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The adoption of Arabidopsis thaliana in the 1980s as a universal plant model
finally enabled researchers to adopt and take full advantage of the molecular
biology tools and methods developed in the bacterial and animal fields since
the early 1970s. It further brought the plant sciences up to speed with other re-
search fields, which had been employing widely accepted model organisms for
decades. In parallel with this major development, the concurrent establishment
of the plant transformation methodology and the description of the cauliflower
mosaic virus (CaMV) 35S promoter enabled scientists to create robust trans-
genic plant lines for the first time, thereby providing a valuable tool for studying
gene function. The ability to create transgenic plants launched the plant biotech-
nology sector, with Monsanto and Plant Genetic Systems developing the first
herbicide- and pest-tolerant plants, initiating a revolution in the agricultural in-
dustry. Here I review the major developments over a less than 10-year span
and demonstrate how they complemented each other to trigger a revolution in
plant molecular biology and launch an era of unprecedented progress for the
whole plant field. © 2022 The Authors. Current Protocols published by Wiley
Periodicals LLC.
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INTRODUCTION

The beginnings of molecular biology
The term “molecular biology” was first

circulated by William Thomas Astbury in
his 1950 Harvey Lecture “Adventures in
Molecular Biology” (Astbury, 1961; Astbury
et al., 1952). Inspired by his recent protein
x-ray diffraction studies, Astbury intended
the term to cover such topics as the fold-
ing and unfolding of protein chains or the
structure of nucleic acids (Astbury, 1961). To

Astbury, molecular biology was primarily
concerned with the descriptive study of molec-
ular form and three-dimensional structure.
However, throughout the 1950s and 60s, the
field’s focus shifted toward manipulating form
and function, thanks to the identification of en-
zymes that could catalyze specific reactions on
a molecule. This development eventually cul-
minated in the invention of the gene cloning
methodology (see next section), which started
the molecular biology revolution of the 1970s
and 80s (Fig. 1). One of the main triggers
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Figure 1 Timeline of the major events starting the molecular biology revolution.The development of molecular cloning
was based on the description of restriction enzymes. Their activity was first observed in 1962; they were first isolated
between 1967 and 1970, and between 1972 and 1974, they were used to map a viral genome and produce the first
recombinant DNA. This resulted in the moratorium on work with recombinant DNA to assess the risks in 1974, and the
1975 Asilomar Conference, where guidelines for the work were put in place.

for this development was the identification of
restriction enzymes, the functions of which
were first described by Werner Arber and
Daisy Dussoix in 1962 (Arber and Roulland-
Dussoix, 1962; Roulland-Dussoix and Arber,
1962). In these back-to-back papers, Arber
and Dussoix demonstrated that Escherichia
coli could enzymatically cleave the DNA of
a λ phage, thereby “restricting” its ability
to infect the bacterium (Arber and Roulland-
Dussoix, 1962; Roulland-Dussoix and Arber,
1962). Meselson and Yuan (1968), Smith and
Wilcox (1970), and Mertz and Davis (1972)
subsequently isolated and functionally de-
scribed the first type I (EcoK) and II (HindIII)
restriction enzymes and the first restriction en-
zyme that creates nucleotide overhangs, so-
called “sticky ends” (EcoRI). The team of
Daniel Nathans then went on to demonstrate
that these restriction enzymes could be used to
cleave the genome of the simian virus 40 into
specific fragments, thereby allowing genome
mapping (Adler and Nathans, 1973; Danna,
Sack, and Nathans, 1973; Sack and Nathans,
1973). Concurrently, the teams of Peter Berg,
Stanley Cohen, and Herbert Boyer demon-
strated that restriction enzymes could be used
to splice a gene into a bacterial plasmid and
that this plasmid could then be reintroduced
into a bacterial host, where it would be repli-
cated and expressed, just like the regular bac-
terial genome (Cohen, Chang, Boyer, and
Helling, 1973; Jackson, Symons, and Berg,
1972).

Aftermath of the development of
molecular cloning

The invention of molecular cloning was fol-
lowed by the discovery that DNA from differ-

ent organisms could also be spliced, ligated,
and transferred into a bacterial host. In one
of the first such events, Peter Berg’s team re-
combined DNA from E. coli and the λ phage
into the circular genome of the simian virus
40 (Jackson et al., 1972). Annie Chang and
Stanley Cohen transferred a plasmid contain-
ing Staphylococcus genes into E. coli the fol-
lowing year. (Chang and Cohen, 1974). For
the first time, recombinant DNA had been
created by scientists in a lab, and molecular
cloning had been developed. The importance
of these findings was recognized with No-
bel prizes for Peter Berg in Chemistry (1980)
and for Arber, Nathans, and Smith in Physiol-
ogy and Medicine (1978) (Arber, 1979; Berg,
1981; Nathans, 1979; Smith, 1979). At the
same time, it had not escaped the attention
of scientists that by transferring DNA from
one species into another, they had truly come
to the shores of a completely new world and
that they had not yet had the time to assess
the risks of such work (Berg, Baltimore, and
Boyer, 1974a, 1974b, 1974c). Therefore, the
field agreed on a self-imposed moratorium on
work with recombinant DNA to properly as-
sess the potential biohazards and create ade-
quate containment measures, guidelines, and
regulations under which recombinant DNA
work could be safely resumed (Berg, 2008).
To discuss these matters, Paul Berg orga-
nized the Asilomar Conference on Recombi-
nant DNA in 1975, where nearly 150 scientists
(biologists, chemists, physicists), lawyers, and
policy advisors came together (Berg, 2008;
Berg, Baltimore, Brenner, Roblin, and Singer,
1975). The attendees agreed to move for-
ward with strict application of the precau-
tionary principle and stringent guidelines onSomssich
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Figure 2 Timeline of the major molecular biology innovations developed from the late 1960s to the mid-1980s. Fol-
lowing the development of molecular cloning, new techniques were developed at a rapid pace. Several indispensable
techniques were developed between 1967 and 1986, including PCR, DNA sequencing, gel electrophoresis, blotting,
and immunofluorescence microscopy.

how the work had to be contained, thereby
minimizing any risk derived from this kind of
research. And so, work on recombinant DNA
was resumed in 1975, initiating the molecular
biology revolution (Berg et al., 1975).

