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ABSTRACT 

Protein was extracted from citrus leaves, electro-

phoresed on polyacrylamide gels, and incubated in various 

reaction mixtures to detect enzyme activity. Twenty-five 

enzymes were identified by bands of activity on separate 

gels. 

Physiological aging of the leaves strongly influ

enced the electrophoretic patterns of many enzymes. For 

example, the numbers of isoenzymes of general phosphatase 

increased with age, whereas those of glutamate dehydrogen

ase, shikimate dehydrogenase, and general esterase decreased. 

Leaves exhibiting symptoms of senescence, psorosis 

A, and stubborn disease contained isoenzymes of caffeic 

acid oxidase and peroxidase with more activity than those 

obtained from symptomless leaves. Leaves showing these 

symptoms also yielded fewer isoenzymes of malate dehydrogen

ase and shikimate dehydrogenase than did symptomless leaves. 

Crinkly leaf virus and drought had little effect on the 

electrophoretic patterns of most of the enzymes tested. 

The electrophoretic patterns of amylase, lactate dehydrogen

ase, leucine aminopeptidase, malic enzyme, and 6-phospho-

gluconate dehydrogenase remained the same in all leaf 

samples tested. 

xi 
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All 25 enzymes were extracted from leaves harvested 

from both stubborn-affected and healthy trees. The electro-

phoretic pattern of each enzyme obtained from a stubborn-

affected tree was compared with that from a corresponding 

healthy tree of the same age and variety. Most collections 

of symptomless leaves harvested from stubborn-affected 

trees failed to yield enzyme activities different from 

those obtained from leaves of healthy trees. 

Activities of catalase, starch phosphorylase, and 

general phosphatase changed as symptoms developed in leaves 

of stubborn-affected trees. There was less catalase 

activity in leaves showing symptoms than in leaves from 

healthy trees. High starch phosphorylase activity was ob

tained from many leaves showing symptoms of stubborn disease. 

Most leaves exhibiting stubborn symptoms yielded a general 

phosphatase isoenzyme with high activity that was not found 

in patterns from leaves of healthy trees. It is concluded 

that specific changes in activities of catalase, starch 

phosphorylase, and general phosphatase are directly asso

ciated with the presence of symptom expression in leaves of 

stubborn-affected trees. 



CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

Economic Loss and General Methods Used 
for the Diagnosis of Virus Diseases 

and Stubborn Disease of Citrus 

In 1963, losses of citrus in Arizona, attributed to 

virus diseases, were estimated to be in excess of 1.2 -

million dollars annually (1). There were 17,335 acres of 

citrus in 1963 and over 42,000 acres by 1968 (2). Losses 

due to stubborn disease probably exceeded 2.5 million dollars 

in 1969 (24). Virus diseases of citrus are generally dist

ributed and probably cause worldwide production losses 

exceeding 150 million dollars annually (3). 

Stubborn disease in the United States (10), Sicily 

(19), and Morocco (18) is related in symptoms to greening 

disease in South Africa (58) and West Pakistan (53), citrus 

dieback (37) in India, safargali disease (65) in Egypt, leaf 

mottle disease (73) in the Philippines, little-leaf disease 

(68) in Israel, likubin (58) in Formosa, and yellow shoot 

(58) in China. These diseases result in serious losses of 

citrus wherever they are found. McClean, Schwarz, and 

Oberholzer (58) have stated that the group of stubborn-

related diseases is the most serious threat ever offered to 

the welfare of the citrus industries of the world. 



Virus and virus-like diseases of citrus have been 

traditionally identified by symptom expression on suscep

tible hosts. In normal indexing procedures, healthy 

susceptible citrus plants are inoculated with tissue from a 

candidate tree. The appearance of specific symptoms in 

the inoculated plant is considered evidence for the presence 

of a graft transmissible pathogen in the donor tree. A 

manual of procedures for indexing has been published (90) to 

provide workers with standard techniques and aid in diag

nosis. Unfortunately, the efficacy of transmission of the 

pathogens of many diseases is variable and symptoms may not 

appear until one month to six or seven years after inocula

tion (90). Recently, certain herbaceous plants have been 

found susceptible to several citrus viruses (23, 41, 97) and 

to the pathogen of greening disease (79). These plants may 

provide workers with the means for diagnosis in a much 

shorter time than standard techniques now in use. 

Stubborn diseased trees .-exhibit a number of symptoms 

which vary in intensity during the growing season. Affected 

trees are stunted and usually bushy with a flat top. They 

have bunchy, upright growth because of branches with short 

internodes, multiple buds, and excessive numbers of shoots; 

trees sometimes blossom out of season and may defoliate 

prematurely or die. Mature trees produce small fruit, some 

of which may exhibit stylar-end greening and are lopsided or 

acorn-shaped. Most fruit have an insipid, sour, or bitter 



flavor and contain discolored and aborted seeds; some fruit 

drop prematurely or may become mummified (10, 11, 12, 13, 

17, 66). 

Although it is graft transmissible and induces 

symptoms similar to those produced by viruses in other 

plants, recent evidence (48, 49) suggests that the stubborn 

pathogen is a mycoplasma. Mycoplasmas have been isolated 

from stubborn-affected (38) and greening-affected (55) 

tissues and cultured on artificial media. 

Biochemical Changes in Virus and 
Virus-Like Diseases of Citrus 

Many reviews have been written about the biochemical 

changes occurring in resistant and susceptible plants in 

response to viruses (26, 33, 39), as well as other pathogens 

or injury (34, 39, 54). Most biochemical studies of virus 

diseases have dealt with changes in herbaceous plants (e.g., 

tobacco infected with tobacco mosaic virus [TMV]) in which 

the pathogen multiplies rapidly and reaches high concentra

tions in infected tissue. 

Few studies have been conducted on the biochemistry 

of virus and virus-like diseases of citrus. To date, 

tristeza, exocortis, xyloporosis, psorosis, and stubborn 

diseases have received some attention. Previous work on 

virus induced biochemical changes in citrus has been confined 

to four principal categories: changes in total nitrogen, 

organic acids, phenolic compounds, and enzyme activity. 



Total Nitrogen 

Changes in total nitrogen and quantities of free 

amino acids, particularly arginine and lysine, have been 

observed in virus-infected citrus tissues. The changes in 

total nitrogen in tristeza- (72), exocortis- (35), and 

xyloporosis- (62) infected leaves, however, were not con

sistent enough to have value in the diagnosis of a.specific 

disease (34). Similar changes can be elicited by other 

etiological factors such as zinc and iron deficiencies (86), 

high nitrogen (87), or other stresses in the plant (34). 

Organic Acids 

Approximately 50 to 75% of the organic acid content 

of citrus is composed of citric and malic acids (34); thus, 

a shift in the absolute amounts of these acids in diseased 

trees would not be surprising. The malic acid to citric 

acid ratio in citrus infected with exocortis virus and 

combinations of exocortis and tristeza viruses is reported 

to be lower than in non-infected plants (72). The quantity 

of citric acid was also greater in stubborn-affected fruit 

than in non-affected fruit (8, 21, 27). Since increases in 

citric acid might be a result of general responses to stress, 

it would be premature to make generalizations without more 

evidence. 



Phenolic Compounds 

Phenols or other chemicals that accumulate in in

fected plant tissues are valuable for diagnosis when they 

are produced only as a result of a specific disease. An 

aldehyde, for example, is produced in the stems of tri

foliate orange specifically in response to exocortis, thus 

providing workers with a chemical method for diagnosis (22). 

By using thin layer chromatography, a fluorescent material 

has been found in samples taken from certain varieties of 

stubborn-affected plants, but not from healthy plants (15). 

This material was also found in plants exposed to gas, high 

temperature, and wounding (15), and probably can be used for 

the diagnosis of stubborn disease when these variables are 

controlled. Unfortunately, some phenolic compounds, such as 

scopoletin (5) or chlorogenic acid (30) commonly increase in 

plants as a consequence of any disease or injury (31, 39). 

Many of the studies dealing with phenolic compounds 

in virus-infected plants have been concerned with measuring 

changes in total concentration (27, 39, 63). Both bound and 

free phenols increased in leaves and feeder roots of 

exocortis-infected 'Valencia' sweet orange on trifoliate 

orange (34). Total phenolic content also increase in the 

fruit and bark of psorosis-affected citrus (63) and the 

fruit of stubborn-affected citrus (34). 

Recently, workers (36, 77, 78) have discovered that 

a specific phenolic compound accumulates in certain tissues 



of citrus affected by stubborn and stubborn-related diseases. 

A fluorescent material, not found in healthy trees, was 

first identified in the albedo and bark of greening- (76) 

and stubborn- (36) affected citrus. The material was sub

sequently identified as gentisoyl-p-D-glucose and found in 

stubborn-affected citrus from California as well as in citrus 

affected by two related diseases, dieback from Australia and 

leaf mottle from the Philippines. Gentisoyl-p-D-glucose was 

not induced in trees affected with tristeza, exocortis, 

xyloporosis, psorosis, or minor element deficiencies (28), 

nor was it induced in girdled seedlings of 'Pineapple' sweet 

orange (Citrus sinensis [L.] Osbeck) and 'Marsh' grapefruit 

(C. paradisi Macf.) (35). 

Occasionally, the fluorescent marker, gentisoyl-p-D-

glucose, has not been found or has been recovered in very low 

quantities from greening or stubborn-affected plants (34). 

There is some indication that gentisoyl-p-D-glucose is not 

uniformly distributed in affected trees (34). Schwarz (78) 

has found large amounts of the fluorescent material in the 

bark of greening-affected trees in dormancy, but little or no 

material in trees during periods of active growth. In 

Arizona, the quantity of certain specific phenols has been 

found to be greater in younger than older bark samples of 

stubborn-affected citrus (15). 
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Enzymes 

There is a general increase in overall respiration 

rate per unit weight of diseased citrus tissue. Singh (83) 

found that oxygen consumption by tristeza-infected 'Key' 

lime leaves was practically twice that of healthy leaves 

until the appearance of symptoms, at which time it decreased 

to rates significantly lower than that from healthy leaves. 

It might be expected that a change in respiration rate could 

cause a change, or result from a change, in the quality and 

quantity of proteins, including enzymes. 

Previous studies have been conducted on only three 

enzymes in virus-infected citrus trees: peroxidase, catalase, 

and indoleacetic acid oxidase (IAAO) (34). Peroxidase 

activity increased in leaves of psorosis-affected (63) and 

xyloporosis-affected 'Valencia' orange (62). Decreases in 

catalase were noted in leaves of tristeza-affected (89) and 

psorosis-affected 'Valencia' orange (63). The activity of 

IAAO was reduced in leaves of xyloporosis-affected 'Shamouti' 

orange (62). 

Increased peroxidase and reduced catalase activities 

in affected citrus do not appear to be consistently asso

ciated with any particular virus disease. In fact, similar 

patterns have been observed after application of triazine 

herbicides to 'Shamouti' orange trees (40). 

Activities of several enzymes have been studied in 

herbaceous plants infected with leaf roll virus (7), TMV 
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(60), and cucumber mosaic virus (59). A few isoenzymes have 

been examined in stems of citrus exposed to different photo-

periods (96), but no one has conducted a qualitative and 

quantitative examination of enzymes in virus-infected and 

healthy citrus. Abnormal growth of stubborn-affected plants 

suggests substantial changes in enzyme activity or in rates 

of metabolism. 

Statement of the Problem 

Although many experiments have been conducted (17, 

20, 51, 71), a quick, inexpensive, and completely reliable 

method for diagnosis of stubborn disease has not been found. 

This research was designed to identify enzymes in extracts 

from stubborn-affected citrus and compare their activities 

with activities of enzymes extracted from non-affected 

citrus. It was postulated that differences could be found 

to aid in the diagnosis of stubborn disease in the field and 

the greenhouse. Toward that end, any differences of enzyme 

activity in stubborn-affected vs. non-affected plants must 

be compared to differences in plants suffering from other 

common maladies. 

Techniques of gel electrophoresis, as described by 

Ornstein (67) and Davis (25), have been employed in most of 

the experiments in this study. Chapter 2 describes the 
t 

development of procedures for the extraction and electro

phoresis of citrus protein. Chapter 3 details the materials 
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and methods. Chapter 4 reports the activity of enzymes and 

isoenzymes found in citrus tissue. Chapter 5 deals with the 

influence of different factors on isoenzyme patterns. 

Chapter 6 compares"the isoenzyme patterns in stubborn-

affected and psorosis-affected citrus with healthy citrus in 

the greenhouse and the field. Chapter 7 discusses the 

differences of selected isoenzyme patterns in stubborn-

affected compared to healthy citrus and suggests how the 

activity of enzymes might be employed for the diagnosis of 

stubborn disease. 



CHAPTER 2 

DEVELOPMENT OF TECHNIQUES FOR THE 
ISOLATION OF CITRUS PROTEIN 

Preliminary experiments were conducted to test 

methods for the extraction and processing of soluble protein 

while avoiding denaturation. Citrus tissues were cut into 

ca. 0.5cm square sections, divided into equal portions by 

weight, and extracted by different methods. The efficacy of 

each method was tested by measuring the quantity of extracted 

protein by spectrophotometry (Lowry method, 56), or by 

examining the intensity of amido schwartz stain (42) on 

protein after electrophoresis at pH 8.3 on 7.5% polyacryla-

mide gels (25, 67). 

