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Summary

Plant breeding aims to provide plants with improved traits
or novel features that could help to overcome sustainability goals.
To this end, plant biotechnology needs to incorporate new
genetic engineering tools that combine increased precision with
higher breeding power. The recently discovered genome editing
tools based on CRISPR/Cas9 technology have opened the way to
modify plant’s genomes with unprecedented precision. On the
other hand, new synthetic biology approaches based on
modularity and standardization of genetic elements have enabled
the construction of increasingly complex and refined genetic
devices applied to plant breeding. With the ultimate goal of
expanding the toolbox of plant breeding techniques, this thesis
describes the development and adaptation to plant systems of
two new breeding tools: a site-specific nuclease (SSNs), and a
modular gene switch for the regulation of transgene expression.

In a first part, this thesis describes the adoption of the SSN
CRISPR/Cas12a for plant expression and compares the efficiency
of Acidaminococcus (As) and Lachnospiraceae (Lb) Cas12a
variants with the previously described Streptococcus pyogens
Cas9 (SpCas?) in eight Nicotiana benthamiana loci using transient
expression experiments. LbCas12a showed highest average
mutagenesis activity in the loci assayed. This activity was also
confirmed in stable genome editing experiments performed in
three different model plants, namely N. benthamiana, Solanum
lycopersicum and Arabidopsis thaliana. For the latter, off-target
effects in Casl12a-free segregating lines were discarded at
genomic level by deep sequencing. Collectively, the results show
that LbCas12a is a viable alternative to SpCas9 for plant genome
engineering.

In a second part, this work describes the engineering of a
new reversible genetic switch aimed at controlling gene
expression in plants with higher precision than traditional



inducible systems. This switch, based on the bacteriophage
PhiC31 recombination system, was built as a modular device
made of standard DNA parts and designed to control the
transcriptional state (on or off) of two genes of interest by
alternative inversion of a central DNA regulatory element. The
state of the switch can be externally and reversibly operated by
the action of the recombination actuators and its kinetics,
memory, and reversibility were extensively characterized in N.
benthamiana using both transient expression and stable
transgenics.

Altogether, this thesis shows the design and functional
characterization of refined tools for genome engineering and
synthetic biology in plants that now has been expanded with the
CRISPR/Cas12a gene editing system and the phage PhiC31-
based toggle switch.



Resumen

La mejora genética vegetal tiene como objetivo la
obtencién de plantas con rasgos mejorados o caracteristicas
novedosas que podrian ayudar a superar los objetivos de
sostenibilidad. Para este fin, la biotecnologia vegetal necesita
incorporar nuevas herramientas de ingenieria genética que
combinen una mayor precisién con una mayor capacidad de
mejora. Las herramientas de edicidon genética recientemente
descubiertas basadas en la tecnologia CRISPR/Cas9 han abierto
el camino para modificar los genomas de las plantas con una
precision sin precedentes. Por otro lado, los nuevos enfoques de
biologia sintética basados en la modularidad y la estandarizacién
de los elementos genéticos han permitido la construccién de
dispositivos genéticos cada vez més complejos y refinados
aplicados a la mejora genética vegetal. Con el objetivo final de
expandir la caja de herramientas biotecnoldgicas para la mejora
vegetal, esta tesis describe el desarrollo y la adaptacién de dos
nuevas herramientas: una nueva endonucleasa especifica de sitio
(SSN) y un interruptor genético modular para la regulacion de la
expresion transgénica.

En una primera parte, esta tesis describe la adaptacién de
CRISPR/Cas12a para la expresiéon en plantas y compara la
eficiencia de las variantes de Acidaminococcus (As) vy
Lachnospiraceae (Lb) Cas12a con Streptococcus pyogens Cas9
(SpCas9) descritos anteriormente en ocho loci de Nicotiana
benthamiana usando expresién transitoria. LbCas12a mostro la
actividad de mutagénesis promedio méas alta en los loci
analizados. Esta actividad también se confirmdé en experimentos
de transformacion estable realizados en tres plantas modelo
diferentes, a saber, N. benthamiana, Solanum lycopersicum y
Arabidopsis thaliana. Para este ultimo, los efectos mutagénicos
colaterales fueron analizados en lineas segregantes sin la
endonucleasa Cas12a, mediante secuenciaciéon del genoma
descartdndose efectos indiscriminados. En conjunto, los



resultados muestran que LbCas12a es una alternativa viable a
SpCas9 para la edicién genética en plantas.

En una segunda parte, este trabajo describe un interruptor
genético reversible destinado a controlar la expresion génica en
plantas con mayor precision que los sistemas inducibles
tradicionales. Este interruptor, basado en el sistema de
recombinacién del fago PhiC31, fue construido como un
dispositivo modular hecho de partes de ADN estandary disefiado
para controlar el estado transcripcional (encendido o apagado)
de dos genes de interés mediante la inversidn alternativa de un
elemento regulador central de ADN. El estado del interruptor
puede ser operado externay reversiblemente por la accién de los
actuadores de recombinacién y su cinética, memoria vy
reversibilidad  fueron  ampliamente  caracterizados  en
experimentos de transformacién transitoria y estable en A
benthamiana.

En conjunto, esta tesis muestra el disefio y la caracterizacidn
funcional de herramientas para la ingenieria del gendémica vy
biologia sintética de plantas que ahora ha sido completada con el
sistema de edicion genética CRISPR/Cas12a y un interruptor
genético reversible y biestable basado en el sistema de
recombinacién del fago PhiC31.



Resum

La millora genética vegetal té com a objectiu I'obtencié de
plantes amb trets millorats o caracteristiques noves que podrien
ajudar a superar els objectius de sostenibilitat. Amb aquesta
finalitat, la biotecnologia vegetal necessita incorporar noves eines
d'enginyeria genética que combinen una major precisié amb una
major capacitat de millora. Les eines d'edicié genetica
recentment descobertes basades en la tecnologia CRISPR/Cas9
han obert el cami per modificar els genomes de les plantes amb
una precisié sense precedents. D'altra banda, els nous
enfocaments de biologia sintética basats en la modularitat i
I'estandarditzacié dels elements genetics han permes la
construccié de dispositius genetics cada vegada més complexos
i sofisticats aplicats a la millora genética vegetal. Amb I'objectiu
final d'expandir la caixa d'eines biotecnologiques per a la millora
vegetal, aquesta tesi descriu el desenvolupament i |'adaptacié de
dues noves eines: una nova endonucleasa especifica de lloc (SSN)
i un interruptor genétic modular per a la regulacié de I'expressid
transgenica .

En una primera part, aquesta tesi descriu 'adaptacié de
CRISPR/Cas12a per a l'expressié en plantes i compara I'eficiéncia
de les variants de Acidaminococcus (As) i Lachnospiraceae (Lb)
Cas12a amb la ben establida Streptococcus pyogens Cas?
(SpCas?9), en vuit loci de Nicotiana benthamiana usant expressio
transitoria. LbCas12a va mostrar |'activitat de mutagénesi mitjana
més alta en els loci analitzats. Aquesta activitat també es va
confirmar en experiments de transformacié estable realitzats en
tres plantes model diferents, a saber, N. benthamiana, Solanum
lycopersicumi Arabidopsis thaliana. Per a aquest Ultim, els efectes
mutageéenics col-laterals van ser analitzats en linies segregants
sense |'endonucleasa Cas12a, mitjangant seqlienciacié completa
del genoma i descartant efectes indiscriminats. En conjunt, els
resultats mostren que LbCas12a és una alternativa viable a
SpCas? per a I'edicié genética en plantes.



En una segona part, aquest treball descriu un interruptor
genetic reversible destinat a controlar |'expressié génica en
plantes amb major precisi6 que els sistemes induibles
tradicionals. Aquest interruptor, basat en el sistema de
recombinacié del bacteriofag PhiC31, va ser construit com un
dispositiu modular fet de parts d'ADN estandard i dissenyat per
controlar I'estat transcripcional (ences o apagat) de dos gens
d'interés mitjancant la inversio alternativa d'un element regulador
central d'ADN. L'estat de l'interruptor pot ser operat externa i
reversiblement per accié dels actuadors de recombinacid i la seva
cinética, memoria i reversibilitat van ser ampliament caracteritzats
en experiments de transformacié transitoria i estable en A
benthamiana.

En conjunt, aquesta tesi mostra el disseny i la caracteritzacié
funcional d'eines per a l'enginyeria del genomica i biologia
sintética de plantes que ara ha sigut completat amb el sistema
d'edicié genética CRISPR/Cas12a i un interruptor genétic
biestable i reversible basat en el sistema de recombinacié del
bacteriofag PhiC31.
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Chapter |
1. A brief overview of plant breeding techniques

For more than 10,000 years humans have exploited the
naturally occurring plant genetic variability for the artificial
selection of desirable traits. During the major part of that period,
humans carried out unconscious genetic screenings of the
genetic diversity generated by spontaneous mutations and DNA
recombination (Fig. 1A). This selective breeding led to the
modern domesticated crops with increased yield but also
impoverished genetic variability.

.
A 1 N B ™

)Y Y )

W W
Y A/ W
50% /
X "25% ¢
12% 1
’ % Mutants ) )
 Elite variety Donorvariety 5_7 cycles of backcross Selection and backcross Elite variety
(disease susceptible) (disease resistant) ——0o—on (disease susceptible)
Cross breeding (8-10 years) Mutation breeding (8-10 years)
c . D "
\ |
\ i
Elasmi Elite variety
Ub with disease resistance @
2% [ w D00
I g e ! p—
Genome Calli Calli CRISPR
Elite variety Elite variety
(disease susceptible) Foreign gene integration Endogenous gene modification (disease susceptible)
Transgenic breeding (8-12 years) Regenerated plants Genome editing (4-6 years

Figure 1: an overview of different breeding methods currently used in
modern agriculture. A) Introgression of a certain trait (e.g. disease resistance)
into an elite variety involves an initial crossing with a donor variety and several
backcrosses of the progeny and the recipient line to incorporate the desired trait
while keeping the genetic background of the elite variety. B) Mutation breeding
uses physic and chemical mutagenic agents to induce genetic variability. Seeds
of an elite variety are mutated and the progeny of them screened for a mutated
allele of interest. C) Transgenic breeding uses various gene delivery methods
(Agrobacterium-mediated transformation, callus bombardment, protoplast
transformation) to transfer distant (#rans-genesis) or related (c/is-genesis) genetic
constructs to the plant DNA chassis. D) Precision mutagenesis facilitated by site-
specific nucleases like CRISPR/Cas systems allows the targeted modification of
precise traits accelerating the breeding process. Various transformation
protocols are used to deliver the components of the CRISPR/Cas systems
including plasmid transformation or DNA-free methods by delivery of the Cas
endonuclease loaded with the gRNA. Adapted from [9].



Chapter |

In the twentieth century, the notion that genetic information
resided in DNA, impelled researchers to use mutagenic agents
such as radiation or chemical agents to accelerate the breeding
process by inducing genetic variability in the domesticated crops.
That was the beginning of mutation breeding [1, 2] which
resulted in wheat varieties with significantly improved yields that
were key to the Green Revolution in the 1970s (Fig. 1B). However,
the most important limitation of mutagenic breeding was its
stochastic nature. Whereas generating a large collection of
mutants was straightforward, now the bottleneck was
implementing powerful forward genetic screens to identify the
candidate mutants. In part, this was solved by TILLING (targeting
induced local lesions in the genome) [3], a refinement of mutation
breeding that links mutagenesis to a DNA-analysis method that
selects a candidate plant from thousands of mutagenized plants.
Although this strategy speeded-up the screening process, it is still
costly and labor-intensive and, in many cases, the obtention of
specific alleles known to confer certain phenotypes is impossible.

In parallel, transgenic breeding (Fig. 1C) came with the
development  of the  Agrobacterium-mediated  plant
transformation protocol in the 1980s [4]. This allowed the
introduction of foreign (trans-genesis) or related genes (cis-
genesis) into the plant genome. Now, a plant could be endowed
with novel traits or functions impossible to be implemented
through traditional breeding such as herbicide or pest resistance
in the crop field [5, 6]. This also catapulted functional genetic
studies in model organisms such is A. thaliana, by fostering
forward and reverse genetic analysis of T-DNA insertional mutants
[7] or fluorescent tagged proteins [8], for example. Eventually, this
valuable information could be extrapolated to crop species for the
selection of orthologs for targeted breeding. More recently, with
the advance of the modular cloning technologies the single-gene
transgenic approaches have advanced to more complex
multigenic constructs facilitating the development of plant
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synthetic biology as will be introduced later in this General
Introduction.

Only recently, with the increasing information provided by
functional genomics and the discovery of site-specific mutagenic
agents (reviewed in section two of this Chapter 1), selective
breeding and mutation breeding are gradually moving from
random genetic modifications to precision plant breeding (Fig.
1D) as we will discuss in detail in section two of this General
Introduction. Precision plant breeding takes advantage of all the
information gathered in model and crop plants to target specific
genes involved in the breeding process through site-specific DNA
modification.

2. Genome engineering and site-specific
nucleases in plants

2.1.Genome engineering promoted by double-strand
breaks

Genomes of eukaryotic organisms are composed of billions of
DNA bases. The ability to change these DNA bases at precisely
predetermined locations holds tremendous value not only for
molecular biology but also for biotechnology and plant breeding.
A strategy to achieve precise DNA modifications consists in the
introduction of targeted double strand breaks (DSBs) at
designated locations in the plant genome. DSBs are highly toxic
lesions, which are repaired via non-homologous end joining
(NHEJ) or homology-directed repair (HDR) [10, 11].

In somatic plant cells, the vast majority of DSBs are repaired
by NHEJ mechanism which involves re-ligation of the free ends.
Although NHEJ is often precise, small deletions or more rarely
insertions can be introduced at the junction of the repaired
chromosome (Fig. 2A left). If the sequence modification causes a
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frameshift mutation or alters key amino acid residues of the gene
product, a knockout can be created. Broken chromosome ends
can also be joined to unrelated DNA molecules producing knock-
in modifications (Fig. 2A, right). If two breaks are introduced
simultaneously in the chromosome, targeted gene deletions or
other rearrangements can result (Fig. 2B). Nevertheless, the
intrinsic DSB repair machinery has the potential to remove breaks
also in an error-free manner by HDR [12, 13]. In HDR, a repair
template is used as a source of sequence homology that is copied
to the broken chromosome to restore its integrity (Fig. 2C). This
can be exploited by making use of extrachromosomal templates
provided, for example, via Agrobacterium T-DNA, transfected
plasmids, biolistic delivery or viral replicons. Hence, as the user
can define the repair template, HDR offers an unprecedented
ability to harness the plant's genome.

NHEJ-mediated knock-out NHEJ-mediated knock-in
B NHEJ-mediated deletion NHEJ-mediated translocation

i |

C HDR-mediated insertion

|

Figure 2: DSB repair mechanisms. A) After a DNA break, the chromosome can
be repaired by NHEJ re-joining the ends and producing small indels which
eventually knock-out the gene product (left); or, less frequently, by introducing
unrelated small DNA fragments (right). B) When two breaks are introduced the
NHEJ's output is different and can produce chromosomal deletions (left) or large
inter-chromosomal DNA re-arrangements (right). C) HDR-mediated repair uses
homology templates that lead to gene replacement or gene insertion.
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The development of site-specific nucleases (SSNs) that are
able to introduce DSB at specific locations on the plant genome
has fostered the field of precision plant breeding. In the next
sections we will present the state-of-the-art of these techniques.

2.2.Democratizing genome  engineering  with
CRISPR/Cas systems

Introduction of DSBs at the desired locus relies on the use of
SSNs. Currently, the toolkit of genome engineers contains four
classes of SSNs: meganucleases, zinc-finger nucleases (ZFNs),
transcription activator-like effectors (TALEN) and CRISPR/Cas
systems (Fig. 3). These molecular tools display different features
such as size or specificity, which determine their programmability
and make them more or less suitable for certain purposes (i.e. viral
delivery) [14]. The ideal editing tool should be easy-to-engineer
and versatile enough to cover any desired genomic locus.

A Meganuclease B ZFN C TALEN D CRISPR/Cas9

JENNERNNNNNNRNRNRNNENRNRN] LU T T T T D T T T T T T T T L L T T T 1]

E 9RNA

L —

Programmability

Figure 3: comparison between the different SSNs used in genome
engineering. A) Meganucleases are restriction enzymes that recognize long
stretches of DNA sequences. B-C) ZFNs and TALENSs are protein domains that
recognize 3 or 1 bp respectively, fused to the Fokl endonuclease domain.
Specificity is based on a protein-DNA interrogation which requires of
engineering a new endonuclease for each target. Dimerization of Fokl at the
target site is required in order to cut the DNA. D) CRISPR/Cas9 system is RNA-
guided endonuclease which specificity relies on an RNA-DNA interaction very
easy to reprogram.



Chapter |

2.2.1. Meganucleases

Meganucleases (the endonucleases that recognize long
stretches of DNA of 14-40 bp) were the first SSNs used in plants.
They led to the discovery of fundamental information in the DNA
reparation mechanisms in plants [12] and the demonstration that
genes can be knocked out in a targeted manner [13]. However,
the difficulty for engineering their large recognition sequence by
protein redesign limited drastically the applicability of these SSNs
[15,16].

2.2.2. Zincfinger nucleases

The lack of meganucleases re-programmability was solved
with zinc fingers, which are protein motifs that bind to DNA in a
sequence-specific manner. Each zinc finger module binds a 3-bp
DNA sequence [17]. Therefore, unlike meganucleases, multiple
zinc finger domains can be arranged to create custom DNA-
binding specificities. Nevertheless, zinc finger domains lack
endonuclease activity per se, so they need to be fused to the Fok
| endonuclease domain to create an effective zinc finger nuclease
(ZFNs) [18]. In addition, Fok | require homodimerization to cleave
the DNA at the target site. Therefore, two separate ZFNs that
target two proximal sites need to be engineered, doubling the
size of the construct and complicating the design. Commonly,
ZFNs are composed of 3-6 zinc finger modules and target
specifically 9-18 base long sequences [19].

2.2.3. Transcription activator-like effectors

The discovery of TALEs proteins from Xanthomonas sp.
allowed a fine selection of the targeted sequence. These proteins
contain  DNA-binding modular domains which specifically
recognize one single base instead of three as in zinc fingers [20,
21]. Typically TALEs are designed to target >30 bp sequences,
which make them the most specific of all SSNs [22]. Again, this
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DNA recognition modules must be fused to the Fok |
endonuclease domain and peer-engineered to cut the DNA.

2.2.4. CRISPR/Cas systems

Despite the modularity of the DNA-binding domains of ZFNs
and TALEs permits the design of user-customized target selection,
this specificity is determined by a protein-DNA interaction that
results in highly repetitive chimeric proteins, which need to be re-
engineered for each target. This is an expensive and time-
consuming process not affordable for all laboratories. That is why
the most recent addition to the SSNs repertoire, the CRISPR/Cas
systems, has democratized genome engineering by making the
design and construction process of targeted-nucleases easy and
accessible for laboratories with low expertise in molecular
biology. CRISPR/Cas is a dual system composed of a Cas
endonuclease and a guide RNA (gRNA) that directs the
ribonucleoprotein complex to the complementary genome target
[23, 24]. Therefore, unlike meganucleases, ZFNs or TALEs, the
specificity of CRISPR/Cas depends on the RNA-DNA interaction
conferred by the gRNA. Furthermore, the Cas protein has an
intrinsic endonuclease activity, so no Fokl fusion is needed. In
consequence, directing CRISPR/Cas to a certain genome locus is
extremely simple, requiring only the cloning of a 20 nt gRNA
instead of complicated protein re-designing protocols. For all
these reasons, CRISPR has revolutionized the field of genome
engineering.

2.3.Exploiting the naturally occurring diversity of
CRISPR systems

Owing to its low cost, easy execution and efficiency,
CRISPR/Cas systems have been rapidly adopted as an editing
platform for researchers of all fields, proving to be effective in
virtually all the organisms tested. CRISPR (clustered regularly
interspaced short palindromic repeats)/Cas (CRISPR-associated)
modules are adaptive immune systems that are present in
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prokaryotic organisms and provide sequence-specific protection
against foreign nucleic acid sequences [25-27]. The evolutionary
arms race between prokaryotes and environmental mobile
genetic elements yielded various CRISPR-type immune
responses. These CRISPR systems are classified in different classes
and types according to the structure of the Cas genes that are
typically adjacent to CRISPR arrays [28]. For biotechnological
purposes, the class 2 CRISPR systems are the most attractive
because are easier to engineer. They involve a single Cas effector
protein in comparison to class 1 systems, which often include
several Cas proteins. This Cas effector protein is guided by a
gRNA to a complementary genomic locus next to a protospacer
adjacent motif sequence (PAM) which is essential for target
recognition [29].

Since the demonstration that CRISPR systems can be used for
genome editing in eukaryotic cells [30, 31], researchers are
actively mining different CRISPR systems from the microbial
diversity, what has led to the identification of different Cas effector
proteins with divergences in their size, PAM requirements and
substrate preferences. CRISPR revolution started with the class 2
type lI-A CRISPR/Cas? system from Streptococcus pyogens, which
has a relatively simple 5-'NGG-3" PAM sequence. Smaller Cas9
orthologs thought for viral delivery have been identified and
tested in eukaryotic cells, showing to be at least as robust as
SpCas9 is. These include Cas? orthologs from MNeisseria
meningitidis (NmCas9) [32], Campylobacter jejuni (CjCas9) [33],
Staphylococcus aureus (SaCas9) [34] and Streptococcus
thermophilus (StCas9) [35]. The latter two (SaCas9 and StCas9)
were also evaluated in plants [36]. However, the complexity of the
PAM sequences of these orthologs (i.e. 5'-NNGRRT-3' of SaCas?9)
drastically limited their adoption by the scientific community.
Therefore, due to its PAM simplicity, SpCas? has become the
RNA-guided endonuclease (RGEN) of choice in most laboratories.
Unfortunately, this choice constrains the target selection to
guanine-rich regions. The recent discovery of a novel class 2 type
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V-A CRISPR system could contribute to solving this limitation with
its Cas effector protein termed Cas12a (formerly Cpf1), which has
a preference for thymine-rich PAM [37]. Orthologs from
Acidaminococcus sp.(AsCas12a) and Lachnospiraceae bacterium
(LbCas12a) have shown to be active in eukaryotic cells [38].

Both CRISPR systems, type II-A of Cas? and type V-A of
Cas12a, have been proposed to have evolved through
independent but remarkably similar pathways [39, 40]. In
consequence, Cas9 and Cas12a are structurally unrelated
proteins with different features besides the distinct PAM
sequence as exemplified in Figure 4 [41].

A B

APy PAM

A pAM AL
T A0 11 -
100000 0 :I:II“III”II:“I::II=

Spacer  ¢rRNA Spacer
Cas9 crRNA
Cas12a

Figure 4: schematic representation of the main CRISPR class 2 systems used
in genome engineering. A) Cas9 endonuclease recognizes a 5-NGG-3' PAM
sequence with the aid of a gRNA introducing a blunt DSB in the DNA sequence.
The gRNA is formed by a 20 nt PS sequence complementary to the genome,
followed by the RNA scaffold. The scaffold is formed by the crRNA and the
tracRNA which has been combined for biotechnological purposes in a single
gRNA of ~100 nt. B) Cas12a endonuclease recognizes a 5-TTTN-3' PAM
sequence introducing a staggered DSB. Note that in this case, the orientation of
the gRNA is the opposite. The gRNA is formed by a short recognition scaffold
(crRNA) and a variable spacer sequence (18-23 nt) complementary to the
genome. As a result, the size of the gRNA is ~40 nt. Adapted from [44].

