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Fishery biologists generally recognize the need to identify differences 
among stocks and to monitor genetic changes. However, many biologists do not 
recognize the link between stock differences, protein variation, and genetic 
variation inheritcd in a Mendelian manner. This chapter is intended to provide 
that link. 

Outlined are some of the basic genetic principles and procedures under- 
lying the practical application of population genetics to fishery managemenf 
problems: Some of the information is now fundamental to introductory under- 
graduate courses, but many fishery biologists completed their training before 
r~lolecular biology and the molecular basis of hereditary variation were taught at 
the undergraduate level. However, most of this chapter deals with the under- 
scanding and interpretation of genetic data as revealed by electrophoresis. This 
tool continues to play a major role in understanding the levels and patterns of 
genetic variability within and among populations. 

It was pointed out in Chapter 1 that contributions of individual genes 
usually cannot be identified from studies of quantitative traits such as length, 
kcundity, and number of gill rakers. Quantitative characters are therefore ex- 
cluded in this chapter. The reader is referred to Ferguson (1980) for a general, 
~rnc l  in some areas more detailed, examination of many topics approached in 
this chapter. 

Mendel's studies (1866) first identified units of inheritance which were 
dsequently termed germ by Johannsen (1909). Considerable theory concern- 
i ~ l g  the dynamics of Mendelian genes had developed by the early 1930s. A con- 
~.cptual framework for the interactions of mutation, migration, selection, and 
Jsil't in the creation, maintenance, and distribution of Mendelian genes in natu- 
r.11 populations was established through the writings of Fisher (1930), Haldane 
(1032). and Wright (1932). 

Very little empirical information was available to niatch this 
111~*orctical groundwork for over 30 years. An exception was the detection 
( 1 1  sizable levels of deleterious recessive genes detected in Drosophila (Du- 
trirlin et al. 1937). Also, knowledge of simply inherited human blood groups 
\$. I \  accumulating by the 1930s (reviewed in Boyd 1966). Indecd, human 
I:l01)11 groups provided early and extensive observations on intraspecific struc- 



turing of popul;~tic)ns based on infornlation fronl Mendeliall genes (Mourant 
1954). 

A revolutionary advance~nent in the ability to identify Mendelian genes 
arosc from two developn~ents in the 1950s. Watson and Crick (1953) deduced 
[Ire structun of the DNA molecule, which ultimately clarified the direct rela- 
tionship between genes and proteins. This knowledge was followed by the 
dcvclopment of electrophoretic procedures which permitted rapid and reli- 
able identification of protein variations reflecting simple genetic differences 
(Smithies 1955, Hunter and Markert 1957). The ease with which Mendelian 
variil~lts could now be detected by electrophoresis (contrasted with the pre- 
viously great difficulty in detecting such variation) resulted in a proliferation of 
descriptive studies of Mendelian variants of proteins in many organisms (see 
deLigny 1969, 1972 for reviews of early electrophoretic studies of fishes). 
Eventually, the classical studies of Lewontin and Hubby (1966) in Drosophila 
pseiidoobscum and of Harris (1966) in man clearly suggested that substantially 
higher levels of genetic variation exist throughout all classes of organisms than 
h;~d previously been known. 

The simple inheritance observed for blood groups in man (cited above) 
and other higher vertebrates (e.g., cattle, Stormont et al. 1951; chickens, Briles 
et al. 1950) suggested the existence of similar Mendelian markers in fishes and 
Icd to studies of blood groups in such fishes as tuna (Cushing 1956) and sal- 
monids (Ridgway 1957, Sanders and Wright 1962). l'he anticipated usefulness 
of these studies for identifying Mendelian variations was not fulfilled because of 
technical limitations such as fragility of fish erythrocytes and difficulties in pro- 
ducing and preserving discriminating antisera (reviewed in Hodgins 1972). 
However, information from electrophoretic studies has subsequently met and 
surpassed the expectations envisioned from blood groups. Population structures 
of fish species are being clearly defined with the use of purely genetic data (e.g. 
Allendorf and Utter 1979, Winans 1980, Shaklee 1983, Ferguson and Mason 
1981, Ryn~an 1983). Using such data, statistical and data processing procedures 
havc been developed for obtaining detailed, accurate, and timely estimates of 
mixcd stock compositions (Grant et al. 1980, Fournier et al. 1984, Milner et al. 
1985, Chapter 10). 

In this chapter we describe the direct connection between the gene and 
! its expression as a protein nlolecule, with the intention of making the remaining 

chi~ptersmore accessible to the uninitiated reader. Basic principles and terms 
are first introduced. An extended section on the most frequently applied tech- 
niqile for studying genetic variation in natural populations-protein electropho- 
resis-is presented because of the central role this technique has played in re- 
vealing Mundelian characters for population genetic studies. illustrations focus 
on rlle co~nplex patterns of the extensively studied salmonids. The chapter 

! closes with observations concerning the limitations of current techniques, 
I which cxamine only a small portion of the total amount of genetic material. 
I 

lj.ASIC PRINCIPLES AND TERMS 

Some basic principles and terms concerned with the molecular basis of 
rcncti~ variation are introduced at this point to clarify their use in this chapter. 
510st genes in higher diploid organisms such as fishes and man are contained in 
,lructures of the cell nucleus called chromosomes. A much smaller fraction of 
gcncs are found outside the nucleus and include those found in the 
~llitochondria (see Chapters 11 and 12). Chromosomes (and therefore genes) oc- 
.~rr in pairs as a consequence of individual sets of chromosomes that are inher- 
11cd from each parent. These individual sets are transmitted in germ cells called 
i.,rrnt~tes (sperm and egg cells in animals). The,process of gamete formation 
~garnctogenesis) includes meiosis (outlined in any elementary genetics text), 
;rIlich allows chromosomes of each parent to assort independently to each 
g.llottc (Mendel's second law). Gametes unite through sexual processes; the 
i . 2 ~  is fertilized by an individual sperm cell to form a zygote. Fertilization, . L 

111~11, results in the pairing of individual sets of chromosomes. 
The single-celled zygote soon develops into a highly differentiated col- 

I~i1io11 of tissues and organs perfonning broadly diverse functions. This dif- 
r~,~cotiation occurs because, although each cell has an identical complement of 
gcllcs, very few of the total number of genes are active in a particular cell of 
111ghc.r organisms (e.g., see Alberts et al. 1983). Differentiation is the result of 
l i l t  interactions of regulatory genes (which determine at what time and in what 
rl\\uc a particular gene is expressed) and structural genes (which contain coded 
~rililrnlation for proteins that are produced by the organsism). These conlplex 
.;IILI .still poorly understood interactions lie beyond the scope of this chapter (but 
\i.i. htcDonald 1983 for a recent review of progress in understanding these inter- 
.~.llons). However, the direct relationship between structural genes and their 
1'1t)lcin products is well understood and is our primary focus. 

The condition in which only a single set of chromosomes is present, 
, I I L . ~ I  as in gametes, is called haploidy, while diploidy describes the paired chro- 
:~lcl,onlc conlplements in the zygote and subsequently formed tissue cells. Oc- 
L.r\iunally zygotes arc formed with three or four sets of chromosomes (friploir!,. 
. I I IL~ rt~rrrrploitl~~). The ability to induce the triploid condition is currently receiv- 
"1; ~'onsiderable attention because of the general sterility of such individuals 
I k ~ c  ('liapter 13). The tetraploid ancestry of some families of fishes (e.g., Cata- 
-:~)lllitlae and Salmonidae) has resulted in some special evolutionary oppor- 
:~.rllrics for these species (see Ferris and Whitt 1979, Allendorf and Thorgaard 
l t /S-l1.  Some consequences of tctraplbid ancestry with respect to corllplexities of 
~l;i1rophoretic expressions are exanlined later in this chapter. 

