， if necessarγ， a g1ass fi1ter

（Toshiba co1or g1as s fi1ter AT－series） was a1so p1aced between

the g1ass p1ate and．the interference fi1ter．  Thus a 1ight spot

cou1d be obtained・， ◎f which one ha1f was occupied・with a mono一

・h・㎝・ti・1ightf・㎝F2・Thi・・b・i㎎・Kδh1・・i11㎜i・・ti㎝・

pr◎duced the two 1ight beams iユ1uminating the samp1e a．s shown

in Fig． 1b， when the c◎ndenser aperture was sma11．

     戸。r uni1at era1 i11umination， a cub i c g1as s chamber contain－

ing the a1ga p1aced．on the stage of a microsc◎pe was i11u㎜inated

with a beam of actinic mon◎chromatic 1ight horizonta11y， i．e・，

the beam reaching the a1ga para11e1 to the p1ane of the



microscope stage． Red 1ight needed for the observation of the

materia1 was given through the condenser of the microscope．

MeaSurement竺幽王山
    The energy of the 1ight spot was deterlnined on the micro－

scope stage・  The area of the spot was sma11er tban the sma11est

area measurab1e with therInopi1e rad．iometer （Kipp ξ Zonen〕，

which can ihdicate the measured．1ight intensity d．irect1γ in the

              －2   －1
unit of ergs・cm  ・sec  ． Thus the 1ight intensitγ in terms of

vo1tage of the spot was first measured with si1icon so］一ar ce11

（Hayakawa E1ectrics Co． Ltd．．， SBC一．510）， which made the measure－

ment of such a sma11 sp◎t possib1e．  Then a si111u1ation of a

bigger i11u皿inated area with the intensitγ eq．ua1 to the measured

v◎1tage was ㎜ade， and the bigger area was measured with the

                                 －2   －1      ．
therm◎pi1e rad－iometer to get ergs．cm  ．sec   express■on．

Phototro ic 旦幽

    Prior t◎ the experiments， the a1ga cu1tured for 3 daγs

under continuous white 1ight was Inoved．to the dark and．1eft

for at 1east 1 hr． To unify the growth rate of experimenta1

materia1， the a1ga which grew at the rate of about 200 μm／hr

was used． To induce phototropic bending a ユ。ngitudina1 ha1f

of the apica1 region was i11uminated with actinic b1ue 1ight

（450 nm） and the other ha1f with red－1ight （673 nm） for

observation （cf． 17； 1≡；ig． 1）．

     The phot◎tropic bending was expressed－with the a11g1e （θ）

between the originaユ ce11 axis and a new ce11 axis・  The both

ce11 axes were deteでmined in the fo11owing ways （see Fig． 6，



upper d．rawing）： On the enユarged photographic print an arc

（B。・・B）・・h・・・…t・・（A。・・A）・…tth・…t…fth・

hya1ine ca－P （H〕 and whose rad1us was that of the hemispherica1

dome， was dr awn； the ax i s was then cons tructed bγ drawing a 1ine

・㎜・i・gth…ghA。・・A・・ポth・㎜idd1・p・i・t（M。・・M〕・fth・

chord （B C  or BC）．
       O O

Action迎里
     The acti◎n spectru㎜was determined with the coInpensation

method．  The 1ongitud。ユna1 ha1f ◎f the growing tip was i11u1ninated．

with the reference 1ight （479nm） with the intensity equa1 to
           －2   －1
1050 ergs・cm  ・sec  and the ◎ther ha1f， with various mono－

chromatic 1ights of various intensities．  The ba1ancing 1ight

intens ity where the tip bent ne ither toward．the reference ha1f

nor test ha1f was determined．after severa1 tTia1s of 15 min■s

i1ユumination． The intensities thus obtained－were expressed1in
                                      －12
the unit of quantum f11．Ix d－ensity （p．1… ； 10   1…instein〕．  The

recipr◎ca1s of the ratios between these va1ues and the simi1ar

va1ue of the reference 1ight （420 旦】ミ1） were p1otted．against

wave16ngths．

旦必畦旦皇旦巳     To compare the 1◎ca1 s ens itivity t◎ the 1ight in the t ip

Tegion， the basa1 lreg1◎n of the 1ongitud．ina1 ha1f of the growing

tip 〔B in the inset of Pig． 10） was i11uminated．with b1ue 1ight

                    －2   －1
（450 n珊， 1000 ergs・cm  ・sec  ） for 15 min and the curvature was

measured i㎜㎜ediate1y afte1r the i11umination．  The vertica1

distance （x） from the front edge of tbe 1⊃eam of the base of the

dome is expressed as a fraction ◎f the radius of the d・ome （R）・
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Measurement of refractive ind－ex

