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The ability to exchange DNA between 
cells is a molecular process that 

exists in different species in the domain 
Archaea. Such horizontal gene transfer 
events were shown to take place between 
distant species of archaea and to result 
in the transfer of large genomic regions. 
Here we describe recent progress in this 
field, discuss the potential use of natu-
ral gene exchange processes to perform 
genome shuffling and argue its possible 
biotechnological applications.

Introduction

The transfer of genetic information 
between organisms is a fundamental 
process, shown to occur in all domains 
of life. This ability for sexual, or sexual-
like, reproduction is vital for the cre-
ation of genetic variation. In Eukarya 
the formation of a diploid cell from two 
haploid cells is the most obvious case of 
sexual reproduction. Prokaryotes repro-
duce asexually, but extensive sequencing 
of microbial genomes has shown that gene 
flow (lateral gene transfer, LGT) via para-
sexual mechanisms between cells of the 
same, or sometimes even different, spe-
cies has played a significant role in the 
evolution of metabolic pathways1-4 and 
pathogenicity,5-7 for example. In Bacteria 
LGT involves either phage mediated 
transduction, assimilation of naked DNA 
acquired from the environment or uni-
directional cell contact-mediated DNA 
transfer-conjugation.

In Archaea, the ability to transfer DNA 
between cells was described for two dis-
tant genera: Sulfolobus8 (a crenarchaeote) 
and Haloferax9,10 (a euryarchaeote), and 
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was also observed in two methanogenic 
archaea.11,12

Mating in Halophilic Archaea

The mating system in the halophilic 
archaeaon Haloferax volcanii was first 
characterized nearly three decades ago 
by Mevarech and Werczberger.13 H. vol-
canii is a halophilic archaeon (Order 
Halobacteriales) isolated from the Dead 
Sea in Israel. Unlike other archaeal spe-
cies, a broad array of tools for manipu-
lating H. volcanii genetically has been 
developed.14,15 Mevarech and Werczberger 
showed that when mixing two different 
auxotrophic mutants, prototrophic colo-
nies are obtained at a frequency of 10-6. 
The transfer occurred in a manner that 
was dependent on establishing physi-
cal contact between cells, and increased 
when the cells were allowed a long incu-
bation time together. Genetic exchange 
was observed only on solid media, while 
no transfer was detected when the cells 
were grown in liquid media with continu-
ous shaking. Transformation and trans-
duction were both ruled out, since the 
transfer was insensitive to DNase treat-
ment and no transfer could be obtained 
using only the supernatant from one 
strain. The alternative that remained was 
conjugation; however, the transfer was 
bidirectional with no specific donor or 
recipient. Nevertheless this could still be 
a form of bi-directional conjugation in the 
broader sense, assuming that a transient 
bridge was formed that allowed transfer 
of single-stranded DNA. However, con-
jugation was deemed unlikely, because it 
generally better facilitates the transfer of 
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identity in protein coding genes is merely 
86.6%.10 Previous studies have shown that 
H. volcanii and H. mediterranei are able to 
exchange plasmids (at least engineered 
antibiotic resistance-encoding ones).19 We 
have tested the ability of the two strains to 
form hetero-diploids and then recombine. 
For that we have used an H. volcanii strain 
deleted for the hdrB gene, involved in the 
synthesis of thymidine, and an H. mediter-
ranei strain deleted for the trpA and pyrE 
genes, involved in the synthesis of trypto-
phan and uracil respectively, see Figure 2. 
The cells were incubated together to allow 
mating and were then plated on media 
lacking tryptophan and thymidine, thus 
selecting for hetero-diploids.

