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ABITRACT
Part T.

The leaves of nec rd (a single gene necrotic meize mutant)
become necrotic when they are exposed to light for a few days. Ex-
tensive analysis has failed to reveal any difference in chemical
composition between leaves of normal plants and of homozygous nec rd
plants before any necrotic symptoms are visible (prenecrotic leaves).
Treatment of nec rd seedlings with various metabolites (B vitamins,
purines, pyrimidines, amino acids, etc.) did not prevent the ap-
pearance of necrosis. The rate of vhotosynthesis of prenecrotic
leaves is normal at low light intensities but only 20 to 50% of

ikt
normal at saturating light intensity. C$'02 feeding ewperiments in-
dicate that the carbon fixing reactions function normally in the
mutant. Hill reaction rates are also similar in mutant and normal
plants, as is the metabolism of labelled inorganic phosphate. CHMU,
which specifically inhibits photosynthesis to the extent of about
9%, delays the onset of visible necrotic damage and reduces the
severity of subseqguent necrotic symptoms. It is suggested that the
nec rd lesion is in some reaction asscciated with photosynthesis and
that it causes the accumulation of one or more toxic substances.
These lower rate of photosynthesis and damage cell membranes. The
necrotic phenotype would appear to be the result of the breakdown of

cell compartmentalizatiocn.

Part I1.
The kinin, - 6-benzyleminopurine (benzyladenine}, is con-
verted to a number of low molecular weight materials by senescing

leaves of Xanthium pensylvanicum VWa 1. {cocklebur). A major product

is the riboside, benzyladenosine, which has been identified by



comparison of its proverties with those of benzyladenosine synthe-
sized enzymatically using E. coll nucleoside phosphorylase and by
degradative studies. The ribotide, benzyladenylic acid, also ap=-
pears to be present. Labelled adenylic, guanylic and inosinic

acids are produced, as are small amounts of adenine and guanine.
Substantial amounts of labsl are also found in urea and in a wreide.
Small amounts of labelled adenylic and guanylic acids are found in
the BENA of the leaf, but benzyladenylic acid itselfl does not appear

to be incorporated into RNA in measurable amounts.

Part I1I.
Low molecular weight material cbtained from excised acces-

sory glands of Pontania pacifica (gall-wasp) promotes the growth of

Pontania galls on Salix alba {willow). Paper chromatographlc analy-
sis has indicated that uridine, uric scid and two unidentified ade-
nine containing compounds are prominent constituents of this mixture.
Uric acid and the two adenine containing compounds substantially in-
crease the growth rate of small galls from which the larve has been
removed while uridine has slight growth promoting activity. Vari-
ous related compounds (e.g. adenosine, adenine and guanosine} also
have growthe-promoting activity. It appears likely that such com-
pounds play an important role in the growth and development of

Pontania galls.
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PART T, CHEMICAL STUDY OF & NECROTIC CORN

Among the many mutant forms which have been observed in
plants, one abundant class is that of lethals. Of thess, the

lethal chlovophyll mutants have received the most atitention. Some

“

mutants of the alga, Chlorella, are known which are unable to make
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the normal photosynthetic pigments. However, all the chlorophyll

but owing to some, zs yebt unknown, defect, destroy fthis pigment at

an abnormally rapid rate so that the net result is an albino plant.

s .

Ltnother class of lethals is that studied by Langridge {1958Y who has

£ 1

shown that some mutants of the crucifer Avabidopsis thaliana are un-

'»,..h

able to make one oy more essential metabolites, for example thiamine,

biotin or choline, The seeds which give rise to these plants ap-

0 L

parently obtain sufficient of these substances from the maternal

lant to carry them through germination and some seediing develop-
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ment. Later growth is slow or ceases altogether. The so called
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necrotics form still another class of le
so conspicuous as the chlorophyll mutants and, indeed, in the field

mey be missed altogether or dismissed as the result of cutworm or

smog damage. Typical necrotic symptoms include yellowing and browne

logged and exudation may occur. HNecrosis may first appear at any

5

time from the seedling stage to maturity depending on

Maost necrotic mutants ere recessive, that ds, only

N
T
[

gene show necrotic symptoms.




been little studied and to the author's kunowledge the basic causes
of this phenotype are completely unknown.

The present study was aimed at determining the nature of

6]

o

he abnormality which leads fto the necrotic phenotype in a maize

mutant, nec rd.
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recorded 1ln the bilological literature and undoubtedly msny wmore such

mutants have been found but have gone unrecorded.

Vide crosses within the genus Triticum (wheat) have given
rise to necrotic progenies (Morrison, 1957). The phenotypes of the
necrotic plants produced by such crosses vary from rapid, progres-
sive and lethal necrosis of the primary leaves, to late "firing®" of
the leaves at the flowering stage (Caldwell and Compton, 1943).
Hermsen (1960) has analyzed in considerable detail the genetics of
semi-lethal necrosis in crosses of several varieties of Triticum
aestivunm {common wheat). Three complementary genes account for the
chserved resulits. The severity with which the necrotic symptonms
appear is related to light intensity.

Tomato plants {Lycopersicon esculentum) which are homozygous

for a recegsive gene, ne, and which in addition carry the unlinked

factor Ofp, (Cladosporium reaistance introduced from L. Plmpinelli=-

1

folium) develop necrotic lesions on the leaves and pedicels (Lang-

&
jot

by high

ford, 1948). The severity of these symptoms is increas

temperatures and light intensity.

1l

o

Anderson {unpublished) has found a lavge series of necrotic

mutants in maize. Some of these mutants are degcribed in the
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material and methods section.

Harfison (1960) has described the appearance of excrudescent
necrotic lesions on the stems, leaves, and calyces of hybrid progeny

from the cross Antirrhinum orontium % A. nmeonanthum. In this case

the hybrid progeny are sterile so the genetic basis of the condition
cannot be studied.
Chandler and Barton (1955) have reported exudate formation

and necrosis in tetraploid Plantago ovata (plantain). Since the

diploid plants from which the tetraploids were derived (by the use
of colchicine) are perfectly normal, the factors leading to exudate
formation and necrosis seem likely to be of a very subtle nature.
The authors studied the physiclogy of the condition in some detall
and suggest that it may be associated with water relations.

While no attempt will be made to review the vast amount of
literature on pathogen induced necrosis, the following cases are
pertinent. GEumann (summary, 1950) has shown that rapid necrosis
following pathogen invasion may be the basis of resistance to sys-
temic infection. Potato varieties which are resistant to Synchy-

trium endobioticum undergo a rapid local necrosis which destroys

the infected cells thereby isolating or killing the pathogen while
the remainder of the tuber remains healthy. Since no such necrotic
breakdown occurs in infected cells of susceptible varieties, wide-
spread infection results. Similar necrogenous reactions are in-

volved in varieties of red clover (Trifolium pratense) which are

resistant to powdery mildew (Erysiphe martii). In the case of late

blight of potatoes (caused by Phytopthora infestans) resistance or

susceptibility of a variety is determined by the rate at which the

necrotic defense reactions occur. In resistant varieties necrosis
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oceurs rapidly while in susceptible varieties the necrogenic reac-
tions take place too slowly to keep the pathogen from infecting
large areas. A similer basis has been found for the resistance of

Malakoff wheat to biotype 11 of Puccinia triticina (brown rust of

wheat). The variety Little Club does not respond by such a rapid
necrogenic reaction and is therefore highly susceptible to this
pathogen.

The difference between these resistant varieties which pos-
sess the ability to isoclate and kill invading pathogens by means of
rapid local necrosis and the corresponding susceptible varieties nay
be due either to a single gene pair or to two or more different gene

pairs (Muller, 1959).

MATERIALS AND METHODS

Plant Material

The necrotic mutant with which this study is mainly con-
cerned arose in the maize stocks of Dr. E. G. Anderson. Genetic
tests have shown that the necrotic condition appears in plants
homozygous for a recessive gene (designated nec rd) which is located
on the fourth chromosome. Highkin, Anderson and McNutt (unpublished)
carried out preliminary physioclogical studies on this mutant which
seems particularly suitable for such work since the first leaf ap-
pears normal for a period after it has unfolded. This makes it
possible to work with tissue which is homozygous for the nec rd
gene before the many secondary changes inherent in the necrotic
process are initiated. They found that etiolated plants do not

become necrotic and when hetersczygous nec rd plants are crossed to

plants heterozygous for an albino gene and the Fl selfed, no
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necrotic plants are found among the albino progeny. Paper chro-
matographic studies (for details see Appendix I) of the exudate
produced by nec rd/nec rd plants showed the presence of glucose, a
pentose and many unidentified phenolic and ninhydrin positive com-
pounds (Anderson, unpublished). Two other single gene necrotic
mutants were examined briefly. One, necrotic 6697, in which the
condition appears before the first leai has fully expanded, is Llo-
cated on chromosome 8. The other, necrotic 8376, is due to a re-
cessive gene on chromosome l. The latter mutant has pale green
lesves which become necrotic several days after emergence.

In the following the term necrotic, when used without fur-
ther explanation will refer to nec rd.

Cultivation of Plants

Seedlings were grown at 269 in a controlled temperature
room in the Earhart Plant Research Laboratory (Went, 1957). Arti-
ficial illumination provided light intensity of about 700 foot
candles and a day length of 16 hours. Seeds were planted in 4% x
8" plastic pans in a mixture of quartz and vermiculite and supplied
twice daily with nutrient solution.

In order to obtain known prenecrotic tissue,; plants were
generally left until the first visible sign of necrosis appeared;
namely, until the tips of the first leaves of the necrotic segre-
gants were visibly waterlogged. The plants were then harvested,
the visibly damaged areas removed, and the remaining tissue used.
Normal segregants were used for comparisons.

Where indicated, experiments were performed on leaf tissue
taken from plants before any visible necrosis appeared. The rest

of each plant was allowed to develop for several days and then
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examined for necrotic symptoms. In this way it was vossible to re-
late the experimental results obtained to the phenotype of the leafl
tissue used.

Quantitative Analytical Methods

Total.soluble carbohydrate was determined by use of the
anthrone reagent described by Morris (1946); reducing sugar by the
Somogi (1945) procedure using the colorimetric reagent of Nelson
(1944). Nitrogen was determined by Nesslerization of the ammonia
formed by a micro-Kjehldahl digestiocn as outlined by Miller and
Miller (1948). Total phenols were determined by the colorimetric
procedure of Folin and Ciocalteau (1921).

Extraction of the Tissue

Leaf or root tissue was dropped into 10-50 volumes of boil-
ing 80% ethanol. After about 15 minutes the ethanolic extract was
decanted, fresh 80% ethanol added, and gentle boiling continued for
a further period of 15 minutes. This process was repeated once more
with leaves and twice more with roots. The combined extracts were
evaporated to dryness in a rotary evaporator.

In experiments where ion exchange fractionation was used or
where, for other reasons, it was advisable to remove lipids, the
following procedure was used: Filter aid (Hyflo-Supercell) was
added to dried extract followed by sufficient hot water to make a
thick paste. Several volumes of hot water were then added, the
mixture filtered and the residue washed thoroughly. In some experi-

ments the filter aid residue was then washed successively with hot

ethanol, ether and benzene:ether (1:1) to recover the crude "lipid"

fraction.



Fractioconation of Extracts

In order to facilitate the identification of carbon-14 con-
taining compounds, the crude extract was separated into acidic,
basic (amino acid), and neutral fractions according to the follow-
ing procedure described by Romberger (1960). The solution (30 ml)
containing water soluble compounds was run slowiy through a 0.9 cm
diameter column containing 10 ml of purified Amberlite IR 120 cation
exchange resin which had been a converted to the hydrogen form with
HCls The eluate from this column was then passed through a similar
column containing Amberlite IR 45 anion exchange resin in the OH
form. Each column was washed with 10 ml water. Material which was
not sbsorbed on either column made up the neutral fraction. The
basic fraction was recovered from the IR 120 with 30 ml of 4N am-
monium hydroxide while the acidic fraction was eluted from the IR
45 with 150 ml of ammonium carbonate solution prepared by adjusting
the pH of 16% ammonium bicarbonate to pH 8.5 with ammonium hydroxide.
Tach solution was then evaporated to dryness in a potary evaporator.
In order to remove all the ammonium carbonate, water was added to
the residue from the acid fraction and the solution re-evaporated.
This process was repeated several times. Aliquots of each redis-
solved residue were plated for determination of carbon-1h.

Determination of Carbon-1h

Aliquots of extracts and agueous solutions were plated on
glass planchets at infinite thinness and counted to + %, accuracy
in a Nuclear Chicago D-47 gas flow counter fitted with a "Micromil®
window. Absolute counting efficiency was approximately 25%.

Carbon-14 content of the insoluble material was determined

after wet combustion of the sample with Van Slyke (Van Slyke et al.,
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1961) fluid. The carbon dioxide produced was trapped in potassium
hydroxide and precipitated as barium carbonate after addition of
barium chloride (Aronoff, 1955a). The barium carbonate was plated
on filter paper disce in a sintered glass funnel and counted as
described above (Aronoff, 1956b). This method was calibrated using
solutions containing sodium carbonate at various concentrations and
specific activities. In later experiments the carbon dioxide from
wet combustion was trapped in IN hyamine and counted in a Packard
wpri~Carb!t scintillation counter after addition of scintillation
fluid (Hours and Kaufman, 1959). The amount and distribution of
carbon=14 on paper chromatograms was determined by means of a Nu-
clear-Chicago "Actigraph I chromatogram scanner.

Determination of the Rate of Photosynthesis of Leaf Discs

small pieces of leaf tissue (10 to 20 mg) were rapidly
weighed and placed in an erlenmeyer flask of appropriate volume
(50 ml for 2 discs=500 ml for 12) fitted with a stopper carrying a
side tube with a small bulb. A small volume of solution conteining
carbon-14 labelled sodium bicarbonate was placed in the bulb, the
tube sealed with & rubber cap, and about 0.1 ml of N sulfuric acid
added by means of a hypodermic syringe. Ten ml of air was forced
in to sweep the carbon dioxide into the flask. The flask was then
illuminated from the bottom with light from a 150 watt reflector
lamp 4% inches from the flask and shielded with 2) inches of water.
A variac was used to control the intensity of illumination which
was measured with a Weston photometer calibrated in foot candlese.
After 5 or 10 minutes of illumination the discs were removed from
the flask and dropped into boiling 8P ethanol in a 15 ml graduated

centrifuge tube and exhaustively extracted. The volume of the



-G
extract was made up to 10 ml and aliquots taken for determination
of carbon-1h.

