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Overlooked Broad-Host-Range Vector 7
Particles in the Environment

Hiroshi X. Chiura

Abstract

Horizontal gene transfer (HGT) has been proven to have a much stronger impact
than mutation in the microbial world. Evidence of HGT is currently expressed as
comparative sequence homology, whereas a substance with residing transfer ini-
tiative remains ambiguous. The simultaneous transfer of multiple genes could
have more profound impacts than single-gene exchange on the evolutionary pro-
cesses, but such data are still insufficient. Although three novel modes of HGT
mechanisms have come to light—gene transfer agents (GTAs), membrane vesi-
cles (MVs), and intercellular nanotubes (Ins)—the classic concepts of transfor-
mation, transduction, and conjugation must not be ignored.

In addition to the previously mentioned HGT phenomena, the author pro-
poses another brand-new concept: broad-host-range vector particles (VPs) in the
natural virus-like particle (VLP) assemblage. VPs are capable of transferring
chromosomal genes, plasmids, and cytoplasmic material toward recipients with
broad phylogenetic ranges, although the VP-production responsible gene(s) are
unidentified to date. VPs exhibit similar morphological characteristics to double
bilayered MVs and tailless virions. Accordingly, confidently discriminating
between VPs, bona fide tailless virions, and MVs is impossible, even with elec-
tron microscopy; hence, the environmental VLP fraction should be inevitably
reconsidered as a “continuous vector variety” composed of virus—=VP-MV.

VPs can be characterized explicitly by the following: (1) low recipient lethal-
ity of ~10% irrespective of particle ultraviolet treatment; (2) transfer of the host
chromosomal fragments (dsDNA, ~400 kb) toward broad phylogenic recipient
range (Archaea-Bacteria-Eukarya), accompanied by a high generalized trans-
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duction frequency up to 1.16 x 10 CFU/VP; (3) progeny VP production from
the VP-mediated transductant, in a phenomenon referred to as “serial transduc-
tion”; (4) spontaneous budding production that starts when the host attains the
stationary phase without host cell lysis; (5) various discrete size distribution of
progeny particles; (6) VPs that can only be revealed by electron microscopy by
its budding from the regenerated VP-mediated transductant. The yield of a VP is
strictly regulated by 3 + 2 particles per cell, whereas introduction of the re/ muta-
tion would induce overproduction to bring forward a period of production to the
host log-phase, which implies that a VP is an attribute of the host cell. VPs can
transfer cytosolic substances, such as plasmid and protein, along with host chro-
mosomal fragments; furthermore, both single genes and multiple genes for the
host’s thermo- and psychro-tolerance enhance the host’s environmental
adaptation.

Keywords

Broad-host range transfer - Vector particle (VP) - Serial transduction - Virus-like
particle or vesicle (VLP or VLV) - Outer membrane vesicle (OMV) - Membrane
vesicle (MV)

7.1 Why Do We Need to Propose New Concepts of HGT
Mediators?

The currently recognized horizontal gene transfer (HGT) vectors are summarized in
Table 7.1. Gene transfer agents (GTAs) [17], DNA transfer by membrane vesicles
(MVs) [30, 34], and intercellular nanotubes [19] have come to light as novel modes
of HGT in bacteria (http://biobabel.wordpress.com/2012/01/24/novel-modes-of-
lateral-gene-transfer-in-bacteria/) in addition to the three classic mechanisms: (1)
transformation (in which naked DNA is taken up from the environment), (2) trans-
duction (by which bacteriophages facilitate gene transfer by packaging host DNA as
well as their own), and (3) conjugation (when plasmids encode a pilus by which
they can be transferred from cell to cell) [49].

Some transduction-like unique mechanisms to mediate HGT between individual
cells of the same bacterial population, termed GTAs (the specific names for indi-
vidual GTAs are given by the abbreviation of genera and species of the original host
as the prefix in principle), that are accomplished by a phage-like particle have
already been reported for the a-proteobacteria Bartonella bacilliformis, Bartonella
grahamii, Bartonella henselae, Bartonella vinsonii, Rhodobacter capsulatus
(RcGTA), the d-proteobacterium Desulfovibrio desulfuricans (Dd1), the spirochete
Brachyspira hyodysenteriae (VSH-1), and the archaeon Methanococcus voltae
(VTA) [50-54]. None of the packages have more than 14 kb of DNA, ranging in size
from 4.4 to 13.6 kb; all of them take the form of small bacteriophages, although no
commitment of a virus-like gene to the transportation of host DNA has been reported
[50, 55]. Four known GTAs resemble “constitutive” generalized transducing phages
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[43]. All four GTA package double-stranded DNA (dsDNA) resemble “constitu-
tive” generalized transducing phages, with a tailed phage structure and package of
less DNA than would be expected to represent a complete tailed phage genome
(except for Dd1). None of these agents appear to be particles with lytic activity.
GTAs seem most likely to have been derived from bacteriophages that lost their
ability to self-propagate [55]. Unfortunately, genetic information about the produc-
tion of these particles is currently available only for RcGTA [55]. For a release of
the RcGTA, cell lysis requires the genes rcc00555 and rcc00556, an endolysin and
holin, respectively [56]. The production of RcGTA is regulated by host systems,
including a putative histidine kinase (CckA) that is required for maximal expression
of the holin gene (rcc00555) and for maturation of RcGTA to yield gene transduc-
tion-functional particles. VPs were observed to be distinct from GTAs and related
entities from their susceptible recipient phylogenic range, cargo size, and budding
production.

Although it has been recognized that MV production is a ubiquitous phenome-
non found in many bacteria, the existence of a universal MV formation mechanism
to explain it has not been clarified. The MV should not be collectively dealt with as
one of the HGT mediators because it has several different functional aspects irrele-
vant to gene transfer. The MV is a universal cellular feature, common to the three
domains of life [57]; however, the dimensions, morphology, and molecular compo-
sition of MVs in the environment are very comparable to those of some virions [58].
Despite this, molecular ecologists have not paid much attention to environmental
MVs because their origin is ambiguous. Hence, the presence of MVs in natural
environments has been mostly ignored; however, recent findings [59] demonstrating
the abundance of bacterial MVs, comparable to that of VLPs, in marine ecosystems
could change the situation. Biller et al. [59] observed an only negligible number of
apparent tailed phages (or GTAs) in vesicle-rich ocean samples ranging from ~10°
to ~10° MVs/mL, for which the MV isolating method was the same as that employed
traditionally for the isolation of viruses. Hence, the isolation methods for viruses
also result in the enrichment of MVs, so estimates of viral abundance might have
been merged with MV abundance [60]. Therefore, complexity could be added to
estimations of the environmental impact of either group of DNA contained in
derived vesicles. Consequently, it is necessary to elucidate the releasing mecha-
nisms of molecular contents to the environment for an understanding of the ecologi-
cal impacts of MVs [61].

MYV research has been performed mainly on functions and formation mecha-
nisms. A cell under stress accumulates material, which is worsened upon damage
of the regular housekeeping and stress-responsive mechanisms. The production of
bacterial outer membrane vesicles (OMVs) that occurs under stress is an entirely
independent, general envelope stress response that allows selective elimination of
unwanted material cell by the preferential packaging of a misfolded protein. It has
unknown how the released MV adheres to the cell and further fuses and transfers
its contents [25]. Regarding the function of MVs, their involvement in pathogenic-
ity has been studied; however, considering the presence of endogenous plant
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bacteria and intestinal bacteria, among others, the coordinated action of MVs on
the host should also be considered sufficiently. Furthermore, little is known about
the role of MVs in the environment. Considering that many MVs have been identi-
fied from biofilms, it is predicted that MVs are produced throughout the
environment.

The MV induction mechanism differs depending on the environment; hence,
MVs have different properties and functions depending on the environment being
produced. Comprehensively identifying proteins contained in the MVs of P. aerugi-
nosa revealed that MVs from free-living organisms contained toxins, whereas ones
originating from biofilm contained a large number of siderophore proteins instead
of toxins, distinct from free-living MVs. Although the role of M Vs against infected
hosts has been drawing attention because MVs produced by P. aeruginosa contain
toxins such as protease, newly elucidated characteristics from the biofilm-originating
MVs indicate an expanded role for environmental MVs [62].

DNA carrying MVs [38] represents only a small proportion (0.01-1%) of vesi-
cles [22, 63], although some vesicles contain sufficient DNA to be visible after
staining with SYBR fluorescent DNA dyes that are typically used to enumerate
viruses. Thus, DNA is packaged heterogeneously within vesicle populations, and it
appears that vesicles are likely to be a minor component of SYBR-visible particles
in natural seawater compared with viruses [61]. Considering the content of the
marine virus fraction that is mainly composed of bona fide viruses would be depend-
able, whereas employing an appropriate method to classify viruses from MVs, such
as buoyant density, would be indispensable. Therefore, an argument concerning the
environmental gene transfer frequency would be plausible to construct on reported
VLP assemblages in the environment because the study of MV-mediated HGT is
currently underway. Whether the adhesion of MVs to cells is selective or equally
attached is of great interest to researchers. By elucidating this, the whole picture of
MV formation, diffusion, and adhesion/fusion—that is, the whole bacterial mem-
brane traffic—can be clarified and further application developments would be
expected [37, 64].

Dubey and Ben-Yehuda [19] demonstrated the existence of tubular conduits
forming between Bacillus subtilis cells. These nanotubes were shown to be able to
mediate the exchange of proteins and non-conjugative plasmids. Nanotubes were
also formed between both gram-positive B. subtilis and Staphylococcus aureus, and
a thinner variety was formed between either of the gram-positive species and gram-
negative E. coli. The plasmid transfer does not require any intrinsic plasmid ele-
ments, and a given cell can be either donor or recipient. Dubey and Ben-Yehuda
suggested that the formation of “syncytium-like synergistic consortia” mediated by
nanotube connections underlies many of the traits displayed by biofilms. How cargo
is transported through the nanotubes remains unanswered. Whether the transport is
active and requires energy or is passive and prompted by diffusion is also unknown.
Both mechanisms possibly coexist, and utilization would depend on the delivered
cargo. In eukaryotic cells, nanotubes are frequently associated with cytoskeletal and
motor proteins, implying a role for active transport [65].
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“Trans-kingdom gene transfer” has been reported [66—69], although the Ti plas-
mid is the sole molecular device found to be practically acting in situ to date [70,
71]. Bacterial cells generally restrict their acceptance of foreign genetic materials
[72] by the restriction-modification systems, which interfere with flexible gene
transfer between species of different genera [72—77]. Gene transfer is costly to the
bacterium; the benefits provided by the acquisition of advantageous genes also act
as a repair mechanism [78]. Studies of the genetic structure of bacterial populations
have clearly revealed that accessory element (phages, plasmids, transposons, and
insertion sequences) transfer has occurred during their recent evolutionary history
[75, 79-81] and further conferred that some accessory elements have been trans-
ferred across much greater phylogenic differences [82].

Recently discovered Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR) found in 40% of eubacterial and 90% of archaeal sequences prokaryotes
[83] act as a kind of acquired immune system for plasmids and phages [84, 85]. A
CRISPR-Cas system being considered to limit HGT [48]. Bacteria can acquire an
entire chromosomal CRISPR-Cas system through transduction [48, 86, 87], whereas
the protective effect from phage infection increases the HGT of phage-sensitive
members of mixed populations [88]. Consequently, the overall ability of CRISPR-
Cas promotes HGT through transduction with broader implications for microbial
evolution [48, 88]; it is also involved in virus budding [89] in eukaryotes and
archaea.

The host range of an HGT mediator is defined as the breadth of organisms capa-
ble of infecting and expressing its function, with limits on the host cell ascribed to
the mediator, host, or environmental characteristics. Reflective of the mediator’s
discipline, there is no unified definition for a “broad-host-range” mediator because
the host of the mediator regulates the physicochemical interaction with the mediator
to infect, replicate, and maintain [90]. Therefore, the author empirically defines the
a broad-host-range VP as one capable of infecting, transferring, and budding repro-
duction in the recipient cell in excess of the phylogenetic family level from the
original host.

