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Summiary. Parameters of the bioassay based on the gibberellin-indluced reducing
suigar release of barley endosperm were investigated. Procedures for the rapid
handling and processing of utp to several hundred treatments witholut loss in sensi-
tivity of the test are described, and the effects of variations in many aspects of the
bioassay were assessed.

In general, the variations in varieties, techniquies, additives, conditions, and even
gibberellins, all illustrate the stability, sensitivity, and adaptability of the hormone-
ind(uiced respoiise anid emphasize its uttility as a gibberellini bioassay.

Among the recen,t bioassay proceduires suiggestedI
for gibberellins, the barley endosperm test exhibits
several characteristics which are most desirable:
it is relatively quiick in that a response to gib-
berellin can be measutred within 24 houirs; the
response seems to be specific for gibberellins since
other stubstances which have been tested by variotus
atuthors have not elicited similar reactions; the
range of active gibberellins is broad, and the sensi-
tivity of the test, to GA, and GA, in particuilar, is
10 to 100 times greater than that fotund in most
other bioassays.

Experiments designed to elaborate on the basic
requirements of the tissue and the techniquies, as
well as increase the usefulness of the test, are
dlescrihed in the following papers.

Materials and Methods

Ini,tially, the proceduires of Nicholls and Paleg
(1) 2were used. Barley seed, after calciuim hypo--
chlorite sterilization, were cut transversely 3 mm
from the distal end; the endosperm pieces were
weighed in grouips of 4 and incuhated for 48 houtrs
at 300 in 24 X 50 mm li(dded vials containing 1 ml
of test soluition and 500 jug streptomycin stulfate.
Three replicates of each treatment were tused. The
content of reduicing stugar was assayed by the
method of Paleg (2).

'Present address: Biology Department, Carleton Uni-
versity, Ottawa, Canada.

2 Mention should be made here of the error in ordinate
units published in this reference; values presented shouldl
have been ag glucose equivalents/mg dry weight.

Least significant differences were calculated
from an analysis of variance for the concentration
X treatment relationship and are shown as single
vertical bars in each figture. The response dtue to
increasing GA, concentrations was always highly
significant (with variance ratio in the huindreds)
and is not mentioned when other statistical resuilts
are referred to. The significance of treatment or
concentration X treatment interaction, as shown
by F-tests, is indicated in each legen(l.

Results

In an assay involving the production and meas-
uirement of relatively large amotunts of sugars,
contamination by micro-organisms becomes a major
concern. To overcome this possibility, Nicholls
and Paleg treated a naked barley cultivar, Triple
Awned Lemma, with 4 % (w/v) calcium hypo-
chlorite for 24 hours. This is a severe treatment
and a shorter period was tested. Seed of the naked
cultivar, Pearl (which was used in the preliminary
experiments), was shaken in 5 % hypochlorite
(120 ml/100 seed) for eiither 3 or 24 hours at 250.
Those shaken for 3 hours were rinsed in running
tap water for a fuirther 20 houirs. At the end of
24 hours both lots of seed were washed liberally
with dou;bly-distilled water, cut in half with a razor
blade, weighed and incubated (4 endosperm/vial)
at 300 for 48 hours in 1 ml of test solution. After
incubation, aliquots were taken for reducing sugar
measurements. The results (fig 1) indicated that
a 3 hour exposture to 5 % hypochlorite followed by
a 20 hour rinse is sufficient to provide sensitive
and relatively ulliforim test material.
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Using the mo(lified sterilization procedure, the
usefuil length of exposure to GA3 was investigated.
The results of a 24 and 48 hotur exposure to 1 ml
soluition in either slowl) rotaiting (1 rpm, 450 angle)
16 X 150 mm test tubes or staltionary 24 X 50 mm
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FIG. 1. Release of reducing sugar by barley endo-
sperm incubated in GA3 solutions after sterilizing with
5 % hypochlorite for 24 hours (X) or only 3 hours,
plus 20 hours in running tap xN ater (Q). Values are
averages of triplicates of 3 incubation conditions; tubes,
vials, vials w ith seed cut longitudinally. F tests: hypo-
chlorite treatment significant (p < 0.001) ; interaction
of hypochlorite X GA, concenitrationi inot significanit.