?he location of a gene on a chromosome is called a locus (plural loci). 
1 1 ; ~ .  paircd set of genes inherent in diploidy pcrnlits two different ~OIIIIS of a 

:::lIc for a particular locus to exist in a single individual. Different fornls of a 
;.'ll~' arc called nllelrs. Many alleles may exist for a particular locus in a spe- 



clcs, but a single diploid individual can carry no Inore than two alleles at a 
locus. An individual is hottruzygous at a particular locus if the genes at that 
locus are identical, and hrrerozjgous if they are differcnt. A locus is said to bc 
rtic~tiotnorl~kic if only one allele is known, and polytnorphic if two or more al- 
lclcs are known. The set of alleles possessed by an individual at a particular 
locus (or set of loci) is referred to as the individuals genotype at this locus. The 
phrvlotype is the observed character of an individual, and may be influenced by 
the environment as well as the genotype. 

The fundamental chemical substance of the gene is deoqribonucleic 
([<,id, or DNA. DNA is a giant molecule constructed in a so-called double helix 
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Fig. 2.1 hlolecular processes relating base sequences of D N A  to amino acid sequences of polypep- 
tide ch:lins (prorcins). hfcsscnger RNA, synrhcsizctl during tral~icription, probides a template for 
tlle hynrhcsis of. [he polypeptide chain during translation. The bases in DNA Itre cytosine (C). 
~ U ~ I I I I I C  (G) .  atlcr~inc (A) ,  and thymine ('T). In  KNA, the base uracil ( U )  replaces lhyrnine (T) Of 

D N A .  

lIkc a very long spiral ladder (sec Fig. 2.1). The sides of the ladder are altcrnat- 
 ill^ sugar (called deoxyribose) and phosphate groups. The rungs of the ladder 
Jl[achc.d to the sugars are pairs of hases: adenine (A), guanine (G), thymine 
( 1'). 2nd cytosine (C). Thcse bases always combine as either A - T (or T -  A) 
, , r  C - G (or G -C) because of physical and chemical constraints that precludc 
,,lllcr pairings. The genetic information is contained in different sequences of 
!Ilc\e four bases read from one side of the ladder, the DNA coding strand. 

'The base sequence of DNA has a direct linear relationship to the struc- 
iurc of proteins. Proteins are similar to DNA in that they are large molecules 
111,iJc up of different colnponents called amino acids. There are 20 common 
. I ~ ~ l ~ n o  acids in nature. Amino acids are connected by peptide bonds in a series 
I,! I;)rni pulypepti~ie chains. Active proteins are made of polypeptide chains 
.11~1nc or in aggregate, depending upon the protein. Each polypeptide chain is 
,.11Icd a subunit. Most proteins have at least 100 amino acids. 

I t  has becn found that different combinations of the four bases read in 
..c~jucn~es of three (called coding triplets or codons) have information (or code) 
!or Jiffcrent amino acids. This information, placed in a line on the DNA mole- 

1112, tells the cell which amino acids form a protein niolecule and in what ordcr 
111i.y go. 'The four bases G ,  C ,  A, and T in various combinations of three can be 
.irr;~l~gcd in 64 different ways. Some of the 64 triplets are used to tell the cell 
r \  I~crc: one gene stops and another one starts on the long strands of DNA of a 
~~.~~-t icular  chromosome. Others represent a redundancy in the genetic code, 
111t1rc than three times as many combinations as are needed to code for all 20 
.rl~linu acids; the sequences GGT, GGC, GGA, and GGG, for example, all code 
!llr the amino acid glycine. 

The uncoding of the segment of triplets in the DNA molecule into the 
\~,tjucnce of amino acids in a protein is a two-step process (Fig. 2.1). First, the 
::cnctic information from the DNA template is copied, or transcribed, into the 
l~trilootide sequence of a seco~ld type of nucleic acid, riborlrtcleic acid (RNA). 
I I I I \  RNA is called messetlger RNA (mRNA) because it carries the coded in- 
It~rrnation of the DNA molecule from the nucleus to the cytoplasm, where pro- 
r~.io synthesis occurs. This process of synthesizing nlRNA is appropriately 
\.rll~d trcrtiscription. Unlike DNA, the mRNA is single stranded and vcry 
\111irl1. enabling it to pass from the nucleus to the cytoplasm through small poses 
111 llle nuclear mernbrane. The polypeptide chains are assembled in the cell 
L ! t~plasm on structures (organcllcs) called ribosonzes through a process callcd 
.'fcru~l~rtiorl. This process involves sequential base pairing of triplets on thc 
IIIKNX with triplets on nlolecules of trf~ri.rfi.r RNA (tRNA), which, like 
\ \ i K N . i ,  are encoded by a DNA template. Each transfer RNA carries a specific 
. ~ l i l i l ~ ~ )  acid; there are different tRNAs for each of the 20 arl~ino acids. Coupling 
I\il\~ccn a triplet of mRNA and a specific tRNA occurs through recognition of 
.l'~nplcn~entary triplets on the two RNA ~noleculcs. Thus, througl~ tr:inscription 
. IJ IJ  lr:lnslation, the sequences of amino acids in proteins are direct rcflcctions 

rllc base sequences of DNA that cclnstitute the genes. Thc sequence of DNA 



ct~coding on a single polypeptide chain is currently defined as the irnit gene .  
(Kicgcr et al. 1976). 

Cell division and chromoson~e and DNA replication are complicated 
processes. h4istakes are made occasionally in the formation of gametes. Mis- 
pairingsoof bases can lead to amino acid substitutions in proteins (e.g., a base 
substitution of TTC for TTA results in an amino acid substitution of phe- 
nylalanine for leucine in a polypeptide chain) or to an actual discontinuation of 
chain building and very likely a nonfunctional protein. Such mispairings are a 
common source of mutatiorzs (others include actual structural changes in the 
chromosomes), which, when passed on to the next generation, are the ultimate 
origins of all genetic variation. 

We can summarize to this point: 
hlost genes in most diploid organisms occur in pairs located on indi- 

vidual sets of chromosomes contributed by each parent. 
DNA is the informative chemical substance of the gene. 
Amino acid sequences in proteins directly reflect base sequences in 

genes. 
hlispairingsof bases in DNA are one source of mutations that can re- 

sult in amino acid alterations in proteins. 

GENOTYPIC DATA FROM ELECTROPHORESIS 

The Process of Electrophoresis 
Five of the 20 common amino acids which make up proteins are 

cliargcd; the charges of lysine, arginine, and histidine are positive, while those 
of aspartic acid and glutanlic acid are negative. Thus, different proteins tend to 
li;~ve different net electrical charges. Electrophoresis uses this physical chemical 
property of proteins to separate mixtures of proteins on the basis of charge. If 
allelic differences (i.e., different forms of a gene) occur at a protein coding 
locus, the net charge of the protein often changes. Gel electrophoresis makes it 
possible to identify such allelic differences. 

