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ABSTRACT 

Lettuce, in its cultivated form (Lactuca sativa L.), 

is a crop of economic importance with several 

characteristics which make it well suited for biochemical 

and genetic studies. 

Biochemical traits such as proteins and enzymes have 

been studied extensively in many plant species and 

constitute an important experimental approach to 

physiological, evolutionary, taxonomic and breeding studies. 

Seed proteins were extracted from an array of lettuce 

cul ti vars. Polyacrylamide gel electrophoresis was employed 

in a comparative analysls of the soluble protein and isozyme 

characteristics of seed from each cultivar. Some fall

desert, winter-desert, and coastal cultivars were 

distinguishable based upon variation in soluble proteins or 

esterase isozymes. 

Multiple forms of the carboxylic ester hydrolases or 

esterases have been shown to occur in a wide variety of 

plants; their role in the plant cell is still however poorly 

understood. The inheritance of the esterase isozymes was 

analyzed by a microelectrophoresis technique which enabled 

the analysis of individual seeds in the progeny from a cross 

x 
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involving two winter-desert cultivars of contrasting banding 

phenotypes. Two distinct banding patterns were observed in 

single seeds of these cultivarsi their Fl hybrid showed a 

summation of parental patterns, the F2 segregated in a 1:2:1 

phenotypic ratio for these esterase patterns, and backcross 

segregation ratios were 1:1. Banding pattern differences 

could be accounted for by the segregation of a single gene 

with codominant action. Quantitative as well as qualitative 

differences in esterase activity were observed between the 

parental lines from two different years of production. Some 

esterase isozymes were developmentally regulated. Molecular 

weight determination experiments verified the presence of 

two gene products of 56 and 62.5 Kd. 



INTRODUCTION 

The study of isozymes and other protein characters 

has provided useful data in a broad range of basic and 

applied areas of the plant sciences. In evolutionary 

biology, isozymes have been used as tools to probe the 

mechanistic basis of evolutionary adaptation. Their use as 

probes of the adaptive nature of biochemical and 

physiological characters is an area of research whose 

potential has only begun to be realized (Watt, 1985). 

In a more practical application, biochemical 

traits have been used extensively in plant chemosystematics 

in the establishment of phylogenetic relationships among 

taxa and in cultivar identification to ascertain the 

quality of seed or in some cases to guarantee the rights of. 

breeders. In plant breeding, biochemical traits have been 

used as effective tools in the evaluation of the genotype 

beyond morphological traits both in conventional programs 

and in those making use of modern in vitro technology. 

Lettuce, a crop of great economic importance in 

many parts of the world, also offers many advantageous 

characteristics for use in genetic research at both the 

basic and applied levels. 

1 
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In the present study several lettuce cultivars 

adapted to different geographic and climatic conditions 

were analyzed in order to evaluate the degree of 

polymorphism of some selected enzymatic and storage seed 

proteins, with the objective of providing genetic markers 

to be used for cultivar identification and plant breeding 

programs. 

The genetic basis of esterase polymorphism was 

analyzed and the number and molecular weight of the 

subunits making up the esterase isozymes was estimated. 

The comparison of homozygotes and heterozygotes at 

one esterase locus in a low temperature experiment in which 

germination and seedling weight was evaluated produced no 

significant functional differences among the genotypes 

analyzed. 



LITERATURE REVIEW 

The application of gel electrophoresis to the study 

of biochemical traits of plants has provided insights into 

the physiological basis of morphological characters as 

well as a means to establish phylogenetic relationships 

between plant groups. In addition the results of these 

studies have been used as practical tools in plant breeding 

programs and in the characterization of cultivars. 

Gel Electrophoresis of Proteins 

Basic Theoretical Principles 

When proteins are placed in a buffer solution they 

may behave as charged molecules, the sign and magnitude of 

the total electrical charge depending on the pH of the 

medium. The pH at which the net positive and negative 

charge on a protein is zero is called the isoelectric point 

and it is characteristic for any given protein. When a 

buffered protein solution is placed in an electric field, 

the molecules will migrate some distance that is a function 

of net charge, frictional force, and a number of other 

variables (Osterman, 1984). The mobility of a molecule in 

an electric field is approximated by the following 

equation: 

3 



(Applied (Net charge 
Mobllity= voltage) x on the molecule) 

(Friction 
on the molecule) 

4 

The rate of movement of a molecule increases with increased 

applied voltage or increased net charge on the molecule. 

Conversely, the mobility of a molecule decreases with 

increased friction reflecting both molecular size and 

shape. 

Ohm's law (E=IR) dictates that the voltage (E) is a 

function of current (I) and resistance (R). Since 

resistance is constant in the electrophoretic system, 

current is used to define voltage requirements. If voltage 

or current applied to an electrophoretic system is constant 

throughout the electrophoretic run, the mobilities of the 

molecules being resolved will be a function of tneir net 

charge and fr ictional character istics (Clark and Sw i tzer, 

1977) • 

Gel Electrophoresis 

Gel electrophoresis is a form of zonal 

electrophoresis in which an aqueous ionic solution is 

carried in a matrix support. Samples are applied as zonal 

bands of material. The original sample, containing various 

classes of molecules, will be separated into zones 

corresponding to those molecules possesing identical 

migration velocities (Clark and Switzer, 1977). 
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Many gel-like agents have been used in gel 

electrophoresis systems. Smithies (1955) first used starch 

gels and this has become the most common medium in 

electrophoretic analysis. One of the main advantages of 

this type of gel is that each gel can be sliced into 

several pieces, each of which may be stained differently. 

Agarose gels have also been used particularly when dealing 

with large macromolecules, such as nucleic acids (Osterman, 

1984). Polyacrylamide gels provide a high resolution system 

for the separation of proteins. Gels are formed as a result 

of polymerization of acrylamide and bis-acrylamide in the 

presence of the free radical initiator ammonium persulfate 

and the catalyst tetramethylethylenediamine (TEMED), which 

catalyzes free radical propagation to the polymerization 

system (Clark andSwitzer, 1977). 

Slab gels, which are prepared by performing gel 

polymerization between two glass plates, are preferred over 

tube gels since they allow several samples to run 

simultaneously, they also allow a homogeneous composi tion 

which results in constant density and electric field 

strength. In addition, thin slabs are easier to cool than 

tube gels. This is an important consideration since heat 

evolution is a consequence of the passage of electric 

current through a liquid and the velocity of migration of 

macromolecules in an electric field is temperature"::' 
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dependent. Non-uniformity of gel temperature can lead to 

distortion of zones and bad resolution (Osterman, 1984). 

Discontinuous Gel Electrophoresis 

This system operates at discontinuous pH, hence the 

name. It was introduced by Ornstein (1964) and Davis 

(1964). The basic constituents of the system are a running 

or separating gel of higher 

higher pH and molarity of 

acrylamide concentration, 

the buffer used in its 

preparation over which a stacking or spacer gel of lower 

concentration (and therefore larger pore size), lower pH 

and buffer molarity is layered. The gel system is connected 

between two electrode pools of buffer at alkaline pH. 

Diluted samples of proteins are introduced into the system 

from an upper sample layer, the pH of the sample buffer is 

usually similar to that of the running gel and electrode 

buffer. When voltage is applied, it results in current in 

the form of ion flow through the gel system. Under the pH 

conditions set forth, three anionic species will occur: Cl~ 

from the gel buffer, protein~ from the sample, and glycine~ 

from the electrode buffer. The different rate of movement 

of these ions results in the concentration of the proteins 

into a narrow band at the end of the stacking gel (the 

Kolhlrausch effect). Fractionation of the protein mixture 

occurs when the proteins migrate into the small-pore 

running gel at low field strength (Chrambach and Rodbard, 
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1971, Clark and Switzer, 1977; Osterman, 1984). 

The addition of certain compounds can confer 

special characteristics to the electrophoretic system. For 

example, the addition of the detergent sodium dodecyl 

sulphate (SDS) to polyacrylamide gels allows proteins to be 

fractionated according to molecular weight for their 

characterization (Weber and Osborn, 1969; Laemmli, 1970). A 

great excess of completely ionized sulfonate groups make 

the charge of the protein insignificant. Due to the 

electrostatic repulsion of the negatively charged groups 

adsorbed onto the protein, they dissociate into constituent 

polypeptide chains. In order to ensure the formation of 

linear polypeptides devoid of disulphide bridges, proteins 

are often treated with both SDS and concentrated 

mercaptoethanol at elevated temperatures (Osterman, 1984). 

The addition of the non-ionic detergent Tr~tton X ... 100 

(polyoxyethylene-p-t ... octyl-phenol) enhances the solubility 

of certain proteins, such as membrane proteins, in aqueous 

buffers without causing their denaturation. Secondary and 

tertiary structure, as well as biological activity, are 

often retained (Osterman, 1984). 

Isoelectric Focusing 

Another special and powerful electrophoretic 

technique for the separation of proteins is isoelectric 

focusing. In this technique a pH gradient is generated in 
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the gel system and separation is based exclusively on the 

isoelectric point of the molecule, independently of 

molecular size (Righetti et al., 1979). 

