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1. G E N E R A L I N T R O D U C T I O N

Phototropism, the movement of plant organs to orientate themselves in a
direction determined by the incidence of light, has been known for a very long
time. According to MÖBIUS (1937), + 100 years B. C. D E VARRO noticed heliotropism, the first known form of phototropism. He wrote :'It is very remarkable
that some flowers are directed towards the sun in themorning, and follow the sun
until sunset'.
In the 17th and 18th century, simultaneously with the rise of physical science,
phototropism was explained by the then known physical laws. R A Y(1686)
explained phototropism as a phenomenon of temperature, while HALES (1727)
ascribed phototropism to evaporation (see MÖBIUS, 1937). HALES' theory was
contradicted by BONNET (1754), who placed his plants under water during
unilateral illumination and showed that they still bent (see D u BUY a n d N U E R N BERGK, 1935). Light was not yet recognised as thecause ofbending. The theory of
water displacement, or the lack of water at the illuminated side, however, was
and is still of current interest: PRIESTLEY (1926) explained phototropism as a
phenomenon of guttation, a n d M C I N T Y R E (in press) measured water quantities
at the illuminated and the shaded side of unilaterally illuminated plants.
SACHS (1887) supposed that the direction of the light through the plant is
responsible for curvature, independent of the intensity. He did not realise, or did
not include in his hypothesis, that light must be absorbed by the plant to be
physiologically active.
In 1880 D A R W I N published his well-known book, 'The Power of Movements
in Plants', in which he described phototropism. In this book he wrote: 'some
influence istransmitted from the topto thelower part, causingthelatter to bend'.
He came to this conclusion by covering the top of seedlings so that n o light was
shown to the t o p during illumination. He found that almost n o curvature
occurred. D A R W I N experimented with coleoptiles, but also with dicotyledons. In
thelatter group ofplants heonly found a reduction incurvature. Itis remarkable
that, when using dicotyledons, he did not cover the top, but part of the hypocotyl
just underneath the petioles.
It should be noted that curvature only seems to start at the top, but in reality it
occurs along the whole coleoptile or hypocotyl. D I G B Y a n d F I R N (1979) showed
this phenomenon for geotropism and FRANSSEN et al. (in press) for
phototropism.
Although SACHS and D A R W I N did their research on phototropism in the same
period, there was littlemutual appreciation for each others work. D A R W I N , in an
attempt to compare the transmission of stimuli in plants, as discovered by him,
with that in animals, pointed at the similarity with nervous conduction. He even
compared the tip of the plants, from which the influence for curvature was
transmitted, with the brain of a lower classified animal. SACHS and others did not
agree with this opinion.
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BLAAUW (1909) developed another theory. His first discovery was that both
intensity and duration ofillumination areimportant for curvature. Aslong asI
(intensity) x T (time) is constant, the bending will be the same. With this
discovery it became clear that phototropic curvature occurs as a result of a
photochemicaleffect intheplant.Lateritwasfound thatthisruleisnot generally
valid,butisonlytruefor thefirstpositiveandthefirstnegativeresponse (ARISZ,
1915), or only for the first positive response (BRIGGS, 1960).
According to MÖBIUS (1937), D E CANDOLLE (1832) tried to make phototropism understandable in terms of light and growth rate. BLAAUW (1915) used
theseitemsindevelopinghistheoryfor theexplanation ofphototropism. For his
experiments BLAAUW used, e.g., etiolated seedlings of Helianthus globosus. He
illuminated thehypocotylswithseveralintensities oflightand found areduction
in growth rate. He also examined the decline in light intensity in unilaterally
illuminated hypocotyls by bisecting them diagonally, placing them on a photographic plate, and determining the blackening. In this way he was able to
calculate the curvature of seedlings;a comparison between the calculated and
actuallymeasuredcurvatures showed thattheyagreed.Inhislastpublication on
phototropism 'Licht und Wachstum III', subtitled 'Die Erklärung des Phototropismus' (1918),heconcluded:'lightisthegrowthaffecting factor and phototropism is dependent of growth rate'. This theory does not apply to all phototropic curvatures: root curvature, for instance, cannot be explained this way.
Alsoitfails to account for the supposed influence from thetip:BLAAUW alleged
that with illumination of the tip only the light-growth reaction would extend
itself to the lower parts, but did not experimentally verify this.
BLAAUW (1915) compared the averages of curvatures and of growth reductions. The tables, however, show a large variation and BLAAUW did not apply
statistical methods. Moreover, he used white light including red and far-red
irradiation. Although these regions can affect elongation growth, they are ineffective incausingphototropic bending. Lateritbecameknown thatthe growth
rate can increase or decrease during de-etiolation, dependent on the age of the
seedlings (THOMSON, 1954; SMITH; 1975).
The theory of BLAAUW fell into the background asa result of the spectacular
discovery of the growth-regulating hormones. Simultaneously with BLAAUW
other plant physiologists,inspired by DARWIN'S theory, weredeveloping a new
hypothesis which eventually led to the discovery of auxin by WENT (1928).
BOYSEN-JENSEN (1910) cut the tip of Avena coleoptiles, put it back on the
decapitated coleoptiles,illuminated thetipunilaterallywhilethebasewaskeptin
darkness, and showed that the base responded. PAÂL (1919) extended these
experiments: hecut off the tip ofAvena coleoptiles and put them back on other
decapitated Avenacoleoptiles.Thetipwasunilaterallyilluminated andagain the
baseresponded. These experiments were reproducable when a thin slice of agar
separated the top from the decapitated coleoptiles, but not when they were
disconnected bya thin metal plate. STARK and DRECHSEL (1922)found that tips
of Avena coleoptiles,put back on decapitated seedlings ofdifferent species, also
induced curvature.
2
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WENT (1928)extended these experiments. He did not put the tips back on to
the coleoptiles, but let them diffuse into agar blocks. When he placed the agar
blocks asymmetrically ondecapitated Avena coleoptiles,hecould mimicphototropic curvature. WENT was able to explain phototropic curvature in terms of
auxin. He placed the tip of etiolated Avena coleoptiles on two well-separated
agar blocks, illuminated the tip unilaterally, and tested the activity of the agar
blocks in his Avena curvature bioassay (see below). The agar blocks which had
beenunderneath theilluminated sideshowedlesscurvaturethantheones underneath theshaded side,with aratio ofapproximately 1:2.His hypothesis, lateral
auxin transport in the tip of the coleoptile, has been the main theory of phototropism for the last fifty years (CHOLODNY-WENT theory).During the unilateral
illumination healsonoticedasmalldecreaseinthetotalauxincontent.WENT did
not consider in his theory the possible interference of a growth inhibitor. If a
growth inhibitor was formed during (unilateral) illumination, the illuminated
part of the tipmight diffuse more growth inhibitor into theagar block than the
shadedpartand,therefore, that blockwould showlesscurvature inthe bioassay.
Concerning BLAAUW'S theory, WENT concluded that the light-growth reaction
alonecannot account for thephototropic curvature;hiscalculations for curvature from growth rate changes gave much lower figures than the actually measured ones. It isdifficult tojudge whether the calculations were done correctly;
WENT calculated thegrowth ratewithin 2hours,usingresultsfrom his bioassay,
forthewholelengthofthecoleoptile.However,itisnotclearfrom hisresultsthat
curvature occurred along the whole coleoptile.
In 1925, VAN DILLEWIJN concluded that the first positive, first negative and
second positive response of Avenacoleoptiles can be explained by growth-rate
changes, according to the hypothesis of BLAAUW.
WENT wasable toquantify the amount ofgrowth hormone diffusing from the