'I'lie basic procedures of gel electrophoresis are outlined in Fig. 2.2. The 
process of electrophoresis includes a gel (commonly starch or polyacrylamide) 
in which introduced solutions of proteins are separated by passage of a direct 
clectrical current through the gel. Initially, mixtures of proteins are extracted 
with water (or buffered aqueous solvents) from tissues such as skeletal muscle, 
hcnrt, and liver, unless they are already contained in body fluids such as 
vitreous humor or blood serum. The water soluble protein mixtures are typ- 
ically introduced to the gel on a piece of filter paper that is saturated with the 
n~ixturc. Protein mixtures from 50 or more individuals are often introduced to a 
singlc gcl, although only 10 individuals are pictured in Fig. 2.2. 

A direct current is usually applied for 3-5 hours through the gel. The 
;~i.tu;~l time is determined by such variables as composition of the buffer solu- 
tion used to make the gel, its ionic strength, and the thickness of the gel. Pro- 
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I i ~ .  2.2 Standard steps for obtaining genotypic data from electrophoresis (modified from Gharrctt 
.li;J litter 1982). (A)  Crude protein is extracted from tissue such as muscle or liver. (B) Extract 
r ; s l i l t  c:cch fish is introducetl individ~~ally to gel by filter papcr inserts. (C) Different forrns of a par- 
11.lll.fr prulcin often move different distances from tile point of applications when electric current is 
.b~'ll l icil becausc they d o  not have idelltical clccttical charges. (D) These Sorrns are readily identihed 
1,:) .I ~pccific stain for cach protein type. Specificity in staining permits identification of both the ac- 
: I \  I [ !  :tlld the exact location of a particular protcin for an individual fish from a con~plex mixture 01. 
; ~ ; ~ ~ ~ c I I I s  in cach protein extract. (Illrensities of banding patterns do nor rulicc~ differences of gcnc 
.l, '\.~gcs in this depicition.) 
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tcins ~vith a positive net electrical charge nlove toward the negative (or cath- 
od;~ll pole and negatively charged proteins move toward the positive (or anodal) 
pole. The rate of migration is determined by the absolute charge of the protein. 
A dye solution is added to the sanlple to mark the progress of electrophoresis. 
120110\ving electrophoresis, the gel is sliced horizontally into multiple slabs and 
each sl;ih is stained for the activity of a specific protein. 

Most proteins that are studied by electrophoresis are enzynles, the catal- 
).tic ~ncllecules vital to all life, because i t  is easy to develop histochemical stain- 
ing procedures to visualize activities of specific enzymes (Hunter and Markert 
1957). A number of sources give detailed descriptions of many procedures for 
visualizing enzymatic activities following electrophoresis (e.g., Harris and 
Ilvpkinson 1976, Siciliano and Shaw 1976). Each procedure uses a product of 
the enzyme's specific activity to precisely locate that enzyme in the gel. 

The localization of an enzyme's activity in a gel has been called the 
"isozyme method." Jsozyme refers to different distinguishable molecules found 
in the same organism which catalyze the same reaction (see Markert and Moller 
1959, Shaw 1964, Brewer 1970). Allozynle commonly refers to the electro- 
phoretic expression of allelic proteins at a particular locus. The capability to vi- 
sually localize an enzyme's activity has resulted in the detection of activities of 
dozens of enzymes reflecting 90 or more loci (e.g., Morizot and Siciliano 
1984). 

Specific staining for an enzyme's activity permits particular isozymes to 
be distinguished, one at a time, in a mixture of hundreds of proteins typically 
found in a tissue extract from an individual fish. The final result of the elec- 
trophoretic procedure is bands, such as those in Fig. 2.2, which identify the lo- 
cations of various fornls of a single type of protein on a gel. The banding pat- 
tern of an individual contains information on that individual's genotype with 
respect to the locus (loci) coding for that particular protein. 

Expressions of Single Loci 
The connection between DNA base sequences, protein amino acid se- 

quences, and the electrophoretic expression of different genotypes is most 
easily illustrated for a n7onomer.i~ protein. Monomeric proteins are proteins 
composed of single subunits (i.e., a single polypeptide chain). Let us assume 
that 

A locus is coded for a niononieric protein having two alleles desig- 
natcd A ant1 A' (i.e., a polymorphic locus); 

These alleles produce subunits (the active protein for niononiers). dcs- 
ig~iated (I and a' respectively, that are distinguishable by different elec- 
trophoretic mobilities; and 

l'hc (I' protein encoded by the A' allele migrates Inore slowly than the 
(I protcin cncoded by the A allclc. 
'I'Iircc tliffcrcnt gcl~otypcs ;ire possible for all intlividual at this locus: 

'4.-1. /1,4', and A'/\'. An intlividual with the AA genotype produces only thc 

r~jter migrating protein fonil. This form appears at one location on the gel as a 
jingle band. Simil;lrly, an individual with the A'A'  genotype produces only the 
,1on,er migrating forni at a difkrent location on the gel. The heterozygous 
(..I..\') genotype produces both protein forms and therefore is reflected as two 
h.~ntls on the gel. We assume that each allele results in the production of equal 
dlllou~~ts of protein having the same levels of activity. 'Therefore, each of the 
I~ro bands of heterozygous individuals is expected to reflect half the amount of 
protein that is reflected by either of the ho~irozygous types of individuals; that 
is. each band of a heterozygous individual expresses half the rlosage of the sin- 
~ I L .  hand expressed by a homozygous individual. This pattern of genotypic ex- 
~n-cssion of a nlonomeric protein encoded by a single locus with two alleles is 
pictured at the top of Fig. 2.3. Colnmonly studied monomeric proteins include 
~tlc serum protein transferrin and such enzymes as phosphoglucomutase, man- 
nosephosphate isomerase, and aconitate hydratase. 

Banding patterns on a gel become more complicated when the active 
psotcin is multimeric, i.e., composed of two or more protein subunits. If we ex- 
rcnd the above assumptions to a dimeric protein (i.e., one consisting of two. 
juhunits), the expected banding patterns are those pictured in the middle sec- 
lion of Fig. 2.3. An individual with the genotype AA is expressed as a single 
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I i ~ .  2.3 Elcciropllorclic plicnolypcs when one 1ocu.s is c.xpre,scd. I ~ i i l i v i d ~ ~ : ~ l s  ;Ire I io~nolygo~~s alld 
I , : I c I ~ ) ~ ) ' ~ ~ I I ~  at loci coding Tor niclnc~~iicric, dinicric. ; I I ~ L ~  Ic(ra~iieric p1oIcill5: 1115 IXICLIS  is polY- 
:ll"rl)llic. will1 alleles A and A' rehulling in hubunits tr :111d ( 1 ' .  rcspcctivcly. 



, , , l l \  reflecting identical ~iiolccules of rr subunits combined in pairs. Similarly, 
, IC cxprcssi~n of an individual with the A'A' genotype is another single band 
:fleeting paired a la '  subunits at a different location on the gcl. An individual 
;ill1 the AA' genotype, however, is expressed by three bands reflecting the ran- 

combination, in pairs, of the two electrophoretically distinguishable types 
,I'subunits. Two of the bands are hoinome~.ic coiilbinations of a a  and a ' a '  sub- 
~llits. 'rile third nliddle band is a heteromeric band reflecting combinations of a 
nd a' subunits. (Note that monomers cannot form heteromeric bands because 
I1r single subunit is the active protein.) The sum of the intensity of the three 
, a d s  expressed by heterozygous genotypes is expected to equal the intensity of 
.~ngle-banded homozygous expressions because the same number of subunits 
Ire produced by both heterozygous and homozygous individuals. Dimeric pro- 
tins con~rnonly studied by electrophoresis include the enzymes malate de- 
~ydrogenase, isocitrate dehydrogenase, and aspartate aminotransferase. 

