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ABSTRACT

'The effects of chemical regulators on the senescence

of bean leaves (Phaseolus vulgaris L. var. Brittle Wax) were

stﬁdied.- Discs from first trifoliate leaves were floated on
'water, benzimidazole, benzyladenine, kinetin, methionine, ethio=-

nine, nicotinic acid, NAD or NADPdeitﬁer under continuous illu«

mination or ln‘darkness.

Under both conditions,’methiOnine had no effect on
senéscence, however, ethlonine, am’antagoniSt of.meth}onine,
stimﬁlated.seneecence. Benzyladenine, kinetin, niootinic acid,
NAD or . NADP showed chlorotic effect on this tlssue under either
"condition. In darkness, ‘benzimidazole retarded senescence and
overcame the chlorotic effect of nicotinic acid and NAD, but
not the chlorotic effect of benzyladenine. On the other hand.

benzimidazole had no effect under continuous illumination.

:The:synthesis and‘breakdown»of NAD, asing carboxyl-lué
labelled nicotinic acid as precursor, Iin beanfleavesAfollowed
the Preiss-Handler pathway as-in wheat leaves; Trigonelline..
methylated _product of nicotinic acid, incorporated 60 to 80%
of the radioactlvity administered. The effects of chemical
_ regulators on NAD metabolism was also studied. It was found
that benzimidazole and kinetin decreased the NAD/NADP ratio, |
whereas benzyladenine and ethionine increased 1t. Benzimidazole
~ was also found to decrease trigonelline.formation, when‘fed with'

Jabelled nicotinic acid. - .
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INTRODUCTION

Studies in this laboratory, by.Gsdavari (1966) and )
v.Waygood et al. (1968) using carboxyl-14C labelled nicotinie
acid and c&rbonyl«lnc lsbelled nicotinamide as precursors9
have shown that the synthesis and breakdown of NAD in wheat
-1eaves follows & pathway similar to that demonstratod in
_humanierythrocytes by Prsiss and Handler (1957). The main
difference 1is that'trigoﬁelline-(Nwmethylnicotinic acid),
‘which is known to be a product of nicotinic acid metabolism
in'plants4(Goodwin;'l963), incorporates 60<80% of the radio-

. activity administered.

ﬁollowing the studies of Yoshi&a (1961), it has been
" shown that NAD accelerates the senescence of detached leaves
of Elodea floated on aqueous mediume de&evere nicotinie ésid
was - discovered to be a much more potent bleaching agent of

the chloroplasts of Elodea than NAD whils nicoﬁinamide and

trigonelline were non-toxic (Waygood g& gl., 1968)3

The effect of hisotinic acid and NAD could be. over-
_éoﬁe,by kinins, such as benzimidazole and kinetin, These-
fofmer studles were concérned with monocotyledonoussplants
only and the purpose of this investigation was to determine
whether the synthesis and breakdown of NAD followed a similar

“pathway in dicotyledonous'leaves, for example, bean leaves

(Phasedlus vulgaris L.). Accordingly, experiments similar to




theSe of Godavarl (1966)_and Waygood et al., (1968) were con-
ducted using carboxyl»lhc labelled nicotinic acld as a pre-
cursor of NAD eynthesise Anether'precursor of NAD (luc nico-
tinamide) was not used since the same pattern of intermediates
emerged in wheat leaf extracts when either nicotinic acid or

"~ nicotinamide was used as a precursor of NAD synthesis.

In other.experiments nicotinic acid and NAD were
'_tesfed on Bean leaf diecs floating on aqueous media to deter=-
mine whether they caused chlorosis similar to that in wheat
leaves. In addition, several kinins, e.g° benzgimidazole, .

' kinetin and benzyladenine, were tested to determine thelr
r_effect on the senescence of bean leaf discs or on overcoming
tne‘poseible accelerating effects of cerﬁain compounds on

senescence.

Sinee S-adenosylmethionine is 1mplicetedlin the nmethy-
lation of nieotinic acld fo trigonelline (Joshi and Handler, .
1960), both methionine and 1tslantagonist, ethienine,‘were.
tested to determine their effect on (a) the retardation or
~acceleration of senescence in bean leaf discs and (b) the dis=
- tribution of 140 in the intermedliates of the biosynthesis and
breakdown of NAD using carboxyl—luc labelled nicotinic acid.

The experiments on senescence are described in Sec-
tion I and those on the 1ncorporation of l4¢ nicotinic acid |

in Section II Qf this thesis.




LITERATURE REVIEW

It is well known that aging in leaves 1is characterized
by a decrease inbohlorophyll content and an accompanying loss

of protein and ribonuclelc acid. These symptoms of senescehce

occur at an accelerated rate in excised mature leaves and in

leaf disos floated on water (Osborne, 1962).,

During the last decade, several chemical substances
'l(kinins) have been shown to retard the senescence in leaf blade.

In 1957, Person et al. demonstrated that both chlorophyll degra-

dation and proteih loss, in detached wheat leaves, were retarded
by floating them on a SOlution containing 50 p.p.m. benzimldazole,

In the same year, Riohmond and Lang (1957) showed that a similar

effect could be obtained if exoised leaves of Xanthium were
maiﬁtainsd with their petioles in 5'p.p.m.'of Kinetin solution.
: Mothes and Engolbrecht'(l959) sprayed kihetin on some limited

- areas of leaves of Nicotiaﬁa and reported that tﬁe.retention""_ ‘ ?.
'of'ohlorophyll was localized in -the areas to‘which kinetin was |
applied. Recsntly, LéopOld‘and Kawase (1964) found that the'

application of benzyladenine to one or more leaves of bean -

seedlings'would retard the senescshce of the treated leaves,
but induced the senescence of untreated leaves on the same

seedlings.

In a study of the influence of the nucleus on the

_ metabolism of plasmolysed Elodea leaf cells, Yoshida (1961)

showed that the chloroplasts of nucleated protoplasts under--.




went rapid senescence, whereas those of enucleated protoplasts
remained green and werebphotosynthetically active for a long
Aperiod of time. The additionlof ﬁAD tovthe medium caused a
rapid senescence of the chloroplasts of enucleated protoplasts,
'but NADF had no effect. It has been suggested by Waygood et
al. (1968) that the-maintenance of the»green color in the -

chloroplasts of enucleated protoplasts is analogous to the

- effect of ben21m1dazole, as also may be the effect of kinetin

and benzyladenlne (Person et al., 19573 Richmond and Lang,

1957, Leopold and Kawas, 1964). Yoshida (1961)'1mp11ed that the
f_effect of the nucleuslon senescence was due to NAD, since NAD
is 'synthesiéed by the nucleus (Brachet;.l954). Siebert and
Hunphrey (1965) confirmed that the nucleus is & site of NAD

synthesis.

Recently, Godavari (1966) and Waygood et al. (1968)
'_extended'these studies in this laboratory and demonstrated

that NAD accelerated senescence in unplasmolysed Elodea and

wheat 1eaves, but NADP was not as effective as NAD.- In addition,

they showed that nicotinic acid. a precursor of NAD synthesis,
- was considerably more. effectlve as a bleachlng agent than NAD.
These effects of NAD and nlcotinic acid appeared only When the

: detached leaves were 111uminated. However under the 1dentical

“conditions,benzimidazole and kinetin were capable of overcoming

- the accelerating effect of nicotinic acid and NAD on the

 chlorosis in Elodea and wheat leaves.,

e



In an investigation of the relationship between
nicotinamide nucleotide_content and kinins in wheat in this
 laboratory, Mishra (1963) and Mishra and Waygood (1968) found

that the total nicotinamide nucleotide content was increased

- following treetment with kinins. There was a diurnal rhythm in all R

treatments with an increase of.NADP(H):and a decrease of NAD(H)
- during the photoperiod and the opposite case.in derkness.'
However; when isoleted chloroplasts were‘floated on ﬁater.
they lost all their NADP within 6 days. On the other hand,

' those treeted ﬁith<benzimidazole or kinetin increased or et |

" least maintained their level of NADP:

