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Cryptic genes are phenotypically silent DNA sequences, not normally ex-
pressed during the life cycle of an individual. They may, however, be activated
in a few individuals of a large population by mutation, recombination, insertion
elements, or other genetic mechanisms. A consideration of the microbial lit-
erature concerning biochemical evolution, physiology, and taxonomy provides
the basis for a hypothesis of microbial adaptation and evolution by mutational
activation of cryptic genes. Evidence is presented, and a mathematical model
is derived, indicating that powerful and biologically important mechanisms exist
to prevent the loss of cryptic genes. We propose that cryptic genes persist as
a vital element of the genetic repertoire, ready for recall by mutational acti-
vation in future generations. Cryptic genes provide a versatile endogenous
genetic reservoir that enhances the adaptive potential of a species by a mech-
anism that is independent of genetic exchange.

Introduction
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Recent advances in nucleic acid technology have led to the detection in higher
eukaryotes of DNA sequences that appear to be phenotypically silent. Becatise
some of these silent sequences may spread within the genome by forming adﬂi-
tional copies of themselves, and because they make no obvious contrlbutlorﬁgto
the fitness of the host organism, they have been termed ‘‘selfish DNA” (Dawk:ms
1976, Doolittle and Sapienza 1980; Orgel and Crick 1980). Another class of ngn-
coding DNA called pseudogenes is defined as a region of DNA that is homolog8us
to a coding sequence but which contains mutations that would prevent its expres-
sion (Jacq et al. 1977; Lauer et al. 1980; Nishioka et al. 1980; Li et al. 1981).5

The detection of pseudogenes and the concept of selfish DNA have resulfed
from the application of recombinant DNA technology to studies of higher eukaﬁiy-
otes. Silent genes are also present among prokaryotic and eukaryotic microgr-
ganisms, but in most cases their existence was not initially revealed by dirgct
examination of the genome. Instead, these genes were first detected as the result
of phenotypic changes that occurred when the silent, or ‘‘cryptic,”’” genes were
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reactivated. We define ‘‘cryptic genes’’ as phenotypically silent DNA sequences
not normally expressed during the life cycle of an individual but capable of ac-
tivation as a rare event in a few members of a large population by mutation,
recombination, insertion elements, or other genetic mechanisms.

In this report we first describe two cases in which the molecular basis for
the activation of a cryptic gene is understood. We next review what is known
about the activation of other cryptic genes in the context of short-term adaptations
and long-term evolutionary development. A unifying hypothesis of the evolution-
ary significance of cryptic genes in microorganisms is presented.

Activation of the ilvG Pseudogene of Escherichia coli K-12

moQ

The ilvGEDA transcription unit of Escherichia coli K-12 has recently beenz
shown to contain a naturally occurring frameshift site near the middle of the ilvG%’
gene (Lawther et al. 1981, 1982). Mutant derivatives with one-base-pair deletionsg
or two-base-pair insertions that correct the translational alignment of the ilvGS
gene are readily isolated. The wild-type cell produces an amino terminal fragment=
of the ilvG gene product that appears to be rapidly degraded. The mutant ilvG.F»\’.
gene codes for a-acetohydroxyacid synthase II, an isozyme that differs in some2
respects from isozymes I and III that are coded by unlinked genes (Bachman and§
Low 1980) in separate transcription units. Isozymes I and III, but not II, are%
sensitive to inhibition of catalytic activity by the pathway’s end product, valine2
(Umbarger 1978; DeFelice et al. 1979). For this reason, the wild-type and mutant;
cells are readily distinguished owing to the valine-resistant growth phenotype ofg
the mutants expressing the valine-resistant ilvG coded a-acetohydroxyacid syn-2
thase II.

The ilvG isozyme 1I is not required under most growth conditions, sinces
isozymes I and III have adequate biosynthetic capacities. In fact, the cells con—%
taining a mutationally activated ilvG gene overproduce the ilvEDA gene products=
and wastefully excrete valine into the medium (Rowley 1953; Leavitt and Um-3
barger 1962). However, when a moderate concentration of valine (1 wg/ml ora
more) is present in the medium, the growth of the wild-type cell, but not the§
mutant, is inhibited. Thus, whether the wild-type or the mutant cells exhibit the2
advantageous phenotype depends on the environmental circumstances. Since tran
scription of the ilvGEDA genes is from ilvG to ilvA (Berg et al. 1979; Subrah-é
manyam et al. 1980), the naturally occurring frameshift site in ilvG is polar on,§
and therefore reduces, ilvEDA expression. Since the ilvA gene product is an end:;
product inhibitable allosteric enzyme which may participate in control of ilvGEDA>
expression (Calhoun and Hatfield 1975), the effects of the naturally occurring(c“';
frameshift mutation in ilvG are amplified.