In addition to the HGT phenomena, the author has proposed another brand-new
concept of broad-host-range VPs, which are composed in part of natural virus
assemblages. Viruses have been considered as the most abundant biological entities
in the living world and the reservoir of most genetic diversity in the sea, which
amounts to ~10° to ~10° virus-like particles/mL [91]. The barrier hindering the
acceptance of virus-mediated gene transfer resides in the concept that most viruses
have a narrow host-range [92-94], which reduces the likelihood of extensive gene
transfer within a mixed bacterial population. It is also believed that the host range of
bacterial viruses (bacteriophages) is restricted to specific bacterial strains or closely
related species [95, 96]. A given type of virus usually has a restricted range of
hosts—often a single species; however, some viruses infect only certain subspecies,
whereas others may infect more than one related species or even genus [92]. Such
viruses with extended host range exceeding one genus are called “broad-host-range
viruses”, which likely comprise <0.5% of the total virus population [92].
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Furthermore, viruses may exhibit a broader host range in deep waters than in
surface waters [97]. The supposed host specificity of viruses, the mostly unknown
species diversity and composition of marine microbial assemblages [98], and the
quantitative evaluation of contact between marine viruses and hosts still involve
much guesswork [99]. Hence, the contribution of virus-mediated gene transfer
(transduction) has been considered a factor of minor importance for genetic diver-
sity and evolution in the natural microbial community. Furthermore, transduction is
a reductive process, in that the genetic donor is killed (lysis) in the process of pro-
ducing a transducing phage particle [100]. However, because viruses are released in
a free form and do not necessarily require cell contact to survive, transduction may
represent an ideal method for dispersing genes in the environment [101].

HGT among organisms in natural environments is already a fact, not a “theory”
as Koonin expressed [102]. Much like evolution itself, extensive HGT in the micro-
bial world is not doubted anymore, as HGT is a dominant process in microbial
evolution that generally occurs at a high rate. Rapid advancements in genome
sequencing technology have provided evidence of HGT. The determination and
analysis of complete genome sequences have led to the suggestion that HGT domi-
nates microbial evolution, with the rate of gene gain and loss being comparable to
the rate of spontaneous point mutations and much greater than the duplication rate
[103]. Moreover, the relevance of “horizontal” as applied to gene flow is validated
by strong evidence of the existence of a central vertical, tree-like trend in genome
evolution. Thus, the focus of research has shifted toward the how and why of HGT,
although much more remains to be done than has been accomplished already in
these directions. The tree of life may be unresolvable because of the extent of HGT
[104, 105], and that which we consider phylogeny may be defined in large part by
HGT [106]. Many of these studies, however, rely on evidence that could be gener-
ated by forces other than gene transfer, including selection, variable evolutionary
rates, and biased sampling [107].

Additionally, little information on the probable donor lineage and the likely time
of evolution has been provided in most proposed cases. Even when donors and
recipients have been proposed, there is rarely supporting evidence regarding the
absence of the genes from relatives of the recipient lineage that diverged before the
transfer. For a complete picture of any proposed case of HGT, it will be essential to
have information regarding the vectors, what (if any) selective forces were involved
in the transfer, and the extent of amelioration [107]. It is necessary to integrally
consider these HGT phenomena as one of the elements constituting the mobilome,
although there are only a few examples of the findings on the HGT for these ele-
ments. However, other than VP, the evidence for HGT has been studied primarily by
using amplicon sequencings of plasmid, which would be transferred. To the author’s
knowledge, no other system intensively accumulates findings by examining HGT in
cooperation with the culture system other than VP. First, the author recognized the
VP as a part of the lysogenic virus and studied it as a kind of transducing particle;
hence, the following argument is mainly based upon a comparison with the virus-
mediated transduction.
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Biological features of the entity the author incidentally discovered are undoubt-
edly involved with such VLP-MV conflated assemblages with morphological simi-
larity and residing DNA; however, they are entirely distinct from what has been
reported. Hence, this novel concept is proposed for consideration as an overlooked
biological information-transfer medium.

7.2  Curiosity as an Incentive to Thinking Led to Novel
Findings

An attempt to screen restriction enzymes from marine isolates was offered by Prof
U. Simidu, Ocean Research Institute, the University of Tokyo. Three type 2 restric-
tion enzymes—Fspl1604, Fspl1611, and AspMD1—were consequently obtained
from Flavobacterium sp. 11604, F. sp. 1 1611, and Alcaligenes sp. MD1, amongst
approximately 150 species of marine bacteria [108, 109]. These Gram-negative
strains were collected at approximately 2000 m deep in the central part of the Indian
Ocean. They showed stiff resistance to streptomycin, harboring plasmid-like DNA,
ultraviolet light, and/or mitomycin-inducible phages. The spontaneous release of
phage-like particles (PLPs) into the culture medium without artificial induction
attracted curiosity because no host-vector system had been developed for marine
lysogenic phages. For microbial genetics to establish a host-vector system to eluci-
date somatic gene transfer mediated by transduction, the development of auxotro-
phic mutants is inevitable [110].

Unfortunately, the minimal medium essential for the marine bacterial genetics
study has not been available since 1991 [111]. Therefore, an ability of dichlorophen-
oxyacetic acid (2,4-D) utilization was used as a marker for the gene transfer of the
marine bacteria instead of the somatic gene mutant. 2,4-D is an anthropogenic per-
sistent organic compound that did not originally have a natural origin; therefore, to
be useful for the gene transfer index, previous studies used a decomposition of 2,4-D
[112-114]. The bacterial 2,4-D biodegradation is plasmid-dependent, with proper-
ties that have been studied as a model of gene transfer in nature [115-122].

Contrary to prediction, 18 strains out of 25 ubiquinone-10 possessing marine
isolates belonging to a-proteobacteria exhibited strong 2,4-D degradation that was
superior to Escherichia coli JMP397. E. coli IMP397 is a transformant [123] har-
boring 2,4-D degradation pJP4 (80 kb); it exhibited higher 2,4-D degradation ability
than the plasmid originating from Alcaligenes eutrophus IMP134 [118]. Currently,
A. eutrophus has been reclassified as Ralstonia eutropha JMP 134 [124].

Extraction of plasmid-like elements (PLEs) from those high 2,4-D utilization
marine strains (Alc 096, 233, 252, Agrobacterium kieliense IAM12618 [125]: baso-
nym Ahrensia kielensis: [126]) and F. sp. 11604 was somewhat fastidious [127] by
requiring repeated phenol treatment, with traits ascribed to tight coupling of DNA
content with proteinaceous material to be encapsulated into the particle, as described
in Fig. 7.2. The extracted PLEs were successfully generated transformants in the
minimal medium supplemented with 2,4-D as a sole carbon and energy source from
the recipient E. coli AB1157 (F~; thr-1 leuB6 thi-1 lacY1 galK2 ara-14 xyl-5 mtl-1
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proA2 hisG4 argE3 rpsL31 tsx-33 supE44), with a higher frequency than authentic
pJP4 (PLEs: 1.5~13.1 x 10% CFU/pg DNA; pJP4: 5.7 x 105 CFU/pg DNA); the
amino acid requirements of prototrophic revertants were also generated [1]. Hence,
PLE is considered to combine a 2,4-D degrading ability and somatic genes to com-
plement the auxotroph. However, the conjugative transfer of 2,4-D assimilability
from those marine strains to E. coli was not achieved (Chiura, Unpublished data). A
report indicated the physiological situation of marine donor bacteria would become
the essential key to the conjugative transfer to terrestrial bacteria because the accom-
plishment of the conjugation is severely affected by the ionic strength and type of
ion required [140-143]. Conjugative transfer of pJP4 has reported toward strains
belonging to a variety of genera of the a-, -, Yp- and y-classes of the Proteobacteria;
however, only Pseudomonas putida and Delftia sp. strains were able to grow on
2,4-D as the sole carbon source [144]. The broad-host-range (BHR) plasmids were
defined as those plasmids that can self-transfer themselves and can stably replicate
and maintain in bacterial species from at least two subgroups within the
Proteobacteria (e.g., between a- and p- Proteobacteria) [145, 146]. Accordingly, the
definition of BHR is not uniform with the overall HGT mediators. The BHR plas-
mids typically have mosaic genomes that include two distinct regions [147]. The
“plasmid backbone” genes encode proteins involved in the replication, mainte-
nance, control, and conjugative transfer of the BHR plasmid. In the marine environ-
ment, the directly determined rates of HGT in the marine bacterial community were
reported to be high, ranging from 2.3 x 107 to 2.2 x 10~* transconjugants per recipi-
ent [148, 149]. The HGT performance of the above PLE is comparable.

Despite PLEs being susceptible to DNase I, attempts to draw restriction maps for
those extracted PLEs was a wasted effort because restriction enzymes had been
incapable of producing restriction fragments. As an avoidable attempt, the electron
microscopic observation of the PLE samples showed an apparent existence of par-
ticles instead of free DNA strings. Those PLEs must have been intracellularly
maturing virus particles extracted from the cell [1]. Accordingly, the PLE must have
been an intracellular form of that spontaneously released VLP to the culture medium,
which was capable of encapsulating a piece of a chromosomal gene to achieve pro-
totrophic reversion of recipient auxotrophy as the plasmid responsible for 2,4-D
degradation [150]. Hence, the object of attention changed to the spontaneously
released VLPs to the culture medium.

The release of VLPs to the culture medium started when the host cells entered to
the stationary phase, and after that without accompanying any reduction of the host
cell abundance. Yields of the VLP at 100 h culture at 30 °C attained 6—70% of the
host cell abundance, depending upon the strain [1]. An attempt to examine the capa-
bility of the broad-host-range HGT exceeding at least the family level using the
above VLPs demonstrated successful gene transfer exceeding the difference of the
family level [1].

Here, VLPs can potentially accomplish transduction-like gene transfer exceed-
ing the family level (see Table 7.4), referred to as VP. A generated VP-mediated
transductant is named by combining the VP donor initial, the recipient genus initial,
and “trans.” Therefore, an A. kielensis originating VP is referred to as AkVP and a
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generated E. coli transductant is named AkEtrans. The transduction frequency is
defined as the fraction of the generated colony number in each selected marker plate
in the total applied particles. An overall average frequency of VLP-mediated gene
transfer at a multiplicity of infection (MOI) of 0.1 was estimated to be between
2.62 x 107* and 3.58 x 107> per VP [2].

AkEtrans acquired VLP production also may transfer genes; namely, AKEVP
was produced. 24-D transduction frequency/pg DNA was estimated as
2.1 x 10° CFU for AkVP and 2.1 x 10° CFU for AKEVP. At 6.4 x 10° CFU for
FsI1604VP, it is four orders of magnitude more efficient than MVs derived from
Acinetobacter baylyi demonstrated for drug resistance transfer [63].

The VPs of A. kielensis (AKVP: p» = 1.4157 g/cm?; size + SD, nm = 123 + 2.6,
n =106) are especially characterized for their enveloped structure (see Fig. 7.2) with
varying lengths (0.8—1.5 pm in diameter) being encapsulated one to several spheri-
cal particles (5.1 £ 2.8 particles/envelope; n = 60) [1]. This phenomenon is an
uncommon feature for prokaryotic viruses, although some eukaryotic viruses, such
as the influenza virus, have envelopes. RNA phage @6 of Pseudomonas is a particu-
lar example of an encapsulated prokaryotic virus whose particle is incorporated into
the recipient cell during infection [151]. Remarkably, the generated transductants
acquired VLP production other than prototrophic reversion of the amino acid
requirement and 2,4-D utilization.

Transduction is a process of abortive infection. No progenies from infected
viruses’ transducing particles are expected, as shown in the schematic diagram in
Fig. 7.1, whereas the VLPs from the above marine bacteria were not the case.
Therefore, new terms should be given to express this unusual phenomenon: the
“serial transduction” and “serial transducing particle” as the broad-host-range VP.

E. coli transductant (AkEtrans) generated by AkVP acquired comparable VLP
production (AkEtransVP: p» = 1.4159 g/cm?®; size + SD, nm = 106 = 4.3, n = 54).
This again made it possible to transfer 2,4-D utilization and prototrophic reversion
of amino acid auxotrophy to the recipient E. coli, which exhibited a comparable
overall transduction frequency of 5.25 + 2.85 x 10~* CFU/particle, comparable to
that of AkKVP (2.31 + 1.50 x 10~* CFU/particle). The transducing frequencies of
these VPs were found to be higher by 4-7 orders of magnitude than those reported
for naturally isolated transducing phages [42, 45, 47].