In the following years, scientists working
on well-established model organisms, such
as E. coli, yeast, or Drosophila, were racing
ahead with new molecular biology methods
and tools, which were now being developed
at a rapid pace (Fig. 2). For instance, agarose
gel electrophoresis was created in 1972
(3 years after SDS gel electrophoresis) (Jo-
hansson, 1972; Weber and Osborn, 1969),
and Southern, northern, and western blotting
techniques followed between 1975 and 1979
(Alwine, Kemp, and Stark, 1977; Southern,
1975; Towbin, Staehelin, and Gordon, 1979).
From the late 60s to the late 70s, the pre-
requisites for the polymerase chain reaction
(PCR) were developed, such as in vitro syn-
thesis of short stretches of DNA, replication
of short DNA strands via polymerases, or
isolation and use of a heat-resistant DNA
polymerase from the extreme thermophile
Thermus aquaticus (Agarwal et al., 1970;
Chien, Edgar, and Trela, 1976; Hutchison
et al., 1978; Khorana, 1979; Kleppe, Ohtsuka,
Kleppe, Molineux, and Khorana, 1971; Wells,
Jacob, Narang, and Khorana, 1967). These
innovations were eventually combined into
an automated PCR machine in the 1980s
(which resulted in another Nobel Prize in
Chemistry, for Kary Mullis and Michael
Smith, in 1994) (Mullis, 1994; Mullis et al.,
1986; Saiki et al., 1988; Smith, 1994). DNA
sequencing techniques were described in
the mid-1970s, followed by direct genomic
sequencing, the foundation for modern high-

throughput sequencing techniques, in the
1980s (Nobel Prize in Chemistry, 1980,
for Frederick Sanger and Walter Gilbert)
(Church and Gilbert, 1984; Gilbert, 1981; Jay,
Bambara, Padmanabhan, and Wu, 1974;
Sanger, 1981; Sanger, Nicklen, and Coul-
son, 1977). Thanks to the development
of immunofluorescence microscopy in the
mid-1970s, it became possible to observe
proteins in living cells for the first time
(Fig. 2) (Lazarides and Weber, 1974;
Somssich, 2021).

The origins of plant molecular biology
In contrast, the plant science community

moved at a much slower pace, partly because
different groups were working on various
genetically complex crop plants. Working
directly on a crop plant eliminated the transla-
tion step from a lab model to a field crop, and
most funding agencies were unwilling to fund
work on a model plant (Ausubel, 2018; Rédei,
1992). However, this also meant that the
molecular biology methods developed in the
animal and bacterial genetics fields now had
to be adopted individually for each species
of interest. It was becoming increasingly
apparent that this approach was no longer
appropriate. In addition, molecular biology
work typically requires a genetically simple
organism with a small genome and relatively
low genetic redundancy, something common
crop plants, such as rice, maize, or barley, are
not. A standard plant system for molecular
biology should furthermore be small in stature
to allow, for example, large-scale mutagenesis
screens. It should also have a short life cycle
to progress through generations quickly. In
addition, and quite importantly for plants, Somssich
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protoplast culture and plant regeneration from
protoplasts (i.e., plant cells that have had their
cell wall removed) should be possible. Thus,
at a 1980 Cold Spring Harbor Laboratory
(CSHL) plant biology meeting, Frederick
Ausubel and a handful of colleagues implored
their peers to adopt a universal model plant
to allow implementation of the various new
molecular biology techniques being developed
in other communities and thereby advance
the plant science field as a whole (Ausubel,
2018). His proposal was initially met with
pushback from his peers, but Ausubel found
an unexpected supporter in James Watson,
one of the meeting’s organizers. Eventually,
and after intense discussion, “most of the
other attendees acknowledged the potential
advantages of a model species for the plant
community” (Ausubel, 2018). In the following
year, Ausubel and John Bedbrook organized
the first CSHL “Frontiers in Plant Science”
summer course (at the time, called “Molecular
Biology of Plants”), focusing on the adoption
of modern molecular biology techniques to
a model plant, for which there were several
candidates. Ausubel and Bedbrook’s model
of choice was Petunia hybrida (Ausubel,
2018). P. hybrida, like Nicotiana tabacum,
was already regularly used in lieu of a single
universal model. The main advantage of these
species was that they were amendable to
protoplasting, cell culture, and regeneration.
P. hybrida is also relatively small and has
a diploid genome (while N. tabacum has a
complex allotetraploid genome) (Edwards
et al., 2017; Gerats and Vandenbussche,
2005). However, one course participant,
Leslie Leutwiler, from Elliot Meyerowitz’s
lab, argued for A. thaliana (Ausubel, 2018).
Leutwiler presented her unpublished work
on the genome size of A. thaliana, which
she had determined to contain just around
100 megabases (Leutwiler, Hough-Evans,
and Meyerowitz, 1984). To Ausubel and
the other course participants, “it was clear
that the combination of a small genome and
the advantages of Arabidopsis as a genetic
model most likely made it unbeatable as a
model laboratory plant for molecular genetic
analysis” (Ausubel, 2018). The adoption of
A. thaliana as a universal plant model in the
early 1980s thus allowed plant researchers to
focus their resources and attention on adopt-
ing new techniques and methods to a single
and genetically simple plant, speeding up the
technology transfer from other research fields
to the plant sciences.

This article chronicles the developments
that led to the adoption of A. thaliana as a plant
model, the development of plant transforma-
tion, and the description of the cauliflower mo-
saic virus 35S promoter. The latter two break-
throughs finally enabled plant researchers to
create transgenics. Next to the scientific value
of using transgenic organisms to study gene
function, this also initiated the rise of the plant
biotechnology sector. These major events,
which all occurred concurrently in the early
1980s, fundamentally changed the field of
plant biology and still impact our work today.

