ABSTRACT
ROCHE, MEGHAN CATHREEN. Gene Editing-Assisted Generation of Delayed Bolting
Lettuce (Lactuca sativa L.) for High Temperature Conditions. (Under the direction of Dr.
Ricardo Hernandez and Dr. Wusheng Liu).

Lettuce (Lactuca sativa L.) is a popular crop for cultivation and consumption, with the
farming of lettuce increasing in popularity in recent years. With increased interest in this crop,
growers are expanding from fields into new cultivation systems, including indoor controlled-
environment methods, such as greenhouses and vertical farms. Lettuce cultivation does not come
without challenges, however, as increasing global temperatures push demand for cultivars with
improved stress adaptations, and yield demands in indoor cultivation favor enhanced growing
temperatures, in spite of the threat of premature bolting. Bolting, the transition from vegetative to
reproductive growth, reduces quality and makes the lettuce head unsalable, causing economic
loss to growers. Thus, while climate change necessitates the development of crops adapted to
warmer temperatures for field cultivation, so too can the breeding of crops for controlled-
environment cultivation. Towards this aim, the primary objective of this work was to knockout
floral promotion genes in lettuce to delay the onset of heat-induced bolting. To achieve this
objective, two goals had to first be achieved; optimization of a lettuce transformation protocol in
the cultivars of interest, and identifying the genes to target for knockout in lettuce via thorough
literature review.

In spite of the achievements in lettuce transformation and regeneration, there remains a
genotype dependence upon the ability to efficiently transform and regenerate lettuce plants. In
this work, an optimized Agrobacterium-mediated transformation protocol was successfully
developed for elite lettuce cultivars of the romaine, leaf, and butterhead cultivar types. A plant

growth regulator combination of 1-naphthaleneacetic acid (NAA; 0.10 mg/L) and 6-



benzyladenine (BA; 0.25 mg/L), the use of cotyledons and the first true leaf as explants, and the
use of hygromycin (15 mg/L) for transgenic plant selection worked well for seven out of the
eleven tested cultivars, achieving a 24.3% — 100% transformation efficiency. These seven
cultivars include two romaine-types, three leaf-types, and two butterhead-types, and marks the
first successful genetic transformation of the romaine cvs. ‘Kahu’ and ‘Rosalita’, the leaf lettuces
‘Red Sails’ and ‘Royal Oak Leaf’, and the butterhead ‘Lollo Biondo’. While this optimized
protocol did not successfully regenerate plants in the remaining four cultivars, successive use of
kanamycin selection (40 mg/L) with the same plant growth regulators enabled transformation in
the butterhead-type ‘Mariska’.

Flowering regulation in the model species Arabidopsis thaliana involves five defined
floral induction pathways; autonomous, vernalization, photoperiod, gibberellin, and
thermosensory. In the complex regulation of floral timing, no pathway exists exclusively of
another, as components are frequently observed to overlap and/or exhibit functionality in
multiple pathways at once. While the genes of the autonomous pathway were once thought to
contribute to flowering regardless of environmental conditions, convergence between
autonomous pathway factors and temperature-based flowering led to the identification of the
thermosensory pathway. Accordingly, the key autonomous pathway genes serve crossover
function in both pathways. In the thermosensory pathway, warm temperatures trigger the
acceleration of flowering, and autonomous pathway genes are central in coordinating these
environmental responses. From this deep dive into Arabidopsis flowering pathways, and study of
their conserved function in Asteraceae, three candidate genes were identified for knockout in

lettuce, FLOWERING LOCUS T (FT), FLOWERING LOCUS CA (FCA), and FLOWERING



LOCUS D (FLD), all identified to play integral roles in the warm temperature induced initiation
of flowering.

CRISPR/Cas9 was utilized to target the endogenous lettuce genes, LsFT, LsFCA and
LsFLD for editing, with the goal of delaying bolting in warm environments. While bona fide
editing of the target genes could not be confirmed, this effort produced lines with marked delays
in lettuce bolting when cultivated under increased ambient temperatures, demonstrating its

potential in future grower and breeder applications.
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CHAPTER 1
THE AUTONOMOUS AND THERMOSENSORY FLOWERING PATHWAYS IN THE

DECISION TO FLOWER: THE PUSH AND PULL OF GENETICS AND ENVIRONMENT
Flowering regulation in the model species Arabidopsis thaliana involves five defined primary
floral induction pathways; autonomous, vernalization, photoperiod, gibberellin, and
thermosensory (Capovilla et al., 2014). In the complex regulation of floral timing, no pathway
exists exclusively of another, as components are frequently observed to overlap and/or exhibit
functionality in multiple pathways at once. While the genes of the autonomous pathway were
once thought to contribute to flowering regardless of environmental conditions, convergence
with autonomous pathway factors and temperature-based flowering led to the identification of
the thermosensory pathway (Blazquez et al., 2003; Balasubramanian et al., 2006). Accordingly,
the key autonomous pathway genes serve crossover function in both pathways. In the
thermosensory pathway, warm temperatures trigger the acceleration of flowering, while cool
ambient temperatures serve to delay flowering, and autonomous pathway genes are central in
coordinating these environmental responses (Blazquez et al., 2003; Lee et al., 2007; Kumar et al.,

2012; Jung et al., 2012; Capovilla et al., 2014).

FLOWERING LOCUS C (FLC), a potent floral repressor

The MADS-box gene FLC is a potent floral repressor in the autonomous, vernalization, and
thermosensory pathways regulating flowering (Michaels and Amasino, 1999; He et al., 2003).
FLC represses the expression of the downstream floral activators FLOWERING LOCUS T (FT)
and SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1) (Michaels and Amasino,

1999; He et al., 2003; Figure 1) by binding the CArG boxes in the first intron and promoter of



FT and SOC1, respectively (Helliwell, et al., 2006; Lee et al., 2007). Genes of the autonomous
pathway promote flowering via repression of FLC expression. These genes include
FLOWERING CONTROL LOCUS A (FCA), FLOWERING LOCUS Y (FY), FLOWERING
LOCUS D (FLD), FLOWERING LOCUS VE (FVE), FLOWERING LOCUS PA (FPA),
FLOWERING LOCUS K (FLK), and LUMINIDEPENDENS (LD) (He et al., 2003). Null
mutations in autonomous pathway genes show late flowering under both long and short
photoperiods, but remain responsive to vernalization (in lines with functional FRIGIDA (FRI))
and gibberellin (Lee et al., 1994).

Autonomous pathway members act in the repression of FLC at all stages of expression in
complex, interconnected phases, with fail-safes at every stage to ensure successful flowering.
The H2A.Z histone variant acts in the perception of ambient temperature (Kumar and Wigge,
2010). H2A.Z serves both a repressive and promotive function, depending upon its location in
the genome and gene body (Xue et al., 2021), and its presence in the +1 nucleosome position of
FLC is associated with active transcription and decreased RNA Pol |1 stalling (Weber et al.,
2014). The Swi2/Snf2-related (SWR1) complex members ACTIN-RELATED PROTEIN 6
(ARP6), PERIOD-INDEPENDENT EARLY FLOWERING 1 (PIE1), SWR1C SUBUNIT 6
(SWC6), and SET DOMAIN GROUP 7 (SDG7) facilitate the deposition of H2A.Z at FLC,
activating its transcription (Deal et al., 2007; Ji et al., 2023; Woude et al., 2019; Potok et al.,
2019; Kumar et al., 2012), and mutants of arp6 and piel have a constitutive warm ambient
temperature phenotype and flower early because they are unable to incorporate H2A.Z (Kumar
and Wigge, 2010; Deal et al., 2007). H2A.Z is present in nucleosomes at cooler temperatures but
is evicted from most thermoresponsive genes at increased temperatures (Kumar and Wigge,

2010; Xue et al., 2021), and while H2A.Z remains present in FLC chromatin after flowering,



FLC has been deactivated by H3K27me3 deposition (Kumar and Wigge, 2010; Deal et al.,
2007).

SWITCH/SUCROSE NONFERMENTING (SWI/SNF) complexes remodel histone-
chromatin contacts, and subunits of the complex act on both floral repressors and floral
promoters to regulate flowering (Jégu et al., 2014). Identified SWI/SNF complex subunits in
Arabidopsis include BRAHMA (BRM), BUSHY (BSH), SWI3A, SWI3B, and SWI3C
(Sarnowski et al., 2002). BRM is a key component of the thermosensory pathway, acting to
repress FLC by opposing transcriptional activation by H2A.Z (Farrona et al., 2011; Li et al.,
2015; Torres and Deal, 2019). BRM accomplishes this repression by destabilizing the FLC +1
nucleosome (Torres and Deal, 2019), necessitating H2A.Z deposition to reverse the repressed
state (Farrona et al., 2011). BRM is upregulated in response to heat treatment, and increased FLC
expression is observed in brm mutants, along with increased H3K4me3 and reduced H3K27me3,
indicating that BRM carries out its repression of FLC specifically under warmer temperatures
(Buszewicz et al., 2016; Farrona et al., 2011; Li et al., 2015). In Drosophila, SWI/SNF complex
homologs function as a fail-safe, meant to suppress mutations in Polycomb-group genes, like
CURLY LEAF (CLF) (Kennison and Tamkun, 1988). This function is preserved in plants,
whereby the presence of SWI/SNF components in FLC chromatin in warm ambient temperatures
not only prevents H2A.Z occupation, but also enables CLF-PRC2-mediated H3K27me3 to act in
FLC suppression (Hurtado et al., 2006). The SWI/SNF subunits BSH, SWI3B, and SWI3C
interact with FCA via its C-terminus, (Sarnowski et al., 2002; Sarnowski et al., 2005) and BRM
interacts with SWI3B and SWI3C towards the regulation of temperature-dependent flowering

(Hurtado et al., 2006), indicating that FCA may also function via the SWI/SNF complex.



In transcriptional FLC repression, MUT9-LIKE KINASE 4 (MLK4) phosphorylates FLC
histone 3 at threonine 3 (H3T3) to limit recruitment of transcription machinery to the FLC
transcription start site (TSS) (Wang et al., 2021; Xing et al., 2008b) while TATA-binding
protein-associated factor 15b (TAF15b) and C-TERMINAL DOMAIN PHOSPHATASE-LIKE
1 (CPL1) bind to the TSS to reduce transcript elongation at FLC by dephosphorylating RNA Pol
I Serbp (Eom and Lee, 2018; Kyung et al., 2023). To facilitate this action, the prion-like domain
(PrD) of TAF15b complexes with DECAPPING 1 (DCP1) by liquid-liquid phase separating
(LLPS) into the membraneless organelles, mMRNA processing bodies (p-bodies) (Chakrabortee et
al., 2016; Dong et al., 2016). The formation of p-bodies is correlated with environmental
conditions unfavorable to flowering, such as cold and heat, indicating that their formation is
temperature-mediated, is required for TAF15b’s suppressive activity on FLC, and that these foci
are where the interaction with Pol Il occurs (Figure 1; Eom et al., 2018; Eom and Lee, 2018).

During FLC transcript elongation, FPA-enriched Ser2p Pol 11 pauses and accumulate near
the transcription end site of FLC, facilitated by the negative transcription factor BORDER
(BDR), and the transcription complex component MEDIATOR SUBUNIT 8 (MEDS), with
MEDS binding directly to FLC (Parker et al., 2021; Yu et al., 2021; Yuan et al., 2023). The
APOPTOSIS AND SPLICING ASSOCIATED-PROTEIN (ASAP) complex component and
splicing regulator SERINE/ARGININE RICH 45 (SR45) and hnRNP R-LIKE PROTEIN
(HRLP) also phase separate via LLPS to enable HRLP’s restriction of cotranscriptional FLC
splicing, with SR45 promoting proper splicing of FPA pre-mRNA (Ali et al., 2007; Zhang et al.,
2022; Zhang et al., 2017). Together, these actions lead to the formation of an RNA-DNA

heteroduplex (R-loop) near FLC intron 1, leading to reduced Pol Il presence and suppression of



transcriptional elongation of FLC (Ali et al., 2007; Zhang et al., 2022; Parker et al., 2021; Yu et
al., 2021; Yuan et al., 2023).

The sense FLC transcript is alternatively spliced and four isoforms have been identified,
with FLC.1 being the only functional variant (Feng et al., 2011; Schon et al., 2021). FLC.1
utilizes distal polyadenylation, while the three non-functional isoforms utilize proximal poly(A)
sites (Feng et al., 2011; Schon et al., 2021). The mRNA N°®-methyladenosine (m°A)
methyltransferase writer FIONA 1 (FI101) is required for proper FLC transcript splicing, with
mutants of fiol have vastly reduced levels of the functional FLC.1 transcript isoform (Cai et al.,
2023). The FLC activator FRI also promotes distal polyadenylation, while the primary
autonomous pathway components FCA, FY and FLK promote proximal polyadenylation of FLC
(Schon et al., 2021; Feng et al., 2011; Amara et al., 2023). FLK is also and m®A reader and,
along with KH domain-containing proteins KHZ1 and KHZ2, binds nascent FLC and acts to
suppress the splicing of functional FLC isoforms, in addition to reducing the stability of FLC
transcripts (Lim et al., 2004; Ripoll et al., 2009; Amara et al., 2023; Yan et al., 2017; Yan et al.,
2019). The FLK paralog PEPPER (PEP) antagonizes FLK’s repressive action on FLC, in both
transcriptional activation of and generation of correctly spliced transcripts of FLC, and FLK
represses this action (Ripoll et al., 2009).

FLC is also transcribed into multiple non-coding antisense transcripts, named Cold
induced long antisense intragenic RNA (COOLAIR) (Swiezewski et al., 2009). COOLAIR is
transcribed in response to cold ambient temperatures in a manner predominantly independent of
vernalization and is associated with reduced FLC sense expression (Swiezewski et al., 2009).
Mutated Arabidopsis lines unable to transcribe COOLAIR also showed elevated FLC expression

(Marquardt et al., 2014; Tian et al., 2019). Adding additional layers to floral timing, the ability to
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repress FLC via COOLAIR has been demonstrated as a safeguard in case of the loss of FT
function (Luo et al., 2019).

COOLAIR is transcribed from a start site just 3 of the sense FLC polyadenylation site
(Marquardt et al., 2014), with transcript elongation regulated by FPA and the transcription
elongation factor b (P-TEFb) component, CDKC;2, via Pol Il Ser2p (Wang et al., 2014; Parker et
al., 2021), and counteracted by TAF15b (Eom et al., 2018; Kyung et al., 2023). During
COOLAIR transcript elongation, Pol 1l pauses and accumulates, facilitated by the negative
transcription factor BDR and FPA (Figure 1; Yu et al., 2021), creating an R-loop between the
nascent COOLAIR transcript and the FLC chromatin, which is stabilized by NODULIN
HOMEOBOX (NDX) (Sun et al., 2013; Baxter et al., 2021). NDX is then bound by the
POLYCOMB REPRESSIVE COMPLEX 2 (PRC2) component VIVIPAROUS 1/ABI 3-LIKE
(VALZL), which assists in the recruitment of the PRC1 to monoubiquitinate H2A on FLC
chromatin, reducing chromatin accessibility (Mikulski et al., 2022; Yin et al., 2021). Stalling of
the replisome also enables the temporal recruitment of polyadenylation and chromatin
remodeling complexes (Sun et al., 2013; Fang et al., 2020; Baxter et al., 2021; Qi et al., 2022).

COOLAIR is also alternatively spliced, with polyadenylation occurring distal to the FLC
promoter or proximally within the sixth intron (Hornyik et al., 2010; Marquardt et al., 2014).
Proximally polyadenylated COOLAIR enables repression of FLC, while distal polyadenylation

hinders FLC suppression (Marquardt et al., 2014; Tian et al., 2019).

FCA and FY, promotion of proximal polyadenylation of COOLAIR
FCA and FY work together with FPA to function in the proximal 3’-end processing of

COOLAIR by associating with FLC chromatin at the proximal poly(A) site, resulting in FLC



repression (Figure 1; Liu et al., 2010; Hornyik et al., 2010; Duc et al., 2013; Parker et al., 2021,
Quesada et al., 2003; Liu et al., 2007; Fang et al., 2020). The m8A methyltransferase writer
complex component, FLX-LIKE 2 (FLL2), orchestrates LLPS with the polyadenylation factors
FCA and FY, along with m8A members FPA, mMRNA m®A methyltransferase (MTA), and
CLEAVAGE STIMULATING FACTOR 64 (CstF64) via their prion-like domains (Xu et al.,
2021a; Chakrabortee et al., 2016; Fang et al., 2019). With Factor Interacting with Poly(A)
polymerase 1 (FIP1) binding the COOLAIR RNA, Pre-mRNA processing factor 8 (PRP8),
CstF77, and CstF64 join the complex, with CstF64 tethering the LLPS proteins and enabling
their interaction (Forbes et al., 2006; Hunt and Addepalli, 2008; Sonmez et al., 2011; Fang et al.,
2019). This complexing supports COOLAIR polyadenylation by FCA, FY, CstF64 and CstF77,
thus clearing the R-loop (Sun et al., 2013; Xu et al., 2021a; Baxter et al., 2021; Liu et al., 2010).
FCA encodes an RNA-binding protein and functions in pre-mRNA 3’-end processing
(Quesada et al., 2003). FCA is comprised of two 5’-end RRMs, a proline/glycine rich motif, and
a WW protein binding domain, surrounded by polyglutamine tracts (Macknight et al., 1997). FY
is related to the fungal Pfs2p end-processing factor and the mammalian cleavage and
polyadenylation specificity factor WDR33, and contains a series of seven WD40 repeats and two
PPLPP (Pro-Pro-Leu-Pro-Pro) repeat regions (Henderson et al., 2005; Yu et al., 2019).
Mutations in fy disrupt canonical polyadenylation signal recognition, and distal or proximal FLC
polyadenylation is dependent upon the location of the mutations. Mutations in the WD40 repeat
region of FY lead to reduced A-rich signal recognition, and thus, proximal polyadenylation.
Mutations in the PPLPP repeat region lead to enhanced A-rich signal recognition, and thus distal
polyadenylation. The WD40 repeat is the dominant domain in polyadenylation signal recognition

and the PPLPP mutation-related phenotype is due to reduced binding to the WW domain of FCA
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(Simpson et al., 2003; Henderson et al., 2005; Yu et al., 2019: Quesada et al., 2003; Adams et al.,
2009).

FCA expression is auto-regulated, and it is transcribed into four isoforms via the
utilization of different poly(A) sites within its pre-mRNA (Macknight et al., 1997). The FCA-«,
0, and y isoforms are produced by the distal poly(A) site selection in the 3’ UTR, while FCA-£ is
produced by proximal poly(A) site selection within the third intron (Macknight et al., 1997).
FCA-y is the only isoform encoding the functional full-length FCA protein, and its production is
regulated in a spatial, temporal, and temperature-dependent manner (Macknight et al., 1997;
Simpson et al., 2003; Quesada et al., 2003). When an FCA intronless isoform is overexpressed in
wild-type Arabidopsis, the non-functional FCA-g isoform is exclusively produced (Quesada et
al., 2003), while intronless FCA overexpression in fca mutants leads to production of FCA-y and
early flowering (Macknight et al., 2002). This auto-regulation of FCA occurs via an interaction
with FY (Simpson et al., 2003; Quesada et al., 2003) and is dependent upon ambient
temperature, as an increase in the FCA-g isoform was observed when Arabidopsis plants were
transferred from 23 °C to 27 °C (Balasubramanian et al., 2006).

FCA expression is positively regulated by the pre-mRNA 3’-end processing factor
hnRNP Al-like protein 1 (HLP1), which directly binds the 3’-UTR and the third intron in the
FCA pre-mRNA (Zhang et al., 2015). Mutants of hlpl exhibited a poly(A) site shift from the
distal to the proximal site in FCA transcripts, leading to upregulation of the non-functional FCA-
S and delayed flowering (Zhang et al., 2015). DCL4 also acts in transcript termination of FCA,
promoting cleavage of the nascent transcript downstream of the polyadenylation site in an effort
to promote RNA expression (Liu et al, 2012). Mutants of dcl4 have transcriptional read-through

at FCA, with transcripts being targeted by endogenous RNAiI machinery (Liu et al, 2012).



Suppressive FCA alternative polyadenylation is facilitated by the Arabidopsis homolog of
Protein 1 of Cleavage Factor 1 (Pcfl1p)-similar protein 4 (PCFS4), a yeast polyadenylation
component homolog (Xing et al., 2008a). Via complexing with FY and the polyadenylation
factor CLPS3, PCFS4 promotes FCA polyadenylation within the third intron, yielding FCA-S
transcripts (Xing et al., 2008a).

FCA acts in both basal and acquired thermotolerance, and FCA expression is induced by
warm temperatures (37 °C) and suppressed by cold (4 °C) (Lee et al., 2015). Overexpression of
FCA leads to increased heat tolerance, while lesions in fca lead to reduced tolerance to heat
stress (45 °C) (Lee et al., 2015). This occurs due to the action of FCA in inducing the expression
of and maintaining protein stability of the antioxidant protochloropyllide oxidoreductases (POR)
genes PORA and PORB, and its interaction with ABA-INSENSITIVE 5 (ABI5) in the activation
of the antioxidant 1-CYSTEINE PEROXIREDOXIN 1 (PER1) under warm ambient temperatures
(28 °C-45°C) (Haetal., 2017; Lee et al., 2015). FCA also acts in processing of the
thermotolerance-associated mRNA miR398, and increased expression of miR398 is observed in
increased ambient temperatures (23 °C vs. 16 °C) (Guan et al., 2013; Lee et al., 2010). In
addition, FCA acts in the processing of the pri-miRNAs of the floral promoting microRNAS
miR172a, miR172b, and miR172d, binding the sequence flanking the stem-loop in pri-miR172
via its RRMs (Jung et al., 2012; Lee et al., 2010). Mutants of fca have reduced miR172
expression, contributing to the delayed flowering phenotype (Jung et al., 2012; Lee et al., 2010).
Both FCA and mature miR172 are observed to increase in expression under increased ambient
temperature (23 °C vs. 16 °C), indicating that processing of pri-miR172 by FCA is amplified at
higher temperatures (Figure 2; Jung et al., 2012; Lee et al., 2010). The temperature-dependent

function of FCA is also modulated through suppression of SHORT VEGETATIVE PHASE (SVP)
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(Li et al., 2008), and fca mutants flower at the same time regardless if the environment is 16 °C

or 23 °C (Blazquez et al. 2003).