In order to investigate NAD metabolism, a brief study
is described here,} It is established that there are four
. _fupdamentally different'pathways“of NAb biosynthesis in organisms;
(1) Preiss-HandleI'pathway; The exogenous or preformed nicotinic
‘acid is converted into NAD Vie nicotinic acid mohonucleotide'and
nlcotlnic acid adenine dinucleotide (Preiss and Handler, 1957)
(2) Nlcotinamlde pathway: The exogenous or preformed nicotin-
amide is converted into nlcotinamide mononucleotlde (Preiss, and
v'Handler. 1957) which then becomes NAD (Kornberg, . 1950a). (3)
Tryptophan pathway: Quinolinic acld 1s synthesized from trypto-:
- phan and the quinolinic ls. converted to quinolinic acid ribonucleo- E
‘.tide which enters the Preiss-Handler pathway via nicotinic acld,
mononucleotlde and NAD is produced (Nishizuka and Hayaishi 1963).
(&) Aspartate-glycerol pathway Quin011nic acid is synthesized

from small molecules. such as aspartate and glycerol or related




substances, and 1t is then converted into NAD by way of nico~-
tinic acid mononucleotide as above (Isquith and'Moat,»l966)g
_another nicotinamide nucleotide;‘NADP. is formed from NAD.

This reaction is catalyzed. by NAD'kinaSe, ATP:NAD 2'-phospho~

transferase (E.C.No., 2.7.1.23) (Koxrnberg, 1950b).

Kaplan (1960) has shown. that the degradation of the

'vpyridine'nucleotide is the only biolegical source of nicotin-

“amide, which 1is formed by the hydrolysis of the ribose-nicotin-

- amide-bond by NAD glycohydrolase (E.C.No. 3.2:2.5), or by
-cieavage of NAD and NADP by'nucleotide pyrophosphatases to
broduce nﬁcotinamide mononucleotide (NMN) followed by glyco-
hydrolase activity. Sarma et gl.‘(l961) and Joshi and Handler
(1962) Have also indicated that a portion of nicotinamide
prodﬁced in viro by.the action of.NADtglycohydrolaée may be

reutillzed by deamidation to nicotinic acid and conversion to

) NAD via the Preiss-Handler pathway. Therefore, they presented

a cyclic schene for the degradation and resynthesis of NAD which

:1s 111ustrated in scheme I.

"In the study of NAD metabolism in wheat plant fed
"with carboxy1-1”C labelled nicotinic acid andbcarbonyl-luc

labelled nicotinamide, Godavari (1966) has shown that the syn-

thesis of NAD in wheat leaves follows a pathway‘éimilar to that
found in human erythrocytes (Preiss and Handler, 1957) and the
cyelic metabolism of NAD 1s similar to that shown in Scheme 1.
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- difference was noticeable in NAD, NaAD and NADP but there was a

When wheat leaves (Triticum aestivum L. var., Selkirk)

were floated on water or benzimidazole solution.for 2 days and
then fed with labelled 1%¢ nicotinic acid and nicotinamide, the

. pattern of incorporation of radioactivity was similar to that

in immediately-detached leaVes‘except that the incorporation
- of the label into NADP ‘and nicotinic acid adenine dinuoleotide
" (NaAD) pool was v1sibly greater in the extracts from benzimi-
" dazole treated leaves (Godavarl, 1966 Waygood et al., 1968)

: In subsequent experiments, three sets of detached leaves

‘were allowed to incorporate'lnc nicotinamide for two hours

.under continuous illumination and then one set of leaves was killed
 and extracted 1mmed1ately and the other two sets were floated

uon water or benzimldazole solution, respectlvely, under con-

tinuous illumination for two days. They showed that no significant

‘ greater acoumulation of the label of the nicotinamide nucleo-
tlde in the extract of leaves. floated on water. and benzimldazole

than in the immediately detached leaves, and that the benzlml-;.

dazole treated leaves showed a greater label in NADP whlle

leaves floated on water accumulated more label in NAD.

. In the biosynthetic pathway of NAD from nicotinic acld,

Joshi and Handler (1960) showed that S-adenosylmethionine was

‘the main methylgroup donor for the formation of trigonelline.
'Goodw1n (1963) also showed that when exogenous nicotinic acldywas

.fed into pea shoots, the endogenous levels remained constant

et e e e ey




but the excess exogenous nicotinic acid was.oonverted into
trigonelline. In this laboretory, Godavari (1966) and Waygood
at al. (1968), using wheat plants, confirmed these results and
they showed that the radioactivity incorporated into the trigo-
nelline reached 75 to 80% of the radioactivity administered.

However, Radmer and Bogorad"(1967)’suggested‘thet the
methyl group occurring at the C=-10 carbomethoxy group of chloro-
phyll was donated by S-adenooylmethionine which was formed
from ATP and methionine in’ Zea g;g_. Recently, Chan et als-
_(1968) supported this hypothesis with respect to wheat leaves.,
It appears that in the formation of trigonelline there is
competition with chlorophyll for the methyl group from S-adeno-

'syimethionine.

On the other hand, Farber et al. (1964) found that
ethionine was an antagonist of methionine, since ethionine
became S-adenosylethionine at the expense of ATP more rapidly
than S-adenosylmethionine formed fron methionine in rat 1iver.}
'These compounds. methionine and ethionine, were also.used in
this investigation, in order to determine whether or not the
effect of nicotinic acid on senescence is due to its methylation

into trigonelline.




SECTION I

EFFECTS OF KININS

ON -

THE SENESCENCE OF DETACHED BEAN LEAVES
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MATERTALS AND METHODS

P]ant materials: Plantsof Phaseolus vulgaris L, var. Brittle

-Wax were grown from seeds in vermicullte in pots in the green-
house at various times of the year. Dependlng on the season,
20 to Lo day old first trifollate leaves were excised and
washed with delonized dlstilled water. Generally, the fresh
trifoliate leaves Weighed about Q.9g"each and the middle

_1eafletdwas'about-10cm in length,

Chemicals: Kinetin,_benzyladenine, NAD and NADP Wefe obtained
'from:Sigme Chemical Company, St. Lonis, Missoﬁfi. U.S.A.;5

7vmethionine end ethionine-were obtained from Calbiochem, Los

Angeles., California, U.S.A.; benzimidazole and nicotinic acid |

were purchased from Eastman Organic Chemicals, Rochester, New

‘ YOI’k, UCSOAOI

,Procedures Fdrthe experlments, bean leaf dlSCS l.lcm  in

}dlameter were punched from the area be81de the mldrib of the'
blade with a cork boreér. Eight discs were randomized and
floated w1th the abaxial side downwards on 10ml of water
or the various. solutions in 5 inch diameter petri dishes as
described. The petri dishes were then placed in a glass.tray,

_JcoVered’with Saran wrap and then placed in a growth chamber

1at 22°C elther under continuous illumination or in darkness.,

"The light source was a bank of 8, cool-white, fluorescent lamps

(F48T_12-CW-VHO, SYLVANIA) and 4, warm-daylight, incandescent

11




lamps, with a total 1light intensity of 1500ft-c.

'~ The various compounds dlssolved.in the solutions were
as follows: benzimidazole (BZM), kinetin (KIN), benzyladenine
(BZA), methionine (METH), ethionine (ETH), nicotinamide-adenine-
;dinucleotide (NAD), nicotinamide-adenlne-dinucleotideephosphate
v(NADy) and nicotinic acid (Na). ‘The test sqlutions'were all
adjusted to pH 7 with the éddifion of O, 1N NaOH ahd the concen-
tratlions of the compounds in each solution are stated 1n the
description of each experiment, After 7- or 14~days of incu-
bation the petri dishes containing the leaf discs were examined,

'théif appearance recorded, and then théy were photographed.