TOWARD PLANT MOLECULAR
BIOLOGY AND BIOTECHNOLOGY

Arabidopsis thaliana (L.) Heynh. as
model plant

While it took until the early 1980s for the
plant science community to adopt A. thaliana
as the model plant, work on A. thaliana goes
back to the early 20th century (Somssich,
2018a). Botanist Friedrich Laibach had de-
termined, for his PhD thesis in 1907, the
number of chromosomes in different plant
species (Laibach, 1965). Having found that
A. thaliana had only five chromosomes—the
smallest number among all the plants he had
analyzed—he subsequently worked on estab-
lishing this little plant as a model for genetic
and developmental studies (Laibach, 1965).
His work resulted in a publication in which he
called on the plant science community to adopt
this plant as their model (Laibach, 1943).
Few scientists, however, shared Laibach’s vi-
sion and enthusiasm at the time because of
the aforementioned focus on crop plants. And
so, the A. thaliana research community re-
mained small for the next few decades (the
first A. thaliana symposium in 1965 was at-
tended by just 25 participants) (Somerville
and Koornneef, 2002). One scientist who did
share Laibach’s vision was György P. Rédei,
who started work on A. thaliana after re-
ceiving seeds from Laibach in 1955 (Rédei,
1992). Rédei fled his native Hungary dur-
ing the revolution of 1956 and relocated to
the USA, where he remained the only sci-
entist working on A. thaliana for the next
two decades. During those years, he did pi-
oneering work in the field, including estab-
lishing the A. thaliana Columbia and Lands-
berg erecta ecotypes (Rédei, 1962, 1992). In
addition to Rédei in the USA, a small group
of plant scientists working on A. thaliana
was established in the Netherlands after Rédei
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passed on some Landsberg erecta seeds to
Willem Feenstra from Groningen University
in 1959. As a result, work in the USA was
initially done primarily on the Columbia eco-
type, while Landsberg erecta was dominant in
Europe (Feenstra, 1964). Then, with the de-
velopment of molecular cloning in the early
1970s, Rédei felt that it was time to reiter-
ate Laibach’s call to adopt A. thaliana as a
universal plant model, specifically for genetic
work. He published an article in 1975 summa-
rizing all the advantages of A. thaliana as an
ideal plant system, focusing on its simple ge-
netics and small genome, mutability, availabil-
ity of metabolic mutants, and ease of creating
crosses (Rédei, 1975).

Contrary to Laibach’s 1943 article, Rédei
did have some success with his call. One sci-
entist who read it was Maarten Koornneef in
the Netherlands. Rédei’s review, together with
an article describing how phytohormones were
essential for virtually every aspect of plant bi-
ology, inspired Koornneef to use A. thaliana
as a genetic tool to study the role of these
plant hormones (Koornneef, 2021). Starting
with a gibberellin mutant isolated in his su-
pervisor’s lab (Jaap van der Veen), Koornneef
quickly started to use chemical- and radiation-
induced mutagenesis to screen for additional
interesting mutants himself (Koornneef, 1978;
Koornneef, Barbaro, and van der Veen, 1977).
Koornneef was not content only with phe-
notypic analyses of his mutants. As reported
by Rédei in his 1975 review, trisomics were
available for A. thaliana and could be used
to create linkage groups for different genetic
markers to map them to the five chromo-
somes (Koornneef, 1983; Koornneef and van
der Veen, 1983). Using the 76 mutants he had
available as markers, Koornneef reported, in
1983, the first linkage map of all five chromo-
somes of A. thaliana (Koornneef et al., 1983).

Rédei’s article not only reignited interest
in A. thaliana in the Netherlands, it also
finally popularized the plant in the USA. In
1978, while on holiday, Chris and Shauna
Somerville read Rédei’s article, as well as
Mary-Dell Chilton’s 1977 breakthrough
report that Agrobacterium tumefaciens, a
gram-negative soil bacterium and the causal
agent of crown gall disease, could insert a
piece of DNA into the plant genome (Pennisi,
2000). The two had just finished graduate
school, with Shauna specializing in plant biol-
ogy and Chris, in molecular biology, focusing
on E. coli. After reading these two papers, the
Somervilles decided to combine their exper-

tise to spearhead a new field of plant molecular
biology (Pennisi, 2000). Chris Somerville fo-
cused his efforts on photorespiration. In the
absence of mutant plants, photosynthesis and
photorespiration were primarily studied using
biochemical and physiological techniques.
However, the genetics of A. thaliana proved
to be as simple as Rédei had promised in his
review. So, by 1980, Chris Somerville and his
mentor, William Ogren, had published two
high-impact papers on A. thaliana photosyn-
thesis mutants, identifying new components
and pathways involved in photorespiration
(Somerville and Ogren, 1979, 1980). Robert
Pruitt and Leslie Leutwiler, students in Elliot
Meyerowitz’s Drosophila genetics lab, were
impressed by this new genetics model and
convinced Meyerowitz to let them analyze the
genome of this plant. This resulted in two pa-
pers, which provided the first overview of the
genomic content and structure of A. thaliana,
and led to Leutwiler’s attendance at the
CSHL summer course, where her presentation
convinced Frederick Ausubel and the other
participants that A. thaliana was “unbeatable”
as a model plant (Ausubel, 2018; Leutwiler
et al., 1984; Pruitt and Meyerowitz, 1986).
Coincidentally, Ausubel had also heard Chris
Somerville present his work on the A. thaliana
photosynthesis mutants at a Gordon Confer-
ence on Molecular Biology, and these two
encounters made him “decide on the spot that
I would start switching my laboratory (…) to
Arabidopsis” (Ausubel, 2018). The same year,
Caren Chang from the Meyerowitz lab had
cloned the first gene from A. thaliana, an alco-
hol dehydrogenase (Chang and Meyerowitz,
1986). Based on these developments, Elliot
Meyerowitz published an article in 1987 that,
contrary to earlier papers, not merely called
for the adoption of A. thaliana as a model plant
but instead formally announced its arrival and
establishment as a robust model system for
plant molecular genetics, development, phys-
iology, and biochemistry (Meyerowitz, 1987).