FLD and FVE, epigenetic regulation of FLC expression

Much of the activation and repression of FLC expression occurs epigenetically via chromatin
modifications (He, 2009). COOLAIR replisome slowing and R-loop resolution enables the
temporal recruitment of the autonomous pathway chromatin remodeling complex (AuPC) to
FLC chromatin (Figure 1; Baxter et al., 2021; Fang et al., 2020; Qi et al., 2022), with FLD, FY,
SDG26, LD, ELF4-Like 2 (EFL2), EFL4, and ANTHESIS PROMOTING FACTOR 1 (APRF1)
forming the complex (Baxter et al., 2021; Fang et al., 2020; Qi et al., 2022). In the AuPC, LD is
the scaffold supporting other proteins of the complex, with the FLD C-terminal domain binding
to the LD N-terminal homeodomain (Qi et al., 2022). LD also binds EFL2 and EFL4 by its TFIIS
domain, and APRFL1 by its C-terminal region. SDG26 interacts via EFL2 and EFL4, with SDG26
binding directly to FLC, and additionally interacting with FY (Fang et al., 2020; Qi et al., 2022).
While FLD, SDG26, and LD facilitate methylase activity, halting accumulation of H3K4mel
and H3K36me3 at the FLC chromatin, EFL2 and EFL4 recruit members of the histone
deacetylase complex, including HISTONE DEACETYLASE 19 (HDA19) and HDAG (Qi et al.,
2022). Mutants of sdg26 exhibit temperature-insensitive flowering, indicating the
thermoresponsive nature of the AuPC complex (Pajoro et al., 2017). The PRC2-components
VAL1 and VALZ2 also recruit the POLYCOMB REPRESSIVE COMPLEX 1 (PRC1) and the
ASAP complex to FLC chromatin (Mikulski et al., 2022; QUesta et al., 2016). While the PRC1
affects FLC transcription by monoubiquitinating H2A, thus altering chromatin accessibility
(Questa et al., 2016; Baile et al., 2021; Mikulski et al., 2022), the ASAP complex indirectly

10



suppresses FLC expression in warm conditions via deacetylation (Mikulski et al., 2022; Chen et
al., 2019). VAL recruits the ASAP complex components SR45, ACINUS and SIN3-associated
protein 18 (SAP18) (Mikulski et al., 2022; Chen et al., 2019), and while SR45 is a positive
splicing factor for ACINUS and SAP18, SAP18 functions in the recruitment of the histone
deacetylase complex to FLC chromatin (Chen et al., 2019; Questa et al., 2016; Baile et al.,
2021). VAL1/2 also recruit HDA6 and HDA9 to FLC chromatin directly (Chhun et al., 2016;
Zeng et al., 2020). Together, the action of the AuPC and ASAP complexes affects FLC
deacetylation, furthering the clearing of impediments to H3K27me3 deposition for FLC
suppression (Liu et al., 2010; Fang et al., 2020; Xu et al., 2008; Zeng et al., 2020).

FLD works together with FVE, MULTICOPY SUPPRESSOR OF IRA 5 (MSI5),
HISTONE DEACETYLASES5 (HDA5), HDAG, and HDA9 to form a histone deacetylase
complex acting on FLC chromatin to remove active H2/H3 acetylation marks, leading to
repression of FLC expression (Figure 1; Gu et al., 2011; Yu et al., 2011; Luo et al., 2015; Zeng
et al., 2020). Arabidopsis FLD is a homolog to the human histone deacetylase LYSINE-
SPECIFIC HISTONE DEMETHYLASE 1 (KIAA0601/LSD1), and contains a SWIRM domain,
polyamine oxidase domain, and c-terminal domain (He et al., 2003). FLD complexes with HDA6
via its SWIRM domain, while HDA5 and HDA®G bind to FVE and to FLC chromatin (Qi et al.,
2022; Yuetal., 2011; Yu et al., 2016; Luo et al., 2015). MSI5 also joins the complex, and
together they function to deacetylate FLC histone H2/H3 (Gu et al., 2011; Yu et al., 2016; Luo et
al., 2015; Wu et al., 2008; Yu et al., 2011). Mutants of fld show hyperacetylation at histones H3
and H4 of FLC, proximal to the transcription start site (TSS), as well as increased H3K4
dimethylation and trimethylation (Yu et al., 2011; He et al., 2003; Liu et al., 2007), leading to

increased expression of FLC and delayed flowering (He et al., 2003). FLD also represses FLC
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expression in a partially redundant manner with the FLD homologs Lysine-Specific Demethylase
1-Like (LSD1-LIKE1; LDL1) and LDL2 (Jiang et al., 2007). LDL1 and SUVR5 (SU(VAR) 3-9-
RELATED PROTEIN 5) interact with one another and have also been implicated in repressing
FLC expression via the autonomous pathway. Loss of either protein results in reduced H3K9me2
and H3K27me2 in addition to increased H4ac of FLC chromatin and enhanced FLC expression
(Krichevsky et al., 2007).

FVE is a homolog of human Retinoblastoma-Associated Protein 46/48, functioning in
histone-binding. FVE contains a nuclear localization signal (NLS) and six WD repeats, with the
fourth WD domain containing the retinoblastoma-binding motif that enables its histone
deacetylase and HDAC-binding activity (Gu et al., 2011; Ausin et al., 2004). Similar to fld, fve
mutants also exhibit increased acetylation on FLC chromatin (He et al., 2003; Ausin et al., 2004).
Working with FVE and MSI5, LIKE HETEROCHROMATIN PROTEIN 1 (LHP1), PWWP
DOMAIN PROTEIN 1 (PDP1), PDP2 and PDP3 act in recruiting the POLYCOMB
REPRESSIVE COMPLEX 2 (PRC2) to FLC chromatin to suppress FLC expression via the
deposition of repressive H3K27me3 under normal conditions (Figure 1; Jiang et al., 2008; Zhou
et al., 2018). The PRC2 component MSI1 also complexes with HDAG in the deacetylation of
H3K9, possibly acting as a bridge between the histone deacetylase complex and PRC2, as
removal of H3 acetylation enables subsequent deposition of repressive H3K27me3 (Xu et al.,
2021b).

FVE also acts with the CULLIN 4 (CUL4) ubiquitin ligase and DNA DAMAGE-
BINDING PROTEIN 1 (DDB1A/B) via the PRC2 to repress FLC (Pazhouhandeh et al., 2011).
EMBRYO DEFECTIVE 1579 (EMB1579) enables the interaction of the CUL4/DDB1A/BFVE

complex with the PRC2-component CLF, a methyltransferase, via LLPS. CLF acts specifically
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in H3K27me3 deposition on FLC chromatin to repress it and promote flowering (Jiang et al.,
2008). EMB1579 is thought to orchestrate condensation of the complex and reduced H3K27me3
is observed on FLC chromatin in emb1579 mutants, with a complementary delay in flowering
observed (Zhang et al, 2020).

FVE also functions in delaying flowering in unfavorable conditions. FVE negatively
regulates the Cold-responsive Binding Factor/Dehydration Responsive Element Binding protein
(CBF/DREB) pathway under intermittent cold stress (Kim et al., 2004). Specifically, FVE binds
to the chromatin of the CBF/DREB pathway target COR15A, as well as FLC, in the formation of
a multiprotein complex to delay flowering in cold, deacetylating gene targets (Jeon and Kim,
2011). The temperature-dependent function of FVE is also modulated through suppression of the
floral repressor SVP (Li et al., 2008), and fve mutants flower synchronically at 16 °C or 23 °C

(Figure 2; Blazquez et al. 2003).

FT, a key floral activator

FT encodes a phosphatidylcholine-binding protein, containing a 5 CArG box that enables
binding by FLC, and a central matrix-attachment region (MAR) surrounded by a
Phosphatidylethanolamine-Binding Protein (PEBP) domain, enabling FT mobile transport
(Searle et al., 2006; Helliwell et al., 2006; Yun et al., 2012; Kardailsky et al., 1999). FT
expression is promoted by the transcription factor CONSTANS (CO) in the photoperiod
pathway, and FT promotes the expression of SOC1, which then activates floral meristem identity
genes (Samach et al., 2000). CO activates FT via a conserved motif in the promoter, and the

ability to bind and activate FT is dependent upon the absence of H3K27me3 (Adrian et al.,
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2010). CO cannot promote SOC1 expression in the absence of FT expression, and thus floral
promotion is delayed (Yoo et al., 2005).

FT is a mobile protein, produced in leaves and transported to shoot apical meristem
(SAM) to act in the promotion of flowering (Nakamura et al., 2019; Susila et al., 2021).
Transport of the mobile FT protein from leaf to shoot apex is temperature-dependent, and
temperature-insensitivity is observed in the strong Arabidopsis ft-10 mutant (Balasubramanian et
al., 2006). FT binds to phosphatidylglycerol at the lipid membrane of phloem companion cells,
and low temperatures (16 °C) induce sequestration of FT, inhibiting its transport. The
sequestration is released at warm temperatures (23 °C), enabling the transport of mobile FT to
shoot apex to act in the induction of flowering (Figure 2; Liu et al., 2020; Susila et al., 2021). In
Arabidopsis, the amino acid residues responsible for phosphatidylcholine binding have been
identified to be Arg-13, Asp-17 and Arg-83, as directed mutations of these residues led to
delayed flowering (Nakamura et al., 2019).

The expression of FT is also epigenetically regulated. The PRC2 components CLF and
FIE act in the repression of FT expression by depositing H3K27me3 on FT chromatin to prevent
precocious flowering during vegetative development (Jiang et al., 2008). The suppression of FT
by CLF is relieved by a complex of Nuclear-Factor-Y Subunit C (NF-YC) and CO, which
antagonize the ability of CLF to bind and deposit H3K27me3 on FT chromatin as plants mature
(Figure 2; Liu et al., 2018; Luo et al., 2018). In addition, the chromatin-remodeler PICKLE
(PKL) and the methyltransferase ARABIDOPSIS HOMOLOG OF TRITHORAX 1 (ATX1) act
coordinately to facilitate H3K4me3 at FT to activate its expression, antagonizing the action of
CLF and the Polycomb-group proteins (Jing et al., 2019), and mutants of pkl have reduced FT
expression and are delayed in flowering (Carter et al., 2018). FT is also regulated in a
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photoperiod and temperature-dependent manner by the H3K27me3 demethylase JUMONJI 13
(JMJ13), to suppress flowering under both long and short days in warm ambient conditions
(Zheng et al., 2019). The MAR-binding factor/AT-hook protein AT-hook motif nuclear localized
22 (AHL22) binds to the FT chromatin via the ATR motif within its MAR. AHL22 recruits
histone deacetylases HDA19, HDAG6 and HDA9, promoting H3 deacetylation and H3K9me2
dimethylation to suppress FT expression (Yun et al., 2012). This suppression occurs
preferentially at cooler ambient temperatures (Figure 2; Shen et al., 2019).

In the regulation of FT, the SWR1 component SWR1C SUBUNIT 4 (SWC4) recruits
PIEL to FT chromatin for H2A.Z deposition (Gomez-Zambrano et al., 2018). PIE1 also interacts
with PKL to promote deposition of H3K27me3. PKL, PIE1 and CLF work coordinately in the
same pathway to facilitate global H3K27me3, and, interestingly, 90% of H3K27me3 is
colocalized with H2A.Z (Figure 2; Carter et al., 2018). H2A.Z exhibits a repressive effect on FT
at cooler temperatures, and H2A.Z deposition at FT is high at 17 °C, but greatly decreased at 27
°C. Accordingly, low FT expression is observed at 17 °C, but higher expression is observed at
higher temperatures (27 °C) (Kumar and Wigge, 2010). Genome-wide, a high correlation is
observed between genes enriched in H3K27me3 and those enriched in H2A.Z, and thus, those
having reduced H3K27me3 correlatively have reduced H2A.Z, and this correlation holds true for
FT (Carter et al., 2018).

FT expression is positively regulated by PHYTOCHOCHROME INTERACTING
FACTOR 4 (PIF4), whose expression is activated by warm temperatures (Kumar et al., 2012;
Fernandez et al., 2016). PIF4 binds to the FT promoter near the TSS site to promote FT
expression in a temperature-dependent manner, with preferential binding at higher temperatures

(27 °C) versus lower temperatures (12 °C). This binding is enabled by eviction of the H2A.Z
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histone variant from the PIF4 binding site in FT, which also occurs at higher temperatures
(Figure 2; Kumar et al., 2012). Mutants of pif4 are insensitive to increased temperatures (27 °C)
and are late-flowering due to a reduction in FT expression, while the PIF4 overexpression lines
have enhanced FT expression, leading to precocious flowering (Kumar et al., 2012; Fernandez et
al., 2016). Thermosensory flowering also occurs by sequestration of the circadian evening
complex (EC) component and floral repressor EARLY FLOWERING 3 (ELF3) (Jung et al.,
2020). ELF3 acts in repression of PIF4 under cool temperatures, and this repression is relieved
upon warming, enabling the thermosensitivity of PIF4 and its downstream partners, like FT (Box
et al., 2015; Press et al., 2016; Kumar et al., 2012). The ELF3 protein has a largely disordered
poly-glutamine (poly-Q) tract within a PrD, which functions in temperature-sensing. A reduction
in binding of ELF3 to gene targets is observed as temperatures increase, and a concurrent
increase in the formation of LLPS nuclear bodies is observed, with sequestration of ELF3 into
nuclear bodies relieving transcriptional repression of target genes (Jung et al., 2020). ELF3 and
the EC also act with the SWR1 complex in the suppressive deposition of H2A.Z at target genes
in thermally-sensitive circadian regulation (Tong et al., 2020).

The MADS-box transcription factor and floral repressor SVP, is also a central regulator
of the thermosensory pathway, serving its function individually and via complexing with FLM-j
(Posé et al., 2013; Li et al., 2008). SVP acts downstream of the autonomous pathway genes,
binding to the FT promoter at the vCArG Il motif, and SOC1 near the 5° UTR, repressing their
expression, and mutants of svp are insensitive to temperature (Figure 2; Li et al., 2008; Tao et
al., 2012; Lee et al., 2007). The action of the SWI/SNF chromatin remodeler BRM also enables
SVP to carry out its function under cool temperatures, with binding of BRM to SVP preventing

binding and repressive methylation by the CLF-PRC2 complex, thus enabling SVP to suppress
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FT (Lietal., 2015). SVP also promotes the expression of the FT repressors TEMPRANILLO 1
(TEM1) and TEM2. SVP activates TEM2 expression under cool temperatures (16 °C) and both
TEM1 and TEM2 under warm temperatures (22 °C) (Marin-Gonzélez et al., 2015), with TEM1
binding to the FT 5’-UTR and recruiting the PRC2 to deposit H3K27me3 (Hu et al., 2021). SVP
also promotes the expression of the MYB transcription factor EARLY FLOWERING MYB
PROTEIN (EFM) and the H3K36me2 demethylase JUMONJI 30 (JMJ30) to repress FT
expression under reduced temperatures (16 °C) and long day photoperiods (Yan et al., 2014).

The FLC homolog FLOWERING LOCUS M / MADS AFFECTING FLOWERING 1
(FLM/MAF1) is a primary regulator in the ambient temperature pathway. The FLM transcript
undergoes alternative splicing in response to ambient temperature, forming a, f3, y, and 6
isoforms (Scortecci et al., 2001; Lee et al., 2020). The functional FLM-B isoform complexes with
SVP, enabling its translocation to the nucleus, delaying flowering in undesirable conditions by
repressing downstream floral activators such as FT, SOC1, SCHLAFMUTZE (SMZ), Arabidopsis
thaliana CENTRORADIALIS homologue (ATC), and SEPALLATA 3 (SEP3) (Lee et al., 2013; Jin
et al., 2022; Posé et al., 2013). At low ambient temperatures (16 °C), Splicing Factor 1 (SF1),
Glycine-rich RNA-binding protein 7 (GRP7), GRP8, Cyclin-dependent kinase G2 (CDKG2) and
the cognate cyclin, ARGININE-RICH CYCLYN L1 (CYCL1) promote maturation of the
functional FLM-g isoform (Scortecci et al., 2001; Lee et al., 2020; Lee et al., 2022; Steffen et al.,
2019; Nibau et al., 2020). Interestingly, in addition to reduced accumulation of FLM-£ in cdkg2
mutant lines, reduced expression of SVP was also observed (Nibau et al., 2020). Upon
temperature increase (27 °C), however, SF1, pre-mRNA processing factor 39a (PRP39a) and
RNA-binding protein 45d (RBP45d) generate the FLM-¢ splice isoform (Lee et al., 2020; Wang
et al., 2007; Chang et al., 2022; Huang et al., 2022), which is unable to suppress downstream
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floral activators (Capovilla et al., 2017). Also, while a slight increase in SVP mRNA expression
is observed under increased temperatures, proteasome-mediated degradation and reduced nuclear
localization of SVP reduce the pool of available SVP protein for binding to extant FLM-p,
enabling the promotion of flowering (Figure 2; Poseé et al., 2013; Lee et al., 2013; Lee et al.,
2014; Fernandez et al., 2016; Jin et al., 2022).

FT expression is also regulated in a temperature-dependent manner by microRNAs.
miR172 is active in promoting FT expression, while suppressing the FT repressors APETALA 2
(AP2), TARGET OF EAT 1 (TOE1), TOE2, TOE3, SCHNARCHZAPFEN (SNZ) and SMZ
(Figure 2; Jung et al., 2012). This action is counteracted by SVP, which preferentially binds
miR172a at lower temperatures (16 °C), as well as TEM1 and TEM2 (Cho et al., 2012; Tao et al.,
2012; Aguilar-Jaramillo et al., 2019). Mutants of svp have increased miR172 expression and
miR172 overexpressors flowered early, regardless of the ambient temperature, with a concurrent
increase in FT expression observed (Lee et al., 2010). The microRNA miR169 acts to suppress
the floral promoters Nuclear Factor-YA2 (NF-YA2) and JAZ4, under cool ambient temperatures.
Under warm ambient temperatures, however, the NF-Y complex with NF-Y A2 promotes
expression of FT, while JAZ4 acts to repress TOE1 and TOE2 (Figure 2; Gyula et al., 2018).
The microRNA miR156 forms a module with SQUAMOSA PROMOTER BINDING-LIKE 3
(SPL3) to regulate FT expression in an ambient temperature-dependent manner. While SPL3
promotes FT expression, miR156 acts in the degradation of SPL3 transcripts under cool (16 °C)
ambient temperatures, thus delaying flowering (Figure 2; Kim et al., 2012). The PRC1
component BLYMPHOMA MOLONEY MURINE LEUKEMIA VIRUS INSERTION
REGION 1 HOMOLOG 1 (BMI1) acts to suppress miR156 via PRC2-mediated H3K27me3, and
this suppression is aided by VAL1/2, enabling upregulation of FT and the transition to flowering
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(Pico et al., 2015). Conversely, miR156 is promoted by BRM, thus aiding in suppressing the
floral transition (Xu et al., 2016). Also a PRC1 component, EMBRYONIC FLOWER 1 (EMF1)
acts to suppress the flowering promoters miR172 and SPL3, in partial coordination of the action
of miR156 (Pico et al., 2015; Kim et al., 2012).

