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Over forty years of research on the L-arabinose operon of Escherichia coli have provided insights into the
mechanism of positive regulation of gene activity. This research also discovered DNA looping and the
mechanism by which the regulatory protein changes its DNA-binding properties in response to the presence of
arabinose. As is frequently seen in focused research on biological subjects, the initial studies were primarily
genetic. Subsequently, the genetic approaches were augmented by physiological and then biochemical studies.
Now biophysical studies are being conducted at the atomic level, but genetics still has a crucial role in the
study of this system.
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In the 1960s, from a series of classic genetic experiments
Englesberg and co-workers1–4 concluded that the arabi-

nose operon in Escherichia coli might not be regulated by a
negative control mechanism like those that had been found
in the lambda phage and lac operon systems. Those initial
genetic findings indicated the existence of positive regu-
lation and stimulated more extensive genetic analyses of the
arabinose gene system5. These were followed by biochemi-
cal investigations that confirmed the existence of a positive
regulatory mechanism6. Since then, positive regulation has
been found in many regulation systems, both prokaryotic
and eukaryotic, and even in the lac and lambda phage 
systems. Continued investigation of the arabinose operon
discovered DNA looping7, a mechanism now known to be
widely used in gene regulation. Most recently, the details
by which the regulatory protein of the arabinose operon,
AraC protein, responds to arabinose have been elucidated
at the molecular, if not the atomic scale8. This mechanism,
called the light-switch mechanism, involves ligand regu-
lation of the position of an arm of the protein. Because the
mechanism is relatively simple, it is appealing to consider
that future attempts at engineering regulation by arbitrary
ligands will be based on the light-switch mechanism in
other proteins and enzymes. The arabinose system, however,
is already of practical use in protein expression systems,
because the ara promoter provides high levels of induced
expression and low levels of uninduced expression.

The arabinose system: genes and behavior
The arabinose system enables E. coli and its relatives 
to take up the pentose L-arabinose from the growth
medium using products of the unlinked araE and araFGH
genes, and then convert intracellular arabinose in three
steps catalyzed by the products of the araBAD genes to 

D-xylulose-5-phosphate (Fig. 1). This then enters the pen-
tose phosphate shunt. AraC protein regulates expression
of its own synthesis9 and the other genes of the ara system.
In the presence of arabinose, AraC stimulates initiation of
mRNA synthesis from the promoters pE, pFGH, pBAD

(Ref. 10) and pJ, a promoter serving a gene of unknown
function11. At pBAD, the AraC protein not only acts positively
to stimulate transcription in the presence of arabinose, but
also acts negatively in the absence of arabinose to repress
transcription initiation3; whereas at pC, AraC acts nega-
tively in the presence or absence of arabinose9.

Careful experiments using arabinose to induce and
rifamycin to block further mRNA synthesis have been 
carried out with special rifamycin-permeable cells. These
show that initiation of araBAD mRNA synthesis begins
within three seconds of the addition of arabinose12.
Experiments on the unlinked araE and araFGH genes lack
such time resolution, but show that approximately five
minutes are required for full induction of these genes.
Ultimately, the protein products of the araBAD genes are
induced to approximately 300 times their uninduced level
by AraC. Induction of the genes also shows ‘catabolic sen-
sitivity’, a term resulting from the fact that inducibility is
diminished in the presence of glucose and some other sug-
ars. This sensitivity is mediated by the amount of cyclic
AMP, which, in turn, modulates the activity of the cyclic
AMP receptor protein, CRP, which is required in addition
to AraC for full induction of the arabinose genes6,13.

D-fucose (5-methyl-L-arabinose), a close structural ana-
log of L-arabinose, blocks the growth of cells on arabi-
nose. Fucose binds to AraC but does not normally activate
transcription. The growth block induced by fucose is a
geneticist’s dream, as the isolation of fucose-resistant
mutants is particularly simple. The fucose-resistant
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mutants lie in AraC, and some make the system constitu-
tive; that is, the mutant AraC protein then activates tran-
scription even in the absence of arabinose. Other mutants
are activated not only by arabinose, but also by fucose14.
Fucose-resistant mutants were critical in proving that the
ara system is positively regulated.