Determinations carried out simultaneously on paired pleces
of tissue from the same leaf agreed to within 10%. That the incor-
poration of carbon-14 from carbon dioxide into the &0 ethanol
soluble material gives a meaningful comparison of normal and ne-
crotic tissue is dindicated by the fact that the fraction of the
total carbon-~1ll4 incorporated into such material was found to be the
same in the two tissues. The rate of dark fixation of carbon di=-
oxide into ethanol soluble compounds was never more than 1% of the
rate at 1000 foot candles.

Preparation of Isclated Chloroplasts

The method described by Jagendorf and Avron (1957) was used.
A1l procedures were carried out at 3°C. Leaves were ground in a
mortar with about 1.5 volumes of a medium containing O.4M sucrose,
0,0L N NaCl and 0.05 M tris-~(hydroxymethyl)-amino methane adjusted
to pH 7.8 with HCl. The resulting mixture was filtered through
#yiracloth' and centrifuged at 200 x g for 90 sec. The supernatant
was decanted into a clean tube and centrifuged at 1000 x g for 7
minutes. The supernatant was discarded and the pellet resuspended
in fresh grinding medium with the aid of a small glass homogenizer.

An aliguot of the chloroplast preparation was pipetted into
L volumes of acetone. The solution was then filtered, and the op-
tical density at 652 mp determined in a Beckman Model B spectro-
photometer. The concentration of chlorophyll was then calculated
using the formula (Arnon, 1949):

c _ 0.D. x 1000
(mg/1) ~ 24,5
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Determination of Hill Reaction Rates

Hill reaction rates were determined using the method of
Krogman and Jagendorf (1957). Chloroplast preparation (equivalent
to 0.1 to 0.2 mg of chlorophyll) plus sufficient grinding medium to
make a total of 2.9 ml was mixed with 0.1 ml of 0.1 M potassium
ferricyanide in a Beckman cuvetie. The cuvette was then illuminated
for four minutes with light from a 150 watt reflector flood lamp
placed 4% inches away and screened by 2/ inches of cold water.
After illumination, 0.1 ml of 2N sodium citrate, 0.1 ml of O.1M
ferric chloride, and 0.1 ml of 0.1M o-pvhenanthroline were added suc-
cessively with mixing. The optical density at 570 mp was then de-
termined. A cuvette containing the same materials but not illumi-

nated served as the control.

RESULTS AND DISCUSSION

Symptomatology

The first visible necrotic symptoms appear about two days
after the first leaf has broken through the coleoptile. The tip of
the first leaf becomes waterlogged and a characteristic red~brown
exudate is produced in substantial quantities (0.05 ml from an af-
fected area weighing 100 mg). The affected area enlarges progres-
sively until the entire first leaf is necrotic. The second and
third leaves are similarly afflicted. The fourth leaf rarely de-
velops fully since the endosperm reserves are exhausted by this
time. In the early stages of this process there is a very sharp
line of demarkation between the waterlogged and the unaffected areas
of the leaf. Over the course of about two days the waterlogged

tissue turns yellow, then brown and finally dries out.
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Normal and prenecrotic leaf tissue appear identical when
examined under the microscope. Mesophyll cells of waterlogged tis-
sue are somewhat shrunken and their contents appear very granular.
No vacuole or nucleus can be seen in these cells after they are
stained with neutral red. 8ections cut from yellowed leaves show
almost complete collapse of the mesophyll cells but the vascular
bundles are relatively little affected except for the presence of
abnormally granular cytoplasm in the bundle sheath. Thus it appesars
that necrosis in this mutant involves the breakdown of mesophyll
cells.

The residue after exhaustive 80% ethanol extraction of in-
tact normal leaves is white while corresponding material from water-
logged necrotic leaves is a dirty grey color. The black pigment is
insoluble in all organic solvents tested and in squeous alkali or
acid. Visibly damaged coleoptile and root tissue have never been
observed, even when the leaves of the same plant are completely
necrotice.

For convenience, the successive stages of necrosis will be
referred to as follows: (see also section on symptomatology)

1. Prenecrotic: tissue appears normal.

2. Vaterlogged: tissue waterlogged, exudate on leaf but

leaf still green.

%3, Yellowinge.

4, Brown and desiccated.

The Light Recguirement

The fact that necrotic plants do not develop in etiolated
plants was first observed by Anderson et al. and readily confirmed

in the present study. Furthermore, it was found that necrotic damage
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appeared within %6 hours after & day old etiolated plants were placed
in light of 700 foot candles. The same result was obtained when
excised etiolated leaves were maintained in light with their bases
in water. DNecrotic mutants could be distinguished from normal plants
in populations which were grown under red, green or blue light so
the quality of the light is not very critical for the development
of necrotic symptoms. If populations of light grown plants were
placed in the dark soon after expansion of the first leaf, all
plants remained healthy.

Illuminated prenecrotic areas of leaf tissue became necrotic
even after they had been plasmolyzed in 0.5 M mannitol.

Two further necrotic corn mutants were examined to delter=-
mine whether light 1s necessary in the development of their necrotic
phenotypes. Etiolated plants of both necrotic 8376 and necrotic
6697 exhibited normal appearance but developed necrotic leaf tis-
sue shortly after being placed in the light.

It is well known that aminotriazole prevents the development
of normal chloroplast pigments (Woodford et al., 1958). When corn
seedlings are treated with aminotriazole at an early stage, the
first leaf is entirely white. Necrosis has never been observed in
such leaves. If, on the cther hand, application of aminotriazole
is delayed until the first leaf has partially expasnded it is pos-
sible to obtain plants in which the first leaf has a green tip and
white base. Necrosis develops rapidly in the green areas of such

plants but does not spread into the unpigmented portion.
Thus it appears that both chlorophyll and light are essential

for the expression of the necrotic phenotype.



Chemical Changes

The most dramatic feature of the necrotic phenotype is the
appearance of droplets of red-brown exudate on the surface of the
leaves. The composition of this exudate was studied in some detail
as was that of normal, prenecrotic, and waterlogged tissue. When
four volumes of absolute ethanol were zdded to concentrated exudate,
only a very small precipitate formed. Agueous extracts of normal
corn leaves yield a much large precipitate when treated in the same
way. Hydrolysis of the precipitate from the exudate yielded only
amino acids, indicating that a little protein is present but poly-
saccharides of any size are absent.

Paper chromatographic methods were used to study the low
molecular weight compounds present in the exudate and tissue.
Phenolic compounds with Rf values of 0.27 and 0.%1 were identified
as caffeic acid derivatives by comparison of their U.V. spectra with
that of the pure acid and by hydrolysis to free caffeic acid which
was then identified by chromstography in several solvents. The
chromatographic properties and U.V. absorption spectrum of the B
0.81 phenol were found to be identical with those of a sample of
1,3=dihydroxy-2-keto~b-methoxy~-1,4 benzoxazine which was kindly
provided by R. H. Hamilton through R. §£. Bandurski. The Rf 0.52
phenol gave the same spectrum as the benzoxazine derivative and
probably represents its N-glucoside. Both these compounds have been
reported to occur in corn (R. H. Hamilton, 1960). The Rf 0.85
phenol which occcurs only in the necrotic tissue remains unidenti-
fied. It has an absorption spectrum characterized by a sharp peak
at 283 mp and gives a yellow color with diazotized sulfanilic acid.

The sugars were identified by their paper chromatographic behavior
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in 2 number of solvents and by electrophoresis of their borate com-
plexes.
Table I shows that considerable changes in the sugars and
phenols take place when the tissue becomes necrotic. It will be

noted, however, that normal and prenecrotic tissue cannot be dis-

tinguished on the basls of these compounds.

Table I. Composition of Tissue, Extracts and Autolyzate

Kelative Amount in:
Pre- Water-

. _— -
Compound RgA%ﬂ g;iiii nfgrotic légged Exudate A%;;i§~
Tissue Tissue
Phenols
Caffeic acid
derivative 0.27 S N + 4 ++ +
Caffeic acid
derivative Q.51 + At ok ++ ++ +
Glucoside of
DHB® 0.52 ot bt + trace trace
DHB 0.81 ceaol PPN + R ot
Unknown phencl 0.85 esow PRPRI + b R
Sugars
Sucrose + + PP cese trace
Glucos bt bt + 4 + 4
Fructose trace trace co0 e csne ces e
Ribose seee oo n +C + e
Other Pentose cooe coae cans trace +
Uronic Acid ses s PR s oo trace +

#1, 3-Dihydroxy-2-Keto=6 methoxy-1,k-benzoxazine.
bUndetectable.

“Ribose present to the extent of 100 pg/gm F.W.

Several ninhydrin positive compounds, all but one of which
could be memtched with a known amino acid, were found on two dimen=-
sional paper chromatograms. However, hydrolysis of the material

from each individual spot in 6 N HC1 at 1059 for 20 hours produced
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a wixture of amino acids. In each case the predominant amino acid
found after hydrolysis appeared to be that inferred from the chro-
matographic behavior of the unhydrolyzed material. It seems prob-
able that each zone consists of some free amino acid and one or more
veptides with similar chromatographic properties. Since the nin-
hydrin positive material of the exudate and tissues appeared to be
very similar this aspect was not pursued further.

The red-brown “pigment' found in the exudate appears to be
a complex mixture of polyphenolic materials. When chromatographed
in butanocl, acetic acid, water, it gives a phenol positive stireak
extending from the origin to about Rf 0.10-0.15. ZSome of the
colored material passed through a dialysis membrane, but a consider-
able portion of it is non-dialyzable. This pigment is probably
formed by the action of polyphencl oxidase on endogenous phenolic
compounds. This enzyme has previously been reported to occcur in
corn leaves (Haskins, 1955) and in the present study was found to
be equally active in normal and prenecrotic tissue. Table II shows
that dialyzed extracts of normal corn convert caffeic acid to a
colored non=-dialyzable product. The benzoxazine derivative is also
known to form colored polymers (R. S. Bandurski, private communica-
tion).

The data of table I have already indicated that the chemical
composition of prenecrotic leaves is very similar to that of normal
leaves. This conclusion is further supported by the data of table
II1 which slowed that these two tissues cannot be distinguished on
the basis of percent dry weight, soluble or insoluble nitrogen,

phosphorous, reducing sugar, total carbohydrate or total phenolic
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material. Yellowed tissue, however, was found to contain somewhat

less of each of these substances.

Table IT. "“Pigment" Production from Caffeic Acid by
Dialyzed Extracts of Corn

Enzymea Substrateb ‘XODMEB oD Caffe}c.Ac%d
Remaining
Letive cod o Q.24 coos et
Boiled + 0.29 0.05 F oo
Active + 0.73 0.49 trace

®Leaf tissue (15 gm.) ground in 10 ml. 0.05 M,
PH 5.6 acetate buffer. Supernatant dialyzed against
buffer for 20 hours in the cold.

bSaturated solution of caffeic acid. 0.1 ml.
incubated for 6 hours with 3 ml. enzyme preparation.

Con
Estimated from paper chromatogranms.

Table IIT. Quantitative Analysis of Normal and Prenecrotic Tissue

- Dry Insol. Seol. Total Feducing Total Total
() ¥ =
Phenotype Weight®  n& N Soluble Sugar® Phenols pP
Carbo-
hydrate
Normal 107 + bl + 2.3 + 15.0 + 8.0 + 2.1 + 1.03
L Ok 0.1 1.0 2.1 0.5 0.07
Necrotic 111 &+ 6.6 + 2.3 + 16.7 + Gelt + 2.3 + 1.04
2 Ouh 0.2 ko2 2.7 0.3 C.01

a. —
Mgeo. per g. F W.

b ™o
pg per g. F e

Plastid pigments were extracted from normal and prenecrotic
leaves and separated into carotene, xanthophyll and chlorophyll
fractions by chromatography on icing sugar columns (Tswett, 1906).
The absorption spectrum of each fraction from prenecrotic tissue

was found to be identical with that from the corresponding normal
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fraction.

Toxicity of the Exudate

Highkin and McNutt found that exudate from waterlogged tis-
sue caused small necrotic spots when applied to the leaves of unre-
lated normal seedlings. This observation was easily confirmed. How-
ever, in view of the knéwm toxicity of many metabolites to plant
tissue (Curtis, 1943; Audus and Quastel, 1947; and Schreiner and
Reed, 1908), it seems likely that this is a very non~-specific pro-
cess which is unrelated to the basic cause of necrosis in the mu-~
tant. Further support for this view derives from the finding that
the same type of necrotic leaf spot can be produced on normal
leaves by an autolyzate of normal corn leaves (prepared by grinding
surface sterilized leaves in a mortar, allowing the paste to stand
about four hours, straining the liquid through "Miracloth," heat
coagulating the protein, and centrifuging off the debris). Paper
chromatographic studies (table I, last column) of such an autoly-
zate indicate that the degradative changes involved in the formation
of exudate in the necrotic mutant are similar to autolytic pro-
cesses in ground normal corne.

Supplementation Experiments

In order to test the possibility that the lesion in nec rd
plants is lack of ability to make an essential metabolite, seeds
were grown aseptically on mineral agar supplemented with 2% sucrose
and other organic compounds as shown in table IV. Each plant was
grown in an 18 x 150 mm test tube containing 10 ml of medias and
covered with heavy aluminum foil. Temperature wes maintained at

260C with light intensity of about 700 foot candles for a 16 hour
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day. Under these conditions normal plants grew well, but at a some-
what slower rate than those grown in vermiculite.

Table IV. Organic Supplements Supplied to, but without Effect
on, the Phenotype of nec rd Mutant

Exp Compound Amount Exp Compound Amount
Added per Plant o Added per Plant
1 Casein 5 Adenine 0.3 mg
hydrolysate 20 mg Guanine 0.1
Tryptophan 03 mg Hyvoxathine 0.1
Xanthine 0.1
2 Thiamine 33 pg Thymine 0.1
Riboflavin 363 Uracil O.1
Pyridoxine 17
Niacin 17 Low High
Pantothenate 3¢3% 6  Adenosine 0.1 mg 0.5 ng
Folic Acid 0.3 Guanosine 0.1 0.5
Biotin 3.3 Uridine 0.1 0.5
Thymidine 0.1 0.5
3 Yeast Extract 1 mg Cytidine 0.1 0.5
L Yeast Extract 8 mg Vi Choline 0.3 3.0
8  Ethanolamine 3.0

None of the supplements used prevented the appearance of
necrotic plants in a ratio of about one necrotic to three normal.
It thus appears that the basic lesion in the mutant is not due to
inability to make one of these simple metabolites.