The complexity of the pathways leading to floral induction cannot be understated. The
comprehensive dissection of a mere two pathways; autonomous and thermosensory, alights to
that. Elegant, interrelated systems have been characterized, with their exposition growing in
detail by-the-year. The finely calibrated responses to ambient conditions serve to reveal the
profound level of care plants put into the decision to flower, with overlapping gene functionality

and fail-safes ensuring the passage of genetic material to the subsequent generation.
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Figure 1.1 Thermosensory and Autonomous repression of FLC. In heat-induced
transcriptional repression of FLC, TAF15b complexes with CPL1 and DCP1 via LLPS to
dephosphorylate RNA Pol Il Ser5p. During COOLAIR transcript elongation, BDR and FPA
cause Pol Il pausing and an R-loop forms, stabilized by NDX and bound by VAL1. VALI
recruits the PRC1 to ubiquitinate H2A and VAL1/VALZ2 recruit HDACs. The ASAP complex
(SAP18, ACINUS and SR45) also recruit the HDAC. Replisome stalling enables recruitment of
the AuPC (FLD, FY, SDG26, LD, EFL2, EFL4 and APRF1) to halt H3K36me and H3K4me and
recruit the HDAC. FCA, FY, FLL2, MTA, FPA, CstF64, CstF77, FIP1 and PRP8 clear the R-
loop, adding a poly(A) tail to COOLAIR. The HDAC complex, consisting of FLD, FVE, MSI5,
HDAS5, HDAG, and HDA9, remove H2/H3ac and FVE, MSI5, LHP1, PDP1/2/3 recruit the
PRC2. BRM prevents H2A.Z occupancy, enabling deposition of H3K27me3 by the PRC2.
Proteins in green are recognized as autonomous pathway components. Majenta arrows indicate

recruitment and magenta ovals indicate protein complexes.
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Figure 1.2 Thermosensory repression and activation of FT. Under cool temperatures, AHL22
recruits HDACs HDA19, HDAG6 and HDAJ to deacetylate and SWC4 recruits PIE1 for H2A.Z
deposition. PIE1, PKL and CLF act in H3K27me3 and FLM- complexes with SVP. While
miR156 degrades SPL3, miR169 degrades NF-YAZ2 and FT is sequestered in companion cell lipid
membranes. Upon warming, H2A.Z is evicted, enabling binding and activation by PIF4. FT
expression is also activated by the NF-Y complex and SPL3, and PKL and ATX1 facilitate
activating H3K4me3. FCA acts in miR172 maturation and miR172 targets AP2, TOE1/2/3, SNZ
and SMZ. While the nonfunctional FLM-5 isoform dominates, FVE and FCA act to repress SVP
expression and SVP is degraded. FT is also released from companion cell lipid membranes.
Autonomous pathway proteins are marked in green. Recruitment is marked by the magenta

arrow, and protein complexes are marked by the magenta ovals
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CHAPTER 2
AN IMPROVED METHOD FOR AGROBACTERIUM-MEDIATED GENETIC
TRANSFORMATION OF ROMAINE, LEAF, AND BUTTERHEAD TYPES OF LETTUCE
(LACTUCA SATIVA L)
Abstract
In spite of the achievements in lettuce transformation and regeneration, there remains a genotype
dependence upon the ability to efficiently transform and regenerate lettuce plants. In the present
study, we have successfully developed an optimized Agrobacterium-mediated transformation
protocol for elite lettuce cultivars, which belong to the romaine, leaf, and butterhead cultivar
types. We found that a plant growth regulator combination of 1-naphthaleneacetic acid (NAA;
0.10 mg/L) and 6-benzyladenine (BA; 0.25 mg/L), the use of cotyledons and the first true leaf as
explants, and the use of hygromycin (15 mg/L) for transgenic plant selection worked well for
seven out of the eleven tested cultivars, achieving a 24.3% — 100% transformation efficiency.
These seven cultivars include two romaine-types, three leaf-types, and two butterhead-types, and
marks the first successful genetic transformation of the romaine cvs. ‘Kahu’ and ‘Rosalita’, the
leaf lettuces ‘Red Sails’ and ‘Royal Oak Leaf’, and the butterhead ‘Lollo Biondo’. While our
optimized protocol did not successfully regenerate plants in the remaining four cultivars,
successive use of kanamycin selection (40 mg/L) with the same plant growth regulators resulted
in 64.3% transformation efficiency in the butterhead-type ‘Mariska’. Thus, our newly optimized
protocols are applicable in elite lettuce cultivars for Agrobacterium-mediated genetic

transformation and regeneration when using hygromycin or kanamycin for selection.
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Introduction
Lettuce (Lactuca sativa L.) is a diploid (2n = 2x = 18) species within the Asteraceae family
(Davey et al., 2007) and a popular vegetable for production and consumption in the United States
and Europe. Lettuce cultivation does not come without challenges, however, as increasing global
temperatures and the ever-present threat of biological stresses push demand for cultivars with
improved stress adaptations. Even with the advent of indoor cultivation, the desire for new
cultivars, ideally suited to diverse environments, remains an objective for lettuce breeders. The
floral morphology of lettuce promotes cleistogamy, hindering breeding by sexual means, and
wild lettuce relatives have a limited gene pool of desirable traits, necessitating trait improvement
via biotechnological means (Davey et al., 2007; Curtis, 2006). Utilization of biotechnological
methods such as CRISPR/Cas9-mediated gene editing, however, are dependent upon the ability
to efficiently regenerate plants after genetic transformation, thus necessitating the continuous
development of ideal transformation and regeneration protocols (Bull and Michelmore, 2022).
Much research has been published in lettuce for the expression of foreign genes and
downregulation of endogenous genes (Dan et al., 2014; Dong et al., 2014; Davey et al., 2002).
Successful practices have been developed for Agrobacterium rhizogenes-mediated hairy root
transformation (Vojin et al., 2014; Matvieieva et al., 2012), transient vacuum-infiltration
(Negrouk et al., 2005; Joh et al., 2005; Wroblewski et al., 2005), electroporation (Chupeau et al.,
1989), polyethylene glycol (PEG)- (Lelivelt et al., 2005) and biolistic bombardment- (Kanamoto
et al., 2006; Ichikawa et al, 2010) mediated plastid transformation, and stable A. tumefaciens-
mediated nuclear transformation (Michelmore et al., 1987; Davey et al., 2007; Curtis, 2006). The

amenability to tissue culture and transformation, together with a short life cycle and fully
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sequenced genome, makes lettuce a model leafy species in research (Darqui et al., 2021; Reyes-
Chin-Wo et al., 2017).

Although generic protocols have been developed for a broad range of lettuce cultivars,
there remains genotype-dependence for lettuce transformation and regeneration and a broad
range of transformation efficiency (13% — 97%) has been observed when using said protocols
(Curtis, 2006; Curtis et al., 1994). Thus, a method ideal to one lettuce genotype may not be
optimal for another, and further protocol development is beneficial to the regeneration and
transformation of additional lettuce cultivars (Curtis et al., 1994; Curtis, 2006; Armas et al.,
2017).

When developing any improved transformation or regeneration protocol, it is hecessary
to test a variety of cultivars (Davey et al., 2007). In the present work, a new transformation and
regeneration protocol was developed through the study of eleven lettuce cultivars, ‘Kahu’,
‘Rosalita’, ‘Red Sails’, ‘Green Wave’, ‘Royal Oak Leaf’, ‘Cocarde’, ‘Girelle’, ‘Cobham Green’,
‘Lollo Biondo’, ‘Bronze Mignonette’, and ‘Mariska’. These eleven cultivars belong to three of
the seven main types of lettuce; romaine, leaf, butterhead, crisphead, latin, stem, and oilseed
(Davey et al., 2007). The ‘Kahu’ and ‘Rosalita’ cultivars belong to the romaine-type,
characterized by long, upright, oval dark green leaves (van de Wiel et al., 1998; Ampomah-
Dwamena et al., 1997). The ‘Red Sails’, ‘Green Wave’, ‘Royal Oak Leaf’, and ‘Cocarde’
cultivars belong to the leaf-type with a loose rosette (Martinez-Gonzalez et al., 2011; Davey et
al., 2007; Dinant et al., 1997; Zhang and Conner, 1992). The ‘Girelle’, ‘Cobham Green’, ‘Lollo
Biondo’, ‘Bronze Mignonette’, and ‘Mariska’ cultivars are butterhead-type with a loosely-
formed rosette and soft leaves (Ampomah-Dwamena et al., 1997; Mazier et al., 2007; Dinant et

al., 1997). The eleven lettuce cultivars utilized in this study were chosen based upon previous
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demonstration of transformation or regeneration success. The ‘Green Wave’ cultivar has been
successfully transformed with the Arabidopsis thaliana HSP17.8 gene (Kim et al., 2013), the
toxin B subunit from Escherichia coli towards the development of edible vaccines (Martinez-
Gonzalez et al., 2011), and a chloroplast-expressed fructose gene from cyanobacteria to enhance
photosynthetic capacity (Ichikawa et al., 2010). Both ‘Cocarde’ and ‘Girelle’ cultivars have been
used to express lettuce mosaic virus coat protein (Dinant et al., 1997), and the ‘Cobham green’
cultivar was utilized in the inaugural transformation of lettuce (Michelmore et al., 1987). The
‘Mariska’ cultivar has been used to express the Tntl retrotransposon from tobacco (Mazier et al.,
2007), to express Green Fluorescent Protein (GFP) and g-glucuronidase (GUS) reporter genes
in transient agroinfiltration assays (Wroblewski et al., 2005), and to silence the downy mildew
resistance gene Resistance Gene Candidate2 (RGC2) by RNAI (Wroblewski et al., 2007).

In addition, studies have been undertaken to develop tissue culture regeneration methods
on non-transformed tissue in the cultivars used in this work. For example, ‘Red Sails’ and
‘Bronze Mignonette’ were utilized to develop regeneration protocols from mature leaf and
cotyledon explants (Seabrook and Douglass, 2003; Zhang and Conner, 1992). The cotyledons of
the ‘Cobham Green’ cultivar were also subject to a regeneration study ahead of initial
transformation attempts (Brown et al., 1986). Regeneration has also been carried out on
cotyledons of ‘Rosalita’, ‘Royal Oak Leaf’, ‘Cobham Green’, ‘Lollo Biondo’, and ‘Bronze
Mignonette’ (Ampomah-Dwamena et al., 1997), and on cotyledons of ‘Rosalita’, ‘Cobham
Green’, and ‘Bronze Mignonette’ in a separate study (Hunter and Burritt, 2002).

In the present study, different plant growth regulators (PGRs) and selection antibiotics
were studied in the aforementioned eleven cultivars towards the goal of optimizing

transformation and regeneration methods. This work demonstrates that an optimized protocol
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was developed for Agrobacterium-mediated transformation and regeneration of these lettuce

cultivars.

Results
Test of the effects of PGRs on callus induction and shoot regeneration
We first sought to identify a media composition, specifically that of the plant growth regulators,
that would favor shoot regeneration of the eleven lettuce cultivars in tissue culture. A review of
shoot regeneration studies across lettuce cultivars indicated that a base callus induction media
containing Murashige & Scoog (MS), 3% sucrose, and 2 g/L Gelzan™ with a pH of 5.8 has been
most effective (Davey et al., 2007). However, ideal plant growth regulator combinations and the
success in regeneration were highly genotype-dependent (Gomez -Montes et al., 2015; Dong et
al., 2014; Zhang and Conner, 1992). Using the same base callus induction media in the present
work, a PGR trial was performed on the explants (non-transformed cotyledons and the first leaf)
of 7-day-old seedlings of cv. ‘Kahu’ to identify the ideal PGR combination for callus induction
and shoot regeneration. The PGR combinations and concentrations considered were derived from
successful regeneration studies across the literature (Table 1; S1; S2). Nine different
combinations with different auxins (indole-3-acetic acid (IAA) and 1-naphthaleneacetic acid
(NAA)) and cytokinins (kinetin and 6-benzyladenine (BA)) were studied. The effects of PGRs
were assessed on their ability to develop callus and the rate at which shooting occurred (Figures
1; 2).

As expected, tissue yellowing and senescence was observed in the control media without
PGRs with non-transformed ‘Kahu’ explants (Figure 1A). The callus induction media #2 and #3
containing 1AA (2.00 and 1.00 mg/L, respectively) and kinetin (1.00 and 0.5 mg/L, respectively)
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exhibited bright green callus growth but limited shooting (Figure 1B; 1C). The callus induction
media #4 ~ #6 contained the same concentration of NAA (0.05 mg/L) and increasing
concentrations of BA (0.25 — 1.00 mg/L). While the media #4 calli appeared mostly green with
some yellowing, the media #5 and #6 calli tended towards white and brown, indicating a
reduction in health with increased concentration of BA (Figure 1D — 1F). Callus induction
media #7 — #9 contained the same concentration of NAA (0.10 mg/L), also with increasing
concentrations of BA (0.25 — 1.00 mg/L). Media #7 yielded mostly green and bright yellow calli
with a visible shift in preference for shoot induction, while media #8 and #9 yielded white and
brown callus, once again, with reduced shooting (Figure 1G — 11).

We also measured callus yield, shoot number per plate, and the percentage of shoot-
producing explants of non-transformed ‘Kahu’ on each media at 28 days after callus induction.
We found that callus induction media #4 — #9, containing NAA and BA, yielded a significantly
greater mass of calli per callus cluster than media #2 and #3 containing IAA and kinetin.
However, no statistical difference was observed when concentrations of auxin or cytokinin
differed between the NAA/BA media (#4 — #9) and the IAA/Kinetin media (#2 and #3) (Figure
2A). When the number of shoots generated per media were scored, media #7 was the best,
averaging 61.67 + 13.58 shoots per plate (Figure 2B). It was also observed that the use of NAA
and BA in the media (#5 — #9) was more successful at generating shoots than that of the IAA and
kinetin media (#2 and #3). In addition, the average number of shoot-producing explants was
assessed (Figure 2C). While several of the media resulted in shoot induction, media #7 yielded
the greatest percentage of shoot-producing explants (70.37% + 6.42%). As a result, callus
induction media #7 was most successful in producing healthy callus and shoots in the ‘Kahu’

cultivar, and was thus used in the successive transformation work.
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Antibiotic selection in shoot induction Media
At the same time, we also tested the effects of the antibiotics kanamycin and hygromycin on the
selection of transformed and non-transformed lettuce tissues. The ‘Kahu’, ‘Red Sails’, and
‘Girelle’ cultivars were selected to represent the romaine, leaf, and butterhead types,
respectively, for the antibiotic kill curve analysis. Kanamycin is most commonly used as a
selective agent for the transformation of lettuce and has been tested thoroughly in an array of
cultivars (Dong et al., 2014; Curtis, 2006), with the effective concentrations of the antibiotics
varying from cultivar to cultivar in different studies. The most effective concentrations of
kanamycin were 50 mg/L in cv. ‘Cobham Green’ (Michelmore et al., 1987), 50 and 100 mg/L in
cv. ‘South Bay’ (Torres et al., 1993), and 100 — 250 mg/L in cv. ‘Kayser’ (Enomoto et al., 1990),
although it was reported that 100 mg/L kanamycin was more efficient than 50 mg/L for
genotype-independent transformation of lettuce (Curtis et al., 1994; Curtis, 2006). Hygromycin
is a less commonly used antibiotic in selection of transformed lettuce tissues, but has also proven
successful in selecting for positive transformants. For example, the most effective concentrations
of hygromycin were 10 mg/L in cvs. ‘Veronica’ and ‘Solan Kriti’ (Dias et al., 2006; Sharma et
al., 2022), 20 mg/L in cv. ‘Chongchima’ (Vanjildorj et al., 2005), and 15 mg/L in cv. ‘Ahvaz’
(Mohebodini et al., 2014). Together, these works indicate that differing kanamycin and
hygromycin concentrations may be ideal dependent upon genotype.

As hygromycin has been used for the transformation of cv. ‘Ahvaz’ (Mohebodini et al.,
2014), a romaine-type (Mousavi et al., 2013), hygromycin was chosen for the kill curve analysis
in cv. ‘Kahu’ in the present study. We tested the effect of hygromycin with differing

concentrations (0, 10, 15, 20, 25 mg/L) in two differing callus induction media (e.g., media #3
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and #7) on non-transformed cotyledons and the first leaf of cv. ‘Kahu’ (Table 2). On media #3,
no callus growth occurred at 20 and 25 mg/L hygromycin, while calli were proliferative at
concentrations of 0 and 10 mg/L, and moderate callus growth was observed at 15 mg/L
hygromycin. Similarly, bleaching and necrosis and no callus growth were observed at higher
hygromycin concentrations (20 and 25 mg/L), while moderate proliferation was observed at
reduced hygromycin concentrations (10 mg/L), and minimal proliferation was observed at 15
mg/L hygromycin on media #7. As a result, 15 mg/L hygromycin was used in the successive
studies in order to avoid potential transgene escape at a lower hygromycin concentration.

As kanamycin has been used for the transformation in the leaf lettuce cv. ‘Cocarde’
(Dinant et al., 1997) and the butterhead cv. ‘Cobham Green’ (Ampomah-Dwamena et al., 1997;
Michelmore et al., 1987), kanamycin was chosen for the kill curve analysis on both transformed
and untransformed tissue of ‘Red Sails’ (a leaf-type) and ‘Girelle’ (a butterhead-type) on callus
induction media #3 in the present study. Concentrations of 0, 40, 80, 120, and 200 mg/L
kanamycin were tested, and a visual assessment was performed (Table 2). When no antibiotics
were used, a strong proliferation of callus and shooting was observed in both cultivars.
Kanamycin concentrations of 120 mg/L and greater led to total necrosis of untransformed tissues
with transformed tissues retaining some greenness but showing no callus growth (data not
shown). While minimal callus growth was observed in transformed tissues of both cultivars at 80
mg/L kanamycin, no growth was observed in non-transformed tissues. When non-transformed
‘Red Sails” was under 40 mg/L kanamycin selection, no growth was observed, while minimal-to-
moderate callus growth was observed in transformed tissues. The ‘Girelle’ cultivar fared
similarly, showing minimal-to-no growth in non-transformed tissue and moderate proliferation

under 40 mg/L kanamycin selection (data not shown). As a result, 40 mg/L kanamycin was the
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lowest concentration to kill off untransformed tissues and was used in the successive

transformation studies.

Agrobacterium-mediated stable transformation of the tested lettuce cultivars
To conduct Agrobacterium-mediated stable transformation of the selected cultivars,
Agrobacterium strain, co-cultivation time, explant type, seedling age, and rooting media from
published literature were used as reference (Table S1). As LBA4404 has been the most favored
Agrobacterium strain for lettuce transformation (Enomoto et al., 1990; Curtis, 2006) and the
GV3101 strain has also been popular in lettuce transformation (Fallah-Ziarani et al., 2013; Liu et
al., 2006; Paez-Valencia et al., 2013), both strains were chosen for the present study, with the
assumption that they would have a similar effect on transformation efficiency here. The GV3101
strain was used with the pGFP-GUSPIus plasmid (hygromycin selection) containing the
35S:eGFP and 35S:GUSPIus reporter genes and the LBA4404 strain was used with the
pGUSPIlus plasmid (kanamycin selection) containing 35S:GUSPIlus. The GUSPIus reporter gene
contains an intron, allowing GUS expression only in eukaryotic cells (Ohta et al., 1990;
Vancanneyt et al., 1990; Liu et al., 2011; Huang et al., 2023). The working concentrations of
both strains were a 1:10 dilution of Agrobacterium cells from a concentration of ODsggo 1.1 — 1.6,
as reported in Curtis et al. (1994). Also, due to the enhanced efficiency observed under short co-
cultivation periods in the literature (Enomoto et al., 1990; Torres et al., 1993), a 2-day co-
cultivation period was utilized in the present study.

As most studies indicated that cotyledons from 3—7-day-old seedlings were the ideal
explants for transformation (Dong et al., 2014; Song et al., 2014), the cotyledons and the first

leaf from seedlings 6 or 7 days after seeding were utilized as explants for transformation in the
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present study. PGR-free rooting media was used to facilitate root development after
transformation, as it was reported that the media producing the greatest root regeneration (up to
85%) was an MS base with sucrose and selective antibiotics alone, while the addition of auxin
reduced the efficiency to 0% — 10% (Fallah-Ziarani et al., 2013).

We first tested the use of 15 mg/L hygromycin for Agrobacterium-mediated stable
transformation on the explants from 25 seedling of each of the eleven lettuce cultivars with the
GV3101 strain containing pGFP-GUSPIlus plasmid. Utilizing our optimized lettuce
transformation method as stated above, a wide array of success was observed (Table 3). We
found that hygromycin selection worked successfully for the two romaine-type cultivars ‘Kahu’
and ‘Rosalita’. In cv. ‘Kahu’, a 40.0% regeneration efficiency was realized with 10 plants
regenerated. Half (50.0%) of the regenerated plants were positive for the GUS expression as
detected by histological GUS staining and PCR amplification. Thirty-seven plants were
regenerated in cv. ‘Rosalita’ with a 152.0% regeneration efficiency, while a mere 24.3% of them
were GUS-positive, indicating a requirement for higher antibiotic concentration in future
transformations.

We also observed that hygromycin selection worked well for three of the four leaf-type
cultivars (Table 3). The ‘Red Sails’ cultivar produced 54 regenerants with a 212.0%
regeneration efficiency, 69.8% of which were GUS-positive. The ‘Green Wave’ and ‘Royal Oak
Leaf” cultivars also delivered a 60.0% and 80.0% regeneration efficiency, respectively, with
100.0% and 50.0% of them positive for GUS, respectively. However, no plants were regenerated
from the ‘Cocarde’ cultivar.

Unfortunately, hygromycin selection showed reduced success in the butterhead-type

cultivars (Table 3). Limited regeneration and transformation efficiencies were realized for the

52



‘Cobham Green’ and ‘Lollo Biondo’ cultivars. In ‘Cobham Green’, 2 plants were regenerated
with a regeneration efficiency of 8.0%, half of which were GUS-positive. In ‘Lollo Biondo’, 7
plants were regenerated (28.0% efficiency) with 71.4% of them positive for GUS. However,
plants were not regenerated in the other three cultivars ‘Girelle’, ‘Bronze Mignonette’, and
‘Mariska’. Thus, the hygromycin selection or regeneration media was not ideal for the butterhead
cultivars studied in the present work.

Next, we tested the effects of 40 mg/L kanamycin selection in one butterhead cultivar
‘Mariska’ by transforming it with the pGUSPlus plasmid, with cv. ‘Kahu’ for comparison (Table
3). In ‘Kahu’, 10 plants were regenerated, with a 32% regeneration efficiency and 42.9%
transformation efficiency, similar to its performance under hygromycin selection. Unlike its
performance under hygromycin selection, success was observed in the ability to regenerate
plants from cv. ‘Mariska’ under kanamycin selection, with 15 regenerated plants and a 60%
regeneration efficiency, 64.29% of them being GUS-positive. This study indicates that
kanamycin selection may be preferential for transgenic plant selection in the butterhead-type

cultivars.

