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Summary

The term Plant Molecular farming (PMF) refers to the production of industrially relevant and
commercially valuable recombinant products in plants. Its purpose is to provide a safe and cost-effective
approach for the manufacturing of recombinant bioproducts at a large scale. Plants of the Nicotiana
genus, especially Nicotiana tabacum and Nicotiana benthamiana, have become increasingly important
as production platforms for PMF due to their advantages such as high biomass yield, ease of
transformation, and robust protein expression. However, at present, there is room for improvement for
N. tabacum and N. benthamiana as ideal hosts for molecular farming. Breeding goals such as delaying or
abolishing flowering to enhance plant biomass could convert N. benthamiana into a prime chassis for
molecular farming purposes. This objective was the focus of this research. In the first chapter, a genome-
wide analysis of SQUAMOSA PROMOTER BINDING-LIKE (SPL) genes was performed. These genes are
involved in vegetative phase transition and flowering time, on this species and its close relative N.
tabacum, identifying 49 SPL genes in N. tabacum and 43 SPL genes in N. benthamiana. The SPL genes of
the two species were classified into eight phylogenetic groups according to the SPL classification in
Arabidopsis thaliana. The exon-intron gene structure and the DNA-binding domains were highly
conserved between homeologues and orthologues, and the potential targets of microRNA156, involved
in vegetative phase transition, were also identified. The expression of SPL genes in leaves was analysed
by RNA-seq at three different growth stages, revealing that genes not under miR156 control were in
general constitutively expressed at high levels, whereas miR156-regulated genes showed lower
expression levels, often developmentally regulated. The N. benthamiana SPL13_1a gene was selected as
target for a CRISPR/Cas9 knockout experiment. The full knock out of this single gene lead to a significant
delay in flowering time of 2-5 days and increased branching. In the second chapter, more CRISPR/Cas9
gene editions are performed in N. benthamiana with the objective of flowering abolition. Floral inducers
FLOWERING LOCUS T 4 and 5 (NbFT4 and NbFT5_1a/1b) were knocked out alone and in combination
with NbSPL13_1a. In the most edited line FT4-FT5-SPL13 40-1 flowering time was doubled compared
to wild type plants. However, total abolition of flowering was not achieved. The delayed flowering had
consequences on various aspects of plant growth, that were quantified through various parameters:
highly edited lines had increased biomass, height, number of leaves and total leaves area compared to
the less edited ones and wild type. Moreover, the generated lines were evaluated for their potential to
express heterologous proteins. Unexpectedly, they were not able to maintain high expression levels after
week five. In the future, knockouts in other important players in flowering initiation, such as NbSPL9/15

and NbSPL3/4/5, will be stacked in our lines.
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Resumen

Plant Molecular Farming (PMF) es la produccién de proteinas de interés industrial y valor comercial en
plantas. Su objetivo es proporcionar un enfoque seguro y rentable para la produccién de proteinas
recombinantes a gran escala. Las plantas del género Nicotiana, especialmente Nicotiana tabacum y
Nicotiana benthamiana, han adquirido una importancia creciente como plataformas de produccién de
PMF debido a sus ventajas, como el alto rendimiento de biomasa, la facilidad de transformacién y la
expresién robusta de proteinas. Sin embargo, en la actualidad N. tabacum y N. benthamiana no son
hospedadores ideales para el cultivo molecular. Los objetivos de mejora genética, como retrasar o
suprimir la floraciéon para aumentar la biomasa de la planta, podrian convertir a N. benthamiana en un
chasis de primera para fines de cultivo molecular. En este trabajo de investigacidn nos centramos en este
objetivo. En el primer capitulo, realizamos un andlisis de todo el genoma de los genes SQUAMOSA
PROMOTER BINDING-LIKE (SPL), implicados en la transicion de fase vegetativa y el tiempo de floracidn,
en esta especie y en su pariente cercana N. tabacum, identificando 49 genes SPL en N. tabacum y 43
genes SPL en N. benthamiana. Los genes SPL de las dos especies se clasificaron en ocho grupos
filogenéticos de acuerdo con la clasificacién de SPL en Arabidopsis thaliana. La estructura génica exon-
intrén y los dominios de unidn al ADN se conservaron en gran medida entre homedlogos y ortélogos, y
también se identificaron las dianas potenciales del microARN156, implicado en la transiciéon de fase
vegetativa. La expresion de genes SPL en hojas se analizo mediante RNA-seq en tres fases de crecimiento
diferentes, revelando que los genes que no estaban bajo el control de miR156 se expresaban en general
de forma constitutiva a niveles altos, mientras que los genes regulados por miR156 mostraban niveles
de expresion mas bajos, a menudo regulados por el desarrollo. Seleccionamos el gen SPL13_1a de N.
benthamiana como diana para un experimento de knockout CRISPR/Cas9. El knock out completo de este
unico gen condujo a un retraso significativo en el tiempo de floracién de 2-5 dias y a un aumento de la
ramificacién. En el segundo capitulo, mostramos mas ediciones de genes CRISPR/Cas9 realizadas en N.
benthamiana con el objetivo de la abolicién de la floracién. Se eliminaron los inductores florales
FLOWERING LOCUS T 4y 5 (NbFT4 y NbFT5_1a/1b) solos y en combinaciéon con NbSPL13_1a. En la
linea mas editada FT4-FT5-SPL13 40-1 el tiempo de floracién se duplicé en comparacién con las plantas
de tipo silvestre. Sin embargo, no se logro la abolicion total de la floracidn. El retraso de la floracion tuvo
consecuencias en varios aspectos del crecimiento de la planta, que cuantificamos a través de diversos
parametros: las lineas altamente editadas presentaron un aumento de la biomasa, la altura, el nimero
de hojas y el area foliar total en comparacion con las menos editadas y el tipo silvestre. Ademas, se evalu6
el potencial de las lineas generadas para expresar proteinas heterdlogas. Inesperadamente, no fueron
capaces de mantener altos niveles de expresion después de la quinta semana. En el futuro, se apilaran
en nuestras lineas knockouts en otros actores importantes en el inicio de la floracién, como NbSPL9/15

y NbSPL3/4/5.
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Resum

Plant Molecular Farming (PMF) és la produccié de proteines d'interés industrial i valor comercial a
plantes. El seu objectiu és proporcionar un enfocament segur i rendible per a la produccié de proteines
recombinants a gran escala. Les plantes del génere Nicotiana, especialment Nicotiana tabacum i
Nicotiana benthamiana, han adquirit una importancia creixent com a plataformes de produccié de PMF
a causa dels seus avantatges, com ara l'alt rendiment de biomassa, la facilitat de transformacié i
1'expressio robusta de proteines. No obstant aixd, actualment la N. tabacum i la N. benthamiana no sén
hostes ideals per al cultiu molecular. Els objectius de millora genética, com ara endarrerir o suprimir la
floracié per augmentar la biomassa de la planta, podrien convertir N. benthamiana en un xassis de
primera per a fins de cultiu molecular. En aquest treball de recerca ens centrem en aquest objectiu. Al
primer capitol, realitzem una analisi de tot el genoma dels gens SQUAMOSA PROMOTER BINDING-LIKE
(SPL), implicats en la transicié de fase vegetativa i el temps de floracié, en aquesta especie i en el seu
parent proper N. tabacum, identificant 49 gens SPL a N. tabacum i 43 gens SPL a N. benthamiana. Els
gens SPL de les dues espécies es van classificar en vuit grups filogenétics d'acord amb la classificacié de
SPL a Arabidopsis thaliana. L'estructura genica exon-intron i els dominis d'unié a 'ADN es van conservar
en gran mesura entre homeolegs i ortolegs, i també es van identificar les potencials dianes del
microARN156, implicat en la transicié de fase vegetativa. L'expressié de gens SPL en fulles es va analitzar
mitjangcant RNA-seq en tres fases de creixement diferents, revelant que els gens que no estaven sota el
control de miR156 s'expressaven en general de forma constitutiva a nivells alts, mentre que els gens
regulats per miR156 mostraven nivells més baixos d'expressio, sovint regulats pel desenvolupament.
Seleccionem el gen SPL13 1a de N. benthamiana com a diana per a un experiment de knockout
CRISPR/Cas9. El knock out complet d'aquest gen va conduir a un retard significatiu en el temps de
floracié de 2-5 dies ia un augment de la ramificacid. Al segon capitol, mostrem més edicions de gens
CRISPR/Cas9 realitzades a N. benthamiana amb 1'objectiu de I'abolici6 de la floracié. Es van eliminar els
inductors florals FLOWERING LOCUS T 4 i 5 (NbFT4 i NbFT5_1a/1b) sols i en combinacié amb
NbSPL13_1a. A la linia més editada FT4-FT5-SPL13 40-1 el temps de floraci6 es va duplicar en
comparacié amb les plantes de tipus silvestre. Tot i aix0, no es va aconseguir l'abolici6 total de la floracié.
El retard de la floracid va tenir conseqiiéncies en diversos aspectes del creixement de la planta, que vam
quantificar a través de diversos parametres: les linies altament editades van presentar un augment de la
biomassa, l'algada, el nombre de fulles i 1'area foliar total en comparacié amb les menys editades i el
tipus silvestre. A més, es va avaluar el potencial de les linies generades per expressar proteines
heterdlogues. Inesperadament, no van ser capac¢os de mantenir alts nivells dexpressio després de la
cinquena setmana. En el futur, s'apilaran a les nostres linies knockouts en altres actors importants a

l'inici de la floracid, com NbSPL9/15 i NbSPL3/4/5.
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General introduction

Plant Molecular Farming

Plant Molecular Farming (PMF) refers to the production of industrially relevant and commercially
valuable recombinant products in plants (Eidenberger et al., 2023). Its purpose is to provide a safe and
cost-effective approach for the manufacturing of bioproducts at large scale. This research field holds
great promise for the efficient and cost-effective production of a wide range of therapeutic proteins,
vaccines, antibodies, and other bioactive molecules. The use of whole plants or plant cell cultures as
biofactories offers numerous potential advantages over traditional production methods in other
organisms, such as microbial fermentation or animal cell culture, particularly in terms of safety and
scalability. Many plant species are considered generally safe for recombinant production due to their
long history of consumption by humans (Stoger et al., 2014), and plant-based production systems are
safer since they do not support the replication of mammalian viruses that could arise in mammalian cell
cultures (Hundleby etal, 2018). Another significant advantage of plant molecular farming is the
potential for scalability and the cost-effectiveness of protein production. Several authors indicate that
fermentation of cell cultures is more expensive than the growth of plants, which can be up-scaled to the
level of open-field cultivation (Fischer & Buyel, 2020). Another benefit of plant-based protein production
is the simplicity, since sterility is not required during production (Buyel, 2019; Fischer & Buyel, 2020).
Despite these advantages, PMF has drawbacks, compared to other production platforms, that need to be
considered. Historically, targeted genetic manipulation has been more common in other organisms, such
as yeast (Green & Tibbetts, 1980), while in plants only the advent of CRISPR/Cas and similar
technologies offered the possibility of efficient site-directed mutagenesis (Doudna & Charpentier, 2014;
J.-F. Li etal, 2014). Long regeneration times of stable transgenic plant lines (6-18 months) often
dissuade industry from adopting production in plants (Sack et al., 2015) and obstacles in the present
regulatory approval process contribute to this trend (Ma et al., 2015; Tusé et al., 2020). Moreover, the
highest registered levels of recombinant protein production in plants were around 4 g/kg for GFP,
influenza antigens and monoclonal antibodies (Shoji et al, 2012; Yamamoto et al., 2018; Zischewski
et al,, 2016) while production yields of antibodies in mammalian cells often exceeds 25 g/L (W. C. Yang
etal, 2016). Other problems may include the activation of endogenous proteases in plants during
transient expression by infiltration (Grosse-Holz et al., 2017), the difference in glycosylation patterns
(Fischer et al., 2021; Strasser, 2016) and other undesired modifications due to oxidation and proteolysis

during downstream processing (Buyel et al., 2021).

A diverse array of recombinant proteins has been successfully synthesized across a broad spectrum of
plant hosts, and these products are readily accessible in the market today. An early example of this

breakthrough was witnessed when Merck pioneered the production of avidin and -glucuronidase in
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transgenic maize (Hood et al., 1999). More recently, ORF Genetics achieved the commercial synthesis of
growth factors in transgenic barley (Magnusdottir etal, 2013), while Protalix Biotherapeutics
accomplished the commercialization of glucocerebrosidase, produced in carrot cells (Zimran etal,
2018), and is developing the production of pegunigalsidase alfa in the same host (van der Veen et al.,
2020). In addition to the production of recombinant proteins, PMF also includes the production of
metabolites. An early example is the increased level of carotenoids in genetically engineered tomato

(Enfissi et al., 2005).

Nicotiana benthamiana as host

Plant molecular farming has gained significant momentum in recent years with certain plant species,
particularly those belonging to the Nicotiana genus, such as tobacco (Nicotiana tabacum) and Nicotiana
benthamiana, emerging as prominent production platforms. These plants offer several advantages,
including their non-food crop status, robust protein expression capability, ease of transformation and
high biomass yield, making them ideal candidates for molecular farming applications (Tremblay et al.,

2010).

The utilization of tobacco as a biofactory for molecular farming began in the early 1990s when its
potential for expressing foreign genes and producing specific proteins of interest was recognized. Hiatt
et al. (1989) successfully assembled and produced functional antibodies in tobacco (Hiatt et al., 1989)
and Mason et al. (1996) produced in this chassis the Norwalk virus capsid protein, which elicited an

immunogenic response in mice (Mason et al., 1996).

The successful expression of antibodies and viral proteins in tobacco plants highlighted the versatility
of this plant species as a bioreactor for molecular farming. In addition to tobacco, N. benthamiana, a
tobacco relative originally from Australia, has rapidly emerged as an excellent host for molecular farming
purposes. N. benthamiana possesses several advantageous characteristics that make it an ideal choice
for protein expression. Firstly, it is well-suited for transient expression through a technique called
agroinfiltration (Fig. 1), which allows for rapid and efficient protein production (Sheludko et al., 2007).
This method involves introducing Agrobacterium tumefaciens carrying the gene of interest into the plant,
resulting in high levels of protein expression. Moreover, N. benthamiana has several key features that
contribute to its suitability as a molecular farming host. It has an appropriate size for indoor production
and a shorter life cycle compared to other related plant species, enabling faster protein production (Bally
et al,, 2015). The leaf anatomy of N. benthamiana facilitates the infiltration of genetic material, allowing
efficient expression of the introduced genes. Moreover, the endogenous gene silencing mechanisms of
the N. benthamiana LAB strain, which is commonly used in research, are partially defective due to a
natural frame-shift insertion in the RNA-dependent RNA polymerase 1 (RDR1) gene. This defect favours

the use of DNA delivery vectors and enhances the expression of proteins from viral vectors (Bally et al.,
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2015; S.-]. Yang et al., 2004). These favourable characteristics have made N. benthamiana a popular
choice as a production chassis for pharmaceuticals. As a consequence of this increased interest in the N.
benthamiana host, numerous resources have been generated in recent years, including a multi-omic
resource containing genomic, transcriptomic and epigenomic data (Ranawaka et al., 2023). In addition,
comprehensive metabolomic profiles have been produced, including those describing plant
developmental stages (Drapal et al., 2021a), specific responses to the agroinfiltration process (Drapal
etal, 2021b). All this is included in a chemotype core collection of the Nicotiana genus including six
accessions of Nicotiana benthamiana and comprising over 360 identified metabolites of a wide range of
chemical classes as well as thousands of unknown compounds with dedicated spectral and
chromatographic properties (Drapal et al., 2022). Together, this collaborative characterization effort

serves as basis for future improvements of the chassis.

Numerous examples demonstrate its effectiveness and rapidness in producing important bioactive
molecules by transient expression. For instance, N. benthamiana has been utilized to produce a HIV
neutralizing antibody (Hamorsky et al., 2013) and influenza virus-like particles capable of eliciting an
immune response in mice (D'Aoust et al., 2008). More recently, N. benthamiana has played a crucial role
as a production platform for antigens and vaccines targeting the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), the causative agent of COVID-19. SARS-CoV-2 antigens were successfully
expressed in N. benthamiana to support the development of diagnostic tests and potential vaccine

candidates (Maharjan & Choe, 2021; Ruocco & Strasser, 2022).

I
= —p = —_— AN

o i Product
Agrobacterium I -

extraction

tumefaciens v i A

S
W|th_ plasmid of Strain = &;\7 T
interest -
culturing
‘1\\ /.
Syringe (or vacuum)

infiltration

Figure 1. Transient expression in N. benthamiana by agroinfiltration.

While transient expression in N. benthamiana offers the advantage of rapid protein production, it may
not guarantee long-term and stable production of pharmaceuticals. To address this concern, stable
transformation of N. benthamiana can be a viable alternative for molecular farming, as it allows for the
generation of transgenic lines whose seeds can be stored and sown as needed (Fig. 2). This approach
ensures consistent and sustainable production of desired molecules and proteins. Several examples of
successful stable transformation for molecular farming purposes in N. benthamiana have been reported.

For instance, Forestier et al. (2021) developed transgenic N. benthamiana lines producing high-value
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diterpenes (Forestier et al.,, 2021), the production of volatile moth sex pheromones was developed by
Mateos-Ferndndez et al. (2021) who generated stable N. benthamiana lines harbouring the pheromones
biosynthetic pathway with the aim of sustainable pest control (Mateos-Fernandez et al., 2021). More
recently, Forestier et al. (2023) achieved the production of casbene in N. benthamiana through heat-
inducible promoters (Forestier etal, 2023), and Limkul et al. (2015) successfully achieved the
production of human glucocerebrosidase, a therapeutic enzyme used in the treatment of Gaucher's
disease, in stable transgenic N. benthamiana lines (Limkul etal, 2015). Besides the whole plant
approach, transgenic N. benthamiana and N. tabacum cell suspensions have been also widely used as
efficient recombinant protein production platforms. Indeed, most of the early studies in bioreactors and

cell cultures have been done with Nicotiana tabacum BY2 cells (Verdu-Navarro et al., 2023).
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Agrobacterium- regeneration
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Fote Tl

Figure 2. Scheme representing stable transformation in N. benthamiana.

Discs are cut from leaves and kept in contact with A. tumefaciens carrying the plasmid of interest. Then, the TO

shoots generated in vitro are grown, genotyped and selected. Blue plants represent the transformed ones.

Overall, the unique attributes of N. benthamiana, including its efficient agroinfiltration-based transient

expression system and defective gene silencing mechanisms, have positioned it as a leading choice for
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molecular farming applications, enabling the production of diverse pharmaceuticals and contributing to

advancements in biotechnology.

Approaches to improve the chassis

As already mentioned, PMF has advantages, but also drawbacks compared to protein and compound
production in other organisms. Several approaches have been introduced in order to tackle these
problems and also to further improve the capacity of the production hosts as biofactories. Some of these

strategies are presented in this section.

Suppression of gene silencing

The yield of recombinant proteins can be reduced due to gene silencing induced by transgenes. Viral
silencing suppressors can prevent this mechanism by being co-expressed with the transgene in N.
benthamiana (Arzola et al., 2011). For instance, the P19 suppressor derived from the tomato bushy stunt
virus (TBSV) has been extensively used to increase the expression of recombinant proteins (Garabagi
etal, 2012). This is achieved by its ability to bind to small interfering RNAs (siRNA) and prevent the
assembly of the RNA-induced silencing complex (RISC) (Garabagi et al., 2012). Repressing endogenous
genes involved in RNA silencing can also improve recombinant protein production. The use of
CRISPR/Cas9 in N. benthamiana to inactivate Argonaute2 (AGO2) increased the expression of a viral
vector encoding GFP (Ludman et al,, 2017). The knockout in N. benthamiana of RNA-dependent RNA
polymerase 6 (RDR6) using CRISPR/Cas9 disrupted post-transcriptional gene silencing and increased
recombinant GFP expression (Matsuo & Atsumi, 2019). As previously mentioned, the N. benthamiana
LAB strain possesses a natural frameshift insertion in its RDR1 gene, which causes an altered response

to viral infections and makes it an ideal chassis for the expression of viral vectors (S.-]. Yang et al., 2004).

Storage compartments

Another approach to enhance protein production is to boost the storage capacity of organelles, such as
the endoplasmic reticulum (ER) or vacuoles. The ER is crucial in protein synthesis, folding, modification,
and storage. A well-developed ER correlates with the capacity to secrete recombinant proteins (Margolin
etal, 2020; Zhu etal, 2019). Promoting membrane synthesis is a strategy to increase protein
production (de Ruijter etal, 2016; Schuck etal, 2009). The production of larger quantities of
phospholipids and the expansion of the ER can be induced by eliminating the phosphatidic acid
phosphatase (PAP or PAH). In Arabidopsis, the knock-out of PAH1/2 promoted ER proliferation
(Craddock et al,, 2015).

Plant vacuoles, which typically function as lytic compartments, account for a significant portion of the

cell volume. In seeds and other storage organs, proteins can be stored in vacuoles (Arcalis et al., 2014;
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Herman & Larkins, 1999; Marty, 1999; Takaiwa et al., 2017). Normally the central vacuole of leaf cells is
considered an unstable environment for recombinant proteins due to their nature as lytic
compartments, but there are cases in which recombinant proteins have accumulated in this organelle
(Marin Viegas etal, 2017). In N. benthamiana, Ocampo et al. (2016) achieved the targeting of
monoclonal antibodies to vacuoles (Ocampo etal, 2016), and human glucocerebrosidase was
successfully targeted to vacuoles in carrot cells to gain a specific N-linked glycan structure (Shaaltiel
etal, 2007). Although the lytic nature of the vacuole can be a drawback, its characteristics can be
modified by genetic engineering: the overexpressed transcriptional regulator LEAFY COTYLEDON2
(LEC2) altered leaf morphology and reduced the size of the lytic vacuole in Arabidopsis, replacing it with
protein storage vacuoles (Feeney etal, 2013). Nevertheless, substantial interventions in cellular
metabolism, such as transforming vacuoles into protein storage vacuoles, require further understanding

and consideration of potential side effects.

Chaperones activity

The production of recombinant proteins in the endoplasmic reticulum often leads to ER stress and an
increased expression of chaperones, which are essential for protein folding (Strasser, 2018). Predictably,
this gave rise to the idea of upregulating specific chaperones to boost the generation of both endogenous
and recombinant proteins (Buyel et al, 2021). In rice, excessive overexpression of the chaperone
Binding protein 1 (BiP1) resulted in altered seeds and reduced protein accumulation (Wakasa et al.,
2011). Nevertheless, a minimal increase in the expression of this chaperone led to optimal recombinant
protein yields, suggesting the need for balanced modification of BiP1 levels for improved production
(Wakasa et al,, 2011). Similar variable outcomes were observed in yeast and mammalian cells when
overexpressing chaperones like BiP and protein disulfide isomerase (PDI) (Damasceno etal., 2007;
Klabunde etal, 2007; Kunert & Reinhart, 2016). In N. benthamiana, the expression of human
chaperones, such as calreticulin, enhanced the accumulation of human viral glycoproteins (Margolin

etal., 2020).

Protease activity

Endogenous proteases can degrade the recombinant proteins produced in the plants. For example, IgG
frequently suffer proteolytic degradation (Donini et al., 2015; Puchol Tarazona et al., 2020). Strategies
to mitigate proteolysis include RNAi-mediated gene silencing to downregulate proteases (N.-S. Kim et al.,
2008; Mandal et al., 2014) and the utilization of genome editing. For example, in moss, knocking out
specific proteases through CRISPR/Cas9 technology has been successful in increasing recombinant
protein yields (Hoernstein etal, 2018). Additionally, inducible promoters can be harnessed to
spatiotemporally control the expression of genome-edited proteases, avoiding interference with plant
growth (Lowder et al.,, 2017; X. Wang et al., 2020). Broad-spectrum protease inhibitors (PIs) can also be

co-expressed with the target protein to counteract proteolytic degradation. For example, Jutras et al.
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(2016) achieved antibody accumulation in N. benthamiana through the simultaneous expression of the
tomato protease inhibitor SICYS8 (Jutras et al,, 2016), while Grosse-Holz et al. (2018) increased the
accumulation of a-galactosidase and erythropoietin by co-expressing protease inhibitors from N.
benthamiana and humans (Grosse-Holz et al.,, 2018). Moreover, genome editing can be employed to
modify the promoters of endogenous PI genes, allowing spatiotemporal regulation of PI expression

(Mandal et al.,, 2016; Pillay et al., 2012).

Remodulation of host cell proteins abundance

It is beneficial in PMF to divert cellular resources from the synthesis of host cell proteins (HCPs) to the
production of the recombinant protein of interest. Reducing the abundance of HCPs simplifies
downstream processing and increases synthesis capacity (Buyel et al., 2016; Opdensteinen et al., 2019).
Strong constitutive promoters are frequently used to maximize transcription rates. Among the most
common ones are the Cauliflower mosaic virus 35S and ubiquitin promoters (W. Liu & Stewart, 2016).
Nevertheless, a significant portion of cellular resources is still dedicated to HCP synthesis, with proteins
like ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) representing a substantial proportion
of total proteins in leaves (Buyel et al., 2015). An optimal PMF platform should possess the ability to
control the shutdown of HCP synthesis over time, utilizing inducible RNAi constructs or transcriptional
repressors based on inactivated Cas9. RuBisCO is a key target for shutdown strategies, as it is greatly
abundant in the plant biomass (Robert et al., 2015). Other proteins can be considered as targets for this
strategy, as the ones related to stress response, cell division, photosynthesis or cell growth (Mahalik
et al,, 2014; Sharma et al., 2020). In seed crops, reducing endogenous storage protein accumulation can
increase product yields by creating space in storage organelles and reducing competition for translation
and assembly in the endoplasmic reticulum (Takaiwa, 2013). CRISPR/Cas has been used to target

storage protein genes in various crops (A. Li et al.,, 2018; Lyzenga et al., 2019; Sdnchez-Leo6n et al., 2018).