tip: by placing more tips on the agar blocks and replacing the agar blocks
asymmetrically on decapitated coleoptiles, he induced more curvature in these
coleoptiles. In this way he developed the Avena curvature bioassay. He found
thathisstandard curvewaslinearfrom 1 to5tips;whenmorethan 5tips diffused
into agar, the curvature reached a plateau, the maximal curvature being 16°.
Later, when other plant hormones were discovered, it was found that most of
them showed a logarithmic dose-response relationship instead of a linear one.
This led to the reinvestment of the bioassay by BENTLEY and BICKLE(1952) and
SCOTT and JACOBS (see JACOBS, 1979). They found a logarithmic relationship
between auxin concentration and curvature. In WENT'S time the first positive,
first negative, second positive and indifferent responses of Avena coleoptiles
were known (ARISZ, 1915). In his thesis (1928) all the unilateral illuminations
usedbyWENTwereintherange ofthefirstpositiveresponse.Heusedwhitelight
for his illuminations, and dim red light as a safe light. Afterwards it was discovered that red light alters the phototropic sensitivity in relation to the first
positive, first negative and second positive responses (BRIGGS, 1963a).
In the literature, experiments are described which are difficult to explain in
terms of auxin transport. In 1911, VAN DER WOLK described that the base was
Meded. Landbouwhogeschool Wapeningen80-11 (1980)
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less sensitive to light than the tip. In illuminating only the basal half of Avena
coleoptiles he never found curvature of the upper half, but this upper half
responded more rapidly tounilateral lightthan controlcoleoptiles.In illuminating only the upper half and removing this half within 3 min after unilateral
illumination, he found that also the lower half bent.Another phenomenon, the
straightening reaction or autotropism, which was known to the earlier workers
(e.g. ARISZ, 1915),wasnot discussed by WENT and isdifficult toexplain in terms
of basipetal and lateral auxin transport.
In the thirties, the active substances were considered to be auxin a and b,
chemically different from indoleacetic acid, the 'heteroauxin' (KÖGL, 1937).
Afterwards itbecameevident that thesecompoundshavenoauxinactivityat all
(see JACOBS, 1979). This renders the results of KONINGSBERGER and VERKAAIK
(1938) difficult to explain. They applied auxin a or IAA to decapitated Avena
seedlingsand found that onlytheseedlingswithauxin aresponded phototropically, not the seedlings to which IAA was applied. Du BUY and NUERNBERGK
(1930),measuringgrowth-ratechangesoftheilluminated andtheshaded sidesof
curving coleoptiles, found different kinetics for the phototropic curvature of
intact plants and for thecurvature of decapitated plants in which the curvature
was induced by unilateral application of agar blocks, in which diffusate from
coleoptiletips.Thisindicatesthat thecurvature induced byexogenously applied
hormones differs from that produced by unilateral illumination.
VAN OVERBEEK (1933) did his experiments with dicotyledons, viz. with darkadapted Raphanus seedlings. He concluded that both the asymmetrical distribution of growth substance due to unilateral illumination and the sensitivity of
the cells to the growth substance play a role. He established an asymmetrical
distribution in the hypocotyl, without the involvement of the tip or the cotyledons, and also found that the inhibition of growth due to light was not the
result of inhibition of growth-substance synthesis. He stated:'Die Blaauwsche
Theorie und die Theorie von Went sind also keine Antithesen, sondern die
Grundgedanken beider Theorien ergänzen einander bei der Erklärung des
Phototropismus der Raphanus-Hypokotyle'. Furthermore, VAN OVERBEEK
(1933)showed that dark-adapted radish seedlingsgrowmore rapidly than lightgrown ones, but contain less growth substance, which contradicts the idea of a
direct relationship between the amount of growth and the quantity of growth
hormone.
Originally, WENT (1926)investigated thegrowthresponseofAvenacoleoptiles
illuminated by light from 3sides using different intensities and concluded that
the tipresponse (first positive response) might wellbea BLAAUW-effect. He also
wrote:'Now weunderstand whythe tip response requires 60or 78min to reach
itsminimum (minimumingrowthrateofthecoleoptilebyillumination ofthetip
only)becausetheresponseisstimulated inthetipand thenhastodiffuse into the
lower parts where it finally manifests itself. A growth retardation of the coleoptile, induced by light from 3sides, does not agree with his theory published
afterwards on growth-substance distribution. In 1956 WENT explained the tip
responseasagrowth-substance effect and thebaseresponseasa BLAAUW-effect,
4
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in agreement with VAN OVERBEEK (1933).
GALSTON (1959) argued that the light-growth reactions are too small, by a
factor 4,toaccount for themeasured curvatures.Healsoremarked that thevery
strong growth reaction, as observed by VAN OVERBEEK (1933), cannot be explained in terms of auxin content, auxin destruction, or auxin transport, and
therefore light must somehow alter the response of the tissue to auxin.
WILDEN (1939) investigated the asymmetrical distribution of growth
substance(s) in the first positive, first negative, and second positive response of
Avenacoleoptiles.Shefound moregrowthactivityattheilluminated side during
the first negative response.
Inthe 19-fiftiesandsixties,researchonphototropismwasdirectedtowardsthe
following 3main questions:
- The asymmetrical distribution of IAA during the response. This was mainly
done by exogenous application of radioactiveIAA to the tip of coleoptiles.
- The destruction or inactivation of IAA by light.
- The sensitivity of the tissue to IAA, under several conditions.
PICKARD and THIMANN (1964) investigated the distribution of exogenously
applied, radioactive IAAinZea mays seedlings.Theirresultswerein agreement
withthe CHOLODNY-WENT theoryfor thefirstpositive,firstnegative,and second
positiveresponse.Theresultsof BRIGGSetal. (1957)and BRIGGS(1963b)pointed
inthesamedirection. REISENER(1958),however,could not find an asymmetrical
distribution of IAA in Avena coleoptiles after phototropic stimulation. SHENMILLER and GORDON (1966)found an asymmetrical distribution of exogenously
applied IAA, but not of endogenous IAA.
GALSTON and BAKER (1949)showed that IAA isdestroyed in the presence of
riboflavin. However, photo-oxidation is too small to account for the extent of
phototropiccurvature (BRIGGSet al. 1957; PICKARD and THIMANN, 1964; ZENK,
1968).
ThesensitivityofthetissuetoIAAwasstudiedbyseveralworkers,e.g. NAQVI
and GORDON (1967).They concluded that light had an inhibiting effect on IAA
transport in Zea mays. The same phenomenon was described earlier by VAN
OVERBEEK (1932), for Raphanus seedlings.
Already in 1887 SACHS, using solutions with a different colour, showed that
blue light, but not red light or green light, was phototropically active. A more
detailed action spectrum is described by CURRY (1969) for the first positive
response ofAvena. No activity at allwasfound at wavelengths higher than 500
nm. Research done to elucidate the photoreceptor pigment has not been conclusive so far; the attention ismainly directed towards carotenoids and flavins.
Although itwasknown inthebeginning ofthiscentury that bluelightwasthe
phototropically activewavelength range,mostexperimentshavebeendone with
unilateral incandescent white light. Du BUY (1933) was the first to use blue
unilateral light.
Du BUYand NUERNBERGK (1934)firstpublished therelationbetweenthe total
intensity of actinic light and the curvature of Avena seedlings,using white light.
Theseresultswereconverted intographical form byWENTand THIMANN(1937),
Meded. Landbouwhogeschool Wageningen 80-11 (1980)
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and show a first positive, first negative, second positive, indifferent and third
positive response. Parts of this curvature have also been obtained with monochromatic blueor ultra-violet irradiation (see BRIGGS, 1963C). The first negative
response does not always occur as actually negative, depending on the total
intensity of light given (BRIGGS, 1960). Also red light, given before the phototropic stimulus, can change this response considerably (BLAAUW and BLAAUWJANSEN, 1964; BRIGGS, 1963a).