Discussion

The transformation of lettuce remains genotype dependent. Here, we developed an improved
method for Agrobacterium-mediated genetic transformation for eight of eleven elite lettuce
cultivars of the romaine, leaf, and butterhead cultivar types. Various factors affect lettuce
transformation and regeneration success, including Agrobacterium strain and concentration, co-

cultivation time, explant tissue, antibiotic selection, and plant growth regulators.
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The effects of Agrobacterium strain and concentration and co-cultivation period on lettuce
transformation

While lettuce is not a natural host to A. tumefaciens, transformation attempts have been
met with success (Michelmore et al., 1987). The most favored strain has been LBA4404, with its
successful use in greater than 43 cultivars to date (Enomoto et al., 1990; Curtis, 2006). The
GV3101 strain has also been commonly used in lettuce transformation (Fallah-Ziarani et al.,
2013; Liu et al., 2006; Paez-Valencia et al., 2013), as well as EHA105 (Dias et al., 2006;
Franklin et al., 2011; Pniewski et al., 2011; Vanjildorj et al., 2005; Ibrahim et al., 2017; Cui et
al., 2011; Ren et al., 2011). Other strains including C58, EHA101, A208, GV3111, and GVV2260
have been less commonly used in lettuce transformation (Chen et al., 2018; Park et al., 2005;
Torres et al., 1993; Dinant et al., 1997; Michelmore et al., 1987; Mazier et al., 2007; Dubois et
al., 2005). As the most favored Agrobacterium strains for lettuce transformation have been
LBA4404 (Enomoto et al., 1990; Curtis, 2006) and GVV3101 (Fallah-Ziarani et al., 2013; Liu et
al., 2006; Paez-Valencia et al., 2013), both strains were utilized in the present study.

The concentration of A. tumefaciens cells is a critical component in the successful
transformation of lettuce (Curtis et al., 1994). A study using an array of cultivars observed that a
1:10 dilution of Agrobacterium cells from a concentration of ODeggo 1.1 — 1.6 yielded more
transformed plants (Curtis et al., 1994). Thus, Agrobacterium concentration and dilution
recommendations in Curtis et al. (1994) were followed for all transformations in the present
study. In addition, the use of acetosyringone in lettuce transformation has been observed to add
no benefit (Torres et al., 1993), so was not utilized in the present study.

The period of co-cultivation is also critical in enabling transformation by A. tumefaciens.

When 1 - 5 days of co-cultivation were tested in the cultivar ‘South Bay’, transformation was
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most successful using 3 or fewer days, as longer co-cultivation periods were observed to inhibit
later shoot formation (Torres et al., 1993). When 2, 4, and 6 days of co-cultivation were tested in
the cultivar ‘Kayser’, 2 days of co-cultivation was found to be the ideal period, while up to 5
days were effective in the leaf explant tissue of ‘Cocarde’ and ‘Girelle’ (Enomoto et al., 1990;
Dinant et al., 1997). When 2, 3, and 4 days of co-cultivation were tested in the cultivar ‘Solan
Kriti’, 3 days was found to be most efficient at generating transformants (Sharma et al., 2022).
Due to the enhanced efficiency observed under shorter co-cultivation periods, a 2-day co-

cultivation period was utilized in the current study.

Confounding effects of PGRs, antibiotic selection, and explant tissues

Regeneration alone has been attempted with different PGRs on the cultivars ‘Rosalita’, ‘Royal
Oak Leaf’, Cobham Green’, ‘Lollo Biondo’, and ‘Bronze Mignonette’ (Ampomah-Dwamena et
al., 1997). In the regeneration study, the ideal media was defined to contain 0.1 mg/L 1AA, 0.5
mg/L kinetin, and 0.05 mg/L zeatin, and the greatest regeneration ability was observed for
‘Rosalita’, ‘Royal Oak Leaf’, and ‘Cobham Green’ with 61%, 56%, and 60% of explants
producing extensive calli, respectively (Ampomah-Dwamena et al., 1997). Limited success was
observed with ‘Lollo Biondo’ and ‘Bronze Mignonette’, however, with 18 and 11% of explants
producing extensive calli, respectively. The shoot development differed, with ‘Rosalita’ having
the greatest success (55%), followed by ‘Lollo Biondo’ (50%), and ‘Bronze Mignonette’ (18%),
and while ‘Cobham Green’ produced shoots (20%), it did not produce roots. In the present study,
regeneration rates differed, with ‘Rosalita’ successfully regenerating plantlets at a rate of 152%,
while ‘Lollo Biondo’ (28%) and ‘Bronze Mignonette’ (0%) exhibited reduced success, and
shoots and roots were successfully regenerated in ‘Cobham Green’ (8%). In Ampomah-
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Dwamena and coworkers (1997), ‘Royal Oak Leaf” produced roots but did not yield shoots,
indicating its recalcitrance to regeneration via the method utilized. In the present study, however,
an 80% regeneration efficiency was achieved in ‘Royal Oak Leaf’.

Similar work towards the development of the ideal PGR combination in shoot
regeneration of untransformed tissue arrived at ~0.1 mg/L NAA and ~0.1 mg/L BA as the ideal
combination when 15 cultivars were tested (Hunter and Burritt, 2002). Among the cultivars
tested, ‘Rosalita’, ‘Cobham Green’, and ‘Bronze Mignonette’ generated the most shoots under
this PGR combination, with 73%, 78%, and 62% of explants generating shoots, respectively
(Hunter and Burritt, 2002). Overall, these works demonstrate the wide degree of success
achievable in different cultivars under differing regeneration methods, and the results in the
current study, utilizing a differing protocol, attests to that.

A study to identify the ideal PGR combination to utilize in cultivars recalcitrant to
transformation (‘Red Romaine’ and ‘Bibb’) identified 0.1 mg/L TAA combined with 1 mg/L 2ip
(N-6(2-isopentenyl)-adenine) in an initial media, followed by regeneration in media
supplemented with 0.4 mg/L BA and 0.05 mg/L NAA (Lim et al., 2011). Work to regenerate the
recalcitrant cultivar ‘Rutgers Scarlet Lettuce’ achieved success when activated charcoal was
added to the media together with 10 mg/L BA and 0.5 mg/L NAA (Armas et al., 2017).

In the present work, PGR combinations for regeneration were tested on non-transformed
‘Kahu’. When combinations of differing concentrations of auxins (IAA and NAA) and
cytokinins (kinetin and BA) were tested, the ideal combination of PGRs for shoot regeneration
was determined to be 0.1 mg/L NAA and 0.4 mg/L BA. This PGR combination and
concentration have been successfully utilized in work transforming the Tal (Thymosin 1) into

the lettuce cv. ‘Zhouye’ (Cui et al., 2011) and to express Oryza sativa chitinase in the lettuce cv.
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‘Solan Kriti’ (Sharma et al., 2022). However, the ability to develop quality callus and subsequent
shooting differs greatly when tissue is untransformed and under no selection, versus having been
transformed and under selection, as was the case in the present study. This observation was made
in initial transformation attempts with the ‘Cobham Green’ cultivar as well (Michemore et al.,
1987). While the ideal PGR combinations were developed under no selection pressure, minimal
regeneration was observed when kanamycin (50 mg/l) was present, thus the authors concluded
that that antibiotic may be slowing development of transformed tissues and that cultivars
showing favorable regeneration ability when not transformed may yet still be recalcitrant to
transformation or may decline in regeneration when under selection (Michelmore et al., 1987).
Therefore, further elucidation of the ideal PGR and antibiotic combinations across cultivars
would be beneficial to achieve the greatest success across lettuce genotypes.

When differing concentrations of NAA (0.05 and 0.1 mg/L) and BA (0.1, 0.2, and 0.4
mg/L) were tested, the ideal combination for regeneration when paired with 20 mg/L kanamycin
was 0.05 mg/L NAA and 0.4 mg/L BA, yielding up to 48% shooting (Fallah-Ziarani et al.,
2013). Even still, the highest transformation efficiency achieved was 19%, when transforming an
Iranian landrace with GCHI (GTP cyclohydrolase 1) (Fallah-Ziarani et al., 2013). Similarly,
when regeneration of transformed leaf tissues was examined with cultivars ‘Cocarde’, ‘Girelle’
and ‘Mariska’, the ideal PGR combination was found to be 0.3 mg/L BA and 0.3 mg/L TAA,
yielding 50 to 75% regeneration when under kanamycin selection (200 mg/L), while
transformation efficiency ranged between 12 and 33% (Dinant et al., 1997). While a similar
regeneration percentage was observed in cv. ‘Mariska’ under kanamycin selection (60%) in the
current study, no plants were regenerated from ‘Cocarde’, ‘Girelle’ or ‘Mariska’ under
hygromycin selection. This serves to further indicate the role that selection antibiotics play in
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confounding tissue regeneration efficiency, and suggests that successive transformation attempts
with ‘Cocarde’ and ‘Girelle’ may find success under kanamycin selection, as was observed in cv.
‘Mariska’, with a 64.3% transformation efficiency (Table 3).

When PGRs were tested in transformed ‘Chongchima’ cotyledons under selection with
20-25 mg/L hygromycin, 0.05 mg/L kinetin, and 0.05 mg/L NAA, a success rate of 10.8% was
achieved (Vanjildorj et al., 2005). Vanjildorj et al. (2005) noted the importance of the ratio of
cytokinin to auxin (with a ratio of 5:1 — 10:1 being ideal) rather than the concentration alone. In
the present study, the most successful PGR combination for cv. ‘Kahu’ was media #7, which
provided a ratio of cytokinin to auxin of 2.5:1 (0.1 mg/L NAA and 0.25 mg/L BA; Table 1). It
may be possible that the ideal ratio differs in the other tested cultivars and may approach the
suggested 5:1 — 10:1 ratio as reported in Vanjildorj et al. (2005), and enhanced regeneration
ability can be realized by further protocol development.

Commonly, rooting takes place in PGR-free media (Kim et al., 2006; Gomez -Montes et
al., 2015; Curtis, 2006). Interestingly, when differing rooting media compositions were tested,
the media producing the greatest root regeneration (up to 85%) was an MS base with just sucrose
and selective antibiotics (Fallah-Ziarani et al., 2013). The addition of auxin to the media reduced
the efficiency to between 0 and 10%. Thus, in the present study, to facilitate root development no
PGRs were added to rooting media.

We found that one cultivar (‘Red Sails’) proved considerably amenable to the
transformation and regeneration methods put forth in the present study, with a 212.0%
regeneration rate and a nearly 70% transformation rate (Table 3). A previous regeneration study
utilized IAA (0.1 mg/L), kinetin (0.5 mg/L), and zeatin (0.05 mg/L) in a Schenk and Hildebrandt

media base, and observed 46% of cotyledon explants developing shoots (Zhang and Conner,
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1992). When mature leaf explants were used, only 14% of explants produced somatic embryos in
cv. ‘Red Sails’, although the explant tissue and regeneration PGRs (IAA and kinetin) differed
(Seabrook and Douglass, 2003). Thus, the combination of NAA and BA, hygromycin selection,
and the cotyledon and first leaf explants worked very efficiently for cv. ‘Red Sails’ in the present
study.

While seedlings differing in age have been utilized as explant sources, cotyledons have
been the most effective explants for plant regeneration (Davey et al., 2002; Davey et al., 2007,
Bull and Michelmore, 2022). A review of lettuce transformation developments cited 2 - 4 days
post-germination as the most productive tissue age for successful callus generation and shooting,
and most studies indicated that cotyledons from 3 - 7-day-old seedlings were the ideal explant
for transformation (Dong et al., 2014; Song et al., 2014). However, there remains a cultivar
effect for this preference. A transformation experiment using ‘Cocarde’ and ‘Girelle’ cultivars
observed that regeneration was slow and minimal when cotyledons were used as an explant, and
leaf explants were used instead (Dinant et al., 1997). As no shoots were regenerated from either
cultivar in the present work, this previous study may be one clue as to this failure; the explant
tissue, and future endeavors towards transformation and regeneration in the ‘Cocarde’ and
‘Girelle’ cultivars should take this into consideration. While the cotyledons and first leaf from
seedlings 6-7 days after planting were utilized as explants for transformation in the present study,
favoring leaf explants in these cultivars may be preferable.

Using our optimized protocol, we have successfully achieved 24.3% — 100%
transformation efficiency for seven of the eleven lettuce cultivars (Table 3). However, our
optimized protocol with hygromycin selection was unsuccessful in the four remaining cultivars,

‘Cocarde’, ‘Girelle’, ‘Bronze Mignonette’, and ‘Mariska’, which had 0% regeneration and
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transformation efficiency. The overall poor regeneration ability of ‘Bronze Mignonette’ was
highlighted previously, however (Ampomah-Dwamena et al., 1997). Transformation of these
four cultivars may benefit from additional protocol development in the form of an increased
cytokinin to auxin ratio (Vanjildorj et al., 2005), the use of a different selection antibiotic (Dinant
etal., 1997; Chupeau et al., 1989; Mazier et al., 2007), or different explant tissue (Dinant et al.,

1997).

The effects of the 35S promoter and Agrobacterium strains on transgene expression in
lettuce

The relative ease of transformation and regeneration in lettuce is overshadowed by
misexpression of foreign genes and lack of transmission into subsequent generations, as
transgene expression has been reported to be inconsistent, depending upon cultivar (Darqui et al.,
2021; Davey et al., 2002). The 35S promoter has been shown to be effective in lettuce (Dong et
al., 2014) and GUS is the most commonly used reporter gene for lettuce transformation (Curtis,
2006). However, when 35S:GUS was used as a reporter in cv. ‘Mariska’, blue staining was
observed only at the edges of leaf punches from transformed leaves (Mazier et al., 2007). A
study looking at transformation efficiency with 35S:GUS in 13 different cultivars also observed
an array of intensity in GUS staining, indicating that there could be a cultivar-effect on the 35S
promoter (Curtis et al., 1994). The two plasmids used in the current study enabled confirmation
of transgene expression in transformed tissues via histological GUS staining, and similar results
were observed here as well, as anything from blue spotting to deep blue staining across the leaf
disc was observed (Figures 3B; 4B), indicating a potential cultivar-effect in transgene

expression driven by the 35S promoter.
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Agrobacterium strain dependence on 35S:GUS expression has also been observed in
transient infiltration assays when the cultivar ‘Mariska’ was used (Wroblewski et al., 2005).
While the strain 15955 yielded small blue spots across leaf tissues, the strain C58C1 yielded
strong blue staining throughout the tissue, and the GV3101 strain exhibited small-to-moderate
blue spotting of the transformed leaf tissues. In the present study, however, the one cultivar
(‘Kahu’) with plants regenerated from transformation with different Agrobacterium strains
(GV3101 and LBA4404) and different plasmids (pGFP-GUSPlus and pGUSPIus) showed no
apparent difference in 35S:GUS expression (Figure 4B), although confounding variables

precludes a true side-by-side comparison.

Conclusion

We have developed an optimized transformation protocol utilizing hygromycin selection for
seven of the eleven tested lettuce cultivars, and this work marks the first successful genetic
transformation of the romaine cultivars ‘Kahu’ and ‘Rosalita’, the leaf lettuces ‘Red Sails’ and
‘Royal Oak’ Leaf’, and the butterhead ‘Lollo Biondo’. While this newly developed protocol had
limited success in the remaining four cultivars, utilization of kanamycin selection led to
successful transformation and regeneration in one additional cultivar, ‘Mariska’. Further protocol

optimization is needed to effectively transform the remaining cultivars.

Materials and Methods
Plant Materials and Growth Conditions
The seeds of the lettuce cultivars ‘Kahu’ (PI1 251501), ‘Rosalita’ (P1 601592), ‘Green Wave’ (PI

566589), ‘Royal Oak Leaf> (PI 595576), ‘Cocarde’ (PI 657644), Girelle’ (PI 665186), ‘Cobham
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Green’ (P1 612637), ‘Lollo Biondo’ (PI 617944), ‘Bronze Mignonette’ (P1 615072), and
‘Mariska’ (PI 665196) were obtained from USDA-ARS-GRIN, while the seeds of the lettuce
cultivar ‘Red Sails’ were obtained from Johnny’s Selected Seeds. Seeds were surface-sterilized
by immersion in 10% bleach for 30 min, followed by three rinses with sterile ddH20 (Curtis et
al., 1994). Seeds were germinated in high-top, 9 cm, petri plates (13 seeds/plate) containing %2
MS media base (Murashige and Skoog, 1962), supplemented with 10% sucrose and solidified
with 2 g/L Gelzan™ (PhytoTech Labs), pH 5.8. Seeds were incubated at 23 °C, under a 16 h
photoperiod (18 pmol - m2 - s%) for 6-7 days until regeneration and/or transformation procedures

took place (Dong et al, 2014).

Plant Growth Regulators

Based on the published studies in the transformation and regeneration of lettuce, nine different
media compositions were tested for their ability to regenerate healthy callus and shoots from
untransformed cotyledon and first leaf tissues. On the seventh day after planting, the cotyledons
and first leaf of cv. ‘Kahu’ were excised, wounded on the abaxial side across the midrib, and
plated (3 replicates, 7-8 explants per plate) onto media #1 ~ #9, all having an MS base, 3%
sucrose, and 2 g/L Gelzan™ with a pH 5.8: media #1, no plant growth regulators (control);
media #2, 2 mg/L 1AA and 1 mg/L kinetin; media #3, 1 mg/L 1AA and 0.5 mg/L Kkinetin; media
#4, 0.05 mg/L NAA and 0.25 mg/L BA; media #5, 0.05 mg/L NAA and 0.5 mg/L BA; media #6,
0.05 mg/L NAA and 1.0 mg/L BA; media #7, 0.1 mg/L NAA and 0.25 mg/L BA; media #8, 0.1
mg/L NAA and 0.5 mg/L BA; and media #9, 0.1 mg/L NAA and 1 mg/L BA. Plates were
maintained under the same conditions as germination plates and were assessed for callus and

shoot growth 28 days after induction.
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Plant Antibiotic Selection

A kill curve was performed with hygromycin on 6- or 7-day-old untransformed cotyledons and
the first true leaf of cv. ‘Kahu’ with differing concentrations of hygromycin (0, 10, 15, 20, 25
mg/L) on the callus-induction media #3 (1 mg/L 1AA and 0.5 mg/L kinetin) and #7 (0.1 mg/L
NAA and 0.25 mg/L BA). Each test consisted of 3 replicated plates with 7-8 cotyledons per
plate.

A kanamycin kill curve was performed using varied concentrations (0, 40, 80, 120, 160,
and 200 mg/L) of kanamycin on 6- or 7-day-old transformed (with pGUSPIus) and
untransformed cotyledons and first leaves of cvs. ‘Red Sails’ and ‘Girelle’ in callus-induction
media #3 (1 mg/L IAA and 0.5 mg/L kinetin). Each test consisted of 3 replicated plates with 7-8

cotyledons per plate.

Vector Construction

The pGUSPIus plasmid (kanamycin selection) was generated as follows. The 35S:GusPlus-NosT
fragment was extracted from the pZP35SGusPlus plasmid with the help of EcoRI and Hindlll,
and inserted into EcoRI- and Hindlll-digested pPCAMBIA2200 plasmid (Figure 5). Digestion
products were purified from an agarose gel using the QIAquick® Gel Extraction Kit (QIAGEN).
Ligation products were transformed into E. coli DH5a competent cells using the freeze-thaw
method (Inoue et al., 1990). Colony PCR was performed with primers M13F and M13R (Table
4). Positive colonies were increased for plasmid extraction with the QIAprep® Spin Miniprep Kit

(QIAGEN) for subsequent Sanger sequencing with the M13F primer. The pGUSPIlus T-DNA
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contains GusPlus™ under the control of the 35S promoter with a Nos terminator and Kan®
kanamycin resistance under the control of 35S and a CaMV poly(A) signal (Figure 5).

The pGFP-GUSPIus plasmid was obtained from Addgene (plasmid #64401; hygromycin
selection), and contains GUSPIus under the control of the 35S promoter with a Nos terminator,
eGFP under the control of 35S with a Nos terminator, and HygR under the control of 35S with a

CaMV pol(A) signal (Figure 5).

Agrobacterium-mediated lettuce transformation
The pGFP-GUSPIlus and pGUSPIlus plasmids were transformed into the GV3101 and LBA4404
strains of A. tumefaciens, respectively, using the freeze-thaw method (Weigel and Glazebrook,
2006). Transformed A. tumefaciens cells were then plated onto solid YEP supplemented with
100 mg/L rifampicin and 20 mg/L chloramphenicol or 50 mg/L kanamycin. Colony PCR with
M13F and M13R primers was performed on the resulting colonies to check for the presence of
the plasmids. A single PCR-positive Agrobacterium colony was selected for each plasmid, and
increased in 3 mL liquid YEP supplemented with 100 mg/L rifampicin and selection antibiotics
at 28 °C overnight. Then, a 200 pL aliquot was transferred to 20 mL YEP with the same
antibiotics in an Erlenmeyer flask and grown on a shaker at 150 rpm in the dark at 28 °C for 16-
24 h until the optical density at 600 nm (ODeoo) reached 1.1 — 1.6. The cells were centrifuged (20
min, 5000g), and in a sterile hood the pellet was resuspended in 200 mL liquid MS media
supplemented with 30 g/L sucrose to a final ratio of 1:10 (Curtis et al., 1994) for lettuce
transformation.

Plant transformation procedures were adapted from Curtis et al. (1994). Cotyledons and

the first leaf were excised from 6- or 7-day-old seedlings and wounded on the abaxial side with
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shallow cuts across the midrib. Wounded tissues were stirred gently in the Agrobacterium
suspension for 10 min, then blotted dry on sterile Whatman blotting paper and placed abaxial
side-down on co-cultivation media, containing MS, 0.25 mg/L BA, 0.1 mg/L NAA, 30 g/L
sucrose, 2 g/L Gelzan™ with a pH of 5.8 (~8 explants per dish, ~25 ml media per plate). Co-
cultivation took place in the dark at 25 °C for two days. After co-cultivation, explants were
moved to selective callus induction media containing MS, 30 g/L sucrose, 0.25 mg/L BA, 0.1
mg/L NAA, 400 mg/L timentin, 2 g/L Gelzan™, 40 mg/L kanamycin or 15 mg/L hygromycin
(Tables 1 — 2) with a pH of 5.8 (~33 ml media/plate) and placed in a growth chamber (23 °C, 16
h photoperiod, 18 umol - m? - s%). Living tissues were sub-cultured every 14 days onto fresh
media and observed for shoot formation. Regenerated shoots were excised and cultured onto
rooting media (MS, 30 g/L sucrose, 2 g/L Gelzan™, 400 mg/L timentin, and 7.5 mg/L
hygromycin or 20 mg/L kanamycin) in Magenta® GA-7 boxes (~50 ml/box), and maintained
until roots developed. After rooting, plantlets were carefully removed from culture, gel media
rinsed free, and potted into potting soil (Sungro Horticulture Sunshine® Mix #1). Plantlets were
maintained in a humid environment under plastic domes for one week, for hardening off and

subsequent testing.