Strategies to avoid toxic metabolites

Employing non-edible plants, such as tobacco, for PMF purposes offers the benefit of reducing the risk
of contaminating the food chain with the transgenes (Breyer et al., 2012; Commandeur et al., 2003).
Even so, these plants may still produce toxic metabolites, such as nicotine. Purification steps in
biopharmaceutical production remove small molecules and impurities below the limit of detection, but
organic solvent-based techniques may be required for technical protein formulations (Fu et al., 2010;
Ma etal.,, 2015; McNulty et al,, 2020). Developing a plant molecular farming chassis that does not
produce toxic compounds is desirable. In tobacco, the knockout of all berberine bridge enzyme-like
(BBL) genes using CRISPR/Cas9 resulted in an almost complete elimination of nicotine production
(Schachtsiek & Stehle, 2019). Nonetheless, targeting key enzymes involved in secondary metabolism
may have unintended side effects: Kaiser et al. (2002) overexpressed homospermidine synthase for the

reduction of spermidine levels in tobacco, but this manipulation resulted in a stunted phenotype (Kaiser
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et al, 2002). Rather than overexpressing or knocking out the gene of interest, a possible alternative can
be the spatiotemporal regulation of its corresponding transcription factor in order to govern the

concentration of the target metabolite (Hayashi et al., 2020).

Self-catalysing residual biomass

The concept of self-catalysed processing of residual biomass in PMF processes can enhance the
economic viability by utilizing the remaining plant biomass as a cascade biorefinery (Buyel, 2019). The
predominant component in residual biomass is cellulose (Sheen, 1983), and its degradation can be
performed by exoglucanases and endoglucanases, which convert cellulose into oligo- and
monosaccharides (Bornscheuer etal., 2014). Restricting enzyme expression to specific organs or
inducing it at a precise moment, such as pre-harvest, can reduce the rigidity of the fibres, facilitating the
extraction of the product (Vicuna Requesens et al., 2019). Genome editing techniques can be employed
to alter the promoters of endogenous cellulase, enabling precise control over spatiotemporal expression

of these genes (Buyel et al.,, 2021).

Glycoengineering

Plants and animals produce complex N-linked glycans, but there are differences between plant and
human glycans, such as the presence of core a-1,3-fucose and B-1,2-xylose in plants (Montero-Morales
& Steinkellner, 2018). One of the objectives that were pursued in the context of PMF was the
glycoengineering, i.e. the “humanization” of the glycoproteins produced in plants, to avoid possible
immunogenic effects in humans. Nagels et al. (2011) focused on the generation of transgenic N.
benthamiana lines capable of producing complex multiantennary N-glycans. These lines produced
humanized N-glycan structures, which are crucial for therapeutic glycoproteins with enhanced
functionality and reduced immunogenicity (Nagels et al., 2011). Jansing et al. (2019) utilized stable
transformation of N. benthamiana to produce humanized non-immunogenic glycoproteins lacking 3-1,2-
xylose and core a-1,3-fucose. (Jansing et al.,, 2019). The same result was also achieved in BY-2 cells of
tobacco (Hanania et al., 2017; Mercx et al.,, 2017) and in SR-1 tobacco plants (Goritzer et al., 2022). O-
linked glycans, although less studied than N-linked glycans, are important for the biological activity of
produced recombinant proteins (Buyel et al., 2021). In plants, O-linked glycosylation starts with prolyl-
4-hydroxylation, and subsequently involves the addition of arabinogalactan or arabinose (Strasser,
2016). Knockout of prolyl-4-hydroxylase (P4H) genes has been achieved in Physcomitrella patens and
research is ongoing to target P4H isoforms in N. benthamiana (Parsons et al., 2013; Schoberer & Strasser,

2018).
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Genome editing

Many of the strategies aiming at the improvement of heterologous protein production in plants are now
possible thanks to genome editing through CRISPR/Cas9 technology. The discovery of CRISPR/Cas9 has
had a profound impact on genetic engineering, particularly in relation to the field of molecular farming
(Belhaj etal, 2013). CRISPR/Cas stands for "Clustered Regularly Interspaced Short Palindromic
Repeats" and "CRISPR-associated protein”. This system is a natural defence mechanism found in bacteria
against bacteriophages. It involves the use of a nuclease called Cas9, guided to cut the DNA of invading
viruses by interacting with two RNA molecules: a non-specific molecule known as tracrRNA and a
specific molecule called CRISPR RNA (crRNA). The crRNA is derived from a sequence within the
bacteriophage itself. Once the presence of a viral sequence is detected, it is inserted into the bacterial
genome to create a permanent genetic record of past infections. The recognition of the viral DNA occurs
through an interaction between the viral DNA and the crRNA, which is flanked by a sequence called PAM
(protospacer adjacent motif) (Bortesi & Fischer, 2015). When these elements are recognized, the target
DNA molecule is cleaved. The CRISPR/Cas systems are classified into two main classes: Class 1, which
includes enzyme types [, III, and IV, and Class 2, which includes enzyme types II, V, and VI (Makarova
et al, 2015). The widely used CRISPR/Cas9 system belongs to Class 2 and utilizes a type Il enzyme. Other
Cas proteins were later discovered to cleave RNA instead of DNA, such as Cas13 (Abudayyeh et al., 2016).

The remarkable simplicity of CRISPR/Cas9 technology lies in its requirement of only two components:
the Cas9 protein, which introduces a double-strand break (DSB) in the DNA, and a guide RNA (gRNA)
that directs Cas9 to a specific location in the genome. The gRNA is an engineered sequence that combines
the tracrRNA and the crRNA, incorporating a unique 20-nucleotide sequence. Targeting Cas9 to different
genomic loci involves designing these 20 specific nucleotides, always ensuring their presence before a

PAM sequence at the target site.

Following the DNA break, the cell activates a series of mechanisms to repair the damaged DNA molecule.
The repair outcome depends on the DNA repair pathway triggered by the cell (Fig. 3). Depending on the
repair system employed by the cell, and the type of modification that results from such repair, the genetic
modifications obtained by CRISPR (or by any other site-directed nucleases, SDNs) can be categorized as

follows:

SDN-1: In this approach, the nuclease cleaves the DNA molecule, and the repair mechanism rejoins the
broken ends using the Non-Homologous End Joining (NHE]) repair system. This repair process is error-
prone and can lead to various mutations at the target site, such as nucleotide substitutions or the
addition/loss of a few nucleotides (indels). SDN-1 is commonly employed in plant species to induce loss-
of-function mutations (Belhaj et al., 2013; Bortesi & Fischer, 2015; Podevin et al., 2013; Scheben et al.,
2017);
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SDN-2: This technique involves the nuclease-mediated cleavage of the DNA molecule, accompanied by
the utilization of an exogenous DNA molecule as a template for repair. The repair process occurs through
a system called Homology Directed Repair (HDR). SDN-2 allows for precise and controlled mutations,
including nucleotide substitutions or the addition/loss of one or a few nucleotides. Compared to SDN-1,
this method results in the generation of either a variant of an existing gene found in nature or the

creation of a new variant (Bortesi et al., 2016; Bortesi & Fischer, 2015; Podevin et al., 2013);

SDN-3: In SDN-3, the nuclease cleaves the DNA molecule at a predetermined site, followed by the
integration of a new sequence into that site (Bortesi et al., 2016; Bortesi & Fischer, 2015; Podevin et al,,
2013). The nature and origin of the inserted sequence determine whether a cisgenic, intragenic or
transgenic plant is obtained: in cisgenesis, the gene of interest flanked by its own promoter and
terminator is derived from another variety of the same species or from a sexually compatible one,
whereas in intragenesis the gene of interest can be combined with regulatory elements of the same
species (or a sexually compatible one) belonging to a different locus (Marone et al, 2023). In
transgenesis, the gene of interest comes from a non-sexually compatible species (Marone et al., 2023).
Nowadays, cisgenic and intragenic plants have a greater potential to be used in PMF, since they are
comparable to varieties obtained through conventional breeding methods, therefore they can be more
easily accepted in the market. On the other hand, transgenic varieties have to face stricter regulatory
approvals in many countries and are nowadays totally forbidden in the European Union (Marone et al.,

2023).

Overall, CRISPR/Cas9 technology has opened up a wide range of possibilities for precise genetic
modifications in both plant and biomedical research, allowing to manipulate genetic material with
unprecedented efficiency and accuracy. This breakthrough has transformed the field of genetic

engineering and holds great potential for advancements in various areas of science and medicine.
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Figure 3. Scheme representing genome editing.

The Cas protein is directed by pairing to a specific site on the host genome, where it performs a double stranded
break. The repair outcome depends on the DNA repair pathway triggered by the cell. Adapted from the templates

of Biorender (https://www.biorender.com/).

Multiplexing

One of the outstanding advantages of CRISPR/Cas technology is the ability to deliver multiple gRNAs
simultaneously, a strategy known as multiplexing, that enables targeting many loci at the same time.
CRISPR/Cas multiplex editing in plant breeding paves the way for pyramiding favorable independent
traits at unprecedented speed (Y. Zhang et al., 2020). This capacity has been exemplified with the
domestication of wild tomato by editing six genes involved in yield and productivity resulting in
increased fruit size and number (Zs6gon et al., 2018), or with its adaptation to urban agriculture by
editing genes that resulted in compact tomato plants with precocious fruits (Kwon et al., 2020). In
addition, multiplexing has the ability to uncover valuable traits which have remained elusive to breeding
due to redundancy in large gene families. This is more evident in polyploid plants, which account for
some of the most important crop species. Remarkable examples are low gluten wheat obtained upon
mutation of 35 genes of the highly redundant a-gliadin family (Sdnchez-Ledén et al.,, 2018), glyco-
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engineered N. benthamiana plants with knockouts (KOs) in two xylosyl and four fucosyltransferase
genes (Jansing et al., 2019) , or semi-dwarf rapeseed with increased yield with biallelic mutations in the

two MORE AXILLARY GROWTH1 (MAX1) homeologue genes (Zheng et al., 2020).

Multiplex CRISPR/Cas constructs minimally involve three transcriptional units (TUs): a plant selection
marker, the Cas nuclease, and at least two gRNA. Additional gRNAs can be expressed either from several
promoters as separate TUs, or from a single promoter as a polycistronic transcript that is further
processed resulting in the active gRNAs (Fig. 4). Cas9 has no ability to process gRNA tandem arrays,
although recent studies in viral vectors seem to provide exceptions to this general rule (Uranga et al.,
2021). Therefore, processable spacers need to be included in the array, so they can be rightly processed
and trimmed into single functional units. Among the different spacer strategies described, the tRNA
spacer method described by Xie et al. (2015) is being widely used in plant editing (K. Xie et al., 2015).
This method relies on endogenous plant RNase P and RNase Z required to process the tRNAs flanking

each spacer-scaffold unit.

Guides targeting gene 1 Guides targeting gene 2

)

i Y W, @)
 Nptll CH ﬁi’fp - > S }t £0 [‘t\ 5 O R
LB Caso [NDSREEN rus26 | o PUG-26 o BB
sg1 sg2 sg3 sgd sg5

§
Legend: £ =0 {RNA protospacer [L scaffold

Figure 4. Example of a vector for CRISPR/Cas multiplexing.

In this case, the vector contains the plant selection marker nptll, which confers resistance to kanamycin, the Cas9
enzyme, the DsRed fluorescent protein for visual selection, and two transcriptional units comprising two guides
targeting gene 1, and three guides targeting gene 2, each one under the control of U6-26 promoter. The sgRNAs

transcriptional units are assembled following the tRNA strategy (K. Xie et al.,, 2015).

Genome editing in the context of biofactory breeding

Genome editing has been a powerful tool for biofactory breeding purposes during the last years. As
already discussed earlier, CRISPR/Cas was used for different objectives in the context of chassis
improvement. Briefly, the generation of humanised and non-immunogenic glycan profiles on secreted
proteins by knocking out glycosyltransferases genes (Hanania et al., 2017; Jansing et al., 2019; Mercx
et al,, 2017) and prolyl-4-hydroxylase (P4H) genes (Parsons et al., 2013; Schoberer & Strasser, 2018), the
elimination of nicotine in tobacco through the edition of the BBL gene family (Schachtsiek & Stehle,
2019), the increased recombinant protein expression by knocking out RDR6 in N. benthamiana (Matsuo
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& Atsumi, 2019) and specific proteases in moss (Hoernstein et al, 2018), the disruption of storage
proteins in seed crops (A. Li et al., 2018; Lyzenga et al., 2019; Sdnchez-Ledn et al., 2018) to create space
in storage organelles (Takaiwa, 2013). In addition to these examples, another approach involving
CRISPR/Cas in biofactory breeding was the modulation of oxidases activity. During the extraction of
recombinant proteins from plants, phenolic compounds are produced. Polyphenol oxidases (PPOs) in
plants can form covalent complexes between these compounds and the produced proteins, causing
protein aggregation and reduction in yield and product quality during extraction (Twyman et al., 2003).
Knocking out PPO genes using genome editing offers an efficient solution to prevent phenolic oxidation.
The knockout of a potato PPO gene mediated by CRISPR/Cas9 significantly reduced PPO enzyme activity
in this plant without collateral effects (Gonzalez et al., 2020). This approach could be used also in other
chassis as tobacco and N. benthamiana. Nevertheless, spatiotemporal regulation may be necessary to
avoid interference with normal plant growth, since PPOs are necessary for plant defence (Buyel et al,,

2021).

Growth habits and developmental phase transitions in the context of biofactories

Increasing the yield of harvested biomass is crucial for PMFE This can be achieved by enhancing the
assimilation of carbon or by implementing improved agronomical practices to optimize the yield
potential of plants. Efforts to enhance efficiency of photosynthesis and carbon gain have involved
conventional plant transformation methods and synthetic pathway introduction with remarkable gains
in biomass (Gtowacka et al.,, 2018; Kromdijk et al., 2016; South et al., 2019). Nonetheless, genome editing
is a more effective technology for the mutation and manipulation of regulatory sequences to enhance or
modulate the expression of genes, thereby improving photosynthetic efficiency and biomass production
(Long etal, 2015). Genome-edited plants with enhanced photosynthetic efficiency and increased
biomass production can serve as desirable PMF hosts. While plants can handle elevated levels of
recombinant protein, biomass accumulation and growth can be affected by the need for protein
synthesis capacity (Oey et al., 2009; ]J. A. Schmidt et al., 2019). Improvements in carbon assimilation,
growth and energy conversion should not compromise the yield of recombinant protein. An approach
to address this issue is to concentrate the recombinant protein in a specific district of biomass, such as
seeds. This strategy can achieve both higher product yields and increased biomass accumulation

(Takaiwa et al., 2017).

Modifying the height and architecture of plants is another strategy to impact biomass accumulation and
facilitate bioprocessing in PMFE. Cultivation conditions, particularly lighting, can be controlled to some
extent to optimize plant properties, but the ideal conditions vary among plant species, leading to greater
costs in process development and the requirement for advanced equipment, such as inter-lighting or

wavelength-adjustable LED modules (Y. Park & Runkle, 2018; Poorter et al., 2012; Tewolde et al., 2018).
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However, manipulating plant height through cultivation conditions may have unintended effects on
secondary metabolites production that could complicate downstream processing (Buyel et al., 2015;

Darko et al., 2014).

A promising way to increase biomass in biofactory chassis is to enhance branching, in order to have more
available leaf surface to be infiltrated, as in the case of Nicotiana genus plants. The knockout through
gene editing of the two BnaMAX1 genes in rapeseed, homologs of Arabidopsis gene MAX1, resulted in
lines with increased branching, and this had a positive impact in seed productivity (Zheng et al., 2020).
Beside gene editing, cultural practices can also impact branching. Goulet et al. (2019) observed that the
primary contributors to the yield of recombinant proteins in agroinfiltrated N. benthamiana are the
young leaves in axillary stems. Spraying plants with the cytokinin 6-benzylaminopurine (6-BAP)
increased branching (Goulet et al., 2019), and moreover, prolonging the photoperiod from 16 to 24
hours resulted in higher biomass and a considerably higher titre of influenza virus hemagglutinin H1

(Goulet et al., 2019).

Another aspect of biofactory breeding related to development that would need improvement is the
biosafety: pollen and seeds dispersal must be avoided to prevent outcrossing with agricultural crops
(Buyel etal., 2021). For this purpose, abolished flowering would be a desirable trait for biofactory
breeding. In addition, since the optimal time frame for infiltrating N. benthamiana is week 5-6, when
wild type plants flower, the prolongation of juvenility would be beneficial for PMF purposes, so that the
expression capability of heterologous proteins would be at its maximum potential for longer periods.
These are the reasons why plants of Nicotiana genus with suppressed flowering and prolonged juvenility

are desirable for molecular farming goals.

One strategy for the improvement of growth habits is the manipulation of genes affecting phase
transition, especially the ones related to flowering time and juvenility. The SQUAMOSA PROMOTER
BINDING-LIKE (SPL) and FLOWERING LOCUS T (FT) genes are among the master regulators controlling

these traits.

Mechanisms controlling flowering time: the predominant role of FT genes

Flowering plants employ various mechanisms to regulate floral development and enhance their
reproductive success. The key regulatory proteins that coordinate these pathways were initially
identified in Arabidopsis thaliana, and belong to the phosphatidylethanolamine-binding protein (PEBP)
family (Chardon & Damerval, 2005; Hedman et al., 2009; Karlgren etal, 2011). Within the plant
kingdom, ancestral PEBP genes have undergone duplication and divergence, resulting in regulatory
proteins with antagonistic functions classified into three clades: in Arabidopsis, the FT-like clade
comprises FLOWERING LOCUS T (FT) and TWIN SISTER OF FT (TSF), the TFL1-like clade includes
TERMINAL FLOWER 1 (TFL1), BROTHER OF FT AND TFL1 (BFT), and ARABIDOPSIS THALIANA
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CENTRORADIALIS (ATC), and the MFT-like clade consists of MOTHER OF FT AND TFL1 (MFT). The
proteins of the FT-like and MFT-like clades are floral promoters (Chardon & Damerval, 2005; Hedman
etal, 2009; Karlgren et al, 2011). In long-day conditions, FT is expressed in Arabidopsis in the leaf
phloem companion cells and causes the beginning of floral development in the shoot apical meristem
(SAM). This activation occurs since the transcription factor CONSTANS (CO) is stabilized by the light, and
then activates FT (Samach et al., 2000; Valverde et al., 2004). Subsequently, the FT protein is transported
to the SAM via sieve elements and interacts with the transcription factor FLOWERING LOCUS D (FD).
This interaction activates downstream targets, like the floral meristem identity gene APETALA 1 (AP1)
and SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1) (Abe et al.,, 2005; Corbesier et al., 2007;
Wigge et al,, 2005). Also TSF, another FT-like protein, and MFT act as floral promoters in Arabidopsis
(Yamaguchi et al.,, 2005; S. Y. Yoo et al., 2004). In contrast, TFL1-like proteins, including TFL1 itself, BFT,
and ATC, generally hinder floral development and function as floral repressors, frequently exhibiting
overlapping roles (Mimida et al.,, 2001; S.]. Yoo et al., 2010). In the shoot apex, FT, TFL1, and other PEBP
proteins interact with FD, resulting in an antagonistic regulation of downstream target genes (Abe et al.,,
2005; Hanano & Goto, 2011; Wigge etal, 2005). Chardon and Damerval (2005) conducted a
phylogenetic analysis of the PEBP gene family in cereals and identified 19 FT-like genes in rice, 20 in
wheat, 9 in barley, 30 in maize and 5 in sorghum, highlighting the conservation of FT-like genes across
cereal species (Chardon & Damerval, 2005). While FT-like proteins have been identified in various plant
species, their functions can differ. Harig et al. (2012) investigated the FT-like proteins in tobacco and
identified four paralogs: NtFT1, NtFT2, NtFT3, and NtFT4. Surprisingly, they revealed distinct roles for
each paralog. NtFT1, NtFT2, and NtFT3 were found to act as floral repressors, impeding the onset of
flowering. Conversely, NtFT4 emerged as a floral inducer, facilitating the transition to flowering in
tobacco plants (Harig et al., 2012). Further investigations led to the discovery of an additional FT-like
protein in tobacco, which was named NtFT5. Functional analysis of NtFT5 demonstrated that
overexpression of this gene in tobacco plants resulted in an early flowering phenotype, highlighting its
role as a crucial floral activator (G. Wang et al., 2018). In a groundbreaking advancement, Schmidt et al.
(2020) employed CRISPR/Cas9 technology to explore the role of NtFT5 as the primary floral inducer in
tobacco. Through gene editing, they successfully knocked out NtFT5 in tobacco plants. The edited
tobacco plants exhibited a complete inability to flower in long-day conditions (F.]. Schmidt et al., 2020),

providing evidence for the pivotal role of NtFT5 in the flowering process of this species.

The SPL genes and their role in controlling plant architecture and developmental phase
transition
SQUAMOSA PROMOTER BINDING-LIKE PROTEINs (SPL) is a family of transcription factors specific to

plants. Various aspects of plant physiology and development are controlled by SPL genes, such as
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vegetative phase transition (Xu et al.,, 2016), leaf initiation rate and shoot and inflorescence branching
(Schwarz et al., 2008; Wu & Poethig, 2006), flowering time (Gandikota et al., 2007; Xu et al., 2016), floral
organ development and fertility (Xing et al.,, 2010), fruit development and ripening (Ferreira e Silva
etal.,, 2014), the development of pollen sac (Unte et al., 2003), root (Yamasaki et al., 2009; Yu etal,,
2015) and trichomes (Yu et al,, 2010). The SBP domain, consisting of approximately 78 amino acid
residues, is a characteristic of the proteins of this family (Birkenbihl et al., 2005; Cardon et al., 1999) and
some SPL genes possess a conserved microRNA 156 (miR156) binding site. Multiple studies affirmed
that miR156 levels play a pivotal role in regulating phase transition in plants. MiR156 tends to
accumulate significantly during the seeding and juvenile phases, then its abundance decreases notably
in the adult phase (Xu et al., 2016; T. Zhang et al., 2015). Simultaneously, as miR156 levels decline, there
is a corresponding increase in the expression of miR156-targeted SPLs with age, ultimately culminating

in the transition to reproductive phase (H. Wang & Wang, 2015) (Fig. 5).

Juvenile Adult Flowering

VEGETATIVE PHASE REPRODUCTIVE PHASE

miR156

Figure 5. Decrease of miRNA156 level.

The level of miRNA156 decreases proceeding from vegetative to reproductive phase, allowing the expression of
the SPL genes (H. Wang & Wang, 2015).

The two classes of genes described above, the FT and SPL genes, both contribute to promote flowering.
The connection between them is the transcription factor SOC1. In Arabidopsis, under long day
conditions, the FT-FD module activates SOC1, which in turn binds directly to the promoters of SPL3, SPL4
and SPL5. These genes activate downstream targets such as APETALA1 (AP1), FRUITFULL (FUL) or
LEAFY (LFY), floral meristem identity genes that start the floral transition (Balanza et al., 2014). The FT-
FD module can also directly bind to SPL3/4/5 promoters. Under short day conditions, gibberellic acid
(GA) directly activates SOC1, which in turn activates SPL3/4/5 and floral meristem identity genes (Jung
etal, 2012) (Fig. 6).

28



Photoperiod (LDs) GA (SDs)

|
ANV

SOC1

|

SPL3/4/5

AP1 FUL LFY

Figure 6. Cascade of activation involving FT, SPL genes and SOC1.

This cascade of activation ultimately leads to floral transition (Jung et al., 2012).

FTs and SPLs as possible targets for biofactory breeding

The reasons for considering FT and SPL genes as targets for biofactory breeding, particularly in the case
of N. benthamiana, has been outlined above. One of the most advantageous traits that research on
molecular farming may promote in N. benthamiana is the abolition of flowering. By creating a chassis
with this specific feature, the suitability of this plant for molecular farming purposes could significantly
increase. Such a chassis, devoid of the ability to flower, would exhibit several desirable characteristics
for large-scale bioproduction. Firstly, a non-flowering N. benthamiana would direct its energy and
resources away from reproductive processes, allowing to allocate more of its metabolic means towards
vegetative growth. As a result, the plant would accumulate significantly higher levels of biomass
compared to WT plants. The increased biomass could be employed for higher yields of biofactory
products, such as pharmaceuticals, enzymes, or metabolites. Moreover, the inability to flower would
prevent the release of pollen and seeds, reducing the risk of unwanted outcrossing with cultivated or
wild plant species in the vicinity (Buyel et al.,, 2021). This containment measure is crucial for maintaining
the genetic integrity of the engineered N. benthamiana, especially if grown in open fields or greenhouses

alongside other crops.

To achieve these benefits, in this work SPL13 was first identified as a candidate gene in N. benthamiana
and then CRISPR/Cas technology was utilized to specifically edit SPL13, FT4 and FT5 genes in this
species. By knocking out these genes, the flowering process would be compromised, leading to a possible

non-flowering phenotype.
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Objectives

The aim of this work was to improve Nicotiana benthamiana as a chassis for molecular farming by
generating new mutant lines with delayed flowering time. To this end, we aimed to characterize the
Nicotiana benthamiana gene families SQUAMOSA PROMOTER BINDING-LIKE (NbSPL) and FLOWERING
LOCUS T (NbFT) and to generate loss-of-function mutants of selected members of both families using

CRISPR/Cas9 gene editing tools. In particular, the specific objectives of this thesis were:

e To perform a genome-wide analysis of SQUAMOSA PROMOTER BINDING-LIKE (SPL) gene family
in N. benthamiana and tobacco, identifying those gene family members that could have a greater
influence in controlling flowering time (Chapter 1).

e Toknockout selected NbSPL members, analysing the effect in delaying N. benthamiana flowering
time (Chapter 1).

o To knockout selected NbFT family members analysing the effect in delaying N. benthamiana
flowering time (Chapter 2).

e To combine mutations in selected NbSPL and NbFT family members and to analyse the effect in

N. benthamiana flowering time and recombinant protein production (Chapter 2)
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Chapter 1. Comparative analysis of the SQUAMOSA PROMOTER
BINDING-LIKE (SPL) gene family in Nicotiana benthamiana and

Nicotiana tabacum

Carmine De Paola, Victor Garcia-Carpintero, Marta Vazquez-Vilar, Kacper Kaminski, Asun Fernandez-del-Carmen, Nicolas

Sierro, Nikolai V. Ivanov, Giovanni Giuliano, Peter Waterhouse, Diego Orzaez.