How the ara system works
AraC protein functions as a homodimer. The monomer
possesses two domains, a dimerization domain that also
binds arabinose and a DNA-binding domain (Fig. 2a).
These domains are loosely connected by a flexible linker
that allows the dimeric protein (in the presence of arabi-
nose) to bind to half-sites in their natural direct-repeat
orientation separated either by four bases, the natural
spacing found in the I1 and I2 or O1L and O1R elements, or
by an additional 10 or 21 bases (one or two helical turns
of the DNA) in artificial constructs15. The flexible linker
also permits the protein to bind to inverted half-sites. In
the absence of arabinose, an N-terminal arm of ~18
amino acids extends from the dimerization domain and
binds to the side of the DNA-binding domain8 away from
the DNA, the ‘back side’. The combination of the arm
plus the linker holds each DNA-binding domain relatively
rigidly to its dimerization domain. Consequently, as
shown in Fig. 2b, the DNA-binding domains are then
well orientated for binding to the I1 and O2 half-sites and
forming a DNA loop, and are completely misorientated
for binding to adjacent half-sites. Binding to adjacent

half-sites (i.e. binding cis) would require substantially
bending AraC or breaking at least one of the arm–DNA-
binding domain interactions. Hence, it is energetically
disfavored for AraC to bind to I1–I2 in the absence of 
arabinose, but energetically favored for AraC bind to
nonadjacent half-sites and form a DNA loop.

Upon the binding of arabinose to the dimerization
domains, it is energetically more favorable for the N-ter-
minal arms of AraC to bind to the dimerization domains
than to the DNA-binding domains (Fig. 2c). The arabi-
nose-mediated release of the arms from their interactions
with the DNA-binding domains relaxes the constraints
holding them, and the domains are then more free to reori-
entate and assume any relative orientation. Most impor-
tantly, the now flexible AraC allows the overall energy
state of the system of DNA–AraC to be lower if AraC
binds to the adjacent I1 and I2 half-sites rather than loop-
ing between I1 and O2. As an aside, X-ray crystallography
shows that arabinose induces only very small changes in
the structure of the core of the dimerization domain16, so it
appears probable that the major determining factor of the
arms’ locations are the direct interactions between arabi-
nose and the arms themselves.

The DNA loop that is formed in the absence of arabi-
nose accomplishes several things for the arabinose system.
First, its presence sterically blocks access of RNA poly-
merase to the pBAD promoter17, thus holding the basal level
of pBAD expression at a low level. The loop also blocks
access of RNA polymerase to the pC promoter, and might
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FIGURE 1. The L-arabinose operon

The genes required for the uptake and catabolism of L-arabinose in Escherichia coli, the operon structures, their approximate locations on the 100-minute circular
genetic map, and the initial steps of arabinose catabolism showing the structures of the intermediates and the steps catalyzed by the products of the ara operon gene
products. AraC acts positively and negatively at pBAD (6), and negatively at pC (2).



also hinder the binding of the cyclic AMP receptor protein
to its binding site alongside AraC. Looping to O2 actively
keeps AraC from occupying the I2 half-site and inappro-
priately activating transcription from pBAD. Finally, having
AraC bound at the regulatory region in the absence of ara-
binose allows it to respond very quickly to the addition of
arabinose as the potentially slow DNA-binding step has
already taken place.

Neither the shift of the arms from the DNA-binding
domains to the dimerization domains nor the shift of the
DNA-binding domains from looping to binding cis
requires directed movement of the arms or domains.
Random diffusional motion should suffice. Because the
arm is in equilibrium and continually dissociates from and
reassociates to the two domains, it samples the arabinose
occupancy of the dimerization domain. Overall, in the
absence of arabinose, the arm spends most of its time
bound to the DNA-binding domain, and in the presence of
arabinose, most of the time bound to the dimerization
domain. Diffusion also allows the DNA-binding domain
that was bound at the O2 half-site to shift position to the I2

half-site and to induce pBAD within a few seconds of the
appearance of arabinose.

One phenomenon yet to be explained is the transient
derepression of the pC promoter following arabinose addi-
tion18. The activity of this promoter increases about ten-
fold shortly after the addition of arabinose, but returns to
its pre-induction level about ten minutes later. This behav-
ior is consistent with the hypothesis that opening the DNA
loop upon the addition of arabinose allows RNA poly-
merase free access to the pC promoter until AraC can bind
at the O1 site. AraC might then bind to O1 slowly because
its concentration free in the cytoplasm is low as most
AraC could have bound nonspecifically to random DNA
sequences as a result of the addition of arabinose. This
hypothesis nicely explains a benefit of DNA looping – it
permits rapid induction kinetics of the arabinose catabolic
enzymes.