Thus, Cas? recognizes a ~100 nt-long gRNAs scaffold with the
targeted sequence (protospacer, PS) placed at its 5 end. The
Cas9 scaffold is formed by two small RNAs (tracrRNA and crRNA),
which can be joined in a single molecule to facilitate
biotechnological applications [23]. In nature, these RNAs are part
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of a pre-crRNA which is processed by the RNase Ill accessory
protein [42]. On the other hand, Cas9 creates a blunt DSB at 3 pb
from the PAM sequence (Fig. 4A). In contrast, Cas12a has a
completely different gRNA arrangement, target recognition and
digestion pattern [37]. In opposite to Cas?, Cas12a endonuclease
employs smaller gRNAs (~40 bp) with a shorter scaffold ubicated
at the 5' part of the transcript whereas the PS is present at the 3’
side. Furthermore, Cas12a has an intrinsic RNase activity that
utilizes to self-process its own pre-crRNAs [43]. Thus, Cas12a has
a dual DNase and RNase activity which can be exploited to target
multiple loci at the same time [38]. Finally, this nuclease
introduces a DSB at distal positions from the PAM sequence
generating ends with 5’ overhangs (Fig. 4B).

All the characteristics described above make of Cas12a an
interesting tool for certain goals of genome engineering. First, the
T-rich PAM sequence opens new opportunities on gene editing
by enabling access to regulatory sequences or A/T rich genomes.
Second, the shorter scaffold and the RNase activity of the Cas12a
might speed-up the obtention of edited crops at multiple loci by
facilitating the construction of polycistronic gRNA expression
cassettes targeting multiple loci. Finally, the unique mutation
signature of Cas12a could favor the obtention of knock-out
mutants and trigger HDR reparation mechanism, which could
facilitate precise DNA editing and gene targeting.

CRISPR/Cas? has been rapidly adopted by the plant scientific
community transferring the information acquired from the
reversal genetic studies in plant model organisms to actual
advances in developing valuable traits for crop breeding.
Introduction of mutations by NHEJ with CRISPR/Cas9 system has
been used to accelerate the domestication process of wild
relatives of modern tomato cultivars [45] in few years by targeting
important genes involved in the domestication [46-48];
generating new sources of variability by engineering regulatory
sequences of quantitative trait loci [49]; and engineering the
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apomixis trait in rice producing clonal seeds from elite cultivars,
what could change the hybrid seed business paradigm
cheapening the obtention of seeds which could benefit farmers of
developing countries [50, 51]. These just to cite some relevant
examples of all the accomplishments that can be achieved with
this system, which have been reviewed elsewhere [52].

In contrast with the extended use of Cas9 in plants, at the
beginning of this thesis, the use of CRISPR/Cas12a was only
described in mammalian cells, and no adaptations to plant cells
were available. Only during the course of the thesis, the first
examples of CRISPR/Cas12a edited plants started to appear in a
few plant species, but direct comparisons between Cas9 and
Cas12a in the same experimental system remained absent.
Therefore, in this thesis we decided to set up a method for
CRISPR/Cas12a editing in plants and to compare this with
previous CRISPR/Cas? editing tools established in our lab. The
results of this work will be described in Chapter II.

3. Expanding the horizons of plant breeding
through synthetic biology

In the first two sections of this Chapter | we have described
the traditional plant breeding methods and discussed to what
extent new methods, and particularly genome editing methods,
can serve to accelerate this process. In this third part, we will try to
move forward and explore the limits of plant breeding. In theory,
with genetic engineering it would be possible to provide crops
with functionalities beyond those available in the natural genetic
pool. Some examples are ‘"intelligent" plants capable of
responding to weather forecast alerts, with e.g. production of
protective anti-freezing proteins, or plants programmed to
respond to the remote detection of a pest with the production of
defensive compounds. These examples involve equipping plants
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not with a single transgene or a small modification, but with
genetic circuits and complex metabolic pathways involving many
genes. Some authors defend that, to reach the levels of
sophistication required to design this type of plants, itis necessary
to incorporate engineering principles similar to those that allowed
the industrial revolution and later the computer engineering to
take off. These aspects are addressed by the discipline known as
synthetic biology and represent a new horizon for plant
biotechnology.

3.1.A brief introduction to synthetic biology and plant
synthetic biology

Synthetic biology is a multidisciplinary field that aims to
apply the basic engineering principles of abstraction, modularity,
and standardization to molecular biology and genetics [53]. This
new discipline investigates our ability to fabricate practical
organisms with new or improved features to address a spectrum
of urgent, real-world issues; that could for example clean
hazardous waste [54], use plants to sense chemicals [55], produce
biofuel [56] or recognize and destroy tumors [57]. In another
direction, synthetic biologists also seek to reprogram many
aspects of the biological systems. From the molecular level, by
engineering artificial bases or amino acids with different
physicochemical properties, to the de novo designed proteins
with new structures not found in nature [58] or re-programming
the genetic code to reduce the number of codons [59]. However,
engineering these bits of the biological systems is complicated
and still incipient. Nowadays, the major advances in synthetic
biology have been achieved by considering the proteins and their
regulatory elements as modular genetic building blocks. As an
emerging discipline, synthetic biology is inspired by other well-
established engineering disciplines like mechanical engineering
or microelectronics [60, 61]. The fast development of both fields
has been achieved by the adoption of standardized
interchangeable parts and modular construction methods. The
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standardization of the different parts has been crucial to making
them easy to connect in a predictable way, building up
increasingly complex outputs that accelerated the construction of
more sophisticated devices. Currently, synthetic biology is in a
similar situation.

3.1.1. Synthetic biology facilitated by modular cloning

One of the challenges of the discipline is to collect,
characterize, and catalog DNA elements from living systems with
potential utility. These standard parts and its associated
information are deposited in bioregistries, which may serve also
as collection points (biorepositories), although this latter
functionality may become irrelevant as DNA synthesis becomes
sufficiently cheap to build them from scratch. Besides
standardization of genetic building blocks, a universal connecting
method is also required to assemble these parts progressively in
more complex genetic modules with predictable behavior. The
BioBrick standard is the most famous example of bioregistry and
assembly method for bacterial synthetic biology [62]. Other
assembly methods based on Type IS restriction enzymes and
specialized in eukaryotes have emerged during these years, such
MoClo [63] or GoldenBraid (GB) [64]. The latter system has been
specialized in plant synthetic biology (PSB) and is based on the
Golden Gate assembly system [65]. Golden Gate relies on Bsal-
mediated restriction-ligation reaction to combine several genetic
parts in a single step to construct single-use genetic modules. GB
expands the reusability of these genetic modules by
incorporating an additional Type IIS restriction enzyme (Bsmbl)
that allow the binary assembly of the genetic modules. The
iterative use of both enzymes, Bsmbl and Bsal, and the use of two
destination plasmids establish a loop cloning schema which
accelerates the construction of increasingly complex multigenic
constructs  (Fig.  5). In  addition, GB’s  bioregistry
(https://gbcloning.org) provides thousands of interchangeable
genetic parts (phytobricks) deposited by the users that can be
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assembled in silico using the software-assisted web tools to
articulate a variety of constructs for plant multigenic engineering.
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Figure 5: overview of GB cloning schema. Individual genetic parts referred as
phytobricks are cloned in the Level 0 universal domestication plasmid 2 (pUPD2)
through a Bsmbl-mediated restriction-ligation reaction. To this end, phytobricks
are PCR-amplified from a raw DNA source (genomic DNA or plasmids, for
instance) and labeled with 4-nt overhangs and Bsmbil sites. In this example, the
overhang defines de phytobrick as a coding sequence (CDS), but extensive
grammar defines multiple genetic elements[66]. Level 0 parts are used in a Bsal-
mediated multipartite assembly to create a transcriptional unit (TU) in Level 1
alpha vectors. Subsequently, two TUs allocated in complementary alpha?l and
alpha2 vectors can be combined in a binary assembly, within a Level=1 omega
vector using Bsmbl to create a genetic module. Finally, two genetic modules in
complementary omegal and omega2 vectors can be combined in Level 1
through a Bsal reaction. This Bsal/Bsmbl iterative loop can be repeated to create
increasingly complex constructs.
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3.1.2. Synthetic biology hits the plant kingdom

The major advances in synthetic biology have been
accomplished predominantly in microbial DNA chassis. Since the
initial milestone publications showing the first synthetic circuits in
bacteria, the toggle switch, the repressilator and the
autoregulatory negative-feedback circuit [67-69], the field has
expanded notoriously to the point that some of the most striking
biotechnological advances are linked to this field. Films recorded
in the bacterial DNA [70], de novo synthesized and assembled
genomes [70-73], engineered bacteria capable of invading and
destroy tumoral cells [57] or the commercial production of
antimalarial drug artemisinin by Amyris using engineered yeast
strain [74]. All of these are accounted among the hallmark
publications that exemplify the importance of this discipline,
which is likely to continue growing and gaining importance in the
future. Despite these organisms are relatively easy and fast to
engineer, their unicellular nature poses some limitations to the
extension of the challenges that synthetic biologists can tackle
down with these systems. That is the reason why synthetic biology
has advanced to multicellular systems, remarkably to plants [75].

Given its undoubtedly importance in world ecosystems,
there are multiple reasons to practice synthetic biology in plants.
First, plants are the most important source of primary metabolites
(sugars, lipids, and proteins) that sustain the food chain. Second,
the rich diversity of plants produce a broad number of secondary
metabolites of value for medicine and industry. Third, plants are
also a source of raw material for construction or energetic
purposes. Finally, plants are ideal biofactories to produce
valuable compounds such as biopharmaceuticals or metabolites
for several reasons: biosafety (no human pathogens replicate in
plants), scalability (cheap and easy to grow in comparison to
bacterial or human cell cultures) and similar post-translational
modifications as mammalian cells [76]. All these reasons have
spurred the incipient field of PSB which aims to accomplish new
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engineering goals more complex and precise than single-gene
approaches followed in conventional transgenic breeding.
Notable examples of the diverse and ambitious goals pursued by
PSB account engineering plants as biosensors to detect
explosives in the soil [55]; produce cereals that do not require
chemical fertilizers by implementing nitrogen-fixation traits [77];
improve crop yield by turning C3 metabolism into C4 or providing
alternative pathways for carbon dioxide fixation [78, 79]; or
engineering plants for biofuels production towards green energy
sources [80].

Most of the previously cited cases are examples of plant
metabolic engineering. These approximations involve the
construction of genetic constructs which are then delivered to the
plant DNA chassis via conventional transformation procedures.
However, certain goals cannot be accomplished by simply
stacking constitutively expressed genes and transferring them to
the plant genome. Sometimes transgene expression needs to be
regulated to, for example, avoid deleterious effects on plant
growth or to adjust the transcript levels for obtaining a better
output. To this end, PSB practitioners need more refined tools to
achieve their goals such as regulatory elements, programmable
transcriptional factors or gene switches [81]. As a contribution to
the development of PSB, in this thesis we aimed to create one of
the most basic yet strongly needed elements required for gene
circuits design: a memory switch. To do so, we made use of site-
specific recombinases from bacterial origin, a resource that has
been earlier used in plants for other purposes. Next, we will briefly
describe the basis of site-specific recombination and their
previous uses in plants.
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3.2.Site-specific recombination

Genome engineering technologies are not limited to the
introduction of DSB in the DNA sequence. As described in section
2.2. of this Chapter |, targeted nucleases can introduce a DNA
rupture at specified sites that trigger the NHEJ or HDR reparation
mechanisms, which end in diverse sequence modjifications.
Recombinases are another class of DNA-modifying enzymes that
promote a variety of high-fidelity DNA modifications expanding
thus the portfolio of manipulations that can be pursued.
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Figure 6: rearrangements mediated by the SSR enzymes within DNA
substrates with complementary recombination sites. When the recombination
sites share the same orientation (head-to-tail) integration (A) or excision (B) of a
circular substrate occur. If the recombination sites hold an opposite orientation
(head-to-head), then the DNA segment in between is inverted (C). Exchange is
also possible between recombination sites allocated in different linear DNA
strands (D).

Site-specific recombination (SSR) involves a reciprocal
exchange between defined DNA sites [82]. Depending on the
initial arrangement of the recombination sites and the topology of
the DNA molecules (circular or linear), SSR has one of three
possible outcomes: integration, excision or inversion (Fig. 6).
Integration occurs between linear and circular DNA substrates
bearing complementary recombination sites and results in the
inclusion of the circular one, generating new hybrid sites (Fig. 6A).
Excision is the opposite reaction and can also occur when both
recombination sites allocated in the same linear molecule present
head-to-tail orientation (Fig. 6B). On the contrary, if both
recombination sites present confronted orientation (head-to-
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head) the inversion of the flanked segment takes place (Fig. 6C).
Finally, recombination can also take part between sites allocated
in different linear DNA strands (Fig. 6D).

SSR enzymes are highly specialized proteins that promote
DNA rearrangements between specific target sites. Virtually all
the identified SSR enzymes can be classified in one of two
evolutionarily distinct groups: the tyrosine (e.g. Cre, FRP) and the
serine recombinases (e.g. Bxb1, PhiC31) [83], named by the
amino acid residue that forms a covalent protein-DNA bond in the
reaction intermediate. Mechanistically, tyrosine recombinases
cleave single strands forming a covalent 3'-phosphotyrosine bond
with the DNA backbone and rejoin the strands via a Holliday-
junction-like intermediate state. In contrast, serine integrases
make DSBs in the DNA forming 5’-phosphoserine bonds with the
DNA backbone in advance of strand exchange and re-ligation
[84]. In addition, recombination reactions mediated by the serine
integrases are highly directional and are only reversed in the
presence of an accessory protein called recombination
directionality factor (RDF) [85, 86]. In opposite, tyrosine
recombinase-mediated reactions are freely bidirectional, which
limit their applicability [87]. For this reason, serine integrases have
become the most popular recombinases for biotechnological
purposes.

Serine integrases are encoded by temperate
bacteriophages and catalyze recombination between attP
(phage) or attB (bacteria) attachment sites generating hybrid attL
(left) and attR (right) sites. To this end, integrase must recognize
and bind to attP and attB and bring these sites together in a
synapse before DNA cleavage, strand exchange and ligation of
the products (Fig. 7) [88].
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Figure 7: model of the serine recombination mechanism. A) In free solution,
serine integrases are dimers with affinity to the attachment (att) attB and attP
sites. B) Binding to the att sites produces a conformational change, inducing the
tetramerization of the binary complexes bringing closer the complementary att
sites establishing thus the synaptic complexes (C). D) This triggers the scission
of both DNA strands leaving complementary 2-bp overhangs. E) Next, the
integrase subunits rotate 180° in relation to each other swapping the split att
sites. F) Finally, the half-sites are re-ligated creating hybrid attR and attL sites.

Serine recombinases dimerize in solution and bind to the
att sites with one subunit contacting each half-site (Fig. 7A-B). The
bound dimers experience a conformational change that makes
them interact with their counterparts, bringing attP and attB sites
together in a synaptic complex that contains a tetramer of
integrase subunits (Fig. 7C). Then, serine residues cleave the att
sites generating half-sites with 3' 2-bp overhangs (Fig. 7D). Next,
integrase subunits rotate in relation to each other, effectively
swapping half-sites (Fig. 7E). Finally, if the 2-bp overhangs on the
swapped half-sites are complementary, they will re-ligate to make
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attL and attR sites (Fig. 7F). This reaction can be reversed in the
presence of RDFs that in nature regulates the choice between
lysogeny and lysis by channeling integrase recombination toward
phage integration or excision. It is thought that integrase-RDF
interaction takes place at the synaptic complex and induce a
conformational change that inhibits the attBxattP recombination
and stimulate attLxattR recombination [89, 90].

3.3.Uses of site-specific recombination in plant
biotechnology

The use of site-specific recombinases to manipulate
eukaryotic genomes began nearly three decades ago. In plant
biotechnology recombinases have mostly been used for
removing selectable markers, inserting and stacking genes at a
predefined genomic locus [91-93], taking advantage of the SSR
mechanisms of excision and integration (Fig. 6).

3.3.1. Transgene excision

Excision can be used to remove undesirable sequences
from the plant chromosomes. Selection markers and reporter
genes are essential to enhance the efficiency of the current
transformation procedures, but these transgenic traits are
unnecessary in commercial crops [94]. For biosafety concerns, the
excision of transgenic traits in pollen has been proposed to avoid
the dissemination of unwanted sequences in nature [95]. The first
recombination systems used for transgenic trait removal were
Cre-lox from E. coli bacteriophage P1 and FLP-FRT from yeast,
which are tyrosine recombinases easy to engineer [96, 97]. The
strategy for marker selection excision consist on flanking the
selectable marker with the recombination sites and then
introducing the recombinase by secondary transformation or by
plant hybridization. As a result, the selectable marker flanked by
the recombination sites will be excised from the genome yielding
a plant free of undesired antibiotic resistance genes. A notable
variation of this scheme included the selection marker together
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with an inducible recombinase, both flanked by recombination
sites, to control the precise moment in which the excision takes
place and extending this technology to vegetatively propagated
crops [98, 99].

3.3.2. Gene stacking

Conventional plant transformation methods involve
random DNA integrations of single or multiple copies of the
transgene whose sequence can be truncated during the process.
These situations can be a source of variability and comprise the
stability of transgene expression [100]. Moreover, the random
integration may cause the disruption of endogenous genes
creating undesirable collateral effects. All these reasons
prompted the utilization of SSR systems for precise transgene
insertion, ensuring single-copy transformation events with no gain
or loss of sequences allocated at the specified locus. This level of
accuracy has been observed in several studies in plant and
mammalian cells, indicating high fidelity of the SSR systems [101,
102]. Therefore, the strategy consist on pre-establish a landing
pad, which is a genomic locus endowed by a recombination site
adjacent to the recombinase. Then, the complementary
recombination site together with the gene of interest is delivered
expecting both to be integrated at the landing pad.

The problem of tyrosine recombinases such as Cre-lox
recombination system is that the reaction is freely reversible so
eventually an integration event can be expelled from the genome.
To favor the integration in front of the excision, several
recombination site mutants were developed, which enhanced the
unidirectionality of the Cre-mediated recombination [103].
However, the reaction was still residually bidirectional, limiting
further gene additions to the pre-defined locus. To meet modern
agriculture demands of more complex products for different
geographies, the possibility to continue adding more traits at the
same locus would be of interest. However, despite being
harnessed to enhance insertion, freely reversible systems such as
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Cre-lox tyrosine recombinase are not suitable for this purpose
[104]. This problem was overcame by serine recombinases (Bxb1
and PhiC31) that catalyze a strictly unidirectional reaction
involving nonidentical sites, attP and attB, that can only be
reversed in the presence of a helper protein (RDF) yielding hybrid
attL/attR sites, as described in the previous section. Hence, by
sequentially adding attP or attB sites into the integration locus
unlimited rounds of gene stacking could be done endowing an
elite line of multiple linked traits [105-108].

3.4.Gene switches

Organisms have evolved to sense and adapt to external cues
by re-adjusting their cellular functions. During this process,
multiple naturally occurring gene switches capable of detecting a
vast range of molecules and trigger a cellular response emerged.
Taking advantage of these gene switches researchers have
engineered orthogonal inducible expression systems to control
transgene activity or study genes that have deleterious effects on
development. These tools have become pivotal to advancing
disciplines such as PSB whose importance has been previously
addressed in this General Introduction.

Conventional inducible systems used routinely in plants are
based on the control of transcription factors (activators or
repressors) that regulate the production of a downstream gene of
interest. Most inducible strategies in plants rely on the use of
chemically-triggered systems such ethanol [109], dexamethasone
[110], estradiol [111], copper[112, 113] orinsecticides[114, 115],
although more recently also optogenetic systems are starting to
be explored in plant systems [116]. In chemical systems, the
supply of the inducer triggers the expression or translocation to
the nucleus of the transcription factors, which subsequently
activate or repress the expression of the gene of interest. The
activation output will be maintained as long as the inducer keep
being administered. Hence, when the inducer is removed, the
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output decay (Fig. 8A). In contrast, a bistable toggle switch retains
a memory of the presence of the trigger. Therefore, once the
trigger is applied, the output signal will change to “on” status, and
such status will be sustained even if this inducer is retired. Only
when an “off trigger” is applied, the system returns to its original
status (Fig. 8B) Therefore, in contrast to the non-memory
inducible systems, memory switches only need a limited supply of
the trigger signal to sustain the output indefinitely. In the following
section we will focus on this type of switches.
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o =
3 3
Q Q
2 2
3 3
o o
Time Time

Figure 8: Comparison of induction systems used to regulate transgene
expression. A) Classical induction systems output is determined by the presence
or absence of inducers. The output will last as long as the inducer is supplied. B)
In comparison, bistable toggle switches can alternate between two different
states recording the memory of the stimulus and sustaining the output in its
absence.

3.5.Memory switches in plant systems

A bistable genetic toggle switch allows a living organism
to exist in two different stable states (bistable) and switch from one
state to another as desired [117]. Bistable switches play an
important role in decision-making at different phases of natural
biological signaling and transcriptional networks [118], for
example in the control of asymmetrical root development [118,
119] and shoot meristem homeostasis [120] in A. thaliana. One of
the first synthetic gene regulatory networks assembled was a
genetic toggle switch in £. colinamed as the repressilator whose
memory mechanism was based on double-negative feedback
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loops [67]. Since that pioneering work, a number of different types
of synthetic bistable switches have been constructed in bacterial
or mammalian cells [121].

In plants, this toggle switch behavior has been achieved in
tobacco plant protoplasts by Matias Zurbriggen’s group with a
red light-responsive gene expression system [122]. This light-
controlled toggle switch is based on the red/far red-dependent
interaction of a split transcriptional activator. This is formed by the
A. thaliana phytocrome B (PhyB) fused to an activator domain
(VP16) and the phytocrome-interacting factor 6 (PIF6) attached to
a DNA-binding domain, which is allocated upstream of a minimal
promoter regulating the expression of a gene of interest (Fig. 9).
Under far-red illumination (740 nm), both components of the
toggle switch remain dissociated and therefore gene of interest
(goi) is not expressed. Red light illumination (660 nm) triggers a
conformational change in PhyB that reconstitutes the split
transcriptional activator thus activating the expression of the gene
of interest, as long as the protein-protein interaction is
maintained.

Figure 9: red-light responsive

PhyB#: toggle switch for plant systems.
PIF6 Polll . . .
AD i The light-inducible  system  of
BD ‘ """" > Zurbriggen lab consists of a split
- ] transcriptional activator (BD:PIF6
operator Proin goi and PhyB:VP16) which assembles
upon red light illumination (660 nm)
740 nm 660 nm activating the expression of a
downstream goi. As the dissociation
PhyBx  AD o
rate of both restored transcriptional
PIFG

activator is very low, the system

preserves this state until the proteins

BD are degraded or are illuminated with

- I far-red light (740 nm) breaking the

operator Pmin gor interaction of PIF6 and PhyB.
Adapted from [122].

24



Chapter |

Besides stable protein-protein interactions, memory can be
installed in genetic systems in several ways, one of the most
effective ones consisting in the introduction of covalent changes
in the DNA. Therefore, of special interest would be to create a
toggle switch based on SSR, whose stability is ensured by a
covalent change in the DNA rather than in a passenger protein-
protein interaction. This would create a memory state that virtually
would last forever and could be transmitted over generations,
avoiding any metabolic burden or instability inherent to the
constant expression of transcriptional activators or repressors,
typical of the classical inducible systems [123, 124].

In plants, SSR has only been applied for transgenic trait
excision or insertion as has been previously described in this
General Introduction. In Chapter lll of this thesis, the applications
of SSR in plants have been expanded by engineering a new
bistable and reversible toggle switch based on the phage PhiC31
recombination system machinery.
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Objectives

All the information reviewed above lead us to propose a
research plan directed to expand the plant biotechnological
toolkit with new tools for precise genome editing and
transcriptional regulation. To develop this general objective, a set
of specific objectives were planned:

1. Todesign and develop new phytobricks for precise plant DNA
manipulation.

i. To expand the genome engineering tools with all
the necessary elements to perform site-specific
mutagenesis with CRISPR/Cas12a endonuclease
(Chapter Il).

ii. To design a reversible and biestable memory
switch based on the site-specific recombination
machinery of the phage PhiC31 (Chapter lll).