     To determine the refractive index of the growing apica1

region occupied with protopユas㎜ and that of the basa1 regi◎n

occupied most1γ with the 1arge centra1 vacuo1e， a transmitted－

1ight interference 狐icroscope （Leitz， Wetz1er） was used。．  The

amount－of shifting in interference fringes caused．by the

㎜ateria1 was measulred and．the refra．ctive ind．ex was ca1cu1ated．

with the fo11owing equation：

                       】〕・λ
                  n  ＝ 一 十 η
                   C  d・t  W，

wh・… 。・・a・。… i・di・… fthe・・11・・dth… n・㎜di㎎

med．iuIn （昌 1，333） respective1γ； d。， d．istance between fringes；

D， an amount of shi ft （in a unit o f wave1ength〕 of the fringe

when the materia1 was inserted。； t， actua1 thickn’ess ◎f the

materia1， and λ， the wave1ength of t中e used monochr◎matic 】一ight

（＝546n㎜〕．

Resu1ts

Characteristics £王星≡二2坦。主匹Vaucheria・

至〕  Growth幽
                  ■

     Pig． 2 shows the growth of Vaucheria und．er OL－24D， 12L－12D，

・nd24L－0D・・gi… witbth・1ighti・t…ity・f－1ightp・・i・d・

being at about 1500 1ux．  Th6 optimum growth of the a1ga occurred

und．er the 12L－12D regime at 20oC．  Und．er OL－24D， the growth

took p1ace on1y during the first 24 hr．  Under 12L－12D regime，

the majority of growth activity was in the dark period； it grew

we11 during the d．ark peTiod and gradua11y ceased to grow in the
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1ight period一， reaching to no growth at the end・◎f the 1ight

period． When the a1ga was transferredl from 12L－12D to 24L－0D

（continuous 1ight）， the period．icity in growth rate was retained－

for 24 hr fo11owing the transferring and then it grew surprising1y

at a cons tant rate for 5 to 7 days．  That a．morpho1og ica1 change

occurred when the a1ga s tarted to grow at the beginning of the

dark period．und．er 12L－12D regime is obvious from Pig． 3．  This

d．iagram was obtained by tracing a series of photIomicrographs．

As shown in the figure， the demarcati◎n was formed when the

growth took p1ace again． The ce11 wa11 at the apica1 region

see1ned to become thicker d．uring the cessation of growth and

for111ed a thiclk－wa11ed－ap1ca1 dome．  The constriction part of

the demarcati◎n was the resu1t of restarting of the growth， in

which the new1y grown part originated－first from a restricted

apica1 portion of the thick－wa11ed d．ome （Fig． 3， upper inset），

then temporarγ increased its diaIneter somewhat．  Tbe demarcation

thus f◎rmed－served－as a reference po int with which the growth

was measured．  The fact that the d．ista．nces between a．11 ◎f the

two adj acent dleInarcations were equa1 to one another und．er 12L－12D

regime ㎜eans that in L－D regime．the growth rate was kept constant

for many d．ays．

亘〕 工生一幽

    As shown in Fig． 4，there was no Ca1cof1uor stain at the

apica1 region．  This is a good gvidence de㎜onstrating that the

new1y－ №窒盾翌狽?region of the tip wa三 composed．on1y of the new1y

synthesized－ce11 wa11． The tip－growth phenoInenon is further

supp◎rted by Fig． S which shows the resin partic1es attached to

the a1ga as index珊arkers， and．that no growth was observed
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behind－the hemispherica1 dome of the apex． Proxima1 to the ce11

