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Abstract—The chemiluminescence of luminol (3-aminophthalhydrazide) with H,O, has been used to quantify
endogenous amounts of H,O, in plant tissues. The reaction is linear over at least three orders of magnitude
between 107° and 107> M H,0,. Interference by coloured compounds in the crude extract is calibrated by a
purification step with Dowex AG 1-X8. The extract is calibrated with an internal H,O, standard, and the
specificity verified by H,0, purging with catalase. The minimum detectability for H,O, of this assay is at least
1 ng, corresponding to 0.1-1g fresh material. Data are presented for the levels of H,0O, in potatoes after
treatment with oxygen and ethylene, in tomatoes before and after ripening and in untreated germinating castor
beans as well as in beans treated with aminotriazol to inhibit catalase activity, Though data using the titanium
test are generally confirmed, the method presented here has the advantage of higher sensitivity and specificity.

INTRODUCTION

Whereas aerobic forms of life depend on oxygen as
the ultimate electron acceptor in respiratory oxidative
phosphorylation, pseudo-cyclic photophosphorylation
also entails oxygen reduction with the superoxide
anion radical and H,0, as intermediates [1]. These
intermediates may attack a variety of susceptible
enzymes and ultrastructural cell components with
damaging effects. While the oxygen radicals are
short-lived in tissues, their product, H,O,, generated
in large measure by superoxide dismutase, is a rather
stable reduced oxygen form. The cell is well equipped
with enzymes that degrade and consume H,O,
(catalase, peroxidases), thus protecting reduced cel-
lular components against H,0,-mediated oxidative
breakdown. At the same time, H,0, plays an im-
portant role as an intermediate in several enzyme-
catalysed reactions in both animal and plant cells, Its
functional importance is established in several cases,
e.g. in the bactericidal activity of polymorphonuclear
leucocytes [2], and is discussed in the context of
ageing and senescence of tissues and organs [8]. Our
interest was focused on the role of H,O, in the ageing
of plant tissues and the ripening of fruit. It has been
shown that the ripening of fruit, which is reflected by
an upsurge of respiration and ethylene production [9,
10] is accompanied by an increase in H,0, [3,4].
Though the increases seem to occur generally in ripen-
ing fruit, the question persists whether H,O, exerts a
specific effect in the regulated events yielding the
fruit climacteric, or whether it is merely a by-product
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of the changed metabolism. In analogy with the cli-
macteric, storage organs treated with ethylene res-
pond with a respiratory increase also associated with
an accumulation of peroxides [5]. The high peroxi-
dase activity in plant tissues casts some doubt on
H,0, measurements in crude extracts, and the con-
clusions drawn therefrom. Because of the possible
central role of H,0, and free radicals in cell life [6],
we have developed a method for H,0O, quantification
that takes into account its reactivity and degradability
during the extraction procedure. In place of the
titanium method [3], that is based upon the formation
of an insoluble coloured complex between H,0, and
Ti**, we made use of the chemiluminescence (CL)
attending the reaction of luminol (3-aminophthal-
hydrazide) with H,O, for the quantification of H,0, in
crude extracts from fruit, seedlings and storage
organs, Whereas this reaction has been described
only for highly diluted and purified test samples [7, 8],
we present a rapid test for H,0, in extracts directly
obtained from a wide variety of plant material, with
sufficient proof of its H,0, specificity. In conjunction
with a chemiluminescence detector, as used for the
firefly ATP assay, a very low detection limit can be
achieved with good reproducibility and significance.

RESULTS AND DISCUSSION

Extraction procedure

The chemiluminescence attending the peroxidation
of luminol by H,0; is only possible when a catalyst
and/or co-oxidant is added [7]. The catalyst/co-oxi-
dant of our choice, ferricyanide, catalyses the oxida-
tion of 6-aminophthalhydrazide to 6-aminophthalate
with emission of N; and light according to Scheme 1.
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Scheme 1. Ferricyanide catalysed peroxidation of luminol by H,0,.

The emission response of this reaction is highly pH-
dependent, with an optimum at ca pH 11. However,
there is increasing chemiluminescence with air under
alkaline conditions, making pH 9.5 advisable as a
compromise between a sufficient quantum yield and a
low background in the blank. The pH dependency in
addition necessitates a buffer system with sufficient
capacity to overcome the acid content of the added
extracts that usually are ca pH 5. Preliminary tests
showed that 0.2M ammonium hydroxide, pH 9.5,
maintained the pH without changing the CL response.
The time-course of light emission from the onset of
CL shows a sharp decrease in accordance with pub-
lished kinetics {7, 8]. Nevertheless, highly reproduci-
ble readings were obtained by integrating light pulses
over a preset time, usually 5 sec, immediately follow-
ing the start of the reaction. As shown in the cali-
bration curve (Fig. 1), integration of the signals for
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Fig. 1. Calibration curve for the chemiluminescence of
luminol with H,0, in water. Light pulses were integrated for
5 sec.