The banding patterns of a protein having four subunits (a teframer) are 
,~ictured in the lower portion of Fig. 2.3. Again, we assume a single locus poly- 
~norphic for two electrophoretically detectable alleles. The respective homo- 
~ygous expressions are single-banded because of the identity of each of the four 
,ubunits. The heterozygous individual has five bands, representing random 

, <(>illbinations of two allelic subunits in aggregates of four. The five bands in- 
~lude three heteromeric bands in addition to the two homomeric bands; again, 
dii.ir combined intensity is equivalent to the single band of the homozyous ex- 

' l~rtssions. Commonly studied tetrameric proteins include lactate dehydrogenase 
I 

(see Fig. 2.4), iditol dehydrogenase, and rnalate dehydrogenase (NADP depen- 
i dent). 

1 origin 

i 
I,'i#. 2.4 IJhcnorypc5 of a two-allcle polq.morpl~i.\nr for a locus encoding a tclranlcric enzynle. lac- 
t . 1 1 ~  dchqdrogcn;i\c, Imln livers ol' 15 rainbow t r o u ~ .  Nnre tive-banded expressions of hcierozygclul; 

: ind1vidu;tls ( 2 .  3.  7. 10. 13). 
! 

The expected number of bands and their relative intensities for individu- 
als heterozygous at a particular locus can be predicted assuming that subunits 
combine randomly following their synthesis. Tlie basis for these expectations 
can be demonstrated through the randomness of flipping a coin, whose sides 
represent the allelic subunits a and a ' .  The coin is flipped in repeated series, 
with the number of flips in each series representing the number of subunits in 
the protein (one flip for a monomer, two flips in a series for a dimer, and four 
Hips in a series for a tetramer). The sequential outcolne of each series is re- 
corded before going on to the next series. 

For a dimeric protein, four combinations are possible when flipping the 
coin in a series of two: aa,  aa ' ,a fa ,  and a 'a ' .  There is an equal probability of 
getting any of the four types. The sequences aa' and ala,represent identical di- 
meric proteins which would form a single electrophoretic band; therefore, their 
probabilities can be pooled. Thus, the expression of the dimeric heterozygote is 
three-banded, with the combined aaf-a 'a  band at twice the intensity of the re- 
spective aa  and a'a' bands. This coin flip analogy can be applied to proteins 
with other subunit structures. 

The expected numbers of bands and their relative intensities for individ- 
uals heterozygous for protein coding loci can also be predicted from binomial 
expansion of the two categories of allelic subunits (a and a'). For a dimeric 
protein the expression would be 

In reference to the left-hand side of the binomial formula, the a and a '  
represent the actual protein subunits and the exponent 2 represents the number 
of subunits in the protein. In the expanded right-hand side of the formula, the 
three terms represent the nurnber of bands, and their respective coefficients (1, 
2, 1) represent their relative intensities. For a tetramer, the exponent becomes 4. 
Following expansion, then, thc relative intensities of 1:4:6:4:1 would be ex- 
pccted from tetramers. Proteins are sometimes encountered whose subunit 
structures are something other than mononleric, dimeric, or tetrameric (e.g., 
the enzyme purine nucleosidc phosphorylasc has three subunits). The expected 
numbers and relative intensities of electrophoretic bands can be predicted for 
them in the same manner if the subunit structure of the protein is known. 

The expected banding patterns are idealized configurations. It is impor- 
rant to recognize that sonie deviations from the expected numbers and relative 
intensities of bands are frequently seen. There are both genetic and nongenetic 
reasons for these deviations, sonie of which are discussed later in this chapter. 
llowever, understanding the basis of these idealized configurations is essential 
b r  properly interpreting the genotypic basis of electrophoretic patterns. 

The electrophorelic banding patterns such as those pictured in Fig. 2.2 
;rnd Fig. 2.3 are p11enotyl)cs. They arc ex[~ressions of the genotypes (i.e., the 
actual alleles) with possible-usually minimal--influences of the in vitro cn- 



vironnlent of the protein. Thus, genotypes can usually be deduced dircctly from 
such phenotypes when the subunit cornposition of the protein is known. For in- 
stance, consider that a group of individuals are subjected to electrophoresis and 
the resulting gel is stained for lactate dehydrogenase activity. Banding patterns 
would be observed like those in the lower portion of Fig. 2.3 and in Fig. 2.4. It 
is safe to assume that such phenotypic patterns reflect the respective homo- 
zygousand heterozygous gcnotypes of an LDH (lactate dehydrogenase) locus 
of that species because the phenotypes conform to the expected numbers and in- 
tensities of bands for a tetrameric protein. 

Expressio~ls of Additional Iloci 
More complicated electrophoretic patterns than those depicted in Fig. 

2.3 frequently occur when the same type of protein is encoded by two or more 
loci. These complications include additional protein bands arising from combi- 
nations of subunits, encoded by different loci and having different elec- 
t~.ophoretic mobilities, or electrophoretic patterns resulting from two (or more) 
loci whose protein bands have the same or overlapping mobilities. 

The latter patterns are particularly frequent in salmonids because of 
their tetraploid ancestry. Salmonids have about 50% more protein loci ex- 
pressed than teleosts of diploid ancestry (see Allendorf and Thorgaard 1984). 
The salmonids have undergone the most intensive electrophoretic examination 
of any group of fishes, and the complexities of thcir electrophoretic patterns 
have often been confusing; an examination of these complexities is therefore 
warranted. 

Let us extend the assumptions of the genotypic expressions of Fig. 2.3 
to include a second locus. Every individual is holnozygous for the B allele at 
this locus (i.e., a monomorphic locus) which encodes electrophoretically iden- 
tical b subunits. Both loci are expressed at equal levels. Homomeric bands of b 
subunits have electrophoretic mobilities that are distinct from those of the a or 
( I '  subunits encoded by the A or A'  alleles of the first locus. The phenotypes of 
individuals homozygous at both loci (columns 1 and 3 in Fig. 2.5) resemble the 
phenotypes of heterozygous individuals in the single locus expression of Fig. 
2.3. This resemblence is due to the similarity between the expression of two al- 
lelcs of a single locus in Fig. 2.3 and of two loci in Fig. 2.5. In monomeric pro- 
teins, a single band is expressed for each allele (in this case the A and B alleles 
contrasted with the A and A'  alleles in the single locus case). Multimeric pro- 
teins express the additional bands of random interactions of the individual sub- 
units (in this case a and b subunits contrasted with the u and a' suhunits in the 
single locus case). The expected relative intensities of the bands of dimeric and 
tcrrarneric phenotypes of homzygous individuals at two loci are also the same 
21s those of the phenotypes of heterozygous individuals when only a single locus 
is cxprcssed. 

