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Summary
Recent developments in studies of sperm-mediated gene
transfer (SMGT) now provide solid ground for the notion
that sperm cells can act as vectors for exogenous genetic
sequences.Asubstantivebodyof evidence indicates that
SMGT is potentially useable in animal transgenesis, but
also suggests that the final fate of the exogenous
sequences transferred by sperm is not always predict-
able. The analysis of SMGT-derived offspring has shown
the existence of integrated foreign sequences in some
cases,while in others stablemodifications of the genome
are difficult to detect. The appearance of SMGT-derived
modified offspring on the one hand and, on the other
hand, the rarity of actual modification of the genome,
suggest inheritance as extrachromosomal structures.
Several specific factors have been identified thatmediate
distinct steps in SMGT. Among those, a prominent role is
played by an endogenous reverse transcriptase of retro-
transposon origin. Mature spermatozoa are naturally
protected against the intrusion of foreign nucleic acid
molecules; however, particular environmental condi-
tions, such as those occurring during human assisted
reproduction, can abolish this protection. The possibility
that sperm cells under these conditions carry genetic
sequences affecting the integrity or identity of the host
genome should be critically considered. These consid-
erations further suggest the possibility that SMGT events
may occasionally take place in nature, with profound
implications for evolutionary processes. BioEssays
27:551–562, 2005. � 2005 Wiley Periodicals, Inc.

SMGT: a short story

Introduction
In 1989, two independent reports made the claim that sperm

cells could associate with exogenous DNA molecules (trans-

genes) and transfer these molecules during fertilization,

resulting in genetically modified (transgenic) offspring.(1,2)

This represented an important rediscovery of what in retro-

spect can now be viewed as a groundbreaking discovery: the

spontaneous ability of sperm cells to bind DNA. The genesis of

this rediscovery was reported previously(3) and essentially

derived from early observations that intact, swimming sper-

matozoa were permeable to exogenous micrococcal nuclease

that caused the degradation of sperm chromatin. The first

report of mammalian sperm cells being able to act as vectors

for foreign DNA(4) was published in 1971 but was ignored, only

to be rediscovered after the publication of the 1989 work.

Thus, in 1989, a new mode of animal genetic manipulation

came into existence. However, despite initial reports of suc-

cess, the early history of sperm-mediated gene transfer

(SMGT) was marred by difficulties of reproducibility, which

eventually caused a good deal of skepticism over SMGT.(5,6) In

subsequent years, however, many successful reports of

SMGT have been published. Accordingly, in spite of the

controversy that accompanied its first appearance, SMGT has

gradually been perceived as a potentially promising method.

SMGT may be able to provide efficient, rapid and low-cost

protocols for animal transgenesis and, more futuristically,

human germline gene therapy. Moreover, if sperm cells can act

as vectors for foreign genetic sequences, it follows that the

genome of sexually reproducing animals—including hu-

mans—may be exposed to alteration by exogenous genetic

sequences carried by sperm cells, with important implications

for evolutionary processes and for human health.(7)

SMGT experiments—approaches and outcomes
The scientific literature contains over seventy reports of the

successful in vitro uptake of DNA constructs (transgenes) by

animal sperm cells (see Table 1). Most of these reports provide

evidence of postfertilization transfer and maintenance of

transgenes, and several of the studies also report the

subsequent generation of viable F0 animals, the cells of which

contain exogenous DNA sequences. In some cases, evidence

is provided of transgene transmission to the progeny (F1 or

beyond). The mostcommon methodology, termed ‘‘DNA

incubation‘ in Table 1 and the approach employed in the initial

landmark experiments, is very straightforward: seminal

plasma-free sperm cells are suspended in the appropriate

medium and incubated with DNA. The resultant DNA-carrying

sperm are then used to fertilize eggs, via in vitro fertilization

(IVF) or artificial insemination (AI) or, in the case of aquatic

animals, via waterborne (natural) fertilization. Other studies

in Table 1 have used ‘augmentation’ techniques, such as

electroporation or liposomes, to ‘force’ sperm to capture
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Table 1. A survey of successful sperm–DNA interaction and sperm-mediated gene transfer experiments

Sperm Approach
Fertilization

method
Latest stage in which

transgenes found Year Reference

Rabbit DNA incubation AI Embryos 1971 (4)

Sea urchin DNA incubation IVF Embryos 1989 (1)

Mouse DNA incubation IVF Viable animalsþ progeny 1989 (2)

Several farm animal species DNA incubation (n/a) Sperm 1990 (8)

Mouse DNA incubation (n/a) Sperm 1990 (9)

Bull, and insect species DNA incubation (n/a) Sperm 1991 (10)

Mouse Liposomes IVF Viable animals 1991 (11)

Bull Electroporation IVF Embryos 1991 (12)

Mouse and chicken DNA incubation IVF & AI Sperm 1991 (13)