5 sec resulted in 10°~10° pet impulses for a concen-
tration range of 20 uM-10 mM H,0,. This indicates a
detection limit of 1 nmol H,0,. The extraction pro-
cedure had to take into account the reactivity of H,0,
and the activity of degrading enzymes in the tissues.
Among the several extraction methods applicable, the
best results were obtained by homogenizing quick-
frozen material in 5% TCA (see Experimental). The
complete inhibition of H.O,-degrading activity by
this method was verified by the following test. Potato
tissue (5 g) was extracted in 20 ml water to permit
digestion of endogenous H,0, by catalase present in
the homogenate and the extract clarified by cen-
trifugation. (A) 100 ul of the clear 12000 g super-
natant {water-extract) was added to 2.0 ml ice-cold
5% TCA containing 25 nmol H,0,. This was to test
for inactivation of potato catalase by TCA. (B) 25 ul
catalase suspension (4 mg/ml in 50 mM Tris—=HCI, pH
7.0) was added to mixture (A). (C) 100 ul water-
extract and 25 u! catalase supension were incubated
for 5 min at room temperature together with 1.8 ml
water containing 25 nmol H,0,. This test served
both as a control for catalase activity and as a test for
specificity of the method. The reaction was ter-
minated with 0.2ml 50% TCA. The samples were
further processed and peroxide determined as des-
cribed in the Experimental. The results (Table 1)
showed that H,0, was degraded neither by the
extract nor by catalase, when 5% TCA was used as a
denaturing reagent.

To further ensure that during extraction and sub-
sequent treatment any loss of H,O, is detected and
compensated for, an aliquot of the material to be
tested was internally standarized by adding a given
amount of H,0,, usually 3 umol, directly to the
extraction medium before homogenization of the
material. Reference standards consisted of the
extraction medium (5% TCA) plus the same amount
of H,0, as added to the extracts. Depending on the
plant material, we found that the recovery of the

Table 1. Test for the inactivation of H,0,-degrading enzymes by 5% TCA, the extraction
medium for H,0,

Chemiluminescence

Teotal Deviation Relative rate
Test condition* (pulses/S sec) (o, %) (%)
(A) Extract + H,;0,+ TCA 1129400 2.2 100
(B) Extract + H,0, + catalase + TCA 1095600 1.8 97
(C) Extract + H,0, + catalase — TCA 15169 3.8 1.3

*See text for details.
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added standard was sometimes drastically diminished
despite that fact that the degrading enzymes were
inactivated. In these cases, the extracts were more or
less yellow, and we assumed that the coloured com-
pounds interfered with the CL by quenching the
emitted light rather than by directly affecting the
amount of H,0,. After removing the coloured com-
ponents (absorbance in the range 400-450nm was
less than 0.05), recovery was up to 95%. Though
luminol CL should be specific for H,0O,, there may be
some doubt whether the CL due to the extract
derives solely from H,0, or from other peroxides as
well. To test this point, 500 units of catalase were
added to an aliquot of the purified extract and the CL
recorded again after incubation. The amount of H,0,
was thus calculated from the difference in chemi-
luminescence before and after addition of catalase
(ACL). The background luminescence varied in the
extracts, but accounted for only 10% at most of the
H,0, {(catalase-digestible) CL.. Tomato fruits were an
exception, with significantly higher residual, or back-
ground, CL, as pointed out later. The nature and
cause of this CL is not clear, but may be caused by
other peroxides in the crude extracts.

Measurement of H,0, in potatoes

Potato tubers treated with ethylene show an up-
surge in respiration as well as an increase in endo-
genous peroxides, both of which are enhanced when
ethylene is presented together with pure oxygen (Fig.
2). The peroxide levels, as determined by the titanium
method [3], are low at best, and this condition,
together with the abundance of extraneous com-
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Fig. 2. Effect of ethylene in oxygen on the respiration of
potato tubers. Ethylene, 10 ul/l.

ponents in potato extracts, makes the latter a useful
material to test the chemiluminescence method.
Tubers were treated with 10 ul/l. ethylene in oxygen
for 24 hr and H,O, levels in treated tubers were
compared with H,O, concentrations in tubers held in
oxygen alone. The result as presented in Table 2 shows
anincrease in H,0,0f 41%in the ethylene treated tubers.
The residual CL was negligible in both groups.