Plant Science, 2023. DOI: 10.1016/j.plantsci.2023.111797

My contribution to this chapter was essential. I contributed to the search for the SPL genes in the
N. benthamiana genome, I performed the RNA extraction in N. benthamiana leaf samples, 1
generated, genotyped and phenotyped the NbSPL13 lines. I wrote and corrected the text of the

chapter and generated its figures.

Abstract
SQUAMOSA PROMOTER BINDING-LIKE (SPL) proteins constitute a large family of transcription factors

known to play key roles in growth and developmental processes, including juvenile-to-adult and
vegetative-to-reproductive phase transitions. This makes SPLs interesting targets for precision breeding
in plants of the Nicotiana genus used as e.g. recombinant biofactories. The identification of 49 SPL genes
in Nicotiana tabacum cv. K326 and 43 SPL genes in Nicotiana benthamiana LAB strain is reported. These
genes were classified into eight phylogenetic groups according to the SPL classification in Arabidopsis.
Exon-intron gene structure and DNA-binding domains were highly conserved between homeologues
and orthologues. Thirty of the NbSPL genes and 33 of the NtSPL genes were found to be possible targets
of microRNA 156. The expression of SPL genes in leaves was analysed by RNA-seq at three different
stages, revealing that genes not under miR156 control were in general constitutively expressed at high
levels, whereas miR156-regulated genes showed lower expression, often developmentally regulated.
The N. benthamiana SPL13_1a gene was selected as target for a CRISPR/Cas9 knock-out experiment. It
is shown here that a full knock-out in this single gene leads to a significant delay in flowering time, a trait

that could be exploited to increase biomass for recombinant protein production.

Keywords: Plant biofactories; Nicotiana benthamiana; tobacco; SQUAMOSA PROMOTER BINDING-LIKE; CRISPR/Cas9;

flowering time

Abbreviations: SPL: SQUAMOSA promoter binding-like; miRNA: micro-RNA; CRISPR: Clustered Regularly Interspaced Short

Palindromic Repeats; Cas9: CRISPR associated protein 9.
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Introduction

SQUAMOSA PROMOTER BINDING-LIKE PROTEINs (SPL) is a family of plant-specific transcription
factors. SPL genes control many aspects of plant development and physiology, including vegetative phase
transition (Xu et al., 2016), flowering time (Gandikota et al., 2007; Xu et al., 2016), leaf initiation rate and
shoot and inflorescence branching (Schwarz et al., 2008; Wu & Poethig, 2006), fruit development and
ripening (Ferreira e Silva et al., 2014), floral organ development and fertility (Xing et al., 2010), pollen
sac development (Unte etal, 2003), trichome development (Yu etal, 2010), root development
(Yamasaki et al., 2009; Yu et al,, 2015), and stress responses (Mao et al.,, 2016; Zeng et al., 2019). The
first two SPL genes were discovered in Antirrhinum majus and were named SQUAMOSA PROMOTER
BINDING PROTEIN (AmSBP1 and AmSBP2) due to their in vitro binding activity with the promoter of
the floral meristem identity gene SQUAMOSA (Klein et al., 1996). After this discovery, SPL genes were

found in green algae, mosses, ggmnosperms, and angiosperms (Preston & Hileman, 2013).

Proteins belonging to the SPL family are characterized by the presence of the SBP domain, a DNA binding
domain of approximately 78 amino acid residues. This domain contains two zinc-finger motifs, Cys-Cys-
Cys-His (Zn1) and Cys-Cys-His-Cys (Zn2), with the second motif partially overlapping a nuclear
localization signal at the C-terminal of the SBP domain (Birkenbihl et al., 2005; Cardon et al., 1999).
Additionally, some SPL genes contain conserved microRNA 156 (miR156) binding sites. MicroRNAs are
non-coding RNAs that can complementarily bind to target sites and repress expression via mRNA
cleavage or repression of translation (Rogers & Chen, 2013). The miR156 complementary sites are
present in the coding region or in the 3’ untranslated region (3’-UTR) of several SPL genes. Numerous
studies confirmed that the level of miR156 is responsible for phase transitions in plants - MiR156
accumulates at high levels at seedling stage and during the juvenile phase, while its amount is
significantly reduced in the adult phase (Xu et al., 2016; T. Zhang et al., 2015). In parallel to the decrease
of miR156 levels, the expression level of miR156-targeted SPLs rises with age, ultimately leading to the

reproductive phase transition (H. Wang & Wang, 2015).

The specific role of each SPL gene in the plant has been extensively studied in Arabidopsis thaliana.
Arabidopsis possesses 16 SPL genes (Cardon etal, 1999). These can be divided in eight clades:
AtSPL1/12/14/16, AtSPL2/10/11, AtSPL3/4/5, AtSPL6, AtSPL7, AtSPL8, AtSPL9/15, and AtSPL13
(Preston & Hileman, 2013; Z. Yang et al., 2008). In Arabidopsis, 10 out of the 16 SPL genes are targets of
miR156 (Gandikota etal, 2007; Wu & Poethig, 2006). Among the ones regulated by miR156,
AtSPL2/9/10/11/13/15 contribute to both the juvenile-to-adult phase transition (vegetative phase
change) and the vegetative-to-reproductive phase transition (reproductive phase change or flowering),
with AtSPL9/13/15 being more important than AtSPL2/10/11 (Xu et al., 2016). AtSPL3/4/5 do not play
a major role in vegetative phase change or flowering but promote the floral meristem identity transition

(Xu etal.,, 2016). AtSPL6 does not have a major function in vegetative morphogenesis (Xu et al., 2016),

32



but it can positively regulate a subset of defence genes and plays a role in effector-triggered immunity
(Padmanabhan et al., 2013). Among the ones not regulated by miRNA156, AtSPL7 is a central regulator
of copper homeostasis and plays a major role in cadmium response (Gielen et al., 2016; Yamasaki et al.,
2009), AtSPL8 plays pivotal roles in regulating pollen sac development, male fertility, and gibberellin
(GA) biosynthesis and signalling (Unte et al., 2003; Xing et al., 2010; Y. Zhang et al., 2007) and AtSPL14

regulates plant development and sensitivity to fumonisin B1 (Stone et al., 2005).

Genome-wide analyses of the SPL gene family were performed in many plant species other than
Arabidopsis (Cardon et al., 1999), including rice (Z. Yang et al., 2008), maize (Mao et al., 2016), cotton
(Cai et al, 2018), barley (Tripathi et al.,, 2018) , tomato (Salinas et al., 2012), citrus (Zeng et al., 2019),
poplar (C. Li & Lu, 2014), Chrysanthemum (Song et al., 2016) , Moso Bamboo (Pan et al., 2017), Petunia
(Zhou et al,, 2018) and Tartary Buckwheat (M. Liu et al., 2019). In tobacco, there is one report in which
Han et al. identified and characterized 15 SPL genes in N. tabacum L. cv. Qinyan95 (Han et al., 2016).

However, a genome-wide identification of SPL genes in the plants of the Nicotiana genus is not available.

Nicotiana benthamiana and Nicotiana tabacum are two plant species of the Nicotiana genus with suitable
properties to be engineered into efficient biofactories for high value-added compounds production
(Derevnina et al., 2019; Goodin et al.,, 2008; Sierro et al,, 2014). Both species have a high metabolic
versatility and a non-food status. Moreover, several biotechnological tools have been developed for their
genetic manipulation. Among others, transient recombinant gene expression via Agroinfiltration is
widely used for research and bioproduction purposes as it results in high yields of recombinant protein
in both species. As an initial step towards exploiting the potential of SPL targeted mutagenesis for the
breeding of N. tabacum and N. benthamiana biofactories, in this study the genome-wide identification
and characterization of the SPL genes in N. benthamiana LAB strain and in N. tabacum cv. K326 is
reported. Fourty-nine (48 with SBP) putative SPL genes in N. tabacum cv. K326 were identified. The high
quality of the recently released new version of the N. benthamiana genome (Ranawaka et al., 2023) also
allowed us to identify 43 (37 with SBP) candidate SPL genes in N. benthamiana LAB strain. Additionally,
the gene structure, the conserved motifs, and the expression profile of the identified SPLs were analysed.
It is also described how the CRISPR/Cas9-directed knock out of a single gene in the smallest SPL
subfamily in N. benthamiana, the SPL13 clade comprising three genes (only one with SBP), leads to a
consistent delay of flowering initiation time of approximately five days, a change that could impact

production yields.
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Materials and Methods

Search of SPL genes in N. benthamiana and N. tabacum cv. K326

SPL families from Arabidopsis thaliana (TAIR10), Solanum lycopersicum, Nicotiana tomentosiformis and
Nicotiana sylvestris were retrieved and protein sequences were used to search for homologs in the N.
benthamiana (LAB330, version 3.02 https://www.nbenth.com/) (Ranawaka etal, 2023) and N.
tabacum cv. K326 (Nitab v4.5 Genome Scaffolds Edwards 2017, https://solgenomics.net/tools/blast/)

(Edwards et al., 2017) reference genomes using TBLASTN. Matches with a 50% identity and 50% of
coverage were checked for annotated gene models. Gene models were aligned to the National Center for
Biotechnology Information (NCBI) non-redundant protein sequences database (Sayers etal.,, 2022)
using BLASTP (Altschul et al., 1990). Gene models with top matches against annotated SPL proteins were
kept as N. benthamiana and N. tabacum cv. K326 SPL family members. In order to verify the
completeness of the SPLs search for both N. benthamiana and N. tabacum cv. K326, the smallest SPL
member of each species was selected and aligned against all protein sequences for each genome using

BLASTP.

Reannotation of N. tabacum cv. K326 SPLs members

SPLs identified for N. tabacum cv. K326 were aligned to the NBCI non-redundant protein sequence
dataset (Sayers et al., 2022) using BLASTP (Altschul et al., 1990). For each one, the top match originating
from N. tabacum, N. sylvestris or N. tomentosiformis was selected, using NCBI's RefSeq curated gene
models when possible and compared with K326 gene model. If either number of exons and/or sequence
length was different, a new gene model for K326 was searched with Exonerate V2.2 (Slater & Birney,
2005), using the protein from NCBI as query and the K326 source scaffold (Edwards et al.,, 2017) or the
sequences obtained from the updated version (publicly not available) of the N. tabacum reference
genome as target for the new model. Updated SPL gene models are listed in Table S2. If the new gene
model could not fit neither in K326 scaffold nor in the updated version of the N. tabacum reference
genome, the Nitab v4.5 original model was kept. New gene models were verified with RNA-seq
expression data from Solgenomics by visual inspection. Finally, subgenome donors for N. tabacum cv.

K326 SPL sequences were assigned by BLASTP against NCBI non-redundant protein database.

Identification of SBP conserved domains and motif analysis
Identified SPL protein sequences from both N. benthamiana and N. tabacum cv. K326 were scanned for

SBP domains using MOTIF Search (https://www.genome.jp/tools/motif/) with default parameters. The

conserved motifs along SPL protein sequences were detected by MEME software
(http://meme.nbcr.net/meme/cgibin/meme.cgi) and SBP sequence visualization was performed using
multiple alignment program MAFFT version 7 (http://mafft.cbrc.jp/alignment/server/; (Katoh et al.,

2019)).
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Gene structure and miRNA156 complementary regions

For N. benthamiana, coding sequences (CDS) and 3’ untranslated regions (3’'UTRs) were retrieved from
N. benthamiana LAB330 v3.02 gene models. For N. tabacum cv. K326, CDS sequences from the old and
new gene models were aligned against Nitab v4.5 Genome Scaffolds Edwards 2017

(https://solgenomics.net/tools/blast/) (Edwards et al., 2017), retrieving 5,000 bp downstream of the

CDS. Both CDS sequences and downstream sequences were scanned for miRNA156-complementary
regions using a N. tabacum miRNA database with psRNATarget (Dai et al., 2018) and default parameters.
MiR156 binding sites found in the CDS were kept for both species. All miR156 matches in the 3'UTRs
from N. benthamiana were also kept, while for N. tabacum cv. K326 matches farther than 500 bp
downstream the CDS were discarded. Browser Extensible Data (BED) files containing SPL gene models
for each Nicotiana species were created with an in-house python script, manually adding 500bp UTRs

windows to N. tabacum cv. K326 gene models. These files were graphically represented using GSDS

(Gene Structure Display Server) (http://gsds.cbi.pku.edu.cn/).

Phylogenetic tree and family classification

A multiple sequence alignment (MSA) between A. thaliana, N. benthamiana and N. tabacum cv. K326 SPL
protein sequences was performed with MUSCLE v3.8.31 (Edgar, 2004). A phylogenetic tree was
constructed with iqtree v1.6.12 (Nguyen et al., 2015) using model VT+F+R4 and a bootstrap value of
1000. All SPLs were named according to the A. thaliana TAIR10 SPL gene belonging to the same clade.
Then, in N. tabacum cv. K326 the average protein length for each pair in the clade was calculated, number
1 was assigned to the pair with the highest value, number 2 to the following, and so on. Each pair member
was marked as “a” if the most likely subgenome donor was N. sylvestris and “b” if it was N.
tomentosiformis. N. benthamiana members were named considering their phylogenetic relationship to
N. tabacum cv. K326 SPLs: if named with “a” or “b” the most similar subgenome is the N. sylvestris or N.

“«_n “u__n

tomentosiformis, respectively, but if named with “x” or “y” a similar subgenome could not be established,

“_n

with “x” indicating one donor and “y” another one. Additionally, genes not having a partner were named

with an “U” standing for “unique”.

Plant material, growing conditions and samples collection for RNA extraction

N. benthamiana LAB strain and N. tabacum cv. K326 plants were grown under a 16-h light (242C)/8-h
dark (202C) regime in growth chamber. For N. benthamiana, the whole fifth true leaf from the main axis
was collected. Three biological replicates were made, each of them coming from a pool of three leaves.
Samples were collected at four weeks (Juvenile stage: ]), five weeks (Pre-flowering stage: P), six weeks
(Flowering stage: F). For N. tabacum cv. K326, the whole fifth true leaf was collected at 60 days (]), 75
days (P), 100 days (F). Three biological replicates were made, each of them coming from an individual

plant.
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N. benthamiana phenotyping

For each plant, the day (post sowing) in which the first flower bud was visible was registered, and
considered as flowering time. Regarding branching, the lateral branches of each plant were counted, a
first time when WT plants flowered, and a second time, when each SPL13-edited plant flowered. All
secondary growth axes, including nascent axillary meristems, emerging from the main axis were

recorded as lateral branches.

RNA extraction and sequencing

Leaf samples were ground in liquid nitrogen and stored at -80 °C. RNA was extracted with Gene]ET RNA
purification kit from Thermofisher (USA) following the manufacturer instructions. Extracted RNA
samples were prepared with Universal Plus mRNA-Seq with NuQuant. Libraries were later sequenced
with an Illumina NovaSeq® 6000 System. Paired end (PE) 2x150bp sequencing was performed with
NovaSeq6000 - Dual Index - Paired End - S4 - XP protocol. Sequencing data generated was demultiplexed
by Illumina BaseSpace® Clarity LIMS (© Illumina, Inc., USA)

Expression analysis

Sequence reads were quality checked using FastQC V. 0.11.9
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Raw reads were quality trimmed and
[llumina adaptors were removed with Trimmomatic version 0.39 (Bolger et al., 2014). Next, HISAT2 v2-
2.2.1 (D. Kim et al.,, 2019) was used for mapping the reads. N. benthamiana and N. tabacum reads were

aligned against the N. benthamiana genome, version 3.3, (https://www.nbenth.com/) (Ranawaka et al.,

2023) and against the N. tabacum genome, version Nitab v4.5, available at Solgenomics
(https://solgenomics.net/organism/Nicotiana_tabacum/genome) (Edwards et al., 2017), respectively.
Transcript abundances were calculated for N. benthamiana considering annotated gene models v3.02
(Ranawaka et al.,, 2023) while for N. tabacum cv. K326 considering annotated gene models version Nitab
v4.5 (Edwards et al., 2017) and using StringTie 2.1.6 (Pertea et al., 2015). From these counts a gene
expression table of raw read counts was generated. Genes from this table were filtered out if expression
was not found for each development stage. Then expression levels were normalized by trimmed mean

of M-values with EdgeR (Robinson et al., 2010) and an expression table in CPM units was generated.

Plasmid assembly

Constructs used for transformation were assembled using GoldenBraid (Vazquez-Vilar et al., 2020,
2021). For the assembly of guide RNAs on level 0, two partially complementary primers were designed
at https://gbcloning.upv.es/do/crispr/multi_cas9_gRNA_domesticator_1 using as input the sequences
of Table S1. Primers were included in a BsmBI restriction-ligation reaction together with pUPD2 and
the corresponding level — 1 tRNA-scaffold plasmid (GB1208 for sgSPL1.5 and GB1207 for sgSPL1.6).
Later, multipartite Bsal restriction-ligation reactions from level 0 parts and binary Bsal or BsmBI

restriction-ligation reactions were performed to obtain all the level = 1 assemblies. All plasmids were
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validated by restriction enzyme (RE) analysis. The sequences of all level > 1 constructs can be found

entering their IDs (displayed at Table S3) at https://gbcloning.upv.es/search/features/.

Plant material and genetic transformation

The N. benthamiana LAB strain was used for transformation with Agrobacterium tumefaciens following
a standard protocol (Horsch et al., 1985). Briefly, fully expanded leaves of WT plants were sterilized with
5% commercial bleach for 10 minutes followed by four consecutive washing steps with sterile deionised
water. Leaf discs (d= 0.8 cm) were cut with a cork borer and incubated overnight in co-culture plates
(49 g/L MS supplemented with vitamins (Duchefa, The Netherlands https://www.duchefa-
biochemie.com/), 3% sucrose (Sigma-Aldrich, USA, https://www.sigmaaldrich.com/), 0.8% Phytoagar
(Duchefa, The Netherlands), 1 mg/L BAP (Sigma-Aldrich, USA), 0.1 mg/L NAA (Sigma-Aldrich, USA),
pH=5.7). Leaf discs were incubated for 15 minutes with a culture of A. tumefaciens LBA4404 harboring
plasmid GB3298 (0D600=0.3). Discs were returned to the co-cultivation plates and incubated for two
days in darkness. Next, discs were transferred to selection medium (4.9 g/L MS supplemented with
vitamins (Duchefa, The Netherlands), 3% sucrose (Sigma-Aldrich, USA), 0.8% Phytoagar (Duchefa, The
Netherlands), 1 mg/L BAP (Sigma-Aldrich, USA), 0.1 mg/L NAA (Sigma-Aldrich, USA), 500 mg/L
carbenicillin, 100 mg/L kanamycin, pH=5.7). Discs were transferred to fresh medium every seven days
until shoots appeared (four-six weeks). Shoots were cut and transferred to rooting medium (4.9 g/L MS
supplemented with vitamins (Duchefa, The Netherlands), 3% sucrose (Sigma-Aldrich, USA), 0.8%
Phytoagar (Duchefa, The Netherlands), 500 mg/L carbenicillin, 100 mg/L kanamycin, pH=5.7) until

roots appeared.

Transient expression asssays were performed as described in Moreno-Giménez et al. (2022) with minor
differences. Five-weeks old N. benthamiana WT and NbSPL13_1a/1a/1b/1b (biallelic mutation for both
homeologous genes) were used for Agroinfiltration. Bacterial suspensions were adjusted to an optical
density of 0.05 at 600 nm (OD600). For enhanced GFP (eGFP) expression with the TMV-based expression
system ICON (Giritch etal, 2006), the bacterial suspensions harboring the MagnlCON® Integrase
(pICH14011), the MagnIlCON® 5' module (pICH17388) and the 3’ eGFP module (GB4294, eGFP cloned
in a vector adapted for Bsal cloning from MagnlICON® pICH7410 (Diego-Martin et al., 2020)) were
mixed in equal volumes. For eGFP expression with a geminiviral replicon system based on the Bean
Yellow Dwarf Virus (BeYDV) (Dahan-Meir etal, 2018), equal volumes of bacterial suspensions
harbouring plasmids GB3598 and GB4312 were mixed. Leaf samples were collected at four and seven
days post infiltration (dpi). For the determination of fluorescence, 0.5 cm diameter disc were excised
from Agroinfiltrated leaves and transferred to a black 96-well microplate. Subsequently, enhanced GFP
(eGFP) fluorescence was determined using microplate reader Victor™ X5 (Perkin Elmer, USA) following

the manufacturer instructions.
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Genomic DNA extraction and editing efficiency evaluation

150 mg of leaf material was used for genomic DNA extraction with the CTAB (cetyl trimethylammonium
bromide) method (Murray & Thompson, 1980) . The genomic regions flanking the nuclease target sites
were PCR amplified using MyTaq™ DNA Polymerase (Bioline, https://www.bioline.com/) and primers
listed on Table S4. The PCR amplicons were confirmed on a 1% agarose gel electrophoresis and purified
with ExoSAP-IT™ PCR Product Cleanup Reagent (ThermoFisher Scientific,
https://www.thermofisher.com) following the manufacturer’s indications prior to Sanger sequencing.
Chromatograms of Cas9-edited genomic DNA were analyzed using Inference of CRISPR Edits (ICE) v2

tool from Synthego (https://ice.synthego.com/). All analyses were manually curated.
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Results

Phylogenetic analysis of the SPL family in N. tabacum and N. benthamiana

Putative SPL protein sequences from N. tabacum cv. K326 and N. benthamiana were retrieved as
described in Materials and Methods. These sequences were aligned together with SPLs from A.
thaliana and a phylogenetic tree was constructed using maximum likelihood method, with a bootstrap
value of n = 1000 iterations (Fig. 7). All SPL genes were named as explained in Materials and Methods.
In total, 49 N. tabacum cv. K326 and 43 N. benthamiana genes were identified and classified together
with their A. thaliana homologues in eight differentiated clusters, namely SPL1/12, SPL8, SPL13, SPL6,
SPL7, SPL2/10/11, SPL9/15, and SPL3/4/5. The different groups were named according to
the Arabidopsis SPL gene appearing in the same clade. As it can be observed in the tree, all newly
catalogued Nicotiana genes were distributed in one of the Arabidopsis-defined groups, but no Nicotiana
SPL genes were found belonging to the SPL14 Arabidopsis-defined group. There was a markedly unequal
distribution of the number of genes per clade. For example, the SPL3/4/5 clade comprised 13 genes in N.
tabacum cv. K326 and 12 in N. benthamiana, while the SPL7 clade comprised only two genes in each
species. Given the allotetraploid nature of both Nicotiana species, in most cases SPL genes were grouped
in pairs of homeologous genes. When possible, each SPL of the same homeologous pair was assigned to
the putative parental genome, which forN. tabacumcv. K326 areN. sylvestrisand N.
tomentosiformis (Sierro et al, 2014). Regarding N. benthamiana, performing this task was not so
straightforward, due to the uncertainty about its origins. It was already hypothesized
that Noctiflorae and Sylvestres sections were implicated in the genesis of N. benthamiana (Chase et al.,
2003; Clarkson et al., 2004; Knapp et al., 2004), while a more recent study suggested that it could have
originated from an introgression of Petunioides section into a member of Noctiflorae section that later
hybridized with a member of Sylvestres section (Schiavinato et al., 2020). Given its complex origin, we
did not have sufficient information to separate the subgenomes of N. benthamiana, and therefore it was
not possible to assign each SPL gene from the same homeologous pair to a specific parental genome. To
facilitate their identification, the genes in the tree were given names that paired with their closest
homeologs (e.g., la-1b, 2a-2b, 3x-3y, etc). Genes having the same number and letter for N.
benthamiana and N. tabacum cv. K326 were homologous, allegedly coming from a common ancestor
(for example NtSPL7_1a and NbSPL7_1a). In some cases, there were SPL genes that did not have an
homeologous partner, probably due to loss during evolution. Therefore, they were named with a

number followed by U, standing for “unique”.
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Figure 7. Phylogenetic tree with SPL genes from N. tabacum cv. K326, N. benthamiana and A. thaliana.

Phylogenetic tree was constructed from 16 A. thaliana, 49 N. tabacum cv. K326 and 43 N. benthamiana SPL proteins
using the maximum-likelihood method with a bootstrap value of n = 1000 iterations. Bootstrap support values are

represented in percentages.

Protein structure of SPL genes: the SBP domain

The length and structure of the N. benthamiana and N. tabacum cv. K326 SPL proteins was analysed and
shown in Table S2. Among all the clades, groups SPL3/4/5 and SPL13 were the ones with the smallest
proteins. All N. benthamiana and N. tabacum cv. K326 SPLs in these groups had a range of amino
acids from 100 to 200 except for NbSPL3/4/5_1y (395 aa), NtSPL3/4/5_1a (402 aa) and NtSPL3/4/5_1b
(380 aa). The largest proteins were those in clade SPL1/12 with 900-1000 amino acids, being the only
exception NbSPL1/12_4Ua with 362 amino acids.

To gain a better understanding of the SPL protein characteristics in N. benthamiana and N. tabacum cv.