Mouse Liposomes (n/a) Sperm 1991 (14)

Pig DNA incubation (n/a) Sperm 1991 (15)

Mouse, boar, bull & human DNA incubation (n/a) Sperm 1992 (16)

Pig DNA incubation IVF Embryos 1992 (17)

Pig Electroporation (n/a) Sperm 1992 (18)

Zebrafish DNA incubation IVF Viable animalsþ progeny 1992 (19)

Mouse DNA incubation (n/a) Sperm 1992 (20)

Rooster Liposomes AI Fetuses 1992 (21)

Mouse DNA incubation (n/a) Sperm 1993 (22)

Chicken DNA incubation (n/a) Sperm 1993 (23)

Salmon Electroporation IVF Viable animals 1993 (24)

Salmon Electroporation (n/a) Sperm 1994 (25)

Mouse DNA incubation IVF Embryos 1995 (26)

Zebrafish DNA incubation (n/a) Sperm 1995 (27)

Bull DNA incubation AI Viable animals 1995 (28)

Mouse Liposomes (n/a) Sperm 1995 (29)

Loach Electroporation IVF Viable animals 1995 (30)

Various mammalian DNA incubation (n/a) Sperm 1995 (31)

Various mammalian DNA incubation IVF Embryos 1996 (32)

Xenopus DNA incubation IVF Embryos 1996 (33)

Zebrafish DNA incubation & electroporation IVF Viable animals 1996 (34)

Rabbit, bull, chicken Liposomes IVF Viable animals 1996 (35)

Bull and pig DNA incubation AI Viable animals 1996 (36)

Human DNA incubation IVF Embryos 1997 (37)

Loach Electroporation IVF Embryos 1997 (38)

Mouse DNA incubation (n/a) Sperm 1997 (39)

Frog & mouse DNA incubation (n/a) Sperm 1997 (40)

Mouse DNA incubation (n/a) Sperm 1997 (41)

Abalone (mollusk) Electroporation IVF Larvae 1997 (42)

Mouse DNA incubation (n/a) Sperm 1997 (43)

Mouse & rat TMGT (n/a) Sperm 1998 (44)

Mouse DNA incubation IVF Fetuses 1998 (45)

Mouse TransgenICSI ICSI Embryos 1999 (46)

Carp Electroporation Waterborne Viable animals 1999 (47)

Mouse TMGT Natural Viable animalsþ progeny 1999 (48,49)

Rhesus monkey TransgenICSI ICSI Embryos 2000 (50)

Rhesus monkey TransgenICSI ICSI Embryos 2000 (51)

Mouse TMGT Natural Viable animals 2000 (52)

Xenopus laevis DNA incubation Waterborne Viable animalsþ progeny 2000 (53)

Zebrafish DNA incubation Waterborne Viable animalsþ progeny 2000 (54)

Bovine Electroporation IVF Embryos 2000 (55)

Honey bee DNA incubation AI Viable animalsþ progeny 2000 (56)

Mouse & pig DNA incubation IVF Viable animals 2000 (57)

Salmon Electroporation Waterborne Viable animals 2000 (58)

Pig TransgenICSI ICSI Embryos 2001 (59)

Rabbit Liposomes IVF Viable animalsþ progeny 2001 (60)

Rat TMGT Natural Viable animals 2001 (61)

Mice TMGT Natural Viable animals 2002 (62)

Pig DNA incubation AI Viable animals 2002 (63)

Sea bream Electroporation and TMGT Waterborne Viable animals 2002 (64)

Mouse TMGT (n/a) Sperm 2002 (65)

Rat Liposomes AI Viable animals 2002 (66)

Carp DNA incubation Waterborne Viable animals 2002 (67)

(Continued )
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transgenes (see Fig. 1 for a pictorial summary). More recent

studies have introduced transgenes directly into the repro-

ductive tract of male animals, either as naked DNA or

encapsulated in liposomes. In this form of SMGT, known as

testis-mediated gene transfer (TMGT), sperm pick up the

transgenes in vivo and transmit them via natural mating or AI.

Another recent innovation in SMGT has been the use of

intracytoplasmic sperm injection (ICSI) to deliver transgene-

containing sperm cells directly into the egg, a process known

as ‘transgenICSI’. These latest refinements to SMGT are

considered in more detail later in this review.

SMGT: controversial aspects
Despite the successes reported in Table 1, SMGT has not yet

become established as a reliable form of genetic manipulation.