The AraC family
The first homologs of AraC found were the two regula-
tory proteins RhaR and RhaS of the rhamnose operon19.
Study of this system began when it became clear that the
insolubility and instability properties of AraC (and most
of the AraC/XylS family members) hindered biochemical
studies of the protein and its regulation mechanism. Since
the discovery of these initial homologs of AraC, .100
additional bacterial regulatory proteins have been found
that contain regions homologous to the DNA-binding
domain of AraC (Ref. 20). The group is now called the
AraC/XylS family. The homology between the DNA-bind-
ing domain of AraC and the other family members gener-
ally is a little less than 20%. Because, however, the homol-
ogy extends over a major part of the proteins and they
possess similar activities, they almost certainly possess
similar tertiary structures. The similarity between the
structures of the dimerization domains in the family mem-
bers other than AraC is much less certain because their
sequences show less similarity to one another. Members of
the family possess two regions with homology to the helix-
turn-helix DNA-binding motif that was first found in CRP
and lambda phage repressor.

Two monomeric homologs of the AraC DNA-binding
domain, MarA (Ref. 21) and Rob (Ref. 22), have been
crystallized while bound to DNA and their structures

determined by X-ray crystallography. As expected, their
structures are nearly identical and contain two helix-turn-
helix regions that contact DNA. This is compatible with
the fact that a dimer of AraC contacts four adjacent
major-groove regions on the DNA. The structure of the
dimerization domain of AraC has also been determined,
both in the presence and absence of arabinose16, and in the
presence of fucose23. The dimerization domain forms a
pocket from b-sheets that binds arabinose, and dimerizes
by an antiparallel coiled-coil. No other structure a
AraC/XylS family member has been reported.

Positive regulation: variations on the standard
theme
Early on, genetic data indicated that the ara system was
different from the other well-characterized regulation 
systems in that AraC actively turned on expression of ara
genes when arabinose is present, rather than actively 
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FIGURE 2. Regulation of the L-arabinose operon by arabinose

The domain structure of one subunit of the dimeric AraC protein (a) and the pC and pBAD regulatory
regions in the absence (b) and presence (c) of arabinose. The regulatory elements O2, I1 and I2 are 17-bp
half-sites of similar sequence that each bind to one subunit of AraC, and O1 is formed of two half-sites,
O1L and O1R, that bind two subunits. In the absence of arabinose, RNA polymerase is hindered from
binding to pBAD and to pC. The cyclic AMP receptor protein, CRP, is probably similarly hindered from
binding to its DNA site. In the presence of arabinose, AraC binds primarily to the adjacent I1 and I2 half-
sites instead of looping. Consequently, RNA polymerase has free access to pBAD and CRP is free to bind
as well. At pC and O1 RNA polymerase and AraC compete for binding.



turning them off when arabinose is absent5. Because what
appears to be a positive control system can merely be two
negative control systems acting in series, and because neg-
ative regulation was known and accepted, it was of con-
siderable importance to prove definitively that AraC was a
positive regulator. A coupled transcription–translation
system made the proof possible6, showing that arabinose
operon proteins could be synthesized under control of
added AraC protein. Further, the addition of a mutant
fucose-resistant AraC protein produced a system response
matching the ‘phenotype’ of the added mutant protein.

With the understandings that came from dissection of
the transcription initiation process on ‘simple’ promot-
ers24, the mechanisms by which positive regulators could
work became more clear. Positive regulators could stimu-
late RNA polymerase binding or the formation of tran-
scriptionally competent ‘open’ complexes of RNA poly-
merase and DNA. Indeed, extensive studies of the
mechanisms by which CRP (Ref. 25) and lambda repres-
sor functioned showed that positive regulators actually do
increase binding of RNA polymerase to promoters and/or
accelerate conversion of a closed RNA polymerase–DNA
complex to an open complex capable of immediately initi-
ating transcription. Studies on these systems also identi-
fied the important contacts between RNA polymerase and
the activating proteins. The contact sites on RNA poly-
merase include the s-factor, the N-terminal portion of the
a-subunit, which forms part of the core RNA polymerase
structure, and the C-terminal domain of the a-subunit,
which is a small domain connected to the N-terminal
domain by a linker of about ten amino acids.