vials, are presented in table I. The values indi-
cated that tuibes had no virtue when compared with
vials which were, in fact, less cutmbersome. A 48
hour exposuire to either water or GA3 greatly in-
creased the level of sugar release bult didl not
materially alter the sensitivity. This experiment
provided an opporttunity to express the data in 2
ways; as weight of reducing sugar per mg initial
dry weight of endosperm or as weight of reduicing
suigar per vessel. The coefficients of variability,
calculated from an analysis of variance of the data
after transformation to its logarithmic equivalents,
were identical (0.320 and 0.312 respectively) thuis
it is not necessary to weigh the endosperm pieces.
The table also shows that log transformation of
reduicing suigar data is necessary becauise of the
huindred-fold r-ange of values; all suibsequeint re-

suilts are presented as cirves of log1o (lose against
log1O response.

In addition to the necessit) for secuirilg uniform
end,osperm pieces, cutting and the attendant han-
dling of seed are important parts of the technique
since these procedures occuir after the sterilization
step. Contact with fingers, or a suiccessioin of
implements and/or suirfaces increases the risk of
micro-organism contamination. To redtuce this
risk, and, at the same time, speed the cuitting
process, brass cuitting blocks were madle (fig 2).
These blocks, together with forceps and razor
blades, can be stored in alcohol, or flamed, as
(lesired.

Follo,wing the sterilization and water soaking
steps, the seed are aligned on the brass cutting
block with forceps with the distal or endosperm
end of the grain resting against a raised ledge.
Alignment is facilitated by transverse grooves,
which approximate the diameter of the grain. A
holding bar about 3 mm wide, is laid over the grain
to hold them in place while a razor blade is moved
down the length of the block in a groove situiated

Table I. Effect of Time and Incubation Vessel on Release of Rediucing Sutgar by Barley Endosperm

Treatmienit

24 hr in tubes

24 hr in vials

48 lhr in tubes

48 hr in vials

L.S.D. p < 0.05
p < 0.01

GA3
concn

(g/ml)
0
10-11
3 X 10-10
0
10-11
3 X 10-10

)
10-11
3 X 10-10
0
10-11
3 X 10W3O

g/mg*
5.1
5z.6

31.4
7.o

15.7
48.9
99.3

173.0
306.7
95.3
198.0
243.7
27.7
37.6

Reducing sugar release (means of triplicates)
,ug/vessel log ,g/mg* log kg/xvessel

210
248
1493
283
670

2213
4197
8027
13000
4473
7990

10410
11/77
1600

0.680
0.745
1.491
0.840
1.192
1.689
1.982
2 182
2.474
1.976
2.264
2.381
0 228
0.304

* ,ug Reducing sugar per mg- initial dry weight of endosperm.

L.

E

cn

I

Laa
CD
0)

2.306
2.382
3.161
2.452
2.823
3.345
3 603
3.844
4.099
3.637
3.878
4 009
0..223
() 297
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Fic.. 2. Seed cuitting implement.

4 mm from the raised ledge. In this way, the
embryo halves can be speedily discarded leaving a

uniformly cut grouip of endosperm halves 4 mm in
length. The endosperm, after cutting, are collected
in a petri dish with moistened filter paper tuntil
somewhat more than the required nuimber have
been cut. This procedure was adopted to facilitate
randomiziation and decrease time lapses between the
beginning and end of apportionment of endosperm
particuilarly in large experiments.

Maintaining a 24 hour exposure to GA3 and
varying the rinsing time in rutnning tap water from
4 to 36 hours after a 3 hotur hypochlorite steriliza-
tion period, gave definite differences though no

evidence of an interaction. Four hours rinsing did
not either remove sufficient hypochliorite from the
endosperm, or enable the endosperm to imbibe stuf-
ficiently to respond adequately within the subse-
quent 24 hours; sensitivity at 10-10 g/ml was very

low. A 36 hour rinse, on the other hand, raised
both the control level and the GA3 response at
101 g/ml and extended the period of the test
almost another day. A consideration of these
points led to the adoption of the 3 + 20 hour pre-
treatment and a 24 hotur treatment period.