EXPERIMENTAL RESULTS

| Effect of nicotinic acid, benzimidazole and NAD in light and

darkness. It has been shown that benzimidazole overcomes the
bleaching effect of either'nicotinic acid or NAD on the chloro-
plasts of either detached Elodea- or wheat-leaves (Godavari,
1966; Waygood et al., 1968). It was therefore of interest to

| determine whether these compounds had the -same effect on bean-
leaf dises. Leaf discs from 20~ to uo-dayaold trifoliate leaves
were floated on either (1) water, (2) a 25 p.pom. solution of
benzimldazole, (3) a solution containing 5 x lO““M nlcotinlc
acid, (4) a solution containing 5x 10‘4M NAD, (5) a mixture

| of (2) and (3), or (6) a mixture of (2) and (&), all'under
elther continuous 1llum1nation. or complete darkness, for 14
days. The results are shown 1n Fig. 1, although it is difficult
to see. their effects 1n this photograph. However, under cono
tlnuous illumination, 1eaf discs floated on benzimidazole showed
no retardatlon of senescence when compared with 1eaf discs floated
on water. Furthermore, NAD induced more chlorosls than did i |
" nicotinic acid. and the effect of these two compounds was not
overcome by benzimidazole as was the case with Elodea leaves

(Godavari, 1966 Waygood et al.. 1968).

In darkness, bean leaf discs floated on water showed
less chlorosis than thelr oounterparts in light. For those
: _floated on benzimidazole, 1t appeared that senescence was retarded

to-a certain extent. However. with NAD treatment, leaf discs

13




Fig. 1., Effect of nicotinic acid, benzimidazole and NAD on

bean-leaf discs under continuous illumination and

darkness for 14 days.

Fig. 2. Effect 6f kietin, benzimidazole, methlonine, éthionine,
ete. oh_bean-leaf discs under continuous illumination:

for 7 days. 

14
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became’ flaccid and translucent and were difficult to remove
from the petri dishes. This accounts for their absence from
the photograph, Although nicotinic acid showed chlorosis under
this condition, 1t was a less potent bleaching agent of bean-
leaf discs than was NAD. It also appeared that benzimidazole:

overcame the chlorotic effect produced by NAD or nicotinic acid.

Effect of kinetin, benzimidazole, methionine, ethionine, etC.

in light and darkness. Both kinetin and benzyladenine'have

been shown to reterd the senescence of various dicotyledonous
leaves, including bean leaves (Richmond and Lang, 1957; Mothes
and Engelbrecht, 1959 Leopold and Kawase, 1964). Accordingly,
these compounds.were tested to determine thelr effect on bean-
leaf dlscs under conditions of continuous illumination. Discs
were floated for 7 days on solution containing either 20 p.p.m.
kinetin (KIN) or benzyladenine (BZA), 25 p.p.m. methionine
(METH), ethionine (ETH) or benzimidazole (BZM), or 5 x 10~4M

NAD or NADF. All solutions were edjusted to pH 7.0 with 0.1N
NaOH. The results are éhown in Fig. 2, which indicates that
discs treated with either benzimidazole, methionine, NAD, or

~ NADP were not visibly differehf from those floated on water,

It was also noted that NAD did not accelerate senescence as it
dose in Elodea leaves (Waygood et al., 1968). On the other hand,
discs floated on kinetin, benzyladenine and ethlonine showed

some interveinal chlorosis, and the former two treatments sig-
nificantly inereased the area of the discs. The experiment shown

in Fig. 3 was a repetition of the experiment described above
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and illustrated in Fige'z except that the 1eéf dises were nain-
tained in continuous darknesse. 'Benzimidazolep methionine, NAD
‘and NADP showed 1ittle or no effect. Kinetin iﬁduced & slight
chloroéi$, but treatment with benzyladenine caused a severe chlo-
rotic céndition while ethionine caused the leaves became trans-

lucente

Effect of various concentrations of chemical regulators on floated

bean-1eaf discs meintained under continuous illumination for 7

days. The chemical ‘regulators’ used in the previous experiments
were testgd st various -concentrations for 7 days under continﬁous
11luminetion. A control experiment of bean=-leaf discs floating
on water was not used since such leaf discs showed no difference
“from trestment with 25 PoDelle benzimidazole, 25 p.p.m. methionine,

or either 5 x IO”QM NAD or NADF,

(a) Benzimidazole and methionine. Fig. 4 clearly indicates that

varying the concentration of either of these two substances from
10 to 50 p.p.m. did not induce any visible differences in either

the acceleration or the retardation of senescence of bean leaf

disese.

(b) Benzyladenine and kinetin. In comparison with bean leaf

" discs floated on water (Figs. 1 and 2), interveinal chlorosis
'was evident at & concentration of 5 p.p.Mo With both test che-
“micals and chlorosis increased with increasing concentration of
the chemicals, up to 25 p.P.mo (Fig. 5). As in the previous

expériments the leaf discs increased in area.



Fig. 3. Effect of kinetin, benzimidazole, methionine, ethionine,

etc, on bean-leaf discs 1n darkness for 7 days.

Fig., 4., Effect of various concentrations of benzimidazole and

methionine on bean-leaf discs under continuous illumina-

tion for 7 d4ays.
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Fig. 5. Effect of various concentrations of benzyladenine and
kinetin on bean-leaf discs‘under continuous illumination

. for 7 days.

Fig., 6 Effect of various'concentrations of ethionine and NAD

on bean-leaf discs under continuous illumination for

7 days.
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(¢) Ethionine and NAD. Treatment of leaf dliscs with ethionine

concentrations of from 10 to 50 p.p.m. (Fig. 6), &ll resulted
in interveinal chlorosis similar to that obtasined with 25 p.p.m.
ethionine, as illustrated in Pig. 2. Leaf discs {loaved on NAD

did not show any difference at concentrations from 10“4 to 10=3M.

Effect of benzimidazole, methionine, NAD and NADP under both

continuous illumination and darkness for 14 days. In the earlier

experiments, in which bean=leaf discs were floated for 7 days
under continuous illumination or in darkness, iﬁ was found that
benzimidazole, methicnine, NAD and NADP showedllittle,or no effect
(Figse 2 and 3). Accordingly, the eﬁpafiment was repeated, with
two kinds of concentration of each regulator snd the time of
floating being extended to 14 days. Theré appears to be no
significant differénce between this and the previous experimentg
except that the leaf discs treated Wifh NAD or NADP were greener
then those of the control water treatment. However, bacterial
infection was found on one or two leaf disecs of those treated
with NAD., On the other hand, when leaf discs were floated for
14 days in darknéss (Fig, 8), methionine showed no effect, but
with benzimidazole treatment Ehe leaf discs had maintalined their
original green colour. With NAD or NADP treatment the discs

were both chlorotic and translucent.

Effect of benzimidazole on NAD treatment in darkness. Benzimi-

‘_dazole has been shown to overcome the accelerating effect of NAD

on the senescence of Elodea leaves under continuous illumination.




Fig, 7. Effect of floating period on bean leaf discs under

continuous illumination for 14 days.

Fig., 8. Effect of floating period on bean leaf discs in

darkness for 14 days.
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Fige. 9. Effect of benzimidazole on NAD treatment on bean
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leaf discs in darkness for 14 days.
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Hith besn-leaf dlses NAD had little or no effect in light (Fig.
7Y, but in darkness as shown in Fig. 8, NAD produced a chlorotic
end transiuvcent condition. The results of an experiment using
discs floated for 14 days in darkness (Fig. 9) showed that

50 peDolie ©of benzimidazole overcsame to a certain extent the
effect of 5 x 10°&M of NAD. At higher concentrations of NAD

or lower concentrations of benzimidazole, chlorotic and trans-

Jucent condition was general.

Effect of benzyladenine on benzimidazole, methionine and NAD

treatmentéo Since benzyladenine treatment induced chlorosis in
bean-leaf discs when they were under continuous illumination of
in darkness, an experiment was undertaken to determine whether
‘benzimidazolee methionine or NAD could overcome the accelerating
‘effect of benzyladeine or chlorosis° Leaf discs were floated
for 7 days on elther H,0, solution of 25 p.pems benzimidazole

or methionine, oxr 5 x 10?4M NAD, all test solﬁtions with and
without 20 popem; bénzyladeninee Fig, 10 shows that none of
these'regulators overcame the effect of benzyladenine on bean-
leaf dises which were under continuous illumination. Although
_benzimidazole maintained the gfeen colour of the discs in dark-
ness (Fig. 8), it was unable to overcome the chlorotlec condition
produced by benzyladenine in darkness (Fig. 11). Both methlonine

and NAD accelerated the chlorosis produced by benzyladenine in

darkness.