Isozymes in Plant Genetics 

By combining electrophoresis and histochemical 

staining methods, Hunter and Markert (1957) first analyzed 

enzymes in tissue extracts and proposed the term zymogram 

to refer to the strips in which the enzyme localization was 

demonstrated. This led to the discovery of isozymes, or 

multiple molecular forms of enzymes by Markert and Moller 

(1959) who also showed that these were tissue, 

developmental and species specific (McMillin, 1983). The 

term electromorph has been proposed to designate the bands 

of stain indicating regions of enzyme activity or protein 

concentrations (King and Ohta, 1975). Extensive protein 

polymorphism in natural populations was thus ascertained, 

although the functional significance of this high degree of 

variation is not yet clear and it lies at the core of one 

the main sources of controversy in molecular evolution, the 

neutrality~selection controversy (Selander, 1977; Crow, 

1985). The different enzyme forms produced by different 

alleles at the same locus have been called allozymes 

(Prakash, Lewontin and Hubby, 1969) to distinguish them 

from the more general term isozymes which refer to multiple 

molecular forms arising from any cause (Lewontin, 1974). 
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Estimates of variation based on assessments of 

heterogeneity of the products of structural genes, enzymes 

and other proteins, must consider the fact that only a 

fraction of the total variability present at a locus may be 

detectable by electrophoresis (Selander 1977; Coyne, 1982). 

Approximately 30% of DNA base changes cause no modification 

in the amino acid sequence of proteins due to the 

redundancy of the genetic code. Most amino acid 

substitutions do not alter the electrostatic charge of 

proteins and are therefore undetectable by electrophoresis. 

Of the 20 most common amino acids, 16 have nonionizable 

side chains and are electrophoretically neutral in the pH 

range of buffers generally employed in electrophoretic 

studies. Only four amino acids are charged, i.e. glutamic 

acid and aspartic acid are acidic (positive) and arginine 

and lysine are basic (negative). These charged amino acids 

tend to occur on the surface of globular proteins and thus 

affect their mobility. Uncharged or hydrophobic amino acids 

tend to occur in interior positions (Dickerson and Geis, 

1969). However, by introducing several modifications to the 

electrophoretic system, such as discontinous buffers, 

variation in gel pore size, or alteration of pH of 

reservoir buffers and gels, it is possible to increase the 

resolving power of gel electrophoresis to high levels. 

While some proteins are highly variable in 

populations, others rarely if ever are polymorphic. 
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Gillespie and Kojima (1968) have suggested that the degree 

of polymorphism in enzymes varies according to function, 

being generally lower in glucose-metabolizing enzymes 

(group I) than in nonspecific enzymes (group II). The 

greater variability of group II enzymes would be attributed 

to a greater diversity of substrates, many of which 

originate in the external environment. Nonenzymatic 

protei ns (g roup I I I) are cons idered conservati ve (Koj i rna, 

Gillespie and Tobari, 1970). For the enzymes of primary 

metabolism, the isozymic variation often reflects the fact 

that the same reaction has to be catalyzed in different 

subcellular compartments. Increased numbers of isozymes in 

diploid species may also result from duplication of 

structural gene loci (Gottlieb, 1982). 

Although relatively few plant species have been 

studied, the available data suggests that the levels of 

polymorphism are high in many plant species (Levin, 1975; 

Nielsen, 1985). Two major hypotheses have been advanced to 

explain variability among taxonomic groups of organisms 

(Selander, 1977): the neutrality interpretation (Kimura, 

1968; Kimura and Ohta, 1971; Kimura, 1983) and the 

homeostasis theory (Selander and Kaufman, 1973; Gillespie, 

1974; Gillespie and Langley, 1974). In the neutralist view, 

stochastic processes predominate over deterministic 

changes. Evolutionary changes and polymorphisms are 

considered to be mainly due to mutations that are neutral 
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with respect to natural selection and their behavior and 

fate are considered to be determined by mutation and random 

drift. According to the homeostatic hypothesis genetic 

variation should increase with decreasing homeostasis, that 

is, organisms with smaller body size, less mobility and 

relatively less homeostatic control, often develop 

specialized molecular forms proportional to the frequencies 

of the different ecological patterns. This could explain 

the high degree of polymorphism observed in many plant 

species. Nevo (1978) has proposed that environmental 

heterogeneity probably is involved in patterns of allelic 

isozyme variation. Self-fertilizing species maintain levels 

of genetic variation at least equal to those of outbreeding 

forms (Marshall and Allard, 1970; Clegg and Allard, 1972), 

however, because of the effects of close inbreeding in 

reducing heterozygosity, the variation is distributed 

largely among strains (Selander, 1977). 

Johnson (1974) has advanced the hypothesis of 

homeostatic advantage which lends support to the adaptive 

nature of enzyme polymorphism, particularly that related to 

regulatory enzymes. The basic tenants of the hypothesis are 

the following. A protein molecule can assume different 

allosteric shapes which, in the case of an enzyme, can 

result in changes in catalytic properties. An enzyme 

operating at low temperature must be relatively flexible, 
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since low temperatures provide a system with low kinetic 

energy, and only a flexible structure will be capable of 

undergoing a conformational transition when a relatively 

small amount of energy, as that from the binding of a small 

effector, is added to the molecule. One operating at high 

temperature must be more rigid, in order to carry out 

reversible conformational changes in the presence of far 

more thermal kinetic energy. Adaptations to markedly 

different conditions would require changes in the amino 

acid sequence of the protein. Enzymes at rate-limiting 

steps in metabolism are almost invariably under allosteric 

control with a delicate balance required to maintain both 

protein function and conformational sensitivity to 

allosteric effector molecules. Only over a narrow range of 

conditions, temperature for example, can a given protein 

maintain this balance. Below a certain temperature the 

molecule becomes too rigid, lacking the flexibility 

required for conformational change, and at higher 

temperatures protein structure is very flexible and too 

disorganized for regulation by a small additional input of 

kinetic energy. Heterozygous individuals contain two 

allelic forms of the rate-limiting enzyme, these two 

allozymes usually differ in their kinetic responses to 

changes in reaction conditions thus the multiple forms 

serve to expand the range over which coordination is 

possible. Sarkissian (19713) studied the allosteric 
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regulation of citrate synthase by indoleacetic acid (IAA) 

and concluded that this growth regulator could irreversibly 

bind the enzyme in vitro, increasing its activity and 

molecular size. Different molecular forms of the enzyme 

would interact differently with the allosteric effector 

resulting in differential activity. This suggests both a 

generalized basis for heterosis at highly polymorphic rate~ 

limiting reactions and explains why non~rate-limiting 

reactions are generally not polymorphic. 

Several of Johnson's assignments of enzymes to 

regulatory status have been disputed (Watt, 1985). 

According to a model for the evolution of genetic dominance 

proposed by Kacser and Burns (1981), enzymatic flux would 

be a systematic property of all the steps through a 

biochemical pathway and variation in activity at any step 

would generally not be reflected in overall flux 

(detectable displacement of substrate.".product ratio). This 

would account both for the recessive nature of most 

mutations and for the additive nature of polygenic 

variation. According to this view enzymatic polymorphism 

resulting in small activity differences would not be 

reflected in significant flux differences upon which 

selection could act and the mutation would thus be 

selectively neutral. Some recent studies, however, do 

report in vivo differences associated with allele 
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polymorphism (Eanes and Hey, 1986). It is possible that 

under some environmental conditions selection may operate 

on enzymatic polymorphism at steps which do not conform to 

the systematic properties of the Kacser and Burns model. 

Selected polymorphism would require large differences in 

regulatory or catalytic function (Hartl, Dykhuisen and 

Dean, 1985)0 

Plant Chemosystematics 

Comparative phenotypic characterizations of plants 

traditionally have been conducted by organismal taxonomists 

by relying on anatomical and morphological information 

whose physiological basis is frequently unknown. The 

comparative analysis of informational molecules, such as 

proteins, provides a more direct means for the evaluation 

of the genotype in establishing phylogenetic relationships 

among plant populations or for the identification of plant 

cultivars. Some of the protein characters utilized in plant 

taxonomy are presented in Table 1 (Harborne and Turner, 

1984). 
One restriction for the release of a new cultivar 

is the requirement for an unambiguous characterization that 

can distinguish it from all the others already on the 

cultivar list. For a commercially important crop species 

there are many cultivars listed and new cultivars may not 

be easily accepted, in spite of showing superiority in 

yield or other commercial traits. The use of biochemical 
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traits provides new and unambiguous variety identification 

characters (Nielsen, 1985). 

Gel electrophoresis of proteins provides a powerful 

and convenient technique which has been applied succesfully 

for cultivar identification in many crop species (Makinen 

and MacDonald, 1968; McDaniel and Ramage, 1970; Pierce and 

Brewbaker, 1973). Recent reports of Ferguson and Grabe 

(1986) and Mejia and McDaniel (1986) present examples. 

Nielsen (1985) reviewed some of the most relevant work in 

some of the most intensively studied crop species, the 

genetics of the observed variation has not always been 

considered. A summary of the state of isozyme research in 

individual plant species has also recently appeared in a 

monograph edited by Tanksley and Orton (1983). 

Isozymes provide a direct measurement of the degree 

of genetic identity which exists between species. This can 

be expressed as the mean genetic identity, I, which is 

based on comparing for as many enzymes as possible all 

pairs of populations representing two given species. Taking 

the negative logarithm of this value converts it to a 

genetic distance estimate, D. It represents the number of 

detectable changes considered to have occurred dur ing the 

separate evolution of two species (Nei, 1972; Harborne and 

Turner, 1984). 
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Up to now gel electrophoresis applied to plant 

proteins has been the most successful experimental 

procedure in yielding biochemical comparative results of 

taxonomic value. The direct analysis of the genome has, 

however, recently become possible through the use of, 

methods from the field of molecular biology. The analysis 

of DNA restriction fragment length polymorphism shows great 

potential in taxonomic applications (Timothy et al., 1979; 

Helentjaris et al., 1985; Landry and Michelmore, 1985; 

Bernatzky and Tanksley, 1986). 