Respiration

The rate of respiration of prenecrotic leaf tissue was not
significantly different from that found in normal tissue. The
respiratory gquotients of the two itissues were also very similar.
Waterlogged tissue respires at about 30% of the normal rate while
in yvellow tissue respiration has almost ceased (3% of normal).
Sections cut from rcots of normal and necrotic plants respired at

the same rate.



Photosynthesis

Preliminary measurements of carbon dioxide exchange rates
in the light and dark, using a Beckman infrared carbon dioxide ana-
lyzer, indicated that the rate of photosynthesis of prenecrotic tis-
sue in light of 1000 to 2000 foot candles was only 20-50% of the
rate observed when normal leaf tissue was used. This finding was
confirmed in feeding experiments with carbon-14 labelled carbon
dioxide., It was also found, however, that when light of lower in-
tensity was used, the rate of photosynthesis of the prenecrotic
leaves wes egual to that of normal leaves, The data of figure 1 and
table V indicate that the decrease in the rate of photosynthesis in
the mutant at high light intensity is caused by a partial inhibition
of the process in all chloroplasts and not due to a complete cessa-
tion of photosynthesis in a portion of the chloroplasts (or cells).
If prenecrotic tissue did consist of such a mixture of normel and
non~-functional photosynthetic units, the rate vs. intensity curve
for prenecrotic tissue would be lower than the normal curve at all
intensities and would level off at the same intensity as the normal
curves.

It is perhaps worthy of mention that only two classes of
plants can be distinguished on the basis of rate of carbon dioxide
fixation. The heterozygous nec rd plants do not differ from the
normal homozygotes in this respect.

Table ¥V alsoc shows that the degree of inhibition of photo-
synthesis in prenecrotic tissue becomes progressively higher as the
onset of visible necrotic symptoms approaches.

The distribution of carbon-14 in various fractions of the

80% ethanol soluble extract of prenecrotic leaf tissue after
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Table V. Rate of Photosynthesis of Leaf Discs from Normal and
rPrenecrotic Corn Seedlings at Various Light Intensities

Ly
. Cl Op Incorporation
Time to (% of saturation value) at
h t - . . @
Exp Phenotype Lead ‘VISlb;e Light Intensity (Foot Candles) of:
Necrosis
100 500 1000 2000
1 Normal 1 eses 14 6o vene 100
Necrotic 1 few 12 oo coso 22
hours
2 Normal 2 ssos 5 L1 100 100
Necrotic 2 several 12 Ly 46 41
hours
% Normal 2 cooe 18 37 100 coce
Necrotic 2 one day 15 26 68 ceoo
L Normal 1 ce oo 7 28 ceos 100
Neecrotic 1 few 7 28 ceoe 21
hours

exposure to labelled carbon dioxide was found to be very similar to
that obtained from normal tissue (Table VI). Furthermore, the same
compounds became labelled to about the same degree in the two tis-
sues (Table VII). The 80% ethanocl insoluble fraction contains the
same proportion of the total carbon-14 in vrenecrotic and normal
leaves (21 + %% and 24 + 3 respectively).

It must be concluded from these experiments that the photo-
synthetic carbon fixing reactions all function normally in the nu-
tant.

In order to gain further information concerning the integrity
of biosynthetic processes in the necrotic mutant, the metabolism of
glucose and of acetate was investigated.

Glucose {(uniformly C-1%4 labelled) was fed to seedlings
through the cut stem. After two hours in light of about 100 foot

candles, the tissue was extracted and fractionated in the usual way.
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Table VIi. Distribution of 80% Ethanol Soluble Carbon-14 in Leaves
after Exposure to Labelled Carbon Dioxide?
Exp IV Exp V
T
Phenotype Intact Plants Leaf Discs®
Normal Necroticb Normal Normal Necrotic
Total Soluble C-1kh
(CPMX104/100 mg F.¥. 20k 99 11.3 10.7 3.9
Relative Soluble ¢-14 100 L8 100¢ 96 35
Percent of Total
Soluble C=14 in:
a) Neutral Fraction 25 28 %6 %8 %9
b) Basic Fraction 28 27 35 2k 33
¢) 4Acidic Fraction 9 15 17 13 20
Water Insoluble
Fraction 9 16 & 6 6
Recovery (%) 81 86 G 91 98
aC1402 fed for 15 minutes at 1000 foot candles. Plants

then killed by plunging into boiling 80% EtOH.

bSmall waterlogged area at tip of first leaf removed as

was corresponding area Ifrom normal leaf.

c . as . .
Removed from plant before any visible sign of necrosise.

dArbitrarily set at 100%.

The resulis obtained with prenecrotic tissue were identical to those

obtained with normal leaves.

sucrose,

The principal labelled compounds were:

fructose, raffinose, succinic, malic and low Rf acids,

aspartic acid, asparagine, glutamic acid, glutamine, alanine, tyro-

sine, phenylalanine and tryptophan.

moieties of sucrose were equally labelled.

Ltcetate-1=C~14 was fed in the same way.

The glucose and fructose

Again, no difference

was Tound in the distribution of the cerbon-14 in extracts of nor-

mal and prenecrotic tissue.

In 2 separate experiment acetate-l-

carbon-1lh fed tissue was extracted in chloroform:imethanol (2:1;v/v)
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Table VII. Principal Soluble C-~14 Containing
Compounds after Feeding Labelled COp to
Intact Plants for 15 Minutes

Fraction and Percent Distribution of Carboun-14
Compound with each Fraction:
Normal Necrotic

Neutral:

Sucrose 99 9%

Glucose trace trace

Fructose trace trace

Raffinose trace trace
Basic:

Aspartic Acid 50 52

Alanine 39 35

Glutzmic Acid 11 13
Acidic:

Low Rf hcids® 55 51

Malic Acid 3G 4z

Succinic Acid 6 6

Fumaric Acid trace trace

aincluding sugar acids, phosphates and glyco-
sides.

at 0°C with subsequent extractions at room temperature and S:OOCa
The combined extracts were evaporated under a stream of pre-puri-
fied nitrogen. The residue was taken up in a few drops of benzene .
iscamylalcohol and applied to silicic acid impregnated filter paper.
The chromatograms were then developed in the diisobutylketone,
acetic acid water solvent (8:5:1:v/v). Agein the distribution of
carbon-14 on the chromatograms from normal and prenecrotic tissue
were identicals.

These results provide further evidence that the major car-
bon pathways appear to be operating normally in the mutant.

Effect of Inhibitors of Photosynthesis

Since both light and chlorophyll are required for expression
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of the necrotic phenotype, and since the photosynthetic apparatus
becomes damaged before any other detectable changes occur, it secemed
crucial to try to establish whether an “error' in the process of
photosynthesis leads to the development of necrosis. The effect of
inhibitors of photosynthesis was therefore examined.

3-p-(Chlorophenyl)~1,1-dimethylurea (CMU) is known to be a
very selective inhibitor of photosynthesis which acts by blocking
the electron transfer pathway (Vessels and Van der Veen, 1956,
Jagendorf and Margulies, 1960) in the chloroplast. MU treatment
(& x 10*4 M CMU solution poured into the pan in which the plants
were growing just before the first leaf unfolds from the coleoptile)
was found to inhibit 85 to 90% of photosynthetic carbon fixation but
did not affect linear growth or dry weight accumulation of the leaves
over a five day period. Increasing the CMU concentration ten fold
did not appreciably increase the extent of inhibition. CMU treat-
ment delayed appearance of necrotic symptoms by about two days and
greatly reduced the rate at which necrosis later spread to the re-
maining leaf tissue. It seems reasonable to conclude that if photo-
synthesis could be 100% inhibited by CMU no necrotic symptoms would
appear. As previously noted by Minshall {1960) CMU treated corn
seedlings begin to degenerate after about one week so these experi-
ments could be continued for only a few days.

Attempts to extend this type of study mét with failure be-
cause the two other inhibitors tried, phenylurethane and icdoaceta-
mide, were rapidly toxic even at concentrations where photosynthesis
was only slightly inhibited.

Hill Reaction and Photophosphorylation

From the data presented in previous sections the process of
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photosynthesis appears to be involved in the development of necrosis
in the mutant nec rd but the pathways by which carbon compounds are
formed appear normal. In an attempt to further localize the lesion,
the Hill reaction and the process of photosynthetic phosphorylation
were studied. Levine (1960) has recently found a mutant of the alga,

Chlamydecmonas which is unable to carry out the latter reaction.

Table VIII gives datae comparing the rates of reduction of
ferricyanide of illuminated (1000 foot candles) chloroplasts from
normal and prenecrotic leaves. These data show that chloroplasts
from prenecrotic leavesg are able to carry out the H1ill reaction and
that although the rate is lower than normal in two of the four experi-
ments it is unlikely that the primary lesion in this mutant is in-
ability to carry out that part of photosynthetic electron transfer
which makes up the Hill reactione.

Table VIII. Reduction of Ferricyanide (Hill Reaction)
by Illuminated Chloroplasts

Chloroplasts uM Ferricyanide Reduced per mg
from Chlorophyll per Hour
Exp 12 Bxp 2 Exp 3 Exp b
Normal Leaf b 35 29 16 21
Prenecrotic Leaf Lz 1k 17 11
Waterlogged Leaf cos oo coe 0.08

a_, . . , :

Fach experiment is the average of two determina-
ticns on the same chloroplast preparation. The individual

xperiments were done on different lots of seedilngs.
b . - . (

Rate of photosynthesis of leaves from which the
prenecrotic chloroplasts were obtained was 20-40% of nor-
mal.

Extensive atitempts were made to compare the rates of photo-

synthetic phosphorylation by chloroplasts prepared from normal and

prenecrotic tissue. However, using the standard technique developed
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for spinach and applied successfully to a number of other plants
with soft leaves, no esterification of inorganic phosphate could be
detected even with preparations from normal corn. (Rates similar to
those reported in the literature were obtained with spinach chloro-
plasts.) 8o far as the author is aware, there are no published re-
ports of photephosphorylation by chioroplasts from a monocotyledon.
It seems that special techniques will be necessary for such material.
Because it proved ilmpossible to study photosynthetic phos-
phorylation in this mutant by use of a cell free system, experiments
comparing the metabolism of inorganic phosphate containing PBZ by
normal and prenecrotic leaves were carried out. The labelled phos-
phate was fed to intact plants through their roots and to excised
leaves through their bases. With either of these procedures it was
necessary to allow considerable time for uptake of the tracer.
Short term (10 min.) experiments were therefore carried out by float~-
ing leaf discs on a solution of radioactive phosphate which contained
0.05% "Tween 80" to reduce the surface tension. After the period
allowed for feeding and metabolism, the tissue was killed and ex-
tracted in the usual way. In early experiments, the extracts were
chromatographed in the solvent used by Laughman and Martin to sepa-
rate phosphate containing compounds in barley (t-butanol, water
picric acid). This solvent gave fairly good separation of the ma-
terial intoc nucleotide, sugar phosphate and inorganic phosphate
zones but was very slow running and the presence of picric acid on
the chromatogrem interfered with the use of spray reagents. For
these reasons the n-butanol, acetic acid, water (74:19:503v/v) sol-
vent devised by Schwink was used. The ATP zone was eluted from the

paper and electrophoresed in pH 4.6 buffer in order to confirm the
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identity of ATP. The results of these experiments show no consistent
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differences in the proporition of P incorporated into ATP, other
nucleotide phosphates or sugar pvhosphates by the prenecrotic and

normal leal tissue either in the light or darke.

CONCLUS ION
The intimate relation of the primasry lesion to photosynthe-
sis in the necrbtic mutant is suggested by the complete absence of
necrotic symptoms from illuminated, chlorophyll free leaf tissue and
from etiolated leaves. Mitigation of the necrotic phenotype follow-
ing inhibition of 85 to 90% of normal photosynthetic carbon fixation
with CMU provides further convincing evidence for this view.

The best hypothesis as to the nature of the primary bio-

W

chemical lesion seems to be the following: Because of the lesion
compound which is ordinarily present in very small zmounts accumu-
lates to toxic concentrations during photosynthesis and gradually
damages the photosynthetic apparatus. This compound could be a
minor carbon-containing oroduct of photosynthesis or a compound al-
lowed to accumulate because of a defect in & reaction involving
either the reducing or oxidizing product of water vhotolysis. That
it cannot be one of the major products of photosynthetic carbon

fixation is indicated by the results of labelled CO, feeding ex-

2
periments. This same toxic compound must cause, directly or in-
directly, the breakdown of the membranes of the mesophyll cells.
The presence of an abnormal dark pigment on the residue of prene-
crotic leaves before any other visible damage has occurred suggests

that the tonoplast becomes leaky and allows mixing of cytoplasnmic

and vacuoclar material before the plasma membrane breaks down.
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With the breakdown of cell compartmentalization, mixing of
normally separated cellular components takes place. It seenms likely
that here, as with other damaged tissues, normally masked degradative
enzymes become activated. It is little wonder then that extensive
chemical changes are taking place by the time the tissue becones
vigibly necrotice.

In some of the other necrotic corn mutants and much patho-
gen-induced necrosis no exudate is produced and the tissue has &
dry appearance. The extensive exudate production by homozygous
nec rd plants probably results from continued water movement due to
root pressure through the relatively undamaged xylem elements at the
time the mesophyll cells have become leaky. Eventually, of course,
the xylem is damaged and the tissue becomes dried out.

The observation of two other mutants in which necrosis de~-
velops only when plants are illuminated suggests that there may be
a whole class of mutants in which a necrotic phenotype is caused by

defects in the photosynthetic systenm.
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PaRT 11, METABOLISM OF A KININ

LITERATURE SURVEY

Kinetin and Xinins

In 1956 Miller et al. reported that 6-furfurylaminopurine
isclated from aged deoxyribonucleic acid (DNA) promotes division of
tobacco pith cells cultured in vitro provided that szuxin was also
provided. The trivial neame kinetin was given to this compound. It
was further proposed by Miller et et al. that other compounds, natural
es well as synthetic, which have similar physiological properties be
known as kinins.

