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1 Introduction

Members of the genus Agrobacterium are ubiquitous
components of the soil microflora, a vast majority of which
are saprophytic, surviving primarily on decaying organic
matter [1]. Twenty-six years ago it was found that
Agrobacterium tumefaciens is capable of extraordinary
feats of interkingdom genetic transfer. Since this discov-
ery, A. tumefaciens has served as a model system for the
study of type IV bacterial secretory systems, horizontal
gene transfer and bacterial-plant signal exchange [1].

During Agrobacterium-plant cell interaction, A. tume-
faciens transfers part of its plasmid DNA (T-DNA) to the
plant genome [2]. The processing and transfer of T-DNA
from Agrobacterium to plant cells is regulated by the ac-
tivity of the virulence (vir) genes, which are localized on
the same agrobacterial tumor-inducing (pTi) plasmid as
the T-DNA region [2]. For a long time, Agrobacterium was
considered to be an organism able to transfer DNA exclu-
sively to plant cells. Only a few years ago, it was shown
that Agrobacterium could transform yeast, ascomycetes
and basidiomycetes [3]. Agrobacterium-mediated genet-
ic transformation provides significant advantages over
presently used genetic-transformation protocols in most
fungal species, and it generally results in single and sta-
ble integration events [3].

The discovery by Kunik and co-authors [4] of Agrobac-
terium-mediated T-DNA transfer into cultured human
cells is especially intriguing. In particular, the authors
suggest that Agrobacterium uses its plant-transforming
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protein machinery for transformation of HeLa cells. This
assumption implies that such basic processes as nuclear
import and DNA integration are similar enough between
plant and animal cells to be taken advantage of by
Agrobacterium. Gelvin [5] emphasized that an exciting
possibility of using Agrobacterium, or Agrobacterium-like
processes, for human and animal gene therapy is arising
from genetic transformation of animal cells. Therefore, the
development of additional non-plant model systems is im-
portant to extend the host range of Agrobacterium to oth-
er species and to exploit this new biotechnological tool for
genetic engineering of animal organisms [3].

Agrobacterium rhizogenes, a species closely related to
A. tumefaciens, contains essentially the same compo-
nents for plant cell transformation, including nearly iden-
tical organization of the vir operon [6]. Ri-plasmids of
these bacteria contain several rol genes, which, on being
introduced together or separately in plant DNA, caused
neoplastic transformation of host cells [7]. The rolC and
rolB genes are members of a plast (RolB) gene family,
which includes several pTi and pRi plant T-DNA onco-
genes [8]. Moriuchi and co-authors have suggested [9]
that RolB may associate with plant proteins to alter de-
velopmental plasticity, as in the case of viral oncoproteins
in animal cells. Interestingly, both rolC and rolB genes
could trigger shoot meristem formation in transformed
plant cells [10–12], indicating their involvement in the
process of somatic-to-stem cell transition. The rolB gene
encodes a protein possessing tyrosine phosphatase ac-
tivity [13]. Since tyrosine phosphorylation plays an impor-
tant role in regulation of animal cell growth and differen-
tiation [14], it is reasonable to suppose that expression of
the RolB tyrosine phosphatase in animal cells should have
an effect on their growth. Although the biochemical func-
tion of the rolC-encoding protein is not clear [15], RolC
seems to work near RolB in an unknown signaling path-
way [16]. Hence it was of interest to see the effect
Agrobacterium oncogenes would have on embryo devel-
opment and to reveal further the mechanisms involved,
using a well-studied model such as the sea urchin em-
bryogenesis regulatory network [17].

In the present work, we demonstrate that Agrobac-
terium can transform sea urchin embryos. Our data indi-
cate that the process of T-DNA transfer to animal cells in-
cludes the vir-based transforming system. We show that
Agrobacterium strains containing plant oncogenes rolB
and rolC cause more severe developmental abnormalities
in embryos then disarmed ones.

2 Materials and methods

2.1 Animals

Sea urchins (Strongylocentrotus intermedius, Strongylo-
centrotus nudus and Scaphechinus mirabilis) were col-
lected in Vostok Bay, the Sea of Japan. Experiments were
carried out over a 4-year period (2002–2005) at the Marine
Experimental Station of the Institute of Marine Biology.
The collected animals were washed two to three times
with UV-irradiated sea water and maintained in tanks
with aerated UV-irradiated sea water.