The value of A. thaliana as a universal plant
model quickly became evident when other
labs isolated mutants for their respective genes
and pathways of interest. Chris Somerville
neatly summarized this in his conference re-
port for the 1989 Arabidopsis Meeting when
he wrote that “this year’s poster is next year’s
breakthrough,” as posters were often presen-
tations of newly isolated genes and mutants
(Somerville, 1989). This 1989 meeting was
attended by approximately 400 scientists, a
steep increase from the ∼25 attendees at the
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first (1965) and second (1975) International
Arabidopsis Symposium, demonstrating how
rapidly work on A. thaliana was taken up once
it was accepted as a model in the early 1980s
(Somerville, 1989; Somerville and Koornneef,
2002). Another massive accomplishment that
demonstrated, once again, that A. thaliana
was indeed the right choice for a universal
plant model was the completion of the A.
thaliana genome sequence in the year 2000
(Arabidopsis Genome Initiative, 2000). It was
the highest quality genome sequence avail-
able, even containing difficult-to-sequence re-
gions, such as the centromeres, which were
avoided in the genome sequences of other
organisms, such as humans (Arabidopsis
Genome Initiative, 2000; Pennisi, 2000). The
publication of the genome also brought the
plant sciences into the genomics era, as large-
scale “omics” techniques generally rely on
the availability of a high-quality genome se-
quence. And while this was already a huge
achievement, in the following years, the 1001
Genome Initiative added over 1100 other
genome sequences for different natural acces-
sions of A. thaliana from all around the world,
which enabled groundbreaking work on natu-
ral plant variation (Alonso-Blanco et al., 2016;
Weigel, 2012). None of these breakthroughs
would have been possible without the adop-
tion of A. thaliana as a universal plant model.

The development of plant
transformation

The adoption of A. thaliana as a model
plant coincided with another major techno-
logical advance that propelled molecular plant
research forward: the development of plant
transformation as a method to create trans-
genic plants (1983) (Somssich, 2019). Plant
transformation has its roots in the study of A.
tumefaciens-induced crown galls, which are
tumorous outgrowths on plant tissue (Smith
and Townsend, 1907; Somssich, 2019). In an
important breakthrough paper in 1941, White
and Braun laid the foundation for future ex-
plorations of A. tumefaciens-mediated plant
transformation when they demonstrated the
ability to culture crown gall tumors in vitro
and that while such explants retained their tu-
morous character, they no longer contained
any Agrobacteria (White and Braun, 1941).
Thus, these explants appeared to be perma-
nently transformed, leading Braun to conclude
that there must be a “tumor-inducing prin-
ciple,” a substance that is transferred from
the bacterium to the plant (White and Braun,
1941). Speculating, in 1947, about the iden-

tity of this “principle,” he already considered
DNA a possible candidate, based on contem-
porary findings that Pneumococci could ex-
change certain traits by transferring their DNA
(Avery, MacLeod, and McCarty, 1944; Braun,
1947). However, without molecular biology
tools, Braun and his colleagues were unable
to identify the “tumor-inducing principle.”
The second major breakthrough happened in
1967 when Rob Schilperoort et al. showed
that a short strand of agrobacterial RNA
could hybridize with DNA isolated from cul-
tured tumors (Schilperoort, Veldstra, Warnaar,
Mulder, and Cohen, 1967). This short RNA
strand would otherwise only hybridize with A.
tumefaciens DNA, but not plant DNA, indi-
cating that bacterial DNA was indeed trans-
ferred into the plant cell and somehow in-
duced the tumors (Schilperoort et al., 1967).
This publication reignited interest in how A.
tumefaciens induces plant tumors and specifi-
cally inspired Mary-Dell Chilton, Jeff Schell,
and Marc van Montagu, which would prove
key (Angenon, Van Lijsebettens, and van
Montagu, 2013; Chilton, 2001).

None of the three investigators were plant
biologists or particularly interested in A. tume-
faciens. Chilton was a chemist interested in
microbiology, while Schell and van Montagu
were bacterial and phage geneticists, respec-
tively. All three, however, had a great sense
of “the next big thing,” and this observation
of a cross-species DNA transfer held the po-
tential to be just that (Angenon et al., 2013;
Heimann, 2018). So, all three of them set out
to study how A. tumefaciens could perform
such a feat of bioengineering. In her previ-
ous position, Chilton had pioneered a new
DNA-detection technique based on changes
in double-strand renaturation kinetics in the
presence or absence of additional comple-
mentary molecules (Chilton, 2018). Thus, she
first set out to confirm the findings from
Schilperoort et al. (1967). Curiously though,
no matter which bit of the A. tumefaciens
genome she tested, she could not detect any
complementary sequences in tumor tissue
(Chilton et al., 1974). That same year, the now
integrated Schell/van Montagu lab reported
that they had identified an extrachromoso-
mal plasmid in all tumor-inducing A. tumefa-
ciens strains but in none of the non-oncogenic
strains and that the presence of this plasmid is
indeed essential for the bacterium’s ability to
cause plant tumors (Larebeke et al., 1974; Zae-
nen, Van Larebeke, van Montagu, and Schell,
1974). They christened it the tumor-inducing
(Ti)-plasmid (Engler et al., 1975). For Chilton,
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this meant that she had tested the wrong DNA
when she screened the DNA from plant tumors
for sequences complementary to the A. tume-
faciens genome. She and her team repeated
the work using the Ti-plasmid as a template
and were able to identify the specific frag-
ment within the Ti-plasmid that is transferred
into the plant cell: the transferred (T)-DNA
(Chilton et al., 1977). The implications of this
finding were immediately clear. If A. tume-
faciens could transfer the T-DNA into plant
cells, it must be possible to use this bacterium
as a shuttle to transfer specific genes of inter-
est into plants. And so, a scientific race toward
generating the first transgenic line began.