The distribution of particle abundance in the sedimentation profile exhibited a
similar continual increase with size—an apparent difference from findings con-
cerning the size distribution of particles showing discrete bands, which were com-
posed of several subpopulations. The trend curve showing the relationship
between the distance of the ultracentrifuge tube from the bottom and buoyant
density is given as:

Frogantdonsty () = ~0.0004d” +0.0087d* —0.0978d +1.5605 (R* = 0.999)

Here, d is the distance from the bottom in cm. As an extension, particle diameter (in
nm) and content as dSDNA (kbp) could be expressed as the following functions of
buoyant density (p):
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Fig. 7.1 A schematic representation of “ordinary” transduction and “serial transduction”.
The left panel shows the life cycle of lysogens and the production of transducing particles. Note
that transducing particles would not be capable of producing progeny from the transductant.
The right panel shows the serial transduction with the aid of broad-host-range vector particle (VP)
discussed in this article. Transductants generated with the VP acquire VP production without
accompanying cell lysis, whose reproduced VP can carry out successive transduction as the serial

transducing particle

Frurict s (P) = 14027 p* —53695p% + 67125 p — 27,197 (R* = 0.999)

Frutaeonacomen (P)=—5T1110p° +2394972p* —3347855p +1,560,453 (R* = 0.999)

According to the empirical formula [6] above, AKVP could encapsulate 416 kb
as the transfer cargo capacity, whereas the result of a nucleic acid type analysis
for the encapsulated DNA species estimated by an in-situ lysis technique [152]
and pulse field gel electrophoresis (PFGE) [153] was 198 kb. Hence, a single
AkVP might have carried two segments of the 198 kb DNA cargo inside.
AkEtrans produced particles without an envelope or vesicle structure (see
Fig. 7.2), with a cargo capacity of 266 kb as dsDNA showed two types of DNA
species estimated to be 174 and 195 kb [5]. It is unknown how and why the
AKEVP was produced from E. coli transductant as a free single particle but not
collectively packed in the envelope or vesicle. High coordinated marker trans-
fer (i.e. linkage) was recorded to exceed 70% between every selected and
unselected marker for both AKVP and AKEVP mediated transduction, even
using low MOI.
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Fig. 7.2 Electron micrography (EM) images of VPs. Kiel Bay originating Ahrensia kielensis
produced VPs are characterized for their envelope structures, which range from single to several
particles. A. kielensis VP-mediated Escherichia coli transductants acquire production of VPs with-
out the envelope, whose size is slightly smaller than that of A. kielensis VP. Fspl1604 VP from
Flavobacterium sp. 11604 originating from the Indian Ocean. Size scale, 100 nm, is placed above.
Upper right: A bacterium is bearing five electron-dense bodies (EDBs) in the cell corresponding to
the yields of “virus” as five particles per cell. A proportion of such cells having an intracellular
mature “virus” in the population stands for the frequency of visibly infected cells (FVIC [128]). In
the case of the VP lysogens, FVIC should be read as the VP induction frequency because VP pro-
duction takes budding from the host without accompanying lysis. Center: A lengthy sausage-
shaped Aquifex sp. is under VP production; EDBs are seen in the left end of the cell. Superimposed
panels indicate the process of the budding production of VP, referred to as STVP, released to the
milieu. STVP exhibited trans-Domain HGT via the serial transduction of VP-mediated transduc-
tants towards Archaea and Eukarya. Another example of the trans-Domain HGT is given by the VP
originating from a hyperthermophilic archaeon, Thermococcus kodakaraensis B41, to transfer
thermo-resistance towards a mesophile enterobacterium, E. coli, to generate TkBEtrans. For
details of VP budding transductants, see Tables 7.2 and 7.3
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As the mode of gene transfer, the generalized transduction was carried out
because preferential marker transfer was not observed. In the case of AkKVP, multi-
ple particle infections might have occurred for its architecture; however, AKEVP did
not organize a multi-particle assembly in an envelope. The distance between mark-
ers deduced from the co-transfer frequency [154] was given as E. coli markers:
his-arg, 203.2 kb and pro-arg, 232.2 kb; however, based upon the genome sequence
data of E. coli AB1157 (Chiura, 2016, Unpublished data), it was given as his-arg,
139.1 kb and pro-arg, 322.2 kb. Although the results of coordinated marker transfer
are not always represented as the distance of respective markers in the recipient and
carried DNA species molecular mass, it is plausible that significant genetic traits are
transferred to the recipient beyond generations in a phenomenon termed ‘“serial
transduction” [4, 7]. Concerning the cargo content of the vehicle, Hageman and col-
leagues [155] reported that MVs produced by A. kielensis DSM No. 5890 Strain B,
whose outer membrane vesicle’s encapsulated genome size was 30.1 kb, encoded a
prokaryotic sequence without a virus. Both strains used in these experiments are the
same strain according to NCBI. Although a considerable discrepancy was found
between the sizes carried in the AKVP and the MV derived from A. kielensis DSM,
the contents of these vehicles’ cargo would consistently host chromosomal genes.
Furthermore, A. kielensis encodes GTA in the genome (NCBI Reference Sequence:
NZ_ARFWO00000000.1  https://www.ncbi.nlm.nih.gov/genome/15060),  which
might have been contributing to MV biogenesis, although the MV genome would be
exceeding the GTA capacity reported thus far [156].

7.2.1 Looking for the Environmental Broad-Host-Range Serial
Transducing Particles: VPs

Some marine isolates may possibly produce VPs to carry out broad-host-range
serial transduction [1, 2, 6, 7, 157, 158]. Hence, “virus” fractions collected from
normal and thermal [8, 9, 130] environments were examined for the broad-host-
range serial transducing particles: VPs. The phylogenic position of the recipient and
the original VLP host bacteria are differently classified at the family level (see
Table 7.4). These findings are not explained by the general concept of lytic or lyso-
genic cycles of viruses infectious to bacterial cells, suggesting that some VLPs do
not fit the conventional molecular view of viral genetics.

Although it would be a herculean task to set up a protocol in the laboratory to
reproduce transduction consistent with the environmental situation, the procedure
was done according to the empirically studied method for phage-mediated transduc-
tion. Criteria for the VP judgement are achieved for a VLP or VLP producer to
accomplish the serial transduction with the acquisition of budding particle produc-
tion from the generated transductant belonging to at least the family level. The bud-
ding prokaryotic virus is quite scarce, with a strictly restricted host range. Budding
is suggested as the mode of exit for pleomorphic archaeal and bacterial viruses
[159]: pleolipovirus, plasmavirus, and the mycoplasma phage L2 and L172 [160-
163]. Practically, prokaryotic virus budding has not been established because of the
current lack of knowledge concerning the exit mechanism [159]; it relies on eukary-
otic virus research, which is beyond the scope of this chapter.
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To ensure their purity prior to running the transduction experiment, the recovered
VLPs as a fraction of 0.2 pm > specimen > 30 kDa were treated with DNase I and
RNase A to avoid the possibility of transformation. This was followed by equilib-
rium CsCl-density-gradient ultracentrifugation [164] at 175000 x g overnight at
15 °C. The bands formed were separately recovered and examined for the abun-
dance, shape, and size of VLPs using electron microscopy (EM) [2], whereas the
SYBR-epifluorescence microscopy method [165] was used on board the research
cruise. The purified VLP was suspended in TBT (100 mM Tris-HCI, 100 mM NaCl,
and 10 mM MgCl,, pH 7.4) buffer to make an appropriate dilution after CsCl
removal.

For the recipient preparation, the physiological condition of the recipient should
be reproducible to ensure the application of different VLP specimens from different
origins. The recipient strains were grown to the mid-log phase. Then, the culture
broth was substituted to 7% glycerine containing TBT buffer, dispensed to aliquots,
frozen in liquid nitrogen, and kept in the deep freezer until use to endorse such
requirement.

As the standardized protocol for transduction, 1 mL of thawed recipient sus-
pension was mixed with the VLPs to obtain an appropriate MOI, and the mixture
was left undisturbed at 30 °C for 15~30 min. Cells were washed with buffer and
suspended in 1 mL of the same solution. Inactivation of the VLPs was attained by
ultraviolet (UV) irradiation as previously described [2]. The four controls were as
follows: (1) recipient cells tested with TBT buffer instead of the VLPs to deter-
mine the spontaneous revertant rate; (2) UV-inactivated VLPs and recipient cells;
(3 and 4) VLPs with/without UV inactivation without the addition of recipient
cells. For the transduction experiment, the recipients were incubated with or with-
out VLPs, inoculated in LB medium, and kept at 30 °C for 2 days. In the transduc-
tion experiment, a portion of the sample was fixed with 2.5% glutaraldehyde; free
particles and bacteria were enumerated by electron microscopy [166] to determine
the practical MOI.

The growth profiles of generated transductants were examined, with specific ref-
erence to the particle budding production, the proportion of the particle producing
population (VPIF; see below), the amount of the produced particle per cell, and the
second VP-mediated transduction (see Fig. 7.1). Using this method, verification of
the lethal effect on “VP infection,” the period of VP production, and the yields of
VPs per cell can be obtained. The lethal effect caused by the virus is the mature
virion release through the host cell rupture, with infection from cell death-inducing
MVs as the microbial cellular response being equivocal. In addition, if the recipient
fails to make an appropriate membrane fusion with VP at the VP-mediated trans-
duction, plausible cytosol leakage of the recipient cell would occur and cause death
(see Fig. 7.2).

The results obtained to date are summarized in Tables 7.2 and 7.3. The frequency
of the marker transfer with the aid of VP-mediated generalized transduction depends
upon the combination of donor and recipient, varying between 3.23 x 102 and
3.24 x 10~°, with a mean value of 1.14 x 10~ and a median value 0of 9.22 x 10~¢ CFU/
VP. These values are considered to be high frequency among the values accounting
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for HGT [42, 44, 167]. A summary of the VP-mediated HGT occurrence between
phylogenetically different organisms is given in Table 7.4, which shows that VPs are
susceptible to a broad range of recipients. This fact implies that VPs should be quite
prevalent on the planet (see Fig. 7.1 and 7.2).

7.2.2 VPsinthe Environment

Cells undergoing viral induction can be recognized with transmission electron
microscopy (TEM) [3, 168] in whole-cell TEM images of the induction; the pro-
portion of the population with such intracellular particles is given as the frequency
of visibly infected cells (FVIC) [128]. The method was first developed using thin-
sectioning of picoplankton cells, which makes it possible to enumerate the fraction
of cells infected within aquatic microbial consortia. This approach has demon-
strated infection of several planktonic microorganisms in an environmental situa-
tion (in situ) and has been used to estimate the virioplankton production rate.
Proctor and Fuhrman [169] demonstrated that intracellular viruses could be
detected in cyanobacteria and heterotrophic bacteria collected from several marine
environments, ranging from mesotrophic coastal sites to the oligotrophic ocean.
The incidence of cells containing viruses [101] ranged from 0.9 to 4.3% of hetero-
trophic bacteria and 0.8 to 2.8% of cyanobacteria. In another study examining
bacterial populations associated with sinking particles, a similar FVIC (0.7-3.7%)
was recorded. Bacterial populations within this unique marine niche may also be
controlled by viral lysis [170].

The FVIC within bacterioplankton was also determined by merely examining
whole bacterial cells at a high accelerating voltage (80 kV) using TEM [171]. This
method requires much less effort than the thin sectioning of bacterioplankton, but
concern has been expressed over its accuracy [76]. Weinbauer [128] and colleagues
found that whole-cell estimates of FVIC were on average 79% of the value of esti-
mates based on thin sections [101]. Hence, whole-cell estimation consistently
underestimates the level of virus-mediated mortality. FVIC values are inevitably
converted to a proportion of the entire bacterioplankton community, estimating the
overall level of virus-mediated lysis in situ; however, cells bearing mature viral
particles would be ruptured according to the current concept. Proctor [172] and col-
leagues hypothesized that infected heterotrophic marine bacteria exhibit mature
phages after 73% to 86% of the latent period has passed. Therefore, the total abun-
dance of infected cells is expected to exceed the number of visibly infected cells by
between 3.7- and 7.14-folds [101]. Based on FVIC data, a phages infecting average
of 17% of the bacteria comprising bacterioplankton communities from a variety of
aquatic environments [101].

Although VPs are distinct from common lytic viruses, this method can be applied
for determining the extent of VP induction because the time of the particle produc-
tion does not accompany the host cell disruption. Hence, the timing of the start of
VP production can be judged from the time of the intracellular formation of electron-
dense bodies (EDBs). Furthermore, GTA behaves the same as a virus, whereas the
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majority of MVs are considered to be “outer membrane vesicles,” with the relation-
ship between EDBs and M Vs still being uncertain. In the author’s experience, FVIC
accounted for 6.02 = 3.45% (n = 3591) in the marine environment (Pacific Ocean,
Mediterranean Sea) and 6.92 + 3.93% (n = 3925) in the thermal environment (geo-
thermal vent, hydrothermal vent). Indeed, FVIC represents the total cell proportion
engaging in virus and VP production. Estimates of VLP and cell abundance are
2.3 x 107 VLP/mL and 1.8 x 10° cells/mL in marine environments and 1.9 x 107
VLP/mL and 3.6 x 10° cells/mL in thermal environments, respectively. The somatic
gene transfer frequency of VPs has been roughly estimated as ~4 x 10~* CFU/VP
for the marine environment and ~3.6 x 10~ CFU/VP for the thermal environment
(Chiura, Unpublished data). Based upon this frequency and VP yields per cell of 3,
the number of cells being committed to VP production would be 3.0 x 10° cells/mL
in the marine environment and 2.3 x 10* cells/mL in the thermal environment.
Consequently, VP lysogens in the environmental microbial assemblage would be
estimated as 0.2% and 0.6% of the population.