I'hc exprchsion of a heterozygote when one ol  two loci is polymor1)hic 
Sor a ~nonomeric protein is again a single band for each allele. However, hctcro- 
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Fig. 2.5 Electrophoretic phenotypes when two loci are expressed. lndividudls are hon~ozygour m d  
I n n o ~ y g o u s  at loci coding for monomeric, dimeric, and tetrameric pmteins: one locus is poly 
lllllrpl~ic (with alleles A and A' resulting in subunits a and a', respectively); and a second is mono- 
n1r)rl'hic. coding for a subunit (b) with an electrophoretic mobility [hat differs f r o r ~ ~  subullits a and 
I 

/)sate phenotypes of the niultimeric proteins in the situations given in Fig. 2.5 
1 ' 2  co~oplicated by cor~ibinations ilivolving a tl~ird electrophoretically distilrt 
-~~ll~lilit. The number of b m i s  involri~ig co~nbinations of the b subunit fro111 the 
\t:cond locus with o and o' subunits fro111 the first locus are readily predicted 
10' hetcrorygous phenotypic expmssions by including this b subunit in tlle bi- 
~~oi t~ia l  expansioo. For a dirner, with both doses ot'the single allele of tlic 
~ll~lnomorpliic second locus producing b suhunits and the respecti\'e allcles of 
'llc first locus producing o and or suhunits, the squared expansion becolnes 



. .  
. , , i / . r cc  ~ ~ ~ ~ ~ ~ ~ d i m e r i c  and three heterodimeric) clectrophoretically distin- 

, : ,.:,,. , ~ ~ h i ~ n i t  colnbinations (as pictured in thc central portion of Fig. 2.5). 
I , : I ~ O L K ~  cxyansion for tetrameric proteins predicts the 15 bands de- 

, , 1 2 . 5 ,  In  practice, some of the predicted bands may not be seen be- 
. . , , ,  ,,\cli.,l~ping unless the respective homomeric bands are adequately .... . 

;;,I II! cicrlmphoresi~. An actual gel showing a polymorphism for one of . , . .  .. 
; . .  . ;. ,, 1 , . I ~ ; ~ I J ~ ~ I E  3 nlononleric protein is shown in Fig. 2.6. 

1 . ~~. l ) t i t )114 to Cudonlinant Expression 
I it( l,h~~lotypes of Figs. 2.3 and 2.5 are called codominaizt expressions 

, , ; I , \  , , \ ~ ~ ~ ~ i t i v ~ '  genotypes because the contributions of all alleles can be iden- 
i . ; , .  , j  (.,,,l,~~llinant expression is an important attribute of electrophoresis be- 

, :  ,,,. , ) I  111~. wlue of genotypic information at individual loci in population ge- 
I , .  i i ,  . r~~, l i~h.  Ilowcver, there are exceptions to codominant electrophoretic 
. . . . , , I ~ - \ \ ~ ~ I I ~ ,  t/1;1t need to be considered. 

1 llc. occurrence of electrophoretically identical subunits synthesized by 
I .$,  , ,ill I L . I  C I I I  loci is observed in some fishes (e.g., salmonids). The genetic and 
: ~ , ~ l , l r l ~ ~ ~ ; u - y  basis for such isoloci (having isoalleles giving rise to elec- 
i~,~l:il~~rc~ic.illy identical gene products) has been reviewed by Wright et al. 
I I~ IA ;I ; I I I L I  Allcndorf and Thorgaard (1984). One locus or both loci may be 
\ . I I . I ; ~ ~ ) ~ c .  111 either case the electrophoretic expression of isoloci complicates the 
L ~ ~ I L ~ I I I I I I I ~ I I ~ ~ ~  of genotypes. 

,A part of this complication is that it is often impossible to assign alleles 

origin 

. I 4 1 5 i 4 6 6 j 8 9 1 0  
l i g .  2.6 Plicnotypcs of a tuo-allele polymorphism for a locus encoding a monomeric enzylne, 
pllo\,~l~o~lucomuta\c, from skelelal musclc of 10 sockeye salmon. A second monomorphic locus is 
ex l ) r s \~c~ l  cathotla1 to thc b ~ n d s  rclltcting the dift'crcnl gcnotypcs of the locus. NolC 

[hat tlic irlter~\i;y 01. cxprcssion of the monornorphic locus is lcss ~ h a n  that of the polyniorphic locus, 
S L I ~ ~ I ' > [ I ~ I F  (lil.Scrcnt levuls of synthesis. Notc also distinct shadow binding of individuals 1, 3, and 4 I 
111~1  i.,~il),.i,lc.~ n i t l ~  I ~ I L I  n l (~hi l i ty  ~ l ' t h c  a11er11al~ illlclic fortii. 

to specific loci when two (or possibly rllorc) loci codc for electrophorctically 
identical subunits. Thc problem is apparent from the phenotypes of Fig. 2.7, 
which pictures the expressions of isoloci whcre one of the loci is polymorphic 
and the other monomorphic. The assuniptions undcrlying the phenotypes of 
Fig. 2.5 are the same for Fig. 2.7 exccpt that the products of the B alleles (i.e., 
6 subunits) of the monomorphic locus are clectrophoretically indistinguishable 
from those of the A nllelc (i.e., n subunits) of thc polyrnorphic locus. This sit- 
uation results in the inability to distinguish the contributions of the a and b sub- 
units from the electrophoretic phenotype. Consequently, the numbers and mobi- 
lities of bands expressed by both AA' and A'A' genotypes arc thc same. 
Although no a subunits are produced by the A'A' genotype, the two doses of b 
subunits having the n~obility of the a sduni t  mask this absence. Exactly the 
sarne situation would occur if the B locus instead of the A locus were poly- 
~norphic. There is no way to distinguish which locus is polymorphic if both loci 
;trc equally expressed in all tissues. 

'Ilere are ways to deal with this problem. Phenotypes of isoloci are 
often recorded and analyzed as the summed contribution of four allelic doses 
b r  two loci (e.g., May et al. 1979). This procedure gives no information about 
lhe diploid genotypes of the individual loci (which has considerable value for 
clctermining whether individuals within a sampling represent a single random 
lllnting population). If only one locus is polymorphic (as in Fig. 2.7) it is con- 

GENOTYPES S u b u n ~ t s  and s u b u n i t  

A A AA '  A'A'  c o r r ~ b ~ n a t i o n s  in 
electro(~horetic 

( l~omorygote )  (hctcrozy!lotel ( h o ~ ) ~ o r y g o t c i  (protein)  bands 
- 
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Tetranier - - aaaa ,  bbbb,  daah, nabb, a b b b  - - aaaa',  a ' hb6 ,  aaa'b, a a ' bb  - - aaa'a' ,  aa'a'b, a 'a 'bb - - aa'a'a'. a'a 'd'b 
. - - a'a'a'a' 

1 ig. 2.7 1<lcctrophorcliu plicnolypcs n,hcn i\oloci itre cxpreascd Individuals arc honlozygoua ;In11 

I ~ C I C ~ I I L ~ ~ ~ L I S  ; ~ t  loci co~ling li)r ~ n o n o ~ ~ i c r i ~ ,  dinxric, and ictr;~n~cric protcinh: one locus is poly- 
~ l i l l i  jlliic ( iv i t l i  ~ I I J C I C S  A i~lld A' rc\ulling lirili~ s~rhunils  [I ; ~ n d  r r ' .  rcs1)cctivcly); ant1 a sccond I o i u b  i \ 
~ll~lll(~lr~orpllic.  coding liir a suhunit  ( b )  witli a11 clcclrophorc[ic rriobilitp idsntic;il to that of b u h u n i ~  
101 



\,cnicnt to arbitrarily assign the variation to one of the loci. Such assignment 
gi\ys infomation on diploid genotypes within a sampling of individuals but 
would be misleading in comparisons between samplings if different loci were 
poly~norphic in the sampled groups. A gel showing a polymorphism at one of 
two isoloci encoding a dinleric protein is seen in Fig. 2 .8.  

