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Tomato 

The tomato fruit, the subject of this thesis, is a popular vegetable all over the world, 

used in many dishes, salads, or as a snack (Oltman et al., 2014; Wang and Seymour, 
2017). Total worldwide production in 2018 was 182,256,458 tons. Asia produced more 

than half of the world’s tomatoes, with China being the number one producer by far 

(FFiigguurree  11). Europe takes the lead in productivity (measured as the production per area 
of land used), with the Netherlands in the number one position (TTaabbllee  11). Interestingly, 

the top 10 countries for yield per area have a suboptimal climate for growing tomatoes. 
These countries mainly produce fresh-market tomatoes in highly efficient greenhouses, 

while the top-producing countries are growing tomatoes mainly in the field.  

 

FFiigguurree  11::  Production of the 10 leading producers in 2018 (source: FAO Statistics; 

http://www.fao.org/faostat/en/). 

There has been some discussion on whether the origin of tomato lies in Mesoamerica 

or in the Andes (de Candolle, 1886; Jenkins, 1948). The word “tomato” does have its 
roots in Mexico, as the word is derived from the Aztec “tomatl”, which means “the 

swelling fruit”. Single Nucleotide Polymorphism (SNP)-analysis and population 
genomics show that pre-domestication began in South America (Peru, Ecuador) from 

the wild, blueberry-sized, red-fruited Solanum pimpinellifolium L. to give rise to the 

cherry size-fruited Solanum lycopersicum L. var. cerasiforme. Domestication was 
completed in Mesoamerica (Mexico) and gave rise to the current Solanum 
lycopersicum L. var. lycopersicum (Blanca et al., 2012; Lin et al., 2014; Razifard et al., 

2020). Worldwide use and further breeding of tomato was initiated by the Spanish who 
brought tomato to Europe in the 16th century, from where it turned into one of the 

highest-value crops.  

Solanum lycopersicum is a species in the large Solanaceae (nightshades) family, which 

includes several economically important crops such as potato, eggplant, pepper, and 

tobacco, as well as the ornamental petunia. The Solanum section Lycopersicon 
consists of the cultivated tomato, S. lycopersicum and twelve wild species: the green 

fruited S. arcanum, S. huaylasense, S. peruvianum, S. corneliomulleri, S. chilense, S. 
chmielewskii, S. habrochaites, S. pennellii and S. neorickii, and the orange or red-fruited 
S. cheesmaniae, S. galapagense and S. pimpinellifolium (Peralta et al., 2005, 2008; 
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Bergougnoux, 2014; Knapp and Peralta, 2016). They are easily recognized by their 

bright yellow flowers. All are diploid, with 2n = 24 chromosomes, and the cultivated 
tomato genome contains 950 Mb of haploid DNA (Kimura and Sinha, 2008), or 790 Mb 

according to the latest sequence assembly (Hosmani et al., 2019). The phenotypic 

variation of cultivated tomato is huge, especially when considering the numerous 
heirloom (pre-modern breeding varieties) and land-race tomato accessions 

(Roohanitaziani et al., 2020). However, the genetic variation within modern cultivated 

tomato is only 5% of the variation found in the wild relatives (Miller and Tanksley, 1990).  

TTaabbllee  11:: Tomato yield in different countries and comparison with production and production rank. Data is from 

2018 (source: FAO Statistics; http://www.fao.org/faostat/en/). 

CCoouunnttrryy  YYiieelldd  ((hhgg//hhaa))  RRaannkk  yyiieelldd  PPrroodduuccttiioonn  ((mmiilllliioonn  ttoonnss))  RRaannkk  pprroodduuccttiioonn  

Netherlands 5,089,485 1           0.910  23 
Belgium 4,686,232 2           0.259  57 
Sweden 4,557,500 3           0.018  114 
Finland 3,892,574 4           0.039  101 
Denmark 3,793,226 5           0.012  123 
UK 3,635,489 6           0.067  86 
Norway 3,377,573 7           0.013  121 
Ireland 3,250,000 8           0.004  142 
Iceland 3,032,500 9           0.001  151 
Austria 2,956,482 10           0.058  89 
USA 968,079 17         12.612  3 
Spain 849,593 19           4.769  8 
Brazil 719,404 30           4.110  10 
Turkey 688,658 33         12.150  4 
Italy 597,174 40           5.798  7 
China 594,023 42         61.523  1 
Mexico 504,785 52           4.559  9 
Iran 413,679 59           6.577  6 
Egypt 409,689 60           6.625  5 
India 246,527 90         19.377  2 

Early ripening, environmental adaptations, and fruit size, shape and colour were 

important traits for selection during domestication and improvement. For example, 

locule number were increased by the Quantitative Trait Loci (QTL) fasciated (fas) and 
locule number (lc) (Huang and van der Knaap, 2011; Xu et al., 2015; Somssich et al., 

2016; Rodríguez-Leal et al., 2017). All modern cultivars carry the large-fruit allele of the 

gene underlying the fresh weight2.2 (fw2.2) QTL, ORFX, that controls the timing and 
length of cell division during early fruit development (Alpert et al., 1995; Frary et al., 

2000). The shape of tomato is among others controlled by the SUN-locus and OVATE 
(Xiao et al., 2008; van der Knaap et al., 2014). A trade-off of selection, mostly for larger 

fruits, was the loss of flavour (Bai and Lindhout, 2007; Klee and Tieman, 2018). The 

growth habit of the tomato plant of which there are two main types, indeterminate and 
determinate, is another important trait for cultivation. After the initial inflorescence, 

which is preceded by 8 to 12 leaves, the wild-type indeterminate tomato grows in 
sympodial units of three leaves, a terminating inflorescence, and a new axillary 

(sympodial) shoot below the inflorescence that grows into the next sympodial unit. 
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These indeterminate tomatoes are mostly grown in greenhouses and for the fresh 

tomato market. Determinate tomatoes are homozygous for a recessive allele of SELF-
PRUNING , sp which causes the sympodial segments to develop progressively fewer 

nodes, until the shoot is terminated by two inflorescences (Yeager, 1927; Lilac Pnueli et 

al., 1998).The accompanying outgrowth of lateral shoots results in a bush-like plant 
where most fruits reach maturity at more or less the same time. These varieties are 

grown mostly in the field for the processing industry due to the possibility of harvesting 

an entire field mechanically and in one go.  

Apart from being an important vegetable crop, tomato is also a widely used model crop 

in research (Gebhardt, 2016). Tomato is suitable as a model crop due to its ease of 
growth, propagation (by self-fertilization), transformation efficiency and simple genome 

(Bergougnoux, 2014). In 2012, the first complete tomato genome from the cultivar 

“Heinz 1706” was published (The Tomato Genome Consortium et al., 2012) and since 
then, the available genome data has been growing steadily. Important tomato 

resources are available at the Solanaceae Genomics Network (SGN) website 

(https://solgenomics.net/) and from the Tomato Genetic Research Consortium 
(https://tgrc.ucdavis.edu/). A series of F2 populations, introgression lines, recombinant 

inbred populations and (advanced) backcross populations/lines were made with several 
wild tomato relatives to facilitate breeding and identifying QTLs (Azanza et al., 1995; 

Eshed and Zamir, 1995; Tanksley et al., 1996; Causse et al., 2002; Fulton et al., 2002; 

Frary and Do anlar, 2003). The sympodial growth, compound leaves and especially the 

fleshly fruits, make tomato a valuable alternative model-species besides other models 
like Arabidopsis and rice.  

Following opening of the flower (anthesis) fruit development starts with (self) pollination 

and fertilization (fruit set) after which fertilized ovules develop into seeds and the 
growing ovary becomes the fruit (Varga, 1976). The fruit functions in the protection and 

when ripe, dispersal of seeds by attracting frugivores with fleshy textures, colour, 

aromas, and taste. The outer layer of a fruit, the pericarp derived from the ovary wall, is 
the main fleshy part (FFiigguurree  22aa). The locular cavities are separated by one or more septa 

and contain the seeds and gel. The seeds are attached by the placenta to the central 
parenchymatous axis of the tomato, the columella. Towards the mature green stage, 

the placenta cells start to increase in size dramatically and liquify, producing the locular 

gel. Fruit development occurs in three partially overlapping stages after fertilization: cell 
division, cell expansion and ripening (FFiigguurree  22bb). The plant hormones auxin and 

Gibberellin (GA) play important roles in fruit set and growth (Gillaspy et al., 1993; 

Böttcher et al., 2010; Hu et al., 2018). Five to seven days after the beginning of ripening 
(breaker stage), the fruit is fully red and ripe (Abewoy Fentik, 2017). 
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FFiigguurree  22::  ((aa))  Tomato fruit anatomy of the cross section of a green and ripe stage tomato ((bb)) A time series of 

tomato fruit development from flower to ripe stage. The numbers are an indication of the Days After Anthesis 

(DAA). Exact time to ripening varies per variety and per season  

Tomato is a climacteric fruit, as there is a burst of respiration and ethylene production 
at the onset of ripening (Gray et al., 1994; Deikman, 1997). In tomato two systems of 

ethylene production and regulation exist (Lelievre et al., 1997; Barry et al., 2000). The 

auto-inhibitory System I is functional in developing fruit. In this system, ethylene 
synthesis is inhibited through negative feedback, resulting in low levels of ethylene. 

During ripening, the autocatalytic System II is activated, and ETHYLENE RECEPTORS 
(ETR) perceive and bind ethylene followed by gene expression changes that regulate 

developmental processes. In tomato, a spontaneous mutant of ETR3, also called Never 

Ripe (NR), is a dominant-negative mutation in the ethylene binding-domain of ETR3 and 
blocks the ripening process (Lanahan et al., 1994; Wilkinson et al., 1995). Exogenously 

applied ethylene can induce ripening at the mature green stage, while the inhibitor of 

ethylene perception, 1-methyl cyclopropane (1-MCP) inhibits ripening (Yokotani et al., 
2009). Upon ripening the fruit colour changes as the chloroplasts turn into 

chromoplasts, where chlorophyll is degraded and the carotenoids lycopene and -

carotene are formed (Shneour and Zabin, 1959; Cunningham and Gantt, 1998). The 

tomato texture softens as the cell wall polysaccharides pectin, cellulose, and 
hemicellulose are degraded (Giovannoni et al., 1989; Lashbrook et al., 1994; Hyodo et 

al., 2013; Uluisik et al., 2016). Delaying this process can extend the important agro-
economical trait of shelf-life.  
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Tomato flavour 

An important process during tomato development and ripening, is the development of 

the flavour. The research group of Harry Klee in the U.S. has charted the sugars, acids 
and volatiles positively and negatively associated with tomato flavour (Tieman et al., 

2012, 2017; Klee and Tieman, 2018) (TTaabbllee  22). In Europe a study of flavour has been 

performed as well, but in that study no specific compounds were measured (Causse et 
al., 2010). However, they confirmed that diversification of flavour and texture is required 

to satisfy the wishes of consumers all over Europe, and in extension the world. The 
flavour of a tomato is a combination of perceived taste, mouthfeel (or texture) and 

smell. Five classes of receptors on the tongue sense the levels of sweet, sour, salty, 

bitter and umami. Olfaction, or smell, is essential for flavour perception. In tomato the 
most important contributors to overall flavour are sugars, acids, salts, minerals, volatiles, 

and texture. For texture the two major contributing factors are firmness of the fruit 

pericarp and fruit juiciness (Causse, 2002; Schouten et al., 2019). These attributes can 
be further broken down in texture components such as firmness, meltiness, mealiness, 

juiciness and crunchiness and can be measured by sensory analysis, mechanical 
methods, near infrared spectroscopy or hyper-spectral imaging methods (Harker et al., 

2002; Barrett et al., 2010). Fruit softening is a major determining aspect of fruit texture 

and occurs during ripening and during post-harvest storage and handling (Bertin and 
Génard, 2018). 

Volatiles 

Volatiles are an important determinate of tomato flavour. Volatiles are perceived in two 

ways by humans. Before ingestion perception occurs through the nostrils by olfaction. 
After ingestion, volatiles are forced up behind the palate into the nasal cavity leading to 

retronasal olfaction (Tieman et al., 2012). 400 volatile compounds have been detected 

in tomato (Petró-Turza, 1986; Rambla et al., 2014). Most flavour-related volatiles in 
tomato are derived from amino acids, lipids or carotenoids (Buttery and Ling, 1993; 

Yilmaz, 2001; Rambla et al., 2014). Only about a 30 volatiles have a high enough 
concentration to be perceived by humans and contribute significantly to flavour (TTaabbllee  

22, Yilmaz, 2001; Tieman et al., 2017). An example of an important flavour-contributing 

volatile is  2-phenylethanol, which contributes to tomato fruit aroma with fruity and 
floral properties (Baldwin et al., 2000; Rambla et al., 2014). An overabundance of this 

volatile can lead to a decrease in likability, and thus balance is key (Tadmor et al., 2002; 

Tieman et al., 2017). Most often, volatiles act in unison. For example, a combination of 
cis-3-hexenal, cis-3-hexenol, hexanal, 1-penten-3-one, 3-methylbutanal, trans-2-

hexenal, 6-methyl-5-hepten-2-one, methyl salicylate, 2- isobutylthiazole, and -ionone 

at the proper  concentrations produces the aroma of fresh ripe tomato (Buttery and 
Ling, 1993). When these compounds are diminished, a ‘processed’ or ‘enzymic’ flavour 

is perceived (Kazeniac and Hall, 1970)..    
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Modern cultivars have decreased production of 13 flavour-increasing volatiles 

compared to heirloom varieties  (Tieman et al., 2017). Variability in these heirlooms and 
in wild tomato relatives has been and will be a valuable source for flavour-related traits 

to be used in  (advanced) backcross populations with information on QTLs and GWAS 

loci (Sauvage et al., 2014; Tieman et al., 2017; Zhao et al., 2019). The carotenoid-derived 
6-methyl-5-hepten-2-one (MHO) is an example of a volatile that has been positively 

impacted by selections sweeps during breeding, as it associated with a deep-red colour  

(Lewinsohn et al., 2005; Vogel et al., 2010).   

TTaabbllee  22: Attributes and compounds that contribute to overall liking and/or Tomato Flavour intensity. 

SSiigg..  AAttttrriibbuuttee  SSiigg..  SSuuggaarrss  SSiigg..  AAcciiddss  

+ Flavour intensity + 
Brix (soluble 

solids) 
+ citric acid 

+ Sweetness + fructose + glutamic acid 
+ Sourness + glucose - malic acid 
+ Saltiness 
+ Umami 
            

SSiigg..  VVoollaattiilleess  SSiigg..  VVoollaattiilleess  SSiigg..  VVoollaattiilleess  

+ 1-nitro-2-phenylethane + benzaldehyde + geranylacetone 
+ 1-nitro-3-methylbutane + benzyl alcohol + heptaldehyde 
+ 1-octen-3-one + benzyl cyanide - hexyl acetate 
+ 1-pentanol + -cyclocitral - isobutyl acetate 
+ 1-penten-3-one + -ionone + isovaleraldehyde 
+ 2,5-dimethyl-4-hydroxy-3(2H)-furanone - butyl acetate + isovaleric acid 
+ 2-isobutylthiazole + E,E-2,4-decadienal + isovaleronitrile 
+ 2-methyl-1-butanol + E-2-heptenal + methional 
+ 2-phenylethanol + E-2-pentenal + nonyl aldehyde 
+ 3-methyl-1-butanol + E-3-hexen-1-ol + phenylacetaldehyde 
+ 3-pentanone - eugenol - prenyl acetate 
+ 6-methyl-5-hepten-2-ol + furaneol - salicylaldehyde 
+ 6-methyl-5-hepten-2-one + geranial + Z-4-decenal 

A “+” or “-“ in the significance (Sig.). column in front of the compound signifies a significant positive and negative 

correlation between liking and the compounds concentration, respectively. Data taken from previously 

published consumer evaluation panels, all done in the U.S. (Tieman et al., 2012, 2017; Klee and Tieman, 2018). 

 

Mineral, acids, and sugars 

A fresh tomato is made up of 90-95% water. Of the residual dry matter, 8% are minerals, 
15% are organic acids and free amino acids and 50% are sugars (Yilmaz, 2001; Bertin 

and Génard, 2018). Potassium and phosphorus are the two major minerals present 

(Petró-Turza, 1986). Minerals influence the pH and have a buffering capacity. The main 
organic acids are malic acid and citric acids, of which the latter  is the most abundant 

(Agius et al., 2018). They determine the pH of tomato juice, which usually ranges 

between 3.9 and 4.9 (Etienne et al., 2013). The positive perception of fruit acidity comes 
from citric acid, while malic acid content is negatively correlated with liking (TTaabbllee  22). 

Off the free amino acids, glutamic acid is the most abundant (45% of free amino acids 
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by weight) and it is an important contributor to flavour responsible for umami taste 

(Yilmaz, 2001; Jinap and Hajeb, 2010; Sorrequieta et al., 2010; Tieman et al., 2017).  

In ripe tomatoes, sugar is mostly present as glucose and fructose, whose amounts can 

be measured with biochemical techniques, such as with  High-Performance Liquid 

Chromatography (HPLC) (Agius et al., 2018). A faster, cheaper, and widely used method 
to estimate sugar content, is the measurement of soluble solids, Brix, where one degree 

Brix (˚Brix) corresponds to 1% (weight/weight) sucrose. As tomato contains mostly 

glucose and fructose, the ̊ Brix is only an approximation of the dissolved sugar content. 
Fruits that weigh over 15 grams usually do not have a  Brix over 5.6 degrees 

(Roohanitaziani, 2019). Sugar content of tomato was one of the major traits that 
suffered during domestication, as was demonstrated by Genome-Wide association 

studies (GWAS) (Tieman et al., 2017; Zhao et al., 2019). In this GWAS two chromosomal 

regions, on chromosomes 9 and 11, that have significant associations with sugar 
content have also been identified as regions influenced by domestication and 

improvement sweeps during the selection of larger fruits (Tieman et al., 2017). Two loci, 

Brix9-2-5, later identified as the tomato cell wall (Lycopersicum) INvertase gene LIN5, 
and SSC11.1 were significantly associated with sugar content (Tanksley et al., 1996; 

Tieman et al., 2017; Kimbara et al., 2018). Almost all modern cultivars contain the 
reference alleles at these two loci, concurrent with lower sugar content.  

Breeding for flavour 

Knowledge on the different aspects contributing to flavour is valuable for breeders and 

will help to improve tomato flavour in the future. Flavour is one of most challenging 
traits. Other quality aspects such as external appearance (size, shape, colour), texture 

(firmness, mealiness and juiciness), nutritional values and shelf-life have received a lot 

more attention. Flavour is a complex and multigenic trait and it is time-consuming and 
expensive to phenotype (Tieman et al., 2017). On top of that, improving flavour-aspects 

can have serious trade-offs, for instance, in yield or shelf-life. The link between yield 

and the loss of flavour can already be traced back to the early stages of human 
intervention when the selection for larger fruits was coupled by a decrease in flavour-

related components (Powell et al., 2012; Zhu et al., 2018b). Shelf-life has been an 
important breeding-goal since the 1980s (Bai and Lindhout, 2007). Up till now, delaying 

ripening, early harvesting at immature stages and post-harvest handling such as cold-

storage and chemical treatments have contributed to major flavour loss and resulted in 
increasing complaints from consumers (Boukobza and Taylor, 2002; Mahajan et al., 

2014; Sandarani et al., 2018). Harvesting at an early stage of ripening and cold-storage 

have especially drastic effects on volatile production (Maul et al., 2000; Bai et al., 2011; 
Sanchez-Bel et al., 2012; Raffo et al., 2012; Renard et al., 2013; Zhang et al., 2016). 

Introduction of non-ripening mutations such as ripening inhibitor (rin) in modern 
cultivars, have led to slow-ripening fruits that have a longer shelf life, but at the cost of 

flavour (Kitagawa et al., 2005). Recently, fruit softening has been uncoupled from 
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ripening, giving some hope that the use of non-ripening mutations can be avoided in 

the future (Uluisik et al., 2016). Although breaking the negative correlation between yield 
and flavour would be preferable, consumers have indicated that they are willing to pay 

more for a better tasting product (Bruhn et al., 1991; Oltman et al., 2014).  

Since the 1990s, flavour has been back in focus in a response to complaints about 
“Wasserbomben” – big watery, tasteless orbs - and the popularity of heirloom varieties 

(Terhorst, 2006; Tieman et al., 2017; Bauchet et al., 2017). The public perception is that 

heirlooms have superior taste compared to modern cultivars, although  this is definitely 
not always the case (Tieman et al., 2012). Recent work has shown that since the 

“Wasserbomben-crisis”, the diversity in fruit types and flavours has increased 
considerably (Schouten et al., 2019).  However, consumers are still far from satisfied as 

became clear from a Swedish consumer survey where more than half of the 

respondents indicated they were dissatisfied with tomato taste, while they expect good 
flavour delivered at affordable prices (Fernqvist and Hunter, 2012). The whole tomato 

production chain – from breeder to retailer – requires a more consumer preference-

driven selection approach. In this thesis we have researched one aspect of tomato 
flavour: the sugar content.  

Two important genes in fruit sugar content   

Sugars are the product of photosynthesis and sucrose is the main sugar that travels 

from the source, e.g. leaves, to the sinks, e.g. fruit. Sucrose is loaded into the phloem 
at the source and is unloaded in fruit via the symplastic or the apoplastic route (see 

chapter 2). Before import into the cell or within the cell itself, sucrose is cleaved into 
glucose and fructose. Developing fruit accumulates these hexoses and starch, a sugar 

polymer. Starch is stored in the columella, placenta and septum and its  amount peaks 

around 10-25 days after anthesis (Schaffer and Petreikov, 1997). At the onset of ripening, 
starch is completely hydrolysed and contributes significantly to final soluble sugar (Brix) 

content (Bertin and Génard, 2018). A more detailed overview of the sugar pathways in 

tomato is described in CChhaapptteerr  22. In this general introduction, we have highlighted the 
two genes that have taken the central role in this thesis:  LIN5  and ADP-Glucose 
Pyrophosphorylase Large Subunit 1 (AGPL1)  (FFiigguurree  33). 

LIN5 was discovered as the underlying gene for the Brix9-2-5 QTL in a tomato line with 

a S. pennellii introgression (Fridman et al., 2002; Baxter et al., 2005b, 2005a). LIN5 

encodes one of the tomato Cell Wall Invertases (CWIN). Invertases cleave the O-C bond 
in sucrose, breaking it into the monosaccharides glucose and fructose to drive sugar 

import into the cell (FFiigguurree  33). The importance of LIN5 in tomato Brix was further 

demonstrated by knocking down its expression with RNA interference (RNAi) and by 
silencing the posttranslational inhibitor of LIN5, Cell-wall Inhibitor of -fructosidase 

(CIF1 or INVINH1). This led to a lower and higher sugar content in fruits, respectively 

(Zanor et al., 2009; Jin et al., 2009b). As mentioned before, LIN5 is associated with an 
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improvement sweep for fruit size, where a high expression and activity of LIN5 
negatively correlated with size (Tieman et al., 2017). In this Brix9-2-5 QTL, three amino 
acid substitutions (positions 348, 366 and 373) in the S. pennellii LIN5 allele compared 

to S. lycopersicum were linked to increased enzyme-activity and to the increased Brix 

phenotype (Fridman et al., 2000, 2004). It was hypothesized that the Glu to Asp change 
at position 348 would be the most important, as it is closest to the active site of the 

invertase. The Asn to Asp change at position 366 was also correlated with an increase 

in sugar when constitutively expressed (Tieman et al., 2017).  

The other topic of this thesis is AGPL1. It encodes the large subunit of the ADP-Glucose 

Pyrophosphorylase (AGPase). AGPase catalyses the rate-limiting reaction between ATP 
and glucose 1-phosphate (G1P) to produce ADP-glucose and inorganic pyrophosphate 

in plastids  (FFiigguurree  33,,  Ballicora et al., 2004b; Beckles et al., 2001). This is the first 

dedicated step in the production of starch. At the onset of ripening, stored starch is 
hydrolysed to form glucose, maltose and G1P, significantly influencing the final sugar 

content of tomato. AGPase is a tetramer, consisting of two stabilizing large subunits 

and two catalysing small subunits. Of these subunits, the large subunit AGPL1 was 
correlated with high AGPase activity and high starch levels in the immature fruit and 

high soluble solids content in the mature fruit (Schaffer et al., 2000). AGPL1 is expressed 
in immature fruit and is downregulated before the onset of ripening. In an S. 
habrochaites Introgression line, it was found that plants harbouring the S. habrochaites 

AGPL1 allele (AGPL1H) had higher starch accumulation and increased sugar content, 
probably caused by the extended temporal expression of AGPL1 (Petreikov et al., 2006).  

Both LIN5 and AGPL1 play an important role in sugar accumulation and thus in the 

perceived tomato quality. However, apart from the described QTLs, variation is not 
present in modern cultivars (Tieman et al., 2017; Zhao et al., 2019). Thus, it would be 

interesting to explore how genetic techniques can (re-)create variation and boost LIN5 
and AGPL1 activity in developing fruit. In this thesis, we have pursued this by studying 

and modifying transcription regulation of LIN5 and AGPL1.  

Transcriptional Regulation of genes 

The regulation of expression of genes through modulating transcription is a vital 
process for any organism. Precise patterns of gene activity result in differentiated cell 

types, organs, structures. These patterns enable an organism to respond to 
environmental changes. In essence, there are two core components of transcriptional 

regulation: (1) Transcription factors (TFs) that bind DNA on (2) Cis-Regulatory Elements 

(CRE), specific sequence motifs that affect transcription of a gene (Bulger and 
Groudine, 2011; Wittkopp and Kalay, 2012; Yáñez-Cuna et al., 2013). Upon binding to a 

specific DNA motif, TFs can activate or repress transcription of a nearby or distal gene 

(Latchman, 1997) (FFiigguurree  44). Through the interaction with TFs, CREs define the  
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FFiigguurree  33::  The role of cell wall invertase (LIN5) and AGPase. A simplified representation of sugar transport and 

storage in a sink parenchyma cell. Sugars, enzymes, and transporters are represented by figures, see the legend 

for their names. Only the invertase (LIN5), AGPase (consisting of AGPL1 and AGPS) and transporters are 

depicted in this simplified representation. Created with BioRender.com.  

spatiotemporal expression patterns of their corresponding genes. Understanding the 
separate elements and their interactions within their native environments enables 

researchers and breeders to understand and tweak gene regulatory networks, design 

specific TFs and predict and design spatiotemporal expression patterns by using CREs. 

Transcription Factors 

The next layer in transcriptional regulation comes from TFs. By combining and 

balancing pioneering, activating, and repressing activities, specific expression patterns 
emerge. Positive and negative feedback loops, flip-flop devices and feed forward loops 

are all methods of fine-tuning expression and make a cell able to adjust expression 

levels based on new signals. It is common that a certain TF can regulate a multitude of 
genes. TFs can have either a repressing or activating effect on gene expression. 

Activators bind and attract general TFs to accelerate their assembly, attract the 

transcription initiation complex or aid polymerase binding and release, directly or 
indirectly through interaction with other proteins. In addition, TFs can have  
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FFiigguurree  44:: Regulation of genes by Cis-Regulatory Elements (CREs) and Transcription factors. Transcription 

factors can act as activators or as repressors upon binding to CREs in the promoter of a gene. TF can act in a 

combinatorial way. CREs wrapped in nucleosomes, a complex of histones and DNA, are less accessible to TFs. 

Created with BioRender.com. 

a structural activation domain that can accelerate the rate of transcription initiation. 

Repressor TF activity can occur when the bound TF blocks or masks activator binding, 

blocks the general TFs or polymerase or if it recruits chromatin remodelling complexes, 
histone deacetylases and histone methyl transferases. One TF can act both as a 

repressor and as activator: the regulatory function depends on the binding location in 
the promoter, the context, and on the complexes it forms with other proteins and co-

factors under different conditions (Bauer et al., 2010; Maher et al., 2018). In all cases, 

specific DNA recognition and binding is essential. 

The Cis-regulatory code 

To correctly regulate genes, TF binding must be specific and timely. TF binding with 

the DNA is achieved through highly conserved DNA binding domains in the amino-acid 

chain of the TF protein (Jolma et al., 2013). The outside of the doubled helix DNA strand 
presents a distinctive pattern of hydrogen bonds and hydrophobic patches for a DNA 

binding protein to recognize in a specific and strong manner. As the differences 

between the different base-pairs is more marked in the outer groove, the majority of 
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TF specific interactions occurs there. Though the specifics differ for each class and 

specific members of TFs families, two general types of DNA binding domains are found 
that bind to the major groove: the -sheets and the -helixes. Specificity comes from 

the amino acids and angle. The angle and positioning relative to the DNA is influenced 
by the number of -sheets and -helixes and the rest of the TF polypeptide chain (Sayou 

et al., 2016). This chain also makes other contacts with the DNA, fine-tuning the 

interaction. Common types of DNA binding motifs include the helix-turn-helix, the 
helix-loop-helix, -hairpin/ribbons and zinc fingers (Luscombe et al., 2000). Many TFs 

form homodimers, heterodimers and need co-factors to strengthen and specify DNA 

binding (Jolma et al., 2013).  

Binding preferences are often similar for closely related TFs (Weirauch et al., 2014). TFs 
are grouped into TF families according to their conserved domains, often the DNA 

binding domain. Examples in plants are the AP2/ERF, bHLH, MYB, WRKY and the MADS 

TF family. The MADS domain TFs for example bind to a CarG box (CC(A/T)6GG) (West 
et al., 1997). However, in vitro and in vivo binding specificity may differ for each family 

member, even though the DNA binding domain is conserved. One reason is the 
spatiotemporal expression patterns of a TF and the binding to coregulators (Tao et al., 

2012; Völkel et al., 2015). Because of this, including co-expression analysis with target 

genes can greatly increase the prediction of strength of TF binding and functionality. 
Even related proteins expressed in the same cell can bind differently in vivo to targets 

as specificity  may be co-determined by specific protein-protein interactions, such as 

with additional co-factors, and due to differences in bindings sites with low and high 
affinity (Tanay, 2006; Tao et al., 2012; Völkel et al., 2015; Bemer et al., 2017). In addition, 

not all binding events lead to a transcriptional response.  

CREs and TFs function in a synergistic complex network to achieve precise patterns of 

gene expression (Kaufmann et al., 2010; Karlova et al., 2014; Wang et al., 2019a). 

Influenced by the spatiotemporal expression of the TFs and the manner of protein-
protein interaction, interaction can lead to cooperative, additive and independent 

binding (Wilczyski and Furlong, 2010; Spitz and Furlong, 2012). The importance of TFs 

in whole networks is exemplified when they are disrupted. Good examples are the 
tomato ripening regulators MADS-RIN, NAC-NOR, SPL-CNR, AP2a and FUL1/FUL2. 

Disruptions in these genes by natural variation, RNAi or CRISPR/Cas9 mutagenesis, can 
cause severe ripening defects (Robinson and Tomes, 1968; Tigchelaar et al., 1973; 

Thompson et al., 1999; Karlova et al., 2011; Bemer et al., 2012; Wang et al., 2019b).  

The 1-2Kb region upstream the transcription start site, the proximal promoter, is often 
enriched in TF binding sites (Yamamoto et al., 2009; Yu et al., 2016).. In plants it has 

been shown that broadly expressed genes have conserved, GC-rich promoters, while 

tissue-specific genes have less stable or AT-rich promoters (Das and Bansal, 2019). 
Accessible chromatin, increased GC-content and conservation are indicators of 

putative CRE-harbouring regions (Ricci et al., 2019). TF binding at the CREs in the 
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promoter is most likely facilitated by the sequence of the promoters’ motifs and by the 

sequence environment (Dror et al., 2016).  