Time relationships and manual procedures im-
pose some of the severest restrictions on the appli-
cability of a bioassay, and accordingly, attempts
were made to shorten some of the steps. The
technique followed in the previous experiments in-
volved immediate diltution of all or a portion of the
ambient solution from the vials to 10 ml in a second
vessel, addiltion of Amberlite IR-120(H+) resin
(1 g), filtration of the diluent into a third vessel

and analysis of reducing sugar content of an aliquot
of the filtered diluent. These techniques were

modified in 2 ways. Instead of sampling all of the
vials immediately after the 24 hour incubation
period, some were frozen for 20 houirs prior to
sampling. This variation permits much greater
flexibility in time scheduiles and enables the collec-
tion of larger numbers of treatments before sugar

assays are run. The second modification involves
a shortening of the steps used in the sugar test.
To half of the unfrozen and frozen vials, 9 ml of
water and a scoop (ca. 1 g) of resin were added.
The vials were recapped, placed on their side and
shaken for 5 minutes. A filter paper cup (What-
man No. 1, made by shaping a 9 cm disc over a
19 mm test tube) was then inserted into the vial
slowly enotugh to ensture that the contents were not
forced over the lip of the cup, and an aliquot of
the filtered liquid in the center of the cup was
removed and analysed. All liquids were dispensed
with automatic syringe pipettes. The results of
many tests indicaited that both modifications may
be used without affecting the values, btut with
substantial savings in time and glassware. Frozen
vials have, in fac,t, been stored for up to 3 days
without any detectable change in the results. The
shortened method of assaying reducing sugars was
adopted for all subsequent tests.

Using a 3 + 20 hour sterilization and rinse
treatment, 24 hours incubation in GA3, freeze
storage of vials after incubation and the shortened
sugar method, a comparison of varying ntumbers
of endosperm per vial was carried out. The restults
(fig 3) showed that 4 pieces per vial were not, in
fact, necessary and that 2 endosperm were suffi-
cient to produce a sensitive and linear response.
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FIG. 3. Dose/response curves with 1, 2 and 4 endo-

sperm per vial. F tests: endosperm number significant
(p < 0.001); interaction not significant.
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Table II. CGo fficitnts of Variation (CV)*
CV's calctilate(l fromii triplicate dleterminiiationis of reduciing sugar (log10 ug/ml) classified according to number of

endosperm per vial anid GA. concenitrationi.

1

0.161
0.241
0.944
0.201
0.05-1

0.408

Coefficients of Variation (2 (Ilf')
2

(endosperni per vial)

0.116
0.058
0.261
0.169
0.125

0.161

4

0.052
0.433
0.258
0.065
0.121

0.236

* CVT's caleculated from rooot of average meani squares X 2.303.
(If = degrees of free(lom.

This cxperiment was analysed to (letermine
statistically the effect an(l valule of 1, 2 or 4 en(lo-
sperm per vial, in terms of variability. The co-

efficient of v7ariation (CV") is 40% when only 1
en(losperm is present in each vial (tahle II). This
falls to abouit 20 % when 2 or more are present,
with nlo apparenit vrirtuie of more than 2 endosperm
per vial. Althoulgh there is careftul preliminary
selection of both seed anid, later, en(losperm, it is
not possible to predetermine whether all enidosperm
are, in fact, responsive. The (lecrease in CT when
2 or more endosperm are preselnt appears to be

larger thani one might expect from the increase in
ntumber andl suiggests that there may l)e ani inter-
actioin betw%eeni endosperm within a vial. This
might be (lIle to the (liffusion of enzymes from a

reacting endosperm into the amnbient solutioni where
they are free to cause suigar release from an endo-

sperm which has not reacte(l to the exogenouts
gibberellini. By continuing with 2 en(losperm per
rial, the work involved in 1 step of the preparation
of test tissue was thus halvedl.

The CV for (lata derived from (lifferent treat-
m-lenlts canl be reduiced by increasing the nutmber of
replicates. The C\T for any indlividual valuie (de-
rive(l from vials containing 2 or more enidosperm)
is about 20 %. This figure falls to 14.2, 11.6, and

10 % when 2, 3 or 4 replicates are incluided. Bly
contrast, 11 replicates are required of alues (le-
rived from vials with only 1 enldospernm, to re(lilce
the CV from 40 % to 12 %. Oin the basis of a

comparison between effort expended aln(d increase(d
statistical acculracy, it was (leci(le(l to continule
using 3 replicates, each containiing 2 end(losperm.

