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Introduction 
Little work has yet been done with a view to determining the site, 

or sites, of gibbere]lin synthesis in higher plants. With few exceptions 
extractable gibberellin-like substances have been found in greatest 
amounts in seeds, particularly immature seeds, smaller quantities being 
present in vegetative parts, such as leaves, stems, stolons and roots. 
There is some evidence (WHEELEI~, 1960) that  young expanding leaves 
contain higher levels of gibberellin-]ike substances than older leaves. 
However, gibberellins are known to be transloeated readily in the plant, 
moving both in the xylem and phloem (ZwmG et al., 1961). Thus, the 
occurrence of relatively high concentrations of gibberellins in particular 
plant parts does not necessarily indicate that  they are synthesised 
there. 

LOO~Ha~T (1957) performed a series of experiments designed to 
identify the organ of gibberellin synthesis in Pisum sativum (vat. 
"Alaska") seedlings, and concluded that  gibberellins important in the 
regulation of epieotyl elongation are produced in the apical bud. He 
noted that  excision of cotyledons or roots resulted in suppressed epi- 
cotyl elongation, and that  the application of 1 #g gibberellie acid (GAa) 
to the apex of de-rooted or decotyledonised seedlings did not replace 
the need for either of these organs with reference to epicotyl elongation 
growth. However, excision of the apical bud also resulted in depressed 
stem elongation, but in this case a similar GA a application to decapi- 
tated plants allowed epieotyl elongation to proceed at a rate equal to 
that  seen in intact seedlings. Application of indole-3-aeetie acid in 
lanolin to the cut surface was found not to compensate for removal of 
the apical bud, but rather at concentrations above 0.1 #g/g lanohn 
inhibited epicotyl elongation, either in the presence or absence of 
exogenous GA s. A number of authors have subsequently accepted 
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LOCKItART'S results as having demonstrated that  the natural endogenous 
source of gibberellins in higher plants is the apical bud of the shoot. 
This is, perhaps, unfortunate as LOCKHART's experiments were subject 
to a number of limitations. Firstly, applications of GA 3 stimulate stem 
elongation in intact as well as decapitated ,,Alaska" pea seedlings (LOCK- 
HA~T's own results show this). Thus it is possible that  the stimulation 
of growth by exogenous GA s in decapitated seedlings was no more 
than the stimulation by GAS in intact plants. In other words, that  
internode elongation was limited by endogenous gibberellin levels 
equally in intact and decapitated plants. Secondly, it is likely that  the 
situation in etiolated six day old seedlings, as used by LOCKHA~T, is 
very different from that  pertaining in more mature light-grown plants. 
Lastly, it would seem naive to base conclusions on experimental results 
obtained with decapitated plants since removal of the apical bud inevi- 
tably creates an abnormal situation within the stem. 

In contrast to LOCKttAI~T'S findings, there is considerable evidence 
that  roots do produce growth-factors, perhaps hormonal in nature, 
which are important in shoot growth and development, some of which 
may perhaps be gibberellin-like in nature. WE~T (1938, 1943, 1951) 
noted the inhibitory effect which root removal has upon stem growth, 
and ascribed this as being due to removal of the source of a stem growth 
hormone which he named "caulocaline". Similarly, CgArLAKHYA~ 
(1960) has shown that  removal of the roots from the long day plant 
Rudbeckia bicolor prevents the plant responding normally to long-day 
treatment, in so far as such de-rooted plants do not flower under long 
days, and also do not show the normal associated stem elongation (or 
"bolting") response. This suggests that  the site of production of the 
long-day induced stem elongation factor resides in the root system. The 
well known activity of gibberellins in the induction of stem elongation 
in non-induced long day plants indicates the possibility that  the stimulus 
coming from the roots in photoperiodically induced plants of Rudbeckia 
bicolor may be of a gibbcrellin-like nature. Other indirect evidence has 
previqusly led to the suggestion that  roots serve as a source of gibberellin 
for th~ stem tissues in Helianthus annuus, a day-neutral plant, and that  
such root-synthesised gibberellins are translocatcd to the shoot system 
via the xylem (PH~Ln~S, 1964a, 1964b). The presence of gibberellin- 
like substances in a long established clone of excised tomato roots 
growing in culture (BuTcHEr, 1963) provides good evidence that  root 
tissues are capable of synthesising these substances. 