Extraction 

Methods of Extraction 

Citrus leaves were harvested and divided into one-

gram samples. Each sample was ground separately in ten ml 

of a 0.02 M concentration of the following buffers: citric 

acid-sodium phosphate (Na^PO^) buffer of pH 2.5, 3.5, 4.1, 

4.8, and 6.0; Tris buffer of pH 7.2, 8.0, 8.5, and 9.2. The 

pH values of the freshly extracted solutions were 2.9, 3.8, 

4.5, 5.0, 6.0, 6.8, 7.5, 8.1, and 8.7, respectively. A 

solution derived from a sample extracted in distilled water, 

10 



pH 6.8, had a pH of 6.0. The extract with a pH of 8.1 

contained the largest quantity of pirotein, as detected by 

spectrophotometry. The most intense amido schwartz stain, 

however, was observed in gels containing protein extracted 

at pH 7.5. Nine protein bands were observed in these gels, 

-while five bands of less intensity were detected in gels 

containing protein extracted at pH values of 6.0, 6.8, and 

8.1. Extremely weak amido schwartz bands were obtained from 

samples extracted at the other pH values. Solutions with 

pH values of 2.9, 3.8, and 4.5 turned brown within one hour 

after extraction and contained very little soluble protein, 

as detected by the Lowry method. 

Subsequent experiments, in which equal quantities of 

leaves were extracted in different buffers ranging in 0.2 

pH units from 6.6 to 8.0, indicated that the largest number 

of intensely stained protein bands was obtained at a pH of 

7.8. Tris buffer at a concentration of 0.1 M was found 

sufficient to maintain this pH. 

A final concentration of 0.01 M of one of several 

reducing reagents (2-mercaptoethanol, sodium thiosulfate, 

sodium nitrite, potassium thiocyanate, sodium metasulfate, 

ascorbic acid, or cysteine HC1) was prepared in the extrac

ting buffer to prevent oxidation of leaf protein. The 

extract solution containing 2-mercaptoethanol remained 

green, while extracts containing the other reducing agents 

turned yellow to dark brown within 24 hr. A 0.005 M 
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concentration of 2-mercaptoethanol preserved the green color 

of the extract as well as the 0.01 M concentration but 

better than a 0.001 M concentration. The addition of 0.005 

M 2-mercaptoethanol resulted in preservation of protein as 

evidenced by the presence of more than 20 strong amido 

schwartz bands in the gel after electrophoresis. Further 

preservation of protein was obtained by extracting at 4 C 

and storing the extract in stoppered tubes at the same 

temperature. 

Different extraction procedures were tested on three 

portions of a collection of leaves and another three portions 

of a collection of stems. Equal portions of tissue were 

ground in buffer with either a mortar and pestle, or Omni-

Mixer (Sorvall), or ground in liquid nitrogen with a mortar 

and pestle before adding buffer. The largest quantity of 

protein was extracted from leaves by grinding them in an 

Omni-Mixer. Liquid nitrogen was used to pulverize hard 

tissue and aided the extraction of protein from stems. 

Extraction of protein from all samples was improved by the 

subsequent grinding of the crude extract in a 2 cm by 12 cm 

glass tube with a ground-glass plunger. 

Methods of Clarification 

Crude tissue extracts were clarified by centrifuga-

tion to obtain protein rich solutions that could be electro-

phoresed more efficiently. Several rates of low and high 
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speed centrifugation were tested before selecting a satis

factory procedure. Centrifugation at 5,000 rpm (3,200 g) 

for 15 min sedimented many cells and large cell debris 

resulting in a dark green suspension rich in soluble protein, 

cell organelles,and cell debris. Centrifugation of the 

supernatant at 15,000 rpm (28,700 g) for 45 min sedimented 

the cell debris and most of the organelles leaving a yellow 

solution rich in soluble protein. 

Several methods were tested to further purify the 

protein before electrophoresis. A protein solution was 

divided into four 5-ml samples. One sample was filtered 

through a 3 cm by 12 cm column of G-200 Sephadex (Pharmacia 

Fine Chemicals Inc., Piscataway, N.J.); another sample was 

filtered through two cm of Celite 545 (Johns Manville) placed 

between two Whatman #1 filter papers in a 6 cm Buchner 

funnel. A third sample was dialyzed against Tris buffer, 

pH 7.8, for eight hours at 4 C. After dialysis the tube was 

rolled in Ficoll (Pharmacia Uppsala, Sweden), which removed 

the water and concentrated the solution back to five ml. 

The fourth sample was stored in the refrigerator and electro-

phoresed with the other three. All three methods failed to 

improve the resolution of protein bands following electro

phoresis. In fact, amido schwartz bands derived from 

protein in all of the treated extracts were weak and several 

bands were lost from the extract filtered through Celite. 
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Protein Measurement 

While developing techniques for extraction and 

clarification, it was discovered that Lowry readings for 

protein in crude extract were substantially higher than 

readings of purified protein extracted from the same sample. 

Materials in the crude extract, such as Tris buffer (43) and 

phenols, react with folin reagent to increase the color 

intensity of the Lowry reaction. Therefore, a sample of the 

crude extract was treated with trichloroacetic acid (TCA) in 

order to precipitate and separate the protein from inter

fering materials. The precipitated protein was further 

purified by dissolving it in 0.1 M sodium hydroxide and 

precipitating it again with TCA. Additional washings did 

not improve the purity of the protein, as evidenced by no 

change in intensity of the Lowry reaction. 

Ammonium Sulfate Fractionation 

Staining the gels after electrophoresis revealed 

that many protein bands were very close together; therefore, 

methods had to be developed to increase separation. In 

several experiments ammonium sulfate ([NH^^SO^) was used to 

fractionate the extract into several precipitates which were 

dissolved and electrophoresed separately (64, 95). It was 

hoped that each fraction would be electrophoresed into well-

separated bands of protein. Unfortunately, the protein 

bands in each fraction were still very close. Ammonium 
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sulfate precipitated proteins that were electrophoresed to 

localized segments of the gel: 0-25% (NH^^SO^ precipitated 

slow migrating protein located in the upper quarter of the 

electrophoretic pattern; 25-50% (NH^^SO^ precipitated the 

greatest quantity of protein, all located in the center and 

upper half of the pattern; and 50-75% (NH^^SO^ precipitated 

fast migrating protein that electrophoresed to the lower 

half of the pattern. 

In order to improve separation of protein bands, 

without loss in clarity, experiments were conducted to 

improve electrophoretic conditions. 

Electrophoresis 

In developing electrophoresis procedures, all gels 

were layered with a 0.2 ml solution containing 200 |ig of 

protein extracted from citrus leaves. The extracting buffer 

was augmented with 0.5 M sucrose to increase the density of 

the crude extract so that it could be easily layered on each 

gel. Leaf extract was electrophoresed at pH 8.3 on gels 

ranging in polyacrylamide concentrations from 5% to 17% to 

test the effect of pore size on protein migration; higher 

concentrations of polyacrylamide produce smaller pore spaces 

(67). Gels of more tl an 10% polyacrylamide electrophoresed 

protein into very clear, distinct bands; but migration was 

slow and the bands were close together. Separation was in

creased in gels of less than 6% polyacrylamide, but 
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individual bands were too wide and indistinct. Gels 

containing 8% polyacrylamide supported good separation 

without loss of clarity and this percentage was used in most 

experiments. Protein was concentrated into sharper bands by 

electrophoresis on 8% gels capped with a 2.5% polyacrylamide 

stacking gel (67). 

Polyacrylamide gels of different diameters and 

lengths were tested in order to determine those character

istics most suitable for the separation of citrus proteins. 

Gels with a diameter of 6 mm were useful in the electro

phoresis of from 100 ug to 500 ug of protein. Less protein 

resulted in very weak or undetected bands. More protein 

caused overloading in which many bands appeared as one. A 

gel four mm wide resolved bands from 25 ug to 100 ug of 

protein while an eight mm wide gel supported distinct bands 

derived from 500 ug to 700 ug of protein. The gel's length 

limited the size of the electrophoretic pattern. Electro

phoresis could be carried on for several hours in long gels 

to increase band separation. After electrophoresing protein 

on gels ranging in length from four cm to ten cm, an eight 

cm gel was selected for further work. 

A gradient polyacrylamide gel was developed to 

electrophorese proteins at pH 8.3 into well separated bands 

along the entire gel. Each gel had exactly the same 5 to 

15% gradient as its duplicate; however, due to different 

rates of mixing, there were some irregularities between 
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different pairs of gels. When proteins were electrophoresed 

for more than two hours on an Q% polyaerylamide gel all 

bands were well separated, although some were not as 

distinct as those electrophoresed on the gradient. Never

theless, the 8% gel was utilized in many experiments because 

it was uniform and easy to prepare. A yellow material in 

the leaf extract migrated as a wide band just ahead of the 

fastest moving protein and was used to monitor migration 

during electrophoresis. Electrophoretic patterns of proteins 

extracted from a single leaf sample, but electrophoresed at 

pH 8.3 under varying conditions, are illustrated in Figure 1. 

Cationic proteins migrated very slowly in a buffer 

of pH 5.0 and had to be electrophoresed for at least four 

hours to obtain adequate separation. 
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Figure 1. Electrophoretic patterns of proteins all 
extracted from the same leaf sample. 

A—Electrophoreses in an 8% gel at pH 8.3 for 1 hr. 
B—Electrophoreses in a 5 to 15% gradient gel at pH 8.3 for 

1-1/2 hrs. 
C—Electrophoreses in an 8% gel at pH 8.3 for 2 hr. 



CHAPTER 3 

MATERIALS AND METHODS 

> 

Growth of Plants 

Many citrus varieties, provided by Dr. Ross M. 

Allen, Department of Plant Pathology, The University of 

Arizona, were grown in soil and maintained in the greenhouse 

where temperatures varied between 15 C and 25 C in the winter 

and between 24 C and 35 C in the summer. The plants were 

watered daily and fertilized once a week with nutrient 

solutions developed by Dr. Allen. 

•Hinckley' sweet orange (C. sinensis [L.] Osbeck) 

and 'Sexton' tangelo (C. paradisi Macf. x C. reticulata 

Blanco) seedlings were exposed to drought conditions. Several 

plants of each variety were divided into two groups. One 

group was not watered for one week, while the other group 

was watered daily. Leaves were harvested from several plants 

in each group at the beginning and the end of the one-week 

period. The samples were processed immediately following 

the harvest. 

'Eureka' lemon seedlings (C. limon [L.] Burm.) were 

inoculated with a seed-transmitted form of crinkly leaf 

virus, University of California. 'Madam Vinous' sweet 

orange seedlings were inoculated with psorosis A—code 339— 

19 
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from the same source institution. These plants were indexed 

and shown to be free from other known viruses. 

A source tree containing stubborn isolate T5 was 

maintained at Yuma, indexed, and shown to be free from other 

known viruses. Dr. Allen used buds and stems from this tree 

to inoculate 'Madam Vinous,' 'Hinckley,' 'Pineapple,' and 

•Hamlin' sweet orange and 'Sexton' tangelo citrus which were 

maintained in the greenhouse. These plants exhibited 

symptoms of stubborn while other plants inoculated with 

similar tissues from a healthy tree were symptomless. Each 

plant was cut back in late spring to encourage new growth. 

Tissues from stubborn-affected and non-affected 

'Frost Navel' and 'Washington Navel' sweet orange trees 

growing in Mesa and Yuma, Arizona, were collected during the 

summer of 1971. They were transported to Tucson in jars of 

water, stored at 4 C, and processed the following day. 

Sampled Material 

Citrus tissues were selected from mature trees in 

the field and from young plants growing in the greenhouse. 

Stems from current season's growth, flowers, and young 

fruits not larger than one cm were harvested from mature 

trees in the field. Leaves were collected from plants in 

the greenhouse and in the field. 

Symptomless leaves, of three different ages: young, 

mature, and old (Figure 2), were selected from non-affected 
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Figure 2. Young (A), mature (B), and old (C) leaves 
collected from a healthy 'Hinckley1 sweet orange 

tree. 
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and stubborn-affected citrus. Young leaves were light 

green, flexible, and not longer than three cm from petiole 

to blade tip. Mature leaves were light green, hardened, 

and approximately twice as large as the young leaves. They 

were harvested from current season's growth, near the 

distal end of the shoot. Old leaves were dark green and of 

the same size and texture as mature leaves; however, they 

were collected from the base and middle of the stem of 

previous season's growth. 

Leaves exhibiting symptoms were harvested from 

stubborn-affected plants (Figure 3), plants infected with 

two of the psorosis group of viruses (Figure 4), and plants 

exposed to drought. The following is a brief description of 

leaves collected from citrus afflicted with one of the 

aforementioned maladies: 

Stubborn: young leaves were mis-shapened with 

chlorosis at the tip of the blade. Mature and old leaves 

were frequently mottled and were sometimes small with 

pinched tips (10). 