Biochemical Markers in Plant Breeding 

The introduction of biochemical markers in plant 

breeding programs has become particularly important since 

in vitro culture technology has become popular. This 

approach permits manipulations of plant material which were 

previously not possible or difficult to accomplish. 

Biochemical markers can be used in the description of 

crosses, in monitoring cloning efficiency and protoplast 

fusions or in the identification of chromosomes. 

In crossing experiments, hybrid tests must be performed to 

exclude progeny from accidental self-pollinations at an 

early stage in plant development. If the parental plants 

have different isozyme patterns, accidental selfings can be 

easily recognized and discarded. Gates and Boulter (1979) 

developed a method to identify selfings on inbred lines and 
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F1 hybrids of Vi£i~ !~ba by use of seed isozymes of 

esterase (EST) and glutamate oxaloacetate transaminase 

(GOT). Ideally, biochemical markers should be stable in 

their expression in vitro and in vivo, easily detectable 

even i~ small amounts of tissue and crude extracts, and 

exhibit high degrees of polymorphism (Moore and Collins, 

1983; van Geyt and Smed, 1984). 

Biochemical markers have been used successfully to 

verify the identity and purity of seed (Arus et al., 1982) 

or the quality of the harvested produce (Wrigley et al., 

1984). The introduction of isozymes in plant breeding and 

research programs could also provide important information 

about physiological processes which are still poorly 

understood, such as adaptation to environmental stress or 

enhanced productivity (Stuber, Goodman and Moll, 1982; 

Kaehler and Wehrhahn, 1986). 

Lettuce ~ ~ Experimental Model in Genetic Studies 

Lettuce (L~£!££~ ~~ti~~ L.) is a cool season 

biennial or annual crop grown from seed. Its probable 

origin is east of the Mediterranean Sea where it was likely 

derived from the wild L. serriola with which it readily 

hybridizes. Several features make this plant suitable for 

genetic studies, such as its small chromosome number (2n=16 

to 18), autogamous nature, freedom from self 

incompatibility, large number of pollinations possible on 
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the same plant, favorable tissue culture and avai labi li ty 

of a large number of wild related species-which include L. 

saligna, L. serriola and L. virosa. Some disadvantages 

include the few seed resulting from each pollination and 

the difficulty of producing hybrid seed without 

accompany ing sel fed seed (Yamaguch i, 1978; Robi n'son, 

McCreight and Ryder, 1983; Koevary, Rappaport and Morris, 

1978; Ryder, 1985; Schulke, 1985). The inflorescence 

cons i sts ,of panicles or cluster s of flower i ng heads, 

usually yellow, on a long and highly branched stalk (Fig. 

1). Each head contains 10 to 25 florets. The floret ovary 

is one celled and produces only one cypsela (single seeded, 

dry, indehiscent fruit commonly referedto as "seed"). All 

the florets in a head open on the same day. The lettuce 

flower is considered self-pollinated as the style emerges 

througn the anther tube and branches in two with each 

branch folding back upon itself and making contact with the 

pollen grains. Even though the structure of the flower 

encourages self~pollination, the flowers are exposed to 

insects and some degree of cross pollination is certain to 

occur (McGregor, 1976). The stamens are ripe before the 

pistil becomes receptive, a condition known as protandry. 

This condition has been useful in making controlled crosses 

since hand emasculation is difficult to accomplish due to 

the small size of the flower (North, 1979). Genetic male 

sterility has been reported but no evidence of interaction 
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with a cytoplasmic factor has been obtained. This lack of 

cytoplasmic male sterility, to permit entirely male sterile 

populations, as well as insufficient natural cross

pollination rates, has precluded the commercial production 

of hybrid lettuce (Robinson et al., 1983). 



Table 1. Protein characters and their utilization in plant 
taxonomy. 

Properties Examples 

Amino acid Cytochrome c, plasto-
sequence cyanin and ferredoxin 

of fresh leaves 

Subunit 
variation 

Isozymes 

Fraction I protein of 
leaves 

Extracts of seeds or 
seedlings 

Serological Total protein fraction 
cross- or major storage 
reactivity protein of seed 

Storage 
protein 
complexity 

Seed or pollen 
proteins 

Taxonomic 
application 

Technically difficult, 
only a few small and 

abundant molecules 
have been analyzed: of 
potential importance 

Valuable for identi
fying species hybrids 

Useful at species and 
subspecies level 

Most useful at family 
or order level 

Useful at species and 
generic levels 

Adapted from Harborne and Turner (1984). 
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Figure 1. Lettuce flower. A. Longitudinal section. x10. B. 
Longitudinal section of one floret. x30 (after 
McGregor, 1976). 



MATERIALS AND METHODS 

Two series of experiments which differed in seed 

source and subsequent protein extraction and processing 

were performed. Because of these differences the procedures 

used for the first group of experiments (Series A) are 

listed separately from those of the second group (Series 

B) • 

Plant Material 

Seeds were chosen over other plant material because 

they were at the same stage in their life cycle and were in 

a relatively stable physiological state (McDonald, 1980). 

Series A: Seed from eight lettuce (Lactuca sativa 

L.) cultivars adapted to three different climatic and 

geographic conditions was analysed. Two were fall-desert 

cul ti vars, "Excell" and "Empire ll
, three were winter-desert 

cultivars, "Winter Supreme", "Red Coach 74" and "Valley 

Queen", and three were coastal cultivars, IIAmaral·400", 

"Blanco ll and "Salinas". Seed was produced in 1983 in the 

San Joaquin Valley, California (Fig. 2, Table 2). 

Series B: In order to determine the genetic basis 

of the observed esterase polymorphism, two winter-:-desert 

cultivars, "Winter Supreme" and "Red Coach 74", their 

progeni tors, "Cl imax" and "Vanguard", and thei r F l' F2 and 

backcross progeny, were analyzed. Although IIWinter Supreme" 

22 
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and "Red Coach 74" are very closely related (Fig. 3) they 

exhibited contrasting esterase banding phenotypes. Some of 

this seed was produced in the greenhouse in Salinas, 

California and some at the University of Arizona campus in 

Tucson, at different times (Table 3). The esterase 

zymotypes of seed from two introductions of L. sativa (PI 

251245 and C 183M), one of ~. serriola (PI 491112) and one 

of L. saligna (PI 491204) were also determined. 

Protein Extraction 

Series A: Fifty seeds, or a quantity of seed 

equivalent in weight to fifty seeds of the heaviest weight 

cultivar (Table 2), were imbibed overnight at 50 in 0.5ml 

of 0.lM phosphate buffer, pH 7.2, containing 10% 

polyvinylpyrolidone (PVP-40), 3% polyethylene glycol (PEG-:-

6000), l0mM dithiothreitol (DTT) and 5% sucrose. 

Series B: Single seeds were imbibed for 

approximately 3 hours at 50 in 0.lml of 0.15M Tris~HCl 

buffer, pH 8.8, containing 1.5% Triton X-100, 1% 

mercaptoethanol and 5% sucrose. 

After imbibition the seeds were crushed with a 

glass rod and the homogenate centrifuged in a Sorvall RC 

series centrifuge with an SM-24 angle rotor at 28,000Xg for 

15 minutes at 50. 
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Electrophoretic Conditions 

The supernatant (0.05ml) was loaded on 1.0 or 1.5mm 

thick vertical slab gels (Bio-Rad Model 220 electrophoresis 

cell system). 

Series A: Two gels, 20 wells each, were run 

simultaneously and each gel contained 2 replicate extracts 

of seed from the eight cultivars. Stacking gels were 4.3% 

acrylamide, 0.07M Tris'!"'P04' pH 6.7. Running gels were 10% 

a~rylamide, 0.375M Tris-HCl buffer, pH 8.9. The upper 

reservoir buffer was 0.0426M TrisiGlycine, pH 8.91, and the 

lower reservoir buffer 0.l2M Tris.,..HCl, pH 8.07 (Davis, 

1964) (Table 4). 

Series B: Two gels, 20 wells each were run 

simultaneously and one well in between samples was left 

blank in order to eliminate any possible cross,:", 

contamination. Stacking gels were 5% acrylarnide, 0.l29M 

Tris~HCl, pH 6.8, 0.04% Triton X-100. Running gels were 10% 

acrylamide, 0.372M Tris":"'HCl, pH 8.8, 0.1% Triton X;-100. 

This is the method described by Laemmli (1970) except that 

SDS was replaced by Triton X,:",100. A third gel, th~ comb 

gel, was added on top of the stacking gel (Neuhoff, Cheong

Kim and Altland, 1986), the composition of this gel was the 

same as that of the stacking gel except that the reservoir 

buffer was used in its preparation. The reservoir buffer 

was 0.037M Tris-Glycine, pH 8.3, 0.1% Triton X,:",100 and the 

same buffer was used in both reservoirs (Table 5). 
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Electrophoresis was conducted initially at 3 watts 

constant current (Isco model 493 power supply). After the 

front dye (a few drops of 0.001% bromophenol blue added to 

the upper reservoir buffer) passed through the stacking 

gel, the power was increased to 5 Watts. Power was reduced 

by 1/3 when lmm gels were used. Temperature was maintained 

at 50 throughout the run by controlled temperature 

circulation. Running time was approximately 4 hours. 