The term FVIC is not appropriate to express the extent of VP induction in VP
lysogens, so the term “VP-induction frequency” (VPIF)” is used hereafter. Both
natural and VP transductant strains generally start particle production by host cells
becoming stationary. Furthermore, the yields of VPs per cell are in the range of
three and five particles, whose period and productivity per cell appear to be strictly
controlled to fit the cell phase. In most cases, the abundance of free (extracellular)
VPs do not exceed the host cell abundance, although this was not the case for VP
production from Vibrionaceae (Aliivibrio fischeri NCIMB1281" = ORI No.194:
basonym, Vibrio fischeri, and Vibrio sp. FK01073). The number of free particles
appeared to be associated with the number of VP-producing cells in the popula-
tion—that is, the extent of the VPIF would determine the number of extracellular
particles. Therefore, Vibrionaceae exhibited a higher frequency of VPIF. A. fischeri
entered a logarithmic phase of growth for up to 12 h immediately after the initiation
of culture, showing a generation time of approximately 1.84 h, and then entered a
stationary phase to attain a stabilized cell abundance at approximately 1.2 x 10°
cells/mL until the end of the culture. Initiation of the production of particles, referred
to as AfVPs, by budding was determined from the particle per cell ratio and particle
induction frequency to occur at approximately 15 h after initiation. The number of
free particles continued to increase up to approximately 50 h after initiation, then
stabilized at 1.20 x 10'© AfVP/mL. Three sharp peaks of induction (VPIF, period,
%: 24 h = 15.8; 100 h = 19.1; 200 h = 23.8) were recorded, whereas no marked
change in the cell population was observed to the end of culture. The average num-
ber of mature AfVPs per cell was approximately 3 (median = SD, 3.0 £ 0.9, n =475).
Mucoidal substances heavily surrounded cells with budding particles and other par-
ticles. Budding particles from the cells showed a clear boundary of electron-dense
bodies [6].

The oligotrophic West Mediterranean seawater (Calvi, Corsica, France;
VFIC=4.2+2.5,n=1800) originating VLP fraction exhibited p** = 1.2684 — 1.4055 g/
cm’, with a diameter ranging between 38 and 132 nm (diameter
median = SD = 67.6 + 35.4 nm, n = 317). A portion (p* = 1.3135 — 1.3304 g/cm?)
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of 118.3-126.7 nm VLPs were infected with E. coli AB1157 at MOI from 0.1 to 200
to examine the efficiency of plating (EOP) and the transduction frequency; this
resulted in an EOP from 100 to 17.2% regardless of the VLP UV-irradiation.
Transduction frequencies from 3.5 x 1076 t0 9.8 x 10~ CFU/VP were observed. The
generated transductants (CEtrans-F1) acquired budding particle production (pro-
duced particles per cell of approximately 3). A correlation between MOI and trans-
duction frequency was observed, and the highest performance was recorded between
MOI values of 5 and 20. Produced particles from CEtrans-F1 showed varied diam-
eters ranging from 37.4 to 1854 nm. Subsequently, the purified portion
(p»=1.3285 — 1.3057 g/cm®) of 119.2-130.7 nm in diameter was infected at an
MOI of 5.5 to E. coli AB1157. Consequently, a comparable EOP to the first experi-
ment was observed, while the transduction frequency was reduced by approximately
one order of magnitude from the first transduction. The generated second transduc-
tants (CEtrans-F2) acquired consistent particle production with CEtrans-F1. For the
particle production from transductants, VPIF was between 15% and 20% during the
stationary phase.

P. filamentus ATCC700397", which was isolated from Arctic ice and cultured in
1/2 ZoBell at 10 °C, showed budding particle production. The produced particle
size was distributed between 86 and 346 nm in diameter and contained approxi-
mately 150 kb as dsDNA (P. filamentus: 5 x 10® cells/mL, 2 x 10° VLP/mL, VP
yields: 1.1 VP/cell). However, during the stationary phase, VPIF maintained an
approximately 14% higher yield of free particles when approximately 120% of the
cell population was given. The particles were purified in two bands by equilibrium
CsCl density gradient ultracentrifugation to give 1.2893 + 0.0102 g/cm?® as the
buoyant density. The upper particles were infected with E. coli. Consequently, the
recipient lethality was not observed. As for gene transfer, three transductants with
complete marker reversion exhibiting a frequency at 5.0 + 1.6 x 10> CFU/VP,
referred to as PfEtrans, were obtained [138]. A generated E. coli transductant,
PfEtrans, exhibited enhanced growth in 1/2 ZoBell at 10 °C, exceeding parental P,
Sfilamentus by attaining ~2 x 10° cells/mL. VP yields per cell were consistent with
the parental strain at 1.1 and VPIF during the stationary phase kept recording as
high as approximately 30%, while yields of free particles were suppressed to
approximately 20% of the cell population. Therefore, the continual reincorporation
of produced particles to the surrounding cells must have occurred.

Fluctuating particle abundance, like AfVP, was as well observed for a VP
transductant, TYEtrans, which was generated with the aid of VPs collected at the
Toyoha [173] mine (42°48’N, 141°2’E, Hokkaido, Japan). The parental recipi-
ent, E. coli AB1157, reached a stationary phase at approximately 9 h after initia-
tion (1.7 x 10° cells/mL) at 30 °C, whereas TYEtrans entered the stationary phase
at approximately 48 h (6.0 x 10% cells/mL, approximately 35% of the parental
recipient population); the same level of population was observed until the end of
culture (195 h). The minimum number of free particles (TYEVP) was recorded
just after starting the culture (particle number: 1.13 x 10* particles/mL). The
highest particle population was observed at approximately 48 h, amounting to
5.68 x 10° TYEVP/mL (VP/Cell = 9.50) when the transductant cells reached a
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stationary phase. Approaching 70 h, the free particle number decreased by three
orders of magnitude and remained at the similar level, between 1 x 10° and
1 x 107 TYEVP/mL, up to 144 h. A second substantial increase of TYVP was
observed at 170 h, which amounted to approximately 9.4 x 108 TYEVP/mL, fol-
lowed by a decrease in the free particle number again to 1 x 10° TYEVP/mL at
195 h, exhibiting a similar trend as observed between 70 h and 144 h (VP/
Cell = 0.01 and 0.05) [130].

A decrease of the free particle population without a change in cell numbers might
have caused the reincorporation of free particles into the cells. The oscillating
behavior of free particle abundance might reflect occasional repetition of the release
from and reincorporation of VPs to the cell. Such reincorporated free particles must
have been providing a template strand eligible for chromosomal mismatch repair
[174], having the highest performance of the repair system.

An extraordinarily broad range of susceptible recipients was shown by a
thermophile-originating particle collected from a hot spring called “Nakanoyu”
(36°12°N, 137°36’E) in Nagano prefecture, Japan [8]. Sampling was occasionally
done from 1993 to 1997, with 1997 having the highest water temperature during the
period. The characteristic large sausage-shaped bacteria (see Fig. 7.2 [8]) of the
sulfur-turf mats have been uncultivable to date. 16S rDNA cloning and sequencing
studies have shown them to be members of the order Aquificales, which is the deep-
est-branching lineage of the domain Bacteria [175]. The cell population (2~6 x 103
cells/mL) was kept at the same order of magnitude, while VLP abundance was
shown to be two orders of magnitude higher in the 1997 sampling (1.4 x 107 cells/
mL, Aquificales cell No. + SD, 95.7 + 15.6%, n = 7) compared with other times
(1~7 x 10° cells/mL, Aquificales ca. 6.4%). The thermophiles might have provided
HGT with a relaxed broad-host-range. However, VLPs originating from the marine
isolates of the most recent lineage of the domain Bacteria were incapable of trans-
ferring genes across the border of phyla [8], which could not have been accom-
plished by AKVP.

Both intra- and extra-cellular particles collected from the sulfur-turf cells exhib-
ited comparable physicochemical parameters [8]. The second band of equilibrium
CsCl density ultracentrifugation with the highest proportion (STVLP: p%,
1.2892 + 0.0188; amount, 2.23 x 10'!; particle size, 104.4 = 9.2 nm in diameter;
proportion, 40.1%; protein/nucleic acid ratio, 23.93) was applied to gene transfer
experiments toward recipients of E. coli AB1157 and Bacillus subtilis PS9 (hisA
metB5 thr-5 leuAS trpCll lys21 purA non A-1/B-1 rfimR spf~). Results indicated that
STVLPs had a lethal effect on both recipients regardless of UV treatment, as well as
a gene transfer capability [9] that resembled the case of those of marine origin [1, 2,
157, 158]. Consequently, VLPs originating from the “oldest” thermophile were
capable of transferring genes across the borders of phyla. Hence, the existence of
broad-host-range gene transporters among VLPs originating from thermophiles was
confirmed.

It is notable that B. subtilis and E. coli transductants generated with the aid of
STVLPs acquired the ability to produce particles [9]. The production of particles
started from the host attaining the stationary phase, like that in the original host
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Agquifex strain, whose yield also was 3-5 particles per cell [8, 9]. Nucleic acid cargo
in STVLP is susceptible to DNase, whose size as linear dsDNA was approximately
406.4 kb and RNA was not detected [8]. When the particles (STEVP) reproduced
from E. coli transductants (STEtrans) were again infected with a B. subtilis auxotro-
phic mutant, they showed a lethal effect regardless of UV treatment of the particles,
together with a gene transfer frequency between 2 x 1078 and x10~7 transductants/
particle. The transduction frequency was slightly low and incomparable to that of
the original particles from Aquificales used directly towards B. subtilis and E. coli.

Gene transfer from gram-positive to gram-negative bacteria does not take place
because of the differences in applicable systems in the respective bacteria [94], with
afew exceptions among artificial plasmid vectors with the natural transposon Tn916
[176]. Therefore, the finding is the first real evidence that VPs have the potential to
enhance biodiversity among the bacterial community.

Furthermore, applications of STEVP to recipients of Archacon—Sulfolobus
acidocaldarius MR87 (his ura) [177, 178], Eukarya: Saccharomyces cerevisiae
SEY499, SEY6120, YPH500, W303 (lys trp his leu) (provided by Takeuchi M,
NAIST, 1999)—and the transductants were obtained with a frequency of
1 x 1078~1 x 10~* CFU/particle together with particle production from these trans-
ductants. S. acidocaldarius MR87 transductant produced particles ranging between
40 and 145 nm, whose productivity was reduced by approximately 22% of parental
STEtrans. The S. cerevisiae SEY 6210 lys* transductant, ScEtrans_Sc, produced
two types of particles (ScEtrans VP, p» = 1.2415 and 1.2968) that were again
infected with E. coli AB1157 to produce transductants with particle production. The
yield of particles per cell was estimated as 3 = 2 (Fig. 7.2 [132]). The particles are
likely to “infect” recipients belonging to different domains, which implies that at
least some environmental VLPs share similar characteristics—a phenomenon that is
not explained by the general features of viruses that infect microorganisms. A
greater extent of recipient chromosomal marker transfer was recorded by several
orders of magnitude compared with that reported for the marine environment [41,
73, 140].

Another example of trans-domain gene transfer was demonstrated by an
archaeon-originating particle and the recipient E. coli. The survey area was extended
to hydrothermal vents at Suiyo seamount located in Izu-Ogasawara arc. It showed
the existence of a microbial population, even in the hyper-thermal fluid [3], with
~5 % 10*cells and ~3 x 10* VLPs/mL. A hyperthermophilic archaeon, Thermococcus
kodakaraensis, was successfully obtained from an APSKO06 (28°34.313’N,
140°38.617’E, 1386 m deep) boring core. The permissive growth temperature
ranged between 70 °C and 90 °C and was recorded for an 80 °C culture with ele-
mental sulfur, with 80% of particle abundance to the cell. A 70 °C culture with
elemental sulfur gave the highest cell yields and 132% of particle abundance to the
cell. Therefore, the strain was cultivated in the sulfur-supplemented medium at
70 °C. VLP production started when the stationary phase attained 7. kodakaraensis,
whose cell and particle abundances at 480 h of culture were 1.8 x 10% and 4.2 x 10°,
respectively [131, 179]. The median particle size was 125.19 + 36.45 nm (n = 351)
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and yield per cell was approximately 1.5, with VPFI of approximately 19% during
the stationary phase.

Gene transfer frequencies of particles from APSKO07 fluid and 7. kodakaraensis
were between 2.6 x 10~ CFU/particle and 3.0 x 10~ CFU/particle. The production
of particles from generated transductants was observed under TEM, with the parti-
cle yield per cell resembling that of the previously described marine strains and
Agquifex sp. at 3-5 [131]. The size of the particles produced from the transductant,
TkBEtrans, became larger (median + SD = 132.55 +23.6, n = 272). Hence, a hyper-
thermophilic archaeon produced VP-transferred genetic traits towards mesophilic
E. coli across the Domain border.