To investigate further the possibility that  gibbereUins are supplied 
to the shoot from the root system, an examination was made of the 
"bleeding-sap" from root systems of sunflower plants following the 
removal of the shoot system. Bleeding-sap collected from several plant 
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species  h a v e  in t h e  p a s t  b e e n  f o u n d  to  c o n t a i n  va r i ous  subs t ances  such 

as a m i n o  acids,  mine ra l s ,  sugars ,  e n z y m e s  a n d  g r o w t h - a c t i v e  sub-  

s t ances  (IvANoFF, 1963). 

Mate r ia l s  and Methods  

Bleeding-sap was collected from three month old plants grown in the field. 
The shoot system was removed from each plant at  a point just above the cotyledo- 
nary node and a piece of rubber tubing, which led to a conical receiving flask, 
was slipped over the cut stump. The bleeding-sap was collected from the flask 
twice daily over a period of several days. The volume of each half-daily sample 
was noted, and the autonomic 
cycle of bleeding-sap production 2000 - 

reported by G~OSS~NB~C~a 
(1939) and SKooo et al .  (1938) 
was observed in these experi- 
ments (Fig. 1). The sap was 75#0- 
finally bulked and stored at 
--150 C until used. 

Bleeding-sap was assayed 
for gibberellin-like activity in 
500 ml volumes. Each 500 ml ~ z o o o  - 

aliquot was brought to pH 8.0 
by addition of 5 % sodium bicar- 
bonate, extracted three times ~ [ ~  
with equal volumes of redistilled ~ �9 
ethyl acetate, brought to pI-I 5 0 0 -  

I 2.5 with 5 % hydrochloric acid 
and finally extracted three times 
as before with ethyl acetate. 
Each of the two ethyl acetate 
fractions so obtained was re- 0 -  q~ r r r r r r 
duced to dryness i n  vacuo a t  12 2r 38 r 80 72 8~ 98 /08 720 zd2 1r 

350 C and redissolved in a small Z~ze i'n kozps 
volume of absolute redistilled Fig. 1. Vulmnes of bleeding-sap (exudate) obtained 
methyl alcohol, prior to strip from 52 three month old sunflower root systems 

growing under field conditions. Results expressed as 
loading on to 10• cm strips volume in ml collected every 12 hours following 
of Whatman No. 3 chromato- removal of the shoot system 
graphy paper. The chromato- 
grams were developed in a descending manner in isopropanol/ammonia/water 
(10:1:1 v/v). 

Chromatograms of bleeding-sap fractions have been bioassayed in various 
ways, the most frequent being to use a new dwarf pea assay. 

D w a r f - p e a  e p i e o t y l  a s s a y  - -  T h e  as say  is ba sed  u p o n  t h e  e longa t i on  

response  of exc i sed  d w a r f  pea  ep ieo ty l s  to  g ibbere l l iu .  

Dwarf pea (var. "Meteor") seeds are soaked for 8 -12  hours in tap water and 
then sown in seed boxes at a depth of 2 .5--3"  in damp vermiculite. After four 
days growth at  25 o C in d a r k n e s s ,  the seedlings are at  a stage of growth in which 
the first internode has virtually ceased elongation and the second internode is 
about to commence growth. At that  t ime the epicotyls are severed from the 
cotyledons and roots, washed in distilled water and stood upright in small glass 
tubes containing 4 ml of test solution, or distilled water in the case of controls. 
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Ten excised etiolated epicotyls are placed in each tube, and left in an i l l umina ted  

(fluorescent "daylight"  tubes) incubator at  200 C for three days. At the end of 
this time the mean length of epicotyls above the first node is determined for each 
tube. The initial length of each epicotyl above the first node can be regarded as 
zero, so that  the final length above the node is taken as measure of absolute growth 
over the three day incubation period. 