Isoelectric Focusing 

Twenty seeds of the 8 cultivars analyzed in series 

A were imbibed in 0.1ml of 3M urea for about 2 hours at 

room temperature. After homogenization 0.02ml of sample 

were loaded on paper wicks placed on the acidic section of 

a 0.4mm thick horizontal slab gel pH 3.5 to 10 (Table 6) 

(Egen, 1986). Prefocusing (before loading) was conducted at 

9 watts constant power for 1 hour. After loading, focusing 

was carried out at 500 volts constant voltage for 1 hour 

and then the wicks were removed and continued at 9 watts 

constant power for an additional 2 hours. Temperature was 

maintained at 0 0 • Electrode wicks consisted of electrode 

paper soaked in 1M H3P04 (anode) and 1M NaOH (cathode). The 

gel was stained overnight with coomassie brilliant blue G-

250 at room temperature. 
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Staining Methodology 

Series A: After electrophoresis, both gels were cut 

lengthwise in half and each half was stained differently. 

Total soluble proteins were fixed and stained in a solution 

of 10% trichloroacetic acid (TCA), 6% acetic acid, 18% 

methanol and 0.05% Coomassie blue G~250. Destaining was 

conducted in a 6.5% acetic acid and 18.7% methanol 

solution. Alternatively, staining with coomassie blue R~250 

was followed by silver staining (Bio~Rad silver stain kit) 

for added sensitivity (Irie, Sezaki and Kato, 1982). The 

enzyme systems assayed are listed in Table 7. The enzyme 

reaction mixtures were generally those of Brewer (1970), 

Scandalios (1969), Shaw and Prasad (1970) or modifications 

of these as reported by Trouslot and Second (1980) (Table 

8). The diazonium and the tetrazolium salt coupling systems 

were involved in the enzyme reaction mixtures employed 

(Table 8). In the diazonium system a diazonium salt (such 

as Fast Blue RR) attacks strongly activated aromatic rings 

liberated by enzymatic hydrolysis of a substrate and the 

end product of this coupled reaction is an insoluble 

precipitate, an "azo dye". In the tetrazolium system the 

transfer of electrons from a reducing substrate to an 

electron acceptor (such as NADP+) causes it to act as a 

reducing agent itself in the reduction of a tetrazolium 

salt (such as nitro blue tetrazolium chloride, NBT) to the 

colored insoluble dye formazan. Electron carrier 
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intermediates such a phenazine methosulphate, PMS, are used 

to speed the reaction (Vallejos, 1983). 

Series B: Total soluble proteins were pre~fixed in 

12% TCA and stained in a solution of 2% TCA and 0.1% 

coomassie blue G~250. This was followed by a rapid wash in 

0.1M Tris~P04 buffer, pH 6.5, followed by rinsing in 25% 

methanol and fixing in 20% ammonium sulfate (Neuhoff, Stamm 

and Eibl, 1985). Esterases were stained by the diazonium 

salt coupling system (Fig. 4). Silver staining was 

conducted according to instructions by the manufacturer 

(Bio-Rad). In an attempt to determine the presence of 

specific esterases, staining for cholinesterases was done 

according to a method described by Dewald, Dulaney and 

Touster (1974) in which acetylthiocholine is used as 

substrate. In this method the gel is preincubated for 30 

minutes in 67mM sodium phosphate buffer, pH 6.1, containing 

l0mM glycine, 2mM CuS04' and 30mM Na2S04. It is then 

transferred to a fresh solution of the same composition to 

which lmg of the substrate has been added per milliliter. 

Incubation is carried out for 2-4 hours at room 

temperature. The reaction is stopped by transferring the 

gel to 3M ammonium sulfate solution, in which the gel is 

kept overnight at 50. Staining is conducted in a saturated 

solution of dithiooxamide in 3M ammonium sulphate at room 

temperature for several hours. 
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Molecular Weight Determinations 

Esterase bands obtained from bulked lettuce seed in 

the manner described previously (series B) were cut out 

from slab gels with a razor blade, passed through a syringe 

to break into small pieces and deposited in tube gels. Tube 

gels were plugged by pouring a short 12.5% acrylamide gel 

at the bottom of each tube, after the chopped bands were 

loaded on top of this plug, the tubes were filled with a 

12.5% acrylamide running gel. Dialysis bags filled with 

Tris~glycine reservoir buffer were secured with rubber 

bands at the bottom of each tube. Electroelution of the 

esterase polypeptides was carried out at 2 Watts constant 

current overnight. The eluant was lyophilized and 

subsequently diluted in sample buffer (13.l5M Tris-HCl, pH 

B.8, 1.5% SDS, 1% mercaptoethanol and 5% sucrose). Protein 

concentration was measured by the method of Bradford (1976) 

using bovine serum albumin (BSA) at different dilutions as 

standards. The equivalent of 13.1325g of protein was loaded 

on 113% acrylamide SDS slab gels prepared according to 

Laemmli (19713), along with 13.1325g of molecular weight 

standards (Bio-Rad) operating in the range of 113,01313 to 

11313,13130 daltons. Coomassie blue and silver staining were 

conducted as described in Series B above. 
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Crossbr.eeding Technigues 

Plants were grown from seed during the fall of 1985 

in the greenhouse at the University of Arizona campus in 

Tucson. The structure of the lettuce flower, its typical 

pollination sequence and very small size made emasculation 

very difficult to perform successfully. Crosses were made 

following a hand pollination technique (North, 1979) which 

takes advantage of the protandrous nature of the lettuce 

flower in which the stamens become ripe before the pistil. 

The small capitulae, each with l0~20 florets, is waShed 

with a stream of water from a squirt bottle shortly after 

it has opened, early in the morning. The water remO'Jes or 

destroys most of the pollen and the flowers can be 

pollinated about 1 hour later when dry, by which time the 

stigmas are 

individually 

necessary. 

usually receptive. Each capitulum was 

marked with a label and no bagging was 

Germination at Low Temperature 

Individual seeds were weighed and placed in petri 

dishes on one sheet of filter paper (Whatman No.2) with 

3ml water added. The petri dishes were placed in a 

refrigerator at 8 0 in the dark for 10 days. Seed coats were 

removed and the fresh and dry weight of seedlings were 

individually recorded. The cotyledons of each F2 seedling 

were removed, placed in 0.lml of extraction buffer and 
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Series B. After 

electrophoresis the gels were stained for esterases. 
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Figure 2. Lettuce seed (100 seeds) of cultivars analyzed. 
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Table 2. Seed characteristics of lettuce cultivars analyzed 
in Series A. 

Cultivar 
and type 

Fall-desert 

Excell 

Empire 

winter-desert 

Winter Supreme 

Red Coach 74 

Valley Queen 

Coastal 

Amaral 400 

Blanco 

Salinas 

weight of 
100 seeds 

( g) 

0.lU.l 

0.112 

0.fI.I78 

fI.I.lfl.lfl.l 

0.113 

0.099 

0.063 

0.lfB 

seedsj 
sample 

53 

50 

73 

57 

50 

59 

90 

55 

Seed 
coat 

color 

Brown 

Black 

Black 

Black 

Black 

White 

White 

Black 



33 

5192 4157 4160 
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5504 Climax 

Red Coach 74 Supreme 

FI----BC 

Figure 3. Summarized breeding history of Winter Supreme 
and Red Coach 74 cultivars and their 
progenitors Climax and Vanguard. 
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Table 3. Average weight and year of production of the seed 
analyzed in Series B. 

Seed type and 
year of production 

winter Supreme (1983) 

Red Coach 74 (1983) 

F2 (WS x RC) (1983) 

winter Supreme (1) (1985) 

Red Coach 74 (1) (1985) 

F1 (WS x RC) (1985) 

F1 (RC x WS) (1985) 

F2 (WS x RC) (1986) 

Backcross WS x (WS x RC) 

Backcross (WS x RC) x ws 

Winter Supreme (1986) 

Red Coach 74 (1986) 

Climax (1988) 

Vanguard (1988) 

L. sativa (PI 251245) 

L. sativa (C 183M) 

L. serrio1a (PI 491112) 

L. sa1igna (PI 491204) 

Average weight 
per seed (mg) 

8.745 

1. 837 

8.898 

1.765 

1.651 

1.718 

1. 767 

1.418 

1.123 

1.293 

1.442 

1. 386 

8.941 

8.994 

1. 488 

8.588 

8.588 

WS, Winter Supreme; RC, Red Coach 74; (1) parental lines 
employed in crosses; WS and RC from 1985 are commercial 
seed included for comparative purposes; WS and RC from 1986 
are the se1fed progeny of the parental lines. 
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Table 4. Composition of the gels employed the in Series A. 

Stock 
solution 

A 

B 

C 

Total 

Stock Solutions: 

A: 36.3g Tris 

Running 
gel (ml) 

4.8 

9.6 

18.2 

4.8 

38.4 

Stock 
solution 

D 

E 

F 

G 

Total 

0.23ml TEMED / 100ml (pH 8.9, HC1) 

B: 40.0g Acrylamide 
1.05g Bis-acrylamide / 100ml 

Stacking 
gel (ml) 

1.6 

4.8 

2.4 

2.4 

11.2 

C: 0.149 Ammonium persulfate / 100ml (made fresh) 

D: 5.989 Tris 
0.46ml TEMED / 100ml (pH 6.9, HC1) 

E: 10.09 Acrylamide 
2.59 Bis-acrylamide / 100ml 

F: 0.004g Riboflavin / 100ml 

G: 40.09 Sucrose/ 100ml 
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Table 5. Composition of the gels employed Series B. 