To counter periodlic xariability acndl excessively
erratic restults produice(d by ouir distilled water
source, routine procedu res were altere(d to inclulde
atitoclaving of all distilled water and sterilization
of all glassware. Running tap water was replace(d
by autoclaved distilled water at 3° for the rinse
period. WVith these precautions streptomvcin suil-
fate can be omitted from the incubation solultion.

Hulskless barley, suich as the cutltivar Pearl,
which was uisedl in all of the prece(ding experiments,
is nolt wi(lely growin ancd suipplies of seed are often
(lifficlilt to o.btain. To provide alternative test
culttivars, aind to broaden the uisefullness of the
bioassay, 4 huiske(d cultivars were tried, these were
treate(l for 3 houirs wilth 50 % (v/v) H.,S!O4, as
recommend(led b)y Pollock et al. (3). The aci(d
treatment serves both to remove huisks andl to
sterilize the seed. These seed were compared with
see(l of 4 hilskless cultivars treated with hypochlo-
rite for 3 houlrs. After the respective sterilization
treatmeints the seed was shaken 10 times with dis-
tilled water (to remove glulmes from the huskedl
see(l), soake(d at 3 to 50 for a fturther 20 hours,
cut and inicuibate(d (2 endosperm/vial) at 300 for
24 houlrs.

The results of the comparisons can be seen in
figuire 4. Hulskedl and htuskless culltivars responded
e(quially well, demonstrated similar sensitivities, and
indicate(l that either a 3 hour hypochlorite (husk-
less) or acid treatment (huisked) was satisfactory.
The time (2, 3 or 4 hr) in acid is not critical, and
temperature (lutring acid treatment can also be
\-arie(l from 200 to 300, neither variation signifi-
cantly influienicilng the resullts. The variations in
acid treatment cauised large differences in degree
of hutsk removal (the longer period also caused
carbonizing of the tips of the seed) btut did not
ilncrease variability in the responsiveness of the
eIlosperm to gibberellin.

Subsequent experiments indicated that the bio-
assay is only slightly sensitive to the temperaturie
(30, 130 or 230) aind length (9, 15 or 21 hr) of the
soak in water after a 3 hoour acidl trealtment at 250.
Sinice 30 retards the growth of micro-organisms,
provides a linear response over the GA3 concentra-
tion range, and is readily obtainable, it was decided
to continue with the comlbination of 30 for 20 to 21
hours.

The influence of variation in seed size and
positioning of eid(losperm during incuibation were

GA3
concn
(g/mln)

0lol10-11

10-9
10 8

CVI's for No.
of endosperm
(10 df**)

CVT's for
GA3 concn
(6 (lf**)

0.116
0.314
0.585
0.156
0.108
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FIG. 4. Comparison of the dose/response curves of 4 huskless [Arabian Blue, (+); Pearl, (A); Triple Awned
Lemma, (Q) ; Red Rachis, (X)] anid 4 husked [Prior, (+) ; Research 1960 harvest, (A) ; Research 1%2 harvest,
(0); Resibee, (X)] cultivars of barley. F tests: cultivars significaint (p < 0.001) ; inlteraction not significant.

briefly inivestigated. Endosperm from seed whose
transverse axis measured 3.4 to 3.8 mm released
significantly more reducing sugar than seed of 3.0
to 3.4 mm. However, the response curves were

parallel indicating nlo greater sensitivity of large
than small seeds. WVhen the response of endo-
sperm lying on their side was compared with that
of endosperm lying on their ctut face, no significant
differences were obtained. This was suirprising
since diffuision of chemicals and oxygen was

thought to be aided by the former position. It is
possible that the pronounced bulging which occurs

as the endosperm imbibes and expands renders this
aspect less important, bu;t constancy of conditions
should be a major concern for users of the test.
A variable feature of the bioassay is the amount

of liqtuid in the incubation vial. Standard proce-
dures of 2 endosperm and 1 ml of solution in a

24 X 50 mm flat-bottomed vial, produce a depth of
about 2 mm, and under these conditions a portion
of each endosperm protrudes above the sturface of
the liquid. Effects of different volumes of solu-
tion (as indicated in fig 5) were determined. Since
all previous tests were ruin with 1 ml solution the
results can be interpreted on either a per ml (con-
centration) or per vial (total amt) basis. In this
and the next experiment, hoowever, varying amounts

of solutioni were uised. The results have been pre-
senited oIn a per ml (concentration) basis althouglh
total amotunts have also been examined.