Kinetin was first synthesized by Miller et al. (1956) and
other syntheses have since been reported {Baizer et 2l., 1956, and
Bullock et al., 1957).

Many kinetin derivatives have been prepared and tested for
physiological activity. Hampton et al. (1956) and Kissman and Weiss
(1956) have synthesized 6«furfurylamino—935 ~D~ribofurancsyl purine
{kinetin riboside) which appears to have the same biological effects
as kinetin itself. Kinetin nucleotide, which has been prepared by
von Saltza (1960), is also fully active. Many analogues in which
the furfuryl group is replaced by some other radical have also been
prepared. Thus b6-benzylaminopurine (figure lg) has full sctivity,
while some derivatives carrying substituents on the benzyl ring
have even greater physiological activity than has kinetin itself.

In the 6-alkyleminopurines the physiological activity of the methyl
and ethyl compounds is small. Physiological activity increases
rapidly in the propyl to hexyl members of the series and drops

sharply at the heptyl and octyl compounds. Substitution of polar
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groups into the N-alkyl group leads to inactivation. Substituents
on the purine ring of kinetin also lead to loss of physioclogicsal
activity except for the Z-amino- derivative which retains some acti-
vity (Skoog and Miller, 1957).

There can be no doubt that s kinin or kinins occur in the
tissues of higher plants and play a role in the guidance of de-
velopment and growth. Thus Caplin and Steward (1948) have shown
that to obtain maximum growth rates of carrot phloem explants in
vitro both auxin and a compound present in coconut milk are reguired.
Extensive attempts were made by Strong and his collaborators to iso=-
late the highly polar, water soluble kinin from coconut. Consider-
able purification (about 4000 fold) was achieved but crystalline
material could not be isolated, indeed the final product was not
chromatographically pure. Similar results were obtained in at-
tempts to isolate an active factor from yeast (Strong, 19583 .
Goldacre and Bottomley (1960) have described the partial purifica-
tion and some of the properties of a kinin from apple fruitlets
while Miller (1961) has recently announced the discovery of a
purine-like kinin in milk stage corn kernels. The structures of
these natural kinins remain to be elucidated.

Since the discovery of the effect of kinetin on the division
of pith cells in tissue culture, kinetin has been found to influence
s number of other physiological processes. Skoog and Miller (1957)
discuss kinetin and auxin interactions in processes involving dif-
ferentiation of callus tissue in vitrec. It is the ratio of kinetin
to auxin rather than the absoclute amount of either, that is im-
portant. High kinetin concentrations promote shoot development

while high auxin concentrations promote the development of roots.
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Wickson and Thimenn (1958) report that kinetin, in suitable concen-
trations, is able to overcome apical dominance in peas and to free
buds cultured in vitro from inhibition by applied suxin.

It is a well known fact that many plant physiologicel pro-
cesses are promoted by red light (650-660 mu) but reversibly in-
hibited by far-red light (730-740 mu). Kinetin appears to mimic the
effect of red light in several of these systems. Niller (1956) has
shown that kinetin, like red light, increases the germination of
lettuce seeds and overcomes the inhibiting effect of a previous ex-
posure to far-red light. However, far-red light applied after
kinetin treatment is not inhibitory as it is when applied after red
light treatment. Kinetin and red light both promote the expansion
of excised leaf discs. However, it appears that the effect of
kinetin is to increase the size of the cells while red light in-
creases the number of cells (Powell and Griffith, 1960). Kinetin
and red light both promote the extension growth of Avena coleoptiles
but to & lesser extent than applied indole-3-acetic acid (IAL)

(shrank, 1957). The dark growth of duckweed (Lemna minorjcan be

greatly increased by kinetin. A similar increase is obtained when
Lemna is exposed to low intensity red light {(Hillman, 1957). The
effect of kinetin is similar to that of red light in still another
system, the inhibition of IAA-induced elongation of pea stem sec-
tions (Miller, 1956).

Richmond and Lang (1957) found that kinetin greatly retards
the loss of chlorophyll and protein from senescing Xanthium leaves.
Other workers have extended this observation to other plants (Mothes
et aley 1959).

Recently, kinetin has been shown to restore the viability of
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seeds which have been healt treated so that they would otherwise be
unable to germinate (Porto and Siegel, 1960).
The physioclogical effects of kinetin are not restricted to
higher olants:
Kennell (1960) has found that kinetin increases the growth

rate of Amoeba proteus and of BE. coli. Adenine was also found to

promote growth but cowmpetition experiments indicated that these two
purines are not involved in the same process. In the presence of
TAA, kinetin slows the growth rate of yeast for a few generatlons,
after which the control rate is approached and eventually exceeded.
When kinetin-treated yeast cells are washed and resuspended in
kinetin-free media their growth rate exceeds that of the controls

for a few generations. This effect is caused by premature initiation
of daughter cell growth; the Ydaughter cellsY begin to grow before
the completion of cytokinesis. Adenineless strains of yeast cannot
utilize kinetin as a source of adenine.

Ham et al. found that regeneration of Hydra tentacles is
inhibited by kinetin but that some other adenine derivatives are many
times more active. Kinetin riboside shows a great differential
toxicity to adult human fibroblasts in tissue culture. Thus Hampton
et al. (1956) found that over 9% of fibroblast cells are killed
while other cell types remain unaffected. However, Orr and McSwain
{19573 have found that kinetin significantly increases the growth
of epithelial cells in human skin cultures.

The following results, while contributing little to our
understanding of the problem of kinetin action are extremely in-
triguing and indicate the fundamental importance of kinetin and

kininsas
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Braun and his co-workers observed that non-virulent cells

of Brucella and Pneumonococcus can be changed into virulent or &-

type cells by treatment with DNiase digests of DNA. Kinetin is also
able to convert non-g to S type cells although the factor in DNA
digests is not kinetin itself (Braun,et al., 1957).

Jaroslaw and Taliaferro (1958) report that enzymatic digests
of DA will restore the production of hemolysin in irradiated rab-
bits. Kinetin, but not nucleotides or related compounds, is alsoc
effective in restoring hemolysin synthesis.

Gale (Summary, 1959) has found that the ability of prepara-

tions from Staphlococcus cells to incorporate adenine into RNA and

by the addition of an

glycine into protein can be greatly increased
fincorporation factor' to the incubation mixture. The "incorporation
factor® is obtained from engzymatic digests of DNA. Once again
kinetin riboside‘was found to be an effective replacement for the
material from DNA digestss

Mode of Action of Kinetin

The mode of action of kinetin remains obscure. Skoog and
his collaborators (Das et al., 19563 Patau et al., 1957) have pub-~
lished extensive studies on the effect of kinetin and I4A on cell
division in tobacco pith. Kinetin was found to induce DNA synthesis
by some unknown mechanism. Cytochemical studies by Guttman (1956,
19573, demonstrated that exposure of onion root-tips to kinetin
greatly incresses the RNA content of the nuclel of the meristomatic
cells. The non-nucleoclar fraction in particular was greatly in-
creased. The DN4A content of the nuclei, however, was not signifi-
cantly increased. OQOlszewska fed adenine~8-~C~14 to kinetin-treated

and to control onion roots and found that the presence of kinetin
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increased incorporation into the nucleolar RNA about three fold while
that in the rest of the nucleus and in the cytoplasm was roughly
doubled. Osborne (1960ﬁ unpublished) found that incorporation of
labelled orotic aclid into the RNA of senescing Xanthium leaves is
increased by kinetin, as is the incorporation of leucine into pro-
tein.

To the author's kunowledge the scle paper concerning the
metabolism of kinetin is that of Bergman and Kweitny (1958). These
workers found that mammalian xanthine oxidase converte kinetin into
2-hydroxy- and 2,8-dihydroxy =b6-furfurylamino-purine. A4s this en-
zyme has not been reported to occur in plants, the significance of
the above finding is uncertain.

Conversion of Adenine to Other Purine Containing Compounds

It is well known that adenine i1s converted to other purines
. &

and incorporated into both RNA and DNA when fed to tissues. Botitger
(1958) hss reviewed the extensive literature on this subject (see
figure 2). Published biochemical work with higher plants seems to
be lacking. However, cytological studies employing'micrsradioau_
tography have shown that adenine is rapidly converted into nucleic
acids in Allium (Olszewska, 1959). McNutt (1959) working an ade-
nineless mutant of Neurospora found that the carbon skeleton of uni-
formly labelled adenosine was incorporated intact into adenylic end
guanylic acids of RNA and into the corresponding deoxyribotides of
DNAL. McNutt (1956) also showed that the iscalloxaszine ring of
riboflavin is derived from the pyrimidine ring of adenine.

Metabolism of Purine Analogues

Much experimental work hess been carried out on the metabo-

lism of purine analogues in animal cells and in micro-organisms.
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Ldenylic acids== Inosinic acids Xanthosinic acide= Guanylic acid
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Hypoxanthine s===anthine = Guanine

Uric acid

Fig. 2. Interconversion of purines, their ribosides and
ribotides (from Bottiger, 1958).

The literature on this subject has recently been reviewed by Ander-
son and Law (1960).

Both animal and microbial systems converit several purine
anslogues to the corresponding ribotide. Thus b6-mercaptoourine-
treated g. coli (Carter, 1959), mouse fibroblasts, and ascites tumor
cells (Rrockman, 1960) form &-mercaptopurine ribotide but do not in-
corporate this compound into nucleic acid. Ascites cells convert
6-mercaptopurine into 6-thioxanthine and 6-thiocuric acid as well.

2,6-Diaminopurine and 8-azaguanine (Matthews, 1958) are likewise

©

converted to the ribotide but are also incorporated inte nucleic
acid. Strains of analogue-resistant cells have arisen by mubtation
both in microbial and animal cell populations. In a number of cases
the biochenmical basis of the resistance appears to be lack of zbility
to convert the purine enalogue into its riboside. For example,
Brockman {(1960) found that ruclectide pyrophosphorylaée which cata=-
lyses the conversion of 6-mercaptopurine, 8-azaguanine, hypoxanthine
and xanthine to the corresponding ribotide is not detectable in
resistant tumor cells. The enzymes concerned with the bilosynthesis

of adenylic and guanylic acids are apparently unaffected in these

trains.

n

Wormal purines are known to be involved in feedback control
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of vpurine blosynthesis. Gots and Gollub (1959) have shown that
several purine analogues can also inhibit early reactions in the
purine nucleotide biosynthesis pathway in vivo and suggest that
these analogues interfere with the biosynthesis of purine nucleo-~
tides as well as with their subseguent utilization.

Degradation of Purines

The metabolic pathway by which animal tissues degrade ade-
nine has been well worked out {(figure 2). While some details of
metabolism of adenine in higher wplants remsin to be studied, it ap-
pears that a similar pathway is operative. The field is thoroughly
covered in the reviews by Tracey (1955) and B%ttger (1958 .

Rarnes (1959} fed adenine-8-C-14 to maple shoots and claimed
to have found label in hypoxanthine, xanthine, uric acid, allantoin
and urea as expected if the pathway shown in figure 2 is involved.
However, since Barnes! sole evidence as to the identity of these
compounds appears to be their behavior in a poorly described two
dimensional paver chromatographic system, his conclusions must be
regarded as tentative.

Uric acid has been reported to occur in substantial amounts
in many plants (Fosse et al., 19%3%; Michlin and Ivanow, 193%6). Uri-
case occurs in a large number of different specles scattered
throughout the plant kingdom (Tracey, Summary, 1955). Allantoin

was first found in Platanus orientalis where it accounts for 1% of

Yy

the dry weight of sprouting shoots.(Schulzeand Barbieri, 1881).
Since that time allantoin has been reported to be widely distributed
in plents as is the enzyme allantoinase which converts it to allan=-
toic acid (Tracey, 1955). Allantoic acid was first found in nature

by Fosse (1928) and, while its distribution in plants has not been
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so extensively studied as that of allantoin, it is none the less a
common plant constituent. The engzyme allantoicase which hydrolyses

allantoic acid to urea and glyoxylic acid has been found in Glycine

(8oja) hispida seedlings (Brunel and Echevin, 1938) but not in any

other higher plant. However, its extreme lability may account for
its apparent absence in other plantsaw

Mothes and Englebrecht (1954) have reported the presence of
large sumounts of allantoin and allantoic acid in various plants.

These substances seem to play a role in upward nitrogen transport in

Symphytum officinale. Their work has led to the suggestion that such

large amounts of allantoin and allantoic acid cennot arise entirely
from purine catabolism. Krupka and Towers (1958) have shown that the
carbon-14 of labelled glycine and glyoxylic acid is incorporated into
allantoin and allantoic acid in maple cuttings. Unfortunately their
data do not exclude the possibility that the compounds fed were
first used in the synthesis of purines, which were then degraded to

allantoin and allantoic acid. Recently Reinbothe (1961) has published

a detaile

o

paper on the blosynthesis of allantdinin some plants of

bod

the family Boraginaceae and in the genus Platsnus (which contain
large amounts of allantoin). He reports that the carbon of glycine

is rapidly incorporated into all the carbon atoms of allantoin,
whereas an insignificant amount of allantoin was formed from uric
acid during the same period. However, when purine antagonists were
fed together with labelled glycine, the specific activity of the
allantoin isclated was slightly higher than that recovered when
zlycine-C-14 2lone was fed. This observation was interpreted as

indicating that purine breakdown does contribute to the allanteoin

t

pool. It seems clear from this work that some plants at least form

=
P
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large amounts of allantoin from simple precursors. Data on the
biosynthesis of ureides in a wider variety of plants would be highly
desirable.

The one engyme redquired for the pathway shown in figure 2
which has never been reported in any higher plant is xanthine oxi-
dase. This enzyme does, however occur in some fungi (Taha et ale,
1955). Many of the animal xanthine oxidases which have been re-
ported are exceedingly labile enzymes (De Renzo, 1956) and if the

plant enzyme is similarly labile it may have easily been overlcoked.