Stock 
solution 

B 

C 

TEMED 

Total 

Stock Solutions: 

A: 18.1g Tris 

Running 
gel 

(m1) 

16.1 

1111.111 

13.4 

111.6 

III.I/JI 

4111.11 

D 

Stacking 
gel 

(m1) 

15.6 

7.5 

5.111 

1.7 

111.1112 

29.82 

1II.4m1 Triton X-11111/J / 1111111m1 (pH 8.8, HC1) 

B: 3111.lIIg Acry1amide 
1II.8g Bis-acry1amide / 1111111m1 

C: 1II.2g Ammonium persu1fate / 1111~1 (made fresh) 

D: 6.2g Tris 
1/J.16m1 Triton X-10111 / 1111111m1 (pH 6.8, HC1) 

E: 4.5g Tris 
21.25g Glycine 

1.l/Jm1 Triton X-10111 / liter 

Comb 
gel 

(m1) 

15.6 

E 7.5 

5.111 

1.7 

111.1112 

29.82 
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Table 6. Composition of gel employed in isoelectric 
focusing. 

stock solution 

B 

Urea 

C 

TEMED 

Total 

Amount 

3.8ml 

1.0ml 

1.4ml 

1.4g 

0.02ml 

0.02ml 

7.64ml 

Composition 

Ampholine (LKB), 
pH 3.5-10 

29g acrylamide, 
19 bis-acryl
amide/ l00ml 

3M 

4g ammonium per
sulfate/ l0ml 
(made fresh or 
kept frozen) 



Table 7. Enzyme systems assayed 

Enzyme Abbreviation 

Alcohol dehydrogenase ADH 

Acid phosphatase AcPh 

Esterase EST 

Glutamate oxa1oacetate transaminase GOT 

Isocitrate dehydrogenase ICD 

Leucine aminopeptidase LAP 

Malate dehydrogenase MDH 

Malic enzyme ME 

Phosphog1uconate dehydrogenase PGD 

38 

EC number a 

1.1.1.1 

3.1.3.2 

3.1.1 

2.6.1.1 

1.1.1.42 

3.4.11.1 

1.1.1.37 

1.1.1.40 

1.1.1.44 

a. EC number refers to the 
Nomenclature Committee 
Biochemistry, 1979). 

recommendations of the 
(International Union of 
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Table 8. Enzyme reaction mixtures 

~----------------------------------------------------------

Enzyme 

ADH a 

ACPh b 

ESTc 

GOTd 

ICDe 

LAPf 

MDHg 

MEh 

PGD i 

Reference 

Trouslot and Second (1980) 

Pai, Endo and Oka (197S 

Trouslot and Second (1980) 

Trouslot and Second (1980) 

Trouslot and Second (1980) 

Shaw and Prasad (197") 

Trouslot and Second (1980) 

Schwennesen, Mielke and 
Wolfe (1982) 

Trouslot and Second (1980) 

staining 
system 

Tetrazolium 

Diazonium 

Diazonium 

Diazonium 

Tetrazolium 

Diazonium 

Tetrazolium 

Tetrazolium 

Tetrazolium 

a. ADH. Nitroblue tetrazolium (NBT, 20mg), 2Smg 
nicotinamide-adenine dinucleotide (NAD),and 2mg 
phenazine methosulphate (PMS) were dissolved in l0ml 
0.SM Tris-HCl buffer (pH 8.S) 7S.Sml H20 and f1.I.Sml 9S% 
ethanol. Incubation was carried out at 4f1.1°C for 1 
hour. 

b. AcPh. Sodium alpha-naphthyl phosphate (Sf1.Img) and Sf1.Img 
Fast Garnet GBC salt were dissolved in lf1.lf1.lml f1.I.f1.ISM 
sodium acetate buffer (pH S.f1.I). Incubation was carried 
out at 4f1.1°C for 3 hours. 

c. EST. Fast Blue RR salt (1 f1.If1.Img) was dissolved in 97ml 
f1.I.1M phophate buffer (pH 7.1). Alpha naphthyl acetate 
(3f1.1mg) and 3f1.1mg beta naphthyl acetate were dissolved in 
1.Sml acetone and 1.Sml H20 and added prior to staining. 
Incubation was carried out at room temperature for 2 to 
3 hours. 
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Table 8, Continued. 

d. GOT. Aspartic acid (4130mg) and 2130mg ketoglutaric acid 
were dissolved in 45ml 13.5M Tris-HCl buffer (pH 8.5) 
and 55ml H2 0. Fast Blue BB salt (4130mg) and 2mg 
pyridoxal~5~phosphate were added prior to staining. 
Incubation was carried out at 35 0 C for 1 hour. 

e. ICD. Isocitric acid trisodium salt (2013mg) and 213mg 
nicotinamider adenine dinucleotide phosphate (NADP) 
were dissolved in Iml 13.4M MgC12' 20ml 13.5M Tris~HCl 
buffer (pH 8.5) and 75ml H20. NBT (20mg) and 2mg PMS 
were added prior to staining. Incubation was carried 
out in the dark at 413 0 C for 2 to 3 hours. 

f. LAP. L-leucyl;-beta,:,naphthylamide (50mg) was dissolved 
in 313ml H20. Black K salt (513mg) was dissolved in 
513ml 0.2M Tris-malate buffer (pH 3.3) and 20ml 0.2M 
NaOH. Both solutions were mixed prior to staining. 
Incubation was carried out at 40 0 C for 2 to 3 hours. 

g. MDH. NAD (25mg) was dissolved in 113ml 1M Na L~malate 
buffer (pH 6.13), 213ml 13.5M Tris~HCl (pH 8.5) and 66m1 
H2 0. NBT (213mg) and 2mg PMS were added prior to 
staining. Incubation was carried out in the dark at 
413 0 C for 1 hour. 

h. ME. L-malic acid (51313mg) was dissolved in 1013 ml 13.1M 
Tris-HCl (pH 8.13). NBT (20mg), 10mg NADP and 5mg PMS 
were dissolved in lml 113% MgC1 2 and added grior to 
staining. Incubation was carried out at 35 C for 2 
hours. 

i. PGD. Sodium phosphogluconate (213mg) and 113mg NADP were 
dissolved in lml 13.4M MgC12' 213ml 13.5M Tris~HCl buffer 
(pH 8.5) and 75ml H20. NBT (213mg) and 2mg PMS were 
added prior to staining. Incubation was carried out at 
413°C for 2 to 3 hours. 



Method A 

4~METHYL UMBELLIFERYL ACETATE 

Esterase 

CARBOXYLIC ACID ANION~""4-METHYL UMBELLIFERONE 
(fluorescent) 

Method B 

~-NAPHTHYL ACETATE 

Esterase 
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CARBOXYLIC ACID ACETATE FAST BLUE B 

~-NAPHTHYL DIAZOTATE 
(colored dye) 

Figure 4. Staining systems utilized in the revelation of 
esterase. The azo-:dye coupling system (method B) was 
employed in this study (Harris and Hopkinson, 1976). 



RESULTS 

The results of this study are presented in three 

sections. First, the application of biochemical markers, 

total soluble proteins and isozymes, to lettuce cultivar 

identification. Secondly, a genetic and molecular analysis 

of the esterase isozymes. Lastly, data on a low temperature 

germination experiment designed to test the involvement of 

the esterases in the response to this physical factor. The 

reasoning behind this last experiment is the following: if 

the esterases are membrane~bound enzymes they would be 

affected by low temperature induced membrane changes. If, 

in turn, the esterases played a role in reserve 

mobilization to the growing embryo, any functional 

involvement in a low temperature response would be 

reflected in the differential ability of homozygotes and 

heterozygotes at one esterase locus to germinate and grow 

under this conditions. 

Cultivar Characterization 

Total Soluble Proteins 

Examination of several seed proteins separated by 

native gel electrophoresis and stained with coomassie 

brilliant blue (CBB) showed most bands were common to all 

cultivars (Fig. 5). However, the two fall~desert cultivars 

42 
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"Excell" (Ex) and "Empire" (Em) had a distinctive dark 

staining band (arrow) which was not found in the other 

cultivars. The more sensitive silver stain showed this band 

to be present in other cultivars, but in far lesser amounts 

(Fig. 6, first arrow). Silver staining also showed the 

absence in the two fall-desert cultivars of another band, 

migrating slightly faster, which was present in all the 

other cultivars (Figo 6, second arrow). 

The result of the isoelectric focusing run is shown 

in Fig. 7. The acidic proteins are relatively more 

abundant. Additional work is required before a definitive 

appraisal can be made as to the utility of this technique 

when applied to the analysis of the total soluble seed 

proteins for the characterization of these cultivars. This 

work would include other wick placements and sample 

concentrations in order to analyze the different proteins 

which can be visualized with this technique in more detail. 

Isozyme Activity Patterns 

Gels were tested for the distribution of the 

enzymes listed in table 7. No variation in activity or 

migration rate was noted among the cultivars for eight of 

the nine enzymes analyzed (Fig. 8). Only the esterases 

showed significant variation, with two distinct patterns of 

activity observed. One pattern, which will be referred to 

as low (L) because of its appearance on the gels due to its 
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faster migration, corresponding to both fall-desert 

varieties, Ex and Em, to two of the winteri'desert 

cultivars, "Red Coach 74" (RC) and "Valley Queen" (VQ) and 

to one of the coastal cul ti vars "Amaral 400" (A). The other 

pattern, which will be referred to as high (H) because 

appearance due to its slower migration rate, corresponding 

to one of the winter-desert cultivars, "Winter Supreme" 

(WS) and to two of the coastal cultivars, "Blanco" (B) and 

"Salinas" (S) (Fig. 9). 

Staining for cholinesterases was also performed but 

the extracts from all the seeds lacked any detectable 

activity. 