2.2 Agrobacterium strains

A. tumefaciens strains GV3101/pMP90RK carried plas-
mid vector pPCV002 (containing nptII gene) or pPCV002-
CaMVBT (nptII and rolB genes) or pPCV002-CaMVC
(nptII and rolC genes) [7]. The rolB or rolC genes were un-
der cauliflower mosaic virus 35S promoter control, the
gene for kanamycin resistance (nptII) was under nopaline
synthase promoter control [7]. Before transformation ex-
periments, the GV3101-derived strains were grown in
LB medium containing 50 mg/L kanamycin sulfate and
100 mg/L carbenicillin at 28°C for 1 day.

We also used A. tumefaciens strains A348 carrying
pTi237 (virA mutation) or pTi243 (virB mutation) or pTi19
(virG mutation), where the individual vir loci were inacti-
vated by Tn3-Ho-Ho1 transposon insertions [18]. To ob-
tain binary vector systems containing the rolC gene,
these strains were transformed by pPCV002-CaMVC us-
ing the method suggested by Holsters et al. [19]. The
transformants were tested by PCR to show the presence
of the rolC gene.

2.3 Transformation of embryos

Sea urchin embryos at different times of development
(15 min, 30 min, 1 h, 6 h and 12 h after fertilization) were
centrifuged at 500 × g for 45 s, and resuspended in sterile
sea water (300–400 embryos/mL). Embryos were co-culti-
vated with a suspension of A. tumefaciens GV3101 (1 ×
105 – 5 × 105 cells/mL) for 48 h at 18°C. After this time, the
embryos were washed and transferred to fresh sea water
supplemented with 250 mg/L cefotaxim (this concentra-
tion has been previously shown to have no toxic effect on
embryo development) and cultivated for 5 days. Within
this period, the embryos spontaneously dissociated to
cells and cell clusters. The embryo cell suspension was
filtrated through a fine 30-μm nylon mesh to separate
debris, and the cell suspension was subjected to Percoll
gradient centrifugation (sea water:10% Percoll:50% Per-
coll, in equal volumes, 1300 × g, 20 min) to remove bacte-
ria. Cells localized in the 10–50% Percoll interphase were
washed by sterile sea water and transferred to a modified
Leibovitz medium [20] supplemented with cefotaxim
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(250 mg/L) at a concentration of 25 × 106 cells/mL. The
embryonic cells were cultivated further at 1-week subcul-
ture intervals at 18°C in 24-well culture plates (Corning,
NY, USA).

2.4 DNA and RNA analysis

PCR and RT-PCR analyses of the rolC and nptII genes
were performed as described by Bulgakov et al. [21]. For
PCR analysis of the rolB gene, we used the primers 5’-
TCG TCG ACA TCC AAC TCA CAT CAC AAT GG-3’ and
5’-AAG GTA CCC TAC AAC TCC CAA GGT TCT GTG-
3’ flanking a 914-bp fragment of the rolB gene. RT-PCR
analysis of the rolB gene was performed with the primers
5’-GGG TTA GGT CTG GCT CCG GT-3’ and 5’-CGA GGG
GAT CCG ATT TGC TT-3’. The primers used to detect
transcripts of the rolB, rolC and nptII genes flanked 622-
bp, 400-bp and 700-bp cDNA fragments, respectively. All
RNA samples were treated with DNase before analysis to
prevent contamination by plasmid DNA.

Thermal asymmetric interlaced (TAIL) PCR amplifica-
tion was performed according to Liu et al. [22]. Genomic
DNA from the treated and non-treated embryos was am-
plified with the sense primer TAIL1, 5’-GCT GAT AGT
GAC CTT AGG CGA CT-3’ (designed to flank a 23-bp
fragment of the nopaline synthase promoter at the right
border of pPCV002-CaMVC) and a degenerate antisense
primer AD3 [22]. The second round of PCR amplification
was performed using a downstream-nested T-DNA-spe-
cific sense primer TAIL2, 5’-TGC GGT TCT GTC AGT
TCC AAA-3’, and the antisense primer AD3. Products of
the second reaction were amplified a third time with an-
other downstream-nested T-DNA-specific primer TAIL3,
5’-TCG TTT CCC GCC TTC GGT TTA-3’, and the primer
AD3. The resulting T-DNA-sea urchin DNA fragment was
subcloned into a pTZ57R/T plasmid using InsT/Aclone
PCR Product Cloning Kit (FERMENTAS, Vilnius, Lithua-
nia) and sequenced.