Most experiments to elucidate the phototropic mechanism have been done
withmonocotyledonous seedlings,onthebasisofthetheoryof WENT.Asshown
above, even in thecase of phototropic curvature of etiolated Avena coleoptiles,
much contradictory evidence occurs in the literature and it isdifficult to gain a
clear picture of the response. This was also pointed out by MER(1969), who
discussed the absence of a correlation between the amount of auxin and the
growth rate,and thetransfer ofconclusions obtained with decapitated plants to
intact ones. DENNIS (1977) emphasized that the pool size, diffusion and metabolism of hormones are more important for a physiological response than the
amount of a hormone at a specific time.
Thephototropicresponseofdicotyledonous seedlingsisevenlessunderstood.
BLAAUW (1915) developed his theory for Helianthus tuberosusand VAN OVERBEEK (1932, 1933) investigated the response of Raphanus seedlings. The latter
concluded that the main synthesis of growth substance was in the cotyledons,
and in the tip after the removal of the cotyledons, on the analogy of the tip of
coleoptiles.
STEYER(1967)compared thephototropic response ofmonocotyledonous and
etiolated dicotyledonous seedlingsand demonstrated that both showed the first
positiveand second positiveresponse,exceptthat inHelianthus the first positive
response was only4°.
BARA (1957)and DIEMER (1961),both testing the CHOLODNY-WENT theory in
dicotyledonous seedlings, investigated the phototropic response of Helianthus
annuus,mainlyindecapitated greenseedlings.Decapitation decreasedthecurvatureandthisdecreasecouldnotbeexplained simplyasareduction ingrowth rate
(DIEMER, 1961). Application of IAA to the decapitated seedling could restore
the curvature, either completely (DIEMER, 1961) or partly (BARA, 1957). Both
BARA and DIEMER used green seedlings which received a dark treatment (17 or
10h, respectively) before the onset of the experiments. SHIBAOKA and YAMAKI
(1959) also found an influence of the cotyledons in dark-adapted sunflower
seedlings.
LAMand LEOPOLD(1966)concluded thatthecotyledonsofsunflower seedlings
play an important roleinphototropism, insupplying auxin; however, they also
detectedconsiderablegrowth-inhibitingactivityintheirextracts.Theirresultsare
contradicted by those of SHUTTLEWORTH and BLACK (1977), who found no
influence of the cotyledons and pointed out that LAM and LEOPOLD (1966) did
not measure proper phototropic curvature, but a curvature in the hypocotyl
caused byillumination of thecotyledons with red light. The hypocotyl itself did
not receive unilateral illumination.
6
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BRENNAN et al. (1976) stated a n influence of the tip on the phototropic
response inmung bean and found n oinfluence ofthe first leaves.
BRUINSMA et al. (1975), although finding a n influence of the cotyledons,
concluded that I A A could n o tbe the cause of phototropism in Helianthus
annuus, I A A being equally distributed inboth halves ofthecurving hypocotyl.
They proposed a theory in which theilluminated side of the hypocotyl is inhibited ingrowth byaninhibitor, apossibility first proposed byBRAUNER (1922).
Thisidea was also substantiated bytheresults of BAYER (1961), SHIBAOKA (1961),
a n d THOMPSONa n d BRUINSMA(1977), a n d later supported by D Ö R F F L I N G (1978).

THOMPSON and BRUINSMA (1977) found evidence that theinhibitor concernedis
xanthoxin (seealso Chapter 7).
This introduction isn o tmeant asa complete survey ofthe literature about
phototropism. M a n y reviews have been written about this subject, e.g.by D u
BUY a n d NUERNBERGK (1935), M Ö B I U S (1937), W E N T a n d THIMANN (1937),V A N
OVERBEEK (1939), GALSTON (1959), REINERT (1959), T H I M A N N a n d C U R R Y
(1960), T H I M A N N a n d C U R R Y (1961), BRIGGS (1963c), THIMANN (1967), C U R R Y
(1969), G A L S T O N (1974), LEOPOLD a n d KRIEDEMANN (1975), THIMANN (1977),
REINHOLD (1978), DENNISON (1979) a n d GRESSELa n d H O R O W I T Z (in press), a n d

they alldeal with thesubject more extensively. Theaimofthis introduction isto
point outthat the knowledge ofthemechanism ofphototropism isfarfrom clear.
In this thesis phototropism isstudied inHelianthus annuus L. seedlings.
The plant material and themethods aredescribed inChapter 2.
In Chapter 3 factors which may influence thephototropic response are investigated, particularly geotropism, circumnutation, thevariability of the phototropicresponseinthecourse oftheyear,and theageandlengthofthehypocotyl in
relation toitsbending properties.
Chapter 4deals with theinfluence ofthe different organs ofthe seedling and
the epidermis ofthehypocotyl o nthephototropic curvature.
In Chapter 5 the influence of different wavelengths o n hypocotyl phototropism, a n din Chapter 6 the effect of pretreatment with redor far-red irradiation onthephototropic response are investigated.
Chapter 7dealswith theinvolvement ofhormones insunflower phototropism,
in particular with thepossible role ofthegrowth inhibitor, xanthoxin.
The final Chapter, 8, presents a synthesis ofthe conclusions derived from the
experiments ofthe investigation.

Meded. Landbouwhogeschool Wageningen80-11 (1980)

2. M A T E R I A L A N D M E T H O D S

2.1. EXPERIMENTAL MATERIAL

All experiments were carried out with Helianthus annuus L., var. Giganteus
seedlings. Sunflower plants, originally grown from seeds obtained from Van
Tubergen, B.V., Haarlem, The Netherlands, were grown in the garden of the
Department ofPlantPhysiology.Theseedsoftheharvestofeachyearwereused
for experiments in subsequent's years.

2.2. CULTURE CONDITIONS

Seedswere sterilised in 3%sodium hypochlorite for 45minutes, rinsed in tap
water for an hour, and placed between wet filter paper for approximately 20
hours in darkness. Small and ungerminated seeds were disregarded and the
remaininggerminated seedswerepotted inamixtureofhumussoil: sand:clay =
1:1:1inapieceofpvc pipe,4.0cmhighwitha diameter of3.1cm,closed with a
rubber plugatthebase.Plantswerecultured indarknessorinarhythmic period
of 14hours light/10 hours dark, until used for experiments. When light-grown
seedlingswere used, they had 6hours light after their last dark period.
The temperature during culturing and theexperiments was25± 2°C,and the
relative humidity was 60:10%, unless mentioned otherwise.

2.3. AGE AND LENGTH OF THE SEEDLINGS

The ageofthe seedlingswascalculated from thetime ofpotting; thelength of
the seedlings was measured with a ruler to the nearest mm, from the point they
emerged from the soil to the attachment of the cotyledons.