Genetic Analysis of Esterase Polymorphism 

The segregation of three esterase banding 

phenotypes was observed in the F2 generation from a cross 

between the two winter-desert cul ti vars "Winter Supreme" 

(WS) and "Red Coach 74" (RC) from the 1983 year of 

production (Fig. 10). Two of these patterns are parental 

(high, H, corresponding to WS and low, L, corresponding to 

RC) and one is a hybrid pattern (full, F, showing a 

combination of the Hand L patterns). A chi-square analysis 

of data from 254 individual seeds (Table 9), shows a good 

fit to a 1:2:1 segregation ratio (Table 10). No evidence of 

maternal inheritance was found since both reciprocal 

crosses yielded similar results. 
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Parental seed from the 1985 year of production 

(WS(l) and RC(l» showed consistent differences in esterase 

banding phenotype from the 1983, other 1985, and 1986 seed. 

These differences include an apparent reduced activity 

indicated by a genera1yzed less intense staining and 

altered expression of esterase bands. These differences, 

which can be seen in Figs. 11, 12, and 16 and are also 

shown in diagrammatic form in Fig. 13, include an 

additional band (see arrow in Fig. 13) apparent in both 

lines. Also band 4 is present in WS(l) and band 2 in RC(l) 

(Fig. 13). The Fl showed the hybrid pattern (F) (Fig. 12) 

and the F2 segregated in the expected fashion (lH:2F:1L). 

The selfed seed from the hybrid of these two parental lines 

thus seemed to have reverted to the patterns initially 

detected in the 1983 seed (Fig. 10). This apparent 

reversion to the original pattern can also be appreciated 

in Fig. 16 where a comparison is made between seed from 

1983 with the parental lines from 1985 and their selfed 

progeny from 1986. The esterase patterns obtained from 

"Winter Supreme" and "Red Coach 74" from the 1985 and 1986 

years of production as well as those of their progenitors 

"Climax" and "Vanguard" are shown in Fig. 12 and these 

results are summarized in diagrammatic form in Fig. 13. 

Seed from 1986 showed the highest esterase activity as 

indicated by the intensity of the bands. 

The progeny of a backcross of WS x (WS x RC) segregated 
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IH:IF (Fig. 14). The reciprocal cross, (WS x RC) x WS, the 

hybrid as the female parent, produced similar results but 

with the presence of a few parental L phenotypes attributed 

to accidental selfing in the hybrid (Fig. 15). 

Two introductions of L. sativa exhibited the L 

pattern of esterase activity. One introduction of L. 

serriola exhibited the H pattern but band 6, which was 

invariable in all other seed types analyzed, showed a 

slower rate of migration. One introduction of L. saligna 

exhibi ted addi tional differences (Fig. 16). 

Analysis of cotyledonary tissue from 10 day-old 

seedlings showed the presence of additional bands of 

esterase activity which were correlated with the 

development of the seedling (Fig. 17). 

Molecular Weight Determinations 

Electrophoresis of the electroeluted esterase 

polypeptides on SDS gels showed the presence of two faint 

bands, visible after the gel had been stained with 

coomassie blue G-2S0 followed by silver. The estimated 

molecular weight of these polypeptides as determined from 

their relative mobility when compared to molecular weight 

standards is approximately 56,1300 and 62,500 daltons 

respectively (Fig. 18) • 

.J 
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Germination at Low Temperature 

The results of this experiment are presented in 

Table 11. A correlation coefficient of 0.71 was found 

between seed weight and seedling weight at 10 days in the 

F2. The means, standard deviations, and standard errors for 

these two parameters in the three zymotypes in t.he F2 are 

shown in Table 12. Analysis of variance of the F2 data 

showed no significant differences at the 0.05 level between 

the mean seed and mean seedling weights of homozygotes and 

heterozygotes at one esterase locus (Tables 13 and 14). 
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Ex Em WS RC VQ A B S 

(+) 

Figure 5. Total soluble proteins in native polyacrylamide 
gels stained with coomassie brilliant blue G~250 
(CBB G.-;- 250). Excell, Ex; Empire, Em; Winter 
Supreme, WSi Red Coach 74, RCi Valley Queen, VQi 
Amaral 400, Ai Blanco, B; Salinas, S. 
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Ex Em WS RC VQ A B S 

(+) 

Figure 6. Total soluble proteins in native polyacrylamide 
gels stained with coomassie brilliant blue R~250 
(CBB R-:250) followed by silver. Excell, Ex; 
Empire, Em; Winter Supreme, WSi Red Coach 74, 
RCi Valley Queen, VQi Amaral 400, Ai Blanco, B; 
Salinas, S. 



50 

Ex Em WS RC VQ A B S 

(+) 

(-) 

Figure 7. Isoelectric focusing of total soluble proteins in 
a polyacrylamide gel with a pH 3.5~l0 gradient 
stained with CBB G-250. Arrow indicates acidic 
sample wick placement. Excell, EXi Empire, Emi 
Winter Supreme, WSi Red Coach 74, RCi Valley 
Queen, VQi Amaral 400, Ai Blanco, Bi Salinas, S. 
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(- ) 0 AcPh ADH EST, EST2 GOT ICD LAP MDH ME PGD 

2 -- - - -- -- -- --- -- 4 
C:I 

E -u - --= -c 
6 -- - -fa -tall 

:E 8 

(+) 10~--------------------------------~ 

Figure 8. Isozyme banding patterns of cu1tivars analyzed; 
the white rectangle (ME) indicates a negative 
(background free) band. 
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Ex Em WS RC VQ A B S 

(+) 

Figure 9. Esterase zymogram of cultivars analyzed. Excell, 
Ex; Empire, Em; Winter Supreme, WS; Red Coach 
74, RCi Valley Queen, VQi Amaral 400, Ai Blanco, 
Bi Salinas, S. 
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WS L F H L H H F RC 

(-d 

(+) 

Figure 10. Esterase zymogram of Winter Supreme and Red 
Coach 74 parental lines and F2 from 1983 year 
of production. Parental lines at both ends 
of gel Winter Supreme (WS) at left and Red 
Coach 74 (RC) at right. F2 progeny in the 
middle, two parental patterns, L (low) and H 
(high) and a hybrid pattern, F (full) are 
apparent. 
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WS (1) L F L L H L F RC (1) 

(+ ) 

Figure 11. Esterase zymogram of Winter Supreme and Red 
Coach 74 parental lines and F2 progeny from 
1985 and 1986 year of production. Parental 
lines at both ends of gel, Winter Supreme (WS 
(1» at left and Red Coach 74 (RC(l») at 
rIght. F2 progeny in the middle, L (low) and H 
(high) . are parental patterns, F (full) are 
hybrid patterns. 
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C (80) ws (1) F1 RC (1) WS (85) RC (85) WS (86) RC (86) V (80) 

(-) 

(+) 

Fi gu re 12. Es terase. zymogram of Cl i rna x, Va ngua rd, Winter 
Supreme and Red Coach 74 parental and progeny 
lines from several years of production. 
Progenitors Climax (C) and Vanguard (V) at both 
ends of gel. WS (1) and RC (1) are the parental 
lines crossed to produce the F1 hybrid 
shown between them. The number in parenthesis 
after the cu1tivar initials indicates the year 
of production; WS(85) and RC(85) are from 
commercial seed lots and WS (86) and RC(86) are 
the selfed product of the parental lines WS(l) 
and RC(l). 
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Figure 13. Diagramatic representation of esterase zymot,ypes of Climax, Vanguard, 
Winter su)reme and Red Coach 74 parental and progeny lines. Ancestors 
Climax (C and Vanguard (V) at both ends, WS(l) and RC"(l) are )arental 
lines and Fl their hybrid progeny; F banding patterns high (H , full 
(F) and low (L). Three band intensitfes are represented by a double line, 
a single line and a discontinuous line, r indicates a red band produced 
by reaction to beta-naphthyl acetate as substrate, arrows indicate new \n 

bands with altered mobility, 1 through 6 represent main bands. 0\ 
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F F H H H F F H F H F H F H H H F F H F 

(-) 

(+) 

Figure 14. Esterase zymogram of Winter Supreme x (Winter 
Supreme x Red Coach 74) backcross progeny. H 
zymotype, high pattern homozygote; F zyrnotype, 
full pattern heterozygote. 
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F H H F H L F H H F F H F F H L F F H L 

(-) 

(+) 

Figure 15. Esterase zymogram of (Winter Supreme x Red Coach 
74) x Winter Supreme backcross progeny. H 
zymotype, high pattern homozygote; F zymotype, 
full pattern heterozygote. The presence of some 
L zymotypes, low pattern homozygotes, is 
attributed to accidental selfing in the female 
parent. 
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WS(83) RC(83) WS(l) RC(l) WS(86) RC(86) Sat Sat Se Sa 

(- ) 

(+) 

Figure 16. Esterase zymogram of parental and progeny lines 
of Winter Supreme, Red Coach 74 and plant 
introductions of P. sativa, L. serriola and L. 
§. ~ 1..!.. So!!. ~ • Fro m - 1 eft t 0 - rig h t Win t er 
Supreme (WS) and Red Coach 74 (RC) from 1983 
year of production, WS (1) and RC(l} parental 
lines from 1985, and their selfed progeny from 
1986. Sat (L. sativa introductions 
PI 251245 and-C 18--311); Se (L. serriola 
i n t rod u c t ion PI 4 9111 2 ) and Sa - (!:!.. -saligna 
introduction PI 491204). 
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F L F L F H H L H L F H L L F F 

(-) 

(+) 

Figure 17. Esterase zymotypes of cotyledonary tissue from 
F2 from a Winter Supreme x Red Coach 74 cross. 
Arrows indicate developmentally regulated 
bands. H, high parental pattern; L, low 
parental pattern; F, full hybrid pattern. 
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Phosphorylase B (92,,500) 

2 

Bovine serum albumin (66,200) 
62,,500 

- ,56,000 

Ovalbumin (4,5,000) 

Carbonic anhydrase (31.000) 

3 4 

Mobility (em) 

Soybean· trypsin inhi
bitor (21.,500) 

Lysozyme (14,400) 

7 8 9 10 

Figure 18. Standard curve showing the position of the two 
electroeluted esterase polypeptides with 
respect to molecular weight standards after 
electrophoresis on a SOS gel. 
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Table 9. Phenotypic segregation from the F2 generation of a 
Winter Supreme (H) x Red Coach 74 (L) cross. 