7.3 How Do VPs Produced in the Cell Release from the Host
and Infect a New Host?

Electron microscopy observations suggest that membrane fusion occurs between
the recipient cell and VPs (Fig. 7.3) at the initial stage of infection [6] because mem-
brane fusion between the VP “capsid” and recipient cell was observed upon “infec-
tion.” Before membrane fusion, the VP pierces the recipient cell wall to create a
place for membrane fusion [182]. Therefore, a membrane-fusion error upon the
VP’s “infection” would cause cytoplasmic content efflux [183, 184]. VPs have
shown an extraordinarily relaxed susceptible recipient range (Table 7.4). An interac-
tion between the particle and recipient cell might determine the orientation for the
recipient’s survival. As shown in Table 7.2, some VPs had a lethal effect on the
recipients regardless of the strength of the UV treatment, reducing the EOP by up to
one order of magnitude. VP infection of the recipient could be accomplished by the
membrane fusion [6]. The lethal effect would be a consequence of a failure to form
complete membrane fusion between the recipient cell and the particle, which must
have lethally leaked the cytoplasmic content.

The contents of nucleic acid, carbohydrate, proteinase/peptidase, and glycanase
activities were examined for particles and vesicles derived from STEtrans and
DHlactrans (see Tables 7.2 and 7.3). The VP was predicted to have lipids as its sur-
face component (Fig. 7.3), although an insufficient amount of samples prevented
the lipid component from being analyzed. VPs are supposed to carry cellular cyto-
plasmic material as proteinaceous material and DNA; however, an RNA component
has not been detected to date. A specific and strictly controlled VP cargo sorting and
intracellular trafficking mechanism is expected to exist. However, it is currently dif-
ficult to infer an appropriate expression feasible for the strict control mechanism
that produces 3 VPs/cell per generation. The results are given in Table 7.5. The
surface structure of VPs must be composed of the multifunctional domain to accom-
plish infection of a variety of organisms.

The VP assemblage seems to carry all host genomic information almost exclu-
sively, whereas the yields per cell are controlled strictly to be small unless a host
control disorder is introduced, such as a re/ mutation. Prior to the budding release
of VPs, condensation of DNA cargo, which is likely a part of the host
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Fig. 7.3 VP treatment of organic solvent, membrane vesicle (MV) production from
DHlactrans, membrane fusion and translocation of DNA cargo to the recipient at VP infec-
tion, and pleomorphic size distribution of VPs after being experienced serial transduc-
tion. Electron micrography (EM) image of an organic solvent treated VP shows in (a). Purified
VPs were dialysed against an up series of ethanol and chloroform and a descending series of etha-
nol and then treated VPs were placed on the EM grid [166] to observe. VP must have been con-
tained in the lipid component for its coat because the content was extruded from the particle. In (b),
extruding DNA is shown together with bead-like structure from a membrane vesicle from relAl
bearing transductant, DH/actrans, whose shape was not a string like Coliphage T4 but a tangled
structure like a nucleosome observed for an archaeon [180]. (¢, d) Membrane fusion and transloca-
tion of DNA cargo to the recipient at VP infection, DNA strand looks like an archaeon nucleosome
structure [180, 181]. In (d), a schematic representation of (c¢) is shown. In (e), a relAl-bearing
transductant produced MV together with VP, whose proportion was about 1/10 of the real VPs. In
(f), the pleomorphic size distribution of VPs is shown after serial transduction. VPs showed pro-
duction of several discretely different particle sizes, even a selected size VP employed for the
transduction. Although the host strictly controls the VP yields per cell, an introduction of relAl
resulted in the turbulence of cellular control to produce many different sized empty MVs. Generally,
the proportion of DNA bearing MVs is quite small; the DNA cargo size is also as small as 10 kb
[22, 61, 63]. MVs produced by the relAl-bearing transductant must have been produced to encap-
sulate DNA cargo as intracellularly produced EDB
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Table 7.5 Chemical constituents, proteinase/peptidase, and glycanase activities

Amount per particle STEVP DHiacVP DHlacMV
Protein/nucleic acid ratio 16.7 214 3862.9
Nucleic acid, x107"% g 8.12 13.9 0.102
Proteinaceous material, x107 g 13.6 29.8 394
Total carbohydrate, 1075 g 42.6 1.89 422
Proteinase/peptidase, x10~" unit 1100 27,500 13.7
Glycanase as mannase, x107'° unit 51.1 207.2 23.7
Leu equivalent free NH-, x107% g 0.254 35.1 2.58
Glc equivalent reducing power, x107"° g 23.8 1.89 5.01
Uronic acid, x107'¢ g 0.38 - -

Amount of nucleic acid and the proteinaceous materials was determined using nomograph accord-
ing to Adams [185] by reading the absorbance at 260 nm and 280 nm. The protein content was
determined using the Bio-Rad Protein Microassay kit according to the manufacturer’s specification
with BSA as the standard by reading the absorbance at 595 nm. The total sugar content of the sub-
samples was determined by the phenol-sulphuric acid method [186] by reading the absorbance at
480 nm for hexose and 490 nm for uronic acid, with glucose as the standard. Free amino acid was
determined by the ninhydrin method [187] with leucine as the standard by reading the absorbance
at 570 nm. Glucose equivalent reducing power was measured using the Somogyi-Nelson method
according to Somogyi [188] with a modification by Chiura and Kita-Tsukamoto [189] with glu-
cose standard read at 500 nm absorbance. A Shimadzu Type UV260 spectrophotometer (Shimadzu
Co., Kyoto, Japan) was employed for photometric analysis. The substrate for the enzyme activity,
E. coli AB1157, was grown to the mid-log phase, then diethylpyrocarbonate was added to make
0.1% v/v to stop the cell growth, washed with 100 mM phosphate buffer saline (PBS), and centri-
fuged. Fixed cells were dialyzed against PBS until no nucleic acid, carbohydrate and/or protein
was detected in the dialysate, and finally lyophilized. The dried cell was suspended in an appropri-
ate liquid at the time of enzyme assay [190]

chromosome, makes EDS followed by intracellular trafficking in proximity of the
cell membrane (Fig. 7.5). In general, transducing particles are formed when the
phage packaging mechanism seizes upon host DNA, instead of concatemeric
phage DNA, as a packaging substrate [191, 192]. The association of transducing
host chromosomal DNA with a protease-sensitive component is estimated as
500 kDa of protein [46], with a substantial fraction (>75%) of the transduced
DNA appearing to adopt a circular conformation maintained by an attached pro-
tein. Unfortunately, this protein has not been studied further, although the protein
has been suggested to be a packaging enzyme that remains associated with the
transducing DNA after completing cleavage [193]; this, however, remains to be
established. There are two plausible hypotheses on how the DNA packaging
mechanism makes transducing particles: one is a sequence-specific manner from
DNA ends, whereas the other is a consequence of nonspecific cutting by packag-
ing enzymes. The accumulated evidence clearly favors a pac site mechanism for
P22 transducing particle formation, but a non-sequence-specific mechanism for
the formation of P1 transducing phages [194, 195]. The findings would also apply
to the case of VPs, as VP-encapsulated DNA seems to be heavily associated with
a proteinaceous material (Figs. 7.3, 7.4, and 7.5).
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STEtrans CEtrans-F2 ; CEtrans

Fig. 7.5 Transductant cells in the process of budding. In (a) to (d), STE-trans was used as a
reference; in (e) to (1), CEtrans-F1 has used a reference. (a) STEtrans under particle budding. (b)
Before the budding, the electron-dense body (EDB) shifted to the vicinity of the cell wall, and then
the EDB attached to the cell wall (¢). Following this step, the phase change of membrane from
bi- to monolayer was observed (d). CEtrans-F1 is shown around the budding particle (e). Another
three EBDs can be seen in the cell. Thin sections of CEtrans-F1 demonstrated EDBs. (f) Different
stages of EDB formation in the cells. (g) Particle under budding. A change of membrane phase is
seen at the budding position. (h) The final stage of budding. Note “capsid” structure is different
from the cell membrane. Epon-etched thin sections of the CEtrans-F1: (i-k) sections with central
EDB and a dense cluster of gold-labelled DNA-antibodies. (1) Control: thin-section without EDB
with sparse gold-labelled DNA antibodies. All sections belong to the same assay. Scale bars: a, d,
100 nm; b—d, f-1, 200 nm
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Some MVs are known to inhabit a variety of enzymes [196]. The hydrolytic
enzyme activities of VPs reside in an association of phage endolysins, which recalls
the production process of some MVs [197]. Endolysin is a well-conserved enzyme
that is typically involved in the release of dsDNA phages [198]. Endolysin opens
holes in the cell wall, through which MVs are formed presumably due to turgor
pressure and eventually released [28, 29]. Toyofuku et al. indicated that the simul-
taneous release of abundant MVs and the matrix in P. aeruginosa biofilm would
occur by endolysin-induced explosive cell lysis in a subpopulation of the cells to
supply public goods for the remaining cells [62]. Furthermore, endolysin was
recently shown to induce MVs in Gram-positive bacteria through a distinct mecha-
nism of explosive cell lysis [28, 29]. Hence, endolysin is a universal trigger for MV
formation. Cell death is involved in MV formation, which renews the concept of cell
death in microbial communities [199]; however, MVs were produced only from
growing cells but not from lysing cells. From this standpoint, MV formation is con-
sidered to be a consequence of cell lysis that is distinct from the case of VPs.

MVs from a variety of organisms form the whole Domain of life and are called
by several names, including membrane vesicles, outer membrane vesicles [OMVs],
exosomes, and shedding microvesicles [57]. Bitto et al. demonstrated that chromo-
somal DNA is packaged into OMVs shed by bacteria during the exponential phase.
Most of this DNA was present on the external surfaces of OMVs [35], with smaller
amounts located internally. The DNA within the internal compartments of P. aeru-
ginosa OMVs were consistently enriched in specific regions of the bacterial chro-
mosome, encoding proteins involved in virulence, stress response, antibiotic
resistance, and metabolism [200]. Roier et al. proposed a novel and highly con-
served bacterial OMV biogenesis mechanism for Gram-negative bacteria based on
phospholipid accumulation in the outer leaflet of the OM [201]. A proposed phos-
pholipid transporter system of the VacJ/Yrb ABC (ATP-binding cassette) transport
was shown to be involved in OMV formation [202]. However, the mechanism for
intracellular trafficking of the cargo DNA in accounting for HGT is still
insubstantial.

The conserved functions and mechanistic strategies of MV release are similar,
including the use of eukaryotic endosomal sorting complexes required for transport
(ESCRT) proteins and ESCRT protein homologues to facilitate these processes in
archaea and eukaryotic microbes [57]. The ESCRT machinery is made up of cyto-
solic protein complexes: ESCRT-0, ESCRT-I, ESCRT-II, and ESCRT-III. Together
with several accessory proteins, these ESCRT complexes enable a unique mode of
membrane remodeling that results in membranes bending/budding away from the
cytoplasm [203, 204]. These ESCRT components have been respectively studied in
numerous eukaryotes, including yeast and humans [205].

The change in the intracellular structure before budding is illustrated in Figs. 7.4
and 7.5. DNA cargo must have been prepared around the center of the cell; however,
how and what mechanism would proceed to select the DNA cargo content accom-
panied by budding production are unclear. OMV was reported to have continually
budding production with a morphologically similar shape to VPs from
y-proteobacteria, Acinetobacter baylyi [63]. OMVs could be grouped into three size
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populations, with mean diameters ranging from 13 to 304 nm. OMVs were extracted
from bacterial cultures and tested for their ability to vector gene transfer into popu-
lations of E. coli and A. baylyi, including naturally transformation-deficient mutants
of A. baylyi, and determine the movement of DNA into OMVs using FITC-labelled
and anti-dsDNA antibodies to track the movement of OMVs. Exposure to OMVs
isolated from plasmid-containing donor cells resulted in HGT to A. baylyi and E.
coli at transfer frequencies ranging from 1 x 107 to 1 x 1078, with transfer efficien-
cies of approximately 1 x 10° and 1 x 10%/ug of vesicular DNA, respectively. The
intracellular production looked at several points in the cell, which was different
from that observed for VP, as described below. It is uncertain whether this finding
could be comparable to the content described previously because no DNA content
per OMV was provided. Nonetheless, this report provides the only data on quanti-
tatively estimated MV-mediated gene transfer. To the author’s knowledge, there
have been no reports on MV-mediated “serial transduction” attempts to date.

DNA containing extracellular vesicles (see Table 7.1), referred to as ToEV, pro-
duced by budding was observed for T. onnurineus” NA1™. The DNA content in
ToEV amounted 40 to 20 kb [22]. In comparing the encapsulated DNA in VP with
such MVs, VP carried substantial DNA content, as shown in Table 7.2.