Psorosis group: psorosis A—mature leaves exhibited 

chlorosis, slight vein banding, and corking. Crinkly leaf— 

mature leaves were distorted and showed pinpoint spotting. 

Drought: all of the young and a few mature leaves 

became flaccid, drooped, and curled and the apex of the plant 

wilted. 
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Figure*3. Mature leaves of 'Sexton' tangelo (A) and 
'Hinckley' sweet orange (B) exhibiting symptoms 
of stubborn disease. 
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Figure 4. Mature leaves of "Eureka1 lemon exhibiting 
symptoms of crinkly leaf (A) and of 'Madam 
Vinous' sweet orange exhibiting symptoms of 
psorosis A (B). 
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Extraction. Clarification, and 
Measurement of Protein 

From one to 2.5 g of leaves were extracted in eight 

ml of buffer (0.5 M sucrose, 0.1 M Tris, and 0.005 M 2-

mercaptoethanol, adjusted to pH 7.8 with HC1). Extraction 

was accomplished by grinding the samples in an Omni-Mixer 

(Sorvall) for one minute. The extract was squeezed through 

cheesecloth and ground in a 2 cm by 12 cm glass homogenizer 

to yield a green solution. 

The extract was centrifuged for 15 min at 5,000 rpm 

(3,200 g) in a Lourdes Beta-Fuge Model A-2 refrigerated 

centrifuge. After discarding the pellet, the green super

natant was centrifuged for 45 min at 15,000 rpm (28,700 g) 

to yield a yellow supernatant which was decanted and stored 

in a stoppered test tube. The temperature during extraction 

centrifugation, and storage was maintained at ca. 4 C. 

Immediately after centrifugation, one ml of the 

extract was added to nine ml of 12% trichloroacetic acid 

(TCA). The suspension was centrifuged five min at 1500 rpm 

(400 g) in an International Model HN clinical centrifuge and 

the supernatant was discarded. The pellet was dissolved in 

0.5 ml of 1 M NaOH and resuspended in 9.5 ml of 12% TCA. 

Centrifugation was repeated. The resulting supernatant was 

discarded and the quantity of protein in the 'washed' pellet 

was measured by procedures described by Lowry et al. (56). 
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Disc Electrophoresis 

Composition of Gels 

Electrophoresis was carried out on gels slightly 

different from those described by Ornstein (67) and Davis 

(25). Every gel column had a diameter of six mm and was 

composed of two layers: a one cm large pore, stacking gel 

on top of a seven cm small pore, running gel. The large 

pore gel contained either 8% polyacrylamide or a gradient of 

5 to 15% polyacrylamide. 

The composition of stock solutions used to make 

polyacrylamide gels is described in Table 1. Each solution 

was stored in a brown bottle at 4 C. To avoid bubbles in 

hardened gels, the solutions were raised to 22 C before 

mixing. 

Gel solutions were prepared from stock solutions, as 

described in Table 2, and poured into stoppered glass tubes 

to obtain three kinds of small pore gels: a 5 to 15% poly

acrylamide gradient gel buffered at pH 8.9, and 8% poly

acrylamide gels buffered at either pH 8.9 or 4.3. Approx

imately two mm deionized water were layered on top of each 

gel solution and they were allowed to polymerize at room 

temperature. After polymerization, the water was shaken off. 

Each gel was capped with a large pore solution which was 

layered with water, as before. After photopolymerization 

under fluorescent lights, the excess water was shaken off. 
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Table 1. Composition of stock solutions used in poly-
acrylamide disc electrophoresis. 

A. Small Pore Gel Buffer. pH 8.9: 

1 N HC1 48 ml 
Tris (2-amino-2-(hydroxy-methyl)-l,3-

propandiol 36.6 g 
Temed (N,NfN,'N'-tetra amethylene-

diamine) 0.23 ml 
Deionized water to 100 ml 

A.a Small Pore Gel Buffer. pH 4.3: 

1 N KOH 48 ml 
Glacial acetic acid 17.2 ml 
Temed 4.0 ml 
Deionized water to 100 ml 

B. Large Pore Gel Buffer. pH 6.7: 

1 N HC1 48 ml 
Tris 5.9 g 
Temed 0.46 ml 
Deionized water to 100 ml 

C. Small Pore Monomer Solution: 

Acrylamide 36.0 g 
Bis (N,N'-methylenebis-acrylamide) 0.945 g 
Deionized water to 100 ml 

D. Large Pore Monomer Solution: 

Acrylamide 10 g 
Bis 2.5 g 
Deionized water to 100 ml 

E. Small Pore Catalyst Solution 
(prepared fresh every week): 

Ammonium persulfate 0.28 g 
Deionized water to 100 ml 

F. Large Pore Catalyst Solution: 

Riboflavin 4 mg 
Deionized water to 100 ml 



Table 1.—Continued 
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G. 40% Sucrose Solution: 

Sucrose 40 g 
Deionized water to 100 ml 

H. Tris-Glycine Buffer. pH 8.3; 

Tris 6.0 g 
Glycine 28.8 g 
Deionized water to 1 liter 

I. Acetic Acid-Alanine Buffer. pH 5.0: 

a-Alanine 31.2 g 
Glacial acetic acid 8.0 ml 
Deionized water to 1 liter 
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Table 2. Quantities of stock solutions used for various 
polyacrylamide gels — The composition of solu
tions noted A through F are described in Table 1. 

Large Pore Gel: 

Large pore gel buffer (B) 
Large pore monomer solution (D) 
Large pore catalyst solution (F) 
40% sucrose solution 

8% Small Pore Gel. pH 8.9: 

Small pore gel buffer (A ) 4 ml 
Small pore monomer solution (C) 8 
Small pore catalyst solution (E) 20 
Deionized water 4 

8% Small Pore Gel. pH 4.3: 

Small pore gel buffer (Aa) 4 ml 
Small pore monomer solution (C) 8 
Small pore catalyst solution (E) 20 
Deionized water 4 

5% Small Pore Gel. pH 8.9: 

Small pore gel buffer (A ) 2 ml 
Small pore monomer solution (C) 4 
Small pore catalyst solution (E) 14 
Deionized water 8.8 

15% Small Pore Gel. pH 8.9: 

Small pore gel buffer (Ab) 4 ml 
Small pore monomer solution (C) 8 
Small pore catalyst solution (E) 4 
Deionized water 2.8 

1 ml 
2 
1 
4 
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The polyacrylamide gradient small pore gel was made 

with a home-made mixing apparatus (Figure 5). Increasing 

quantities of three ml of 5% polyacrylamide solution were 

combined with decreasing quantities of a 15% polyacrylamide 

solution as the mixture was poured into two stoppered glass 

tubes. 

Electrophoresis Process 

Electrophoresis was accomplished with the aid of a 

home-made chamber (Figure 6). A Tris-glycine buffer (Table 

1) was used with small pore gels of pH 8.9, whereas, an 

acetic acid-alanine buffer (Table 1) was used with gels of 

pH ,4.3. Individual tubes, containing polymerized gels were 

inserted into holes in the bottom of the upper electrode 

vessel of the electrophoresis apparatus. The buffer was 

diluted 1:10 (v/v) with deionized water and half was poured 

into the lower electrode vessel. After depositing drops of 

buffer on both ends of the gels, the remaining buffer was 

poured into the upper electrode vessel. The electrophoresis 

apparatus was assembled to suspend gel columns between the 

two electrode vessels. A constant current D.C. power unit 

(Buchler Instruments, Fort Lee, N.J.), generating an average 

of 350 volts, supplied the current for electrophoresis. 

Before processing any sample, each gel was exposed to a 

current of two milliamperes (ma) for 30 min to -clear each 

gel from charged artifacts. 



Figure 5. Gradient-mixing apparatus used to prepare 
polyacrylamide-gradient gels. 



Figure 6. Assembled electrophoresis chamber containing 
14 gel columns. 
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Cell extracts were electrophoresed at 4 C. Exactly 

0.2 ml of the extract, containing 200 to 400 ug protein, was 

layered on the top of each gel. Whenever comparisons were 

made between different samples, the extracts were diluted 

to equivalent amounts of protein (56). During the first 15 

min of electrophoresis, each gel was exposed to a current of 

1.5 ma which effected a concentration of proteins in the 

large pore gel. Thereafter, the current was increased to 

ca. 3 ma per gel in order to accomplish electrophoretic 

separation of protein bands in one to four hours. The 

direction of protein migration was downwards toward the 

anode (+) in the pH 8.3 buffer and downwards toward the 

cathode (-) in the pH 5.0 buffer. Most protein extracts 

were electrophoresed at pH 8.3. 

Following' electrophoresis 7" each gel was removed from 

its glass tube by inserting a guitar string between the gel 

and the tube and pulling it out under water. Individual gels 

were either stained for total protein or for the products of 

specific enzymatic reactions. 

Identification of Protein and Enzymes 

Gels to be stained for protein were submerged in a 

1% solution of acetic acid containing 1% amido schwartz for 

15 min. They were then transferred into perforated, 

stoppered, plastic tubes which were placed in 7% acetic acid. 

By- constantly stirring the tubes and occasionally replacing 
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the acetic acid, the gels were completely destained in ca. 

14 hr. Proteins retained the dye and appeared as numerous 

blue bands in a transparent gel. 

Isoenzymes were located by incubating individual 

gels in a specific substrate solution and staining them for 

reaction products. All reaction mixtures and stains were 

prepared just before their use. A list of enzymes along 

with reaction media, stains, and procedures used to locate 

their isoenzymes on polyacrylamide gels is presented in 

Table 3. When comparing the isoenzyme composition of 

different samples, gels were incubated together in the same 

reaction mixture for identical time periods. As soon as 

colored bands reached high intensity without loss in resolu

tion, the gels were transferred to and stored in water. 

Color photographs were taken not later than two weeks after 

staining with either a Polaroid Land camera or a 35 mm 

Pentax Spotmatic. 
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Table 3. Procedures for the identification of enzymes. 

1. Acid Phosphatases E.C.a # 3.6.1.7 (Ref. 80): 

Reaction (Rx) Mixture: 
0.4 M Acetate buffer, pH 5.0 
a-naphthyl acid phosphate 

9 ml 
4 mg 

•Stain: 
Fast red TR dissolved in 1 ml water 4 mg 

1. Electrophorese at pH 8.3 for 2-1/2 hours. 
2. Place gels in acetate buffer, pH 5.0 and pre-

incubate for 30 min. 
3. Transfer gels to reaction mixture and incubate 

• 15 min. 
4. Add stain. Brown bands appear in 1 hr. 

2. Adenosine triphosphatase E.C. #3.1.3.5 (Ref. 9): 

Rx Mixture: 

1. Electrophorese at pH 8.3 for 2-1/2 hrs. 
2. Place gels in acetate buffer, pH 5.0 and pre-

incubate for 30 min. 
3. Transfer to reaction mixture. White bands appear 

in 3 hrs. 

3. Amylase E.C. #3.2.1.2 (Ref. 57): 

1. Add 0.1 ml of 1% soluble starch to 10 ml of an 8% 
gel solution, pour gels and electrophorese at pH 
8.3 for 1 hr. 

2. Incubate 1 hr in acetate buffer pH 5.0 at room 
temperature. 

3. Transfer to a solution of 2% KI and 1% Entire 
gel stains blue-black, except bands of enzyme 
activity. 

0.4 M Acetate buffer, pH 5.0 
2% Lead acetate 
0.1 M MgS04 
ATP (adenosine triphosphate) 

8 ml 
0.5 ml 
1 ml 
6 mg 

aEnzyme commission number (28). 
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Table 3.—Continued Procedures for the identification of 
enzymes. 

4. Aspartate Aminotransferase E.C. #2.6.1.1 (Ref. 24): 

Rx Mixture: 
0.2 M phosphate buffer 9 ml 
L-Aspartic acid 15 mg 
L-Ketoglutaric acid 8 mg 
Pyridoxal-5-phosphate 1 mg 

Stain: 
Fast blue BB dissolved in 1 ml water 5 mg 

1. Electrophorese at pH 8.3 for 1 hr. 
2." Transfer gel to reaction mixture and add stain. 

Blue bands develop within 5 min. 

5. Caffeic Acid Oxidase (Ref. 94): 

Rx Mixture: 
0.2 M Tris buffer, pH 9.0 9 ml 
p-Amino diphenylamine 2 mg 
Caffeic acid 10 mg 

1. Electrophorese at pH 5.0 for 4 hrs or at pH 8.3 for 
2-1/2 hrs. 

2. Place in tris buffer and preincubate for 15 min. 
3. Add p-aminodiphenylamine and incubate for 15 min. 
4. Add Caffeic acid and incubate for 1 hr. Transfer 

back to tris buffer, when reaction mixture darkens. 
Look for gray bands. 

6. Catalase E.C. #1.11.1.6 

Rx Mixture: 
0.3% H202 10 ml 

1. Electrophorese for 2-1/2 hrs at pH 8.3. 
2. Transfer to 0.3% H2O2 in fermentation tube. 

Immediate reaction. 
3. Trap and measure O2 evolution. Examine bubbles in 

gel. 
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Table 3.—Continued Procedures for the identification of 
enzymes. 