In a survey of over 300 independent isolates of E. coli, three valine-sensitivey
and 353 valine-resistant strains were observed (Rowley 1953). This observation
excludes a trivial explanation, namely, that the E. coli K-12 valine-sensitive phe-
notype is artifactual, arising only from a mutation acquired in the laboratory. The
notion that microbial ‘‘mutants’’ are laboratory freaks is firmly ingrained in our
thought processes. The possibility that mutant types isolated in the laboratory
might accurately resemble strains occurring either commonly or infrequently in
nature is not usually given much consideration. And yet, genetic diversity is the
hallmark of microbial populations. The distinction between ‘‘wild type’’ (by def-
inition the beginning strain, typically taken directly from nature), and ‘‘mutant”’
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(by definition derived in the laboratory from the wild type) is semantically essen-
tial. The discussion at hand is more than semantic, however. In this case the
valine-resistant ‘‘mutant’’ strain resembles the more common natural isolate. The
phenotypic variability of the ilvG gene observed in the laboratory parallels the
phenotypic variability observed in strains freshly isolated from nature. It is, in
addition, similar to the occurrence in nature of mutants and wild types among
many species and for many genetic systems, as discussed in detail below.

In summary, the presence of the naturally occurring frameshift in the wild
type E. coli K-12 ilvG gene has potentially beneficial consequences, including (i)
elimination of the ilvG coded isozyme II that is not essential under many growthy
circumstances; (ii) the efficient allosteric control by valine, a pathway end product%
since isozymes I and III are inhibited by valine; (iii) expression of ilvEDA at lesg
than maximum levels that are, nevertheless, adequate for maximal growth rate§
(iv) altered levels of production of the ilvA gene product, threonine deaminases’
a protein with both allosteric and genetic regulatory properties; and (v) productior
of pathway end products at levels that are ample for growth but below levels thag
lead to futile overproduction and excretion. When the ilvG pseudogene came&
by the wild-type E. coli K-12 cells is activated by spontaneous mutations, lsozym@
II is produced and the cell is phenotypically valine resistant. This selective adm
vantage in the presence of valine is at the expense of economical and balanceg
amino acid synthesis in the absence of valine as detailed in ii—v above.

Activation of the bgIBSRC Operon of Escherichia coli K-12

In several cases cryptic genes have been identified when bacterial specie
have acquired new metabolic functions by mutation.

A well-studied example is the phospho-B-glucosidase system of the famlly%
Enterobacteriaceae. The B-glucosides are metabolized by a complex system og
permeases and phospho-B-glucosidases with different substrate specificities. Kleb=
siella species possess a complete set of permeases and hydrolases and conse®
quently metabolize the aryl B-glucosides arbutin and salicin and the disaccharid%
cellobiose. Most Citrobacter strains utilize cellobiose but do not utilize the aryg
B-glucosides, while most Proteus vulgaris strains utilize arbutin and salicin butr
not cellobiose. Salmonella and Escherichia coli are unable to utilize any B-glue
coside sugars (Schaefler and Mintzer 1959; Schaefier and Malamy 1969). Classi&
cally these phenotypes would be explained by the loss of genetic information$
partial loss in the case of Proteus and Citrobacter and complete loss in the caseSsu
of Salmonella and E. coli. Both Salmonella and E. coli, however, mutate eas1lg
to B-glucoside positive phenotypes, in the case of E. coli at spontaneous fre§
quencies as high as 10-5 (Schaefler and Mintzer 1959; Schaefler and Schenklerg
1968; Reynolds et al. 1981). Interestingly, the B-glucoside positive mutants do not>
acquire the ability to utilize the full range of B-glucoside sugars. Mutants of
Salmonella utilize cellobiose but not the aryl B-glucosides, while mutants of E.
coli utilize arbutin and salicin but not cellobiose (Schaefler and Mintzer 1959;
Schaefler and Schenkien 1968; Schaefler and Malamy 1969; Reynolds et al. 1981).