A significant aspect is that stable transgene integration has

Table 1. (Continued )

Sperm Approach Fertilization method
Latest stage in which

transgenes found Year Reference

Pig & mouse Antibody linked Surgical AI/IVF Viable animals 2002 (68)

Pig TransgenICSI ICSI Embryos 2003 (69)

Mouse TransgenICSI ICSI Embryos 2003 (70)

Rabbit Liposomes AI Viable animals 2003 (71)

Rohu fish Electroporation Waterborne Viable animals 2004 (72)

Chicken Liposomes AI Viable animals 2004 (73)

Figure 1. Routes to the production of genetically modified animals via SMGT.
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rarely been detected with SMGT protocols. An additional,

more conceptual skepticism is based on the assumption that

major evolutionary chaos would result if sperm cells were able

to act as vectors for exogenous genetic sequences. Given that

the reproductive tracts contain ‘free’ DNA molecules (originat-

ing from natural cell death and breakage), it seems reasonable

to expect sperm cells to be highly resistant to the risk of picking

up such molecules.

Since SMGTcan be demonstrated experimentally, as in the

experiments in Table 1, and yet evolutionary chaos is not

observed in nature, it follows that nature has erected

formidable barriers against SMGT, though these barriers are

not absolute. On this view, the inconsistent nature of SMGT

experimental outcomes is readily explained: if there are

powerful natural barriers against SMGT, then SMGT suc-

cesses may be thought to represent unusual cases in which

the barriers have failed. Such breaches may have resulted

from the presence of some unknown critical factor(s) in the

successful experiments. Indeed, at least two such barriers

have been identified that antagonize the spontaneous,

undesired intrusion of exogenous molecules in mammalian

spermatozoa: (1) an ‘‘inhibitory factor’’ (IF-1), abundant in the

seminal fluid or bound to the spermatozoa membrane in

marine animals, that prevents the binding of foreign mole-

cules, and (2) a sperm endogenous nuclease activity that is

triggered in a dose-dependent manner upon interaction of

spermatozoa with foreign molecules.(41) This activity causes

the degradation of the exogenous sequences or, above a

specific DNA threshold, an apoptotic-like suppression of the

DNA-loaded spermatozoa.(41) It is reasonable to believe that

these protections minimize any unintentional interaction

between sperm and exogenous sequences and protect

against the threat that every fertilization event may become

a potentially mutagenic event. In the following section, we

present a hypothetical model for the uptake of exogenous

molecules by sperm cells that goes some way towards

explaining the low frequency/variable uptake results in SMGT

research to date.

Mechanisms of nucleic acid uptake by sperm

Several laboratories have invested significant efforts to

improve SMGT and have contributed to developing our

understanding of sperm interactions with nucleic acid mole-

cules. As a whole, these studies confirm the original observa-

tion that sperm cells can playa role in transgenesis. Somewhat

paradoxically, however, the expectation of practical benefits in

biotechnology and efforts to optimize that output have shifted

the focus away from the underlying molecular mechanisms

of the SMGT process. Surprisingly, the possibility that SMGT

is not only an experimental process for the generation of

transgenic animals, but rather an adaptation of a naturally

occurring phenomenon and a possible causative agent of

genome reshaping, is not clearly perceived. Against this

general trend, a small number of groups including ours has

intensively pursued the elucidation of underlying mechanisms.

We consider that acquiring this knowledge is of paramount

importance, not only to achieve full experimental control of the

SMGT process and improve animal transgenesis protocols,

but also to disclose hidden aspects of a phenomenon that may

have far-reaching implications if spontaneously occurring in

nature. In an effort to clarify the molecular mechanism of

SMGT, we have focussed particularly on the first and funda-

mental event of the process, namely the interaction between

sperm cells and exogenous DNA. We surmised that the

binding of exogenous DNA molecules to sperm cells and

further internalization in nuclei does not occur haphazardly, but

is a regulated process mediated by specific factors.(3) In the

terminal steps of the process, internalized DNA molecules

reach the nuclear scaffold, where a small fraction eventually

undergoes recombination with the sperm chromosomal

genome at a few selected sites, leading to rare integration

events.(43) A set of chromatin sites with a distinctive con-

formation, accessible to nuclease digestion and complexed

with histones rather than protamines(74) has been identified in

the sperm chromatin, that may serve as potential integration

sites. It is noteworthy that such ‘‘accessible’’ sites are enriched

in LINE-1 retroelements. These findings (to which we will

return below) began to uncover unexpected features of the

sperm genome organization. Yet, the low frequency of

integration events compared to the relatively high proportion

of positive animals, together with the observation that, in most

of these animals, the foreign DNA remains in an extrachro-

mosomal form (see below), continued to foster the notion that

important aspects of the underlying SMGT mechanisms

remained persistently elusive.

A turning point in the understanding of the process came

with the finding that the interaction of exogenous molecules

triggers an endogenous reverse transcriptase (RT) activity in

spermatozoa. Such RT activity is able to reverse transcribe

exogenous RNA molecules (specifically, the human poliovirus

RNA genome was used in the study that provided the first set of

evidence) into cDNA copies, which are transferred to embryos

following in vitro fertilisation (IVF).(75) That finding suggested

for the first time that a sperm endogenous RT is implicated in

the generation of newly reverse-transcribed sequences and,

more generally, established the notion that the retrotranspo-

son/retroviral machinery is involved in SMGT. Before examin-

ing the significance of this finding in more depth, we will briefly

recall some background features.