7. Catechol Oxidase E.C. #1.10.3.1 (Ref. 9): 

Substrates: 
a. Catechol 
b. 3-(3,4-Dihydroxyphenyl)-L-alanine (DOPA) 
c. 4-(2-Aminoethyl) cathecol (Dopamine) 

1. Electrophorese at pH 8.3 for 2-1/2 hrs or at pH 5.0 
for 4 hrs. 

2. Place gels in 0.2 M Tris buffer, pH 9.0 and pre-
incubate for 30 min. 

3. Transfer to reaction mixture containing 10 mg of any 
. of the above substrates dissolved in 10 ml of 0.2 M 
tris buffer, pH 9.0. 

4. Bubble air through reaction mixture for 15-20 min 
and look for gray bands. 

8. Ethanol Dehydrogenase E.C. #1.1.1.1 (Ref. 9): 

Rx Mixture: 
0.2 M Phosphate buffer pH 7.2 
95% Ethanol 
Neotinamide adenine dinucleotide (NAD) 

Stain: 
Nitroblue tetrazolium 
Phenazine methosulfate 

1. Electrophorese at pH 8.3 for 1 hr. 
2. Dissolve stain in dimethyl sulfoxide (DMSO) and add 

it to reaction mixture. 
3. Transfer gel to reaction mixture. Blue bands 

develop within 1 hr. 

7 ml 
2 ml 
2 mg 

2 mg 
0.5 mg 



Table .3.—Continued Procedures for the identification of 
enzymes. 

9. Esterases E.C. #3.1.1.6 (Ref. 80): 

Rx Mixture: 
0.4 M Acetate buffer 9 ml 
a-Naphthyl acetate (dissolve in DMSO) 4 mg 

Stain: 
Fast blue RR dissolved in 1 ml water 10 mg 

1. Electrophorese at pH 8.3 for 2-1/2 hrs. 
2. Place gels in acetate buffer, pH 5.0 and pre-

incubate for 30 min. 
3.. Transfer gels to reaction mixture and incubate 

15 min. in dark. 
4. Add stain. Brown bands appear in 5 min. 

10. Fructose-1,6-Diphosphatase E.C. #3.1.3.11 (Ref. 9): 

Rx Mixture: 
Fructose-1,6-diphosphate 20 mg 
0.2 M Acetate buffer pH 5.0 8 ml 
2% Lead acetate 0.5 ml 
0.1 M MgS04 1 ml 

1. Electrophorese at pH 8.3 for 2-1/2 hrs. 
2. Place gels in acetate buffer, pH 5.0 and pre-

incubate for 30 min. 
3. Transfer to reaction mixture. White bands appear 

in 3 hrs. 

11. Glucose-l-Phosphatase E.C. #3.1.3.10 (Ref. 9): 

Rx Mixture: 
Glucose-l-phosphate 20 mg 
0.4 M Acetate buffer pH 5.0 8 ml 
2% Lead acetate 0.5 ml 
0.1 M MgS04 1 ml 

1. Electrophorese for 2-1/2 hrs at pH 8.3. 
2. Transfer gels to acetate buffer pH 5.0 and pre-

incubate for 30 min. 
3. Transfer to reaction mixture. White bands appear 

in 3 hrs. 
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Table 3.—Continued Procedures for the identification of 
enzymes. 

12. Glucose-6-Phosphatase E.C. #3.1.3.9 (Ref. 9): 

Rx Mixture: 
Glucose-6-phosphate 20 mg 
0.4 M Acetate buffer pH 5.0 8 ml 
2% Lead acetate 0.5 ml 
0.1 M MgS04 1 ml 

1. Electrophorese at pH 8.3 for 2-1/2 hrs. 
2. Place gels in acetate buffer, pH 5.0 and pre-

incubate for 30 min. 
3. Transfer to reaction mixture. White bands appear 

• in 3 hrs. 

13. Glutamate Dehydrogenase E.C. #1.4.1.2 (Ref. 88): 

Rx Mixture: 
0.2 M Phosphate buffer pH 7.2 9 ml 
DL-Glutamic Acid 49 mg 
NAD 2 mg 

Stain: 
Nitroblue tetrazolium 2 mg 
Phenazine methosulfate 0.5 mg 

1. Electrophorese at pH 8.3 for 2-1/2 hrs. 
2. Dissolve stain in DMSO and add it to reaction 

mixture. 
3. Transfer gel to reaction mixture. Blue bands 

develop within 30 min. 

14. Glycerophosphatase (Ref. 9): 

Rx Mixture: 
Sodium glycerophosphate 20 mg 
0.2 M Acetate buffer pH 5.0 8 ml 
2% Lead acetate 0.5 ml 
0.1 M MgS04 1 ml 

1. Electrophorese at pH 8.3 for 2-1/2 hrs. 
2. Place gels in acetate buffer, pH 5.0 and pre-

incubate for 30 min. 
3. Transfer to reaction mixture. White bands appear 

in 3 -hrs. 
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Table 3.—Continued Procedures for the identification of 
enzymes. 

15. Lactate Dehydrogenase E.C. #1.1.1.27 (Ref. 46): 

Rx Mixture: 
0.2 M Phosphate buffer pH 7.2 9 ml 
DL Lactic acid 29 mg 
NAD 2 mg 

Stain: 
Nitroblue tetrazolium 2 mg 
Phenazine methosulfate 0.5 mg 

1. Electrophorese at pH 8.3 for 1 hr. 
2.. Dissolve stain in DMSO and add to reaction 

mixture. 
3. Place gel in reaction mixture. Blue bands develop 

within 1 hr. 

16. Leucine Aminopeptidase E.C. #3.4.1.1 (Ref. 57): 

Rx Mixture: 
0.2 M Phosphate buffer, pH 7.2 9 ml 
L-leucyl-P-naphthylamide HC1 (dissolved 

in DMSO) 5 mg 

Stain: 
Diazo Blue B 5 mg 

1. Electrophorese for 1 hr at pH 8.3. 
2. Place gel in reaction mixture and incubate 1 hr. 
3. Transfer gel to a solution composed of the stain 

dissolved in 10 ml of 0.85% NaCl. Red bands develop 
in 5 min. 

17. Malate Dehydrogenase E.C. #1.1.1.37 (Ref. 89): 

Rx Mixture: 
0.2 M Phosphate buffer, pH 7.2 9 ml 
L-Malic acid 40 mg 
NAD 2 mg 

Stain: 
Nitroblue tetrazolium 
Phenazine methosulfate 

2 mg 
0.5 mg 
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Table 3.—Continued Procedures for the identification of 
enzymes. 

1. Electrophorese at pH 8.3 for 2-1/2 hr. 
2. Dissolve stain in DMSO and add to reaction mixture. 
3. Place gel in reaction mixture. Blue bands develop 

within 1 hr. 

18. Malic Enzyme E.C. #1.1.1.40 (Ref. 86): 

Rx Mixture: 
0.2 M Phosphate buffer, pH 7.2 9 ml 
L-Malic acid 40 mg 
NADP 2 mg 

Stain: 
Nitroblue tetrazolium 2 mg 
Phenazine methosulfate 0.5 mg 

1. Electrophorese at pH 8.3 for 1 hr. 
2. Dissolve stain in DMSO and add to reaction mixture. 
3. Place gel in reaction mixture. Blue bands develop 

within 1 hr. 

19. Peroxidase E.C. #1.11.1.7 (Ref. 57, 85): 

Substrates (dissolved in 10 ml of water) 
a. 0.05% H2O2 + 0.5% guaiacol 
b. 0.05% H2O2 + 10 mg catechol 
c. 0.05% H2O2 + 1 mg p-phenylene diamine 
d. 0.05% H2O2 + 10 mg 1-naphthol 

For Aniononic Peroxidase Isoenzymes: 
1. Electrophorese at pH 8.3 for 2-1/2 hrs. 
2. Transfer gel to any substrate. Bands develop 

within 5 min. 
3. Bands will spread and fade out in liquid, but will 

remain indefinitely when gels are stored in a 
saturated atmosphere. 

For Cationic Peroxidase Isoenzymes: 
1. Electrophorese at pH 5.0 for 4 hrs. 
2. Transfer gel to any substrate. Bands develop 

within 5 min. 
3. Bands will spread and fade out in liquid but will 

remain indefinitely when gels are stored in a 
saturated atmosphere. 
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Table 3.—Continued Procedures for the identification of 
enzymes. 

20. 6-Phosphogluconate Dehydrogenase E.C. #1.1.1.44 
(Ref. 71, 80): 

Rx Mixture: 
0.2 M 
6-Phosphogluconate (dissolve in 3 ml 
0.2 M HAC) 

NADP 

Stain: 
Nitroblue tetrazolium 
Phenazine methosulfate 

1. Electrophorese at pH 8.3 for 2-1/2 hrs. 
2. Dissolve stain in DMSO and add to reaction 

mixture. 
3. Place gel in reaction mixture. Blue bands develop 

within 15 min. 

21. Shikimate Dehydrogenase E^G. #1.1.1.25 (Ref. 80): 

Rx Mixture: 
0.4 M Phosphate buffer, pH 7.2 9 ml 
Shikimic acid 10 mg 
NADP 2 mg 

Stain: 
Nitroblue tetrazolium 2 mg 
Phenazine methosulfate 0.5 mg 

1. Electrophorese at pH 8.3 for 2-1/2 hrs. 
2. Dissolve stain in DMSO and add to reaction mixture. 
3. Place gel in reaction mixture. Blue bands develop 

within 30 min. 

22. Starch Phosphorylase E.C. #2.4.1.1 (Ref. 9): 

Rx Mixture: 
1 M Acetate buffer, pH 5.5 8 ml 
95% Ethanol 1 ml 
Glucose-l-phosphate 40 mg 
Sodium fluoride 40 mg 
ATP 6 mg 

6 ml 

30 mg 
2 mg 

2 mg 
0.5 mg 
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Table 3.—Continued Procedures for the' identification of 
enzymes. 

1. Electrophorese at pH 8.3 for 1 hr. 
2. Transfer to reaction mixture and incubate 5 hrs. 
3. Stain gel with 2% I2 + 4% KI solution. 

23. Thiamine Pyrophosphatase (Ref. 9): 

Rx Mixture: 
Thiamine pyrophosphatase 6 mg 
0.4 M Acetate buffer, pH 5.0 8 ml 
2% Lead acetate 0.5 ml 
0.1 M MgS04 1 ml 

1. Electrophorese at pH 8.3 for 2-1/2 hrs. 
2. Place gels in acetate buffer, pH 5.0 and pre

incubate 30 min. 
3. Transfer to reaction mixture. Bands appear in 

3 hrs. 

24. Tyrosinase (Ref. 50): 

Rx Mixture: 
Catechol 5 mg 
Proline 5 mg 
0.2 M Tris buffer, pH 9.0 10 ml 

1. Electrophorese at pH 8.3 for 2-1/2 hrs or at pH 5.0 
for 4 hrs. 

2. Place gels in Tris buffer, pH 9.0 and preincubate 
15 min. 

3. Transfer gel to reaction mixture. 
4. Bubble air through reaction mixture for 15-30 min 

and look for bands. 

25. Uridine Triphosphatase E.C. #3.1.3.6 (Ref. 9): 

Rx Mixture: 
0.4 M Acetate buffer pH 5.0 8 ml 
2% Lead acetate 0.5 ml 
0.1 M MgSO 1 ml 
UTP 4 6 mg 

1. Electrophorese at pH 8.3 for 2-1/2 hrs. 
2. Transfer gels to acetate buffer, pH 5.0 and pre

incubate for 30 min. 
3. Transfer to reaction mixture. White bands appear in 

1 hr. 



CHAPTER 4 

IDENTIFICATION OF SELECTED ENZYMES 

Survey of Plant Enzymes 

A list of plant enzymes was compiled from published 

information (28). Several plant enzymes had been electro-

phoresed into bands and identified with specific reaction 

stains (9). All published techniques have been modified and 

a number of new assay methods were developed in this study. 

Procedures for the identification of enzymes found in citrus 

protein are reported in Table 3. 

All initial enzyme tests were run on citrus protein 

electrophoresed at pH 8.3. Techniques were developed to 

detect carbamate kinase (75), cytochrome C reductase (91), 

arginine deaminase (91), diaphorase (91), ornithine trans-

carbamylase (75), quinone reductase (91), and urease (82)t 

since they had been mentioned in connection with several 

Mycoplasma spp. Other procedures were employed for the 

detection of enzymes (Table 4) previously reported in 

animals and other plants. Although attempts were made to 

detect activity of each of these enzymes, all results were 

either inconclusive or negative. There are many possible 

explanations for these poor results: (a) the methods will 

not detect these enzymes; (b) the enzymes are not present in 
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Table 4. Substrates and stains employed for the identification of selected 
enzymes not found in citrus protein. 