The situation becomes more complicated if both loci are polynlorphic. 
[)iffel.cnt procedures have been used to assign alleles to one or  the other locus 
(cX.g.. Imhoif ct ;)I. 1980. Gall and Rentley 1981). Accurate characterization of 
intlivitlual diploid gcnotypes is still prccludcd through these methods. 

I.ln;~mhiguous genotypic information call be obtained for isoloci whose 
encoded proteins are syr~tlicsizcd at different Icvcls in different tissues (e.g., Al- 
Icntlorf and 'I'horgaard 1984). However, such tliff~.renccs have not often been 
found. 

Codominant expression of isoloci can be masked even when it is known 
which of the two isoloci is the polymorphic one (as is assumed in Fig. 2.7). 
The problelll here, as indicated above, is the potential ambiguity of phenotypic 
expression for heterozygous individuals (the second column of Fig. 2.7 and in- 
dividuals 4-6 of Fig. 2.8) and individuals homozygous for the A' allele (the 
third colunln of Fig. 2 .7 and individuals 7-9 of Fig. 2.8). The same number of 
bands is expressed in both instances, although the expected relative intensities 
of the bands differ between the two genotypic expressions. The gene dosages 
diffet for the production of the respective bands of the heterozygote and the 
A'A' homozygote (3: 1 for AA'BB versus 2:2 for A'A'BB). The heterozygous 
genotype is expressed by asymmetrical relative intensities of banding. Expected 

I origin 
1 I I 1 I I I I I 

3 4 5 6 7 8 9  1 2  
Fig. 2.8 I'henolypes of a two-allclc po lynlorphi~m for  one of two isoloci encoding a dinicric en- 
7yn1c, isocitrnte dcliydrogenase, From livers of nine rainbow trout. Note that the same hands are ex- 
prcsscd i n  inJividu:lls h;lviflg single doses (&h) and dotlhle doses (7-9) of the varying :llkle; Onl)' 

rnlcnsities based on binomial expansions arc 3: 1, 9:6: 1, and 81: 108:54: 12: 1 for 
lllc nlono~neric, dimeric, and tctrameric proteins, respectively. On the other 
Il;lnd. the homozygous A'A' genotype has equivalent production of elec- 
~r.~)~)horetically distinguishable subunits; and the respective relative intensities of 
1,;lnds for n~onomeric ,  dimeric, and tetrameric proteins are symmetrical I: I, 
I : ? :  I ,  and 1:4:6:4: 1 ratios. 

These differing expected intensities can be used to differentiate between 
Iiomozygous and hctcrozygous individuals expressing the same bands. How- 
c\cr. in practice, such distinctions are sometimes difficult or inipossible to 
o~akc. Insensitivities of the electrophoretic procedures coupled with possibly 
~Iil't'crent activities or  levels of synthesis of allelic products may prevent identi- 
Ijing gcnotypes among isoallelic phenotypes (e.g., Utter and Hodgins 1972, 
:\llcndorf et al. 1976). 

Inactive, or  null alleles, which result in no active protein being detected 
clcctrophoretically (e.g., Lim and Bailey 1977), are another category of variants 
\r.hose genotypes are often difficult or  impossible to deternine from elec- 
~rophoretic phenotypes. The expressions of genotypes having no null alleles and 
those heterozygous for a null allele are usually ambiguous and distinguishable 
only on the basis of different gene dosages and consequently differing inten- 
\ities of the same banding patterns. 

Heterozygous genotypes for null alleles are particularly difficult to de- 
tcct when only a single locus is expressed. In such instances, the only clue to 
tlic correct genotype is a reduced intensity of the single band. The existence of 
lllc null allele is usually verified by the absence of any electrophoreiic banding 
l'rom individuals with homozygous genotypes for the null allele (see Utter et al. 
1084). Such quantitative differences, particularly in the absence of individuals 
that are homozygous for the null allele, usually cannot be identified reliably. 
llcterozygotes for null alleles are more readily detected for loci encoding multi- 
111eric proteins whose expressions include interactions of subunits with those of 
thc same protein encoded by other loci. The reduced synthesis of subunits 
c;~used by the null allele results in reduced intensities of multiple bands, provid- 
ing more visual clues for genotypic recognition. However, correct identification 
or the heterozygous nature of such individuals by visual observation is still dif- 
ficult (see Stoneking et  al. 1981) and may requke that reduced activity be ver- 
llicd by measuring the intensities of the banding patterns or  the protein activi- 
tics (e.g.,  Allendorf et al. 1984). Such measurements are also usually required 
rn differentiate between a null allele and an allele (isoallele) encoding a honio- 
~ncric protein of the same mobility as the ho~nomer of the second locus. 

Exceptions to the modcls for n~olecular aggregation outli~lcd abovc are 
;~lho known. A notable example is the electrophoretic expression of the dimeric 
cnzyme creatine kinase extracted from the skeletal muscle of tclcost fishes. 
I l ~ c s e  banding patterns do not reflect the subunit aggregations expected fro111 a 
tlil~lcric protein; in fact, they show no heteronieric bands ; ~ t  all. Fisher and 





b:lnd of n particular protein. We liave found that collection on dry ice ( -  80°%), 
I 

storage at siniilarly low temperatures, and analysis within a few weeks of col- 
lcction provide optinial conditions for minimizing the occurrence of these 
"shadow bands," or "conformational isozymes." These artifacts are more of a 
problcrn for some proteins, e.g., glucosephosphate isonierase, adenosine de- 
a~ninase. and phosphoglucomutase , than for others (see Fig. 2.6). Harris and 
klopkinson (1975) describe shadow bands and the use of thiol reagents for alter- 
ing or reducing these spurious bands. 

Shadow bands can present problems in recording genetic information 
from observed phenotypes on a gel. Several points should be kept in mind for 
accurate interpretations of gels. If a homolner of one allele is accompanied by a 
shadow band, homomers of each allele for the same locus will probably be ac- 
companied by its own shadow band, in the same direction (cathodal or anodal) 
and at the same distance from the homomeric bands. It is therefore understand- 
able why a monomer such as phosphoglucomutase can have heterozygous geno- 
types froni a single locus expressing a phenotype of four bands (e.g., Winans 
19x0). Oftcn, additional shadow bands occur beyond the initial shadow band, 
again with the same direction and spacing. They usually occur in progressively 
rcduced intensities fonning a serial pattern. 

Knowing the subunit structure of the protein and, therefore, the ex- 
pected number of bands and their relative intensities in the heterozygous plie- 
notypes, helps in accurate gel interpretation. In gels in which more than one 
locus is expressed for a particular niultimeric protein, heteromeric bands and 
shadow bands make correct gel interpretation even more difficult. Correct gel 
interpretation may initially be possible only when the frequency of a particular 
allele is high enough to detect a homozygote for that allele. Alternatively, such 
Iioniozygous individuals may be generated if inheritance studies are feasible. 