wa11 at the apex， a hγa1ine cap， from which the ch1orop1asts

were co㎜p1ete1y exc1uded一， was formed as far as 15 1－m from the

very apex．  Since the hγa1ine cap was observed．on1y during the

growth period．， its presence cou1d be used as a criterion of

active growth．

Phototro ic 幽星

至）  Time－course坐旦…坦主王星

     Prom Fig． 6 it is c1ear that the bend．ing started．1 to 2 min

after the onset of ha1f－side－i11umination with b1ue 1ight，

increased－rapid1y during the i11uminati◎n （fr◎m time zero to

the periods of time indicated with arrows〕， and continued s1ow1y

for 13－20 min after the 1ight being turned－off． The fina1

curvatures seemed to be proportiona1 to the 1ogarithms of the

i11umination period．， with an exception of 30 皿in i11umination．

旦〕  Dose一王。…挫re1ati◎ns

     Fig． 7 sh◎ws that the curvature， lneasured 900 sec after

the beginning of i11uminat1on， increases proportiona11y to the

1ogarithm of the i11uminat ion period at a g iven intens ity， when

the 1ongitudina1 ha1f of the tip was i11uminated．．  In each

intensity the proporti◎na1ity starts fro1n some thresho1d．energy

va1ue， which is the product of durat i◎n and the intens ity．  For

exa珊p1e when the a1ga was i11uminated．with 1ight of 450 nm at

           －2   －1
1000 ergs．cm  ．sec  ， it needed the i11umination of s1ight1y

1・㎎・・th・n40… t… u・・th・b・ndinξ・Th…f・… th・fig岨・

d．emonstrates that the curvature s be1◎w 26o fo11ow the Weber－

Fechner，s 1aw． The Fig． 7 a1s◎ indicates that the higher the
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王）1cてs◎f坦旦しmder various Deriod of h3！f－side－illuminati◎n．

Ar三’ows fr◎m 〕一eft to rユght respectiveユy ind．icate the

ti凧e whe＾ the blue ユight was turned o：Ef at 2， 4 ana 8

刑hafterthebeghningofiユエu凧inati◎n．Thet◎Pcuwe
was obta．ined with c◎ntinu◎us ha1f－si（ヨーe－i11u㎜ination f◎r

                                                －2   －1
30 皿in． Acti逮ic ユight uscd was 450 nm， 1300 ergs・cm ・sec  ，

                                        一2   －1
a逮d observa．tion 1ighて， 630 n皿， 1000 ergs．cm  ．sec  ．



18

25

⑫^
⑭ 20
』

③
④

o
）  15

⑨
』
3
←o lO
）
』
3
0

5

0

◎

◎

  。。8 ●

       ● ●

◎◎ ◎。。
         O▲

◎

◎  ◎

I01    102
       Time （sec）

     ◎

4000      2000
 ↓

◎    ÷1OO◎

       50◎
   ○

●

240

0      ▲

   。 一〇◎

▲       0

   0  ×
      x 50
▲田口・灸
        30

 3IO

Pig．7 Relatio遺ships between periods of ha1f－side一

iユ王u満ination ana the curvaturcs ◎f bendin    Growing

tips were haユf－side－i1ユu狐inated for varied．Iperi◎（is fr◎m

zero up t◎ 900 sec， thもn kep1二 in．the aaτk， and．the

curvatures were measured gOO sec after the beginning

of ユエユu狐inatio遺 with d｛千ギerenて 1ight intensities．

Nじ皿eraユS ρn the right hand Of the reSpeCtiVe CurVeS

                     －2  二1
i稟dicate the energy （ergs・c撤  ・sec  ） of actinic ユight，

4SO n狐．  Ea．ch pユ◎t is a vaユue from a sing1e 測easurement．
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ene rgγ， the s hort er the durat ion o f i11uminat ion to ind．uce the