PCR confirmation of the presence of the transgene

Regenerated To plants were confirmed for the presence of the transgenes via PCR. DNA was
extracted from leaf discs using the DNeasy Plant Kit (QIAGEN). PCR amplification for
genotyping was performed with EmeraldAmp® MAX (Takara) DNA polymerase and utilized
primers GusPlus-F and GusPlus-R spanning a 1 kb region of the GUSPIus cassette (Table 4;
Figures 3C; 4C).
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Histological GUS staining

Histological GUS staining was used to confirm the expression of the transgene in the regenerated
To plants using the procedure of Jefferson et al. (1987). Leaf punches (~1 cm) were incubated in
X-Gluc stain (1 mM X-gluc, 50 mM NaH2PO4, pH 7.0) overnight (~16 h) at 37 °C in the dark.
Samples were then washed in 70% ethanol, with wash being replaced every few hours to clear
greenness and de-stain (Jefferson et al., 1987). Stained discs were then visually assessed for the

presence of blue staining and representative photographs were taken (Figure 3B, 4B).
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Table 2.1 Plant growth regulator trial for callus induction and shoot regeneration from

cotyledon and first leaf of the lettuce cv. ‘Kahu’.

Present Study Published Studies
Media Auxin Cytokinin Auxin Cytokinin References
(mg/L) (mg/L) (mg/L) (mg/L)

#1 0.00 0.00 N/A N/A

I1AA Kinetin I1AA Kinetin
#2 2.00 1.00 5.60 0.68 [1]
#3 1.00 0.50 - - [2]

NAA BA NAA BA
#4 0.05 0.25 0.05 0.20 [3-7]
#5 0.05 0.50 - - [8]
#6 0.05 1.00 - - [9]
#7 0.10 0.25 - - [10, 11]
#8 0.10 0.50 - - [12 - 15]
#9 0.10 1.00 0.10 2.00 [16]

[1] Kim and Botella (2004); [2] Michelmore et al. (1987); [3] Pniewski et al. (2011); [4] Torres

et al. (1993); [5] Pileggi et al. (2001); [6] Ibrahim et al. (2017); [7] Vafaee and Alizadeh (2018);

[8] Brown et al. (1986); [9] Armas et al. (2017); [10] Cui et al. (2011); [11] Sharma et al. (2022);

[12] Kim et al. (2006); [13] Liu et al. (2006); [14] Ren et al. (2011); [15] Liu et al. (2012); [16]

Armas et al. (2017). Dash, not tested.

76



Table 2.2 Visual scoring of callus induction of three lettuce cultivars on hygromycin and

kanamycin media. +, minimal callus growth; ++, moderate callus growth; +++, strong callus

growth; -, no callus growth; and --, no callus growth and necrosis.

Media Hygromycin (mg/L) Cultivar Lettuce Type
# 0 10 15 20 25
#3 +++ ++ + - - Kahu (N.T.)
Romaine
#7 ++ ++ + - - Kahu (N.T.)
Media Kanamycin (mg/L) Cultivar Lettuce Type
# 0 40 80 120 200
#3 +++ - - - - Red Sails (N.T.)
Leaf
#3 +++ + + - - Red Sails (T.)
#3 ++ - - -- -- Girelle (N.T.)
Butterhead
#3 ++ ++ + - - Girelle (T.)

N.T., non-transformed. T., transformed.
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Table 2.3 Plant regeneration efficiency and transformation efficiency of the eleven lettuce
cultivars. Regeneration efficiency (%) was calculated by dividing the number of regenerated
lines by the number of initial seedlings used for transformation. Transformation efficiency (%)
was calculated by dividing the number of GUS and PCR positive lines by the number of
regenerated lines. Each treatment utilized 50 cotyledon/first leaf explants from 25, 6- or 7-day-
old seedlings. For transgenic plant selection, pGFP-GUSPIus transformation utilized 15 mg/L

hygromycin, and pGUSPIus transformation utilized 40 mg/L kanamycin.

Regenerated ) .
Regeneration Transformation
Cultivar Plasmid plants/ initial
% %
seedlings

Kahu pGFP-GUSPIus 10/25 40.0 50.0
Rosalita 38/25 152.0 24.3
Red Sails 53/25 212.0 69.8
Green Wave 15/25 60.0 100.0
Royal Oak Leaf 20/25 80.0 50.0
Cocarde 0/25 0.0 N/A
Girelle 0/25 0.0 N/A
Cobham Green 2/25 8.0 50.0
Lollo Biondo 7125 28.0 71.4
Bronze Mignonette 0/25 0.0 N/A
Mariska 0/25 0.0 N/A
Kahu pGUSPIus 8/25 32.0 42.9
Mariska 15/25 60.0 64.3
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Table 2.4 Primers used in this study

Primer Name

Primer Sequence (5’ > 3°)

M13F

M13R

GusPlus-F

GusPlus-R

TGTAAAACGACGGCCAGT

CAGGAAACAGCTATGAC

GACTGACCATCGATGTCTATG

GCCGAAATCTGGAATGTTGGT
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Figure 2.1 Representative images of the effects of plant growth regulators on callus
induction and shoot regeneration from the cotyledon and first leaf explants of 6- or 7-day-
old seedlings of lettuce cv. ‘Kahu’ at 28 days after callus induction. Media #1 (A), media #2
(B), media #3 (C), media #4 (D), media #5 (E), media #6 (F), media #7 (G), media #8 (H), media
#9 (1) with PGR components as listed in (Table 1). Each plate is a representative of three

replicates for each media.
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Figure 2.2 The effects of plant growth regulators on callus induction (A), shoot
regeneration (B), and the percentage of shoot-producing explants (C) from the cotyledon
and first leaf explants of 6- or 7-day old seedlings of lettuce cv. ‘Kahu’ at 28 days after
callus induction. Each value in (A) is based upon the average of 9 callus clusters for each
treatment. Each value in (B) was based upon the average number of regenerated shoots per plate
(n = 3) for each treatment. Each value in (C) is based upon the average percentage of shoot-
developing explants per plate (9 explants/plate for 3 replicate plates) for each treatment. Error
bars with compact letter display groupings (in A — B) represent significant differences based on

one-way ANOVA (p <0.05).
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Figure 2.3 Representative images of T1 cv. ‘Red Sails’ pGFP-GUSPIus (A), To GUS staining
(B) and To PCR confirmation (C). Representative plants of cv. ‘Red Sails’ WT (left), cv. ‘Red
Sails” pGFP-GUSPIlus line #1 (center), and ‘Red Sails” pGFP-GUSPIus line #2 (right) positive
for the transgene (A). Confirmation of transgene expression using histological GUS staining of
leaf discs (B), with WT (left), cv. ‘Red Sails’ pGFP-GUSPIus line #1 (center) and cv ‘Red Sails’
pGFP-GUSPIus line #2 (right). PCR amplification of the GUSPIlus gene with primers GusPlus-F
and GusPlus-R (Table 4) spanning a 1 kb region of the GUSPlus cassette (C), with negative
control (water, lane 2), positive control (0 GFP-GUSPIlus plasmid DNA, lane 3), cv. ‘Red Sails’

pPGFP-GUSPIus line #1 (lane 4), and cv. ‘Red Sails’ pGFP-GUSPIus line #2 (lane 5).
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Figure 2.4 Representative images of T1 cv. ‘Kahu’ pGUSPIus and pGFP-GUSPIus (A), To
GUS staining (B) and To PCR confirmation (C). Representative plants of cv. ‘Kahu” WT
(left), cv. ‘Kahu’ pGUSPlus line #1 (center), and cv. ‘Kahu’ pGFP-GUSPIus line #1 (right)
positive for the transgene (A). Confirmation of transgene expression using histological GUS
staining of leaf discs (B), with WT (left), cv. ‘Kahu’ pGUSPIus line #1 (center) and cv ‘Kahu’
pGFP-GUSPIlus line #2 (right). PCR amplification of the GUSPIlus gene with primers GusPlus-F
and GusPlus-R (Table 4) spanning a 1 kb region of the GUSPlus cassette (C), with negative
control (water, lane 2), positive control (pGFP-GUSPIus plasmid DNA, lane 3), cv. ‘Kahu’

pGUSPIus line #1 (lane 4), and cv. ‘Kahu’ pGFP-GUSPIus line #2 (lane 5).
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A

LB RB
- - poly(A) Hyg® - 355 — NosT EGFP - 355 — 355 - GUSPlus NosT -~

B

LB RB
- - poly(A) Kan®R - 355 — 355 - GUSPlus @ NosT -~

Figure 2.5 Scheme of the plasmids used in the present study. (A) The pGFP-GUSPIus
plasmid containing 35S:HygR, 35S:EGFP, and 35S:GUSPIus. (B) The pGUSPIlus containing

35S:HygR and 35S:GUSPIlus. LB, left border; RB, right border.
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CHAPTER 3
GENE EDITING-ASSISTED GENERATION OF DELAYED BOLTING LETTUCE

(LACTUCA SATIVA L.) FOR HIGH TEMPERATURE CONDITIONS

Abstract

Lettuce (Lactuca sativa L.) is a popular crop for cultivation and consumption, with the farming
of lettuce increasing in popularity in recent years. With increased interest in this crop, growers
are expanding into new cultivation systems, including indoor controlled-environment cultivation
methods, such as greenhouses and vertical farms. Lettuce cultivation does not come without
challenges, however, as increasing global temperatures push demand for cultivars with improved
stress adaptations, and yield demands in indoor cultivation favor enhanced cultivation
temperatures, in spite of the threat of premature bolting. Bolting reduces quality and makes the
lettuce head unsalable, causing economic loss to growers. Thus, while climate change
necessitates the development of crops adapted to warmer temperatures for field cultivation, so
too can the breeding of crops for cultivation under new settings, such as controlled environments.
Towards this goal, the primary objective of this work was to knockout floral promotion genes in
lettuce to delay the onset of heat-induced bolting. CRISPR/Cas9 was utilized to target the
endogenous lettuce genes, LsFT, LsFLD and LsFCA for editing, with the goal of delaying bolting
in said warm environments. While bona fide editing of the target genes could not be confirmed,
this effort produced lines with marked delays in lettuce bolting when cultivated under increased

ambient temperatures, demonstrating its potential in future grower applications.
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INTRODUCTION
Lettuce (Lactuca sativa L.) is a diploid (2n = 2x = 18) species within the Asteraceae family
(Davey et al., 2007). Lettuce is a popular vegetable for production and consumption in the
United States and Europe, and production area of lettuce and chicory in the U.S. has averaged
over 100k ha since 1992, with yield per hectare steadily increasing (Davey et al., 2007; FAQ,
2024). Lettuce is cultivated in an optimal temperature range of 15 — 20 °C and early bolting is
induced at warmer temperatures (Ito et al., 1963; Hao et al., 2018). Bolting is the transition from
vegetative to reproductive growth and is characterized by elongation of the stem, prior to floral
bud differentiation (Hao et al., 2018). When bolting occurs, the lettuce head develops an
undesirable appearance, a bitter flavor, a reduction in nutrients, and an overall decline in quality
(Hao et al., 2018; Abbott, 2010). In lettuce production, being able to boost yield and predict
harvest cycles is key. Because bolted plants are unsaleable and cause economic losses to
growers, cultivar development to limit early bolting and lengthen the vegetative phase is a
primary breeding objective (Leijten et al., 2018; Hao et al., 2018; Davey et al, 2007). Currently,
controlled environment agricultural production utilizes cultivars developed for growth in the
varied environments of fields and gardens (Folta, 2019). The advent of genetic modification
technologies, like gene-editing offers a unique opportunity to tailor lettuce cultivars into those
ideally suited for the challenges of indoor cultivation, which often differ vastly from those of
outdoor cultivation (Folta, 2019). Thus, trait improvement via biotechnological means is a
compelling strategy to combat high temperature-induced bolting in lettuce (Fukuda et al., 2016).
The transition to flowering is a complex process brought on by an array of environmental
and endogenous signals. While several primary floral induction pathways have been defined in

Arabidopsis, the intersection of the genes of the autonomous and thermosensory pathways were
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of particular interest, considering the thermal induction of flowering observed in lettuce (Ito et
al., 1963; Hao et al., 2018). Studies have been performed to identify genes in lettuce and across
the Asteraceae, in the effort to investigate floral pathway preservation. Together, studies in
sunflower (Helianthus annuus L.), New Zealand daisy (Celmisia lyallii), chicory (Cichorium
intybus), chrysanthemum (Chrysanthemum sp.), Cynara cardunculus (cardoon), and lettuce
reveal high conservation of autonomous and thermosensory floral pathways, indicating that
studies in Arabidopsis can serve to inform gene function in species of the Asteraceae (Blackman
etal., 2011; Samarth et al, 2021; Locascio et al., 2009; Nakano et al., 2015; Won et al., 2021,
Puglia et al., 2015; Lavelle, 2009; Abbott, 2010).

FLOWERING LOCUS T (FT) is an active component of thermosensory flowering in
Arabidopsis. Under warm ambient temperatures the mobile FT protein is transported from leaves
to the shoot apex, to act in the promotion of flowering, while ft mutants are insensitive to
temperature (Samach et al., 2000; Susila et al., 2021; Liu et al., 2020a; Balasubramanian et al.,
2006). In lettuce, LSFT expression increases as plants cultivated under warm (35 °C)
temperatures transition to bolting (Fukuda et al., 2011), and LsFT expression is strongly induced
in early bolting lines (Rosental et al., 2021; Fukuda et al., 2016). Overexpression of LsFT in
Arabidopsis ft mutants complements the flowering phenotype, indicating its function is preserved
across species (Abbott, 2010; Chen et al., 2018b).

Homologs to AtFT have been identified across species of the Asteraceae as well. In
chicory, a parallel increase in CiFT expression was observed during heat-induced (38 °C) floral
initiation (Mathieu et al., 2020b), and in C. lyallii, significant upregulation of CIFT occurred
after plants were exposed to high temperatures (Samarth et al., 2021). In Chrysanthemum

seticuspe, the AtFT homolog CsFTL3 was downregulated in response to enhanced temperatures
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(30 °C), as warm temperatures repress floral induction in this species (Nakano et al., 2015). In
sunflower as well, the Arabidopsis FT homolog HaFT, was identified (Blackman et al., 2011).

Genes of the autonomous pathway promote flowering via repression of the potent floral
repressor, FLC. FLC represses downstream floral activators FT and SUPPRESSOR OF
OVEREXPRESSION OF CONSTANS 1 (SOC1) (He et al., 2003). Several main genes have been
identified acting in the autonomous pathway in Arabidopsis, including FLOWERING LOCUS D
(FLD), FLOWERING CONTROL LOCUS A (FCA), FLOWERING LOCUS PA (FPA),
FLOWERING LOCUS Y (FY), FLOWERING LOCUS VE (FVE), FLOWERING LOCUS K
(FLK), and LUMINIDEPENDENS (LD) (He et al., 2003), and autonomous pathway mutants are
late flowering regardless of the photoperiod (Lee et al., 1994). AtFLC homologs have been
identified in lettuce (Lavelle, 2009), cardoon (Puglia et al., 2015) sunflower (Blackman et al.,
2011; Badouin et al., 2017) Chrysanthemum nankingense (Won et al., 2021), and C. lyalli, and
increased expression of CIFLC-like was observed in vegetative plants (Samarth et al., 2021).

The RNA-binding protein, FLK, suppresses the splicing of functional FLC isoforms, and
reduces the stability of FLC transcripts (Lim et al., 2004; Amara et al., 2023). In C. lyallii, FLK
was strongly induced in plants prior to flowering (Samarth et al., 2021), and LsFLK is able to
rescue the late-flowering of Atflk mutants, indicating functional preservation (Abbott, 2010).
AtFLK homologs have also been identified in Chrysanthemum morifolium (Huang et al., 2021)
and sunflower (Blackman et al., 2011; Badouin et al., 2017).

FCA, FPA and FY promote the proximal polyadenylation of COOLAIR, the antisense
transcript of FLC, which enables subsequent deposition of repressive histone marks (Xu et al.,
2021; Marquardt et al., 2014; Wang et al., 2014; Fang et al., 2020; Henderson et al., 2005; Yu et
al., 2019; Simpson et al., 2003; Hornyik et al, 2010; Yuan et al., 2023). Homologs to AtFCA,
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AtFPA, and AtFY have been identified in lettuce (Lavelle, 2009; Abbott, 2010), sunflower
(Blackman et al., 2011; Badouin et al., 2017), and C. lyallii (Samarth et al., 2021), and an FCA
homolog has additionally been identified in chrysanthemum (Su et al., 2024).

Arabidopsis LD scaffolds other proteins in a an FLC repressor complex, enabling the
halting of active chromatin marks on FLC, and the subsequent deposition of repressive
H3K27me3 (Qi et al., 2022; Liu et al., 2010; Fang et al., 2020; Xu et al., 2008). Expression of
LsLD increases over the course of floral initiation, with greater increases observed in early-
bolting lines (Fukuda et al., 2016). C. lyallii LD was also strongly induced prior to flowering
(Samarth et al., 2021) and LD homologs have been identified in sunflower (Blackman et al.,
2011; Badouin et al., 2017), and C. morifolium (Su et al., 2024).

In Arabidopsis, the histone deacetylase FVE complexes with HISTONE
DEACETYLASE 6 (HDA®G) and the histone demethylase FLD in suppressive FLC deacetylation
(Ausin et al., 2004; Gu et al., 2011; Yu et al., 2016; He et al., 2003; Qi et al., 2022; Yu et al.,
2011). Expression of both LsFVE and LsFLD increases over the course of floral initiation, with
greater increases observed in early-bolting lines (Fukuda et al., 2016; Abbott, 2010). FVE, FLD
and HDAG have also been identified in sunflower (Blackman et al., 2011; Badouin et al., 2017),
and FVE in chrysanthemum (Samarth et al., 2019), with CIFLD and CIHDAG upregulation
observed after daisy plants were exposed to high temperatures, indicating their contribution to
the thermosensory induction of flowering (Samarth et al., 2021).

In addition to its autonomous suppression of the floral transition, FLC acts, and is acted
upon, in the thermosensory pathway, both directly and via autonomous pathway components.
Under warm temperatures, both FCA and FVE act in suppression of the thermosensory floral

repressor SVP (Li et al., 2008). Under cool temperatures, SVP complexes with FLC in the
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repression of flowering, via binding with TEMPRANILLO 1 (TEM1) (Mateos et al., 2015), with
TEML1 directly repressing FT (Marin-Gonzalez et al., 2015). In Chrysanthemum, CmSVP binds
and represses CmFT in a temperature-dependent manner (Cheng et al., 2018), and CmSVP delays
flowering upon overexpression in Arabidopsis (Gao et al., 2017; Zhang et al., 2023). Heat
treatment (35 °C) induces flowering in chicory (Mathieu et al., 2014), and reduces FLC-LIKE1
(CiFL1) expression (Mathieu et al., 2020a). CiFL1 also complements flc mutants when
expressed in Arabidopsis (Locascio et al., 2009; Périlleux et al., 2013). LsFLC expression is also
downregulated in lettuce plants subjected to high temperature (33 °C) treatment, leading to
bolting (Hao et al., 2022). SVP homologs have also been identified in sunflower (Blackman et
al., 2011; Badouin et al., 2017), and C. nankingense (Won et al., 2021), and these works further
indicate conservation of the thermosensory flowering pathway in Asteraceae.

The body of knowledge of Asteraceae floral pathways is ever-expanding, but evidence
indicates that flowering pathways are maintained between Asteraceae and Arabidopsis (Gao et
al., 2017; Samarth et al., 2021, Huang et al., 2021; Abbott, 2010; Hao et al., 2022; Fukuda et al.,
2016). This work was conducted to explore whether CRISPR/Cas9-mediated knockout of LSFT,
LsFCA, and LsFLD could prevent heat-induced lettuce bolting.

Prior work has been performed in the pursuit of late-bolting lettuce lines. In a grand
effort, EMS mutagenized cultivars ‘Larissa’ and ‘Saladin’, Tntl-transformed ‘Jessy’, and wild
lettuce accessions from L. serriola, L. saligna, and L. virosa were screened for late-bolting. Late-
bolting lines were identified in the mutagenized ‘Larissa’, ‘Saladin’, and ‘Jessy’ cultivars, but
none of the genes at play could be confirmed (Abbott, 2010). The auxin response factor LSARF3
observed to directly activate LsCO, was targeted for gene knockout and, and homozygous

knockout plants were observed to bolt as much as 20 days later than WT in the early bolting
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cultivar ‘GB-30" (Li et al., 2022). SQUAMOSA PROTEIN BINDING PROTEIN LIKE 13
(LsSPL13), as well, has been a target of CRISPR/Cas9-mediated knockout. This effort led to
delayed flowering in the ‘Grand Rapids’ cultivar by up to ~15 days (Beracochea et al., 2023). In
Arabidopsis, SPL13 is a FT activator (Han et al., 2010; Kim et al., 2012). When LsSOC1 was
subjected to knockdown by RNAI in the heat-sensitive cultivar ‘S39°, bolting was delayed by an
average of 14 days, and heat insensitivity at high temperatures (35 °C) was observed in
transformed lines (Chen et al., 2018a). In subsequent work, LsSOC1 was targeted for
CRISPR/Cas9-mediated gene editing and a single base insertion led to a delay in flowering of 5

days when T1 mutants were screened under prevailing outdoor conditions (Choi et al., 2022).