PCR products were sequenced with the same primers
and Big Dye Terminator Cycle Sequencing Kit (Perkin-
Elmer Biosystems, Forster City, CA, USA) following the
manufacturer protocol and recommendations. After pu-
rification with ethanol, the sequences were identified on
an ABI 310 Genetic Analyzer (Perkin-Elmer Biosystems).

2.5 Light and transmission electronic microscopic analysis

Samples were fixed with 2% glutaraldehyde in 50 mM
PBS, containing 19.6 mg/mL NaCl. After washing in the
PBS, containing 26.3 mg/mL NaCl, the samples were
treated with 1% OsO4 in the same buffer with 27.0 mg/mL
NaCl. After standard dehydratation in an ethanol series,
the samples were embedded in Epon-Araldite (Fluka
Chemie GmbH, Buchs, Switzerland). Semithin and ultra-
thin sections were obtained with an Ultracut E (Reichert-
Jung, Austria). The semithin sections were stained with

1% methylene blue and observed on a Polyvar light mi-
croscope (Reichert-Jung, Austria). Ultrathin sections
were stained with 1% uranyl acetate and lead citrate and
then observed by a transmission microscope JEM-100S
(JEOL, Japan) at 80 kV.

3 Results

3.1 Viability of Agrobacterium in sea water

Before starting the co-cultivation experiments, we stud-
ied whether A. tumefaciens could survive and grow in sea
water. A. tumefaciens GV3101 vector strain was cultivat-
ed in sea water and inoculated on agar medium. The bac-
teria were viable in sea water for 5 days, although their
titers decreased continuously. Over the next 10 days, they
lost viability and only single colonies were detected. On
co-cultivatation with sea urchin embryos, the bacteria
proliferated tenfold for 1–5 days, but later their titers de-
clined. This observation showed that Agrobacterium
could grow for long enough in sea water to be able to
transform sea urchin cells.

3.2 Attachment of Agrobacterium to sea urchin cells

It is known that attachment of Agrobacterium to plant
cells is a prerequisite for DNA transfer [23]. The attached
bacteria form a T-pilus that is essential for transmission of
the Ti-plasmid T-DNA from A. tumefaciens to plant cells
[23].

Using transmission electron microscopy, we observed
that A. tumefaciens, on co-cultivation with sea urchin
embryos, formed T-pili of about 10-nm diameter (Fig. 1A),
similar in size to T-pili reported by other authors [23]. Un-
der the same culture conditions, but without embryos, the
bacteria did not form the T-pilus. The attachment of
Agrobacterium to sea urchin embryonic cells by T-pili
was observed at the time when the embryos began to dis-
sociate into individual cells (Fig. 1B).

Biotechnol. J. 2006, 1 www.biotechnology-journal.com

Figure 1. Agrobacterium-sea urchin interaction. (A) T-pilus formation by
A. tumefaciens cell, strain GV3101, cultivated in sea water for 72 h in the
presence of S. intermedius embryos. (B) Attachment of A. tumefaciens
cell to an embryonic cell of S. intermedius (indicated by white square) de-
tected after 72 h of co-cultivation. Scale bars, 200 nm.
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3.3 Molecular analysis of transformed embryos

After co-cultivation with embryos, the bacteria were re-
moved from embryo cell suspensions by Percoll centrifu-
gation. The embryonic cells were cultivated in modified
Leibovitz medium for 1 month in the presence of cefotax-
im, and then used for analysis. DNA from the non-trans-
formed and GV3101/pPCV002-rolC transformed sea
urchin embryonic cells was isolated and tested by TAIL-
PCR (Fig. 2A). The analysis of the right border T-
DNA–embryo DNA junction site yielded a 161-bp frag-
ment, consisting of a 34-bp fragment of the right T-DNA
border region, a 2-bp residue of the right border and a
125-bp fragment presumably of sea urchin origin (Fig. 2B).
The 125-bp fragment did not show homology with
pPCV002-rolC plasmid sequences to the right T-DNA bor-
der, i.e., non-T-DNA sequences. This implies that Agro-
bacterium inserted the T-DNA portion in sea urchin
genome. Unfortunately, the 125-bp non-plasmid fragment
obtained in this experiment, as well as other fragments
obtained in independent TAIL-PCR determinations,
showed no homology with any known sea urchin DNA se-
quences deposited in GenBank. This result is not surpris-
ing because only a small portion of the sea urchin genome
has been sequenced to date.