Enzyme Buffer Substrate and Stain Reference 

Dehydrogenases: 
z* 

Alanine dehydrogenase (DH) A 10 mg L-alanine, 3 mg NAD , DH 
stainc 80 

a-Ketoglutarate DH A 50 mg a-ketogluconate, 2 mg 
thiamine pyrophosphate, 0.5 mg 
CoA , DH stain 
thiamine pyrophosphate, 0.5 mg 
CoA , DH stain 46 

Formate DH A 20 mg sodium formate, 3 mg NAD, 
DH stain 89 

Glucose DH A 60 mg D-glucose, 2 mg NAD, DH 
stain 9, 80 

Glucose-6-phosphate DH A 80 mg sodium glucose-6-phosphate, 
3 mg NADPe, DH stain 9, 20 

Gly cerald ehyd e-3-pho sphate A 55 mg fructose 1,6-diphosphate, 
DH 15 mg Na2HAsC>4, 10 units aldolase 

3 mg NAD, DH stain 80 
Glycerol-phosphate DH A 64 mg sodium a-glycerophosphate, 

3 mg NAD, DH stain 44, 46 
Hexokinase A 9 mg glucose, 3 mg ATP, 2 mg MgCl2 

8 units glucose-6-phophate DH, 
3 mg NADP, DH stain 

t 

80 
Isocitrate DH A 65 mg sodium-DL-isocitrate, 3 mg 

NADP, DH stain 46, 71 
Nitrate DH A 25 mg KNOg, 3 mg NADH2, DH stain 9 
Proline DH A 36 mg proline, 3 mg NAD, DH stain 71 
Pyridoxol DH A 60 mg pyridoxol-HCl, 3 mg NAD, 

DH stain 71 
Pyruvate DH A 20 mg sodium pyruvate, 3 mg NAD, 

DH stain 80 
Serine DH A 33 mg serine, 3 mg NAD, DH stain 9 



Table 4.—Continued Substrates and stains employed for the identification of 
selected enzymes not found in citrus protein. 

Enzyme Buffer Substrate and Stain Reference 

Succinate DH 

Xanthine DH 

Others: 
Alkaline phosphatase 

ATP citrate lyase 

B-glucuronidase 

^-Glutamyl-cysteine 
synthetase 

Lipase 

Ornithine 
carbamo yltranferas e 

A 

A 

oh 

C 

C 

50 mg sodium succinate, 3 mg NAD, 
DH stain 46, 71 

30 mg hypoxanthine, 3 mg NAD, DH 
stain 

10 mg a-naphthyl phosphate, 5 mg 
CaCl, 5 mg MgCl2 9, 80 

10 mg ATP, 50 mg sodium citrate, 
5 mg CoA, 10 mg MgS04, 50 mg 
Pb(OAc)2 9 

3 mg 6-bromo-2-naphthyl-B-D-
glucuronide, 1 ml 95% ethanol, 
10 mg fast blue B 80 
10 mg ATP, 49 mg glutamate, 40 mg 
cysteine, 10 mg MgSO^, 50 mg 
Pb(OAc)2 9 
4 mg a-nathyl laureate, 5 mg fast 
blue RR 9 

3 mg carbamoylphosphate, 5 mg 
L-orinthine, 50 mg Pb(OAc)2 61 



Table 4.—Continued Substrates and stains employed for the identification of 
selected enzymes not found in citrus protein. 

Enzyme Buffer Substrate and Stain Reference 

Ribonuclease C 25 mg yeast RNA, 1 mg Acid 
phosphatase, 10 mg black K salt 80 

a10 ml Sodium phosphate buffer, pH 7.5. 

Nicotinamide adenine dinucleotide. 

0.5 mg Phenazine methosulfate, 2 mg nitroblue tetrazolium. .salt. 

dCoenzyme A. 

Nicotinamide adenine dinucleotide. 

fReduced nicotinamide adenine dinucleotide. 

g10 ml Tris-HCl buffer, pH 9.0. 

10 ml Acetic acid sodium acetate buffer, pH 5.0. 
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citrus leaves; (c ) they are present or active only in 

certain organs during specific periods of the day or season; 

(d ) they are activated only during certain periods of 

stress; (e) the enzymes are not negatively charged at pH 8.3 

and did not migrate through the gel; (f) they were in

activated in the reaction mixture due to improper pH; (g) 

the substrates, stains, or other components of the reaction 

mixture inactivated the enzymes; or (h) the enzymes were 

denatured during extraction and clarification. None of 

these theories was tested in detail. 

Enzymes Discovered in Citrus Leaves -

Twenty-five enzymes were extracted from citrus 

leaves, electrophoresed into multiple forms, and identified 

by staining specific reaction products. All except lactate 

dehydrogenase electrophoresed into at least two isoenzymes 

(Table 5). Catalase activity was detected as a wide band of 

bubbles of oxygen in the upper quarter of the gel (Figure 7). 

Esterase and eight phosphatases were separated into three or 

more isoenzymes (Table 5) that were located as wide and 

narrow bands on individual gels. All other enzymes were 

electrophoresed into distinct isoenzymes that could be 

easily examined and counted. 

Many of the activity bands of general esterases and 

general phosphatases were wide and thought to be caused by 

several overlapping isoenzymes. Attempts were made at 
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Table 5. Numbers of electrophoretic bands found in zymo
grams of enzymes extracted from citrus leaves. 

Number of 
electrophoretic bands 

Enzyme pH 8.3 pH 5.0 

Dehydrogenases: 
1. Ethanol dehydrogenase (DH) 
2. Glutamate DH 
3. Lactate DH 
4. Malate DH 
5. Malic enzyme 
6. 6-Pho spho glu con ate'DH 
7. Shikimate DH 

Phosphatases: 
8. Adenine triphosphatase 
9. Fructose 1, 6-diphosphatase 
10. General phosphatase 
11. Glucose-l-phosphatase 
12. Galactose-6-phosphatase 
13. Glycerophosphatase 
14. Thiamine pyrophosphatase 
15. Uridine triphosphatase 

Others: 
16. Amylase 
17. Aspartate aminotransferase 
18. Caffeic acid oxidase 
19. Catalase 
20. Catechol or DOPA oxidase 
21. Esterase 
22. Leucine aminopeptidase 
23. Peroxidase 
24. Starch phosphorylase 
25. Tyrosinase 

1,3. or 6 
1 

3,5,6, or 7 
3 
3 

4,5,6,7, or 9 

6,7,8, or 9 
3,4,5, or 6 
3,4,5,6, or 

4 to 9 
4 to 9 

3,4,5, or 6 
6 to 10 
8 to 16 

1 or 2 
2,4, or 6 
2 or 3 

wide band 
2 or 3 
5 to 10 
2 or 3 
2 or 3 
1 or 2 
2 or 3 

4' to 12 

2 to 5 

4 to 10 

3 to 6 
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Figure 7. Zymograms of the activities of catalase and 
peroxidase obtained from the same sample of 
healthy citrus leaves. 

A—Activity of catalase after electrophoresis at pH 8.3. 
B—Activity of peroxidase after electrophoresis at pH 5.0. 
C—Activity of peroxidase after electrophoresis at pH 8.3. 
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clarifying these wide zones into narrow, well-defined bands 

of activity. Inhibitors of specific esterases, eserine 

sulfate and sodium fluorate (47), were added to reaction 

mixtures to influence activity of the bands. They had no 

effect on the esterase zymogram. The leaf extract was 

exposed to ammonium sulfate fractionation, electrophoresed, 

and stained. Isoenzymes located close to each other on a 

gel were precipitated together. Most of the esterase iso

enzymes were precipitated with 25% to 50% ammonium sulfate. 

The slow migrating isoenzymes of phosphatase were precipi

tated by less than 25% ammonium sulfate, while the more 

rapidly migrating isoenzymes precipitated out in solutions 

containing more than 50%. 

Peroxidase and Oxidases 

Peroxidase, caffeic acid oxidase, catechol oxidase, 

and tyrosinase were electrophoresed into multiple forms 

at pH's of 8.3 and 5.0. At pH 8.3, all four enzymes 

electrophoresed into identical bands of activity, while 

at pH 5.0 each enzyme migrated into a distinctive pattern 

(Figure 8). Zymograms of peroxidase and caffeic acid 

oxidase (CAO) were the same with the exception that each 

had three isoenzymes not found in the other. Tyrosinase 

had two of the three extra isoenzymes of CAO, but two 

other bands of activity were missing. Catechol oxidase 

was electrophoresed into four isoenzymes, all found in 

zymograms of the other three enzymes. The observation that 
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A—DOPA oxidase 

B—peroxidase 

C—caffeic acid 
oxidase 

D—tyrosinase 

— t-=_j i—: 

A B C D 

Figure 8. Zymograms of the activities of peroxidase and 
several oxidases extracted from the same leaf 
sample and electrophoresed at pH 5.0 — The 
leaves were collected from a healthy 'Sexton' 
tangelo tree. 
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bands numbered 2, 3, 5, and 6 in zymograms of all enzymes 

appear in identical locations in the gel (Figure 8) suggests 

that they either: (a) represent different isoenzymes with 

the same electrophoretic mobility or (b) they are the same 

isoenzyme with multiple functions. Some workers (69, 81) 

have evidence for the latter theory. 

Dehydrogenases 

All of the dehydrogenases were clearly resolved into 

isoenzymes and located rapidly by the reduced form of 

nitroblue tetrazolium. Blue bands appeared more rapidly 

when the gels were incubated in reaction mixtures exposed to 

light. It was discovered that a 1% acetic acid solution 

cleared the gels by dissolving yellow artifacts as well as 

.stopping enzyme reaptions and the development of inter

fering blue bands. The gels had to be transferred to and 

stored in water 15 min after exposure to acetic acid since 

the acid eventually darkened the zymogram and caused the 

appearance of non-specific brown bands. 

Phosphogluconate dehydrogenase, ethanol dehydrogenase, 

and malic enzyme exhibit three isoenzymes, while lactate 

dehydrogenase shows just one (Table 5). Ethanol dehydro

genase, malic enzyme, and lactate dehydrogenase all have an 

activity band numbered 5 (Figure 9), which migrates to the 

same location on each gel. In order to test the hypothesis 

that the bands in zymograms of any of these enzymes were 
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A—Malic enzyme 

B—Ethanol dehydrogenase 

C—Lactate dehydrogenase 

Figure 9. Zymograms of the activities of three dehydro
genases extracted from mature leaves collected 
from a healthy 'Hinckley' sweet orange tree. 
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non-specific artifacts, gels were incubated in buffers 

containing the cofactors nicotinamide adenine dinucleotide 

(NAD) and nicotinamide adenine dinucleotide phosphate (NADP) 

and the stain; bands did not appear. 

Malate dehydrogenase, glutamate dehydrogenase, and 

shikimate dehydrogenase have been electrophoresed into 

multiple bands (Table 5). Since the quality and quantity 

of isoenzymes of these dehydrogenases change during leaf 

development and in response to the environment, they will be 

discussed in Chapter 5. 

Phosphatases 

Several different acid phosphatases were separated 

electrophoretically and located on gels as bands of water 

insoluble lead phosphate (PbgCPO^^). Each enzyme catalyzed 

the conversion of a specific phosphorylated substrate into 

free phosphate which reacted with soluble lead acetate 

PbfOAc^ in the reaction mixture to produce Pb^fPO^^ around 

areas of enzyme activity. The Pb^fPO^^ bands were white 

and could be observed over a dark background. Several 

attempts were made to convert the white bands to black by 

placing gels in a saturated atmosphere of ammonium sulfide 

(9). The bands of Pb_(P0.)o were converted to black bands 3 4 2 

of lead sulfide that spread out rapidly and darkened the 

entire gel, unless immediately washed in water. The black 

bands were no more distinct than the white and the extra 
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treatments were tedious and time consuming; therefore, most 

phosphatase isoenzymes were located as white bands. 

Zymograms of glucose-l-phosphatase and galactose-

6-phosphatase were identical. General phosphatase and 

glycerophosphatase zymograms were similar as were zymograms 

of adenine triphosphatase and uridine triphosphatase. The 

isoenzyme patterns of all phosphatases changed in maturing 

leaves, therefore, they will be discussed in greater detail 

in Chapter 5. 

Others 

Starch phosphorylase, amylase, leucine amino-

peptidase, and aspartate aminotransferase were extracted 

from citrus leaves collected from healthy trees and electro-

phoresed at pH 8.3 into isoenzymes (Figure 10). Starch 

phosphorylase existed in one or two electrophoretic forms. 

The addition of ATP to the reaction mixture improved enzyme 

activity. Amylase activity in starch impregnated gels was 

inhibited at 4 C during electrophoresis and was slightly 

active during incubation at a pH of 8.3 (6). In order to 

develop the two isoenzymes of amylase, gels had to be 

incubated in acetate buffer, pH 5.0 at room temperature for 

15 min before staining. Leucine aminopeptidase was 

separated into three and sometimes two isoenzymes. The 

development of activity bands was improved by transferring 

gels to the stain after 30 min of incubation in the substrate 
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A—Starch 
phosphorylase 

B—Amylase 

- I - C—Leucine amino-
peptidase 

D—Aspartate amino-

A B C D 

Figure 10. Zymograms of the activities of four enzymes 
extracted from young leaves of a healthy 
•Sexton' tangelo tree — The enzymes were 
electrophoresed at pH 8.3. 
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solution. Isoenzymes of aminopeptidase were found in the 

same location on the gel when L-lysyl-f3-naphthylamide, 

L-proline-[3-naphthylamide, or tyrosine-(3-naphthylamide was 

substituted for L-leucine-p-naphthylamide. Apparently, the 

aminopeptidase in citrus leaves is not substrate specific. 