ons et of bend－ing・  Such re1at ionship is numerica11γ demonstrated．

in Fig． 8 in which the 1ight energy was p1otted against thresho1d

times read．from Fig． 7． The higher the intensitγ （I〕， the

shorter the time （T〕．  工t is c1ear from 戸ig． 8 that the amount

of stiInu1i （I x T〕 for causing the onset of bending is constant

            4      －2
（about 3 x 10  e了gs．cm  ）．  Thus the phototrop ic bend．ing in

Vaucheria fo11ows the Bunsen－Roscoe，s 1aw．

£） Action三P皇1≡三三！里

     The action spectrum of the phototr◎pism is p1otted in Fig． 9．

The quantum efficiency at 450 nm is highest and．it diminishes

as the wave1ength become s short er or 1onger．  When the wave1ength

is 1◎nger than 550 nm the efficiency reaches near1y to zero．

旦幽星induced虹b1ue型圭
     I11uminating a s拠a11 region ◎f the p1ant with the b1ue

                         －2   －1
1ight 〔450 nm， 1000 ergs・cm  ．sec  ）， which is effective for

the phototropic bending of the growing tip of this a1ga， a1so

induces branching from the porti◎n of the tube other than the

t ip， as shown in Fi g． 10．  I㎜med－iate1y after the onset of

i11u㎜ination， the cyセ。p1as皿 together with many ch1orop1asts

accumu1at ed gradua11y at the 1ight ed port ion．  This accumu1at ion

continued．as 1ong as the a1ga was kept i11uminated。． After 1 hrl s

i11umination， the thicknes s of the cytop1asmic 1aγer rea．ched 10

times of the initia1 thickness． After about 4－5 hrl s i11umina－

tion a s㎜a1ユ hya1ine patch apI〕eared j us t underneath the ce11

wa11 〔Fig． 10c） at about the center of the 1ighted．area．  Then

a protuberance was formed from the patch 30－60 min after the
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and

Rcユationshipsbetwe・nin七㎝sitie・of1iσht〔工）

iu・虹・・ti㎝…iod栖・i・・df。・th・§・h・1db・ndi㎎

（T）．  工一 a皿d T－va1ues aτe ◎btained fro皿 Fig． 7．  工一

                                           一1
vaユues arさ pユ。t1：ed agai遼st T－ and against T  －va1ues．

Abscissas ◎f the coordinates represe遺ted－by cifc1es

（一〇 and ○）， aユd that ◎f the coo工dinates represented by

bγ 十一markes （中⊃ are ぎespectiveユy the 1ower and－upPer

horizo訂taエ ユ三nes． The vert二…一。aユ sca1e at 辛he right is

theordinatef◎r工xTpユ◎ts．



21

 2．5
，o
ε
⑭

．；

・一 Q．O
ζ
⑲

ε

三1．5
……

暮

。1・O
．三

言

⑭O．5
匹

8

○

8

●

  ●
  ●

●

●

●
●

○

○

400 450     500     550

Wove length（nm〕
6◎O

Fig．9 Actユ㎝s・）ect汕撤f◎r幽王
Vaucheria gc烈inata．  遣ach plot represen1二s，a d．atu凧 ◎f

a si遺gユe p〕一ant．  Lines are connecting the average

vaiue s o f data obta ined under each wave 1ength．
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Fig．10 Micr・・h・to9・・坐i1ユumination with bユue ユi貫ht （4SO ＝n－m  lOOO
       一2   －1，
er S・Cm  ・SeC  」・

工11uminati◎n area was O．4ユ m、凧 i亙 width．  Pictures in

s er ies were taken at O （a）， 3 （b）， 4．3 （c〕， 6．7 （d） and．

7．5 hr （e） after the iユエumination． h： a hya1ine patch；

plap「◎t・b・「anc・・ScaleO・ユ㎜・
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apPearance of the patch （Pig・ 10d・）， and it grew into a branch