The sensitivity of this test  to gibberellin A 3 is shown in Fig. 2, 
and it can be seen that significant stimulation ( P < l % )  of elongation 

occurs with GA 3 concentrations of 
10 -4 mg/1 and above. Further, the 
system is insensitive to auxins such 
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Fig. 2. Relationship between gibberellie acid (GA3) concentration and excised dwarf pea 
epicotyl elongation response over three days at 20 ~ C in the light (epicotyls etiolated at 

start os treatment) 

Fig. 3. Effect of indole-3-aeetic acid (IAA), gibberellic acid (GA3) and combinations of the 
two upon tl~e elongation response of excised dwarf pea epicotyls 

as indole-3-acetic acid (IAA), and there is no additive or synergistic 
interaction between auxin and gibberellin (Fig. 3); the only effect of 
IAA being to inhibit elongation at concentrations greater than 0.1 mg/1. 
Coumarin at concentrations up to 25 mg/] does not affect the responsi- 
veness of the epieotyls to GAs, /~-inhibitor obtained from leaves of 
Acer pseudoplatanus (PHILLIPS and WA~EI~G 1958) also did not in- 
fluence the bioassay when used at concentrations which are highly 
active in the wheat and oat coleoptile section assays. 

Where the assay is being used in conjunction with paper chromatography 
the paper is eluted with water prior to the incubation with pea epicotyls, and the 
paper not included in the tube during the incubation period. If thin-layer chromato- 
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graphy is used then the Kieselgur or silica-gel can be left in the tube with water 
and epicotyls. 

Barley-endosperm assay - -  The technique used was as described by CO0~BE 
and COHEX Of the Waite Institute, Adelaide, S. A., Australia (see also NmHOLnS 
and PAL]m 1963). 

Results 

A 500 ml sample of bleeding-sap obtained from the root systems of 
fifty-two field-grown plants was treated as above and bioassayed with 
dwarf pea epicotyls. The sample tested was taken from the bulked 
bleeding-sap obtained over the first twenty-four hours following removal 
of the shoot system. I t  can 

be seen (Fig. 4) tha t  there ~ 2q N Ac/d fracl lo ,v  /r frost/on 
was considerable gibbe- ,~ 1~1 
rellin-like activity present g ~ 
in the acidic ethyl-acetate ~ 2a 

soluble fraction, and a 
smaller amount  present in ~ 16 
the basic-neutral ethyl- ~ 12 
acetate fraction. In  both 

a n~ 7~0 cases only one peak of 
activity occurred under 
the chromatographic con- 
ditions used, with an R t 
value of approximately 
0.6--0.7. I t  is possible tha t  
the smaller amount  of 

a R e ,o 
Fig. 4. Dwarf  pea  excised epieotyl  assay of acidic 
and  bas ic-neutra l  e thyl  ace ta te  soluble fract ions of 
a 500 ml  sample  of root  bleeding-sap t a k e n  f rom 
2,460 ml  ob ta ined  f rom 52 p lants  in 24 hours.  Frac-  
tions were  ch roma tog raphed  on paper  in isopropanol  : 
a m m o n i a :  wa t e r  (10 : 1 : 1 v/v) .  Darkened  areas indicate  
g rowth  significantly g rea te r  (P < 1%) t h a n  controls. 

(Control elongation = 12.0 ram)  

activity in the basic-neutral ethyl acetate soluble fraction is due to in- 
complete separation of acidic substances into the acidic fraction rather  
than to the existence of a separate basic gibberellin. 

The presence in root bleeding-sap of substances active in the dwarf 
pea epicotyl assay has been fully confirmed in many  other experiments. 
The amount  of gibberellin-like activity present in equal volumes of 
bleeding-sap has been found to fall off after the first twenty-four hours 
following removal of the shoot system. 

Gibberellin-like activity in bleeding-sap has also been detected by 
means of the barley endosperm assay which depends upon the meas- 
urable increase in reducing sugars which occurs in isolated slices of 
endosperm following the induction of amylase synthesis by gibberellins. 
The quant i ty  of sugar present in each t rea tment  was determined spectro- 
photometrically at  560 m/~ in a Hilger and Wat ts  Uvispeck photo- 
electric spectrophotometer. The instrument was zeroed with a reagent 
blank solution. 
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Two 500 ml volumes of first 24 hour bleeding-sap were each treated 
identically, and the acidic ethyl acetate soluble fraction was tested in 
the barley endosperm assay, following chromatography on Wha tman  
No. 1 paper. Each chromatogram was divided up into ten regions 
between the starting line and solvent front, and each strip of paper so 
obtained was eluted with 1.5 ml of distilled water containing 500 ttg 
streptomycin. Into  each of the ten eluates from one of the two duplicate 
chromatograms were placed two slices of barley seed endosperm. Nothing 