The aspartate aminotransferase zymogram obtained from 

•Eureka' lemon leaves contained six bands, while the same 

enzyme extracted from 'Sexton' tangelo leaves electro-

phoresed into four bands (Figure 11). Leaf extracts of 

'Pineapple,' 'Madam Vinous,' and 'Hinckley' sweet oranges 

yielded aspartate aminotransferase zymograms with only two 

isoenzyme bands (Figure 11). 
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A—•Eureka1 lemon 

B— ' Sexton' tangelo 

C—'Madam Vinous' sweet 
orange 
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Figure 11. Zymograms of the activities of aspartate amino
transferase extracted from leaves of three 
different species of healthy citrus trees — The 
enzyme was electrophoresed at pH 8.3. 



CHAPTER 5 

CHANGING ELECTROPHORETIC PATTERNS OF 
PROTEINS AND ENZYMES EXTRACTED 

FROM TISSUES OF HEALTHY 
CITRUS TREES 

Total Protein and Selected Enzymes 
Extracted From Citrus Tissues 

As a result of problems encountered in the collection 

and extraction of other citrus tissues, most proteins 

reported in this dissertation were extracted from citrus 

leaves. Very few experiments were conducted involving 

flowers and young fruits since only three samples were har

vested during the first two weeks of March, 1971. Stems, 

flowers, and fruits contained from 19% to 40% the quantity 

of protein found in leaves (Table 6). In order to obtain 

sufficient protein for electrophoresis, as much as four 

grams of these tissues had to be extracted in 10 ml of 

buffer, a procedure that was laborious. In addition, the 

tissues in stems and fruits were hard, making it difficult 

to extract the required amount of protein. 

Several workers (45, 74, 89) have observed differ

ences in isoenzyme patterns between various organs of the 

same plant. So it was not surprising to observe differences 

in the electrophoretic patterns of protein extracted from 

leaves, stems, flowers, and fruit of the same citrus tree. 

60 
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Table 6. Quantity of protein extracted from citrus 
tissues.a 

Tissue 

Leaf Stem Flower Fruit 

9.0b 3. 6 1.7 2.0 

Average of two experiments in which samples were 
collected from a field-grown 'Washington Navel' tree in 
March. 

^mg of Lowry protein per gram, fresh weight. 

Electrophoretic patterns of proteins and enzymes 

extracted from stems were similar to those extracted from 

mature leaves collected from the same branch. However, 

several differences in the intensity and number of indi

vidual bands were noted. For example, there are two deeply 

stained bands at the top and bottom of electrophoretic 

patterns of protein extracted from stems of 'Hinckley' 

sweet orange trees grown in the greenhouse. Stem protein 

contained three more electrophoretic bands, numbered 3, 4, 

and 5 and two fewer bands, numbered 1 and 2, than did leaf 

protein (Figure 12). 

Effect of Leaf Age on Proteins and Isoenzymes 

Proteins 

Several workers (20, 29, 70) have reported substan

tial changes in zymograms in response to plant maturation. 
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Figure 12. Electrophoretic patterns of proteins extracted 
from tissues collected from the same branch of 
a healthy 'Hinckley' sweet orange tree. 
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In this study, different electrophoretic patterns of protein 

were obtained from leaf material collected from the same 

citrus tree; therefore, experiments were conducted to 

determine how leaf age affected the quantity and quality of 

protein and isoenzymes. The average quantities of leaf 

protein extracted from several varieties of seven-year-old 

citrus in 10 different experiments were as follows: 8. 7_+2.1 

mg in young, 11.5+3.0 mg in mature, and 9.5_+1.8 mg in old 

leaves .per gram, fresh weight. 

Figure 13 illustrates electrophoretic patterns of 

total protein extracted from young, mature, and old leaves 

harvested from a 'Hinckley' sweet orange tree. Similar 

protein patterns were obtained from young, mature, and old 

leaves collected from 'Hamlin,' 'Madam Vinous,' and 'Pine

apple' sweet orange trees. Young leaves contained many 

protein bands that migrated farther than did those from 

mature and old leaves. Mature and old leaves yielded 

similar patterns of protein. Two protein bands stained more 

intensely in patterns obtained from old vs. those from 

mature leaves. 

Dehydrogenases 

Leaf maturation influenced the isoenzyme patterns 

of malate dehydrogenase (MDH) (Figure 14), shikimate de

hydrogenase (SDH) (Figure 15), and glutamate dehydrogenase 

(GDH) (Figure 16^. Zymograms of MDH extracted from young 
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Figure 13. Electrophoretic patterns of proteins extracted 
from samples of leaves collected from a healthy 
'Hinckley1 sweet orange tree — The proteins 
were electrophoresed at pH 8.3. 
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A—Young leaves from 
the stubborn-
affected tree 

B—Young leaves from 
the non-affected 
tree 

C—Mature leaves from 
the non-affected 
tree 

D—Old leaves from the 
non-affected tree 
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Zymograms of the activities of malate dehydro
genase extracted from samples of citrus leaves 
collected from a non-affected and a stubborn-
affected 'Hinckley' sweet orange tree — The 
enzyme was electrophoresed at pH 8.3. 
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Figure 15. Zymograms of the activities of shikimate dehy
drogenase extracted from samples of leaves 
collected from a healthy 'Hinckley' sweet orange 
tree — The enzyme was electrophoresed at 
pH 8.3. 
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Figure 16„ Zymograms of the activities of glutamate dehy
drogenase extracted from samples of leaves 
collected from a healthy 'Hinckley' sweet orange 
tree — The enzyme was electrophoresed at 
pli 8.3. 



leaves of citrus trees contained nine bands. Growth from 

young to mature leaves resulted in an increase in the MDH 

activity of band numbered 3 and a loss of two bands, 

numbered 9 and 10 (Figure 14). Extracts from old and 

senescent leaves contained six MDH bands. 

Leaf maturation effected a decrease in the number of 

SDH isoenzymes. Young leaves collected from seven-year-old 

•Hinckley,1 'Madam Vinous,' and. 'Pineapple' sweet orange 

trees yielded SDH with seven electrophoretic bands, while 

mature and old leaves yielded four and three, respectively 

(Figure 15). Young, mature, and old leaves collected from a 

one-year-old 'Madam Vinous' sweet orange seedling yielded 

SDH zymograms with nine, seven, and six bands, respectively. 

Only one band appeared in GDH zymograms obtained from both 

mature and old leaves, compared to six in zymograms from 

young leaves collected from all citrus varieties tested 

(Figure 16). 

The intensity of isoenzyme bands in MDH zymograms 

decreased as citrus leaves grew older, a phenomenon which is 

reported to occur in developing Xanthium leaves (29). 

Activity of SDH isoenzymes also decreased with maturation; 

many bands, however, became more distinct. Both intensity 

and clarity of band numbered 1 in the GDH zymogram (Figure 

16) increased as leaves developed. 
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Esterases 

The enzyme patterns of the general esterases 

obtained from young, mature, and old leaves were similar, 

but there was a striking decrease in the intensity of 

several isoenzyme bands coincident with leaf development. 

The slow migrating bands of esterase isoenzymes extracted 

from young leaves were deeply stained while those extracted 

from old leaves yielded weak bands of activity. 

Phosphatases 

All of the phosphatase enzymes (Table.5) extracted 

from old leaves were electrophoresed into, intensely stained 

zymograms. Those extracted from young or mature leaves, 

however, usually yielded weaker zymograms containing fewer 

bands (Figure 17). This trend was observed in zymograms of 

fructose-1,6-diphosphatase and glycerophosphatase (Figure 

18) which contained several isoenzyme bands and in zymograms 

of glucose-l-phosphatase and UTPase (Figure 19) which con

tained large numbers of bands. Zymograms of glucose-l-

phosphatase were identical to those of galactoses-phospha

tase. Although they contained fewer and more intense bands, 

the zymograms of adenine triphosphatase were similar to 

those of uridine triphosphatase. 

Oxidases 

Proteins extracted from young, mature, and old 

leaves electrophoresed at pH 8.3 into poorly resolved areas 
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Figure 17. Zymograms of the activity of general phospha
tases extracted from samples of leaves collected 
from a healthy greenhouse-grown 'Pineapple' 
sweet orange tree — The enzyme was electro-
phoresed at pH 8.3. 
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A—Gly cero pho spha-
tase, old leaves 

B—Glycerophospha
tase, young leaves 

C—Fructose-1,6-
diphosphatase, 
old leaves 

D—Fructose-1, 6-
diphosphatase, 
young leaves 

B 

Figure 18. Zymograms of the activities of glycerophosphatase 
and fructose-1,6-diphosphatase extracted from 
samples of leaves collected from healthy 
greenhouse-grown 'Pineapple' sweet orange trees 
— The enzymes were electrophoresed at pH 8.3. 
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A—UTPase, old 
leaves 

B—UTPase, young 
leaves 

C—Glucose-1-
phosphatase, old 
leaves 

D—Glucose-1-
phosphatase, 
young leaves 

Figure 19. Zymograms of the activities of two phosphatases 
extracted from samples of leaves collected from 
healthy greenhouse-grown 'Pineapple' sweet 
orange trees — The enzymes were electrophoresed 
at pH 8.3. 
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of catalase and peroxidase activity. Catalase activity was 

the same in leaves of different ages. Young leaves con

tained peroxidase which electrophoresed into wide bands of 

activity covering the upper half of the gel. Peroxidase, 

extracted from mature leaves, of the same plant, electro

phoresed to a small area in the center of the gel, while 

peroxidase from old leaves electrophoresed into a wide, 

deeply stained band in the same area (Figure 20). 

Aging resulted in similar changes in the zymograms 

of peroxidase, caffeic acid oxidase, catechol oxidase, and 

tyrosinase electrophoresed at pH 5.0. Zymograms obtained 

from young leaves contained wide, indistinct bands. Enzymes 

extracted from mature leaves collected from the same plant 

electrophoresed into weakly stained, but distinct isoenzyme 

bands. The zymograms obtained from old leaves were deeply 

stained and fairly distinct, although several bands were 

poorly resolved (Figure 27, p. 90). 

Others 

In eight out of 11 experiments, higher activities of 

starch phosphorylase were found in mature over young or old 

leaves collected from healthy greenhouse-grown plants. The 

starch phosphorylase extracted from most leaves electro

phoresed into one band. Two isoenzyme bands were found once 

in both young and mature leaves, twice in mature leaves, and 

three times in young leaves. Young leaves contained leucine 
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Figure 20. Zymograms of the activities of catalase and 
peroxidase extracted from samples of leaves 
collected from a healthy greenhouse-grown 'Madam 

. Vinous1 sweet orange tree — The enzymes were 
electrophoresed at pH 8.3. 
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aminopeptidase, which electrophoresed into three deeply 

stained isoenzyme bands. Both mature and old leaves yielded 

the. same three bands, but they stained with less intensity. 

Leaf maturation had no effect on zymograms of ethanol 

dehydrogenase, lactate dehydrogenase, the malic enzyme, 6-

phosphogluconate dehydrogenase, amylase, and aspartate 

aminotransferase. 

Effect of Drought on the Electrophoretic 
Pattern of Selected Enzymes 

Since the environment influences maturation and 

growth of citrus trees, it was postulated that environmental 

factors, such as light, minerals, and water would affect the 

composition of their isoenzymes. Warner and Upadhya (96) 

observed that the length of photoperiod affects the quality 

and quantity of general esterases, leucine aminopeptidase, 

peroxidase, and amylase isoenzymes in 'Clementine* and 

'Dancy' tangerine (C. reticulata Blanco). Excesses of 

nitrate (52) or zinc (51) and deficiencies of copper and 

iron (93) have influenced selected zymograms in other plants. 

In two experiments, zymograms of general phosphatase, 

general esterase, MDH, SDH, leucine aminopeptidase, 

peroxidase, and catalase obtained from wilted 'Hinckley* 

sweet orange seedlings were compared with those from non-

wilted seedlings of the same variety. Mature leaves 

collected from both seedlings yielded identical zymograms. 

There were quantitative differences, however, in the 



zymograms of general phosphatase, MDH, and leucine amino-

peptidase. The intensities of general phosphatase and MDH 

zymograms obtained from wilted plants were slightly weaker 

and the leucine aminopeptidase zymogram was substantially 

weaker than those obtained from non-wilted plants. 



CHAPTER 6 

EXAMINATION OF SELECTED ENZYMES IN STUBBORN-
AFFECTED AND PSOROSIS—AFFECTED 

CITRUS TREES 

Young, mature, and old leaves were harvested from 

greenhouse-grown citrus trees. Those leaves, exhibiting 

disease symptoms ("stubborn-affected leaves" Figure 3), were 

obtained from stubborn-affected trees. Symptomless leaves 

("stubborn-symptomless leaves") were also collected from 

stubborn-affected trees. In four experiments, mature leaves 

exhibiting disease symptoms ("crinkly leaf-affected" or 

"psorosis A-affected leaves Figure 4) were collected from 

either crinkly leaf-affected or psorosis A-affected trees. 