Criteria for Allelic Variation: 
Importance of Inheritance Studies 

'Ihe ultimate test for an allelic basis of an electrophoretic variant is 
through inheritance studies. I t  is highly likely that progeny from crosses bc- 
twecn parents expressing the phenotypes shown in Figs. 2.3 and 2.5 will verify 
the inferred parental genotypes through Mendelian ratios. These ratios are read- 
ily calculated from a "Punnett square," which plots the expected genotypic 
ratios of the progeny from the gametic contribution of each parent. Since two 
hcterozygous parents produce two types of gametes, A and A', a Punnett square 
li)r a cross of these parents would look like the following: 

Gametes o f  
palent 2 

A '  

Four different genotypes are produced in the progeny. Flowever, since 
\ . .-I equals AA', the predicted genotypic ratio among the progeny would be 
1. \..\;2AAf:1A ' A ' .  Expected genotypic ratios from other crosses (e.g., a homo- 
,!<,)ti. and a heterozygotc) arc calculated similarly with a Punnett square. Gen- 
,,[!pic proportions conforming to these expectcd ratios validate the Mendelian 
l~ih~ril:ince of the observed variation. Statistically signilicant deviations from 
lil;..;c genotypic ratios suggest, anlong other thing, nongenetic origins of ob- 
\( ' I  1.c0 variations. 

