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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

Tobacco Nicotiana genus used as e.g. recombinant biofactories. We report the identification of 49 SPL genes in Nicotiana
SQUAMOSA PROMOTER BINDING-LIKE . L . . . i . .
CRISPR/Cas9 tabacum cv. K326 and 43 SPL genes in Nicotiana benthamiana LAB strain, which 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. We selected the N. benthamiana SPL13_1a gene as target for a CRISPR/Cas9 knock-
out experiment. We show here that a full knock-out in this single gene leads to a significant delay in flowering

Flowering time

time, a trait that could be exploited to increase biomass for recombinant protein production.

1. 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 transi-
tion (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 and 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 et al., 2003),
trichome development (Yu et al., 2010), root development (Yamasaki
etal., 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, gymnosperms, and angiosperms (Preston and Hileman, 2013).

Proteins belonging to the SPL family are characterized by the pres-
ence 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-ter-
minal 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 and Chen, 2013). The
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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 and 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 et al., 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 and Hileman, 2013; Z. Yang
et al., 2008). In Arabidopsis, 10 out of the 16 SPL genes are targets of
miR156 (Gandikota et al., 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 et al., 2016). AtSPL6 does not have a major
function in vegetative morphogenesis (Xu et al., 2016), but it can posi-
tively regulate a subset of defence genes and plays a role in
effector-triggered immunity (Padmanabhan et al., 2013). Among the
ones not regulated by miR156, 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 (Li and Lu, 2014), Chrysan-
themum (Song et al., 2016), Moso Bamboo (Pan et al., 2017), Petunia
(Zhou et al., 2018) and Tartary Buckwheat (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 effi-
cient biofactories for high value-added compounds production (Der-
evnina 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, we re-
ported in this study the genome-wide identification and characterization
of the SPL genes in N. benthamiana LAB strain and in N. tabacum cv.
K326. We identified 49 (48 with SBP) putative SPL genes in N. tabacum
cv. K326. The high quality of the recently released new version of the
N. benthamiana genome (Ranawaka et al., 2022) also allowed us to
identify 43 (37 with SBP) candidate SPL genes in N. benthamiana LAB
strain. Additionally, we analysed the gene structure, conserved motifs,
and expression profile of the identified SPLs. We 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
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time of approximately five days, a change that could impact production
yields.

2. Materials and methods
2.1. Search of SPL genes in N. benthamiana and N. tabacum cv. K326

SPL families from Arabidopsis thaliana (TAIR10), Solanum lycopersi-
cum, 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/)
(Nicotiana benthamiana Genome & Wild Transcriptome Site, n.d.;
Ranawaka et al., 2022) 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 Biotech-
nology Information (NCBI) non-redundant protein sequences database
(Sayers et al., 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.

2.2. 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 models. If either number of exons and/or sequence length
was different, a new gene model for K326 was searched with Exonerate
V2.2 (Slater and 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 (publically 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 couldn’t 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.

2.3. 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/) (MOTIF: Searching Protein
Sequence Motifs, n.d.) 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)).

2.4. 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 5000 bp downstream of the CDS. Both CDS sequences
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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
genes models for each Nicotiana species were created with an in-house
python script, manually adding 500 bp 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/).

2.5. 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 ac-
cording 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. tomentosiformis, respectively, but if named with “x” or
“y” a similar subgenome could not be established, with “x” indicating
one donor and “y” another one. Additionally, genes not having a partner
were named with an “U”, standing for “unique”.

2.6. 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 (24°C)/8-h dark (20°C) regime. 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 4 weeks (Juvenile
stage: J), 5 weeks (Pre-flowering stage: P), 6 weeks (Flowering stage: F).
For N. tabacum cv. K326, the whole fifth true leaf was collected at 60
days (J), 75 days (P), 100 days (F). Three biological replicates were
made, each of them coming from an individual plant.

2.7. 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.

2.8. RNA extraction and sequencing

Leaf samples were ground in liquid nitrogen and stored at — 80 °C.
RNA was extracted with GeneJET RNA purification kit from Thermo-
fisher (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 Sys-
tem. Paired end (PE) 2x150bp sequencing was performed with Nova-
Seq6000 - Dual Index - Paired End - S4 - XP protocol. Sequencing data
generated was demultiplexed by Illumina BaseSpace® Clarity LIMS (©
Mlumina, Inc., USA).
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2.9. 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 Illumina adaptors were removed with
Trimmomatic version 0.39 (Bolger et al., 2014). Next, HISAT2 v2-2.2.1
(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/) (Nicotiana benthamiana
Genome & Wild Transcriptome Site, n.d.; Ranawaka et al., 2022) and
against the N. tabacum genome, version Nitab v4.5, available at Sol-
genomics  (https://solgenomics.net/organism/Nicotiana_tabacum/ge-
nome) (Edwards et al., 2017), respectively. Transcript abundances were
calculated for N. benthamiana considering annotated gene models v3.02
(Ranawaka et al., 2022) while for N. tabacum cv. K326 considering an-
notated 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 expres-
sion 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.

2.10. Plasmid assembly

Constructs used for transformation were assembled using Golden-
Braid (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 cor-
responding level — 1 tRNA-scaffold plasmid (GB1208 for sgSPL1.5 and
GB1207 for sgSPL1.6). Later, multipartite Bsal restriction-ligation re-
actions from level O parts and binary Bsal or BsmBI restriction-ligation
reactions were performed to obtain all the level > 1 assemblies. All
plasmids were validated by restriction enzyme (RE) analysis. The se-
quences of all level > 1 constructs can be found entering their IDs
(displayed at Table S3) at https://gbcloning.upv.es/search/features/.