"Symptomless leaves of corresponding ages ("healthy leaves" 

Figure 2) were harvested from non-affected trees and were 

used as controls for every experiment. 

Electrophoretic Patterns of Protein 
Obtained from Diseased Leaves 

The electrophoretic patterns of proteins obtained 

from mature, stubborn-affected leaves were substantially 

different from those obtained from mature, healthy leaves. 

Many of the protein bands were weaker staining and a few 

were missing. In Figure 21, the electrophoretic pattern of 

proteins obtained from stubborn-affected leaves contains 

77 
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i A—Mature leaves showing 
symptoms of stubborn 
disease 

B—Mature healthy leaves 
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Figure 21. Electrophoretic patterns of proteins extracted 
from leaves collected from stubborn-affected 
and non-affected greenhouse-grown 'Hamlin' sweet 
orange trees — The proteins were electro-
phoresed at pH 8.3. 
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intense bands numbered 1, 2, and 3 not found in the patterns 

from healthy leaves. These kinds of differences were 

observed in patterns obtained from mature stubborn-affected 

leaves collected from all of the greenhouse-grown citrus 

varieties tested. On the other hand, the protein patterns 

obtained from all stubborn-symptomless leaf samples were 

identical with those from corresponding samples of healthy 

leaves. 

Mature psorosis A-affected leaves of 'Madam Vinous' 

sweet orange also contained protein which electrophoresed 

into patterns strikingly different from those obtained from 

healthy leaves. At pH 8.3, proteins from psorosis A-affected 

leaves electrophoresed into a strongly stained pattern with 

intense bands numbered 4, 5, and 6 (Figure 22). When 

proteins from the same extract were electrophoresed at pH 

5.0, a weak pattern was produced with deeply stained bands 

numbered 1, 2, and 3 (Figure 22). Protein obtained from 

mature crinkly leaf-affected leaves of 'Eureka' lemon electro

phoresed into identical bands of the same intensity as 

protein from mature, healthy leaves. 

Isoenzyme Patterns that Remain Unchanged 
in Diseased Leaves 

The electrophoretic patterns of several enzymes 

remained unchanged in diseased leaves when compared to 

healthy leaves. Stubborn-affected, stubborn-symptomless, 

and healthy leaves contained lactate dehydrogenase which 
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A—Leaves showing 
symptoms of 
psorosis A, pro
teins were elec-
trophoresed at 
pH 5.0 

B—Healthy leaves, 
proteins were 
electrophoresed 
at pH 5.0 

C—Leaves showing 
symptoms of 
psorosis A, pro
teins were elec
trophoresed at 
pH 8.3 

D—Healthy leaves, 
proteins were 
electrophoresed 
at pH 8.3 

Figure 22. Electrophoretic patterns of proteins extracted 
from leaves collected from psorosis A-infected 
and healthy greenhouse-grown 'Madam Vinous' 
sweet orange trees. 
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electrophoresed into a single band of the same intensity. 

Zymograms of leucine aminopeptidase, 6-phosphogluconate 

dehydrogenase, and malic enzyme obtained from stubborn-

affected , stubborn-non-affected, psorosis A-affected, and 

crinkly leaf-affected leaves all contained the same three 

bands of the same intensity as those found in corresponding 

healthy leaves. Amylase and aspartate aminotransferase 

extracted from every leaf sample collected from diseased 

trees electrophoresed into zymograms identical to those 

obtained from corresponding healthy leaves. 

Isoenzyme Patterns that Changed 
in Diseased Leaves 

Mature leaves collected from greenhouse-grown 

stubborn-affected trees yielded an electrophoretic pattern 

of general phosphatase different from those of corresponding 

leaves from non-affected trees. In Figure 23, the intensity 

of isoenzyme band numbered 1 substantially increased and 

bands numbered 2 and 3 almost disappeared. This was observed 

in zymograms obtained from four stubborn-affected leaf 

samples and from two stubborn-symptomless leaf samples 

collected from a 'Hinckley' sweet orange tree. Three of 

five stubborn-affected leaf samples from a 'Madam Vinous' 

sweet orange tree and one of two samples from a 'Pineapple' 

sweet orange tree also yielded these differences. Leaves 

exhibiting symptoms of psorosis A, and crinkly leaf yielded 
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Figure 23. Zymograms of the activities of phosphatases 
extracted from leaves collected from stubborn-
affected and non-affected greenhouse-grown 
'Madam Vinous' sweet orange trees — The enzyme 
was electrophoresed at pH 8.3. 



general phosphatase zymograms identical with those from 

healthy leaves. 

The phosphatases listed in Table 5 were extracted 

from stubborn-affected leaves of 'Hinckley,' 'Madam Vinous,' 

or 'Pineapple' sweet orange trees during the growing season. 

In each of four experiments, all phosphatase zymograms con

tained an intense band of activity in the center of the gel 

that was faint in zymograms obtained from healthy leaves 

(Figure 24). Glycerophosphatase zymograms obtained from two 

samples of psorosis A-affected and two samples of crinkly 

leaf-affected leaves were identical with those from samples 

of healthy leaves. Additional comparisons of specific 

phosphatases in leaves from diseased vs. non-affected 

greenhouse-grown trees were not made. 

The activity of catalase (see Table 3 for methods) 

from stubborn-affected leaves was 1/2 to 2/3 that of healthy 

leaves in three of four leaf samples harvested from a 

'Hinckley' sweet orange tree. Stubborn-symptomless leaves 

contained less catalase activity in two of five leaf samples 

obtained from the same tree. In all nine leaf samples 

tested, the activity of catalase from stubborn-affected 

trees was equal to or less than that from non-affected trees. 

Catalase activity in crinkly leaf-affected leaves was equal 

to that in healthy leaves. Catalase activity was not 

measured in psorosis A-affected leaves. 



Figure 24. Zymograms of the activities of several phospha 
tases extracted from mature leaves collected 
from stubborn-affected and non-affected green
house-grown "Madam Vinous' sweet orange trees 
The enzymes were electrophoresed at pH 8.3. 

A—Leaves showing symptoms of stubborn disease, 
glycerophosphatase 

B—Healthy leaves, glycerophosphatase 

C—Leaves showing symptoms of stubborn disease, ATPase 

D—Healthy leaves, ATPase 

E—Leaves showing symptoms of stubborn disease, fructose-1 
6-diphosphatase 

F—Healthy leaves, fructose-1,6-diphosphatase 

G—Leaves showing symptoms of stubborn disease, general 
phosphatase 

H—Healthy leaves, general phosphatase 
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Figure 24. Zymograms of the activities of several phospha
tases extracted from mature leaves collected 
from stubborn-affected and non-affected green-
house-grown 'Madam Vinous1 sweet orange trees — 
The enzymes were electrophoresed at pH 8.3. 
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Leaves of the same age collected from diseased and 

healthy trees contained an equal number of starch phosphory-

lase isoenzymes; only the activity of the enzyme was 

different. Two of three samples of stubborn-affected leaves 

collected from either a 'Hinckley,1 'Madam Vinous,' or 

•Pineapple' sweet orange tree yielded isoenzymes with 

greater activities than those obtained from corresponding 

healthy trees. One of two samples of stubborn-symptomless 

leaves from either 'Hinckley' or 'Madam Vinous1 sweet orange 

trees produced more intense activity bands. The activity of 

starch phosphorylase in proteins of psorosis A-affected 

leaves from 'Madam Vinous' sweet orange was equal to that 

in healthy leaves, while proteins of crinkly leaf-affected 

leaves from 'Eureka' lemon contained less activity. 

Ethanol dehydrogenase isoenzymes were extracted from 

mature stubborn-affected and non-affected leaves only during 

periods of active growth. In three of six experiments with 

stubborn-affect leaves and one of two experiments with 

psorosis A-affected leaves, the electrophoretic bands of 

ehtanol dehydrogenase were of greater intensity than those 

from healthy leaves. No differences were found in the other 

comparisons. No tests were conducted on stubborn-symptom-

less and crinkly leaf-affected citrus leaves. 

Young stubborn-affected leaves and mature psorosis 

A-affected leaves both contained malate dehydrogenase (MDH) 

and shikimate dehydrogenase (SDH) zymograms resembling those 
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in old, healthy leaves (Figures 14 and 15). Young, 

stubborn-affected leaves yielded MDH zymograms with six 

bands (Figure 14), and SDH zymograms with four bands (Figure 

25), while young, healthy leaves yielded many more iso

enzyme bands. Even though there were only a few isoenzymes 

in diseased leaves, their bands were quite distinct and 

usually very intense. The MDH and SDH zymograms obtained 

from stubborn-symptomless and crinkly leaf-affected leaves 

were identical with those from healthy leaves. 

General esterases extracted from young, mature, and 

old stubborn-affected leaves electrophoresed into zymograms 

closely resembling those obtained from corresponding healthy 

leaves. One- difference-, -however, was noted in most samples 

of stubborn-affected leaves: band numbered 1 (Figure 26) 

was very intense. This same difference was observed in two 

samples of mature, psorosis A-affected leaves. Esterase 

zymograms from both stubborn non-affected and crinkly leaf-

affected leaves failed to show any differences over corres

ponding samples from healthy leaves. 

Anionic peroxidases extracted from mature stubborn-

affected and mature psorosis A-affected leaves electro-

phpresed at pH 8.3 into zymograms resembling those obtained 

from young leaves (Figure 21). A wide band of activity 

covered most of the upper half of the gel. No consistent 

differences were found between zymograms in other leaf 

samples from diseased vs. healthy leaves. 
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A—Young, healthy leaves 

B—Young leaves showing 
symptoms of stubborn 
disease 

Figure 25. Zymograms of the activities of shikimate dehy
drogenase extracted from leaves collected from 
greenhouse-grown stubborn-affected and non-
affected 'Madam Vinous' sweet orange trees — 
The enzyme was electrophoresed at pH 8.3. 
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B—Healthy, mature 
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D—Healthy, old 
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Figure 26. Zymograms of the activities of general esterase 
extracted from leaves collected from greenhouse-
grown stubborn-affected and non-affected 
•Hinckley1 sweet orange trees — The enzyme was 
electrophoresed at pH 8.3. 
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Cationic forms of peroxidase, caffeic acid oxidase, 

and dihydroxyphenylalanine oxidase, extracted from stubborn-

affected and psorosis A-affected leaves, electrophoresed 

into intensely stained zymograms at pH 5.0. In most experi

ments the zymograms obtained from diseased leaves resembled 

zymograms from older healthy leaves. For example, the 

electrophoretic pattern of caffeic acid oxidase, extracted 

from mature, stubborn-affected leaves is similar to that 

extracted from old, healthy leaves (Figure 27). Crinkly 

leaf-affected and healthy leaves yielded identical zymograms. 

There were no consistent differences between zymograms from 

stubborn-non-affected and healthy leaves. 

In the four experiments with crinkly leaf-affected 

and psorosis A-affected samples of mature leaves, glutamate 

dehydrogenase electrophoresed into a weak zymogram with 

three bands. They were located at the top of the gel and 

corresponded to the upper three bands in zymograms from 

young, healthy leaves (Figure 16). Stubborn-affected leaves 

and stubborn-symptomless leaves yielded zymograms of 

glutamate dehydrogenase that were identical to those obtained 

from corresponding leaves of healthy trees. 

Isoenzyme Patterns in Leaves of Field-Grown 
Stubborn-Affected Citrus 

Leaves were harvested from field-grown stubborn-

affected and non-affected 'Washington Navel' sweet orange 

trees seven times during the summer of 1971. In the first 
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B—Mature, healthy 
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Figure 27. Zymograms of the activities of caffeic acid 
oxidase extracted from leaves collected from 
greenhouse-grown stubborn-affected and non-
affected 'Sexton' tangelo trees — The enzyme 
was electrophoresed at pH 5.0. 
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five experiments, isoenzymes extracted from mature stubborn-

affected leaves were compared with those from mature and 

senescent leaves collected from non-affected trees. Most 

stubborn-affected leaves exhibited some mottling, chlorosis, 

and cupping, while the senescent leaves were light green in 

color and a few showed chlorosis. In the final two experi

ments, isoenzymes were extracted from samples of symptomless 

leaves collected from stubborn-affected and non-affected 

trees. . The origin of each sample was not revealed to the 

tester until after its diagnosis. 

The electrophoretic patterns of glutamate dehydro

genase, malic enzyme, amylase, leucine aminopeptidase, and 

aspartate aminotransferase, which remained constant in 

various samples taken from greenhouse-grown plants, remained 

unchanged in all leaf samples collected from field-grown 

trees. Only a decrease of intensity was observed in leucine 

aminopeptidase and aspartate aminotransferase zymograms 

obtained from senescent leaves. 