To simplify measurement of the binding and open-
complex-formation rates of RNA polymerase at pBAD, the
DNA-migration retardation assay, which had proven so
useful in biochemical and biophysical studies of AraC26,
was adapted to detect open-complex formation27. With it,
AraC was found to stimulate both the binding of RNA
polymerase to DNA and the rate of open-complex for-
mation. Various footprinting experiments carried out in
conjunction with these studies also showed that RNA
polymerase alters the DNA contacts made by the more
upstream subunit of the homodimeric AraC, rather than
those made by the subunit that binds near to the RNA
polymerase –35 region. Altogether, the data suggest that
RNA polymerase probably makes contact with both sub-
units of AraC, as well as with CRP. This is supported by
the determination of residues in CRP that affect induction

of  pBAD without affecting DNA binding by CRP (Fig. 3).
These residues lie in a region called activation region three
(AR3) of CRP (Ref. 28).

With 100 or more transcription regulators related to
AraC, it would seem that the residues of AraC and the
other family members that interact with RNA polymerase,
and hence are essential for transcription activation, would
be apparent upon sequence alignment. Unfortunately, this
is not the case, although several highly conserved residues
lying just beyond the second helix-turn-helix region are
good candidates20. Not only does the alignment not pin-
point any candidate residues involved in the interaction,
but extensive mutant hunts of AraC have also failed to
reveal the residues involved in the contacts. It is possible
then that any one of several residues suffice for activation
of RNA polymerase, that the details of the interaction
between different family members and RNA polymerase
differ, or that the residues of AraC that contact RNA poly-
merase also participate in some other essential function of
AraC. For example, a residue might be used by AraC to
make a sequence-specific DNA contact and also contact
RNA polymerase (although perhaps not at the same time).

DNA looping: discovery, proof and biological use
DNA looping was discovered in classic textbook fashion.
Englesberg had published data indicating that a particular
deletion entering the pBAD regulatory region from
upstream caused the loss of repression by AraC, although
the promoter could still be induced normally3. The poss-
ibility that a negative control element might lie upstream
of all the elements required for positive control of pBAD led
to large-scale genetic mapping of the operon29.
Unexpectedly, this work indicated that the negative control
element, now known as O2, might lie hundreds of base pairs
upstream from all the sequences that were required for pos-
itive control30. This was then proven with the discovery and
demonstration of DNA looping7. Looping of the DNA by
AraC between a site within pBAD and a site well upstream
provided an explanation for how a negative regulatory 
element could act from far upstream of a promoter.

The critical test of DNA looping was the helical-twist
experiment in which half a turn of the DNA helix was
added to the sequence anywhere between upstream site
required for full repression of pBAD and the downstream
site required for induction7 (Fig. 4). Such a half-turn
rotates one of the two sites to which AraC binds to the
opposite side of the DNA, greatly hindering loop for-
mation. Such an experiment can indicate the existence of
DNA looping if the binding energies of AraC to the two
half-sites are not so great that the excess binding energy is
sufficient to twist the DNA and return the half-sites to the
same face. The introduction of half-rotations diminished
repression of pBAD, whereas the introduction of integral
numbers of rotations did not. This not only provided
strong support for the looping idea, but also allowed
determination of the helical twist of DNA in vivo31. Also
consistent with the conclusion that relatively little energy
is available for DNA looping in the ara system was the
finding that the upper boundary for looping and binding
trans by AraC in the absence of arabinose is only a little
larger than the natural loop size of 210 base pairs (i.e. 
~500 base pairs). The corresponding lower boundary is
not known precisely, but is less than ~100 base pairs31.

The hypothesis of DNA looping made the key predic-
tion that the I site would be occupied by AraC even in the
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FIGURE 3. RNA polymerase interactions of pBAD

Probable contacts between the C-terminal domain of the a-subunit of RNA polymerase and the CAP
protein and AraC protein and DNA. The a-subunit is depicted as contacting the DNA lying between the
CRP- and AraC-binding sites because the a-subunit often does contact DNA, but no experimental data
supporting such a DNA contact in the ara system have been reported. Additional contacts are made
between RNA polymerase and the polymerase proximal subunit of AraC.



absence of arabinose. Until this time it was thought that
gene regulation was accomplished solely by regulating the
binding or dissociation of a protein from DNA, and the
prediction that AraC might remain bound to part of the I
site in the absence and presence of arabinose was unantic-
ipated. In vivo footprinting by dimethyl sulfate was devel-
oped to test this crucial idea32. Through good fortune, this
technique works well because AraC bound to the I1 and
the more distal O2 half-sites strongly enhances the reac-
tion of dimethyl sulfate with a guanine in the sites. With in
vivo footprinting, it was possible to show that the O2 half-
site and the I1 half-sites are both occupied in the absence
of arabinose and that, upon arabinose addition, occupancy
of the O2 half-site decreases. One of the most important
supportive pieces of data from the footprinting is the fact
that mutating the I1 half-site so that AraC cannot activate
transcription from pBAD also abolishes binding of AraC to
the O2 half-site. That is, there is a strong cooperativity in
the binding of AraC to I1 and O2, as is required by the
DNA-looping hypothesis.