Purpose of the Present Work

The present study was undertaken first, to determine whether
kinetin is converted to other soluble compounds in vivo and, if so,
to identify such metabolites, and second to determine whether

benzyladenine becomes incorporated into the RNA of the leaf.

MATERIALS AND METHOLS

Benzyladenine~8=carbon-14

Carbon-14 labelled benzyladenine was a gift from Drs. Loffler
and van Overbeek of the Shell Development Corp., Modesto, Californisa.

his material was examined in a2 number of paper chromatographic sol-

3

vents and found to be pure.

Plant Material

Cocklebur plants (Xanthium pensylvanium Wall) of the inbred
strain maintained at the California Institute of Technology were

grown from seed in a greenhouse (meximum tewperature 30°C, minimum

3}

OOC; air desmogged with charcoal filters). HNormal daylight was
upplemented with incandescent light to give a 20 hour vhotoperiod.

Mature leaves were harvested and stored with their petiocles in



water, under low light intensity (50 foot candles) at 209 in Plexi-
glass boxes for three days.

Feeding of Benzyladenine

Sixty five discs (diameter 12 mm) were cut from the aged
leaves and surface sterilized in 104 "Chlorox"™ for five minutes.
They were then transferred to two petri dishes each containing a
thin layer of benzyladenine solution (50 mg/l) to which 100 ppm.
streptomycin was added. The dishes were then covered and placed in
darkness at 20°C for 22 hours after which the discs were removed,
rinsed quickly in distilled water and extracted with &0% ethanol
until the residue was colorless.

The combined extracts were evaporated fo dryness, filter
aid added, followed by sufficient hot water to form a thick vpaste.
The mixture was stirred thoroughly, then more hot water added and
the mixture filtered. The filtrate was reduced toc a small volume
in a rotary evaporator and applied to 3 MM filter paver, which was
then chromatographed in the n-butanol-acetic acid-water solvent
(BAW) .«

Periodate QOxidation.

The material to be oxidized was dissclved in about 1.0 ml
of water and the oH of the solution adjusted to 4.% with acetic
acid or sodium acetate as required. Sodium metaveriodate (0.3 ml,
0.1 N) was then added. After 30 minutes at room temperature, a
further 0.% ml portion of 0.1 N periodate solution was added and a
period of 30 minutes allowed for completion of the reaction. The
pH of the solution was adjusted to 12 or 13 by addition of 0.3 N
potassium hydroxide. After allowing 40 to 50 minutes for hydrolysis

of the dialdehyde, the solution was neutralized with acetic acid and
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concentrated. Paper chromatographic technigues were then used to
determine the composition of the concentrate. Adenosine treated
according to the sbove procedure was almost guantitatively converted
to adenine.

Phosphomonoesterase Treatment

Human prostatic phosphomonoesterase {London, 1955) was ob-

tained through the courtesy of Dr. E. L. Sinsheimer. The enzyme

[¢3]

(about 1.5 mg) was dissolved in 2 ml 0.1 M acetate buffer, pH 5.0
and O.4 ml added to a solution (0.1 to 0.2 ml) of the material to be
hydrolyzed. The solution was then incubated at 5706 for one hour
after which four volumes of ethanol were added, the precipitate
removed by centrifugation and the supernatant evaporated to a small
volume for chromatographye.

1

}
Enzymatic Conversion of Urea-C-14 to C "0

2

Material tentatively identified as urea was dissolved 1 ml
of 0.2 M, pH 7.0 phosphate buffer in the main compartment of =z War-
burg vessel with two side arms. Urease (Nutritional Biochemical
Co.) solution (1 ml phosphate buffer containing 2 mg enzyme) was
placed in one of the side arms and 0.5 ml 25% trichlorcacetic acid
(TCA) in the other. Potassium hydroxide solution (0.2 ml) and a
filter paper wick were placed in the center well. The flask was
then tightly stoppered and enzyme solution tipped into the main com-
partment. After two hours incubation at 259 the reaction was

£

stopped and the CO, released from solution by addition of acid. A4

2
subsequent 18 hours at room temperature were allowed for diffusion

of CO. to the center well. The filter paver wick was then removed
> £

and carefully washed with distilled water. The center well was



also thoroughly washed. The combined washings were made up to
volume and an aliguot analyzed for carbon-li4. The amount of radio=-
activity remaining in solution in the ~main. compartment of the

vessel was also determined.

Alkaline Hydrolysis of Residue

The residue, after exhaustive extraction with 80% ethanol,
was ground in a mortar with 5% trichloroacetic acid. The ground
material was transferred to a 12 ml conical centriiuge tube, washed
twice with 5% TCA and then‘ﬁhree times with hot 95% ethanol. The
tube was then placed in a vacuum desiccator over calcium chloride
for several hours after which 2 ml of C.% N polassium hydroxide were
added and the mixture incubated for about 16 hours at 3706 with
shaking (T'so and Sato, 1959). The tube was centrifuged and the
pellet discarded. The supernatant was neutralized (pH 5~73 with
perchloric acid and allowed to stand in a refrigerator for several
hours, after which the precipitated potassium chloride was removed
by centrifugation, the supernatant concentrated, applied to strips
of paper and electrophoresed at pH %.7. The presence of salts pre-
vented complete separation of nuclectides so all material moving
toward the positive pole was eluted and re-electrophoresed or
chromatographed.

. ) 1k - . .
Enzymatic Synthesis of C7 -labelled Benzyladenosine

Tittlefield and Dunn (1958) and Smith and Dunn (1959) have

used E. coli nucleoside phosphorylase described by Paege and

Schlenk (1952} to prepare thejgékribofuranosides of a number of

vurine and pyrimidine bases. This method has now been found suit-~

able Tor the preparation of the riboside of benzyladenine.
prep

E. coli were grown on 2 1 of peptonized milk in a 4 1 jar



Y Ty
P
at 37 C for 20 hours with aeration. The cells were collected by cen-

trifugation and washed twice with distillied water. They were then

. e . o .. .
ground in an "Omnimix"™ for 20 minutes at 0°C with an equal weight o

1)

fine glass beads, and enough 0.05 ¥ phosphate buffer to make a

Al
A3

slurry. The debris, unbroken cells and beads, were next removed by
centrifugation and the supernatant made up to 55% saturation with
saturated smmonium sulfate solution. The mixture was centrifuged and

the ammonium sulfate concentration of the supernatant raised to 7%

of saturation. After ceéntrifugation, the supernatant was discarded
and the pellet redissclved in a few ml. of phosphate buffer. The
55=-75%% ammonium sulfate fractionation was repeated. The pellet from

the final 75% ammonium sulfate cut was dissolved in % ml. of phos-
phate buifer and used as the enzyme soclution. The enzymatic acti-
vity of the preparation was checked by measurement of its abllity to
catalyse the formation of adenosine and hypoxanthine from inosine
and adenine.

Benzyladenine (0.1 nmg, 0.5 pC of carbon-1L4) and 1 wmg ino-~
sine in about 1 ml of water were incubated with 0.5 ml of the enzynme
preparation for two hours at 3700e The solution was boiled, centri-
fuged to remove protein and concentrated. The concentrated regction
mixture was then chromatographed in BAW, and the rapidly moving
zones (Rf 0.7 and faster) were re-chromatographed in water to sepa-
rate the riboside from unchanged benzyladenine. Paper chromatoraphy
in a number of solvents and paper electrophoresis indicated that the

benzvladenosine prepared in this way was pure.
v I & L

Ao Soluble Compounds

Chromatography of crude ethanolic leaf extracts clearly
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indicated that Xanthium leaves convert benzyladenine-8-C-14 to
several labelled compounds. Paper chromatographic examination of
the benzyladenine solution in which the discs had been incubated
showed that all the label in the solution was still present as un=-
changed benzyladenine.

The following soluble compounds have been ildentifled in
the extract:

Unchanged Benzyladenine--After 22 hours incubation approxi-

mately one half of the carbon-14% of the soluble fraction is still
present as benzyladenine as identified by chromatography in BAW and
in water and by paper electrophoresis.

Benzyladenine Riboside (Benzyladenosine)--It was considered

probable that benzyladenine would be converted into its riboside.
Benzyladenosine was, therefore, synthesized using E. coli nucleo-
side phorphorylase to transfer ribose from incsine to benzyladenine.
Benzyladenosine, prepared in this way, was found to be incompletely
separated from benzyladenine in all organic solvents tested but well
separated when the chromatogram was developed in water.

When the Rf 0.70 and faster moving material eluted from BAW
chromatograms of the ethanolic extract of venzyladenine-8~C~-14~Ted
vanthium leaf discs was chromatographed in water, two labelled zones
were revealed {Ri 0.3% and 0.57, corresponding to benzyladenine end

benzyladenosine respectively). The paper electrophoretic mobility

9]

of the Rf 0.57 material at pH 1.9 was found to be identical to that
of benzyladenosine. Furthermore, addition of borate to an n-butanol-
ammoniz-water solvent retarded the movement of these two materials
to the same extent (Rf without borate, 0.84; Rf with borate, O.k1).

This behavior is due to borate complex formation which is



~Lo.
characteristic of cis glycol conteining compounds. The Rf 0.57 ma-
terial was stable to alkali but was converted to benzyladenine by
acid hydrolysis. It was also readily degraded to benzyladenine by
treatment with sodium periodate at pH 5.0 followed by hydrolysis at
PH 12. Synthetic benzyladenosine reacted to these treaitments in
exactly the same way. Thus, there is little doubt that the crude
ethanolic extract contains benzyladenosine. This compound, in fact,
is the major soluble metabolite of benzyladenine.

Benzyladenine Ribotide (Benzyladenylic Acid)

4 further compound from the ethanolic leaf extract (Rf in

BAW, 0.25), treated with phosphomonoesterase was converted to a
compound possessing an R in BAW identical to that of benzyladeno-
sine. This materisl also moved with the same Rf as benzyladenosine
in butanol-smmonia-wazter with added borate; and co-chromatographed
with benzyladenosine in water. Therefore, the original Rf 0.25

material is tentatively identified as benzyladenylic acid,

Benzyl-less Purine Derivatives

flectropheoresis of material from the ethanolic extract {nf
in BAW, 0.10 to 0.19) on paper at pH 3.7, indicated the presence of
labelled adenylic, gusnylic and inosinic acids. Phosphomonoesterase
treatment of these compounds gave rise to materials which behave as
adenosine, guanosine and inosine respectively on paper chromatography.
It is perhaps worth noting that guanylic acid and inosinic acid each
contained more carbon-1h than adenylic acid.

Other compounds containing small amounts of label have ten-
tatively been identified as azdenine, adenosine and hypoxanthine by
chromatography and electrophoresis. Further work is necessary to

confirm the identity of these substances.
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Ureides

An unidentified compound present in the leafl disc extract
{(in the zone from RF 0.15-0.25 in RBAW) was readily converted to urez
by a variety of treatments including heating and 2N HCL at room
tenmperature. Identificatien of the product as urea is based on its
paper chromatographic properties in BAW, isopropancl-HCl, and 8%
phenol as well as its paver electrovhoretic behavior. Confirmatory
evidence was obtained by urease treatment. As shown in table T,

849, of the carbon-ll of the compound tentatively identified as ures

o

was converted to carbon dioxide by this treatment.

Table I. Decomposition of Putative
Ures by Urease

CPM A
Original Material 695 100
Carbon Dioxide 580 &h
Left in Reaction Mix 100 1
Revovery 680 985

It seems probable that the 14% remaining in the reaction vessel may
be the result of incomplete urease action. The ureide originally
present in the extract has not been identified. However, it may
well be sllantoic acid since the latter is a relatively unstable

compound and has been reported to have an Rf of 0.15 in a BAW sol-

Q

vent of slightly different composition from the one employed here
(Bollard, 1957).

Two other labelled compounds have been tentatively identi-
fied as allantoin and free urea by their paper chromatographic be-

havior. These compounds contain less carbon-1% than the ureide

described above, and indeed the free urea found may b
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of allantoic acid decomposition during extraction.

Be. Compounds Derived from Residue

It was of interest to try to determine if benzyladenylic
acid is incorporated into the RNA of the leaf. Therefore, the resi-

due left after &C% ethanol extraction of the leafl discs was treated

with alkali to hydrolyze the RNA to a mixture of 2'~ and 3'-nucleo-

tides. Substantiszl amounts of adenylic acid and of guanylic acid

U]

were liberated by this treatment. (These compounds were identified
as previously described.) Also present in the hydrolysate was a
very small amount of a labelled compound which chromatogravhed as
benzyladenylic acid in BAW. The amount present (less than 1/10 as
much carbon-14 zs adenylic acid) was too smell for confirmatory
tests.

Alkeline hydrolysis also solubilized neutral material which

contained as much carbon-14 ag did the nucleotides. After acid

hydrolysis of the neutral material, adenine, guanine, benzyladenine

present.
It seems probable that the sdenylic and guanylic aclds found

3,

after hydrolysis were derived from RNA. This, however, cannot have

been the origin of the neutral compounds. Possibly this material
represents soluble compounds which became occluded in protein pre-
cipitated when the discs were extracted with ethanol and then
liberated when the protein was partially solubilized by treatment
with alkali. In view of the presence of labelled purine-containing
material which was not derived from RNA, the small amount of ma-
terial tentatively identified as benzyladenylic acid cannot be con-

sidered to have originated from RNA. In order to obtain a definitive



answer to this guestion it will be necessary to isolate the RNA

£

from the leaf before hydrolysis snd to identify benzyladenylic acid

in the hydrolysate with greate

<o

-

certainty than was possible in

these experiment

9]
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DISCURSTION
From the results presented in the preceding section it is
clear that bvenzyladenine is converted to its riboside and ribotide
by Xenthium leai fissue. It is of interest in this connection that

hoth the riboside and ribotide of kinetin are as active as kinetin
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iteelf din promoting callus growth. The basis tivity
could, of course, siuply be their reapid conversion to the free base
{kinetin). On the other hand, it may be that the ribotide or ribo-
side, or derivatives thereof, wmay actually be the physiologically

e

active material and that kinetin is active because it readily forms

ribose containing compounds in vivo., The information presently

availlsble does not permit a choice between these two alternatives.
It appears to be egually clear that labelled carbon from
benzyladenine-8-C=-14 alsc appesrs in vpurine compounds which do not
contain a benzyl group. Conceivably this conversion could be the
result of enzymatic removal of the benzyl group from the intact
purine nucleus. On the other hand, the presence oI carbon~14 din

poxanthine and thelr derivatives could also be

adenine, guanine, h

e

removal of the carbon 8 of benzyladenine, its
Yone carbon'® pool of the cells and subse-

into newly synthesized purines.

obtained are admittedly equivocal, 1t appear

unlikely that benzyladenylic acild becomes incorporated intoc RNA,



these experiments, the upper limit for benzyladeny

is
i L

poration into BNA is of the order of one molecule

molecules of RN4, of molecular weight two million.

since a vough calculation indicates thalt, wnder the conditions of

iic acid incor-
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PART III. THE CHEMICAL NATURE OF AN INSECT GALL GROWTH FACTOR

INTRODUCTION

Although insect induced galls have been described for many
years, little progress has been made toward understanding their
physiology. There are several reports in the literature of ex-
tracts from insects or insect organs which stimulate gall formation
but the chemical nature of the active material has not been ex~
tensively investigated and in no case has a reliable bioassay for
the active material been published. Injection of extracts into
normal plant tissue is not suitable as a routine method because
only & small percentage of such injections lead to gall formation
(see literature survey). There are, of course, two aspects of gall
development, initiation and growth. Both these processes reguire
stimulation from the insect but nothing is known as to whether the
substances responsible for the two processes are identical or not.