2. To extensively characterize these tools through transient and
stable expression experiments in different model plants:

i. To evaluate different Cas12a endonuclease
orthologs and crRNA expression strategies
(Chapter Il).

ii. To compare the mutagenesis efficiency of
CRISPR/Cas12a with the well-stablished
CRISPR/Cas? (Chapter II).

iii. To assess the genome-wide specificity of
CRISPR/Cas12a (Chapter II).

iv. To test the biestability and memory features of the
phage PhiC31-based toggle switch (Chapter Ill).

V. To demonstrate the inducibility of the PhiC31
integrase (Chapter IIl).
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1. Introduction

CRISPR (clustered regularly interspaced short palindromic
repeats) is an adaptive immune system, which defends
prokaryotes against invader nucleic acids [1-3]. Components of
Class 2 Type Il CRISPR systems have been engineered into easily
programmable RNA-guided endonucleases (RGENSs), setting the
stage for genome editing approaches that will be widely available
to the research community [4]. The arrangement of CRISPR-based
tools typically involves two components: the Cas9 effector protein
and a ~100 nt small guide RNA (sgRNA), which is a combination
of the crRNA and tracrRNA originally encoded by the CRISPR loci
[5]. To date, the most widely used Cas? orthologue has been
SpCas9 (Streptococcus pyogens). The tandem SpCas?-sgRNA
targets genomic sequences of 20 nt upstream to a 5-NGG-3’
protospacer adjacent motif (PAM) and introduces a double-strand
break (DSB) in many organisms [6-9]. The DSB takes place near
the PAM sequence and originates blunt ends that, in plants, will
be repaired preferentially by non-homologous end joining
(NHEJ), occasionally introducing indel mutations [10].

The canonical CRISPR/Cas? RGEN system offers a variety of
applications in plant biotechnology, from crop breeding to plant
synthetic biology. The efficiency of SpCas? in genome editing has
been demonstrated in dozens of plant species, where it has been
used to produce new traits of agronomic importance, including
resistance to abiotic stress, herbicides, etc. [11-13]. Despite its
success, further expansion of the CRISPR toolbox with new RGEN
tools will be necessary to overcome inherent limitations of
SpCas?. One of these limitations is the strict PAM-dependence,
which constrains the availability of target sites. For instance, non-
coding regions, which are important in breeding for the
generation of artificial quantitative trait variability [14, 15], are
relatively poor in 5'-NGG-3' sites [16]. Other current limitations of
SpCas?, like its large size for viral delivery, or the low efficiency in
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gene targeting caused by blunt DSB, could eventually be
overcome with the introduction of alternative editing tools.

Recently, a new putative Class 2 Type V CRISPR system has
been identified [17]. This locus encodes for a different Cas
effector protein, Cas12a (Cpf1), and a single crRNA of 42 nt; The
CRISPR/Cas12a system displays different features from that of
SpCas? [18], making it an interesting complement to SpCas? in
plant genome engineering. Acidaminococcus sp. Casl2a
(AsCas12a) and Lachnospiraceae bacterium Casl12a (LbCas12a)
are the most commonly used Cas12a orthologues, which have
been proven to be effective in mammalian cells [17, 19, 20]. Both
RGENs recognize a 5-TTTN-3" PAM sequence and introduce a
staggered DSB at the end of the protospacer (PS) sequence,
which has been reported to favor gene insertions [17]. Finally,
Cas12ais smallerthan SpCas9, which might facilitate viral delivery
[21].

CRISPR/Cas12a  engineering  activity = was  recently
demonstrated in plant cells. First, targeted mutagenesis of rice
and tobacco genomes was achieved using the Franciscella
novicida Cas12a (FnCas12a) orthologue [22]. Most recently, TO
mutant lines in rice have been obtained using AsCas12a and
LbCas12a.[23-26]. Also, a DNA-free approach, delivering
AsCas12a and LbCas12a loaded with crRNA, was validated in wild
tobacco and soybean protoplasts [27]. However, the decision to
use Cas? or Cas12a is difficult to make since few studies have
assessed the reliability and robustness of Cas12a as an alternative
to Cas? in plants. Here we report a comprehensive assessment of
Cas12a activity in plants through the analysis of more than 130
mutagenesis events in three different plant species. Our results
indicate that Cas12a is a viable alternative to Cas9 for genome
editing in plants, although further efforts will be required to make
the efficiency of the editing activity more predictable.
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2. Results

2.1.A GB-assisted cloning strategy for plant Cas12a
constructs

GoldenBraid 3.0 (GB3.0) is a software-assisted multigene
cloning system (https://gbcloning.upv.es) based on type IIS
restriction enzymes [28] and conforming to the phytobrick
standard [29]. GB3.0 was earlier adapted to plant gene editing
with SpCas? [30]. Here, all the necessary elements to carry out
targeted mutagenesis with AsCas12a and LbCas12a were
adapted to GB3.0. Figure 1a depicts the cloning workflow
followed to create the so-called Cas12a gene editing module
(CGEM). Cloning a functional crRNA requires the following three
components: (i) an invariant 5’element comprising the AJ6-26
RNApol Il promoter fused to either the AsCas12a or LbCas12a
direct repeat (DR) (GB1442 or GB1443 standard phytobricks
respectively); (i) two partially complementary oligonucleotides
containing the PS sequence and flanked by 4 nt overhangs
complementary to the adjacent elements and (iii) a 3’element
comprising the signals for correct termination and processing of
the crRNA (GB1444 or similar). All Level 0 elements are combined
into a Level 1 composite part through a cyclic restriction-ligation
Golden Gate-like multipartite Bsal reaction, to build the entire
crRNA TU. Finally, the assembled crRNA cassette is joined with
pre-assembled As/LbCas12a TUs (GB1440, GB1441) on Level>1
with a BsmBIl-mediated restriction-ligation reaction, producing
the final CGEM. The CGEM can be directly used for transient
expression or attached to a selection marker (e.g. kanamycin
resistance gene GB1181) for stable transformation experiments.
All the necessary elements to perform plant targeted mutagenesis
with Cas12a will be deposited in Addgene and in the GB3.0
repository.
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As a first optimization step, we analyzed two design
alternatives concerning 3° RNA processing signals. Since
superfluous nucleotides at the 3’ end of the crRNA derived from
the poly-T Ué terminator could negatively affect the efficiency or
the specificity of the Cas12a, we compared the efficiency of a self-
processing hepatitis delta virus (HDV) ribozyme that removes the
poly-A tail from the transcript leaving no additional nucleotides at
the 3' position of the crRNA with a classical construct carrying
unprocessed U6 termination signal, which conserves a spurious
tail of adenines at the 3’position of the Cas12 crRNA (Fig. 1b). The
introduction of a self-cleavable ribozyme in the 5%end of the
transcript was unnecessary in our design, as we added a 5'-G to
the Cas12a DR, which is compatible with the RNApol lll promoter
AtJ6-26 transcription start site. We evaluated the efficiency of
both constructs on the N. benthamiana XT1 target locus
(Niben1015cf04205g03008. 7) using a transient assay. Mutation at
the X77target site can be easily scored by the loss of an £coRl site.
Restriction enzyme (RE) analysis revealed that both AsCas12a and
LbCas12a introduced mutations in X77 (Fig. 1b), however
statistically significant differences were observed between the
HDV and U6 terminator strategies for both nucleases, with higher
activity observed for the HDV crRNA construct. For this target,
LbCas12a was the most effective nuclease, exhibiting an activity
6-fold (HDV setup) and 11-fold (U6 terminator setup) higher than
AsCas12a.

Recently, a multiplexing strategy was described for Cas12a
based on its ability to process multimeric crRNAs containing two
or more PS sequences separated by DRs [31]. To test this function
in plants, we designed a double PS construct simultaneously
targeting the X77and X7T2(Niben1015cf04551902001.7) loci and
tested its mutagenesis efficiency in N. benthamiana (Fig. 1c).
Because mutagenesis at the X7.2 target site does not produce a
restriction enzyme polymorphism, editing efficiency for each
target was estimated using the T7 endonuclease | (T7E1)
mismatch cleavage assay. As shown, the self-processing strategy
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was successful in guiding Cas12a to both target loci and the
efficiencies scored were similar with both strategies (HDV and

multiplexing).
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Figure 1: Cas12a gene editing module (CGEM) assembly and strategy of the
crRNA expression. (a) Level 1 cloning of the crRNA TU through Bsal restriction-
ligation reaction requires three elements: A#J6-26:DR (GB1442, GB1443),
partially complementary oligos of the PS and HDV termination signal (GB1444).
Bsmbl- mediated binary assembly into Level>1 of the crRNA TU and the
As/LbCas12a TU (GB1440, GB1441) to create the Cas12a gene editing module.
(b) Schematic of the constructs used for the expression of a single crRNA and the
final structure of the transcript. Efficiency comparison between HDV and Ué poly-
T approach expressed as the percentage of undigested band after EcoRl
digestion. Statistical ttest analysis showed difference for the As and the
LbCas12a (pvalue<0.05). Error bars represents SEM; n=3. (c) Representation of
the construct used for the expression of multiple crRNAs in the same transcript,
and table showing the comparison of the efficiencies between HDV and
multiplexing.

2.2.Transient expression of CGEM provides efficient
targeted mutagenesis in N. benthamiana leaves

To assess to what extent the differences between AsCas12a
and LbCas12a efficiency observed for the X77 locus could be
generalized, similar comparisons were made at several positions
of the N. benthamiana genome using the HDV strategy.
Furthermore, SpCas9 constructs targeting the same locus were
added for comparison. In total, we examined 8 chromosomal
sites, four of them designed to have completely overlapping
target sequences between As/LbCas12a and SpCas9 and the
remaining four with a partially overlapping PS (Fig. 2a).
Mutagenesis efficiency for each RGEN-locus pair was scored in
transient transformation assays in N. benthamiana using the T7El
mismatch cleavage assay. Each experimental point comprised
three biological replicates for which three different leaves were
infiltrated and pooled (see Fig. S3a). Results plotted in Fig. 2a
revealed strong differences in the mutagenesis efficiency of
RGENs depending on the target, ranging from undetectable
levels to a maximum above 30% efficiency for LbCas12a at the
TFLT 74.7 locus. The Cas12a editing results obtained with T7El
assay for XT77 locus were compatible with those obtained
previously with the RE assay, although the T7E1 assay is less
sensitive than restriction polymorphisms. Only one of the assayed
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targets (X72A) was mutated by all three RGEN at similar levels
(9%). On the contrary, the X72B locus was only efficiently
mutagenized by SpCas9. For the targets assayed, LbCas12a was
the most reliable RGEN (Fig. 2b), causing detectable indels in 7
out of 8 targets and displaying the higher mutagenesis average,
as compared to SpCas9 and AsCas12a (SpCas9 = 5*2%;
AsCas12a = 322%; LbC12a =17+£6%).
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Figure 2: Comparison of the RGEN at several loci of N. benthamiana. (a)
Mutation frequency for individual loci targeted with the three RGEN and
determined by T7E1 mismatch cleavage assay. The sequence for each locus is
detailed on the right part of the figure, with the Cas12a PAM highlighted on pink,
the PS of Cas12a on light blue, the Cas9 PAM on purple and the PS on dark
green. Error bars indicate SEM; n=3. ND: not detected. (b) Summary of the
mutated and no mutated loci for each endonuclease. Mean indel frequencies

SEM are shown.
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2.3.Modifications in the crRNA DR loop affect RGEN
activity but cannot compensate low efficiency
editing

The crRNA structure includes a DR region whose proper
folding is important for nuclease activity [20, 32]. The DR region
of AsCas12a and LbCas12a are identical except in the distal loop,
which contains a 5-UCUU-3’ tetra-nucleotide in AsDR and a 5'-
UAAGU-3' penta-nucleotide in the case of LbDR (Fig. 3a).

a

5'-UNN-3'
TFL1:-UGU- -UAC- -UUA- -UAA-
FT:-UCA- -UGU- -UAC- -URA-

Loop

Stem loop

TFL1 3.1 TFL1 14.1 FT mm AsCas12a
B LbCas12a
UG UG UcA{
UAC: UAC UG ——
UUA- UUA- UAC [E——
A UAA Upp m——
LbDR LbDR LbDR {2
AsDR AsDR AsDR{S
S ® ® N N T T L
%Indel Frequency %Indel Frequency %Indel Frequency

Figure 3: The DR loop sequence influences Cas12a activity. (a) DR structure of
the AsCas12a (AsDR), LbCas12a (LbDR) and synthetically engineered (synDR).
Highlighted in pink the different nucleotides of the three structures. The varying
nucleotides of the synDR loops are also indicated (5-UNN-3’) for each target. (b)
Mutagenesis efficiency results of the wtDRs and synDRs at 7FL7 and FT7 targets.
All the DRs structures were evaluated for each endonuclease. Error bars
represent SEM; n=3. ND mean not detected.
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Cas12a variants are known to accept crRNAs from other
species [17] demonstrating a certain flexibility in the DR loop. A
possible factor influencing Cas12a efficiency is the stability of the
DR region. The stability can be affected by the presence of
additional complementary regions between the DR and the PS.
Therefore, we decided to test the possibility of reducing the size
of the DR loop, thus minimizing interactions with PS. Several
simplified synthetic DR loops (synDRs) were designed with
different abilities to disrupt/conserve the DR integrity, as assessed
by the RNA secondary structure prediction software ViennaRNA
[33] and MFold [34] that calculate the stability of DR loop-DR/PS
interactions based on the predicted -AG (Table S3). As shown in
Fig. 3b, all crRNA structures (wtDRs and synDRs) exhibited
detectable mutagenesis levels at 7FL7 3.7 and TFL7 14.7 targets,
whereas only LbCas12a was active at the FT locus. Notably, the
AsCas12a-synDR 5-UGU-3' combination outperformed native
AsCas12a-AsDR at the 7FL7 3.7 locus, reaching levels similar to
those obtained with LbCas12a in its native combination. However,
none of the synDR loops assayed was capable of increasing
AsCas12a activity at the FTtarget to detectable levels. In general,
LbCas12a performed better with AsDRs and LbDRs than with
synDRs containing shorter loops, whereas AsCas12a activity was
unaffected or slightly improved by trinucleotide loops.

2.4.Cas12a as a genome editing tool in N
benthamiana, tomato and Arabidopsis

As the next step in the evaluation of the mutagenesis activity
in transient assays, we assessed the ability of GB3.0 Cas12a
constructs to perform genome editing using standard stable
transformation protocols in three different plant species. To this
end, we used a generic gene editing module represented in Fig.
4a, containing three TUs: the kanamycin selection marker, the
crRNA expression cassette and the TU encoding SpCas?,
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AsCas12a or LbCas12a nucleases. Stable transformation of N.
benthamiana was first used to confirm the results obtained in leaf
transient experiments targeting the X77 locus using AsCas12a
and LbCas12a (Fig. 4b). Genotyping of the TO transgenic
generation revealed that 54% of the 37 kanamycin-resistant plants
carrying the LbCas12a construct had mutations at the target site
(Fig. S1a). In contrast, no edited plants were found for the
AsCas12a construct (see Fig. S1b). TIDE analysis of the TO edited
lines revealed that the majority of the mutated lines were bialellic
(60%); line 22 even showed 4 different mutations, consistent with
an early chimera derived from two differentially edited progenitor
cells (Fig. 4b).

AsCas12a, LbCas12a and SpCas?, were also assayed in
tomato plants in a parallel experiment where all three editing
constructs were designed to target the same locus
Solyc01g079620 (MYB12). Fig. 4c shows the precise targeting
sites for each RGEN and the TIDE analysis for the mutated lines.
Only one chimeric plant was recovered from the AsCas12a
experiment, showing a 9 bp deletion present in approximately
10% of the copies of the genomic DNA samples analyzed. In
contrast, two edited plants were recovered for both LbCas12a
and SpCas?9 nucleases. Both SpCas9-edited plants were biallelic
while only one of theLbCas12-mutated plants had mutations in
the two alleles.

Figure 4: Mutagenesis data extracted from stable transformations of different
model plants. (a) Generic GEM encompasses three TUs: kanamycine selection
marker (Nptll), the crRNA expression cassette and the RGEN TU. (b)
Representation of the X77 loci of N. benthamiana with the targeted sequence,
and table collecting TIDE data from the mutated lines. Marked lines (*) were not
analyzed with TIDE. (c) Genomic loci of the S. lycopersicum MYB12 targeted
gene, with the three RGEN, and results of the TIDE analysis of the edited plants.
The "overall efficiency” represents the sum of all the individual mutations traced
by TIDE. The “mutation efficiency” specifies the type of mutations associated to
its efficiency in brackets. Only mutations which p-value<0.001 have been
considered in "mutation efficiency”.
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Finally, we assayed LbCas12a activity in Arabidopsis. In this
case, we also decided to determine the ability of LbCas12a to
produce large deletions in the genome. To this end, we designed
a CGEM with the LbCas12a under the transcriptional control of
the A. thaliana Ubiquitin10 (UBQ10) promoter and two crRNAs
directed towards two target sites flanking the Arabidopsis PDS3
locus (see Fig. 5a). INDELs flanking non-coding regions are
unlikely to produce loss-of-function mutations. Therefore, with
this design, only editing events producing large deletions in both
PDS3 alleles are expected to generate the albino phenotype. The
CGEM construct also contained a DsRED marker gene under the
control of a seed-specific promoter to track the presence
(DsRED(+)) or absence (DsRED(-)) of the transgene. Despite the
strict constraints imposed, we could observe white somatic spots,
consistent with bialellic loss-of-function chimeras, in 5 out of 50 T1
stably transformed plants (scored as DsRED(+), Fig. S2b). The
analysis of white somatic spots confirmed that they corresponded
to different large deletions in the PDS3 locus (Fig. 5b). Three of
the identified chimeric lines (PDS-1, PDS-2 and PDS-3) were
grown to the T2 generation and, as expected, some of them (lines
PDS-1 and PDS-3) produced offspring showing a completely
albino phenotype, consistent with PDS3 loss-of-function (Fig. 5c¢).
The albino phenotype was present both in DsRED(+) and DsRED(-
) offspring (Fig. 5¢) indicating that, at this point, PD53 mutations
segregated independently of the CGEM T-DNA. The presence of
loss-of-function deletions in T2 DsRED(-) seedlings, thus regarded
as germ-line-associated, was confirmed by PCR (Fig. 5c).
Interestingly, an allele with a full deletion of the PDS3 gene
(indicative of concomitant activity in targets 1 and 2) was detected
in T2 pools derived from white individuals from line PDS-1, in
addition to a partial deletion of the locus. Partial deletions with
some additional rearrangements were also detected in pools
derived from the T2 generation of lines PDS-2 and PDS-3 (PCR B,
Fig. 5c). The structure of deletion-containing PCR bands was
analyzed by Sanger sequencing and resolved (Fig. S2c), revealing
a number of rearrangements as a result of Cas12a mutagenesis,
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predominantly in target 1. In addition to large deletions, small
indels ranging from 3 to 34 nt were also identified as expected in
green seedling pools using TIDE analysis (Fig. 5d).

The presence of deletion-containing alleles in DsRED(-)
seedlings was clearly indicative of the presence of Casl12a
mutations in the germline. An additional confirmation for this
germline-association was obtained with a segregation analysis of
the T3 seeds from the PDS-1-118 T2 DsRED(-) line. Attending to
the number of plants with the recessive albino phenotype, the
expected 3:1 segregation hypothesis was initially discarded by X2
statistic (Fig. S2e). However, the PCR analysis of green T3
seedlings (heterozygous and wt) in the PDS-1-118 line revealed
the presence of the loss-of-function deletion in a 1:2 proportion,
a segregation which is compatible with germ-line inheritance (Fig.
S2e). Combined, these results indicate that the observed PDS3
deletions are germline-associated, and that the segregation of
albino plants is probably distorted by reduced fertility and viability
of the homozygous PDS3 loss-of-function mutation, as suggested
previously [35].

Figure 5: LbCas12a is capable to induce large deletions in A. thaliana. (a)
CGEM used for A. thaliana stable transformation and locus chosen to study the
ability of LbCas12a to produce large deletions, showing the two target sites on
the UTRs flanking the PDS3 gene. Arrows indicate primers used for the
amplifications. (b) Alignments of three different complete deletions found in the
white spots of the T1 generation visualized with Benchling. The complete gene
have been deleted and the UTRs joined. (c) Analysis of albino phenotype (pds
mutants, white seedlings) segregation in T2 seedlings grown in MS plates.
Segregation analysis of DsRED(+) and DsRED(-) seeds from the three lines (PDS-
1, PDS-2 and PDS-3) and PCR amplification of white or green DsRED(-) seedlings
pools from the three different lines. (d) TIDE mutation analysis of DsRED(-) and
DsRED(+) from pools of green plants from PDS-1, 2, 3 lines. Both, target 1 (T1)
and target 2 (T2) were analyzed. “Overall efficiency” and “mutation efficiency”
means the same than Fig. 4.
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2.5.A meta-analysis of Cas12a mutagenesis profile
shows a high frequency of small-medium size
deletions

To get insight into the compared signatures of Cas12a and
Cas?, we performed a meta-analysis collecting all TIDE
mutagenesis data produced for N. benthamiana (stable and
transient experiments), tomato and Arabidopsis (stable
experiments), (Fig. 6). A total of 272 mutagenesis events were
compiled: 137 for Cas12a and 135 for Cas9. To represent the
mutation landscape, we assigned an arbitrary value of one to each
mutation event detected in a TIDE experiment. Then, we summed
all the events with a certain INDEL size and divided it by the
number of total events detected in order to calculate the mutation
frequency of each INDEL size. The results are plotted in Fig. 6. As
observed, the Cas12a deletion profile was different from that of
Cas9, showing a tendency to produce larger deletions. In
contrast, Cas? displayed small insertions (+1, +2, and +4 bp) and
small deletions more frequently. Summarizing, our meta-analysis
illustrates that Cas12a produces a deletion-enriched mutagenesis
profile in comparison to that produced by SpCas9.
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Figure 6: Meta-analysis of N. benthamiana, S. lycopersicum and A. thaliana
mutation events. Compilation of all the TIDE data produced in the laboratory for
Cas12a and Cas9 from transient and stable expression experiments of three
plant species (N. benthamiana, S. lycopersicum and A. thaliana) to compare
mutagenesis profile of both endonucleases.
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2.6.Whole genome sequencing of LbCas12a-mutated
A. thaliana plants revealed no appreciable off-
target effects

An important feature for editing nucleases is the extent of off-
target mutagenesis. Usually, this parameter is evaluated by
examining candidate off-target loci by PCR. However, recent
studies have reported large DNA rearrangements near the target
loci, which remain undetected with traditional target-specific PCR
analysis [36, 37]. Also, indiscriminate single strand DNA (ssDNA)
DNAse activity of Cas12a upon activation by target-specific
cleavage has been observed /n vitro [38, 39].These observations
have led to the suggestion that increased mutagenesis rates could
occur elsewhere in the genome, particularly in areas with transient
ssDNA formation, such as active DNA replication and
transcriptional sites. To carefully evaluate the potential off-target
effects of LbCas12a, we performed Whole Genome Sequencing
(WGS) of eight selected Cas12a-edited Arabidopsis lines.

Four green individuals from the PDS-3 line (PDS-3-111, 113,
114, 115) and four of PDS-1 (PDS-1-117, 118, 119, 123) DsRED(-)
T2 plants bearing different mutations at target site 1 including
large deletions in heterozygosis, were each re-sequenced at 20X
coverage. Itis important to note that these plants had segregated
Cas12a and therefore observed mutations are necessarily
germline-associated. The genotype of the PDS3 locus for each
individual is highlighted in Fig. S2d. As a reference, two DsRED(-)
T1 plants (WT-104 106) and a pool of five DsRED(-) T1 plants
(including WT-104 and WT-106), in which Cas12a was never
present, were also included for resequencing; the pool was
sequenced at a deeper coverage (60X) to assess the population
variability (named as POOL).
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Once all on-target mutations present in the sequenced lines
were confirmed by WGS, we proceed with the off-target analysis.
The first off-target study consisted in the analysis of homologous
sites. Using Cas-OFFinder software [40] set for a maximum of four
mismatches, three putative off-target sites for target 1 were found.
Software tools failed to detect SNPs, INDELs and structural
variations (SVs) at these positions in any of the analyzed plants
(Table 1a).