The VP production process was studied using ultra-thin sections to analyze fea-
tures of the membrane fraction at the time of particle production. The materials
CEtrans_F2 and STEVP (Table 7.1) were used because their morphological charac-
teristics, production profiles of VP, and cargo size DNA (CEtrans_F2: 368.5 £ 8.7 kb,
n=49; STEVP: 372.09 + 10.12 kb, n = 46) coincided with each other, even though
the environmental situation of sampling sites differed [7, 8]. Consequently, the par-
ticle production initiated around the center of the cell by an adhering electron-dense
material around the chromosome, following a hurricane-like structure formation.
The shape was changed by condensation to create an EDB, which migrated to the
vicinity of the cell membrane. Finally, budding took place. VP production in
STEtrans was also consistently observed for intracellular trafficking of EDB from
the cellular center towards the cell membrane for budding. The mode of VP produc-
tion was found to be consistent between STEtrans and CEtrans. The acquisition of
membrane vesicle production of VP-mediated transductant was observed when the
rel-mutant was used for the recipient, whose population size was approximately
1/10 of that of “bona fide” VP particles.

To collect information on the cell membrane during VP production, 8 M urea
dissolved the cell lysate membrane fraction of STEtrans, DHlactrans, and the paren-
tal E. coli and was applied to 5.2 M urea denatured-polyacrylamide gel electropho-
resis (PAGE) (Fig. 7.4d). The denatured-PAGE showed that specific proteins in the
membrane protein fraction corresponded to the period of particle production only
for the transductant. The cytoplasmic extrachromosomal nucleic acid fraction before
the VP budding release period was also examined for STEtrans, CEtrans_F2, and
the recipient E. coli AB1157. Small DNA species specific for this period were
observed, whereas the RNA fraction showed no difference (Fig. 7.4c). Such a VP
transductant-specific molecular species must have been committed to intracellular
EDB production. Successful intracellular trafficking from the central part towards
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budding proximity site might have been imitated in ESCRT of Archaea and Eukarya.
Further biochemical studies are needed to elucidate the molecular mechanisms of
VP production.

A standard feature of all VPs is that the particles reproduced from the trans-
ductant do not have a uniform size and are composed of varying types of particle
species, even though particles of a specific size are selected for transduction. In
the marine strain, approximately 20 species of VP were produced; a much smaller
number of VP species was produced by the thermophile strain, whose trend for
particle production of the transductant appeared to be inherited from the parental
strain. Such pleomorphic particle production can be found in MV production;
however, the molecular mechanism of MV depends upon the host cell belonging
to a variety of phylogenic positions, and a commonly applicable pathway is still
uncertain. Some similarity of pleomorphic particle production can be found
among budding viruses. Usually, the capacity of a viral capsid is well regulated,
and the packaging of a nucleic acid is performed by a head-full mechanism [94].
A eukaryotic paramyxovirus with an sSRNA genome (Myxoviridae) produces a
varied particle size and comprises several pleomorphic viruses that may occur as
irregular spheres of size, ranging from approximately 150 to nearly 300 nm in
diameter [206, 207], or even as long filaments [207]. Although a prokaryotic bud-
ding virus is rare, the mode of exit is shared by pleomorphic archaeal and bacte-
rial viruses (pleomorphiclipovirus, plasmavirus) [208] and mycoplasma phages
[160] out of 70 lipid-containing viruses known to date (Archaea: 41; Bacteria,
Gram-positive: 21, Gram-negative: 8; lipid enveloped: 9; Archaea 7; Gram-
positive: 2) [159].

Genomic sequencing is currently in progress for recipient E. coli AB 1157,
PfEtrans, VP source P. filamentus, STEtrans, and DHlactrans followed by com-
parative genomic analyses combining data with the generalized transducing phage
Mpyoviridae P1, budding prokaryotic virus Plasmavirus Acholeplasma phage 1.2
[160], its host Acholeplasma laidlawii PG-8A, and the polymorphic virus
Pleolipoviridae HGPV- 1, HHPV-1, HIS 2, HRPV-1, 2, 3, 6 [209]. Preliminary
findings revealed that none of the complete gene set of viruses was discovered in
the VP transductants’ genome; however, dnaB-like Phage P1 replicative helicase,
Phage P1 DNA invertase, Phage P1 IS5 transposase family mobile element, Phage
P1 ssDNA binding protein, and Phage P1 methyl-directed repair DNA adenine
transferase were shared with all VP donor microorganisms and generated
transductants.

7.4 Function-Related Gene Transfer

The VP-mediated HGT described previously is mainly for host somatic gene
rescue; however, the simultaneous transfer of multiple genes might have
impacts that are much more profound on the evolutionary processes. Some
examples of VP-mediated function transfer are described in the following
sections.
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7.4.1 Nitrogen Fixation Acquisition of Escherichia coli by VPs
Originating from Klebsiella pneumoniae subsp.
rhinoscleromatis [139]

From the rhizosphere of the Sago palm tree, the Sago2 strain was isolated, which
has a 16S DNA sequence with 99.93% similarity to Klebsiella pneumoniae subsp.
rhinoscleromatis. Sago2 cultured in LB at 30 °C showed budding spherical particle
(SGVP) production; the particles were purified by equilibrium CsCl density gradi-
ent ultracentrifugation. The particles had densities between 1.3183 and 1.2722 and
diameters between 103.8 and 164.1 nm. They were used for transduction at a MOI
of 2 by infecting the following recipients at 30 °C for 15 min: E. coli AB1157,
DHS5a [F~; 980d, lacZ M15 endAl recAl hsdR17 (rk~, mk™) supE44 thi-1 1~ gyrA96
relAl (lacZYA-argF)U169]; and JE6937 [F~; strR]. Irrespective of UV irradiation,
SGVPs showed no lethal effect on the recipients.

The selection of transductants was made on N~ agar plates supplemented with and
without 20-pg/mL arginine and incubated anaerobically at 30 °C. The strains, which
could form distinctive colonies within 5 days of incubation, were regarded as the
transductants. SGVPs without UV inactivation were successfully transferred with N,
fixation to generate on N~ agar plates. The results for DH5a were: four colonies
(SGDHrtrans), N, fixation gene transfer frequency = 2.83 + 3.24 x 10~7 CFU/SG-VP
(n =3). The results for the JE6937 recipient were: four colonies (SGEtrans), N, fixa-
tion gene transfer frequency = 1.84 + 0.80 x 10~8 CFU/SGVP (n = 3). To examine the
N, fixation ability of SGVP-mediated transductants, seven clones of SGDHtrans and
four clones of SGEtrans were subjected to an acetylene reduction assay, with the
parental recipients as the negative control and Sago?2 as the positive control.

Consequently, anaerobically incubated Sago2 in LB and N~ medium showed
nitrogenase activity. All the SGDHtrans clones exhibited nitrogenase activity when
anaerobically cultured in LB; however, two of them did not show nitrogenase activ-
ity in N~ medium. As for SGEtrans, no clones exhibited nitrogenase activity in LB
and N~ medium. Hence, different genotypic variations of transductants could be
generated by VPs; still, more acceptance of incorporating gene sets must have been
affected by recipient genetic constitution.

7.4.2 Thermo- and Psychro-Tolerance Acquisition

P. filamentus ATCC700397T, which was isolated from Arctic ice, cultured in 1/2
ZoBell at 10°C showed budding particle production. Produced particle size in diam-
eter distributed between 86 and 346 nm that contained ca. 150 kb as dsDNA (P. fila-
mentus: 5x10% cells/mL, 2x10° VLP/mL, VP yields: 1.1 VP/cell). Although VPIF
during the stationary phase kept ca. 14% high yields of free particles by ca. 120%
of the cell population was given. The particles were purified in two bands by equi-
librium CsCl density gradient ultracentrifugation to give 1.2893 + 0.0102 g/cm? as
the buoyant density. The upper particles were infected with E. coli AB1157.
Consequently, the recipient lethality was not observed. As for gene transfer, three
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transductants with the complete marker reversion exhibiting the frequency at 5.0
1.6 x 10 CFU/VP, referred to as PfEtrans, were obtained [138]. PfEtrans exhibited
enhanced growth in 1/2 ZoBell at 10 °C, exceeding parental P. filamentus to attain
~2 x 10° cells/mL. A hypothesis was examined that the gene transfer due to VPs
originating from P. filamentus lowers the range and optimum temperature of growth
of the recipient E. coli. The optimum growth temperature of P. filamentus is 10 °C,
and PfEtrans exhibited a cell population in the stationary phase that enhanced
growth to the maximum of P. filamentus cell population at 10 °C. PfEtrans was
examined in the still culture in 1/2 ZoBell in 3 days, consequently showing that the
optimal temperature was reduced to 30 °C and it was possible to grow at
0 °C. Furthermore, culture in 1/2 ZoBell at 10 °C showed a maximum cell density
of ~2 x 10° cells/mL with VP production, by which serial transduction was also
demonstrated [138]. Genomic sequence analyses for P. filamentus with E. coli
AB1157 clarified how PfEtrans acquire cold and high osmotic tolerance that resulted
in the enhancement of genes relating to stress response and osmotic regulators
(Chiura, Yoshizawa, Kogure, Unpublished). (Fig. 7.6).

Numerous factors are assumed to control the temperature range and the optimum
growth. Hence, the growth—temperature relationship has been examined. To deter-
mine whether thermo-resistance gene(s) could be transferred towards mesophilic
recipients, Aquifex sp. and T. kodakaraensis B4 originating VP-mediated E. coli trans-
ductants, STEtrans and TkBEtrans, were grown in conditions exceeding the permis-
sive temperature for E. coli (50, 56, and 70 °C) for 15 days. Consequently, the parental
recipient, E. coli AB1157, decreased its population to less than a few percent of the
inoculum by 48 h; then, the living cells became undetectable by LIVE/DEAD in all
conditions [131, 134] (Fig. 7.6). It was known that heat-shock response would be
activated when E. coli cells were transferred from a permissive state to a high tem-
perature; however, the situation exceeding 50 °C could not be rescued even with such
aresponse. Hence, prolonged treatment above 42 °C would cause the disorganization
of cell structure, resulting in cell death. On the contrary, STEtrans and TkBEtrans
treated under the same conditions exhibited different profiles. At the initiation of the
treatments under the restricted condition for E. coli, the population decreased by
5-25% in 2-5 days because transductants were generated at 30 °C. After that, the
population increased by 2- to 140-fold or at least maintained the initial inoculum size.

TkBEtrans was inoculated at an initial population size of 1.23 x 107 cells/
mL. The cells decreased to 6.31 x 10° cells/mL (approximately 5% of the inoculant)
at day 5, and then the cells grew to 7.48 x 107 cells/mL (approximately six-fold of
the inoculant) at day 13 at 50 °C. The generation time of the transductant in the
period of propagation was estimated to be approximately 28 h. At 56 °C, the cells
decreased to approximately 3 x 10° cells/mL (~25%) at day 5, and then the cells
grew to 1.95 x 107 cells/mL (~1.6-fold of the inoculant); the generation time in the
growing period was estimated to be approximately 73 h. At 70 °C, the cells decreased
to 1.53 x 10° cells/mL (~12% of the inoculant) at day 3, and then grew to 2.43 x 107
cells/mL (~2-fold of the inoculant) at day 13, of which generation time during the
propagation was estimated to be approximately 266 h.

Change in the population under high-temperature incubation for STEtrans is also
given in Fig. 7.6. For STEtrans (initial population size: 4.20 x 107 cells/mL), the
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population was observed to decrease to approximately 2 x 107 cells/mL (~50%)
toward the second day. It maintained this level for another 4 days, after which the
cells grew to approximately 6 x 10° cells/mL (~140-fold of the inoculant) in the
following 2 days; finally, the population became stable. The generation time of the
transductant during the growth was estimated to be approximately 6 h. At 56 °C, the
cell number at day 2 was observed to be approximately 2 x 107 cells/mL (~50%),
and its population became constant afterwards. At 70 °C, approximately 2 x 10’
cells/mL (~50%) of cells were observed on day 2, and its population became con-
stant afterwards.

This trans-phyla thermo-tolerance transfer is a consequence of broad-host-range
transduction from a thermophile to a non-thermophilic enterobacterium. The trans-
ductants used above were first selected by the prototrophic reversion of the auxotro-
phic recipient at 30 °C and resided at the mesophilic temperature for several
generations. Even after such a period when the transductants remained at a permis-
sive temperature, the thermo-tolerance trait of the transductant suggesting VPs con-
tributes to enhanced host adaptation.

Although it is often assumed that phages do not intrude on the genus barrier
[92], this concept has been questioned. The host ranges of marine phages have
been shown to vary by Wichels et al. [210]. Jensen et al. [211] disputed that nar-
row host-ranges are an isolation artefact. Substantial variability in host ranges
was also reported by Suttle [212] for cyanophages. Viruses might exhibit a
broader host range in deep waters than in surface waters [97]. However, viruses
also can influence the stable stockpile of genes in prokaryotic species on eco-
logical scales [213].