2.4. PHOTOTROPIC EXPERIMENTS

Phototropic experiments were carried out in an experimental box (Fig. II.1.
andH.2.).Thedimensionsofthisboxwere 134cm,76.5cmand 37cm.Inside the
box was another box (dimensions 126 cm, 16 cm and 15 cm) containing a
fluorescent tube(seeunder lightsources).Slitswerecut inthesidesofthisbox(5
cm wide),and in this way hypocotyls could be subjected to unilateral illumination. Allinternal surfaces werepainted black or lined with black velvet to avoid
reflection.
The seedlings were placed at 25cm distance from the fluorescent tube when
illuminated with white light, and at 6 cm distance when illuminated with blue
8
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tray filled
with water
fluorescent
tube

, A s c h e m a t j c pre_
sentationoftheexperimental box, one side wall
removed.

FlG n

sunflower
seedling

FIG. II.2.Across-section oftheexperimental box.

light
FIG. II.3.Theangleofcurvaturemeasured in sunflower
hypocotyls.

light,inatrayfilled withtapwatertomaintain thehumidity.After theonsetof
thelight treatment the experimental seedlingswereplaced in this tray, oneby
one, at thesamespeedasneededtomakethesubsequent measurements.
Thecurvaturewas measuredwithaprotractor.Theanglebetweenthestraight
part of the hypocotyl emerging from the soil and the straight part below the
cotyledons was measured (Fig. H.3.). At least 10 plants were used in each
experimentalgroup.

2.5. GEOTROPICANDPHOTO-GEOTROPICEXPERIMENTS

For geotropicexperimentsseedlingswereplaced horizontally withthecotyledonsinverticalorhorizontalposition. Sometimes,depending onthesizeand
Meded. Landbouwhogeschool Wageningen80-11 (1980)

Q

phototropic
bending

geotropic
bending
fluorescent tube

FIG. II.4. The photo-geotropic experimental
design.

direction ofthecotyledons,itwasnecessarytoplacethemonasmallplatform, in
order to avoid disturbance of the cotyledons.
Photo-geotropic experiments were carried out as indicated in Fig. II.4. The
pots were placed horizontally on a platform with the hypocotyls protruding.
Underneath thehypocotylswasa fluorescent tube,at 25cmdistance,sothat for
phototropic bendingcurvature had to occur against thedirection ofgravity and
vice versa.

2.6. COVERING AND REMOVAL OF PARTS OF THE SEEDLING

2.6.1. Cotyledons
Cotyledonswerecoveredwithaluminium foil,orblack ortransparent plastic.
Thealuminium foil wasneatlyfolded around thecotyledons,and theplasticwas
taped together at thelower sideof these organs. The actions, both covering and
removal, were performed carefully to avoid stress to the seedlings. In order to
minimise light conduction through the opening of the foil or plastic, these
materials were folded carefully around the petioles.
Removal of the cotyledons took place just above the attachment with the
hypocotyl.
2.6.2. Apex andco tyledons
Removal oftheapex,together withthecotyledons,tookplacejust underneath
the attachment of the cotyledons with the hypocotyl.
2.6.3. Roots
The seedlings were removed from their pots and the roots were cut off at the
root-hypocotyljunction. The derooted seedlings were transferred to new pots
with a very humid soil mixture, and planted again to a depth of 0.5 cm.
10
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2.6.4. Hypocotyl
Covering of the hypocotyl took place in the same way as covering of the
cotyledons.Especiallytheremovaloffoilorplasticwascarriedoutvery carefully
toavoidstress.Becauseofthegrowthofthehypocotylsduringthistreatment, the
covering was extended every 4to 5hours.
2.6.5. Peripheral layers
In most experiments where the peripheral layers of the hypocotyl were removed the cotyledons were also removed. A small part of the peripheral layers
wasloosened with arazor blade, and theepidermal layerswerepeeled off with a
pair of tweezers. This procedure was repeated until the right amount of peripheral layers had been removed.
Seedlings were bisected along the longitudinal axis of the right angle plane
between the cotyledons.
During pretreatment and experiments the relative humidity was kept at at
least 97%.Non-turgid seedlings were disregarded.

2.7. LIGHT SOURCES AND LIGHT CONDITIONS

Prior to experimental treatments seedlings were illuminated with white light
from day-light tubes,hanging approximately 1.5mabove theplants.Becauseof
thesmallsizeofthesetubestherewasslightvariationintheintensityofillumination. Intensity was measured both immediately below the tubes and at the
farthestpointatwhichplantswereplacedforlighttreatment.Unilateral illumination withwhitelight or light of special wavelengths was obtained from white or
coloured fluorescent tubes, with appropriate filters (Table ILL).
All the light intensities were measured at plant height with an IL 150 Plant
Growth Photometer, International Light Inc., Newburyport, Massachusetts,
U.S.A. Light intensity wasmeasured inthe 3regions of the spectrum which are
known to be physiologically important, viz. blue (half broad band 110nm, viz.
400-510 nm), red (half broad band 120nm, viz. 620-740 nm) and far red (half
broad band 100nm,viz.710-810nm).Becausethesensitivity ofthis instrument
wasrather low, 55uW/cm2 intheblue,60uW/cm2 inthered, and 50uW/cm2 in
thefar-red region,thelightintensities for blue,green,red and far-red irradiation
were also measured with an optometer from United Detector Technology,
model UD 80xPN, Santa Monica, California, U.S.A.,whichmeasured the total
lightenergy.Theintensitiesmeasured withthisinstrumentwerethesame,within
a limit of 8%, as those measured using the IL 150Plant Growth Photometer,
indicating that no contamination with other wavelengths occurred. The intensities for the light sources used are given in Table ILL Traces of the transmission spectra of the different coloured layers are shown in Fig. H.5.
Thelightintensitieswhichwereobtained from theblueand thered fluorescent
tubeswith their appropriate filters had a lower intensity than the light from the
day-light tubes. For this reason a white fluorescent tube wasused as a control.
Meded. Landbouwhogeschool Wageningen80-11 (1980)
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FIG. II.5. Traces of spectra of several light
filters used.

Curvatures of seedlings grown in white light from day-light tubes or from
fluorescent tubesweredetermined, and theaverage valueswerenot significantly
different. Thisjustifies the choice.

2.8. SAMPLING PLANT MATERIAL FOR HORMONE DETERMINATIONS

The seedlings were cut offjust above soil level, and the apex and cotyledons
removed. During sampling the hypocotyls were kept on ice, and afterwards
stored at -20°C.
When bisected seedlings were sampled, the half hypocotyls were immediately
frozen in liquid nitrogen, to avoid enzymatic reactions at the wounded surface,
and stored a t - 2 0°C.

2.9. EXTRACTION PROCEDURES

2.9.1. IAA
IAA was extracted according to the method described by KNEGT and
BRUINSMA(1973).

14
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2.9.2. Xanthoxin
The original method by FIRN et al. (1972) and THOMPSON and
(1977)was used, and modified in a later stage, as shown below.