K326, their amin8o acid sequences were analysed using the MEME software to find conserved motifs
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along them (Fig. 8A, B). In total, ten conserved motifs were identified, but only members in the SPL1/12
group contained all ten motifs. Motifs 1, 2 and 3 represent together the SBP domain, which is close to
the N-terminus and is key for the function of the SPL genes. Some proteins had a shorter SBP domain.
This occurred in NtSPL13_1a, NtSPL3/4/5_5b, NtSPL6_5a, NtSPL8_2b, NbSPL2/10/11_1Ub and in the
pair NbSPL3/4/5_5. Some proteins that were initially identified as SPLs using the whole sequence
similarity criteria, turned out not to contain SBP domains, and were not included in fig. 8. For N.
benthamiana, these were NDbSPL1/12_4Ua, NbSPL13_1b, NbSPL13_2Ux, NbSPL3/4/5_1x,
NbSPL3/4/5_8Ux and NbSPL6_1a. In N. tabacum cv. K326, only protein NtSPL2/10/11_3b was missing
the SBP domain. Only proteins of clades SPL1/12 and SPL7 had additional motifs to 1, 2 and 3. Seven
extra motifs were present in the case of SPL1/12 and two in SPL7, most of them with unknown function.
Sequence alignment of the SBP domains of all NbSPLs and NtSPLs showed several highly conserved

amino acids and a conserved structure (Fig. 8C). Fig. 8D shows the SBP domain of SPL9/15 from both

species as an example. In this alignment the three motifs mentioned above can be clearly identified: the
first Zinc-finger motif (Zn-1) Cys-Cys-Cys-His, the second one (Zn-2) Cys-Cys-His-Cys, and the nuclear

localization signal (NLS).
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Figure 8. Motifs composition and SBP domain of NbSPLs and NtSPLs.

NLS

(A) Motifs along the NbSPL protein sequences, detected with MEME. Only SPL genes with SBP domain are shown.
(B) Motifs along the NtSPL proteins sequences, detected with MEME. Only SPL genes with SBP domain are shown.
(C) Motiflogo and consensus sequence of the SBP domain of SPL9/15 proteins. Bits represent the conservation of

sequence at a certain position. (D) Alignment of the SBP domains of N. benthamiana and N. tabacum cv. K326
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SPL9/15 proteins. Multiple sequences alignment was performed using MAFFT version 7. The two Zn-finger like

structures (Zn-1 and Zn-2) and the nuclear localization signal (NLS) are indicated.

Gene structure of SPL genes: exon-intron structure, putative miRNA156 target site

Nucleotide sequences of SPL genes were analysed for their exon-intron structure and for the presence
of miR156 binding sites. As observed in Fig. 9, each clade had a well-defined exon-intron structure which
was fairly conserved in all its members, but which differed strongly from other clades. Similarly, the
presence/absence and the position of the putative target site for miR156 was a group-defining feature.
Clades SPL1/12, SPL7 and SPL8 lacked miR156 target sites, while in the remaining clades most of their
members contain a possible target position for miRNA156. The few exceptions to this general rule
(e.g., NbSPL2/10/11_1Ub, NtSPL6_5a or Nt_SPL3/4/5_5b) were genes classified within a given clade but
lacking the miRNA156 putative target site. These genes had also non-conserved exon-intron structures
and were likely to be truncated genes or pseudogenes. Interestingly, both clade-specific gene structures
and miRNA156 positions were strikingly well conserved between the two species, suggesting a strong
selection and therefore a functional significance for both types of features. As expected, N. tabacum cv.
K326 contained the same or more genes per clade than N. benthamiana, with the only exception of
the SPL13 clade, with three members in N. benthamiana and only two in N. tabacum cv. K326. However,
as it can be observed also in Fig. 9 (left), only one of the representatives of the NbSPL13 group had the
expected exon-intron structure (and the SBP domain), whereas the remaining two had a smaller gene
size and lacked a SBP domain, suggesting a possible ongoing process of pseudogenization for these two

genes (SPL13_1b and SPL13_Ux).
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Figure 9. Gene structure of NbSPLs (left) and NtSPLs (right).

Exons, introns, CDS, 3’ UTRs and miRNA156 annealing sites are shown. Genes with no SBP domain are indicated

with a purple asterisk.

Expression analysis of SPL genes in leaves

To determine the temporal expression patterns of NbSPL and NtSPL genes, an RNA-seq analysis was
performed on N. tabacum cv. K326 and N. benthamiana leaf samples collected at three different growth
stages. All RNA samples were isolated from the same leaf in different plants (leaf number five counting
from the first true leaf that appears during development), but at different developmental stages, namely
juvenile (J), pre-flowering (P), and flowering (F), the latter with first flower primordia already present
(Fig. 10A and B). Comparisons of the expression of the same gene in the different developmental stages
were done using the CPM-normalized log2-transformed expression data as depicted in fig. 10C and D,
while comparisons of the expression levels between genes were done with the FPKM-normalized log2-

transformed expression data as depicted in Fig. S1.
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Figure 10. Expression profiles of NbSPL and NtSPL genes in leaf at different developmental stages.

Pictures of N. benthamiana (A) and N. tabacum cv. K326 (B) plants at juvenile (]), pre-flowering (P) and flowering
(F) stages.Red arrows indicate the fifth true leaf. C) CPM-normalized log2-transformed expression values
for NbSPL genes, based on transcriptome data. Each rectangle represents the mean of three replicates D) CPM-
normalized log2-transformed expression values for NtSPL genes, based on transcriptome data. Each rectangle

represents the mean of 3 replicates.

In general, several similarities in the SPL expression patterns could be found between the two species
(Fig._10C and D). For instance, SPL1/12 and SPL7 were expressed at high levels for both N.
benthamiana and N. tabacum cv. K326 (Fig. 10C and D, Fig. S1 and Table S2).

In particular,

the SPL1/12 2 pair showed the highest expression in both species and, surprisingly, their abundance

increased  with  time  despite not being targets of miRNA156. Transcripts

of SPL1/12 1 and SPL1/12_3 pairs were relatively less abundant but still detectable at high levels. As an
exception, the N. tabacum cv. K326 gene NtSPL1/12 4Ua was expressed at very low levels in all stages.
The second group by relative transcript abundance was SPL7. Both in N. tabacum cv. K326 and N.

benthamiana, the two SPL7 homeologues were highly expressed in all stages, although in N.
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benthamiana their expression was relatively lower. The high expression levels in all stages of these two
clades could be partially explained by the fact that they were not repressed by miRNA156. However,
this is not a general rule for all non-miRNA156 targets; SPL8 genes were not regulated by miRNA156,
but were poorly expressed in all stages for both species.

SPLs in groups under miRNA156 control were expressed at much lower levels, and this complicated the
interpretation of the developmental fluctuations. In general, miRNA156 putative targets showed strong
developmental variations in expression levels, although they did not necessarily follow the same trend
in N. tabacum cv. K326 and N. benthamiana, something that could reflect different timings in
developmental transitions between the two species. It was expected that miRNA156-
regulated SPLs would increase their expression along the three developmental timepoints. This seemed
to be the case for most genes in N. benthamiana (Fig. 10C), where this general trend could be observed
in most members of NbSPL3/4/5and NbSPL9/15 clades, and to a lesser extend also in
the NbSPL9/15 and NbSPL6 clades, although not for NbSPL2/10/11. Interestingly, the strongest
variation in the only canonical representative of the NbSPL13 clade, the NbSPL13_1a gene, was observed
for the transition between pre-flowering and flowering stages. In N. tabacum cv. K326, age-associated
upregulation trends in miRNA156-regulated genes were less obvious, as different behaviours were
observed in  different ~members  within the same clade (Fig. __10D). For
instance, NtSPL2/10/11_1a and NtSPL2/10/11_1b were clearly downregulated as the leaves aged,
whereas the other two representatives of the same clade showed constant expression levels.
Similarly, NtSPL6_3Ua levels increased dramatically with age, whereas clade
partners NtSPL6_1a and NtSPL6_1b followed the opposite trend. Interestingly, and contrary to what was
observed in N. benthamiana, expression of the NtSPL13 clade peaked at pre-flowering stage and was

reduced drastically at flowering.

Gene editing of NbSPL13 gene subfamily resulted in delayed flowering

SPL genes are involved in various physiological processes whose manipulation could be advantageous
for plant biofactories, like the extension of the pre-flowering phase. To obtain a first indication of the
phenotypic effects that mutagenesisin the SPL family could have, the NbSPL13 1agene in N.
benthamiana was selected as target for a knockout. NbSPL13_1a expression profile showed strong
upregulation in the transition from pre-flowering to flowering stages, suggesting a role of this gene in
flowering regulation. Furthermore, NbSPL13 resulted as the smallest functional family in N
benthamiana, thus facilitating knock out strategy. As described earlier, among the three
putative NbSPL13 members, only NbSPL13_1a was likely to contribute to phase transition as it was the
only one containing all canonical elements, namely an SPB domain and a miRNA156 putative target
site. NbSPL13_1b had no SPB domain, whereas NbSPL13_2Ux was considered a pseudogene as there
were no RNA reads associated to this gene. Two guide RNAs (gRNAs) were designed for
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targeting NbSPL13 1a: the sgSPL1.5 gRNA targeting exon one and the sgSPL1.6 gRNA for exon two
(Table S1, Fig. 11A). Although both gRNAs targeted also NbSPL13_1b at exons one and two, they were

unlikely to produce an effect since according to the latest annotation of this gene they fall outside the

predicted CDS.

A) NbSPL13_1a

sgSPL1.5 sgSPL1.6

T IR S [ S R B

B)
nptll Cas9 DsRed

Ta: Nl Cwl i oo

sgSPL1.5 sgSPL1.6

)
. Predominant genomic )
TOplant |sgSPL1.6 % efficency Mutation
sequence
SPL13 1A 48 CAGGCGTTCGAAGGAAA | Tinsertion in heterozygosis
SPL13 3 92 CAG/CGAAGGAAA -4 deletion (biallelic)
SPL13 6 19 CAGGCGTCGAAGGAAA Chimera
SPL137 0 CAGGCGTCGAAGGAAA WT
SPL138 53 CAGGCGTTCGAAGGAAA | Tinsertion in heterozygosis
SPL139 34 CAGGCGTCGAAGGAAA Chimera
SPL13 10 15 CAGGCGTCGAAGGAAA Chimera
SPL1311 48 CAGGCGTTCGAAGGAAA | Tinsertion in heterozygosis

Figure 11. Generation of N. benthamiana lines edited in NbSPL13_1a gene.

A) Structure of NbSPL13_1a, exons are indicated in blue, introns in light blue, CDSs in violet, and SBP domain in
red. Arrows represent sgRNAs sgSPL1.5 and sgSPL1.6. B) Vector GB3298 used for transformation to
edit NbSPL13 genes. Violet arrows: promoters of nptll, Cas9 and DsRed. Orange Ts: terminators. The green arrow
represents U6-26 promoter, followed by TU constituted by guides sgSPL1.5, sgSPL1.6. C) Table representing the
TO obtained from the transformation. For each plant are reported the editing efficiency values of sgSPL1.6 guide
reported by Synthego, its predominant genomic sequence at the cut site, and the corresponding mutation. Letters
highlighted in red represent base insertions. Plant 3 is highlighted, since it was the one selected for following with
T1 generation.
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A CRISPR/Cas9 construct was assembled that includes the nptll, Cas9 and DsRed TUs together with the
gRNA TU (GB3298, Fig. 11B). The two gRNAs were expressed from a single U6-26 promoter using the
tRNA strategy (K. Xie et al., 2015). This construct was used to transform a WT N. benthamiana plant, and
eight primary transformants were obtained. All of them carried mutations at the sgSPL1.5-targeted site.
Fig. 11C shows the percentage of mutations observed in the TO generation for the sgSPL1.6-targeted
site. One out of the eight regenerated plants was not edited, three of them were

considered chimeras (percent editing reported by Synthego (https://ice.synthego.com/) below 40%),

three of them carried heterozygous mutations (percent editing reported by Synthego around 50%) and
only one plant showed biallelic mutations in NbSPL13_1a (>90%). The plant with biallelic mutations
in NbSPL13_1a (nr. 3) carried a four-nucleotides deletion at the targeted site, but also contained a
heterozygous mutation in NbSPL13 1b. The T1 offspring of this plant was grown in a growth chamber
together with WT plants and all of them were phenotyped by scoring the flowering time and the number
of lateral branches at two different time points. To account for any unexpected -effect
of NbSPL13_1b mutations, each T1 plant in the analysis was genotyped for NbSPL13_1b. In total, four
groups of plants were analysed: WT, NbSPL13_1a/1a (biallelic mutation in NbSPL13_1a and not edited
in NbSPL13_1b), NbSPL13 1a/1a/1b (biallelic mutation in NbSPL13_1aand heterozygous mutation
for NbSPL13_1b), NbSPL13_1a/1a/1b/1b (biallelic mutation for both homeologous genes).

The analysis of NbSPL13 mutated lines clearly indicated a role of NbSPL13_1a in the control of flowering
time. Plants of all mutant lines flowered almost simultaneously, showing an average delay of 4.5 days
compared to WT (Fig. 12A). As expected, the status of NbSPL13_1b gene, whereas mutated in biallelic or
heterozygous form, had no effect in the flowering time. As mentioned before, the gRNAs targeting this
gene were unlikely to produce loss-of-function mutants since they targeted the 5’"UTR sequence but not
the CDS. The number of lateral branches at WT flowering time (38.25 + 0.87 dps) was also recorded, at
that time no significant differences were observed between mutant and WT plants (Fig. 12B). However,
when branching was recorded for each plant at their respective flowering times, significant differences
were observed between WT and mutant plants, with six branches on average for WT and ten on average
for SPL13_1a knock-out lines (Fig. 12C). To discard that NbSPL13 mutations could affect
negatively recombinant protein production capacity, syringe-Agroinfiltration assays were performed
using two different expression systems, namely a geminivirus and a TMV-based vector (see Materials

and Methods). No significant differences in eGFP fluorescence were observed between mutant and WT

lines (see Fig. S3).
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Figure 12. Phenotype of NbSPL13 edited lines.

Phenotyping parameters of the plants grown in growth chamber. To account for any unexpected effect
of NbSPL13_1b mutations, each T1 plant in the analysis was genotyped for NbSPL13_1b. In total four groups of
plants were analysed: WT, NbSPL13 1a/1a (biallelic mutation in NbSPL13 Iaand not edited
in NbSPL13 _1b), NbSPL13 1a/1a/1b (biallelic =~ mutation  in NbSPL13 1aand  heterozygous mutation
for NbSPL13_1b), NbSPL13_1a/1a/1b/1b (biallelic mutation for both homeologous genes). A) Flowering time
expressed as days post sowing (dps). B) Number of lateral branches at flowering time of the WT plants. C) Number
of lateral branches at flowering time of each plant. Each bar represents mean value +SD (n=12 for WT, n=8
for NbSPL13_1a/1a, n=22 for NbSPL13_1a/1a/1b and n =19 for NbSPL13 1a/1a/1b/1b). A one-way ANOVA test
was performed (p <0.05). Groups marked with the same letter have no significant differences among them, if

marked with different letters they differ significantly.
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Discussion

SPLs are plant-specific transcription factors that play an important role in many aspects of plant
development, including branching, leaf initiation rate or flowering time (Ferreira e Silva et al., 2014;
Preston & Hileman, 2013; H. Wang & Wang, 2015; Xu et al, 2016; Yu et al,, 2015). Many of them are
subjected to miRNA156 control, whose expression level decreases throughout plant growth, allowing to
express SPL genes in later stages of plant development (H. Wang & Wang, 2015; Xu et al.,, 2016; T. Zhang
et al, 2015). Therefore, the miR156/SPL module has been proposed as a toolset for crop improvement
as SPL genes are relevant targets for improving agronomic traits such as ideal plant architecture, better
yield and optimal flowering time (H. Wang & Wang, 2015; T. Zhang et al.,, 2015). Nicotiana plants are
routinely used atlab scale for added-value compounds manufacturing. Despite their several advantages,
including their non-food status, fast growth, or amenability for genetic transformation and
Agroinfiltration, they are not yet optimal biofactories (Alkanaimsh et al., 2019). Breeding objectives for
Nicotiana towards this aim include biomass increase, delay in flowering time or more lateral branching,
associated to higher yield upon Agroinfiltration (Goulet et al.,, 2019). Thus, manipulating SPL genes may
represent a reasonable approach for breeding Nicotiana as improved biofactories.

In this work, a genome-wide analysis of SPL genes was performed in the two more
relevant Nicotiana species for biofactory use, namely N. benthamiana and N. tabacum cv. K326 (Bally
etal, 2018; Herpen et al,, 2010; Ma et al., 2015; Molina-Hidalgo et al., 2021). Phylogenetic tree analysis
showed that NbSPLs and NtSPLs clustered into eight groups, observing a similar number of N.
benthamiana and N. tabacum cv. K326 genes within each group: sevenSPL1/12 genes,
three SPL13 genes for N. benthamiana and two for N. tabacum cv. K326, four SPL2/10/11 genes for N.
benthamiana and eight for N. tabacum cv. K326, 12 SPL3/4/5 genes for N. benthamiana and 13 for N.
tabacum cv. K326, eight SPL6 genes for N. benthamiana and nine for N. tabacumcv. K326,
two SPL7 genes for both, three SPL8 genes for N. benthamiana and four for N. tabacum cv. K326, and
four SPL9/15 genes for both. Only for group SPL2/10/11 there was a difference greater than one
between the number of proteins for both species, with eight NtSPLs while only four NbSPLs. The lower
total number of SPL genes in N. benthamiana as compared to N. tabacum cv. K326 was to be expected as
the result of the diploidization process, provided that the earlier is an ancient allotetraploid, whereas
tetraploidization was a relatively recent phenomenon in the latter (Edwards et al., 2017; Schiavinato
etal.,, 2020; Sierro et al., 2014).

The new version of the N. benthamiana genome (https://www.nbenth.com/) (Ranawaka et al., 2023)

and the Edwards v4.5 version of the N. tabacum cv. K326 genome (Edwards et al., 2017) facilitated the
genome-wide identification of the NbSPLs and NtSPLs. Gene models were confirmed with our own
RNAseq data for most SPLs. However, the transcript levels of some genes were below detection levels,
and further research is needed to validate the structural annotation of those genes. Several conserved

motifs were identified in the SPL family members for both species. While the purpose of most motifs
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remained unknown, the three motifs that consistently appeared in all potentially functional SPLs were
the ones comprising the SBP domain. This domain is crucial for their binding to DNA and consequently
for their role as a transcription factors (Xu et al., 2016). In the SBP domain of NbSPLs and NtSPLs two
zinc finger motifs and one nuclear localisation signal were identified, as it occurs in SPL proteins of other
species (Cai et al,, 2018; Cardon et al.,, 1999; C. Li & Lu, 2014; M. Liu et al,, 2019; Mao et al., 2016; Pan
etal, 2017; Salinas et al.,, 2012; Song et al., 2016; Tripathi et al,, 2018; Z. Yang et al., 2008; Zeng et al,,
2019; Zhou et al., 2018). Six of the N. benthamiana and one of the N. tabacum cv. K326 proteins initially
identified as SPLs in our search, did not contain a SBP domain and therefore it is unlikely that they can
function as a transcription factors. On the other hand, it is very likely that those genes classified in the
same clade play similar biological functions, given the high sequence homology among them, their
similar gene structure, and the presence of the same conserved motifs.

As an additional step towards the functional characterization of the SPL family in Nicotiana genus,
a transcriptomic analysis of equivalent leaves at three developmental time points was performed:
juvenile, pre-flowering and early post-flowering. Some of the analyzed genes showed undetectable
expression levels. For example, transcripts were not detected in those genes lacking the SBP domain
with exception of NbSPL13 1b. The remaining genes were expressed in all developmental stages at
different levels. Some genes not under miRNA156 control, such as those in groups SPL1/12 and SPL7,
were broadly expressed at high levels in both species. However, this is not true for SPL8 - it was not
regulated by miRNA 156, but had lower expression. A similar behaviour can be observed also in other
species. SPL1, SPL12 and SPL7 exhibit a high expression in leaves of A. thaliana (Moreno et al., 2022)
and cotton (Cai etal, 2018). In leaves of chrysanthemum SPLI and SPL7 are highly expressed,
while SPL12 is expressed at low levels (Song et al., 2016). Regarding SPL8, it shows a very low level of
expression in A. thaliana (Moreno et al., 2022) and cotton (Cai et al., 2018), while in chrysanthemum, on
the contrary, is highly expressed (Song et al., 2016).

In N. benthamiana and N. tabacum cv. K326, unexpectedly, not all groups of miRNA156-
regulated SPLs showed a progressive increase in expression with plant age. In general, they were all
expressed at much lower levels compared to SPL1/12 and SPL7. Some groups globally exhibited a
progressively increasing expression as expected, whereas others showed different behaviours. This was
true also for SPL13 subfamily in N. benthamiana: NbSPL13_1a decreased from juvenile to pre-flowering
stage, but then increased at flowering. Its partner NbSPL13_1b with no SBP domain stayed at similar
expression level from juvenile to pre-flowering stage and decreased at flowering. The low level of
expression for most of SPL genes could be explained by the fact that all SPL proteins belonging to the
same group have redundant functions, so that the expression of a single SPL gene is not required to be
high. The unexpected behaviour of various SPL genes regulated by miR156 could be due to a complex
transcriptional behaviour occurring in this large family, which may include tissue-specific regulation or

complex time fluctuations that could have escaped from the general experimental setup followed here.
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A more detailed expression profile analysis for each gene family should follow to provide a more
complete picture of the entire SPL regulatory complex in these two species.

Following the structural characterization and the gene expression analysis of the NbSPL genes, we
wanted to explore the potential of SPLs as targets for breeding new biofactory-oriented traits.
Particularly, we decided to study whether the knock-out of the smallest functional SPL group in N.
benthamiana, NbSPL13, had an influence on the plant architecture and flowering time.

Previous studies have conducted loss-of-function experiments targeting SPL genes in different species,
revealing various phenotypic effects. In rice, CRISPR/Cas-mediated knockout of individual SPL genes
resulted in defects in plant height, reduced panicle size and altered grain length (Jiang et al., 2020). In
barley, loss of HvSPL8 function confers smaller leaves angle: this feature allows lower leaves to be shed
by more light, increasing photosynthesis rate and therefore productivity (S. Yang et al., 2022). In N.
tabacum cv. K326 the overexpression of miRNA156, with the subsequent down-regulation of the
miR156-targeted SPL genes, resulted in delayed flowering and a higher leaves production rate (Feng
et al, 2016) and the generation of biallelic mutations in nine SPL genes with CRISPR/Cas caused delayed
flowering, leaf juvenility and more branching (Vazquez-Vilar et al, 2021). On the other hand, gain of
function mutations in OsSPL14 in rice confers an ideal plant architecture with thick culm, large panicle
and reduced tillers (Jiao et al., 2010; ]. Wang et al., 2017).

Regarding SPL13, previous studies in alfalfa showed that this gene has an important role in drought
stress tolerance (Arshad et al,, 2017; Feyissa et al., 2019) and vegetative-floral transition. Gao at al.
demonstrated in 2018 that SPL13 silencing caused a delay in flowering time and increased number of
lateral branches in this species (R. Gao et al.,, 2018). Using CRISPR/Cas9, we obtained a plant carrying a
biallelic deletion of four nucleotides in the first exon of NbSPL13_1a and a heterozygous mutation in the
5’'UTR of NbSPL13_1b. The progeny of this plant was phenotyped for flowering time and all T1 plants
exhibited a significant delay in flowering of 4-5 days with respect to WT.

[tis a common practice both in academic and industrial experimental setups, to perform Agroinfiltration
before the plants reach the flowering stage, as it is well known that expression levels drop dramatically
afterwards (Sheludko et al., 2007). In this regard, plant varieties with delayed flowering time could give
time to accumulate more productive biomass in the same growing area. Interestingly, in our study late
flowering was accompanied by an increase in the total number of lateral branches. Interestingly, Goulet
et al. (2019) previously reported that young leaves in axillary stems are the main contributors to
recombinant protein yield upon Agroinfiltration (Goulet et al.,, 2019). Therefore, we anticipate that the
combination late flowering and increased branching in NbSPL13_1a KO phenotype should lead to gains
in recombinant protein yield per batch. However, as with field trials in traditional breeding of food
crops, the full advantage conferred by this new trait to the N. benthamiana biofactory can only be
confirmed in a real-life scenario, which in this case implies a pilot vacuum infiltration experiment in an

industrial setup. Syringe-infiltration experiments showed no differences in expression in NbSPL13 KO
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compared to WT. However, these experiments do not appraise the potential advantages of the mutants,
that would need to be assessed at a larger scale. Furthermore, pilot experiments should be followed by
a techno economical evaluation that integrate not only calculations of yield per batch, but also the
number of batches per time unit, since yield gains per batch need to compensate the longer growing
times associated with late flowering.

In our view this work shows how genomic insights in large gene families can inform and orient breeding
strategies, especially in polypoid crops. It also illustrates how the breeding of plant biofactories can
benefit from new precision techniques and vice versa, since this type of industrial crops, usually grown
under contained conditions, offer minimal ethical, legal and/or environmental restrictions for

commercial implementation even in the most restrictive economic zones as the EU.