Fig. 10, Effect of benzyladenine on benzimidazole, methionine

and NAD treatments on bean~leaf discs under continuous

illumination for 7 days.

Fig. 11. Effect of benzyladenine on benzimidazole, methionine

and NAD treatments on bean-leaf discs in darkness for

7 days.
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SECTION II

NICOTINAMIDE-ADENINE-DINUCLEOTIDE METABOLISM
IN

BEAN LEAVES

24



MATERTALS AND METHODS

Plant materisls: Bean plants (Phaseolus vulgaris L. var. Brittle

‘Wax) were grown in vermiculite in the greenhouse., Trifoliate

leaves, including their petioles, were removed for test purposes.

Chemicals: Carboxyl»lbc labelled nicotinic acid (specific acti-
vity, 27.9mc per mmole) was purchased from the Radiochemlcal

Center, Amersham, Buckinghsmshire, England.

Feeding of 1”g nicotinic acid to leaves: The procedure followed
by Weng (1959) was used in these experiments to feed leaves wilth
radioactive nicotinic acid. The cutends of defached petioles

(3cm in length) were inserted into small vials (0.4 x 2cm) con-
taining 03018ﬂmole of the radioactive compound. These experiments
were conducted in a growth ¢hamber uhder continuous illuminstion
of 40Oft-c and 22° for various periods of time. Sufflclient quan-
tities of water were added to the vials to prevent desiccation

of leaves.

Induction of senescence in leaves: The two methods used to induce

senescence were as follows:

(2) The trifoliate leaves were first fed with the solutlons as
described in Section I in a growth chamber at 22° under continuous
illumination (400ft-c) for 4O hours. This was followed by feeding
with radioactive nicotinic acid for 6 hours.

-(b) The trifoliate leaves after feeding with radioactive com-
pound (6 hours) were cut into small pieces. These were then

floated on 20 ml of the solutions in petri dishes (10cm in dla-

25
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meter) as described in Section I, The petrl dishes were then
placed in a growth chamber either under continuvocus illiumination
or in darkness for 40 hours. The concentrations of various solu=

tions are stated in the section of Experimental Results,

Extraction and fractionation: Leaves were dut ihto Small sections

and plunged into boiling 95% ethanol and extracted twice in 85%
ethanol for 30 minutes, followed by 40% ethanol and then water.

The alcoholie end water extracts ﬁere combined and evaparated to

| dryness. The residue was extracted with chloroform to remove
chlorophylls, carotenocids and lipids. The residuve was then dis-
solved in watervand made to a volume of Sml., Fractions were stored

in the deep freeze.

Paper'chromatography and radioautography: Aliquots of the 0.3ml

water soluble fraction were streaked on Whatman No. 1 paper,

The chromatograms were developed in the solvent (isobutyric acid :

- Hy0 : NHOH = 66:33:1, v/v/v, pH 3.8) for 28 hours by ascending

. technique at 20 . Radiocautographs were obtained by exposing the
chromatograms on Kodak "no screen’ medical X-ray film for two weeks.
The films were developed with Elonhydrogenon (Kodak D=19b) X-ray
film developer (Hodgeman et al, 1954) for five minutes at 18° and
fizxed with Quick-Fix (Edwal Scientific Products Corporation,

Chicago, U.S.A.).

Detection of pyridinium compounds: PFyridinium compounds were

detected by the following methods:
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4, Authentié compounds were ﬁsed as markers to identify the
compounds,

Be The chromatograms wefe exposed to the vapors 6f methyl
éthyl kitone : ammonium (1:1 in v/v ) in s closed glass
tank for about one hour. Nicotinamide derivatives fluo-
bresce under ultraviolet light, but nicotinic acid derivatives
do not fluoresce (Kodicek and Reddi, 1951)0

C. Chromatograms were sprayed with 1% picryl chloride in 95%>
ethanol, dried at room teﬁperatﬁré, end exposed to ammonia
fumeso4;After one hour, nicotinic acid and nicotinamide

turned into reddish coloured spots (Dawson et al., 1962).

Measurement of radloactivity: Radicactivity was measured with

Liquid Scintillation Spectfometer9 Packard Ihsﬁrument Conpany,
.'U,SeAeo Compounds correspending to each radicactive area or

spot on the radioautograph were cut out from the developed chro-
matogram., The compounds were eluted from the paper with 0.2ml of
50% ethanol for 4 hours at roomAtemperature. Ten milliliters of
dioxane scihtillation fluig* wés added and the samples were counted
for 5 minutes, All counts weré correted for background. The
radiocactivity of 0,3ml aliquots of the water soluble fractions

was also determined at the same time,

TJITEEmEmmToERE e R R S e e S SRR NSRRI

#Scintillation liquid contained 100g of naphthanene, 7z of 2,5

diphenyoxazole (PFO) and 0.3g of 1,4 Bis (2,5) phenyloxazolyl
benzene (POFOP) in 1000ml of P-dioxane.



EXPERIMENTAL BESULTS

Feeding 14Q.nicotinic acld to immedistely detached bean leaves.

Labelled nicotinic acid'(OeOlQ#mole) was fed immediately to freshly
detached trifoliate-bean leavés for periods of from 2 to 48 hours.
~ An OQBml aliquot of the water soluble fractlion of the extracted
leaves was counted and another 0,3ml alliguot was chromatographed
and radioauvtographs were prepared as deseribed in Methods and the
results are shown in Fig. 12. Thé compounds were identiflied by
narkers and also by comparison with the radioautographs of
Godavari (1966) and Waygood et al. (1968)0‘ It is clear that the
label in niéotinic acid is inecorporated into nleotinamide, trigo-
nelline, NAD, and the Intermediates of NAD synthesis and breakdown
within 2 hours. After 6 hours the pool of radioactive nicetinic
ecid is #1rtually depleted. Quantitative measurements of the
.'radibactivity in each éompound are shown in table I and some are
gr&phically illustrated in Fig. 13. As with wheat leaves the
radioactivity in trigonelline increeses from O to almost 80% of
the total incorporated within 6 hours, the same time perilod within

which the nicotinic acid pool is virtually depleted.

A short time course study (Fig. 14) shows that nico-
tinié acid is rapidly metabolized by bean leaves with its radio-
activity appearing in most of the intermediates of NAD synthesis
and breakdown within 10 minutes of feeding. Trigonelline is
labelled withiﬁ 5 minutes gf feeding. It appears therefore that

the metabolic pathways of NAD blosynthesls and breakdown in bean

28



Fig.

12.

Radiocautographs of the intermediates of NAD

metabolism after inecorporation of 14¢ nicotinic

NAm : Nicotinamide
NA : Nicotinic acid
NR : Nicotinamide riboside

TRIG : Trigonelline

'NMN : Nicotinamide mononucleotide

NAD : Nicotinamide adenine dinucleotide
NaAD : Nicotinic acld adenine dinucleotide

NADP : Nicotinamide adenine dinucleotide phosphate
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TABLE I

The percentage of various intermediates of NAD metabolism

ik

1
in a time course study of C nicotinic acid incorporation.