In the next step, we wanted to select for 
specific H. mediterranei recombinants that 
have obtained the region from H. volca-
nii that contains the trpA gene by recom-
bination. For that purpose we needed to 
select for the presence of the H. mediter-
ranei chromosome, for the trpA gene from  
H. volcanii and against the rest of the H. 
volcanii chromosome. To that end, the het-
ero-diplod cells were grown on a medium 
containing uracil and 5 fluoroorotic acid 
(5'FOA) and lacking thymidine and 
tryptophan. Deprivation of thymidine 
allows selection for the H. mediterranei 

At the end of this process, hetero-diploid 
cells are formed (Fig. 1E), meaning cells 
that contain two different chromosome 
types and originating from two different 
cells (halophilic archaea have been shown 
to be naturally polyploid16). This tempo-
rary state also contains, at least initially, 
the combined plasmid repertoire of both 
parent cells. In the absence of selection, 
hetero-diploid cells can segregate their 
chromosomes, and/or their plasmids  
(Fig. 1F). However, in some cases, due to 
the hetero-diploid content of such cells, 
the two chromosomes can recombine at 
different regions resulting in recombinant 
chromosomes (Fig. 1G). Additionally, 
plasmids can be shuffled between the two 
cells, resulting in cells with a novel genetic 
content without involving recombination.

Interspecies mating and recombina-
tion. Owing to this extraordinary ability 
shown by H. volcanii, to hold two different 
chromosomes in a single cell, the next step 
was to attempt to mate two different spe-
cies. Haloferax mediterranei was isolated 
from a saltern near Alicante, Spain,17 and 
its genome has been recently sequenced 
and annotated.18 H. mediterranei’s clos-
est known relative is H. volcanii, how-
ever, despite a 98.4% identity in their 16S 
rRNA sequences, their average nucleotide 

genes located on plasmids between cells 
at a significantly higher frequency than 
genes located on the chromosomes, which 
was not the case here. Recently, we have 
compared both plasmid and chromosomal 
gene exchange in H. volcanii and have 
shown that the formation of cells con-
taining two episomal plasmids and cells 
containing two different chromosomes 
occurs at similar frequencies, indicating 
that the most probable mechanism is of 
cell-fusion.10

Therefore we suggest a model for a 
fusion-based mating system in halophilic 
archaea (Fig. 1). Since the mating system 
requires physical contact between the cells 
it would appear that the first step would 
be adherence of the cells to one another. 
We further hypothesize that some form of 
recognition factor is needed for initiation 
of mating (Fig. 1A).

Following cell-cell recognition, the 
next stage begins with the formation 
of bridges between the cells. Scanning 
electron microscopy of H. volcanii cells 
growing on solid media had shown that 
the cells were connected by bridges9  
(Fig. 1B). We believe that these cytoplas-
mic bridges are then expanded to allow 
the bidirectional exchanges of plasmids 
and whole chromosomes (Fig. 1C and D). 

Figure 1. Schematic representation of the proposed mechanism for halophilic archaea mating. Scribbly lines represent the chromosome and the small 
circles- episomal plasmids (A). Two cells belonging to the same species or related species, are at close proximity. (B) Cells establishing physical contact, 
through creation of cytoplasmatic bridges. (C and D) Expansion of the brides and subsequent creation of fused cells. (E) Hetero-diploid cells, contain-
ing two different chromosome types and all plasmids combined. This state can lead to: (F) segregation of the chromosomes and plasmids that would 
result in reversion into the original state, or (G). recombination events between the chromosomes that would create a hybrid of the two parental 
strains. Independently of the chromosomes, the plasmids can be exchanged or divided unequally.
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on ammonium acetate as nitrogen and 
carbon source. That particular enzyme 
was stable and active in temperatures up 
to 80°C,35 making it a highly versatile 
catalytic tool.

The appeal for biotechnological 
application of thermophiles such as the 
Sulfolobales, is quite obvious. The abil-
ity of proteins to function at elevated 
temperatures renders them useful for 
applications that can only be performed 
by hyper-thermostable enzymes, i.e., reac-
tions where extreme temperatures are nec-
essary. In addition, engineered enzymes 
may also be capable of maintaining func-
tionality in a broad range of tempera-
tures.36 Although the use of Sulfolobales 
for such purposes has been limited, a few 
examples of enzymes of commercial inter-
est already exist, such as the enzymes 
methylthioadenosine phosphorylase, 
alphaglucosidase and 2-keto-3-deoxyglu-
conate aldolase, derived from Sulfolobus 
solfataricus.37-39

Members of the Archaeal kingdom 
have long been considered an intrigu-
ing, yet largely under-studied source of 
information for the natural solutions for 
dealing with extreme and harsh environ-
ments. As the use of engineered microor-
ganisms expanded, so did the potential 
of using organisms that naturally possess 
stable enzymes that operate at extreme 
temperatures, pH and salt concentrations. 
The recent advances in understanding 
the ability of these organisms to naturally 
exchange genes, or even large genomic 

cell biotechnology using halopilic and 
thermophilic archaea as has been done 
before in several microorganisms, and 
recently reviewed in reference 27.