Understanding the hel-itable basis of some electrophorctic phenotypes is 
.,~~lli.tinies impossible without inheritance data, particularly in species, such as 
..~il~lonids, with a high frequency of isoloci. However, it is frequently impossi- 
[ I ~ C  or impractical to carry out breeding studies, and alternative criteria for es- 
~.tilli>hing an allelic basis to variability must be met in such cases. A demon- 
\ I I , I I C ~  genetic basis through inheritance studies for a presumed homologous 
\.lriant in a closely related species is a strong criterion for an allelic basis of a 
;>.~ticular electrophoretic variant. Extensive inheritance studies such as those of 
1,1y (1980) in salmonids and Kornfield et a]. (1981b) in herring provide valu- 
., llic infor~nation to verify the simple inheritance of similar phenotypic varia- 
I I O I I \  among closely related species. Another good criterion is consistent ex- 
ilri'\\ion of a variant electrophoretic pattern in different tissues within an 
~~~(lividual where the same locus is expressed. Criteria relating banding patterns 
10 111c known subunit structure of a protein have been mentioned above. A Men- 
<li.ll;in basis can usually be determined by meeting such criteria (see Allendorf 

1 1 1 ~ 1  Utter 1979). 
The electrophoretic expressions of some proteins do not conform to the 

ill~cnotypes that are expected based on the known subunit structure of the pro- 
1:irl. For example, hetero~neric bands are not observed for the dimeric enzyme 
. ~ ~ . a ~ i n e  kinase in the skeletal muscle of teleost fishes (Ferris and Whitt 1978). 
l i 1 i . x  uriusual expressions, when coupled with the general absence of homo- 
!!gates for infrequent alleles (this absence is explained later), can only be inter- 
I l l ~ l ~ t ( t  through inhcritance studies. In our own studies, phenotypic cxpressions 

ll~tlividuals lioniozygous for an infrequent allele that are generated from 
r ~ ~ \ \ c s  of heterozygous parents have clarified the genetic basis for phenotypic 

...:I i:irion of muscle creatine kinase (mentioned above) and adenosine deaniinase 
hohiiyashi et al. 1984) in salnlonids. The studics of adenosine deaminase also 

. I.iri(ietl thc nature of artifact bands that had previously confoundetl interprcta- 
' ; I I I I \  of clcctropl~oretic phenotypes. OF course, the Mendelian ratios obscrvcd 

[IILYL' studies f'urthcr conlirnied the herit~rble basis of these phenotypes. 
Inheritance studies are needed more often for veriIic;~tion of  lull anrl 

.,; ,lfi~lncric protein allcles than for variants of' ~nulti~ncric proticns such as thosc 
' % 111licd in Fig. 2.5. The hetcron~eric bands of niulti~neric proteins aid iu distin- 
iii\hing true genetic variation from banding patterns that can arisc horn non- I 
llcric causes such as storage and bacterial contamination. Our o\iJn studies in- i 

I , ! ~ ~ c l ~ c  that artifact ba~lds of monomeric proteins arc more rcadily confused with 
I 



true allclic vari:~tion. Particularly deceptive are the occasional second bands 
sccrl ;~bove or bclow a band that appears to be mononlorphic for other individu- 
als. In such cases i t  is uncertain whether the phenotype reflects a heterozygous 
intlivitlunl For an infrequent allele or a shadow band. As indicated above, het- 
erozygous individuals for null alleles of loci coding for monomeric proteins or 
n~ultitneric proteins that are singly expressed in a particular tissue are difficult 
to distinguish froill expressions of genotypes lacking the null allele. The null al- 
Iclc ~vould be expressed only as heterozygotes in most samplings from popula- 
tions where the allele is infrequent. In such instances, the null homozygotes 
needed to verify the existence of the null allele would require intentional mating 
of t\vo Ilcteroz.ygous individuals. 

Inheritance data are also necessary to study linkage relationships among 
loci. i.e.. the occurrence of two loci on the same chromosome (e.g., May et a]. 
1979. hflorizot and Siciliano 1982). The extensive gene duplications of sal- 
monids have resulted in complicated inheritance patterns that have only recently 
been clarified through inheritance studies involving allelic variants at many pro- 
tcin loci; they arc reviewed in Wright et al. (1983) and Allendorf and Thorgaard 
(1984). 

Describii~g Populations Through 
Information from Individual Genotypes 

The principles outlined above can now be extended to describe a sample 
in ternls of genotypic and allelic frequencies. Let us use the electrophoretic re- 
sults pictured in Fig. 2.2 as an example of 10 individuals subjected to electro- 
phorzsis alid stained for a locus segregating for two alleles in this sample. We 
arbitrarily designate the allele encoding the more anodal (or faster) protein as A 
and the other allele A' .  Among the 10 individuals, 1 has the genotype AA, 6 
have AA ', and 3 have A'A' .  The genotype frequency, then, is 1:6:3. 

The allelic frequencies are calculated by counting the number of A and 
A '  alleles. The 10 diploid individuals represent 20 alleles. The 1 AA homo- 
zygous individual represents 2 A alleles, and the 6 AA' heterozygous individu- 
als each contribute 1 A allele. Thus, the number of A alleles in this sample is 2 
+ 6 = 8; and the frequency of the A allele is 8/20 = 0.40. Similarly, the Fre- 
cli~ency of the A' allele is 12/20 = 0.60. 

These genotype frequencies (1:6:3) and allele frequencies (p = 0.40, q 
= 0.60) can be compared with genotype ant1 allele frequencies of other sam- 
ples t i~r this locus. The more distinct the differences between two samples, the 
grc;~tcr thc "genetic distance" between them. Comparisons among samples are 
usu;~lly based on data from several loc'i. The amount of genetic distance is then 
averaged over all loci (see Chapters 4 and 8). Such genotype and allele frequen- 
tics. us11;11Iy calculated for many loci (e.g., 30 or more), are the basic units of 
inli>rrnation for genetically describing a particular sample of individuals, and 
1;)1. making genetic comparisons between this sample and other samples (see 
Ch:rl~c~s 5 and 9). 

Usually larger sample sizes than 10 individuals (and 20 genes) are re- 
.iJlred for accurate estimates of allele frequencies of a particular population be- 
:du>e of the low precision of estimates from small sample sizes. For reasonable 
j'rccision of estimates, a minimum of from 50 to 100 individuals is commonly 
~ ~ , ~ u i r e d  For instance, approximate 95% confidence intervals on the estimates 
5~i;lllcle frequencies from Fig. 2.2 with 10 samples are "0.23. For sample 
\ I / C S  of 50 and 100 the intervals are reduced to k 0.10 and & 0.07, respec- 
! , ' L ' I ~ .  

In addition to permitting genetic comparisons among groups, allele and 
,L.~~otypic data are extremely uscful for genetically characterizing a sample of 
~l~~li\.iduals. A common statistic of genetic variability is the frequency of het- 
:;o/ygotes which can be estimated either directly from counting heterozygous 
,i,d~riduals over all loci examined or indirectly from allele frequencies (assum- 
.I;; Ilardy-Weinberg genotypic proportions; see below). Two other estimates are 
! I I ~  percentage of loci that are polymorphic and the average number of alleles 
;;\.r locus. 

The Hardy-Weinberg Law (presented in all introductory texts of general 
: i l L I  j~opulation genetics) is a particularly useful and broadly applied test for the 
:.~ll~iorn distribution of genotypes. This law predicts that binomial expansion of 
:I.,: ~lllcle frequencies of a polymorphic locus establishes the genotypic propor- 
::.ins of that locus under random mating. For a locus with two alleles (A and A ' )  
l . .~ i  ing respective frequencies of p(A) and p(Af )  this expansion is 

.ilcrc the expected proportions of the homozygous (AA and A'A ' )  and the het- 
.:~l/):gous (AA')  genotypes are, respectively, the first, third, and second terms 

I 1llc expanded expression. The Hardy-Weinberg Law can be extended to more 
:II.III two alleles, and to two or more loci (see Chapters 4 and 7). 

Genotypic proportions predicted by the Hardy-Weinberg Law provide a 
..:lu,lble first approximation for expectations in samplings of individuals. For 
:,\lance, it has been stated earlier in this chapter that homozygous genotypes 
:,.I ;I prticular allele are not expected to occur in samplings of individuals . I L I I  tile frequency of that allele is low in the sampled population. This expec- 
'..:l<ln becomes apparent froin the binomial proportions of an allele occurring at 

frcqucncies. Assume that two alleles (A and A ' )  are present in a population 
: 'I ;I protein locus, and 1 heterozygous individual (AA')  and 49 hon~ozygous in- 
.!.\ 1~1u;lls (AA) are seen out of a samp,le of 50 individuals following electropho- 
: . , I \  ;lnd staining for that locus. The frequency of the A' allelep(A1) in this 

,!111)1c is 1/100 = 0.01. Thcrefore, thc probability of an A'A' genotype is 



or I in [0.0(10. Thus the p(,-t l)  would have to be about 0. I4 before a single A'A' 
homozygote is expected i n  a saniplc of 50 individuals. 

I>eviations from expected Hardy-Weinberg proportions may result from 
forces including mutation, migration, selection, and genetic drift (chance Ruc- 
tuations in allele frequencies operating particularly in small populations). In  the 
absence of such forces, allcle and genotype frequencies remain constant over 
successive generations. Data compari~~g the observed and cxpccted genotypic 
frcclue~~cics provide valuable insights concerning the operation of such forces 
within the group of individuals from which a sample was drawn, as do data 
ti.0111 ropeated samplings of a group at different times. 

CONCLUDING OBSERVATIONS 

The material presented in this chapter has reviewed the fundamentals of 
Mendelian genetics that relate to electrophoretic procedures. The collection and 
interpretation of genotypic data by electrophoresis is currently the primary 
means for measuring genetic variability within and among species of diploid or- 
ganisms. Genotypic data from one or more loci are the basis of niuch of the 
material presented in subsequent chapters. Among other thirlgs, such data per- 
mit quantitative estimates of the amount of genetic variation in a sample. Tests 
and analyses of genotypic distributions in a sample may give information con- 
cerning its genetic variation and insight into past and present actions of evolu- 
tionary processes (cf. Chapters 4 and 8). Allelic frequencies for many loci esti- 
mated from genotypic data collected for two or more populations pelmit 
quantitative estimates of the amounts and distributions of genetic variation be- 
tween and among populations. Questions concerning relative levels of genetic 
variability and relationships anlong populations can be answered. 

In spite of the unquestionable power of electrophoresis to reveal genetic 
variation, it  must be kept in mind that an electrophoretic sample of I00 loci still 
represents substantially less than I% of the total number of genes of a particular 
diploid organism (Crow 1976). It must also be remembered that electrophoresis 
dctects only a part of the genetic variation of the loci studied. Thus, while elec- 
trc~phoretically detected differences among individuals and populations are posi- 
tive indicators of genetic differences, the absence of differences cannot be 
cquilted to genetic identity at,the DNA level. 

The differences detected by electrophoresis of proteins encoded by dif- 
I'crent alleles at thc same locus appear to have very little or no effect on the f i t -  
ness of the individual (see Kimura 1968, Nei 1983). This situation is a disap- 
pointment to those who had envisioned electrophorctically detected alleles as 
"useful genes" for breeding programs and assunled that many such genes could 
hc directly related to fitness (see Robertson 1972). However, the general ab- 
sence of phc~lotypic effects on fitness of most allelic proteins enhances the 
value of this variation as a more or less neutral genetic marker. The primary 
value of such markers is for inferring the distribution and magnitude of gcnetic 

v;~iation resulting from evolutionary processes at the vast remainder of thc gcn- 
onle that has not been sampled electropl~oretically. The value of this infor~na- 
tion is explored in many of the following chapters of this book. 

Despite valuable yet largely preliminary sketches revealed by elcctro- 
phoresis, considerable genetic variation remains to be detected. New pro- 
cedures are continually being developed for examining previously unstudied 
proteins. Previously undetected alleles have also been revealed from proteins 
that are comn~only studied through application of more refincd techniques, such 
as modifications of' butler and gel concentrations and testing for different ther- 
mal stabilities of allelic proteins (Singh et al. 1976, Coyne et al. 1978, Coyne 
1982). 

Procedures for directly examining the genes are cmerging as tools for a 
potentially broader and deeper examination of genetic variation than is possible 
with methods of protein electrophoresis. Nucleotide sequencing of nuclear 
genes provides the ultimate information on genetic variation. Methods are te- 
dious and data (see Nei 1983) arc as yet sparse and extremely complex. Never- 
theless, such infornlation will inevitably become more readily and widely col- 
lected. 

Restriction enzyme analyses of DNA are seeing accelerated application, 
particularly for the small but accessible and informative mitochondria1 genome. 
Applications and advantages of these procedurcs for studies of fish populations 
are described by Ferris and Berg in Chapter 11 and Gyllensten and Wilson in 
Chaptcr 12. Restriction enzyme studies of nuclear DNA that are currently in 
progress are also yielding promising preliminary results (Bruce J. Turner, Uni- 
versity of Virginia, personal con~munication). 

Until recently, studies of fish chromosomes have been largely unproduc- 
tive in identifying Mendelian variants within species relative to electrophoretic 
methods (Ihssen et al. 1981). However, new procedures and refined techniques 
that permit more detailed examinations of chromosome morphology (see Chap- 
ter 13) indicate a previously unrecognized potential of cytogenetic studies for 
identifying Mendelian variations in fish populations. 

These procedures appear certain to become and rcrnain valuable tools 
for fish population genetics. It seems equally certain that electrophoresis will 
remain a leading procedure because it can readily generate large volumes of re- 
liable genotypic and allele frequency data. 