To start the race, the Schell/van Montagu
lab found that the sequences immediately
flanking the T-DNA seemed to be highly
conserved among Ti-plasmids from different
A. tumefaciens strains, suggesting the impor-
tance of these sequences in determining the
region that would be transferred (Depicker,
van Montagu, and Schell, 1978). By ana-
lyzing T-DNAs transferred into plants, they
confirmed that these borders—now labeled the
left and right border—indeed always flanked
the inserted T-DNA. Intriguingly, they also
found that in plants, these borders always flank
the T-DNA on one side but genomic plant
DNA on the other side, providing the first real
evidence that the T-DNA was not just shut-
tled into the plant cell but stably integrated
into the plant’s genome (Zambryski et al.,
1980). In 1980, the Schell/van Montagu lab
demonstrated that it was possible to introduce
foreign DNA into a Ti-plasmid between the
left and right border. This insert would then
be shuttled into the plant when the bacterium
infected a plant (Hernalsteens et al., 1980).
The group inserted Transposon 7 of E. coli
into the T-DNA and demonstrated its pres-
ence in the transformed plant tissue. However,
since the Ti-plasmid still carried cancer-
inducing genes, the transformed tissue was
still tumorous, and it was not possible to re-
generate a healthy plant from it (Hernalsteens
et al., 1980). The following year, the Nester,
Schilperoort, and Schell/van Montagu labs all
published on Ti-plasmid mutants, resulting in
the first map of the plasmid and a first clue on
which regions are responsible for the tumor-
inducing properties of the T-DNA (Garfinkel
et al., 1981; Greve, Decraemer, Seurinck, van
Montagu, and Schell, 1981; Ooms, Hooykaas,
Moolenaar, and Schilperoort, 1981). Based
on these results, the Schell/van Montagu
lab used a “partially disarmed” (less onco-

genic) Ti-plasmid to again transfer the E. coli
Transposon 7 into plants. This time, they suc-
cessfully regenerated a healthy, transformed
plant that passed the transgene on to the next
generation in Mendelian fashion (Otten et al.,
1981). This may be regarded as the first-ever
lab-generated transgenic plant line; however,
the plant still had some tumorous tissue and
expressed unwanted agrobacterial octopine
and nopaline synthase genes. These genes are
transferred to the plant during natural infec-
tion by A. tumefaciens, and their gene products
direct the synthesis of opines in the plant cell,
which the bacterium can use as a carbon and
nitrogen source (Bomhoff et al., 1976; Koncz
et al., 1983). However, these opines also inter-
fere with the plant’s metabolism, so to obtain
healthy transgenic plants, it was necessary
to avoid the formation of tumorous tissue
and eliminate the transfer of opine synthesis
genes (Zambryski et al., 1983). Furthermore,
the transgene was not expressed and did not
confer a new trait to the plant, which was the
ultimate goal. The finish line was now in sight,
however, and at the Miami Winter Sympo-
sium in January 1983, Jeff Schell, Mary-Dell
Chilton, and Bob Horsch (from Monsanto)
all gave talks presenting their own transgenic
plant lines, all expressing an antibiotic resis-
tance gene and conferring this resistance to
the plant cells (O’Brien, 1983). The critical
publications came in the following months:
first, the Chilton lab published on the regen-
eration of a healthy transgenic N. tabacum
plant line carrying the yeast ALCOHOL
DEHYDROGENASE I gene (Barton, Binns,
Matzke, and Chilton, 1983). However, this
transgene was not expressed due to the lack of
plant-active regulatory sequences. Next, the
Schilperoort lab published the first binary vec-
tor set for plant transformation, separating the
T-DNA and the virulence genes necessary to
facilitate T-DNA transport onto two different
plasmids (the T-DNA-carrying binary vector
and the virulence-providing helper-plasmid)
(Hoekema, Hirsch, Hooykaas, and Schilper-
oort, 1983). This system makes maintenance
and modification of the now smaller T-DNA
plasmid easier and is used to this day. Just
a week later, the Schell/van Montagu lab
published their transgenic N. tabacum plant
line expressing a chloramphenicol acetyl-
transferase gene from E. coli, making the
plant cells resistant to this antibiotic (Herrera-
Estrella, Depicker, van Montagu, and Schell,
1983). The Chilton lab followed 2 months
later with their own transgenic N. tabacum
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plant line expressing a gene for resistance
to the G418 antibiotic (Bevan, Flavell, and
Chilton, 1983). And two weeks after that,
the Monsanto lab published their transgenic
P. hybrida lines carrying the aminoglycoside-
3’-phosphotransferase (npt) gene, providing
resistance to kanamycin (Fraley et al., 1983).
In all three cases, the researchers had in-
serted the transgene into the Ti-plasmid at
the position of the bacterial nopaline or oc-
topine synthase genes, therefore indirectly
exploiting endogenous regulatory sequences
and circumventing the problem that no plant-
active promoters were known at the time. In
another 1983 paper, the Schell/van Montagu
lab characterized these regulatory sequences
in detail, providing information on the first
two promoters suitable to express transgenes
in plants (Koncz et al., 1983). Finally, at the
end of this important year for plant molecular
biology, the lab of Timothy Hall published
their transgenic sunflower cells, expressing
the bean phaseolin gene using the octopine
synthase promoter or the gene’s endogenous
promoter, which they achieved by including
about 1000 bp of sequences just upstream
of the phaseolin coding region (Murai et al.,
1983). The race toward the first transgenic
plant thus ended with four independent plant
lines published in 1983. However, none of the
four papers presented healthy, regenerated,
transgenic plants; all were published when the
transgenic cell lines were still in the regen-
eration phase. So, to formalize the result, the
Schell/van Montagu lab published, in 1984,
on the regenerated, healthy plants and their
transgenic offspring, which inherited the an-
tibiotic resistance gene in a Mendelian fashion
(De Block, Herrera-Estrella, van Montagu,
Schell, and Zambryski, 1984).

Michael Bevan, a former member of the
Chilton lab, followed their 1983 paper with
a new binary vector, pBIN19 (Bevan, 1984).
This became the most widely used plant trans-
formation vector for years, often combined
with the pMP90 helper-plasmid that the Schell
lab published together with the GV3101
A. tumefaciens strain (Koncz and Schell,
1986). The labs of van Montagu and Patricia
Zambryski followed up with two papers
describing the gene transfer process. They
demonstrated that the Ti-plasmid is cleaved
near the right border of the T-DNA, where it
contains a highly conserved 25-bp sequence
(Wang, Herrera-Estrella, van Montagu, and
Zambryski, 1984). Subsequently, a comple-
mentary DNA strand is synthesized from this

position to the left border, and this copy is then
shuttled into the plant cell, starting with the
conserved 25-bp sequence. Because of this in-
sert orientation, resistance genes are now typ-
ically inserted into transformation vectors at
the left border so that incomplete transforma-
tion events, where the plant cell only receives
part of the T-DNA, will not result in resistant
cell lines. Another paper from the lab demon-
strated that wounded plant cells excrete the
chemical acetosyringone into the surrounding
soil, which A. tumefaciens uses as a chemotac-
tic signal, activating the expression of the bac-
terial virulence genes, thereby initiating the
DNA transfer process (Stachel, Messens, van
Montagu, and Zambryski, 1985). Thus, ace-
tosyringone is typically added to plant trans-
formation media today.