BRUINSMA

Method 1 :
Frozen plant material was macerated in a Braun mixer, in 2volumes 100%
methanol, 3timesfor 10seconds.Theextractwasfiltered through aG3and aG4
filter (sintered glass filters, from Schott Jena, Mainz, G.F.R.), and the residue
suspended in 1volume 80%methanol, and left overnight. The filtering procedure was repeated, and the 2 filtrates combined. All operations were carried
out at 2 - 4°C,under dim illumination. The filtrate was evaporated in vacuo, at
25°C,andtheaqueousresiduemadeupto 80%methanoland shaken against an
equal volume petroleum spirit, approximately 5 times. After evaporation in
vacuo of the methanol layer, potassium phosphate buffer was added to the
aqueous residue to 1M (pH = 8.5) and partitioned against an equal volume of
ethyl acetate, approximately 4times. Each time after evaporation in vacuo the
residue wasvibrated ultrasonically toremove thewholeresidue from thewallof
the flask. The in vacuo evaporated ethyl acetate layers were applied to an
ethanol-washed Whatman no. 3paper and developed in isopropan-1-ol :ammonia :water (10:1 :1by vol.),bydescending chromatography. The paper with
Rf 0.5-0.95 waselutedinethylacetatefor 15hoursinthedark at2°C.Theeluate
was applied to 0.2 mm prewashed silica plates, and developed in ethyl acetate:
hexane (3:1 by vol.). The silica with a Rf value 0.2-0.4 was removed and
transferred toapasteur pipettewithasmallpieceofcotton woolintheend. The
xanthoxin was eluted from the silica with 0.5 ml ethyl acetate, 3 times. The
solvent was collected in petri dishes, diameter 5cm, and evaporated to the air.
Method 2:
Thismethod wassimilartomethod 1,exceptthat after combining the filtrates
from theG3and G4step,thewhole filtrate wasagain filtered byaSep-pack C18
cartridge (Waters Associates Inc., Etten-Leur, The Netherlands) in 70 to 80%
methanol. The purification obtained by this procedure allowed the removal of
thepaper-chromatography step,whichshortened thewholeprocedureby2days.
2.9.3. GA
Originally,theplantmaterialwasground inaBraun mixer,in 1 volume 100%
methanol, and the extract filtered through a G3 and a G4 filter. All operations
werecarried outat2-4°C.The filtrate wasevaporatedinvacuo,at25°C,and the
aqueous residue was taken up in S^rensens phosphate buffer, pH = 8.2, and
shaken against petroleum spirit. The aqueous layer was shaken against ethyl
acetate, and the ethyl acetate layers were combined. The aqueous layer was
acidified (pH = 2.5) and again partitioned against ethyl acetate. All the ethyl
acetate layers were combined, evaporated in vacuo and stored at -20°C.
Afterwards the residue of the plant material was extracted as described by
BROWNING and SAUNDERS (1977), using the non-ionic detergent Triton X-100,
Meded. Landbouwhogeschool Wageningen80-11 (1980)
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withsomemodifications. Theground materialwasstirredina 2%Triton X-100
solutioninSorensensphosphate buffer (pH = 8.0),for 2hours,in2volumesper
fresh weight.ThesolutionwasplacedonaDowex21-Kcolumninformiate form,
and washed with 2volumes of Sorensens phosphate buffer (pH = 8.0). Afterwards thegibberellinswerewashed off thecolumn,using200mlethanol:formic
acid (4:1 by vol.). Before the actual extraction was carried out, this elution
volume wasdetermined using radioactive GA 3 . The eluatewas stirred ina 10%
P.V.P.solution(seeGLENNetal., 1972)for 1 hourandpassedthroughaG3 filter.
The filtrate was acidified (pH = 3.0) and partitioned against ethyl acetate. The
ethyl acetate layers were combined, evaporated in vacuo, and stored at -20°C.

2.10. DETERMINATION PROCEDURES

2.10.1. IAA
-Spectrofluorometrical determination. This procedure isdescribed by KNEGT
and BRUINSMA (1973).
-Bioassay.Thisprocedurewasusedtodeterminetheactivityofpossible other
auxins than IAA, and of inhibiting compounds in the diffusâtes. The bioassay
used is the straight-growth test oï Avena coleoptile segments after NITSCH and
NITSCH (1956). The vials used were plastic or glass ones, with a diameter of 1.3
cm.To determine activitiesinthediffusâtes, 1.5mldiffusate and 0.5mlbuffer at
4 times the usual concentration were used instead of the normal buffer, sometimes with the addition of K-IAA standards. The Avena seeds used were
Victory oat 1(Swedish Seed Company Ltd., Svalöv, Sweden).
2.10.2. Xanthoxin
The original bioassay of TAYLOR and BURDEN (1970) was used in a modified
way asdescribed by FRANSSEN et al. (1979).Forty seedsof Lepidium sativum L.,
var.Holland selectgrof(Nunhems Zaden B.V.,Hoelen,Holland)weresownina
5cm petri dish on a filter paper moistened with 1 ml water or aqueous solution,
and incubated at 25°Cinthedark at high airhumidity. After 12hours, and at 3
hour intervals during the subsequent 39hours, the seeds showing rootlets of at
least 1mm were counted and removed. If necessary, the countings were continued,at intervals from 15 to20hours.The timeat which 50%of theseeds had
germinated was determined by interpolation.
2.10.3. Gibberellin
Thedwarf riceelongation bioassay described by MURAKAMI (1968)was used.
Seedsof Oryza sauva L.,var. Tan-ginbozu dwarf, were sown intap water for 48
hoursat25°C.Thegerminated seedsweretransferred to 1 %agar,and grown for
2 to 3days, at high air humidity, in white light. A standard of K-GA 3 and the
samplesinethanol were applied to the leaf axil of the second leaf and the length
of the second leaf or the total length of the seedling wasmeasured after 3days.
Theextractsofboth thegibberellin extractionswereapplied separately.In the
16
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results the total amount of gibberellin extracted is given.
2.10.4. Ethylene
Ethylenewasdetermined bygaschromatography.Thismethod isdescribed by
SAWAMURA et al.(1978).ThegasChromatograph wasequipped withan alumina
column and a flame ionization detector.

2.11. COLLECTION OFDIFFUSÂTES

Derooted sunflower seedlings, hypocotyls only, or cotyledons only, were
placed with their cut surfaces in twice distilled water or in 0.01 M phosphate
buffer, pH = 5.9,containing 2%sucrose(w/v).Fiveseedlingsor hypocotyls, or
10cotyledonswereplacedin 1 mlofsolution inblackened beakersorpetri dishes
to avoid destruction ofIAA asmuch aspossible.Therelativehumidity waskept
nearto 100%byplacingthebeakersorpetridishesinlargepetridishesfilledwith
water overwhich aglassbellwasplaced.After 6hours theplants or organs were
removed and thediffusâtes werefiltrated through millipore filter, 0.45nm, from
Millipore, Brussels, Belgium, to exclude the involvement of microorganisms.
The diffusâtes were used immediately, stored at 4°C for maximal 15hours, or
stored at-20°Cfor longer periods.This storage did not affect the activity of the
diffusâtes.

2.12.

RADIOACTIVITY

IAA-1- 14 C (spec. act. 52 mCi/mmol), 14 C-xanthoxin (spec. act. 0.26
mCi/mmol) and 1-14C-ABA( spec. act. 1.64 mCi/mmol) were used.
For recovery experiments the radioactive compound was added immediately
after grinding and a small part of the extract at the end of the extraction
procedure wascounted. The sameprocedure wasfollowed to determine the loss
of activity of IAA during diffusion.
14
C-xanthoxin,inanethylacetate-twicedistilledwaterorethanol-twicedistilledwatermixturewasappliedtoseedlingsbyinjection orthemicrodrop method.
At the end of the experiment the seedlings were washed, divided into segments
and transferred to scintillation vials,inwhich theywerecut in small pieces. One
ml methanol was added and the pieces were left for 4 hours at 25°C. Lumagel
scintillation fluid, Baker Analysed Reagent, J. T. Baker Chemicals B.V., Deventer, The Netherlands, was added and the radioactivity was counted in a
L.S.C. Mark 1,model 6860,with external standard.