7.4.3 Relationship between Cell Population Density
and Induction Frequency of VP Lysogen: A Marine-
Originating VP-Mediated Transductant, CEtrans [214]

In a natural water column, FVIC was observed to be an equilibrium because of
cell and virus interactions; however, there is no substantial evidence to interpret
such a situation. VP lysogens started particle production when the host attained
the stationary phase, whose VPIF is commonly quite low (the Pacific Ocean and
Mediterranean Sea average, 6.92 + 3.93%, n = 3925). Namely, less than 10% of
the population would commit to particle production. Some VP lysogens, such as
Vibrionaceae, produce VP exceeding the host population, which has been
ascribed to their high VPIF [6]. One of the well-known characteristics of
Vibrionaceae is its quorum-sensing (QS) behavior. However, the current under-
standing of QS is that the signal is not only solubilized in an aqueous environ-
ment but is also packaged in MVs and delivered in varying propensities to
different bacteria [28, 29, 39, 40, 197]. As described in Sect. 7.6, VP transfers
plasmid and cytoplasmic material; VP can transfer cytoplasmic material, so VP
production must be intimately connected with the community situation. In this
situation, a change in VPIF under different VP lysogen abundances around the
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host secreted diffusible substance. CEtrans_F1 was grown in minimal medium
(MM) after Davis for approximately 2000 h and then the cells were removed to
recover the supernatant, followed by a subsequent filter with 0.2 pm and 30 kDa
cut-off membranes to collect the permeate. This permeate was used as the base
material. The conditioned medium (CM) was prepared by adding the nutrient
supplement as MM (Fig. 7.7).

CEtrans_F1 was cultured as described above for 48 h, corresponding to the
period to enter the stationary phase; then, centrifugally collected cells were
washed with Davis salt. Two sets of 1 x 10° and 1 x 10® cells/mL as the initial
cell abundance were prepared. For one set of 1 x 107 and 1 x 108 cells/mL, the
specimen was cultured in the MM as the fresh medium (FM); another set of cells
was cultured in the CM. The same conditions were used for both sets of speci-
mens. Growth profiles were monitored. Subsamples were intermittently with-
drawn to examine VPIF and the particle yield per cell by EM. As a result, VP
abundance for the CM series was 10-fold higher than that of FM at the begin-
ning; after 161 h of incubation, it increased to 100-fold higher than that of FM
(Fig. 7.7a).

The initially high VPIF for every specimen was ascribed to the inoculant being
started with VP production collected from the 48 h culture. The high initial cell
abundance seemed to enhance VP induction; furthermore, the CM showed exces-
sive VP induction. In the usual situation of small cell abundance, VPIF was usu-
ally suppressed less than 20%, while more than 80% of the population committed
to VP production with a high cell abundance in the stationary phase (Fig. 7.7b).
The particle yields per cell (2.7 £ 0.7. n = 96) were somewhat consistent with each
other; however, the extended production period and higher VPIF resulted in high
yields of produced VPs for the CM series (Fig. 7.7c). The result suggests that a
diffusible substance was profoundly affected by the induction of VPs. A QS sys-
tem is considered to be a bi-directional function towards lysogenized entities and
their host. QS is a system for bacteria to communicate with each other with a dif-
fusible substance [215].

7.5 Molecular Evidence for VP-Mediated Gene Transfer

Attempts have been made to perform polymerase chain reaction (PCR) for molecu-
lar evidence of VP-mediated gene transfer and construct a clone library from
VP-derived DNA for gene determination [136]. STEVP was infected with E. coli
DHS5a (AlacZYA-argF relAl recA) and selected by lactose utilization acquisition;
arginine prototrophism resulted in the generation of E. coli DHlactrans. DHlactrans
produced DHlacVP (size + SD: 69.4 +£2.1,78.6 £ 1.1, and 93.4 £ 4.0 nm; n = 480)
with smaller diameter and more compact encapsulated DNA (size + SD: 74.9 £ 6.7,
108.5, £ 4.5, and 181.9 + 23.4 kb; n = 4) than parental STEVP (size + SD:
128.3 +2.3 nm, n = 1225; DNA size + SD: 389.7 + 6.5 kb, n = 49). Particle produc-
tion commenced immediately after inoculation, accompanied by transparent mem-
brane vesicles (DHlacMV), whose proportion to the VP with electron-dense
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content was approximately 10%; this can be ascribed to relA] because a compa-
rable phenomenon has been observed for STEVP-infected E. coli IM109 transduc-
tants (Chiura, Unpublished). Production of the membrane vesicle concomitantly
changed with a change in particle production to maintain the MV/VP ratio
(Fig. 7.4%).

The recA mutation is a point mutation caused by a substitution of glycine to
aspartic acid (G4— D), which prevents the homologous recombination of exog-
enous fragments from the host chromosome (“Strain-DH5a”; https://cogsc2.biol-
ogy.yeal.edu/Strain.php?=43590). Hence, the cargo DNA strand stays in the
extrachromosomal state after STEVP infection in a DH5« recipient. Lactose utiliza-
tion made the selection of the transductant; the cargo content must have been only
for the lactose metabolism with additional VP production-responsible genes.
Generated DHlactrans reproduced DHlacVP to accomplish the serial transduction.
Therefore, the cargo DNA size is postulated to decrease as a consequence of pack-
aging the AlacZYA-argF frame of 78 kbp (Fig. 7.8b) to complement the host, with
an additional 16 kbp of DNA encoding the VP production-responsible genes (PPRG)
originating from STEVP. VP cargo size decreased, which supports the above
hypothesis, as shown in Fig. 7.8a.

Three-step PCR was used for verification of lacZ with lacZ-specific primers
on VP-derived extrachromosomal DNA and total DNA extracted from DH5a
and DHlactrans. Positive DNA amplification was observed in the VP transduc-
tant DHlactrans and VP-derived extrachromosomal DNA (Fig. 7.8c, d).
Nonetheless, DHIlacVP cargo content was found to be composed of the whole
range of E. coli chromosomal genes (Kawarabayashi, personal communication).
Hence, the above hypothesis is disproven. DHlactrans was subjected to a
genome sequence together with STEtrans and E. coli AB1157. The sequence
data of DH5a was obtained from the NCBI database (Escherichia coli strain
DHb5alpha chromosome, complete genome https://www.ncbi.nlm.nih.gov/nuc-
core/CP025520.1?report=genbank). The comparative genomic analysis is cur-
rently in progress (Table 7.6).

Preliminary findings revealed that the recAl mutation in DH5a remains
unchanged in DHlactrans and no introduction of wild recA was found from
STEtrans. The total amino acid sequence identity between DH5a and DHlactrans is
99.39%. In all, 26 unique genes, of which 25 are hypothetical proteins, are exclu-
sively found in DHlactrans, in addition to 79 non-synonymous substitutions.
Genomic analysis revealed the genetic robustness of the recipient as a biological
entity, together with the flexibility to adapt to environmental change. There must be
an unknown scheme for genetic recombination upon intracellular VP production.
Including the material from the experiment described in Sect. 7.4.2 on thermo- and
psychro-tolerance acquisition, all host and recipient strains were found to share a
generalized transducing phage P1 recombinase gene; therefore, such a recombinase
might have been committed in recombination with host chromosomal fragment rep-
lication to produce the VP cargo. Thus, the gene set for the VP production apparatus
may have been widely distributed among cellular organisms in advance throughout
evolutionary history.


https://cogsc2.biology.yeal.edu/Strain.php?=43590
https://cogsc2.biology.yeal.edu/Strain.php?=43590
https://www.ncbi.nlm.nih.gov/nuccore/CP025520.1?report=genbank
https://www.ncbi.nlm.nih.gov/nuccore/CP025520.1?report=genbank
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Fig. 7.8 A change in VP cargo size depended on the transduction recipient, loci of target
genes in E. coli chromosome, and PCR amplification of target genes in DH5a and DHlac
trans. (a) After in situ lysis, the treated gel plugs were loaded on 1.0% agarose ME gel and run in
a gel with 0.5x TBE buffer at 14 °C; switching time, 50-90 s; runtime, 22 h; angle, 120°, and volt-
age gradient, 6 V/cm. A higher yield of ~120 kb DNA fragments was gained in samples washed
with salt. Lanes: A ladder, size marker (48.5 kb — 1.2 Mb, FMC, USA); E. coli AB1157, the trans-
duction recipient of STVP; STEVP, VP produced by STEtrans; STEtrans: a transductant of E. coli
ABI1157 generated with the aid of STVP-mediated transduction originated from Aquifex sp.;
DHlacVP, VP produced by DHlactrans; DHlactrans, a transductant of E. coli DH5a generated
with the aid of STEVP-mediated transduction originated from STEtrans. Note that the cargo size
of DHlacVP decreased by 1/3 from STEVP. The recipient E. coli AB1157 is an auxotrophic
mutant but has wild rel, whereas E. coli DH5a has a deletion of lacZ-argF as depicted above and
mutations of relAl and recA. The recipient with the re/A mutation was found to decrease the cargo
size of reproduced VPs from VP-mediated transduction. (b) PCR primers were designed to amplify
genes shown as arrows. Sequence information was obtained from the database “Profiling of E. coli
Chromosome” (PEC: http://www.shigen.nig.ac.jp/ecoli/pec/index.jsp). DH5a has a deletion frame
over the lacZ-argF region (broken line). Genes yagX and yahF were located inside, whereas yagF
and mhpB were located outside the deletion frame. The sharp end of the individual gene indicates
the transcription direction. All genes described here are non-essential. (¢) Amplification of total
DNA prepared from the recipient E. coli DH5a (R) and the transductant DH/actrans (T) by using
specific primers for marker genes, lacZ, argF, and mhpB. The gene mhpB locates ~7 kb down-
stream of lacZ in E. coli genome and therefore should be contained in both R and T DNA. The
reaction mixture was directly loaded on 1.0% agarose gel. Template-primer pairs are shown as
follows: Lane, T + lacZ template; R + lacZ template; —w/o addition of lacZ template; T + argF;
R + argF; —w/o addition of argF template; T + mhpB template; R + mhpB template; —w/o addition
of mhpB template. A/Sty size marker: 19.33, 7.74, 6.22, 4.26, 3.47, 2.69, 1.88, 1.49, 0.93, 0.42, and
0.07 kbp. (d) DNA extracted from DHlactrans was amplified with primers (+) for six positional
marker genes regarding non-template reactions (—). Lane, (+ and —) underneath respective maker
gene stands for +, template added and —, without addition of the template. A/Sty: size marker

A

Table 7.6 Genomic feature of the recipients and the transductants

Genome E. coli DH5« DHlactrans STEtrans E. coli AB1157
Size, bp 46,05,446 45,86,117 46,07,192 45,96,195

GC content 50.8 50.8 50.8 50.8
No. of contigs (with PEGs) 1 33 26 2

No. of subsystems 585 583 591 591

No. of coding sequences 4433 4397 4368 4477

No. of RNA 108 120 112 107
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7.6  VPs Also Transfer Plasmid and Cytoplasmic Material

VPs from the marine strains exhibited 2,4D utilization and drug resistance transfer.
Hence, cellular proteinaceous material and plasmids for drug resistance transfer to
the recipient, mediated by VPs, in addition to the host chromosomal fragments
examined. To survey the cytoplasmic substance transfer capability of VPs, conjuga-
tive plasmid pYFP-Bluescript (yfp::amp'’) was constructed from BamHI-Notl
double-digested fragments pEYFP-Mito (YFP) and Blue-script I1 kS (amp") to gen-
erate fusion plasmid pYFP-Bluescript (yfp::amp"), applied to E. coli IM109 (recAl,
endAl, gyrA96, thi, hsdR17 (r,my*), el4~ (mcrA~), supE44, relAl, A(lac-proAB)/F’
[traD36, proAB*, lac 1%, lacZAM15]) and selected white colonies. The obtained
transformants, E. coli IM109 (yfp::amp’), exhibited ampicillin resistance and yel-
low fluorescence under B excitation. Then, STEVP was infected with E. coli JIM109
(Ofp:amp”) at a MOI of 3.0 to generate the lactose utilization transductants
(JMlactrans) with a transduction frequency of 1.0 x 10-5 CFU/particle [137].

JMlactrans acquired budding particle (JMlacVP) production together with
empty vesicles starting immediately after the culture; like DHlactrans, this was
ascribed to the relAl mutation of the recipient. The abundance of of IMlacVPs in
the 96-h culture was ~1 x 10" particle/mL, with 1/10 abundance of the vesicles.
Collected and purified JMIlacVPs exhibited yellow fluorescence under B excitation.
Consequently, VPs originating from the thermophile were demonstrated to encapsu-
late cellular proteinaceous material (YFP) in the particle. Applying JMlacVPs to an
E. coli DH5ux recipient at a MOI of 9.9 resulted in the generation of ampicillin-
resistant E. coli DH5a with a transduction frequency of 1.9 x 10- CFU/particle.