Table 1: off-target effects of LbCas12a in DsRED(-) T2 PDS-1 and PDS-3
A.thaliana mutants.

(a) Off-target effects found at three different off-target sites predicted by Cas-
OFF finder software. The PAM sequence is highlighted, and the mismatches are
shown in lowercase.

Off-target sequence SNPs  INDELs SVs
TTTCaTATgaGCTACTTtCACTAG O 0 0
TTTATTATgaGCTACTTCCACaAG 0 0 0
TTTATTtTtGGCTACTcCCALTAG 0 0 0

(b) Variations found in the WGS analysis. The numbers outside the parenthesis
indicates the variations found when comparing with the reference genome.
Inside the parenthesis events obtained comparing each edited plant vs WT
samples.

DsRED(-)

plant SNPs INDELs SVs
PDS-3-111 1577 (24) 460 (30) 5(3)
PDS-3-113 1535 (25) 474 (35) 6(4)
PDS-3-114 1549 (24) 469 (36) 3(1)
PDS-3-115 1566 (23) 471(31) 2(0)
PDS-1-117 1558 (8) 442 (7) 2(1)
PDS-1-118 1569 (9) 441 (5) 8(8)
PDS-1-119 1575 (4) 450 (23) 3(1)
PDS-1-123 1579 (11) 452 (13) 3(1)
WT-104 1533 437 2
WT-106 1565 423 2

SNPs were analyzed with GATK-HC, VARSCAN and FREEBAYES. INDELs with
GATK-HC, VARSCAN, PINDEL. Structural Variations with (SVs) with Delly.
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Next, we searched for unspecific enrichment of mutation rates
in the Cas12a-"treated” plants as compared to their relatives not
subjected to Cas12a activity. Table 1b shows the results obtained
with this approach. The columns SNPs, INDELs and SVs show the
total number of consensus variations found in each T2 plant
compared with the reference genome (as detected by all
programs used in the analysis, Fig. S4). We also traced possible
background mutations of PDS plants comparing them against WT
and POOL samples. The data obtained discards massive increases
in “indiscriminate” mutagenesis possibly associated with Cas12a
activity. Note for instance that in line PDS-1-117, only 16 of all
detected variations could not be traced back to the genomes of
its Cas12a-free T1 relatives (8 out of 1558 SNPs, 7 out of 442
INDELs and 1 out of 2 SVs). This low number of putative “new”
mutations is fully compatible with development-associated
spontaneous events.

Interestingly, the WGS also revealed multiple structural
variations surrounding the target site in the PDS-1-118 line, which
would have remained undetected by classical PCR analysis. The
reads observed in this line can be explained as the result of a
duplication of approximately 13Kb and two large deletions of 2
and 4Kb. (Fig. S5). This event was not found in sibling lines, clearly
suggesting an association with the Cas12a signature.
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3. Discussion

Plant genome engineering facilitated by RGEN is expected to
play an important role in the adaptation of agriculture to XXI
century challenges. After the first wave of tools based on Cas?,
which was shown capable of producing edited mutants in virtually
every species tested, a second generation of refined tools is being
progressively incorporated to the genome editing toolbox. These
new tools are emerging in parallel with a number of modular
cloning methods that facilitate the customization of often
multiplexed editing constructs [41-44]. Thus, following the same
design principles adopted earlier to integrate CRISPR/Cas? into
GB modular cloning [30], we adapted Cas12a tools to the so-
called phytobrick standard, adopting both crRNA and Cas12a TUs
as level 1 structures to maximize the exchangeability while
preserving the combinatorial potential.

Mutagenesis efficiency was evaluated using transient A
benthamiana assays, based on our previously described detailed
standard procedures for the analysis of Cas9-based mutagenesis
(see [30]). We chose the T7E1 assay for the estimation of the
mutagenesis efficiency since itis a cost-effective method. It should
be noted that this procedure has a lower sensitivity than RE
polymorphism analysis, therefore actual efficiencies below a
certain threshold (approximately 5%) should not be discarded for
some targets. Also, it has been previously described that T7E1 can
underestimate mutagenesis rates in highly efficient targets or in
DNA populations showing low mutation variability (e.g.
homozygous mutations). However, our analysis is unlikely to be
affected by this T7E1 bias as they were performed on complex cell
populations with maximum estimated efficiency rates of 30%, a
range of activities in which the T7E1 assay can be considered a
reliable estimation method [45]. Our results, far from showing a
clear front-runner nuclease, indicated a strong target-dependent
efficiency. Interestingly, all loci analyzed were efficiently mutated
with at least one RGEN indicating general accessibility of the
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selected loci. On the contrary, all three RGENs produced
undetectable mutagenesis levels in at least one selected locus. In
general, LbCas12a and SpCas9 showed more reliable results than
AsCas12a, producing detectable mutation rates in 7 and 6 of the
8 assayed targets respectively, while AsCas12a produced
detectable mutation rates only in three targets. The average and
maximum mutagenesis rates were displayed by LbCas12a,
indicating that this enzyme can be a fair competitor or even
outperform SpCas9 for certain applications. Our findings are
consistent with previous publications in mammalian cells
reporting high variability among the evaluated targets, with
SpCas? as the most robust of the three RGEN in Kim D. etal., 2016
[19] and LbCas12a in Kleinstiver BP et al., 2015 [46]. In plants,
Endo A. et al., 2016 [22], targeted four different positions of the
NtSTF1 gene with FnCas12a, but only one crRNA produced
mutations.

In our hands, SpCas? showed lower dispersion in the scored
activities, which grouped between 5% and 20%, whereas
LbCas12a showed more variable results. This observation might
reflect the larger size of the SpCas9 sgRNA (~100 bp) as
compared to AsCas12a and LbCas12a crRNAs (~40 bp). This
larger size might “protect” the SpCas? sgRNA against disruption
of the secondary structure towards unproductive/unstable
conformations that prevent mutagenesis [47]. In contrast, the
smaller size of the Cas12a crRNAs might facilitate the adoption of
unproductive/unstable conformations, explaining the broader
range of editing efficiencies. We explored the possibility of
creating improved structures by engineering DRs with a simplified
loop of three nucleotides, trying to minimize the interactions
between the DR and the PS that could impair crRNA function.
Although certain improvements in mutagenesis activities were
obtained with synthetic DR loops when combined with AsCas12a,
in general the strategy failed to obtain higher efficiencies for
LbCas12a, or to “turn on” inactive combinations as exemplified
with F7 and AsCas12a. Despite this, our data serves to
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demonstrate that engineering of DR loop can be used to
modulate Cas12a efficiency, producing a range of activities that
can be used in transcriptional regulation approaches, for
example.

Although efficiency studies using transient assays are highly
informative, they need to be confirmed by generating stably
edited plants. We first assayed N. benthamiana as a way to
corroborate the editing efficiencies observed in transient assays.
LbCas12a efficiency for the X77 locus was surprisingly high
compared with a previous report in a solanaceous plant (tobacco)
using FnCas12a, where no bialellic mutants were recovered [22].
In contrast, we could not recover mutant lines from AsCas12a
transformants. LbCas12a has also been reported to produce high
mutation rates with a high ratio of bialellic plants in rice stable
transformation [22-25, 48]. Together, there is now enough data to
conclude that the robustness of LbCas12a is a general feature in
plants. Regarding the comparison between LbCas12a and
SpCas9 for stable genome editing, recent experiments in maize
showed higher editing rates with SpCas? as compared to
LbCas12a targeted to the glossy2locus [32], in line with the data
obtained in our tomato experiment. However, these observations
reflect only the results obtained with a very limited number of
genome targets and therefore it would be premature to draw
conclusions from these findings, as our transient expression data
show a strong loci-dependent effect on RGENs activities, with
LbCas12a producing higher mutagenesis rates in the majority of
the loci assayed. It is also possible that /n vitro culture conditions
during stable transformation could account for some of the
differences observed. Recently, a strong temperature
dependency for AsCas12a has been reported, showing a severe
decrease in activity below 37°C [49]. This effect could explain in
part the lower performance of AsCas12a in stable transformation,
as the transformation/regeneration processes take place at 22-
25°C. This would discard AsCas12a in practice for plant editing
procedures involving /n vitro culture, unless transformation
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conditions are adapted to maximize editing (rather than
transformation) efficiency.

The meta-analysis plot shows that SpCas9 tends to produce
small indels of few nucleotides in contrast with the Cas12a
enzymes tested, which induce a broader range of deletions but
no insertions. Deletions are often associated with
microhomology-mediated end joining (MMEJ) repair [50], which
depends on the specific target sequence that marks the formation
of the microhomologies. It should be taken into account that the
TIDE data used in this meta-analysis derives from a heterogenic
collection of N. benthamiana, S. lycopersicum and A. thaliana
targets. For this reason, biases due to the mutation signature of
certain targets (determined by the local micro-homologies) or by
the organism considered, can be discarded. In addition, the
reported profiles are consistent with the literature, as other
authors have shown a prevalence of deletions with Cas12a in
comparison with SpCas9 in mammalian cells [19] and plants [22].
The distinctive mutation signature of Cas12a has interesting
functional implications, considering for example that larger
deletions are more prone to generate loss-of-function mutants
and remove regulatory operators in promoter regions, two
features that can be exploited in breeding practices [51].
Furthermore, whereas DSB in Cas9 takes place at a position
proximal to the PS sequence, Cas12a cleaves at a distal position,
thus allowing target conservation after cleavage, which allegedly
promotes larger deletions by MMEJ or gene insertions via
homology direct repeat (HDR) [49, 52]. Whether the Cas12a
signature will enhance gene targeting (GT) efficiency in plants is a
possibility that remains to be tested, either alone, or in
combination with other GT-enhancing methods, such as
geminivirus replicons [53].
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Finally, we searched for putative off-target effects not only in
related homology sites, but also elsewhere in the genome using
WGS analysis. We could not detect homologous off-targets in any
of the plants under analysis. Moreover, we do not find evidences
in any of the analyzed lines of enhanced genome-wide
mutagenesis to occur as a result of Cas12a activation as
suggested previously [38, 39]. Just the opposite, WGS data
showed that all analyzed lines had variations with the reference
genome and with their own relatives in the range of those
observed in Cas12a-free plants. Therefore, we can conclude that
Cas12a can generate transgene-free edited plants (e.g. plant
PDS-1-117) whose levels of “"new” mutations not present in the
background are negligible and indistinguishable from
spontaneous mutations caused during development. A similar
conclusion was obtained recently in rice Tang X. et al., 2018 [54].
Nevertheless, we did observe a relatively large distortion of the
alignment of lllumina reads compatible with a duplication event
in the vicinity of the target site in at least one plant (PDS-1-118).
This structural change would have remained undetected using
only PCR-based off-target detection methods. The same line
showed an increased number of SVs. These types of events, which
are not unusual in traditional plant breeding practices, do not
necessarily comprise breeding value to the resulting variety.
However, given the strict scrutiny to which genome editing
procedures are subjected, we conclude that re-sequencing of
“elite” lines produced with Cas12a is advisable to discard lines in
which rearrangements could occur.

Taken together, our data show that LbCas12a is an effective
RNA-guided endonuclease in a broad number of plant species, it
is amenable for modular cloning and multiplexing, and shows
efficiencies comparable with classical SpCas9 with similarly low
off-target effects and a characteristic tendency to produce larger
deletions.
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4. Experimental procedures

4.1.GBparts construction

GBparts employed in this study were created through the
domestication strategy described in [28]. Plasmids pY010
(pcDNA3.1-hAsCpf1, Addgene plasmid # 69982) and pY016
(pcDNA3.1-hLbCpf1, Addgene plasmid # 69988) kindly provided
by Feng Zhang laboratory, served as a template for the
construction of GB1338 and GB1339 by PCR amplification, using
the Phusion High Fidelity DNA polymerase (Thermo Scientific).
GB1442 and GB1443 were also obtained by PCR amplification of
GB1001. An amount of 40 ng of PCR products were subsequently
cloned into pUPD2 plasmid to create the above mentioned
GBparts through a BsmBlI restriction-ligation reaction. Partially
complementary ultramers with sticky ends were used to
domesticate GB1444. Separate ultramers were resuspended to a
final concentration of 1 uM, then 5 ulL of each were mixed and
incubated for 30 min at room temperature to facilitate the
hybridization. Finally, 1 uL of this mix was used to set up the
domestication reaction following the same protocol than for the
PCR products. Once cloned, GBparts were verified by restriction
enzyme (RE) analysis and confirmed by sequencing. All the
GBparts are listed in the Table S1.

4.2.Guide RNA assembly on level 1

The design of the guide RNA and the assembly of the
expression cassettes on level 1 were performed as described in
[30]. On the particular case of Cas12a, the Bsal-mediated
restriction-ligation reaction included a complementary pair of
oligos of the target (Supplementary Table S2) flanked by 4
nucleotide overhangs complementary to GB1442 and GB1443.
Guide RNA constructs were confirmed by RE-analysis and
subsequent sequencing. The produced constructs are detailed on
the Table S1.
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4.3.Cloning in a and Q-level destination vectors

Level 1 assemblies were performed through Golden Gate-like
multipartite Bsal restriction-ligation reactions to obtain TUs from
basic domesticated level 0 parts. Similarly, several TUs were
combined on level >1 with bipartite BsmBIl or Bsal-mediated
reactions to create modules. These assembly protocols are
detailed in [42]. The generated constructs are included in the
Table S1. The sequences are available at
http://gbcloning.upv.es/search/feature with the GB database ID.

4.4, Nicotiana benthamiana transient assays

Transient expression experiments were performed to test the
mutagenesis efficiency at several loci as described in [30, 42].
Each locus was assessed separately for the three RGEN (SpCas?,
AsCas12a and LbCas12a). To this end we mixed equal volumes of
Agrobacterium cultures of the P19 suppressor of silencing, the
RGEN and the crRNA/sgRNA. These cultures were first grown
from glycerol stock for two days to saturation, then 10 uL were
sub-cultivated for 16h. Next, the cultures were pelleted,
resuspended in the agroinfiltration (buffer 10 mM MES, pH 5.6, 10
mM MgCl2, and 200 pM acetosyringone) and adjusted to an
optical density of 0.2 at 600 nm (estimated 8 active T-DNA copies
per cell [42]. Finally, the three cultures (P19, RGEN and
crRNA/sgRNA) were mixed at equal parts to prepare the
agroinfiltration mixture. Three independent samples (plants of 4-
5 weeks-old grown in a stable condition of 24 °C (light)/20 °C
(darkness) with a 16-h-light/8-h-dark photoperiod) were infiltrated
to assess the effect of each RGEN at each locus. Three consecutive
leaves (second to fifth) were infiltrated in each plant. Five days
post-infiltration one sample per infiltrated plant was collected.
Each sample consisted in 6 pooled leaf-discs, 2 per infiltrated leaf,
collected with a 0.5 cm cork-borer (approximately 150 mg of
tissue). Immediately the samples were frozen in liquid nitrogen.
Control plants were infiltrated using the same mixture than the
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targeted locus but with an unrelated crRNA. Samples were
grinded with a Retsch Mixer Mill MM400 for 1 min at 30 Hz and
stored at -80°C for subsequent genomic DNA extraction (QDNA).

4.5. Nicotiana benthamiana stable transformation

N.  benthamiana stable transformation was performed
following a modification of transformation and /n vitro
regeneration of leaf-discs method [55, 56]. All in vitro steps were
carried out in a long day growth chamber (16 h light/ 8 h dark,
24°C, 60-70% humidity, 250 pmol-m2:s"). Samples for genotyping
were collected once the plants were sufficiently developed to
harvest 150 mg of tissue, which was frozen in liquid nitrogen and
stored at -80°C until extraction of gDNA.

4.6.Solanum lycopersicum stable transformation

Tomato transformation was performed following an adapted
protocol of [57]. Growth conditions and sampling was conducted
as described for N. benthamiana transformats above.

4.7.Arabidopsis thaliana stable transformation

Wild-type Col-0 plants were transformed by the floral-dip
method [58], with minor modification: 1 minute dipping into a
solution (Sucrose 5% + 0.2 ml Silwet77/liter) containing
Agrobacterium tumefaciens. Fluorescent seeds, containing the
transgene, were identified in a Leica microscope DMS1000.

4.8.Mutagenesis detection of on-target sites

Genomic DNA was extracted from transient and stable
expression experiment samples following the C-TAB protocol
[59]. The obtained gDNA was used for PCR amplification of the
selected locus using MyTag™ DNA Polymerase (Bioline) and a
pair of primers flanking the targeted sites (Table S2). PCR product
was confirmed by 1% gel electrophoresis and purified employing
QlAquick PCR purification kit (QIAGEN), following the
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manufacturer’s protocol. The purified PCR product was utilized to
detect mutagenesis by three well established methods: T7E1
assay, RE-analysis and TIDE. For the T7E1 assay (New England
Biolabs), 250 ng of the PCR product was submitted to a
denaturation-reannealing process using the thermocycler (95 °C
for 5 min; 95 to 85 °C at 2 °C/sec: 85 to 25 °C at 0.1 °C/sec; 4 °C
hold). The digestion product was visualized in a 2%
electrophoresis gel ran for 45 min (Fig. S3b-d). The mutagenesis
efficiency was estimated measuring the intensity of the non-
digested and the digested bands with ImageJ, and the data
obtained was treated as described in [60]. RE-analysis was set up
with 500 ng of PCR product and EcoRl (Fermentas) to assess
mutagenesis at the X77 locus. Mutated samples confirmed by
either method were sequenced and analyzed by TIDE to
characterize the indel size and the corresponding efficiency. All
experimental points represent the average of three independent
samples.

4.9.Mutagenesis detection of off-target sites

Genomic DNA was extracted from 100 mg of A. thaliana
rosetta leaves following the C-TAB protocol [59]. Paired-end
reads were obtained by sequencing the extracted DNA with
lllumina NextSeq 550 platform. Resulting raw sequences are
available at the NCBI Sequence Read Archive (SRA). Read quality
was assessed with FASTQC [61] and sequences were cleaned
using TRIMMOMATIC [62], keeping reads with an average quality
value of 29 in phred 33 scale and a minimum length of 50 nt. Then,
these reads were mapped against A. thaliana reference genome
TAIR10
(https://www.ncbi.nlm.nih.gov/assembly/GCF_000001735.4/)
using read mapper BWA-MEM [63]. Mapping statistics can be
found in Table S4a. Quality scores were recalibrated using GATK
best practices [64]. For this purpose and for further steps in this
pipeline a collection of SNPs and INDELs was downloaded from
NCBI dbSNP database (ftp://ftp.ncbi.nlm.nih.gov/snp/organisms/
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archive/arabidopsis 3702/VCF/). SNPs were detected using
GATK-HC v4 [64], VARSCANZ [65] and FREEBAYES [66]. For the
PDS and the WT samples a merged set was made using SNPs
detected by all three programs using Bcftools [67]. For the POOL
sample, GATK and FREEBAYES were used to produce the set of
SNPs. INDELs were detected using GATK-HC, VARSCAN2 and
PINDEL [68]. Those INDELs detected in two out of three programs
were used to construct a set of INDELs using Bcftools and GATK
tools. Due to the ploidy of the POOL sample, we omitted the use
of VARSCAN2 to the previously described detections. The SVs
were detected using Delly [69]. Filtering steps were applied in
SNPs, INDELs, and SVs detection using the parameters specified
in Table S4b. Using these sets all the SNPs, INDELs and SVs were
numbered using Bcftools and VCFtools [70]. For the PDS samples,
variations not found in the WT samples nor in the POOL were
taken. These variations found were checked using IGV. Potential
off-targets were detected using Cas-OFFinder [40] allowing a
maximum of 4 nt mismatches searching variations in these regions
using BEDtools [71], extending the off-target region 50nt in each
side and reviewed with IGV.
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6. Supplementary information

Figure S1: Genotyping results of the N. benthamiana transformed lines with the
CGEM targeting XT1 locus.
a) Genotyping of LbCas12a CGEM lines.
TO LbCas12a + XTI crRNA
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b) Genotyping of AsCas12a CGEM lines. 12/20= 60% bialelic
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Figure S2: Summary of the information regarding 4. thaliana experiments.

a) Pipeline followed in the experiments with 4. thaliana.
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b) White spots found in the cotiledons (left) and leaves (right) of DSRED(+) T1 lines compatible with
PDS3 deletion.

T1 seedlings (cotiledons) T1 plants (leaves)

¢) Large deletions and re-arragements found in pools of white and green T2 seedlings of PDS-1,2.3

lines. At4g14210 (PDS3)
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=2 Unlocalized sequence

AAACAATAGCCGAT! TGATC
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d) Mutations found in DSRED(-) T2 PDS-1 and PDS-3 plants. The highlighted plants were selected
for Whole Genome Sequencing to perform the off-targets experiments. “Del” stands for deletion,
“ins” for insertion. When heterozygous both alleles are separated by slash.

Mutations
DsRED(-) Plants Target 1 Target 2
PDS-1-32 dele wt
PDS-1-33 wt/del8 wt
PDS-1-34 del4/del6 wt
IPDS-1-35 dele wt
IPDS-1-38 del4 wt/del3
IPDS-1-40 wt/del8 wi/ins22
PDS-1-41 del81 wt/del3
IPDS-1-55 deld/del6 wt/del3
PDS-1-116 deld/del7 wt
PDS-1-117 del11/del34 wt
PDS-1-118 del5/del1773 wt
PDS-1-119 del6 wt
PDS-1-120 del10/del42 wt
PDS-1-121 wi/del17 wt
PDS-1-122 wt/del9 wt
PDS-1-123 del7/del10 wit
IPDS-3-56 wit wt
IPDS-3-59 wt/del1265 wt
IPDS-3-60 wt/del17 wt
IPDS-3-61 del4/del1265 wt
IPDS-3-62 wit wt
IPDS-3-63 wt/del17 wt
IPDS-3-64 wt/del1265 wt
IPDS-3-65 wt wt
IPDS-3-108 del7/del17 wt/del3
IPDS-3-109 wt wt
PDS-3-110 del7/del17 wt
PDS-3-111 wt/del1265 wt
PDS-3-112 wt wt
PDS-3-113 wt/del1265 wt
PDS-3-114 wt/del17 wt
PDS-3-115 del17 wt
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€) Segregation analysis of the DsSRED(-) T3 seeds. Table 1 shows the green:albino seedlings ratio
and Table 2 the no-deletion:deletion ratio.

Table 1:
green:albino Phenotype seeds T3 Expected ratio 3:1 12 Hypothesis
ratio
Plant T2 Green White Nu Green White p-value 3:1
germinated
PDS-1-111 85 13 3 74 25 0.0073 Discarded
PDS-1-113 85 8 0 70 23 0.0003 Discarded
PDS11-118 116 20 4 102 34 0.0056 Discarded
Deletion + + + + + - + + + - + + EREE T v AR S S S
Table 2:
no- Seeds T3 - Presence Large o > :
deletion:delet Deletion Expected ratio 1:2 x Hypothesis
ion ratio
Plant T2 No presence Presence No presence Presence p-value 1:2
PDS-1-118 6 18 8 16 0.3865 Approved
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Figure S3: Summary of the N. benthami transient experi

a) Experimental workflow followed to the estimation of the mutagenesis efficiency for a single
locus. An agroinfiltration mixture containing the P19 suppressor of silencing, the RGEN and the
crRINA/gRNA was infiltrated in three different well stablished leaves (A, B, C) of three
biological replicates (Plant 1-3). Five days postinfiltration 6 discs per plant were collected (2
discs from A, 2 from B and 2 from C) to obtain three independent replicates (Sample 1-3).
Finally, following the gDNA extraction, the locus of interest was amplified by PCR. The product
of the PCR was purified and submitted to a T7E1 assay to quantify the undigested and the
digested bands using ImagelJ. The final efficiency is calculated as the mean of the three
replicates.