CREs and groups of CREs in distal regions are called enhancers (Banerji et al., 1981). In 

maize, 32.5% of putative enhancers, accessible chromatin regions, were >2kb distal 

from their nearest gene (Ricci et al., 2019). Enhancers are separated by spacers and 
insulators. These can vary enormously in size, from a few to over 20Kb (Ricci et al., 

2019). Spacers and insulators provide flexibility, chromatin packaging, aid correct 

looping, prevent crosstalk between regulatory regions and limit the spread of 
heterochromatin (Gaszner and Felsenfeld, 2006). Enhancers can both stimulate and 

repress gene activity  (Gisselbrecht et al., 2020). However, repressing-enhancers are 
hard to detect in the much-used reporter-gene assays. A single enhancer can form 

loops with multiple genes, as was the case with 34% of the loops in the maize genome 

(Ricci et al., 2019). 

Enhancers function through direct interaction with their target promoter through TF 

and Mediator aided DNA-looping. In maize, loops between accessible chromatin and 

genes spanning over 20kb were a common feature (Ricci et al., 2019). TF binding can 
bring enhancers and the promoter close together by forming loops through protein 

complex formation. Additionally, a connecting and stabilizing layer, or bridge, between 
the TFs and the transcription initiation complex is formed by the large protein complex 

Mediator. The molecular structure of Mediator is conserved with a head, middle, tail 

and CDK8 part. Specific TFs haven been shown to interact with specific plant Mediator 
components, giving rise to tissue-specific interactions (Buendía-Monreal and Gillmor, 

2016). Mediator physically connects enhancers and the core promoters through the 

formation of loops (Kagey et al., 2010). Extrapolating from this, mediator, cohesion, and 
polymerase II localization can be used to predict DNA looping and enhancer sites. 

Other hallmarks of enhancers are specific histones, such as H2A.Z, on the flanks and 
an open chromatin confirmation (Ricci et al., 2019). 

Epigenetic regulation 

Different signals converge on a promoter. Several to hundreds of TFs, co-factors, and 

structural cues such as DNA looping, nucleosome packing, chromatin condensation, 
and DNA methylation are integrated to form a specific spatiotemporal and 

environment- dependent expression pattern. As discussed above, looping of DNA is 

primarily achieved by higher order protein-DNA interaction, bringing enhancers, 
promoters, and the core promoter close together. In addition, the local shape of a 

binding site (helix twist, minor groove width, propeller twist and roll) is influenced by 

surrounding nucleotides and plays a role in achieving specificity for TF binding (Gordân 
et al., 2013). This mechanistic role of the native surrounding of a CRE can explain a TF’s 

in vivo preference for just a subset of all possible target sites. Using DNA shape features 
improves TF binding predictions (Mathelier et al., 2016). 



1

General Introduction 

21 

DNA methylation is the covalent addition of a methyl group to cytosine (C) in CG, CpG, 

GHG and CHH (where H corresponds to A, T, or C) sequences (Suzuki and Bird, 2008). 
DNA methylation can be inherited stably but can also undergo dynamic changes during 

development (Klose and Bird, 2006). In most cases, DNA methylation is correlated with 

silenced genes (Holliday and Pugh, 1975; Riggs, 1975; Hsieh, 1994). The methyl groups 
are thought to physically obstruct TF-DNA binding (Wade, 2001; Hendrich and Tweedie, 

2003; Maurano et al., 2015; Domcke et al., 2015),  and alter the DNA shape (Tippin et 

al., 1997; Buck-Koehntop et al., 2012; Lazarovici et al., 2013). Another theory is that 
methylated DNA attract specific TFs, blocking access to others (Zhang et al., 2010, 

2018). As DNA methylation affects the DNA shape and accessibility, DNA methylation 
contributes to TF-DNA interactions. In a study in Arabidopsis, the DNA binding of 76% 

of all TFs were sensitive to DNA methylation status (O’Malley et al., 2016). 

A specific part of the DNA landscape is DNA packaging. DNA is packed into higher order 
forms of chromatin structure around histone proteins forming nucleosomes. Packing 

reduces the accessibility of DNA by TFs and is correlated with lower transcriptional 

activity. The location and interaction strengths of nucleosomes can be influenced by 
histone-tail modifications. There are more than a hundred modifications known, 

making DNA accessibility a dynamic and complex process (Tan et al., 2011). 
Modifications of histone tails include methylation, acetylation, phosphorylation, 

ubiquitination, SUMOylation, citrullination and ADP-ribosylation (Narlikar et al., 2002; 

Cano-Rodriguez et al., 2016; Ricci et al., 2019). As the transcription initiation complex 
seems unable to bind condensed chromatin,  specific activator TFs called pioneering 

factors have an important role in chromatin opening through their ability to bind to 

specific motifs on a nucleosome, in contrast to non-pioneering TFs that can only bind 
non-nucleosome-bound DNA (Soufi et al., 2015, Magnani et al., 2011). Chromatin 

opening is achieved by covalent histone modifications leading to nucleosome 
remodelling, removal, and replacement. Activators attract histone modification 

enzymes, chromatin remodelling complexes and histone chaperones. Specific histone 

marks are then recognized by subsequent proteins, continuing the cascade (He et al., 
2011). Other TFs can stabilize the nucleosome, repressing gene expression (Zhu et al., 

2018a), while nucleosome depleted regions are characteristic of active core promoters 

(Mavrich et al., 2008; Jiang and Pugh, 2009; Jin et al., 2009a; Mueller et al., 2017). In 
plants, it has been found that the majority of open chromatin regions lies 3kb upstream 

of transcription start site and that open regions cluster together (Maher et al., 2018). In 
many plant species, especially with large genomes, distal CREs have been created and 

separated from the transcription start site by Transposable Element proliferation (Lu et 

al., 2019).  

The complex network of integrated signals determines the amount, conditions, time, 

and space of expression. The whole interplay of CREs, TFs, epigenetics and post-

transcriptional effects such as RNA processing splicing, transport selection, localization 
and degradation result in a complete picture of gene expression as part of a gene 
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regulatory network (Chen and Rajewsky, 2007; Mejia-Guerra et al., 2012). Changes in 

gene expression have been shown to underlie more of life’s variation than the 
acquisition of new genes (Wittkopp and Kalay, 2012). Many crop QTLs affecting quality 

and yield, have been the result of expression differences of underlying genes rather 

than of differences in the gene products themselves. This observation holds true for 
many domestication-associated traits (Doebley et al., 2006; Hufford et al., 2012; Ye et 

al., 2017). Variation in CREs has been a particular driving force in in evolution and 

breeding (Hufford et al., 2012; Meyer and Purugganan, 2013; Swinnen et al., 2016). 
Recently, the study of  the pangenome of structural variants in tomato revealed that 

that in addition to SNPs, structural variations in promoters are associated with changes 
in expression that occurred during domestication or subsequent improvement by 

breeding (Alonge et al., 2020). An example of a CRE mutation leading to interesting 

phenotypes in tomato comes from a Genome-Wide Association Study (GWAS) studying 
malate content. It was found that a 3 bp insertion in the promoter of Al-Activated Malate 
Transporter 9 (SlALMT9) disrupted a W-box binding site, disrupting binding of a WRKY 

TF, WRK42 and increasing SlAMT9 expression. Increased SlAMT9 expression led to an 
increased malate accumulation and enhanced aluminium tolerance (Ye et al., 2017)..  

Two QTLs for locule number are fas, an allele with a decreased expression of CLAVATA 
3 (SlCLV3), and lc, a weak gain-of-function allele of WUSCHEL (SlWUS) (Huang and van 

der Knaap, 2011; Xu et al., 2015; Somssich et al., 2016). Both locule number QTLs are 

most likely caused by changes in the promoters of the two underlying genes. In the 
SlCLV3 locus the promoter is inverted and a deletion in the 3’ region of SlWUS has a 

putative effect on the binding of a repressor. A recent study used Clustered Regularly 

Interspaced Short Palindromic Repeats (CRISPR)/CRISPR- associated Protein (Cas9) - 
(CRISPR/Cas)  mutagenesis on the promoters of SlCVL3-SlWUS to increase locule 

number and size (Rodríguez-Leal et al., 2017). The possibility to alter CREs in a way we 
desire, creates new opportunities for research and breeding with fewer detrimental 

pleiotropic effects than would be caused by entirely knocking out gene function or 

ectopically expressing it (Swinnen et al., 2016). 

Study of promoter function 

Better understanding transcription regulation and the impact on gene regulatory 

networks would create these new opportunities for quality breeding in plants. A central 
question in transcriptional regulation research is to define the regulatory region of a 

gene and which TFs and CREs influence transcription. Promoter studies with reporter 

genes have been a widely used method to assess the regulatory region directly 
upstream of a particular gene. Next Generation Sequencing methods have been a 

recent widely applied approach in high-throughput and genome wide transcriptional 

regulation studies, with techniques as RNA-sequencing, DNAse I hypersensitive site 
sequencing (DNAseI-seq), Chromatin immune Precipitation sequencing (ChIP-seq), 

Chromatin interaction analysis by paired-end tag sequencing (ChIA-PET) and bisulphite-
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sequencing (Meyer et al., 2012). Applications as DNA affinity purification sequencing 

(DAP-seq), Yeast-one-Hybrid assays (Y1H), ChIP-seq and Electrophoretic Mobility Shift 
assays (EMSAs) indicate physical interactions between regions of DNA and a TF. 

Validating gene regulation can be done with a promoter reporter assay and transient 

expression systems (Bargmann et al., 2013; Kaufmann and Mueller-Roeber, 2018).  

CRIPSR/Cas-mediated mutagenesis 

CRISPR/Cas mutagenesis of CREs could be used to determine if disruption of a putative 

CRE leads to expression changes and an altered phenotype. In this thesis, we tested 

this method by performing a comprehensive study on the promoters of LIN5 and 
AGPL1. Since variations in LIN5 and AGPL1 have been proven to influence sugar 

content, it makes them interesting targets for experimenting with New Breeding 

Technologies (NBTs). With NBTs, such as CRISPR/Cas mutagenesis, it is possible to 
make changes in any tomato variety without the need of introducing a gene from a 

with wild tomato variety by a lengthy introgression process. In addition, completely new 
genotypes and phenotypes can be created that are not possible by introgression. 

Cas9 is an RNA-Guided double-strand DNA endonuclease that targets a specific 

genomic sequence to create a double stranded break (Belhaj et al., 2015). The 
CRISPR/Cas system was initially discovered as an immune system in bacteria and 

Archaea (Bhaya et al., 2011). However, the potential for gene editing was quickly realized 

and the system was adapted and developed rapidly for gene editing in eukaryotic cells 
(Jinek et al., 2012; Cong et al., 2013; Li et al., 2013; Shan et al., 2013; Mali et al., 2013a).  

CRISPR/Cas9-mutagenesis was soon successfully applied in tomato as well (Brooks et 
al., 2014; Ron et al., 2014).  

The ability to use a customizable small noncoding RNA,,  single guide RNA (sgRNA), has 

made CRISPR/Cas9 ideal for genome editing purposes (Jinek et al., 2012; Cong et al., 
2013; Belhaj et al., 2013; Voytas and Gao, 2014). The first step of target recognition 

depends on the presence of a protospacer adjacent motif (PAM), typically NGG for the 

nuclease SpCas9, adjacent to the 3’ end of the 20 bp target (Jinek et al., 2012). Cas9 
unwinds the target DNA sequence using sgRNA-DNA base pairing and cuts both DNA 

strands 3 bp upstream of the PAM site. This creates a blunt-ended double-stranded 
break ((FFiigguurree  55aa)). In addition, Cas9 can induce a 1-bp staggered break, often leading to 

1 nt insertions (Shi et al., 2019). A Double Stranded Break (DSB) in the DNA is repaired 

by either Non-Homologous End Joining (NHEJ) or Homology Directed Repair (HDR) 
(Symington and Gautier, 2011). During classical NHEJ the loose ends are re-joined in an 

error-prone mechanism, creating small insertions or deletions. Repair through the 

alternative end joining or microhomology mediated end-joining (MMEJ) pathway 
frequently results in in larger deletion between microhomology sites of 4-25 bp near 

the DSB (Deriano and Roth, 2013; van Overbeek et al., 2016; Tan et al., 2020).  
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FFiigguurree  55:: CRISPR/Cas9 as a genome editing tool (aa)) CRISPR/Cas9-DNA/RNA complex. A double stranded 

break is made by Cas9 3 bp upstream of the PAM site (Red) ((bb)) A double stranded break is repaired through 

either NHEJ or HDR. NHEJ can lead to perfect repair or creates small Insertions or Deletions (black region). 

HDR uses a template (yellow) for repairing the double stranded break, thereby replacing the original sequence 

((cc)) Bigger deletions are achieved by multiplexing. Red triangles represent CRISPR/Cas9-induced double 

stranded breaks. A generated deletion is represented by the dashed red line, disrupting a repressing TF binding 

site (red coloured DNA strand and protein).  

HDR uses an available homologous DNA donor template to repair the break, creating 

an insertion or replacement of the original with the donor. The template can be the 
same locus on the sister chromatid or an exogenous piece of DNA (FFiigguurree  55bb) 

(Symington and Gautier, 2011). In plant cells double stranded breaks are primarily 
repaired through NHEJ that introduce frameshift mutations or deletions (Shukla et al., 

2009; Knoll et al., 2014; Schiml et al., 2014). Larger deletions can be created by the use 

of multiplexed-genome editing wherein multiple sgRNAs are being used (Cong et al., 
2013; Mali et al., 2013b). Simultaneous DSB from two or more sgRNAs can then result 

in a deletion of the DNA between the two cuts.  

 



1

General Introduction 

25 

Outline of this thesis 

In this thesis, CRISPR/Cas9 multiplex gene targeting was used to create an allelic series 

of mutations for each of the proposed target genes’ promoters (FFiigguurree  55cc). Bigger 
deletions were achieved by multiplexed targeting of the promoter of our genes of 

interest. By generating deletions in promoter regions, we intended to study the 

regulatory function of the targeted CREs. When a mutation occurs, a CRE can be 
disrupted, disrupting the binding of a Transcription Factor (complex). If the disrupted 

site was the binding site of a repressor, the expression of the target gene should 
increase. By increasing expression, we aimed at increasing sugar content and hopefully, 

tomato flavour. 

CChhaapptteerr  22 reviews current knowledge and explores the sugar accumulation pathway 
in tomato. In this process, potential breeding targets to increase the sugar content are 

highlighted. Two of these targets are AGPL1 and LIN5.  

In CChhaapptteerr  33  (AGPL1)  and  CChhaapptteerr  44  (LIN5),  we set out to gain insight into expression 
regulation of the two target genes during fruit development. The first step was to 

identify their Cis-regulatory elements and their interacting TFs. Subsequently and 
simultaneously, we implemented CRISPR/Cas9 targeted mutagenesis to create a range 

of systematic deletions in the promoters of both target genes. The hypothesis was that 

this would lead to a clear in situ picture of the CRE functions. With the addition of 
proven methods for CRE-TF interaction application, we worked towards a 

comprehensive model of the regulatory network of the two genes. This work provided 

leads for fruit quality improvement and gained us some insight into the potential of 
genome editing for altering gene expression (up- and down-regulation) in crops by 

targeting candidate gene CREs. 

CChhaapptteerr  55 explores the role of a post-translational inhibitor of LIN5, CIF1. We generated 

knockout mutants and studied the effect on final soluble solids content (Brix˚) and 

invertase activity. CChhaapptteerr  66 focuses on the implementation of a new CRISPR/Cas9 
tool: Gene Targeting. A major goal of plant gene editing is the use of homologous 

recombination to make an exact desired change.  Our goal was to modify the three 

amino acids in LIN5 that were underlying the Brix9-2-5 QTL. We tested Gene Targeting 
in tomato with a geminiviral-based replicon donor delivery system in protoplasts and in 

stable transformation.  

A summary synthesis of the main outcomes presented in the preceding chapters is 

given in CChhaapptteerr  77 with emphasis on the implementation in breeding and research, 

societal implications and potential follow up research.   
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Abstract 
Tomato (Solanum lycopersicum) is a worldwide high-production and high-value 

vegetable crop. The tomato flavour is an important trait determined by different factors: 
sugars, organic acids, minerals, volatiles, and their interactions. Identifying and 

understanding the role of the genes underlying the production and distribution of these 

factors is crucial for crop breeding.  It is even more critical because of the rapid 
development of gene editing technologies that enable precise modification of these 

genes. This review discusses our current knowledge of the genes determining one of 
the essential factors contributing to tomato flavour: the sugar content. A combination 

of its synthesis, transport, metabolism, and storage determines the amount of sugar in 

tomato. Quantitative Trait Loci (QTLs) for sugar content and their underlying genes are 
outlined. Moreover, we discuss possible new targets for breeding that have emerged 

recently. Some will need further research and development because not all putative 

targets have been validated for an overall positive effect (in tomato), especially when 
negative trade-offs have to be balanced.  Combining of QTL trait discovery and 

molecular analysis of the sugar pathway(s) has yielded a wide array of either proven or 
promising targets to increase the tomato fruits’ sugar content. 

Introduction 

Tomato is a popular and economically important fresh or processed vegetable crop 

(http://www.fao.org/faostat/en/#home).. Its flavour requires continuous attention and 
improvement, as many consumers are not satisfied or seek perfection. The flavour of 

cheaper fresh-market tomatoes, in particular, has been a significant source of 
consumer dissatisfaction (Fernqvist and Hunter, 2012; Tieman et al., 2017a). Improving 

the flavour of these tomatoes would meet the demand for affordable and tasty 

tomatoes. Flavour is clearly an important aspect of quality breeding in tomato, but it is 
also one of the more challenging ones. A significant difficulty is that flavour is a complex 

and cumulative trait, breeding is time-consuming and phenotyping expensive, and 

consumers’ demands vary widely (Causse et al., 2010; Tieman et al., 2017a). 
Additionally, improving flavour can have negative trade-offs, such as in yield or shelf-

life. Since the 1990s, flavour has been back in focus in response to complaints about 
watery tomatoes and the growing popularity of heirloom varieties (Terhorst, 2006; 

Tieman et al., 2017a; Bauchet et al., 2017). For instance, major contributions to 

knowledge on aroma pathways and aroma-QTLs have been made in the last decade 
(Tadmor et al., 2002; Rambla et al., 2014; Tieman et al., 2017a; Martina et al., 2021). 

Another major contributor to tomato flavour is the sugar content (Causse et al., 2010; 

Tieman et al., 2017a).  

Here we review current knowledge and particularly, recent advances in understanding 

of the genetic determinants of tomato fruit sugar content, with the purpose of 
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identifying putative targets for improvement that can be implemented in breeding 

programs by modern breeding tools such as “genome editing”. These potential targets 
may have been identified by genetic analysis, by the identification of genes underlying 

Quantitative Trait Loci (QTLs) for sugar, or probably will be identified in the future using 

more advanced genetic analysis such as Multiparent Advanced Generation Intercross 
(MAGIC) populations, expression Quantitative Trait Loci (eQTL), meta QTL (MQTL) 

analysis, and Recombinant Inbred Lines (RILs) (Shan et al., 2013; Sander and Joung, 

2014; Brooks et al., 2014; Pascual et al., 2015; Pan et al., 2016; Ranjan et al., 2016; Van 
Eck, 2017; Li et al., 2020), or by the study in genetically modified tomato plants. We limit 

ourselves herein mostly to genes or their alleles that have been shown to have a positive 
effect on sugar content when modified in tomato.  

Sugar and tomato flavour  

The tomato flavour is determined by different compounds that influence taste and 

smell: sugars, organic acids, minerals, volatiles and their interactions (Oltman et al., 
2014; Tieman et al., 2017a).  A set of 33 compounds has been highly correlated with 

likability by the American consumer (Tieman et al., 2012, 2017a)..  All these compounds 
warrant attention in the quest for improved flavour. Sugars play a major role in a 

satisfying sour-sweetness flavour of tomato and are the focus of this review (Baldwin et 
al., 2000; Tieman et al., 2012, 2017a). Glucose and fructose play the major role in 
tomato sweetness perception. They are formed by hydrolysis of the disaccharide 

sucrose, of which usually trace amounts are present in cultivated tomato. Glucose and 

fructose are mostly present in equimolar amounts, with some varieties having slightly 
higher fructose content (Petró-Turza, 1986). The combined sugars constitute 

approximately half of the dry fruit weight (Winsor, 1966). The perceived sweetness of 
sugars on a relative scale is 100 for sucrose (set as reference), 50-80 for glucose and 

110-180 for fructose (Tunaley et al., 1987) 

The final sugar content in fruit is determined by synthesis, transport from the site of 
synthesis (source) to the fruit (sink), metabolism, and storage. Sugar is produced in the 

source tissues, such as leaves or immature green fruit, by photosynthesis and 

translocated as sucrose via mass transport through the phloem to sink tissues. In 
tomato, sucrose is the transported sugar. In other species, this may be raffinose and 

stachyose (Cucurbits, like melon and cucumber), or sugar alcohols like sorbitol (apple, 
pear) and mannitol (olive) (Yamaki, 2010). In the fruit, cell-to-cell transport achieves the 

unloading of sucrose with the help of sugar transporters and invertases (Yadav et al., 
2015). Sugars are stored in the fruit parenchyma-cell vacuole as hexoses or in plastids 
as starch (Stein and Granot, 2018). Accumulation in vacuoles creates osmotic pressure 

leading to water influx, which is believed to provide turgor pressure leading to cell 

enlargement and fruit growth. 
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The amount of sugar can be precisely measured with chromatography systems, yet in 

practice, a faster and simpler measurement of soluble solid contents (˚Brix) by 
refractometry is used as a proxy for sugar content. One-degree Brix (˚Brix) equals 1 % 

w/w sucrose in solution. ˚Brix of cultivated tomatoes varies from 3 to 10, where fruits 

weighing more than 15 grams do not go higher than approximately 6 ˚Brix (Tieman et 
al., 2017a; Roohanitaziani, 2019). This makes tomatoes relatively unsweet compared to 

other fruits and vegetables like cabbage (5.5 - 6.5), sweet pepper (6.4-8.5), carrot (8.6-

12.3), melon (>10), cherry (12-17) or pineapple (>14) (Guthrie et al., 1998; Lu, 2001; Gong 
et al., 2010; Rashidi, 2011; Ferreira et al., 2012). ˚Brix is not a measure of the glucose/ 

fructose ratio (Zanor et al., 2009a). As fructose is perceived as sweeter, this ratio can be 
essential for a grower or breeder for determining the final flavour profile. Thus, (high-

throughput and) precise analysis of sugars as a standard in breeding for quality is 

preferable over Brix. 

Breeding for Brix 

Current breeding goals increasingly include quality traits (Schouten et al., 2019; Bakir et 
al., 2020).  If it is possible to identify and introgress or newly create superior alleles for 
quality aspects such as sugar content, these could be used in breeding programs, and 

this will result in better tasting varieties.  

Starting with traditional breeding by consecutive crossing, a significant effort was made 
in the 1990’s to increase genetic variation in cultivated tomato. A series of F2 

populations (progeny of a cross between parental lines differing in a trait), introgression 

lines, recombinant inbred populations and (advanced) backcross populations lines were 
made with a wild tomato relative as one of the parents. From these populations, 56 

chromosomal regions together harbouring 95 QTLs for sugar content related traits 
(˚Brix, fructose, glucose) were identified. Twenty-eight of these regions were linked to 

QTLs in multiple populations and may represent the same QTL (Fulton et al., 2002; 

Labate et al., 2007).  In most (>85%) of the cases, the wild allele caused an increase in 
sugar content, emphasising the potential for improvement. Similar results were 

obtained in a recent QTL analysis from a population backcrossed from S. 
pimpinellifolium (Çolak et al., 2020). From a (meta-) Genome-Wide Association Studies 
(GWAS), which confirmed already known QTL’s as well as identified new ones, it has 

become increasingly clear that domestication and selection have resulted in a 
consistent loss of favourable (wild) alleles (Zhao et al., 2019).  Other alleles may never 

have been part of the tomato lineage as the wild relatives harbouring them were not 

the modern tomato’s ancestor. Throughout this review, we will highlight QTLs, genes 
and other traits that have been associated with an increased fruit sugar content (TTaabbllee  

11). QTL names often start with “Brix” or “SSC” (Soluble Solid Content), underlining the 

contrasting phenotype.  
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So far, for only a handful of sugar QTLs the underlying genes have been identified 

(Tanksley et al., 1996; Lin et al., 2014). Recent developments in high throughput 
sequencing and marker analysis have led to more accurate locus positions, such as by 

GWAS (Sauvage et al., 2014; Gao et al., 2019; Zhao et al., 2019). Apart from previously 

identified QTLs LIN5 and SSC11.1, this GWAS delivered several attractive new candidates 
such as -Fuc'ase S1-1 (Solyc03g006980), Glucosyltransferase (Solyc05g053400), Fatty 
acid elongase 3-ketoacyl-CoA synthase (Solyc05g009280) and Glyceraldehyde-3-
phosphate dehydrogenase (Solyc10g005510) (Tieman et al., 2017a; Zhao et al., 2019). 

For most of these candidate genes, modern cultivars, heirlooms, and transitional 
accessions lost the favourable allele. However, except for LIN5 and SSC11, they seem 

to have not been lost by domestication or improvement sweeps, but rather reflecting 

a lack of interest in selection for sugar content (Tieman et al., 2017a; Zhao et al., 2019). 

TTaabbllee  11:: Overview of QTLs, mutants, genes, and other variations affecting sugar content.  

GGeennee  nnrr  GGeennee  QQTTLL  OOrriiggiinn  EEffffeecctt  RReeffeerreenncceess  

   Heirloom 

cultivars 

with 

rounder 

leaves 

Higher SSC and yield Rowland et al., 

2020 

 AtORANG
E 

 Ectopic 

expression 

Higher SSC; LIN5 and LIN6 

expression up, INVINH1, 

expression down; early 

chromoplast formation 

Yazdani et al., 

2019 

 MdSWEET17 Ectopic 

expression 

Increased fructose content Lu et al., 2019a 

 MdHT2.2  Ectopic 

expression 

Higher SSC, fruit size and increased 

LIN5 activity 

Wang et al., 

2019 

 MdERDL6
-1 

 Ectopic 

expression 

Higher SSC Zhu et al., 2021 

 PbSUT2  Ectopic 

expression 

Increased sucrose  Wang et al., 

2016 

 

 

ZmSPS   Ectopic 

expression 

Higher sucrose unloading in fruit; 

increased SUS activity 
Nguyen Quoc 

et al., 1999 

  IL8-3 S. pennellii 
allele 

Higher SSC; high hexose content; 

increased AGPL1, LIN6 and 

TOMSSF activity or expression 

Ikeda et al., 

2013, 2016 

Solyc01g1

00510 

TKN4 uniform grey-

green (ug) 
wild type 

allele (UG) 
Higer SSC; increased chlorophyll 

levels; non-uniform fruit 

appearance 

Bohk and Scott, 

1945; 

Nadakuduti et 

al., 2014 

Solyc01g1

09790 
AGPL1 AGPL1H S. 

habrochait
es allele 

 

Increased starch accumulation in 

young fruit; increased expression; 

increased stability of AGPase;  

Schaffer et al., 

2000 

Solyc02g

081120 

TKN2 Curl (Cu) Gain of 

function 

Increased chlorophyll levels in the 

entire fruit  

Parnis et al., 

1997 

Solyc02g

088180 

SlORE1  RNAi Higher SSC; delayed leaf 

senescence; increased yield 

Lira et al., 2017 

Solyc03g

083910 
TIV1 (VIN) sucrose 

accumulator 
(sucr) 

Retrotrans

poson 

insert in 

promoter 

Increased hexose; expression of 

TIV1 in developing fruit.  

Moy et al., 2007 
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TTaabbllee  11 continued 

Abbreviations used: RNAi: RNA interference; SSC: Soluble Solids Content 

†QTL, locus, mutant allele or introgression lines 

 

Pathways to sugar in tomato 

Beyond trait-based breeding and marker-assisted breeding, New Breeding Techniques 

(NBT) or “gene editing” hold tremendous potential by combining QTLs, GWAS loci, and 
the growing knowledge of molecular and physiological mechanisms. The rest of this 

GGeennee  nnrr  GGeennee  QQTTLL††  OOrriiggiinn  EEffffeecctt  RReeffeerreenncceess  

Solyc04g

005610 

SlNAP2  RNAi Higher ˚Brix; delayed leaf 

senescence; increased fruit 

number 

Ma et al., 2018 

Solyc04g

064610 

SlSWEET1a Fructose to 

glucose 

ratio (Fgr)  

S. 
habrochait
es allele 

Increasing fructose-to-glucose 

ratio in young leaves and flowers; 

higher expression 

Levin et al., 

2000; Shammai 

et al., 2018 

Solyc07g

055920 

SlTAGL1 green 

striped (gs) 

Methylated 

isoform of 

TAGL1 
promoter 

Higher ˚Brix; striped fruit Liu et al., 2020 

Solyc08g

065420 

SlBEL4  RNAi Higher SSC; increased chlorophyll 

accumulation and chloroplast 

formation 

Yan et al., 2020 

Solyc08g

065790 

SlVPE1  RNAi Higher SSC; increased TIV1 activity.  Ariizumi et al., 

2011 

Solyc09g

010080 

LIN5 Brix9-2-5 S. pennelli 

allele 

Higher ˚Brix; increased activity  Fridman et al., 

2002; Baxter et 

al., 2005 

Solyc09g

011290 

SlVIF  RNAi Highly increased hexoses; delayed 

ripening; increased TIV1 activity. 
Qin et al., 2016 

Solyc10g

008160 

 

SlGLK2  uniform (u) ectopic 

expression 

or wt allele 

(U) 

Higher ˚Brix; increased chlorophyll 

levels or green shoulder  

Powell et al., 

2012; Nguyen 

et al., 2014 

Solyc10g

079050 

SlbHLH95  Ectopic 

expression 

Higher SSC, increased ethylene 

sensitivity 

Zhang et al., 

2020 

 ARF10? SSC11.1 S. 
pimpinellif
olium RIL 

QTL associated with higher ˚Brix Zhao et al., 

2019; Tieman 

et al., 2017 

Solyc11g0

69190 

ARF4  Antisense More starch in early fruit 

development; increased AGPL1 

activity and expression; enhanced 

chlorophyll content  

Jones et al., 

2002; Sagar et 

al., 2013 

 

Solyc11g0

69500 

SlARF10  Ectopic 

expression 

Higher SSC; increased chlorophyll 

accumulation 

 

Yuan et al., 

2018a 

Solyc12g

006340 

SlARF6a  Ectopic 

expression 

Higher SSC; increased chlorophyll 

accumulation 

 

Yuan et al., 

2019  

Solyc12g

095910 

SlVPE5  RNAi Higher SSc; increased TIV1 activity.  Ariizumi et al., 

2011 

Solyc12g

099200 

INVINH1/ 

CIF1 

 RNAi Increased activity of LIN5.  Zanor et al., 

2009b; Jin et 

al., 2009 
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review aims at giving an overview of the genes that have been shown to provide the 

potential for improving tomato sugar content. Different key players in the sugar 
pathway are highlighted, with a focus on potential breeding targets comprising genes 

that play a role in (1) synthesis, (2) transport or (3) storage (Osorio et al., 2014). Increasing 

tomato sugar content most likely be achieved by combining several alleles and 
strengthened by appropriate cultivation and post-harvest practices.  