In the absence of a plant model, research
teams tended to use N. tabacum or P. hybrida
cell cultures, as these plants are well suited
to cell and tissue culture methods, with sub-
sequent plant regeneration—a requirement for
these early transformation protocols. But once
A. thaliana was adopted as a model plant, and
plant transformation developed, the Monsanto
lab was also quick to provide a transforma-
tion procedure for A. thaliana (Lloyd et al.,
1986). They achieved this by adopting the
cumbersome tissue culture and plant regen-
eration procedure used for their N. tabacum
cell lines (Lloyd et al., 1986). However, the
choice of A. thaliana immediately proved to
be an advantage for plant transformation. In
1987, Kenneth Feldmann and David Marks
showed that they could produce transgenic A.
thaliana lines by simply co-culturing freshly
germinated seeds with A. tumefaciens, thereby
eliminating the laborious cell culturing and re-
generation steps (Feldmann and Marks, 1987).
Then, in 1993, Bechtold et al. demonstrated
that they could obtain transgenic plant lines by
uprooting adult flowering A. thaliana plants,
immersing them in an infiltration buffer con-
taining A. tumefaciens, applying a vacuum,
re-planting them in soil, and simply har-
vesting the ripe seeds (Bechtold, Ellis, and
Pelletier, 1993). While this process already
reduced the workload enormously compared
to the cell culturing and plant regeneration
process, it was then shown that it was pos-
sible to simplify the process even further. In
1998, Steven Clough and Andrew Bent pub-
lished their “floral dip” method. Here, a pot-
ted adult flowering A. thaliana plant is simply
dipped upside down for a couple of seconds
into a beaker containing the A. tumefaciens
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solution before returning it to the growth room
in a humid environment (Clough and Bent,
1998). This dip is repeated once after 5 days.
The seeds are collected, and transgenic lines
are selected in the next generation. The ease
of creating transgenic lines would have been
unthinkable without adopting a simple and
small model plant, such as A. thaliana. Since
then, subsequent modifications have further
simplified the method (Logemann, Birken-
bihl, Ülker, and Somssich, 2006; Narusaka,
Shiraishi, Iwabuchi, and Narusaka, 2010).

Finally, in the early 2000s, A. tumefaciens-
mediated plant transformation, along with the
availability of a complete and high-quality A.
thaliana genome sequence, formed the ba-
sis for another major development: the cre-
ation of ready-to-order T-DNA insertion mu-
tant lines for nearly every gene in the A.
thaliana genome, which were organized in
three major collections, the SALK, SAIL, and
GABI-Kat lines (Alonso et al., 2003; Ara-
bidopsis Genome Initiative, 2000; Rosso et al.,
2003; Sessions et al., 2002). In all three cases,
A. tumefaciens was used in a massive ex-
perimental setup to randomly insert T-DNAs
throughout the A. thaliana genome, presum-
ably knocking out the function of the gene
into which the T-DNA was inserted. Tens of
thousands of insertions were produced and
mapped to the A. thaliana genome, enabling
researchers to simply order the plant lines that
carry insertions in their genes of interest for
functional studies.

To this day, Agrobacterium-mediated
transformation is the standard for creating
transgenic lines. Its use, however, is not only
limited to the plant field. Agrobacterium-
mediated transformation has also been
successfully applied to yeast, fungi, and
even cultured human cells (Lacroix, Tzfira,
Vainstein, and Citovsky, 2006). Secondary
advances such as the use of T-DNA insertions
for mutagenesis may, at one point, become
obsolete thanks to modern genome editing
techniques. Still, even those techniques rely
on transformation procedures to introduce the
relevant machinery (e.g., CRISPR) into the
cell (Zhu, Li, and Gao, 2020).

Furthermore, plant transformation is not
only important for researchers. Creating trans-
genic plants led to the development of re-
silient, high-performing, and biofortified crop
plants, which are already essential to ensur-
ing food security today (Schulman, 2020).
Accordingly, Marc van Montagu, Mary-Dell
Chilton, and Robert T. Fraley were awarded

the World Food Prize in 2013 for the de-
velopment of the technique (Angenon et al.,
2013).

The description of the cauliflower
mosaic virus 35S promoter

With the development of plant transforma-
tion, it was possible to transfer a transgene
into a plant, but as mentioned above, when
the van Montagu/Schell and Chilton labs first
managed to regenerate a transgenic plant, the
inserted transgene was not expressed due to
the lack of plant-active regulatory sequences
(Barton et al., 1983; Otten et al., 1981). The
researchers circumvented the problem by
using the A. tumefaciens nopaline or octopine
synthase promoters. These, however, were not
active in all plant tissues and are under strong
developmental and environmental regulation,
resulting in high variability in their activity
and limiting their usefulness in transgenesis
(An, Costa, Mitra, Ha, and Márton, 1988).
This situation changed in 1985 with the
description of the cauliflower mosaic virus
(CaMV) 35S promoter (Odell, Nagy, and
Chua, 1985; Somssich, 2018b).

CaMV is a pathogenic plant virus that in-
fects several cruciferous crop plants, such as
broccoli, cabbage, kale, turnip, and its name-
sake, cauliflower, from which C. M. Tompkins
first isolated it in 1937 (Tompkins, 1937). In-
fection results in the mosaic disease, named
after the mosaic-shaped necrotic lesions vis-
ible on the leaves of infected plants (Schultz,
1921). It was later shown that aphids serve as
the viral vector, transporting it from plant to
plant, and that, unlike the then better-studied
tobacco mosaic virus, it is not an RNA but a
DNA virus, representing the first-ever DNA
virus described for plants (Day and Venables,
1961; Shepherd, Wakeman, and Romanko,
1968; Siegel and Wildman, 1960). Further-
more, in contrast to the second identified
plant DNA virus family, the geminiviruses, the
CaMV DNA is double-, not single-stranded
(Goodman, 1977; Shepherd, Bruening, and
Wakeman, 1970). In the absence of plant trans-
formation techniques, this observation made
scientists consider the CaMV as a vector to
shuttle DNA into plant cells to produce trans-
genic crops (Hull, 1978). After all, infection of
a plant with the virus requires the replication
of viral DNA in the plant cell.