3~176 I 

25oF _ 

.~ 200 
@ 

Fig. 5. Bar ley  endosperm assay  of acidic  e thy l  ace ta te  soluble ~raction of 500 m l  sample  
of root  bleeding-sap ob ta ined  and  t r e a t ed  as in  Fig. 4. Zero represents  spec t ropho tomete r  
zero w i t h  reagen t  solutions.  B o t t o m  his togram,  ch roma tog ram e lua tes  a l t e r  incuba t ion  
w i thou t  endosperm slices. Upper  h i s togram,  ch roma tog ram einates  af ter  i ncuba t ion  w i t h  
endosperm slices. Hor izonta l  do t ted  l ine,  r ead ing  ob ta ined  w i t h  reagen t s  to which endo- 
sperm slices h a d  been added.  GAs controls  were i ncuba t ed  w i t h  endosperm slices. All  

t r e a t m e n t s  con ta in ing  endosperm slices can  be re la ted  to the  hor izonta l  do t t ed  l ine  

was added to the eluates of the second chromatogram. All eluates were 
incubated for 24 hours in darkness at 35 ~ C. The sugar content of each 
tube was then measured, and the results expressed in speetrophotometer 
absorption units. Control tubes containing endosperm slices, strepto- 
mycin and GA 3 at 10 -3 or 10 -2 mg/1 were included in the series of treat- 
ments. The result is shown in Fig. 5. There is evidence tha t  sugars, or 
other substances raising the speetrophotometer reading, were present 
on the developed ehromatogram, with most of these occurring at R/ 
0.1--0.3. I t  can be seen tha t  endosperm slices in the presence of distilled 
water and streptomycin but  in the absence of GA3 also cause a certain 
amount  of sugar to be released into the water. Thus, the reading of 
131.5 absorption units obtained with endosperm -~ streptomycin 
corresponds to a control level for the eluates in which endosperm was 
included and for the GA~ control tubes each of which contained endo- 
sperm, and is thus indicated as a horizontal dotted line in Fig. 5. Maxi- 
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mum sugar increase by endosperm slices can be seen to have occurred 
in eluates obtained from the region of the chromatogram corresponding 
to R/0.4--0.9, with the peak of activity lying at R t 0.6--0.7. 

Discussion 
The results presented above afford strong evidence that  the root 

system in H. annuus is a site of gibberellin synthesis, and that  root- 
synthesised gibberellins are translocatcd upwards to the shoot system. 
I t  would appear likely that  the active substance or substances are 
conducted in the xylem, as it has been found in other experiments not 
reported here that  gibberellin-like activity is present in bleeding-sap 
collected at a point above a steam-girdled region of the stem. The 
possibility that  the root system of H.  annuus  is important as a source 
of gibberellin for the shoot, and that  root-synthesised gibberellin is 
transported to the shoot in the xylem has been suggested previously 
on the basis of circumstantial evidence (PmLL~S, 1964a). 

The gibberellin-like activity in acidic ethyl-acetate fractions of 
bleeding-sap has also been demonstrated (unpublished) by means of 
the dwarf maize (Zea mays)  leaf-base plus mesocotyl assay (FgANK- 
LASD and WA~nlNG 1962) using several dwarf mutant  varieties. 

The fact that  bleeding-sap contained substances active in the induc- 
tion of amylase synthesis in barley endosperm (Fig. 5) would suggest 
that  the active material is a gibberellin rather than a gibberellin pre- 
cursor. The basis for this suggestion is that  it is unlikely that  endosperm 
tissue would contain the spectrum of enzymes necessary for gibberellin 
synthesis. 

The R 1 value of the gibberellin-like activity was found to be similar 
in both dwarf pea epieotyl and barley endosperm assays, indicating 
that  the same material is responsible for the responses in both tests 
(Figs. 4 and 5). Also, it can be seen from Fig. 5 that  sugars present on 
the ehromatogram do not run at the higher ~! value associated with 
the gibberellin activity, and it is unlikely therefore that  contaminating 
substances are greatly influencing the response of barley endosperm 
to the eluate of region Rf 0.6--0.7. 