Until it was possible to replicate DNA looping in vitro, it
was impossible to know the stoichiometry of AraC involved
with looping. Careful experiments had shown that a dimer
of AraC binds to linear DNA at the I1–I2 site33. Therefore, it
had seemed plausible that DNA looping involved four sub-
units, two bound at I and two bound at O2 In vitro DNA-
looping experiments with supercoiled minicircles showed
that, instead, a dimer of AraC loops the DNA34. Hence, one

monomer contacts O2, and one monomer contacts I1. The
in vitro DNA-looping experiments also showed that DNA
looping in the ara system does not readily occur unless the
DNA is supercoiled. Apparently, the energies available for
DNA looping are insufficient to form the loop unless the
DNA already is semi-looped because of the presence of
supercoiling tension. The low energies involved, of course,
were the key to the success of the helical-twist experiments.
The low energies are also appropriate to a regulatory mech-
anism because a 100-fold shift in the equilibrium state of
the ara regulatory system requires only a small energy input,
approximately that resulting from a change of one hydro-
gen bond in water or a couple of typical van der Waals
interactions.

After the discovery of DNA looping in the ara system,
looping was found to occur in a number of other prokaryotic
systems, including lac, deo, gal and gln (Ref. 35). DNA loop-
ing then became the accepted way to explain how eukaryotic
enhancers could act from a distance. DNA looping accom-
plishes several things for cells. First, it allows multiple pro-
teins to affect RNA polymerase and the initiation process,
some from adjacent sites and some from distal sites, and 
second, the cooperativity inherent in the use of multiple 
DNA-binding sites increases the effective binding constants
and allows regulatory proteins to function at very low 
concentrations35.

The light-switch mechanism
As described earlier, AraC responds to the presence of 
arabinose by shifting its N-terminal arm from the DNA-
binding domains to the dimerization domains. This frees
the DNA-binding domains and allows them to bind cis to
I1–I2 where AraC then activates transcription from pBAD.
X-ray crystallography shows that in the presence of 
arabinose, most of the N-terminal 18 amino-acid arm of
AraC is bound to the dimerization domain across the
sugar bound in the central pocket of the domain (Fig. 2c)16.
Crystallography also shows that in the absence of 
arabinose, electron density resulting from the arm is not
resolved; that is, the arm does not occupy a single posi-
tion. Although these data indicate that the presence of ara-
binose binds the arm to the dimerization domain, it shows
nothing about the position of the arm in the absence of
arabinose.

Several lines of genetic data show that the arm is bound
to the DNA-binding domain in the absence of arabi-
nose8,36. First, deleting the arm makes the protein act as
though arabinose is present. This is as expected because
without the arm, the DNA-binding domain is free, just as
it would be in the presence of arabinose. Second, muta-
tions that lie in the DNA-binding domain and make AraC
poorly responsive to arabinose can be neutralized by 
second site mutations in the N-terminal arm.

Additional evidence for the mechanism is the existence
of mutations that appear to strengthen or weaken arm
interactions with the rest of the protein. A mutation that
strengthens the arm–dimerization domain interaction suf-
ficiently, allows the arm to bind to the dimerization
domain and the mutant AraC then activates transcription
in the absence of arabinose. Such a mutation has been
found, and the basis of its stronger interaction can be
understood structurally. The mutation introduces the neg-
atively charged aspartic acid in the arm at a position that
brings it very close to two positively charged residues in
the dimerization domain (M. Wu, PhD thesis, Johns
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Introduction of half-integral turns between the O2 and I1 half-sites interfered with
repression of pBAD in the absence of arabinose giving rise to a five- to tenfold
elevation of the basal level of transcription. Introduction of integral numbers of
turns did not interfere with this repression.