Results

CRISPR guide selection and vector construction

Two sgRNAs per gene were designed to target exons in LsFT, LsFCA, and LsFLD (Figure 1).
The LsFT sgRNAs LsFT1 and LsFT2 target sequences in the first and fourth exons of LsFT,
respectively. The LsFCA sgRNAs, LsFCAL and LsFCAZ2 target sequences in the first exon and
the LsFLD sgRNAs, LsFLD1 and LsFLD2 also target sequences in the first exon. The sgRNAs
for each gene were cloned individually under the control of the Arabidopsis AtU6 promoter into
the pMDC plasmid containing 35S:GFP, 35S:Cas9, and 35S:HygR cassettes in the T-DNA. The
resulting pMDC destination plasmids were named pLsFT1, pLsFT2, pLsFCAL, pLsFCA2,
pLsFLD1, and pLsFLD2 and each contained a single sgRNA. The sgRNAs for each gene were
cloned under the control of the rice (Oryza sativa) OsU3 promoter and multiplexed in the

pPRGEB31m plasmid containing 35S:Cas9 and 35S:HygR in the T-DNA (Figure 1). The resultant
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pPRGEB31 destination plasmids were named pLsFTm, pLsFCAm, and pLsFLDm, each

containing two sgRNAs targeting a single gene.

Generation of transgenic lettuce lines

The destination plasmids pLsFT1 and pLsFT2, each containing a single SgRNA, were
transformed individually into the lettuce cultivars ‘Red Sails’, ‘Kahu’, and ‘Royal Oak Leaf’,
using an optimized lettuce transformation protocol (see Chapter 2). An array of success was
observed in plant regeneration after transformation, based upon cultivar, construct, and
transformation attempt (Table 1). As an example, the three transformation attempts in the ‘Red
Sails’ cultivar with the pLsFT1 plasmid yielded 425, 85, and 318 Ty lines, respectively, while
transformation attempts with the pLsFT2 plasmid yielded 47, 252, and O To lines, respectively. A
total of 828 and 299 Ty lines were obtained in ‘Red Sails’ for pLSFT1 and pLsFT2, respectively
(Table 1). Considerably less success was observed in the regeneration of To plants from the
‘Kahu’ and ‘Royal Oak Leaf” cultivars. The three transformation attempts of ‘Kahu’ with
pLsFT1 yielded 94 Ty lines, while those with pLsFT2 generated 80 To lines in total (Table 1).
‘Royal Oak Leaf’, however, yielded a mere 14 total transformants (6 for pLsFT1 and 8 for
pLsFT2) (Table 1).

Due to the success observed with the ‘Red Sails’ cultivar in the transformation efforts
with pLsFT1 and pLsFT2, ‘Red Sails’ alone was utilized in successive transformations (three
replicates/plasmid). More consistent results were obtained in transformation with the destination
plasmids pLsFCAL, pLsFCA2, pLsFLD1, and pLSFLD?2 into ‘Red Sails’. As shown in Table 1,

152 To lines were regenerated from the pLsFCAL transformation, and 97 To lines were obtained
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from the pLsFCAZ2 transformations. As well, the pLsFLD1 transformations resulted in 70 To
lines, while the pLsFLD2 transformations resulted in 130 T lines total.

In ‘Red Sails’, utilizing the multiplex destination plasmids pLsFTm, pLsFCAm, and
pLsFLDm, each containing two sgRNAS targeting one gene, transformations with pLsFLDm
were most successful, yielding 303 To lines, while transformations with pLsFTm and pLsFCAm
yielded 127 and 119 Ty lines, respectively (Table 1). Results of this nature indicate the
importance of replicated transformations to ensure successful generation of transgenic plants and

the importance of using an optimized transformation protocol for the cultivar of interest.

Mutant phenotypic screening under high temperature conditions

After harvesting T1 seed from To plants, a random selection of T lines were grown under high
temperature (30.38 = 1.92 °C) controlled-environment conditions to identify the lines exhibiting
delayed bolting. Here, bolting was defined as stem length reaching 8 cm or greater (Hao et al.,
2018; Ito et al., 1963), while delayed bolting was defined as a time period of greater than 7 days
elapsing in the observance of bolting in a line when compared to the wild type (WT) of the same
cultivar. As shown in Table 1, 27, 18 and 1 T lines were screened from the pLsFT1-transformed
‘Red Sails’, ‘Kahu’ and ‘Royal Oak Leaf” cultivars, respectively, while 17, 16, and 1 T lines
were screened for pLsFT2 in the same cultivars. While as low as 11.1% (pLsFT1) and 25.0%
(pLsFT2) of T1 in ‘Kahu’ lines yielded plants with a delayed-bolting phenotype, moderate
success was achieved in ‘Red Sails,” with 40.7% (pLsFT1) and 35.3% (pLsFT2) of T1 lines
producing at least one plant with a delayed-bolting phenotype. All lines tested in ‘Royal Oak
Leaf” produced plants with a delayed-bolting phenotype as compared to WT, although only one
line was phenotyped per construct (Table 1). A difference in the percentage of Ty lines
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exhibiting a delayed-bolting phenotype was observed between pLsFCA1 and pFCA2 (26.7% vs.
50.0%), as well as pLsFLD1 and pLsFLD2 lines (57.1% vs. 37.5%) as well (Table 1).

Phenotyping of Tz lines arising from the multiplex plasmids pLsFTm and pLsFCAm in
‘Red Sails’ resulted in the emergence of the delayed-bolting phenotype in 62.5% and 57.1% of
T1 lines, respectively (Table 1). Both numbers were slightly higher than that of their respective
single sgRNA plasmids. In screening of pLsFLDm T lines, 41.2% produced at least one plant
with a delayed-bolting phenotype, which was comparable to the single sgRNA plasmid T1’s
(Table 1).

T1 plants with a delayed bolting phenotype were maintained to collect T seeds for further
screening. Depending on timing of T1 seed maturation, T lines were screened in either a
modified shipping container (vertical farm) under the same aforementioned conditions, or were
planted into potting soil in a greenhouse with similar ambient temperature (28.41 + 3.54 °C).
Photoperiod was the primary difference in the growing conditions between the vertical farm and
greenhouse controlled-environments. As the greenhouse utilized natural lighting, plants were
subject to the prevailing photoperiod during the trial (~10 to ~14.5 hours), in addition to the
increased ratio of far-red (FR) light that comes with exposure to a sunlight spectrum. Natural
sunlight has approximately 19% FR (Zhen and Bugbee, 2020), depending on location, whereas
the highest percentage of FR utilized in the affixed LED in the vertical farm was 5%.

All told, delays in bolting were observed across all cultivars and constructs, several with
quite lengthy delays in bolting, maintaining the phenotype into subsequent generations. In
screening of pLsFTm plants, 120 of the 1,121 screened plants were delayed in bolting (>7 days
later than WT), and had an average delay of 20.2 + 11.6 days, with the greatest delay being 77

days. In the ‘Red Sails’ cultivar, the pLsFT1 lines produced 32 individual plants delayed in
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bolting (of 1324 screened), with an average delay of 14.7 + 6.3 days, with 33 days being the
greatest delay observed. With the same cultivar, the pLsFT2 lines produced 100 individual plants
delayed in bolting (of 1018 screened), with the largest observed delay of 43 days, and an average
delay of 17.6 + 6.6 days. The ‘Kahu’ cultivar produced 80 delayed-bolting plants (of 1155
screened) from the pLsFT1-transformed lines, with an average delay of 21.4 + 6.8 days. In the
same cultivar, the pLsFT2 lines yielded a mere 8 plants delayed in bolting (of 1035 screened),
with an average delay of 14.8 + 5.6 days. While in the screening of ‘Royal Oak Leaf’, only one
line per construct was screened, each line yielded plants with a delayed-bolting phenotype and
the greatest delay in bolting observed was 33 days in the pLsFT2 line, with a 25-day delay
observed in the pLsFT1 line. While the delayed phenotype of the pLsFT1 lines did not carry into
the T2 generation, candidates were obtained in the pLsFT2 line, with plants delayed in bolting by
16 and 33 days, as compared to WT.

Delays were observed in the bolting of LsFCA knockout lines as well. In ‘Red Sails’, the
pLsFCAm lines produced a total of 47 individual plants (of 659 screened) delayed in bolting,
with an average delay of 16.5 + 4.7 days observed, and a largest delay of 47 days. The pLsFCA2
lines yielded 85 plants with a delayed bolting phenotype (of 613 screened), with an average
observed delay of 18.9 + 13.7 days, and the lengthiest delay being 69 days. Somewhat reduced
success was observed in the screening of pLSFCAL lines, with the longest delay observed amid a
total of 19 late-bolting plants (of 479 screened) having been 30 days, and the average delay
having been 15.7 + 5.6 days.

In lines where LsFLD was targeted for knockout, delayed bolting under heat treatment
was also observed. The pLsFLDm lines produced a total of 78 delayed-bolting plants (of 655

screened), with a lengthiest delay of 38 days. The average delay observed was 15.9 + 3.7 days.
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Similarly, the greatest delay observed among the 65 delayed-bolting plants (of 633 screened) in
the screened pLsFLDL1 lines was 33 days, while the average delay was 13.9 + 4.3 days. Shorter
bolting delays were observed with the pLsFLD2 lines, with a lengthiest delay of just 22 days,
and an average of delay of just 12.8 + 3.9 days, among the 20 total delayed plants (of 511
screened). Overall, the average delay observed among all delayed plants was 17.6 + 8.9 days.
Tracing of phenotype segregation revealed that while a few lines, like pLsFLDm #106
and pLsFLD1 #18, did exhibit the expected Mendelian segregation ratio of 1:2:1, most did not
(Table 2). Instead, most ratios favored the WT phenotype, with a spectrum of shorter bolting
delays and few plants exhibiting strong bolting delays, as with pLsFLD2 #15, pLsFT1 #286, and
pLsFCA1 #5. When a majority of delayed bolting was observed in a line (‘Red Sails’ pLsFTm
#6 and ‘Kahu’ pLsFT1 #51), as would be expected in a homozygous edit, dwarfism was also
observed, likely confounding the maturity measurement. Several of the T lines maintaining a
delayed-bolting phenotype (Table 1), were subject to genotyping in order to confirm whether
gene-editing had taken place. When time allowed, a third generation was also screened under

high-temperature treatment, and Tz candidates were included for genotyping.

Genotyping of delayed-bolting candidates

All told, phenotype screening resulted in 235 T2 plants and 124 T3 plants delayed in bolting.
Approximately one-third of these individuals (123), encompassing the majority of lines
exhibiting a phenotype, were subject to Sanger sequencing of target amplicons with DNA
amplified from leaf punches. As no sequences revealed homozygous edits, sequencing
chromatograms were decoded by the Tracking of Indels by Decomposition (TIDE) program to
estimate the frequency of indels in the cell population (Table 3; Brinkman et al., 2014; Pan et al.,
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2022; Zhang et al., 2020). A selection of plants representing all constructs, predicted by TIDE to
have undergone editing in the target region (‘Red Sails’ pLsFT1 #268, pLsFT2 #82, pLsFCA1
#5, pLSFCA2 #72, pLsFLD1 #18, pLsFLD2 #15, pLsFTm #6, pFCAm #93, pFCAm #116,
pFLDm #106, ‘Kahu pLsFT1 #51, and ‘Royal Oak Leaf” pLsFT2 #5; Figures 3; 4) were then
subject pPCR™8/GW/TOPO cloning of PCR amplicons, with successive sequencing of individual
resultant colonies, as well as deep amplicon sequencing. While SNPs were revealed in the
sequencing of target regions, the frequency was low for each tested line. For example, in
pLsFCA1 #5, a T, late in bolting by 30 days, 20% of pCR™8/GW/TOPO of colonies sequenced
revealed a 1 bp deletion in the 15" base from the PAM in the LsFCA1 sgRNA target. Deep
amplicon sequencing of pLsFCA1 #5 revealed, however, that only 27.6% of aligned reads were
modified, with the most common read (30.9% of edited reads) being a 3 bp deletion occurring 9
bases from the PAM. An array of other mutations in the target region were presenting as well,
including deletions further from the PAM and base insertions nearer to it. Similarly, in
pLsFCAm #93, a T late in bolting by 20 days, 5% of pCR™8/GW/TOPO colonies revealed a 1
bp deletion in the 14™ base from the PAM in the LsFCA1 sgRNA target, and while, 33.9% of
aligned reads were modified, the most common edit (7.8% of edited reads) was also a 3 bp
deletion occurring 9 bases from the PAM. An array of other edits were presenting here as well,
including a single base deletion in the same position and deletions downstream of the sgRNA
target. The presence of multiple, differing low-frequency reads among all samples are indicative
of chimerism (Bertier et al., 2018; Nguyen et al., 2021). Unfortunately, no editing frequencies, as
revealed by pCR™8/GW/TOPO or deep amplicon sequencing, approached the expected
Mendelian ratios indicative of heterozygous or homozygous edits, disallowing certainty as to

whether or not editing had indeed occurred in any of the tested lines. Thus, while many plants
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were delayed in bolting and thus possessing the desired phenotype, this work is unable to
conclude that this phenotype was arrived at via bona fide gene-editing, and not a result of T-
DNA insertional mutations, off-target editing, PCR error, or environmental stress that may have
led to presentation of the phenotype. It is possible, however, that further work in seeking out
DNA edits in the remaining lines, or additional screening would reveal lines possessing both the

desired phenotype and genotype.

Discussion

This study sought to delay the heat-induced bolting of lettuce via CRISPR/Cas9-mediated gene
editing of the flowering pathway genes LsFT, LsFCA and LsFLD. While a delay in bolting was
achieved for all gene targets, unfortunately, it could not be determined whether bona fide editing
had occurred in tested lines. Thus, while this work serves to indicate that delaying heat-induced
bolting of lettuce is indeed achievable, and appreciable delays in bolting and subsequent
flowering can be achieved, non-Mendelian segregation of the delayed bolting phenotype along
with lack of legitimate evidence of gene-editing, indicate that further work would need to take
place in order to apply these efforts towards the goal of generating a lettuce line cultivatable

under increased ambient temperatures while retaining quality.

The light and thermal component to flowering response in LSFT-, LsFLD- and LsFCA-
targeted lines

Lettuce is a quantitative long day plant (Waycott, 1995). Contrary to previous assertions that
high temperature alone is not sufficient to induce bolting and a long-day photoperiod is required

(Waycott, 1995), plants under high temperature in this treatment were observed to bolt readily
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even under a short-day photoperiod. In Arabidopsis as well, while flowering is more accelerated
in long photoperiods than in short, cultivation of Arabidopsis under warm temperatures (27 °C)
bypasses the long-day requirement by direct promotion of AtCO and successive promotion of
AtFT. Thus, under warm temperatures, full acceleration of flowering requires the action of
functional FT (Ferndndez et al., 2016), and as AtCO cannot promote AtSOC1 in the absence of
AtFT expression, floral promotion is delayed (Yoo et al., 2005). In the current study, T2 lines
were assayed for late-bolting under the prevailing photoperiod (~10 — 14.5) hours, with the
consistent presence of high temperatures. In Arabidopsis, flowering time in warm ambient
conditions (27 °C) under short days is approximately equivalent to that observed under cooler
ambient conditions (21 - 23 °C) under a long day photoperiod (Fernandez et al., 2016;
Balasubramanian et al., 2006), indicating how an increase in ambient temperature is equally as
potent at triggering flowering, as prolonging the photoperiod. These works also serve to indicate
how the thermosensory induction of flowering at least partially occurs through FT, and thus
indicates how knockout of FT can be a tool to delay thermally-induced flowering. A strategic
effort to identify the most important residues in AtFT determined that FT is quite robust to an
array of mutations, even those occurring in conserved regions (Ho and Weigel, 2014). This may
indicate why a limited number of late-bolting lines were recovered when LsFT was targeted for
knockout, as even though edits may have occurred, there may not have been a concurrent
reduction in LsFT expression leading to the late bolting phenotype.

Flowering is promoted by FT via the photoperiod pathway, and Arabidopsis mutants of ft
are less sensitive to the light environment, but still retain a response and flower earlier under far-
red-enriched light (Bagnall, 1993). In WT as well, variation in flowering time across Arabidopsis

accessions has been attributed to variation in AtFT alleles, and ecotypes with a reduced response
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to FR show reduced AtFT expression (Schwartz et al., 2017). The Bla-6 ecotype exhibits reduced
sensitivity to FR light, due to the presence of a weak AtFY allele, leading to increased AtFLC
expression, and concurrently, reduced AtFT expression (Adams et al., 2009). This indicates that
enhanced FLC expression, due to knock-down/knockout of autonomous pathway genes can
successfully suppress FT, in spite of the FR-induced expression of FT. Indeed, the repression of
FLC via COOLAIR has been demonstrated as a biological safeguard in case of the loss of FT
function (Luo et al., 2019). In the current study, lines generated from plasmids targeting LsSFT
bolted significantly earlier (15.0 + 10.4 days; one-way ANOVA, o = 0.05) under sunlight than
under any of the LED light spectra, indicating that these lines retained sensitivity to the enhanced
FR (~19%) in the natural light environment (Zhen and Bugbee, 2020; Meng et al., 2019). The
observation of bolting in all tested light qualities, however, including those that did not contain
far-red, is indicative of the influence of the autonomous and temperature-mediated floral
pathways in inducing bolting in lettuce.

The FT gene has been targeted for gene-knockout by CRISPR/Cas9 to modulate
flowering time in an array of species, including Arabidopsis, soybean, sorghum and tomato
(Kishchenko et al., 2020). Downregulation of lettuce FT by RNA. in the bolting-sensitive line
‘S39’ led to a delay in bolting of 7 to 37 days, with a correlative decrease in LSFT expression of
29 — 56% when cultivated at 25 °C (Chen et al., 2018b). A similar time to bolting was observed
in knockdown lines treated with heat (37 °C) (Chen et al., 2018b). The study by Chen and
coworkers indicated that a similar delay in bolting may be observed in LsFT knockout lines, and
motivated this exploration in the current study (Chen et al., 2018b). Indeed, under heat treatment,

delays in bolting of up to 77 days were observed in screened lines derived from LsFT knockout
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plasmids, with an average delay observed across LsSFT constructs in ‘Red Sails, ‘Kahu’ and
‘Royal Oak leaf” cultivars of 18.4 £9.9, 20.8 + 8.8, and 14.4 £ 6.5 days, respectively.

In addition to its role in shade avoidance, it is known that Arabidopsis flowers more
rapidly under FR-enriched light (Halliday et al., 2003). While they remain delayed in flowering,
autonomous pathway mutants do respond to high a FR light environment, as they remain
photoperiod-responsive (Bagnall, 1993). While mutants of Atfca show profound delays in
flowering under red light (Mockler et al., 1999), the introduction of FR to the light environment
hastens flowering, though plants are still delayed as compared to WT (Sanda and Amasino,
1996a; Bagnall, 1993; Halliday et al., 1994). Similarly, Atfld mutants flower considerably sooner
when the R:FR ratio shifts from 4.6 to 0.8, but remain delayed as compared to WT (Sanda and
Amasino, 1996b). Green light also contributes to hastening flowering in Arabidopsis, and has
been observed to promote the shade avoidance response in lettuce (Meng and Runkle, 2019;
Meng et al., 2019). Thus, contrary to expectations, in lettuce lines transformed with plasmids
targeting both LsFCA and LsFLD, plants under the 15B:38G:47R spectral combination bolted
significantly later (21.7 £ 11.4 and 17.2 + 9.4 days, respectively (one-way ANOVA, a = 0.05))
than those under the 16B:15G:69R spectrum (16.2 + 4.6 and 13.9 + 4.8 days, respectively), while
there was no significant difference in bolting time across the other spectral treatments. Wild type
plants, however, showed the expected phenotype, exhibiting greater stem elongation under the
38% green light combination (13.9 £ 6.9 cm), and less elongation under 15% green light (11.5 £
4.8 cm) (Hernandez and Spalholz, 2019).

While studies have not examined the delay in flowering brought on by FLD lesions in
lettuce to date, research on the phenotypes of mutant fld lines in Arabidopsis are plentiful.

Mutants of fld show hyperacetylation at FLC histones H3/H4, and increased H3K4 dimethylation
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and trimethylation (Yu et al., 2011; He et al., 2003; Liu et al., 2007), leading to increased
expression of FLC and delayed flowering (He et al., 2003). Atfld mutants are insensitive to
temperature as well, and acceleration of flowering is not observed at increased ambient
temperatures (27 °C vs. 23 °C) (He et al., 2003; Balasubramanian et al., 2006). In the current
study, the average delay across all lines derived from LsFLD knockout constructs was 15.0 £ 6.2
days. Although this study only observed plants under high ambient temperatures, it would be
interesting to study the potential flowering delay under cooler ambient temperatures as well.

Lesions in fca also lead to temperature insensitivity (Balasubramanian et al., 2006).
Studies conducted across temperatures 15 — 27 °C, indicate that flowering is not accelerated in
Atfca-1 mutants under heightened temperatures, while flowering is accelerated in Ler WT
(Balasubramanian et al., 2006; Blazquez et al., 2003; Wendell et al., 2017). A photoperiod
response is maintained, however in mutants of fca, with long days accelerating the transition to
flowering (Macknight et al., 2002; Henderson et al., 2005; Fujiwara et al., 2010). In the current
study, under long day conditions, the lines transformed with plasmids targeting LsFCA bolted an
average of 17.0 £ 8.8 days later than WT (32.4 + 6.7 days), while those cultivated under SD
photoperiods bolted an average of 21.5 + 10.5 days later than WT (35.5 + 5.4 days), with both
WT and LsFCA lines showing a significant difference between photoperiods (one-way ANOVA
a = 0.05), indicating that photoperiod, rather than ambient temperature, may have contributed
predominantly to bolting response in LsFCA-targeted lines.