To investigate whether the T-DNA genes were ex-
pressed in sea urchins, we performed RT-PCR analysis.
Transcripts corresponding to the rolC, rolB and nptII
genes were detected in the transformed embryonic cells
(Fig. 3). Sequences of these cDNAs were identical to
those of rolC and rolB (GenBank accession no. K03313)
and nptII (GenBank accession no. AJ414108) genes. No
amplification of mRNAs with specific primers was de-
tected when we used A. tumefaciens strains with mutat-
ed vir loci (Fig. 3, lines 2–4). These loci (virA, virB and virG)
have been previously shown to be important for Agrobac-
terium virulence and, accordingly, for the T-DNA transfer
[18]. Since the mutated genes prevented expression of the
rolC, rolB and nptII genes, we concluded that the transfer
of T-DNA genes was mediated by the vir function.

Amplifications with specific primers detected the
rolC, rolB and nptII genes in sea urchin DNA, but again,
no signals were detected when Agrobacterium strains

used for transformation contained the mutated vir loci
(data not shown).

Unfortunately, only primary cell cultures of echino-
derms have been established so far, despite significant ef-
forts of many laboratories. Our attempts to obtain a long-
term culture of sea urchin transformed cells were also
unsuccessful. Therefore, the stability of expression of the
integrated genes over prolonged periods (more than
1 month) could not be assessed.

3.4 TLS formation during Agrobacterium-embryo interaction

Fertilized eggs of sea urchins developed synchronously
over a 72-h period through the blastula, gastrula, prism
and pluteus stages. Embryos cultured in the presence of

Figure 2. Cloning of the T-DNA-Strongylocentrotus intermedius DNA in-
tegration junction. (A) TAIL-PCR cloning strategy. The sequential steps of
PCR reactions are presented (the constructs are not drawn to scale). The
white segment represents a T-DNA portion adjacent to the right border
sequence (dark segment). Sea urchin DNA is indicated by gray. (B) Nu-
cleotide sequence alignment of the region including the right T-DNA bor-
der and downstream plasmid sequence out of T-DNA in pPCV002-rolC
(pPCV002) and the isolated junction site (J.S.) from an Agrobacterium-
transformed S. intermedius DNA. A 25-bp right border is underlined. The
TG nucleotides represent a residue of the 25-bp border in the junction site
(J.S.). Bold letters represent sea urchin DNA.

Figure 3. Detection of transcripts of the agrobacterial nptII and rol genes in S. mirabilis transformed embryos by RT-PCR. N, negative control (cDNA of
non-transformed embryos); P, positive control (PCR product after amplification with pPCV002-rolABC); embryos transformed with: (1) GV3101/pPCV002-
rolC, (2) pPCV002-rolC + virA mutation (pTi237), (3) pPCV002-rolC + virB mutation (pTi243), (4) pPCV002-rolC + virG mutation (pTi19), (5) GV3101/
pPCV002-rolB; (6) nptII transcripts in GV3101/pPCV002 transformed embryos; (7) nptII transcripts in GV3101/pPCV002-rolC transformed embryos;
M, synthetic marker.
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Agrobacterium appeared relatively normal through the
mesenchyme blastula stage, but thereafter some of the
embryos developed numerous obvious defects. By the late
gastrula stage, the embryos were smaller than controls
and displayed differentiation and/or pattering defects of
two types. Some of the embryos (1–2% of embryos, irre-
spective of the agrobacterial strain) produced a short and
disorganized gut, which typically evaginated as exogas-
trula. Another type of defect was seen in embryos with
massive growths or in oblong-shaped, delayed-develop-
ing embryos forming growths with constrictions (Fig. 4).
We designated these developmental abnormalities ter-
atoma-like structures (TLS), by analogy with those caused
by the yeast transcriptional activator gal4 gene [24].