Time (hours) 2 b 6 8 10 1z 24 L8

| NAm , 5.40 13,24 7.38  11.41 11,70 15,46 11,42 3,18
NA 42,70  12.25 2,76 3.95 3,24 1.84 2.33 1.29
NR 4,00 '3381. 5,13 4,27 2.99 b6l 2,64 1.02
TRIG bo.53 61.11  77.09  68.59 73.83 70,38 75.80 84,86
NaR 0,80 1,02 1,32 1.10 1,00 1,14 0.91 0,60
. NMN 0.72 0.6k 1.01 0,81 0,80 0.81 0.l 1.50
NAD | 2,61 b,11 2,91 - 2;79 3,09 2.6 3.62 1,00
Na N 0,40 0.36 0.42 0.50 0. Ll 0,57 0.38 0.4l
NaAD 0,57 0,56 0.58 0.39 0.40 0.50 0.38 0,37
NADP 0,41 0.43 0.42 0.45 0.56 0.56 0.38 0.39

Original Streak 0,31 0.34 0,26 0.29 0,28 0.31 0,28 0.17
Total Percentage 98,45 97,87 99,28 oh,.55 96,43 98,67 98,58 9L .82
Total Counts¥ 346,319 389,243 345,519 277,886 312,975 255,340 402,373 357,650

*These wvalues were obtained from an zliguot of 0,3ml of water soluble fraction,
which was counted for 5 minutes, ' :

s



Fig. 13, Fluctuations in the levels of radioactivity of some
intermediates in NAD metabolism up to 48 hours after
incorporation of 14C nicotinic acid.

NA : Nicotinle acid

NAm : Nicotinamide

NR : Nicotinamide riboside
_.TRIG : Trigonelline

NAD : Nicotinamide-adenine-dinucleotide
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Fig., 14. ‘Radioautographs of the intermediates of NAD metabollsm
after the incorporation of 14¢ nicotinic acid in a

short time course study.

The abbreviations shown are the same as those in

Fig. 12.
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leaves 18 identical with that formed in wheat leaves (Godavari,

1966) .

Feedin lucinicotinic acid prior to senesgence on regulatérsa
Leeaing = Lo Lo e

Godavari (1966), NMishra and Waygood (1968) and Waygood et al.
(1968) have.shown that benzimidazole treatment of whéat leaves
increases theif pyridine nycleotide gontent especlally NADP.
Prasad énd Waygood (unpublished) have shown that NAD inhibits

the conversion of nicotinic acid to trigonelline. Greenbaum

et al. (196&) have also shown that ethionine caused a substantial
211 in NADP and NADPH‘in rat liver. Accordingly a series of
experimenté were undertaken to determine the effect of these and
other compounds on the labelling pattern after feeding.luc nico=
tinic acld to leaves which had been floated on various solutions

eithef vnder continuous illumination or in darkness.

_ In the first experiment the trifoliate leaves were
detached from the plant and fed 140 nicotinic acid for 6 hours.
The leaves were then weighed, cut into small sectlions and floéted
on 20ml of:(l) 25 pe.p.m. benzimidazole, methionine, ér ethionine,
(2) 10 p.p.m. benzyladenine or kineting (3) 5 x 10-MM NAD., After
40 hours, the leaf sections were killed, extracted, and radio-

autographs were prepared as describéde

- The labelling pattern under contlnuous illumination
‘418 shown in Fig. 15 and the quantitative data are given in Table IT.
 _There appears to be no significant difference between the treat-

ments except that the total radioactivity incorporated into each




Figa 15,

" Fig. 16,

Radiocautographs éf the intermediates of NAD metabolism
after feeding lL”C nicotinic acid to bean leaves for 6
hours prior to allowing them to senesce on solutions
of various regulators under continuous illumination.

The abbreviations are the same as those in Fig. 12,

Radioautographs of the intermediates of NAD metabollism
after feeding 140 nicotinic acid to béan leaves for 6
hours prior ﬁo allowing them to senesce on solutions
éf various regulators in darkness.

The abbreviations are the same as those in Fig. 12.
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TABLE II
The percentage of various intermediates of NAD metabolism
in a study of 1L’“C‘1’11(:01:'11'1'10 acid incorporation prior to

senescence on regulators under continuous illumination,

NAD Metabolism _Regulator
Intermedlate Control¥** pBzNy BZA KIN METH ETH NAD

NAm 3.97 3.47 b, 38 b,bs L,95 .13 3.34
NA 1,10 0.94 1.21 1,28 1.80 1.78 '1;20
NR 1.88 1.14 1.34 1.25 . 1.97 2,70 1,00
TRIG 57,90 51,72 52,91 53,51 54.55 54,61 52,07
NaR ' 1.72 1.26 1.14 1.51 1.07 1,30 1,14
NMN 0,91 1,50 - 1.25 1.80 1,04 2,27 1.08
NAD | 1.95 158 2.13 1,88 2,42 2,07 1.35
NaMN | 0,41 0,56 0.35  0.51 - 0,51 . 0,56 0.54
NaAD | 0.29 0,30 0.31 0.39 0.36 0.30 0.36
NADP 0.43 0.57 0,32 0,79  0.57 . 0.4k 0,46

Original Streak o.14  0.23 0.14 0,20 0,18 0,12 0,29

Total percentage}j 70,70 63.23 66.48 . 67,57 69,42 70,28 62.83

Total Counts* 423,680 370,836 383,08k 401,251 402,036 421,450 360,320

*These wvalues were obtained from an aligquot of 0.3ml of water soluble fraction,
which was counted for 5 minutes.

##Control solution consists of HZO only
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TABLE III

The percentage of various intermediates of NAD metabolism in a study o

r hg

nicotinic acid incorporation prior to senescence on regulators in darkness.

| NAﬁuﬁetabolism o ' Regulator _
Intermediate Control#** BZN BZA KIN METH ETH NAD
NAm | 8.26 7.25 12,17 9.58  13.45  15.35 6,00
NA 2.15 1.41 2,08  1.15 1.7k 2.26 1.26
NR | 2.52 4,00 1.13 0,77 2,47 L.62 1.15
TRIG 92,99 78,12  73.50  80.75  69.90  59.92 82,27
NaR 0.63-  0.93 1.14 0.65 1,04 0.96 1.07
NMN 0.65 0,94 1.73 0,43 0.99 1.17 2,03
NAD 2,62 1.76 2.51 2.50 3.93 5,43 1.12
NalN 0.32 0.39 0. bk 0,31 0479 0.65 0,40
NaAD 0,26 0.36 0.35 0.31 0.41 0,54 0.21
NADP 0.34 0,42 0,41 0,46 0.67  0.66 0.38
Original Streak| 0,19 0.21 0.22 0.19 0,31 0,27 0.12
Total Percentage | 90,93  95.79  96.02 97,10 95,70  91.83  96.01
Totaol Counts*  |b42,726 320,397 U73,618 411,511 263,675 232,853 470,476

¥These values were obtained from an aliguot of 0.3ml of water soluble fraction,

which was conunted for 5 minutes,
. #%Control solution consists of Hs0 only

9€
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. of the intermediates of NAD metabolism and most particularly into

trigonelline, is considerably lower than that found in immediately

detached leaves (cf. Fige 12 and Table I

A similar experiment in continuous darkness (Fige. 16
and Teble IiI) shows a considerably greater labelling of trigo-
nelline at almost the same level as in immediately detached leaves
without inducing sencescence excépt treatment with ethionine
(Fig. 12 and Teble I). In addition, there was a greater percentage
of radicactivity in NAD and less iﬁ NADP. However9 there appeared

to be no significant difference between freatmentse

Feeding 149 nicotinic acid together with regulators. In this

experinent, 140 nicotinic aclid was fed to leaves and, immedlately
after it had been absorbed, the leaves were then fed with various
regulators. The leaves were killed after 6 hours of feedingo |
The fesults are shown in Filg. 17 and Table IV. The control in
water is not shown in Fig. 17, since thé leaves accidentally wilted
and absorbed vefy little 140 nicotinic acld., Hence the data for |
the water control in Table IV is taken from the time course study

given in Teble I.

The radioautographs and the quantitative dataAindicate
that with the exception of methionine treatment, all other treat-

140 nicotinic acid

ments siowed down the rate of disappearance of
(ef. previous figures and tables). MNuch more trigonelline is formed
in the presence of methionine, whereas less 1is formed in the

presence of benzimidazole, ethionine or NAD. Although water
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.Fig. 17. Radiocautographs of the intermediates of NAD
metabolism after feeding luC*niootinic acid together
with regulators to bean leaves for 6 houfsa

The concentrabions of the regulators are as follows:
Benzimidazole : 50 pepelo

Benzyladenine : 20 DePsle

Kinetin : 20 pepam?