The B-glucoside system was initially investigated in E. coli K-12 by Schaefler
and his colleagues (Schaefler 1967; Schaefler and Maas 1967; Prasad and Schaefler
1974) and has recently been investigated by others (Defez and DeFelice 1981;
Reynolds et al. 1981; DiNardo et al. 1982). The gene for phosphoglucosidase A
(bglA) is expressed constitutively in wild-type cells, but the genes for phospho-
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glucosidase B (bglB), for the transport system (bg/C), and for the B-glucoside
dependent positive regulatory protein (bglS) are not expressed. Since the hydro-
lytic enzymes act only on phosphorylated B-glucosides, only those cells that
express the phosphoenolpyruvate dependent B-glucoside transport system spec-
ified by the bgIC gene can utilize B-glucosides. Mutations in the cis-acting bgIR
site are required for the inducible expression of the bgIBSRC operon. It appears
that the bgIR mutations create a site for the activation of transcription of the
operon (Prasad and Schaefler 1974). Spontaneous bg/R mutations arise at a fre-
quency of about 10-5 and are the consequence of integration of insertion sequence
IS1 or IS5 into a specific region of the chromosome. Two models may explain,
the insertional activation of the bgl operon (Defez and DeFelice 1981; Reynold%
et al. 1981). According to the first model, the operon lacks a functional promoterg
and the insertion elements contribute to the formation of a promoter. Neither 0%
these elements is thought to contain a recognizable promoter itself; however, th]S—:
conclusion has recently been questioned (Ciampi et al. 1982). According to the
second model, the operon contains an operator site which is disrupted by th%:
insertions. This model implies the existence of a repressor which is refractory t&.
B-glucosides as inducers. The second model is supported by the discovery of %
class of mutations which are sufficient to activate the operon even in cells witls
a wild-type bgIR gene (Defez and DeFelice 1981). These mutations are located ag-
27 min on the E. coli map, on the opposite side of the chromosome from the bgg
operon (83 min). Two such mutations were shown to be amber mutations and t@
be recessive to the wild-type allele. The new gene is designated bglY, and the&
authors suggest that it specifies a repressor which prevents transcription of thg
bgl operon. )

The bgl operon is thus cryptic, but it can be activated by mutations in §
variety of sites. In addition to mutations in bgIR and bglY, it has recently bee§
reported that the operon can also be activated by mutations in gyrA and gyrBz
the genes for DN A gyrase (DiNardo et al. 1982). The authors suggest that expres<
sion of the bgl operon may be controlled by the degree of local supercoiling og
the DNA. S

The cryptic B-glucoside system is not limited to laboratory strains of E. coligr
When 17 “*wild”’ E. coli strains, isolated from both humans and a variety of animalg
from several locales in the United States (Selander and Levin 1980), were tested?
all were unable to utilize B-glucosides. All of those strains, many of which hag@
been maintained at — 70 since their isolation, yielded spontaneous arbutin-utilizing
mutants (Hal!, unpublished observations). This observation, together with earllel>
reports (Schaefler and Schenkien 1968; Schaefler and Malamy 1969), mdlcates
that the cryptic gene was present at the time of, and has been retained since, thg
evolutionary divergence that led to the modern E. coli species. N

Naturally Occurring Auxotrophs

The serological and fermentation patterns exhibited by clinical isolates of
Neisseria gonorrhoeae are adequate to identify the species but inadequate for
detailed epidemiological studies. It was observed, however, that the nutritional
growth requirements for amino acids, vitamins, purines, and pyrimidines vary
widely among clinical isolates. Accordingly an ‘‘auxotyping’ method based on
these differing growth requirements is currently used to identify strains that are
indistinguishable by other methods (Carfio and Catlin 1973; Eisenstein et al. 1977;
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Knapp et al. 1978; Juni and Heym 1980). It is of interest that ‘‘revertants’ to
prototrophy for most of these growth factors (e.g., isoleucine, thiamine pyro-
phosphate) are observed in the laboratory (Carfio and Catlin 1973; Catlin 1973;
Eisenstein et al. 1977; Knapp et al. 1978; Juni and Heym 1980). The occurrence
of these revertants provides evidence that the essential genes were present in a
cryptic state, inactivated by mutation. The auxotype of clinical isolates is almost
always stable during repeated laboratory passage and during human infections
and human-to-human transmission. So, even though a few revertants are com-
monly observed, the predominant auxotype initially present is only rarely ob-
served to vary in nature. o
The genus Lactobacillus is well known for its multiple nutritional require2
ments, including amino acids, purines, pyrimidines, and vitamins. In a study OE‘
the genetic basis for these requirements, Morishita et al. (1974) began with a stralrgL
of L. casei that required 12 amino acids and four vitamins, and they 1solatecﬁ
mutants that could grow in the absence of a specific nutrient. They were able &
isolate such mutants with respect to seven of the 12 amino acids and three of th@oj:
four vitamins at frequencies expected for single-step mutations. Similar result§’
were obtained with a strain of L. acidophilus, indicating the generality of th¢
phenomenon. The nature of the mutations is unknown, but their existence make§
it clear that the original auxotrophy did not result from multiple lesions or fromgs-
irreversible loss of information via deletions. g
Reversion of naturally occurring auxotrophic characters has been seen witly
other microbial species, including Salmonella sp. (Lederberg 1947) (several ammé
acids) and Pasteurella pestis (Englesberg and Ingram 1957) (several amino ac1ds)
The tryptophan requirement of Shigella dysenteriae was demonstrated by DNA;
sequencing to be due to a ‘“‘down’’ promoter mutation (Miozzari and Yanofsky
1978) and two mutations (detected genetically) in the trpE structural gene codmgj
for anthranilate synthase (Manson and Yanofsky 1976). The remainder of the Sc—)\
dysenteriae trp operon was shown to be functionally intact (Manson and Yanofsky2
1976).