Conclusions

Our work aimed at the identification of Squamosa Promoter Binding-Like (SPL) genes in N. tabacum cv.
K326 and N. benthamiana. Fourty-nine SPL genes were found in N. tabacum cv. K326 and 43 in N.
benthamiana LAB strain, and classified into eight phylogenetic groups according to the SPL classification
in Arabidopsis. Homeologues and orthologues showed a conserved exon-intron gene structure and a
conserved DNA-binding domain. Thirty of the NbSPL genes and 33 of the NtSPL genes were found to be
putative targets of microRNA 156. Their expression in leaves was analysed by RNA-seq at three different
stages, revealing that genes not under miR156 control were in general constitutively expressed at high
levels, while miR156-regulated genes showed lower expression levels, often developmentally regulated.
NbSPL13_1a was chosen for editing and its knock-out led to a delay in flowering time, a trait that could
be exploited to increase biomass for recombinant protein production. In our view this work showed
how genomic insights in large gene families can inform and orient breeding strategies, especially in

polypoid crops.
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Supplementary material

NbSPLY/15_2b (miRNA156)
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NbSPL8_1b

NbSPL8_1a

NbSPL7_1b

w NbSPL7_1a

NbSPL6_5b (miRNA156)
NbSPL6_5a (miRNA156)
NbSPLE_4b (miRNA156)
NbSPL6_4a (miRNA156)
NbSPL6_2b (miRNA156)
NbSPLE_2a (miRNA156)
NbSPL6_1b (miRNA156)
NbSPL3/4/5_7b (mIRNA156)
NbSPL3/4/5_7a (miRNA156)

NoSPLY4/S._5y (mRNAS6)
NoSPLY4/5._5x (mRNA56)
NoSPL34/5_4b (miRNA1S6)
NoSPLY4/5_4a (mRNA1S6)
NbSPLY4/5_ 2y (mRNAS6)
NbSPLY4/5_2x (mRNA56)

NbSPL13_fa (mRNA1S6)
NbSPL/12_3y
NbSPL1/12_3x

NbSPL1/12_2a
NbSPL1/12_1y
NbSPL112_1x

NbSPLY4/5_6Ua (MRNA156)

NbSPL2/10/11_4Ub (miRNAIS6)
NbSPL2/40/11_3b (miRNA156)
NbSPL2/10/11_3a (miRNA156)

NbSPL13_1b (noSBP)(miRNA156) I

NSPLO/15_2b (WRNA156)
NISPLO15_1b (mRNA156)
NISPLOS_1a (IRNA156)
NISPLS_2b
NISPLS_2a
NISPLE_1b
NISPLS_1a
NISPL7_1b
NISPL7_ta
NISPL6_5b (miRNA156)
NISPLG_Sa
NISPL_4b (miRNA156)
| NISPLE_4a (MIRNA156)
NISPLE_3Ua (miRNA156)
| NISPLG_2b (mRNA156)
| NISPL6_2a (MIRNA156)
NISPLE_1b (mIRNA156)
NISPLE_1a (mIRNA156)
NISPLIA/5_7b (mIRNA156)
| NISPL4/5_7a (mIRNA156)
NISPLI4/5_6b (mIRNA156)
| NISPL34/5_Ba (mIRNA156)
| NtSPLY/4/5,_4b (MIRNA156)
NISPL34/5_3Ub (miRNA156)
| h NISPL34/5_2b (mIRNA156)
NISPLA4/5_2a (mIRNA156)

| |
NISPL4/5_1b (mIRNA156)
NISPL2/10/11_3a

NISPL2/10/11_2b (mIRNA156)
| NISPL2/10/11_2a (mRNA156)

| | NISPL2/10/11_1b (mIRNA156)

[ | NISPL2/10/11_1a (mIRNA156)

| NISPL13_1b (miRNA156)

| NISPL13_1a (MIRNA156)
[ NISPL1/12_3b
| NISPL1/12_3a
NISPL1/12_2b
NISPL1/12_2a
|NISPL1/12_1b
m > . NISPL1A12_1a

Figure S1. A) FPKM-normalized log2-transformed expression values for NbSPL genes, based on transcriptome

data. Each rectangle represents the mean of three replicates B) FPKM-normalized log2-transformed expression

values for NtSPL genes, based on transcriptome data. Each rectangle represents the mean of three replicates.
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Figure S2. SBP domains of NtSPLs and NbSPLs
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Figure S3. GFP expression in WT and NbSPL13 plants. WT and NbSPL13_1a/1a/1b/1b (biallelic mutation for
both homeologous genes) N. benthamiana plants were Agroinfiltrated with two viral systems harbouring the CDS
of the enhanced green fluorescent protein (eGFP), BeYDV-eGFP and ICON-eGFP. Fluorescence was detected after
four (left) and seven days (right). A one-way ANOVA test was performed (n=12, p<0.05). Bars marked with the

same letter have no significant differences among them, if marked with different letters they differ significantly.

gRNA
Targeted genes and position Protospacer sequence PAM
name
NbSPL13_1a-nc134/NbSPL13_1b-nc136
sgSPL1.5 GGACCTCACAAACTTTATGG |CGG
(theoretical)
NbSPL13_1a-c288/NbSPL13_1b-c290
sgSPL1.6 ATGGACATAACAGGCGTCGA [AGG
(theoretical)

Table S1. Guide RNA sequences used for NbSPL13 genes edition. gRNA targeted positions were determined as
distance of the Cas9 cutting site to the ATG for coding sequences. “c” indicates that the gRNA is designed on the
coding strand and “nc” that gRNA is designed on the non-coding strand. For NbSPL13 _1b, guides were designed

onto its theoretical CDS, constructed onto the homeologous one.
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NbSPL

LAB330 name

Chromosome

exons

SBP

domain

Protein

length
(aa)

Top match species

(excluding tobacco)

Stats

miR156

site

NbSPL1/12_1x

gene.7156.1.1.p1

NbLab330C15

11

Yes

1000

INicotiana attenuata

[dentities:965/1001(96%),
Positives:978/1001(97%),
Gaps:1/1001(0%)

no

NbSPL1/12_1y

gene.37344.0.2.p1

NbLab330C10

11

Yes

1000

INicotiana attenuata

[dentities:966/1001(97%),
Positives:979/1001(97%),
Gaps:1/1001(0%)

no

NbSPL1/12_2a

gene.23674.3.0.p1

NbLab330C08

10

Yes

999

INicotiana sylvestris

[dentities:970/1001(97%),
Positives:983/1001(98%),
Gaps:2/1001(0%)

no

NbSPL1/12_2b

gene.63653.1.1.p1

NbLab330C18

10

Yes

998

INicotiana attenuata

[dentities:968/999(97%),
Positives:984/999(98%),
Gaps:1/999(0%)

no

NbSPL1/12_3x

gene.59226.0.0.p1

NbLab330C05

10

Yes

967

INicotiana sylvestris

[dentities:917/968(95%),
Positives:933/968(96%),
Gaps:2/968(0%)

no

NbSPL1/12_3y

gene.9986.0.0.p1

NbLab330C12

10

Yes

968

INicotiana sylvestris

[dentities:919/968(95%),
Positives:936/968(96%),
Gaps:1/968(0%)

no

NbSPL1/12_4Ua

chr14.g9026.t1

NbLab330C04

No

362

INicotiana attenuata

[dentities:345/361(96%),
Positives:352/361(97%),

Gaps:0/361(0%)

No
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NbSPL13_1a

gene.4997.0.0.p1

NbLab330C15

Yes

328

INicotiana sylvestris

[dentities:316/329(96%),
Positives:320/329(97%),
Gaps:1/329(0%)

yes

NbSPL13_1b

gene.74426.0.1.p1

NbLab330C14

No

172

INicotiana sylvestris

[dentities:154/168(92%),
Positives:162/168(96%),
Gaps:1/168(0%)

yes

NbSPL13_2Ux

gene.77593.0.1.p1

NbLab330C14

==Y

No

147

INicotiana sylvestris

[dentities:132/142(93%),
Positives:133/142(93%),
Gaps:0/142(0%)

yes

NbSPL2/10/11_1Ub

chr11.g10631.t1

NbLab330C16

Yes

213

INicotiana sylvestris

[dentities:194/228(85%),
Positives:196/228(85%),
Gaps:27/228(11%)

no

NbSPL2/10/11_3a

gene.4971.0.1.p1

NbLab330C15

Yes

461

INicotiana attenuata

[dentities:441/461(96%),
Positives:444/461(96%),
Gaps:1/461(0%)

yes

NbSPL2/10/11_3b

gene.74412.0.0.p1

NbLab330C14

Yes

458

INicotiana attenuata

[dentities:436/456(96%),
Positives:441/456(96%),
Gaps:1/456(0%)

yes

NbSPL2/10/11_4Ub

gene.36101.0.0.p1

NbLab330C10

Yes

361

INicotiana sylvestris

[dentities:332/362(92%),
Positives:342/362(94%),
Gaps:3/362(0%)

yes

NbSPL3/4/5_1x

gene.31143.0.0.p1

NbLab330C13

No

141

INicotiana sylvestris

[dentities:117/134(87%),
Positives:121/134(90%),
Gaps:4/134(2%)

yes
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NbSPL3/4/5_1y

chr08.g12650.t1

NbLab330C10

Yes

395

INicotiana sylvestris

[dentities:360/403(89%),
Positives:370/403(91%),
Gaps:8/403(1%)

yes

NbSPL3/4/5_2x

gene.9663.0.0.p1

NbLab330C15

Yes

182

INicotiana tomentosiformis

[dentities:175/183(96%),
Positives:178/183(97%),
Gaps:3/183(1%)

yes

NbSPL3/4/5_2y

gene.25398.0.0.p1

NbLab330C03

Yes

187

INicotiana attenuata

[dentities:178/187(95%),
Positives:181/187(96%),
Gaps:3/187(1%)

yes

NbSPL3/4/5_4a

gene.63701.0.2.p1

NbLab330C18

Yes

166

INicotiana attenuata

[dentities:153/167(92%),
Positives:157/167(94%),
Gaps:1/167(0%)

yes

NbSPL3/4/5_4b

gene.16698.0.0.p1

NbLab330C01

Yes

160

INicotiana sylvestris

[dentities:143/165(87%),
Positives:150,/165(90%),
Gaps:9/165(5%)

yes

NbSPL3/4/5_5x

gene.60667.0.1.p1

NbLab330C05

Yes

125

INicotiana attenuata

[dentities:75/83(90%),
Positives:79/83(95%),
Gaps:0/83(0%)

yes

NbSPL3/4/5_5y

gene.8997.0.0.p1

NbLab330C15

Yes

107

INicotiana sylvestris

[dentities:93/106(88%),
Positives:96/106(90%),
Gaps:0/106(0%)

yes

NbSPL3/4/5_6Ua

gene.38814.0.0.p1

NbLab330C10

Yes

137

INicotiana sylvestris

[dentities:132/136(97%),
Positives:133/136(97%),
Gaps:0/136(0%)

yes
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NbSPL3/4/5_7a

gene.93876.0.1.p1

NbLab330C19

Yes

138

INicotiana tomentosiformis

[dentities:128/138(93%),
Positives:130/138(94%),
Gaps:0/138(0%)

yes

NbSPL3/4/5_7b

gene.83021.0.3.p1

NbLab330C02

Yes

136

INicotiana tomentosiformis

[dentities:126/136(93%),
Positives:128/136(94%),
Gaps:0/136(0%)

yes

NbSPL3/4/5_8Ux

chr06.g9674.t1

NbLab330C03

==Y

No

100

INicotiana attenuata

[dentities:89/100(89%),
Positives:90/100(90%),
Gaps:0/100(0%)

yes

NbSPL6_1a

gene.68624.0.0.p1

NbLab330C04

==Y

No

169

INicotiana sylvestris

[dentities:161/169(95%),
Positives:164/169(97%),
Gaps:0/169(0%)

yes

NbSPL6_1b

gene.90250.0.2.p1

NbLab330C19

Yes

564

INicotiana attenuata

[dentities:495/564(88%),
Positives:510/564(90%),
Gaps:24/564(4%)

yes

NbSPL6_2a

gene.53347.0.0.p1

NbLab330C16

Yes

524

INicotiana attenuata

[dentities:499/524(95%),
Positives:511/524(97%),
Gaps:1/524(0%)

yes

NbSPL6_2b

gene.50476.0.1.p1

NbLab330C06

Yes

523

INicotiana attenuata

[dentities:499/523(95%),
Positives:508/523(97%),
Gaps:0/523(0%)

yes

NbSPL6_4a

gene.17776.0.0.p1

NbLab330C01

Yes

508

INicotiana sylvestris

[dentities:479/508(94%),
Positives:489/508(96%),
Gaps:0/508(0%)

yes
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NbSPL6_4b

gene.96230.0.0.p1

NbLab330C15

Yes

510

INicotiana sylvestris

[dentities:463/510(91%),
Positives:481/510(94%),
Gaps:2/510(0%)

yes

NbSPL6_5a

gene.2346.0.1.p1

NbLab330C07

Yes

4772

INicotiana attenuata

[dentities:424/464(91%),
Positives:432/464(93%),
Gaps:5/464(1%)

yes

NbSPL6_5b

gene.43637.0.2.p1

NbLab330C17

Yes

572

INicotiana tomentosiformis

[dentities:423/555(76%),
Positives:449/555(80%),
Gaps:43/555(7%)

yes

NbSPL7_1a

gene.85643.0.1.p1

NbLab330C09

10

Yes

781

INicotiana attenuata

[dentities:751/804(93%),
Positives:763/804(94%),
Gaps:23/804(2%)

no

NbSPL7_1b

gene.70154.0.8.p1

NbLab330C04

10

Yes

804

INicotiana sylvestris

[dentities:771/804(96%),
Positives:779/804(96%),
Gaps:2/804(0%)

no

NbSPL8_1a

gene.76268.0.2.p1

NbLab330C14

Yes

300

INicotiana attenuata

[dentities:292/300(97%),
Positives:298/300(99%),
Gaps:0/300(0%)

no

NbSPL8_1b

gene.39637.0.0.p1

NbLab330C10

Yes

300

INicotiana attenuata

[dentities:292/300(97%),
Positives:296/300(98%),
Gaps:0/300(0%)

no

NbSPL8_2Ua

gene.22921.0.3.p1

NbLab330C08

Yes

309

INicotiana sylvestris

[dentities:262/296(89%),
Positives:270/296(91%),
Gaps:4/296(1%)

no
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[dentities:372/388(96%),
Positives:376/388(96%),
NbSPL9/15_1a gene.47557.0.1.p1 |NbLab330C06 3 Yes 388 INicotiana attenuata Gaps:1/388(0%) yes
[dentities:369/390(95%),
Positives:373/390(95%),
NbSPL9/15_1b gene.53813.0.1.p1 |NbLab330C16 3 Yes 390 INicotiana attenuata Gaps:3/390(0%) yes
[dentities:359/366(98%),
Positives:362/366(98%),
NbSPL9/15_2a gene.74848.0.3.p1 |NbLab330C14 3 Yes 366 INicotiana sylvestris Gaps:0/366(0%) yes
[dentities:322/351(92%),
Positives:334/351(95%),
NbSPL9/15_2b gene.7983.0.0.p1 NbLab330C15 3 Yes 350 INicotiana attenuata Gaps:1/351(0%) yes

Table S2-A. SPL genes in N. benthamiana with their characteristics: original name of LAB330 annotation, chromosome, number of exons, presence or absence of SBP

domain, protein length as number of amino acids, the top probable subgenome donor and its statistics, presence or absence of miRNA156 target site.
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Protein
length Protein |N. exons |N. exons|Updated
Edwards [length new|[Edwards| new gene SBP miRNA156
NtSPL Edwards 2017 name 2017 (aa) |model (aa)| 2017 | model | model Subgenome donor domain site
NtSPL1/12_1a Nitab4.5_0008312g0040.1 (1000 1000 12 11 Yes INicotiana sylvestris Yes No
NtSPL1/12_1b Nitab4.5_0000745g0150.1 (1001 1001 12 11 Yes INicotiana tomentosiformis |Yes No
NtSPL1/12_2a Nitab4.5_0002994g0100.1 960 999 10 10 Yes INicotiana sylvestris Yes No
NtSPL1/12_2b Nitab4.5_0000222g0290.1 997 997 10 10 No INicotiana tomentosiformis  [Yes No
NtSPL1/12_3a Nitab4.5_0003324g0070.1 908 967 10 10 Yes INicotiana sylvestris Yes No
NtSPL1/12_3b Nitab4.5_0000363g0110.1 936 960 11 10 Yes INicotiana tomentosiformis |Yes No
NtSPL1/12_4Ua [Nitab4.5_0000225g0020.1 976 992 11 11 Yes INicotiana sylvestris Yes No
NtSPL13_1a Nitab4.5_0002299g0030.1 (324 324 3 3 No INicotiana sylvestris Yes Yes
NtSPL13_1b Nitab4.5_0001010g0010.1 326 326 3 3 No INicotiana tomentosiformis  [Yes Yes
NtSPL2/10/11_1a [Nitab4.5_0003900g0020.1 463 463 4. 4 No INicotiana sylvestris Yes Yes
NtSPL2/10/11_1b [Nitab4.5_0000861g0050.1 462 462 4 4 No INicotiana tomentosiformis |Yes Yes
NtSPL2/10/11_2a [Nitab4.5_0002558g0020.1 456 456 4 4 No INicotiana sylvestris Yes Yes
NtSPL2/10/11_2b [Nitab4.5_0000067g0130.1 465 465 4 4 No INicotiana tomentosiformis |Yes Yes
NtSPL2/10/11_3a [Nitab4.5_0001315g0110.1 357 462 5 4 Yes INicotiana sylvestris Yes No
NtSPL2/10/11_3b [Nitab4.5_0007217g0040.1 466 466 6 6 No INicotiana tomentosiformis  [No Yes
NtSPL2/10/11_4a [Nitab4.5_0006792g0010.1 [348 360 5 4 Yes INicotiana sylvestris Yes Yes
NtSPL2/10/11_4b [Nitab4.5_0000019g0050.1 207 357 2 4 Yes INicotiana tomentosiformis  [Yes Yes
NtSPL3/4/5_1a |[Nitab4.5_0002061g0020.1 270 402 2 3 Yes INicotiana sylvestris Yes Yes
NtSPL3/4/5_1b  |Nitab4.5_0000210g0190.1 [240 380 2 3 Yes INicotiana tomentosiformis |Yes Yes
NtSPL3/4/5_2a  [Nitab4.5_0001752g0040.1 (182 182 2 2 No INicotiana sylvestris Yes Yes
NtSPL3/4/5_2b  |Nitab4.5_0000638g0040.1 251 181 3 2 Yes INicotiana tomentosiformis |Yes Yes
NtSPL3/4/5_3Ub [Nitab4.5_0002330g0030.1 172 172 2 2 No INicotiana tomentosiformis  [Yes Yes

(o))
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NtSPL3/4/5_4a  [Nitab4.5_0006721g0040.1|170 167 2 2 Yes INicotiana sylvestris Yes Yes
NtSPL3/4/5_4b  [Nitab4.5_0004959g0040.1 |198 171 2 2 Yes INicotiana tomentosiformis  [Yes Yes
NtSPL3/4/5_5a [Nitab4.5_0008703g0010.1 |165 165 2 2 No INicotiana sylvestris Yes Yes
NtSPL3/4/5_5b  [Nitab4.5_0000327g0110.1 113 119 2 2 Yes INicotiana tomentosiformis  [Yes No
NtSPL3/4/5_6a [Nitab4.5_0003348g0050.1 139 136 2 2 Yes INicotiana sylvestris Yes Yes
NtSPL3/4/5_6b  [Nitab4.5_0003942g0050.1 |148 140 2 2 Yes INicotiana tomentosiformis |Yes Yes
NtSPL3/4/5_7a  [Nitab4.5_0007487g0020.1 [133 133 2 2 No INicotiana sylvestris Yes Yes
NtSPL3/4/5_7b  [Nitab4.5_0002219g0060.1|136 136 2 2 No INicotiana tomentosiformis  [Yes Yes
NtSPL6_1a Nitab4.5_0002041g0010.1 469 542 3 3 Yes INicotiana sylvestris Yes Yes
NtSPL6_1b Nitab4.5_0001797g0070.1 471 538 3 3 Yes INicotiana tomentosiformis  [Yes Yes
NtSPL6_2a Nitab4.5_0009912g0020.1 (500 524 3 3 Yes INicotiana sylvestris Yes Yes
NtSPL6_2b Nitab4.5_0002467g0020.1 [526 522 3 3 Yes INicotiana tomentosiformis |Yes Yes
NtSPL6_3Ua Nitab4.5_0010172g0010.1 481 494 3 3 Yes INicotiana sylvestris Yes Yes
NtSPL6_4a Nitab4.5_0010273g0010.1 [508 508 3 3 No INicotiana sylvestris Yes Yes
NtSPL6_4b Nitab4.5_0000027g0060.1 523 523 3 3 No INicotiana tomentosiformis  [Yes Yes
NtSPL6_5a Nitab4.5_0000509g0040.1 265 265 3 3 No INicotiana sylvestris Yes No
NtSPL6_5b Nitab4.5_0001118g0090.1 (561 524 4 3 Yes INicotiana tomentosiformis |Yes Yes
NtSPL7_1a Nitab4.5_0000700g0020.1 (560 802 5 10 Yes INicotiana sylvestris Yes No
NtSPL7_1b Nitab4.5_0000059g0380.1 737 806 10 10 Yes INicotiana tomentosiformis |Yes No
NtSPL8_1a Nitab4.5_0002061g0030.1 [301 301 3 3 No INicotiana sylvestris Yes No
NtSPL8_1b Nitab4.5_0000210g0160.1 311 308 3 3 Yes INicotiana tomentosiformis  [Yes No
NtSPL8_2a Nitab4.5_0001823g0030.1 254 312 2 3 Yes INicotiana sylvestris Yes No
NtSPL8_2b Nitab4.5_0000706g0150.1 267 267 3 3 No INicotiana tomentosiformis  [Yes No
NtSPL9/15_1a Nitab4.5_0003572g0010.1 (319 390 4 3 Yes INicotiana sylvestris Yes Yes
NtSPL9/15_1b Nitab4.5_0000016g0300.1 401 386 3 3 Yes INicotiana tomentosiformis  [Yes Yes
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NtSPL9/15_2a Nitab4.5_0001538g0080.1 |366 366 3 3 No INicotiana sylvestris Yes Yes
NtSPL9/15_2b Nitab4.5_0000991g0020.1 [369 369 3 3 No INicotiana tomentosiformis  [Yes Yes

Table S2-B. SPL genes in N. tabacum with their characteristics: original name of annotation in Edwards et al., 2017, number of exons in the original Edward 2017 model

and in the updated model, protein length as number of amino acids in the Edwards 2017 model and in the new model, if they were updated in the new model, presence

or absence of SBP domain, the subgenome donor, presence or absence of miRNA156 target site.
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GBID Description
GB0307 |pUPD2
tRNA and scaffold for the assembly of GBoligomers for the last position (positon [n]) of a
GB1207 |polycistronic tRNA-gRNA
tRNA and scaffold for the assembly of GBoligomers for the first position (positon [D1_n-1])
GB1208 | of a polycistronic tRNA-gRNA regulated by the U6-26 or U6-1 promoter
GB1001 |U6-26 promoter
GB2630 |pUPD2 with sgSPL1.5
GB2631 |pUPD2 with sgSPL1.6
GB0017 |pDGB3_alphaZ2
GB0019 |pDGB3_omegal
GB2234 | Module for the constitutive expression of the nptll, Cas9 and DsRed genes in pDGB3_alphal
GB3296 |U6-26:5gSPL1.5:5gSPL1.6 in alpha2
GB3298 | nptll:Cas9:DsRed_U6-26:sgSPL1.5:sgSPL1.6 in omega 1

Table S3. Goldenbraid plasmids used for this work

Primer name

Sequence 5' > 3'

CDP20Apr05_NbSPL13_la_glFW

CTTTGTTACTTCGCAATTAGAGCG

CDP20Apr06_NbSPL13_1a_glRV

GTGGCGTACTAAGGGTCAAGT

CDP20Apr07_NbSPL13_la_g2FW

AAATGTTCAATCCCTGGACGAC

CDP20Apr08_NbSPL13_1a_g2RV

ACCATGTCGCTGTCCGTTTTG

CDP20Apr09_NbSPL13_1b_glFW

GGTTTTGATTCTTGGCGTTAGGAC

CDP20Apr10_NbSPL13_1b_glRV

CGGGCTCTTGCAGAAATGCC

CDP20Apr11_NbSPL13_1b_g2FW

GCCCAGGTTTGAATGCATTAGGG

CDP20Apr11_NbSPL13_1b_g2RV

ACCATGTCGTTGTCCGTTTTC

Table S4. List of primers used for amplification of the targeted sites.
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%

%Clean sequences

Number of bases

Total Clean

reads mapped

% Clean reads

Remaining (with average quality| %GC in clean | per sample after and properly mapped and
Sample Species Raw reads reads Q>=30 reads cleaning paired properly paired
J_.L5_1 |N. benthamiana (148976240 [(74.69% 99.22% 45.50% 16.600.766.356.00 (107812466 96.89%
J_L5_2  |N. benthamiana (112663478 [78.70% 99.20% 45.50% 13.221.448.672.00 (86403250 97.45%
J_L5_3  |N. benthamiana (153128010 [73.33% 99.26% 45.50% 16.773.423.129.00 (109148068 97.20%
P_L5_1 |N. benthamiana (126432800 [79.60% 99.23% 45.50% 15.032.662.317.00 (98246582 97.62%
P_L5_2 |N. benthamiana (109356400 [77.71% 99.26% 45.00% 12.699.831.592.00 (82678996 97.29%
P_L5_3 |N. benthamiana (89883490 [83.05% 99.18% 45.00% 11.135.826.064.00 (73120212 97.96%
F_L5_1 |N. benthamiana (119924082 [70.42% 99.23% 45.00% 12.611.232.299.00 (81955376 97.04%
F_L5_2 |N. benthamiana (101222782 [80.35% 99.10% 44.50% 12.055.527.511.00 (78942352 97.06%
F_L5_3 |N. benthamiana (109772218 [73.75% 99.23% 45.00% 12.082.942.224.00 (78454528 96.91%
J_.L5_1 [N. tabacum 123642084 [83.18% 99.26% 44.00% 15.366.709.536.00 (99406288 96.66%
J_L5_2 [N. tabacum 119703504 [81.74% 99.27% 44.50% 14.626.943.244.00 94209828 96.29%
J_.L5_3 [N. tabacum 126513526 [74.43% 99.13% 44.00% 14.047.776.285.00 (90454752 96.06%
P L5 1 |N.tabacum 111114358 [77.09% 99.16% 43.50% 12.774.234.042.00 (82828534 96.70%
P_ L5 2 |N.tabacum 92974442  82.12% 99.18% 43.50% 11.395.955.921.00 (73994396 96.91%
P_L5_3 |N. tabacum 113446684 [85.17% 99.23% 43.50% 14.435.744.260.00 93879062 97.16%
F_L5_1 |N. tabacum 141179282 [75.16% 99.26% 43.50% 15.854.938.037.00 (102338588 96.44%
F_L5_2 |N. tabacum 108202142 [81.61% 99.17% 43.00% 13.181.345.493.00 [85953364 97.34%
F_L5_3 |N. tabacum 127348004 [75.48% 99.24% 43.00% 14.357.358.429.00 (92977396 96.73%

Table S5. RNA-seq sequencing and mapping stats.
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Chapter 2. Extension of vegetative phase in Nicotiana benthamiana
using genome editing of FLOWERING LOCUS T (FT) and SQUAMOSA
PROMOTER BINDING-LIKE (SPL) genes.