When lettuce plants of the butterhead ‘Wayahead’ lettuce cultivar were treated with high
ambient temperatures (23 °C - 30 °C), as compared to cool ambient temperatures (17 °C), bolting
occurred approximately 35 - 15 days, respectively, after the initiation of the treatment (Ito et al.,

1963). At 23 °C, the iceberg cultivar ‘New York’, bolted in 15 days, while the romaine cultivar
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‘Paris Market’ took 50 days at the same temperature (Ito et al., 1963). In a study of iceberg
cultivars ‘Capitata’ and ‘Saladin Supreme’, a clear correlation was also observed between stem
length and cultivation temperature, and prolonged time at increased temperatures (25 °C vs. 13
°C) led to bolting induction (Al-Said et al., 2018). In the current study, bolting of WT plants took
23.8 £ 2.3 days in the romaine ‘Kahu’, 30.8 = 5.7 in the leaf cultivar ‘Red Sails’, and 33.8 £ 1.0
days in the leaf cultivar ‘Royal Oak Leaf” when cultivated under high temperature conditions
(Van de Wiel et al., 1998; Xinrun and Conner, 1992; Ampomah-Dwamena et al., 1997).
Together, these works indicate that different genotypes of lettuce have differing sensitivities to

cultivation temperature and differing rates at which flowering is induced.

Past efforts in delaying lettuce bolting and gene-editing studies across species inform the
current work

CRISPR/Cas-9 works by making site-directed double-stranded cuts in genomic DNA (Burner et
al., 2022). When the cuts are repaired by error-prone endogenous DNA-repair mechanisms like
Non-Homologous End-Joining (NHEJ), insertions, deletions and substitutions are made in the
DNA sequence. Typical mutations occurring via CRISPR/Cas9 occur at the position three
nucleotides upstream of the PAM, although mutations occurring from bases 1 to 5 from the PAM
have also been observed (Burner et al., 2022; Pan et al., 2016; Biswas et al., 2020; Yang et al.,
2017). Mutations often present as single base insertions, deletions, or base transitions (Burner et
al., 2022). CRISPR/Cas-9 mediated gene editing in lettuce has been gaining popularity in recent
years, with several efforts published towards optimization of the technology (Woo et al., 2015;

Bertier et al., 2018).
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In the initial gene-editing effort in lettuce, protoplasts of ‘Cheongchima’ were transfected
with purified Cas9 and sgRNA to target BRASSINOSTEROID INSENSITIVE 2 (LsBIN2). In this
work, 5.7% of tested calli had monoallelic mutations, 40% had biallelic mutations, and the To
and T plants regenerated from biallelic homozygous mutants were determined to be carrying the
mutation (Woo et al., 2015). In a subsequent work, 9-cis-EPOXYCAROTENOID
DIOXYGENASE 4 (LsNCED4) was targeted for editing (Bertier et al., 2018). This effort sought
to prevent thermoinhibition in germination by knockout of LsNCED4, and enabled study of the
heritability of CRISPR/Cas9-induced mutations. While nearly half of recovered T1’s had editing
events (46%) at the target, a quarter (22%) were mono-allelic, and only ~7% of recovered T1’s
had bi-allelic editing events. The remaining events were determined to be chimeric ‘late-events’
with an array of alleles presenting (Bertier et al., 2018). Chimerism in gene-editing is defined as
having two or more mutation-types, in addition to WT sequence, present at the target site (Feng
etal., 2014; Pan et al., 2016). In a work by the same group, a leaf variegation gene, LsVAR2, was
targeted for CRISPR/Cas9-mediated gene editing (Nguyen et al., 2021). In this effort, 40% of
T1’s also contained an array of mutations in the target gene, and the array of variegation
phenotypes presenting correlated with the array of mutations observed. While two of the 10
edited lines produced homozygous edits, and thus clean sequencing chromatograms, the
remaining eight lines exhibited noise in the sequencing chromatograms, indicating heterogenous
mutations were present. Similar to the work of Bertier and coworkers, de novo late events due to
continued expression of Cas9 were theorized to be contributing to the phenotypic and genotypic
chimerism in Ty plants, with a differing range of edits detected in sequenced regions even across
the same leaf (Nguyen et al., 2021; Bertier et al., 2018). Chimeric edits have also been reported

in CRISPR/Cas9-mediated gene editing efforts in rice (Jang et al., 2016; Ishizaki, 2016), tomato
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(Pan et al., 2016; Zhang et al., 2020; Debbarma et al., 2023), Arabidopsis (Feng et al., 2014; Ma
et al., 2015), soybean (Michno et al., 2020), citrus (Peng et al., 2017; Song et al., 2023),
grapevine (Yu et al., 2024), poinsettia (Nitarska et al., 2021), Brassica (Yang et al., 2017; Xiong
et al., 2019), cotton (Janga et al., 2017), and tobacco (Song et al., 2022a), indicating that
observations in lettuce are not isolated. In the current study, as well, it became challenging to
identify edits via Sanger sequencing by visually examining sequencing chromatograms (Yang et
al., 2017). As such, the TIDE program was utilized to decode chromatograms and a selection of
plants with a high likelihood of possessing edits (Table 3) were subject to pPCR™8/GW/TOPO
cloning (Brinkman et al., 2014; Pan et al., 2022; Zhang et al., 2020). In sequencing of individual
amplicons, an array of alleles presented across target regions, indicating that the tested lines were
also chimeric (Bertier et al., 2018; Nguyen et al., 2021). In grapevine and poinsettia as well, an
array of edits were observed across the target region in sequencing of cloned amplicons, in
addition to WT sequence (Yu et al., 2024; Nitarska et al., 2021).

Non-mendelian segregation of the delayed-bolting phenotype was predominantly
observed in this study (Table 2). Non-mendelian segregation has commonly been observed in
lines edited by CRISPR/Cas9 when somatic editing has taken place (Michno et al., 2020; Feng et
al., 2014; Pan et al., 2016; Xu et al., 2015; Gao et al., 2016) and/or when the Cas9 remains active
in subsequent generations (Feng et al., 2014; Pan et al., 2016; Xu et al., 2015; Ishizaki, 2016;
Song et al., 2022b; Yang et al., 2017), and chimerism often coincides with somatic editing (Pan
etal., 2016; Feng et al., 2014). When somatic editing does not result in germline transmission,
stable transmission of edits does not reliably occur, leading to the non-Mendelian segregation of
editing genotypes (Gao et al., 2016; Song et al., 2022b). Coupled with continued expression of

Cas9, generating new, potentially different, somatic edits across generations (Ishizaki, 2016;
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Song et al., 2022b), it soon becomes difficult to track the presence of induced mutations. Thus,
the chimerism of different low-frequency mutations, along with the observed non-Mendelian
segregation across generations indicates that if editing has indeed occurred in the current work,
the edits are thus likely somatic, and germline transmission has not occurred in the tested lines.
Germline transmission of chimeric edits has been observed to occur from T to T3 generations in
Arabidopsis, however, indicating that further study of these lines may yet produce homozygous
edits (Feng et al., 2014).

Interestingly, phenotypic changes have been brought about in lines where chimeric edits
were observed. In Arabidopsis, delayed bolting was observed across genotypes, including
chimeras, when AtFT was subject to knockout (Hyun et al., 2015). In rice, chimeric edits of SD1
led to the dwarf stature sought by researchers (Biswas et al., 2020). In orange, chimeric edits of
CsLOB1 achieved the goal of citrus canker resistance (Peng et al., 2017), and in grapevine, lines
with chimeric edits to VVEDR1 developed powdery mildew resistance superior to that of
homozygous edited lines, whose severe hypersensitive response served to kill the plant (Yu et
al., 2024). Chimerism in editing the flavonoid gene F3’H led to orange mottling amid red tissues
in poinsettia bracts (Nitarska et al., 2021), and the aforementioned chimerism in LsVAR2 edits
led to an array of variegation patterns across lettuce leaves (Nguyen et al., 2021). In the current
study, delayed bolting phenotypes were repeatedly documented for every tested construct,
indicating the possibility that chimeric somatic edits of target genes were indeed contributing
towards the phenotype.

Research has been conducted in recent years towards improving gene-editing efficiency
in lettuce. In one study, where AtU6-26 was used to drive the sSgRNA targeting LSARF3, 25%

homozygous edits were achieved in Ty (Li et al., 2022) In a subsequent study, using an
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endogenous U6 promoter (LsU6-10) to drive the SgRNA targeting LsPHOT2 was observed to be
more effective (73% efficiency) in gene-editing than AtU6-26 (48% efficiency) (Riu et al.,
2023). When Cas9 was driven by the parsley ubiquitin promoter (PcUbi), homozygous edits
were derived in the T» generation (Bertier et al., 2018). To further boost editing efficiency in
lettuce, Pan and coworkers (2022) used an intron-enhanced 35S promoter ahead of a Cas9-
SsgRNA linked transcript, as well as co-expression of the developmental regulator GROWTH
REGULATING FACTOR 5 (GRF5). This effort increased editing efficiency from 14 - 28% to 54
- 81% and improved the rate of homozygous and biallelic edits in the To generation (Pan et al.,
2022). In the current work, two differing base plasmids were utilized, with the sgRNA under the
control of either AtU6 (pMDC) or OsU3 (pPRGEB31m) (Figure 2). While the rice polymerase Il
promoter (OsU3) driving the sgRNA in pRGE3-based plasmids is designed to be utilized in
monocot transformation (Xie and Yang, 2013), gene-editing success has been observed when
this plasmid was used for examining HDR efficiency in Populus trichocarpa (Movahedi et al.,
2022), and knockout of A622 genes and the alkaloid synthetic gene QPT2 in Nicotiana tabacum
(Burner et al., 2022; Smith et al., 2022). Thus, while researchers are eager to perform gene
knockout in L. sativa, there remains room for progress in editing efficiency, as was discovered in
the current study, and future efforts would do well to consider methods that have brought success

in lettuce gene-editing.

Materials and Methods
Plant materials and growth conditions

Seeds of the ‘Red Sails’ cultivar were obtained from Johnny’s selected seeds and seeds of ‘Royal

Oak Leaf” (PI 595576), and ‘Kahu’ (P1251501) were obtained from USDA-ARS-GRIN. Seeds

108



were incubated at 23 + 2 °C under a 16 h photoperiod (18 umol - m? - st) for 6-7 days until

transformation procedures took place (Dong et al., 2014).

gRNA design

Two sgRNA target sites in each of the LsFT, LsFCA and LsFLD genes were designed through
the following steps (Figure 1). The amino acid sequence of each respective gene was retrieved
from NCBI (ncbi.nlm.nih.gov; Reyes-Chin-Wo et al., 2017) and blasted to the current L. sativa
annotation (v8) in Phytozome (phytozome-next.jgi.doe.gov/). Matching amino acid and cDNA
sequences were retrieved and aligned to each target gene amino acid and cDNA sequence
utilizing ClustalX software (clustal.org/). Alignments were manually adjusted to identify
locations in each gene with minimal hits to other regions in the genome. Genomic sequences
were then plugged into CRISPOR (crispor.tefor.net/) and compared against the L. sativa genome
(NCBI GCA _002870075.2 (Lsat_Salinas_v7)) to identify sequences with proximal NGG PAMs
and high specificity. The resulting potential guides were compared against the manual
alignments to select guides with a minimal risk of off-target editing. Oligos with sticky ends to
anneal to restriction sites for Bsal in the pPRGEB31 plasmid and Bael in the pSK35S-AtU6-ccdB-
gRNA plasmid (Liu et al., 2020b) were synthesized by Integrated DNA Technologies, Inc.
(Coralville, 1A, USA). Oligos were dimerized in a thermocycler by an initial linearization step

(94 °C, 10 min), followed by annealing (25 °C, 60 min).

Plasmid cloning
Each sgRNA was individually cloned into the pMDC plasmid to generate six destination

plasmids for the three target genes, according to the following steps. pSK35S-AtU6-CsCLG-
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18gRNA and pSKPvU6-2.1p-gRNA-ccdB were first digested with Spel and HindllI to extract
ccdB-gRNA from pSKPvU6-2.1p-gRNA-ccdB and ligate it into pSK-35S-AtU6-CsCLG-
18gRNA. The resulting plasmid was named pSK35S-AtU6-ccdB-gRNA and was transformed
into Escherichia coli DB3.1. Colonies were increased in 3 ml liquid LB (37 °C) on a shaker for
~16 h, and plasmid DNA was extracted with the QIAprep® Spin Miniprep Kit (QIAGEN).
Cloned inserts were confirmed by colony PCR, followed by Sanger sequencing with the T7
primer. The resulting pSK35S-AtU6-ccdB-gRNA plasmid was then digested with Bael to
remove the ccdB cassette, and each of the six SRNA dimers were cloned into the plasmid
backbone in individual reactions. Ligation products were transformed into E. coli DH5a and
colonies screened for the insert and confirmed by Sanger sequencing with the T7 primer. Each
resultant plasmid was named p35S-AtU6-gRNA. Next, each p35S-AtU6-gRNA and pMDC35S-
MGFPNosT-35SRev-Cas9-35S-AtU6-26p-ccdB-gRNA (Liu et al., 2020b) were digested with
Ascl and Hindlll in order to extract each AtU6-gRNA cassette from each p35S-AtU6-gRNA and
remove the AtU6-26p-ccdB-gRNA sequence from pMDC35S-mGFPNosT-35SRev-Cas9-35S-
AtU6-26p-ccdB-gRNA. Then, each AtU6-gRNA fragment was cloned into the pMDC35S-
MGFPNosT-35SRev-Cas9-35S plasmid backbone, confirmed by sequencing. The resulting
destination plasmids were named pLsFT1, pLsFT2, pLsFCA1L, pLsFCA2, pLsFLD1 and
pLsFLD2, each containing SpCas9 driven by the CaMV 35S promoter, the SgRNA driven by the
AtU6-26 promoter, and hygromycin resistance (Hyg®) driven by the 35S promoter (Figure 2A).
The multiplex pPRGEB31m plasmids were generated as follows from the pRGEB31
backbone (addgene.org/51295) to make one destination plasmid containing two sgRNAs for each
target gene. pSKPvUG-2.1p-gRNA-ccdB was PCR amplified with PrimeSTAR® Max high-

fidelity DNA polymerase (Takara Bio) to amplify the Bael restriction site and sgRNA scaffold,
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adding a 5” Spel restriction site and 3” Sbfl-EcoRI restriction sites with primers Spel-Bael-
gRNAscaf-for and EcoRI-Sbfl-gRNAscaf-rev (Table 4). After digestion with Spel and EcoRl,
the amplicon was cloned into the intermediate vector pSK4xPRI-35SPAP1 (Liu et al., 2011,
2013), which had also been digested with Spel and EcoRI to open the backbone. The OsU3
promoter was PCR amplified from pRGEB31 with PrimeSTAR® Max to add 5’ Notl and Sbfl
restriction sites and a 3* Xbal restriction site with primers Notl-Sbfl-OsU3-for and Xbal-OsU3-
rev (Table 4). After the amplicon and destination plasmid were digested with Notl and Xbal, the
Notl-Sbfl-OsU3-Xbal fragment was cloned into pSK4xPRI-35SPAP1 directly upstream of the
Bael-gRNA scaffold cassette. The intermediate plasmid and pRGEB31 plasmids were then
digested with Sbfl and the Sbfl-OsU3-Bael-gRNA-Sbfl cassette was cloned into pPRGEB31. The
resulting plasmid was named pRGEB31m. The sgRNA pair for each of the three target genes
were cloned stepwise into the Bsal and Bael restriction sites downstream of each OsU3
promoter. The resultant destination plasmids were named pLsFTm, pLsFLDm, and pLsFCAm,
which have 35S promoter-driven hygromycin resistance (HygR), OsU3 promoter-driven sgRNAs,

and 35S-driven SpCas9 with a Nos terminator.

Transformation procedure

Lettuce transformation was conducted as described in the transformation chapter. Briefly, the
destination plasmids were transformed into the GV3101 strain of A. tumefaciens using rifampicin
(10 mg/mL) and kanamycin (50 mg/ml) for bacterial selection. When the optical Agrobacterium
density at 600 nm (ODeoo) reached 1.1 — 1.6, the Agrobacterium was centrifuged and
resuspended to a final ratio of 1:10 for use in lettuce transformation. Cotyledons from 7-day old
seedlings were used as the explants. The co-cultivation media contained an MS (Musashige and
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Skoog, 1962) media base, 0.1 mg/L NAA, 0.25 mg/L BA, 20 g/L sucrose, 2g/L Gelzan™, pH
5.8 (~8 cotyledons/dish). Co-cultivation took place in the dark at 25 °C for two-to-four days.
After co-cultivation, explants were moved to selective callus-induction media containing MS, 0.1
mg/L NAA, 0.25 mg/L BA, 15 mg/L hygromycin, 400 mg/L timentin, 30 g/L sucrose, 2 g/L
Gelzan™, pH 5.8 (~30 ml/plate) and were placed in a growth chamber (23 £2 °C, 16 h
photoperiod, 18 umol - m~2 - s~1). Living tissues were sub-cultured every 14 days onto fresh
media. Developed shoots were excised and cultured onto rooting media (MS, 30 g/L sucrose, 7.5
mg/L hygromycin, 400 mg/L timentin, 2 g/L Gelzan™, pH 5.8) and maintained until roots
developed. After rooting, plantlets were carefully removed from culture, potted into potting soil
(Sungro Horticulture Sunshine® Mix #1), and maintained until seed set, at which point seed was

harvested for subsequent screening.

Mutant phenotyping under high temperature conditions

A portion of Ty lines, derived from To plants from all cultivars and plasmids, were selected at
random to phenotype under high temperature conditions. One-hundred seeds of each Ty line (or
the total amount of seed in the T1 line if it was less than 100) and WT seeds, comprising 16.67%
of each planting, were planted into moistened Grodan® ROCKWOOL® cubes (AO 36x40 10 cm
x 10 cm) for germination under room temperature conditions for ~ 9 days. Seedlings were
distributed into Nutrient Film Technique (NFT) channels with 1 WT plant randomly assigned for
every 5 T plants (planting density of 58.1 plants/m?), with its position being determined by
Random Number Generator® (UXAPPSLTD). Plants were screened in a modified shipping
container outfitted with GE Arize® LED light bars, under a 20-hour photoperiod. Four different
spectral combinations were utilized, i.e., PKB, BRI, PPV, and PKF. PKB lights yield
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16B:15G:69R spectrum (89.8 umol - m? - s1), BRI is 15B:38G:47R (76.9 pmol - m? - s1), PPV
yield 40B:60R (58.1 pmol - m? - s) | and PKF yields 8B:15G:72R:5FR (57.4 pmol - m? - s1),
Temperatures were maintained at a constant 30.38 & 1.92 °C, CO2 was maintained at ~400 ppm,
and relative humidity (RH) averaged 67.06 + 12.78%. Plants were fertilized with Peter’s
Professional 20-20-20 (400 ppm) supplemented with CaCl, (316 ppm) and fertigation solution
E.C. was maintained at ~1.64 mS/cm, pH 5.8.

An assessment of WT plant maturity was performed to determine the ideal time to collect
data, i.e. when a majority of WT plants exhibited stem elongation >8 cm, as lettuce plants with
elongated stems of 8 cm in length were considered ‘bolting’ (Hao et al., 2018; Ito et al., 1963).
T plants that had not bolted were retained for an observation period of an additional 7 days. T1’s
that had still not bolted were retained in the treatment conditions to clock the time of bolting, and
plants were maintained for seed set. Upon seed harvest, T lines were either screened under the
same conditions, or in a greenhouse from 12/3/23 (9 hours and 53 minutes photoperiod) —
6/15/24 (14 hours and 34 minutes photoperiod) with an average temperature of 28.41 + 3.54 °C
and RH of 49.21 + 13.49%, with the same fertilizer regime and ambient CO>. The planting
density was 77.5 plants/m? Twenty seeds of each T, line were planted for vertical farm
screening, while 14 seeds of each T- line were planted for greenhouse screening. Wild-type
plants were included in vertical farm screenings (16.67% per planting) and greenhouse

screenings (12.5% per planting), as described above.

Genotyping
DNA was extracted from leaf discs using the DNeasy® Plant Mini Kit (QIAGEN). PCR
amplification for sequencing was performed with PrimeSTAR® Max high-fidelity DNA
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polymerase using primers flanking gRNA targets (LsFT186_fw, LsFT186 rv, LsFT456 fw,
LsFT456 _rv, LsFLD_400 fw, LsFLD_786_rv, LsFCA 40 fw, LsFCA_210 rv; Table 4). PCR
amplicons from candidate lines were purified with the QIAquick® PCR Purification Kit.
Amplicons were subject to Sanger sequencing and subsequent chromatogram decoding with the
TIDE program to estimate the frequency of indels in the sample (Brinkman et al., 2014; Pan et
al., 2022; Zhan et al., 2020). A selection of amplicons estimated to have an indel frequency >5%
were then subject to cloning with the pCR™8/GW/TOPO (Invitrogen) entry vector. After
cloning, ligation products were transformed into DH5a competent cells. After selection on LB
plates containing 200 pg/mL spectinomycin, positive colonies were Sanger sequenced with the
T7 primer and the DNA sequence analyzed for edits using Sequencher 5.4.6 software
(genecodes.com). Ten colonies per procedure were sequenced to identify edits in the target
region. Lines subject to analysis by cloning were further assessed for edits by deep amplicon
sequencing (Oxford Nanopore long read) and analysis by CRISPResso2 (Clement et al., 2019),

to identify edits that may not have been identified by clone sequencing.
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Table 3.1 Counts of regenerated and screened lines, and candidates with a delayed-bolting

phenotype. The # of # indicates how many lines had a delayed bolting phenotype of those

screened. Dash, not screened yet.