The results (fig 5) show that as the depth is
increased sugar release is diminished. Response
curves to the different treatments were not paral-
lel; the slopes decreased with increasing depth,
indicating that some factor other than dilution is
also involved. The most likely explanation is that
aeration, necessary for the manifestation of the
GA3 response (4), becomes progressively more
limiting as depth is increased.

By altering the diameter of the incubation ves-
sel and maintaining constant depth, the effect of
aeration can be separated from other influences.
In vessels of 12, 24 and 42 mm diameter, depths
of 1.5 and 4.5 mm were obtained with volumes of
0.2, 0.75, 2.25 ml and 0.5, 2.25, 6.25 ml respectively.
The area of the vessels, and volumes at each depth,
were in the ratio of approximately 1: 4: 12. In
the shallower series the endosperm projected above
the surface of the solution, but in the deeper series
they were completely submersed. The results (fig
6) are presented in the same way as in figure 5.

Collectively, the slopes of the response curves
in the deeper series (4.5 mm) were less than those
in the shallow solutions (1.5 mm), confirming the
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FIG. 5. Effect on the gibberellin-induced response of
varying the depth of solution from 1 to 5 mm in a 24 X
50 nmn vial. The lessening of the slope in the steep
part of the curves, as measured by regression analysis, is
highly significant.

results in figure 5 and reflecting the inhibited
response to GA3 under conditions of limited aera-
tion. W-ithin each depth oondition the sugar re-
lease curves are parallel indicating that the endo-
sperm are reacting to GA3 similarly, despite
differences in amounts of solution. That diffusion
is not exerting an influence on the resullts is shown
by the fact that the curves coincide when sugar
release is plotted on a per vial (total amt) basis.
The induced response depends completely on the
concentration of gibberellin and aeration rather
than other factors, so that if these 2 variables are
held constant comparable results may be expected
regardless of amount of solution.
A comparison of 12, 24, 36 and 48 hour incutba-

tion periods at 200 and 300 (fig 7) showed a steady
increase in the amoutnt of reducing sugar released
with time at all levels of GA3 indicating that the
test becomes more sensitive with longer incubation
periods. Nicholls and Paleg (1) used a 48 hour
inculbation period buit, for the sake of speed, we
decided to persist with 24 hour.

Using a 24 hour period, the effect of 4 tem-
peratuires of incubation (200, 250, 300, 350) was
tested. The results (fig 8) show an increase in
the response to GA3 concentrations with an increase
in temperature from 200 to 300. The further in-
crease to 350 lowered the response significantly.
Hence 300 appears to be the optimtum temperature
under these conditions.
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FIG. S. Development of the gibberellin response with time (12, 24, 36 and 48 hrs) at 20° and 30°. F tests : tem-
perature, time, concentration X temperature, and concentration X time are all significant (p < 0.001); temperature
X time, and concentration X temperature X time are not significant.

Endosperm have been incubated with varying
concentrations of indoleacetic acid (IAA) and
6-furfiuryl-amino-purine (kinetin) up to 10-6 g/ml
(abotut 5 X 10-5M) without any significant promo-

tive effect on reducing sugar release.
Siince this assay system is suitable for direct

eltifion of pieces of chromatogram paper, it was of
interest to determine whether filter paper had any

effect on the response. No significant effect was

noted with \Vhatman No. 1 paper either unwashed
(2 sizes), or washed with water or isopropyl alco-
hol (80 %).

Discussion and Conclusion

A summary of the experiments performed has
been organized into a series of recommended bio-
assay procedures as follows:
With huskless cultivars, sieved seed is sterilized

in 4 % hypochlorite soltution for 3 hours at 250.
Husked cultivars respond equally well; instead of
hypochlorite sterilization these seed are dehusked
and sterilized in 50 % v/v HOSO4 for 2 to 4 hours
at 20 to 300 then washed by vigorous and repeated
agitation with sterile water (at least 10 times).