2.13. GENERAL

All experiments were repeated at least twice, unless mentioned otherwise.
Meded. Landbouwhogeschool Wageningen80-11 (1980)
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2.14. STATISTICS

All statistics were carried out by the nonparametric method. The tests of
Wilcoxon, of Kruskal Wallis, and of Jonckheere were used, at P > 0.05, as
described by LEHMAN (1975).

2.15. CHEMICALS

K-GA 3 waspurchased from Calbiochem, San Diego,Calif. 92112, CCC and
IAA-1- 14 C from BDH Chemicals Ltd., Poole, U.K., and ABA-1- 14 C from
Mallinkrodt, St. Louis, Mo., U.S.A.
A mixture of cis, trans- and trans, trans-isomers of xanthoxin, extracted
compound and 14 C-xanthoxinwerekindlyprovided byProf. R. L.Wain and H.
F. Taylor, WyeCollege,U.K., and thesynthetized compound wasa kind gift of
F. Hoffman-La Roche and Co., Basel, Switzerland.
Seedsof Oryza sativa L.var. Tan-ginbozu dwarf, were kindly donated by M.
Koornneef, Department ofGenetics,Agricultural University,Wageningen, The
Netherlands.
Plexiglass was obtained from Rohm and Haas, Darmstadt, G.F.R., and
Cinamoid filters from Strand Electric, London, U.K.

18
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3. F A C T O R S I N F L U E N C I N G T H E E X T E N T O F T H E
PHOTOTROPIC C U R V A T U R E IN INTACT SEEDLINGS

3.1. INTRODUCTION

Inordertostudythephototropicresponseofthehypocotylproperly,ithad to
be distinguished from other interfering curvature reactions. Also the variability
of thematerial owing to,for example, ageand length of the seedlingswas taken
into account.
To distinguish between phototropism proper and these other processes, it is
also necessary to study the latter in sunflower seedlings. For this reason factors
like geotropism, circumnutation, the variability of the phototropic response in
the course of the year, and the state of the hypocotyl in relation to its bending
properties were investigated. The results of these experiments are described in
this Chapter.

3.2. RESULTS

3.2.1. Geotropism
During unilateral illumination straight hypocotyls bent towards the light
source.After 60to 80minutestheystarted tocurveback. Most seedlingsdid not
regain the vertical position; when almost vertical they again bent towards the
unilateral light source (Fig. HI.1.).
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FIG. III.1.Thecourseofcurvature
of a typical hypocotyl, continuously unilaterally illuminated
with white light during 7hours.
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FIG. III.2. The influence of phototropic(O-O)orgeotropicstimulus
(•-•) aloneand ofcontrary phototropic and geotropic stimuli
( 9 - O)on thecurvature. Average
values of 12seedlings.

It was investigated as to how far geotropism interfered with the phototropic
movement.Thefluctuation incurvaturemight resultfrom geotropic stimulation
of the deflected hypocotyl. This was analysed using seedlings in vertical and
horizontal positions, some of which were unilaterally illuminated. As shown in
Fig.III.2.,theresponsetothephototropic stimulusoccurred after afew minutes
already, whereas the geotropic response took about 45minutes to start. When
seedlings were simultaneously exposed to opposite phototropic and geotropic
stimuli, they started to curve towards the light source. This intensified the
geotropic stimulation, sothat itsinfluence became apparent already after about
20minutes. It took another 40minutes before the seedlings actually started to
bend geotropically, resulting in a predomination of geotropism after about 60
minutes (Fig.III.2.).Thephototropic response,however,remained detectablein
thetotalresponse;theseedlingsbentgeotropically, but tosuchanextent that the
effects of the two stimuli can be considered to be additive.
When the phototropic and geotropic stimuli coincided the bending started
earlier than with ageotropic stimulus alone (Fig. III.3.), apparently because the
phototropic response occurred sooner. Theultimate extent ofthecurvature was
not augmented by the phototropic component, the hypocotyls reaching the
vertical position.
Although geotropic stimulation gradually increases during the phototropic
curvature,itseffect onlydevelopsafter aconsiderable time.Whereasmost ofthe
individual seedlings reached their maximal response in about 60 min, some
seedlings were delayed in the onset of their response. Accordingly the development of the geotropic effect will have been postponed. With such seedlings it
took up to a 100 min to reach maximal curvature. In order to cope with this
retardation, the maximal curvature of each individual seedling was determined
20
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coinciding geotropic
and phototropic
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FIG. III.3. The influence of geotropic stimulus ( • - • ) and coinciding geotropic and phototropic stimuli ( 3 - 3 ) on the curvature.
Average values of 10seedlings.

during the first 2hours of phototropic stimulation, and the average values are
used in the results.
3.2.2. Circumnutation
Sunflower seedlings show a considerable measure of circumnutation which
can act in all directions, more or less enlarging or decreasing the effect of the
phototropic stimulus.The degree ofcircumnutation can bequite large, 16.6° ±
4.5°,with 8°and 27°astheextremes.Alsotheoscillation timevaried from 3to 9
hours, 6hours on average.
To what extent circumnutation proceeds during unilateral illumination could
not be measured, but some seedlings curved laterally indicating that nutation
was still going on.
3.2.3. Variability in the courseof theyear
After two years of experimental work it was surmised that the maximal
phototropiccurvature oftheseedlingswasrelated tothetimeoftheyear.In Fig.
III.4., the average maximal curvature of all the control seedlings used for the
various experiments is plotted in fortnightly periods. From this Figure a large
difference in maximal curvature can be noticed. The reduced responsiveness in
the month of May in both years is conspicuous, however, a clear-cut annual
rhythm cannot be detected.
The difference between the two years may be attributed to the fact that
sunflower seeds of the harvest of theprevious year were used. These seeds were
grown under different climatic conditions, possibly causing a variance in endogenous factors involved in the phototropic response.
Meded. Landbouwhogeschool Wageningen80-11 (1980)
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FIG. III.4. The maximal curvature of
hypocotyls in the course of 2 subsequent years. Average values of
samples of 20 to 90 seedlings.

3.2.4. Age of the seedling
Not only between experiments in the course of the year the bending response
differed, but also seedlings within the experiments showed a considerable variation inphototropic curvature. This wasconnected with the ageand length of
theindividual seedlings.
On the 5th or 6th day after germination most of the seedlings had reached a
length of 40to 60mm, and most of them showed good curvature. About 15to
20% of the seedlings, however, reached this length only at the 7th or 8th day
(Table III. 1.)- Their hypocotyls very often showed a delayed response and a
reduced curvature.
Inthefurther experiments seedlingswereonlyused on the 5th or 6th day after
germination.
3.2.5. Length of the hypocotyl
Due to genetic heterogeneity not all the seedlings reached the same length
TABLEIII.1.Relation between ageofthehypocotyl and itsphototropic curvature.Averagevaluesof
10seedlings.
days after
germination
5
6
7
8

average maximal curvature (°)
exp. 1

exp. 2

exp. 3

27.3 (a)

29.6 (a)
25.6 (a)
9.2(b)
8.4 (b)

22.0 (ab)
24.2 (a)
12.1 (be)
9.3 (c)

7.3 (b)

Figures within thecolumn followed by different indices differ at P < 0.05.
22
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TABLEIII.2.Relation betweenlength ofthehypocotyl and itsphototropic curvature.Average values
of 10seedlings.
average maximal curvature (°)

average length (mm)