T Delayed Bolting
Cultivar Plasmid To T1
Phenotyped T1 T2 Ts
pLSFT1 828 546 27 11 (40.7%) 20f8 2o0f2
pLSFT2 299 208 17 6(35.3%) 20f4 1o0f2
pLsFCA1 152 88 15 4(26.7%) 20f3 -
pLSFCA2 97 59 16 8(50.0%) 4of5 -
‘Red Sails’  pLsFLD1 70 44 14 6(42.9%) 50f6 2o0f2
pLsFLD2 130 66 16 6(37.5%) 20of5 -
pLSFTm 119 59 16 10 (62.5%) 7of7 2o0f2
pLsFCAm 127 45 14 8(57.1%) 5o0f6 -
pLsFLDm 303 143 17 7(41.2%) 30f3 1ofl
pLsFT1 94 73 18 2(11.1%) 2of2 1of2
‘Kahw’
pLSFT2 80 57 16 4(25.0%) 10f3 0ofl
‘Royal Oak  pLsFT1 6 6 1 1(100.0%) 0Oof1 -
Leaf® pLSFT2 8 5 1 1(100.0%) 1ofl -
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Table 3.2 Observed segregation ratios in the delayed-bolting phenotype of screened lines.

Observed counts of individual plants displaying each of three phenotypes is reported. The ratio

#:#:# values indicate the number of plants that bolted with WT: the number of plants with a mild

bolting delay (1 -7 days): the number of plants having a bolting delay of greater than 7 days.
Values in bold were not significantly different from the expected 1:2:1 ratio, according to the

Chi-square goodness-of-fit test at o. = 0.05.

Observed Segregation Ratios

Cultivar Line T1 T2 T3
‘Red Sails’ pLsSFT1 #268 15:15:2 10:0:2
pLsFT2 #82 5:0:1 1:5:31 2:9:2
pLSFCAL #5 62:11:2 13:6:4
pLSFCA2 #72 26:15:20 5:2:4
pLsFLD1 #18 8:6:9 3:0:2
pLsFLD2 #15 19:2:1 21:4:4
pLsFTm #6 21:6:6 0:0:13
pLsFCAmM #93 35:16:4 5:7:2
pLsFCAmM #116 0:0:1 10:2:2
pLsFLDm #106 9:15:8 5:5:2
‘Kahw’ pLSFT1 #51 24:4:5 0:0:10 0:0:3
‘Royal Oak Leaf” pLsFT2 #5 29:31:4 6:2:2
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Table 3.3 Indel frequency estimate in candidate lines by Sanger amplicon sequencing and

TIDE analysis. PCR amplicons from candidate lines were subject to Sanger sequencing and

subsequent chromatogram decoding with the TIDE program (shinyapps.datacurators.nl/tide/;

Brinkman et al., 2014). The percentage listed estimates frequency of indels in the pool of cells

for the target region.

Cultivar Plasmid Line  Gen. Days sgRNA  Estimated % of pCRS8
delayed indels (by TIDE) cloning
‘Red Sails”  pLsFT1  #268-6 T2 17 LsFT1 16.3 X
pLsFT2  #82-1 T3 18 LsFT2 17.7
#82-2 T3 11 92.6 X
#82-3 T3 33 89.3
#82-35 T2 12 89.1
pLsFCAl #5-25 T2 30 LsFCA1l 121 X
pLsFCA2 #72-1 T2 33 LsFCA2 87.3 X
#72-5 T2 40 10.3
#r2-7 T2 42 51.6
#72-8 T2 38 11.8
pLsFLD1 #18-9 T2 19 LsFLD1 954 X
#68-8 T2 14 95.6
pLsFLD2 #15-7 T2 14 LsFLD2 97.3 X
pLSFTm  #6-2 T2 24 LsFT1 12.0 X
LsFT2 3.5
#34-26 T2 28 LsFT1 0.6
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Table 3.3 (Continued)

Cultivar  Plasmid Line Gen. Days sgRNA  Estimated % of pCRS8
delayed indels (by TIDE) cloning
LsFT?2 5.9
pLsFCAm #93-14 T2 20 LsFCA1 945 X
LsFCA2 93.0
#116-24 T2 26 LsFCA1l 7.2 X
LsFCA2 5.9
pLsFLDm  #106-8 T2 27 LsFLD1 974 X
LsFLD2 98.0
#220-5 T2 39 LsFLD1 79.9
LsFLD2 94.1
‘Kahu’ pLSFT1 #51-1 T3 27 LsFT1 5.8
#51-2 T3 33 97.3 X
#51-4 T3 21 8.6
#51-6 T2 11 32.8
#51-7 T2 12 154
#51-8 T3 31 5.8
#51-9 T2 20 75.1
#51-10 T3 29 11.6
#51-12 T2 20 9.8
‘Royal pLSFT2 #5-7 T2 33 LsFT2 5.6 X
Oak Leaf”
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Table 3.4 Primers used in the present study.

Name

Sequence (5’>3)

T7

AtU6

182rv_LsFTgRNA_pMDC top
M13f

182rv_LsFT_gRNA pMDC_bot
456fw_LsFT_gRNA pMDC_top
456fw_LSFT_gRNA_pMDC_bot
40fw_LsFCA _gRNA pMDC_top

40fw_LsFCA_gRNA_pMDC_bot

210fw_LSFCA_gRNA_pMDC_top
210fw_LsFCA_gRNA_pMDC_bot
400fw_LSFLD_gRNA_pMDC_top

400fw_LSFLD_gRNA_pMDC_hot

786rv_LsFLD_gRNA_pMDC top
786rv_LsFLD _gRNA pMDC bot
182rv_LsFT_gRNA _pRGE_top
182rv_LsFT_gRNA_ pRGE_bot
456fw_LsFT_gRNA_pRGE _top
456fw_LSFT_gRNA_pRGE_hot
40fw_LsFCA_gRNA _pRGE _top

40fw_LSFCA_gRNA_pGRE_bot

TAATACGACTCACTATAGGG

TTAGGCATCGAACCTTCAAG

AGGCTGATTTACCACCTGAGGTTTT

ACTGGCCGTCGTTTTAC

CTCAGGTGGTAAATCAGCCTCGGTG

CGACAAACTGTGTATGCCCCGTTTT

GGGGCATACACAGTTTGTCGCGGTG

GAGGAGGAGGAGACAGGTACGTTTT

GTACCTGTCTCCTCCTCCTCCGGTG

CCTCGTTATTCTCTTAGCGGGTTTT

CCGCTAAGAGAATAACGAGGCGGTG

TCTTCTGTAAGTACATCCGCGTTTT

GCGGATGTACTTACAGAAGACGGTG

TTGGAAGGAAGAAAACGTCCGTTTT

GGACGTTTTCTTCCTTCCAACGGTG

GGCAGGCTGATTTACCACCTGAG

AAACCTCAGGTGGTAAATCAGCCT

GCACGACAAACTGTGTATGCCCC

AAACGGGGCATACACAGTTTGTCG

GGCAGAGGAGGAGGAGACAGGTAC

AAACGTACCTGTCTCCTCCTCCTC
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Table 3.4 (Continued)

Name

Sequence (5’>3)

210fw_LSFCA_gRNA pGRE_top
210fw_LSFCA_gRNA pGRE_bot
400fw_LSFLD_gRNA_pRGE._top
400fw_LSFLD _gRNA_pRGE_bot
786rv_LsFLD_gRNA_pRGE_top
786rv_LsFLD gRNA pGRE_bot
LsFT186_fw

LsFT186 rv

LsFT456_fw

LsFT456_rv
Spel-Bael-gRNAscaf-for
EcoRI-Sbfl-gRNAscaf-rev

Notl-Sbfl-OsU3-for

Xbal-OsU3-rev
PRGEB31_Cas9_fw
pRGEB31_Cas9 rv
PRGEB31_HygR_fw
pPRGEB31_HygR rv
pMDC_AtU6 _rvl

pMDC_AtU6_rv2

GGCACCTCGTTATTCTCTTAGCGG

AAACCCGCTAAGAGAATAACGAGG

GGCATCTTCTGTAAGTACATCCGC

AAACGCGGATGTACTTACAGAAGA

GGCATTGGAAGGAAGAAAACGTCC

AAACGGACGTTTTCTTCCTTCCAA

ACCGGCTTTAAAGAAACACAAC

CATCAGGATCGACCATCACCT

TCCCGGATCAAATGCCGAAA

TCGTGATAATATGGTGTGCAAGC

TTTTACTAGTCCGGATCCACG

GAGAATTCCTGCAGGAAAAAAGCACCGACTCG

ATGCGGCCGCCTGCAGGAAGGAATCTTTAAACA

TACG

AGTCTAGATGCCACGGATCATCTGCACAAC

CATCGAGCAGATCAGCGAGT

CGATCCGTGTCTCGTACAGG

CAATGACCGCTGTTATGCGG

GCTCTCGATGAGCTGATGCT

CCAGGGGCCTTTGAAGATTA

TGCTTCTCTTCTTTCAGATTC
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Table 3.4 (Continued)

Name

Sequence (5’>3)

LsFLD_400_fw
LsFLD_786_rv
LsFCA_40_fw

LSFCA_210_rv

AGCAGCACAAGTAGGTGTATCC
CCCAAGAGGGTTTCCATGTGTA
GCAAAACTCATGTCAGGGGG

AAGCAAGCTACCTGGAGAAGG
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[ f HH—T
LsFLD2

Figure 3.1 Relative position of guides on target genes. The relative position of guides on each
of LsFT (LsFT1, LsFT2), LsFCA (LsFCA1, LsFCA2) and LsFLD (LsFLD1, LsFLD2) is shown.

Exons are represented by green bars and introns are represented by black lines. Images not to

scale.
A LB RB
- -poly(A) Hyg® 35S - 355 GFP NosT~- 355 Cas9 NosT— AtU6 gRNA - -
B s RB

{- poly(A) Hyg® 355 - OsU3 gRNA1 OsU3 gRNA2 - 35S |Cas9 NosT- -

Figure 3.2 Plasmids used in this study. (A) Plasmid map of p-sgRNA. (B) Plasmid map of p-

SgRNAmM.
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Figure 3.3 Measure of delayed-bolting days in candidate T1 (A) and T2 (B) lines. The
number of days delayed indicates the time (day) difference for the plant stem to reach 8 cm in

length between each indicated line and its respective cultivar WT.
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Figure 3.4 Images of delayed-bolting plants. For each image, a representative WT plant,
planed in the treatment at the same time, sits to the left. A. ‘Red Sails’ pLsFT1 #268, B. ‘Red
Sails pLsFT2 #82, C. ‘Red Sails’ pLsFCA1 #5, D. ‘Red Sails’ pLsFCA2 #72, E. ‘Red Sails’
pLsFLDI #18, F. ‘Red Sails’ pLsFLD2 #15, G. ‘Red Sails’ pLsFTm #6, H. ‘Red Sails’
pLsFCAm #93, I. ‘Red Sails’ pLsFCAm #116, J. ‘Red Sails’ pLsFLDm #106, K. ‘Kahu’ pLsFT1

#51, and L. ‘Royal Oak Leaf” pLsFT2 #5.
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Table Al. Literature review of A. tumefaciens-mediated lettuce transformation and regeneration methods.

Appendix A

Cultivar Explant | Explant | Antibiotic | Agro ODb Co- Auxin | Cytokinin | Ref
Age Conc. Strain cultivation | (mg/L) (mg/L)
(days) (mg/L) Time
(days)
‘ " 0.93
Achat Cotyledon | 10 100 Kan | LBA4404 | 0.9 1 NAA 056 BA | [1]
‘Zhouye’ Cotyledon | N/A 50 Kan EHA105 82 i 15 0.1 NAA | 0.25 BA [2]
‘Lake Nyah’, ‘Mantillia’,
‘Bastion’, ‘Carvello’,
‘Cortina’, ‘Evola’, ‘Flora’, 50-100 1.1- 0.04
‘Luxor’, ‘Omega’. Cotyledon | 7 Kan LBA4404 16 2 NAA 0.5BA [3]
‘Reflex’, ‘Danilla’,
‘Impulse’, ‘Lobjoits’
‘Lake Nyah’ Cotyledon | 100 Kan | LBA4404 | N/A |2 %%A 05BA | [4]
. . Cotyledon 50, 100 1.1 - 0.04
Saladin 7 Kan LBA4404 16 2 NAA 0.5BA [5]
“Veronica’ Cotyledon | 2 10Hyg | EHA105 | N/A 0.01 0.11BA |0.1BA [6]
‘i‘;@fde , ‘Girelle’, Leaf 7 200Kan | GV2260 |N/A | 1-5 031AA |03BA | [7]
Cotyledon 0, 50, 100,
‘Kayser’ 5 250, 500 LBA4404 | N/A 2,4,6 0.051AA | 0.01 BA [8]
Kan
Cotyledon 0, 10, 20
. . , P 0.8 - 0.05,0.1 |0.1,0.2,
Iranian landrace 3 3}’((2n40, 50 | GV3101 10 1,2,4,6 NAA 0.4 BA [9]
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Table Al (Continued)

Cultivar Explant Explant | Antibiotic | Agro Strain | OD® Co- Auxin | Cytokinin Ref
Age Conc. cultivation | (mg/L) (mg/L)
(days) (mg/L) Time
(days)

B%gfdvel? Cotyledon 6 100 Kan | EHA105 05-08 |5-7 0.LNAA [01BA | [10]
Veronica | COVedON 2 4PPT | EHA1L05 05-10 |2 ONng 0.2BA | [11]
LEL26", | Cotyledon | 50Kan | LBA4404 | 1.1-16 |2 561AA | 068 Kin | [12]
Seagreen
N/R Cotyledon 5_7 |05PPT | LBA4404 N/R 2 0.LNAA |05BA | [13]
‘Green 0.05 | _

; Cotyledon 5 25PPT | N/IR N/A 2 NAA:2 |025Kin | [14]
Wave

2,4-D

iﬁpson ’ 0.05,0.1 |1 2ip; 0.4

.| Leaf 42 100 Kan | LBA4404 |10 3 NAA: 0.1 | BA; 1 [15]
Romaine”, IAA Zeatin
‘Bibb’
N/A Cotyledon 7 1PPT GV3101 N/A N/A 0.LNAA |05BA | [16]
Ri;ailc’l(sl, Cotyledon 7 100 Kan | LBA4404 N/A 3 0.LNAA |05BA | [17]
‘Potosina’, | Cotyledon 0.02
‘Green 7 100 Kan | LBA4404 |20 2 ' 05BA  |[18]

; NAA
Wave
?g:sr;ka * | Leaf 10 200 Kan | GV2260 N/A 2 031AA |0.15BA |[[19]
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Table Al (Continued)

Cultivar Explant Explant | Antibiotic | Agro Strain | ODS% Co- Auxin | Cytokinin | Refs
Age Conc. cultivation | (mg/L) (mg/L)
(days) (mg/L) Time
(days)
Cotyledon 0, 10, 25,
‘Cobham 50, 100, .
Croems 4 250,500 | GV311L 0.5 2 1IAA | 05Kin | [20]
Kan
‘Ahvaz’ Cotyledon 7 &énzo (15 1| ga4a04 0.8-1.0 | 0.08 0.LNAA [01BA |[[21]
‘Grand Cotyledon 0.05
Rapids’ 1-2 |300Kan |LBA4404 5.2 3 Naa | 02BA [[22]
‘Syrena’ Cotyledon 2-3 |25PPT | EHAL05 1.0 2 msA 02BA | [23]
“Longifolia’ | Cotyledon 4-7 40 Kan | EHAL05 08-10 |15-2 0.LNAA |05BA | [24]
. e . 10 Hyg, 0.75 Kin;
Solan Kriti’ | Leaf, petiole | 15-20 | oo LBA4404 0.5 2,3, 4 0LINAA | g on | [25]
Cotyledon 123 0, 25, 50, 0.05
‘South Bay’ 129 1100,200 | A208 0.7 1,2,3,4,5] 02BA | [26]
4,5 NAA
Kan
‘TN-06-39° | Covledon 1, 10Kan | LBA4404 |06 1 &XE’A 0.2BA | [27]
5, 10, 20, 02295 100, 0.5,
‘Chongchima’ | Cotyledon 7 30, 40,50 | EHA105 06-08 |3 0416|0510, |[28]
Hyg NAA 2.0 Kin
Crystal’ Cotyledon |7 50Kan | LBA4404 |05 2 m“A 05BA | [29]
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Table Al (Continued)

*Bold, the best explant age or concentration. [1] Bfiza et al., 2010. [2] Cui et al., 2011. [3] Curtis et al., 1994. [4] Curtis et al., 1996.
[5] Curtis et al., 1999. [6] Dias et al., 2006. [7] Dinant et al., 1997. [8] Enomoto et al., 1990. [9] Fallah-Ziarani et al., 2013. [10]
Franklin et al., 2011. [11] Ibrahim et al., 2017. [12] Kim and Botella, 2004. [13] Kim et al., 2006. [14] Kim et al., 2013. [15] Lim et
al., 2011. [16] Liu et al., 2006. [17] Liu et al., 2012. [18] Martinez-Gonzalez et al., 2011. [19] Mazier et al., 2007. [20] Michelmore et
al., 1987. [21] Mohebodini et al., 2014. [22] Pileggi et al., 2001. [23] Pniewsji et al., 2011. [24] Ren et al., 2011. [25] Sharma et al.,
2022. [26] Torres et al., 1993. [27] VVafaee and Alizadeh, 2018. [28] Vanjildorj et al., 2005. [29] Webster et al., 2006. Hyg,
hygromycin; Kan, kanamycin; Kin, Kinetin; PPT, phosphinothricin; 2,4-D, 2,4-Dichlorophenoxyacetic acid; IBA, indole-3-butyric
acid; 2ip, 6-(y,y-Dimethylallylamino)purine.
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Table A2 Literature review of lettuce regeneration methods

Cultivars tested Explant Explant | Auxin Cytokinin Ref
Age (mg/L) * (mg/L) *
(days) *
‘Bronze Mignonette’, ‘Bambino’, ‘Iceberg’,
‘Cobham Green’, ‘Sweet Butter’, ‘Simpson Elite’,
‘Rosalita’, ‘Paris White’, ‘Lollo Biondo’, ‘Royal . .
Oak Leaf. ‘Red Salad Bowl’, ‘South Bay’. ‘By1ack Cotyledon | 2 0.1 I1AA 0.5 Kin; 0.05 zeatin [1]
Seeded Simpson’, ‘Lollo Rosso’, ‘Mainspring’,
‘Oak Leaf’, ‘Tango’, ‘Prize Head’, ‘Sangria’,
‘Mini-Green’, 'Nevada', ‘New York Head’
0.009, 1.0, 2.0, 3.0, 4.0,

0.05,0.1,0.125, |5.0,6.0,7.0,8.0,9.0
‘Rutgers Scarlet’, ‘Winter Destiny’ Cotyledon |3 0.15, 0.2, 0.25, BA; 2.0 Kin; 2.0 2]

0.3,0.35, 0.4, thidiazuron; 2.0 zeatin;

0.45, 0.5 NAA 2.0, 25,5.0,10.0 BA;

200 activated charcoal

‘Cobham Green’, ‘Hilde’, ‘Avondefiance’, Cotyledon
‘Continuity’, ‘Sabine’, ‘Capitan’, ‘Reskia’, and first 7,14 0.05 NAA 0.5BA [3]
‘Dandie’, ‘Little Gem’, ‘Lobjoits Cos’, ‘Pennlake’, | leaf
‘Salad Bowl’, ‘Red Salad Bowl’
‘Romaine’ coledon. | 7 49 8:22: o 101,04,07,082BA | [4
‘Red Oak Leaf’, ‘Red Coral’, ‘Grand Rapids’,
Black Seeded Simpson’, Great Lakes’, = 0-10NAA (0.1 |0-10BA; 6.88 Kin;
Greenway’, ‘Bambino’, ‘Webb Wonderful’, C 3-14 . L .
. s s e o o otyledon NAA); 0.1,5.0 0.05 Zeatin; 0.5 Kin; 0.1 | [5]
Iceberg’, ‘Cos’, ‘Paris White’, ‘Rosalita’, (3-5) LAA BA
‘Buttercrunch’, ‘Bronze Mignonette’, ‘Cobham
Green’
‘ > ) 0.02, 0.05, 0.1,
Yazd’, ‘Ahvaz Cotyledon | 3,7 0.5. 1.0 NAA 0.1.0.4,05,1.0BA [6]
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Table A2 (Continued)

‘Green Mignonette’, ‘Sweet Butter’, ‘“Tom
Thumb’, ‘Red Oak Leaf’, ‘Red Regency’, ‘Red
Sails’, ‘Salad Bowl’, ‘Cos’, ‘Green Cos’, ‘White
Cos Signal’

zeatin

Cultivars tested Explant Explant | Auxin Cytokinin Ref
Age (mg/L) * (mg/L) *
(days) *

All Year Round', 'Great Lakes', 'Greenfields’,

‘Green Velvet', 'Spring Salad', 'Summer Gem',

‘Webb's Wonderful’, ‘Winter Triumph’,

“Yatesdale’, ‘Bronze Mignonette’, ‘Buttercrunch’, cotyledon | 5 0.1 1AA 0.5 Kin; 0.5 Kin; 0.05 7]

[1] Ampomah-Dwamena et al., 1997. [2] Armas et al., 2017. [3] Brown et al., 1986. [4] Gomez-Montes et al., 2015. [5] Hunter and
Burritt, 2002. [6] Mohebodini et al., 2011. [7] Zhang and Conner, 1992. Kin, Kinetin.
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