Abstract
Plant Molecular farming (PMF) is the production of industrially relevant and commercially valuable

proteins in plants. Plants exhibit many advantages as bioreactors such as scalability, cost-effectiveness,
and the ability to produce complex proteins. Species of the Nicotiana genus, especially tobacco and
Nicotiana benthamiana, have become increasingly important as production platforms for PMF due to
their advantages such as high biomass yield, ease of transformation, robust protein expression, and non-
food crop status. Nevertheless, these species are not yet ideal production platforms - breeding goals such
as flowering delay or abolition to enhance plant biomass could improve N. benthamiana as a prime
chassis for molecular farming. In this chapter, our focus was the knockout of key genes for flowering,
such as members of the FLOWERING LOCUS T (FT) proteins family. The flowering inducers NbFT4 and
the homeologous pair NbFT5_1a/NbFT5_1b together with NbSPL13 1a, member of the SQUAMOSA
PROMOTER BINDING-LIKE (SPL) transcription factors family, were targets of CRISPR/Cas9 editing. The
lines that exhibited biallelic mutations for these genes, alone and in combination, showed delayed
flowering and a remarkable increase in biomass, height and branching. These characteristics could be

the foundation for the improvement of N. benthamiana as a molecular farming production platform.

My contribution to this chapter was essential. I searched for the FT genes in N. benthamiana, 1
generated the edited lines presented in this chapter, genotyped, phenotyped them, and assayed
their expression potential for eGFP. I wrote and corrected the text of the chapter and generated

its figures.
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Introduction

Plant Molecular Farming (PMF) is the production of industrially relevant and commercially important
proteins in plants (Eidenberger et al., 2023). The objective of PMF is to offer safe and cost-effective
means to produce bioproducts at a large scale. This research field shows a great potential for the efficient
and cost-effective production of therapeutic proteins, antibodies, vaccines and other bioactive
molecules. Plants exhibit many advantages as bioreactors over more conventional platforms for the
production of recombinant proteins, such as scalability, cost-effectiveness, and the capacity to produce
complex proteins (Ma et al.,, 2005; Stoger et al., 2014; Twyman et al., 2003).

Although various plant species have been employed as chassis for PMF approaches, in recent years
Nicotiana benthamiana has become increasingly important as a production platform for PMF mainly for
its suitability for Agrobacterium-mediated transient gene expression mediated by agrobacterium. A
non-exhaustive list of recombinant products produced using this platform includes antibodies against
Ebola virus (Qiu et al., 2014), human immunodeficiency virus (HIV) (Hamorsky et al.,, 2013), Zika virus
(Diamos et al., 2020) and enterotoxigenic Escherichia coli (Teh et al., 2021), vaccines for non-Hodgkin's
lymphoma (Bendandi et al., 2010), follicular lymphoma (Tusé et al., 2015), influenza (D’Aoust et al.,
2008, 2010), and COVID-19 disease (Maharjan & Choe, 2021; Ruocco & Strasser, 2022). Moreover, N.
benthamiana has been a powerful chassis for the production of metabolites, such as taxadiene (Hasan
etal, 2014), casbene (Forestier et al., 2023), crocins (L. Xie et al, 2023), moth sex pheromones for
sustainable pest control (Mateos-Fernandez et al.,, 2021), and enzymes, as glucocerebrosidase (Limkul
etal., 2015), glucose oxidase (Talens-Perales et al., 2023), a bacterial laccase (van Eerde et al., 2022)
and fungal enzymes for the degradation of lignin (Khlystov et al., 2021). Despite the advantages and
examples mentioned above, N. benthamiana is not yet an ideal platform for molecular farming. Some
breeding efforts have been made in N. benthamiana, and incidentally also in Nicotiana tabacum, towards
maximizing the yield of recombinant protein. For instance, co-expressing folding helpers and chaperons
from the same species of the recombinant protein can be a promising strategy for this objective: the
expression of human calreticulin in N. benthamiana has been shown to effectively increase the
accumulation of human viral glycoproteins (Margolin et al., 2020). Another problem in recombinant
protein production can be the activity of host endogenous proteases, that could degrade the product. To
overcome this issue, the silencing of proteases through RNA interference (RNAi) has been proven
successful to increase recombinant protein production in tobacco (Duwadi et al., 2015; Mandal et al.,
2014). In N. benthamiana, the co-expression of the tomato protease inhibitor SICYS8 enhanced antibody
yield (Jutras etal, 2016) and protease inhibitors from N. benthamiana and human boosted the
accumulation of a monoclonal antibody, erythropoietin and a-galactosidase (Grosse-Holz et al., 2018).
Another issue in PMF is the non-human glycosylation pattern on secreted proteins that could be
immunogenic for humans (Singh etal, 2021). Jansing et al. (2019) utilized CRISPR/Cas9 in N.

benthamiana for the knockout of glycosyltransferases gene, obtaining lines that produced "humanized"
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non-immunogenic glycoproteins, lacking (-1,2-xylose and core «-1,3-fucose (Jansing etal, 2019).
Moreover, N. benthamiana lacks tyrosylprotein sulfotransferase (TPST) gene, that catalyses tyrosine
sulfation, essential for the functionality of various antibodies targeting HIV (Singh et al.,, 2021). The
transient co-expression of human TPST allowed the production in N. benthamiana of antibodies with
proper tyrosine sulfation, that guaranteed their correct functionality against HIV (Singh et al., 2020).
One of the main disadvantages of N. benthamiana as compared with other PMF chassis is its relative low
productivity in terms of biomass. As Alam et al. (2018) reported for the production of griffithsin at
industrial scale, N. benthamiana plants are grown for 24 days from germination, inoculated with the
construct of interest, and collected 7- 14 days after, with a total duration of 38 days for the upstream
phase (Alam et al., 2018). Typically, N. benthamiana productive phase is limited to five-seven weeks
post-germination, a period that correspond to the juvenile stage, since the capacity for recombinant
protein production is severely reduced after flowering (Sheludko et al., 2007). In this context, delayed
flowering could be considered as an interesting breeding goal for enhancing plant biomass. To this end,
the underlying molecular mechanisms of reproductive phase transition need to be understood so that
the key genes regulating this process could be eventually engineered.

Reproductive phase change in plants is regulated by various factors, one of the most important being
the FLOWERING LOCUS T (FT) proteins, a member of the phosphatidylethanolamine-binding protein
(PEBP) family. These proteins play a crucial role in floral transition (Chardon & Damerval, 2005;
Hedman et al, 2009; Karlgren et al., 2011). In the model plant Arabidopsis thaliana, FT is a floral
promoter and is primarily expressed in leaf phloem companion cells (Samach et al., 2000; Valverde et al.,
2004). Under long-day conditions, FT protein migrates through the sieve elements from the leaves to
the shoot apical meristem (SAM). Once in the SAM, FT interacts with FLOWERING LOCUS D (FD)
transcription factor, thereby initiating a cascade of events that activate downstream target genes like
SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1) and APETALA 1 (AP1), a floral meristem
identity gene. This network ultimately triggers floral development (Abe et al.,, 2005; Hanano & Goto,
2011; Wigge et al., 2005).

FT-like proteins have been identified in various plant species (Cao et al., 2016; Chardon & Damerval,
2005; Faure etal, 2007; Izawa etal, 2002; Meng etal, 2011; Yan etal, 2006) and their specific
functions can differ. In tobacco, four FT paralogs were identified: NtFT1, NtFT2, NtFT3, and NtFT4.
NtFT1, NtFT2, and NtFT3 were found to act as floral repressors. On the other hand, NtFT4 appeared to
be a floral inducer, promoting the transition to flowering (Harig et al., 2012). Further investigations led
to the discovery of an additional FT-like protein in tobacco, which was named NtFT5 (G. Wang et al.,
2018). The overexpression of this gene in tobacco plants resulted in early flowering, highlighting its role
as a crucial floral activator (G. Wang et al., 2018). Later, Schmidt et al. (2020) successfully knocked out
NtFT5 in tobacco plants employing CRISPR/Cas technology. Under long-day conditions, the edited

tobacco plants were completely unable to flower (F. ]. Schmidt et al.,, 2020), providing evidence for the
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critical role of NtFT5 in the flowering process of this species and highlighting the potential of NtFT5 as
a target for crop improvement strategies aiming at the manipulation of flowering time in tobacco.

In addition to FT genes, also SQUAMOSA PROMOTER BINDING-LIKE (SPL) genes are essential players
in plant physiology, controlling processes such as vegetative phase transition (Xu et al, 2016), leaf
initiation rate and shoot and inflorescence branching (Schwarz et al., 2008; Wu & Poethig, 2006),
flowering time (Gandikota et al., 2007; Xu et al., 2016), floral organ development and fertility (Xing et al.,
2010), fruit development and ripening (Ferreira e Silva et al., 2014), the development of pollen sac (Unte
etal, 2003), root (Yamasaki et al., 2009; Yu et al., 2015) and trichomes (Yu et al., 2010). These genes
were originally discovered in Antirrhinum majus and earned their name due to their interaction with
the gene SQUAMOSA, a floral meristem identity gene (Klein et al., 1996). The SPL transcription factor
family is characterized by the SBP domain, a DNA binding domain containing zinc-finger motifs and a
nuclear localization signal (Birkenbihl et al., 2005; Cardon et al., 1999). Some of the genes belonging to
this family are regulated by microRNA 156, which impacts plant phase transitions (H. Wang & Wang,
2015). In Arabidopsis thaliana, 16 SPL genes were identified, each with distinct functions (Preston &
Hileman, 2013; Xu et al.,, 2016). Similar gene family analyses have been performed in various plant
species, including cotton (Cai et al., 2018), Moso Bamboo (Pan et al., 2017), rice (Z. Yang et al., 2008),
citrus (Zeng et al., 2019), maize (Mao et al., 2016), tomato (Salinas et al., 2012), Petunia (Zhou etal.,,
2018), Chrysanthemum (Song et al., 2016), Tartary Buckwheat (M. Liu et al., 2019), and more recently
in tobacco and N. benthamiana (Chapter 1, (De Paola et al., 2023)).

This chapter focuses on the edition in N. benthamiana of the orthologous genes of the tobacco flowering
promoters NtFT4 and NtFT5 (NbFT4, NbFT5_1a/1b) either alone or in combination with the edition of
NbSPL13_1a. After the edition, the phenotype of the generated lines and their potential as platforms for

heterologous protein production was evaluated.
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Materials and methods

Protein identification and phylogenetic tree construction

FT protein sequences from tobacco were retrieved by BLAST at NCBI using the FT sequence from
Arabidopsis as reference sequence. These were then used to perform a BLAST search against the N.
benthamiana genome (H2020 version, https://www.nbenth.com/) (Ranawaka etal, 2023). The
retrieved protein sequences together with the ones from N. tabacum were used to perform a multiple
sequence alignment (MSA) using CLUSTAL v.1.2.4 (Sievers etal, 2011). A phylogenetic tree was
constructed with igtree v1.6.12 (Nguyen et al., 2015) using model JTTDCMut+G4 and a bootstrap value
of 1000.

Gene structure

Coding sequences (CDS) and 3’ untranslated regions (3’'UTRs) of NbSPL13_1a, NbFT5_1a, NbFT5_1b,
NDbFT4 were retrieved from N. benthamiana LAB330 v3.02 gene models. A browser extensible data
(BED) file containing gene models was created with an in-house python script. This file was graphically

represented using GSDS (Gene Structure Display Server) (http://gsds.cbi.pku.edu.cn/).

Plasmid assembly

Constructs used for transformations were assembled using GoldenBraid (Vazquez-Vilar et al.,, 2020,
2021). For the assembly of guide RNAs on level 0, two partially complementary primers were designed
at https://gbcloning.upv.es/do/crispr/multi_cas9_gRNA_domesticator_1 using the target sequences of
Table S6 as input. The primers were used in a BsmBI restriction-ligation reaction together with pUPD2
and the corresponding level -1 tRNA-scaffold plasmid (GB1208 for sgSPL1.5 and sgFT4.2, GB1207 for
sgSPL1.6, sgFT4.1 and sgFT6, GB1205 for sgFT5, GB1206 for sgFT6.1). Later, multipartite Bsal
restriction-ligation reactions from level 0 parts and binary Bsal or BsmBI restriction-ligation reactions
were performed to obtain all the level 21 assemblies. All plasmids were validated by restriction enzyme
(RE) analysis. The sequences of all level =21 constructs can be found entering their IDs (displayed in Table

S10) at https://gbcloning.upv.es /search /features/.

Plant material and stable transformation

The WT N. benthamiana LAB strain was used in the stable transformations for the knockout of
NbSPL13_1a, NbFT5_1a and NbFT5_1b, while plants with the genetic backgrounds FT5 and FT5 SPL13
were used for the ones targeting NbFT4 (see Results). The Agrobacterium tumefaciens-mediated
transformations followed a standard protocol (Horsch et al., 1985). Briefly, fully expanded leaves of WT
plants were sterilized with 5% commercial bleach for 10 minutes followed by four consecutive washing

steps with sterile _deionised water. Leaf discs (d= 0.8 cm) were cut with a cork borer and incubated
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overnight in co-culture plates (4.9 g/L MS supplemented with vitamins (Duchefa, The Netherlands
https://www.duchefa-biochemie.com/), 3% sucrose (Sigma-Aldrich, USA,
https://www.sigmaaldrich.com/), 0.8% Phytoagar (Duchefa, The Netherlands), 1 mg/L BAP (Sigma-
Aldrich, USA), 0.1 mg/L NAA (Sigma-Aldrich, USA), pH=5.7). Leaf discs were incubated for 15 minutes
with a culture of A. tumefaciens LBA4404 harboring plasmids GB3298, GB3299, GB3301 or GB3699
(0OD600=0.3). Discs were returned to the co-cultivation plates and incubated for two days in darkness.
Next, discs were transferred to selection medium (4.9 g/L MS supplemented with vitamins (Duchefa,
The Netherlands), 3% sucrose (Sigma-Aldrich, USA), 0.8% Phytoagar (Duchefa, The Netherlands), 1
mg/L BAP (Sigma-Aldrich, USA), 0.1 mg/L NAA (Sigma-Aldrich, USA), 500 mg/L carbenicillin, 100 mg/L
kanamycin, pH=5.7). Discs were transferred to fresh medium every seven days until shoots appeared
(four-six weeks). Shoots were cut and transferred to rooting medium (4.9 g/L MS supplemented with
vitamins (Duchefa, The Netherlands), 3% sucrose (Sigma-Aldrich, USA), 0.8% Phytoagar (Duchefa, The
Netherlands), 500 mg/L carbenicillin, 100 mg/L kanamycin, pH=5.7) until roots appeared. Screening for

T-DNA segregation in T1 generations was achieved through DsRed fluorescence detection.

Transient expression and fluorescence detection

Transient expression assays were performed as described in Moreno-Giménez et al. (2022) with minor
differences. Five- and nine-weeks old N. benthamiana plants of each genotype (WT, SPL13, FT5, FT5
SPL13,FT4 FT5, FT4 FT5 SPL13, see Results) were used for Agroinfiltration. Bacterial suspensions were
adjusted to an optical density of 0.05 at 600 nm (OD600). For enhanced GFP (eGFP) expression with the
TMV-based expression system ICON (Giritch et al, 2006), the bacterial suspensions harboring the
MagnICON® Integrase (pICH14011), the MagnICON® 5' module (pICH17388) and the 3’ eGFP module
(GB4294, eGFP cloned in a vector adapted for Bsal cloning from MagnlCON® pICH7410 (Diego-Martin
etal, 2020)) were mixed in equal volumes. For eGFP expression with a geminiviral replicon system
based on the Bean Yellow Dwarf Virus (BeYDV) (Dahan-Meir et al., 2018), equal volumes of bacterial
suspensions harbouring plasmids GB3598 and GB4312 were mixed. Bacterial suspension harbouring
vector GB4279 was used for eGFP expression under 35S promoter. As control, bacterial suspension
harbouring empty vector GB0107 was used. Three leaves per plant were agroinfiltrated. Leaf samples
were collected at four and seven days post infiltration (dpi) from the five-weeks old plants and at five
and seven dpi from the nine-weeks old plants. To determine fluorescence, one 0.5 cm diameter disc was
excised from each Agroinfiltrated leaf and discs were transferred to a black 96-well microplate.
Subsequently, enhanced GFP (eGFP) fluorescence was determined using microplate reader Victor™ X5
(Perkin Elmer, USA) using excitation filter 480/30 nm (HH35000902) and emission filter 530/30 nm

(HH35000903), following the manufacturer instructions.
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Vacuum infiltration and fluorescence detection

Vacuum infiltration assays were performed as in Diego-Martin et al., (2020) with minor differences.
Bacterial suspensions for the expression of eGFP with the ICON system (Giritch etal, 2006) were
prepared as above. Agrobacterium was delivered to plant cells through vacuum infiltration using a
vacuum degassing chamber (model DP118, Applied Vacuum Engineering, UK) equipped with a 30 L
infiltration tank. The upper portion of the entire plants (eight plants simultaneously) was immersed in
the Agrobacterium infiltration solution. Vacuum was applied for two minutes at a pressure of 0.8 bar,
followed by gradual release. After seven days plants were harvested, weighed and ground in liquid
nitrogen. To obtain total soluble protein extract, a small fraction of the ground tissue was collected,
mixed with PBS buffer (20 mM NaH;P0., 80 mM Na;HP0..7H20, 100 mM NaCl, pH 7.4) in a 1:3 w/v ratio
and centrifuged at 13,000 rpm for 15 min at 4°C. These were placed in a black 96-well microplate and
enhanced GFP (eGFP) fluorescence was determined using microplate reader Victor™ X5 (Perkin Elmer,
USA) using excitation filter 480/30 nm (HH35000902) and emission filter 530/30 nm (HH35000903),

following the manufacturer instructions.

Genomic DNA extraction and editing efficiency evaluation

150 mg of leaf material was used for genomic DNA extraction using the CTAB (cetyl trimethylammonium
bromide) method (Murray & Thompson, 1980). The genomic regions flanking the nuclease target sites
were PCR amplified using MyTaq™ DNA Polymerase (Bioline, https://www.bioline.com/) and primers
listed on Table S9. The PCR amplicons were confirmed on a 1% agarose gel electrophoresis and purified
with  ExoSAP-IT™ PCR  Product Cleanup Reagent (ThermoFisher Scientific, USA,

https://www.thermofisher.com) following the manufacturer’s instructions prior to Sanger sequencing.

Chromatograms of Cas9-edited genomic DNA were analyzed using Inference of CRISPR Edits (ICE) v2

tool from Synthego (https://ice.synthego.com/). All analyses were manually curated.

Phenotyping

For each line, six plants were grown in 17 cm diameter pots under a 14-h light (21.5°C)/10-h dark (18°C)
regime in greenhouse. At flowering time, determined as the time from sowing to anthesis, each plant
was phenotyped for the following parameters: number of leaves beneath the first flower bud, total
height, number of lateral branches, stem diameter, fresh weight and total number and area of leaves.

Leaves under 5 cm of length were not considered in the counting and in the total area determination.
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Results

Generation of FT5 and SPL13 knock-out lines

Our previous results showed a small delay in flowering time when knocking out NbSPL13_1a (Chapter
1, (De Paola et al., 2023)). Considering the relevance of NtFT5 in tobacco flowering (F. ]. Schmidt et al.,
2020), our first objective was the editing of NbSPL13 1a and the homeologous pair NbFT5_1a and
NDFT5_1b, as first attempts to significantly delay flowering in N. benthamiana. The identification of the
FT genes in N. benthamiana was possible thanks to a homology search with their tobacco orthologs in
the N. benthamiana genome (version LAB3.30) (Ranawaka et al.,, 2023), followed by the creation of a
phylogenetic tree together with their tobacco counterparts (Fig. S4). The IDs of the genes are reported
in Table 1.

Editi G i
Gene ID (LAB3.30) MNE | position | Mutation enomic Lines
sgRNA sequence
NbFT5_1a |gene.47270.0.4.p1| sgFT6 nc257 +A CCTCCAATTGGTT | FT5E2-3, FT5 SPL13 22E-5,
FT5 FT4 4-11, FT5 FT4
NbFT5_1b | gene.45744.0.4.p1 | sgFT6.1 | 957 +A ACCTCCAATTGGT SPL13 40-1
+T AGGCGTTCGAAGG FT5 SPL13 22E-5
NbSPL13_1a | gene.4997.0.0.p1 |sgSPL1.6| c288
-ACGC CCTTCG/CTGTTA SPL13-3
+A CCATTCAACAAGA FT5 FT4 SPL13 40-1
NbFT4 gene.36576.0.3.p1 | sgFT4-1 nc60
-ACAAG CCATTC/ATCTGT FT5 FT4 4-11

Table 1. List of target genes, sgRNAs and mutations.

The genes chosen as targets of CRISPR/Cas experiments are listed together with their IDs in the LAB3.30 N.

benthamiana genome version. The sgRNAs that caused a frameshift mutation in their sequence are also listed.

. n

Their position is defined as the distance of the Cas9 cutting site from the ATG in their coding sequences. “c
indicates that the sgRNA is designed on the coding strand and “nc” that it is designed on the non-coding strand.
The table also reports the type of mutation, with + representing an insertion and - standing for deletion, the

resulting genomic sequence, and the T1 lines in which the mutation is present.

In order to edit these genes, sgRNAs were designed to target the CDS at two different positions, one in
the first exon and one in the second exon (Fig. 13A). For NbSPL13_1a, we focused on targeting its SBP
domain, which is important for its role as a transcription factor. The sequences of the chosen sgRNAs
are listed in Table S6. After design, these sgRNAs were assembled following a tRNA-spaced polycistronic
strategy (K. Xie et al., 2015) using Goldenbraid (Vazquez-Vilar et al., 2021). The final vectors used for N.
benthamiana transformation were made up of the sgRNA expression cassette(s), the transcriptional
units for the expression of the Cas9 protein, the red fluorescent protein DsRed, and the kanamycin
resistance gene nptll (Fig. 13B). As depicted in figure 13C, three independent transformations were
performed on WT plants: one for editing both NbFT5 genes, one for knocking out NbSPL13_1a gene
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specifically, and a third transformation for editing NbFT5 and NbSPL13_1a genes simultaneously. The
TO progenies arising from these transformations were genotyped to search for explants carrying
biallelic mutations (i.e., containing both alleles mutated but with different mutations), heterozygous
mutations (containing a WT allele and a mutated allele) or homozygous mutations (with both alleles

carrying the same mutation).
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Figure 13. Edition of the genes NbSPL13_1a, NbFT5_1a/1b and NbFT4 in N. benthamiana.

A) Structure of target genes. The arrows represent the target sites of the sgRNAs used for editing. Red boxes
represent the SBP domain of NbSPL13_1a gene, blue boxes represent UTRs, yellow boxes represent CDS and black
lines representintrons. B) Goldenbraid vectors used for editing the above-mentioned genes. Each one of constructs
carries Nptll (resistance to kanamycin), Cas9 and DsRed genes, for visual selection of transformed plants. The
transcription of gRNAs is under the control of U6-26 promoter. gRNAs were assembled using the tRNA strategy
(Xie et al., 2015). Vector GB3298 targets NbSPL13_1a, GB3299 targets NbFT5 homeologous pair, GB3301 targets
NbSPL13_1a and NbFT5 homeologous pair and GB3699 targets NbFT4. LB: left border, RB: right border, poliT:
poliT tail. C) Schematic representation of the generation of the edited N. benthamiana lines. From a first round of
three transformations, T1 lines that were biallelic for NbFT5 (E2-3), NbSPL13 (3-4) and the combination of both
(22 E-5) were selected. Later, a new round of supertransformation for NbFT4 editing was perfomed on FT5 and
FT5 SPL13 background, allowing to obtain T1 lines that were biallelic for NbFT4 and NbFT5 (4-11) and NbFT4,
NDFT5 and NbSPL13_1a (40-1). Red plants represent the ones still carrying the T-DNA with DsRed. As it could be
observed in the scheme, T-DNA segregation was not possible for line FT4 FT5 4-11. The selected T1 lines, later
used for phenotyping, are highlighted in blue.

As it can be observed in Table S7, 23 TO plants were retrieved and genotyped from FT5/SPL13
transformation, nine from FT5 transformation and eight from SPL13 transformation. According to the

percent edition values reported by Synthego (https://ice.synthego.com/). TO plants were considered as

chimeras (percent editing below 40%), carrying heterozygous mutations (percent editing around 50%)
or carrying biallelic mutations (>90%). Regarding the NbFT5 homeologous pair, the edition was more
effective for NbFT5_1a than for NbFT5_1b, overall. In FT5 SPL13 transformation, 19 out of 23 plants
(83%) showed edition percent in NbFT5_1a above 90%, while the remaining ones exhibited edition
values below 40% or failed sequencing. Among the TO plants of FT5 transformation, seven out of nine
(78%) displayed edition values in NbFT5_1a above 90%, while the remaining ones had values below
50%. With regards to NbFT5_1b gene, in FT5 SPL13 transformation nine out of 23 TO plants (39%)
showed edition values around or above 50%. In FT5 transformation, only one plant out of nine (11%)
exhibited an edition value around 50% in NbFT5_1b, while the remaining ones were not edited.
Considering NbSPL13_1a, the edition values of this gene in the FT5 SPL13 transformation were around
or above 50% for 12 out of 23 plants (52%) and in the SPL13 transformation in four out of eight plants
(50%) (Table S7).

To continue with further characterizations, the most edited plants in this first targeted mutagenesis
round were selected: (i) line FT5 SPL13 22E having a biallelic mutation for NbFT5_1a, a heterozygous
mutation for NbFT5_1b, and a biallelic mutation for NbSPL13_1a; (ii) line FT5_E2, with a biallelic
mutation for NbFT5_1a and a heterozygous mutation for NbFT5_1b; and (iii) line SPL13_3, containing a
biallelic mutation for NbSPL13_1a. The three TO lines were self-pollinated to obtain T1 seeds.