30-40
40-50
50-60
60-70
70-80

exp.1

exp. 2

exp. 3

11.8(a)
22.2 (b)
21.0(b)
23.0 (b)
34.0(c)

19.3(a)
23.6 (a)
32.0 (b)
41.2(c)

12.0 (a)
23.4 (b)
25.6 (be)
29.7 (be)
35.2 (c)

Figures within the column followed by different indices differ at P < 0.05.

simultaneously. To investigate theinfluence ofthelengthofthehypocotyl on its
curvature, groups ofseedlingswithhypocotyl lengthsof 30to40,40to 50,50to
60, 60to 70and 70to 80mm,wereunilaterally illuminated and their curvatures
measured. In hypocotyls smaller than 30mm almost no curvature occurred.
FromTableIII.2.itcanbeconcluded thathypocotylssmallerthan40mm had
a small response. Hypocotyls within the range 40 to 60 mm showed the same
degreeofbending.Hypocotylswithalengthof60to70mmtended toshowmore
curvature, and still longer hypocotyls bent significantly more.
In the further experiments only seedlings with a length of 40 to 60mm were
used.
3.2.6. The regionof bendingduringphototropic curvature
Measurements were done to locate the region or the point of bending of the
phototropically stimulated hypocotyl.After unilateralillumination thelengthof
thehypocotyl and the length between the attachment of thecotyledons and the
bendingpointweremeasured. Somehypocotylsshowedadistinctbending point,
others curved like an arc, and all intermediate forms occurred. Most of the
seedlingscurved in themiddle of the hypocotyl. Asthe hypocotyls were longer,
the bending point relatively shifted to the upper part of the hypocotyl, the
absolute distance from thetop tendingtoremain constant (Fig.III.5.).This had
no further consequences for the accuracy of the measurements.
3.2.7. Effects of seedling manipulation
During the first experiments it was observed that seedlings that were transported and manipulated several times showed a lower bending response than
untreated seedlings. In further experiments care was taken that the seedlings
were not touched and translocated aslittle aspossible. They had to be transferred, however, from the growth room to the place of pretreatment, in most
experiments, and to the experimental box. This was done with utmost care.
In most experiments the phototropic curvature was measured every 20 minutes. This involved movement of the seedling before and after the measurement. This treatment did not reduce the curvature (Fig. III.6.).
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FIG. III.5. Relation between the length of the hypocotyl and the location of the bending point.
Average values of samples of 6to 9seedlings.

Other seriesinwhichtheplants had tobemanipulated werethoseinwhich the
hypocotyls or cotyledons had to beremoved orcovered with foil. To investigate
the effect of covering, a control sample was included in which the organs
concerned were covered with transparent plastic. As long as the manipulation
wascarried out with utmost care, it had no adverse effects (seealso Chapter 5).

30-

every 60 min/

20 every 15,
'20or30min

o

>
u 10 /
1
2
3
Duration of stimulus (h)

24

FIG. III.6. Influence of transfer of
the seedlings for measurement on
phototropic curvature. The bending was measured every 60 min
(Q-D), or every 15min during the
first twoh,every20minduring the
third h, and every 30 min during
thefourth hofthestimulus ( • - • ) .
Average values of 10seedlings.
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3.3. DISCUSSION

The results show a rhythmic change between phototropic and geotropic reactions in the course of the unilateral illumination of the seedlings. That geotropism is involved is shown in Fig. III.2., which also demonstrates that geotropism eventually has a stronger influence on the seedling than phototropism.
However, the lag time for phototropism is only a few minutes, whereas the
geotropic reaction takes about 45 minutes, apparently because the perception
mechanisms areentirely different. Moreover, the geotropic stimulus arises only
gradually during the phototropic response, so that the first hour of curvature,
which always falls within the first two hours of phototropic stimulation, can be
considered to show proper phototropic curvature. The counteracting influence
of geotropism on phototropism also ismentioned by ARISZ (1915).
Another process involved in straightening of seedlings is autotropism (FIRN
and DIGBY, 1979). However, this reaction occurs only after a longer period of
stimulation and can be left out of consideration here.
Nutations also occur in higher plants and interfere with geotropism (BROWN
and CHAPMAN, 1977; JOHNSSON, 1977). A theory for nutation is given by IsRAELSSON and JOHNSSON (1967), and is based on the lateral auxin transport,
which is supposed to arise when a gravitational force component acts on the
plant. DARWIN(1880)wasthefirstauthor todescribethesecircumnutations for a
large number of plant species, and concluded that they are a universally occurring phenomenon. About sunflower seedlings he writes: 'The extreme actual
distance travelled was at least .1of an inch.' From hisresults, assuming that his
sunflower seedlings bent similarly to those used in our experiments, a maximal
curvature of 18degrees can be calculated. Also BLAAUW (1915) described nutationsof20degreesfor hissunflower seedlings.Thesefiguresagreewellwith our
findings.
ARISZ (1913) mentioned nutations as 'extremely difficult' in phototropic research. They may be expected to go on during phototropic curvature. SPURNY
(1976) stated the positive phototropic response of the nutating hypocotyl to be
dependent on the phase in which the hypocotyl is exposed to the unilateral
illumination. PFEFFER (1904)mentioned that intorsion of tendrils nutations can
either co-operate with the direction ofgrowth or antagonize it. The same might
beexpected for phototropiccurvature: anenhancement orreduction in bending
dependent on the accidental direction of nutation. As it is not possible to
determine instantly the direction of nutation in straight hypocotyls, this might
contribute to the considerable variability in curvature of seedlings within a
sample.
Becauseofthelargenutation,part oftheseedlingscould notbeused. Dependingon the time of theyear between 25and 65%were rejected because they were
not straight.
The heterogeneity in the material is also responsible for the fact that the
curvature during unilateral illumination ismaintained at about thesamelevelin
Fig. III.2., whereas it shows fluctuation in Fig. III.6. All individual seedlings
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fluctuate in curvature during phototropic stimulation, but the bending time
before the straightening up varies because of the reasons mentioned above. By
taking the average values the individual fluctuation may disappear.
That nutation was already known and difficult to handle many years ago is
evident by the following quotation from JOST (1904): 'Blicken wir zurück, so
sehen wir in den autonomen Bewegungen Erscheinungen, diedem Physiologen
bis jetzt nur wenig Freude machen, und die auch biologisch nur zum Teil
verständlich sind. Das mag die Kürze ihrer Behandlung rechtfertigen'.
In phototropic studies, the length and/or age of the seedlings are generally mentioned, but thedependence ofthecurvature on thesecharacteristicsis
not further investigated (BRENNAN et al., 1976; LAM and LEOPOLD, 1966;
SHUTTLEWORTH and BLACK, 1977).As demonstrated in Tables III.1.and III.2.,
theageandlengthofthehypocotyldoesaffect itscurvature.Theexperimentsled
us to select the seedlings according to age and length.
A number of authors described the influence of mechanical stress on growth
(HAUGLAND et al., 1978; JAFFE, 1976; MITCHELL, 1977; STEUCEK and ARCHER,