The present work is an attempt to define more clearly the
chemical nature of the gall-growth promoting material in the acces-~

sory glands of Pontania pacifica (Hymenoptera).

LITERATURE SURVEY
Plant galls have been a source of interest since very early

times. In ancient Greece they were an item of commerce, used in
the manufacture of ink and for medicinal purvoses. The scientific
literature on galls is vast, widely scattered and predominantly
descriptive. BEmphasis in this survey will be on work concerning
gall initistion and development and even then coverage cannot be
comprehensive. Rarly work is carefully discussed in the book by

Kister (1911), while Plumb has covered the literature up to 1953.
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Formation of galls on higher plants is known to be induced
by various species of bacteria, fungi, Rotifera, Copepoda, Acarina,
and by members of almost every order of insects (Wells, 1921).

Thus, in the United States alone there are over 2000 gall inducing
insects, about 1500 of which are gall wasps and gall midges. The
caks are extremely susceptible and some 600 different gall formers
parasitize the leaves, stems, roots or acorﬁs of various oak species
(Felt, 1940). According to Wells (1921), gall making forms have
evolved independently in many groups of insects. Gall formation is
of obvious benefit to the animal species involved as it provides

food and shelter for the developing larva but must be considered
detrimental to the host plant. Went (194%0), in comparing plant para-
sites to their analogues in human society has saids

I propose to nominate gall parasites as gold-diggers.

For they are able to induce the host to excess far beyond
anything they provide their own offspring. . . . And as

in human soclety certain plants, such as ocaks, are notori-
ous as suckers.

The galls produced can be divided into two main classes:
kataplasmic galls, in which masses of undifferentiated callus tis-
sue are Tormed, and prosoplasmic galls, in which a definite internal
structure is laid down (Kast@r,l9il}» It seems probable that within
any given group of dinsects the ability to produce kataplesmic galls
evolved first and later proscplasmic forming types developed (Wells,
19217,

Knowledge of the basic biology of galls developed slowly.
Hippocrates (406 to 377 B.C.) was aware that "animals" were contained
in one kind of gall. Pliny the Elder (23-79 A.D.), while aware that
"flies" emerge from galls, did not connect gall growth with the

vresence of the insects. Martin Lister (1630-1712) is credited with



the discovery that one iusect species is always associated with each
particular kind of gall while Malphighi (1620-1694) appears to have
been the first to suggest that gall formation was induced by sub-
stances of animal origin. Reaumur (1683-1759), on the other hand,
suggested that mechanical damage to the tissues of the plant by the
ovipositor of the insect was responsible for gall formation. The
latter hypothesis can now be ruled invalid. Several workers have
pointed out that there are many species of insects which danmage
plant tissue while laying eggs or feeding but which do not cause
tumor formation, while other species causing similar damsge are able
to cause tumor development (Smith, 1926). Rosen (1916) found that
insertion of fine glass capillary tubes into young grape leaves did
not cause proliferation of plant tissue. Others have since repeated
this experiment on other plants with similar results (Smith, 1920;
Plumb, 1953).

On a priori grounds alone, the suggestion that the gall
forming stimulus is derived from chemicals produced by the insect
is much more attractive. For one thing, the occurrence of different
types of galls (caused by different insects) on leaves of the same
species of plant can be explained by the ability of different com-
pounds, or mixtures of compounds, to make the tissues of the host
plants respond in different ways. Some of the experimental evidence
which supports this theory will now be considered.

Many workers have attempted to induce the development of

o]

galls with extracts of whole insects or insect orgens. The results

of such work are variable and often negative. Two factors may ac-

count for the difficulties. First, the extractive Technigues em-~

ployed have been very unsophisticated; in general no attempt has
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been made to remove possible toxic material. Second, the techniques
by which extracts have been introduced into the leaves have of
necessity been crude. It is impossible to inJect material into a
great deal more damage than is caused by the ovipesitor of an in=-
sect. Also, it is very difficult to know Jjust where within the
leaf the tip of a glass needle is located, while insects are able
to locate specific tissues very precisely (Zimmermann, 1960).

The literature contains the following reports of successiul
or partially successful attempts to induce gall growth:

Laboulbene (1892) (quoted by Kuster, 1911) claimed partial
success from injections of agueocus extractis of Cecidomys larva and
from implantation of larval integument into leaf or bud tissue.

Triggerson (1914) extracted dried Malphighian tubules from

Dryophanta erinacei with physiological saline solution and injected

the filtered extract into the midrib of white oak leaves. While
this treatment did not produce galls, the tissue had an appearance
similar to that found when gall development starts but cesses at an
early stage due to death of the larva.

Martin (1942) induced stem galls of sugar cane by injections

of extracts of adult leafhoppers (Draculocephala mallipes) and

mealybugs (Trionymus sacchaxi), and showed further that the gall

inducing factor was heat stable.
Parr (193%9) was able to induce gell growth on pitch pine

and chestnut oak with extracts of the salivary glands of Matsucoccus

7

gallicolus and Astirolecanium variosolum respectively. He reports

( o
that no growth was produced by extracts treated at 60%C.
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Leatherdale (1855) injected filtrate of Dasyneura urticae

macerates into immature leaves of Urtica dioica with an ultrafine

hypodermic needle. Such treatment produced growth in 12 out of
150 injections of whole larva macerates and in 9 ocut of 50 head-
only macerates. No growth occurred in 50 water injected controls.
The growth produced did not resemble normal galls.

Anders (1958) found that the secretions of the larva of

Phylloxera contained high concentrations of awmino acids, particu-

;..J

arly lysine, histidine, tryptophan, glutamic acid and valine.
Solutions of pure amino acids induced gall formation on developing
grape roots.

Lewis and Walton (1947, 1958) have reported that another

aphid, Hormaphis hamamelidis injects wvirus-like particles into

Bamamelidis while feeding and concluded that this agent is re-

gponsible for gall initiation and growth.
Hovanitz (unpublished) has shown that saline extracts of

the accessory glands of femsle Pontania pacifica, which contain ma-

terial which initiates gall formation, also promote the growth of
developing galls from which the larvae have been removed. He has
further used such growth promotion as the basis of a bioassay for
such substances. (For detsils, see methods section.)

Other workers have drawn attention to the growth promoting
properties of larval feces. Kﬁster (1911), working with Pontania
proxima galls on willow, observed that where gall tissue was in
contact with pellets of excrement, there was greater proliferation
of the tissue., La Rue (1937) noted that outgrowths of plant cells
occur only around each pellet of feces deposited by leaf miners in

their burrows. He demonstrated further that this effect could be
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duplicated by application of droplets of indole-3-acetic acid {(which
is known to be excreted by higher animals) to the inside of the bur-
row and suggested that auxin was the active component in the feces.

Boysen-Jensen {(1948) carried out an extensive study on the

Y/

initietion and growth of Mikiola fagi galls on beech. He was able

to show that mechanical damage alone could not cause gall formation,

o
but that if larvae were placed on lanolin paste on a leal some pro-
liferation of tissue occurred. 1In more refined experiments, larvae
were placed on lanolin for an unspecified period and then removed.

The lancolin paste alone would then induce callus growth on beech

4

leaves and cause curvature of Avena coleoptiles. He councluded that

there is no special gall forming substance.

<

Roysen~Jensen was fully aware of the difficulties besetting
those who would carry out experimental work on gall growth and it
seems appropriate to guote the followling passage:

It is on the whole very hard to reproduce these experi-
ments because their resulits are strongly influenced by =a
series of conditions, for instance the rate of development
of the buds, the atmospheric humidity, the temperature, and
so on, which are difficult to regulate. . . . However im-
verfect these experiments are, they nevertheless prove that
it is possible to regulete the growth of the callus by local
influences of substances. There is nothing to prevent the
assumoption that the natural galls are a sort of a callus
oroduced by the gall larva by means of secreted substances
and that the shape of the galls is caused by the gall larva
secreting these substances in definite pleces and in defi-
nite concentrations.

Amongst hymenopterous insects, with the exception of the

-

the Tenthredinidae {(saw flies), the gall formin

o

o]

genus Pontania o

stimulus apvears to be derived from the larval form. Thus, there
is commonly no proliferation of plant tissue until after eclosion.
The larva of some species even crawl aboul on the leaf before

settling down in a new spot where gall formation then takes place
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(e.g. Cecidomyia poae on Poa nemoralis). On the other hand,

Beijerinck {(quoted by Kgster, 1911) found that swmall galls developed
at sites where Pontanisa females had injected a small amount of fiuld
into the leaf but had not deposited an egg or where the egg had

been killed with a hot needle. For continued growth and develop-

ment, however, even the Pontania galls reguire further stimulation

by larval materials.

Plants and Tnsects

willow leaves (Salix alba) bearing developing Pontania
pacifica galls were collected locally and placed in covered vlastic
boxes containing several layers of paper towel. These boxes were
stored at 79 in the dark for several months., During this time the
larve complete thelr development, and leave the galls to pupate
among the leaves and paper at the bottom of the box. The adults
begin to emerge after about four to six months of pupation. Since
the life span of adult Pontania is very short, daily collections of
insects were made., The males were discarded and the females either
dissected or Ifrozen.

Preparation of Material

The zccessory glands and accompenying sacs (figure 1) were
carefully excised from female wasps under a binocular microscope
and immediately frozen. They were stored at -20% until used.

In the initial stages of this work various extractive media
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tilled water, aqueous phenol and 00% ethanol. Physiologically

active material could be recovered using each of these techniques.

+
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Fig., 1. ALccessory gland and reproductive organs of Pontania.
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bloassay.

The plant was covered with a wire mesh cage into which a
newly emerged female Pontanla was introduced and allowed to remain
for several hours. After a few days small galls could be found on
some of the young leaves. After these had developed for 10-12 days

(counting from the time of egg deposition) most of the galls were
opened and the larva removed from each. The openings of these galls
were carefully covered with small pieces of cover glass held in
place with casein glue, as shown in figure Z2c. The side of the
gall opposite the cover glass was plerced with a fine glass needle
and & solution of the material to be tested was injected into the
hollow center of the gall (about 2 pl per injection). Injections
were repeated every two or three days, usually until a total of
seven inJections had been made., At the same time, the length,
width and height of each gall was measured with a pair of fine
‘calipers which were read to 0.1 mm, The three values thus obtained
were multiplied together to give a volume parameter. Since the
galls were not all of the same size at the start of the experiment
the “volume! was converted to Yrelative volume' (i.e. volume of

-

gall - volume at first injection) for comparative purvoses.

Galls injected with double glass-~distilled water served as

2

controls while other galls from which the larva had not been re-

o

moved were used as an indication of maximum possible growth under
the conditions of a particular exveriment.

Experience indlicated that best results were obtained when

only one gall per leaf was used. When more than one gall occurred
on the same leaf all but one was left uncovered after removal of

the larvae.
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Fige. 2. 2. Young gall. b, Full sized gall. ¢. Cross sec~-
tion of gall for use in the biocassay.
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While no special precautions were taken to prevent microbisl
contamination (indeed, sterile conditions would be exceedingly dif-
ficult to achieve) growth of such organisms was only observed when
plants with very high water content were used. In the few cases

where mold growth was observed, the experiment was discarded,

i

T

b

wperience with the Bioassay

It must be emphasized at the ocutset that the biloassay is far
from standardized. Different amounts of growth are cbtained in suc-
cessive experiments with the same material in galls on plants origi-
nating from cuttings taken from the same tree. Therefore, the re-
sults of different experiments can be compared from a gualitative
point of view only.

Cuttings ffom some trees (especially those with soft tissue
and high water content) are unsultable for assay purposes since sub-
stantial growth occurred in most distilled water controls. Even
when the most suitable plants were used, occasional distilled water
controls grew far more than expected. For this reason, in later
experiments several distilled water treatments were included.

Preliminary Experiments on the Nature of the Growth Promoting Factor

Figure 3 shows the growth promoting activity of a 0.9%
sodium chloride extract of glands. The first experiments were
directed towards determing whether the active material in this ex-

tract is a small or macromolecule. Glands were macerated in

]

sodium chloride sclution and the mixture clarified by centrifuga-
tion. The extract was then dialyzed against salt solution of the

same strength for 20 hours. A4s shown in figure 4 the dialyzable
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extract possessed considerable activity although some acfivity re=~
mained in the nondialyzable fraction. In a second experiment the
protein of a similar extract was removed by shaking the saline ex-
tract with 95% phenol. The phenol was then removed from the aqueous
layer with diethylether. Material prepared in this way contained

dialyzable growth promoting material. From these results it appeear

[

-

that low molecular weight substances capable of promoting gall
growth are vresent in the extractis.