Gel number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1'" 
11 
12 
13 
14 
15 
16 
17 
18 
19 
2'" 
21 
22 
23 
24 
25 
26 
27 
28 
29 

Total 

a. Unscorab1e. 

9 
2 
1 
4 

1 

1 
1 
2 

1 
3 

25 

b. F, hybrid full pattern. 

H 

3 
5 
2 
4 

1 
1 
6 
1 
3 

1 
5 
2 
2 
1 

1 
3 
1 
1 
3 
1 
4 
2 
1 
1 
1 

56 

L 

6 2 
5 8 

13 4 
6 4 
3 1 

1'" 1 
4 

10 4 
5 2 
5 1 
5 4 
4 3 
5 
3 5 
4 4 
3 3 
3 2 
4 3 
3 2 
1 
3 6 
7 
3 3 
2 2 
3 3 
3 1 
1 2 

1 
2 1 

126 72 



63 

Table 10. Chi-square analysis of phenotypic segregation 
from the F2 generation of a Winter Supreme x 
Red Coach 74 cross. 

Isozyme 
Pattern 

High 

Full 

Low 

Total 

Observed 
(0 ) 

56 

126 

72 

254 

Expected 
(E) 

63.5 

127.0 

63.5 

254.0 

0.886 

0.008 

1.138 

(P= 0.5-0.1) 
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Table 11. Seed and 10 day seedling weights of different 
esterase zymotypes obtained during germination 
at low temperature. 

a b 
Winter Suprele (H ) Red Coach 74 (L ) r 

2 
-----------------------------------------------------------------------------------------------------

Seed Seedling Seedling Seed Seedling Seedling Seed Seedling 
Seed Nt. rll. DW. Wt. rw. DII. lit. rN. 
no. (Ig) (Ig) (Ig) (Ig) (Ig) (Ig) (Ig) (Ig) ZYlotype 

-----------------------------------------------------------------------------.-----------------------
c 

1 1.30 5.1 1.0 1.43 6.7 1.3 1.lB 5.5 r 
2 1.04 4.1 0.9 1.30 5.9 1.2 1.05 5.B L 
3 0.79 4.0 0.6 0.96 5.7 1.1 0.97 4.9 r 
4 1.05 4.0 0.4 1.13 6.B 1.4 1.14 5.7 L 
5 1.13 4.7 0.7 1.20 6.1 1.4 1.00 4.B r 
6 0.95 4.1 0.6 1.21 7.4 1.4 0.B2 4.2 H 
7 0.76 4.0 0.7 1.37 6.3 1.2 0.99 5.0 H 
B 0.76 3.4 O.B 1.33 6.3 1.3 1.23 5.B L 
9 0.79 3.2 0.7 1.31 6.4 1.1 0.74 3.3 H 

10 1.14 4.8 0.6 LIB 6.6 1.3 0.83 3.2 L 
11 1.21 5.0 O.B 1.37 5.6 1.5 1.1B 5.2 r 
12 1. OS 5.1 0.5 1.34 7.B 1.2 1.12 4.B H 
13 1.44 5.9 0.7 1.34 6.B 1.6 1.02 4.5 L 
14 1.55 5.9 0.7 1.45 5.5 1.6 1.13 4.1 L 
15 0.B3 3.1 O.B 1.61 7.1 1.0 1.12 3.9 r 
J6 0.92 3.5 0.7 1.41 7.2 1.1 0.B7 2.4 r 

------------------------------------------------------------------------------------------------------
X 1.044 4.344 0.7 1.309 6.512 1.294 1.024 4.569 

-----------------------------------------------------------------------------------------------------

a. Parental high pattern 
b. Parental low pattern 
c. Hybrid full pattern 
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Table 12. Means, standard deviations and standard errors 
of seedling fresh weights and seed weights for 
F2 homozygotes and heterozygotes at one esterase 
locus. 

Group Number a 

Seedling FW (mg) 

High 4 

Full 6 

Low 6 

Seed Weight (mg) 

High 4 

Full 6 

Low 6 

Mean 

4.32513 

4.451313 

4.851313 

13.9175 

1.13533 

1.0667 

Standard 
Deviation 

13.7632 

1.1397 

1.13895 

13.17136 

13.1264 

13.1375 

Standard 
Error 

13.3816 

13.4653 

13.4448 

13.13853 

13.13516 

13.13561 

a. The low pattern cultivar (Red Coach 74) consistently 
yielded higher seed and seedling fresh weights than the 
high pattern cultivar (Winter Supreme), and the F2 was 
intermediate, in other experiments in which the 
esterase zymotype of each individual F2 seed was not 
recorded. 
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Table 13. Analysis of variance of mean seedling fresh 
weight between homozygotes and heterozygotes at 
one esterase locus. 

Source D.F. 

Between groups 2 

Within groups 13 

Total 15 

Sum of 
Squares 

0.797 

14.178 

14.974 

Mean 
Squares 

13.398 

1.1391 

F 
Ratio 

13.365 

F 
Prob. 

13.7131 
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Table 14. Analysis of variance of mean seed weight between 
homo zygotes and heterozygotes at one esterase 
locus. 

Source 

Between groups 

within groups 

Total 

Sum of 
D.F. Squares 

2 ~.6l5 

13 ~.262 

15 ~.323 

Mean 
Squares 

~.~3l 

~.~211J 

F 
Ratio 

1. 526 

F 
Probe 

~.254 



DISCUSSION 

These data show that the electrophoretic separation 

of total soluble proteins and isozymes in polyacrylamide 

gels is an effective and convenient method. for the 

biochemical characterization of some lettuce cultivars. The 

different esterase banding phenotypes or zymotypes observed 

in the different cultivars were found to be determined by 

the segregation of a single gene with codominant action. 

The possibility of an involvement of the esterases during 

germination at low temperature is further discussed. 

Total Soluble Proteins 

. The fall-desert cultivars "Excell" and "Empire" 

could be easily distinguished from all the other cultivars 

included in this study. Examination of their pedigree shows 

this is not altogether surprising since "Excell" is a 

selection from "Empire" and "Empire" has a somewhat 

different ancestry than the other six cultivars (Ryder, 

1985). The use of other more specific electrophoretic 

techniques such as isoelectric focusing or two dimensional 

gel electrophoresis could reveal additional differences. 

Esterases 

Esterase isozyme banding patterns unexpectedly 

group the winter~desert cultivar "Winter Supreme" with the 

68 
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coastal cultivars and the coastal cultivar "Amaral 400" 

with the desert cultivars. 

The winter~desert cultivars "Winter Supreme" and 

"Red Coach 74" were selected for genetic analysis to 

determine the inheritance of the esterase isozymes. These 

cultivars have a very similar breeding history, both were 

derived from a cross between "Climax" and "Vanguard" in an 

attempt to develop a large framed, large headed, good 

quality type lettuce for midwinter production in the 

southwestern United States. "Climax" and "Vanguard" are 

also very closely related, although "Vanguard" is the only 

lettuce variety known to have the wild species L. virosa in 

its ancestry (Thompson and Ryder, 1961; Heintzberger, 

1986). 

The phenotypic segregation observed in the F2 and 

backcross generation seed from crosses between "Winter 

Supreme" and "Red Coach 74" can be accounted for by a 

single gene with codominant action (EST-:-2). The F2 

segregation data fits a 1:2:1 ratio and the backcross data 

a 1:1 ratio very well, the presence of a low frequency of L 

zymotypes in the progeny of the (WS x RC) x WS backcross is 

attributed to accidental selfings in the female hybrid 

parent. The band which show no segregation probably 

represents the product of another gene fixed in the 

homozygous form (EST-I). One introduction of L_ serriola 

exhibited altered mobility at this band indicating the 
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presence of a different allele at this locus. The presence 

of two different polypeptides of slightly different 

molecular weight, detected in the molecular weight 

determination experiments, is a good indication of the 

involvement of two structural genes. One of these genes 

(EST~2) conceivably could have arisen from EST-l by 

duplication. Both polypeptides could be active as monomers 

or interact to form dimeric molecules or aggregates of 

higher molecular weight. However, the altered mobility of 

the EST,:""l gene product observed in L. serriola, which 

resulted in no change in the products of the segregating 

gene EST-2, argues against the involvement of EST-1/EST-:-2 

heterodimers in the observed patterns. EST~l and EST,:",,2 

could thus be genes coding for independent enzymes and the 

patterns could correspond to monomers and dlmers of the 

EST~2 polypeptide alone. Resolution of this question will 

require further consideration. There is little evidence 

regarding the subunit composition of plant esterases, 

although their activity has been reported as either 

monomers, dimers or both (Kawase and Sakamoto, 1984; 

Ainsworth, Gale and Baird, 1984; Salinas and Benito, 1985). 

The esterase differences observed in these 

cultivars between the different years of production most 

likely represent environmental rather than genetic changes 

since they occurred in both cultivars. The altered pattern 

could be due to post~transcriptional or post-translational 
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modifications of their polypeptide subunits (Finnerty and 

Johnson, 1979; Johnson, Finnerty and Hartl, 1981). Post~ 

translational modifications in the esterase;6 gene in 

Drosophila has been attributed to modifier genes affecting 

electrophoretic mobility (Cochrane and Richmond, 1979). 