（Pig． 10e）． At 1east 2 hゴs i11umination with energy at

           －2   －1
ユO00 ergs．c㎜  ，sec   and wave1ength at 450 nm were necessary

for the induction of branching．  It took at 1east 5 hr for the

a1ga to deveユ。p a recognizab1e protuberance， no matter whether

the tube was irradiated・continuousユy for the 5－hr period or

on1γ for the first 2 hr in the 5－hr period． The 1ight with

wave1ength 1onger than 550 nm had．no effect on the ind．uct ion of

the branching．  Por instance， c◎ntinuous i11umination of 673 nm

              3      －2   －1
1ight at 5 x 10  ergs・cm  ・sec  for 96 hr resu1ted no bra亙。hing．

The range of wave1ength effective for branching was essentia11y

the same as that for phot◎tropic bend－ing， i．e．， between 400 and

520 nm．  The hya1ine patch which appeared－just before branching

seemed．to be homo1ogous to the lhya1ine cap 1ocated in the gl【一〇wing

tip of the tube．

Mechanism g王P旦9王9三型互皇旦虫旦

皇） 里幽幽
     In the d．iagram of Green et a1． （11）， the mechanisms of the

pho t◎trop ic b end ing are c1as s i fi ed．int o two typ e s．  One type，

named．，，bowing11， is a differentia1 growth， and．the other， named

”bu1ging”， is the formation of a new growth center or 】11igration

．・fth・gm・th…t… T・d・t・mi・・whi・h㎝・b・tw… th・t・・

mecha．nisms， i．e．， bowing a．nd bu1ging， is invo1ved in the ph◎to－

tropic bending in Vaucheria， a tiny resin partic1e was attached

onto the growing tip． 工n case the bending is caused．by the

1－ b盾翌奄獅〟C1mechanism under the cond．ition of ha1f－sid．e－i11u㎜inati◎n，

a sma11 resin partic1e adhering to the very tip （戸ig． 11A，
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part ic1e a） wou1d n◎t 1eave from the t ip througbout the course

of bending．  On the other hand， in case the bending is caused

by the ”bu1ging，，mechanism （Fig・ 11B〕， the resin partic1e adlhering

to the verγ tip wou1d be disp1aced from the tip toward the base

on the dark side； beca－use a new growth center shou1d be f◎rIned．

on 手he 1ighted．side near the tip． However the resin partic1e，

which adhere s to the po int of the presumpt ive new growth center

（Fig． 11B， partic1e b）， sh◎u1d remain at the center of the new

growth center d．uring the bend．ing．・ Fig． 12 is a series of time－

1apsed．ph◎tographs taken during the ear1y stage of bend．ing． At

the initia1 stage of ha1f－side－i11umination the apica1 hya1ine

cap migrated－to the 1ighted side， and after 8 ㎜in of the i11umi－

nat ion， re ached the p1ace where the center of the cap co incided．

with the presumptive center of the new growth． Thereafter， the

partic1e， which stuck at the presuInptive center， stayed at the

same position respective to the new growth．  This fa．ct is

accounted．for on1y by as suming that the phototropic bending of

this a1ga is bγ 一1bu1ging”．

互）旦幽旦畦th・亘旦
     In Vaucheria， on1y the apica1 region is phototropica11y

sensitive．  The bending d．id n◎t occur un1ess x／R va1ue （the

d．istance between the base of the dome and一仁he front ed．ge of the

beam expressed as a．fracti◎n of the rad－ius of the d一◎me〕  becomes

greatξr than apProximate1y 0．6， thus the on1y sensitive area to

the 1ight in the growing tip is apica1 ha1f of the d・o1ne （Fig・ 13）・

This area correspond．s to the region occupied－by the hya1ine cap．

This decrease in sensitivitγ aユ。ng the ceユ1 axis maヅ be partia11y

due to the increase in number of ch1orop1asts which shade the 1ight．
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Fig．11 Th♀oretical move拠ents o£ index markers attached一

to the ceユ1 waユ〕一s according to the ㎜echanisms of

幽王． 工n bowing （A） the
distance betwee皿 the two markers， a and c三 wou1d increase

due t◎ the eユ。nga．ti◎n in that sid．e．  In bu1ging （B） the

paτtic1e b which adhered ◎n the center of the presu㎜p＿

tive new gr◎wth center wou1d remaii at the new very

tip during the bend．ing．  Sh◎rt 1ines ind．ica．te the axes

◎f s亡raight gr◎wth and bending．
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三）山一幽・…ti㎝
     In the f i eユd－of ha1f－s ide－i11uminat ion with b1ue 1ight， the