1976). The ultimate effect of mechanical touching is a reduction in elongation
growth, often coupled with an enhanced radial growth in accordance with a
participation ofethylene inthe response (JAFFE, 1976).Weobserved that slowly
growingseedlings(40to60mmon the7thor 8thday)showed areduced bending
andenhanced radialgrowth.Ifthecauseofcurvaturewould bealateral gradient
of some growth-regulating substance, it might take more time to bring about
such a gradient in more expanded seedlings or, alternatively, ethylene might
interfere with its translocation as it does with auxin transport. Thus reduced
growth might becoupled with reduced curvature.
The covering of cotyledons or hypocotyls, if done with care, need not give a
stresseffect owingtotouching or toadecreaseinthetranspiration flow or other
gaseous exchange. SHUTTLEWORTH (1977),doing the same kind of experiments,
also came to this conclusion.
The opinion prevailed that ingeotropism curvature startsin theupper part of
the hypocotyl and subsequently proceeds to the more basal part (DOLK, 1936;
IWAMI and MASUDA, 1974). Recent studies (FIRN et al., 1978; KÖHLER, 1978)
showthat allpartsofthehypocotylcurvesimultaneously, resultinginamore or
lessarc-curved hypocotyl.AlsoFIRN and DIGBY(1979)statedthat theshift ofthe
geocurvature from the apex to the lower zones isprobably due to autotropism,
subsequent on geotropism. In phototropism, ever since the observations of
DARWIN (1880) it is thought that translocation of a substance occurs from the
firstleavesorcotyledonstothehypocotyl (BRUINSMAetal., 1975; DIEMER, 1961;
LAM and LEOPOLD, 1966; SHIBAOKA and YAMAKI, 1959). This will further be
discussed in the next Chapter.
With the seedlings used in this study different types of curvature were seen.
When the phototropic stimulus was given longer than 2hours some hypocotyls
curved a second time in a more basal part resulting in a S-curved hypocotyl. In
shorter experiments the degree of distinction of the bending point did not
interfere with the accuracy of the determination of the curvature.
26
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4. I N F L U E N C E S O F T H E D I F F E R E N T O R G A N S O F
THE SEEDLING AND OF THE E P I D E R M I S OF THE
H Y P O C O T Y L ON P H O T O T R O P I C C U R V A T U R E

4.1. INTRODUCTION

Already in 1880 DARWIN postulated an influence of the upper parts of the
seedling on phototropic bending: 'when seedlings arefreely exposed to a lateral
light,someinfluence istransmitted from theupper tothelowerpart,causing the
lattertobend'.'After himseveralotherauthors,allworkingwithgreen sunflower
seedlings,affirmed this theory (BRUINSMAetal., 1975; LAMand LEOPOLD, 1966;
SHIBAOKA and YAMAKI, 1959). SHUTTLEWORTH and BLACK (1977), on the contrary, reported that phototropic curvature also takesplace when the cotyledons
are fully covered, so that the perception of the stimulus must take place in the
hypocotyl. BRENNAN et al. (1976) investigating the phototropic response of
mung bean, concluded that the first leaves are not important in the phototropic
response.
FIRN and DIGBY (1977),investigating an alternative of the CHOLODNY-WENT
theory for shoot geotropism, proposed amodel inwhich itisspeculated that the
peripheral cell layers are the site of both geoperception and -response.
It is investigated in this Chapter to which extent the cotyledons, the top, the
roots, and the peripheral cell layers play a role in hypocotyl phototropism of
green seedlings.

4.2. RESULTS

4.2.1. Influence of the cotyledons
When intact seedlingsareunilaterally illuminated, theycan beplaced with the
cotyledons either perpendicular or parallelto thelightsource. From Table IV.1.
it can be seen that there isno difference incurvature of seedlingsbetween these
two positions.

TABLEIV.1.Theinfluence oftheposition ofthecotyledonsonphototropiccurvature.Averagevalues
of 10seedlings in exp. 1 and exp. 3,and of 14seedlings in exp. 2.

position ofcotyledons
tothelightsource
parallel
perpendicular

averagemaximalcurvature(°)
exp. 1

exp. 2

exp. 3

20.4(a)
18.7(a)

24.4(a)
25.6(a)

14.4(a)
14.2(a)

Figures within thecolumn followed by different indices differ at P <0.05.
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FIG. IV.1. Influence of covering
(e>-C) or removal (•-•) of cotyledonsonhypocotylcurvature and
theirintactcontrol(O-O). Average
values of 10seedlings.

To investigate whether the cotyledons are required for the perception of the
phototropic stimulus,theywerecoveredwithaluminium foilimmediately before
unilateralillumination. Fig.IV.1. showsthatdarkening ofthecotyledonshad no
influence on thecurvature. Becauseitisstillpossiblethat thecotyledons provide
thehypocotyl with a growth substance that isacting inthehypocotyl during its
unilateral illumination, the cotyledons were removed immediately before unilateral illumination. However, the phototropic response remained unimpaired
(Fig. IV.1.). This clearly indicates that the cotyledons are not required for the
phototropic response.
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top, -cotyledons, -roots
top, -cotyledons
e -roots
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intact

F' G - IV.2. Influence of removal of
top (©-©) or all organs (•-•) on
hypocotyl curvature and their intact control (O-O). Average values of 10seedlings.

'
*•
Unilateral illumination (h)
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4.2.2. Influence of topand roots
Because it was technically impossible to remove the apex with the first, still
undeveloped leaves without damaging the cotyledons, and the latter had no
direct influence on phototropic curvature, top and cotyledons were removed
together immediately before unilateral illumination to studytheinfluence of the
apex. It can beconcluded from Fig.IV.2.that also the apex had noinfluence on
phototropic curvature. In some experiments the curvature of seedlings without
topandcotyledonswasreduced,although not significantly. Thismightbedue to
stress as a result of the removal (cf. Chapter 3).
Also removal of the roots immediately before unilateral illumination had no
influence on the curvature, as is shown in Fig. IV.2.
Fromthesedataitisevidentthatnoneoftheorgansisresponsiblefor perception
of the phototropic stimulus except the hypocotyl. This was confirmed by the
removalofallorgansprior to illumination oftheisolated hypocotyl.The results
show that an isolated hypocotyl still has the full capacity to bend (Fig. IV.2.).
The curvature during unilateral illumination was sometimes slightly reduced;
sincethiscould becorrected byremoving theorgans about half an hour prior to
the unilateral illumination, the reduction can be ascribed to a stress effect.
4.2.3. Influence of theperipheral celllayers of the hypocotyl
To study the influence of the epidermis on curvature an attempt wasmade to
remove the epidermis from the hypocotyl. Microscopic examination revealed
that together with the epidermis 1or 2 cortical cell layers were also removed.
These outer 2-3 cell layers are referred to asperipheral cell layers.
Since it was technically easier to remove these peripheral cell layers from
seedlings ofwhich thecotyledons were removed, and removal of the cotyledons
hasno influence on curvature, theeffect oftheperipheral celllayerswas studied
using hypocotyls without cotyledons. Such seedlings have no capacity to curve
undertheinfluence ofaphototropicstimulus(Fig.IV.3.).Toinvestigate whether
damaging of the underlying cortical cellswas responsible for this effect, several
vertical cuts were made inunpeeled hypocotyls. Though a small effect owing to
thisdamagingoccurred, thiscouldonlyberesponsiblefor asmallpartoftheloss
of phototropic response of the peeled hypocotyls. This stress effect was further
analysed by measuring the evolution of ethylene from peeled and non-peeled
hypocotyls. The ethylene evolution was similar in both groups (Fig. IV.4.).
It was further analysed whether the role of the epidermis was a direct one on
phototropism, involved in perception, or an indirect one, via the elongation
growth of the hypocotyl. Therefore hypocotyls were longitudinally split or the
epidermis was peeled