Agroinfiltration
mixture:

* P19

* RGEN

*  crRNA/grRNA

Infiltration

Plant 1 Plant 2 Plant3
5 dpi sampling
6 leave-discs
(2A, 28, 2C)
Sample 1 Sample 2 Sample 3

!

1. gDNAextraction

PCR amplification

3. Endonuclease/T7E1
restriction

4. Band quantification
(ImageJ)

g

b) EceRI digestion of the HDV and poly A erRNAs comparation (up) and T7El assay of
multiplexing constructs used on Figure 1b and l¢ for indel frequency estimation

AsCas12a LbCas12a AsCas12a LbCas12a

HDV HDV PolyA PolyA
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¢) T7EI assays used n the Figure 2 quantifications. The locus analyzed 1s detailed on the right
side of the gel and the digested bands are indicated by the red arrow.
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d) T7E1 assays used in the Figure 3 quantifications. The locus analyzed is detailed on the right
side of the gel and the digested bands are indicated by the red arrow.
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Figure S4: Venn diagrams of SNPs and INDELSs detected with different software

tools.
Sampie WT-104 SNPy Sampile 114 SNPs.
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Figure S5: Structural variations and large found in a ication event surr

the target 1 of PDS-1-118. Mates of blue reads have the same strand orientation and their insert
sizes have a length of 2kb, as expected of an inversion event associated to a larger deletion event.
Two large deletions of 4.6 Kb (read reads) and another one of 2.4 Kb (orange reads) can also be
found. A small deletion of 5bp is also shown (green reads). The sequencing depth as number of reads
is shownin blue.
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Table S1: Constructs generated in this study. Sequences are accessible at GB
cloning website using the GB database ID.

Level 0 GBparts

GB database ID Name Category
GB1438 AsCpf1 CDS
GB1439 LbCpf1 CDS
GB1442 AtU6-26::AsDR Other
GB1443 AtU6-26::LbDR Other
GB1444 HDV Other
GB2478 AtUBQ10 PROM+5UTR
Level 1 GBparts

GB database ID Name Category
GB1440 35s::AsCpf1::35s TU
GB1441 35s::LbCpf1::35s TU
GB1753 AtU6-26::AsDR:gXT1::HDV TU
GB1754 AtU6-26::AsDR:gXT1::PolyA TU
GB1755 AtU6-26::AsDR::gXT2 A::HDV TU
GB1756 AtU6-26::AsDR::gXT2 B::HDV TU
GB1757 AtU6-26::AsDR::gTFL1::HDV TU
GB1758 AtU6-26::AsDR:gFT::HDV TU
GB1759 AtU6-26::AsDR:gCBP::HDV TU
GB1760 AtU6-26::AsDR::gScRub::HDV TU
GB1761 AtU6-26::LbDR::gXT1::HDV TU
GB1762 AtU6-26::LbDR::gXT1::PolyA TU
GB1763 AtU6-26::LbDR::gXT2 A::HDV TU
GB1764 AtU6-26::LbDR::gXT2 B::HDV TU
GB1765 AtU6-26::LbDR::TFL1::HDV TU
GB1766 AtU6-26::LbDR::gFT::HDV TU
GB1767 AtU6-26::LbDR::CBP::HDV TU
GB1768 AtU6-26::LbDR::ScRub::HDV TU
GB1769 AtU6-26::gXT1::gXT2 TU
GB1770 AtU6-26::gXT2 A::psgRNA TU
GB1771 AtU6-26::gXT2 B::psgRNA TU
GB1772 AtU6-26::gTFL1::psgRNA TU
GB1773 AtU6-26::gFT::psgRNA TU
GB1774 AtU6-26::gCBP::psgRNA TU
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GB1775 AtU6-26::gScRub::psgRNA TU
GB1776 AtU6-26::synTAADR::TFL1::HDV TU
GB2050 AtU6-26::synTTADR:: TFL1::HDV TU
GB2051 AtU6-26::synTACDR::TFL1::HDV TU
GB2052 AtU6-26::synTGTDR::TFL1::HDV TU
GB2053 AtU6-26::synTAADR::FT::HDV TU
GB2054 AtU6-26::synTACDR::FT::HDV TU
GB2055 AtU6-26::synTGTDR::FT::HDV TU
GB2056 AtU6-26::synTCADR::FT::HDV TU
GB2479 AtUBQ10::LbCpf1::Tnos TU
GB2480 AtU6-26::gPDS3-D1::HDV TU
GB2481 AtU6-26::gPDS3-D2::HDV TU
GB2482 At253::DsRED:: T35S TU
GB2483 DsRED(TU)_LbCpf1(TU)_guides MODULE
Leve>1 GBparts

GB database ID Name Category
GB1629 Nptll-AsCpf1-XT1 Module
GB1630 Nptll-LbCpf1-XT1 Module
GB1179 Nptll-sgRNA_MYB12-hCas? Module
GB1780 Nptll-crRNA_MYB12-AsCpf1 Module
GB1781 Nptll-crRNA_MYB12-LbCpf1 Module

Table S2: oligonucleotides used in this study.

Name

Sequence (5'-3')

crRNA TFL1 Cpf1 +

AGATACTGTGGGACTGAATGAATC

crRNA TFL1 Cpf1 -

GGCCGATTCATTCAGTCCCACAGT

crRNA TFL1 Cas9 +

ATTGTGACTGTCATTTTAACTGT

crRNA TFL1 Cas9 -

AAACACAGTTAAAATGACAGTCA

crRNA FT Cpf1 +

AGATCAAGATCTATTGGCCTAAGA

crRNA FT Cpf1 - GGCCTCTTAGGCCAATAGATCTTG
crRNA FT Cas9 + ATTGGCCAATAGATCTTGTAAAA
crRNA FT Cas? - AAACTTTTACAAGATCTATTGGC
crRNA Cas? XT2B + | ATTGCTCTGATTGCACAATGGAA
crRNA Cas? XT2B - | AAACTTCCATTGTGCAATCAGAG

crRNA Cpf1 XT2B +

AGATGCTCTGATTGCACAATGGAA
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crRNA Cpf1 XT2B -
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GGCCTTCCATTGTGCAATCAGAGC

crRNA XT2A Cpf1 +

AGATTCCACTAGTTTTTTCCCAAT

crRNA XT2A Cpf1 - | GGCCATTGGGAAAAAACTAGTGGA
crRNA XT2A Cas9 + | ATTGAAAATTGGGAAAAAACTAG
crRNA XT2A Cas9 - | AAACCTAGTTTTTTCCCAATTTTC
crRNA Cpf1

Rubisco + AGATGATGCAGATACTGGACCATG
crRNA Cpf1

Rubisco - GGCCCATGGTCCAGTATCTGCATC
crRNA Cas9

Rubisco + ATTGATGCAGATACTGGACCATG
crRNa Cas9 Rubisco

AAACCATGGTCCAGTATCTGCAT

crRNA Cpf1 CBP +

AGATGAGGACAAACTACATCCAGG

crRNA Cpf1 CBP -

GGCCCCTGGATGTAGTTTGTCCTC

crRNA Cas9 CBP +

ATTGAGGACAAACTACATCCAGG

crRNA Cas9 CBP -

AAACCCTGGATGTAGTTTGTCCT

crRNA XT1 Cpf1 +

AGATTATGTAGGTGTATTTGGAAT

crRNA XT1 Cpf1 -

GGCCATTCCAAATACACCTACAT

crRNA XT1 Cas9 +

ATTGTGTAGGTGTATTTGGAATTC

crRNA XT1 Cas9 -

AAACGAATTCCAAATACACCTAC

ATTGTAATTTCTACTAAGTAGATACTGTGGGACTGAA

synDRTFL1T F TGAATC
GGCCGATTCATTCAGTCCCACAGTATCTACTTAGTA

synDR TFL1 R GAAATTA

LbCpf1 XT1 | CTCGATTGTAATTTCTACTAAGTGTAGATTATGTAGG

multiplexing+ TGTATTTGGAATTAATTTCTAC

LbCpf1 XT1 | CTCAGTAGAAATTAATTCCAAATACACCTACATAATC

multiplexing - TACACTTAGTAGAAATTACAAT

LbCpf1 XT2 | CTCGCTACTAAGTGTAGATTCCACTAGTTTTTTCCCA

multiplexing + ATTAATTTCTACTAAGTGTAGATTTTTTTTTCGCT

LbCpf1 XT2 | CTCAAGCGAAAAAAAAATCTACACTTAGTAGAAATT

multiplezing -

AATTGGGAAAAAACTAGTGGAATCTACACTTAGTAG

Cpf1 XT1 polyA +

AGATTATGTAGGTGTATTTGGAATTTTTTTITT

Cpf1 XT1 polyA -

AGCGAAAAAAAAATTCCAAATACACCTACATA

crRNA MYB12 Cas9
+

ATTGAAAGAGTTGTAGACTACGA

crRNA MYB12 Cas9

AAACTCGTAGTCTACAACTCTTT
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+

crRNA MYB12 Cpf1

AGATGAAGGATTATTGAGATGCGG

crRNA MYB12 Cpf1

AAACCCGCATCTCAATAATCCTTC

crRNA
TFLT +

synDR_TTA

AAACCATGGTCCAGTATCTGCAT

crRNA
TFL1 -

synDR_TTA

GGCCGATTCATTCAGTCCCACAGTATCTACTAAGTA
GAAATTA

crRNA
TFLT +

synDR_TAC

ATTGTAATTTCTACTACGTAGATACTGTGGGACTGAA
TGAATC

crRNA
TFL1 -

synDR_TAC

GGCCGATTCATTCAGTCCCACAGTATCTACGTAGTA
GAAATTA

crRNA
TFLT +

synDR

TGT

ATTGTAATTTCTACTGTGTAGATACTGTGGGACTGAA
TGAATC

crRNA
TFL1 -

synDR

TGT

GGCCGATTCATTCAGTCCCACAGTATCTACACAGTA
GAAATTA

crRNA
FT +

synDR

TAA

ATTGTAATTTCTACTAAGTAGATCAAGATCTATTGGC
CTAAGA

crRNA
FT -

synDR

TAA

GGCCTCTTAGGCCAATAGATCTTGATCTACTTAGTAG
AAATTA

crRNA
FT +

synDR

TAC

ATTGTAATTTCTACTACGTAGATCAAGATCTATTGGC
CTAAGA

crRNA
FT -

synDR

TAC

GGCCTCTTAGGCCAATAGATCTTGATCTACGTAGTA
GAAATTA

crRNA
FT +

synDR

TGT

ATTGTAATTTCTACTGTGTAGATCAAGATCTATTGGC
CTAAGA

crRNA
FT -

synDR

TGT

GGCCTCTTAGGCCAATAGATCTTGATCTACACAGTA
GAAATTA

crRNA
FT +

synDR

TCA

ATTGTAATTTCTACTCAGTAGATCAAGATCTATTGGC
CTAAGA

crRNA
FT -

synDR

TCA

GGCCTCTTAGGCCAATAGATCTTGATCTACTGAGTA
GAAATTA

PCR oligonucleotides

ID

Sequence (5'-3')

NbXT1 F

ACCCTGATCACTCTCGTC

NbXT1 R

TTGTATTCTATATCTGCCAACATTC

TIDE seq XT1

CCACTCTTCAATCACTTCCC

92




Chapter |l

NbXT2 F GGCGATAACACCGTCTC

NbXT2 R AGACATCAAAAGTTATAGGAATAATC
TIDE seq XT2 GGTGACGGCGGATGGTTTAG
NbTFL1-3.1 F GCTTACTGTGTCCTGTATAAAACTG
NbTFL1-3.1R GTAATCTCATATGTGGTATCGGAG
TFL1-3.1 seq CAGCAACTATAAATGAGGCTC
NbTFL1-14.1 F/seq GAGTAGATATTCCAAGACAGCAAC
NbTFL1-14.1 R CACTGGAAAACCTCTGTAACAAC
NbFT F CTAGAAAACCTATGGCTATAAGGG
NbFT R GTTCTCGAGAGGTATAATATAGGC
FT seq CACAAGCACGCATAGAAC
NbXT2B F TGCACGGTTGTCCGAGTTTG
NbXT2B R TTACTTGTGAATTGCTCTCTGGT
NbRubisco F AGCGAAATTGAGTACCTCTTGAA
NbRubisco R ACTCATATAGGCCACACAACAAT
NbCBP AB F TGTCTAGACTGGTGCATTACTTC
NbCBP AB R GTTGCCAAAAGGATCACTCAAAT
SIMYB12 F GATGGACTGCAGAAGAAGATCAA
SIMYB12 R AACATCGAAATTTGTACCTGAACT
AtPDS F1 CGAACCGACCCGAGAAGAGA
AtPDS R1 CTATTTCAGGTCGCCGCTCA
AtPDS R2 GCCGACCATGGCTGGCAAA
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Table S3: stability of the different crRNAs of 7FL7 and FTloci. The stability has
been measured as the -AG predicted by the Vienna RNA and Mfold software
tools. For each loci, the sequence among the synthetic crRNAs are identical, only
varying two nucleotides of the direct repeat loops (5'-UNN-3’) which generates a
different structure with different stability.

-AG TFL1 crRNAs

Vienna
5'-UNN-3' RNA Mfold
UAA 4 4.7;4.1; 4
UUA 4 4.7;4.3;4.1; 4, 3.9
UAC 3.7 4.7:4.6;4.1; 4
uGu 5.6 6

-AG FT crRNAs

Vienna
5'-UNN-3' RNA Mfold
UAA 4.1 49.49:47; 4
UAC 3.9 49:4.7,45;,43;4
uGu 3.3 4.9:4.7:43; 4
UCA 7.3 7; 6.5

-AG TFL1 WT crRNAs

Vienna

RNA Mfold
AsDR 5.5 4.1,4.4,45;4.9
LbDR 5.8 4.9,5;5.4

-AG FT WT crRNAs

Vienna

RNA Mfold
AsDR 6.15 4.3;4.4,4.9,51
LbDR 5.9 4.9;5.6
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Table S4: mapping stats and filtering parameters used in the WGS off-target

analysis.

a) Read and mapping stats against the reference genome TAIR10.

Samples Raw Reads

Clean Reads % Remaining Reads Properly Mapped reads % Clean reads mapped

POOL 218876308
PDS-1-111 53615620
PDS-1-113 48045816
PDS-1-114 49526888
PDS-1-115 49177422
PDS-3-117 55059068
PDS-3-118 78323478
PDS-3-119 41661252
PDS-3-123 59969898

WT-104 38125478
WT-106 55280774

189905488 86,76 % 142472371 75,02 %
45729312 85,29 % 33841836 74,00 %
41316210 85,99 % 30879446 74,74 %
42845404 86,51 % 32132445 75,00 %
42282212 85,98 % 31058272 73,45 %
46790330 84,98 % 35722381 76,35 %
68581142 87,56 % 52700597 76,84 %
35192082 84,47 % 26186410 74,41 %
51610012 86,06 % 38797014 7517 %
32252932 84,60 % 23280192 72,18 %
47793828 86,46 % 36127369 75,59 %

b) Parameters used in GATK, FREEBAYES, VARSCAN2, PINDEL and DELLY

programs.
PARAMETERS

GATK QD <2.0, FS>60.0 MQ<40.0, MQRankSum <-12.5, ReadPosRankSum <-8.0

FREEBAYES -n 2,-m 20,-C2,-F0.2

VARSCAN2 By default

PINDEL By default

DELLY -p-a0.04-r1-fgermline
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1. Introduction

Plant synthetic biology (PSB) is an established but
continuously growing field that combines the engineering
principles of decoupling, abstraction and standardization with
plant biology to provide plant systems with new traits and
functions[1]. Plants naturally offer a myriad of metabolic resources
that could be harnessed by modern synthetic biology to tackle
current challenges in alimentation, energy production, pest
management, or production of valuable biologicals for medicine
and industry [2]. Recent efforts have been focused on introducing
metabolic pathways to improve traits such as vitamin production
or glycolate metabolism [3, 4], fixation of atmospheric nitrogen
[5], increased vyield or improving photosynthesis [6, 7].
Nevertheless, the implementation of these functions requires
precise regulation of the new genetic networks to ensure an
optimal use of the plant resources and avoid deleterious effects.
The introduction of complex programmed genetic networks in
bacterial and mammalian systems has been a great success,
achieving engineered organisms that behave as cellular
computing devices that have substantial biotechnological and
therapeutic impact [8]. This success has been possible thanks to
the previous development and extensive characterization of
genetic devices and molecular tools that, combined, generate
increasingly complex functions. However, the translation of these
complex genetic circuits to plants has been challenging due to the
limited availability of well-documented genetic elements as well
as the technical limitations of high-throughput plant
transformation and circuit characterization [1, 9]. Current efforts in
PSB are focused on developing reliable DNA assembly standards
(phytobricks) to allow more efficient biodesign and
characterization of plant functions [10, 11].
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Among the diverse synthetic biology tools developed in the
past years, basic memory devices such as e.g. transcriptional
toggle switches have been pivotal in allowing the design of
increasingly complex genetic circuits [12]. Traditional inducible
control systems lacking memory functions require a constant
supply of actuators (activators or repressors) for a sustained
control of cell outputs, often imposing a metabolic burden to the
cell[13]. In contrast, toggle switches provide the ability to respond
to punctual external inputs with a sustained response. Applied to
crop plants, gene memory devices could facilitate the deploy of
new layers of genetic control over agronomically-relevant outputs
such as flowering time, stress response or the biosynthesis of
added value metabolites. Furthermore, memory systems
circumvent the need for continuous addition and monitoring of
external inducers, which can be expensive and difficult to control,
especially in large settings as crop fields.

While several non-memory chemically-inducible systems have
been adapted to plant biotechnology, such as ethanol [14],
glucocorticoids [15, 16], copper [17, 18] or insecticides as
methoxyfenozide [19], memory devices adapted and/or
engineered for the plant chassis are almost absent. As a notable
exception, Miller et al, 2014 [20] developed a red light-inducible
toggle switch for plant cell protoplasts, based on the interaction
of Arabidopsis thaliana PhyB-PIF6 proteins. This approach
showed remarkable spatiotemporal resolution of gene
expression. However, this system relies on light for activation,
thus, its adaptation to whole plants can be challenging in
applications in which the illumination conditions cannot be strictly
controlled, as in open field applications. Additionally, the memory
of this optogenetic system is based on the slow dissociation rate
of the PhyB-PIFé protein-protein interaction, which will result in
eventual inactivation due to the decay and dilution of the protein
components, making this system unsuitable for applications in
which information needs to be maintained for long periods of
time or transmitted over generations. Therefore, alternative gene
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memory switches for plants that allow long-term and inheritable
memory storage are necessary.

Synthetic genetic memory can be built through diverse
mechanisms, such as transcription-based double negative
feedback loops, positive feedback loops or DNA recombination
[21, 22]. Integrases are a group of DNA-actuating enzymes found
in temperate bacteriophages that catalyze site-specific
recombination (SSR) [23]. Serine integrases catalyze the
recombination of attP and attB attachment sites, generating
hybrid attR and attL sites in a strictly unidirectional reaction. This
process can be reversed in the presence of an excisionase or
recombination directionality factor (RDF), which in combination
with the integrase can catalyze the recombination of the attR-attL
sites into attP-attB again [24]. This specific DNA recombination
event can result in a variety of DNA-rearrangements (integration,
excision, inversion and translocation) depending on the topology
of the initial DNA molecules and the orientation of the
recombination sites. SSR mechanisms of diverse integrases have
been extensively exploited in bacteria and mammalian cells to
engineer reversible synthetic memory devices and complex logic
circuits. Examples of applications include counting cellular events
[25], store and rewrite biological data in the chromosome [26],
control the flow of the RNA polymerase along the DNA and thus
amplifying the expression of a reporter gene [27] and to engineer
complex regulatory circuits [28-30]. Although SSR systems have
been used in plants before, all previous efforts have been focused
in transgene engineering for crop breeding rather than in the
design of memory devices for the control of gene expression [31,
32]. Some of their uses include the removal of foreign DNA [33],
stacking agronomic-valuable traits [34], and chloroplasts
engineering [35].
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Here, we present the first toggle memory switch for whole
plants based of the phage PhiC31 serine integrase and its
cognate recombination directionality factor, RDF [36]. The switch
is designed to control the transcription of two genes of interest,
one of which is initially ON, while the second one remains in OFF
status. The state of the switch changes by limited supply of
integrase to the cell and the memory of the new status is
maintained until intentionally reversed by a combined new supply
of integrase and RDF. The components of the genetic switch were
designed for plant expression and standardized by using the
GoldenBraid (GB) DNA assembly platform and software to allow
easy adaptation of this tool to other PSB applications [10]. We
extensively tested the kinetics, memory and reversibility of this
genetic device in N. benthamiana through transient and stable
transformation experiments using transgenic plants and hairy
roots. Additionally, we coupled the integrase expression to an
estradiol-inducible promoter as a proof of principle of externally-
induced activation of the switch.
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2. Results

2.1.Design of a modular reversible genetic switch for
plant systems

To design a reversible genetic switch for plant expression, we
adapted a previously reported strategy [26] to the phage PhiC31
integrase and its cognate RDF [36]. This genetic switch comprises
aflippable DNA promoter element flanked by the PhiC31 attP and
attB recombination sites in opposing orientations, named as
register PB (Figure 1A).

PB DSRED:YFP Pmcsl RL DsRED:YFP

>O+O et .. ..

Phic31 RL DSRED:YFP Ph|C31+RDF PB DSRED:YFP

Register PB

attP attB

seT @
PhiC31

YFP /.\

n VFP
TI0D [~ | T
attR attlL
-
Register RL

Figure 1: Design and functional validation of the plant toggle switch based on the
phage PhiC31 integration system. (A) An invertible plant promoter element
(Register) works as a toggle switch for the regulated expression of two genes of
interest (GOI1 and GOI2). The promoter orientation can be inverted by action of the
PhiC31 integrase (SET) which catalyzes site-specific recombination of the attP and
attB sites flanking the promoter. This event results in a change in the expression status
of the two GOls and the creation of the chimeric attR and attL sites. Expression of the
integrase and recombination directionality factor (RDF) catalyzes recombination of
attR and attL to reset the toggle switch to its original state (RESET). The genetic parts
encoding the PhiC31 integrase and RDF can be found in the GoldenBraid collection,
GB1531 and GB1508 respectively. (B, C) CLM images of WT N. benthamiana leaves
infiltrated with the toggle switch alone (left) or in combination with the recombination
actuators (PhiC31 or PhiC31 + RDF), (right). Reporter genes expression (DsRED and
YFP) was analyzed in the initial and the commuted states of the switch during the SET
(B) and RESET operations (C). Images were taken 3 days post-infiltration. The scale
bar represents 100 pm.
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In the initial state, the switchable promoter drives the
expression of a gene of interest (GOI2) positioned downstream of
the register PB in the direct DNA strand. The orientation of the
promoter can be changed by action of the PhiC31 integrase,
which catalyzes attPxattB recombination into attR and attlL
respectively (SET), flipping the DNA segment would produce a
new register RL. As a result, the register RL now drives the
expression of a second GOl located in the reverse strand (GOI1),
while GOI2 expression would be turned off. Our goal was to
design a reversible genetic switch, therefore to enable the
register RL to be reversed to the PB state we introduced the
PhiC31 integrase and RDF factor, which combined catalyze
attRxattL recombination into attP and attB (RESET), resulting in the
reconstitution of the initial register PB and expression of GOI2
while GOI1 is inactivated. To maximize the exchangeability and
reusability of this this genetic device for PSB applications, we took
advantage of the modularity of GB to structure our genetic switch
in three standard and interchangeable parts: (i) the direct coding
sequence (CDS) encoding GOI2, (ii) the registers PB or RL, and (iii)
the reverse CDS encoding GOI1 (Fig. STA). Reverse and direct
CDSes can be easily created from any Transcriptional Unit (TU)
conforming the phytobrick standard, as e.g. those available at the
GB collection (Fig. S1B and S1C). The register comprised the
strong CaMV35S promoter (P35S) and a tomato Metallothionein
B terminator (MTB) sequence located upstream and in opposite
orientation to act as an insulator to avoid any leaky backward
expression. Recombination sites were inserted flanking the
terminator and promoter elements. Since incorrect insertion of
the att site close to the transcription start site (TSS) or ribosome
binding site (RBS) could hinder efficient expression, this was
inserted in the 5' untranslated region (5'UTR) of the P35S,
downstream of the TATA box and upstream of the RBS, keeping
them intact (Fig. STA). The registers were named according to the
5'-3" order of the att sites: register PB (attP-attB sequences,
GB1494) and the register RL (attR-attL, GB1506). The three
elements were assembled in a single step Golden Gate-like
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reaction to create the so-called register module (RM). The
actuators of the SET and RESET operations were adapted for /n
planta expression and incorporated to the GB collection:
Pnos:PhiC31:Tnos (GB1531) and P35S:RDF:T35S (GB1508).