It is important to note that two major types of tomato cultivation exist based on two 

contrasting plant growth habits. In the indeterminate growth habit of wild-type 
tomatoes and current greenhouse and tunnel cultivars, fruit trusses are produced at 

regular intervals, equally interspersed by three leaves (the sympodial unit) harvested by 
hand throughout the season. This contrasts with open-field cultivation-type varieties for 

processing tomatoes that carry a mutation (self-pruning, sp) in an inhibitor of flowering 

(SP). This mutation causes a determinate growth habit with a bushy plant phenotype 
and multiple trusses of fruits that are ripe at more or less the same time. This and the 

open field cultivation, allow for mechanical harvesting. It is essential to realize that many 

of the studies presented here report genes or QTLs identified and characterised in only 
one of these two types. This is perhaps best illustrated by IL-9-2-5, an introgression of 

part of S. pennellii chromosome 9 in the determinate variety M82. The increase in ˚Brix 
of this line is due to two QTL’s: Brix9-2-5 affecting LIN5 activity, a fruit-based trait (see 

below) and PW9-2-5, causing a semi-determinate habit with more vegetative biomass 

and plant architecture-based increase in ˚Brix (Fridman et al., 2002). The first QTL’s 
effect is apparent in greenhouse conditions, but the second is not (Baxter et al., 2005). 

Thus, conclusions may be valid for only one of the two growth habits, or for both. 

Additionally, the results obtained by modifying gene expression under laboratory 
conditions, sometimes in model varieties like cv. MicroTom, gives valuable insights, but 

many of these insights await validation in modern commercial varieties and regular 
cultivation practices. The importance of cultivation methods is exemplified in a recent 

study that added several sugar-pathway related transgenes to an indeterminate variety. 

Several transformants had a higher ˚Brix when grown in a polytunnel, but not when 
grown in a glasshouse (Vallarino et al., 2020).  

Photosynthesis 

Photosynthesis is the ultimate source of all sugars in plants. A large body of research 

aims at increasing photosynthetic capacity, not necessarily for improving sugar 
content, but mostly to increase yield (Long et al., 2015). However, with the proper 

approach, one might divert some or all this increased capacity to the tomato fruits’ 

sugar content. Strategies focus on various ways to increase the source capacity: by 
improving the light reaction, carboxylation or sucrose synthesis, or by influencing sugar 

signalling (Sonnewald and Fernie, 2018). Photosynthesis is naturally limited by day 
length, and growing plants under continuous light would theoretically increase 

production or raise fruit sugar content with production remaining equal. However, in 
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contrast to many other species, continuous light in tomato causes leaf damage and is 

potentially lethal.  A dominant allele of the type III light-harvesting chlorophyll a/b 
binding protein 13 gene (CAB-13) from S. pimpinellifolium confers tolerance to 

continuous light, leading to up to 20% yield increase. Fruit sugar content was not 

reported, so it remains to be determined whether this approach could also work for 
that (Velez-Ramirez et al., 2014).  

Leaf number, shape, and senescence 

Leaves are the most important photosynthetic source tissues. By model simulations 

and leaf-pruning experiments,  Xiao et al. have shown that in indeterminate cultivars, a 

sympodial unit of two leaves instead of three does not reduce yield and identified 
growing leaves as a significant sink, potentially competing with fruits (Xiao et al., 2004). 

This competition was confirmed by  breeding introgression lines carrying an S. pennellii 
allele of SP3D, the major activator of flowering in tomato, conferring a sympodial unit 
of 2 with the expected yield increase (Heldens et al., 2009). These results show that the 

amount of carbohydrates produced at the source is more than sufficient to sustain 
production and imply that if the surplus carbohydrate produced in tomatoes were more 

efficiently allocated to fruits, the result would increase the fruit sugar content. 

Leaf shape also affects fruit sugar content. A study comparing natural variation of field 
grown-tomato varieties found that round(er) leaves, as seen in varieties with the potato 
leaf (c) mutation, had a strong positive impact on both tomato yield as well as on sugar 

content (Rowland et al., 2020). The mechanism through which leaf shape acts on these 
parameters is yet unknown. Another approach to increasing sugar production is 

delaying leaf senescence, as it extends the period of productive photosynthesis output 
of a leaf. A delay in leaf senescence can be achieved by a knock-down of the 

transcription factor ORESARA1 (SlORE1),  resulting a significant increase of sugars in 

fruits and yield (Lira et al., 2017).  

Similar results were obtained by knocking down the expression of another positive 

regulator of leaf senescence, the NAC-like TF gene ACTIVATED BY 
APETALA3/PISTIALLATA 2 (SlNAP2) in an indeterminate background (cv. Moneymaker) 
(Ma et al., 2018). Also, here, both yield (fruit number) as well as ˚Brix were significantly 

increased. However, it may be difficult to extrapolate these results to commercial 
indeterminate-tomato production. The lower leaves in older plants (>3m high) receive 

little light and are routinely removed. In the open field with determinate processing 

tomato varieties, lower leaves may also be shaded due to the bushy phenotype.  The 
crop cycle is much shorter than for greenhouse tomatoes (3 months vs. almost a year), 

which begs the question of whether leaf senescence is a significant factor in the field.  
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Photosynthesis in fruits 

Photosynthesis in immature green tomato fruits can account for 15% of a sympodial 
unit’s photosynthetic activity (Hetherington et al., 1998). Wild-type tomato fruits, 

including older cultivars and heirlooms, display a ‘green shoulder’, a darker green area 

near the stem end. This green shoulder causes uneven ripening of the fruit, which was 
deemed undesirable to the consumer. Consequently, in the early 20th century, the 

uniform ripening (u) mutation that lost the green shoulder was incorporated in virtually 
all modern commercial cultivars. Strikingly, this may have been responsible for a drop 

of 0.5 ˚Brix in ripe fruit (Powell et al., 2012). The gene underlying this mutation was 

identified as GOLDEN2-LIKE 2 (SlGLK2/UNIFORM). The u allele encodes a truncated 
loss-of-function version of a transcription factor (TF) that controls fruit chloroplast 

numbers and chlorophyll levels (Powell et al., 2012).  Expression of SlGLK2 displays a 

latitudinal gradient in fruit, causing the green-shouldered, non-uniform colour (Nguyen 
et al., 2014). A SlGLK2 homolog, GOLDEN2-LIKE 1 (SlGLK1) expressed mostly in leaves 

plays a role in chloroplast formation and chlorophyll accumulation (Waters et al., 2008)..  

Overexpression of either gene produces dark-green fruit with increased chlorophyll 

accumulation and chloroplast development, concurrent with up to 1 ˚Brix increase 

(Powell et al., 2012; Lupi et al., 2019).  

The observation that enhanced fruit chloroplast production and chlorophyll content 

led to higher fruit sugar content was made in many studies following that on uniform 
ripening ((FFiigguurree  11)).  A Class I KNOTTED1-LIKE HOMEOBOX (KNOX) TF gene TKN4 is 
mutated in the uniform grey-green (ug) allele (Bohk and Scott, 1945; Nadakuduti et al., 
2014). TKN4 and the related TKN2 act upstream of SlGLK2 and the related gene 
ARABIDOPSIS PSEUDORESPONSEREGULATOR2-LIKE (SlAPRR2-LIKE) in the formation 

of their expression gradient in fruit (Nadakuduti et al., 2014).  Interestingly, a gain-of-

function allele of TKN2, Curl (Cu), shows a fruit-specific increase of chloroplasts 
numbers similar to that seen in SlGLK2 overexpression (Parnis et al., 1997). This indicates 

that the use of gain-of-function mutations can substitute for transgene expression, 

although the Cu mutation also affects leaf shape in this case.  Ectopic expression of the 
Auxin Response Factor (ARF) genes, SlARF6a or SlARF10, also increased chlorophyll 

content (Yuan et al., 2018, 2019). Both SlGLK1 as well as SlGLK2 expression are positively 
regulated by SlARF6a and SlARF10, while SlARF4/DR12 represses SlGLK1.  Indeed, ARF4 

knock-down lines show increased chlorophyll content (Jones et al., 2002; Sagar et al., 
2013; Le Roy et al., 2013; Yuan et al., 2018, 2019). Interestingly, the SNP marker for the 
abovementioned Brix QTL SSC11.1 (Tieman et al., 2017b) is located just downstream of 

ARF10, making this gene (or its regulation) an attractive candidate for underlying the 

QTL. Other TFs that influence chloroplasts and sugar content are SlBEL11 and SlBEL4 
(Meng et al., 2018; Yan et al., 2020). Pleiotropic effects observed in RNAi studies predict 

that knock-out mutations in some of these may have harmful effects on the plant, 
making them less suitable as a  
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FFiigguurree  11::  Potential targets in tomato that can increase source capacity. For references, see text. Green text 

indicates a positive influence on the sugar content of the fruit, while red text indicates a negative influence. A 

dashed line represents indirect or unproved regulation of the subsequent gene or process. Effects on 

processes other than related to sugar content are not depicted in this model.  

target. The more downstream a gene operates, the fewer pleiotropic effects are 

expected to occur from modifications (Liu et al., 2014).   

Other seemingly unrelated developmental pathways can also increase the 
photosynthetic capacity of developing fruit. In the spontaneous epigenetic mutant 

green stripe (gs), a methylated isoform of Tomato AGAMOUS-LIKE1 (TAGL1), leads to 
differential chloroplast development and carotenoid production (Liu et al., 2020).  gs 

fruits have gained 0.8 ˚Brix in ripe fruit compared to the wild type. Concurrently, the 

darker green stripes of the immature fruit developed into lighter red sectors due to a 
decreased lycopene production.  

From the results described above, increasing the photosynthetic capacity of the fruit by 

raising chloroplast number, chlorophyll content, or both appears to be an attractive 
approach to improving sugar content. However, wild-type (U) fruits are more sensitive 

to cracking and yellow shoulder, an alternative explanation for the loss of U in breeding, 
and a possible manifestation of photooxidative stress from high light intensity 

(Cocaliadis et al., 2014). Thus, increasing fruit photosynthetic capacity may only be 

useful for application in low light seasons or climates. 

Transport  

Source and sink activities are tightly linked. If the source sugar production is increased, 

more sink capacity has to be created as well. Increasing both transport and storage can 

achieve this capacity. Source to sink transport of sugars is a well-studied field, and there 
are several excellent reviews on this topic (Fernie et al. 2020; C. Zhang and Turgeon 

2018; Yadav, Ayre, and Bush 2015, summarised in FFiigguurree  22).  
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FFiigguurree  22::  Sugar transport in a tomato plant. Cartoons represent sugars, enzymes, and transporters, see the 

legend for the protein(complex) names. Created with BioRender.com.  

Sucrose mostly starts at the source in mesophyll cells of leaves or to some extent, fruit. 

This sucrose is translocated via the phloem to developing fruits, the sink. Bulk 
translocation is achieved by a concentration gradient between the source and the sink. 

This gradient is generated by concentrating sucrose in the source-phloem via phloem 

loading, the “push” effect. On the other side, at the sink, a “pull” is generated by storing 
translocated sugars in vacuoles and plastids. Phloem loading occurs via the 

plasmodesmata, the symplastic route, to the phloem parenchyma-companion cell-
border. There, to create a concentration gradient, sucrose loaded from the symplast to 

the apoplast (the plant’s collective cell wall and intracellular space) via SUGARS WILL 
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EVENTUALLY be EXPORTED TRANSPORTERS (SWEET) proteins. Sucrose is transported 

against the gradient to companion cells of the phloem by sucrose/proton symporters 
(Sucrose Uptake Transporters, SUT; or Sucrose Uptake Carriers, SUC). Bulk transport 

then occurs via sieve elements connecting the source and the sink tissue. Bulk transport 

is mostly affected by factors that play a role in the source-sink balance, such as plant 
growth, defoliation, number of bearing fruits, light intensity and temperature (Yoshihiro, 

1986).  Unloading at the sink occurs via the symplastic route, through plasmodesmata, 

or through the apoplastic route. For sucrose unloading, SWEETs transport sucrose into 
the apoplast, from where the sucrose is transported into the sink parenchyma cells via 

sucrose transporters or alternatively the sucrose is first hydrolysed to hexoses by cell 
wall-bound invertases and then is transported by hexose transporters. For maintaining 

the concentration gradient, sucrose and hexoses are stored in vacuoles or converted 

into starch in plastids. During phloem loading and unloading, several key genes are 
known or are predicted to play a role. These are interesting targets for improving the 

system.  

SWEET proteins 

One of the key gene (family) involved in sugar transport is the SWEET family. SWEETs 

are a recently discovered sugar transporter family of proteins that consist of seven 
transmembrane domains. These domains are predicted to form a pore across the 

membrane, through which specific types of sugar can travel (Chen et al., 2010). SWEETs 

fall into four clades and their clade position seems to be correlated to the selectivity 
toward hexoses (Clade I and Clade II) or sucrose (clade III) (Eom et al., 2015). In S. 
lycopersicum, twenty-nine SlSWEET genes were found (Feng et al., 2015). Most 
SlSWEETs have not yet been functionally characterized, but expression patterns can 

give clues for their relevance for sugar transport in different aspects of fruit 

development. Potential candidates would be SlSWEET1a, 11a, 12a expressed in leaves 
and SlWEET1b, 1c, 2a, 7a and 14 in young fruits (Feng et al., 2015; Shen et al., 2019; Ho 

et al., 2019). A high expression of SlSWEET1a, the underlying gene of the Fgr-locus, in 

an introgression line with wild tomato species Solanum habrochaites, was responsible 
for an increased ratio of fructose-to-glucose (Levin et al., 2000; Shammai et al., 2018). 

As fructose has a sweeter taste, this results in a sweeter fruit.  

To prevent an excess of sucrose leakage into the source cells, sugar transporters need 

to be tightly regulated (Fernie et al., 2020).  For instance, StSP6A physically interacts 

with StSWEET11 in potato and blocks leakage of sucrose to the apoplast, stimulating 
symplastic flow (Abelenda et al., 2019). It remains to be determined if similar 

mechanisms act in tomato fruit growth, but this suggests that modification of SWEETs 

activity may be a target for enhancing sugar transport.  
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Sucrose Transporters  

Fifty-two putative sugar transporter proteins in tomato, including the membrane proton 
symporters Sucrose Transporters (SUTs or SUCs) and Monosaccharide Transporters 

(MSTs), function in phloem loading and unloading (Leggewie et al., 2003; Reuscher et 
al., 2014). There are three known SUT members in tomato (Kühn and Grof, 2010). 
SlSUT1 is the main phloem loader, while SlSUT2 is the main unloader (Barker et al., 
2000; Hackel et al., 2006). SlSUT4 most likely also functions in unloading in fruits, as its 
expression is highest in ovaries (Weise et al., 2000; Hackel et al., 2006). A reduction in 

SlSUT2 expression leads to reduced pollen viability, reduced sugar and starch content 

in young fruit, and a lower fruit yield (Hackel et al., 2006). The different roles of SlSUT1 
and SlSUT2 highlight that SUTs are essential in both the “push” and “pull” mechanisms 

of sucrose transport. In Arabidopsis, both SUT2 and photosynthesis are downregulated 

when there is abundant apoplastic glucose, which may signal low sink demand or 
impaired assimilate allocation (Wingenter et al., 2010). Interference with this feedback-

regulation by apoplastic sugars or increasing the expression of SUTs may be an 
approach towards higher fruit sugar content. Ectopic expression of a pear (Pyrus 
bretschneideri) homolog of SlSUT4, PbSUT2 led to increased sucrose content in 

tomato fruit (Wang et al., 2016). Similar results from expression of heterologous SUTs 
were obtained in potato tubers and in pea (Leggewie et al., 2003; Sun et al., 2011; Lu et 
al., 2019a). However, ectopic overexpression of SUTs does not always give the desired 

effects (Rosche et al., 2002; Srivastava et al., 2009).  

Cell wall Invertases 

Invertases cleave the O-C bond in the disaccharide sucrose, breaking it into glucose 
and fructose. The presence of these monosaccharides drives import into the fruit. Due 

to the combined activity of the acid cell wall-bound, vacuolar invertases,  and the 

neutral cytoplasmic invertases (CWIN, VIN and CIN respectively) in fruit tissues, ripe 
tomatoes contain mostly glucose and fructose at equimolar concentrations and little 

sucrose (Klee and Giovannoni, 2011). Tomato  has four different CWINs, of which 
Lycopersicum Invertase 5 (LIN5) and LIN7 are expressed in reproductive organs (Zhang 

et al., 2013). LIN5 expression and CWIN activity increase in the ovary two days after 

pollination simultaneously with SlSUT1 expression (Shen et al., 2019). The earlier 
mentioned QTL IL9-2-5 was found to cause an increase in CWIN activity resulting in 

high ̊ Brix,  without a yield decrease in the field (Fridman et al., 2002; Baxter et al., 2005) 

Three amino acid changes in the LIN5 coding region near the catalytic site of the 
invertase were shown to  be linked to higher catalytic activity of LIN5 (Fridman et al., 
2000, 2004). The importance of LIN5 was confirmed in knock-down lines, giving lower 
˚Brix (Zanor et al., 2009b). In addition, silencing the gene encoding an inhibitor for LIN5, 
INVINH1 (also known as Cell-wall Inhibitor of -Fructosidase, SlCIF1), led to higher sugar 

levels in tomato fruit  (Jin et al., 2009). Higher activity of LIN5 in IL9-2-5 also resulted in 

higher expression of sugar translocation protein genes Hexose Transporter 3 (SlHT3) 
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and SlSUT4 (Baxter et al., 2005). The same effect was shown in a study where ectopic 

expression of an apple Hexose Transporter, MdHT2.2 increased the expression on LIN5  
and hexose content in ripening fruit (Wang et al., 2019). Conversely, increasing the 

activity of cell wall invertase might result in increased expression of tomato HT2, and 

of SWEET12C (Ru et al., 2020). Thus, modification of expression or activity of single 
sugar import machinery components may have a cascading effect on some of the 

other components, allowing an increase of the final sugar content of the ripe fruit. 

Hexose transporters 

The cleavage products of sucrose produced by cell wall invertases are translocated into 

the sink cells by hexose transporters (HT). In fruit parenchyma cells in particular, 
hexoses accumulate to high levels. Three hexose transporters, SLHT1, SLHT2 and 

SLHT3 are localized in the plasma membranes of these cells. Their role in sugar 

unloading is shown by RNAi knock-down lines of the SlHTs that showed a 55% decrease 
in hexose accumulation in fruits while source leaves and phloem transport capacity to 

fruit were unaffected (McCurdy et al., 2010). Although no direct upregulation of HT 
genes in tomato has been reported so far, it has been shown that when HTs are 

upregulated as an effect from other genes, sugar content is increased. This suggests 

that a higher HT expression is beneficial. 

The entire pathway of sugar translocation has been subject of intensive studies, both in 

tomato and in many other species. Yet, surprisingly few modifications of targets that 

can increase sugar in tomato are known. In general, it seems that overexpressing 
SWEETs, SUTs, Invertases and HTs can increase fruit sugar content, but this has never 

been tried with endogenous tomato genes. Making mutations in the transporter protein 
genes themselves will most likely not increase tomato sugar content.  Another option 

could be to target the promoters of the genes by, for example, CRISPR/Cas9 to remove 

negative Cis-regulatory elements. Alternatively, one could disrupt repressive 
Transcription Factors involved in the pathways.  To achieve up-regulation or increased 

activity in a non-genetic modification (GM) way remains challenging.  

Storage 

The imported sugars are used for metabolism, the maintenance of turgor or for the 
biosynthesis of starch in immature fruits (FFiigguurree  33) (N’ tchobo et al., 1999). Cytosolic 

and vacuolar invertases cleave sucrose into glucose and fructose, while Sucrose 

Synthase (SUS) cleaves imported sucrose into UDP-Glucose and fructose (Chua et al., 
2008). Free hexoses are then phosphorylated by hexokinase (mainly glucose and some 

fructose) or fructokinase (fructose) to Glucose-6-Phosphate (G6P) and Frucose-6-
Phosphate (F6P) respectively (Granot et al., 2013; Stein and Granot, 2018). G6Ps are 

isomerized by phosphoglucomutase to G1P and transported to the plastid, were ADP-

glucose pyrophosphorylase (AGPase) converts it to starch. The bulk of starch storage  
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FFiigguurree  33::  Sugar storage and primary metabolism in a tomato storage parenchyma cell. Cartoons represent 

enzymes and transporters, see the legend for the protein(complex) names. Note that repressors of the 

enzymes and transporters are not depicted in this figure.  Dashed arrows depict multiple steps or undepicted 

proteins. Created with BioRender.com.  

is located in the pericarp and columella (Schaffer and Petreikov, 1997). Upon ripening, 

the stored starch is hydrolysed, increasing the hexoses’ (Carrari et al., 2006).  

To generate a negative sugar gradient from source to sink in the phloem, the sugars 
unloaded in sinks are stored in the vacuoles and plastids (Stein and Granot, 2018; Fernie 

et al., 2020). Sugars and other compounds, like organic acids and inorganic ions, are 

transported to the vacuole by vacuolar/tonoplast transporters, carriers and pumps such 
as Tonoplast Sugar Transporters (TSTs) and vacuolar SUTs (Aluri and Buttner, 2007; 

Wingenter et al., 2010; Schneider et al., 2012). Overexpression of a melon (Cucumis 
melo) Tonoplast Sugar Transporter 2 (CmTST2) in strawberry and cucumber increased 

sugar accumulation in these fruits (Cheng et al., 2018). In watermelon (Citrullus lanatus), 

an increase in ciTST2 gene expression has been a major molecular event in 
domestication (Kyriacou et al., 2018). Expressing an apple (Malus domestica) tonoplast 
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H+/glucose symporter, MdERDL6-1, in tomato increased fruit sugar content (Zhu et al., 
2021). Increasing native TST expression in tomato could yield similar effects, but this 
remains to be validated. Once transported into the vacuole, the sugars are hydrolysed 

by the soluble invertases (Koch, 2004). 

Vacuolar and Cytosolic Invertases 

Soluble invertases such as acidic Vacuolar Invertase (VIN) and neutral Cytosolic 

Invertase (CIN) play a role in cellular metabolism and storage. VIN is responsible for 
hexose (as opposed to sucrose) accumulation in red-fruited tomatoes. The importance 

of VIN was first discovered through a backcross line with S. chmielewskii. This revealed 

the sucr (sucrose accumulator) allele, with the underlying gene identified as Tonoplast 
Invertase 1 (TIV1 or SlVIN1) (Chetelat et al., 1993; Klann et al., 1996). Red-fruited hexose-

accumulating tomatoes contain a retrotransposon upstream of TIV1, resulting in 

increased expression throughout fruit development compared to the green-fruited 
sucrose accumulators (Moy et al., 2007). Further evidence for the role of TIV1 came 

from a TIV1 knock-down line that reverted tomato to a sucrose accumulator (Klann et 
al., 1996). In addition, fruit size was decreased by 30%, in this line, which may reflect the 

lower osmotic pressure exerted by one equivalent of sucrose versus two equivalents of 

its products, glucose and fructose, driving water uptake and fruit growth. Similar to 
CWIN and CIF, TIV1 is post-translationally regulated by Vacuolar Invertase Inhibitor 
(SlVIF) (Tauzin et al., 2014). Knock-down of SlVIF expression by RNAi delayed ripening 

and increased hexose levels while overexpression of SlVIF accelerated ripening and 
reduced hexose levels by 40% (Qin et al., 2016). Vacuolar processing enzymes (VPEs), 

of which there are five in tomato, are involved in proteolysis of VIN. The suppression of 
SlVPE1 and SlVPE5 by RNAi increased VIN activity leading to increased hexose and 

sucrose accumulation (Ariizumi et al., 2011).  

Compared to VIN and CWIN, the physiological roles of cytoplasmic CINs are least 
understood. Following from work in other plant species, CINs are thought to be 

important for the maintenance of cytosolic sugar homeostasis, starch accumulation, 

cellular function and they are essential for normal growth by their involvement in the 
uridine diphosphate glucose (UDP-G) pathway (Welham et al., 2009; Malinova et al., 
2014; Samac et al., 2015; Decker, 2017; Barnes and Anderson, 2018). Their function in 
tomato and their possible role as a target for increasing sugar content still remains to 

be determined (Ruan, 2014; Wan et al., 2018).  

Sucrose Synthases 

In tomato, there are six SUS genes, and their different expression patterns imply a role 

both in sugar loading (source) as well as in unloading (sink) (Dinh et al., 2018). Increased 
activity of SUS has been linked to sink strength, which increases fruit growth  (Stein and 

Granot, 2019). Down-regulation of SlSUS1, SlSUS3 and SlSUS4 expression by RNAi in 
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tomato did affect sugar content (Goren et al., 2017). For the genetic variation in SUS 

genes, wild accessions would have to be studied. For instance, a four amino acid 
difference compared to cultivated tomato in an accession of S. arcanum did show a 

higher activity of SUS3, especially at low temperatures. It has been speculated that this 

was the cause of a higher ratio of sucrose to hexose in fruits (Dinh et al., 2018, 2019). 
SUS works in concert with Fructokinases (FRKs) (Pego and Smeekens, 2000; Davies et 
al., 2005; Poór et al., 2015), but down-regulation of SlFRK did not affect ripe fruits (Dai 

et al., 2002; Odanaka et al., 2002).  

Sucrose-6-phosphate synthase (SPS) synthesizes sucrose through a reaction from F6P 

and UDP-glucose. Overexpressing the SPS encoding gene can improve plant growth 
by increasing carbon assimilation (Singer et al., 2020). In tomato, ectopic expression of 

a maize ZmSPS led to an enhancement of SUS activity in tomato fruit, increased sink 

strength and sucrose accumulation (Nguyen Quoc et al., 1999). 

A different strategy to increase sugar content was based on overcoming a negative 

sucrose-induced feedback loop in bZIP1. Arabidopsis AtbZIP11 and its tobacco ortholog 

tbz17 regulate transcription of asparagine synthase (ASN), proline dehydrogenase 
(ProDH), sucrose phosphate phosphatase (SPP) and SPS (Satoh et al., 2004; Hanson et 
al., 2008; Thalor et al., 2012). In turn, regulation of these bZIPs occurs through an 
upstream Open Reading Frame (uORF) that causes Sucrose-Induced Repression of 

Translation (SIRT) (Wiese et al., 2004; Calvo et al., 2009; Hanson and Smeekens, 2009; 

Von Arnim et al., 2014). Overexpression of tbz17 removed the sucrose mediated 
repression and increased ASN, ProDH, SPP and SPS expression and increased sucrose 

content in leaves (Thalor et al., 2012). In tomato, this concept was utilized by replacing 

the uORF of SLbZIP1 with a fruit specific promoter, causing increased SPP and SPS 
expression as well as a 50% increased sugar content without an effect on fruit size 

(Sagor et al., 2016). Similar results were recently obtained by base-editing the SIRT-
uORF of a strawberry bZIP1. This mutant had a higher sucrose content without a yield 

penalty as well (Xing et al., 2020). These studies highlight the value of finding and 

modifying uORFs to fine-tune the expression of genes.  

AGPase 

Sugars in starch are stored in plastids of developing fruit to maintain a high sink strength. 
In the plastids, the tetrameric complex ADP-glucose pyrophosphorylase (AGPase) 

catalyses the first rate-limiting reaction between ATP and G1P to produce ADP-glucose, 

which is further converted to starch (Chen and Janes, 1997; Beckles et al., 2001; 
Ballicora et al., 2004). Starch accumulated in young tomato fruit is depolymerized 

during ripening to form glucose, maltose or G1P. Glucose and maltose are exported to 

the cytoplasm, where maltose is converted to glucose. The small catalytic subunit of 
the AGPase complex is encoded by SlAGPS (also called AgpB) (Goto et al., 2013). Three 

genes encode the large, stabilizing subunits: AGPL1, AGPL2 and AGPL3 (Also called 
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AgpS1, S2, S3), of which AGPL1 is the predominant one in tomato fruit (Chen et al., 
1998; Xing et al., 2005). An allele of AGPL1 originating from an introgression with S. 
habrochaites, AGPL1H, had increased AGPase activity, starch levels in young fruit and 

sugars in ripe fruit (Schaffer et al., 2000). The increased activity of AGPase was due to 

the prolonged expression of the AGPL1H allele and increased stability of the complex, 
but not to altered intrinsic enzyme activity (Petreikov et al., 2006). The AGPL1H allele 

appears to be already introgressed in several modern processing tomato varieties, as 

demonstrated in a whole genome-resequencing study (Lin et al., 2014). 

AGPase activity and AGPL1 expression may be  increased in a trans-acting fashion such 

as in Auxin Response Factor 4 (SlARF4) knock-down lines (Jones et al., 2002; Sagar et 
al., 2013) and in the S. pennellii Introgression Line, IL8-3, with higher ˚Brix as a result 

(Ikeda et al., 2013, 2016). From the above, AGPase is co-regulated with other sugar-

related proteins. Thus, both cis- and trans-regulatory effects leading to an increase in 
AGPase activity can result in higher sugar content, making it an interesting target.  

To summarize, the storage of sugars in sink tissues is vital to keep the sink strength high. 

Sequestration of sugars prevents the sucrose-mediated downregulation of sugar 
processing enzymes like fructokinase, SUS, UGPase and AGPase (Du Jardin et al., 1997; 

Schaffer and Petreikov, 1997; Li et al., 2002; Decker, 2017).  Upon ripening, the stored 
sugars and starch are important to determine the final sugar levels and composition.  

The ‘sugar versus yield’ conflict  

Favouring fruit size during breeding or domestication while disregarding sugar content, 

may have led to the loss of the high sugar content-associated alleles of these two QTL’s 
(Tanksley et al., 1996; Kimbara et al., 2018; Zhao et al., 2019). Well-known examples are 

the loss of wild alleles of LIN5 and SSC11.1 (Causse, 2002; Causse et al., 2003; Tieman 

et al., 2017a). Tieman et al. found a negative correlation between sugar and yield, when 
the Brix9-2-5-derived LIN5 allele was ectopically expressed (Tieman et al., 2017a). 

However, this is in contrast with the original studies of Brix9-2-5, where no decrease in 

yield was found in field-grown tomatoes (Fridman et al., 2002; Baxter et al., 2005). In a 
study by Prudent et al., 15 QTLs for sugar content were detected and in only one case 

did the QTL not co-localize with a QTL for fruit size (Prudent et al., 2009). These studies 
strengthen the hypothesis that for most sugar-related QTLs, there is a negative 

correlation with size. However, it seems possible that there are QTLs or application 

methods that do not necessarily fit this correlation. For one such QTL found in AGPL1, 
in several both determinate as well as indeterminate backgrounds, the AGPL1H allele 

caused higher sugar content without an adverse effect and actually often a positive 

effect on yield (Petreikov et al., 2009). Perhaps it is, therefore, not surprising that this 
allele has already been introgressed in some modern processing lines (Lin et al., 2014). 

Thus, although there may be a practical upper limit to the yield*Total Soluble Solid in 
fruit parameter, this is not yet obtained under most reported conditions. In addition, 
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certain markets allow a sacrifice in yield without decreasing revenue for tomato 

growers and retailers as many consumers prefer smaller tomatoes with superior taste 
and are increasingly willing to pay for quality (Oltman et al., 2014). 

A useful breeding approach that could be used to increase sugar content while 

maintaining high yields is Genomic Selection (GS) (Meuwissen et al., 2001; Jannink et 
al., 2010; Nakaya and Isobe, 2012; Desta and Ortiz, 2014). GS is the selection of 

candidate parents based on the predicted genomic potential, or genomic estimated 

breeding values (GEBVs). GEBVs are calculated based on associations between SNPs 
and phenotypes. GS is especially useful when the target trait is controlled by many 

genes, as is the case for sugar content. Computer simulations were performed for 
tomato to predict GEBVs and design a breeding method targeting yield and flavour 

simultaneously (Yamamoto et al., 2016, 2017). The model found that recurrent GS was 

needed to improve both fruit yield and soluble solids content (Higashide et al., 2012; 
Klee and Tieman, 2013). In addition, by looking at the whole genome the model 

predicted that increasing both yield and soluble solids would lead to an increased 

height to the first truss without an increase in the number of leaves to the first truss. 
This suggest that more space is needed between successive leaves to decrease the 

light extinction coefficient. Increased photosynthetic capability could provide the 
necessary sugars to facilitate the desired yield and soluble solids content. Another 

recent promising modelling experiment showed that uncoupling of the size-sweet 

trade-off is possible as well (Chen et al., 2021). In this model, sucrose transport across 
the plasma membrane, tonoplast sucrose transport and a larger pH difference between 

the cytoplasm and vacuole ( pH) were indispensable to obtain a bigger and sweeter 

fruit. Simulating higher activity of tonoplast sucrose transporters or SPS led to increased 

weight and sugar concentration. Downregulation of fructokinase or glucokinase 
achieved the same. Implementing these models in breeding strategies could yield 

valuable phenotypes. When writing this review, it became apparent that many studies 

involving modification using molecular techniques only reported sugar content (or 
˚Brix), or merely fruit size (without the number of fruits) and not total yield or, vice versa. 