Acquisition of New Metabolic Capabilities

A9 062806}

Metabolic phenotypes play a key role in the taxonomy of microorganismsg
and one of the classical properties of Escherichia coli is its inability to utilizé&
citric acid as a sole carbon and energy source (Bergey’s manual 1974). Althouglg
citrate-utilizing E. coli have occasionally been isolated from nature (Isiguro et ala
1978), the genes for citrate utilization have invariably been plasmid borne, usuall
on drug resistance plasmids. A spontaneous citrate-utilizing mutant of E. coli Kg
12 has recently been isolated (Hall 1982a). Citrate utilization requires mutatlong
in two chromosomal genes, one on each side of the gal operon; and the mutan®
possesses a semiconstitutive citrate transport system. The properties of that trans-
port system are quite distinct from those of at least one plasmid specified citrate
transport system (C. Reynolds, personal communication). The parental strain,
like other E. coli, is unable to transport citrate. Thus, the information required
for a citrate transport system has probably been retained in a cryptic form since
E. coli diverged from its Cit* progenitor.

Klebsiella sp. normally possess two lac operons, one chromosomal and the
other plasmid borne (Reeve and Braithwaite 1974). A mutant strain that had
irreversibly lost both of its lac operons mutated spontaneously to Lac* (Hall
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1979). In the mutant strain lactose utilization involved a phosphoenolpyruvate-
dependent transport system (Imai and Hall 1981), with the resulting lactose-6-
phosphate being metabolized by a phospho-B-galactosidase (Hall 1979). It now
appears that the critical mutation to Lac* involved decryptification of a gene
specifying a lactose specific enzyme 1l of the PEP-dependent transport system
(Hall et al. 1982).

The cases above should not be confused with cases in which new metabolic
capabilities arose via point mutations in regulatory genes or via point mutations
that altered the catalytic specificities of enzymes (Clarke 1978; Hall 1983).

Retention of Cryptic Genes g

The phenomenon of cryptic genes seems to be very general. It seems llkegy
that most microbial species carry genes that are not expressed at a physwloglcal%/
functional level and which therefore do not make a positive contribution to fitness.
It is expected that mutations in such genes will eventually lead to permanegt
inactivation (Dykhuizen 1978). Depending on the length of time since the gege
became cryptic, an increasing portion of the population is expected to lose the
ability to decryptify the fully functional gene. Indeed, there is an example of su&l
a scenario: Shigella dysenteriae, a close relative of E. coli, is typically Lac- ow1@g
to absence of the gene for a lactose permease (lacY gene). It does possess a lacZ
(B-galactosidase) gene that is homologous with the lacZ gene of E. coli, and2a
fully functional repressor (lacl) gene. In the absence of the permease gene, tﬁe
B-galactosidase gene plays no functional role in lactose utilization, and mutatloﬁs
in lacZ are expected to accumulate. In fact, the lacZ gene of S. dysenterlée
produces levels of B-galactosidase from 0% to 20% of that of E. coli, and the
enzymes are more thermolabile than E. coli B-galactosidase (Luria 1965). o

In view of the above we might ask why cryptic genes are retained wit
populations in functional forms. (The bgIC gene has apparently been cryptic since
the divergence of E. coli, yet a majority of the population has clearly retained t&
functional gene.) %

Several possible mechanisms for retention are considered below, including
(i) a growth advantage that derives from a superior metabolic regulatory systerﬁ
(ii) occasional strong environmental selection for population members that expreﬁs
a cryptic gene, leading to survival only of population members that have retamgd
the cryptic gene in a functional form; (iii) an unknown advantage to the crypgc
state as demonstrated for auxotrophy; (iv) toxic intermediates that are present in
special circumstances, for example, galE mutants, unless another gene is made
cryptic; and (v) the possible role of the cryptic gene as a metabolic control mec‘@
anism that operates at the level of a population of cells rather than within eaéh
cell of a population. R