To test the functionality of the toggle switch in plants, yellow
fluorescent protein (YFP) and DsRED were selected as direct and
reverse reporters respectively. The reporter genes were then
combined with the PB and RL registers to create the PB
DsRED:YFP and RL DsRED:YFP RMs. Next, we performed
Agrobacterium-mediated transient expression in N. benthamiana
leaves by co-infiltrating each RM (PB or RL DsRED:YFP) with its
appropriate actuators (PhiC31 or PhiC31+RDF) to evaluate the
SET and RESET operations by confocal laser microscopy (CLM),
(Fig. 1B-1C). As expected, leaf agroinfiltration of the PB
DsRED:YFP register module alone yielded bright YFP expression,
with no DsRED expression detected. In contrast, co-infiltration of
PB DsRED:YFP with PhiC31 integrase (SET operation) resulted in
robust activation of DsRED expression and de-activation of YFP
expression in most cells, as shown in Fig. 1B. Similarly,
agroinfiltration of RL DsRED:YFP module alone produced only
DsRED (+) cells, whereas co-expression of RL DsRED:YFP +
Integrase + RDF (RESET operation) resulted in activation of YFP
expression (Fig. 1C). As can be observed, the RESET process was
not complete, resulting in some cells still expressing DsRED. Co-
expression of RL DsRED:YFP with PhiC31 alone did not change
the reporter expression, proving the necessity of RDF to enable
attRxattL recombination (data not shown). Altogether, with these
results we obtained a snapshot of the two states of our plant-
customized toggle switch, confirming its functionality.
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To monitor quantitatively the expression kinetics of the SET
and RESET operations, DsRED was substituted by the firefly
luciferase (LUC or Fluc) as a reporter gene, producing four new
RMs, namely PB LUC:YFP, PB YFP:LUC, RL LUC:YFP and RL
YFP:LUC (Fig. 2 and Fig. S2). Additionally, a constitutively-
expressed renilla luciferase (Rluc) was assembled to each RM as
internal reference (Fig. S2).

N A

TMS
—_—

. . o
A SET PB LUC:YFP CRESET RL YFP:LUC § 25, o PhiC314RDF

. - SF
151
N 1.0
}x%

1 oL,
% 3% 48 60 72 84 96 24 36 48 60 72 84 9
hpi hpi

- PhiC31
- SF

oo o
> 9
N
S

:
UE
5

-«
o
&7
&
©
Normalized Fluc/RI

o~

e
@

-l
3
a
=
Normalized Fluc/Rluc
b o o o
S 28

i
;

°

B SET PB YFP:LUC D RESET RL LUC:YFP

- PhiC31 - PhiC31+RDF
— SF ~ SF
0.6{

x3 )

x1.5
0.4{ 0]
24 36 48 60 72 84 96 " 24 3% 48 60 72 84 96
hpi hpi

Figure 2: Evaluation of the SET and RESET operations on RMs by transient
expression in WT N. benthamiana leaves. (A-B) SET of the PB LUC:YFP (A) and
the PB YFP:LUC (B) mediated by the PhiC31 integrase. (C-D) RESET of the RL
YFP:LUC (C) and RL LUC:YFP (D) mediated by the combined action of PhiC31
integrase and RDF. (A, C) The recombination processes switch on Fluc reporter
expression resulting in an increase of the Fluc/Rluc ratios (Rluc was expressed as
a constitutive internal control). (B, D) The recombination reactions switch off Fluc
expression resulting in a decrease of the Fluc activity over the time. All the graphs
represent the evolution of Fluc/Rluc ratios at intervals of 12 hours post infiltration
(hpi) for 96h. Leaves were treated with the recombination actuators (blue line) or
with an empty vector named SF used as negative control (grey line). Each point
represents the mean of Fluc/Rluc = SD of three leaves in different plants.
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RMs were transiently co-expressed in WT N. benthamiana
leaves with its appropriate effector (PhiC31 for SET or
PhiC31+RDF for RESET) or with a non-coding DNA fragment
(stuffer fragment, SF) as a negative control, and luciferase levels
were recorded over time starting at 24 hours post-infiltration (hpi).
As shown in Fig. 2A, SET activation of Fluc was strong and rapid,
producing values of 43-fold Fluc/Rluc induction levels from the
start of the measurement This indicated that recombination was
efficiently taking place almost concomitantly with the transient
transformation process. RESET activation of Fluc in the RL
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YFP:LUC module was also readily detectable by 24 hpi (Fig. 2C),
although the maximum Fluc/Rluc signal of 35-fold induction was
not observed until 60 hpi, indicating slower kinetics of this
operation involving two actuators. Fig. 2B and 2D show the
deactivation of Fluc using SET and RESET operations respectively.
In both cases only partial deactivation of Fluc was observed,
reaching approximately 75% signal decrease in the case of SET
and only 40% Fluc deactivation for RESET as compared to non-
operated agroinfiltrated control.

2.2.Characterization of the register modules in stably
transformed N. benthamiana plants

While transient transformation enables quick characterization
of molecular tools developed for plants, we sought to develop a
genetic switch that could be stably introduced into genetically
modified plants to suit multiple applications. Agrobacterium-
mediated stable transformation involves the random integration
of foreign transfer DNA (T-DNA) in the plant genome, which may
result in unpredicted changes in the performance of the
introduced genetic element. In order to further characterize the
performance of our genetic switch in the genomic context, we
generated transgenic N. benthamiana lines carrying the four
aforementioned RMs (PB LUC:YFP, PB YFP:LUC, RL LUC:YFP and
RL YFP:LUC; Fig. S2). TO plants were screened based on YFP and
Fluc expression levels, and then one line of each RM with a single
copy of the transgene was selected to perform subsequent
experiments on its T1 progeny (Fig. S3). SET and RESET
operations were performed by Agrobacterium-mediated
transient delivery of the recombination actuators. Optimal levels
of each actuator were experimentally determined by titrating the
optical density (OD) of the respective Agrobacterium cultures, a
parameter which is known to correlate with the amount of T-DNA
delivered to the transformed cells [10] (Fig. S4). Agroinfiltrated
leaves were sampled and analyzed for Fluc and Rluc expression
every 24h for 7 days (Fig. 3).
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Figure 3: Evaluation of the SET and RESET operations in transgenic N.
benthamiana with RMs integrated in their genome. (A-B) SET recombination
of the PB LUC:YFP (A) and PB YFP:LUC (B) mediated by the PhiC31 integrase. (C-
D) RESET recombination process mediated by the combined action of PhiC31
and RDF of the RL YFP:LUC (C) and RL LUC:YFP (D) RMs. (A, C) In the initial state
the YFP reporter is actively expressed as seen by the CLM image infiltrated with
P19 (negative control). Infiltration of the recombination actuators flips the
register cassette inactivating YFP expression (PhiC31 or PhiC31+RDF images)
and activating the Fluc expression (graph, blue line). (B, D) In the initial state YFP
expression is off as demonstrated by the P19 control. Agroinfiltration of actuators
switches on YFP expression (PhiC31 or PhiC31+RDF images) and switches off
Fluc expression (graph, blue line). CLM images were taken at 5 days post
infiltration (dpi); scale bars represent 100 um. All the graphs represent the
evolution of Fluc/Rluc values for 7 dpi of leaves transiently transformed with
actuators (blue lines) or P19 as negative control (gray line). Experimental points
show the mean of normalized Fluc/Rluc values of three agroinfiltrated leaves +
SD.

Normalized Fluc/Rluc
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As anticipated, the RMs where Fluc expression turns on upon
performing operations (SET PB LUC:YFP and RESET RL YFP:LUC)
responded to actuator delivery with a rapid increase in Fluc/Rluc
levels, reaching a maximum at 5 days post infiltration (dpi).
Concomitantly with Fluc activation, YFP levels decreased
markedly when measured in the same infiltrated areas at 5 dpi
(Fig. 3A and 3C, Fig. S5B). Reporter Fluc/Rluc induction levels for
the transgenic lines were 13-fold and 15-fold for the SET and
RESET operation respectively. Additionally, while Fluc levels were
sustained over time for the SET operation (Fig. 3A), Fluc/Rluc
signal showed a slow decrease after 5 dpi for the RESET operated
RMs (Fig. 3C). This could be caused by an excess of PhiC31
integrase not bound to RDF, which would cause multiple
RESET/SET recombination cycles decreasing the stability of the
measurements. On the other side of the equation, those RM
conformations where Fluc turns off upon commutation (SET PB
YFP:LUC and RESET RL LUC:YFP), showed a moderate but
consistent decrease of Fluc/Rluc levels in parallel to a clear
activation of the YFP signal when commuted by agroinfiltration
(Fig. 3B and 3D, Fig. S5A). Altogether, these results show that
both SET and RESET operations take place correctly in the
genomic context of stably transformed plants.

2.3.Stable and reversible memory storage over a full
SET/RESET cycle in whole plants

A distinctive feature of a PhiC31-based memory device is the
long-term  stability of commutations based on DNA
recombination [37]. Our primary goal was to create a switch that
could alternate between two different configurations and whose
memory status be transmitted to the progeny. To this end, we set
out to test the memory and reversibility of the switch by
performing a full SET/RESET cycle in N. benthamianalines with the
RMs integrated in the genome. As successive agroinfiltrations of
the actuators would result in excessive damage to the plants for
accurate analysis, we decided to generate calluses from
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commutated leaves after the first SET operation, and then to
perform the second RESET operation on fully regenerated plants.
In the first place, the efficiency of the SET and RESET operations
was tested in the context of /in vitro Agrobacterium-mediated
plant leaf disc transformation. RL LUC:YFP and PB YFP:LUC lines
were used to follow the course of the transformation through YFP
expression activation (Fig. S6A). Our approach showed that the
SET operation produced twice as much fluorescent callus than the
RESET (Fig. S6B-C). However, these transformations ended with
highly chimeric calluses which eventually would yield plants with
mixed states of the RMs, probably because the recombination
took place in an advanced stage of the callus generation process.
We reasoned that performing the SET or RESET operation by
agroinfiltration prior to the /n vitro regeneration would increase
the initial population of commutated cells, raising the chances to
obtain fully commutated calluses and subsequently fully
commutated plants. For the same reason, we limited the
experiment to the most efficient SET operations. Therefore we
conducted the experiment illustrated in the Fig. 4A, using the
aforementioned PB YFP:LUC stable line to perform a SET
operation by transient expression of PhiC31 in the leaf. Then, at 5
dpi when the peak of recombination was reached, fluorescent
discs were excised and regenerated /n vitro to obtain stably
switched calli. As previously shown, this resulted in chimeric calli
with variable efficiency of the SET operation and thus, variable YFP
expression levels. Then, the calli were induced to differentiate
organogenesis and to obtain explants, which resulted in six plant
lines (P1-P6). In order to assess the configuration of the RM in each
line (either the initial PB YFP:LUC or the commutated RL YFP:LUC
state), regenerating lines were genotyped using specific primer
pairs for PB or RL state. The presence of integrated PhiC31 was
also analyzed in the same lines (Fig. 4B). Plants P1 and P2 did not
show evidence of commutation events (only PB configuration
detected). P1 showed no presence of PhiC31, while P2 showed
only a weak band. P5 and P6 were apparently chimeric plants in
which both configurations coexisted, P6 showing only a faint band
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for commuted configuration compatible with the absence of
PhiC31 integration. Finally, P4 and P7 were positive only for RL
and PhiC31, indicating a complete switch to the RL configuration.
Thus, P7 explant was transferred to soil and used to test the
reversibility of the genetic device.
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Figure 4: Full SET/RESET cycle of the plant toggle switch through plant
transformation and regeneration process. (A) Representation of the
experiment conducted to assess the bistability and reversibility of the toggle
switch in N. benthamiana PB YFP:LUC transgenic lines (YFP off, Fluc on). PB
YFP:LUC plants were agroinfiltrated with the PhiC31 integrase to induce a SET
to RL YFP:LUC. Five days post infiltration fluorescent leaf discs were collected,
sterilized and then cultivated /n vitro until explant regeneration. Explants
genotype was then analyzed by PCR, to select totally commutated RL YFP:LUC
plants. RL YFP:LUC plants (such as P7) were then agroinfiltrated with
PhiC31+RDF to operate the RESET to the original PB YFP:LUC configuration and
demonstrate the reversibility of the system. (B) Agarose electrophoresis gels
showing the genotyping results of the regenerated plants (P1-P7). The upper
panel reflects the results for a specific pair of primers for the amplification of the
original PB YFP:LUC configuration. The middle panel shows the results when
amplifying with a specific pair of primers for the commutated RL YFP:LUC state.
The lower panel shows amplification results of integrated PhiC31 integrase. (C)
CLM images of agroinfiltrated P7 with P19 (negative control) and RDF (RESET)
after 5 dpi. Scale bars represent 100 um. (D) Fluc/Rluc ratio of P7 agroinfiltrated
with P19 or RDF at 5 days post induction. Values represent the mean Fluc/Rluc
values for three different agroinfiltrated leaves + SD. (E) Genotyping results of
agroinfiltrated P7 with P19 and RDF at 5 dpi.
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At maturity, P7 leaves were agroinfiltrated with RESET effector
(RDF) or with a control (P19) and analyzed for YFP (Fig. 4C) and
Fluc expression (Fig. 4D). Remarkably, YFP expression
significantly decreased at 5 dpi in RESET samples (Fig. 4C) and
Fluc activity was induced 58-fold over the un-induced background
levels, reaching approximately 60% of the Fluc/Rluc ratios
typically observed in the original PB YFP:LUC plant (Fig. 4D).
These results were also genotypically confirmed by PCR-
amplification of the commuted tissue, as compared to control
samples (Fig. 4E). Altogether, these experiments showed that the
toggle switch, once integrated in the genome can effectively
perform a full cycle of SET/RESET operations.

2.4.Chemical induction of PhiC31 controls SET
operation in N. benthamiana hairy roots

Master regulators are essential for engineering synthetic gene
networks in which metabolic fluxes can be deviated among
different pathways. So far, we have demonstrated that our plant-
custom-made PhiC31-based toggle switch can alternate between
two defined states and maintain memory, a key feature of a master
regulator. However, we relied on agroinfiltration to induce a state
change by expression of the SET and RESET effectors, which does
not allow precise spatiotemporal control of expression. We
sought to achieve tighter control over the recombination process
by coupling the expression of PhiC31 to an estradiol-inducible
system, which was named estradiol-inducible PhiC31 (EI PhiC31).
To this end, a GB module was assembled, encompassing three
transcriptional units encoding for (i) a chimeric trans-activator
(estradiol receptor (ER) fused in N-terminal to the LexA binding
domain (LexABD) and to GAL4 activation domain (GAL4AD) in C-
terminal); (ii) an inducible PhiC31 with the LexA operator and the
mini35S promoter; and (iii) a DsRED fluorescent marker (Fig. 5A).
In this system, the trans-activator is constituvely expressed and
remains in the cytoplasm. Upon addition of estradiol, the trans-
activator localizes to the nucleus and binds to the DNA operator,
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inducing the expression of PhiC31 integrase. Expression of
PhiC31 results in a SET operation which is evidenced by Fluc
luminescence.
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Figure 5: Chemical induction of the PhiC31 recombinase in stable N. benthamiana
PB LUC:YFP hairy roots. (A) Representation of the estradiol-inducible (El) system El
PhiC31. In absence of estradiol, the constitutively expressed chimeric trans-activator
is confined to the cytoplasm. Upon addition of estradiol it localizes to the nucleus
where it induces the expression of the PhiC31 integrase. This enables the SET
operation of the PB LUC:YFP register module turning on Fluc expression. (B) Diagram
of the El PhiC31 experiment in hairy roots. DsRED(+) N. benthamiana PB LUC:YFP
hairy roots transformed with El PhiC31 were divided and incubated in MS plates in
presence (SET) or absence of estradiol (Mock) for 3 days. After chemoluminescence
imaging, roots were transferred to new estradiol-free plates where they remained for
7 days before imaging them again to measure Fluc activity. (C) Images of the EI LUC
and different EI PhiC31 hairy roots used in the induction experiment. First row images
correspond to bright field images (BF), second row are fluorescence images to detect
the DsRED marker, third and fourth are luminescence images (FLuc). A LAS3000
imager was used to take all the images at 3 and 10 dpi. Chemoluminescence images
were taken with the “Ultra” mode and 1 sec of exposition. (D) Genotyping results of
uninduced (left panel) and induced (central panel) El PhiC31 hairy roots, including
negative (WT and PB LUC:YFP) and positive (RL LUC:YFP) controls (right panel). A
specific pair of primers for RL LUC:YFP amplification was used. (E) Quantification of
the Fluc/Rluc ratios of induced and mock El PhiC31 hairy root lines. Bars represent
the mean of three technical replicates for an individual root.
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We used A. rhyzogenes to stably transform the EI PhiC31
system into the previously described PB LUC:YFP line. This
transformation system enables the regeneration of roots which
are an ideal system for high-throughput chemical screening. We
performed the estradiol-induction (El) experiments as shown in
Fig. 5B. Successfully transformed DsRED(+) roots were incubated
with or without estradiol for 3 days. Then the roots were evaluated
by image analysis of the luminescence resulting from activity of
the Fluc reporter. Subsequently, the roots were transferred to new
estradiol-free MS plates and incubated for 7 days before imaging
again. In parallel, WT N. benthamiana was transformed with a
construct bearing an estradiol-inducible Fluc reporter as a
positive control with no memory device (EI LUC). As shown in Fig.
5C and Fig. S7, roots transformed with El LUC had an increase of
luminescence at 3 days post-induction (3 dpi) and lost most of the
signal at 10 dpi. On the other hand, El PhiC31 root lines
maintained activity over time up to day 10, as expected for a
memory switch. Unexpectedly, several ElI PhiC31 root lines
(depicted here lines 2C and 4C) showed high Fluc background in
the absence of estradiol, probably due to leaky activation of the
estradiol inducible system. Only weak Fluc lines (line 1C) showed
no leaky background, and although Fluc intensity at 3dpi was
almost undetectable, it reached moderate levels at 10dpi,
indicative of a memory-based sustained activation. In order to
confirm this, we performed specific PCR-amplification of the RL
LUC:YFP configuration (Fig. 5D). P1B-2C and P2B-4C showed RL
LUC:YFP amplification before and after induction with estradiol,
confirming that the leakiness was caused by an unwanted early
switching of the RM. On the other hand, P2B-1C showed no
amplification of RL LUC:YFP before induction but strong
amplification after induction with estradiol. This result supported
our hypothesis that P2B-1C increase in Fluc activity was due to an
estradiol-inducible SET operation of the switch. Subsequently, we
quantified the luminescence at 10 dpi comparing induced and
non-induced roots for each line (Fig. 5E). P1B-2C and P2B-4C lines
showed a slight increase of 2-3 fold after induction, while P2B-1C
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showed a 16-fold induction and a substantially lower Fluc/Rluc
ratio compared to the leakiness-induced roots. In conclusion,
these results show that a chemically-inducible PhiC31 actuator
that can control the activation of a genetic memory switch is
achievable. However, further optimization of the induction system
is required to avoid leaky expression of the PhiC31 integrase. A
number of factors including the genomic localization of the
transgene or its copy number could resultin low basal or sporadic
expression of the PhiC31 integrase, resulting in an unwanted
permanent change in the toggle switch.

3. Discussion

Here we sought to expand the molecular toolbox for PSB by
designing a bistable and reversible toggle switch for whole plants.
Reports on tools to engineer genetic memory in plants are
currently very limited, with a red-light controlled memory switch
for protoplasts the only case reported [20]. While this system
provides great spatiotemporal resolution of gene induction, its
adaptation to full plants is challenging due to strict light
requirements as well as limitations performing long-term and
inheritable memory storage. Serine integrases are powerful tools
that can induce a stable change in the DNA and have extensively
been used for many applications, including the design of toggle
switches for bacteria and mammalian cells [38]. We adapted the
previously described bacterial switch by Bonnetetal., 2012, which
was based on the Bxb1 phage integration system [26]. We
decided to use the PhiC31 phage integrase and RDF because this
integrase has been previously used for genomic engineering in
plants, and also suited better the grammar of our GB cloning
system. The architecture of the switch was designed to be fully
modular, so it can be easily adapted to control the expression of
any GB-domesticated downstream gene by performing a single-
step GB assembly reaction.
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We built multiple RMs to characterize the behavior of the
switch at the SET and RESET operations. First, the genetic parts
were tested by transient expression of the RMs and the SET and
RESET actuators (PhiC31 and PhiC31+RDF), and the evolution of
reporter expression in WT N. benthamiana was analyzed, both
transiently as well as in stably transformed plants. In all
experiments, the initial state of the switch showed strong
expression of the active reporter while no noticeable backward
expression of the inactive reporter was observed by luminescence
or CLM imaging. This suggests that the design of the genetic
switch successfully avoided leaky backward expression. When the
actuators were applied via agroinfiltration, we observed good
performance of reporter activation either by SET or RESET
operation. Activation reached levels up to 43-fold over uninduced
controls by transient expression and 15-fold (60% of the fully
active state) in the case of transgenic lines, and it was sustained
over days. However, when analyzing inactivation of a reporter
gene after SET or RESET, we observed slow decrease in the signal,
in occasions reaching only a 40-75% decrease compared to the
non-commutated switch. This effect was probably due to the
combined effect of slow decay of the reporters and the
incomplete switching on the RMs of all the cells analyzed,
especially during the RESET operation involving RDF. Phage RDFs
have been studied due to their ability to reverse the directionality
of a SSR reaction via direct interaction with the cognate integrase,
i.e. to catalyze attRxattL reaction [36, 39]. However, this reaction
has shown to be inefficient when the stoichiometry of the
integrase and RDF is not optimal because integrase unbound to
the RDF can catalyze the attPxattB reaction, entering a
bidirectional cycle of PB-RL-PB recombination. Bonnet et a/, 2012
also observed this effect when developing their bacterial toggle
switch based on Bxb1 and Xis (RDF) as separate TUs. In fact, these
authors postulated that the system enters in a bidirectional regime
if the concentration of the excisionase is too low relative to the
integrase. Therefore, these authors tested several combinations
of genetic constructs to increase the excisionase expression levels
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and reduce the half-life of the integrase achieving an
unidirectional reaction with 0% efficiency. We followed a similar
approach by increasing RDF expression levels through the
CaMV35 promoter, which has about 10-fold higher expression
than the Nopaline Synthase promoter used to express the PhiC31
integrase [40]. Additionally, we optimized the OD600 of the A.
tumefaciens cultures during transient expression to optimize the
efficiency of the RESET operation. However, we still saw
incomplete attRxattL recombination of all induced cells, as seen
by fluorescent imaging of leaf cells and transformed calluses.
Recently, Olorunniji et al, 2017 reported higher attRxattL
recombination efficiency by creating a fusion of PhiC31 integrase
to RDF [41]. Using this new Integrase-RDF fusion as the RESET
operator could help to solve bidirectionally issues in future
iterations of this plant switch, by achieving higher efficiency off
attRxattL recombination without the need of high throughput
testing of multiple genetic constructs to balance expression levels
of both components.