At the beginning of TLS formation, these growths re-
sembled an incomplete exogastrulated gut. However, it
also became obvious that TLS-forming cells did not pos-
sess the epithelial organization that distinguishes them
from exogastrula-forming cells. The formation of TLS
could be explained by excessive and abnormal develop-
ment of the mesenchyme pattern. The elevated intrinsic
pressure could cause the ectoderm to break, followed by
ejection of mesenchyme-derived cells.

Formation of TLS after transformation was repeatedly
observed in all the experiments. The maximal number of
TLS was observed in 24–28 h for S. intermedius and in
20–24 h for S. mirabilis embryos; thereafter, the TLS spon-
taneously dissociated into cell clusters and individual
cells. TLS were formed in 1–3% of the embryos treated
with A. tumefaciens GV3101-vector strain and in 4–14%
of the embryos treated with A. tumefaciens GV3101-rolC
or GV3101-rolB strains (Fig. 5). No significant difference
between effects of the rolC and rolB genes on embryo de-
velopment was observed.

The process of TLS formation was most effective in
the embryos treated with Agrobacterium within 15–
30 min after fertilization. In the case of older embryos the
process of TLS formation was less effective. A concentra-
tion of bacteria of 1 × 105 – 5 × 105 cells/mL caused maxi-
mal effect.

It should be noted that the process of TLS formation
cannot be attributed exclusively to Agrobacterium action.
Similar developmental abnormalities were detected in
normal embryos when they were subjected to different
stresses. For example, a 5-h exposition of S. mirabilis em-
bryos to high temperatures (+25°C) caused TLS formation

in 26 ± 3% of the embryos. Simultaneous temperature and
A. tumefaciens GV3101-rolC treatments increased the
number of TLS up to 38 ± 5%. Apparently, the T-DNA
transfer does not cause an extraordinary effect on embryo
development; rather, it activates a natural process of TLS
formation. The additional cues for TLS development, me-
diated by Agrobacterium, can be subdivided into two cat-
egories: the response on T-DNA transfer per se and re-
sponse to the rol genes expression (Fig. 5).

3.5 Blockade of TLS formation by disruption of the vir
function

Binary vectors were constructed to place the pPCV002-
rolC in A. tumefaciens strains, in which one of the virA,
virB or virG genes was inactivated (see Section 2). These
Agrobacterium strains were co-cultivated with sea urchin
embryos and the occurrence of TLS was counted. The

Biotechnol. J. 2006, 1 www.biotechnology-journal.com

Figure 4. A typical view of normal (A)
and transformed by A. tumefaciens
GV3101-rolC (B, C) S. mirabilis embryos,
20 h after transformation. Scale bars,
50 μm.

Figure 5. Formation of TLS (% of total embryos) on S. mirabilis (A), 
S. intermedius (B) and S. nudus (C) embryos treated with A. tumefaciens
GV3101/pPCV002 (vector), A. tumefaciens GV3101/pPCV002-CaMVC
(rolC) and A. tumefaciens GV3101/pPCV002-CaMVBT (rolB).
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data presented in Table 1 show that mutations in these vir
genes prevented TLS formation caused by the rolC gene.
This result indicates that at least some of the incidences
of TLS were formed as a result of the rolC gene integration
in the sea urchin genome. It also implies that functional
vir loci are necessary for the T-DNA transfer to sea
urchins, as in the case of Agrobacterium-mediated plant
transformation.

4 Discussion

4.1 T-DNA transfer to sea urchin embryos

The Agrobacterium-plant cell interaction is the only
presently known example of natural DNA transport be-
tween kingdoms. It is therefore not surprising that nu-
merous investigations have dealt with different aspects of
the interaction including T-DNA processing and integra-
tion, and involvement of host proteins in the transforma-
tion process [2, 5, 25]. Induction of the VirA/VirG two-
component regulatory system by plant phenolic signals is
necessary to initiate the T-DNA transfer [2]. Since the
transformation of sea urchin embryos occurred following
co-cultivation with Agrobacterium in the absence of ex-
ogenously added phenolic inducers, we suggested that
the embryos contained a signal sufficient for the induc-
tion. The nature of this signal is unknown.