Endogenous reverse transcriptase activities
RT activity of non-telomeric origin was historically associated

with replication of retroviruses,(76,77) and later found to be also

encoded by two major classes of repeated elements in higher

eukaryote genomes: retroposons, such as those of the LINE

(Long Interspersed Nuclear Element) family,(78) and endogen-
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ous retroviruses,(79) collectively termed retroelements. Non-

telomeric RT is the key function in retrotransposition of these

elements. After completion of the human and murine genome

sequencing, it is clear that as much as 45% of human and 37%

of murine genomes are made up of retroelements.(80) That

portion of the genome has been traditionally considered as a

useless remnant of our genetic past and classified as ‘‘junk

DNA’’.(81) However, growing evidence is challenging this view

and suggests instead that the endogenous RT plays a role in

the reshaping and rearrangement of genomes. An increasing

body of evidence indicates that this enzyme is responsible for

numerous genomic alterations and acts as a major driving

force in evolution.(82) RT is expressed in elevated levels in

embryos,(83,84) embryonic tissues(85) and tumors;(86,87) in

contrast, no or very low levels of RT expression are typical

of terminally differentiated cells. The mammalian genital

tract,(88,89) germ cells(90) and gametes(91,92) are other pre-

ferential sites of expression of retroviral/retrotransposon

genes. The endogenous RTactivity is preferentially expressed

in tissues with a high proliferation potential and may therefore

be involved in pathway(s) regulating cell growth and differ-

entiation. Consistent with this, we have recently found that

inhibition of the endogenous RT activity arrests embryo

development in early pre-implantation stages(93) and also

modulates proliferation and differentiation in transformed cell

lines.(94,95)

Sperm-mediated ‘‘reverse’’ gene transfer
As anticipated above, the RT activity detected in murine

spermatozoa(75) is most likely encoded by a fraction of the

sperm chromatin that is organized in an ‘‘active’’ nucleohistone

(as opposed to protamine-associated) conformation and

enriched in LINE-1 sequences.(74,96) The existence of an

active RT in spermatozoa was unexpected. As a step towards

assessing its functional activity and determining whether

foreign RNA can be a suitable substrate for the sperm RT, we

carried out IVF experiments with spermatozoa that were

preincubated with a RNA vector marked with a beta-galac-

tosidase (beta-gal) gene. In these experiments, the beta-gal-

expressing RNA vector was taken up by sperm cells, reverse-

transcribed, delivered to embryos upon IVF, and mosaic-

propagated in founders and further in the F1 progeny.(97)

Moreover, the beta-gal protein was expressed in tissues from

F0 and F1 animals. Thus, spermatozoa can reverse-transcribe

exogenous RNA and generate transcriptionally competent

sequences that are transmitted to offspring. We have called

this phenomenon ‘‘sperm-mediated reverse gene transfer’’.

The population of cDNA molecules that are reverse-tran-

scribed from the beta-gal template exhibits peculiar features

that distinguish them from other transgenes. First, these

sequences are maintained at low copy number (i.e. <1 copy

per genome). Second, they show a mosaic distribution in

founder animals, are sexually transmitted from founders to the

F1 progeny, and are again mosaic propagated in the F1

offspring. These features strongly suggest that the reverse-

transcribed sequences are not integrated in the host genome

and are probably replicated independent from replication of

the host genome. Consistent with this are the negative results

of various attempts to identify integration of the reverse-

transcribed cDNA copies, for example by constructing partial

genomic libraries. Thus, available evidence suggests that

retrotranscribed cDNA molecules are mostly maintained as

autonomously replicating extrachromosomal structures, with

integration in the host genome occurring rarely. A possible

model for the process is schematised in Fig. 2: exogenous

RNA molecules are thought to migrate in close contact with the

sperm nuclear scaffold, where endogenous RT activity is

localised.(75) Here, cDNA copies are generated by reverse

transcription. We hypothesise that integration events occur at

nuclear matrix-bound DNA sites that connect adjacent

protamine-bound looped domains, corresponding to the

‘‘accessible’’ sites where the nucleosomal organisation was

not replaced by protamines during spermatogenesis. Hence-

forth, extrachromosomal, autonomously replicating cDNA

structures can be generated either by direct reverse transcrip-

tion of the foreign RNA, or by the RNA transcribed from the

integrated sequences, reminiscent of a provirus-type model.