Measurement of H,0, in tomatoes

We used tomatoes for the quantification of H,0,
because they were easily available in the green unripe
and the red ripe stages and the degree of ripening
could be measured by the rate of evolution of ethy-

Table 2. H,0, in potato tubers treated with oxygen (control) or oxygen plus 10 ul/l. ethylene (ethylene). 3 pwmol H,0,

added to extracts as internal standard. ACL represents the difference in chemiluminescence before and after addition

of catalase to aliquots of sample. Net CL,standard, obtained by subtracting the CL-sample from the CL of sample plus

internal standard. CL-sample is corrected by dividing ACL-sample by the % recovery of standard H,O, added to
samples. For further explanation see text and Experimental

Control + Ethylene +

Control Ethylene standard H,0, standard H,0, Standard H,0,
ACL (pulses/sec) 134 640 190 060 494 900 541090 415590
7% (ACL) 0.8 1.9 1.2 1.9 1.3
Net ACL, standard 360260 361030 415 590
% Recovery, standard 86.7 86.9 100
CL-sample, corrected 155294 218711
H,0;, nmol 1120 1579 3000
H,0,, umol/kg fr.wt 224.0 3158

Table 3. H,0, in green unripe tomatoes and ripe red tomatoes. Details as in Table 2

Green Red Green tomatoes + Red tomatoes +

tomatoes tomatoes standard H,0, standard H,0, Standard H,0,
ACL (pulses/5 sec) 55000 58200 414 600 403 800 521 000
o% (ACL) 4.1 5.1 59 6.2 7.7
Net ACL, standard 359600 345600 521 000
% Recovery, standard 69.0 66.3 100
CL-sample, corrected 79 800 87 800
H,0,, nmol 460 510 3000
H,0,, umol/kg fr.wt 92 102
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Table 4. H,O, in germinating castor beans in water (control) or aminotriazol. Details as in Table 2

Control + Aminotriazol +

Control Aminotriazol standard H,0, standard H,0, Standard H,0,
ACL (pulses/5 sec) 116 800 293700 625 800 788 600 532 800
o% (ACL) 1.7 16 11 1.1 1.9
Net ACL,, standard 509 000 494 900 532 800
% Recovery, standard 95.5 92.8 100
CL-sample, corrected 122 360 316 200
H,0;, nmoles 690 1780 3000
H,0,, umoles/kg fr.wt 138 356
lene. While the amount of ethylene produced from  Highkin; castor bean seeds (Rhizinus communis) were

green tomatoes was as fow as 0.1 ul/kg/hr, the rate in
red fruits reached 25 ul/kg/hr. The H,0, level,
however, showed an increase of only 10% in red fruit
compared with green (Table 3). Frenkel and Eskin [4]
claimed much higher values. Red tomatoes, however,
gave a residual CL after catalase incubation of the
same magnitude as in its absence. In other words, ripe

tomatoes contain water extractable (5% TCA) com-

pounds not degraded by catalase that cause CL and
which mav account for the discrepancy

R QUL 100 N0 Alseiepallvy,

Measurements of H,0, in castor beans

We wanted to extend our |n\mnchnnhnn to a system
extend our stem

where the amount of H,0, can supposedly be
changed by affecting the activity of endogenous

catalase. The cerminating castor bean is known for itg
calaiase. 1ne germinalng casior ofan 1s Xxnown 10r 1s

high amount of catalase, the enzyme degrading H,0,
in the cell [11]. Inhibition of this enzyme should cause
3-Amino-1, 2, 4-
triazole is known for its specific effect in depressing
catalase activity in animal and plant cells [12, 13].
Castor beans were imbibed for 6 days with | mg/ml
aminotriazole (controls with water) and the activity of
catalase (H,O0,:H,0O ox1d0reductase EC 1.11. 16)
tested as an indicator of the uuuuum"y’ effect of the
drug. Further tests for endogenous H,0, were carried
out as described earlier. The inhibition of catalase
activity, as measured by H,0, production in vivo, is
more than 93%, with values of 50 umol and
810 umol H,O,/min/mg protein in the treated and
unireated, castor beans respeciively. This decreased
catalase activity is reflected by an almost threefold
increase in H,O,, as shown in Table 4.

Summarizing, the application of the chemi-
luminescence method to gquantify endogenous levels
of H,0, gave specific and reproducible data with
various plant materials. Internal standardization
seems to be a reasonable way to overcome inter-
ference by cellular components in crude extracts.
Whereas increases of H,O, undoubtedly occur with
ripening and ethylene-mediated stimulation of res-
piration, its magnitude varies largely and accordingly
provides no clue as to whether H,0, plays a phy-
siological role in these developmentally controlled
processes.