It is known that after induction of the VirA/VirG sys-
tem, Agrobacterium forms the T-pilus (composed of VirB
proteins), which is necessary to seize the recipient plant
cell and bring the bacterium and plant into close proxim-
ity to effect molecular transfer [5]. In our experiments, a
number of Agrobacterium cells formed T-pili in the pres-
ence of embryos (a view of a representative bacterium is
shown in Fig. 1A) and contacts between Agrobacterium
and embryonic cells were observed (Fig. 1B). Further
analysis showed integration of T-DNA into the sea urchin
genome (Fig. 2) and expression of the integrated T-DNA
genes (Fig. 3).

These data represent the first example of Agrobac-
terium-mediated transformation of animal embryonic
cells and, together with the previously reported informa-
tion on cultured human cells [4], indicate that Agrobac-
terium can overcome the interkingdom barrier with re-
spect to animal cells. Details of this process should be in-
vestigated in future experiments, although it seems like-
ly that Agrobacterium uses virtually the same vir-based
transformation system that it has developed to transform
plant cells. Indeed, no T-DNA transfer was observed when
we used constructions with mutated virA, virB and virG
loci (Fig. 3), which suggests the importance of these
genes for transformation. In a practical aspect, it is rea-
sonable to expect that a relatively simple procedure for
transgene delivery to animal cells can be developed based
on agrobacterial vector systems. Recently, Lacroux and
co-authors [3] suggested the possibility that Agrobacteri-
um may be used for genetic transformation of all eukary-
otic organisms. Our data provide supporting evidence for
this hypothesis, filling a list of transformable eukaryotes
by the Echinodermata group, located between fungi and
human in the evolution tree.

4.2 Phenotypic alterations in transformed embryos

Initially, we applied the term “teratoma-like structures” to
the gal4-transformed sea urchin embryos [24] to differen-
tiate these growths from well-known abnormalities of em-
bryo development such as exogastrulation. The TLS
formed as a result of Agrobacterium action on sea urchin
embryos (Fig. 4) are phenotypically similar to those
caused by the yeast transcriptional activator, the gal4
gene. However, they have some peculiarities: the TLS-
forming activity of the rol genes is obviously less than that
of the gal4 gene, the rol genes caused a faster response
and, finally, the rol-treated embryos could develop, at least
up to pluteus stage, whereas the gal4 gene always caused
a strong arrest of embryo development.

Sporadically, under unfavorable environmental condi-
tions (abnormal high temperatures of sea water, storms,

Table 1. Effect of the rolC gene on frequency of TLS formation in sea urchin embryos. Embryos (20 min after fertilization) were co-cultivated for 28 h with
A. tumefaciens strains containing different vector plasmidsa)

Agrobacterium vectors TLS, % of total embryos

S. intermedius S. nudus

Control (no treatment) 0 0
pPCV002 + complete vir function (pMP90RK) 1.2 ± 0.1 1.6 ± 0.2
pPCV002-rolC + complete vir function (pMP90RK) 4.5 ± 0.4 5.5 ± 0.7
pPCV002-rolC + virA mutation (pTi237) 0.8 ± 0.1 1.2 ± 0.2
pPCV002-rolC + virB mutation (pTi243) 0.6 ± 0.1 1.2 ± 0.3
pPCV002-rolC + virG mutation (pTi19) 0.3 ± 0.2 0.8 ± 0.1
pMP90RK (only vir function) 0.4 ± 0.2 1.0 ± 0.4

a) Values are presented as mean ± SEM obtained in two separate experiments with three replicates each.
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etc.), collected sea urchins produced defective gametes
that yielded TLS after fertilization. However, we could
perform a number of experiments with normal-develop-
ing embryos during the 4-year period of the study. These
experiments showed existence of several ways by which
Agrobacterium affect normal embryo development. Any
Agrobacterium strain, irrespective of the plasmid back-
ground, caused exogastrulation and TLS formation at a
low rate (Table 1). The vector plasmid pPCV002 bearing
the nptII gene caused TLS formation at a higher rate
(Table 1). It cannot be excluded that this gene triggers
abnormal embryo growth, although it is not very likely.
Rather, any T-DNA insertion would cause such effect as
a response to foreign DNA integration. Lastly, the third
agrobacterial effect on embryo development can be at-
tributed to rol-gene action, because a significant in-
crease in the frequency of TLS was evident when the
constructs for transformation contained the rol genes
(Fig. 5).