This means that many promising approaches for the improvement of sugar content 
remain promising, awaiting a thorough analysis of yield effect before final conclusions 

can be drawn. 

Sugar signalling  

Apart from fuelling growth and the synthesis of essential compounds, sugars act as 
signals to regulate expression of mRNA, TFs and other genes for hormonal, oxidative 

and defence signalling (Ruan, 2014; Yu et al., 2015; Abelenda et al., 2019)..   This is 

achieved by the generation of sugar signalling molecules such as sucrose, glucose, and 
fructose themselves, and trehalose-6-phosphate (T6P). T6P is synthesized from G6P 

and UDPG by T6P synthase (TPS; (Paul et al., 2008). T6P is present at very low levels 
(Lunn et al., 2006). In Arabidopsis, T6P is a sensor of sucrose and an indicator of high 
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sucrose levels (Lunn et al., 2006; Nunes et al., 2013b; Wahl et al., 2013)..   T6P functions 

as a signalling molecule with a role in plant development, growth, flowering and abiotic 
stress responses (Schluepmann et al., 2004; Chary et al., 2008; Iordachescu and Imai, 

2008; Gómez et al., 2010; Wingler et al., 2012; Wang and Ruan, 2013; Nunes et al., 
2013a).. Under drought conditions, increased T6P led to increased sucrose and total 
soluble sugars, conveying drought-tolerance (Avonce et al., 2004; Lin et al., 2019). 

Furthermore, T6P increased starch synthesis and AGPase activation in Arabidopsis 
leaves and in potato tubers (Kolbe et al., 2005; Debast et al., 2011; O’Hara et al., 2013). 
Thus, T6P levels could directly influence the final sugar content. In tomato, a salt and 

heat treatment led to a significant activation of trehalose synthesis through T6P-
synthase (Rivero et al., 2014).  In these plants, glucose, sucrose and starch 

concentrations increased in leaves (Lyu et al., 2018). The effect on tomato sugar 

content has not been examined yet. Several other studies in tomato show a clear link 
between abiotic stress and the sugar metabolism in tomato. Heat stress in tomato led 

to increased invertases, SUS and Hexokinases expression in stamens, leading to 

temperature induced stigma exertion (Pan et al., 2019). A higher cell wall invertase 
activity through LIN7 expression was correlated to heat tolerance in tomato (Li et al., 
2011). The ectopic expression of the apple MsSWEET17 conferred higher drought 
tolerance and increased fructose levels (Lu et al., 2019b). Overexpression of Na+/H+ 

antiporter SlNHX4 and/or the serine/threonine protein kinase SlSOS2 resulted in fruits 

with increased size and sugar content when grown under salt stress (Maach et al., 2020, 
2021). 

Concluding remarks and future perspectives 

The analysis of the pathways associated with important quality traits like sugar for 
tomato flavour, can uncover attractive targets for breeding. In this review, we have 

discussed a variety of targets for breeders in sugar metabolism: improving production 

at the source or increasing transport and storage. Advanced Backcross and 
Introgression Lines have been the most valuable tool for finding and using variations 

resulting in sweeter tomatoes. QTLs from these introgression lines have been a key 

source of genetic variation leading to a higher sugar content, as we have seen for LIN5, 
AGPL1 and TIV1. Many more QTLs remain relatively unexplored. In recent years several 

groups have sequenced a wide variety of tomato cultivars unlocking the potential of 
GWAS analysis and PAN genomes (Sauvage et al., 2014; Gao et al., 2019; Zhao et al., 
2019). Another interesting source retaining some of the original natural variation are the 

heirloom cultivars (Rowland et al., 2020). 

For the future, a molecular approach to increase sugar content holds great promise. 

Most of the QTLs have not been characterized extensively, and the underlying genes 

are not known. Research on these QTLs can increase our knowledge of the sugar 
pathways and identify new targets. In addition, the many other potential candidate 
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genes have not been validated for an actual role in tomato sugar accumulation, such 

as the SlSWEET genes. In general, our observations from reviewing the literature are 
that modifications more often lead to a detrimental effect than positive. It seems that 

more subtle changes are needed: small changes in protein activity or in expression. The 

latter could be achieved if the regulation of the respective genes is better understood 
(Sagor et al., 2016; Li et al., 2017; Xing et al., 2020; Fernie et al., 2020). Regulatory 

regions in promoters are the drivers of spatial and temporal expression (Chen and 

Rajewsky, 2007; Mejia-Guerra et al., 2012). When the function of specific regulatory 
regions is known, for example, as an activator, it can be removed by targeted 

mutagenesis for fine-tuning expression levels or patterns (Swinnen et al., 2016). 

With the rapid developments in targeted mutagenesis, for instance, by CRISPR/Cas, 

breeders now have breeding opportunities that would have taken years with classical 

crossing and selection breeding or that were not even possible due to linkage-drag.. It 
offers the promise of relatively easy, cheap, and especially fast breeding. When the 

breeders’ goals are to change the expression of a gene while avoiding introducing 

foreign DNA, they can target the promoter of the gene of interest. A major caveat for 
the application of targeted mutagenesis is not the technical difficulty, but the regulatory 

restrictions on its products, for instance, in Europe. Perhaps the public could be swayed 
in favour of using targeted mutagenesis if more desirable traits were available to the 

public, for example, a sweeter tomato.  

Although improving quality of tomato and other crops is possible using knowledge of 
the trait and available powerful and fast breeding methods, there is still a major obstacle 

for breeders and growers to develop this sweeter tomato, an issue that we did not 

discuss in this review: difficulty in phenotyping. Phenotyping for flavour can be 
expensive, time consuming as measurements can only be done once the fruit has 

ripened. A solution that can save time and costs for breeders and lead to higher quality 
tomatoes is knowledge on the causality of different metabolic compounds and 

appreciation by the consumer, linked to genetic markers. Valuable work in this area is 

being done (Zhu et al., 2018; Klee and Tieman, 2018), but a  large amount of research 
in this area remains necessary. An important note here is that to extrapolate scientific 

results in practice it is important to use representative varieties and cultivation methods. 

Finally, the genetic makeup for sugar content is just one of the aspects determining the 
flavour of tomato. Poor growing and post-harvest practices can undercut the breeding 

work. In the end scientists, breeders, growers, retailers, and the final consumers all play 
a role in making the tomato we eat taste a little better. 
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Abstract 

Through the study of an introgression from a wild relative into cultivated tomato, ADP-

glucose pyrophorylase (AGPase) activity has been shown to be a rate-limiting factor in 
starch accumulation and final sugar content of tomato fruit. Increasing AGPase activity 

by raising expression of the large AGPase subunit (AGPL1) gene could result in higher 

sugar content, an important trait that is appreciated by consumers and tomato 
processors. The regulation of AGPL1 expression was studied to understand the 

regulatory mechanism and to increase expression. A first in silico analysis resulted in 
the identification of conserved and accessible promoter-regions. Interacting 

Transcription Factors (TFs) were identified with Yeast-one-hybrid (Y1H) assays and 

validated with Promoter Reporter Assays. Two potential repressors as well as several 
activators were found. To modulate expression in vivo and create plants with a higher 

sugar content, multiplexed mutagenesis with CRISPR/Cas9 was used on the AGPL1 
promoter in tomato cv. Moneyberg aiming at the removal of repressing Cis-regulatory 
Elements (CREs). In several of the obtained mutant lines, soluble solids content (˚Brix) 

was increased, however always correlated with decreased fruit weight. For two out of 
three lines with the highest Brix, an increase of AGPL1 expression was demonstrated.   

Introduction 

Sugar content is an essential aspect of tomato quality. Sugars, the product of 

photosynthesis, are transported as sucrose from source tissues, such as leaves, to sink 
tissues, such as developing fruit. Sucrose is converted and stored as glucose and 

fructose in the vacuole of fruit parenchyma cells or as starch in the plastids, thus 
maintaining sink strength (Stein and Granot, 2018). 

Transient starch storage is an important factor in determining tomato sugar content. 

Immature tomatoes have a starch content of approximately 20% of their dry weight  (Ho 
et al., 1982) and the stored starch is mainly located in the pericarp, septa and columella 

(Schaffer and Petreikov, 1997a). While the fruits mature, starch content increases and 

subsequently, during ripening, starch is converted to glucose and maltose. In the ripe 
fruit, starch is virtually absent. Glucose and maltose are exported to the cytoplasm 

where maltose is converted to glucose, increasing the tomato sweetness-perception 
(Ho et al., 1982; Wang et al., 1993; Schaffer and Petreikov, 1997a; Luo et al., 2020). Thus, 

an interesting breeding goal is to increase the transient starch storage with the 

expectation that it will lead to higher sugar content in ripe fruit.  

Several enzymes are involved in the metabolism of sucrose to starch, such as sucrose 

synthase, starch synthase and ADP-glucose pyrosphorylase (AGPase) (Schaffer and 

Petreikov, 1997a, 1997b). AGPase activity was shown to be the rate-limiting factor in 
starch accumulation (Schaffer et al., 2000; Ikeda et al., 2016). Thus, AGPase is a prime 
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candidate for manipulation to increase transient starch accumulation and final sugar 

content. In the plastids, the tetrameric complex AGPase catalyses the reaction between 
ATP and Glucose-1-Phosphate to produce ADP-glucose, which is converted to starch 

by downstream enzymes, and inorganic pyrophosphate (PPi)  (Chen and Janes, 1997; 

Beckles et al., 2001; Ballicora et al., 2004). The small catalytic subunit of the  AGPase 
complex is encoded by SlAGPS (also called AgpB) (Crevillén et al., 2003; Goto et al., 

2013), and three genes, AGPL1, AGPL2 and AGPL3 (Also called AgpS1, S2, S3), encode 

the large, stabilising subunit. Of these three, AGPL1 is the main one expressed in tomato 
fruit (Chen et al., 1998; Park and Chung, 1998; Xing et al., 2005; Petreikov et al., 2010). 

Additionally, AGPL1 is expressed in roots (Chen et al., 1998). An S. habrochaites allele of 
AGPL1 (AGPL1H) present in an introgression line causes increased AGPase activity and 

starch levels in young fruit, and higher sugar content in ripe fruit (Schaffer et al., 2000). 

The increased activity of AGPase in plants with the AGPL1H allele was due to the 
prolonged expression of AGPL1 during immature fruit development and increased 

stability of the complex, not to altered intrinsic enzyme activity (Petreikov et al., 2006, 

2009). There were multiple sequence differences in the AGPL1H promoter compared 
to the S. lycopersicum promoter, which are leads for understanding and eventually 

modifying the transcriptional regulation of AGPL1. Increasing or prolonging AGPL1 
expression and concurrently AGPase activity would increase starch content and with it 

the final sugar content, an agronomically valuable phenotype. To understand the 

regulation of AGPL1 transcriptional activity and harness this knowledge for increasing 
expression, we set out to study the regulation of AGPase activity and AGPL1 expression. 

Sequestering of sugars prevents the sucrose-mediated downregulation of sugar 

processing enzymes like fructokinase, sucrose synthase, UDP-glucose 
pyrophosphorylase (UGPase) and AGPase (Du Jardin et al., 1997; Schaffer and 

Petreikov, 1997a; Li et al., 2002; Decker, 2017). Known regulators of the transcription of 
the AGPase genes are sucrose, phosphate and nitrate (Du Jardin et al., 1997; Li et al., 

2002). In watermelon (Citrullus lanatus), the AGPL1 promoter contains the TCCAAAA-

element that results in repression of AGPL1 in leaves (Yin et al., 2009). In S. 
lycopersicum, this element is present in the 5’ UTR. On the other hand, in Arabidopsis, 
sweet potato (Ipomoea batatas) and carrot (Daucus carota L.) storage tissues, AGPL1 
expression is positively correlated with endogenous sucrose levels, suggesting a 
positive feedback loop (Müller-Röber et al., 1990; Geigenberger et al., 1994; Takeda et 

al., 1994; Nakata and Okita, 1995; Li et al., 2002; Crevillén et al., 2005; Kwak et al., 2006). 
In tomato, it was shown using truncated versions of the promoter that a region 1.3–3.0 

kb upstream of the transcription start site is responsible for sucrose sensitivity (Li et al., 

2002). AGPase activity is negatively correlated with malate levels. The malate influenced 
the redox state of the plastid, causing alterations in the activation of AGPase (Centeno 

et al., 2011). A lack of starch in young fruits resulted in a decreased accumulation of 

soluble sugars, elevated water loss, increased wrinkling and decreased resistance to 
post-harvest pathogens (Centeno et al., 2011).   



Chapter 3 

68 

This study aimed to elucidate the regulation of AGPL1 further by studying the promoter 

using a variety of methods. The goal was to increase expression and create a tomato 
with a higher Brix.   

Results 
Two promoter regions have potential for harbouring Cis-Regulatory Elements 

The upstream region of ADP-glucose pyrophosphorylase Large Subunit 1 (AGPL1)  was 

profiled to identify areas that may be relevant for controlling gene expression. The first 
neighbouring gene is 21.2 kb upstream of AGPL1, in the opposite orientation. Thus, this 

21.2 kb non-coding region most likely contains the promoters of both genes. To narrow 

the scope of our investigation, we initially looked at the 10 kb upstream of AGPL1. The 
FruitEncode project (Lu et al., 2017) allowed us to determine Open Chromatin Regions 

(OCRs) from published DNase I hypersensitive sites sequencing (DNAse-seq)  data, 
identifying DNAse I-hypersensitive areas. OCRs represents regions that are accessible 

to Transcription Factors (TFs) and may contain active Cis-Regulatory Elements (CREs)  

at a given developmental stage (Boyle et al., 2008; Zhang et al., 2012, 2016; Jiang, 
2015). Four significant OCRs were found in the 10 kb upstream region of AGPL1 (OCR1-

4, FFiigguurree  SS11). OCR1 (closest to the AGPL1, approximately 100 bp upstream of the 

transcription start site), had the highest significance and was the widest. Both OCR1 and 
OCR2 (±2.5 kb upstream of the transcription start site) had the highest DNAse I 

hypersensitivity in fruit development compared to leaf, indicating that they might be 
important for CRE-activity during fruit development. The DNAse I hypersensitive sites 

were alternating with highly methylated regions (FFiigguurree  SS11).  

Next, sequence conservation analysis was performed to determine which regions are 
evolutionary conserved. Upstream regions of AGPL1 orthologs from wild tomato 

relatives, potato, pepper and tobacco were subjected to mVISTA analysis (TTaabbllee  SS11) 

(Frazer et al., 2004). One highly conserved region corresponded with OCR1 (FFiigguurree  11). 
OCR2 aligned with a region that was conserved up to pepper and less in the Nicotiana 

species. OCR3 is conserved in tomato and potato, and OCR4 only in tomato. Taken 
together, the results suggest that OCR1, and to a lesser extend OCR2 harbour 

conserved CREs. Other highly conserved promoter regions were also present in the 

Solanum spp. Although not part of an OCR, these could still be relevant, but were not 
further investigated here. 

Five interacting TFs were identified 

Having defined OCR1 as the most likely CRE-harbouring region in the AGPL1 promoter, 

we then identified potentially interacting TFs. A Yeast-one-hybrid assay (Y1H) was 
performed to identify candidates. Two different Y1H methods were applied to screen 

large numbers of TF candidates. First, a matrix-based TF library screen was used with a  
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FFiigguurree  11::  CCoonnsseerrvvaattiioonn  aannaallyyssiiss  ooff  tthhee  AAGGPPLL11  pprroommootteerr  wwiitthh  mmVVIISSTTAA..  The upper row represents the gene 

model of AGPL1, which is used as the reference point for the non-coding adjacent regions. Rows were ordered 

by decreasing homology. Conservation was determined by LAGAN, a global multiple alignment tool, with a 

RankVISTA cut-off probability value of 0.05 and a window size of 100 bp. If a particular region is above the pre-

determined cut-off value, then the region is represented by the presence of colour: pink and dark pink regions 

represent exons and UTRs, grey represents non-coding regions and purple regions are the previously 

determined OCRs ((FFiigguurree  SS11)).. Position numbering is relative to the Transcription Start Site.     

collection containing more than 2000 Arabidopsis TFs fused to the GAL4-activation 
domain (Castrillo et al., 2011). A promoter-reporter construct was made of a 340 bp 

region (-1234 to -895 bp from the Transcription Start Site) from the AGPL1 promoter. 

This specific region was chosen as it displayed the largest difference between the S. 
lycopersicum promoter (pAGPL1M) and S. habrochaites promoter (pAGPL1H) in the first 

2 kb upstream of the transcription start site (FFiigguurree  SS22aa). Compared to the pAGPL1M, in 
that region, a stretch of 77 bp is missing in pAGPL1H, and several Single Nucleotide 

Polymorphisms (SNPs) occur. Our hypothesis is that since the AGPL1H allele was shown 

to be expressed at higher levels and more prolonged during fruit development (Schaffer 
et al., 2000), the 77 bp in pAGPL1M could harbour repressing CREs. However, an effect 

of other differences cannot be excluded. In addition, this region is partially overlapping 

with OCR1.  

A Y1H screen was performed with the TF library, and positive hits were re-evaluated 

twice. “Sticky” false positive TFs were excluded by comparing our screen with an 
independent screen done with a completely different promoter and excluding those 

TFs based on a Welch’s T-test (Ouwerkerk and Meijer, 2001; Mitsuda et al., 2010). Eight 
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interacting TFs were found for pAGPL1M and four for pAGPL1H, of which two were found 

for both (TTaabbllee  11). For all hits, the tomato ortholog was found by best reciprocal BLAST 
hits search (TTaabbllee  11). Based on expression in fruit and co-expression with AGPL1, a 

selection of six tomato TFs was made for a second Y1H experiment (FFiigguurree  22aa). 

CONSTANS-like 1 (CO1) and FRUITFULL 1 (FUL1) did not show interaction with either 
pAGPL1 promoters. In contrast, the homolog of the Arabidopsis B-box zinc-finger TF, 

BBX19, FRUITFULL 2 (FUL2) and JASMONIC ACID 1 (JA1) showed interaction in both 

promoter allelic variants. Interestingly, the CCCH-type Zinc Finger C3H13, interacted 
with pAGPL1M and not with pAGPL1H. For JA1, a potential binding motif was available, 

based on the Arabidopsis ortholog At1G69780 (FFiigguurree  SS22bb) (Jin et al., 2017). A match 
for this motif was present in the tested region of both pAGPL1M and pAGPL1H 

(CAAATAATTTA (p<1.10-4), Grant et al., 2011).  

TTaabbllee  11:: Y1H with the A. thaliana TF library results and subsequent S. lycopersicum ortholog selection 

  
Bold S. lycopersicum TFs were used in a subsequent Y1H screen. Black-coloured S. lycopersicum TFs were 

confirmed with Y1Hseq in the S. lycopersicum promoter, while grey coloured TFs were not. Pearson 

correlation (r) of co-expression is shown relative to AGPL1 (solyc01g109790). Average expression in fruit (RPM) 

was obtained from the Tomato Expression Atlas (http://tea.solgenomics.net/). 

To determine if the TFs (BBX19, FUL2, JA1 and C3H13) that interacted with the promoter 

in the Y1H assay were also able to activate or repress AGPL1 promoter fragment-
induced transcription, promoter reporter assays  were performed. Coding sequences of 

all interacting TFs were recombined into expression cassettes and transformed into 

Agrobacterium (FFiigguurree  22bb). Agrobacterium strains containing the TF expression 
cassette, a vector that contained the 1897-bp upstream of the start codon of either  
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FFiigguurree  22::  ((aa)) Representative colonies from the Y1H assay results obtained from the analysis of the interaction 

between the AGPL1 promoters from S. lycopersicum cv. Moneyberg (pAGPL1M) and S. habrochaites (pAGPL1H) 
and tomato TFs BBX19, C3H13, CO1, FUL1, and JA1. As a negative control, reporter-strains were grown in the 

absence of an effector strain (H2O). The assay was performed in selection medium with 150 ng/ml of 

Aureobasidin, the concentration at which the analysed strains were not autoactivating. “*” indicates significant 

interaction, as described in the methods section. “n” indicates the number of reporter-strains used. ((bb))  

Schematic diagrams of promoter reporter (promoter of interest (p.o.i.)) and TF effector constructs used in the 

promoter reporter assays. The 2xpCAMV 35S (p35S) promoter was used in the assay control, effector, and 

normalization strains. All parts were inserted into separate Golden Gate pL1 expression vectors and transformed 

to A. tumefaciens C58c1. ((cc))  Schematic representation of the promoter reporter assays performed in tobacco 

(Nicotiana benthamiana) to examine interaction between different TFs and two AGPL1 promoters, S. 
lycopersicum cv. Moneyberg (pAGPL1M) and S. habrochaites (pAGPL1H). ((dd--ff)) The Firefly:Renilla ratio of the 

reporter without a TF (control) was set to 1 and the fold change of the promoters co-infiltrated with TFs are 

represented in the figure. Each value represents the mean ± SE of three biological replicates. Significant 

differences are represented by unique letters.  

pAGPL1H or pAGPL1M fused to a Firefly luciferase reporter, as well as a normalization 
vector containing Renilla luciferase were co-infiltrated in N. benthamiana leaves. Each 

co-infiltration was done in three individual plants. TF interaction with the promoter, 

either directly or indirectly, leads to a change in the Firefly luciferase signal (FFiigguurree  22cc). 
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There was low basal activity of the promoter without an effector (control).  As a positive 

control for the luminescence assay, a 2xpCAMV35S::Firefly::t35S reporter was used 
(FFiigguurree  22dd). The combination of pAGPL1H or pAGPL1M with BBX19, C3H13, FUL1, or 

FUL2 expression resulted in approximately a 2-fold increased activity of the promoters 

(FFiigguurree  22ee,,  ff). The addition of JA1 resulted in the strongest activation, 3.5-fold for 
pAGPL1H and 3.6-fold for pAGPL1M. As we were interested in finding repressing TFs, we 

combined the strongest activator, JA1, with the other TFs. In pAGPL1M the addition of 

C3H13 or FUL2 decreased the activation by JA1, while no such effect was observed in 
pAGPL1H. These results indicate that JA1 is a strong activator, while BBX19, C3H13, FUL1 

and FUL2 only mildly increase activation. C3H13 and FUL2 could repress pAGPL1M, at 
least in combination with JA1 and possibly as competitor of JA1.  

High-throughput Yeast-1-hybrid assays generated more potentially 
interacting TFs 

A High Throughput yeast-one-hybrid tomato cDNA library screen followed by Next 

Generation Sequencing (Y1Hseq)  was the secondly applied Y1H method (Erffelinck et 

al., 2018). The screen was done by using a cDNA library from different stages of 
developing tomato fruit fused to the Gal4-Activation Domain screened on a selected 

region of the AGPL1 promoter. The chosen region was a combination of the part that 
contained OCR1 (-1080 to -622 bp from the transcription start site) and the immediate 

upstream region of the AGPL1 transcription start site (-322 to-30 bp). The screen 

resulted in 11,194 sequenced fragments, which were aligned to gene models, of which 
493 were annotated as a TF (FFiigguurree  33aa). bHLH and bZIP TFs were overrepresented in 

the TFs present. To help us define the most relevant TFs amongst these hits, we looked 

for a high relative representation in the pool, measured as absolute Fragments Per 
Kilobase of Exon Per Million Fragments Mapped (FPKM). A second filter-step was to 

determine the Signal to Noise (SNR) ratio, which is the number of reads compared to 
the number of reads for the same gene in a negative control (empty promoter-vector). 

However, none of the TFs with a FPKM in the 95th percentile (>159,759) had a SNR in 

the 95th percentile (>7.71) (TTaabbllee  SS22). Plotting these two parameters against each other, 
revealed the candidates that had the best combinations of high SNR and FPKM (FFiigguurree  

33bb,,  FFiigguurree  SS33)). The TFs, which we identified in the previous Y1H were represented in 

this Y1Hseq data (FFiigguurree  33bb).  

A next selecting step for biological relevance was to look for expression in fruits. Four 

candidates were selected and validated in a promoter reporter assay: Nuclear Factor-Y 
subunit A10 (NF-YA10), the homolog of Arabidopsis Telomeric Repeat Binding Factor-

Like 3 (TRFL) and WRKY24. (FFiigguurree  33cc). Additionally, JA1, was also used in the promoter 

reporter assay. JA1 was already confirmed as an activator following the Y1H 
experiments (FFiigguurree  22dd,,ff), and JA1 was also found in the Y1Hseq hits. All five selected 

TFs resulted in an increased activation of the pAGPL1M-firefly construct in the promoter  
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FFiigguurree  33::  ((aa)) Graph that represents the type and number of TFs identified in the Y1Hseq screen with the AGPL1 
promoter fragments as bait. The Venn-diagram shows the total number of hits, and which are TFs. ((bb)) The 

inverse FPKM (1/FPKM) and the inverse SNR (1/SNR) of each TF-hit from the Y1H seq. Values close to 0 have a 

high FPKM and high SNR. Coloured hits represent TFs validated in the promoter reporter assays (red, blue, and 

purple), or were overlapping with orthologs from hits we obtained in the Arabidopsis-based Y1H screen (Y1H 

hit, green, TTaabbllee  11). ((cc)) Expression data of selected candidate TF hits, obtained from http://tea.solgenomics.net/ 

((dd)) Transient expression promoter report assay results performed in N. benthamiana to examine interaction 

between different TFs and the AGPL1 promoters from S. lycopersicum cv. Moneyberg (pAGPL1M). The Firefly 

Luciferase/Renilla luciferase-ratio of the reporter without a TF (control) was set to 1 and the fold-change of the 

promoters co-infiltrated with TFs are represented in the figure. Each value represents the mean and SE of three 

biological replicates. Significant differences are represented by unique letters.  

reporter assay (FFiigguurree  33dd). A WRKY24-binding motif,  “AAATGTCAAAT” from the Plant 

TF Database (p<1E-4) was present in the 77 bp pAGPL1m region that was missing in 
pAGPL1H (FFiigguurree  SS22bb,,  Grant et al., 2011; Jin et al., 2017). When we combined JA1 and 

the other four candidates all TFs decreased the activation established by JA1 sightly, but 
not significantly. This could indicate competition for the same region or negative 

interaction between the TFs. In conclusion, the results from the selected hits from 

Y1Hseq did not yield a clear candidate for a repressing TF.
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Promoter mutations increased AGPL1  expression and Brix  

In parallel with the study of the promoter through predictive analysis with Y1H and 

promoter reporter assay assays, a random promoter deletion approach was applied.  

CRISPR/Cas9-mutagenesis was applied to systematically create allelic variation in the 
promoter of AGPL1. We hypothesized that by studying the effect of different promoter 

mutations on expression and phenotype, regulatory regions could be identified and a 
mutant with a higher AGPL1 expression and increased Soluble Solids content (˚Brix) 

might be identified. To obtain systematic allelic variation, twenty single guide RNA 

(sgRNA), targeting each of four different regions (R1, R2, R3, R4) with three sgRNAs. A 
fifth region (R5) was defined by combining eight sgRNAs (FFiigguurree 44aa) spanning regions 

R1, 2 and 3. Primary transformants (T0) with these vectors targeting the five respective 

regions were genotyped to identify mutations in the promoter.  In total, 66 mutants out 
of a 100 transformants were obtained of which 28 were selected for propagation by 

self-fertilization. Selections were mainly based on having unique mutations. 

Progeny (T1) were genotyped for segregation of homozygous mutations, while lacking 

the CRISPR/Cas9 T-DNA insertion. Twenty-six alleles were selected (named pAGPL1-
cr-rx-y, where “rx” stands for the region and, and “y” for the allele number, FFiigguurree  SS44).. 
The transformants that were targeted by a vector with three sgRNAs (R1-R4) had small 

mutations surrounding the targeted cut-site, while the transformants that had been 

targeted by eight sgRNAs (R5) showed additional guide-to guide deletions, insertions, 
or inversions. In the T1 generation, one or two plants homozygous for each mutant 

allele were phenotyped for Brix and fruit weight and compared to a wild--type control 
grown at the same time, which had a Brix ranging between 4 and 5 depending on the 

season (FFiigguurree  44bb,,  FFiigguurree  SS55) as a preliminary screen for interesting phenotypes. Only 

pAGPL1-cr-r1-02 was phenotyped in a heterozygous state. The obtained promoter 
mutations resulted in a variation in Brix, ranging between a decrease of 13% (pAGPL1-
cr-r5-06) to an increase of almost 20% (pAGPL1-cr-r2-03) compared to wild-type. 

However, in most cases where Brix was increased, fruit weight was lower. 

The overall location of the mutation seemed to correlate with the effect on Brix and 

Weight. Mutations in region 1 (closest to the transcription start site) decreased the Brix 
and had little effect on fruit weight or had even increased fruit weight (pAGPL1-cr-r1-
01). The heterozygous mutant, pAGPL1-cr-r1-02, had no effect on Brix or weight. In 

region 2, all alleles resulted in a relatively high Brix increase, correlated with the highest 
reduction in weight. Interestingly, this is the region containing OCR1 and the deletion 

in pAGPL1H. Mutations in region 3 and region 5 showed less consistency between the 

location of the mutation and the effect on Brix or weight. Only one plant was 
phenotyped for region 4, pAGPL1-cr-r4-01, and this plant’s fruits showed no difference 

from a wild-type phenotype. As the mutant alleles in region 2 showed the highest Brix 
increase, they were phenotyped more extensively in the T2 generation.  
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FFiigguurree  44::  ((aa))  In the top row the gene model is shown in pink (exons) and dark pink (UTRs). The CRISPR/Cas9-

targets are depicted in dark red. The colours of the target numbers correspond to the colour of the targeted 

block (R1-R4) and underlined targets represent combinations of targets that were multiplexed in one vector 

targeting R5 and. The different groups are referred to as region 1 (R1, Target 3, 5, 6), region 2 (R2, target 7, 9, 

10), region 3 (R3, target 12, 14, 15), region 4 (R4, target 18, 19, 20) and region 5 (R5, target 1, 2, 4, 5, 8, 11, 13, 

14). The scale is in bp, relative to the transcription start site. ((bb))  Phenotype of mutant T1 fruits.. The positions of 

the circles along the Y-axis represents the average change in Brix (by %) compared to a wild-type plant. The 

circle size represents the change in weight (by %). The colour (greyscale) indicates the size of the permutations 

in the promoter (FFiigguurree  SS44).  The mutants are ordered by the different targets that were mutated, divided into 

the different regions. Three trusses with each six fruits from one or two plants were used for measuring Brix 

and weight. 

To obtain more statistically sound data, three alleles of region 2, pAGPL1-cr-r2-03, -04 
and -05, were used for phenotyping of T2 fruits (FFiigguurree  55aa). All contained a five or six-
bp deletion in sgRNA target 9, while pAGPL1-cr-r2-05 contained an additional 7-bp 

deletion in target 7. For phenotyping, five homozygous plants per allele were grown. 