The finding that non-integrated DNA sequences are main-

tained in embryos and adult tissues(97) is not totally surprising,

since extrachromosomal structures were previously demon-

strated to be frequent guests of eukaryotic nuclei. In particular,

transgenic sequences can generate extrachromosomal struc-

tures that are transmitted to the next generation, as docu-

mented in studies of transgenic mammals,(62,98) birds,(21)

fish(19) and insects(56) obtained by SMGTand, in certain cases,

by DNA microinjection.(99,100) The genesis of such extrachro-

mosomal structures in transgenic animals, and their sexual

transmission to the progeny, are unclear. According to the

model, transgenic episomal DNA is thought to represent the

product of an endogenous RT activity. Physiologically, regu-

lated transposition events have been reported to occur in early

cleavage stages.(101) Our findings that RT inhibition causes

the irreversible arrest of embryonic development suggest that

retrotransposon-encoded RTactivity is required in some as yet

unknown regulatory pathway in early developmental stages.

The developmental arrest induced by RT inhibition is

accompanied by a broad reprogramming of gene expres-

sion.(93) It is worth stressing that the sensitivity to RT inhibition

is developmentally restricted to the late one- to the four-cell

stages.(93) Growing work implicates retrotransposons in

transcriptional interference or epigenetic control of cellular

genes(102,103) and in RNAi-dependent chromatin-based gene

silencing in yeast.(104) In addition to its basic significance to

developmental regulaton, the discovery of functional RT in

sperm cells provides the basis for sperm-mediated reverse

gene transfer: in this process, the exogenous RNA is probably

Challenges

BioEssays 27.5 555



‘‘captured’’ by the retrotransposon-mediated mechanism

active in sperm cells, reverse-transcribed and further propa-

gated through the embryo. We are currently working to

establish whether this mechanism is triggered exclusively

when sperm cells are incubated with RNA, or whether DNA

can also induce a similar response. In the latter case, SMGT

could be regarded as a retrotransposition-mediated phenom-

enon proceeding in two steps, i.e. exogenous DNA transcrip-

tion into RNA, followed by reverse transcription and

propagation of cDNA copies.

Applications of SMGT

Animal transgenesis
From 1989 to 2004, over 30 separate claims have been made

for the production of viable transgenic animals using SMGT

(Table 1). However, only a minority (�25%) of these reports

include convincing demonstration of transmission to progeny

(F1 or beyond). Clearly, transmission of transgenes beyond

the F0 generation would be a prerequisite for usable animal

transgenesis. The infrequency of transmission may be

explained by the foregoing mechanism of sperm–DNA

interaction, in that the transgenes may be present as episomes

in the cells of the F0 animals, being subsequently lost for the

next generation.

The fact that several reports show transmission, and that

some show DNA integration, suggests that there may be

unknown factors that have operated to induce integration in

some experiments. Interestingly, the clearest integration

evidence has been obtained with transgenICSI and ‘augmen-

tation’ protocols, such as liposome-mediated gene transfer. By

contrast, few integrations have been shown to occur with direct

sperm–DNA interaction. A possible interpretation of these

results is that the plasma membrane of sperm plays a critical

role: when the membrane is intact, as it usually is in direct

interaction (‘auto-uptake’) protocols, the binding of DNA

molecules to the cell surface likely triggers the mechanism of

internalization and subsequent reverse transcription de-

scribed above, yielding mostly the generation of episomal

cDNA molecules. By contrast, the destruction or bypass

(for example using liposomes) of the membrane, facilitates a

direct interaction with the sperm chromatin, increasing the

Figure 2. Hypothetical model for sperm-mediated ‘‘reverse’’ gene transfer. Exogenous RNA molecules are taken up by sperm cells,

internalised in nuclei and reverse-transcribed in cDNA copies by the endogenous matrix-associated RTactivity (represented by the brown

circle) (for details see Ref. 75). A small proportion of the resulting cDNA is thought to eventually integrate into ‘‘accessible’’ sites of the sperm

chromatin which retain a nucleosomal organisation (as from Pittoggi et al., see Ref. 74), and are probably located between adjacent

protamine domains. Instead, the vast majority of cDNA copies appear to propagate in tissues of the offspring as extrachromosomal

structures (blue circles). Extrachromosomal structures can either be generated by direct reverse transcription of the exogenous RNA, or

from transcription of the integrated cDNA copy into RNA.
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probability of integration. Integration may occur early in the

sperm nucleus (transgenic spermatozoa) or later after entry

into oocytes, when the sperm nucleus is converted into a

male pronucleus. In other words, a ‘‘sensor’’ might exist on the

sperm surface: if the DNA interacts with the surface, then

the end product will mostly be episomal, while the direct DNA

loading on the chromatin after removal or bypass of the

surface structures increases the yield of integration products.

The identification of critical membrane functions modulating

the outcome of genomic integration following SMGT awaits

further research.