By 1980, the 8024-bp genome of CaMV
had been mapped and annotated (Franck,
Guilley, Jonard, Richards, and Hirth, 1980;
Hohn, Hohn, Lesot, and Lebeurier, 1980). It
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contains six open reading frames transcribed
as just two RNAs: the short 19s and the whole-
genome covering 35S RNA (Franck et al.,
1980). The 35S RNA is spliced into four in-
dividual, protein-coding mRNAs (Covey and
Hull, 1981). The first major breakthrough
came when both Covey and Hull (1981) and
Guilley, Dudley, Jonard, Balàzs, and Richards
(1982) found that four CaMV transcripts could
be isolated from infected P. hybrida leaves,
indicating that these viral genes were indeed
transcribed in the plant cells and that the viral
DNA contained all elements necessary to acti-
vate transcription in plants (Covey and Hull,
1981; Guilley et al., 1982). Teams working
with Thomas and Barbara Hohn and Ingo
Potrykus, as well as Jean-François Laliberté,
subsequently managed to transform plant cells
with engineered CaMV carrying a mammalian
or bacterial gene in the position of the 35S
gene (Brisson et al., 1984; Lefebvre, Miki,
and Laliberté, 1987; Paszkowski et al., 1986).
Unfortunately, however, CaMV would only
tolerate the insertion of short stretches of for-
eign DNA (∼250 bp), and with the success-
ful development of A. tumefaciens-mediated
plant transformation at around the same time,
research into CaMV-mediated plant transfor-
mation was abandoned (Gronenborn, Gardner,
Schaefer, and Shepherd, 1981; Haas, Bureau,
Geldreich, Yot, and Keller, 2002). Neverthe-
less, this left the 35S promoter as an inter-
esting candidate for transgene expression in
plants, and in 1985, Joan Odell and Ferenc
Nagy from Nam-Hai Chua’s lab published a
detailed promoter analysis (Odell et al., 1985).

Odell and colleagues fragmented the
roughly 1000-bp upstream region of the 35S
open reading frame and fused the fragments
to the human growth hormone (hgh) gene
to identify the sequences needed for gene
expression in plant cells (Odell et al., 1985).
They then transformed N. tabacum cells
with these constructs, using A. tumefaciens-
mediated transformation, and detected hgh
mRNA in the cultured plant cells via northern
blotting. They discovered that a fragment
containing 46 bp upstream of the 35S open
reading frame resulted in minimal transgene
expression, while an extended 343-bp frag-
ment conferred strong expression across all
plant tissues tested. Hence, they defined the
46 bp as the “minimal promoter” and the
343 bp as the “CaMV 35S promoter” (Odell
et al., 1985). The Chua lab followed up these
studies with two more publications, further
subdividing the 343 bp promoter into indi-
vidual regions that could control expression

strength and pattern across different plant
tissues in a combinatorial and/or additive
fashion (Benfey and Chua, 1990; Fang, Nagy,
Sivasubramaniam, and Chua, 1989). Robert
Kay, Chan, Daly, and McPherson (1987)
showed that placing two CaMV 35S promot-
ers in tandem further enhanced expression.
It was not, however, just this full CaMV 35S
promoter that was valuable to the research
community; the minimal promoter proved
to be a useful tool. The 46-bp segment car-
ried all the DNA binding sites necessary to
initiate basal transcription but lacked activat-
ing elements. Researchers, therefore, could
combine the minimal promoter with various
transcriptional activator sites of interest, such
as binding sites for auxin response factors, to
create auxin-inducible transgenes, or WRKY
transcription factor binding sites, to produce
transgenes that would be activated in response
to a pathogenic attack (Rushton, Reinstädler,
Lipka, Lippok, and Somssich, 2002; Ulmasov,
Murfett, Hagen, and Guilfoyle, 1997). The
minimal promoter could also be combined
with activator sites responsive to substances
foreign to plants, such as human estrogen or
alcohol, thereby giving researchers complete
control over when the transgene is expressed
(Caddick et al., 1998; Zuo, Niu, and Chua,
2000).

Throughout the following 20 to 30 years,
the CaMV 35S promoter became the most
widely used promoter in plant research and
plant biotechnology. Nearly every genetically
modified crop plant in the field carried a
version of this promoter (Hull, Covey, and
Dale, 2000). Next to the development of
plant transformation, the CaMV 35S promoter
was the second catalyst that got the field of
plant biotechnology started. In 1986, the Mon-
santo lab combined these two scientific break-
throughs to create a transgenic P. hybrida cell
line expressing the 5-enolpyruvylshikimate-
3-phosphate synthase gene from the CaMV
35S promoter (Shah, Horsch, and Klee, 1986).
This transgene rendered the petunia tolerant to
the herbicide glyphosate.

THE PLANT BIOTECH INDUSTRY
By 1980, when it became evident that plant

transformation was within reach, the useful-
ness of this technique to create herbicide-
and pest-tolerant plants was obvious. For
Monsanto, the agrochemical giant producing
and selling herbicides, this was the initial mo-
tivation to get involved in the race toward the
first transgenic plant. In 1982, this prospect
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led Marc van Montagu and Jeff Schell to form
their own biotech company, Plant Genetic Sys-
tems, the first plant biotech company in Eu-
rope (Heimann, 2018). While Monsanto de-
veloped the herbicide-tolerant petunia, Plant
Genetic Systems started by creating a pest-
tolerant N. tabacum (Shah et al., 1986; Vaeck
et al., 1987). The year before, Plant Genetic
Systems had cloned the Bacillus thuringiensis
(Bt) berliner 1715 Bt2-gene, encoding the ac-
tive ingredient in bt toxin (Höfte et al., 1986).
The bt-toxin is typically sprayed on conven-
tional and organic-certified crop fields to kill
off larvae of the hornworm, a major agricul-
tural pest, while being completely safe for hu-
mans. In 1987, Plant Genetic Systems used the
gene to create an N. tabacum plant express-
ing the Bt2 gene at low levels directly in the
plant (Vaeck et al., 1987). With the transgenic
plants now directly producing the toxin, only
larvae feeding on the plant will be killed off,
while insects that merely inhabit the field are
spared. Fields growing these plants do not re-
quire spraying, saving labor, time, and money.
Furthermore, the toxin can no longer reach and
contaminate the environment and groundwa-
ter as it does when being sprayed, limiting the
ecological damage done by modern agricul-
tural practices. While the glyphosate-tolerant
petunia and the Bt2-expressing N. tabacum
plants were just proof-of-concept plants, a Bt
potato was the first Bt crop approved for the
food market in the USA in 1995, followed by
a glyphosate-resistant soybean in 1996 (Duke
and Powles, 2008; Peferoen, 1997).