actinic wave1ength of the phototropism， the tip bent toward the

1ighted side．  If the bending is the resu1t of the differentia1

growth mechanism， we shou1d be ab1e to observe a higher growth

rate ◎n the d－ark side than on the 1ighted side・  Nalne1y， the

a1ga sh◎u＝しd exhibit the negative 1ight－growth reaction caused．by

the b1ue 1ight． However， this possibi1ity was exc1uded bγ the

fo11owing experilnent． The tip ◎f the tube was first i11minated。

                                  一2   －1
with b1ue 1ight （450 n㎜， 1000 ergs．cm  ．sec  ） for a certain

per iod。， then the s ame t ip was i11uminated－for s oIne per iod wi th

red．1ight （630 nm） which provided the same energy as that of

b1ue 1ight． The growth rates were a1ways higher when the a1ga

was i11uminated with b1ue 1ight than it was with red 1ight．

Two examp1es are shown in Fig． 14． Und．er b1ue 1ight， whether

the d－uration ◎f the i11umination was between 20 111in to one and

ha1f hr 〔Fig． 14b）， or as brief as 2 Inin 〔Pig． 14a）， the growth

rates were hig五er than the rates und．er red 1ight i11uminat ion．

Thus， it cou1d be conc1uded that this a1ga shows a positive

1ight－growth reactiqn when it is i11u㎜inated．with b1ue 1ight

（cf． 18－20）．

d．）． Uni1atera1 i11uminat ion

    The a1ga growing in moist air， cu1ture so1ution， or 1iquid・

paraffin was i11uminated uni1atera11γwith b1ue 1ight （479nm，
                一2   －1
about 500 ergs・cm  ・sec  ）．  In a11 cases， in spite of being

surrounded by Inedia of different refractive indices， the a1ga

exhibited positive phototropism， a1though the bending was weak．

      In ord．er to find．out why the sign of phototropis111 remained



29

手

ε

辻

⑭

O

＝
三

〇
』

o

25◎

200

150

 0

150

1◎◎

50

O 1

’

A」L＿＿＿」L、、、、．．．ll    ll

b

8   R

D

へ ＼ ㍉
→ ＼ ！

＼

R8 R 8  R  8 R 8 R 8 R 8

2         3 4

Time  ㈹r，

Pig．

14 型迎坦・
B represents

the （ヨーurati◎n ◎f ：…．1ユumi亙ati◎n with ユight ◎f 450 nm at
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                                             －2   ・1
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N◎tice that the growth rate is a1ways highe干 in B－

period than in R－Peγi◎d．
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positive irrespective of the great d－ifference in refractive

indices of the media （1．00 for air， 1．33 for water， and 1．47 for

1iquid．Paraffin〕， the refractive index of the growing tip was

deter㎜ined．． The refractive index obtained－with the transmitted．一

1ight interference microscope was 1，364with stand．ard error of

0，002 〔number of measure㎜eηts 24） for the gr◎wing tip， and 1，340

with s tand．ard error of 0，001 （number of measurement s 4） e1s ewhere．

The obtained．refractive index of the tip is c1ose to 1．38， the

refractive index of mature sp0Tangiophores in ミ山一…一measured

by Cast1e （21）， but is significant1y 1ower than 1．57 obtained

by Page and．Curry （6） i：n γoung sporangiophores of Pi1obo1us

k1einii． Fig． 15 is a schematic diagram showing the 1ight path

through the growing tip， assuming the a1ga is grown in the air，

the cu1ture so1ution， or 1iquid paraffin．  The refractive indices

of the air， the cu1ture so1uti◎n and．1iquid paraffin a．re taken

as 1．O O， 1．33， and 1．47， respect ive1y．  When the a1ga is in the

air， the incid．ent 1ight beam shou1d be acculnu1at ed at the bas a1

region of the hemispherica1 d．o㎜e of the d．ista1 side．  On the

other hand．in every case， as far as the first apica1 third of

the dome is concernea， tbe drawings indicate that the side of

the d－ome facing to the 1ight receives more 1ight than the

d－ista1 side does．  （N◎tice that the density of the 1ines is

higher on the side fa．cing to the 1ight．） As d．escribed．before

（Fig． 13）， the first apica1 third－of the doIne is the on1y region

sensitive to the 1ight foγpositive phototropic bending in this

a1ga．
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Fig．15 Schematic dia㈹am ShOWinσ the 1ight aths of

u・nilatera1 i1ユumination through the a i。。1 dome of

Va遺。heria iれ

indeCeS，and

Va＝r二しOし！S me（lia O£ different refractive

the Sユ岬S Of  hOtOtrO i sm when the ti

was under such i1ユuminat ion．  工n everγ case， as far

as the 1ight－sensitive first aPica1 third of the dome

is concerned， the side fac二…一ng to the 1ight （1eft－side）

receives more 1ight than th6 dista1 side （right－sid．e）

does．  The obseτved ph◎totr◎pic bend1ing was a1ways

t◎ward the incide亙t ユight．
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Discussion