Some novel properties of VP-mediated broad-host-range gene transfer originat-
ing from Aquifex sp. after several serial transductions showed transferability of cel-
lular proteinaceous material and plasmids for drug resistance. Thus, the IMlacVP
characterized above might be a novel pathway for gene and material flux in the
environment, contributing to the dispersal of drug resistance among environmental
microbes [4, 5, 9].

7.7 VP Production-Responsible Gene(s) Are Recombined
with the Host Chromosome

The author defined VPs as being capable of infecting, transferring, and budding
reproduction in a recipient cell and exceeding the phylogenetic family level from
the original host, as previously described. Plentiful VLPs are found in the oceans
that exceed the cell population by tenfold, but their original host is uncertain because
a VLP is defined as a particle that is morphologically like a virus under electron
microscopy. Other than the bona fide virus, VPs and MVs compose VLP assem-
blages, whose cargo is considered to be information substances. In other words, the
VLP assemblage is an enormous gene pool composed of total organismal genes
pursuing HGT in situ. The organismal range—of which individual VLPs can infect,
propagate, and maintain—corresponds to the host range. The author has isolated
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VLPs from the natural environment originating from various hosts to verify as VPs
by applying them to various recipients, whose hosts are phylogenetically distant
from the family level. Although the first VP phenomenon was demonstrated by
adopting VPs originating from a marine proteobacteria (AkVP), the VP is not capa-
ble of transferring genes toward exceeding phylum. An extreme example of a VP
capable of transferring genes towards the entire Domain is produced by an Aquifex
sp. (STVP). Thus, there must be a level of accessibility for the VP to the recipient
cell that is still unknown. If VPs have a VP production gene (PPRG), then elucida-
tion of the PPRG redefines the new HGT scheme establishment. Would PPRG be
transferred exclusively by VP infection of the recipient? If PPRG is integrated with
the chromosome, then conjugative transfer would be possible. If PPRG is like a
plasmid, there must be an incompatibility group. If PPRG is like a bona fide virus,
then there must be new category group. Thus, the possibility of the conjugative
transfer of VP production must be considered.

A particular genetic subsystem for particle production must be inherited in the
progeny transductant. Thus, the locus of the VP production-related gene, namely
PPRG, was investigated by employing a classical microbial genetics method. First,
STEVP was infected at a MOI of 0.29 in an E. coli W2252 (HfrC; metB A~ Sm®)
recipient and selected by met prototrophic reversion; met* E. coli transductants were
successfully obtained with a transduction frequency of 1.43 + 0.82 x 10~ CFU/par-
ticle (n = 3), referred to as Hfrmertrans. Then, Hfrmertrans (donor) and E. coli
AB1157 (F~; leuB proA hisG argE Sm’, recipient) were applied to conjugation at
donor/recipient ratios of 1:30, 1:50, and 1:90. Combination HfrC without VP infec-
tion and the recipient F~ was used as the control [135].

For arg and his markers of Hfrmettrans, conjugative transfer frequencies toward
AB1157 were comparable to that of the E. coli W2252 control, whereas leu marker
frequency decreased by four orders of magnitude; furthermore, pro marker fre-
quency was undetectable. Moreover, about half the proportion of the generated
Hfrmettrans-E. coli AB1157 transconjugants were incapable of particle production.
Gene transfer of E. coli W2252 at conjugation begins at 13 min on the linkage map
(thrA: 0 min) and proceeds in the counterclockwise direction [216]. Hence, pro and
leu markers should be translocated to the recipient before arg and his markers from
the donor. Namely, DNA originating from STEVP is likely to integrate near proA
(5.6 min) and leuB (1.7 min) loci. Likewise, proA and leuB were recombined
between hisG (45.0 min) and the terminal of conjugation (13 min) because the gen-
erated transductant showed prototrophic reversion for pro and leu markers. STEVP
can transfer a dsDNA fragment of approximately 370 kb [130] and the distance
between proA and leuB markers is 180.9 kb [217]. Therefore, STEVP would have
the capacity for multiple recombinations at the transduction of E. coli W2252.
PPRG would probably be transferred at the beginning of conjugation, being likely
to locate near the conjugative terminal point because the coordinated marker trans-
fer with leu, arg, and his markers was observed without the pro marker. VP-mediated
generalized transduction has been observed [4]. Generalized recombination involves
large regions of homologous DNA sequences; however, site-specific recombination
involves considerably smaller segments of DNA, in which the recombination event
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occurs at a specific sequence—that is, the recognition sequence [218]. Based on this
result, proA and leuB were integrated between 13 and 45 min on the linkage map of
E. coli. This result indicates that the recombination in the VP-mediated transduction
should not be ascribed to homologous recombination.

Furthermore, the existence of the recognition sequence or insertion sequence was
postulated. From the above findings, the bacteriophage P22 (aftP22: 5.6 min) attach-
ment site is located within the region of 1.7-5.6 min on the E. coli linkage map [217,
219, 220], which would be associated with the PPRG integration region. VP is dis-
tinct from the P22 phage regarding shape, DNA molecular mass, host range, and so
on. However, generalized transduction occurred by a wrapping choice mechanism
[191, 192, 221], which might indicate that a comparable mechanism is involved in
VP-mediated transduction. Indicated site-specific recombination may provide a ref-
erence to explain the genetic transfer processes in VP-mediated transductions.

Consequently, PPRG is likely to locate between 1.7 and 5.6 min on the transduc-
tant chromosome. A sulfur-reducing, hyperthermophilic archaecon, Thermococcus
onnurineus NA 1Y, produces extracellular vesicles referred to as TOEV by budding
[22], with a TEM image resembling that described for VP above. The nucleic acid
retained in the ToOEVs amounted 40 to 20 kb. Interestingly, the host 7. onnurineus
chromosomal region corresponding to 9.4 kb is not encapsulated in ToEV. The
region encodes hydrogenase, formate- and alcohol-dehydrogenase, oxidoreductase,
Fe and S binding protein; however, why these enzyme genes are not encapsulated in
the particles is unknown. As described previously, the conjugation of E. coli AB1157
with HfrmetEtrans was not able to generate proAB transconjugant. The region of
proAB encodes dehydrogenase, protein-kinase, and DNA binding protein. The lack
of transconjugant generation for that region might imply that the sequence region in
the chromosome somehow prevented transfer from the encapsulation to the particle.
A comparative genome analysis for such a region might provide some insight.

7.8 Summary and Concluding Remarks
7.8.1 Discovery

Plasmid-like elements were extracted from marine isolates by 2,4 D utilization and
prototrophic reversion of auxotrophic recipient by transformation. Electron micros-
copy observations of PLE revealed the existence of particles instead of DNA strings
being postulated intracellularly as maturing phage-like particles. Thus, the term
“plasmid-like elements” was changed to “phage-like particles.”

The spontaneous release of PLPs to the culture broth started when the host cell
entered the stationary phase. Collected and purified PLPs accomplished transductant
generation of the auxotrophic recipient beyond the family border. The spontaneous
release without host cell disruption by PLPs from the transductant was observed,
which was inconsistent with the concept of virus-mediated transduction. This curious
and unusual manner of gene transfer was denoted as serial transduction, and the medi-
ator for this gene transfer phenomenon is referred to as the broad-host-range VP.
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7.8.2 Definition

VP-mediated transductants can produce new progeny particles by budding, which
are again infectious to carry on the same transfer gene toward the next recipients.
The resulting second-generation VP-mediated transductants again produce particles
like the original donor, which again infect and induce successive transductants; this
phenomenon is termed “serial transduction.” Under current technical restraints,
confirmation of this phenomenon is exclusively provided by the budding particle
production from the transductant.

7.8.3 Distribution

VPs and VP producers must be ubiquitous on this planet because they have been
found in a variety of environments, including marine, thermal, and terrestrial.

7.8.4 Physico-Chemical Characteristics

Based on studies to date, the morphology of VPs takes a spherical shape with a
diameter between 20 nm and 500 nm, resembling a spherical virus. The collection
and purification of VPs may be achieved by a method used for environmental viruses
because the VPs reside in a virus-like particle fraction (20 nm < VLPs <100 kDa) in
the environment. The concentration of VPs in environmental samples and the cul-
ture supernatant of producers was found by the tangential flow technique followed
by equilibrium CsCl density gradient ultracentrifugation. VPs are considered to
have lipid components in their surface structure; the buoyant density of VPs is
lighter than that of a bona fide virus.

VPs are composed of cargo DNA combined with proteinaceous material and
cytoplasmic substances without RNA, whose surface must have embedded enzyme
domains (proteinase/peptidase and glycanase) [222] to achieve membrane fusion
the infection of the recipient. The production of a VP appears as an electron-dense
body under electron microscopy, starting around the center of the producing cell by
a spooling DNA strand covered with proteinaceous material to make a reel struc-
ture. Then, the reel structure is translocated to the vicinity of the cell membrane,
from where the budding-like extrusion of the VP occurs. Finally, pinching releases
the VP to the external environment. The yield of VPs per cell was found to be an
average of three particles, so the host strictly controls the production of VPs. The
produced VPs exhibit a pleomorphic discrete size distribution that is even used to
select a distinct range of VP sizes. A VP’s cargo DNA could range from 5 kb to
2 Mb in size, whereas the volume of a VP does not always correspond to the molec-
ular type of DNA estimated by PFGE. Large VPs may encapsulate multiple seg-
ments of somewhat similar sizes.
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7.8.5 VPs as a Biological Function

No lethal effects (or a slight lethal effect) were observed for the VP on the recipient,
whereas enhanced growth was found in some cases. A trend of lethal effects may be
found in a smaller subset of close phylogenic positions between the producer and
the recipient. Gene transfer was observed for a single gene locus as well as gene
cluster, contributing to adaptations such as temperature and osmolality tolerance.

7.8.6 Resemblances and Differences of VPs with the Budding
Virus and the MV

The host range of an HGT mediator is defined as the breadth of organisms that are
capable of infecting and expressing their function, with limits on the host cell
ascribed to the mediator, host, or environmental characteristics. However, no stan-
dard definition of a broad-host-range mediator currently exists because of the view-
points of different disciplines.

The author empirically defines a broad-host-range vector particle as a VP that is
capable of infecting, transferring, and budding reproduction in recipient cell and
exceeds the phylogenetic family level from the original host.

VPs are characterized by a massive chromosomal gene transfer ability together
with cytosolic substances, including plasmids and proteins. VPs are distinct from
budding viruses and MVs. Although pleomorphic viruses have been recently con-
ferred, pleomorphic viruses have a strict host range. None of the pleomorphic or
budding virus genes are found in the VP-mediated transductants’ genomes (Chiura,
2018, Unpublished data). The production scheme of MVs is considered to be
entirely different based on the DNA cargo size and yields per cell. The proportion
of DNA containing MVs is reportedly quite small.

The molecular mechanism for VP production must be partly shared with bud-
ding viruses and MVs, whereas the scheme for VP production is considered to be
unique. A VP production scheme would be an intermingled function taken from the
virus and variety of the cells during the evolution of life to be maintained through-
out the cell.

Considering that VP budding release is specific to the stationary phase, a particu-
lar purpose for the VP lysogenic host must have existed for the VP production.
Focusing on Aquifex sp., the originating STVP encapsulated approximately 400 kb
DNA species; the host strain’s genome size of 1.5 Mb corresponds to approximately
3.2 VPs yields per cell. STVP-mediated transduction toward E. coli generated VP
lysogens of STEVP. Encapsulated DNA species amounted to the same as STVP,
approximately 400 kb, whereas VP yields per cell were consistent with the original
host. Three times more VP production would be necessary to cover the whole E. coli
genome size of 4.6 Mb. To compensate for the shortage of the amount, STEVP
should encapsulate three sets of 400-kb DNA cargo in one particle. As seen above,
AKVP originating from A. kielensis is considered to carry plural segments of DNA
cargo, which might have induced pleomorphism of the particle.
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VP assemblage is considered to be the gene pool of VP lysogens because the
DNA cargo in VPs consists of the host genome chromosome. Microorganisms in situ
are continually suffering from environmental stresses, with the most severe impair-
ment being chromosomal damage. Among the DNA repair systems, mismatch repair
is the most effective system [174] to maintain the sequence fidelity; however, the
system could not be achieved without the template strand. The most prominent role
of VPs in the environment is likely to be the provider for the template strand to cure
cells in need, in addition to carrying genetic information to be shared in the microbial
assemblage to achieve environmental adaptation enhancements.
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