Per plant, two trusses with six fruits each were used for measuring Brix and weight. In 
all three lines, a significant increase in Brix compared to wild-type was found, as in the 

T1 generation (FFiigguurree  55bb). Fruit weight decreased in pAGPL1-cr-r2-03 and -05, but not 

in pAGPL1-cr-r2-04 (FFiigguurree  55cc). AGPL1 expression analysis was performed at 7, 14 and 
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21 Days After Anthesis (DAA) with a leaf sample as control (FFiigguurree  55dd). At 7 DAA, pAGPL1-
cr-r2-03 and -04 had a significantly increased AGPL1 expression compared to wild-type. 
At 14 DAA the AGPL1 expression of all three promoter alleles was slightly, but not 

significantly, higher. At 21 DAA no differences were observed. In the leaf, expression of 

AGPL1 was generally low, but pAGPL1-cr-r2-04 showed a small but significant increase.  
Our data show that AGPL1 expression peaks earlier with pAGPL1-cr-r2-03 and -04 
alleles, which could be causing the increased Brix. We did not see correlation between 

expression at the measured timepoints and Brix in pAGPL1-cr-r2-05, even though it did 
show the highest increase in Brix (and decrease in size). 

Apart from finding a mutation that would lead to increased AGPL1 expression and 
increased Brix, the second purpose of making promoter deletions was to assess if CREs 

could be identified using promoter mutagenesis. We hypothesized that the region 2 

alleles that led to increased Brix, could harbour CREs overlapping with target 7 or target 
9. Motif finding was used to predict which TF (families) could bind on or near the 

mutated sites. With the  Multiple Expectation Maximization for Motif Elicitation (MEME)-

suite (Bailey and Elkan, 1994) we sought conserved 50-bp motifs around the targets 
using the same orthologs from the earlier conservation analysis, S. pennellii, S. 
habrochaites, S. tuberosum, C. annuum, N. tabacum, N. sylvestris, N. tomentosiformis 
and N. attenuata. Target 7 and target 9 were part of highly conserved motifs designated 

motif 1 and motif 2 respectively (FFiigguurree  SS66aa), indicating that their mutation could affect 

the function of a CRE. The MEME-suite motif comparison tool (TOMTOM) was used to 
compare the two motifs against the JASPAR plant core TF database (Gupta et al., 2007; 

Khan et al., 2018). Motif 1, the region surrounding target 7 and the -7 bp deletion found 

in pAGPL1-cr-r2-05, gave the GATA-motif binding TF AtGATA4 as a potential interacting 
candidate (FFiigguurree  SS66bb). The mutation sites in target 9 of motif 2 gave two Abscisic Acid 

Responsive Elements-Binding Factors (AtABF/AREB) and two WRKY-motif containing 
TFs (AtWRKYs) candidates (FFiigguurree  SS66bb). For these candidates, tomato-orthologs were 

selected based on best-reciprocal hits search. As both the WRKYs and GATAs are part 

of large TF families, a narrower selection was done for TFs that were co-expressed with 
AGPL1. From this analysis, SlAREB1, SlGATA9, SlWRKY41 and SlWRKY81 were selected 

for validation with a promoter reporter assay comparing the wild-type promoter 

(pAGPL1) to the different mutant promoters (pAGPL1-cr-r2-03, -04, -05, FFiigguurree  55ee--hh). 
WRKY41 was a strong activator for all promoters, while AREB1 and WRKY81 only gave a 

2-2.5-fold activation. GATA9 significantly increased activation of only pAGPL1-cr-r-03, 
although the effect was marginal. The AREB motif was present in target 9 

(TAAAAAGACAGGTGTTTG, p=0.0009) (Grant et al., 2011; Jin et al., 2017). A WRKY motif 

was found in target 9 as well (GTGTTTGGCCTGT, p=0.008). To assess potential 
repressing properties of the TFs, they were combined with JA1 and the wild-type 

promoter (FFiigguurree  55ee).  
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FFiigguurree  55::  ((aa))  Alignment of the wild-type and mutant promoters.  Numbers are relative to the transcription start 

of AGPL1. sgRNA target regions are highlighted pink with a grey PAM. Mutations are highlighted in red. ((bb))  Brix 

and ((cc))  weight of T2 fruits from the third and fifth truss of five plants per genotype. Trusses were pruned to six 

fruits and harvested at breaker +7 days. ((dd))  The second, fourth and sixth truss were used for gene expression 

analysis. Per timepoint, a pool of three fruits was collected per plant. Statistically significant differences are 

represented by asterisks (* p<0.05, ** p<0.01, *** p<0.001). ((ee--hh))  Transient expression promoter report assay 

results performed in Nicotiana benthamiana to examine interaction between different TFs and the wild-type 

and mutant AGPL1 promoters from S. lycopersicum Var. Moneyberg (pAGPL1). The Firefly/Renilla luciferase 

ratio of the reporter without a TF (control) was set to 1 and the fold change of the promoters co-infiltrated with 

TFs are represented in the figure. Each value represents the mean ± SE of three biological replicates. Significant 

differences are represented by unique letters.  

The combination of JA1 with AREB1, GATA9 or WRKY81 significantly decreased the 

expression observed with only JA1. WRKY41 and JA1 combined resulted in expression 

that was intermediate between JA1 and WRKY41 alone. In conclusion, we have 
identified several candidate TFs (and their tomato homologs) that potentially regulate 

AGPL1 expression during fruit development, yet no TF that likely differentially regulates 

the mutants could be identified.
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Discussion 

This study aimed at improving the final sugar content of tomato, an important quality 

aspect (Baldwin et al., 2000; Tieman et al., 2012, 2017; Oltman et al., 2014). Transient 
starch storage contributes greatly to the final sugar content (Ho et al., 1982; Wang et 

al., 1993; Schaffer and Petreikov, 1997a; Luo et al., 2020). A rate-limiting factor in the 

accumulation of starch is ADP-glucose pyrosphorylase (AGPase) activity (Chen and 
Janes, 1997; Beckles et al., 2001; Ballicora et al., 2004). It was reported that increased 

expression of the large subunit encoded by AGPL1, from a Solanum habrochaites allele 
(AGPL1H)  led to an increased sugar content (Petreikov et al., 2006). This AGPL1H allele 

was already introgressed in several modern processing tomato varieties, as was found 

in a whole genome-resequencing study (Lin et al., 2014). Based on this observation, we 
hypothesized that if we could find and remove repressing Cis-Regulatory Elements 

(CREs) in the AGPL1 promoter, it would be possible to replicate this phenotype in any 

cultivar, including indeterminate varieties. A first in silico analysis resulted in the 
identification of conserved and accessible promoter-regions. Putative interacting 

Transcription Factors (TFs) were identified with Yeast-one-hybrid (Y1H) assays and their 
effect on transcription validated with  Promoter Reporter Assays. In parallel, multiplexed 

mutagenesis with CRISPR/Cas9 was used to modulate AGPL1 expression in situ. FFiigguurree  

66 gives an overview of the techniques, which were used to study the APL1 promoter.  

To modify the expression of AGPL1, a thorough understanding of the promoter and 

regulatory network controlling expression is required (Li et al., 2020). Our first step was 

to use conservation analysis to find regions likely harbouring CREs. In general, the core 
promoter of a gene is the 1-2 kb upstream the transcription start site  (Yamamoto et al., 

2009; Yu et al., 2016), while distal enhancers are further than 2 kb from the nearest 
gene (Priest et al., 2009; Ricci et al., 2019). Non-coding regions that are conserved, 

have been under evolutionary pressure to remain unchanged, and have a regulatory 

function (Ganley and Kobayashi, 2007). The latest available databases, especially 
FruitEncode, have proven to be a valuable starting point (Lu et al., 2017). The DNAse-

seq data at different developmental stages made it possible to determine which regions 

were most accessible during fruit development and are most likely interacting with 
Transcription Factors (TF) (Mavrich et al., 2008; Jiang and Pugh, 2009; Jin et al., 2009; 

Mueller et al., 2017). Four Open Chromatin Regions (OCR) were identified, which were 
alternating with methylation-rich areas. Methylation is associated with closely-packed 

DNA, harder to access by TFs and thus thought to not harbour (active) CREs (Zhang et 

al., 2018; Gallego Bartolomé, 2020). From our analysis, we hypothesize that the core 

regulatory region for AGPL1 spans up to 3000 bp upstream of the transcription start 
site. This in line with earlier promoter-GUS studies, where a 3200-bp fragment upstream 

of the AGPL1 transcription start site demonstrated the expected expression pattern of 

AGPL1 in roots and developing fruits (Xing et al., 2005).  
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FFiigguurree  66::  Overview of all experiments performed on the promoter of AGPL1. In the top row the gene model 

is shown in pink (exons) and dark pink (UTRs) combined with the open chromatin regions (OCR) defined in 

FFiigguurree  SS11. Below in blue are the regions used in a Yeast-one-Hybrid assay (Y1H) and Y1Hseq. The green regions 

have been used for promoter reporter assays. In the bottom row, in dark red, the CRISPR/Cas9 targets are 

shown. The coloured and underlined targets represent combinations of targets that were multiplexed in one 

vector and subsequent transformation. The different groups are referred to as region 1 (R1, Target 3, 5, 6), 

region 2 (R2, target 7, 9, 10), region 3 (R3, target 12, 14, 15), region 4 (R4, target 18, 19, 20) and region 5 (R5, 

target 1, 2, 4, 5, 8, 11, 13, 14). The scale is in bp, relative to the transcription start. 

 

Interacting TFs play a role in fruit development and (a)biotic stress response 

We identified JASMONIC ACID 1 (JA1) as a strong activator of AGPL1 expression with a 

Yeast-one-Hybrid (Y1H) comparing a part of the S. lycopersicum cv. Moneyberg 

(pAGPLM) and the S. habrochaites promoter (pAGPLH). JA1 is a homeodomain leucine 
zipper class I (HD-ZIP I) TF. In both pAGPLH and pAGPLM a potential JA1 binding-motif 

was found. Our observation suggests that JA1 plays a role in regulating the sugar-

signalling and storage in tomato. This is in line with earlier research in Arabidopsis where 
AtJA1 (ATHB13) was identified as a component of the sucrose-signalling pathway as 

well (Hanson et al., 2001). In addition, ATHB13 was linked to abiotic and biotic stress 
resistance pathways (Chi et al., 2013). The homolog of the Arabidopsis B-box zinc-finger 

TF BBX19  activated both promoters. BBX19 is expressed during fruit ripening and is 

regulated by light and chloroplast maturation (Lira et al., 2020). The CCCH-type Zinc 
Finger C3H13 interacted in the Y1H assay with pAGPLM and resulted in a 2.5-fold 

activation of both promoters in a promoter reporter assay. When combined with JA1, 

only the cv. Moneyberg promoter activation decreased. Similar results were obtained 
for FRUITFULL 2 (FUL2).  FUL2 is a well-known regulator of fruit ripening (Bemer et al., 

2012). The repressing effects of C3H13 and FUL2 when combined with JA1 were not 
seen in in pAGPL1H. In a ful2 knockout mutant analysis, Brix increased (Jiang et al., 

2020). Consequently, it is highly likely that the sugar pathway was affected in these 

mutants and AGPL1 could have been a target. Our work has shown that both FUL2 and 
C3H13 could be putative repressors, or competitors of JA1, while JA1 and BBX19 are 

putative activators of AGPL1. This awaits further confirmation, for example by study of 

mutations in the respective genes and their effect on AGPL1 expression and sugar 
accumulation. 
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As alternative approach to identify AGPL1-promoter-interacting TFs expressed in fruit, 

we applied a High Throughput yeast-one-hybrid library screening using Next 
Generation Sequencing (Y1Hseq)  with yeast containing the integrated promoter-

reporter fusion as “bait” (Erffelinck et al., 2018). In our case an advantage of this method 

was that a cDNA library from developing tomato could be used instead of an 
Arabidopsis TF library. Because of the cost of NGS only one replicate was performed, 

precluding an estimation of the variability. What is clear from our results though, is that 

the assay yields an abundant amount of hits and that most of the obtained hits were 
not TFs (FFiigguurree  33aa). Here, as well as in the matrix-based screen with Arabidopsis TFs, 

yeast-one-hybrid assays suffer from strong variation and poor reproducibility, bringing 
into question the overall usefulness for reliable identification of interacting TFs. Our 

selection criteria to screen several TFs with a promoter reporter assay, were based on 

a high Fragments Per Kilobase of Exon Per Million Fragments Mapped (FPKM), high 
signal to noise ratio (SNR),  and co-expression. All selected hits realised an at least 4-fold 

increase transcriptional activation in the promoter reporter assays, demonstrating the 

merits of these selection criteria. A Nuclear Factor Y TF, NF-YA10, was the mildest 
activator. When NF-YA10 was combined with JA1, there was sharp decrease in 

activation, potentially indicating a repressive or JA1- competing function. It has been 
suggested that NF-YA10 plays a role in the suppression of ripening (Yang et al., 2016; Li 

et al., 2016), which could affect the AGPase mediated transition of sucrose to starch as 

well. The WRKY TF, WRKY24 behaved as an activator of AGPL1. The WRKY TF family is 
a large group with many vital roles (Chi et al., 2013; Karkute et al., 2018). WRKY binding 

sites, the W-box motif  (TTGAC/T) has been found frequently in (drought)stress related 

genes (Yamasaki et al., 2013; Chi et al., 2013; Karkute et al., 2018). In general, two types 
of interacting TFs have been found, those involved in fruit development (BBX19, FUL2, 

NF-YA10 and JA1) and those involved in (a)biotic stress responses (JA1 and WRKY24).  
The link between starch metabolism controlled by AGPL1 and fruit 

development/ripening and stress response is unclear and needs further investigation. 

To ultimately increase AGPL1 expression, we were looking for a repressing TF. The 
promoter reporter assay however is not an ideal method to find a repressor. The 

method relies on comparing luciferase signal of the promoter combined with a TF to 

the promoter without an added TF. The basal luciferase signal of AGPL1 was relatively 
low, making it challenging to find a (significant) decrease in activation. Combining TFs 

with JA1 did lead to a decreased activation in some cases (C3H13 and FUL2). If this 
decrease means that the added TF is a repressor, is not evident. It could also be that 

there is competition between JA1 and the other TF for the same or nearby CRE. We 

took FUL1 as a negative control, as it did not interact in the Y1H. However, FUL1 also 
increased the promoter activity (FFiigguurree  22ee). FUL1 needs to form heterodimers to 

interact with a CRE, which it cannot in the yeast screen without an additional MADS-

box protein partner, but it might find that partner in the in planta system, explaining the 
signal (Fujisawa et al., 2014).  
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Promoter deletions can be used to modulate expression and create desired 
phenotypes 

In parallel to unravelling the regulatory TFs of AGPL1, a shot-gun approach was used to 

directly influence expression by promoter mutagenesis. Random systematic allelic 

variation was created in the promoter by multiplexed CRISPR/Cas9-mutagenesis. We 
hypothesized that by removing CREs, expression could be modified in a tissue- or 

stage-specific manner without severe pleiotropic effects. Rather than targeting the 

entire promoter with a large number of guide RNAs, we choose an approach where 
the promoter was divided in smaller regions, each targeted by 3 single guide RNAs 

(sgRNAs). This was done to avoid producing only very large deletions between targets 
of active sgRNAs at the extremes of the promoter, and thus losing smaller deletions in 

between those. Contrary to our expectations, we found relatively few target-to-target 

deletions in the selected regions, but rather small indels as products of individual gRNA 
activity. This implies that decreasing the number of simultaneously active gRNAs to 

three, reduces the chances of gRNAs acting together to produce target-to-target 

deletions, at least when there are no two guides being active simultaneously. Increasing 
the number of gRNAs in one construct, as used for “Region 5”, apparently increased the 

occurrence of two highly active gRNAs and hence the frequency of target-to-target 
deletions.  

 

25 mutant alleles were selected and analysed in the T1 generation as homozygous, 
transgene-free plants. In several of these mutant lines, Brix was increased. However, an 

increased Brix was always correlated with lower fruit weight. In contrast, the use of 

AGPL1H resulted in an increased expression of AGPL1, a higher sugar content and 
increased size (Petreikov et al., 2006, 2009). Either the use of a different variety or 

growing system could be the cause of this difference. Another reason could be that 
not only the expression of AGPL1 was affected in the introgression line with S. 
habrochaites. For only two alleles, pAGPL1-cr-r2-03 and pAGPL1-cr-r2-04, increased 

AGPL1 expression was found at 7 Days After Anthesis (DAA). Since pAGPL1-cr-r2-05 did 
also result in increased Brix an expression difference was expected. The chosen time-

points could have been insufficient to measure a difference, as between 5 and 20 DAA 

AGPL1 expression fluctuates significantly. Even increased expression at 30 DAA or later 
could be causal for increased Brix (Petreikov et al., 2006). Overall, we demonstrated 

that targeting the promoter with CRISPR/Cas9 led to a desired phenotype (increased 
Brix) and in two lines we could demonstrate the underlying increased AGPL1 
expression.  

Concluding, in this study we used a bioinformatics-guided and a (semi-)random 
approach to study the AGPL1 promoter in parallel. This led to the identification of two 

potential repressors for AGPL1 (FUL2 and C3H13) and several activators (AREB1, BBX19, 

GATA9, JA1, NFY-A1, TFRL, WRKY24, WRKY41 and WRKY81). In addition, we 
demonstrated that a semi-random promoter-mutagenesis approach could result in 
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increased AGPL1 expression and an elevated Brix. However, as CRISPR/Cas9-

mutagenesis, transformation, and regeneration, and especially phenotyping all 
obtained mutants are space- and labour-intensive processes, narrowing the area 

targeting for deletions might prove to be more effective. Overall, the promoter-deletion 

studies were in line with the general picture provided from the DNAse-Seq and 
conservation analysis. Mutations in OCR1 resulted in the largest effect on Brix and 

influenced AGPL1 expression. Combined, the DNAse-Seq, conservation analysis and 

promoter deletions studies revealed that OCR1 plays a dominant role in the regulation 
of AGPL1 expression. Combining Y1H and promoter reporter assays gave interesting 

leads. Which of these are biologically relevant, remains to be resolved. Further validation 
could be achieved with Electrophoretic Mobility Shift Assay (EMSA) or DNA affinity TF 

pulldown assays that could be a valuable additional method for TF interaction discovery 

(Gaudinier and Brady, 2016). The ultimate test for a role of those TFs in planta should 
come from promoter deletions and study of mutants affected in the respective TF 

functions. 

Methods 
Open chromatin 

Dnase I Hypersensitive Sites Sequencing (DNAse-seq) data was retrieved for the 25 Kb 
upstream and 25 kb downstream  of AGPL1 from fruitENCODE 

(http://www.epigenome.cuhk.edu.hk/encode.html, Sl2.50 tomato genome assembly) 
of several stages of fruit development, respectively during high expression of AGPL1 (7 

Days After Anthesis; DAA), reduced expression (17 DAA), no expression (47 DAA) and 

leaf profile (control) (Petreikov et al., 2006; Lu et al., 2017). The data was used to 
determine open chromatin regions in the promoter (10 kb upstream) and in the open 

reading frame of AGPL1, via a simplified model of the peak calling algorithm “Hotspot” 

(Koohy et al., 2014). For every measured site, a short reading sequence of approx. 250 
bp was calculated, which gives the score n. The score for the measured site was 

compared against the local background of 50 kb (Koohy et al., 2014). A Z-score was 
calculated and compared to a cut-off value for the probability of the Z score for that 

site (in this case p≤0.5). Sites that had a score above the cut-off value were considered 

open chromatin region (Koohy et al., 2014).  

Sequence conservation analysis

To perform conservation analysis, the coding sequence, together with the 10 kb 

upstream of AGPL1 (Solyc01g109790) was retrieved from the SolGenomics database 

version 2.5. In total, the upstream region of 9 orthologs from different species were 
found by using the NCBI blast tool (Query: Solyc01g109780 genomic sequence, BLAST 

tool: Megablast) (TTaabbllee  SS11). The retrieved sequences were used as input for 
conservation analysis with mVISTA (Fasta format, alignment program: AVID (global pair-



3

Increased AGPL1 expression and Brix in tomato fruit by targeting the promoter 

83 

wise alignment for finished & draft sequences, cut-off ranking mVISTA value p=0.05, 

window size of 100 bp) (Mayor et al., 2000; Brudno et al., 2003; Frazer et al., 2004).  

Yeast-one-hybrid assay (Y1H) 

A region of the AGPL1 promoter was amplified both from S. lycopersicum cv. 
Moneyberg as well as from S. habrochaites genomic DNA with specific primers (TTaabbllee  

SS33,,  FFiigguurree  22). The fragments were recombined into a Gateway® compatible reporter 
plasmid, version of the pAbAi vector  containing the reporter gene Aur1-c, which confers 

resistance to aureobasidin (http://www.clontech.com, Danisman et al. 2012).  The two-

resulting promoter-reporter constructs were linearized by adding 30 μl vector to 5 μl 
buffer G Thermo Scientific, 2 μl BbsI and 13 μl MQ and incubating them at 37 ˚C for 1 

h while shaking at 450 rpm. The mixes were inactivated for 20 min at 65 ˚C. The 

linearized fragment was transformed into yeast strain PJ69-4 . A culture was grown 

overnight in 10 ml SD-complete (6.7 g/L Yeast nitrogen base, 20 g/L Dextrose for 9x SD 
medium supplemented with the correct 1x dropout. Complete dropout solution: 300 

mg/L Isoleucine, 1500 mg/L L-Valine, 200 mg/L L-Adenine hemisulfate salt, 200 mg/L 
L-Arginine HCL, 200 mg/L L-Histidine HCl Monohydrate, 1000 mg/L L-Leucine, 300 

mg/L L-Lysine HCl, 200 mg/L L-Methionine, 500 mg/L L-Phenylalanine, 2000 mg/L L-

Threonine, 200 mg/L L-Tryptophan, 300 mg/L L-Tyrosine, 200 mg/L L-Uracil). The 
culture was diluted to 50 ml and re-grown till an OD600 between 0.4 and 0.6 was 

centrifuged for 5 min at 5000 rpm. The pellet was resuspended in 25 ml 100 mM 

Lithium Acetate (LiAc) and centrifuged again for 5 minutes at 5000 rpm. A mix of 2.4 
ml 50% (w/v) polyethylene glycol (PEG) 3350. 360 μl 1 M LiAc, 50 μl salmon sperm DNA 

(10 mg/ml, boiled), 20 μl purified linearized plasmid and 680 μl MQ. After vortexing, the 
mix was incubated for 20 min at 42 ˚C and centrifuged again (5 minutes, 5000 rpm). 

The pellet was then washed with 0.5 ml MQ and spun down. Finally, the pellet was 

resuspended in 0.3 ml MQ and 200 μl was plated on selective medium, SD agar minus 
Uracil. After three days of growth at 30 ˚C, transformant colonies were visible. Auto-

activation tests were performed at a range of Aureobasidin A (AbA) concentrations (0, 

50, 100, 150, 200, 500 ng/μl AbA) to determine background expression of the reporter 
bait constructs. Reporter constructs were selected for growth at 50 or 100 ng/μl AbA 

and absence of growth from 150 ng/μl AbA.  

We used an expanded REGIA Transcription Factor (TF) prey collection containing more 

than 2000 Arabidopsis TFs in the PJ68-4A yeast strain, as previously reported (Castrillo 

et al., 2011). A screen with this library was performed twice at 200 ng/ml AbA, as 
described previously (Danisman et al., 2012)..  Putative hits were scored on a scale of 0 

(no growth) to 3 (full growth). The resulting 186 unique positive hits with a score of at 

least 1 with either promoter-reporter were re-screened at 175 and 225 ng/ml. Significant 
positive hits (p<0.05) were determined by using a Welch’s t-test for analysis of false 

positives compared to a random independent Y1H screen done with the same library 
as described before (Ouwerkerk and Meijer, 2001; Mitsuda et al., 2010).  
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The selected significant positive hits from the REGIA library were used in a second Y1H 

by with the tomato orthologs of the identified Arabidopsis hits. Orthologs were 
identified d by best reciprocal BLAST hit for the amino acid sequences. Candidates were 

further selected for (co-)expression in tomato with data from the Tomato Expression 

Atlas (http://tea.solgenomics.net/). The selected TFs were amplified from cDNA of 
either 5- or 10-day old fruitlets depending on the TFs expression. The amplified TFs 

were cloned into Prey expression constructs containing an GAL4 Activation Domain 

(pDEST22) with Gateway® recombination and were transformed into the PJ69-4A 
yeast strain. All used strains were confirmed by sequencing. The screen was performed 

with 10 independent non-auto activating reporter constructs for the S. lycopersicum 
promoter and 7 for the S. habrochaites promoter at 150 ng/ul AbA. A score was given 

for growth (0-10, where a 10 is a full colony) and multiplied with the score for the used 

promoter-strain in the autoactivation test (0-10, where a 10 is a no colony) to give an 
interaction score. If the average interaction score was higher than 40, we determined 

it a significant interaction. 

High Throughput yeast-one-hybrid library screening using NGS (Y1Hseq) 

Two promoter regions were amplified from genomic DNA with specific primers (TTaabbllee  

SS33,,  FFiigguurree  66) and combined into one region with overlap extension PCR. The bait-

construct was cloned via Gateway® recombination in the pDONR P4-P1R vector and 

subsequently in the pMW#2 vector in combination with the reporter gene. This was 
followed by linearization and integration into the YM4271 yeast strain. The bait-

construct was then used in a high throughput yeast-one-hybrid cDNA library screen 
using NGS as described before (Erffelinck et al., 2018). As prey, a tomato fruit cDNA 

library from different stages of fruit development fused to a Gal4-activation domain was 

used. In short, a screen was performed with the prey-cDNA library. The resulting yeast 
plates were scraped of all colonies, pooled and plasmid was isolated. The cDNA inserts 

of the prey plasmids were amplified by PCR and sequenced by Next Generation 

Sequencing (Illumina HiSeq 2000 sequencing, 125-bp paired-end reads). An empty-bait 
reporter was screened as control to eliminate false-positive interactions and to correct 

for the abundance of each prey represented by the cDNA library. A hit was reported as 
Fragments Per Kilobase of Exon Per Million Fragments Mapped (FPKM) in both the 

sample and a negative control (an empty bait-vector). The Signal to Noise (SNR) ratio 

for each gene was calculated as the sample FPKM value divided by the negative control 
FPKM value. A putative hit can be considered when it has a high SNR and a was above 

a predefined expression level (high FPKM). 

Promoter reporter assay 

The  Golden Gate Molecular Cloning (MoClo)  toolkit was used to assemble the 
constructs with the Golden Gate cloning strategy (Engler et al., 2008; Weber et al., 

2011; Werner et al., 2012a). The full-length open reading frames of selected TFs were 
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amplified from cDNA with gene-specific primers (TTaabbllee  SS33))..  Where necessary, a nested 

PCR was performed, and internal Golden Gate restriction sites were removed with 
overlap extension PCR (primers not listed).  The products were ligated into pL0-CDS 

(pICH41308) and subsequently into pL1-F2 expression vectors (pICH47742) with a 2x 

CaMV 35S promoter (pICH51288) and 35S terminator (pICH41414) to form the effector 
pL2 constructs. The promoter was amplified with specific primers (TTaabbllee  SS33)) from wild-

type, mutant and S. habrochaites genomic DNA, totalling about 1880-bp including the 

5’UTR. Again, internal Golden Gate restriction sites were removed. Amplified parts were 
cut-ligated into pL0-pro+5’UTR (pICH41295). The pL0-promoter was then cut-ligated 

with a Golden Gate-compatible firefly luciferase coding vector(pICSL50006) and a 35S 
terminator (pICH41414) to form the reporter construct in a pL1-F1 expression vector 

(pICH47732). A positive control vector was constructed by ligating a 2x35S promoter 

with the firefly luciferase coding sequence and 35S terminal. To normalize luciferase 
activity, a third pL1 vector was used: 2x35Sp::Renilla, which was made Golden Gate 

compatible from pGreenII:0800-LUC (Hellens et al., 2005).  

Correct plasmids were transformed to A. tumefaciens C58c1. Transformed cells were 
grown from an overnight culture in LB with 10mM 2-(N-morpholine)-ethanesulfonic 

acid (MES) and 40 μM Acetosyringone to an OD600 between 0.4 and 1. The cells were 
concentrated in 10 mM MgCL2 with 200 μM Acetosyringone at and OD600 of 1 for the 

reporter and Renilla construct, and an OD600 of 2 for the effector. Different 

combinations were made with the following ratios: 2.5 Reporter: 62.5 Effector: 1 
Renilla. Al mixes were equalled at 20 ml and left to stand for 2-3 hours. For each 

combination, transfections were performed on three different Nicotiana benthamiana 
plants (biological replicates) of about five weeks old (before flowering). The infiltrated 
tobacco plants were grown for three days in a greenhouse. Samples were taken by 

closing a 2-ml tube on a transfected leaf-area while avoiding large veins. From each 
transfected leaf, three technical replicates were taken. Samples were snap-frozen in 

liquid Nitrogen. Sample preparation and measurements were done with the Dual-

Luciferase Reporter Assay kit (Promega, cat. no. E1910), as described in (Sherf et al., 
1996). 200 μl Passive Lysis Buffer mix was used to lysate a cryo-ground leaf disk for 15 

min on ice, followed by 3 min centrifuge. Measurements were done in a GlowMax® 

Navigator Microplate Luminometer with 50 μl supernatant and 25 μl of both the LARII 
and Stop&Glow reagents. The Firefly/Renilla ratio of each sample was calculated 

relative to the sample with just the promoter and Renilla construct. Statistical analysis 
was performed with R. For all data, normal distribution was confirmed, and ANOVAs 

with post-hoc Tukey pairwise analysis were used to test for significant differences. 

CRISPR/Cas9 design and assembly 

The Rgenome Cas-designer tool (http://www.rgenome.net/cas-designer/, spCas9, 
target: Solanum lycopersicum, allowed 2 nucleotide bulge as off target) was used to 

design effective single guide RNAs (sgRNAs) (Bae et al., 2014; Concordet and Haeussler, 
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2018). SgRNAs were filtered out if they contained a stretch of 4*T (stop codon) and if 

they had an off-target with one or more nucleotides mismatch. Twelve targets for 
sgRNA were chosen targeting the 3000 bp upstream of AGPL1 (TTaabbllee  SS33). The selected 

targets were divided in five different regions (FFiigguurree  22): region 1 (Target 3, 5, 6), region 

2 (target 7, 9, 10), region 3 (target 12, 14, 15), region 4 (target 18, 19, 20) and region 5 
(target 1, 2, 4, 5, 8, 11, 13, 14). These different groups of guides were all assembled in 

separate vectors. 

The MoCLo toolkit and Golden Gate cut and ligation were used to assemble the vectors 
(Engler et al., 2009; Weber et al., 2011). In short, each sgRNA was fused to an 

Arabidopsis U6 promoter as AtpU6:sgRNA:TTTT and cut-ligated to a level 1 vector. Level 
1 constructs plCH47732-pL1-pNOS::NPTII::tOCS, plCH47742-pL2-p35S::hCas9::tNOS, 

pICH47751-pL3-p2x35S::tGFP::t35S, plCH47761-pL1-F4-pU6::sgRNA1, plCH47772-pL1-

F5-pU6::sgRNA2, pICH47781-pL1-F6p-pU6::sgRNA3 and plCH41822-pLE6E were cut-
ligated into the level 2 vector plCSL4723 (Werner et al., 2012b). For the construct with 

eight guides, a two-step Golden Gate cut-ligation was performed. The NPTII, Cas9, GFP 

and the two first guides were cut-ligated with pICH49299-pELB5 into the level 2 vector 
to create an intermediate level 2 (pL2i-1). This plasmid was then used to construct the 

final level 2 (pL2-2) by cut-ligating it with pICH47781-pL1-F6-pU6::sgRNA3, pL1-F7-
pU6::sgRNA4, pICH47732-pL1-F1-pU6::sgRNA5, pICH47742-pL1-F2-pU6::sgRNA6, 

pICH47751-pL1-F3-pU6::sgRNA7, plCH47761-pL1-F4-pU6::sgRNA8 and pICH41780-

pELE4. All constructed vectors were checked by sequencing. All pL2 and the pL2-2 
constructs were transformed to Agrobacterium tumefaciens C58C1 and grown under 

rifampicin, gentamycin, and kanamycin selection. In Agrobacterium, the presence of 

the correct construct was validated with restriction analysis (BamH1, SAL1).  