    A1though the action spectrum obtained－here 1acks UV－region，

the peaks at around．410， 450 and 480 nm are in good．agreement

with the peaks obtained－for the first and．second I〕ositive

phototropi s㎜ in Avena co1eopti1es （22－24）， and with peaks for

the 1ight－growth reaction and1phototropism in mature sporangio－

phores of 王山王 （三三一三Z。）．  It is interesting to note that

the action spectra of the phototropism in Vaucheria d．escribed．

in the present paper， of the ch1orop1ast ㎜ovement in Vaucheria

（28）， and．of the photod．inesis in Va11isneria 〔29） are a11 simi1ar

to one another． The ch1orop1as t accumu1at ion in Vaucheria was

suggested’ i28， 30， 31） to be d．ue to the 1ight－ind．uced．increase

in viscosity of the cytop】一asm． Fisher－AI’no1d （28） found that

in Vaucheria sessi1is the ch1◎T0p1ast accumu1ation was prolnoted

bγ the red－1ight．which was given after the b1ue 1ight； however，

the effect of red．1ight was not cance11ed－bγ the subsequent

far－r e d．irr ad．i at i on．  In the p re s ent exp e r iment s red 1i ght di d

not promote the phototropic bend－ing， exc1ud－ing the possibi1itγ

of phytochrome taking an act ive ro1e in the bend．ing．

     In Vaucheria b1ue 1ight n◎t on1y caused－phototropic bending

at the t ip of the tube，but a1so ind．uced branching e1sewhere on

the tube．  Simi1arity ◎f the action spectra in the both phenomena

suggests that the photorecept◎T－sγstem is the same for the both．

     To study the ユ。cation of the photoreceptor in the cytop1asm，

the ◎uterm◎st f1ank of the apica1 d．ome was sl（immed with the s㎜a11

1ight beam．  Under such iユエumination， a phototr◎pic bending

occurred toward the 1i ght ea s ide．  Thus， i t i s very 1ike1γ that

the photoreceptor（s） in Vaucheria res ides in the outermos t 1aγer

of cytop1asm as in幽 （cf・ 三三一．…≡土）・  In this connection
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it is to be added that phototropism and．branch formation in

Vaucheria cou1d be ind．uced a1so with po1arized．b1ue 1ight

irrespective of the direction of E－vector．

    Based on the fact that a resin partic1e， which stuck on the

1ighted．f1ank at the pre sumpt ive s ite of the new apex o f the

tube， became situated－at the very apex of the new growth after

the bending， it is sufficient to say that the bend．ing is accord。一

ing to the bu1ging lnechanis111．  Purthermore， the p◎ssibi1itγ of

the bend－ing due t◎ the nega．tive 1ight－growth reaction， which if

occurs wouユd cause the tube to bend toward the 1ighted side， is

exc1uded－bγ the resu1t mentioned in the paragraph of 1ight－

growth reaction in the脇三 section． And， since the bend．ing

is toward the 1ighted si（ie， conventiona1 positive 1ight－growth

reaction， which if occurs wou1d cause the tube to bend．away

from the 1ighted．s■ae， is definite1γnot the mechanism． These

1ead．s to the bu1ging mechanis， the observed fact， being the

kinetics of bending in Vaucheria．

     When a uni1atera1 i11uminat ion， instead． o f ha．1f－s ide－

i11umination， was app1ied．on the tube surrounded by the air，

water， and ユiquid paraffin， the tube bent toward the 1ight in

a11 three Ined．ia．  These cou1d．be exp1ained by the geometrica11y

constructed．1ight path， indicating the first apica1 third．of

the d．ome receiving s1ight1y more 1ight on the surface faciI1g to

the 1ight than its corresponding Part of the dista1 surface・

When the tub e is surround．e d by the air， the cons tructed．1ight

path， however， shows more 1ight converged at the basa1 f1anl（

of the do㎜e ◎n the distaユ surface．  Neverthe1ess the observed

bend－ing was toward the 1ight． This cou1d be exp1a．ined bγ two

◎bserved．facts：  1〕 The part sensitive to 1ight for phototropic
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response is 1oca1ized．on1γ in the first apica1 third．of the d。◎me；