FIG. 6. Effect of 2 depths of solution. 1.5 and 4.5 mm, in vessels of 3 diameters, 12, 24 and 42 mm on the gib-
berellin-induced response. Within each depth slopes are similar, but the slopes between depths are significantly dif-
ferent (p < 0.01).
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The sterilized see(d is soake(d in sterile water
for 20 houirs at 30. The see(d is then cuit trans-
versely 4 mm from the distal endl. Two en(losperm
pieces are placedl in 24 X 50 mm lidded vials with 1
ml water containiing known or uinknown amouniits of
gibberellin and incubated for 24 to 48 houirs at 30°.
The variability is increased if only 1 endosperm is
lised, there is Ino a(lvan,tage from the uise of 4.

After incuibation the vials are frozen (to stop
the reactioIn) an(l store(I in the freezer uintil ready
for suigar measuiremeint. The concentration of re-
dluciing stugars is measture(d by a slhortened method
as follows: Add abouit 1 g Amberlite IR12(0(ll+)
resin and 9 ml wvater to the frozeni incubate, recal)
and shake ;5 miinutes. Inisert a filter culp and l)ipette
an aliqupot of filtereI (lilleilt froml iniside the cll).
'I'he aliqiuot is tiheni hcated with copper reagent,
color is (leveloped wvith arseno-iimolvbdate reagent
and(l optical denisities are comppare(d at 560 Imly with
appropria,te glucose stain(lards.

\VNith this proceduire, uisinlg suitable vial racks,
b)oiling tube racks and auitomatic syringe pipettes,
several hulnd(re(d vials caln be runii iy 1 or 2 people
(lirinig a week. Care shotuld be takein to excluide
micro-organdisms by auitoclaving glassware andcl dis-
tilled wvater. The resuilts also suiggest that the
lenigth of the incl)batioin period and the volume of
soluition can be altere(d to increase sensitivity,
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FIG. 8. Effect of incubation for 24 hours at tempera-

tures of 200, 250, 30° and 35- on the respoinse to gibber-
ellic acid.

although the ilntro(duictioni of either mo(lification
has iintrinisic difficulties.

It is iinterestiing to nlote that from the responses
of b)arley end(losperm presented in this paper, 3 main
viariations are (liscernible. The first type is illuls-
trated in figuires 3 and 6 in which parallel response
curves were obtained. In these cases, the GA3-
me(liated reactioln mechaniism is unIichanged althouigh
ain outside influience, suich as size of (liffulsing
sutrface or voltume of soluition, cani alter the position
of the overall response w-ith respect to the or(dinate.
The seconid( type is that illustrated by figulres 7 and
8 in -which the cuirves diverge from ain essentially
comilolnOl starting or iniitial valuie. In these cases,
it seems likely that somiie aspect of the GA..-iinitiated
chain of reactions is b)eing at least p)artially inhibited
or proimote(l. The thir(d v\ariation observe(l was
when the respolnse cirves, though hav-ing different
initial or startilng poin,ts, converged to a comnmoni
valuie as in the left hand(I side of figure 4. Resuilts
simi'lar to these have also been obtained as a restult
of treatilng the enidosperimi -with specific comlpoulnids.
This case can be explained by assuming that the
treatment inifluenices the amouint of sugar initially
axvailable for diffusioln into the ambient solution,
alndl tha;t at higher levels of gibberellin the response
system approaches saturation thuis obscuring the
effect of treatmenit. This type of response is also
(lepenident onl a sufficiently high suigar release valtue
in the absence of added gibberellfin. Under condli-
tions of v\ery loxw conitrol suigar release, lno siluci
effect w-oull(d be ol)serv--ed, anld the responise would
takel yet a (lifferelit formii. It shoulldI b)e noted that
statistical anialyses of the 3 types may show (dif-
ferenices since initeractiolns may I)e significant in
the last 2 but niot in the first type. Classification
of the responises in this w-ay may supply valuiable
inf,ormation about the niatuire of the influtenlce ex-
erte(l.
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