Methionine : 50 pep Mo

Ethionine : 50 peﬁgmo

NAD : 10=°M






TABLE IV
The percentage of various intermediates of NAD metabolism in a study

of 1)‘PC nicotinic acid incorporation together with various regulators,

NAD Metabolism . ~ Regulator

Internediate Control**  BZM BZA KIN METH ETH NAD
NAm 7.38 32,14 14,95 21,73 14,94 15,03 15,61
NA 2,67 6,17 7054 4,30 3.13 6,04 12,29
WR ] 513 936 6.48 8.23  10.44  19.76 16,18
TRIG 77,09 42,06 60.92  55.15 64,01  50.82 43,77
NaR 1132 0.95 0.87 0,80 1,16 1.37 142
NMN - 1.01 0.90 1,06 1.16 0.74 0,81 1.30
NAD 2,91 b.95 4,11 L,37 3,40 L, 2k 4,35
NaMN 0,42 0.48 6043A 0,47  0.38 0.58 1,12
NaAD 0.58 0.80" 0,70 0.81 0,55 0.62 2,33
NADEP 0.42  0.95 0.55 0.81 0.37 0.32 0.62
Original Streak 0.26 0.49 0.33 0.39 0.27 0.25 0.4l
Total Percentage 99,28 99,25 97.92 98,22 99,39 99,84 99,43
Total Counts¥ 345,519 480,950 472,603 403,040 505,?43 468,106 421,720

¥These values were obtalined from an aliquot of 0.3ml of water soluble fraction,

which was counted for 5 minutes.
##%Control solution consists of H,0 only

6€
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control treatment has & ﬁigh label in trigonelline, it should

be noted that the data is taken from a defferent set of experi-
ments. The lower amount of label in trigonelline with NAD treat-
ment mey be due to the dilution by cold trigonelline, which 1is

formed from regulator NAD. The concentrations of the regulators

are given in the legend to Fige. 17

Feeding 1“g nicotinic acid to leaves after senescence. The

trifoliste leaﬁes were fed with various regulators gt the concen-
trations given in Fig. 17. After LO hours. they were fed with

1&0 nicotinie acid for 6 hours, As with wheat leaves (Godavari,
1966; Waygood et &l., 1968) chromatography of the water soluble
fraction of seneécent leaves was unsatlsfactory owing}to the
1nte$feren¢e pfesumably cf other senescnet products (Fig. 18).
Acecordingly, the nucleotlides were precipitated by acetone. Two
millilitre aliquoﬁs of the soluble fraction were acldified with
 0.1N ECL and 6 volumes of cold (-10°) acetone was added and the
mixture was stored overnight at -15°. The white precipitate was
collected by centrifugation, washed twice with cold acetone and
once with ether. It was dried in a desiccator under vaccum and
.dissolved in 1.0ml H,0. Radioautographs (Fig. 19) were prepared

as described in Methods, end the quantitative data are given in
Téble V. The data show that all treatments increased the iabelling
'of NAD and NADP when these are compared with fhe water control.

They were most heavily labelled in the benzyladenine treatment

but there was also a significant labelling of NaAD.



Fig. 18, Radioautographs of the intermediates of NAD metabolism
after feeding 140 nicotinic acid to bean leaves after

senescence on various regulators.

The abbreviations are the same as those in Fig. 12,

Fig. 19, Radioautographs of acetone precipltated nicotinamide

nucleotides from the same water extracts as those in

Fig. 18,

L
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TABLE V
The counts of radloactive pyridine nucleotides in a study
of 140 nicotinic acid'incorporation after induction of

senescence treated with the followling regulators.,

Regulator
NAD Metabolism
Intermediate Control* BZM BZA KIN METH ETH
NAD - 1,920 3, 040 8,610 2,780 2,760 3,502
NaAD ~ , 7,307 1,190 . 610
NADP 690 1,470 2,670 1,340 1,210 1,210
Total Counts 38?,630 356,760 324,363 326s460 343,680 286,815

(Fractions used were 0.3ml, which was counted for 5 minutes.)

. #¥Control solution consists of HZO only

e




DISCUSSION

In studying the effect of benzimidazole on chloro-
phyll metabollism of detached etliolated and green leaves of
Khapli wheat, Wang and Waygood (1959) showed that benzimida-
zole increased the rate of chlorophyll formation and decreased
the.rate of chlorophyll destruction in both light and darkness.
| However, in dicotyledonous plants, such as bean; sunflower and
tobacco, Wang et al. (1961) found that benzimldazole had no
effect on the maintenance of chlorophyll in 1eéf tissue, They

suggested that this Kinin was selective for monocotyledonso

Further work has béen done in this laboratorye The
growing apices of Elodea were floated on water or solutions
off NAD, NADP, nicotinic acid and nicotinamide in the presence
and absence of benzimidazole or kinetin under continuous illu-
minétion or ;n darkness (Waygood et al., 1968), Under contine
vous 1llumination, both NAD and nicotinic acid accelerated
chlorosis in this tissue, and nicotinic acid was a more potent
bleaching agent than NAD. However, neither NAD nor nicotinic
acid had any effect in darkness; NADP and nicotinamide had
little or no effect on senescence of this tissue. It was also
shown thet benzimidazole and kinetin overcame the accelerating
effect of NAD and nicotihic acid on the induced senescence

" under continuous illumination.

In the present studies, leaf discs from trifoliate

ljeaves were floated on either water, or solutions of benzimi-

b3
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dazole, nicotinic acid, NAD or mixtures of these either under
continvous illuminetion or in darkness for 14 days. It was
“shown that both NAD end nicotinic acid stinulated senescence

of bean leaf discs (Fig. 1). At the same concentration (10-3M),
NAD appeared to be a more effective bleaching agent than nico-
tinic acid. Under continuous illumination, benzimidazole had
no effect on senescence retardation, nor did it overcome the

chlorotic effect of NAD and nicotinic acid.

In darkness, benzimidazole appeared to retard senes-
cence of béan leaf discs and both NAD and nicotinic acld were
found to stimulate senescence. Both bleaching effects were
overcome to a certain extent by benzimidazole. The results of
this experiment are quite different from those observed with
Elodeg leéves in which the effect of NAD and nicotinic acid
- could be overcome4onl& under continuous illumination (Godavari,

1966; Waygood et al., 1968).

The floating period of this experiment, which was 14 days,

reised the problem of the artificial contribution of bacferial -
infection to the senescence pfocess, Accordingly, the senes=
‘cence process was followed for a shorter floating périod, 7
days, in light and darkness. The results (Figs, 2 and 3) indi-
cated that benzimidazole, methionine, NAD and NADP had 11t£1e |
v»or no effect on senescence‘under both conditions. However,

it was shown that NAD did accelerate senescence in Elodea

leaves under continuoué 1l1lumination within 3 days (Godavari,



1966; Waygood et al., 1968). On close examination, it was

found thaf a pH factor was probably impliceted in the accele-
ration of senescence by NAD in Elodea leaves., Since the pH of
10”3M NAD is 3.8, and the solution was not neutralized in the
experiment on Elodea leaves, the acidlc pH might have exerted

or étimulated the chlorotic effect under continuous illumination.
- The pH of a 50 p.p.m. solution of ﬁenzimidazole is 6.5, The
mixture of 10=3M NAD and 66 p.pem. benzimidazole (Godavari, 1966)
vis presumed to have a pH‘value between 398 to 6,5, Since benzimi-
~dazole did not show any effect on Elodea leaves but overcome the
effect of NAD, the reversing effect of benzimidazole on.N&D in
that experiment .could have been due to an lincrease in pH value;
In the present studies with bean-leaf discs, the solutions were
all neutralized to pH 7 by NaOH. In a 7 day floating period,
there was no observable difference between the effecté of
benzimidazole, methionine, NAD or NADP and those of water

(Figs. 2 and 3), nor was there.any relationship between con-

centration and senescence under continuous illumination (Figs.