After individual characterization by agroinfiltration of the SET
and RESET operations, we decided to test the performance of a
full SET/RESET cycle to evaluate the memory of the switch over
plant transformation and regeneration processes. However, a
drawback of the agroinfiltration method is the cellular damage
produced by the bacteria during the process. This could impose
an observational effect which might underestimate the efficiency
of the observed recombination and precludes the evaluation of a
full SET/RESET cycle by subsequent agroinfiltrations of the
actuators in the same leaf. Therefore, we decided to induce SET
in a stable PB YFP:LUC plant, to then successfully regenerate /n
vitro new fully switched RL YFP:LUC plants. We monitored the
regeneration process with YFP and DNA genotyping finding a
number of un-commutated and partially commuted (chimeric)
plants. Nevertheless, 30% of the regenerated plants showed
complete commutation into RL YFP:LUC RM and constitutive
expression YFP, demonstrating that the switch is able to record
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the SET event keeping its memory. This also indicates thatthe SET
operation can be fully completed in plant systems as it is in
bacteria [41]. Presumably, such change at the DNA level of
somatic TO cells should be transmitted to the progeny as other
authors reported in A. thaliana for Bxb1 [42] and PhiC31 [43].
Subsequently, we induced RESET on the new generated RL
YFP:LUC P7 plant, showing increase of Fluc expression and
decrease of YFP. This demonstrated that P7 cells returned to the
original PB YFP:LUC, showing a successful SET/RESET cycle over
the same RM integrated in the genome. Nevertheless, further
optimizations need to be done to overcome the partial efficiency
of the RESET, as suggested by the observation of un-commutated
RL registers.

Finally, we coupled the expression of PhiC31 integrase to an
estradiol-inducible system, as a proof of concept of externally
inducing the SET operation to control the toggle switch in
benthamiana hairy roots. Several transgenic root lines showed
unwanted activation of the switch due to leaky expression of the
integrase. Chemically-inducible systems with low basal
expression have been reported in plants [14-17, 19]; however
most of these systems were tested in Arabidopsis, and it is
possible that chassis-specific conditions (e.g. phytosterol
contents) could also determine background expression levels of
actuators, which can produce the commutation of the RM. This
should be taken into consideration in the design of complex
circuits based on PhiC31. Regulation of site-specific DNA excision
has been previously reported with the tyrosine recombinase
Cre/loxP system in A. thaliana using the XVE induction system
[44]. In this study, the authors counter-selected the leaky
transformation events by flanking the inducible recombinase and
the selection marker with the loxP sites. If leaky, the recombinase
would excise this cassette and therefore the transformats would
be lostin a selection media. In this work we did not apply negative
selection pressure, so all the transformation events were kept.
Luckily, we were able to recover one root line with low basal
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expression but still commutable upon estradiol induction. After
activation, low but sustained expression of the Fluc reporter was
observed. Similar results were obtained by Hoff et al., 2001 when
using heat-shock regulated Cre/loxP [45]. They found the system
was leaky but still inducible, and that induction worked better in
lines with low reporter gene expression like was our case. In order
to circumvent this issue, different strategies could be
implemented, such as the use of degradation tags to regulate the
half-life of the integrase or an induction system relying on logic
gates to regulate expression of the operators. In this regards, a
split PhiC31 integrase that can be reconstituted after trans splicing
of both components has been developed recently [46].

Summarizing, in this work we created the first modular
memory switch for plants making use of the phage PhiC31
integration system. This switch showed to be bistable, reversible
and operable, although future efforts are needed in order to
optimize the RESET reaction and avoid unwanted activation. Even
though the complexity of big multicellular organisms can be a
challenge for extensive characterization of new molecular tools,
new advances in the field will allow harnessing their potential. We
expect that this system will provide a new tool for PSB that will
enable engineering plants with more complex gene networks and
circuits.
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4. Experimental procedures

4.1.Construction and assembly of the GoldenBraid
phytobricks

A complete list of all phytobricks used in this work can be
found in Table S1 and their sequence information and assembly
history is available at the GoldenBraid online repository
(https://gbcloning.upv.es/). The list of oligonucleotides used to
build them can be found on Table S2. The level 0 parts of the
PhiC31 integrase and RDF were assembled as previously
described to obtain the SET and RESET actuators (GB1531 and
GB1531+GB1508 respectively) [10]. The registers were designed
and assembled as described in Figure S1. In detail, register PB
Level O part (GB1495) was assembled in a 2 step PCR, (i) addition
of attP to the 5 inverse sequence of TMtb using primers
ALF15ENO04 and ALF15NOVO03 (ii) addition of the attB to the 3’ of
P35s (excluding its RBS) using primers ALF15ENO5 and
ALF15NOV04. Both parts (i) and (ii) were assembled at Level O in
pUPD2 through a Bsmbl-mediated restriction-ligation reaction.
Register RL (GB 1514) was amplified from genomic DNA (gDNA)
of transiently transformed N. benthamiana with register PB and
PhiC31 integrase using primers ALF15DIC06 and ALF15DICO7.
The reporter genes to be assembled into the register module
were amplified from a pre-assembled TU of the GoldenBraid
collection as described in Fig. S1B-C. In brief, TUs containing a
P35S, followed by a CDS (DsRED, YFP or Fluc) and a Terminator
were amplified using primers to obtain a
5'UTR(RBS):CDS:Terminator amplicon to be assembled as a Level
0 part; either to be used as the reverse CDS or direct CDS for the
register. Reverse CDSs were amplified using primers ALF15DIC08
and ALF15DIC10 depending on the terminator used in the TU,
Tnos and T35s respectively. Direct CDSs were amplified using the
primer pairs ALF15DIC09 and ALF15DIC10 depending on the
terminator used in the TU, Tnos and T35s respectively. The
register modules (RMs) were assembled in a Level 1 reaction
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using three Level 0 parts: (i) reverse CDS, (ii) register PB or RL and
(iii) direct CDS. All assemblies were performed as regular GB
reactions [47].

4.2.Time-dependent characterization of reporter
expression in transiently expressed and integrated
register modules

Transient expression experiments were performed to test the
SET and RESET recombination processes as described in the main
text. For the initial characterization by transient expression, equal
volumes of Agrobacterium cultures transformed with the register
modules (GB1523, GB1524, GB1527, GB1528) and their
appropriate  operators were mixed (GB1531  (SET),
GB1508+GB1531 (RESET) or GB0106 (SF negative control) and
agroinfiltrated in wild type (WT) N. benthamiana plants. For the
transgenic lines, only the aforementioned operators or GB0108
(P19) as negative control were used. These cultures were first
grown from glycerol stocks for two days until saturation, then 10
uL were sub-cultivated for 16h. Next, the cultures were pelleted,
resuspended in the agroinfiltration buffer (10 mM MES, pH 5.6, 10
mM MgCl2, and 200 pM acetosyringone) and adjusted to the
appropriated optical density (Table S3). Four to five weeks-old N.
benthamiana plants cultivated under a 24°C (light)/20°C
(darkness) 16-h-light/8-h-dark photoperiod were used. One plant
per experimental point was used (1 to 7 days post infiltration
(dpi)). Three consecutive leaves (third to fifth from the base) were
infiltrated, half with the recombination mixture and half with the
negative control. At each time-point, one sample per infiltrated
leaf was collected using a 0.8 cm cork-borer (approximately 20
mg of tissue for the luminescence quantification assays and 150
mg for the gDNA extraction) and immediately frozen in liquid
nitrogen. Samples were grinded with a Retsch Mixer Mill MM400
for 1 min at 30 Hz and stored at -80°C for subsequent analysis.
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4.3.Confocal laser microscopy

At the stage of 5 dpi agroinfiltrated leaves of N. benthamiana
were examined under a ZEISS 780 AxioObserver Z1 confocal laser
microscope to visualize the yellow fluorescent protein YFP (Aex =
514 nm; Aem = 518-562 nm) and DsRED (Aex = 561 nm; Aem =
563-642 nm) fluorescence. Images of 9-16 tiles were taken to
visualize a larger area and processed with ZEN lite 2.5 lite and FIJI
softwares.

4.4.Firefly and renilla luciferase luminescence
quantification

Firefly lucirerase (Fluc) and renilla luciferase (Rluc) activities
were determined using the DualGlo® Luciferase Assay System
(Promega) manufacturer's protocol with minor modifications.
Homogenized leaf disc samples were extracted with 375pl of
'Passive Lysis Buffer,” vortexed and then centrifuged for 10 min
(14,000xg) at 4 °C. Then, 7.5 pl of supernatant were transferred to
a 96-well plate and 30 pl of LARIl added to quantify the Fluc
activity. Finally, 30 pl of Stop&Glow Reagent were used to
measure the Rluc activity. Measurements were made using a
GloMax 96 Microplate Luminometer (Promega) with a 2s delay
and a 10s measurement. Fluc/Rluc ratios were determined as the
mean value of three biological replicates coming from three
independent agroinfiltrated leaves of the same plant.

4.5.Generation of N. benthamiana transgenic plants

Fully expanded leaves were sterilized and used to obtain 0.5
cm diameter leaf-discs with a cork-borer. After an overnight
incubation in co-culture medium (MS supplemented with vitamins
(Duchefa), 3% sucrose (Sigma-Aldrich), 0.8% Phytoagar (Duchefa),
1 pg/mL BAP (Sigma-Aldrich), 0.1 yg/mL NAA (Sigma-Aldrich))
the leaf-discs were inoculated for 15 min with the A. tumefaciens
strain LBA4404 carrying the register module construct (Fig. S2,
Table S1). Then, the discs were returned to the co-cultivation
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medium and incubated for 2 more days in darkness. Next, discs
were placed in the selection medium (MS supplemented with
vitamins (Duchefa), 3% sucrose (Sigma-Aldrich), 0.8% Phytoagar
(Duchefa), 1 ug/mL BAP (Sigma-Aldrich), 0.1 pg/mL NAA (Sigma-
Aldrich), 500 pg/mL carbenicillin, 100 pg/mL kanamycin. Discs
were transferred to fresh medium periodically until the callus and
then the explants were formed (5-8 weeks). Explants were excised
and planted in rooting medium (1/2 MS supplemented with
vitamins (Duchefa), 3% sucrose (Sigma-Aldrich), 0.8% Phytoagar
(Duchefa), 0.1 pg/mL NAA (Sigma-Aldrich), 100 pg/mL
kanamycin) until enrooted. In vitro cultivation were carried out in
a long day growth chamber (16 h light/ 8 h dark, 25°C, 60-70%
humidity, 250 pmol-m?s' photons). Samples for phenotyping
were collected once the plants were sufficiently developed to
harvest 20 mg of tissue to perform the Fluc and YFP
quantifications. T1 seeds of Fluc and YFP positive plants were
selected for a segregation analysis of the transgene in kanamycin
plates. Those scored as a single copy by the chi-square test were
used for subsequent experiments.

4.6.Generation of N. benthamiana transgenic hairy
roots

WT and PB LUC:YFP T1-2 N. benthamiana plants were used
for transformation with Agrobacterium rhyzogenes strain 15834
transformed with the El LUC or ElI PhiC31 constructs (Fig. 5A,
Table S1). Fully expanded leaves were used to obtain sterilized
leaf-discs which were cultivated for one day in co-cultivation
medium without hormones. Saturated agrobacterium cultures
were sub-cultivated and grown overnight. The culture medium
was removed by centrifugation at 4.500 rpm for 15 min and then
the bacterial pellet resuspended and adjusted with MS to an
OD600 = 0.3. Those cell cultures were employed for inoculation
of the sterilized leaf-discs for 30 min under agitation. Next, the
leaf-discs were blotted, placed on in co-cultivation plates and
chilled in darkness for 2 days. After that, the discs were transferred
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to selection plates without kanamycin nor hormones. The medium
was renewed periodically until roots emerged. Transformed roots
were identified using a Leica MacroFluo MZZ16F with a DsRED
filter. See "Generation of N. benthamiana transgenic plants” for
the culture medium and growth conditions.

4.7.Estradiol induction experiments

Individual DsRED(+) hairy roots transformed with the El LUC
and El PhiC31 constructs were isolated and divided in two with a
scalpel and then separated in MS medium supplemented or not
with 20 uM B-estradiol (Sigma-Aldrich). After 3 days, bright field
and red fluorescence images were acquired using a FujiFilm LAS-
3000 imager. Then, 100 pM luciferin diluted in MS was added and
roots incubated for 30 min after the acquisition of the
chemiluminescence images with the same device. Finally, all the
roots were transferred to new MS medium without estradiol and
grown for 7 days to repeat the imaging process. For the
chemiluminescent imaging, the “Ultra” mode was employed with
1 sec of exposition time. Samples of induced roots were collected
and stored at -80°C to perform Fluc/Rluc quantification and PCR-
analysis. The growing conditions of “Generation of N.
benthamiana transgenic plants” applies for this section too.

4.8.YFP quantification

Samples of TO N. benthamianatransgenic plants were used for
the YFP quantification using a VICTOR X5 2030 (PerkinElmer),
excitation filter F485 and emission filter F535-40. Grinded
samples were added with 150 pL of PBS 1X, vortexed and then
centrifuged at 13.000 rpm for 10 min at a 4°C. Finally, 10 pL of the
extract were pipetted to a 96-well plate and measured with the
spectrofluorometer. The YFP values are expressed as the mean of
the measure of three independent leaves from the same plant.
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4.9.Genomic DNA extraction and PCR amplification

Genomic DNA was extracted following the CTAB protocol
[48]. The obtained gDNA was used for amplification of the register
module using MyTagTM DNA Polymerase (Bioline) and a pair of
specific primers for the PB or RL configuration and the PhiC31
recombinase (Table S2). DNA amplification was confirmed on 1%
agarose gel electrophoresis.
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6. Supplementary figures

Figure $1: design and cloning details of a custom-made toggle switch. (A) Detailed view of the
phytobricks comprising the plant toggle switch. The GOls are cloned as individual parts in Level 0
using the designated overhangs and then assembled with the PB or RL promoter elements to create a
construct for the bistable regulation of each CDS. (B-D) Assembly procedure of custom PB and RL
register modules using GoldenBraid (GB) cloning system. (B) Preparation of the direct and reverse
genes of interest (GOIs) for the combination with the PB or RL registers. This involves a Bsal-
mediated assembly of Level 1 transcriptional units using Level 0 phytobricks of a promoter, a CDS of
the GOI, and a terminator which can be cloned from scratch or reused from the GB's collection. (C)
Next, these plasmids are used as a PCR-templates to add a couple of overhangs (OH) which define
each GOl as reverse or direct CDS and allow its subsequent cloning in a Level O plasmid, through a
Bsmbl-mediated reaction. Standard primers listed in the Table S2 can be used for this amplification.
(D) Finally, both GOlIs cloned as Level 0 parts can be combined with the register PB (GB1494) or the
register RL (GB1506) in the Level 1 to conform the PB or RL register modules for the regulated
expression of the two GOls.
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Figure S2: architecture of the register modules (RMs) used in the transient expression
experiments (A) and for the generation of transgenic lines (B).

Register modules used for transient expression in N. benthamiana
Register Module PB YFP:LUC (GB1523)

B

Register modules used for stable transformation of N. benthamiana

Register Module BP YFP:LUC (GB1644)

Register Module BP LUC:YFP (GB1643)

Register Module RL YFP:LUC (GB1655)

Register Module RL LUC:YFP (GB1645)
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Figure S3: phenotyping results of the transgenic lines obtained with the transformation
with the RMs. Both, the luminescence (Fluc) and the fluorescence intensity (FI) was
measured for each line and are indicated in arbitrary units (a.u.). Marked lines were
selected for further experiments in the T1 generation. The bars shows the mean values +
SD of three replicates.
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Figure 84: influence of the optical density (OD) of the A. fumefaciens cultures encoding
the SET or RESET operators on the recombination of RMs in N. benthamiana stable
lines. A) Effect of the OD of PhiC31 cultures in the SET process of the PB LUC.YFP T1-2
line. B) Effect of the OD of PhiC31 cultures in the SET process of the PB YFP: T1-4 line.
C) Effect of the ratio of PhiC31:RDF on the reset of the RL LUC:YFP T1-5 line. Ratios are
obtained modifying the OD of PhiC31 and RDF cultures. D) Effect of the ratio of
PhiC31:RDF on the reset of the RL YFP:LUC T1-20 line. Ratios are obtained modifying
the OD of PhiC31 and RDF cultures. Bars indicate the fold change between the Fluc/Rluc
ratios of treated (PhiC31 or PhiC31-RDF) and the untreated sample (P19), expressed as
mean t SD of three agroinfiltrated leaves.
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Figure S5: Quantification of the fluorescence intensity (FI) of the confocal images showed in Fig. 3.
(A) FI of the YFP switch on of recombined (+) or not recombined samples (-) for the SET and RESET
operations of PB YFP:LUC and RL LUC:YFP register modules. (B) Quantification of the YFP switch
off of recombined (+) or not recombined samples (-) for the SET and RESET operations of PB
LUC:YFP and RL YFP:LUC register modules. Bars shows the mean Fl + SD of nine images.

A B
YFP ON YFP OFF
2.0x10 44 4.0%10 41
1.5x10 4 3.0x10 4
3 3
& 1.0x10 44 8 2.0x10 44
i i
5.0x10 34 1.0x10 44
0 ND ND i 0
PhiC31/ PhiC31+RDF - + = + - + - +
SET RESET SET RESET
PB YFP:LUC RL LUC:YFP PB LUC:YFP RLYFP:LUC

Figure S6: Recording the T-DNA expression with the PB and RL register modules. (A)
Representation of the transformation experiment. Non-fluorescent transgenic RL LUC:YFP and PB
YFP:LUC leaf discs were transformed with A. fumefaciens carrying a T-DNA with its appropriate
actuator (PhiC31+RDF or PhiC31). Leaf discs were cultivated in vitro until the callus emerged. If the
T-DNA was being expressed, then the presence of the effectors would be registered by the RESET
and SET recombination processes which would turn on the YFP expression giving fluorescent
callus. (B) SET of the PB YFP:LUC and RESET of the RL LUC:YFP generate fluorescent callus
visible under the magnification microscope. Scale-bar represents 1 mm. (C) Efficiency of the SET
and RESET recombination estimated as the number of fluorescent callus respect the total of leaf
discs.
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Figure S7: Densitometry of luminescence signal showed in the Fig. 5C image. (A) Quantification of
the luminescence signal displayed by estradiol-inducible (El LUC) and PhiC31-inducible (El PhiC31)
roots incubated for 3 days in estradiol-free (Mock) or estradiol-containing (Estradiol) MS plates. (B)
Quantification over the same roots 7 days after the estradiol removal. ND means no detected.
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7. Supplementary tables

Table S1: Constructs generated in this study. Sequences are accessible at GB
cloning website using the GB database ID.

Level 0 GB phytobricks

GB database | Name Catego

ID ry

1481 Assembly Register 1/3 Part- T35S:DsRed:5'UTR Other

1483 Assembly Register 3/3 Part - 5'UTR:YFP:Tnos Other

1494 Assembly Register 2/3 Part - PhiC31 PB | Other
(attP:TMtb:P35S:attB)

1496 PhiC31 integrase (Plant Codon Optimized) B3-B4-

BS
1498 RDF (gp3) B3-B4-
BS

1499 Assembly Register 1/3 Part - | Other
TNos:Luciferase:5'UTR

1500 Assembly Register 3/3 Part - 5'UTR:Luc:Tnos Other

1506 Assembly Register 2/3 Part - PhiC31 RL | Other
(attR:P35S:TMtb:attL)

1507 Register 1/3 Tnos:YFP:5'UTR Other

Level =1 GB phytobricks

GB database | Name Categor

ID y

460 P35s:DsRED:T35s-SF Module

1129 35S:ER:LexADBD/Gal4AD:T35S TU

1130 OpLexA:mini35S:Luciferase:T35s TU

1131 35s:ER:LexABD/Gal4AD:T35s- Module

OpLexA:mini35s:Luciferase:Tnos

1495 Register PhiC31 PB (DsRed:YFP) Other

1497 P35S:phiC31:T35S TU

1508 P35S:RDF:T35S TU

1510 Register phiC31 RL (DsRed:YFP) Other

1513 Register phiC31 PB (Luc:YFP) Other
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1514 Register phiC31 RL | Other
(Tnos:Luc:attR:P35S: TMtb:attL:YFP:TNos)

1517 Register phiC31 PB (YFP:Luc) Other

1518 Register phiC31 RL (YFP:Luc) Other

1523 Register PB phiC31 Luc:YFP- | Module
P35S:Renilla:TNos-P35S:p19:Tnos

1524 Register RL phiC31 Luc:YFP- | Module
P35S:Renilla:TNos-P35S:p19:Tnos

1527 Register PB phiC31 YFP:Luc- | Module
P35S:Renilla:TNos-P35S:p19:Tnos

1528 Register RL phiC31 YFP:Luc- | Module
P35S:Renilla:TNos-P35S:p19:Tnos

1529 OplexA:mini35S:phiC31:Tnos TU

1531 Pnos:phiC31:Tnos TU

1532 P35S:ER:lexABD/Gal4AD:T35S Module
OplexA:mini35S:phiC31:Tnos

1601 Pnos:ER:LexABD:GAL4AD:Tnos TU

1643 Tnos:Nptll:Pnos-PB LUC:YFP-P35s:Rluc:T35s Module

1644 Tnos:Nptll:Pnos-PB YFP:LUC-P35s:Rluc:T35s Module

1645 Tnos:Nptll:Pnos-RL LUC:YFP-P35s:Rluc:T35s Module

1655 Tnos:Nptll:Pnos-RL YFP:LUC-P35s:Rluc:T35s Module

1677 Pnos:ER:lexABD:GAL4AD:T35s- Module
OplexA:mini35S:phi31:Tnos

2060 NOS:PhiC31:TNOS - 35s:RDF:T35s Module

2313 NOS:ER:LexABD:GAL4AD:T35s - | Module
OpLexA:mini35s:PhiC31:TNOS -
35s:DsRED:T35s - SF

2388 35s:ER:LexABD:GAL4AD:T35s - | Module
OpLexA:mini35s:LUC:Tnos - 35s:DsRED:T35s -
SF
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Table S2: oligonucleotides used in this study.

Name Sequence (5'-3")

JO18SEPO1 | CAGAGCAGAGATCATGGTGTTAG

RLYFPLUCF

JO18SEP02 | GCATACGACGATTCTGTGATTTG

RL YFPLUCR

JO18SEPO5 | TTGTGGCTGTTGTAGTTGTACTC

BP YFPLUC F

JO18SEP06 | ATCATGGTGTTAGCCTTCTATGG

BP YFPLUCR

JO18SEP03 | GTTGAATTAGACTGTGGACCGAT

PhiC31F

JO18SEP04 | ATCTTGTGCATCGTCTTCATCAT

PhiC31 R

ALF15EN04 | GCGCGTCTCGACGAAAATATAGTTGAAACAGA

ALF15ENO5 | GCGCGTCTCGTCGTACTAGAGCCAAGCTGATCTC

ALF15NOV0 | GCGCGTCTCGCTCGCTATAGTAGTGCCCCAACTGGGGTA

3 ACCTTTGAGTTCTCTCAGTTGGGGGCGTAGTCGCAAAAAC
TATATGCTCT

ALF15NOV0 | GCGCGTCTCGCTCAAGGTCGGTGCGGGTGCCAGGGCGT

4 GCCCTTGGGCTCCCCGGGCGCGTACTCCACTAGTAAATT
GTAATGTTGTTTGTTG

ALF15DIC06 | GCGCGTCTCGCTCGCTATAGTAGTGCCCCAACTGGG

ALF15DIC07 | GCGCGTCTCGCTCAAGGTCGGTGCGGGTGCCA

ALF15DIC08 | GCGCGTCTCGCTCGATAGAAACAACATTACAATTTACTATT
CTAGTCGA

ALF15DIC09 | GCGCGTCTCGCTCGACCTAAACAACATTACAATTTACTATT
CTAGTCGA

ALF15DIC10 | GCGCGTCTCGCTCAGGAGCGAGTCGGTCCCATT

ALF15DIC11 | GCGCGTCTCGCTCAGGAGAGGTCACTGGATTTTGGTTTTA
GG

ALF15DIC12 | GCGCGTCTCGCTCAAGCGAGGTCACTGGATTTTGGTTTTA
GG

ALF15DIC13 | GCGCGTCTCGCTCAAGCGCGAGTCGGTCCCATT
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Table S3: agroinfiltration cultures and their respective OD600 used in the
experiments of Fig. 3 and Fig. S4.