M

Potential Advantages Due to a Cryptic Gene

The specific detailed biochemical and genetic information available for the
cryptic ilvG gene provides evidence indicating the selective advantages of the
cryptic and activated states of ilvG depending on environmental conditions. It
seems clear that it is advantageous for a population of Escherichia coli to retain
the ilvG pseudogene for activation during conditions of valine-induced growth
inhibition. The spontaneous frequency of this mutational activation (10--10-8%)
is high enough to ensure that E. coli populations of ordinary size would include
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members that express the ilvG coded isozyme. The disadvantages of expressing
ilvG would appear to favor a return to the cryptic state in the absence of valine.
The observation that the majority of natural isolates are valine resistant, and thus
presumably express the ilvG gene, may indicate that under natural conditions the
equilibrium favors the active state; or it may well be that the populations tested
are not at equilibrium with respect to this trait and that the frequency of the cryptic
gene is currently increasing. In either case, the frequency of valine-sensitive
strains in nature is high enough (=1%) to indicate that neither the cryptic nor the
active state of i/lvG is simply a laboratory artifact. Cryptification of the active ilvG
gene in response to an environmental selection pressure is not merely an as-
sumption. Selection for mutants without ilvG activity (by counterselection againsg
the valine-resistant phenotype) yielded two types (Smith et al. 1979). One typ6
has high ilvEDA expression at levels identical to the parent and therefore haé
nonpolar ilvG mutations. The other type had low ilvEDA expression at levels
equal to the wild-type K-12 strain containing the pseudogene and can be presumea
to have had polar mutations, as is true of the original ilvG pseudogene. g
The case of the Lactobacilli provides perhaps the best example of the reten‘i
tion of nonfunctional genes. The evidence suggests that the genes for many oi
the biosynthetic pathways for amino acids, purines, and so on contain lesions iff
the form of single point mutations. Under these conditions the remaining geneg
in the defective pathways perform no useful function and should be lost as acﬁg
ditional mutations occur. For one such pathway such mutations have indeed acs
cumulated: strict tryptophan prototrophs could not be isolated from L. caset
however, it was possible to isolate mutants that used the precursors anthranilat%
or indole (Morishita et al. 1974). This suggests that there were multiple or irrez
versible lesions prior to anthranilate synthesis. How have the other genes escapeg
inactivation? We propose that periodically in the history of the population there:
has been strong selection for decryptification of the genes or pathways descrlbedk
This selection would presumably be similar to the laboratory selection that re“«3
vealed their existence. During such periods those members of the population th%
had accumulated inactivating mutations in the now-vital genes would be lost.
If there is occasional strong selection for the expression of normally crypti;@
genes, we should expect that the genes would remain decryptified even after those
selective conditions have ceased to exist. We are thus confronted by an apparen‘B
paradox: if there is occasional selection for expression of ‘‘cryptic’’ genes, whg
are they cryptic at all? To resolve this paradox it is necessary to propose strong
selection for cryptification of those genes under circumstances where the gené
product is not required. C
Formally, then, we propose that under one set of conditions members of thg
population with a cryptic gene are more fit than those members who express th&
gene in question, while under some alternative set of conditions those members
who express the gene are at a strong selective advantage.
In addition to the intuitive basis above, there is a mathematical basis for the
proposal that some type of selective advantage is operating to retain cryptic genes
in the population.

Equilibrium Frequencies of Cryptic Genes

We distinguish three classes of genes in a haploid population: (i) cryptic genes,
A,; (i) functional genes, A,; and (iii) nonfunctional or irreversibly inactivated
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genes, A,. Let us denote the frequencies of A,, A,, and A, by x,, x,, and x,,
respectively. Assume that the rates of mutation from A, to A, and from A, to A,
in each generation are v, and v,, respectively. Furthermore, we assume that the
rates of irreversible mutation from A, to A, and from A, to A, are the same and
i per generation. Let 1, 1 — s, and 1 — ¢ be the relative fitnesses of A,, A,, and
A;, respectively. Thus, we assume constant fitness. As already noted, the fitness
may vary from time to time owing to environmental change. Under that condition,
the fitness in the present model can be interpreted as the mean values of the
fitnesses through time.

After the processes of mutation and selection, the changes in the gene frcb

quencies are given by §
Ax, =x,(sx,+ 1x;)/ W — (i + v ))x, + v,x,, %’
Ax,=x,[ —s(1 —x) +tx;, /Wy x, — (n+v)x,, (§
Ax, = x;[sx, — t(1 = x )V W+ px, + px,, ;%
where W = 1 — sx, — x,. %

Before going into detail, we should note that if the frequency of nonfunctionﬁ
genes in a population becomes unity, no further evolutionary changes occur unless
there is migration or other forces which introduce functional or cryptic alleleg
into that population. Thus, it is important to study the existence of nontrw@
equilibria and stability of these points.

In an equilibrium population, it is sufficient to consider the following tw§

equations: )
=

£(5%, + YW — (0 + v)E + vk, = 0, Q&

and g
. ©

sk, — 11 — £)UW + pk + £) =0, b1

(0]

N

where £,, £,, £,, and W are the equilibrium values of x,, x,, x;, and W, respectively
Whens =t = 0, itis clear that £, = £, = 0, and £, = 1 from equations 28
and (2b). Thus, without selection, nonfunctional genes will eventually fix in thg
population.
To solve the equations (2a) and (2b), it is convenient to write (2b) as

(1 — &)l — £ — @/W] =0, (

where d = s&,/(£, + £,). Thus, two sets of equilibrium gene frequencies exisf;
One is the trivial equilibrium point £, = 1. A nontrivial equilibrium gene frequenc@
can be obtained by solving

nBlgy 91 uo s

w— (- @ /W=0, “)
where W = | — s&, — t£,. Putting (4) into (2a), we obtain
SPGIW — vp + v.g = 0, )

where p = £/(%, + %,) and § = %£,/(X, + £,). Furthermore, by using equation (4)
and definitions of d, p, and ¢, we can reduce W to