Sometimes enzyme phenotypes may show complexity because of 

the occurrence of secondary bands caused by complexes with 

cofactors and other ions, or even incompletely transcribed 

or translated products (Kaplan, 1968). The occurrence of 

intergenic heterodimers or an interplay of all such 

possibilities might very well be in operation and the 

situation might not be an easy one to resolve (Aru1sekar et 

a1 .. , 1986). 

The carboxylic ester hydro1ases (EC 3.1.1) catalyze 

the hydrolysis of a large number of carboxylic esters 

according to the following reaction: 

Esterases are differentiated from 1ipases based upon the 

specificity of their hydrolytic action on short chain fatty 

acid esters (Krisch, 1971). The esterases can be further 

classified by varying the substrate or by incubation in the 

presence or in the absence of inhibitors into 

carboxy1esterases (3.1.1.1), ary1esterases (3.1.1.2), 

acety1esterases (3.1.1.6) or cho1inesterases (3.1.1.8) 
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among others (Dewald et al., 1974). Both carboxylesterases 

and acetylesterases have been reported in plants. For a 

complete classification of the esterase see the the 

recommendations of the Nomenclature Committee 

(International Union of Biochemistry, 1979). The 

differentiation of the numerous esterase activities for 

various organisms is a very complex problem which has not 

been totally resolved. 

The nonspecific carboxylesterases (3.1.1.1), one of 

the molecular classes detected with the nonspecific 

substrates alpha- and beta~ naphthyl acetate used in this 

study, are probably the best characterized of the 

esterases. These enzymes hydrolyze a wide variety of 

carboxylesters according to the following reaction: 

carboxylic ester + H20 ~-? alcohol + carboxylic acid anion 

The enzyme purified from crude extracts of bovine liver has 

been reported to have an apparent molecular weight of 

53,000~55,000 and the associated form a molecular weight of 

168,000, and thus probably consists of three subunits 

(Ecobichon, 1969). This, however, is inconsistent with the 

reported number of active sites which is only two (Krisch, 

1971). Robbi and Beaufay (1983) report subunit molecular 

weights of 57,000 and 60,000 in the rat liver. The subunit 

composition of the liver enzyme is still the subject of 

some controversy. 
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Under the conditions of this study it is not 

possible to determine unambiguously the esterase category 

involved. Further experiments with inhibitors would be 

necessary. The inhibitors diisopropyl fluorophosphate (DFP) 

(U:p: 4 M) and d i ethyl p-ni trophenyl phospha te (E600 or 

paraoxon) (l0::: 5 M) inhibit carboxyl esterases and 

cholinesterases but not acetyl and aryl esterases. Eserine 

(10,:,:,5 M), on the other hand, inhibits cholinesterases only 

and p~chloromercuribenzoic acid inhibits aryl esterases 

only (Dewald et al., 1974). 

Nonspecific esterases are among the most variable 

and most intensively studied enzyme systems in plants (van 

der W. Jooste and Moreland, 1963; Nakaghra, 1977; Nakai, 

1977). The role of esterases in plant metabolism is however 

poorly understood. Allard, Kaehler and Weir (1972) have 

demonstrated significant changes in allelic frequencies of 

esterases over 25 generations of an experimental population 

of barley. Hoewever this does not necessarily imply 

adaptive importance since isozyme genes may be linked with 

other genes of adaptive nature and directly responsive to 

selection. Thomson (1977) and Asmussen and Clegg (1981) 

have analyzed the effects of a selected locus on linked 

neutral loci and do not consider this to be a stable 

situation which could by itself explain selective effects. 

Although the discussion of the neutrality of the isozymes 

themselves is not relevant to their practical application 
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it is a problem of 

considerable interest from a physiological and evolutionary 

standpoint (Nielsen, 1985). It is quite possible that the 

esterases could be involved in important and diverse 

physiological processes. Kolattukundy (1977), for example, 

provides evidence which suggests that nonspecific ,esterases 

could be the precursors of cutinase. Christiansen (1984) 

describes chemical changes undergone by membrane lipids at 

low temperature in which esterases may playa role since 

these enzymes participate in lipid metabolism and regions 

of the membrane undergoing active metabolism might regulate 

membrane function. 

Membrane~Bound Enzymes in Response to Low Temperature 

The increase in esterase activity observed when 

Triton X~100 was included in the electrophoretic system is 

a good indication of the membrane location of this enzyme 

since the detergent is known to allow effective 

solubilization of membrane proteins without loss of 

enzymatic activity (Dewald et al., 1974). In support of 

this assumption, Blomberg and Perlman (1971) report that 

esterases are an integral part of the liver plasma membrane 

of the rat. 

A wide range of genetic diversity in the capacity 

to withstand low temperatures is recognized in plants. 

Lettuce, being able to germinate down to temperatures near 
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freezing, is considered a relatively chilling~resistant 

plant (Simon, 1979). 

Certain physical changes in cellular membrane 

structure and function are known to occur at low 

temperatures. Some of these changes involve reordering of 

membrane lipids leading to a phase transition from a 

liquid-crystalline to a solid gel structure. This can have 

a direct effect on the function of membrane bound enzymes 

(Lyons, Raison and Steponkus, 1979). The fatty acid 

composition of the membrane can also be modified in order 

to maintain fluidity. The function of the membrane 

associated enzymes is affected by the type of fatty acids 
\ 

present in the membrane lipids (Baldassare et al., 1977). 

The kinetic properties of the enzymes can also change in 

response to temperature variability. This provides a 

mechanism of thermal homeostasis which may allow the 

organism to adapt its metabolic rate (Teeri, 1980). 

As discussed previously, the objective of the 

germination at low temperature experiment was to try to 

detect any correlation between esterase banding phenotype 

or zymotype and growth rate, as determined by seedling 

weight at 10 days after imbibition, under temperature 

conditions which could induce membrane associated changes. 

This, in turn, could produce detectable differences between 

homozygotes and heterozygotes at one esterase locus. This 

experiment was thus a "targeted ri selection experiment 
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designed to uncover any potential for selection of the 

observed esterase polymorphism (Hartl and Dykhuizen, 1985). 

The results indicate no significant differences in 10 day-, 

old seedling fresh weight between the three zymotypes 

(Table 13). The p~value, 0.7, is much greater than 0.05, so 

that the null hypothesis, the mean of the heterozygotes 

being no different than the mean of either homozygote, 

cannot be rejected. 

The detection of single-locus variance 

contributions leading to small selection differentials 

requires assessment of the "proximal" phenotypes 

associated with specific enzyme polymorphisms (Eanes and 

Hey, 1986). The inability to detect statistically 

significant differences in growth rate in 10 day':'"old 

seedling weight in the cold germination experiment may 

reflect the fact that this is a "distal" phenotype, the 

action of several additional loci may make the functional 

contribution of esterase polymorphism undetectablec The 

embryo of the lettuce "seed" is completely surrounded by an 

endosperm 2 or 3 cell layers thick which is completely 

hydrolyzed during the first 15 to 20 hours following 

radicle emergence. It constitutes the only source of 

carbohydrates for early axis growth since the mobilization 

of t~e major reserves from the cotyledons occurs only after 

this tissue has been digested (Bewley, Leung and Ouellette, 

1983). Focusing on changes in growth rate occurring earlier 
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in development could thus be an alternative approach in the 

establishment of a more proximal phenotype for esterase 

polymorphism in early lettuce development under cold 

temperature stress. 



CONCLUSIONS 

The electrophoretic analysis of seed proteins of 

lettuce provides an effective and convenient means for. 

cultivar characterization. Qualitative differences in total 

soluble proteins allowed the identification of fall-desert 

cultivars in experiments in which winter-desert and coastal 

cultivars were also included. 

Of nine enzyme systems assayed in the above 

mentioned cultivars only the esterases were found to be 

polymorphic, 

zymotypes. 

with two distinct banding phenotypes or 

Genetic analysis conducted in the F and 
2 

backcross progeny from a cross between two winter-desert 

cultivars of contrasting banding phenotypes identified the 

segregation of a single gene with codominant action to be 

responsible for the observed differences. Molecular weight 

estimates identified two polypeptide subunits of 56,000 and 

62,500 daltons. These are in good agreement for the number 

and weight of subunits reported in animal liver. It is 

proposed that plant esterases, as determined under the 

conditions of our study, are controlled by two genes, one 

fixed (EST-I) and the other segregating (EST-2). These two 

genes would be responsible for the two polypeptide subunits 

identified. The subunits could be active as monomers or 

interact in the formation of aggregates of higher molecular 

78 
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weight. If this situation actually is present, gene 

duplication could be the evolutionary mechanism responsible 

for the presence of the two genes. Additional differences 

were observed between different years of production, and 

specific developmentally regulated isozymes were found in 

cotyledonary tissue. 

In an effort to correlate esterase phenotype with a 

physiological adaptation, a cold germination experiment was 

conducted. It is believed that esterases are associated 

with the cell membrane and involved in lipid metabolism at 

this location. Esterase polymorphism could thus result in a 

differential response to an imposed condition which could 

result in phase transitions and other changes in the 

membranes. No statistically significant differences in 

growth rate, as determined by 10 day-old seedling weight 

were determined. It is proposed that this trait could be a 

distal phenotype removed from any detectable adaptive 

effect of esterase polymorphism. Alternatively, it could be 

that this enzyme just is not involved in this adaptation. 

The study of the functional properties of esterase 

enzymes has provided an incisive experimental approach to 

the molecular mechanisms underlying environmental-genotype 

interactions in lettuce. 
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