From the experiments reported in Table 1, it is clear that

numerous animal species have proven amenable to SMGT,

including mammals, birds, fish and insects. Thus, SMGT

transgenesis demonstrates a very broad applicability across

animal species. It is noteworthy that aquatic species are highly

represented in reports of successful SMGT, and it may be the

case that SMGT transgenesis will prove particularly useful for

marine animal transgenesis. SMGT transgenesis offers the

potential for mass-delivery of transgenes, utilizing simple and

inexpensive technology, particularly when coupled with AI or

natural mating, as opposed to IVF or ICSI. Despite the low

frequency of stable genomic integration, the frequency of

phenotypic modification and overall transgenesis (including

episomally transmitted characters) can be as high as 80% in

some experiments. Nevertheless, SMGT has not become an

established method of transgenesis compared to pronuclear

microinjection and embryonic stem cell (ESC) transgenesis,

because the outcome of single experiments, at the present

stage, is still difficult to predict in routine transgenesis work.

Recent technological advances from SMGT
An interesting recent development of SMGT has been the

introduction of transgenes into testicular (sperm) stem cells

in vivo (testis-mediated gene transfer, TMGT). In principle,

TMGT removes the need to collect, manipulate or transfer

eggs, thus providing a major streamlining of gene transfer.

Preliminary results have been reported in mice, where trans-

gene constructs were directly injected into the testis. For

example, 60–70% of sperm were reported to carry the

transgene following injection of naked DNA into the vas

deferens,(44) with a follow-up report claiming detection of the

transgene in the cells of 7.5% of offspring animals produced

following fertilisation with the transgene-bearing sperm.(105)

Similar results were reported using liposome-encapsulated

transgene molecules injected close to the epididymis.(48,49,65)

Another recent development has been the combination of

SMGT with microinjection (transgenICSI) in which sperm

exposed to naked or liposome-encapsulated transgene

molecules are microinjected into oocytes. Promising results

have been reported with mice, with founder animals integrat-

ing and expressing the transgene.(46,70) Transgene uptake and

expression following transgenICSI has also been reported in

rhesus monkey embryos(50,51) and porcine embryos.(59,59)

The success of transgenICSI provides further support for the

notion that sperm are indeed able to act as transgene vectors.

Reported rates of success (i.e. transgenics per transfer),

although variable, are already fairly impressive, with a figure of

around ca. 35% being fairly typical.(46,50,51,59,68–70)

Finally, a novel form of SMGT, termed linker based sperm-

mediated gene transfer (LB-SMGT), has recently been

reported.(68) This work employed sperm surface-specific

monoclonal antibody (mAb C) complexed with DNA. Capable

of specifically binding to the sperm of various species of

animals, mAb C served as a linker molecule to attach

transgenes to the surface of pig and mice sperm. Following

fertilization, transgene DNA was detected in integrated form in

the genome of viable pig and mouse offspring. Transmission to

the F1 generation occurred at an efficient rate, with 37.5% of

pigs and 33% of mice testing positive for transgene presence.

Transmission to the F2 generation was also obtained for pigs. If

this work can be replicated, LB-SMGT clearly holds promise

for improving the production efficiency of large transgenic

animals.

Gene therapy
As discussed above, transgenes in host cells following SMGT

may, in most cases, be in an episomal form. This may open up

an attractive future perspective for somatic gene therapy. The

evidence summarised above indicate that non-integrated

exogenous sequences are mostly propagated as extrachro-

mosomal structures throughout embryonic development,

maintained in the tissues of adult animals and sexually

transmitted to the next generation, without disruption of the

integrity of the host genome. Might this suggest that somatic

gene therapy, aimed in particular at the embryo or foetus, may

become a future possibility? Many severe genetic conditions,

for which somatic gene therapy in humans would be highly

desirable, kill or severely affect the living conditions of patients

in the first months or years of life. Indeed, conceptually there

exists an inverse correlation between the age of the patient

and the efficacy of gene therapy. Therefore, the possibility of

treatment prior to irreversible disorder-induced damage would

be an ideal application of somatic gene therapy. Embryo

somatic gene therapy would have other advantages compared

with later-stage approaches,(106) including: (a) the possibility

of correcting whole-tissue/organ alterations by genetically

altering a small number of appropriate clonogenic cells (such

cell-types are a feature of early foetal development); and (b)

the avoidance of an immune response against transgene

vectors, due to the preimmune status of the embryo and early

foetus. The potential use of SMGT for embryo somatic gene

therapy is theoretically appealing, considering that transgenes

seem to persist best in the earlier stages of development,

possibly due to their episomal status. However, the speculative

nature of this possibility must be acknowledged.
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Gene targeting and SMGT
Assuming that further developments of SMGT will make it a

reliable tool for gene transfer, its unsuitability for gene targeting

would still limit its use in the context of animal transgenesis.