W= -5+ p. (6)
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From (5) and (6),
AG? — BGg +v, =0, @)

where A = s(1 + o + v, + v,)and B = s(1 + p + v,) + v, + v,. Thus, with
the condition that 0 < ¢ < 1,

vi/(vi+vy) if s=0, (8a)
q B {
—VB*—4v,A)/(2A) if s#0. (8b)
Once we obtain g, from (4), g
£ =l = s@/I(1 + )t — s9)] . (9§
Then, with the definitions of p and 4, %
o
=1 -9 - 1), (103
and @
=g — %) . (113
Q
(0]

From (8a) to (11), we can derive nontrivial equilibrium gene frequencne§
depending on the values of s. Note that there is only one equilibrium point. When
s =0and > p/(l + ),

X = VZ/(vl + Vz){l - I-L/[(l + M)t]},
fzzvl/(vl+v2){1 —M/[(1+P~)t]}, (
= w/[(1+ ).

L/L/ L /a0 /eqw/woo dn

Thus, when there is no selective difference between the functional and cryptig
genes but these genes have higher fitness than nonfunctional genes, and wheng
> w/(1 + ), then nontrivial equilibrium frequencies of cryptic genes depen‘ﬂ
mainly on the forward and backward mutation rates between the functional arfa
cryptic genes. Under this condition, the frequency of cryptic genes can be clo@:
to unity if the mutation rate from A, to A, is much higher than that from A, @)
A,. o

It may be useful to study formulas (8a)—(11) under special circumstances fo}
s # 0. When s and t >> p, v,, and v,, then § = v/s, and, therefore, £, = (1 >
vi/s)(1 — i), &, = (v/s)(1 — w/t), and £, = p/t. Thus when cryptic genes have
higher fitness than functional and nonfunctional genes, the frequency of the crypt%
genes is given by (1 — v,/s)(1 — w/f), and this can be close to unity, as expecteqﬁ
When s > ¢, p, v,, and v,, then £, = (1 — v/s)[1 — w/(t — v)], £, = (v/s)[1 —
pw/(t — v)], and %, = w/(t — v,) as long as ¢ > v,. Thus, as the value of ¢ gets
smaller, the frequency of cryptic genes becomes smaller. Let us now consider the
case of + = 0, that is, the case where there is no selective difference between
cryptic and nonfunctional genes. In this case, equation (4) reduces to p. + d)?S/W
= 0, or p + s£,%,/[(£, + £,)W] = 0. Thus, when s > 0, then there is no nontrivial
equilibrium point. When s < 0, however, a nontrivial equilibrium frequency of
cryptic genes exists. For example, by setting s’ = —s, £, = (v,/s)[1 — w1l +
sMs'], Ry = (1 — vy/s)[1 — w1 + s')s'], and £, = (1 + s')/s' as long as s’ >
A1 — ).
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Some numerical examples of the equilibrium gene frequencies are given in
table 1, where w = v, = v, = 10-% were used. These numerical examples show
that the frequency of cryptic genes becomes high when the values of s and ¢ are
large, as expected. We should, however, point out that even when selection coef-
ficients s and ¢ differ by only an order of magnitude from the mutation rates, the
frequency of cryptic genes is still high. For example, whens = ¢t = 10-*and p
=v, =v, = 10-5 then £, = 0.81 and £, = 0.11 (see table 1). When s = 0 and
t > 0, the frequency of cryptic genes is given approximately by v,/(v, + v,) (see
eq. [12]). Thus, if v, = v,, that frequency is 0.5 and still substantial. Although
the frequency of cryptic genes is much lower for s < 0 (i.e., cryptic alleles arey
less fit than functional alleles), cryptic alleles do persist in the population. Fog
example, the values of x, are given by 0.123, 0.080, and 0.010 for s = —0. 00005 8
—0.0001, and —0.001, respectively (table 1).

Stability of the equilibrium values in table 1 can be studied numerically usmg
equation (1). The analyses show that these equilibrium points are locally stable:,
Thus, when the gene frequencies deviate from an equilibrium point they will returrg
to that point. For example, consider the case of s = 0.01 and ¢ = 0.001 with &
= v, = v, = 1075, Suppose that x, = 0.01, x, = 0.9, and x; = 0.09 in the initia&
population, then (x,, x,, x;) = (0.1494, 0.0834, 0.7671), (0.9316, 0.0008, 0.0674)3
and (0.9885, 0.0010, 0.0105) after 500, 5,000, and 10,000 generations. At generatiorbz
12,065, x, = 0.9889, x, = 0.0010, and x, = 0.0101, which is very close to th€
equilibrium values given in table 1. 3