Transformation  

Tomato transformation was done with Agrobacterium tumefaciens strain C58C1 

containing the appropriate vector as previously described, but with media B 

supplemented with 1 mg/L 2,4D and with 200 cotyledon explants as starting material 
(Van Roekel et al., 1993). Solanum lycopersicum L.  cv. ‘Moneyberg’ was used in this 

study. Tissue culture was done in a growth chamber with 16 h light and 8 h dark cycle 
at 25 ˚C. Once shoots were formed, GFP-positive shoots were selected and rooted on 

Rooting Inducing Medium (Van Roekel et al. 1993). Rooted shoots were placed on 

rockwool and moved to a growth chamber (16 h light and 8 h dark at 25 ˚C). A ploidy 
test was done on transformed plant leaf samples at Iribov Analytical Services B.V. Diploid 

shoots were genotyped for presence of the transgene and for mutations in the target 

region.  
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Genotyping 

Genomic DNA from young leaves was isolated using the CTAB as described (Porebski 

et al., 1997). Alternatively, a PCR was done directly on sampled leaf tissue by using the 

Phire Plant Direct PCR kit (Thermo Scientific, Catalog number F130WH). Detection of 
transgenes in each generation was done by a PCR on Cas9 and/or NPTII. The target 

region of transformed plants was amplified, sequenced, and aligned in Benchling 
(https://benchling.com, for primers used see TTaabbllee  SS33). Heterozygous and bi-allelic 

Transformed (T0) plants for the region of interest were selfed. T1 plants were segregated 

for the presence of a homozygous or bi-allelic mutation in the region of interest, while 
lacking the T-DNA insertion. In the T2 generation only homozygous plants were grown.  

Growth conditions  

Shoots grown from callus were transferred to rockwool once they had roots. 

Alternatively, T1 and T2 seeds were germinated on filter paper and transferred to cubes 
of rockwool after a week. They were grown in a growth chamber (16 h light and 8 h 

dark at 25 ˚C).  Five to Eight weeks later seedlings were transplanted into a greenhouse 

(Unifarm, Wageningen 51.57˚N, 5.31˚E, The Netherlands) on rockwool slabs at a density 
of 2.5 plants/m2. Nutrients were provided by fertigation (EC 4.5, pH 5.6). Climatic 

conditions in the greenhouse were at ambient temperature (> 20˚C) under a 16h 
light/8h dark cycle (0.6–28.4 MJ m–2 day–1 natural light supplemented with artificial 

light using high pressure sodium lamps (SON-T Agro 600 Watt, Philips, Eindhoven, The 

Netherlands). Side shoots were removed once a week. Flowers were pollinated by 
vibrating each flower/truss three times a week with an electric toothbrush.  

Phenotyping fruits 

T0 plants were only used for genotyping and seed collection. In the T1 generation, one 

or two plants per genotype were placed randomly on a row in the greenhouse 
together. As it was not possible to put all the T1 plants in the greenhouse at the same 

time, phenotyping was done in batches. For every batch of T1 mutant plants, a wild-
type control was taken along. Six flowers per truss were vibrated at anthesis. Excess 

flowers were removed.  The first truss was used for seed collection and the subsequent 

three trusses were used for phenotyping. Individual fruits were harvested at breaker+7 
(±1 day) and Fresh weight (in grams) and Brix measurements were done. Brix 

measurements were done in duplo per fruit with an Atago PR-32  digital refractometer. 

In the T2 generation, five plants per genotype were randomly placed on a row in the 

greenhouse. Six flowers per truss were vibrated with an electric toothbrush-holder at 
anthesis. Excess flowers were removed. The first truss was used for seed collection and 

the three subsequent trusses were used for phenotyping. The third and fifth truss fruits 

were harvested at breaker+7 (±1 day) for phenotyping. Of these fruits, width, weight, 
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and Brix were measured. Of the second and fourth and sixth truss, samples were taken 

for gene expression analysis. 

Gene expression analysis 

Gene expression analysis was done in the T2 generation with five plants per genotype. 
Samples were taken from each plant as a pool of three fruits 7, 14 and 21 DAA with a 

leaf sample as control. RNA was isolated from cryo-ground whole fruit samples by using 
the MaqMaxTM-96 total RNA isolation kit with Plant RNA isolation aid (Thermofisher) with 

a KingFisher 96 Magnetic Particle Processor. cDNA was synthesized with the iScript 

cDNA synthesis kit (Bio-Rad). qRT-PCR was performed with iQ SYBR Green Supermix 
(Bio-Rad) on a Bio-Rad CFX6 qRT-PCR instrument. The following condition was applied 

for PCR amplification: 3 min 95˚C, 40*[15 s 95˚C, 60 s 60˚C], followed by a melt-curve. 

CAC was used as a refence (TTaabbllee  SS33). Relative expression changes were calculated 
according to the 2- CT method as described (Livak and Schmittgen, 2001). Statistical 

analysis was performed with R, package version 3.5. For all data, normal distribution 

was confirmed, and ANOVAs were used to test for significant differences between 
mutants and wild-type.  
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Supplementary Figures 

  
FFiigguurree  SS11::  Local DNAse I hypersensitive sites and DNA methylation profiles of AGPL1. The upper row shows 

the gene model of AGPL1 (Solyc01g109790) in pink. The four rows below (purple) show the DHS profiles at 7, 

17 and 47 DAA as well as leaf tissue on a scale of 0 to 3. The yellow highlights represent significant Open 

Chromatin Regions (OCRs). These OCRs were determined by peak calling (p<.05, background comparison: 

50kb, local region: 250 bp). The last three rows in blue show the DNA methylation profiles at respectively 17 

and 42 DAA as well as the leaf tissue profile on a scale of 0 to 1. In the last row, the nucleotide position on 

chromosome 1 is shown. Note that the reverse-complement orientation is shown, as AGPL1 resides on the 

antisense-strand. All data is retrieved from FruitENCODE (http://www.epigenome.cuhk.edu.hk/encode.html, 

Sl2.50 tomato genome assembly) (Lu et al., 2017).  

  

  

 
 FFiigguurree  SS22::  ((aa)) Alignment of S. lycopersicum and S. habrochaites sequences at the 5’ end of OCR1 in the AGPL1 

promoter. Note the 77 bp deletion in S. habrochaites. Location numbers are relative to the transcription start 

of AGPL1. This region was used in the Y1H screen. ((bb)) Position Weight Matrix Motifs obtained from the Plant 

TF Database (http://planttfdb.gao-lab.org/). 
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FFiigguurree  SS33::  The top 30 TFs with high SNR and high FPKM from the Y1Hseq experiment 
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FFiigguurree  SS44:: Alignments of the wild-type and mutant promoters. Location numbers are relative to the 

transcription start site of AGPL1. sgRNA target regions are highlighted with a grey PAM site. Mutations are 

highlighted in red.  
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FFiigguurree  SS44  continued  
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FFiigguurree  SS44  continued 
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FFiigguurree  SS44  continued 

 



3

Increased AGPL1 expression and Brix in tomato fruit by targeting the promoter 

95 

 
 

 

 
FFiigguurree  SS44  continued 
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FFiigguurree  SS44  continued 
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FFiigguurree  SS44  continued 
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FFiigguurree  SS44  continued 
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FFiigguurree  SS55::  Phenotypes T1. Change in Brix (%) and change in weight (%). compared to a Wild-type plant grown 

at the same time as the mutant. The mutants are ordered by the different targets they have mutated, divided 

in the different regions (FFiigguurree  11). Error bars represent the SE. For most mutants, three trusses with 6 fruits of 

one plant were measured, for some two plants were measured.   
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FFiigguurree  SS66::  Motif prediction and TF selection.  ((aa)) MEME motif prediction of region 2 in the AGPL1 promoter 

containing mutation leading to a higher brix phenotype. Bp position numbering is relative to the 5’ UTR 

Transcription Start Site of the S. lycopersicum AGPL1. The blue and red motifs are designated motif 1 and 2 

respectively (http://meme-suite.org/), ((bb))  Position Weight Matrix Motifs and alignment with the S. lycopersicum 
genome of motif 1 and motif 2. The mutation sites are indicated by a black box. Underneath the motif are the 

resulting TF binding motifs obtained from a TOMTOM motif comparison with the JASPAR core plants database 

(2018) cc..  Position Weight Matrix Motifs obtained of S. lycopersicum orthologs of the JASPAR-hits, obtained 

from the Plant TF Database (http://planttfdb.gao-lab.org/). 
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Supplementary Tables 
SSuupppplleemmeennttaarryy  TTaabbllee  11::  AGPL1 orthologs used for promoter sequence conservation analysis  
SSppeecciieess  LLooccuuss  nnuummbbeerr  
Solanum lycopersicum Solyc01g109780 (AGPL1) 

Solanum pennellii LOC107008126 

Solanum habrochaites Sohab1.0:CBYS010003766.1 (107195..93703) 

Solanum tuberosum LOC102591766 

Capsicum annuum LOC107840421 

Nicotiana tabacum LOC107826565 

Nicotiana sylvestris LOC104215019 

Nicotiana attenuata LOC109227102 

Nicotiana tomentosiformis LOC104113035 

  

SSuupppplleemmeennttaarryy  TTaabbllee  22:: 95th percentile Y1Hseq hits based on SNR (TFs only) 
GGeennee  IIDD  TTFF  ffaammiillyy  FFPPKKMMeemmppttyy  FFPPKKMMppAAGGPPLL11  SSNNRR  TTeesstteedd  

Solyc12g056510 Trihelix 1408 46669 33.14 

Solyc10g005330 HD-ZIP 1408 23877 16.96 

Solyc07g020710 CPP 1408 22792 16.19 

Solyc03g006910 bHLH 1408 19536 13.87 

Solyc06g071300 M-type_MADS 1408 19536 13.87 

Solyc12g099130 MYB 2816 36901 13.10 

Solyc09g057880 FAR1 1408 17365 12.33 

Solyc04g076360 MYB_related 1408 17365 12.33 

Solyc06g065190 TCP 1408 17365 12.33 

Solyc09g066010 WRKY 1408 16280 11.56 Y1Hseq PRA 
Solyc02g067230 Dof 1408 16280 11.56 

Solyc12g038510 MIKC_MADS 1408 15194 10.79 

Solyc04g011670 bZIP 1408 13024 9.25 

Solyc04g005800 HD-ZIP 1408 13024 9.25 

Solyc02g079760 bHLH 1408 13024 9.25 

Solyc01g006930 NF-YA 1408 13024 9.25 Y1Hseq PRA 
Solyc01g009070 MYB 4224 37986 8.99 

Solyc01g073950 MYB_related 2816 24962 8.86 

Solyc12g042010 bHLH 1408 11939 8.48 

Solyc03g078120 NAC 1408 11939 8.48 

Solyc08g081140 bHLH 2816 22792 8.09 

Solyc07g005400 bHLH 2816 21706 7.71 

Solyc06g083430 Trihelix 2816 21706 7.71 

Solyc09g007810 ARF 1408 10853 7.71 

Solyc04g005130 bHLH 1408 10853 7.71 

Solyc05g009880 bHLH 1408 10853 7.71 

Solyc10g047040 C3H 1408 10853 7.71 

Solyc07g052760 GeBP 1408 10853 7.71 

Solyc10g080300 MYB_related 1408 10853 7.71 Y1Hseq PRA 
Solyc05g018350 Trihelix 1408 10853 7,71 

PRA: Promoter Reporter Assay 
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SSuupppplleemmeennttaarryy  TTaabbllee  33::  Primers used throughout this chapter 

TTaarrggeett  ddeessccrriippttiioonn  NNaammee  SSeeqquueennccee  ((55’’--33’’))  

Y1H primers 

promoter of AGPL1 

(Solyc01g109790) from S. 
lycopersicum 

Y1H Lyc Fw ACTTCTTAGAGAGATCTTTGTCCGT 

Y1H Lyc Rv AGATCAACCCATCCTAACCCTTT 

promoter of AGPL1 

(Sohab1.0:CBYS010003766) 

from S. habrochaites 

Y1H Hab Fw ATAGTCTTAGAGAGATCTTTGTCCGT 

Y1H Hab Rv AGATCAACCCATTCTAGCCCTTT 

ORF BBX19 (Solyc01g110370) 
Y1H Fw 

GGGGACAAGTTTGTACAAAAAAGC 

AGGCTTCATGAGAACCCTTTGTGATG 

Y1H Rv 
GGGGACCACTTTGTACAAGAAAGC 

TGGGTCTTAAAGCTTTGACATTGCAT  

ORF C3H3 (Solyc01g100990) 
Y1H Fw 

GGGGACAAGTTTGTACAAAAAAGC 

AGGCTTCATGCCGTTGGGTAAATACT 

Y1H Rv 
GGGGACCACTTTGTACAAGAAAGC 

TGGGTCCTATCCCCACTCAACAAATG 

ORF CO1 (Solyc02g089540) 
Y1H Fw 

GGGGACAAGTTTGTACAAAAAAGC 

AGGCTTCAAAGTTAGTCCAATGTTGA  

Y1H Rv 
GGGGACCACTTTGTACAAGAAAGC 

TGGGTCTCAGAATGAAGGGACAATTC 

ORF JA1 (Solyc05g007180) 
Y1H Fw 

GGGGACAAGTTTGTACAAAAAAGC 

AGGCTTCATGGCTTTCTTTCCAACAA  

Y1H Rv 
GGGGACCACTTTGTACAAGAAAGC 

TGGGTCCTAATTAAAATGTTGTTGCT  

Y1Hseq Ra 
Y1H-seq Fw CGAGAAACCTTGCTATCTTTCT  
Y1H-seq Rv TATCGCGAATCAAATTTAGGTTCAATATATGCATTATG 

Y1Hseq Rb 
Y1H-seq Fw CCTAAATTTGATTCGCGATAAAACTTAGTCAT  
Y1H-seq Rv TGAATCGTACAAGCTCTTTCC  

Promoter Reporter Assay (PRA) primers (given without Golden Gate compatible ends) 

pAGPL1 Cv. Moneyberg 
PRA Fw AGATCAACCCATCCTAACCCTTT 
PRA Rv TTCTGCAGCCAATCAACAA 

pAGPL1 S. habrochaites 
PRA Fw AGATCAACCCATTCTAGCCCT 
PRA Rv TTCTGCAGCCAATCAACAA 

AREB1 (Solyc04g078840) 
PRA Fw ATGGGGAGTAATTATC 
PRA RV TTACCATGGACCAG 

BBX19 (Solyc01g110370) 
PRA Fw ATGAGAACCCTTTGTGATG 
PRA RV TTAAAGCTTTGACATTGC 

C3H13 (Solyc01g100990) 
PRA Fw ATGCCGTTGGGTAAATACTA 
PRA RV CTATCCCCACTCAACAA 

FUL1 (Solyc06g069430 ) 
PRA Fw ATGGGAAGAGGAAGAGTCC 
PRA RV TTAATTATTAAGATGACGAAGCATCC 

FUL2 (Solyc03g114830) 
PRA Fw ATGGGTAGAGGAAGAGTACA 
PRA RV TTAACCGTTGAGATGGC 

GATA9 (solyc11g069510) 
PRA Fw ATGGATGAAATTCCTACTGGTC 
PRA RV TCAGTATACATCAAAC 

JA1 (Solyc05g007180) 
PRA Fw ATGGCTTTCTTTCCAACAAA 
PRA RV TAATTAAAATGTTGTTGCTCTAGC 
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SSuupppplleemmeennttaarryy  TTaabbllee  33 continued 

DDeessccrriippttiioonn  nnaammee  SSeeqquueennccee  ((55’’--33’’))  

NF-YA10 (solyc01g006930) 
PRA Fw ATGAATACTACTATATTTTCCAAAGG  
PRA RV TCATACTTTGAGGTTGCAAC  

TRFL (Solyc10g080300) 
PRA Fw ATGCATGCGGAGGTCA  
PRA RV TTATGTTTCTTTCTCGTCTGC  

WRKY24 (Solyc09g066010) 
PRA Fw ATGGAGGAGATTGAGGAAGCTAACAG  
PRA RV TCATGCATTTGCCGATTGG  

WRKY41 (Solyc05g012770) 
PRA Fw ATGGAGAAAGTTAAAAGTATGGAG 
PRA RV TTAAATGAAGAATTCTTCAATGTC 

WRKY81 (Solyc09g015770) 
PRA Fw ATGGATAACTCATCGTCTG 
PRA RV CTACACTTGATCAAAGTTCC 

sgRNA primers 

Amplification sgRNA 1 pAGPL1-g1 
TGTGGTCTCAATTGGAGTGATCAAGTGGACAAAG 

GTTTTAGAGCTAGAAATAGCAAG 
Amplification sgRNA 2 

pAGPL1-g2 
TGTGGTCTCAATTGGGGAGTGTGATCAGCTTTAT 

GTTTTAGAGCTAGAAATAGCAAG 
Amplification sgRNA 3 

pAGPL1-g3 
TGTGGTCTCAATTGGTATAAATAGAAAGATAGCA 

GTTTTAGAGCTAGAAATAGCAAG 
Amplification sgRNA 4 

pAGPL1-g4 
TGTGGTCTCAATTGAAAGAGTTGTTAATATACTT 

GTTTTAGAGCTAGAAATAGCAAG 
Amplification sgRNA 5 

pAGPL1-g5 
TGTGGTCTCAATTGTCAAAGTAAAAGTGATTAAA 

GTTTTAGAGCTAGAAATAGCAAG 
Amplification sgRNA 6 

pAGPL1-g6 
TGTGGTCTCAATTGACAATTATGACTTTCAACTT 

GTTTTAGAGCTAGAAATAGCAAG 
Amplification sgRNA 7 

pAGPL1-g7 
TGTGGTCTCAATTGAAAATCACTGAAAATTAGAC 

GTTTTAGAGCTAGAAATAGCAAG 
Amplification sgRNA 8 

pAGPL1-g8 
TGTGGTCTCAATTGTGACAGACGTCATAGTGTGT 

GTTTTAGAGCTAGAAATAGCAAG 
Amplification sgRNA 9 

pAGPL1-g9 
TGTGGTCTCAATTGACAATAAAAAGACAGGTGTT 

GTTTTAGAGCTAGAAATAGCAAG 
Amplification sgRNA 10 

pAGPL1-g10 
TGTGGTCTCAATTGTGTCCGTTAAAAAATTTGGT 

GTTTTAGAGCTAGAAATAGCAAG 
Amplification sgRNA 11 

pAGPL1-g11 
TGTGGTCTCAATTGCATCAATGCCAGAATACTTT 

GTTTTAGAGCTAGAAATAGCAAG 
Amplification sgRNA 12 

pAGPL1-g12 
TGTGGTCTCAATTGGTTGAAGCGATTAAAAAAAT 

GTTTTAGAGCTAGAAATAGCAAG 
Amplification sgRNA 13 

pAGPL1-g13 
TGTGGTCTCAATTGCTTTCCCTTTATGATTGGGT 

GTTTTAGAGCTAGAAATAGCAAG 
Amplification sgRNA 14 

pAGPL1-g14 
TGTGGTCTCAATTGACTTTATTAAGGTCGGGTCG 

GTTTTAGAGCTAGAAATAGCAAG 
Amplification sgRNA 15 

pAGPL1-g15 
TGTGGTCTCAATTGCAAATTCTAGTAAAGCAAAA 

GTTTTAGAGCTAGAAATAGCAAG 
Amplification sgRNA 16 

pAGPL1-g16 
TGTGGTCTCAATTGGAGATTAGTTAGATAATTGA 

GTTTTAGAGCTAGAAATAGCAAG 
Amplification sgRNA 17 

pAGPL1-g17 
TGTGGTCTCAATTGAGTGACATACATATAAAGAT 

GTTTTAGAGCTAGAAATAGCAAG 
Amplification sgRNA 18 

pAGPL1-g18 
TGTGGTCTCAATTGCAATCCTCTGGGAAAAGAAA 

GTTTTAGAGCTAGAAATAGCAAG 
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SSuupppplleemmeennttaarryy  TTaabbllee  33 continued 

DDeessccrriippttiioonn  nnaammee  SSeeqquueennccee  ((55’’--33’’))  

Amplification sgRNA 19 
pAGPL1-g19 

TGTGGTCTCAATTGTAAATTATGGTTTGGAAAAG 

GTTTTAGAGCTAGAAATAGCAAG 
Amplification sgRNA 20 

pAGPL1-g20 
TGTGGTCTCAATTGTTGATCAAGTTGTGTTTGTA 

GTTTTAGAGCTAGAAATAGCAAG 
Universal amplification 

sgRNAs 
sgRNA_rv TGTGGTCTCAAGCGTAATGCCAACTTTGTAC 

Genotyping primers 

Region 1 Genotyping  

(Guide 3, 5, 6) 
pAGPL1 Fw TCCAGATCTTGGTGGACCCT 
pAGPL1 Rv ACCTGGAAAGTGATGATTTTTGGA 

Region 2 Genotyping 

(Guide 7, 9, 10) 
pAGPL1 Fw ACACTCTATCCAAATCTGGCACT 
pAGPL1 Rv GTAGGACACCACGTAGGACA 

Region 3 Genotyping  

(Guide 12, 14, 15) 
pAGPL1 Fw TGCACTGTCTCATTGTCTCCT 
pAGPL1 Rv CTGGCATTGATGTTGTTTCCCA 

Region 4 Genotyping  

(Guide 17, 19, 20) 
pAGPL1 Fw CTTGGATCCCTGCGCCTATT 
pAGPL1 Rv GGGCTGATTCATGAGCTAAAACC 

Region 5 Genotyping  

(Guide 1, 2, 4, 5, 8, 11, 13, 14)  

pAGPL1 Fw AGTGAAAGAAGACAAGCACATCT 
pAGPL1 Fw TCCAGATCTTGGTGGACCCT 
pAGPL1 Rv AGTGAAAGAAGACAAGCACATCT 

qPCR primers 

CAC qPCR Fw CCTCCGTTGTGATGTAACTGG  
qPCR Rv ATTGGTGGAAAGTAACATCATCG  

AGPL1 qPCR Fw GTTGTGCGGCTATGAAATCGACG  
qPCR Rv TCTCCATTGTTAAAGCCACCAGTGC  

The underlined sequence represents the spacers in the sgRNA primers. Fw: Forward, Rv: Reverse, Lyc: 

S.lycopersicum, Hab: S.habrochaites; sgRNA: single guide RNA, g: guide 
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Abstract 

Increased activity of Solanum lycopersicum Cell Wall Invertase 5 (LIN5) has been linked 

to higher Soluble Solids Content (Brix) in ripe fruit. We studied the transcriptional 
regulation of LIN5 to utilize this knowledge to increase its expression and to be able to 

create this desirable phenotype in any tomato cultivar. Yeast-one-hybrid and reporter 

assays of the LIN5 promoter revealed that putative homolog of the  Arabidopsis 
transcription factor (TFs) GATA9 (Solyc11g069510), the pepper homolog of MYB48 

(Solyc06g005310), of MYB54 (Solyc10g083900), of R2R3MYB58 (Solyc11G073120), 
and a NAC TF (Solyc08g008660) may act as repressors while the C3H-type Zinc Finger 

TF C3H13 (Solyc01g100990), and the homolog of NAKED PINS IN YUC MUTANTS 1 

(NPY1, Solyc08g006870) increased expression of a LIN5 reporter in tobacco leaves. To 
modulate expression in situ by removing repressing Cis-regulatory Elements (CREs) and 

to try creating plants with a higher Brix, multiplexed systematic mutagenesis with 

CRISPR/Cas9 was used on the LIN5 promoter in cv. Moneyberg. Increased Brix was 
found in several of the resulting mutants and in three lines that were studied further, 

altered expression was found. In a reporter assay comparing the mutant promoters with 
the wild-type promoter, the homolog of the C. baccatum HAT4 (Solyc08G078300), 

the homolog of S. tuberosum MYB1R1 (Solyc06G071230) and WRKY24 

(Solyc09g066010) were identified as weak activators of the mutant promoters.  

Introduction 

The Brix9-2-5 locus from an introgression line of S. pennellii in cultivated tomato was 

discovered to be responsible for high Soluble Solids content (measured as  Brix) 
(Fridman et al., 2000, 2002). The partially dominant Brix9-2-5 allele increased Brix by 

20-35% in both determinate and indeterminate tomato varieties (Fridman et al., 2000), 

and S. lycopersicum Invertase 5 (LIN5)  was identified as the underlying gene (Eshed and 
Zamir, 1996; Baxter et al., 2005b, 2005a). Three amino acid substitutions in the S. 
pennellii LIN5 allele compared to S. lycopersicum (Glu348Asp, Asn366Asp and 

Leu373Val) resulted in an enzymatically more active protein likely leading to  the 
increased Brix, while there was no difference in expression between the S. 
lycopersicum and S. pennellii allele  (Fridman et al., 2000, 2004). The observations with 
the Brix9-2-5 QTL indicate that LIN5 is an interesting target for quality breeding and 

increasing agroeconomic value. 

LIN5 is a cell wall-bound invertase (or -Fructosidase), catalysing the hydrolytic 

cleavage of the sucrose OC-bond resulting in the hexoses glucose and fructose 
(Nguyen-Quoc and Foyer, 2001; Matsukura, 2016). The combination of acidic cell wall-

bound, acidic vacuolar and neutral cytoplasmic invertases drive sugar import and sink-

strength, resulting in fruit with equimolar concentrations of glucose and fructose in 
cultivated tomato (Klann et al., 1992; Klee and Giovannoni, 2011; Matsukura, 2016). 
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Invertase proteins consist of a five bladed -propeller and a -sandwich module. At the 

bottom of negatively charged funnel-shaped depression of the -propeller are three 

carboxylates that are essential for catalysis (Alberto et al., 2004). The -propeller is 

composed of the firs ±300 residues and the C-terminal -sandwich by the next ±130 

residues, linked with a 10-residue linker. In the -propeller domain the conserved 

catalytic domain “WEC(P/V)DF” is found in all invertase types, where the cell wall 

invertases have a proline residue and cytosolic or vacuolar invertases have a valine 

residue  (Godt and Roitsch, 1997). In addition, a “NPDN” and a “RDP” motif , both 
essential for sucrose recognition and stable binding, are found in the -propeller  

domain (Alberto et al., 2004; Lammens et al., 2009; Slugina et al., 2019).  

In tomato, four functional cell wall invertase genes have been identified. These most 

likely developed from a common ancestor after subsequent tandem and segmental 
duplications within the tomato genome (Godt and Roitsch, 1997; Fridman and Zamir, 

2003). LIN5 (SlCWIN1) and LIN7 (SlCWIN3) are located on chromosome 9 and  their 
expression is specific for flowers and fruits  (Goetz et al., 2001; Fridman and Zamir, 

2003; Proels et al., 2003). LIN6 (SlCWIN2) and LIN8 (SlCWIN4), on chromosome 10, 

are expressed specifically in vegetative tissues. In addition, five defective cell wall 
invertase genes (SlCWIN5-8 and SldeCWIN1) have been identified (Wei et al., 2020). 

SlCWIN5-8 lack the “NPDN” motif. SldeCWIN1 has a D239A substitution and is unable 

to hydrolyse sucrose (Le Roy et al., 2013). They do all contain the catalytic “WEC(P/V)DF” 
motif.  

LIN5 is expressed in floral organs and in early fruit development (Fridman and Zamir, 
2003; Proels et al., 2003). Four hours after pollination, LIN5 transcript level is increased 

in the style. Two days after pollination, LIN5 expression is high in the ovaries (Shen et 

al., 2019). There is a burst of invertase activity during ovary to fruit transition, probably 
facilitating phloem unloading  through the apoplasmic pathway, stimulating cell division 

(Palmer et al., 2015). During the early stage of cell division in the fruit, LIN5 is active in 

the conductive tissues, the placenta and the pericarp (Fridman and Zamir, 2003). RNA 
interference (RNAi) of LIN5 resulted in increased numbers of petals and sepals, aberrant 

pollen morphology, reduction in pollen tube elongation, increased rates of fruit 
abortion, reduced fruit size, and decreased Brix (Zanor et al., 2009). Combined with the 

observation of the Brix9-2-5 phenotype this shows that LIN5 has an important function 

in early fruit set and development and through this or other mechanisms, on Brix in the 
ripe fruit.  

The importance of LIN5 for tomato Brix was further demonstrated by the silencing of 

the posttranslational inhibitor of LIN5, Cell-wall inhibitor of -fructosidase (SlCIF1 or 

INVINH1), leading to a higher sugar content (Jin et al., 2009b). CIF1 and LIN5 are co-
localized at the cell-walls of sieve elements and physically interact. Before anthesis, 

LIN5 and CIF1 transcripts are dispersed in the columella, placenta and ovule (Palmer et 
al., 2015). After anthesis, both are localized in the vasculature of these tissues. LIN5 
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expression after fertilization is localized especially near the vasculature in the columella 

and placenta and to a lesser extent in the pericarp.  

Thus far, most research has focused on understanding LIN5 activity and 

posttranslational regulation. Less is known about the transcriptional regulation of LIN5. 

It was determined that the first kb upstream of LIN5 directed pollen and floral organ-
specific expression, while the 1.5 to 2.5 kb upstream sequence responds to Gibberellic 

acid, auxin and abscisic acid (Proels et al., 2003). We aimed at elucidating the regulation 

of LIN5 expression further by studying the promoter. Interacting Transcription Factors 
(TFs) were identified with Yeast-one-hybrid (Y1H) assays and transcriptional regulation 

was confirmed with  Reporter Assays. To modulate expression in situ, multiplexed 
mutagenesis with CRISPR/Cas9 was used on the LIN5 promoter in cv. Moneyberg. We 

hypothesized that by removing Cis-regulatory Elements (CREs), expression could be 

modified locally without severe pleiotropic effects. The obtained mutants were 
phenotyped for soluble solids content (˚Brix) and expression of LIN5.  