.0, accnmulation in tha ticone
gty aClumuiauion I wid dassud,

EXPERIMENTAL
Plant material. Potato tubers {Solanum tuberosum 1.)
were obtained from local markets; tomato fruits (Lycoper-
sicon esculentum Mill.) harvested in the green and red
stages of ripening were the kind gift of Professor Harry

obtained from a commercial source.

Measurement of respiration. Potato tubers were treated
with either O, or O, and 10 ulfl. C,H, for 24 hr and the
respiration recorded automatically using an IR absorbance
analyser (Anarad AR 500). Following treatment, central
cylinders of potato tubers were removed with a I-inch cork
borer and immediately sliced into liquid N,.

Measurement of C,Hy production. Tomatoes at the green
and red stages of ripening (ca 250 g each) were kept in a
closed g'@.SS ur for 4dhr and gas \amnhac of 20ml! were
withdrawn from the head space, and the concn of CHy
determined with an F & M Gas Chromatograph calibrated
with a C,H, standard. The whole fruits were immediately
sliced into liquid N,.

Germination of castor beans. The outer coats of the seeds

were removed. and the seeds imbibed in a Petri dish either
wWere remoeveq, and seeds imbibed a retr qist Y etther

in dist. H,0 or in | mg/mi 3-amino-1, 2, 4-triazole {gift from
Dr. D. Appleman) and incubated at 30° and 80% humidity

far £
Wr v

davs. Samvles from both groups were ¢

Qdys. SApils o OO groups woie
catalase assay and H;0, measurements.
Measurement of catalase activity 2g castor beans in-

bul}ﬂlcu d‘ llULCU dUUVC Were llUlllUgClllLDU lU.l l‘l hlwa ) Wllh a
Polytron homogenizer in S mi 0.04 M Tris-HCI buffer, pH 7,
containing 0.5% (w/v) Polycar AT. The homogenate was
passed through Miracloth (Chicopee Mills, Milltown, NI)
and centrifugated for 20 min at 12000 g. The activity in the
extract was measured by O,-release from H,0, as deter-
mined with a Clark type oxygen electrode. 2mi buffer
(0.02M Tris-HCI, pH7) were deoxygenated with N, in a
vessel at 25°, and 20 u! M H,0, and 5 w! Triton X-100 (2%)
were added. After injecting 25 ul extract, the O, evolution
was recorded for 10 min.

Measurement of H,0,. The extraction of H,0; was
generally the same for all species. 5g of the frozen sliced
material was transferred into 20 ml ice-cold 5% TCA and
homogenized in a Virtis blender for 2min. For internal
standardization between | and 5 pmol H,0, was added to a
parallel sample prior to the homogenization, and to a blank
of 25 ml 5% TCA without plant material. The crude extracts
were centrifuged for 30 min at 12000 g. 1 mi aliquots of the
supernatants were passed twice over a 0.7 x4 ¢cm column of
100 mg Dowex anion exchange resin (AG 1x8, Bio-Rad).
This step removed most of the coloured components in the
extracts. The blank and standard were treated the same way.
The amount of H,0, in the resulting extract and in the
standards was tested by pipetting 50 !l test soln into 50 wl
0.5 mM luminol (3-aminophthalhydrazide, Aldrich) in 0.2 M
NH OH {(pH 9.5) in 0.9mi test tubes. The test tube was
placed in the measuring cell of an Aminco Chem Glow
Photometer and chemiluminescence (CL) initiated by injec-
ting 100 pl 0.5 mM K;Fe(CN), (in 0.2 M NH,OH) into the
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mixture. The emitted photons were counted over 5 sec with
a pulse integrator (Varian Aerograph Mod 485). The
specificity of the CL-reaction for H,0, was verified by
adding 500 units of catalase (bovine liver, Calbiochem) to
1 ml of the decolorized extract (buffered with Tris~HCI pH
7). After incubation for 10 min at 30° the CL (designated as
residual CL) was recorded again. The difference between the
two measurements is presented as H,O,-specific CL (ACL).
For compensation of any degradation of H,0, and/or inter-
ference by other components, a fixed amount of H,0, was
added to the aliquot as int. standard. The difference in CL
between the extract and the extract plus standard H,O, was
expressed as net CL, and the recovery of added peroxide in
relation to the standard (without plant material) was calc.
The net CL. was then corr. according to the % recovery,
which varied depending on the extract.
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