These deterministic analyses show that the frequency of cryptic genes carg
be close to unity even when the cryptic genes have only slightly higher ﬁtnesses;:
than the functional genes. The analyses also show that all three classes of gene§
can be maintained even if the functional genes have higher fitness than the cryptic:
and nonfunctional genes.

psp

Table 1
Numerical Examples of
Equilibrium Gene Frequencies

s t £ £ Xy

.01 .01 .9980 .0010 .0010
.001 .9889 .0010 .0101
.0001  .8880 .0009 .1111
.0005 .7493 .0008 .2499
.00003 .4997 .0006 .4997

.001 .01 9890 .0100 .0010
.001 .9801 .0099 .0100
.001 .8802 .0088 .1110

.0001 .01 9110 .0880 .001
.001 .9007 .0892 .0101
.0001  .8099 .0802 .1099
.00005 .6879 .0681 .2440
.0003 .4764 .0472 .4764

Zzoz 1snbny 91 uo 1senb Aq 062805 1/601/1

—.00005 .0 L1230 6385 .2385
—.0001 .0 082 8099 .1099
—.001 0 .0098 .9801 .0101

NoTE.—In the computation p = v; = v,

105 were used.
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The present mathematical analyses and the available data strongly suggest
that some types of selective advantage of the cryptic gene must be operating over
functional genes. This theoretical treatment is supported by a number of concrete
observations.

There are examples of selection against organisms that express unneeded
functions, although most are anecdotal. Morishita et al. (1974) point out that when
the mutant strains of Lactobacillus casei that had become independent of various
nutrients were grown for many generations on a complex medium, they often
reverted to the original phenotype. Likewise, Baumann and Baumann (1981) have
pointed out that many Vibrio species acquire nutritional requirements when store
on complex media. Beckwith (personal communication) has found that when Lag
constitutive strains of E. coli are stored for long periods on rich medium theg
accumulate point mutations in the lacZ gene. Indeed, it is a common word- oﬁk
mouth observation that bacteria which grew quite well on minimal media whefl
originally isolated from nature often acquire auxotrophies when stored or ré&
peatedly transferred on a rich medium.

2oe//:sdny

The Advantage of Auxotrophy

In 1944 Lwoff predicted that in the presence of the end product an auxotrop@
would have a selective advantage over the prototroph (Lwoff 1944). Later, zé
menhoff and Eichorn (1967) studied this question by competing prototrophs with
auxotrophic mutants of Bacillus subtilis in glucose-limited chemostats. They four@
that in the presence of the required amino acid, histidine and tryptophan auxé*
trophs had a strong selective advantage over prototrophs. They attributed tté
selective advantage of auxotrophy to energy and resource conservation, but m
1978 Dykhuizen (1978) cast serious doubt on this explanation for auxotrophm
advantage Placing tryptophan auxotrophs of Escherichia coli in competition wiL
isogenic prototrophs in glucose-limited chemostats, he also found that auxotroplts
had a strong selective advantage. He calculated the percentage of the energ:y
budget devoted to tryptophan biosynthesis in repressed feedback-inhibited celg
as 0.01%. He thus predicted, first, that if energy saving is the basis of auxotrophpg
advantage, the selective advantage should not exceed 0.01%. Second, he predlcte@
that a nonsense mutation in trpE, which permits synthesis of neither tryptoph&n
nor any of the trp proteins, should have an advantage over a trpE mlssens{ga
mutation which permits synthesis of the proteins but not tryptophan. Third, lg:
predicted that the selective advantage of the auxotroph should be greatest when
supplied with tryptophan, less when supplied with indole, and least when suppliexl
with anthranilate. When tested by appropriate competition experiments in chem‘é-
stats, none of the predictions was borne out: the selection for the auxotrophs was
three orders of magnitude greater than could be explained on the basis of tl'@
energy budget; the selective advantage of the polar mutations was indistinguish-
able from that of the missense mutations; and there was no difference in the
selection for the missense mutant on indole or anthranilate. In short, all of the
tests failed to support the energy conservation hypothesis.

Although it does not appear to be based on energy conservation, there is a
clear and consistent selective advantage to auxotrophy under conditions where
the nutrient is in the environment. How, then, might auxotrophy be advantageous?
We can imagine that some intermediates in anabolic pathways might be slightly
toxic or might slightly perturb the regulation of some other pathway. The presence
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of such an intermediate when the pathway end product is not required would
slightly reduce growth rates below those that would be achieved in a mutant that
no longer expressed the pathway.