Results 
Two transposable elements in the LIN5  promoter 

The upstream region of S. lycopersicum Invertase 5 (LIN5) coding sequence was 

profiled to identify putatively relevant regions for the control of its expression. The first 
gene upstream of LIN5 is 4.5 kb away in the same orientation. Thus, the entire 4.5 kb 

could contain Cis-Regulatory Elements (CREs) for LIN5. Publicly available DNAse I 
hypersensitive sites Sequencing (DNAse-seq) data in the FruitEncode project (Lu et al., 

2017) allowed us to identify regions of open chromatin in the selected 4.5 kb (FFiigguurree  

11aa). Open chromatin regions represent regions that are accessible to Transcription 
Factors (TFs) and may contain active CREs  at a given developmental stage (Boyle et al., 

2008; Zhang et al., 2012, 2016; Jiang, 2015). Significant open chromatin regions were 

identified by comparing read density of a 250 bp sliding window  against a 50 kb 
background to determine if it fell above a cut-off value (Koohy et al., 2014).  However, 

none were found in the data of the available developmental stages (leaf, fruits 7, 17 and 
47 Days After Anthesis (DAA)). LIN5 expression peaks before 5 DAA (Godt and Roitsch, 

1997; Fridman et al., 2002; Fridman and Zamir, 2003; Proels et al., 2003), thus the most 

relevant data were probably not available in the database. The FruitEncode project also 
stored DNA methylation data. Methylation is associated with close-packed DNA, which 

is harder to access by TFs and thus thought less likely to harbour (active) CREs (Zhang 

et al., 2018a; Gallego Bartolomé, 2020). Two highly methylated regions between 2000 

and 4000 bp upstream of the Transcription Start Site  were of particular interest (FFiigguurree  

11bb).  
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FFiigguurree  11::  Overview of the LIN5 promoter. In the top row, the gene model is shown in pink (exons) and dark 

pink (UTRs). The scale is in bp, relative to the Transcription Start Site. ((aa)) Local DNAse I-hypersensitive sites 

(DHS) profiles of LIN5. The four rows (purple) show the DHS profiles of fruit at 7, 17 and 47 DAA as well as of 

leaf tissue on a scale of 0 to 5. No significant open regions were found (determined by peak calling (sign.<.05, 

background comparison: 50kb). ((bb)) DNA methylation profiles of 17, 42, 52 DAA fruit and leaf on a scale of 0 to 

1. Methylation and DHS data was retrieved from FruitENCODE 

(http://www.epigenome.cuhk.edu.hk/encode.html, Sl2.50 tomato genome assembly, Lu et al., 2017). ((cc)) 

Position of Miniature Inverted–Repeat Transposable Elements (MITEs) identified in the Tomato Model 

Organism System Database Project (GMOD) and P-MITE database. ((dd))  Conservation analysis of the LIN5 

promoter with MVISTA. LIN5 was used as a reference point for the non-coding adjacent regions. The orthologs 

are from (starting from the upper row): S. arcanum, S. habrochaites (the 3’ part of the gene was not available 

for analysis), S. pennellii, S. tuberosum, S. melongena, and C. annuum. The order was determined by the 

measure of relatedness. Conservation was determined by LAGAN, a global multiple alignment tool, with a 

RankVISTA cut-off probability value of 0.05 and a window size of 100 bp. If a particular region is above the pre-

determined cut-off value (70%), then the region is represented by the presence of colour: pink and dark pink 

regions represent exons and UTRs respectively, while grey represents non-coding regions. ((ee)) The 

CRISPR/Cas9 targets used in this study. The colours represent combinations of targets that were combined in 

one vector. The different groups are referred to as region 1 (closest to the UTR, light blue), region 2 (red), region 

3 (dark blue), region 4 (yellow), region 5 (orange) and region 6 (green). 
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These two regions were identified, by homology, as  Miniature Inverted–Repeat 

Transposable Elements (MITEs,  FFiigguurree  11cc)) (Stein et al., 2002; Chen et al., 2014). From 
conservation analysis using mVISTA  (Frazer et al., 2004), it became apparent that these 

two MITEs are relatively conserved in the wild tomato varieties S. arcanum, S. 
habrochaites and S. pennellii, while completely absent in S. tuberosum (potato), S. 
melongena (eggplant) and C. annuum (pepper) (FFiigguurree  11dd). Genome-wide expression 

analysis has shown that genes that are associated with MITEs have significantly lower 

expression than genes that are not (Lu et al., 2012). Thus, the MITEs represent an 
interesting region that might play a role in repressing LIN5 expression.  Apart from these 

MITEs the proximal region upstream of LIN5 is most conserved and could contain 
potential CREs. 

Four TF repressing the expression of LIN5 in vitro  were identified 

Since the proximal promoter was highly conserved, we chose to screen 400 bp 

immediately upstream of LIN5 (from -369 to +31 relative to the transcription start site) 
for putative binding transcription factors in a Yeast-one-hybrid assay (Y1H). This region 

was relatively conserved in all species (FFiigguurree  11dd). A matrix-based TF library screen was 

done twice with a library containing more than 2000 Arabidopsis TFs (Castrillo et al., 
2011). The first Y1H screen resulted in 63 binding events (FFiigguurree  22aa). The second screen 

yielded 35 hits, of which 9 overlapped with the first screen. The combined total 89 TFs 

were screened a third time. This confirmed 14 hits, of which 8 belonged to the initial 9 
overlapping hits (FFiigguurree  22aa,,  TTaabbllee  SS22). From these Arabidopsis hits, tomato orthologs 

were identified via best-reciprocal hit search (TTaabbllee  SS22). Based on their expression in 
fruit, four tomato TFs were selected for a promoter reporter assay: homologs of Alfin-

Like 6 (AL6, Solyc01g102750), of AL8 (Solyc01g102760), of CONSTANS7 (CO7, 

Solyc02g093590), and of Zinc Finger Protein 593 (ZFP593, Solyc09g008230). These 
TFs were cloned into expression cassettes and transformed to Agrobacterium (FFiigguurree  

22bb). Co-infiltration with a construct that contained 1258 bp of the LIN5 upstream region, 

fused with a Firefly luciferase cassette and a normalization vector containing Renilla 
luciferase was done in tobacco leaves. If a TF interacts directly or indirectly with the 

LIN5 promoter, a Firefly luciferase signal is generated (FFiigguurree  22cc). Expression levels in 
the presence of TFs were normalized to the basal activity without added TF (set at 1).  

As a positive control, a p2xCAMV-35S:Firefly luciferase reporter was used (FFiigguurree  22dd). 

None of the tomato TFs identified in the Y1H changed the basal expression of the LIN5 
promoter (FFiigguurree  22ee). To find potential regulators, an array of different tomato TFs were 

tested in a second promoter-reporter assay. These were selected in CChhaapptteerr  33  for 

analysis of interaction with the AGPL1 promoter. Since all the TFs are expressed in early 
fruit development, they were a logical set of candidates to test on the LIN5 promoter 

as well. The promoter reporter assay indeed yielded several potential repressors, the 
homolog of Arabidopsis GATA9 (Solyc11g069510), the MYB TF MYB48 

(Solyc06g005310), MYB54 (Solyc10g083900) and a NAC-domain protein (NAC, 

Solyc08g008660) (FFiigguurree  22ff).  
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FFiigguurree  22::  ((aa))  Y1H results VENN diagram for the three reported screens.  Y1H results from the combination 

screen are represented in TTaabbllee  SS11..  ((bb))  Schematic diagrams of promoter-reporter and TF effector expression 

constructs used in the promoter reporter assays. The p2xCAMV 35S (p2x35S) promoter was used in the assay 

control, effector, and normalization strains. All parts were inserted into separate Golden Gate pL1 expression 

vectors and transformed to A. tumefaciens C58c1. ((cc))  Schematic representation of the promoter reporter 

assays performed in tobacco (Nicotiana benthamiana) to examine interaction between different TFs and 

the LIN5 promoter.  ((dd--ff))  Transient expression promoter-reporter assay (PRA) results performed in Nicotiana 
benthamiana to examine interaction between different TFs and the LIN5 promoter. The Firefly 

Luciferase:Renilla ratio of the reporter without a TF (control) was set to 1 and the fold change of the promoter 

co-infiltrated with TFs are represented in the figure. Each value represents the mean ± SE of three biological 

replicates (three infiltrated leaves, processed separately). Each biological replicate is the average of three 

technical replicates (tissue harvested from one leaf). Significant differences are represented by an asterisk (* 

p<0.05, ** p<0.01, *** p<0.001). ((dd))  Control PRA experiment where the LIN5 promoter without effector and 

the p35S are used. ((ee)) The PRA experiment with the TFs selected based on the Y1H screens. ((ff))  The PRA 

experiment with a selection of TFs that are expressed in the early stages of fruit development 

For GATA9, MYB48 and MYB54 a significant binding site could be identified in the LIN5 

promoter (TTaabbllee  SS33). In addition, C3H-type Zinc Finger C3H13 and  NAKED PINS IN YUC 
MUTANTS 1 (NPY1) increased activation of LIN5.  
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FFiigguurree  33::  Phenotype of T1 LIN5 promoter mutants. The vertical position of a circle represents the average 

change in Brix (%) compared to a wild-type plant grown at the same time as the mutant. The size of the circle 

represents the change in weight (%) compared to wild-type fruits. The shading of the circles indicates the size 

of the mutations in the promoter. The mutants are ranked according to the different mutated targets, 

distributed over the different regions (FFiigguurree  11). For each mutant, three trusses with each 6 fruits of one or two 

plants were measured.  Plants were homozygous unless specified otherwise (Bi: bi-allelic, Het: heterozygous). 

 

Promoter mutations increase LIN5  expression and Brix  

In parallel with understanding the promoter architecture by Y1H and promoter-reporter 

assays, a random promoter deletion approach was used to understand and modulate 
expression. CRISPR/Cas9-mutagenesis was applied to create allelic variation in the 

promoter of LIN5. We hypothesized that by studying the effect of different promoter 

mutations on expression and phenotype, regulatory regions could be identified and a 
mutant with a higher LIN5 expression and increased Soluble Solids Content (˚Brix) 

might be identified. To obtain systematic allelic variation, twenty-one single guide RNA 
(sgRNA) were designed to target six different regions (R1, R2, R3, R4, R5, R6) in the 

promoter. R1-R5 were targeted by three sgRNAs each and R6 was targeted by six 

sgRNAs (FFiigguurree 11ee). The R6 targets were selected to remove the identified MITEs. 
Primary transformants (T0) containing CRISPR-vectors targeting the six respective 

regions were genotyped for mutations in the promoter. In total, 125 transformants were 

obtained. However, none of the primary transformants targeting R6 had a mutation. 
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In the progeny (T1), plants were selected for the mutations, and for the absence of the 

CRISPR/Cas9 T-DNA insertion. In most cases, homozygous plants were used in the T1, 
but in some bi-allelic or heterozygous variants were used. All alleles were genotyped 

and named pLIN5-cr-rx-y (where “rx” indicates the region and, and “y” the allele number, 

FFiigguurree  SS11). In R5, just two mutant alleles were found. pLIN5-cr-r5-01 had an 8-bp 
deletion. Another allele, pLIN5-cr-r5-02, had a 5-bp deletion in target 5.3, respectively. 

Two plants homozygous for the r5-02 allele were grown in the T1, but both plants 

stayed small and did not produce fruit. For R4 only allele pLIN5-cr-r4-01, with a 5-bp 
deletion in target 4.2 was phenotyped. Multiple alleles were obtained in R3, R2, and R1 

(FFiigguurree  SS11). Apart from a target-to-target deletion in pLIN5-cr-r3-05, all obtained 
mutations were small insertions or deletions at the targeted cut-site. A clear difference 

in efficacy could be observed between sgRNAs. Some resulted in a mutation in virtually 

all transformants (such as for targets 3.1, 3.2, 2.3, 1.3, FFiigguurree  SS11), while others never did. 
The lack of multiple effective guides in each of the different regions could explain the 

lack of target-to-target, and thus bigger, deletions.  

17 transformants were selected for a first screen of interesting phenotypes in the T1 

generation. One or two plants per mutant allele were phenotyped for Brix and fruit 

weight (FFiigguurree  33,,  FFiigguurree  SS22). The phenotyped promoter mutations resulted in a 
variation of Brix, ranging between a decrease of 10% (pLIN5-cr-r1-03) to an increase of 

almost 20% (r5-01) compared to wild-type. Both lines with a higher Brix (r4-01 and r3-
02) and a lower Brix (r2-01 and r1-03), had a decreased fruit weight compared to wild-
type fruits. Other alleles with a higher Brix displayed no effect on fruit weight (r5-01, r3-
06, r3-03 (bi-allelic), r2-02 (bi-allelic) and r1-02 (heterozygous). The line with r2-01 (bi-

allelic) had a decreased Brix without an effect on weight. The line with r3-01 had a 
slightly higher Brix and a higher weight. From this data, no correlation between Brix and 

weight could be observed. In addition, there was little consistency in phenotype of 
alleles within a region. Only mutations in R3, which is near a conserved region in the 

LIN5 promoter mostly led to increased Brix.  

The lines with the highest Brix, pLIN5-cr-r5-01, r3-03 and r3-02, were selected for 
further analysis in T2. In addition, lines with alleles r1-04 and r3-04 were studied (FFiigguurree  

44). In this generation, five homozygous plants per allele were grown for statistical 

analysis. Two trusses with six fruits were used for measuring Brix and weight. pLIN5-cr-
r1-04 had an increased Brix and decreased weight (FFiigguurree  55aa). r5-01 had an increased 

Brix without decreased weight in the T1, yet this phenotype was not reproduced in the 
T2. Instead, the Brix was not different from wild-type and fruit weight decreased 

substantially. The increased Brix in the T1 of r3-02 was not reproduced either. 

Additionally, a decreased weight was found. r3-03 was bi-allelic in the T1. The T2 
segregation resulted in two very similar alleles (FFiigguurree  44), and both alleles resulted in a 

higher Brix.   
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FFiigguurree  44::  Alignments of the wild-type and mutant promoters. Numbers are relative to the start codon of LIN5. 

sgRNA target regions are highlighted with a grey PAM site. Mutations are highlighted in red. The a and b alleles 

are given.  

pLIN5-cr-r3-03b had a decreased weight, while the weight of r3-03a did not differ from 
wild-type. Both r3-03a and r3-03b had the same Brix yield index (soluble solids content 

(Brix) × fruit yield (weight)) as wild-type. pLIN5-cr-r3-04 had a 4 bp deletion in target 3.1 

and a 5 bp deletion in target 3.2. Both Brix and weight decreased for this line.  

LIN5 expression in ovaries from 1 day before anthesis until 5 Days After Anthesis (DAA) 

was analysed for mutant T2 generation and compared to wild-type (FFiigguurree  55bb). Only 
the lines that had a higher Brix were studied, as well as r3-04. LIN5 expression increased 

in pLIN5-cr3-03a before anthesis, while expression in r3-04 increased at 4 and 5 DAA 

compared to wild-type. At 0 DAA LIN5 expression in r1-04 decreased slightly compared 
to wild-type. From 3 DAA, expression increased slightly compared to wild-type, but not 

significantly.  

LIN5 activity is capped in unfertilized flowers by the post-translational inhibitor Cell-wall 
inhibitor of -fructosidase (CIF1 or INVINH1) and a defective cell wall invertase, 

deCWIN1. deCWIN1 is proposed to act as a catalyst on both the activity of LIN5 and 

CIF1 (Le Roy et al., 2013). Expression of the LIN5 post-translational inhibitor Cell-wall 
inhibitor of -fructosidase (SlCIF1 or INVINH1), was unaltered in the mutants compared 

to wild-type (FFiigguurree  SS44). A significant increased deCWIN1 expression was observed at 1 
and 2 DAA in r3-03a, at 4 DAA in r1-04 and at 4-5 DAA in r3-04 (FFiigguurree  SS44). However, 

deCWIN1 expression values were very low overall. Thus, a feedback-loop between 
LIN5, CIF1 and deCWIN1 seems unlikely.  
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FFiigguurree  55::  ((aa))  Brix, weight, and Brix*Weight of T2 fruits from the third and fifth truss of five plants per genotype. 

Trusses were pruned to six fruits and harvested at breaker +7 days. Wt: wild-type. The soluble solids content 

(Brix) × fruit yield (weight) gives the Brix yield index ((bb))  The second, fourth and sixth trusses were used for gene 

expression analysis. Per timepoint, a pool of three fruits was collected per plant. ((cc))  Transient expression 

promoter-reporter assay (PRA) results performed in (Nicotiana benthamiana) to examine interaction between 

different TFs and the wild-type and mutant LIN5 promoters from S. lycopersicum cv. Moneyberg (pLIN5). The 

Firefly :Renilla luciferase ratio of the reporter without a TF (control) was set to 1. The fold change of the 

promoters co-infiltrated with TFs are represented in the figure. Each value represents the mean ± SE of three 

biological replicates. Statistically significant differences are represented by an asterisk (* p<0.05, ** p<0.01, *** 

p<0.001). 
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TF binding sites in the LIN5  promoter 

Apart from finding a mutation that would lead to increased LIN5 expression and 

increased Brix, the second purpose of this study was to assess if promoter mutagenesis 

could identify CREs. Motif finding was used to predict which TF (families) could bind to 
the mutated regions. First, conserved 50-bp motifs present around the targets were 

identified using conservation analysis with the  Multiple Expectation Maximization for 
Motif Elicitation (MEME)-suite using the same LIN5 orthologs from S. arcanum, S. 
habrochaites, S. pennellii, S. tuberosum, S. melongena and C. annuum (Bailey and 

Elkan, 1994). Three conserved motives (1-3) were identified that overlapped with targets 
3.1, 3.2, and 1.2, respectively (FFiigguurree  SS33aa). The MEME-suite motif comparison tool 

(TOMTOM) was used to compare the three motifs against the JASPAR plant core TF 

database to find matches between TF-binding sites and the three motifs (Gupta et al., 
2007; Khan et al., 2018). Motif 1, the region surrounding target 3.1 and the mutations in 

pLIN5-cr-r3-03 and r3-04, contained a putative MYB TF-binding site adjacent to the 
mutated site (FFiigguurree  SS33bb). Motif 2, at target 3.2, did not give any binding site close to 

the mutated region in pLIN5-cr-r3-04.   

Analysis of the mutation in motif 1, at target 1.2, identified a potential Homeobox 
Leucine Zipper from Arabidopsis thaliana 1 (AtHAT1) binding site. In addition, 5’ of the 

mutation we identified an AtMYBR1 binding motif, which was annotated as a Sugar 

Repressive Element in Arabidopsis and thus highly interesting in this context (Van Bel et 
al., 2018). For these candidates, tomato-orthologs were selected based on best-

reciprocal hits search. As MYBs are part of a large family of TF, a selection was made 
for TFs that were co-expressed with LIN5. From this analysis, tomato R2R3MYB58 

(Solyc11G073120) was chosen for motif 1 (deletion in R3) while the Homeobox-leucine 

zipper protein HAT4 (Solyc08G078300, based on homolog of C. baccatum) and 
MYB1R1 (Solyc06G071230, based on the homolog of S. tuberosum) were chosen for 

motif 3 (deletion in R1). These three TFs were tested for affecting transcriptional activity 

of the wild-type and mutant promoters (pLIN5-cr-r1-04 and pLIN5-cr-r3-03a) in a 
reporter assay (FFiigguurree  55cc). WRKY24 was taken as a non-activating control for the wild-

type promoter, based on the analysis shown in FFiigguurree  22ff. R2R3MYB58 repressed activity 
in all promoters, with the strongest repressing response in pLIN5-cr-r3-03a. HAT4, 
MYB1R1 and WRKY24 increased the luciferase signal in pLIN5-cr-r1-04, while none of 

these TFs influenced the wild-type promoter. HAT4 and WRKY24 also activated pLIN5-
cr-r3-03a, but MYB1R1 did not (Fig. 5c). 

Discussion 

This study aimed at increasing the soluble solids (Brix) in tomato, an important quality 
aspect (Baldwin et al., 2000; Tieman et al., 2012, 2017; Oltman et al., 2014). The ovary 

and fruit-specific cell wall invertase S. lycopersicum Invertase 5 (LIN5), the underlying 

gene of the Brix9-2-5 Quantitative Trait Locus, is known to play a role in the 
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accumulation of Brix (sugar content)(Fridman and Zamir, 2003; Proels et al., 2003; 

Zanor et al., 2009; Shen et al., 2019). We hypothesized that if we could identify and 
remove repressing Cis-Regulatory Elements (CREs) in the LIN5 promoter, it might 

enhance expression and create a phenotype with a higher Brix in any desired cultivar.  

Promoter profiling 

To modify  the expression of LIN5, a thorough understanding of the promoter and 
regulatory network influencing expression is preferable (Li et al., 2020). Our first step 

was to use conservation analysis and DNase-seq data to find open chromatin regions 

likely harbouring CREs (Mavrich et al., 2008; Jiang and Pugh, 2009; Jin et al., 2009a; 
Mueller et al., 2017). The available data from FruitEncode did not yield significantly open 

chromatin in the LIN5 locus (Lu et al., 2017). However, the earliest time point available 

was 7  Days After Anthesis (DAA) and LIN5 expression is high between -1 and 5 DAA. 
Moreover, as LIN5 is probably only expressed in a small number of cells around the 

vasculature (Palmer et al., 2015), a DNase-seq signal corresponding to open chromatin 
and expression may be too diluted to detect. The conservation analysis in combination 

with methylation data and screening for transposable elements revealed two Miniature 

Inverted–Repeat Transposable Elements (MITEs). We designed a CRISPR/Cas9 strategy 
to remove these MITEs, but the generation of mutants in this region failed. The rest of 

our CRISPR/Cas9 strategy focussed on the first 2500 bp upstream of the LIN5 open 

reading frame. The introns, especially the first, could contain CREs as well. The first 
intron had some conserved areas and most striking was, its lack of methylation. A 

CACTA transposon-like insertion was identified in the first intron (Proels and Roitsch, 
2006), which could have led to inactivation (Lönnig and Saedler, 1997). Fridman et al. 

speculated that the third intron could explain the Brix9-2-5 allele, as it is different 

between S. lycopersicum and S. pennellii (Fridman et al., 2000). However, there was no 
difference in LIN5 expression between the S. lycopersicum and S. pennellii alleles and 

the role  of the third intron was therefore never tested (Fridman et al., 2000, 2004).  

Promoter mutations influence Brix, without a correlation with fruit weight 

Random systematic allelic variation was created in the LIN5 promoter by using 
multiplexed CRISPR/Cas9-mutagenesis. We observed mostly small deletion at the 

effective sgRNAs, while larger, possibly more informative target-to-target deletions 

were not common outcomes of an approach using 3 sgRNAs for each region. 17 
mutant alleles were selected and analysed in the first generation (T1) as transgene-free 

segregants. In several of these mutant lines, Brix was increased. Of these, six alleles 
were studied further in the T2 generation. Instead of one plant per genotype, five were 

taken to increase the accuracy of the measurements. This was necessary, as results for 

several lines that had a higher Brix or weight, could not be replicated in the T2 
generation. In our study the relationship between Brix and weight varied between 

mutant lines, and overall, there was no correlation between them. For the original Brix9-
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2-5 allele no negative effect on total yield was reported, however fruit weight did 

decrease in the introgression line  (Eshed and Zamir, 1996; Fridman et al., 2000, 2002). 
In general, sugar content is an important part of fruit quality, but it is often associated 

with lower fruit weight. Sugar content of tomato has been one of the major traits that 

has suffered during domestication, as was demonstrated by Genome-Wide association 
studies (GWAS)  (Tieman et al., 2017; Zhao et al., 2019). In this GWAS, LIN5 had significant 

association with sugar content, but was also identified as a region affected by 

domestication and improvement sweeps during the selection of larger fruits. A negative 
correlation between the occurrence of the high Brix allele of  LIN5 and fruit size was 

found in this study (Tieman et al., 2017). Almost all modern cultivars contain the 
reference alleles at this locus, i.e. the allele that is not associated with increased sugar 

content. Our study has shown that increasing the Brix through LIN5 promoter 

mutations, can result in lines that do not have a weight penalty, such as for pLIN5-cr-
r3-01, r3-03a and r3-03b. However, other lines did have a decreased fruit weight, so the 

effects must be measured for each different mutant separately. In addition, the total 

Brix*yield index can depend on the use of determinate or indeterminate varieties.  

LIN5  functions in early fruit set and growth 

LIN5 expression in pLIN5-cr-r3-03a (higher Brix, similar weight as wild-type) was 

almost twice that of wild-type, before anthesis. On the other hand, a line with 

decreased Brix (and weight), containing allele r3-04, had increased LIN5 expression at 
4 and 5 DAA. These results suggest that increased LIN5 expression needs to occur 

very early to result in increased Brix. Upon anthesis, there is a burst of cell wall 
invertase activity, increasing phloem unloading and stimulating  cell division (Palmer et 

al., 2015). Elevated cell wall invertase activity in ovaries enhanced the expression of 

genes involved in the cell cycle and cell wall synthesis, but reduced the expression of 
genes associated with photosynthesis and protein degradation (Ru et al., 2017). RNAi 

of LIN5 led to more fruit abortion, further supporting its crucial role in fruit set (Zanor 

et al., 2009). Elevated cell wall invertase activity in early fruit development (10-15 DAA) 
led to increased expression of Sugar Will Eventually Be Exported 12C (SWEET12c) and 

Hexose Transporter 2 (HT2),  promoting rapid fruit expansion (Ru et al., 2020). A 
feedback loop between increased sugar transport and LIN5 is further demonstrated 

by overexpression of the apple MdHT2.2 in tomato, where LIN5 was highly 

upregulated (Wang et al., 2019). Combined with the early expression of LIN5 in fruit 
development (Shen et al., 2019), we can conclude that cell wall invertase plays a key 

role in normal seed development, especially from an early stage. Our work confirms 

the role of LIN5 in early fruit set and growth, as a higher expression at a very early 
stage, before anthesis, can lead to similar-sized fruits with a higher Brix as was 

demonstrated by the mutant allele pLIN5-cr-r3-03a. 
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TF interactions 

In a promoter reporter assay comparing the mutant promoters with a wild-type 

promoter, the Homeobox-leucine zipper protein HAT4, MYB1R1 and WRKY24 were 

identified as weak activators of the mutant’s promoters. Y1H and promoter reporter 
assays of the wild-type promoter further revealed C3H-type Zinc Finger C3H13 and the 

homolog of pepper NAKED PINS IN YUC MUTANTS 1 (NPY1) as activators of LIN5. The 
homolog of the Arabidopsis GATA-motif containing TF GATA9, MYB48, MYB54, MYB58 
and a NAC TF (NAM, ATAF1,2, or CUC2) behaved as repressors. As increased LIN5 

expression is correlated with higher fruit quality, the repressors are interesting 
candidates for further study. In general, the GATA-domain TFs, MYB TFs and NAC TFs 

are all part of large transcription factor families and are involved in diverse 

developmental and signalling pathways (Chi et al., 2013; Li et al., 2016; Mohanta et al., 
2020). GATA9 is one of the GATA-TFs that is mostly expressed in flowers and fruits 

(Yuan et al., 2018). MYB TFs that harbour an ethylene-responsive element binding 
factor-associated amphiphilic repression motif (EAR-motif) are associated with  

repressing transcription of their targets  (Chen et al., 2019). EAR-motifs have been found 

to be “LxLxL” or “DLNxxP” (where x can be one of the 20 common amino acids) (Ohta 
et al., 2001; Kagale and Rozwadowski, 2011). MYB48 has an EAR-motif as “LILEL” at 

position 82, while MYB54 has a less conserved “LIIRL” at position 71. Both act as 

repressors in our study. MYB76 also contains an EAR-motif but did not result in 
repression. This indicates that their different binding affinities may play a role in 

determining their effect on promoter activity. MYBs regulating cell wall invertases has 
been found in Arabidopsis as well. In Arabidopsis, an in silico  and transgenics approach 

determined that AtMYB21, together with AtARF6, AtARF8, AtAP3 and AtCRC were likely 

regulators of the LIN5 and LIN7 cell wall invertase orthologs AtCWIN2 and AtCWIN4 
(Fridman and Zamir, 2003; Wang and Ruan, 2013; Ruan, 2014; Liao et al., 2020; Li et 

al., 2021). Another predicted Arabidopsis interactor was AT1G60240, encoding a NAC 

family TF, and we demonstrated that in tomato a NAC TF represses LIN5. We identified 
the C3H-type zinc finger, C3H13, another type of zinc-finger TF, as a moderate 

activator. NPY1 is a BZIP-domain TF that is involved in phototropic responses and auxin-
mediated plant development in Arabidopsis (Cheng et al., 2007). No functional studies 

have been done for these TFs in tomato. 

Besides analysing the transcriptional regulation of the wild-type promoter, we utilized 
our mutants to study if the increased Brix phenotype could be correlated to disrupted 

CREs. We studied pLIN5-cr-r1-04 and r3-03a in detail. At 1 day before anthesis (-1 DAA) 

LIN5 expression levels were higher in lines with r1-04 or r3-r3a. At anthesis, LIN5 
expression dropped below wild-type levels for the line with r1-04. In both mutants, 

expression levels were slightly higher from 3 DAA compared to wild-type, but not 
significantly. Near the mutation in r1-04 a sugar repressive element was found. This is 

sugar repressive element contains a putative MYB-binding site (FFiigguurree  SS33bb,,  motif 3). We 

tested MYB1R1 and R2R3MYB58 on the mutant promoters. R2R3MYB58 was expected 
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to act as a repressor since its expression increased between 0 and 5 DAA, the time 

when LIN5 expression decreases. It also contains an EAR-domain motif as “LVLEL”. 
Indeed, it gave a repressing signal. This effect was demonstrated both in the wild-type 

and tested mutant promoters, so the mutation did not disrupt this promoter-TF 

interaction. MYB1R1 did not influence expression of the wild-type promoter, but in r1-
04 there was a slight but significant 1.5-fold increase. Allele r1-04 was activated by 

HAT4, in contrast to the wild-type allele. The Arabidopsis HAT4 homolog, AtHAT1, is 

involved in the Salicylic acid dependent defence response (Zou et al., 2016), and in the 
abscisic acid-dependent drought response (Zhang et al., 2018b). The last tested TF, 

WRKY24, resulted in more active mutant promoters. Our tested mutants were more 
responsive to the tested TF, indicating that even the small mutations can influence TF 

binding, gene expression, and final Brix.   

Conclusion 

In this study we used yest-1-hybrid assays, promoter reporter assays and CRISPR/Cas9 
mutagenesis to study the LIN5 promoter. This led to the identification of five repressors 

of LIN5, namely GATA9, MYB48, MYB58, MYB76, and a NAC TF. C3H13, HAT4, MYB1R1, 

NF-YA10, NPY1, and WRKY24 activated LIN5 expression. In addition, we demonstrated 
that an unbiased promoter-mutagenesis approach could result in increased LIN5 
expression and elevated Brix. Elevated Brix values were found in combination with 

decreased and increased weight changes. The variability in phenotypes demonstrates 
that LIN5 is and remains a promising target for quality breeding, however, more 

information is required on how and when LIN5 exactly functions and how the gene is 
regulated. 

Materials and Methods 
Open chromatin 

Dnase I Hypersensitive Sites (DHS) Sequencing data was retrieved for the 25 Kb 

upstream and 25 kb downstream  of LIN5 from fruitENCODE 
(http://www.epigenome.cuhk.edu.hk/encode.html, Sl2.50 tomato genome assembly) 

of several stages of fruit development, 7 Days After Anthesis (DAA), 17 DAA, 47 DAA, and 
leaf profile (control) (Petreikov et al., 2006; Lu et al., 2017). The data was used to 

determine open chromatin regions in the promoter (5 kb upstream) and in the open 

reading frame of LIN5, via a simplified model of the peak calling algorithm “Hotspot” 
(Koohy et al., 2014). For every measured site, a short reading sequence of approx. 250 

bp was calculated, which gave the score n. The score for the measured site was 

compared against the local background of 50 kb (Koohy et al., 2014). A Z-score was 
calculated and compared to a cut-off value for the probability of the Z score for that 

site (in this case p ≤0.5). Sites that had a score above the cut-off value were considered 
open chromatin region (Koohy et al., 2014).  
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Sequence conservation analysis

To perform conservation analysis, the coding sequence, together with the 4.5 kb 

upstream of LIN5 (Solyc09g010080) was retrieved from the SolGenomics database 

version 2.5. In total, the upstream region of six homologs from different species were 
found by using the NCBI blast tool (Query: Solyc09g010080 genomic sequence, 

BLAST tool: Megablast). The retrieved sequences were used as input for conservation 
analysis with mVISTA (TTaabbllee  SS11,,  Fasta format, alignment program: AVID (global pair-

wise alignment for finished & draft sequences, cut-off ranking mVISTA value p=0.05, 

window size of 100 bp) (Mayor et al., 2000; Brudno et al., 2003; Frazer et al., 2004).  

Yeast-one-hybrid assay (Y1H) 

A 400 bp region of the LIN5 promoter was amplified both from S. lycopersicum cv. 