L and 6).

Kinetin and benzyladenine have been reported to sti-
mulate growth and delay senescence in various leaves (Kuraish
and Okumura. 1956; Mothes and Engelbrecht, 1959; Leopbld and
" Kawase, 1964)., In Pigs. 2 and 3, the leaf discs treated with
kinetin and benzyladenine showed some intervelnal chlorosis

- under both conditions, but there was an increase in the surface
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area of leaf discs under light conditions. These data imply
that 20 p.p.m. of kinetin or benzyladenine induced growth and
chlorosis together. Srivastava (1967) reported that both kine-
tin and benzyladenine promoted RNA synthesis at low concentration
but inhibit it selectively at higher concentrations. He stressed
fhatvthe concentration was important for thelr effects. In

. this experiment, the concentration of 20 p.p.m. of kinetin and
benzyladenine may have been so high as to bring abbut the chlo-
rotic effect on bean 1eaves, but still induced growth. The
results in Pig. 5 show that chlorosls was stimulated and afeas

of the discs were increased when the concentration of kinetin
and bengyladenine was increased to 20 pepeloe This 6bservation

supports the above explanatione

‘S-sdenosylmethionine is invqlved in the methylation
of both the C=10 carbon of chlorophyll (Radmer and Bogorad,
1967) and the pyridinium N of nicotinic acid (Joshi and Handler,
1960)e To examine this further, leaf discé,were floated for
7 days on methlonine and its antagonist, ethionine, to deter-
mihe whether these amino acids regulate senescence. Figs. 2
and 3 show that methionine had no effect, but ethionine induced
chlorosis in bean leaf discs under both conditions. Furthermore,
the chlorosis was shown to be related closely to concentration
" of ethionine (Fig, 6). Discs exposed to methionine for 14 days
were sﬁill not affected (Figs. 7 anﬁ 8). This could be accounted

for if the amino acid is the source of the C-~10 methyl group of
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chlorophyll; and thus there may‘be sufficient methyl—group donor
for chlorophyll synthesis in léaf.ﬁissuesa Farber et al. (1964)
reported that the reaétion of ethionine with ATP'to produce
S~adenosylethionine was more fapid thanmthe,formation of S=adeno-
sylmethioniné from methionine and ATF ih rat liver, thus the |
observed bleaching effect of e%hioninevis assumed to be due to

ATP depletion.

The results in Fig, 7 show that NAD and NADP maintained
the green color of leaf discs under continuous illumination.
This result is quite different from that shouwn in Fige’l, in
“which NAD'induced chlorosis of bean-leafl discse. Thus, it 1s
difficult to define the effect of NAD or NADP on bean leaves.
Moreover, the bacterisal snfection which was found on the leaf

discs tréated with NAD (FPig. 7) makes the lssue more confused.

In darkness, NAD and NADP d4id sﬁimulate the appearance
of chlorosis (Fige. 8); the leaf discs became translucent and
chlorotiec: This chlorotic effect was overcome by benzimidazole
(Figs. 1 and 9), & compound which retarded senescence only in

darkness (Figs. 8 and 9).

Since benzyladeine wés found fo accelerate senescence
under both conditions, leaf discs were treated with benzimidazole,
, methionine, and NAD, all.with or withoﬁt benzyladenineo It was
© shown that'methionine and NAD aqcelérated the chlorotic inducing
effect of benzyladenine in darkness (Fig. 11). Benzimidazole was

unable to reverse the chlorotic effect of benzyladenine even
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in darkness (Figs. 10 and 11). Further discussion about ben-

zyladenine will be given in later section.

" One of the main objectives of the present investigation
was to determine whether the biosynthesis and breakdown of NAD
in bean leaves followed the Preiss-Handler pathway (1958) as
in wheat'leaves (Godavari, 1966). ‘VWhen I&belled nicotinic acid
| Was‘incorporated into NAD, the following intermediates were
identified : nicotinamide, nicotinic aciﬁg.nicoiinamide riboside,
trigonelline, nicotinic acid riboside, nicotinamide mononucleotide,
nicotinamide adenine dinucleotide, nicotinic acid mononucleotidep
nicotinic acid adenine dinucleotide and nicotinamide adenine
dinucleotide phoéphate (Fig. 13). These intermediates'are the
sameias those Whieh-occurred in wheat leaves (Godavari, 1966); The
fihdings ﬁhét labelled trigonélline appeared 5'minutes after feeding
and 1its r&dioactiﬁity ihcreased from 0 to 80% of the total, and
; that the labelled nicotinic acid pool was depleted in 6 hours,
were similar to those of Godavarl (1966) with wheat leaves,
These observations indicate that the metabolic pathways of NAD

biosynthesis and degradation in bean leaves may be identical to

‘thbse in yheat leaves,

_ In order to investlgate ihe effect of regulators.on
- NAD metabolism, 14¢ nicotinic acid_was.fed to leaves (1) before
senescence was induced by regulators, (ii) together with the
regulators, and (iii) after senescence waes induced by regulators.

When labelled nicotinic acid was fed prior to senescence by
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fegulators ﬁnder light éonditions.for L0 hours, it was found
that thelﬁotal radioactivity, particulartly in trigonellinsa,
“was much lower than that in leaves Which were extracted immee
diately after feeding (Fig. 15). However, there was no signi-
ficant difference between the various treatments under light
conditions. With ethionine treatment in darkness, there wa.s

- echlorosis and less label. in trigonelline but more label in
NAD, relative to the water control (Pig. 12 and Table I).

- There was no significant difference beﬁween the other
treatments in darkness. it appeared that light was involved
in the degradation of trigonelline, but the regulators were not.
Thus, it seems likely that in darkness, the chlorosis which
ethioninevproduced was dﬁe to the reduction of trigonelline

or promotion of NAD synthesis-or bothe.

When labelled nicotinic acid and reguvlators were incor-
porated together, it was found that methionine increased trigo-
knelline formation, but benzimidazole, ethionine and NAD decreased
it. The effect of NAD on trigonelline reduction may be due to
the dilﬁtion effect of cold frigonelline, which is formed from

,regulator NAD,

When labelled nicotinic acid was fed to leaves after
regulator-induced senescence, fhe :esults (Fig. 18) were not as
_clear as the previous ones. After preclipitationwith acetone,
the nucleotide residue was radioautographed. The results are

shown in Fig. 19. It was not possible to detect trigonelline
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formation from these chromatograms. In each treatment, NAD

and NADF incressed to a certaln exbtent compared with the water

3}

>.

¢ besn leaves produced largex

(‘}

ths

jol

control. . The data showe
amountsof NAD end NADP after the induction of senescence by

regulators then on water.

Mishra (1963) and Waygood et al. (1968) showed %F”“
kADP and NADFH were inereased in wheat leaves during & 16 hour
photoperiod, that NAD and NADH were increased after 8 hours in

’

darkness, snd that they underwent rec iprocal changes in light

(.,:,

end derkness during senescence. They also showed that ber
_mid;zele cr kinetin increased or mainu ined the NADP level in
chioroplasts isclated from leaves which had been floated for

6 days. From the feeding of labelled nicotinic acid or nico=-
tinsmide to detached leaves of wheat floated on elther water

or benzimidszole, it was found that the incorporstion of label
into NAD was about the sane in both treatments, whereasg its
ipoorporacion into the NADP and nicotinie acid dinucleotlde pool
was greater in benzimidazole treated leaves., Since NADP induced
only & sﬁor&dia bleaching of Elodea leaves, it wes therefore

- suggested that NAD was detoyified to NADP, and the effect

of benzimidezole on the maeintenance of chlorophyll was due to
the suppression of NAD synthesis so that NAD did not aécumﬁlate
above toﬁic threshold levels (Godaveri, 1966; Waygood et al.,
1968), The NAD/NADP ratic in bean leaves was investigated.