Next, the T1 offspring was further screened to obtain non-transgenic full KO plants. Segregation of Cas9

transgene was followed by DsRed negative selection. Plants that segregated Cas9 and that showed
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homozygous mutations for those genes carrying heterozygous mutations in the previous generation
were chosen for the following experiments, i.e. lines FT5 SPL13 22E-5, FT5 E2-3 and SPL13 3-4
respectively. The sequence of each specific mutation in the selected lines is depicted in Table 1.

The T2 plants originating from the selected lines were phenotyped for flowering time and number of
lateral branches at flowering (Fig. 14). As expected, SPL13 3-4 plants showed a small delay of 2-3 days
compared to WT. Interestingly FT5 E2-3 and FT5 SPL13 22E-5 lines exhibited a longer delay of
approximately 10 days compared to WT. All mutant lines displayed more lateral branches upon

flowering than WT. No other obvious phenotypic changes were observed for these plants.
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Figure 14. Phenotyping of SPL13 3-4, FT5 E2-3 and FT5 SPL13 22E-5 N. benthamiana lines.

A first phenotyping was conducted on T2 progeny coming from the selected T1 lines for flowering time (A) and
number of lateral branches at flowering time (B). Each bar represents mean value * SD. Bars labelled with different
letters represent values that are mutually significant. Bars labelled with the same letter are not mutually
significant. A one-way Anova test was conducted (WT n=6, SPL13 3-4 n=51, FT5 E2-3 n=12, FT5 SPL13 22E-5
n=12).

Stacking FT4 mutations on FT5 and SPL13 knock-out lines

Since lines FT5 SPL13 22E-5, FT5 E2-3 and SPL13 3-4 showed only a moderate delay in flowering, we
decided to knock out also NbFT4 gene, whose ortholog NtFT4 in tobacco is also implicated in promoting
flowering (Harig etal, 2012). Contrary to NbFT5, NbFT4 has only one homeologous gene in N.
benthamiana, meaning that only one FT4 gene is present in the genome. Two sgRNAs were designed to
target its first exon, since exons two and three were too short to design sgRNAs with a high predicted
on-target score on their sequence (Fig. 13A). T1 lines E2-3 (homozygous for NbFT5 homeologous pair)
and 22E-5 (homozygous for NbFT5 homeologous pair and NbSPL13_1a) (Fig. 13C), were chosen as
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background lines for NbFT4 editing. The vector GB3699 containing the sgRNAs targeting NbFT4 was
used to transform the plants (Fig. 13B).

The genotyping of TO plants from this experiment can be followed in Table S8. From the transformation
in FT5 background, only one plant was recovered carrying a heterozygous mutation in NbFT4 out of 18
primary transformants, with 17 not edited TO plants. From the transformation in FT5 SPL13
background, only three plants out of 19 had a heterozygous mutation, with 16 not edited lines. Lines
FT4 FT5 4 and FT4 FT5 SPL13 40, respectively, were selected for generating T1 plants, aiming to obtain
homozygous mutants for these genes. These plants were self-pollinated and the progeny subsequently
genotyped. As expected, approximately % of the progeny resulted in homozygous mutant lines (not
shown). Among their T1 progeny, the lines 40-1 and 4-11, homozygous for FT4 in FT5 SPL13 and FT5
background, respectively, were chosen for the following phenotyping experiments. The selected FT4
FT5 SPL13 40-1 line was DsRed negative, indicating that the T-DNA containing Cas9 was not present in
this line. As depicted in figure 13C, the segregation of T-DNA was not possible for FT4 FT5 4 progeny,
therefore FT4 FT5 4 -1 line was selected for further analysis despite containing the T-DNA. The sequence
of each specific mutation in the selected lines is depicted in Table 1.

The overall strategy for directed mutagenesis of FT4, FT5 and SPL13 genes in N. benthamiana, as
depicted also in figure 13, comprised four T-DNA constructs targeting four different genes and
employing eight different gRNAs. It took four generations to reach the final mutagenesis goal. This
process could have been shorter, but it should be noted that the decision to stack the editing of NbFT4
was not in the initial design: this objective was achieved via super-transformation instead of
multiplexing. As expected, the efficiency of the different employed sgRNAs varied dramatically, as shown
in the graph of figure 15. Each point represents the average of the edition percentage (calculated using
Synthego) for each gene of the TO plants obtained in each transformation in which the referred guide
RNA was used. sgFT6 (targeting the second exon of NbFT5_1a) had the highest efficiency among all
guides (above 80%), while sgFT6.1 (targeting the second exon of NbFT5_1b) exhibited an efficiency
value around 10%. sgFT5 (targeting the first exon of both NbFT5 genes) displayed an efficiency close to
0 (Fig. 15). The difference in the efficiency of these sgRNAs resulted in a better editing of NDFT5_1a
compared to NbFT5_1b. The editing of NbSPL13_1a gene was mainly due to sgSPL1.6. This guide RNA
(targeting the second exon of the gene) exhibited around 40% of efficiency value, while sgSPL1.5
(targeting the first exon) displayed an efficiency close to 0%. With regards to NbFT4, the efficiencies of
both sgRNAs targeting this gene were close to 0%, with sgFT4.1 efficiency value slightly higher than the
one of sgFT4.2 (Fig. 15). It is interesting to note that sgRNAs with the highest efficiency are the ones in
the last position of the assembled transcriptional units (TU), while the efficiency dramatically decreases

for those in the second- or third-to-last position (Fig. 13B, Fig. 15).
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Figure 15. Efficiency of the sgRNAs.

The efficiency of each guide RNA was calculated as the mean of the editing percentages of every TO plant generated
in one transformation. These values are represented by dots in the graph. Bars represent the mean of the

efficiencies of every transformation in which the guide RNA was used.

Comparative analysis of flowering time and biomass-related parameters in FT4, FT5 and SPL13

mutant combinations.

For the phenotyping of the generated mutant lines, the T2 progeny derived from each chosen T1 line
was utilized, since the homozygous mutations sought in our target genes were stabilized in this
generation. Our objective was the evaluation of the differences in flowering time and biomass of the
different lines. For each line under analysis, six plants were grown in 17 cm diameter pots. Flowering
time was determined for each plant as the time elapsed from sowing until the anthesis of the first flower.
Then, at the stage of the first flower anthesis, each plant was phenotyped for the following parameters:
number of leaves beneath the first flower bud, total height, number of lateral branches, stem diameter,
total fresh weight, total number of leaves and total area of leaves. Data were collected and analysed to

produce the graphs of figure 16.
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Figure 16. Phenotyping of N. benthamiana mutant lines.

A) First anthesis time. This time point was recorded when the first flower entered anthesis. All remaining
parameters were measured at first anthesis time for each line . B) Number of leaves on the main axis below the
first flower . C) Height D) Branching. This parameter indicates the number of lateral branches. E) Stem diameter.
F) Fresh weight. G) Total number of leaves. H) Total area of leaves. For each plant, every leaf measuring more than
5 cm in length was harvested and its area calculated. These values were then summed to obtain the total leaf area
for each plant. Each bar represents mean value = SD. For every parameter, bars labelled with different letters
represent values that are mutually significant. Bars labelled with the same letter are not mutually significant. A
one-way Anova test was conducted. I) Images of plants representative for each line. Plants were recollected and

photographed at first flower anthesis.

As it can be observed in figure 16A, the flowering time increased as more genes were edited: SPL13 3-4
line showed a small average delay of two days compared to WT, a difference that was not statistically
significant with the number of plants analysed. In contrast to SPL13, the knocking out of FT genes had a
marked effect in N. benthamiana flowering time. The lines FT5 E2-3 and FT5 SPL13 22E-5 showed a
similar delay compared to WT (15 and 16 days, respectively). Interestingly, the combination of FT4 and
FT5 KOs had a dramatic effect in delaying flowering time: line FT4 FT5 4-11 showed a remarkable delay
of 36 days in the appearance of the first flower in anthesis. Finally, although SPL13 mutation alone had
little effect on delaying flowering time in a WT background, its combination with the FT4/FT5
background clearly strengthened its late flowering effect. As shown in figure 16A, the FT4 FT5 SPL13
40-1 line showed the most substantial delay in reaching first anthesis, amounting to 48 days, doubling
the flowering time of WT plants in the assayed growth conditions.

Another analysed parameter related to flowering time is the number of leaves below the first flower,
this being a convenient indication of the delays occurring in the developmental flowering program. N.
benthamiana shows and indeterminate growth; when the juvenile phase ends, single-flower
inflorescences appear in the main axes, each new flower appearing after two adult leaves (see Fig. 17).

The same architecture is repeated in lateral branches (S. ]. Park et al., 2014).
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Figure 17. Scheme of inflorescence architecture in N. tabacum, A. thaliana and N. benthamiana.

Tobacco presents a determinate growth, meaning that this plant forms terminal flowers. A. thaliana and N.
benthamiana exhibit an indeterminate type of growth, in which the main axis grows indefinitely, generating lateral
flowers. Ovals represent leaves, circles represent flowers. Schemes adapted from Benlloch et al., 2007 and Park

et al,, 2014. On the right, a picture of a N. benthamiana plant with flowers from Park et al., 2014.

In the assayed conditions, wild type plants typically start producing single flowers after 15-16 young
leaves. As shown in figure 16B, this parameter showed no significant changes in single SPL13 mutants.
However, it increases significantly when FT5 is mutated, and it is almost doubled in FT4 FT5 KO plants.
Similarly, as it was observed for flowering time, the SPL13 mutation results in a dramatic developmental
delay only when knocked out in a FT4 FT5 mutant background.

N. benthamiana is typically agroinfiltrated and/or harvested at pre-flowering stages for maximizing
productivity. Taking this into consideration, several biomass parameters were measured in our mutant
lines at the start of flowering, to account for the gains in “juvenile” biomass occurring as a consequence
of the delay in flowering. Parameters as plant height (Fig. 16C), the number of lateral branches (Fig 16D),
fresh weight (Fig. 16F), the total number of leaves (Fig. 16G) and the total area of leaves (Fig. 16H), all
followed a similar trend. The diameter of the stem does not follow this general trend: while line SPL13
3-4 stem diameter value is not significant compared to WT as expected, lines FT5 E2-3, FT5 SPL13 22E-
5,FT4 FT5 4-11 and FT4 FT5 SPL13 40-1 values are significant compared to WT and SPL13 3-4 but not
among them. The most outstanding differences regarding all parameters were the ones obtained in line
FT4 FT5 SPL13 40-1 in comparison to WT. The doubling in anthesis time, from 46 + 0.9 days to 94.5 +
5.4 days had consequences on the overall biomass: fresh weight increased approximately eight times,
from 138.4 + 30.3 g to 813.2 + 89.8 g, height triplicated from 27.4 + 3.2 cm to 90.6 * 8.8 cm, the number
of leaves raised from 45 * 5.8 to 227 *+ 41.4 and the total area of leaves from 3160.1 + 645.9 cm? to
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17814 + 3062.9 cm?, an increase of 560%. Finally, also the number of lateral branches increased from
10.7 £ 0.5to 35.4 + 3.6.

Figure 161 shows images of plants representing each line. Plants were photographed at anthesis. The
increasing height and dimensions can be appreciated as more genes are edited, being FT4 FT5 SPL13
40-1 the biggest one, compared to WT.

To confirm that the observed phenotypes were conserved in different growth conditions, a second
experiment was conducted, in which plants were grown at high density, a condition in which flowering
time is often accelerated. For this, 24 plants for each line were sown in small pots and divided in three
blocks of eight plants each. Blocks were organized in random positions and separated to avoid negative
effects on growth due to over-crowding. When 50% of the plants of each line had floral bud, they were
collected and weighed. Figure 18A shows the flowering time of each genotype, expressed as days post
sowing. As in the previous experiment, it can be noticed that this parameter increases with the edition

of more genes. Figure 18B and C depict fresh and dry weight of the blocks, normalized for the number

of plants. These parameters follow a trend that is globally like the previous experiment with low density
conditions. In this case however, lines FT5 E2-3 and FT5 SPL13 22E-5 showed not significant changes
compared to WT and SPL13 3-4 lines, with line FT5 E2-3 weighing slightly more than line FT5 SPL13
22E-5. Line FT4 FT5 SPL13 40-1 exhibited the highest biomass values as expected, but for fresh weight
was not significant compared to FT4 FT5 4-11 line. Figure 18D shows pictures of blocks of eight plants

for each line, taken at flowering time.
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Figure 18. Phenotyping of N. benthamiana plants grown in high density.

A) Flowering time for each genotype was recorded when 50% of the plants had a floral bud. B) Fresh weight at the
same time point. C) Dry weight at the same time point. Plants of each genotype were weighed together when
harvested. Each point in the graphs represents values of a block of eight plants, normalized by the number of
plants. Each bar represents mean value * SD. Bars labelled with different letters represent values that are mutually
significant. Bars labelled with the same letter are not mutually significant. A one-way Anova test was conducted
(n=3 for each line). D) Images of the lines grown in small pots taken at flowering time. Each picture represents a

block of eight plants grown together in small pots.

Analysis of recombinant protein expression in mutant N. benthamiana lines
In addition to their phenotype, we were also interested in exploring the recombinant protein expression

potential of the generated lines. For this experiment, six plants were grown for each line, which were
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agroinfiltrated on the highest fully expanded leaf and on the leaf below using a syringe with three
alternative expression systems, namely a non-replicative system, a geminivirus-based DNA replicative
system (BeYDV), and a Tobacco Mosaic Virus (TMV)-based vector (ICON). All three systems were used
to express an enhanced green fluorescent protein (eGFP). An empty binary vector (EV) was
agroinfiltrated as a negative control. Contrary to the previous phenotyping experiment, in which plants
at the same growth stage (flowering) were taken in consideration, here all plants were infiltrated at the
same time. Plants were first infiltrated at five weeks of age, the typical infiltration time for WT plants,
and leaf disks were collected from the infiltration area to measure their fluorescence at four days post
infiltration (dpi) and at seven dpi. A second infiltration was performed when plants were nine-weeks
old, and samples were collected at five dpi and seven dpi respectively. As expected, the non-replicative
35S-eGFP construct resulted in low fluorescence values, while both replicative systems (BeYDV-eGFP
and ICON-eGFP) reached higher fluorescence values.

For five-weeks old plants, four dpi, BeYDV-eGFP fluorescence values hover around 6x106arbitrary units
(a. u.) for all lines, except for line FT4 FT5 4-11 that displays a lower fluorescence value (Fig. 19A). All
these values decreased at around 5x106 a. u. at seven dpi (Fig. 19B). ICON-eGFP fluorescence values
followed an opposite trend, increasing from around 1x106a. u. at four dpi to around 5x106a. u. at seven
dpi for all constructs.

In the experiment in which agroinfiltration was performed on nine-weeks old plants, fluorescence
values of all constructs decreased with respect to those performed at week five. In figure 19C it can be
noticed that at five dpi BeYDV-eGFP fluorescence values ranged between 2 and 3x106 a. u., with FT4 FT5
SPL13 40-1 line having the highest fluorescence value. At seven dpi these values followed the same
trend, but no significance could be found between samples. Also, ICON-eGFP fluorescence values were
lower in nine-weeks old plants, ranging between 1 and 7x105 a. u. at five dpi and around 1x10¢a. u. at
seven dpi, being the fluorescence value of line FT4 FT5 SPL13 40-1 the highest one and the only sample

showing a significant difference.
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Figure 19. GFP expression in different N. benthamiana genotypes.

Upon infiltration with different constructs on five-weeks old plants, fluorescence was detected after four (A) and
seven days (B). Another round of infiltration was performed when plants were nine-weeks old, and fluorescence
was measured after five (C) and seven days post infiltration (D). The contructs employed were, from left to right:
empty vector, 355-eGFP, BeYDV-eGFP, ICON-eGFP. Bars represent mean + SD. Within the same construct, bars
labelled with different letters represent values that are mutually significant. Bars labelled with the same letter or

not labelled are not mutually significant. A one-way Anova test was conducted (n=12 for each line).

Since it was observed a significant increase of recombinant protein production associated to line FT4
FT5 SPL13 40-1 using ICON-eGFP in nine-weeks old plants (Fig. 19D), we decided to perform a vacuum
infiltration experiment with this line in high density conditions to confirm these results. Three blocks of
eight plants were grown in small pots for both WT and FT4 FT5 SPL13 40-1 line. As the previous
infiltration experiment, plants of the two genotypes were infiltrated not at the same stage (for instance
flowering), but at the same time. Therefore, at nine weeks post sowing plants were vacuum infiltrated
with ICON-eGFP, and at seven dpi they were harvested. The fresh weight of the plants was measured as
“leaves”, and “stem plus leaves”, and the obtained values were normalized for the number of plants in
each block. As it can be observed in figure 204, the weight of FT4 FT5 SPL13 40-1 plants is slightly above
the weight of WT plants when considering both “leaves” weight and “stem plus leaves” weight, but
without a significant difference. After weighting, each sample was ground in liquid nitrogen and the
tissue was homogenized in phosphate buffered saline (PBS) to obtain protein extract. Then, the
fluorescence of the protein extract coming from each sample was measured. In figure 20B, the
fluorescence values of PBS buffer and the protein extract of a non-infiltrated WT plant are represented
as controls, together with the fluorescence values of the protein extracts of the infiltrated WT plants and
the infiltrated FT4 FT5 SPL13 40-1 plants. Contrary to our previous results, no significant difference
between WT and FT4 FT5 SPL13 40-1 fluorescence values was found. Moreover, the fluorescence of WT

protein extract is even slightly higher than FT4 FT5 SPL13 40-1 protein extract fluorescence.

89



Stem plus leaves

A) 50-  — B) 3%108+
b oy a
= 40~ 3 a
o Leaves b _I_ o
T - ~ 2x106-
BE 0™ 1 & ”
N5 1]
© o a a 5
g 2 o
s< 27 S 1x106-
pd g,’ 5
= 10+ 2
0 T T T T 0-
& N A N L X X X
R > & & & F
QQ %Q QQ o\é\(\ o,@\‘} 6@\0
<& < g g g
3 9 &8 e
A A K
& Qv
D 9
"\0 «‘D
& D‘Q
< &

Figure 20. Recombinant GFP production in N. benthamiana plants grown in high density.

A) Fresh weight of WT and FT4 FT5 SPL13 40-1 N. benthamiana plants grown in high density, harvested seven
days post vacuum infiltration, measured as weight of only leaves (left) and of stem plus leaves (right). For each
genotype, three replicates were made. B) Fluorescence of protein extracts of vacuum-infiltrated plants. Three
replicates were made for the measurement. Bars represent mean * SD. Bars labelled with the same letter or not

labelled are not mutually significant. A one-way Anova test was conducted.
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Discussion

CRISPR/Cas has been widely used to edit plants to enhance productivity or to obtain desired traits. This
is facilitated by the ability to deliver various guide RNAs at the same time, a feature called multiplexing,
that enables the targeting of different genes simultaneously. Several studies already made use of CRISPR
multiplexing to improve crops. The editing of six genes important for productivity and yield, namely,
SELF-PRUNING (SP), OVATE (0), FASCIATED (FAS), FRUIT WEIGHT 2.2 (FW2.2), MULTIFLORA (MULT) and
LYCOPENE BETA CYCLASE (CycB), allowed de novo domestication of wild tomato (Solanum
pimpinellifolium), improving this species in terms of fruit number, fruit size and nutritional value
(Zs6gon et al., 2018). Also in tomato, Kwon et al. (2020) edited SP, its paralog SELF-PRUNING 5G (SP5G),
and ERECTA (ER), genes related to plant architecture and yield, obtaining tomato plants reduced in size
that produce precocious fruits and are better adapted to urban agriculture (Kwon et al.,, 2020). The KO
of genes Gnal, DEP1 and GS3 resulted in rice mutants with a dense erect panicles, increased grain
number and grain size (M. Li et al., 2016). Semi-dwarf rapeseed with increased branching was obtained
by knocking out the two homologs of the gene BnaMAX1, improving silique yield (Zheng et al., 2020); N.
benthamiana was glyco-engineered by knocking out two xylosyl and four fucosyl transferase genes
(Jansing et al., 2019), and resistance to powdery mildew was achieved in tomato and wheat through the
knock-out of MLO alleles (Nekrasov et al, 2017; Y. Wang et al., 2014).

Multiplexing is particularly powerful for polyploid species as N. benthamiana, an ancient allotetraploid.
This tool was used to manipulate growth of N. benthamiana, aiming at the improvement of its
performance as a molecular farming platform. Our primary objective was to abolish or at least to
significantly delay flowering to prolong the juvenile phase, so that the expression capability of
heterologous proteins would be at its maximum potential for longer periods, and together with it,
increase biomass to have a higher production volume. These two combined features would have resulted
in increased production yield. To achieve this objective, as a first strategy sgRNAs targeting the CDS of
NbSPL13_1a and NbFT5 homeologous pair were designed. Among the T1 lines obtained in which these
genes were edited, it was not observed abolition of flowering, but only a moderate delay. This allowed
us to acknowledge the difference in flowering activation between N. tabacum and N. benthamiana: in the
former, the knock-out of NtFT5 homologous pair is sufficient for the complete abolition of flowering (F.
J. Schmidt et al., 2020), while in the latter the transition to reproductive phase clearly depends on more
complex mechanisms, despite being two species that are very much related.

Due to this phenomenon, the knockout of NbFT4 was stacked onto NbFT5 and NbSPL13_1a knockout
lines. New sgRNAs targeting NbFT4 CDS were designed, cloned in vectors and used to perform
transformations in FT5 and FT5 SPL13 backgrounds. Even though most of the sgRNAs that were used
had a very low efficiency, it was possible to generate all the homozygous mutations we were aiming for.
Our observations indicate that sgRNAs at the end of the polycystronic transcriptional unit (TU) in the

assembled vectors had the highest efficiency in editing their target gene, while efficiency decreased for
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the guides in the previous positions. As a matter of fact, the guides with the highest efficiency were, in
decreasing order, sgFT6 and sgSPL1.6, both situated at the end of the TU. Then, guide sgFT6.1 which was
situated on the second-to-last position. Guides sgFT5 and sgSPL1.5 had efficiencies close to 0, being
positioned in the first position of the TU. As for the NbFT4 guide RNAs, they both had very low
efficiencies, but it is true that sgFT4.1 exhibited a slightly higher efficiency value, being situated in the
last position of the TU. Vazquez-Vilar et al. (2021) already observed that the position of the guide RNAs
in the TU influenced their editing efficiency, with the last position conferring the highest efficiency
(Vazquez-Vilar et al., 2021). These differences in the editing efficiency could be explained by the fact that
the last position in the assembled TU is flanked by a single tRNA, while the previous positions need to
release 5’and 3’ tRNAs to produce a functional gRNA. Another explanation could be that the presence of
the polyA tail at the 3’ end makes the last sgRNA more stable than the other ones in the TU (Vazquez-
Vilar et al., 2021).

The segregation of T-DNA among the T1 progeny is often desirable to avoid both the presence of the
transgene and continued Cas editing. In the case of FT4 FT5 4 progeny, T-DNA segregation was not
possible, probably due to a high copy number of T-DNA. Therefore, for this line we had to genotype and
phenotype T1 plants without T-DNA segregation, assuming that no other mutations were produced in
the genome.

Up to now, our primary objective of complete flowering abolition was not achieved. Knockouts of other
genes known as floral inducers, such as TWIN SISTER OF FT (TSF) or MOTHER OF FT AND TFL1 (MFT)
(Yamaguchi et al., 2005; S. Y. Yoo et al., 2004) could be considered in order to reach this final objective.
However, the editing of NbSPL13_1a, NbFT5 homeologous pair together with NbFT4 allowed us to obtain
N. benthamiana lines with a considerably delayed flowering time, almost doubling the duration of the
pre-flowering phase in the wild type. This was reflected on various aspects of plant growth, that was
phenotyped through different parameters. For all of them, the mean value increased as more genes were
edited.

The most evident effect of the delayed flowering was the increase in biomass at flowering time, that was
measured in terms of weight but also in terms of number of lateral branches. Previous studies already
focused on increasing biomass for heterologous protein production. Light intensity and photoperiod
length are the main factors positively impacting leaf biomass (Dorais & Gosselin, 2002). In accordance
to this, Stevens et al. (2000) showed that high-light conditions increased biomass and in turn had a
positive influence on the production of mouse antibody MGR48 in tobacco plants (Stevens et al., 2000).
Shang et al. (2018) reported that the combination of CO.enrichment and LED inter-lighting increased
leaf biomass in N. benthamiana, which consequently increased influenza virus hemagglutinin H1
expression (Shang et al, 2018). This can be explained by the shift of the carboxylation-oxygenation
equilibrium of ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) towards CO. fixation.

Various studies reported that CO:enrichment and increased light enhance photosynthetic rate and in
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turn the biomass of leaves (Drake et al., 1997; Kitaya et al., 1998, 2003). Goulet et al. (2019) showed that
in N. benthamiana the primary contributors to the yield of agroinfiltrated recombinant proteins are the
young leaves of the axillary stems. The spraying of the cytokinin 6-benzylaminopurine (6-BAP)
increased branching, and prolonging the photoperiod from 16 to 24 hours resulted in a higher biomass
and a considerably higher titre of influenza virus hemagglutinin H1 (Goulet et al., 2019). The supply of
phyto-hormones, the prolongation of photoperiod or the increasing of CO:. concentration involve
consumption of additional economic resources. Therefore, the generation of N. benthamiana lines that
already possess an increased branching and biomass is desirable for molecular farming purposes. In
addition, Gao et al. (2018) demonstrated that the silencing of SPL13 in alfalfa caused a delay in flowering
time and an increased number of lateral branches (R. Gao et al., 2018). Therefore, the editing of the
homolog of this gene in N. benthamiana could be a valid knockout target for our purpose (in fact it had
similar effects on our lines). Another approach that was used to obtain increased branching in rapeseed
was the knockout through gene editing of the two genes BnaMAX1, homologs of Arabidopsis gene MAX1.
Knocked-out lines showed increased branching, that resulted in increased seed productivity (Zheng
etal.,, 2020). Therefore, the editing of the homologs of these genes in N. benthamiana could be considered
to obtain an effect on branching even more pronounced than the one observed on our lines.