Optimization of Optimization of | PB register RL register
PhiC31 PhiC31+RDF kinetics kinetics
Culture Culture Culture Culture
PhiC31 0.1 PhiC31 0.1 | PhiC31 0.1
0.01
0.05 0.01 [NA NA
RDF 0.1
phic31 0.1 0.05 [NA NA
0.25 |RDF 0.1 NA NA
0.5 0.2 [NA NA
0.5 [NA NA
P19 0.1 P19 0.1 |[2vol.P19 0.1 |P19 0.1
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Chapter IV

In this thesis, we have provided a new set of tools for plant
biotechnology expanding the available resources for genome
engineering with CRISPR/Cas12a, and with a new switch based on
the integration system of the bacteriophage PhiC31. Detailed
discussions about the implementation of these tools in the GB3.0
cloning system and their functional characterization have already
been provided in Chapters Il and Ill of this thesis. As the final goal
of this work is to provide additional tools for plant breeding, this
General Discussion and Future Perspectives section will be
focused on the contribution of CRISPR/Cas systems, and
particularly Cas12 to precision plant breeding. We will also
discuss how transgenic breeding can evolve hand in hand with
Plant Synthetic Biology thanks to the development of more
refined phytobricks such as the toggle switch presented in
Chapter lIl. Finally, we will try to envision some future applications
resulting from connecting CRISPR/Cas systems (Cas9 and Cas12a)
to PhiC31-based toggle switch.

1. Uses of CRISPR/Cas12a in precision plant
breeding and beyond

1.1.Targeting non-coding regulatory regions with
Cas12a

In Chapter Il, Cas12a was successfully targeted to non-coding
regions such as the intron of N. benthamiana XT1 gene, or the
UTRs of the A. thaliana PDS3. As discussed earlier, targeting non-
coding-T/A-rich regions is another of the main advantages of
Cas12, as this broadness the range of breeding strategies. By
targeting regulatory elements, a selectable range of
transcriptional alleles can be generated, enabling precise fine-
tuning of desirable traits (Fig. 1A). Recently, Lippman et al., [12]
developed a genetic scheme for rapid generation and evaluation
of novel transcriptional alleles by targeting promoter regions of
tomato quantitative trait-related genes such as S/CLV3, §/S, and
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SISP, thus creating a continuum of variation and leading to the
selection of mutated alleles with improved yield. Other well-
known cis-regulatory elements are upstream open reading frames
(UORFs) which are protein coding-regions with a transcriptional
start codon before the primary open reading frame (pORF). As
Fig. 1B depicts, these uORFs act as post-transcriptional inhibitors
of the downstream primary pORF. The uORFs are widespread in
plants. In Arabidopsis for example, more than 35% of the mRNAs
contain uORFs in its 5'UTR. Caixia Gao’s laboratory demonstrated
that CRISPR-mediated disruption of uORFs can be used for
increasing the production of a specific protein by enhancing
translation of the respective mRNA [13]. Targeting uORFs of two
lettuce genes involved in the ascorbic acid production (LsGGP7
and LsGGP2) increased the content of this antioxidant, enhancing
the resistance to an herbicide known to produce oxidative stress
[13].

A @

v v r Figure 1: CRISPR/Cas-driven
@) G @ diversity through mutation of non-
coding regulatory regions. A)

QO Transcriptional  output can be

l r graduated when mutating binding
o ™ sites of a promoter or enhancer

— X
(@ region where activation (pale green)
i, X JZ or repressor (pale pink) transcription
@) (@) @ factors bind. B) Similar output can be
obtained if an upstream open
X X '—c reading frame (uORF) is mutated.
(&) O Transcription of these regulatory
i elements acts as post-transcriptional
X X X inhibitors of the primary ORF (pORF)
B transcription, which encodes for the

actual gene product.
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1.2.New multiplexing capacities with Cas12a

In Chapter Il of this thesis (subsection 2.1), we showed the
multi-targeting ability of Cas12a wusing individual gRNA
expression cassettes or tandemly arrayed constructs. Multiplexing
is a key feature of editing systems as it enables fast pyramiding of
beneficial traits into an elite background in just a few generations.
Multiple examples demonstrating the robustness of CRISPR/Cas9-
mediated knock-out of simultaneous coding sequences can be
traced in the literature, impacting different crucial plant breeding
traits such as yield or quality [1-4], biotic and abiotic stress
resistance [5, 6] or clonal seed production [7].

Furthermore, multiplex editing could impact the biodiversity
of cultivated species by enabling fast neo-domestication
processes. Selective breeding during thousands of years led to
the modern domesticated crops with improved yield, architecture
and nutritional characteristics, but at the same time this process
reduced the genetic variability of the resulting varieties thus
forcing the breeders to seek that diversity in their wild relatives
and introduce the desired traits into the elite germplasm by cross-
breeding. Nowadays, most of the genes involved in the
domestication process are well-known. Therefore, this
introgression process can be skipped out by targeting these
domestication genes directly in semi-domesticated or wild plants
turning them rapidly into commercial crops. Hence, this strategy
enables the use of the vast genetic diversity present in wild
species as a source of allele-mining, widely expanding the crop
germplasm pool [14]. Very recently this concept was shown by
two studies featured in the same issue of Nature Biotechnology.
Zs6gon et al, [15] exploited the multiplexing ability of
CRISPR/Cas? by simultaneously disrupting six domestication-
related genes important for yield and productivity in So/anum
pimpinellifolium, an ancestor of the current tomato cultivars.
Notably, the engineered S. pimpinellifolium displayed
intermediate features between the ancestor and modern
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tomatoes with altered morphology, size, number and nutritional
value of the fruits. On the other side, Li et al., [16] extended this
approximation and introduced desirable traits into four stress-
tolerant wild-tomato accessions not only by editing of coding
sequences, but also of cisregulatory regions or uORFs of genes
associated with morphology, flower and fruit production, and
ascorbic acid synthesis.

Many of the multiplexing examples discussed above were
achieved by constructing tandem assembled single-gRNA
expression cassettes, which result in large constructs that may
affect the stoichiometry and stability of the different gRNAs due to
repetitive use of RNApollll promoters. One of the best
approaches to avoid these drawbacks is employing a unique
promoter that drives a polycistronic gene construct containing
several gRNAs. In this type of set-ups, the gRNA is interspersed
with either (i) self-processing ribozyme sequences [8], (ii) Csy4
endoribonuclease recognition sites [?], or (iii) transfer RNA (tRNA)
sequences recognized by endogenous plant ribonucleases [10].
All these strategies yield a polycistronic transcript that is latterly
processed, releasing individual gRNAs. However, these
approaches require accessory repetitive sequences or proteins
which might complicate the cloning process. In this regard, the
ability of CRISPR/Cas12a to process its own gRNA provides a
simplified strategy for multiplex genome editing in plants, as
demonstrated in this thesis and also recently by Wang et al., [11],
who targeted four genes simultaneously in rice. Further work will
be required to understand the limits of multiplexing with Cas12a,
and to what extent the introduction of a large number of targets
will influence their individual efficiency. In any case, the availability
of Cas12a enzymes with additional PAM sites, easy multiplexing
setups, and eventually with enhanced HR activities will be a
valuable tool for fast-breeding, including the domestication of
new crops.
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1.3.Expanding the toolbox of transcriptional
regulators

The genome engineering abilities of the CRISPR/Cas
technology are beyond the introduction of DSB. Cas9 and Cas12a
effector proteins can be deactivated by point mutations on their
catalytic domains conserving the programmable targeting
capacity[17, 18]. Deactivated versions of Cas proteins (dCas9 and
dCas12a) can be harnessed as a protein scaffolds for the fusion of
effector domains for biotechnological applications such
chromatin imaging, transcriptional regulation, epigenetic
regulation and base editing (Fig. 2). In our laboratory, we showed
that dCas? can be used as a programmable transcriptional factor
(PTF) and provide strong and robust gene activation with
genome-wide specificity in N. benthamiana [19], in agreement
with other reports in several plant species [20-22]. Modest
repression has been also achieved using Cas? [22-24]. Currently,
our group is exploring the use of dCas12a for transcriptional
regulation (data not published) which has been confirmed in A.
thaliana by Tang et al., [25].

Cas-based PTFs are valuable tools to build synthetic
regulatory gene circuits, which often require the combination of
activation and repressor activities targeting a different set of
genes to achieve robust regulation. However, it is not possible to
activate and repress simultaneously different targets in the same
cell when utilizing a single Cas effector protein. The reason is that
PTFs sharing the same PAM cannot discriminate between targets
that need to be up or downregulated. A possible solution for this
could be the use of two different PTFs with distinct PAM
specificities, such as dCas9 and dCas12a. The simultaneous
deployment of Cas9 and Cas12a has been successfully applied in
mammalian cells using a fusion guide RNAs, which combine the
scaffold of both Cas effector proteins and a shared protospacer
sequence [27]. However, to this date no regulatory circuits using
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combinations of dCas9 and dCas12a have been reported in
plants.

A

Imaging

Cytidine deaminaﬁ' NHs

Transcriptional repression Base editing

Transcriptional activation Aptamer fusion

Figure 2: biotechnological applications of the deactivated Cas (dCas) effector
proteins. The dCas proteins conserve its programmable targeting capabilities,
which turns them in a perfect scaffold for fusing different protein domains. For
example, dCas can be fused to a fluorophore for chromatin imaging or labeling
determined sequences (A); the direct fusion to an activator (B) or a repressor
domains (C) can be used to modulate the transcriptional levels of a certain gene
when the chimeric dCas protein is directed to a promoter region; the epigenetic
state can be also changed when a methylase or demethylase is fused (D);
punctual base conversions can be performed when a cytidine deaminase
domain is fused (E); the sgRNA scaffold can be also engineered with RNA
aptamers to recruit multiple copies of an RNA-binding proteins (F) thus enabling
a magnification of the activation or the fluorescence intensity. Adapted from [26].
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In conclusion, CRISPR/Cas systems offer a myriad of
possibilities to accelerate the plant breeding process and enrich
its genetic diversity. In Chapter Il of this thesis, we have described
additional tools for precision plant breeding based on
CRISPR/Cas12a, a new CRISPR/Cas variant with different PAM
specificity and attractive multiplexing features that could be an
interesting complement to Cas9. We also provide a toolbox of
Cas12a-related standardized phytobricks that have been
functionally characterized in transient and stable experiments in
various plant species.

2. Applications of the phage PhiC31-based
toggle switch

The second main input of this thesis, the PhiC31 toggle switch,
is by itself a basic circuit component that in combination with other
gene elements, can be used to provide plants with innovative
traits. Next, we will develop some examples of possible new traits
enabled by PhiC31 toggle switch, and their potential applications.

2.1.Control of the production of toxic or detrimental
compounds.

Plants are ideal biofactories to produce valuable compounds.
These compounds can be originated by plant metabolism or
incorporated by transgenic breeding techniques. Often the
production of recombinant compounds in plants has detrimental
effects on its development. For example, in our experience, the
transient expression of human tumoral necrosis factor produces
severe necrosis of leaves, which hinders the final yields (data not
published). In cases like this, generating transgenic plants
constitutively expressing the recombinant protein would not be
possible, forcing to use Agrobacterium-mediated transient
expression, which rise the price of the final product. A possible
solution for this situation would be to temporally regulate the
expression of the toxic transgene with the phage PhiC31-based
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toggle switch. Once the plant would be fully developed the
expression of the deleterious transgene would be switched on by
the inducible PhiC31 recombinase, avoiding thus harmful
developmentally associated effects, maximizing vyield and
reducing costs. The induction of the integrase could be achieved
by a chemical agent as has been showed in subsection 2.4 of
Chapter Il or coupled to a developmental signal that is triggered
in the final stages of plant growth such as flowering. Alternatively,
when using perennial plant biofactories, a reversible toggle
switch would be highly convenient as it would allow restricting
transgene expression to short harvesting periods, freeing the
plant from deleterious effects of recombinant gene expression
during the rest of the season.

2.2.Regulation of transgene expression in field crops

One of the key features that make plants good biofactories
for molecular pharming is its cheap and easy scalability process.
In contrast to bacteria or mammalian cells, which needs of
expensive culture media and sterile reactors to grow properly,
plants only require a greenhouse, or a field supplemented with
light, water and fertilizers. However, as we discussed in the
previous section, when the transgene product is toxic or
detrimental for plant growth it needs to be induced to avoid
harmful effects. This is easier in the confined environment of a
culture vessel, butin large settings such as a crop field it could rise
some cost and safety issues, especially if the inducer is a toxic
molecule and must be applied continuously, such in the
conventional induction systems reviewed in Chapter | (section 3.4
Gene switches). However, these problems could be solved by
exploiting the memory properties of a toggle switch. As
mentioned in the previous section, just a brief pulse of inducer
would be enough to promote the permanent induction of the
transgene expression avoiding long and costly exposures that
could raise safety issues.

150



Chapter IV

2.3.A DNA-based memory device for recording
cellular events

Data storage is becoming a pressing challenge to our modern
society. Storing all the information generated to date and the one
we create in our daily bases require a huge amount of space and
resources. Because DNA is a high-density storage medium, can
be exponentially amplified and preserved for long periods of
time, synthetic biology companies such as Catalog are
envisioning new DNA-based storage systems to, for example,
compile all the Wikipedia’'s information in a bacterial pellet just the
size of a sugar cube. This is only to exemplify the power of
synthetic biology and DNA-based methods to solve practical
problems such as data storage. Recombinases can be used for
writing onto DNA. For example, 11 pairs of orthogonal
recombinase systems have been used to store 1.375 bytes of
information in the genome of E coli [28]. Although more
modestly, our PhiC31-based toggle switch could be repurposed
as a DNA-based memory device for recording cellular events in
two different states (PB or RL). DNA-modifying enzymes have
been used in bacteria and mammalian cells for many purposes
such as the detection of metabolites, expression of a gene, pH or
ion concentration among others [29]. Those utilities could be
expanded to plant systems for basic or applied perspectives, by
coupling the expression of the integrase with any stimulus wanted
to be registered.

In basic science, the advent of single-cell sequencing
technologies is revolutionizing research studies with an
unprecedented resolution of the biological processes. In A.
thaliana this technique has been used to distinguish more than
3,000 root cells by capturing the gene expression dynamics [30].
This system could be used in conjunction with our toggle switch
for the elucidation at unicellular resolution of, for example, the
infection pathway that a virus follows across the plant tissues. The
viral infection would trigger the expression of the integrase which
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would turn on the expression of a tracking gene that, associated
with a cell-type specific marker would allow following the viral
course. The same principle would apply for any biological process
to be studied, increasing the spatiotemporal resolution: a stimulus
triggers the recombinase expression which registers it at the DNA
level and then this is read.

Due to the high stability of the DNA, in applied science
recombinase-mediated DNA storage could be used in de
development of sentinel plants capable to detect chemicals,
contaminants or pathogens. Antunes et al., [31] developed a
visual system for the detection of trinitrotoluene in soil based on
chlorophyll degradation. However, this type of visually monitored
approximations require of constant surveillance of the plant
condition which, on the other side, can be also affected by field
conditions (e.g. temperature, wind, light) that largely differs from
the lab-controlled environment and can lead to wrong
interpretations. In contrast, if the detection of the compound
creates a change in the DNA this could be easily tracked by
exponential PCR amplification avoiding biases in user
interpretation. Same approximation could be employed to
diagnose a variety of viral infection in the crop field using PCR
instead of other expensive procedures such as RT-PCR or ELISA
[32]. Finally, this surveillance ability could be extended to prevent
losses in the crops originated by unpredictable weather changes.
For example, cold temperatures could trigger the expression of
antifreeze proteins of Antarctic bacteria [33] through the
recombinase action.

Summarizing, our recombination-based toggle switch offers a
myriad of possibilities to detect, store and trigger cellular events
by changing the structure of the DNA. The challenge here is
coupling recombination activity with the external cues through
diverse signaling processes. Fortunately, there is a large
collection of genetic devices developed by synthetic biologists to
detect a vast array of compounds and this toolbox is expected to
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keep growing in the future, making easier to connect cellular
signals with recombination.

3. Combined uses of toggle switches and
Cas12/Cas9-based transcriptional regulators

We mentioned earlier that dCas proteins can be used as
transcriptional regulators and that the incorporation of Cas12a to
the toolbox would enable the combination of activation
/repression elements in the same cell.

In this section we will discuss how the combination of a
PhiC31-based toggle switch with CRISPR-Cas%/12a PTFs would
configure powerful regulatory circuits, which could be used,
among other purposes, to control and readjust metabolic fluxes.
Metabolic pathways are articulated by enzymes that catalyze the
conversion of initial compounds in final products through a
collaborative effort. Usually, each enzyme is responsible for a
single step. Therefore, metabolic pathways can be adjusted by
influencing their enzymatic actuators. This can be achieved by
increasing the amount of an enzyme (activation) which is acting as
a bottleneck in the route. Alternatively, the metabolic flux to
undesirable compounds can be avoided by decreasing the
content of a branching enzyme (repression). This latter case can
be accomplished by knocking out the coding sequence of the
enzyme. However, in some cases this solution is not desirable
since the irreversible disruption of certain genes could cause
harmful effects on the cellular function or lead to unexpected
changes in the metabolic pathways.

Hence, an easy way to simultaneously activate and repress
various enzymes in the same cell would be to attach dCas? and
dCas12a to different transcriptional effector domains, and
constitutively express them together with their gRNAs. Despite
this simple design would enrich the current transcriptional
regulation approaches, based on using a single deactivated
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nuclease, it still lacks the necessary flexibility to readjust the
metabolic fluxes. That is why regulating either, the expression of
dCas proteins or the gRNAs with the PhiC31-toggle switch would
integrate both PTFs in the same regulatory circuit allowing fine
and adjustable control over the plant metabolism.

To illustrate the different possibilities that this design could
offer, an example of a metabolic pathway involving four enzymes
(E1-E4) will be used (Fig. 3). This pathway is divided in two
branches, which lead to product A (mediated by E1 and E2) and
product B (mediated by E3 and E4) respectively. Regulating these
enzymes through the PTFs action would redirect the metabolism
towards one product or the other, depending on the design of the
genetic circuit. Thus, the regulation of one element of the PTF
(either dCas or gRNAs) by the toggle switch and the constitutive
expression of the remaining element, would direct the metabolic
flux to the increased synthesis of product A or B depending on the
configuration (SET or RESET) of the central regulatory element,
which could be effectively operated by the recombination
actuators. Compared to the design envisioned in the previous
paragraph, in which both elements of the PTFs are constitutively
expressed leading to a constant output, this design integrating
both PTFs and PhiC31 switch allow the user to select and change
between product A or B. However, these configurations (Fig. 3A-
B) only permit regulation of one metabolic branch at a time. The
complexity of this binary output could be scaled-up by regulating
both branches at the same time, maximizing the production of
one metabolite while the other it is being suppressed (Fig. 3C). To
this end, would be necessary to place the gRNAs under the
control of the switch and create a new construct including in the
same array gRNAs from both deactivated endonucleases.
Although this type of heterogeneous arrays mixing Cas9 and
Cas12a gRNAs has not been reported yet, could be feasible to
implement it adapting the existing strategies such as the tRNA
processing system [10] or even exploiting the intrinsic RNase
activity of Cas12a [34].
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RESET
dCasl2a dCasl2a dCas9
N
SET dCas9 gRNAs
j—‘} dCasl2a gRNAs
A B A B
RESET

Cas9 gRNA

Cas9 gRNA
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gRNA array 1 gRNA array 2
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A

Figure 3: integrating phage PhiC31-based toggle switch and PTFs for
modulating metabolic fluxes. A) Deactivated endonucleases (dCas9 and
dCas12a)fused to activator domains (green color) could be subjected to bistable
regulation while its gRNAs are constitutively expressed. (Continued).
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(Figure 3 continued). The dCas? gRNAs are directed towards the enzymes E1
and E2 (light blue) and dCas12 gRNAs to E3 and E4 (deep blue). Switching
between both dCas activators would allow deviating the metabolic flux towards
the production of A or B (bold line) by increasing the expression of the targeted
enzymes (enlarged circles). B) same output could be achieved by regulating the
expression of the gRNAs while constitutively expressing the PTFs. C) Regulation
of mixed arrays containing gRNAs of both dCas12a and dCas? (array 1 and array
2) would permit simultaneous regulation of both metabolic branches. Note that
dCas? is fused to an activator domain (green) while dCas12a is attached to a
repressor one (red). As a result, the enzymes of one branch would be activated
and the others repressed at the same time, maximizing thus the channeling of
metabolites to the desired final product.
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Conclusions

C1. The GoldenBraid (GB) biorepository, which offers a collection
of DNA parts and webtools for the assembly of constructs for plant
engineering, was expanded with new molecular tools for genome
engineering and plant synthetic biology. More precisely, the
CRISPR/Cas12a system was included to perform site-specific
mutagenesis by introducing double-strand breaks at precise
genome locations. This CRISPR/Cas12a toolset included two
orthologs of the Cas12a endonuclease (AsCas12a and LbCas12a)
and two guide RNA (gRNA) expression cassettes for targeting a
single gene or multiple loci in the plant genome. In addition, a
new reversible and bistable memory switch inspired in the
bacteriophage PhiC31 recombination system was included in GB
platform, to regulate the expression status (ON or OFF) of two
genes of interest in reverse and forward orientations by inversion
of a central DNA regulatory element through site-specific
recombination.

C2. All the required elements to perform site-specific
mutagenesis with the CRISPR/Cas12a system were extensively
validated through transient and stable transformation
experiments in N. benthamiana, S. lycopersicum and A. thaliana
and comprehensively compared with the alternative CRISPR/Cas?
gene editing system. Concerning CRISPR/Cas12a system, the
LbCas12a endonuclease was significantly more efficient than
AsCas12a, and provided higher average mutagenesis rates when
compared to SpCas? in the analyzed loci. Mutagenesis rates of
Cas12a were greatly influenced by the sequence of the target
locus, probably due to the high variability in the secondary
structure of the gRNA as the assays with shortened synthetic
gRNAs revealed.

C3. The CRISPR/Cas12a system was found to have a deletion-
prone mutagenesis profile, which was harnessed to produce
germline-associated deletions in A. thaliana by targeting 5" and 3’
untranslated regions of the PD53 gene. Genome-wide analysis of
Cas12a-free mutants of the PDS53 gene, discarded the presence
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of off-targets mutations in the A. thaliana genome. One line
though showed large chromosome rearrangements surrounding
the targeted site.

C4. A phage PhiC31-based toggle switch was designed to be
operated by SET and RESET recombination reactions, which
inverted the DNA central regulatory element modifying the
expression status of the flanking transgenes. Individual SET and
RESET recombination reactions proved to be fully functional in .
benthamiana transient and stable experiments, in which the
switch was delivered in the agroinfiltration mixture or stably
integrated in the plant genome. SET and RESET transitions were
evaluated using four different configurations of the toggle switch,
with firefly luciferase and YFP as reporter genes. SET operation
showed to be more efficient and stable than RESET as expected
for a one-component reaction.

C5. The reversibility of the toggle switch was demonstrated by
successfully operating a full SET-RESET recombination cycle
through an infiltration and /n vitro regeneration experiment.

Cé6. The inducibility and memory of the switch was demonstrated
by operating a SET reaction in transgenic N. benthamiana hairy
roots carrying a switch with an inactive luciferase reporter gene
and transformed with an estradiol-inducible integrase. The
PhiC31 integrase expression was chemically induced as
evidenced by the increment in the luciferase expression triggered
by the SET recombination. Luciferase signal increased in the
course of the time indicating the system remained in the switched
state maintaining a memory of the recombination.
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