Since the discovery of microorgan-
isms that can thrive in environments 
of extreme temperatures, high salinity, 
extreme pH, and high pressure, there has 
been much interest in the biotechnologi-
cal potential of their enzymes.28 Most of 
the focus has been on thermophiles and 
hyperthermophiles but a few species, such 
as Thermococcus aggregans and Pyrococcus 
furiosus, have received more attention 
recently because of their biotechnological 
potential.29

Halophilic archaea have not been 
extensively developed for whole-cell tech-
nological applications, yet their enzymes 
do possess considerable potential for 
various industrial processes.30 H. volcanii 
and H. mediterranei were both shown to 
produce polyhydroxybutyrate (PHB),31 
and H. mediterranei was also shown to 
produce poly(3-hydroxybutyrate-co-3-hy-
droxyvalerate) (PHBV). These Polymers 
can be used to synthesize biodegradable 
plastics,32 and the genetics of the bio-
logical processes that produce them have 
therefore been recently studied in great 
detail.33 Moreover H. mediterranei is the 
most promising microbial candidate for 
industrial scale biodegradable polymer 
production from surplus feedstock whey.34 
Other possible industrial applications also 
exist, such as ones involving the α-amylase 
secreted by H. mediterranei when grown 

chromosome, since it contains an intact 
copy of hdrB, and deprivation of tryp-
tophan selects for the trpA gene from H. 
volcanii. Supplementing the medium with 
uracil and 5FOA serves as a counter selec-
tion for the H. volcanii copy of the intact 
pyrE gene, and de facto selects for cells 
that do not contain an intact pyrE gene. 
The resulting hybrids all contained the 
mediterranei chromosome with genomic 
loci from H. volcanii that vary in size from 
about 300 kbp to over 500 kbp.

Genetic transfer in Sulfolobales. 
Another archaeal genus that was shown 
to be capable of DNA transfer belongs to 
the crenarchaeal order Sulfolobales, and 
is an aerobic thermoacidophile. In this 
case several studies recognized the exis-
tence of conjugative plasmids, which were 
shown to spread efficiently in Sulfolobus 
solfataricus and Sulfolobus islandicus.8,20 
These conjugative plasmids were shown 
to carry the genes required for their 
transfer,20,21 however the mechanism is 
still unknown. Furthermore comparative 
genomic analysis between open reading 
frames from the archaeal and the bacterial 
conjugative plasmids showed only remote 
similarities.22 Moreover, exchange of chro-
mosomal markers was also observed for 
Sulfolobus acidocaldarius, without any rec-
ognized conjugation factor in the cells.23

Interestingly, both DNA transfer mech-
anisms were shown to occur at higher fre-
quencies following UV exposure.24,25 In a 
recent study Ajon et al.,24 showed that the 
UV induced DNA transfer in Sulfolobus 
species is mediated through type IV pili. 
Following UV irradiation, these pili medi-
ate the formation of aggregates and the 
subsequent stimulation of the exchange 
of chromosomal markers. It is speculated 
that this is a strategy to assist with cell sur-
vival by improving DNA repair following 
exposure to DNA damage.26

Biotechnological Applications

Using the previously described approaches 
one can, through a series of well-planned 
selection and enrichment cycles, perform 
genomic shuffling between closely related 
species, that would generate a single 
organism with several desirable proper-
ties, similar to plant crop breeding. Such 
an approach would enable the use of whole 

Figure 2. Schematic representation of the creation of specific hybrids between H. volcanii and  
H. mediterranei. The big circle represents the chromosome and the small circles- the endogenous 
plasmids. H, hdrB (thymidine); U, pyrE (uracil)T; trpA (tryptophan).
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regions, will enable researchers to create 
new gene combinations in their organism 
of choice. Furthermore, this advance will 
facilitate screening for functional com-
plexes to improve existing applications or 
even create new biotechnological uses.
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