The increase in pre-flower biomass per planting cycle is with no doubt an advantage derived from
delayed flowering. Less effort was required to obtain equivalent biomass with FT4 FT5 SPL13 40-1
plants compared to wild type plants. It was shown that mutant lines accumulate almost six times more
biomass in terms of fresh weigh (from 138.4 g to 813.2 g on average, see fig. 15F) in only twice the time
(from 46 days to 94.5 days on average, see fig. 15A). This also reduces the planting efforts, saving seeds,
pots and substrate. However, a drawback of this aspect is that the time in which plants are exposed to
diseases is also extended, increasing the risks of batch failure. This is particularly problematic for N.
benthamiana, a species with high susceptibility to viral infections. Therefore, precautions must be
maximized to avoid contamination of these N. benthamiana lines with pathogens. It should be noted that
all the considerations discussed above apply for plant batches harvested before the flowering stage,
which is the usual practice in N. benthamiana biofactory approaches. It is commonly accepted that
productivity is highly reduced when plants reach the reproductive phase. However, comparisons with
flowering plants of the same age should be also performed.

After phenotyping, the recombinant protein expression capacity of the mutated lines was evaluated at
two different time points. We expected that delay in flowering could be accompanied by the maintenance
of similar capacity for recombinant protein expression at early (week five, the usual infiltration time for
WT plants) and late (week nine) stages, but this result was not observed in any of the vectors employed
for expressing eGFP. In the case of FT4 FT5 SPL13 40-1 plants, the replicative system based in TMV
vector was significantly more productive at the later stage than in the rest of genotypes when infiltrated

in low density plants, indicating that, at least in this mutant line, some of the juvenile expression capacity
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was retained at nine-weeks old plants. However, this effect could not be reproduced when plants were
grown at high density. The age-associated decrease in the expression potential of N. benthamiana has
been related to the ending of juvenility after flowering (Sheludko et al., 2007). Apparently, the editing of
NDFT5 homeologous pair and NbFT4 was clearly not sufficient to maintain juvenility and therefore the
expression capability of N. benthamiana. Only the concomitant presence of NbSPL13_1a seems to have a
positive effect in this direction.

As a future perspective, the edition of additional genes of the SPL family could prolong leaf juvenility,
helping to maintain the expression capability of N. benthamiana even after week five-six. This task could
be tackled by editing genes such as NbSPL9/15 or NbSPL3/4/5, or other floral inducers, such as TWIN
SISTER OF FT (TSF) or MOTHER OF FT AND TFL1 (MFT) (Yamaguchi et al.,, 2005; S. Y. Yoo et al.,, 2004).
Extending juvenility-associated productivity next to flower initiation would be of extreme utility in
plants used for molecular farming, since they would considerably increase their biomass while
maintaining their expression potential for longer times, thus resulting in a considerable increase in
heterologous protein production.

Although the decrease in the expression capacity observed in nine-weeks old non-flowered plants limits
the applicability of the flowering delay approach, still the remarkable increase in biomass could be
sufficient to provide economic advantages to the use of these new lines in molecular farming, both for
transient expression as well as in stable transformation approaches. Furthermore, the potential of
CRISPR/Cas as a powerful tool for editing genes was demonstrated: despite sgRNAs with low
efficiencies, especially in the case of the ones having NbFT4 as target, all the desired mutations were

obtained in different combinations.
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Figure S4: Phylogenetic tree of FT genes from tobacco and N. benthamiana.

The tree was constructed using the maximum-likelihood method with a bootstrap value of n = 1000 iterations.

Bootstrap support values are shown at the nodes. The genes ID are the ones from N. benthamiana genome version
H2020. NbFT4 is indicated in violet and NbFT5_1a/1b are indicated in blue.
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sgRNA

name Targeted genes and position Protospacer sequence PAM
sgSPL1.5 | NbSPL13 1a-ncl134 GGACCTCACAAACTTTATGG CGG
sgSPL1.6 | NbSPL13 1a-c288 ATGGACATAACAGGCGTCGA | AGG

sgFT5 NbFT5_1a-nc182/NbFT5_1b-nc182 | CCAGAGTGTAAAAGGTACGA |CGG

sgFT6 NbFT5_1a-nc257 AGGACGATACTAACCAATGG | AGG
sgFT6.1 NbFT5_1b-nc257 AAAGAGATGCTAACCAATGG | AGG
sgFT4.1 NbFT4-nc60 AGGTCAACAGATCTTGTGAA | TGG
sgFT4.2 NbFT4-nc132 GGTTGCTTAACAATTTGAGA | AGG

Table S6. Guide RNA sequences used for editing. sgRNA targeted positions is defined as the distance of the Cas9
cutting site from the ATG in their coding sequences. “c” indicates that the gRNA is designed on the coding strand

and “nc” that gRNA is designed on the non-coding strand.
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NbSPL13_1la NbSPL13_1la
NbFT5_1a NbFT5_1b sgSPL1.5 sgSPL1.6

Plant % editing | KO score | % editing | KO score | % editing | KO score | % editing | KO score
FT5SPL13 1 3 0 0 14 14
FT5 SPL13 2 0 0 0 0 0
FT5 SPL13 5 0 0 0 0 0
FT5 SPL13 6A 16 0 0 29 29
FT5 SPL13 6B 33 0 0 failed failed
FT5 SPL13 6C 0 0 0 14 14
FT5 SPL13 14A 4 0 0 42 33
FT5 SPL13 14B 0 0 0 failed failed
FT5 SPL13 18A 0 0 0 68
FT5 SPL13 18B 0 0 0 66
FT5 SPL13 20 0 0 0 0 0
FT5 SPL13 22A 50 0 0 46 46
FT5 SPL13 22B 62 0 0 47 47
FT5 SPL13 22C 50 0 0 49 49
FT5 SPL13 22D 64 0 0 46 46
FT5 SPL13 22E 50 0 0
FT5 SPL13 22F 44 0 0
FT5 SPL13 22G 41 0 0
FT5 SPL13 22H 49 0 0
FT5 SPL13 23 39 0 0
FT5 SPL13 25 31 0 0 31 28
FT5 SPL13 28 37 37 0 0 0 0 0 0
FT5 SPL13 32 failed failed 0 0 0
FT5 Al
FT5 A2
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FT5C

FT5 E1

FTS E2 48

FT5 F 4

FT5R 2

FT5S1 0

FT5 S2 0

SPL13 1A 0 48 48
SPL13 3 0

SPL13 6 20 0 19 19
SPL13 7 5 4 0 0
SPL13 8 0 0 53 53
SPL139 failed failed 34 22
SPL13 10 0 0 15 15
SPL13 11 0 0 48 48

Table S7. Genotype of TO lines from FT5 SPL13, FT5 and SPL13 transformations. Plants from the performed transformations are listed. For each plant the editing
efficiency values and the knockout values reported by Synthego are reported. The sgRNA used for editing are listed on the top of the table. High editing values are
highlighted in green, low editing values are highlighted in yellow. The most edited lines that were selected to generate subsequent T1 generation are highlighted in

orange. “Failed” indicates that the sequencing of a target genomic region failed.
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NbFT4
Plant % KO
editing | score
FT4FT51 0 0
FT4 FT5 2A 14 13
FT4 FT5 2B 1 1
FT4FT53 0 0
FTAFT54 46 46
FTAFT56 0 0
FTAFT57A 0 0
FT4 FT5 8A 0 0
FT4 FT55 0 0
FT4FT59 0 0
FT4 FT513 0 0
FT4 FT5 14 0 0
FT4 FT5 15 0 0
FT4 FT5 16 0 0
FT4 FT5 17 0 0
FT4FT518 0 0
FT4 FT5 19A 0 0
FT4 FT5SPL13 1 0 0
FT4 FT5 SPL13 2 0 0
FT4 FT5 SPL13 5 0 0
FT4 FT5 SPL13 9 0 0
FT4 FT5 SPL13 36 0 0
FT4 FT5 SPL13 40 33 33
FT4 FT5 SPL13 44A 0 0
FT4 FT5 SPL13 44B 0 0
FT4 FT5 SPL13 49 0 0
FT4 FT5 SPL13 51 0 0
FT4 FT5 SPL13 61 0 0
FT4 FT5 SPL13 34 0 0
FT4 FT5 SPL13 43 0 0
FT4 FT5 SPL13 60 50 50
FT4 FT5 SPL13 62 54 54
FT4 FT5 SPL13 63 0 0

Table S8. Genotype of TO lines from FT4 transformations. Plants from the performed transformations are
listed. For each plant the editing efficiency values and the knockout values reported by Synthego are reported.
High edition values are highlighted in green, low edition values are highlighted in yellow. The most edited lines

that were selected to generate subsequent T1 generation are highlighted in orange.
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Primer name

Sequence 5' > 3'

CDP20Apr01_NbFT5_1a_FW

GCCAAGAGAACGTGAACCTCTA

CDP20Apr02_NbFT5_1a_RV

CGGGAAAAGGTCGGATCACA

CDP20Apr03_NbFT5_1b_FW

GCCAAGAGAACGTGAACCTCTG

CDP20Apro4_NbFT5_1b_RV

CAAAATTCGTTAGTATCGAGACTGGC

CDP20Apr05_NbSPL13_la_glFW

CTTTGTTACTTCGCAATTAGAGCG

CDP20Apr06_NbSPL13_1a_glRV

GTGGCGTACTAAGGGTCAAGT

CDP20Apr07_NbSPL13_la_g2FW

AAATGTTCAATCCCTGGACGAC

CDP20AprO8_NbSPL13_1a_g2RV | ACCATGTCGCTGTCCGTTTTG
CDP21AprO1_FT4 FW3 CTGGCATCAACCAGAATCGGA
CDP21Apr02_FT4 RV3 CAGGTTAGGGTTGCTTGGGC

Table S9. List of primers used for amplification of the targeted sites.
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GB ID

Description

GB0307

pUPD2

GB1205

tRNA and scaffold for the assembly of GBoligomers for the first position (positon
[D1_2]) of a polycistronic tRNA-gRNA regulated by the U6-26 or U6-1 promoter

GB1206

tRNA and scaffold for the assembly of GBoligomers for the intermediate position
(positon [2_n-1]) of a polycistronic tRNA-gRNA

GB1207

tRNA and scaffold for the assembly of GBoligomers for the last position (positon
[n]) of a polycistronic tRNA-gRNA

GB1208

tRNA and scaffold for the assembly of GBoligomers for the first position (positon
[D1_n-1]) of a polycistronic tRNA-gRNA regulated by the U6-26 or U6-1 promoter

GB1001

U6-26 promoter

GB2630

pUPD2 with sgSPL1.5

GB2631

pUPD2 with sgSPL1.6

GB0017

pDGB3_alpha2

GB0019

pDGB3_omegal

GB2234

Module for the constitutive expression of the nptll, Cas9 and DsRed genes in
pDGB3_alphal

GB3296

U6-26:5gSPL1.5:sgSPL1.6 in alpha2

GB3298

nptll:Cas9:DsRed_U6-26:5gSPL1.5:5gSPL1.6 in omega 1

GB3293

sgFT5 in pUPD2

GB3294

sgFT6.1 in pUPD2

GB2625

sgFT6 in pUPD2

GB3297

U6-26:5gFT5:5gFT6.1:5gFT6 in alpha2

GB3301

nptll:Cas:DsRed-U6-26:5gSPL1.5:5gSPL1.6-U6-26:sgFT5:sgFT6.1:5gFT6 in alpha 1

GB3696

sgFT4.1in pUPD2

GB3697

sgFT4.2 in pUPD2

GB3698

U6-26:sgFT4.2:sgFT4.1 in alpha 2

GB3699

nptll:Cas9:DsRed-U6-26:5gFT4.2:sgFT4.1 in omega 1

Table $10. Goldenbraid plasmids used in this work.
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General discussion

The objective of this thesis was the improvement of N. benthamiana as a chassis for molecular farming.
First, a genome-wide analysis of SPL genes was performed in this species and its close relative N.
tabacum, identifying 49 SPL genes in N. tabacum cv. K326 and 43 SPL genes in N. benthamiana LAB strain.
SPL genes of the two species were clustered into eight phylogenetic groups according to the SPL
classification of Arabidopsis. Highly conserved exon-intron gene structure and SBP domains were found
in homeologues and orthologues. Thirty of the NbSPL genes and 33 of the NtSPL genes were found to be
targets of microRNA156. RNA-seq analysed the expression of SPL genes in leaves at three different
stages, revealing that genes constitutively expressed at high levels were generally not under miR156
control, whereas miR156-regulated genes showed lower expression levels, often developmentally
regulated. Based on this new data, the N. benthamiana SPL13_1a gene was selected as target for a
CRISPR/Cas9 KO experiment. The full knock out of this single gene lead to a significant delay in flowering
time of 4-5 days and increased branching. Other than NbSPL13_1a lines, more CRISPR/Cas9 knock outs
were performed in N. benthamiana with the objective of obtaining flowering abolition. Floral activators
NDFT5_1a/1b were knocked out alone and in combination with NbSPL13_1a. The biallelic mutations in
these genes did not confer flowering abolition, but also in this case a moderate delay of approximately
10 days was obtained. For this reason, the knockout of NbFT4, another floral inducer, was stacked onto
FT5 and FT5 SPL13 backgrounds. In the most edited line FT4 FT5 SPL13 40-1 flowering time was
doubled in comparison to WT plants, but also in this case flowering abolition was not achieved. The
delay of 4-5 days in flowering time of NbSPL13 edited plants shown in chapter 1 is discrepant with the
2 days of delay of the same line shown in chapter 2. This could be due to differences in growth conditions,
since the comparison of NbSPL13 edited plants against WT plants alone was conducted in growth
chamber, with a minimum temperature of 20 °C , a maximum of 24 °C, and 16 hours of light per day,
while the general phenotyping of all lines (also the ones edited in NbFT4 and NbFT5) was performed in
greenhouse with a minimum temperature of 18 °C, a maximum of 21.5 °C, and 14 hours of light per day.
The delayed flowering had consequences on various aspects of plant growth, that were quantified
through various parameters: the lines that possessed more edited genes had increased biomass, height,
number of leaves and total leaves area compared to the ones edited in fewer genes and WT at flowering
time. Moreover, the generated lines were assayed for their potential of expression of heterologous
proteins. They were infiltrated with different viral constructs harbouring the coding sequence of
enhanced GFP (eGFP) at five and nine weeks after sowing. We expected that they could be capable of
maintaining high expression levels even after week five (the usual infiltration time of wild type plants),
but this result was not observed. Expression levels dropped at week nine for every line, with FT4 FT5
SPL13 line displaying the least decrease. Future work with the same objective of flowering abolition in
N. benthamiana include stacking our lines with knockouts of other genes, such as NbSPL9/15 and

NbSPL3/4/5, which are other important players in juvenile-adult transition and flower initiation (Jung
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etal., 2012). We hope that the edition of this genes could also subsequently maintain high expression
levels of heterologous proteins for longer periods of time than the usual infiltration window of five-six

weeks.

Delayed flowering also has its drawbacks. One of them is the increased possibility of catching diseases
before flowering, which could endanger production. If a plant showed signs of pathogen infection, it
should be immediately removed to avoid the spreading of the disease to the rest of the batch and save
future production. Moreover, the number of cycles (generations) per year are reduced in late flowering
varieties, which means lower seeds production (for propagation means) as compared to WT plants. The
problems arising from delayed flowering would also impact stable transgenics strategies, and not just
plant lines destined for transient expression. Nevertheless, the increased biomass of late flowering lines
can be a desirable feature when considering stable transgenics: recombinant genes stably transformed

into late flowering lines could guarantee protein production at much higher scale.

Genome editing, for the generation of our plant lines, is a very efficient technique. Nowadays the
production of the desired mutations relies on the use of in vitro tissue cultures. However, this method
has disadvantages, such as the significant time and equipment required, and its limited applicability to
certain species (Altpeter etal, 2016). To bypass tissue culture, there have been efforts to achieve
transformation by directly introducing transgenes to meristems or egg cells. Nonetheless, the success of
this approach was limited to Arabidopsis thaliana and its close relatives (Clough & Bent, 1998; Hamada
etal, 2017). Therefore, more efficient methods for editing plants are being developed. Up to now,
various groups have used a technique called virus-induced genome editing (VIGE), that relies on viruses
to deliver sgRNAs to transgenic plants already expressing Cas9. VIGE often results in high editing
frequencies in somatic cells but also in low recovery of mutant progeny (Ali et al., 2018; Cody et al., 2017;
Q. Gao etal., 2019). Higher mutation frequencies can be obtained if sgRNAs have better access to the
germline. For this purpose, FT gene can be helpful, since its transcription takes place in leaf vascular
tissue, and subsequently, its mRNA is transported to the shoot apical meristem (SAM) to trigger the
flowering process (Jackson & Hong, 2012; Notaguchi et al., 2015). Ellison et al. (2020) suggested that
the fusion of FT mRNA to a sgRNA could facilitate its entry to the SAM, potentially leading to heritable
genetic mutations. Therefore, the A. thaliana FT coding sequence was fused to the 3'-end of the sgRNAs
targeting the genes of interest. The FT sequence joined to the sgRNAs was assembled in a tobacco rattle
virus (TRV) vector and introduced through agroinfiltration into a transgenic N. benthamiana plant
expressing Cas9. The recovered progeny was mutated at high frequencies ranging from 65 to 100%
(Ellison et al., 2020). Therefore, efficient gene editing can be achieved without the need of performing in
vitro tissue culture: a plant already expressing Cas9 can be infected with a viral vector containing the

desired sgRNAs fused to FT coding sequence, that will move to the SAM, creating mutations in the

progeny.
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This method was also employed by our group for generating plants edited in NbFT4, as an alternative to
the traditional in vitro transformation method. Relatively high editing efficiencies in NbFT4 were
recovered in somatic tissues few days after infiltration, ranging from 50 to 70% of indels. Unfortunately,
in our hands these mutations were not inherited to the progeny of the infected plants, therefore this
approach was abandoned. Despite the great advantage of avoiding in vitro transformation, VIGE is bound
to the limit of few sgRNAs that can be cloned in the viral vector, limiting the possibility of editing large
gene families, such as SPL genes. Therefore, this strategy cannot completely substitute in vitro

transformation, but depending on the desired target it could be a valid alternative.

The lines described in this thesis would surely have to face the present legal situation about genetically
modified organisms (GMOs) for their commercial use, that could have very different outcomes
depending on the countries where they would be adopted. For over two decades, biotech crops,
genetically engineered for various traits, have been grown. Between 1996 and 2018, global economic
benefits derived from biotech crops reached USD 224.9 billion, benefiting nearly 16-17 million farmers,
especially in developing countries (Marone et al., 2023). The USA continue to lead the commercialization
and development of genetically modified (GM) crops. The global cultivation of GM crops raised from 1.7
million hectares to 190.4 million hectares between 1996 and 2019, spanning 29 countries. Key players
in GM crop cultivation include the USA, Canada, Argentina, Brazil and India. Notably, China and India
stand out as the world’s greatest cotton producers, with 95% of their cotton being of Bt cotton varieties
(Marone et al.,, 2023). The USA is leader in the number of approved GM crops, followed by Japan, Canada,
Brazil, and South Korea. Maize shows the highest count of approved events, with herbicide tolerance and

insect resistance being the most prevalent traits (Marone et al., 2023).

Despite their impact on global agriculture in the last two decades, GMOs are still controversial, and their
commercialization still face important drawbacks, particularly in Europe. With the emergence of
genome editing, new scenarios on the regulation of this particular type of GMOs are emerging. The
perspectives for development and cultivation of edited crops depend on international regulations and
whether they are subject to the same strict laws about GMOs (Jenkins et al., 2021). Only a few genome-
edited crop traits have been approved for commercialization so far, with herbicide-tolerant canola being
one of the earliest (Marone et al., 2023). Some genome-edited crops, like high-oleic soybean oil and
nutritionally enhanced tomatoes, are already on the market in the USA, Canada, and Japan (Demorest
etal, 2016; Nonaka et al., 2017; Waltz, 2021). In 2022, Argentina ruled that specific genome-edited
Camelina varieties are exempt from pre-market authorization. This decision was based on the absence
of foreign DNA in genome-edited lines and their similarity to conventional varieties of Camelina (Marone
etal, 2023). The regulatory landscape for transgenic and genome-edited crops is different across
countries, influencing aspects such as research, cultivation, commercialization and utilization as food

and feed.
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The European Union has the most rigid regulation for GMO presence in food and feed. It follows a
precautionary principle, which may cause problems for products with indistinguishable mutations
imported from countries without regulations (Wolt et al., 2016). The EU court has established that crop
varieties coming from new site-directed mutagenesis techniques are GMOs, but a new legal framework
would be needed to regulate products derived from novel genomic techniques (Marone et al., 2023). The
scientific community is actively working to persuade the public and policymakers that genome-edited
plants are similar to the varieties obtained by conventional breeding methods or classical mutagenesis.
Recently, a new proposal has been made by the European Commission to modify the existing regulatory
framework about GMOs (Proposal for a REGULATION OF THE EUROPEAN PARLIAMENT AND OF THE
COUNCIL on Plants Obtained by Certain New Genomic Techniques and Their Food and Feed, and
Amending Regulation (EU) 2017/625, 2023). According to this proposal, biotech varieties obtained by

new genomic techniques (NGT) would be classified in three categories:

e “Category 1 NGT plants” would be the ones that could have arisen naturally or that could have
been generated by conventional breeding techniques. In this category would fall all varieties
resulting from targeted mutagenesis or cisgenesis (introduction of genetic material from a
sexually compatible species), that comply with certain criteria (e.g. not exceeding a maximum
number of modifications). They will have to comply with the rest of the European standards that
apply to any new variety to guarantee food safety and environmental protection; a public
register of these products will be created, and information will be included in the labelling of
seeds and plant propagating material, as well as in commercial registers and catalogues.

e “Category 2 NGT plants” would be other NGT varieties not meeting the criteria of the previous
category but containing traits that could contribute to the overall performance of varieties as
regards sustainability (e.g. drought tolerance or resilience to climate change). Category 2 NGT
plants and products would remain subject to traceability and labelling requirements in the
Union’s GMO legislation. However, the authorization requirements for these varieties containing
sustainable traits will be substantially reduced. For instance, monitoring plan for environmental
effects should not be required if the category 2 NGT plant is unlikely to pose risks that need
monitoring, such as indirect, delayed or unforeseen effects on human health or on the
environment. Moreover, the possibility for Member States to restrict or prohibit cultivation in
their territory will not apply to such category 2 NGT plants.

e All remaining NGT plants (not falling under the two previous categories), would be considered

as GMOs and evaluated following the current GMO regulation.

In this new regulatory context, our CRISPRed N. benthamiana varieties would fall into the first category.
Hopefully, CRISPR mutations in these lines would be considered as mutations that could also occur

naturally, such as the frameshift mutation that the LAB strain of N. benthamiana already possess in its
105



RDR1 gene, making it more susceptible to infections (S.-]. Yang et al., 2004). This would be a considerable
advantage since they would not be subject to the present GMO regulation. Consequently, the CRISPR-
improved biofactory lines would not require expensive “GMO-ready” contained facilities for cultivation
prior to Agroinfiltration. This could reduce costs in the handling and multiplication of plants during

upstream operations and facilitate the upscale bioproduction.

Nevertheless, the impact of CRISPR deregulation on N. benthamiana protein biofactories would be
relatively mild, since they normally require indoor (GMO contained) growth conditions, minimally after
the infiltration phase. On the contrary, the new proposal from the European Commission would have a
greater impact for large-scale molecular farming platforms, such as genome edited tobacco. Recently,

through the EU-funded project Newcotiana (www.newcotiana.org), open field trials of tobacco plants

with increased biomass as a result of edited FT and SPL genes have been carried out in Extremadura,
Spain. Moreover, some of these tobacco lines were further CRISPR-engineered to accumulate high levels
of anatabine, an alkaloid metabolite useful in the pharmaceutical field (Ruiz Castro et al., 2020). The new
proposal about NGT plants in the EU would surely facilitate the development of new large-scale
biofactory varieties such as non-flowering, high-biomass anatabine-rich tobacco varieties, and others to

come in the future.
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Conclusions

1. A genome-wide analysis of the SPL gene family in representative species of the Nicotiana genus
identified 49 members in Nicotiana tabacum and 43 members in Nicotiana benthamiana. The
whole SPL gene collection was clustered in eight subfamilies, which exhibited a conserved exon-
intron structure between the two species. Other features as the presence of microRNA 156
target sites, as well as the temporal expression patterns, were also conserved between

subfamilies in the two plant species.

2. The knockout of the N. benthamiana NbSPL13_1a gene through CRISPR/Cas9 led to a small delay

in flowering time of four-five days, and an increase in branching with respect to WT plants.

3. The combined knockout of the floral activators NbFT5_1a and NbFT5_1b in N. benthamiana
produced a considerable delay in flowering time of approximately 10 days. When combined with
the mutation of the NbSPL13_1a gene, the flowering time was only extended one extra day on

average.

4. The stacking of knockout mutations in all three N. benthamiana flowering activators of the FT
family, namely NbFT5_1a, NbFT5_1b and NbFT4, led to a delay of approximately 36 days in

flowering time in the growth conditions assayed.

5. N. benthamiana plants with knockout mutations in NbFT5_1a, NbFT5_1b and NbFT4 in
combination with NbSPL13_1a, led to maximum delays of flowering time of 48 days in the
conditions assayed. At flowering time, quadruple mutants showed also increased branching and

eight times more biomass in terms of fresh weigh with respect to WT.

6. Minor differences were observed in the recombinant eGFP production capacity of quadruple
mutant lines when compared with WT plants employing Tobacco Mosaic Virus-based replicative

systems, although such differences need to be substantiated at a larger production scale.
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