Catalase and ethanol dehydrogenase were extracted 

from stubborn-affected leaves collected at three different 

times and compared with the same enzymes obtained from 

healthy leaves. All three leaf samples contained less 

catalase activity than did corresponding samples of healthy 

leaves, while ethanol dehydrogenase zymograms were the same 

in samples of both stubborn-affected and healthy leaves. 
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- In four of five samples of stubborn-affected leaves, 

starch phosphorylase activity was greater than that obtained 

from mature, healthy leaves. All the samples of senescent 

leaves contained very little or no phosphorylase activity. 

Two of 10 samples of symptomless leaves harvested from 

different stubborn-affected trees yielded strong starch 

phsophorylase activity. By virtue of this test these two 

samples of leaves were correctly diagnosed. 

. The peroxidase and caffeic acid" oxidase extracted 

from different samples of stubborn-affected and senescent 

leaves electrophoresed into similar bands of activity that 

were more intense than activity bands obtained from healthy 

leaves. Ten collections of symptomless leaves harvested 

from stubborn-affected trees and ten from non-affected trees 

yielded the same weak bands of activity. 

Zymograms of malate dehydrogenase and shikimate de

hydrogenase obtained from samples of both stubborn-affected 

leaves and from senescent leaves were changed in the same 

way: their zymograms were similar or sometimes weaker than 

zymograms obtained from old leaves of greenhouse-grown 

plants (Figures 14 and 15). The zymograms obtained from 15 

collections of mature symptomless leaves from stubborn-

affected and non-affected trees were identical. 

General phosphatase and general esterase obtained 

from two of four samples of stubborn-affected leaves col

lected from field-grown citrus electrophoresed into zymograms 
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with an intense band of activity not obtained from corres

ponding healthy leaves. The other two samples of stubborn-

affected leaves yielded general phosphatase zymograms that 

were identical to those obtained from mature leaves and 

general esterase zymograms identical to weak patterns 

obtained from senescent leaves of non-affected trees. Two 

of ten samples of symptomless leaves obtained from stubborn-

affected trees yielded general phosphatase zymograms with a 

strong band numbered 1 (Figure 24), characteristic of 

stubborn-affected leaves. Twenty collections of symptomless 

leaves obtained from stubborn-affected and non-affected 

trees yielded identical zymograms of general esterase. 

Of all the enzymes tested, only starch phosphorylase 

and general phosphatase were specifically affected in 

symptomless leaves of stubborn-affected trees. By examining 

the electrophoretic patterns of these enzymes, two samples 

of leaves were correctly identified as coming from stubborn-

affected trees. These two samples in ten collected from 

stubborn-affected trees yielded enzyme activities character

istic of stubborn-affected leaves. 



CHAPTER 7 

DISCUSSION AND CONCLUSIONS 

Twenty-five enzymes were identified by bands of 

activity on polyacrylamide gels. The electrophoretic 

patterns of most enzymes reported in Table 5 were obtained 

from many samples of citrus leaves. Some few enzyme 

patterns, however, were examined in only a limited number of 

samples due to technical problems and the fact that the 

electrophoretic patterns of several related enzymes were 

similar; only representative ones were tested. In addition, 

the assay for amylase was time-consuming, so only a few 

samples were analyzed. Adenine triphosphatase, fructose-

1,6-diphosphatase, galactose-6-phosphatase, and thiamine 

pyrophosphatase zymograms were similar to several other 

phosphatase zymograms. The electrophoretic bands of tyro

sinase and dihydroxyphenylalanine oxidase were weak and 

their zymograms were similar to those of caffeic acid 

oxidase. 

Results indicate that the electrophoretic patterns 

of many enzymes were changed in leaves exhibiting symptoms 

of stubborn disease (Table 7). Leaves showing symptoms 

yielded more isoenzymes of caffeic acid oxidase (CAO) and 

general esterase, fewer isoenzymes of malate dehydrogenase 

94 
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Table 7. Relative activity and number of isoenzymes 
obtained from mature leaves collected from non-
affected and stubborn-affected trees.3 

Isoenzymes 

Healthy leaves 
S tubbo rn-affected 

leaves 

Enzyme Activity Number Activity Number 

Caffeic acid oxidase Low 10 High 13 

Catalase High 1 Low 1 

Malate dehydrogenase High 8 Low 6 

Shikimate 
dehydrogenase High 7 High 4 

General esterase High 14 High 15 

General phosphatase 1 Low 
2 High 7 

1 High 
2 Low 7 

Starch phosphorylase Low 1 or 2 High 1 or 2 

aA summary of differences between selected enzymes 
from healthy leaves compared to leaves exhibiting symptoms 
of stubborn. 

Visual rating of stain intensity of corresponding 
isoenzymes obtained from stubborn-affected leaves compared 
to healthy leaves. 



96 

(MDH), and shikimate dehydrogenase (SDH), and yielded equal 

numbers of isoenzymes of catalase, general phosphatase, and 

starch phosphorylase compared to healthy leaves. The 

activities of all isoenzymes of CAO and starch phos

phorylase increased while those of catalase and MDH de

creased in stubborn-affected compared to healthy leaves. 

The activity of one isoenzyme of general phosphatase in

creased while two others decreased in stubborn-affected 

leaves compared to healthy leaves. Many of these differences 

were not found exclusively in stubborn-affected leaves. For 

example, psorosis A, leaf maturation, and drought were found 

to cause some of the same differences. 

Other workers have found that several factors result 

in the same physiological changes in stubborn-affected 

citrus. Arginine increased in trees in response to zinc and 

iron deficiencies (87), nitrogen excess (86), and the 

stubborn pathogen (8). Specific phenols induced in stubborn-

affected leaves were extracted from leaves of citrus exposed 

to gas, high temperature, and wounding (15). It has also 

been found that a number of factors such as wounding (39), 

ethylene (39), and herbicides (40) affect the activities of 

peroxidases in plants other than citrus. 

In this study, fewer isoenzymes of MDH and SDH 

were detected in extracts from leaves showing symptoms of 

stubborn disease, psorosis A disease, and senescence 

than in corresponding healthy leaves. Aging was shown 
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to decrease strikingly the activity of MDH and weak 

activities of MDH were obtained from wilted leaves. It 

appears that an impairment or decrease in the growth of 

citrus leaves is reflected by less active and fewer iso

enzymes of MDH and SDH. 

On the other hand, leaves showing symptoms of 

stubborn and psorosis A yielded isoenzymes of CAO and 

peroxidase that were more active than symptomless leaves 

from healthy plants. Leaf age also influenced the activity 

of these enzymes. Old leaves yielded enzymes of CAO and 

peroxidase which were more active than those obtained from 

mature leaves. It is not surprising to find high peroxidase 

activity in old leaves and leaves showing disease symptoms. 

There are many reports in the literature on increases of 

peroxidase (4, 32, 84) and polyphenol oxidase (9 ) in 

response to necrosis (32, 84) and sensescence (4) in plants 

other than citrus. 

Both stubborn-affected leaves and psorosis A-

affected leaves yielded general esterase zymograms con

taining a single isoenzyme not found in zymograms of healthy 

leaves (Figure 29). This isoenzyme was not obtained from 

wilted leaves, crinkly leaf-affected leaves, or aging 

leaves. The appearance of this isoenzyme does not seem to 

be a general response, and yet it is not specific enough 

to be useful in the diagnosis of stubborn-diseased citrus. 
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A variety of factors, in addition to stubborn, have 

been shown to cause similar shifts in the electrophoretic 

patterns of MDH, SDH, peroxidase, CAO, and general esterase. 

In order to use these enzymes for diagnosis of stubborn 

disease, factors causing premature aging and tissue 

necrosis must be rigidly controlled. If this could be 

accomplished in a greenhouse or elsewhere enzyme analysis 

might be a supplementary method of identifying stubborn 

disease. 

Catalase, starch phosphorylase, and general phos

phatases extracted from leaves showing symptoms of stubborn 

migrated into electrophoretic patterns of activity different 

from those obtained from symptomless leaves collected from 

all healthy and most stubborn-affected trees. Results 

indicate that stubborn disease lowers the activity of 

catalase, yet catalase activity remained unchanged in 

crinkly leaf-affected leaves, wilted leaves, and in leaves 

of differing physiological ages. Other workers, however 

have noted that catalase activity does decrease in leaves 

of psorosis-affected (62) as well as tristeza-affected 

citrus (89). Therefore, reduction of catalase activity 

appears to be a general phenomenon and accordingly will 

have limited use for the diagnosis of stubborn. 

High activity of starch phosphorylase, as visualized 

by intensely stained electrophoretic bands, appears to be 

induced in leaves showing symptoms of stubborn disease. 
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Tests with healthy leaves of different physiological ages 

indicated that the most intensely stained starch phosphory-

lase zymogram was obtained from mature leaves. It appears 

that leaves showing symptoms of stubborn and mature leaves 

from healthy plants yield high activities of starch phos-

phorylase. Psorosis A had no effect on starch phosphory-

lase. Crinkly leaf-affected leaves yielded an isoenzyme 

with weak activity. 

Most of the stubborn-affected leaves yielded 

electrophoretic patterns of phosphatases with an intensely 

stained isoenzyme band in the center of the zymogram Since 

the isoenzyme was active in the presence of several phos-

phorylated sugars, it is probably not substrate specific. 

Tests indicate that the isoenzyme is activated in leaves 

showing symptoms of stubborn disease. 

Workers (36, 78) have discovered gentisoyl-(3-D-

glucose, a fluorescent compound, in the bark and albedo of 

stubborn-affected and greening-affected citrus. It has 

been used to identify greening-affected citrus in symptom

less nursery stock in South Africa (77). In the present 

study, increased activities of starch phosphorylase and 

general phosphatase have been reported in leaves showing 

symptoms of stubborn. Tentative results indicate, however, 

that only a small percentage of symptomless leaves contain 

high activities of these enzymes. Two of ten samples of 

symptomless leaves collected from field-grown, 
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stubborn-affected trees yielded zymograms indicative of 

stubborn disease. 

The identification of a stubborn-affected tree is 

made difficult by virtue of the erratic nature of the 

disease. Disease symptoms may be expressed on one branch 

or on different parts of the tree or only during certain 

months of the year (14, 16, 48). Likewise, the pathogen is 

apparently restricted to certain parts of the tree and may 

be active only during the growing season (48). Therefore, 

one can not be certain that symptomless leaves actually 

contain the stubborn pathogen or will ever express disease 

symptoms. Most symptomless leaves probably are not in

fected. In light of these possibilities, it is not sur

prising to find few enzyme differences between samples of 

healthy and stubborn-symptomless leaves. It is quite likely 

that symptomless leaves were healthy even though other parts 

of the tree exhibited symptoms of stubborn. 

If the diagnosis of stubborn disease is to be 

reliable it is essential that the samples contain tissue 

that is affected by the pathogen. Since the stubborn patho

gen has been found in young leaves and shoots (48) and 

specific phenols have been shown to accumulate in bark (78), 

these tissues have a high probability of being stubborn-

affected. The pathogen does not appear to be systemic (14, 

19) and finding large amounts of the pathogen in symptomless 

tissues is unlikely. 
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Several additional experiments are needed to test 

the possibility of employing the reported methods of enzyme 

analysis as a tool for early diagnosis of stubborn disease 

in symptomless citrus trees: (a) more comprehensive 

comparisons should be made between zymograms of catalase, 

starch phosphorylase, general esterases, and general phos

phatases obtained from symptomless tissues of greenhouse-

grown, stubborn-affected and non-affected trees. Bark 

tissue as well as young leaf tissue should be examined. 

Tissue could be extracted several times after inoculation 

and until the appearance of symptoms; (b) changes in 

electrophoretic patterns of catalase, starch phosphorylase, 

general esterases, and general phosphatases obtained from 

leaves suffering from other effects such as high temperature, 

wounding, gas damage, zinc deficiency, and manganese defi

ciency should be compared with those changes reported to 

occur in leaves showing symptoms of stubborn disease; and 

(c) experiments should be conducted to examine the influence 

of the stubborn mycoplasma (48) on the activities of cata

lase, starch phosphorylase, general esterases, and general 

phosphatases. 

Those enzymes offering greatest promise for the 

identification of stubborn-affected trees are starch phos

phorylase and general phosphatases. Examination of the 

activities of catalase and general esterases might also be 

of value in the diagnosis of stubborn disease, even though 
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similar changes in activities are induced in psorosis A-

affected tissue. Since the electrophoretic patterns of CAO, 

MDH, SDH, and peroxidase were similar whether they were 

obtained from leaves showing symptoms of stubborn disease 

or senescence, their value in diagnosis is limited. Leaves 

from stubborn-affected and healthy trees yielded aspartate 

aminotransferase, amylase, ethanol dehydrogenase, glutamate 

dehydrogenase, lactate dehydrogenase, leucine amino-

peptidase, malic enzyme, and 6-phosphogluconate dehydrogen

ase which migrated into identical electrophoretic patterns 

with similar activities; therefore, these enzymes can not 

be employed for the identification of stubborn disease. 

Stubborn diseased plants could not be identified 

with the use of extracts from symptomless leaves. In most 

tests, all enzymes obtained from symptomless leaves migrated 

into identical electrophoretic patterns as those obtained 

from healthy leaves. 
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