The mechanism(s) of TLS formation by rol genes is un-
known. As the rolB product is a protein tyrosine phos-
phatase [13] and tyrosine phosphorylation and dephos-
phorylation processes play a pivotal role during sea urchin
embryogenesis [26–28], it may be possible that excessive
expression of the RolB tyrosine phosphatase in trans-
formed embryos disturbs their normal growth.

4.3 An evolutionary aspect

The study of the T-DNA-transfer phenomenon can help in
understanding horizontal gene transfer – a driving force
throughout biological evolution [3]. It has been shown for
plants that the genome of Nicotiana species contains se-
quences highly homologous to the T-DNA rolC and rolB
genes from A. rhizogenes [29, 30]. Molecular analyses
supported the hypothesis of coevolution of bacterial and
plant sequences, suggesting a possible role for the trans-
ferred Agrobacterium T-DNA genes in early events of
Nicotiana species differentiation [29, 30].

Events of horizontal gene transfer from agrobacteria to
marine invertebrates was proposed by Hochachka [31]
based on the “evolutionary detective” findings, which de-
scribed the occurrence of homologous octopine dehydro-
genase genes in two widely divergent living system such
as marine invertebrates and Agrobacterium. Multiple
opine pathways (e.g., the octopine dehydrogenase path-
way) were found in various marine invertebrate groups
(Porifera, Cnidaria, Nemertina, Brachiopoda, Annelida,
Mollusca and Echinodermata) [32]. The selection of the
octopine pathway in marine invertebrates may have been
linked to the capability of the pathway for higher rates of
energy production, compared with more primitive anaer-
obic pathways [32]. Considering the hypothesis of hori-
zontal gene transfer from Agrobacterium to marine inver-
tebrates, Livingstone [32] noted that if this is so, then, giv-
en the wide phylogenetic distribution of the pathways, it

must have been a general phenomenon and occurred ear-
ly in the evolution of the Animalia.

Several marine Agrobacterium species have been de-
scribed from sea bottom sediments [33]. Although their
relationships with the terrestrial genus representatives
remains somewhat questionable, it is evident that marine
and terrestrial agrobacteria represent related groups of
microorganisms. The octopine dehydrogenase genes are
localized on pTi out of the T-DNA region, which, theoret-
ically, should prevent their transfer. However, the cases of
transfer of Ti-plasmid sequences outside the convention-
al T-region are known from the Agrobacterium-plant in-
teraction studies [5]. We do not know the organization of
ancient Agrobacterium plasmids or the mode of their pos-
sible interaction with primitive marine invertebrates,
which started to evolve in the echinoid/holothuroid stem
group at the Lower Ordovician Period, i.e., 500 million
years ago [17]. According to GenBank data, the modern
mollusk Pecten maximus contains an octopine dehydro-
genase (odhI gene), which shares 22% sequence identity
at the protein level with the A. tumefaciens octopine syn-
thase gene. It may be possible that opine synthase and
opine dehydrogenase genes evolved in marine inverte-
brates after ancient transformation events.

Could genes other than the opine metabolizing genes
be transferred from primeval bacteria to primitive inver-
tebrates? Evidence indicates a function of the rolC and
rolB genes in formation of shoot meristems [10–12], sug-
gesting the importance of signals mediated by these
genes in formation of pluripotent stem cells, which are
known to serve as the ultimate source of all shoots cells.
Stem cells are the components of a series of inborn pro-
grams that not only ensure normal development, but per-
sist throughout life to maintain homeostasis in the face of
different perturbations, and these programs encode what
has come to be called ‘plasticity’. Our finding that
Agrobacterium can transform sea urchin cells raises a
possibility that plast genes of bacterial origin, such as the
rolC and rolB genes, might be involved in species differ-
entiation not only in plants, but also animals.

Taking these considerations into account, we think
that Hochachka’s hypothesis may be right. Marine inver-
tebrates, or even more primitive animals, could accept
some genes (such as genes of opine metabolism or plast
genes) from Agrobacterium to obtain selective advan-
tages in their econiches. In this case, Agrobacterium-me-
diated transformation of different living organisms in ear-
ly events of their evolution could play an important role,
providing an impulse to genetic innovations.
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