Paper chromatography is known to have limitations in the separation 
of known gibberellins, and it is possible that  what appeared to be one 
major zone of activity on chromatograms in these experiments was 
due to the presence of several gibberellins. Consequently, our current 
investigations of this problem are being conducted with the use of thin- 
layer chromatography on Kieselgur and silica-gel. Nevertheless, it 
appears that  the active material is acidic in nature, and soluble in 
ethyl acetate. Bioassay of the aqueous residues follo~dng extraction 
with ethyl acetate has revealed no remaining gibberellin-like materials. 
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The quanti ty of gibberellin-like material appearing in the bleeding- 
sap can be expressed in terms of #g GAa-equivalents. On this basis it 
can be eMculated that  a total level of activity equivalent to approxi- 
mately 0.5 #g GAa was present on the chromatograms. This was obtained 
from 500 ml of bleeding-sap taken from the total 2,460 ml which was 
collected over the first 24 hour exudation period from fifty-two root 
systems. This means that  almost 0.05 #g GA 3 - equivalents moved 
upwards from each root system over a twenty-four hour period follow- 
ing removal of the shoot system. If  this amount of gibbercllin activity 
is normally donated each day to the shoot it seems reasonable to assume 
that  it is of considerable physiological importance in the shoot. 

The relevance of the above findings to the hormonal control of 
normal growth and developmental processes of the sunflower shoot 
is being investigated further. The discovery of gibberellin-like activity 
in root bleeding-sap, and earlier findings that  auxin levels in the shoot 
of H. annuus are partially regulated by the metabolic activities of the 
root system (PI~ILLIPS 1964 a, b) lend credance to the suggestion made 
previously that  shoot and root have important hormonal relationships 
with one another (PmLLIPS, loc. cir.) This view is supported by the 
detection of growth-inhibitors in bleeding-sap of several plant species 
(DAwsoN 1963), and evidence for a root-synthesised kinin being im- 
portant in leaf growth and senescence (MOTHES and ElVGELBt~ECHT 
1963; LOEFFLER and VAN 0V]~nBW]~K 1964). 

Summary 
Gibberellin-like activity was found to be present in bleeding-sap 

obtained from root systems of Helianthus annuus. The presence of activity 
was detected with a newly described simple and sensitive dwarf pea 
epicotyl assay, and by the barley endosperm and dwarf mMze (Zea 
mays) tests. 

The gibberellin-like substance, or substances, are acidic and ethyl 
acetate soluble, having an R! value of 0.6--0.7 in paper chromatography 
with isopropyl alcohol: ammonia: water (t0:1:1 v/v). 

The quantity of gibberellin-like activity produced by the roots was 
estimated at approximately 0.05 #g GA a - equivalents/plant/day. 

Other evidence for gibberellin synthesis in roots is discussed, together 
with the possibility that  shoot and root have significant inter-relation- 
ships with regard to the production and utilisation of other  types of 
growth hormone. 

Grateful aeknoMedgement is made to the British Ministry of Agriculture and 
Fisheries for the provision of a research studentship to 1%. L. J. 
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Zusammenfassung  

Am Blutungssaft des Wurzelsystems yon Helianthus  annuus  w~de ein gibbe- 
rellinartiges Wirkungsverm6gen festgestellt. Das Vorhandensein dieser Aktivit/it 
wurde mittels eines neubeschriebenen einfachen und gmpfindlichen Tests an Zwerg- 
erbsen-Epikotylen sowie mit dem Gerstenendosperm- und dem Zwergmais-Test 
entdeckt. 

Die gibberellinartigen Stoffe haben S~ureeharakter und sind in Athylacetat 
16slich. Ihr RFWert wurde papierehromatographiseh mit IsopropanohAmmoniak: 
Wasser = 10:I :1 v/v als Laufmittel zu 0,6--0,7 ermittelt. 

Das Mal3 der yon der Wurzel produzierten gibberellinar~igen Aktivit~t tag bei 
etwa 0,05 # g GH3-~quivalenten pro Pflanze und Tag. 

Andere Hinweise auf eine Gibberellinsynthese in Wurzeln werden besprochen 
und ferner die MSglichkeit, daft in Sprol~ und Wurzel eine signifikante Wechsel- 
beziehung hinsichtlich der Produktion und Verwendung anderer Wuchsstoffarten 
besteht. 
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