Figure 5 shows that increasing concentrastions of the dialyz-

]
able portion of the gland ewtract cause greater and greater gall
b & > & &

growth up to the highest concentrations tested. Concentration is

expressed in glands per injection, that is, the number of glands

used to obtain the dialyzed materisl injected in a single injection

&

(2 Pl

s

[l

he dialyzable fraction of the extract was subjected to a
number of treatments and then sssayed, with the following results:
The physiologically active material was found to be stable to heat-
ing at 100% for 15 minutes in solution, stable to pH 13 and pH 1
for 15 minutes at room temperature, and to be adsorbed on charcoal
from aqueous scolutions. Attempis to purify the active factor by
selective elution from charcoal failed, although some active ma-~
terial was eluted with 20% ethanol, more with 80% ethanol and still
more with 5% agueous phencl. Similarly, attempts to purify the

active factor by means of ion exchange resins were unsuccessiul.

Adctive material was found in the azc¢id, basic and neutral eluates

Chromatographic Analysis of the Gland Extract

Chromatography, employing the butanol-acetic acid-water
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P Em
(BAW)Y solvent, showed the presence of a number of compounds in the
extract (figure 6). These include several compounds which absorb
ultraviolet 1light, two phosphate containing compounds, of which the

-

faster moving is inorganic phosphate, one main and several minor
ninhydrin positive compounds (amino acids or peptides), and several
compounds which gave a faint yellow color with p-dimethylamino-
enzaldehyde (ureides or indole-containing compounds). Carbohy-
drates’and phenols are either absent or present in such small guan-

tities that they cannot be detected.

chromatogram were eluted and

Successive 2 cm zones of a BAW
the eluates assayed for growth promoting activity. Considerable
activity was found in several zones from the low Rf regions of the
chromatogram, suggesting that the growth promoting materisl is not
a single compound.

4 detailed study of the chemical natures and growth promol-

e

sctivities of the main UV abscorbing compounds was begun. Figure

N
st
0q
g

7 shows an isopropancl-HC1l chromatogram of the successive UV absorb-

ing zones from the BAW chromatograms. Rach of the zones was found

’u
[
L

to consist of one major compound plus traces of other mater
The five major UV absorbing compounds will now be considered indi-
viduallys.

Compound A

Ef in BA 0.10, in isopropancl = 0.06, in butanol-am-

monia = 0.00. Upon hydrolysis of compound A in 6N HC1l for one hour

o . . . . .
at 105 C, adenine is liberated. The absorption spectrum of & is

shown in figure 1b in Appendix II, p.102. When this compound is

electrophoresed at pH 4.7 it moves toward the negative pole con-

{

siderably more rapidly than does adenine or adenosine. Tests for
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figures 2b and 2¢ in Appendix IT, p. 103 Compound D has insignifi-
cant gall=-growth promoting activity.

Compound E

The chromatographic properties of compound £ are identical

iic and basic

2

te those of uridine as is its UV spectrum both in aci
solutions (figure 34 in Appendix II, p. 108 . PFurther, treatment
with periodate (c¢f. part III) followed by alkali converted E to a
compound with the chromatographic properties of uracil. Uridine

has some growth promoting activity but is less active than compounds

LAy By, or Co

Trace UV Abscorbing Compounds

o

Both adenosine~5'-phosphate and adenosine~5'-triphosphate
appear to be present in the low RE material of the BAW chromatogranm
but in amounts too small to work with. As shown in figure 10 there
are several minor UV absorbing compounds in the extract. Judging
from their movement in isopropancli-HCl, some of these may be identi-
cal with known purines, pyrimidines or their derivatives.

Tests on Known Material

A number of purines and thelir derivaetives have been tested
for their ability to prsﬁote gall growth. The first of these,
kinetin, shows considerable activity when about Cel'yg is applied
per injection (figure 10). Subseguent tests, however, indicate that
kinetin is no nmore effective than adenine or adenosine applied in
the same amount. Other purine-containing compounds possessing
activity include guanosine and uric acid. Some pyrimidines and
their derivetives {uracil, uridine, and cytosine have slight growth

promoting activity as does indole-%-acetic acild.

It should also be noted that no single compound consistently
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produced as great a response as the mixture of materials in the
glandular fluid. Repid and sustained growth was, however, obtained
in one experiment in which a mixture contailning adenine (50 mg/l}ﬁ
kinetin (10 mg/1) and IAA (10 mg/1l) was applied.

£

Test for Kinetin in the Extract

The Xanthium leai assay for kinetin (Usborne and McCa la,
1961, Appendix III) was applied to chromatographed Pontania gland
extract. While some areas of the chromatogram gave slight preser-
vation of chlorophyll, higher concentrations of material did not
increase the response. Such behavior is characteristic of & number

B

of purines and other common metabolites. Even if the response
elicited by the gland extract in this assay were entirely due %o
kinin, the maximum amount present could not exceed the equivalent
of 4 x ZLOW'_"3 pe per gland. Pure kinetin was effective in promoting
gall growth of a concentration of O.L y& per injection but alwmost
no growth was obtalned when only 0.0l pg was supplied. It is,
therefore, apparent that the maximum amount of kinin present in the

glandular fluid is too small to be of importance in gall growth.

Extract of Pontania Larva

Young Pontania larva were removed from developing galls and
extracted with 8@ ethanol as described above. The extract showed
considerable growth promoting activity and yielded several UV ab-
sorbing zones when chromatographed in BAW. These zones were nct

further examined.

DX
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Low moleculay weight compounds present in the glandular

&

P4)

fluid of Pontania are clearly effective in promoting gall growth.
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Chromatographic examination of the fluid indicates that five ultra-

violet absorbing compounds are prominent comnstituents of the fluid.
Two of these compounds, uridine and uric acld, have been satisfac-

torily didentified while two others appear to be adenine derivatives.
Large scale chemical work on these vartislly characterized compounds
is prohibited by the labor involved in obtaining the glands. The
guantity of each of these UV absorbing materials present in a single
gland is of the order of 0.5 to 1.0 pg (determined spectrophoto=-
metrically) and is sufficient to produce one full sized larva-less

s

gall. 4 comparable amount of pure kinetin or adenine has roughly
equivalent growth prowmoting activity. Under natural conditions
each female Pontania initiates many small galls which develop to a
diameter of sbout 1 to 2 mm with no further stimulus.

From the present study as well as from much earlier work it

2pparent that the growth of insect galls continues only so long

=
&
QJ

o
9]
0

timulus is supplied either from the larva or from experimentzally

applied material. Pelet et al. (1960) have shown that both auxin

and kinetin are required for growth of insect gall tissues in vitro
nd that addition of casein hydrolysate and adenine further stimu-
lates growth. This is in contrast to bacterial crown galls in which
the plant cells become "itrausformed® so that they are nutritionally
independente.

fiork in several laboratories has provided some insight into
the problem of the control of differentiation in plants. skoog end
Teui (1948) found that the ratio of adenine to auxin determines
whether roots or buds are formed on tobacco pith callus cultures

cultiveted in vitro, adenine promoting bud formetion, auxin root

formation. Further work by Skoog and his collaborators (Skoog and



diller, 1957) has shown that the auxin-kinetin ratio is also im-

bt
Py

portant in bud and root development,. and Thimann have shown

hat the ratio of kinetin to auxin determines whether the develop-

[«

ment of lateral buds on stem sections cultured in vitro proceeds or

remains inhibited. In this system also, kinetin promotes bud growth

2ol

while auxin tends to inhibit this growth. There is also good evi-
dence for the interaction of gibberellins with kinetin and with

auxin (Phinney and West, 1960).

=

Results such as these have led Skoog to reject the idea o
specific organ forming chemicals in favor of the concept of control

of orgen formation by the relative amounts of various growth sub-

stances present in various tissues.

[

all formation must be regarded as a result o

f)

G2

of plant cells from these normal developmental controls. This is
most clearly illustrated by simple kataplasmic galls which are

merely undifferentiated callus-like tissue covered with epidermis.

g

n the more complex prosoplasmic galls, growth substances derived
from the insects must also impose new controls which result in the
sppezrance of characteristic tissue patterns within the gall. It

is important to note that no new cell types appear in insect galls
A oty fan

It seems reasonable to assume that the growth substauces
supplied by the insects interact with the endogenous growth regu-

la

Q<

03
e
e
o+

tors of the plant. In this connection it is worth notin
while the Pontania glandular fluid does not
terial with kinin activity, these insects deposit theilr eggs adja~-

cent to the mid-rib of the leaf, a known source of kinin.

It is apparent from the literature on gall formation th
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TOGRAPHIC TECHNIQUES

Whatmen no. 1 and 3 MM papers were used. For mosit experi-

ments the paper was washed in either 0.5% acetic acid, 0.2% versene,

[

or ethylacetate, acetic acid, water (10:5:23v/v) followed by dis-

o+

tilled water before use. The ethylacetate, acetic acid, water wmix-

ture was very effective and removed much more organic material than

L

the other two washing technigues,

Ascending chromatograms were run in pyrex glass jars {(di=a.
5% inches, height 18 inches). The papers were either hung on glass
from the 1id of the jar or held into cylinders by means of poly-
ethylene clips.

Descending chromatograms were run either in a 9 inch dismeter
glass Jer fitted with glass troughs or in a '"Chromatocab.”

Except where noted below, chromatograms were run without
prior equilibration with the vapor phase of the developing soclvent.

Elution of HMaterial from Chromatograms

A

A square or rectangular area inclu

was cut frowm

s

v

hromatogram and folded down the center. The

<

the

O

folded piece of paper was then placed upright in a petri dish con-
taining a small amount of the eluting solvent (usually water) which
ascended the paper by capillary action. When the eluting solvent
reached the top, the sheet of paper was rolled in a sheet of heavy

guty aluminum foil (considerably larger than the paper) so that the

top edge of the paper was coincident with one edge of the foils
paper down) in a 15 ml conical centrifuge tube

T e
The

end of the roll over the lip of the tube.
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tube was then placed in a clinical centrifuge and spun at abou

rpme. This process was repeated a second and occasionally =z third

time. In this way a nearly guantitative recovery of material from
"

the paper was achieved using minimal awmounts of solvent.

Determination of Carbon-lh on Chrometograms

The location of radicactive compounds on chromatograms was

determined by means of a Nuclear Chicago "Actigraph I" fitted with

.

a "icromil" window. This instrument records counts per minute vs.

o
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s
&
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e
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e

position on the chromatogram. The relative zmount of ra
in various compounds on the chromatogram was determined from the
area under the pesaks.

Solvents (arranged alphabetically by major organic component):

1. n-Butanoleacetic acid-water (4:1:1.8;v/v) (Heish, 1959)
{(B&aW). 1In the proportions given above it 1s a single pvhase mixture,

not guite saturated with water, so that temperalture changes are not

troublesome. Ascending and descending techniques gave similar re-

2. n~Butanol-acetic acid-water (74:19:50;v/v) (Schwink,
1960). This solvent was used to separate phosphate containing com-

eparations the descending techni

ol

C“z

pounds. To get goo
and the solvent allowed to run off the paper for a total development
time of 40 hours.

%, n-Butanol-conc ammonium hydroxide-49 agueous boric acid

(96*&:15:?1/&7)a In this solvent the movement of compounds which con-

tain cis glycol groups is greatly retarded over that in a similar

borate~-Tree solvent: n-butancl-~conec ammonium hydroxide-water

I, p-Butancl-formic ascid-water (l:1:1;v/v) {(Romberger,



P

1960). This solvent gave good separations of carboxylic scids and

o]

i

was used for this vurpose only. Best rvesults were obtained when
the solvent was made up 24 hours prior to use and when the chromato-

gram was equ

G

ilibrated overnight with the acueous phase and subse-

1

guently developed with the organic phase. Only the descending tech-

i

nigue gave satisfactory separations

5. t-Butanol-picric scid-water (80:2:20;v/w/v) (Loughman
and Martin, 1957). Used for nucleotides and sugar phosphates in
some experiments. Abandoned because picric acid interfered with

spray rea FSQES@

6. Diethylether-acetic acid-water (13%3:3%3:1:v/v) (Dennison

A"‘

Phares, 1952). This solvent gave good separation of carboxylic

sy
o

zcids when used in the cold room. The solvent is so volatile that

it is useless at room temperature.

oo

7. Diisobutyl ketone-acetic acid-water (40:25:5;v/v)

a1

This solvent was used for the separa-

'\.!
e
e

farienette et al., 1951

o~

tion of lipids on silicic acid impregnated paper.

8. ®thanol-conc ammonium hydroxide-water (&0:5:155v/v)
{(Osteux and Laturaze, 1854). This solvent was used to check the
identity of carboxylic acids.

9. EREthylacetate-acetic acld-water (10:5:2:v/v) (Romberger,
1960). This solvent gave good separation of sugars when the chro-
matogram was developed in the descending direction after equili-
bration for a few hours. It also proved to be an extremely ef-
fective solvent for washing filter paper.

10. disoPropanol-conc HCl=-water (170:41:39;v/v) (Wyatt,

1951). This was an extremely useful solvent for separating purines

Qﬂ

nd pyrimidines and their derivatives.



‘3,95__,,

1l. Isopropyl alcohol-pyridine-acetic acid-water (8:8

v/v) (Gordon et al., 1956). This solvent was used as a further
check on the identification of the sugars.
12. Propanol-30 acetic acid (3:1;v/v) and propanol-1%

ammonium hydroxide (3:1;v/v). These ivents were used to dev
two dimensional chromatograms of amino acids.
1%3. &8&% Agueous phenol (0.1% KCN added, ammonia atm

This solvent was

However, material streaked rather

usede

Electr

£

used to check the identity of purines

an

badly so it was not extensiv

ophoretic Separations

pinco

vc

electrolytes

~Durun=-type

411 electrophoretic separations were carried out in a

apparatus at room temperature. The followin

were used:

(modified from Ingram, 1958). This buffer gave excellent separation
of aspartic acid, glutamic scid, histidine, lysine and asparagine
from neutral smino acids and from each other.

2. 0.05 M pH 3.7 acetate buffer {(Werkheister inzeler,
1953%). Gave good sepvaration of nuclectides.

3. % Formic acid (pH 1.8). Gave good separation of
purines and purine ribosidese.