Gene targeting generally requires the ability to select for rare

targeted outcomes against a background of random integra-

tion events. There is no conceivable way to select amongst

sperm cells in the same way in which selection methods can be

applied to embryonic stem cells and cultured somatic cells:

therefore, using gene targeting with SMGT may prove inhe-

rently impossible. However, innovative lines of research from

related fields may open up fruitful possibilities in SMGT.

Research into the mechanism of gene targeting—homologous

recombination (HR)—is yielding growing insight into the

‘recombinase’ enzymes that drive HR.(107) Speculatively, it

may become possible in the future to co-transfer potent

recombinase enzymes, or enzyme complexes, alongside/

attached to transgene molecules during the transgene uptake

stage in sperm cells, such that HR is stimulated before or

soon after fertilization. This could then permit efficient

gene targeting. The use of isogenic DNA constructs(108) and

the insertion of repetitive DNA sequences(55) may favour the

integration by HR and thus the coupling of gene targeting with

SMGT.

Can exogenous DNA/RNA be taken up

in nature or by accident?

In vitro studies indicate that exogenous nucleic acid uptake by

sperm is strongly antagonised by IF-1,(3,31) an abundant

glycoprotein in the seminal fluid of mammals and on the sperm

surface in marine species. In mammals, IF-1 is probably lost

during the movement of sperm in the female genital tract. In

aquatic species, sperm are exposed to exogenous nucleic

acids, derived from cell catabolism of animal and plant origin,

present in seawater. Therefore, it is not surprising that the

binding of IF-1 coats the sperm cell surface in these species.

However, the exposure of sea urchin sperm to a low ionic

strength medium (e.g. 0.8� diluted sea water) detaches IF-1,

hence removing that protection and allowing exogenous

nucleic acid molecules to interact with spermatozoa. Similar

conditions may conceivably arise naturally in specific in-

stances—for example, in sea water near the mouth of a river—

which would allow millions of sperm cells to take up exogenous

nucleic acids. Exogenous DNA or RNA molecules may

undergo several possible fates after uptake into sperm cells

in natural systems. First, they can be degraded by sperm

nucleases, yielding no genotypic or phenotypic manifestation

of SMGT:(41,70,74,109) indeed, sperm cells are highly unlikely to

take up a full-length coding gene and regulatory sequences

capable of conferring a sudden ‘‘gain of a function’’. However,

DNA/RNA molecules surviving (or not subjected to) nuclease

attack may either integrate into the sperm nucleus, or, more

likely, remain as episomes as discussed above.

An alternative fate for exogenous DNA molecules is non-

random genomic integration in sperm cells. As discussed

above, the highly condensed structure of sperm chromatin is

virtually inaccessible to foreign molecules, except at specific

sites, characterised by an unusual chromatin organisation and

specific sequence enrichment. Thus, the sperm chromatin

offers an extremely restricted choice of possible integration

sites, causing a non-random integration within the sperm

genome.(43)

Implications of SMGT for human reproduction
SMGT studies have revealed a spontaneous ability of sperm

cells of virtually all animal species, including humans, to take

up exogenous nucleic acids and deliver them to oocytes at

fertilisation. This may raise concern for the human offspring

generated during assisted reproduction. Those handling germ

cells in assisted reproduction practices are generally unaware

of the concept that sperm cells may carry a potential threat to

the genetic identity of the progeny. The traditional view that

mature spermatozoa are metabolically inert cells, incapable of

any other function but transferring the male genome into

oocytes at fertilisation, is deeply rooted. Instead, the data

accumulated in SMGT studies, summarized in this review,

support the conclusion that the intrinsic ‘‘permeability’’ of

mature spermatozoa, especially when subjected to extensive

washes that remove the natural protecting IF-1 molecules,

may represent vectors with high risk in assisted reproduction,

because exogenous genetic material can internalize in sperm

cells depleted of seminal fluid. In this light, the well-established

IVF procedure and the newly developed ICSI technology

currently used in human assisted reproduction can both

expose unprotected sperm cells washed from the seminal

fluid to the inadvertent intrusion of even minute amounts of

exogenous DNA present in the environment.(3,31) At fertiliza-

tion, these foreign sequences can be passed to oocytes,

thereby endangering the offspring genetic integrity. Moreover,

the finding that spermatozoa, including those of humans, are

endowed with a RT activity that can reverse transcribe

exogenous RNA molecules into cDNA copies should warn

that the interaction with foreign RNA can be as risky an event

as that with DNA.

An additional concern may lie when using semen from HIV

serum-positive men in assisted reproduction. In these cases,

the semen is thoroughly washed and cellular components

different from spermatozoa are accurately removed in order to

eliminate the HIV viral particles that are thought to be

exclusively associated with the lymphocyte component of

human semen. It is believed that once this component is

removed, the spermatozoa can be used safely for fertilisation.