The NAD/NADF ratio after each treatment (Table VI) was calculated

-



TABLE VI*

NAD/NADP ratio in various treatments.

with regulators,

- - Regulator
Control**BzN BZA KIN = METH ETH NAD

Feeding 140 nicotinic éoid prior

to senescence on regulators under Le583 2.70 6.66 2,38 4,25 4,70 2.93

contihuous illumination. |

Feeding l”C nicotinic acid prior

to senescence on regulators in 7,70 4,20 6.12 5,43 5,89 8,23 2.95
' darkness, |

‘Feeding 1¥C nicotinic acid

, . 6,93 5.21 7.47 5,80 9,19 13.25 7,01

together with regulators. '

Feeding 1¥C nicotinic acid after

induction of senescence treated 2,78 2.07 3.23 2,08 2.28 2.89

¥This table is calculated from Tables II, III, IV and V.

#%*Control solution consists of HZO only

Y
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~from the data in Tables II thru V. Lower NAD/NADP ratios were
obtained after freatment with benzimidazole and kinetin in each
.experiment. These results indioate.that benzimidagole and

kinetin increased NADF formation, and confirm the results of
Mishra and Waygood (1968) and Hgygood et al. (1968), On the

other hand, higher NAD/NADP ratlios were obtained witﬁ benzyladeniné
“and etﬁionine treatment, which indicates that benzyladenine gnd
ethionine decréased NADP formation. It should be noted that

the lower NAD/NADP ratios obtained when leaves were floated on

NAD solutlons were probablydue to the diluﬁion of the radlioac-

tive NAD by cold NAD.

Waygood et al. (1968) showed that, in wheat leaves,
the effect of benzimidezole oh NAD weas due- - to its ability to
augment the coﬁversion of NAD into NADP. This may not be true
for bean leaves, becéuse-benzimidazole did not overcome the
chlorotic effect of benzyladenine (Fig. 11), and NAD and NADP
‘had almost the same‘effecf on seneséence of bean leaf discs
‘(Figsg 2, 3, 7 8, and 9). Under the conditions used, NAD did

not appear to be detoxified to NADP.

When leaves were floated on various solutions under
continuous illumination, the ratios of NAD/NADP were generally
lower fhan when they were floated in darkness (Table IV). Thié
‘_confirms the results of Waygood gg al. (1968) that light stimu-
lates NADP formation. Goldthwalte and Leetsch (1967) have

reported that the chemical growth regulators indoleacetic acid,
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bengyvladenine ere relatively ineffectlive in retarding sSenescence

)]

in bean primary leaves under light conditions. The senescence

K L,

retardation is dependent on white light. They sugg gested that

(ﬁ—\

light inducing photosynthesis caused the ineffectivensss of

growth regulators on senescence retaraation in bean leaves,

The present data show that benzimidazole retards senescence 1n

E>
v

el

darkness, but not under continucus illuminatlion, and thus,

iy

ig doubtful that light is a factor invoelved in the process o

Senescence@ Light stimulated trigonelline degradsation and NADP

-

ormation (Tables I and VI)9 however, we cennct ind a relae
'Li@ﬂ :hip between the abzence of a bengimidazole effect on senes=
conce retardation under Light condition, and the increase in

trigonelline degradation or in NADP formatlon caused by light.

The major guestions arising from these investig&tiﬁns
are how benzimidazole retards senescence and how it overcomes
the effects of nlecotinic acid, NAD and NADP. In the present
:orkp 1t was found that benzimidazole dld not retard senescenceﬂ
nor aid it overcome the chlorotic effect of nicotinic scidv
NAD or NADP under continuous illumination. AIn darkness, 1t
did maintasin chlorophyll content and overcome the chlorotic
effect of nicotinic eicd, NAD oI NADP¢ It is presuﬁed that the
mechanisn of action of benzimidazole in any case should be the
same.. Waygood (1965) found that benzimidazole treatment of

leaves produced a more closely integrated structure of the
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inter- and iﬁtramgrana lamellae of wheat leaf chloroplasts,

and increaéed the raée'of photophosphorylation of wheat leaf
‘chloroplast fragmentse' He suggested that one of the actlon sltes
 of benzimidazole was within the chioroplasto Since the effect
of benzimidazole on senescence retardation of bean leaves is
differeni from that of Elodea or wheat leaves, é question

arise as to whether the mode of actlon of benzimhiézole in

bean leaves is éimilar to that in wheat 1éavese

Accprding to present data, there aré three possible.
mechanisms of actibn of benzimidazoleo Firstly, on the basis
| of loﬁg floatiné period, it is possible‘that NAD or NADP will
promote bacterial action which étimulates the senescence 6f leaf
discse Nicoﬁinic acid, a precursor of NAD or NADF synthesis, was
cohverted into NAD or NADP and, therefore, has the same effect
as that of NAD or‘NADPa Benzimidazole has bactericidal action,
and can reverse the effect of nicotinic acid, NAD or NADP. If
this suggestlon igs correct, the study here may explain the results
of Wang et al. (1961) and their suggestion that benzimidazole is

selective for monocotyledons.

The second possibility is that the chlorotic effect
of nicotinic acid, NAD or NADP was caused by their conversion in=-
- to tfigonellinee Since the synthesié of trigonelline will lower
the concentration of Suadenosylmethionine (Joshi & Handler, 1966),
which is a methyl group donor for chlorophyll formation (Radmer &

Bogorad, 1967), benzimidazole may reduce trigonelline formation
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(Fig, 17), and therefore, maintain the S-adenosylmethionine

for chlorophylllsynthesise Thus9 fhe echlorotic effect of nico-
‘tinic acid, NAD or NADF would be overcome byvbenzimidazolee
However, it is difficult to explain the effect of benzimidazole
alone. Since a methyl group donor, methlonineg had no éffect
‘on senescence retardation, it seems thefe is no requirement to

maintain the S-adenosylmethionine content in leaf tissues.

The third possibility is that benzimidazole cen substl-
“tute for the nicotinamide‘moiety of NAD to pfoduce benzimidazole
adenine~dihucleqtide in a reaction catalyzed by NAD nucieosld&se
(Kapoor and Waygood, 1965). The -chlorotic effect of NAD is

then reduced to some extent by benzimidazolee‘

.So far, it has been well shown that exogenous cytokinins
in oenescing leaves and leaf discs induce synthesis of protein,
RNA, 1lipid and sterch (Anderson and Rowan, 1966; Mothes and Engel-
brech’ce 1959;'OSborhe, 1962; Sugiura, Umemurs and Oota, 1962),
-suppfess’ribonuclease and deoxyribonuclease activity (Srivastavsa,
1967), and prevent the respiratory increase which normally fol-
llows'detachment (Person et al., 1957). However, 1t is difficult
to explein the reversing effect of benzimidazole on nicotinic

acid, NAD, or NADP. To understand the mode of action of benzi-=

- midazole, further work must be done,
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SUMMARY

The effects of benzimidazole, benzyladenine, kinetin,
methionine, ethionine, nicotinic acid, NAD or NADF on the

senescence and on the NAD metabolism of bean trifoliate

' leaves have been studied.

NADW.NADP and nicotinic acid accelerated senescence 1n

"darkness, and NAD was a more effective bleaching agent on

the senescence of bean leaf discs than nicotinic acid.

Methionine had no effect; nevertheless, ethlonine, an anta-
gonist»of methionine, caused chlorosis on bean leaves

both under continuous illumination and in darkness.
Benzyladeﬁiﬁe and kinetin, at the concentration df 20 PePeMoy
accelerated the senescence and increased the‘surface area

of lean leaf discs either under continuous illumination or

in darkness.

In darkness, benzimidazole retarded senescence of bean

jeaf discs and overcame the chlorotic effect of nicotinic

- acid or NAD.,

The metabolic pathway of NAD in bean leaves was similar to
that in wheat leaves, foilowing the Preiss-Handler pathway
Light stinulated thekdegradation of trigonelline and decreased
NAD/NADP ratio, |

Benzyladenine and ethionine increased NAD/NADP ratlo, however,
benzimidazole and kinetin decreased 1it. |

Benzimidazole reduced trigonelline producﬁion, but methionine

increased it.
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