L, 0.l M Formic acid (pH 2.3). Gave separation of some
vhosphate containing compounds.
Dip Spray Reagents

1. w©-inisidine spray for sugars (Hough et al., 18507 .
p-finisidine (2.3%2 gm) is dissolved in 3.8 ml 5 N HCL and the solu-
tion made up to 10C ml with n-butanol. The chrom sram is allowe

]

&

JOUTr €8

]
e



~Ghie

to dry at room temperature after spraying and then

for a few minutes. The color produced by various compounds is
diegnostic:

brown aldohexose

yellow ketohexose

green methylpentose

cherry red wuronic acid

il

bright red aldopentose

yellow .
ketopentose
brown :
2. Molybdate dip for phosphates (Burrows et al., 1952},
Ammonium molybdate (1 gm) is dissolved in 8 ml of water snd % ml of

hydrochloric acid. Three ml of 70% perchioric acid is then added
and the solution made up to 100 ml with reagent grade zcetone.
Chrometograms are dipped in this solutiocn and allowed to dry at room

temperature. Inorganic phosphate spots give a light yellow coler st

i

his stage. The chromatogram is then exposed to light frowm a germi-

ot

cidal UV lamp (2537 £ max emission). With this treatment all phos-

phate containing materials give blue spots.
i & [ b

3. Ferricyanide svpray for phenols (Rarton et s2l., 1952).

Solne Az 1% ferric chloride in wster. Soln. Bt 1% potassium ferri-
cyanide in water. Solutions A and B are mixed Jjust before use.

is washed in dilute acid

\')
fL
}

ot
I

After the chromsiogram has been sprays

Ll £
and then in distilled water in order that the background remains

white., This reagent gives a very sensitive test for phenocls which

&yl

:\1
wn

appear as blue spots.

. Diazotized p-nitroaniline (Bray et al., 1950).

). 5% p-nitroaniline in 2 N HCI1.

o
o}
ot
]
fuc}
o
e
o
L]

Goln. B: 5% sodium nitrite solution.



Solne. C: 20% sodium ascetate solution.

ml Ay 0.5 ml B and 15 ml C in that order. The colors pro=-

=
b
N

duced are characteristic for various types of vhenols.
5. Winhydrin dip for amino acids and peptides. Ninhydrin

(0.5 gm} was dissolved in 100 nl of reagent grade acetone. Chro-
matograms were dipped in This solution, and kept for seversl hours

at room temperature in subdued light. HNinhydrin vnositive spobs were

o0,

Ll

marked and Lhe paper heated at YO0°C for a few minutes in order to

it

insure complete resction.

6. Bromphenol blue reagent for acids (Palmer, 1955).
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Bromphenol blue (0.2 gm} was dissolved ir
sodlum hydroxide added until the solution was a deep red purple.

7. Periocdate-KI spray for periocdate oxidizing cowmvpounds
(Metzenberg and Mitchell, 1954). The chromatogram was first sprayed
with a 0.01lM solution of potassium metaperiodate allowed to dry for
about ten minutes at room temperature and then sprayed with a 35
saturated sodium tetraborate solution containing 0.8 potassium

iodide, 0.9 boric acid and % soluble starch. Periodate-oxidizable
[} 2 )/

compounds showed up as white spots on a blue background.



Ef x 100 din:

Propanol Mobility
Compound BAW Lcetic ié?pa%?} {(Cm. Migrated oH 4.7
hcid famonLa 400 :
Alanine %6 32 Bl =09
Arginine 27 19 19 -6.0
Adspartic Acid 27 17 10 cooe
Asparagine 20 vooe o600 os s
Cysteine cooe 5 iz oeon
Glutamic Acid z3 25 14 +4.9
Glutamine 26 ecas coss cess
Glycine 29 1 23 co oo
Histidine 22 14 24 cone
Leucine 73 60 6h ~0,8
Lysine 20 14 Th -6.8
Methionine 62 20 50 seee
Phenylalanine 68 52 58 cees
Proline Lz %5 58 ceee
Serine 26 18 23 e
Threonine 30 26 3L ecoe
Tryptophan 63 8 Ll coee
Tyrosine 52 26 %9 cese

Valine 59 L6 ' 50 coce




~97=

Table II. RI and Mobility of Purines, Pyrimidines
and Related Compounds

100 x RI din: 100 x 100

&89 iso- M deni Mgy
Compound BAW Pgélol oropanol Water aiazﬁiifg ?Er;§3.

’ HCL o )

Adenine 54 81 29 %5 100 cooe
Adenosine L1 coee 27 50 61 coos
Deoxyadenosine 65 coen 30 enes eses peee
Adenylic Acid caeo  soee 40 cooe ceso Lo.
Guanine cece sece 18 cnos cvee cose
Guanosine 25 os o e 29 coce 32 oo e
Guanylic Acid sece seeo 3k coco ceece 80
Cytosine Bl cess 50 seoo ceee 6o oo
Cytidylic Acid sees  cees 45 eooo0 cesa csoe
Uracil L& ceee 70 voao veoo cooe
Uridine %8 cese 58 coee soce cooo

Uridylic Acid ceoe osce 71 oees cos e 100
Hypoxanthine Lo 82 22 60 05 es oo
Inosine 26 oo 22 73 5 cese
Xanthine 30 52 19 cooe cvea oo e
Yanthosine 2z ceoe 2L eeas coee seos
Uric Acid 20 22 17 sooo seo0 ce s
Benzyladenine g3 e a0 3 65 coas
Benzyladenosine 83 cooe ceos 57 L coos
Lldantoin 26 %6 45 ceee 05 co o
Urea 57 £5 72 coes 05 csos
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Table I kL of Phosphate Contalning Compounds

RE

. 100 ® meprmire
100 x RY in REYVPO, 100 x M
o N .2 . . o Lr ,J(_}}_
Compound Plcrlc Aczd S o v
o] Butanol P 2.3 oH h.7
Acetic Acid
Water
ﬂdeﬂﬂbﬁﬂe triphosphate 03 16 68 7%
Ldenosine monophosphate cece 23 L 50
Glucose-1l~Phosphate Bl &2 &7 coss
Glucose~6-Phosphate ee oo 61 67 ceco
Fructose-b=-Phosphate oo 49 68 70
Fructose~1l,6-diphosphate oo oe 27 91 &8
Z-Phosphoglyceric Acid ceoe 122 126 cess
Crthophosphate 65 100 100 100
Table IV. RI of Sugars
M I .
BFf % 100 sucrose RT = 100 RE
: éx;“ Ethanol Pyridine Ethanol
A3 I - i - |
Acetic Acdd Isopropancl Acetic Acid
Glucose 22 158 52 12
Fructose 3% 190 eses coce
Ribose %8 cess 63 23
Lrabinose %1 cees 54 15
¥ylose Bl ccee 59 18
Su e 17 : L& N
Sucrose 13 O +& 05
Raffinose 09 eveoa 35 oL
Cellobiose 43 03
Melibiose 35 0z
Galacturonic 20 07
Glucuronic 23 08

Butanol Diethylether BAT

Formic Lcid Acetic Acid -

Tartaric 13 o7 oo e
Gitric 20 24 cece
32 35 coo o

L7 il ceco

58 62 cose

68 71 ceas

18] a2 ceoe

76 coco 79
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ULTRAVIOLET ABSORPIION SPECTRA OF COMPOUNIDS

ISOLATED FROM PONTANWIA ACCESSORY GLANDS
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The isolation and characterization of kinetin (6-
furfurylaminopurine) was first reported in 1955 by
Miller, Skoog, von Saltza, and Strong (4). Since
then both kinetin and a number of its analogs have
been shown to have remarkabhle effects on plant growth
(1,2,5,7). So far, however, no natural kinin has
been isolated and identified. The search for natural
kining and their subsequent isolation has been ham-
pered by lack of a fast and simple bioassay. To meet
this need we have developed the following quantitative
assay which is based upon the ability of kinetin to re-
tard the degradation of chlorophyll in the cells of

i Received September 30, 1960.

2 Present address: Division of Biology,
Institute of Technology, Pasadena.

3 Supported by a National Research Council of Canada
Special Scholarship.

California

NSTITUTE OF TECHNOLOGY, PASADENA

senescing leaf tissue (7). Tt is quantitative over the
range from 0.05 to 5.0 ug of kinetin and may be used
for detecting still larger amounts, although it is then
no longer quantitative, The assay may be used
either to test zones cut directly from paper chromato-
grams or for material in solution. Unlike tests for
kinetin based on growth responses (3), the present
method does not require the addition of auxin.

MateriaL & Merzobps

Cocklebur  plants (Xanthium  Pensylvanicum
Wall.) of the inbred strain used in the California
Institute of Technology are grown from seed in a
greenhouse (max temp 30° C, min 20° C; air de-
smogged with charcoal filters). Normal daylight is
supplemented with incandescent light to give a 20
hour photoperiod. Under these conditions the mature
leaves are thin and soft in texture and attain an area
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of about 150 cm? When the plants have produced
ten leaves in all, the fifth fully-expanded leaf (count-
ing back from the apex) is suitable for the bioassay.
The leaves are harvested and stored with the petioles
in water under conditions of low light intensity (50
ft-c) for 3 days in Plexiglas boxes at 20° C. During
this period, metabolic processes leading to senescence
are initiated and there is a fall in the total chlorophyll
content of the leaf. The final selection of suitable
leaves is made on the basis of a uniform pale green
color of the blade. :

Kinetin standards are prepared as follows: 0.5
ml of aqueous solutions of kinetin at concentrations
ranging from 16 to 0.063 mg/1 are applied uniformiy
to circles of Whatman no. 1 filter paper, 4.25 ¢cm in
diameter placed in the base of a 5 cm petri dish. Con-
trol circles receive 0.5 ml of distilled water. Paper
for the chromatography of extracts must be thorough-
1y washed to avoid accumulation of toxic materials
just behind the solvent front. Ethyl acetate, acetic
acid, water, (10:5:2, V/V) (8) is very effective for
this purpose. Uniform discs 12 mm in diameter are
cut from the interveinal blade tissue of previously aged
and selected cocklebur leaves. -Some 60 discs may
easily be obtained from a suitable leaf. Four discs
are placed on each filter-paper circle or portion of
chromatogram so that the abaxial surface of the leaf
tissue is in contact with the liquid. (0.5 ml is a suit-
able volume of water to add to portions of chromato-
gram strip large enough to accommodate four discs.)
Duplicate sets of four untreated discs may be extracted
immediately in boiling 80 % ethanol and the extract
retained for determining the original chlorophyll
content of the discs. Fach small dish is placed on
two layers of damp filter paper inside a larger closed
petri dish. The larger dishes are stacked in enamel
trays lined with damp filter paper and covered with
aluminum foil. They are then maintained in dark-
ness for 48 hours at 24° C. By the end of this period
most of the chlorophyll in the controls is degraded
and the discs are yellow. Those in the higher kinetin
treatments are still green. (I the leaves have been
insufficiently aged prior to use the duration of the
assay may have to be extended.)

Fach group of discs is then dropped into a gradu-
ated centrifuge tube containing 5 to 6 m! of hot 80 %
ethanol, and boiled gently on a water bath until the
chlorophyll has been extracted. The tubes are cooled
and the volume made up to 10 ml with 80 % ethanol.
The optical density of each sclution was measured
against 80 % ethanol in a Beckman spectrophotometer,
Model B at 665 mu and 645 my, the absorption maxi-
ma in the red region for chlorophyll a and chlorophyll

b, respectively.

RESULTS

The optical densities of extracts of leaf discs
which had been exposed to kinetin standards ranging
from. 0.031 to 25 ug are presented in figure 1. It is
clear that since the chlorophyll a/chlorophyll b ratio

remains approximately the same in the presence of
kinetin the determination of the optical density of the
extract at either the chlorophyll a maximum or the
chlorophyll b maximum is suitable as a measure of
the retention of total chlorophyll in the leaf tissue.
However, since it is advantageous to cover a wide
range of optical densities, measurement at the wave
length of the maximum absorption of the chlorophyll
a (665 mu) is recommended.

Some absorption at both these wave lengths is
found even when all the chlorophyll has disappeared.
This is due to the presence of yellow pigments which
are not degraded as rapidly as chlorophyll.

The retention of chlorophyll bears a linear relation
to the logarithm of the kinetin concentration over a
range of approximately 0.05 to 5.0 ug. These values
correspond to concentrations of 0.1 to 10 mg/l. The
relationship is not linear for quantities of kinetin

8 Original Value; 665mp
/%,./.}--‘—éessm,u
B6F 3 3
.2\ L
3
5 %
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g | ¢ 645mu
= ==
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I~ He O Control
oL %™ 03 o 30 1o 30 10 30
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2 L
‘®
G
(=)
_.4_ R s
o
9
& L Benzimidazole
2r Water Control
1 1 1 i 1 I u(:}r\ i
0 5 10 15 20 25 200
conc. (g}

F1c. 1. Retention of chlorophyll by kinetin in discs
of senescing Xanthium leaves. Optical densities of chloro-
phyll extracts in 80 9 ethanol determined at the chloro-
phyll a and chlorophyll b maxima 48 hours after treatment.

F1e. 2. Comparison of the effectiveness of benzimida-
zole and kinetin in preventing loss of chlorophyll in senesc-
ing Xanthium leaf discs. Optical density of 80 ¢, ethanol
extract determined at 665 mg.
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above 5 ug because a maximum value for chlorophyll
retention is obtained. Under these conditions the
assay still provides a qualitative test for kinetin at
least up to the maximum amount tested (25 ug).

6-Benzylaminopurine which is active in promoting
cell divisions in tobacco pith cultures (9) is also active
in the leaf disc assay, as is its riboside. Person et al
(6) have shown that chlorophyll degradation in de-
tached wheat leaves is prevented by benzimidazole as
well as by kinetin. Figure 2 shows that with Xan-
thium leaf discs benzimidazole is not nearly so effec-
tive as kinetin.

A number of other compounds have been tested
for possible interference in this assay. These include
auxins (IAA & 24-D) and amino acids which are in-
active, purines (adenine, adenosine, & guanosine)
and 1,3-dimethylurea which interfere slightly but even
at high concentrations give values lower than those
obtained with 0.05 pg kinetin, Sugars in large
amounts (2 mg) give values approaching those for
0.05 ug kinetin.

Discussion

This bioassay offers a rapid and simple screening
test for material with kinetin-like properties. If de-
sired, materials giving positive results in this assay
could be tested using the tissue culture techniques.
The leaf disc assay has several advantages. It does
not require the use of complex media and sterile con-
ditions and it gives quantitative results very rapidly.

7
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