An example from a laboratory situation suggests that in some circumstances
it could be advantageous to cryptify catabolic genes. Escherichia coli mutants
that are defective in the galE gene, the gene for UDP-galactose epimerase, are
killed by galactose owing to the accumulation of highly toxic UDP-galactose (Ippen
et al. 1971). In galE- strains, lactose negative and melibiose negative mutations
are strongly selected in the presence of lactose or melibiose because metabolism
of these substrates results in the generation of internal galactose. Although this
could be viewed as simply an artifactual laboratory situation, it must be realize
that the wide variety of metabolic capabilities that we now regard as “‘wild type’Z
and as defining the various bacterial species might well be viewed as genen&
deficiencies if we were aware of the phenotypes of the ancestral organisms fronﬁ
which they derived.

Another possibility is that an unneeded protein might act directly to reducet
fitness by interacting inappropriately with other cellular components. A transporﬁ
protein that competed for a limited number of sites in the membrane could easily
reduce fitness when it was no longer required. Dykhuizen and Davies (1980) hav%;
shown that lactose use interferes with the concurrent use of maltose and havég.
provided evidence supporting the hypothesis that this interference is due to com=
petition for a limited number of membrane sites by the lactose and maltose pers
meases. As another example, the lactose permease has been implicated in “lactoseg
killing”’ under unusual environmental circumstances (Dykhuizen and Hartl 1978)3

If expression of a gene could reduce fitness, why wouldn’t the organism snmpl;a;
evolve a regulatory system to prevent expression of that gene when it was nof
required? The results of various directed evolution studies (reviewed in Clark\:
[1978]; Hall [1982b, 1983]) suggest that microorganisms do not evolve ‘‘optimal’=
solutions to problems but simply take the first solution that solves the problemsg
For many systems it is probably far easier to cryptify a gene than it is to evolv%
a regulatory system.

Cryptic Genes as a Metabolic Control System

nb Aq 0628

The activation of cryptic genes by mutation is a regulatory event that permitg
the expression of an otherwise silent gene. Other mechanisms that regulate gene;
and enzyme activity, such as induction, repression, and allosteric control, are:
most effective for those circumstances requiring frequent or continuous modu;>
lation during the lifetime of most individual members of a species. This physno:
logical regulation generates a homogeneous adaptation to an environmental changeN
that is, the genetic constitution of the population remains unchanged. Crypth’g
gene activation operates at a higher hierarchical level, affecting only a very few
members of a species. Environmental changes may occur in a repetitive fashion
over long evolutionary time spans. Indeed, such changes typify the evolutionary
history of many extant species. We view cryptification and decryptification of
genes as adaptations to these cyclic environmental changes. These adaptations
occur more frequently than, and are superimposed on, long-term evolutionary
changes that may occur during periods of relative stasis (Cronin et al. 1981). One
consequence of an environmental change that selects for expression of a cryptic
gene would be a sharp reduction in the genetic variability of the population, similar
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to that which occurs during periodic selection in chemostats. Since microbial
populations probably enjoy little genetic exchange in natural populations (Selander
and Levin 1980), such cyclic changeovers are expected to result in populations
with a very limited number of distinctive genotypes. That expectation appears to
be fulfilled for natural Escherichia coli populations. In a survey of 109 clones from
geographically dispersed natural populations, based on electrophoretic mobilities
of 20 different enzymes, Selander and Levin (1980) detected three pairs of identical
clones isolated from hosts that were separated by wide geographic distances.
Since the mean genetic diversity of that population was very high (0.47), they
concluded that the natural population of E. coli consists of a very limited numb
of clones. The activation of cryptic genes is, therefore, an event with both reg-
ulatory and evolutionary implications. The existence of various mechanisms f&r
activating cryptic genes emphasizes the widespread nature of the phenomenoré
We view our proposed role for cryptic genes as being applicable primarily fo
microorganisms. First, null alleles are rare in populations of higher eukaryotes.
Second, because the somatic tissue provides a buffer between gene transmissiGh
and environment, higher eukaryotes are less subject to the boom-or-bust of vaﬁ-
ation in substrates that affects microorganisms. Eukaryotic microorganisms suéh
as yeasts, however, should be subject to the same selective pressures as lhoge
encountered by bacteria, and we fully expect that those species also contain
cryptic genes. Consistent with this expectation, Carlson et al. (1981) have shov@l
that Saccharomyces cerevisiae strains often possess silent genes for sucrose me-
tabolism and that these alleles can be mutationally activated. 3
The ubiquity of cryptic gene activation in microorganisms raises questloés
about the possibility that genes in higher forms may similarly be activated 1n:E1
small fraction of the individuals of a population. It is noteworthy in this regazd
that the activation of vertebrate genes as a result of environmental carcmogene$
or by genetic insertion of tumor viruses has recently been documented (Goldfaf:B
et al. 1982; Reddy et al. 1982; Tabin et al. 1982). There is insufficient evnden&
available at this time, however, to propose that the mechanisms that lead t
vertebrate gene activation serve the same positive evolutionary roles as the tyﬁfg:
we propose for microorganisms. However, there is no evidence to the comrar&z
and the possibility should not be excluded in the absence of further expenmentdl
evidence.
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