2.11. 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 min 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 (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 (Sig-
ma-Aldrich, USA), pH= 5.7). Leaf discs were incubated for 15 min with a
culture of A. tumefaciens LBA4404 harboring plasmid GB3298 (OD600
=0.3). Discs were returned to the co-cultivation plates and incubated for
2 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 (Sig-
ma-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 (4-6 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 kana-
mycin, pH= 5.7) until roots appeared.

Transient expression asssays were performed as described in
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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 sus-
pensions 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 MagnICON® 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 et al., 2018), equal volumes of bacterial suspen-
sions harbouring plasmids GB3598 and GB4312 were mixed. Leaf
samples were collected at 4 and 7 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

Bootstrap
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- 60
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° 80
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e 100
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az 2Vl }1dSAN

Plant Science 335 (2023) 111797

manufacturer instructions.
2.12. 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 (Thermo-
Fisher Scientific, https://www.thermofisher.com) following the manu-
facturer’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/) (Syn-
thego, n.d.). All analyses were manually curated.

ez ZL/V1dSIN
BZ ZL/L1dSAN
NtSPL1/12 3b
NISPL1/12 3,
3x

NOSPL1/12 5,
NbspL 112
AfSPL 8

Fig. 1. 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.



C. De Paola et al.

3. Results

3.1. 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. 1). 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 clus-
ters, namely SPL1/12, SPL8, SPL13, SPL6, SPL7, SPL2/10/11, SPL9/15,
and SPL3/4/5. The different groups were named according to the Ara-
bidopsis 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 2 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, we assigned each SPL of the same homeologous pair to
the putative parental genome, which for N. tabacum cv. K326 are
N. sylvestris and 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 we were not able 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., 1a-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”.

3.2. 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 amino acid sequences
were analysed using the MEME software to find conserved motifs along
them (Fig. 2A, 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
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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. 2. For N. benthamiana, these were NbSPL1/12 _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. 2C). Fig. 2D 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).

3.3. 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. 3, 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.
8., NbSPL2/10/11_1Ub, NtSPL6_5a or Nt SPL3/4/5_5b) were genes clas-
sified 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. 3 (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).

3.4. Expression analysis of SPL genes in leaves

To determine the temporal expression patterns of NbSPL and NtSPL
genes, we performed an RNA-seq analysis 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. 4A and B). Comparisons of the expres-
sion of the same gene in the different developmental stages were done
using the CPM-normalized log2-transformed expression data as depicted
in Fig. 4C and D, while comparisons of the expression levels between
genes were done with the FPKM-normalized log2-transformed expres-
sion data as depicted in Fig. S1.

In general, several similarities in the SPL expression patterns could
be found between the two species (see Figs. 4C and 4D). For instance,
SPL1/12 and SPL7 were expressed at high levels for both N. benthamiana
and N. tabacum cv. K326 (Figs. 4C 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
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Fig. 2. Motifs composition and SBP domain of NbSPLs and NtSPLs. (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) Motif logo 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 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.
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Fig. 3. 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.

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. 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 develop-
mental 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. 4C), where this general trend could be
observed in most members of NbSPL3/4/5 and 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 we observed different
behaviours in different members within the same clade (Fig. 4D). For
instance, NtSPL2/10/11_1a and NtSPL2/10/11_1b were clearly down-
regulated 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. Inter-
estingly, 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.

3.5. 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 mutagenesis in the SPL family could have, we
decided to knock out the NbSPL13 la gene in N. benthamiana.
NbSPL13 1a expression profile showed strong upregulation in the tran-
sition 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 targeting NbSPL13 1a: the sgSPL1.5 gRNA targeting
exon 1 and the sgSPL1.6 gRNA for exon 2 (Table S1, Fig. 5A). Although
both gRNAs targeted also NbSPL13 1b at exons 1 and 2, they were un-
likely to produce an effect since according to the latest annotation of this
gene they fall outside the predicted CDS.

A CRISPR/Cas9 construct was assembled that includes the nptll,
Cas9 and DsRed TUs together with the gRNA TU (GB3298, Fig. 5B). The
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Fig. 4. 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 (J), 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 3 replicates D) CPM-normalized log2-transformed expression values for NtSPL genes,
based on transcriptome data. Each rectangle represents the mean of 3 replicates.

two gRNAs were expressed from a single U6-26 promoter using the
tRNA strategy (Xie et al., 2015). This construct was used to transform a
WT N. benthamiana plant, and eight primary transformants were ob-
tained. All of them carried mutations at the sgSPL1.5-targeted site.
Fig. 5C 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 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 4 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_1a and
heterozygous mutation for NbSPL13 1b), NbSPL13 1a/la/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. 6A). 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. 6B). However, when branching was recorded for each plant at their
respective flowering times, significant differences were observed be-
tween WT and mutant plants, with six branches on average for WT and
ten on average for SPL13_1a knock-out lines (Fig. 6C). To discard that
NbSPL13 mutations could affect negatively recombinant protein pro-
duction 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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Fig. 5. 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 NDSPL13 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.

4. 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
and Hileman, 2013; H. Wang and 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 and 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 (H. Wang
and Wang, 2015; T. Zhang et al., 2015), as SPL genes are relevant targets
for improving agronomic traits such as ideal plant architecture, better
yield and optimal flowering time (H. Wang and Wang, 2015; T. Zhang
et al., 2015). Nicotiana plants are routinely used at lab 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, we performed a genome-wide an