However, experimental evidence contradicts this view and

suggest instead that viral particles, such as HIV(110) and

herpes,(111) can be taken up by sperm cells and, in some

cases, passed to oocytes at fertilisation. Thus, spermatozoa
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can be vectors not only of small-size nucleic acids but also of

large structures such as viral particles.

Furthermore, our recent work on sperm RT indicates that a

retroviral genome can be reverse-transcribed into transcrip-

tionally active cDNA copies in murine sperm cells and

transferred to embryos after fertilization. This may have far-

reaching consequences for human health. It indicates another

potential source of risk, in addition to the serum-positivity of the

generated offspring, associated with IVF, as the vector sperm

cell can potentially generate a ‘‘HIV-transgenic’’ individual

carrying HIV genomic elements.

Evolutionary implications of SMGT
Based on the evidence summarised thus far, SMGT can be

regarded as a potential source of mutation for the host

genome. When genetic modifications occur under experimen-

tally controlled conditions, the outcome is the generation of

transgenic animals. When, in contrast, sperm-mediated gene

transfer events take place occasionally in nature, due for

example to the stochastic, unpredictable uptake of DNA

molecules present in the environment, then any event occur-

ring in germline cells may contribute to further evolutionary

processes. It is impossible to establish at present whether

SMGT has ever occurred in nature, and hence weight its

evolutionary impact, but its occurrence cannot be ruled out,

particularly in aquatic species under favourable environmental

conditions.

As outlined above, stochastic SMGT events occurring in

nature would be very unlikely to yield a ‘‘gain of a function’’ in

the offspring, due to (i) the nuclease-dependent breakdown

of large genetic sequences, and (ii) the higher statistical

probability for any higher eukaryotic genome to release

repeated DNA sequences (high or intermediate), rather than

single-copy genes, as free molecules for the interaction with a

sperm cell. Nevertheless, the integration of such sequences

can alter the integrity of the host genome and influence the

functional capability of endogenous genes, through inacti-

vating integration or, on the contrary, providing activating

sequences to host genes. In support of this view are the

findings, discussed above, that spermatozoa(75,97) and early

preimplantation embryos(93) harbor a functional RT able to

promote retrotransposition.(101,112) Retrotransposition is pro-

posed to form the primary mechanism in the dynamic

remodeling of eukaryotic genomes.(113) RT-mediated genome

reshuffling events are well described(113) and are reported to

modulate gene expression by causing the functional knockout

of genes or their ectopic activation. Retroelements are

enriched in promoter sequences and recognition sites for

transcription factors;(114,115) indeed, both of these classes of

regulatory sequences have been identified in the sperm

chromatin portion enriched in LINE-1 sequences and retaining

an organisation similar to that of ‘‘active’’ somatic chroma-

tin.(116) Hypothetically, SMGT may be viewed as a possible

additional source for genome shuffling. As our understanding

of the complete genome organisation and sequence pro-

gresses, it should become possible to address the evolu-

tionary occurrence and relevance of any such event.

Conclusions

It is now well established that spermatozoa can play a role in

transgenesis in virtually all species. Their ability to take up

exogenous DNA molecules can be exploited to transmit novel

genetic information to the offspring after fertilization. This

potential is highlighted by the recent development of SMGT

variant protocols, including transgenISCI, in which sperm

cells, though being unviable and unable to fertilize oocytes on

their own, act nevertheless as delivery vectors of exogenous

sequences to oocytes. Efforts to dissect SMGT at the

molecular level have revealed that the interaction of sperm

cellswith exogenousnucleic acid molecules is a well-regulated

process mediated by specific factors. A sperm retrotranspo-

son-encoded RT has been identified as a key factor in SMGT;

this RT mediates the generation and propagation of biologi-

cally active genes that are reverse-transcribed from exogen-

ous RNA sequences, or from RNA sequences transcribed

from DNA sequences. Based on this finding, the underlying

mechanism of SMGT is best viewed essentially as a retro-

transposition-mediated process. Inasmuch as sperm cells are

vectors of exogenous genetic information, there is little doubt

that they have the potential to cause both genetic and

phenotypic modification in individuals of a variety of species

and are worthy of further methodoloigical investigation for

optimal use in biotechnology. On these same grounds,

however, sperm cells of the human species should be

considered cautiously in assisted reproduction procedures,

as an incompletely understood, non-mastered potential threat

to human genomic integrity if carrying uncharacterised DNA or

RNA. One serious concern is that sperm cells may act as

vectors of sexually transmitted viral pathogens, and/or agents

of genome mutations following the unintentional, undetected

uptake of exogenous genetic information. These considera-

tions further suggest the possibility, still speculative at this

stage, that SMGT events may occasionally take place in

nature. In such a scenario, nucleic acid-bearing spermatozoa

may have an evolutionary impact. Considering the increasing

relevance and growing applications of assisted reproduction

and transgenic technologies in human health, these questions

deserve careful investigation and full clarification.
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