Both systems, glyphosate resistance and
Bt expression, have succeeded and are still
widely used in agriculture (Schulman, 2020).
Despite what might be expected, however,
most crops in the field today have not been
created using A. tumefaciens-mediated trans-
formation methods because once this plant
transformation technique was established, the
researchers immediately found themselves in
a patent-induced gridlock (Nottenburg and
Rodríguez, 2008; Somssich, 2019). In 1983,
right after the successful development of the
A. tumefaciens-mediated plant transformation
technique, Monsanto filed the first patent for
the invention of the method (Heimann, 2018;
Nottenburg and Rodríguez, 2008). This was
immediately countered by Jeff Schell and the
Max Planck Society, as well as Mary-Dell
Chilton and Washington University. Countless
patents on specific variants of A. tumefaciens-
mediated plant transformation followed. As
a result, a patent interference was issued,
meaning that no patent would be granted due

to the legal uncertainty as to who should
rightfully own it (Nottenburg and Rodríguez,
2008). This interference was only resolved in
2005, when Monsanto, Bayer CropScience,
and the Max Planck Society worked out a li-
censing agreement (the Max Planck Society
subsequently used the back-royalties to fund
the Jeff Schell Professorship at the Univer-
sity of Cologne). Consequently, this meant
that everybody who used the A. tumefaciens-
mediated plant transformation technique in the
meantime was infringing on the patent, in-
cluding researchers in academic, not-for-profit
environments. Scientists at public research
institutes, such as universities, generally be-
lieve that there is an “experimental use ex-
ception” due to the non-commercial nature
of their work. This, however, is not the case
(Nottenburg and Rodríguez, 2008). To cir-
cumvent this problem, most commercial trans-
genic crops were created with alternative
transformation methods, such as biolistic
transformation with a particle gun (McCabe,
Swain, Martinell, and Christou, 1988). Simi-
larly, the use of the CaMV 35S promoter to
control marker gene expression in crop plants
had been patented by Monsanto, prompting
other companies to use related promoters,
such as the figwort mosaic virus 34S promoter
(Chi-Ham et al., 2012; Graff, Cullen, Brad-
ford, Zilberman, and Bennett, 2003).

While these patent issues made things un-
necessarily complicated, the plant biotech sec-
tor had been firmly established in the 1980s,
and since the first genetically engineered
crops were released in the 1990s, the success
was overwhelming. The pest- or herbicide-
resistant crop varieties that have been intro-
duced since the early 1990s allow farmers to
grow more food with less financial and labor
input and maximize productivity on limited
farmland. In addition, they allow for the cul-
tivation of food crops with a lower environ-
mental impact due to a reduced need for fer-
tilizers, pesticides, and herbicides (Schulman,
2020). In fact, it would be difficult to feed the
world without the transgenic food crops used
to feed livestock or consumed directly by hu-
mans (Schulman, 2020).

CONCLUDING REMARKS
The major developments described here,

which collectively kicked off the plant molec-
ular biology revolution of the 1980s, cata-
pulted the plant sciences forward and quickly
advanced plant research to a level compara-
ble with that of leading molecular biology
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Figure 3 Timeline of major events starting the plant molecular biology revolution. The developments that led to the
adoption of A. thaliana as a universal plant model, the development of plant transformation, and the description of the
CaMV 35S promoter all happened concurrently from the late 1970s to the mid-1980s. See text for details.

research in other fields (Fig. 3). When the
genomics era dawned in the 1990s, the A.
thaliana genome was the first plant genome
to be sequenced, the fourth eukaryotic organ-
ism, and the first one to include DNA regions
difficult to sequence, such as centromere re-
gions, thereby raising the bar for genome se-
quence quality (Arabidopsis Genome Initia-
tive, 2000).

Since 2000, several secondary plant mod-
els have been established to study more spe-
cific aspects of plant life, including models
for grasses, trees, the water-to-land transition
of early plants, or plant parasitism (Cesarino
et al., 2020). This was made possible because
the methods and techniques developed for A.
thaliana often merely had to be adapted rather
than completely re-invented. A. thaliana re-
mains at the forefront of plant sciences, allow-
ing researchers to continually pioneer new re-
search fields, facilitating the rapid adoption of
new methodologies and by providing mech-
anistic insights into all aspects of plant biol-
ogy at ever-increasing detail. A. tumefaciens-
mediated plant transformation protocols exist
for almost all plants that researchers are cur-
rently working on, and the CaMV 35S pro-
moter has been the standard for over 30 years.

It is not just that these techniques are
still in use today that makes these devel-
opments so important. For instance, all the
large-scale “omic” tools developed in the
plant genomic era depend directly on the
high-quality genome sequence that could only
be obtained thanks to the small and simple
genome of A. thaliana and the associated pi-

oneering work. Further, the fact that today
we have inducible, or tissue- and develop-
mental stage-specific promoters is the result
of the knowledge gained when first dissect-
ing and studying the full-length and minimal
35S promoter. And while several secondary
plant models have been established since
2000, using Agrobacterium-mediated trans-
formation to express a transgene from the
CaMV 35S promoter in this plant is still the
standard for establishing a new model. Simi-
larly, first candidate genes for functional stud-
ies in secondary model or crop plants are usu-
ally selected based on sequence homology to
well-studied genes in A. thaliana. The dawn
of plant molecular biology in the early 1980s,
brought on by these key developments, still di-
rectly impacts plant research today.
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