Hopkins University, 2000). Similarly, mutations that
weaken the arm–DNA-binding domain interactions so
that the arm does not bind at all to the DNA-binding
domain should also cause the protein to be constitutively
active. Mutations of this type were found by alanine and
glutamic acid scanning of the surface of the DNA-binding
domain (M. Wu, PhD thesis, Johns Hopkins University,
2000). The residues involved in the arm interaction lie in a
line across the surface of the domain.

The mechanism used by AraC to respond to arabinose
is called the light-switch mechanism by analogy to an elec-
trical light switch. When the arm is in one position (bound
to the DNA-binding domain), the system is off, and when
the arm is in the other position (bound to the dimerization
domain), the system is on. It is possible that the major 
arabinose-dependent variable determining whether or not
the N-terminal arm of AraC binds to the dimerization
domain is the presence or absence of the interactions
between the arm and arabinose itself; that is, conformational
changes in the dimerization domain of AraC surrounding

the arabinose binding pocket are not of great importance.
This would suggest that it might be relatively easy to
append similar light-switch regulatory mechanisms onto
other proteins. Arms can be engineered onto proteins, and
in many cases it seems probable that peptide sequences
can be found for portions of these arms using phage-dis-
play libraries such that an added arm will bind to the pro-
tein only in the presence or only in the absence of bound
ligand. Additional amino acids in an arm that either acti-
vate or inhibit a protein linked to the domain would then
allow allosteric regulation of the enzyme by the control-
ling ligand (Fig. 5). Although such systems might be con-
structed, they are unlikely to work without fine tuning.
Obtaining the delicate balance of energies undoubtedly
will require the use of powerful genetic selections.

Protein velcro: arm–domain interactions
The arm–domain interactions that are found in AraC 
protein provide a simple mechanism for generating interac-
tions between domains and proteins37. Instead of requiring
two preformed surfaces of complementary shape, an
arm–domain interaction uses the structure of one of the
interacting domains and a short peptide region attached to
the other domain. This peptide region might have a defined
shape only when it is bound to the first domain. If the arm
were connected to a different protein, the two proteins
could still be connected. Such an interaction is particularly
convenient if any of a number of different proteins must all
bind to one protein. Then it is simple to imagine that an arm
that binds to the one protein can be added to each of the
others. Nature indeed uses these ideas. PDZ domain pro-
teins38, G proteins39,40, transcription factors41–43, cellular
sorting and transport proteins44, and the DNA-replication
machinery in prokaryotes45 and eukaryotes all use arms for
the association of one protein or a class of proteins with
another protein46. Thus, arm–domain interactions are not
confined to AraC protein and its regulation, but they are
widely found in Nature. Because of their relative simplicity,
we can imagine using them in the engineering of
domain–domain interactions and possibly in the engineer-
ing of allosteric regulation into other proteins.

In summary, over the years, deeper and deeper study
into the seemingly simple regulation system found in the
arabinose operon of Escherichia coli has led to the discov-
ery of DNA looping and the light-switch mechanism of
allosteric regulation as well as a realization of the impor-
tance of arm–domain interactions in proteins.
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It has been argued that about 4–5% of male adults suffer from infertility due to a genetic causation. From
studies in the fruitfly Drosophila, there is evidence that up to 1500 recessive genes contribute to male fertility
in that species. Here we suggest that the control of human male fertility is of at least comparable genetic
complexity. However, because of small family size, conventional positional cloning methods for identifying
human genes will have little impact on the dissection of male infertility. A critical selection of well-defined
infertility phenotypes in model organisms, combined with identification of the genes involved and their
orthologues in man, might reveal the genes that contribute to human male infertility.

Towards an under-
standing of the genetics
of human male infertility:
lessons from flies

A pproximately 4–5% of otherwise healthy men suffer
from involuntary childlessness for which no clinical

explanation can be given1–3 (Box 1). There is a comparable
spectrum and frequency of spermatogenenic defects in
infertile males from the most divergent populations, 
arguing against the assumption that environmental influ-
ences play a major role (Table 1). Could the majority (if
not all) of these various cases of unexplained (idiopathic)
male infertility have a hereditary basis? If so, is the 

number of ‘male fertility’ genes and the frequency 
of mutant alleles sufficiently high to account for 
the extremely high incidence of idiopathic infertility?
Based on the comparative analysis of male sterile 
mutations in the fruitfly Drosophila melanogaster and 
the mouse, we argue that the high incidence of 
human male infertility reflects a substantial genetic load 
in human populations due to autosomal recessive 
mutations.
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