and－2〕 the ce11 wa11 at the basa1 part of the dome is thic1（er

than its apica1 do㎜e （pre1iminary measurement of de11 wa11

thickness with an e1ectron microsc◎pe showed that the wa11

thickness at the first api ca1 ha1f of the dome is about O．3 μm

whereas it is 1 μm or more e1sewhere of the tube〕．

     It seems to be pertinent now to recapitu1ate important

visua1 events 1eading to the bending and－branching and－consider

them in comparison．

    The phototropic bending：  1） When the 1ongitudina1 ha1f of

the growing tip is i11uminated－with b1ue 1ight， the hya1ine caP

starts t◎ shift （1－2 min after i11uminat ion） quic1（1γ to the

1ighted 5ide and finaユ1γ sett1es down （4－5 min after i11umination）

at the new positicn． The time necessary for the bend．ing t0

bec◎me microscopica11y d－iscernib1e is 1ess than 6 min．  2） The

bend－ing continues unti1 the axis of the direction of new growth

coincid．es with the mid1ine of the sett1ed hya1ine cap． This

fact ind－icates c1ear1y that the gr◎wth center is situated．at

the center of the hya1ine cap．

     The branching：  1〕 When a sma11 port ion （0．S ㎜m） ◎f the

tube ◎ther than the tip is i1ユuminated with b1ue 1ight， a hγa1ine

patch appears und・erneath the ce11 wa11 at the denter of the

i11uminated．are a ab out 4－6 hr aft er the i11uminat ion．  Then， a

protuberance deve1ops from the hya．1ine patch to f◎rIn a branch・

（When a re1at ive1y broadeT p◎rt ion of the tube， for examp1e，

a few mm， is i11uminated．， more than one branches are f◎rmed・〕

2） To induce the branching， it need－s at 1east 1．5－2 hrls

i11uIninati◎n even with 1ight of high intensity．

     Comp ar ing the pho to t rop i c be亙d ing and branching， two
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differences are noticeab1e． Name1y， in b＝ranching， both the

amount of stimu1i and the reaction time needed ar－e exceed－ing1y

1arger than in phot◎tropic bending．  Since the thickne5s of

the ce11 wa11 is 0・3 μm around the tip， whi1e it is 1 1』m or more

e1s ewhere， the thickened ce11 wa11 at the ＝reg ion proxima1 to

the tip may account f◎r the necessity of a higher intensity and．

a 1ong e r p er i od o f i11uminat i◎n for the induct ion ・o f br anching．

Pre1iminary observations w1th an e1ectron microscope revea1 that

the hya1ine cap is fi11ed with many vesic1es containing fibrous

mate＝【・ia1s・ These fibr◎us materia1s are p1robab1γ ce11 wa11

precursors； if it is so， their existence in the fast growing

tip is understandab1e．  工n the case ◎f branching， these vesic1es

probab1y cou1d．a1so be found in the hya1ine patch formed at the

s it e of pre sumpt ive branching．  Bas ed on the characteris t ics

co㎜mon to both phototropic bending and branching i－n Vaucheria，

it cou1d．be conc1ud－ed that i⊃1ue 1ight increases the extensibi1ity

◎f ce11 wa11 and／or promotes the excretion of ce11 wa11 materia1s

at the i11uminated region．

     At the tip，where the ce11 wa11 is thin， a sma11 increase

inthewa1ユext㎝sibiユitγattheiユエu㎜inated5idewiユエinevitab1γ

re su1t in a rap id．format ion o f a hump which then deve1op s into

the new tip． For the protuberance formation， since the ce11

wa11 in the region other than the tip is thick， the required

－1ong exposure pγobab1y i s caus ing the ce11 wa11 to be extens ive

enough at 1east at the initia1 stage of the ind．uction．  The

fact that the b1ue 1ight induced some change in ce11wa11

texture 〔increasing the extensi1〕i1ity and。／or decreasing the

thicknes s） i s supported by the f◎11◎wing observat ion． When the

tube in ear1y phase ◎f bending （4－6 min after the onset of
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ha1f－s id・e－i11ulninat ion〕 was pre s s ed s trong1y， the tube burs ted．

at the f1ank of the apica1 d．ome where the future tip is to be

deve1oped・  Whereas if a simiユar press was apP1ied on a norma1

tip， it made the burst at the very apex of the dome， indicating

that in norma1 t ip the ceユ1 waユ1 at the f1ank is thicker than

the very apex・ The ro1e of vesic1es in phototropic bending

and in branching in Vaucheria wi11 be pub1ished．e1sewhere．

Positive phototropism and．branching in rhizomes of the marine

a1ga幽旦scara1iformis were a1so ind－uced－by b1ue 1ight

（unpub1ished．）．
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