Moneyberg genomic DNA with specific primers (TTaabbllee  SS44). The fragment was 

recombined into a Gateway® compatible reporter plasmid pAbAi vector  containing the 
reporter gene Aur1-c, which confers resistance to aureobasidin 

(http://www.clontech.com, Danisman et al. 2012).  The resulting promoter-reporter 

construct was linearized by adding 30 μl vector to 5 μl buffer G Thermo Scientific, 2 μl 
BbsI and 13 μl MQ and incubating them at 37 ˚C for 1 h while shaking at 450 rpm. The 

mixes were inactivated for 20 min at 65 ˚C. The linearized fragment was transformed 
into yeast strain PJ69-4 . A culture was grown overnight in 10 ml SD-complete (6.7 

g/L Yeast nitrogen base, 20 g/L Dextrose for 9x SD medium supplemented with the 

correct 1x dropout. Complete dropout solution: 300 mg/L Isoleucine, 1500 mg/L L-

Valine, 200 mg/L L-Adenine hemisulfate salt, 200 mg/L L-Arginine HCL, 200 mg/L L-
Histidine HCl Monohydrate, 1000 mg/L L-Leucine, 300 mg/L L-Lysine HCl, 200 mg/L 

L-Methionine, 500 mg/L L-Phenylalanine, 2000 mg/L L-Threonine, 200 mg/L L-

Tryptophan, 300 mg/L L-Tyrosine, 200 mg/L L-Uracil). The culture was diluted to 50 
ml and re-grown till an OD600 between 0.4 and 0.6 was centrifuged for 5 min at 5000 

rpm. The pellet was resuspended in 25 ml 100 mM Lithium Acetate (LiAc) and 
centrifuged again for 5 minutes at 5000 rpm. A mix of 2.4 ml 50% (w/v) polyethylene 

glycol (PEG) 3350. 360 μl 1 M LiAc, 50 μl salmon sperm DNA (10 mg/ml, boiled), 20 μl 

purified linearized plasmid and 680 μl MQ. After vortexing, the mix was incubated for 
20 min at 42 ˚C and centrifuged again (5 minutes, 5000 rpm). The pellet was then 

washed with 0.5 ml MQ and spun down. Finally, the pellet was resuspended in 0.3 ml 

MQ and 200 μl was plated on selective medium, SD agar minus Uracil. After three days 
of growth at 30 ˚C, transformant colonies were visible. Auto-activation tests were 

performed at a range of Aureobasidin A (AbA) concentrations (0, 50, 100, 150, 200, 500 
ng/μl AbA) to determine background expression of the reporter bait constructs. 

Reporter constructs were selected for growth at 50 or 100 ng/μl AbA and absence of 

growth from 150 ng/μl AbA.  
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We used an expanded REGIA Transcription Factor (TF) prey collection containing more 

than 2000 Arabidopsis TFs in the PJ68-4A yeast strain, as previously reported (Castrillo 
et al., 2011). A screen with this library was performed twice at 200 ng/ml AbA, as 

described previously (Danisman et al., 2012)..  Putative hits were scored on a scale of 0 

(no growth) to 3 (>75% growth). The resulting 89 unique positive hits with a score of at 
least 1 were re-screened at 175 and 225 ng/ml Aba. Tomato orthologs of the 

Arabidopsis hits were identified by best reciprocal BLAST hit for the amino acid 

sequences. Candidates were further selected for (co-)expression in tomato with data 
from the Tomato Expression Atlas ((http://tea.solgenomics.net/).  

Promoter reporter-assays 

The  Golden Gate Molecular Cloning (MoClo) toolkit was used to assemble the 

constructs with the Golden Gate cloning strategy (Engler et al., 2008; Weber et al., 
2011; Werner et al., 2012). The full-length open reading frames of selected TFs were 

amplified from cDNA with gene-specific primers (TTaabbllee  SS44))..  Where necessary, a nested 
PCR was performed. Internal Golden Gate restriction sites were removed with overlap 

extension PCR (primers not listed).  The products were ligated into pL0-CDS 

(pICH41308) and subsequently into pL1-F2 expression vectors (pICH47742) with a 
2xCaMV 35S promoter (pICH51288) and 35s terminator (pICH41414) to form the 

effector pL2 constructs. The promoter was amplified with specific primers (TTaabbllee  SS44)) 

from wild-type cv. Moneyberg or mutant genomic DNA, totalling 1258-bp including the 
5’UTR. An internal Golden Gate restriction site was removed by amplifying the promoter 

in two parts with the addition of seamless Golden Gate Overhangs. Correct amplicons 
were cloned into to pGEM®-T Easy Vectors (Promega) as described in the manual. 

After a sequence check, the parts were cut-ligated into pL0-pro+5’UTR (pICH41295). 

The pL0-promoter was then ligated with a Golden Gate compatible firefly luciferase 
coding vector (pICSL50006) and a 35S terminator (pICH41414) to form the reporter 

construct in a pL1-F1 expression vector (pICH47732). A positive control vector was 

constructed by combining a 2x35S promoter with the firefly luciferase coding 
sequence and 35S terminal. To normalize luciferase activity, a third pL1 vector was 

used: 2x35Sp::Renilla, which was made Golden Gate compatible from pGreenII:0800-
LUC (Hellens et al., 2005).  

Correct plasmids were transformed to A. tumefaciens C58c1. Transformed cells were 

grown from an overnight culture in LB with 10mM 2-(N-morpholine)-ethanesulfonic 
acid (MES) and 40 μM Acetosyringone to an OD600 between 0.4 and 1. The cells were 

concentrated in 10 mM MgCL2 with 200 μM Acetosyringone at and OD600 of 1 for the 

reporter and Renilla construct, and an OD600 of 2 for the effector. Different 
combinations were made with the following ratios: 2.5 Reporter: 62.5 Effector: 1 

Renilla. Al mixes were equalled at 20 ml and left to stand for 2-3 hours. For each 
combination, transfections were performed on three different Nicotiana benthamiana 
plants (biological replicates) of approximately five weeks old (before flowering). The 
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infiltrated tobacco plants were grown for three days in a greenhouse. Samples were 

taken by closing a 2-ml tube on a transfected leaf-area while avoiding large veins. From 
each transfected leaf, three technical replicates were taken. Samples were snap-frozen 

in liquid Nitrogen. Sample preparation and measurements were done with the Dual-

Luciferase Reporter Assay kit (Promega, cat. no. E1910), as described in (Sherf et al., 
1996). 200 μl Passive Lysis Buffer mix was used to lysate a cryo-ground leaf disk for 15 

min on ice, followed by 3 min centrifuge. Measurements were done in a GlowMax® 

Navigator Microplate Luminometer with 50 μl supernatant and 25 μl of both the LARII 
and Stop&Glow reagents. The Firefly/Renilla ratio of each sample was calculated 

relative to the sample with just the promoter and Renilla construct. Statistical analysis 
was performed with R. For all data, normal distribution was confirmed, and ANOVAs 

with post-hoc Tukey pairwise analysis were used to test for significant differences. 

CRISPR/Cas9 design and assembly 

The Rgenome Cas-designer tool (http://www.rgenome.net/cas-designer/, spCas9, 
target: Solanum lycopersicum, allowed 2 nucleotide bulge as off target) was used to 

design effective single guide RNAs (sgRNAs) (Bae et al., 2014; Concordet and Haeussler, 

2018). sgRNAs were filtered out if they had an off-target with one or more nucleotides 
mismatch. Twenty-one targets for sgRNAs were chosen targeting the 4000 bp 

upstream of LIN5 (TTaabbllee  SS44). The selected targets were divided in six different regions 

(FFiigguurree  11,,  FFiigguurree  SS11): region 1 to 5 contained three adjacent guides each and region 6 
contained six targets. The different groups of sgRNAs were all assembled in separate 

vectors. 

The MoCLo toolkit and Golden Gate cloning were used to assemble the vectors (Engler 

et al., 2009; Weber et al., 2011). In short, each sgRNA was fused to an Arabidopsis U6 

promoter as AtpU6:sgRNA:TTTT and cut-ligated to a level 1 vector. Level 1 constructs 
pNOS:NPTII:tOCS (plCH47732-pL1), p35S:hCas9:tNOS (plCH47742-pL2), 

p2x35S:turboGFP:t35S (pICH47751-pL3), pU6:sgRNA1 (plCH47761-pL1-F4), 

pU6:sgRNA2 (plCH47772-pL1-F5), pU6:sgRNA3 (pICH47781-pL1-F6), and pLE6E 
(plCH41822) were cut-ligated into the level 2 vector plCSL4723 (pL2) (Werner et al., 

2012). For the construct with six sgRNAs, a two-step Golden Gate cut-ligation was 
performed. The NPTII, Cas9, GFP and the two first sgRNAs were cut-ligated with pELB5 

(pICH49299) into the level 2 vector to create an intermediate level 2 (pL2i-1). This 

plasmid was then used to construct the final level 2 (pL2-2) by ligating it with 
pU6:sgRNA3 (pICH47781-pL1-F6), pU6:sgRNA4 (pL1-F7), pU6:sgRNA5 (pICH47732-pL1-

F1), pU6:sgRNA6 (pICH47742-pL1-F2), and pELE2 (pICH41780). All constructed vectors 

were checked by sequencing. All pL2 and the pL2-2 constructs were transformed to 
Agrobacterium tumefaciens C58C1 and grown under rifampicin, gentamycin, and 

kanamycin selection. In Agrobacterium, the presence of the correct construct was 
validated with restriction analysis (BamH1, SAL1). 
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Transformation  

Tomato transformation was done with Agrobacterium tumefaciens strain C58C1 

containing the appropriate vector as previously described, but with media B 

supplemented with 1 mg/L 2,4D and with 200 cotyledon explants as starting material 
(Van Roekel et al., 1993). Solanum lycopersicum L.  cv. ‘Moneyberg’ was used in this 

study. Tissue culture was done in a growth chamber with 16 h light and 8 h dark cycle 
at 25 ˚C. Once shoots were formed, GFP-positive shoots were selected and rooted on 

Rooting Inducing Medium (Van Roekel et al. 1993). Rooted shoots were placed on 

rockwool and moved to a growth chamber (16 h light and 8 h dark at 25 ˚C). A ploidy 
test was done on transformed plant leaf samples at Iribov Analytical Services B.V.. 

Diploid shoots were genotyped for presence of the transgene and for mutations in the 

target region.  

Genotyping 

Genomic DNA from young leaves was isolated using the CTAB as described  (Porebski 

et al., 1997). Alternatively, a PCR was done directly on sampled leaf tissue by using the 

Phire Plant Direct PCR kit (Thermo Scientific, Catalog number F130WH). Detection of 
transgenes in each generation was done by a PCR on Cas9 and/or NPTII. The target 

region of transformed plants was amplified, sequenced, and aligned in Benchling 
(https://benchling.com, for primers used see TTaabbllee  SS44). Heterozygous and bi-allelic 

TTrraannssffoorrmmeedd  ((TT00)) plants for the region of interest were selfed. T1 plants were segregated 

for the presence of a homozygous or bi-allelic mutation in the region of interest, while 
lacking the T-DNA insertion. In the T2 generation only homozygous plants were grown.  

Growth conditions  

Shoots grown from callus were transferred to rockwool once they had roots. 

Alternatively, T1 and T2 seeds were germinated on filter paper and transferred to cubes 
of rockwool. They were grown in a growth chamber (16 h light and 8 h dark at 25 ˚C).  

Five to Eight weeks later seedlings were transplanted into a greenhouse (Unifarm, 
Wageningen 51.57˚N, 5.31˚E, The Netherlands) on rockwool slabs at a density of 2.5 

plants/m2. Nutrients were provided by fertigation (EC 4.5, pH 5.6). Climatic conditions 

in the greenhouse were at ambient temperature (> 20˚C) under a 16h light/8h dark 
cycle (0.6–28.4 MJ m–2 day–1 natural light supplemented with artificial light using high 

pressure sodium lamps (SON-T Agro 600 Watt, Philips, Eindhoven, The Netherlands). 

Side shoots were removed once a week. Flowers were pollinated by vibrating each 
flower/truss three times a week with an electric toothbrush.  
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Phenotyping fruits 

T0 plants were only used for genotyping and seed collection. In the T1 generation, one 

or two plants per genotype were placed randomly on a row in the greenhouse 

together. As it was not possible to put all the T1 plants in the greenhouse at the same 
time, phenotyping was done in batches. For every batch of T1 mutant plants, a wild-

type control was taken along. Six flowers per truss were vibrated with an electric 
toothbrush-holder at anthesis. Excess flowers were removed.  The first truss was used 

for seed collection and the subsequent three trusses were used for phenotyping.  

Individual fruits were harvested at breaker+7 (±1 day) and fresh weight (g) and Brix 
measurements were done. Brix measurements were done in duplo per fruit with an 

Atago PR-32  digital refractometer. 

In the T2 generation, five plants per genotype were randomly placed on a row in the 

greenhouse. Six flowers per truss were vibrated at anthesis. Excess flowers were 
removed. The first truss was used for seed collection and the three subsequent trusses 

were used for phenotyping. The third and fifth truss fruits were harvested at breaker+7 
(±1 day) for phenotyping. Of these fruits, width, weight, and Brix were measured. Of the 

second and fourth and sixth truss, samples were taken for gene expression analysis at 

different time points (-1 to 5 Days After Anthesis, DAA) and immediately snap-frozen in 
liquid Nitrogen. 

Gene expression analysis 

Gene expression analysis was done in the T2 generation with five plants per genotype. 

At the different time points (-1 to 5 DAA) samples were taken from each plant as a pool 
of two (≥1 DAA) or three (<1 DAA) fruits with a leaf sample as control. RNA was isolated 

from cryo-ground whole fruit samples by using the MaqMaxTM-96 total RNA isolation 

kit with Plant RNA isolation aid (Thermofisher) with a KingFisher 96 Magnetic Particle 
Processor. cDNA was synthesized with the iScript cDNA synthesis kit (Bio-Rad). qRT-

PCR was performed with iQ SYBR Green Supermix (Bio-Rad) on a Bio-Rad CFX6 qRT-
PCR instrument. The following condition was applied for PCR amplification: 3 min 

95˚C, 40*[15 s 95˚C, 60 s 60˚C], followed by a melt-curve. CAC was used as a refence 

(TTaabbllee  SS44). Relative expression changes were calculated according to the 2- CT method 

as described (Livak and Schmittgen, 2001). Statistical analysis was performed with R, 
package version 3.5. For all data, normal distribution was confirmed, and ANOVAs were 

used to test for significant differences between mutants and wild-type.  



Chapter 4 

132 

Acknowledgments 

All MoClo kit plasmids were a gift from Sylvestre Marillonnet. pICSL50006 was a gift 

from Nicola Patron. The pGreenII:0800-LUC was given to us by Kieran Elborough. The 
luciferase vectors were made Golden Gate compatible by Lena Maas. We thank Renze 

Heidstra for his assistance with the luciferase measurements. We thank Geurt Versteeg, 

Teus van den Brink and Sean Geurts for their expertise and care in the tomato 
greenhouse cultivation. 

  



4

Modification of the transcriptional regulation of LIN5 to increase Brix in tomato 

133 

Supplementary Figures 
 

 
FFiigguurree  SS11::  Alignments of the wild-type and mutant promoters. Location numbers are relative to the start codon 

of the LIN5 ORF. sgRNA target regions are highlighted with a grey PAM site. Mutations are highlighted in red. 

Het; heterozygous mutant, only the mutated allele is given. Bi: bi-allelic mutant. The a and b alleles are given.   
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FFiigguurree  SS11  continued  
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FFiigguurree  SS11  continued  
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FFiigguurree  SS22::  Phenotypes T1. Change in Brix (%) and change in weight (%). compared to a wild-type plant grown 

at the same time as the mutant. The mutants are ordered by the different targets they have mutated, divided 

in the different regions (FFiigguurree  11). Error bars represent the SE. For each mutant, three trusses with 6 fruits of 

one or two plants were measured.  
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FFiigguurree  SS33::  Motif prediction and TF selection. ((aa)) MEME motif prediction of the mutation sites in region 3 and 

region 1 in the LIN5 promoter leading to a higher Brix phenotype. The same six LIN5 orthologs were used as 

in the conservation analysis (FFiigguurree  11). Bp position numbering is relative to the Translation Start Site of the S. 
lycopersicum LIN5 ORF. The blue and red motifs are designated motif 1 and 2 respectively (http://meme-

suite.org/), ((bb))  Motifs and alignment with the S. lycopersicum genome. Target sites are indicated, and the 

mutation sites are indicated by a black box. Underneath the motif are the resulting TF binding motifs from the 

TOMTOM motif comparison with the JASPAR core plants database (2018) 
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FFiigguurree  SS44::  The second, fourth and sixth truss was used for gene expression analysis. Per timepoint, a pool of 

three fruits was collected per plant. Statistically significant differences are represented by asterisks (* p<0.05, 

** p<0.01, *** p<0.001).  
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Supplementary Tables  
SSuupppplleemmeennttaarryy  ttaabbllee  11::  LIN5 Orthologs used in conservation analysis  
SSppeecciieess  LLooccuuss  nnuummbbeerr  
Solanum lycopersicum Solyc09g010080 

Solanum arcanum contig_210, contig_211, and contig_212 

Solanum habrochaites contig_8529 and contig_8530 

Solanum pennellii LOC107029797 

Solanum tuberosum LOC102595942  

Solanum melongena Scaffold Sme2.5_01674.1 

Capsicum annuum ch9[238637285..238649862] 

Abbreviations: ADP-glucose pyrophosphorylase (AGPL1), Glucose-1-phosphate adenylyltransferase 
(AGPS1) 

SSuupppplleemmeennttaarryy  ttaabbllee  22::  Y1H combination screen results with A. thaliana TFs and subsequent S. lycopersicum 
ortholog selection 

 
Bold S. lycopersicum TFs were used in a subsequent Y1H. Average expression in fruit (RPM) was obtained from 

the Tomato Expression Atlas (http://tea.solgenomics.net/). 

* ng/ml Aureobasidin 
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SSuupppplleemmeennttaarryy  ttaabbllee  33:: Motif search 

 
1Orthologs selected based on the Plant TF database http://planttfdb.gao-lab.org/ and Dicots Plaza4.5.  
2Motif from the Plant TF database (Jin et al., 2015, 2017; Van Bel et al., 2018; Tian et al., 2020).  
3Searched for occurrences motif in the promoter with the Motif Alignment and Search Tool (MAST) (Bailey and 

Gribskov, 1998).  

*Non-best hit, but with a Motif in the database 
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SSuupppplleemmeennttaarryy  ttaabbllee  44::  Used primers  

DDeessccrriippttiioonn  NNaammee  SSeeqquueennccee  ((55’’--33’’))  

Y1H primers  

pLIN5  Y1H Fw GGGGACAAGTTTGTACAAAAAAGCAGGCTTATTTCACATG

ACCCCTCCT 
Y1H Rv GGGGACCACTTTGTACAAGAAAGCTGGGTAGTGATTTTG

GAGAAAGAT 

promoter reporter assay (PRA) primers (without Golden Gate overhang) 

pLIN5 (Solyc09g010080) PRA Fw CCAAAATTCTTCTCAAAGGCGG 
PRA Rv GTGATTTTGGAGAAAGATATTGAAG 

pLIN5 BpiI removal PRA Fw GTCGAAGACCGTGCAGACACCTGATTGATTTG 
PRA Rv GTCGAAGACGCGTCATTCAAGCATGACGATCAGG 

AL6 (Solyc01g102750) PRA Fw ATGGAAAATTCGGTACCCAGGAC 
PRA Rv TTAGACTTTAGCTCTCTTGCTACTG 

AL8 (Solyc01g102760) PRA Fw ATGGAAAATACGGTACCTAGGAC 
PRA Rv TTAAACTCTAGCTCTCTTGCTACTG 

CO7 (Solyc02g093590) PRA Fw ATGCATATGTCCGATGCCGGATG 
PRA Rv TCAATCCCTCTTAACAAATCTCCCC 

ZFP593 (Solyc09g008230) PRA Fw ATGGGAGGAAAGTGTCCTCA 
PRA Rv TAACTCATTGACATTAGCTTTGG 

AREB1 (Solyc04g078840) PRA Fw ATGGGGAGTAATTATC 
PRA RV TTACCATGGACCAG 

B3D (Solyc08g029090) PRA Fw ATGCCTCCTCAGTTCTTCAAG 
PRA RV TCAGGAAACGGGAGTTGTG 

BBX19 (Solyc01g110370) PRA Fw ATGAGAACCCTTTGTGATG 
PRA RV TTAAAGCTTTGACATTGC 

bHLH136 (Solyc06g062460) PRA Fw ATGAATTTTCAGGAATTTGGAG 
PRA RV TGTAGTAATCACATCAAAATATGATAC 

C3H13 (Solyc01g100990) PRA Fw ATGCCGTTGGGTAAATACTA 
PRA RV CTATCCCCACTCAACAA 

COL13 (Solyc02g079430) PRA Fw ATGTGGTTTGTAGTGTTGTAGG 
PRA RV CCGATTATCTCCATCTCCAT 

GATA9 (Solyc11g069510) PRA Fw ATGGATGAAATTCCTACTGGTC 
PRA RV TCAGTATACATCAAAC 

GLK2 (Solyc10g008160) PRA Fw ATGGCAACTCATGGCCTC 
PRA RV TCAAGTTGGGGGTATTTTGGT 

JA1/LEJA1 (Solyc05g007180) PRA Fw ATGGCTTTCTTTCCAACAAA 
PRA RV TAATTAAAATGTTGTTGCTCTAGC 

MYB48 (Solyc06g005310) PRA Fw ATGGCACAAGAAGAAATGAGA 
PRA RV TTAGCCAGCAAAGAATGTGT 

MYB54/MYB27 

(Solyc10g083900) 
PRA Fw ATGCAAGAAGAGGAACTACG 

PRA RV TATGGAGGATAACAAGAACATAGG 

MYB76/MYB6 

(Solyc05g008250) 
PRA Fw ATGAGAAAGCCTTGTTGTGA 

PRA RV TATGGAATTAAATTGAGATCAAGCA 

NAC (Solyc08g008660) PRA Fw ATGAATCTCTCTGTAAATGGTC 
PRA RV ACTACATCCTATACAGTAGGAG 

NFYA10 (Solyc01g006930) PRA Fw ATGAATACTACTATATTTTCCAAAGG  
PRA RV TCATACTTTGAGGTTGCAAC  

NPY1 (Solyc08g006870) PRA Fw ATGAAGTTCATGAAGTTGGG 
PRA RV AATTTCAAATCACAAGATTCAAAAATC 
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SSuupppplleemmeennttaarryy  ttaabbllee  44 continued  

DDeessccrriippttiioonn  NNaammee SSeeqquueennccee  ((55’’--33’’)) 

NSP1 (Solyc12g049320) PRA Fw ATGACCATTGATGAAACTACTTC 
PRA RV TCAACTCCTCGAGCAATGT 

TPRL (Solyc06g068130) PRA Fw ATGTTATTACGAAGCTCATCATC 
PRA RV TTACTTCTTCAATTCCTCCTCAG 

TRFL (Solyc10g080300) PRA Fw ATGCATGCGGAGGTCA  
PRA RV TTATGTTTCTTTCTCGTCTGC  

WRKY24 (Solyc09g066010) PRA Fw ATGGAGGAGATTGAGGAAGCTAACAG  
PRA RV TCATGCATTTGCCGATTGG  

WRKY77 (Solyc10g007970) PRA Fw ATGGAAGGTGTGCTACAAAAAG 
PRA RV TCATATACCATCAACGATACGATT 

WRKY81 (Solyc09g015770) PRA Fw ATGGATAACTCATCGTCTG 
PRA RV CTACACTTGATCAAAGTTCC 

HAT4 (Solyc08G078300) PRA Fw ATGATGGTTGAAAAAGAAGATTTGGGG 
PRA RV TCATGATCTCGGATGTAGTG 

MYB1R1 (Solyc06G071230) PRA Fw ATGTCGAGCGTTTGCAGTGATAAG 
PRA RV TCATGCCACACGGATGATGCT 

R2R3MYB58 (Solyc11G073120) PRA Fw ATGGTGCAAGAAGAAATAATG 
PRA RV TATCGAAAGTTATTCCAATC 

sgRNA primers  
pLIN5-1.1  sgRNA Fw TGTGGTCTCAATTGTTTCTTTAATTAAAATAAAA 

GTTTTAGAGCTAGAAATAGCAAG 
pLIN5-1.2 sgRNA Fw TGTGGTCTCAATTGTTTTATCCACTCATCATAGT 

GTTTTAGAGCTAGAAATAGCAAG 
pLIN5-1.3 sgRNA Fw TGTGGTCTCAATTGAAGAAGAAAAGAAAGAATAT 

GTTTTAGAGCTAGAAATAGCAAG 
pLIN5-2.1 sgRNA Fw TGTGGTCTCAATTGAATCTTAATTTGTATATATA 

GTTTTAGAGCTAGAAATAGCAAG 
pLIN5-2.2 sgRNA Fw TGTGGTCTCAATTGATTTTATATCGTCAATAAAT 

GTTTTAGAGCTAGAAATAGCAAG 
pLIN5-2.3 sgRNA Fw TGTGGTCTCAATTGAGTCACGCGTAAGAAAAATA 

GTTTTAGAGCTAGAAATAGCAAG 
pLIN5-3.1 sgRNA Fw TGTGGTCTCAATTGTGTTTTTGGAGGGAGAAGGT 

GTTTTAGAGCTAGAAATAGCAAG 
pLIN5-3.2 sgRNA Fw TGTGGTCTCAATTGAATGTCTTGAAAGGTCGTGT 

GTTTTAGAGCTAGAAATAGCAAG 
pLIN5-3.3 sgRNA Fw TGTGGTCTCAATTGTATTTGTAAATTATTACGTC 

GTTTTAGAGCTAGAAATAGCAAG 
pLIN5-4.1 sgRNA Fw TGTGGTCTCAATTGTATAAATATTAATCGGAAGT 

GTTTTAGAGCTAGAAATAGCAAG 
pLIN5-4.2 sgRNA Fw TGTGGTCTCAATTGGATCAATTTATTCATCTAGA 

GTTTTAGAGCTAGAAATAGCAAG 
pLIN5-4.3 sgRNA Fw TGTGGTCTCAATTGATTTATTTATATTATATAAG 

GTTTTAGAGCTAGAAATAGCAAG 
pLIN5-5.1 sgRNA Fw TGTGGTCTCAATTGAATTCACTAATATTTGGCAA 

GTTTTAGAGCTAGAAATAGCAAG 
pLIN5-5.2 sgRNA Fw TGTGGTCTCAATTGAGTTCCAAAATAAAATGAAT 

GTTTTAGAGCTAGAAATAGCAAG 
pLIN5-5.3 sgRNA Fw TGTGGTCTCAATTGATTATTTGATGTCTTGTGTG 

GTTTTAGAGCTAGAAATAGCAAG 
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SSuupppplleemmeennttaarryy  ttaabbllee  44 continued  

DDeessccrriippttiioonn NNaammee SSeeqquueennccee  ((55’’--33’’)) 

pLIN5-6.1 sgRNA Fw TGTGGTCTCAATTGCTTTCAAACGGATACATTAA 

GTTTTAGAGCTAGAAATAGCAAG 
pLIN5-6.2 sgRNA Fw TGTGGTCTCAATTGAAATTTGTAAAACTTATAAG 

GTTTTAGAGCTAGAAATAGCAAG 
pLIN5-6.3 sgRNA Fw TGTGGTCTCAATTGTATGTTTTAAGTGTGTTTAT 

GTTTTAGAGCTAGAAATAGCAAG 
pLIN5-6.4 sgRNA Fw TGTGGTCTCAATTGATTTACAAAAATCTTTCAAA 

GTTTTAGAGCTAGAAATAGCAAG 
pLIN5-6.5 sgRNA Fw TGTGGTCTCAATTGTTTGTGATGTCGGTGATGGG 

GTTTTAGAGCTAGAAATAGCAAG 
pLIN5-6.6 sgRNA Fw TGTGGTCTCAATTGTTCACGTTAGCAGCGAGTGT 

GTTTTAGAGCTAGAAATAGCAAG 
Universal sgRNA  sgRNA Rv TGTGGTCTCAAGCGTAATGCCAACTTTGTAC 

Genotyping primers  
Cas9 Cas9 Fw CTGGCCAATGGAGAGATTCG 

Cas9 Rv GCTCCCTGATGGGCTTATCC 

NPT2 NPT2 Fw AGACAATCGGCTGCTCTGAT 
NPT2 Rv AGCCAACGCTATGTCCTGAT 

Region 1  pLIN5 Fw GGAGGTTGAAAATGAAAACGAGTTC 
pLIN5 Rv CCTCCTCGCTCTTCTCTTTTACGA 

Region 2 pLIN5 Fw GAAGCAAATGCCCTATTAATGTTTG 
pLIN5 Rv TCGTCAACCAATAGTCCCTTCTCT 

Region 3 outer pLIN5 Fw CCAAAATTCTTCTCAAAGGCGGAAT 
pLIN5 Rv GAGCGAGGAGGGGTCATGTG 

Region 3 inner pLIN5 Fw TCTTCATTCAAGCATGACGATCAG 
pLIN5 Rv AAATTCTTCTCAAAGGCGGAATAAT 

Region 4 pLIN5 Fw TGAGGTGAGGCGAGAAAAACA 
pLIN5 Rv AATCGTAGCACCGACACGAC 

Region 5 pLIN5 Fw CAGAAATATTTTTGACCGACTTCCG 
pLIN5 Rv CAGCGAGTGTAGGACATTCTCTCTT 

Region 6 pLIN5 Fw CCAATTAATTTTTGTGGCCACTACA 
pLIN5 Rv CGCCTATATTTCATCGTAACGCG  

Region 6 inner pLIN5 Fw GGATTCCATTGCCAAATATTAGTGA 
pLIN5 Rv TGCTGTTGATAAGAAAACGAACCTT 

qPCR primers  
CAC  qPCR Fw CCTCCGTTGTGATGTAACTGG  

qPCR Rv ATTGGTGGAAAGTAACATCATCG  

LIN5 qPCR Fw TGGGGTTGGTCAAATGAATCCG 
qPCR Rv GAATACCTTGAATTCCAGCCCATCC 

CIF1 qPCR Fw GTTGGTAGAGCCATTGTAAGAAATTT 
qPCR Rv TGATCATAATGTGACGAATCGAAT 

deCWIN qPCR Fw AGTATGAGAGGATGGGCTGG 
qPCR Rv TCTGCCTGTGTAGCATTGAC 

Fw: Forward, Rv: Reverse; the underlined sequence represents the spacers in the sgRNA primers 
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Abstract 

Sugar content is an important determinant of tomato flavour. During sugar import in 

the fruit, Cell Wall Invertase cleaves sucrose that was transported from photosynthetic 
source tissues, into the hexoses, fructose, and glucose. Hexoses constitute the majority 

of sugars in tomato fruit. Increasing the final hexose content and perceived sweetness 

has been a major breeding goal. Previous work has identified an allele of cell wall 
invertase LIN5 with higher enzymatic activity, leading to higher soluble solids content 

(Brix) in fruit. A promising alternative strategy is to increase invertase activity in fruits by 
knocking down expression of the post-translational repressor of fruit-specific 

invertases, Cell-wall Inhibitor of -fructosidase (CIF1 or INVINH1). In this study 

CRISPR/Cas9 was used to knockout CIF1 in an indeterminate tomato variety, cv. 

Moneyberg. Four mutant alleles were analysed, which all resulted in a slightly higher 
Brix, but also considerable decrease in fruit size. Effects of the CIF1 knockout mutations 

on invertase activity and the expression of other sugar-related genes varied in an 

unexpected manner. 

Introduction 

Tomato is more attractive for consumers and has a higher value when it tastes sweeter 

(Tieman et al., 2017). Thus, as in many other fruits, a breeding objective for tomato is to 
increase the amount of sugar in ripe fruit. In ripe cultivated tomato fruit, sugars are 

present in equimolar amounts of glucose and fructose and a trace amount of sucrose 

(Winsor, 1966; Petró-Turza, 1986). These sugars are originally formed as sucrose by 
photosynthesis in source-tissues, e.g. leaves and green fruit. The sucrose is then 

translocated via bulk-transport through the phloem to sink-tissues such as the 
developing fruit. To facilitate import into sink-cells, sucrose is hydrolysed by invertases 

( -Fructosidase) to form the hexoses, glucose and fructose (Nguyen-Quoc and Foyer, 

2001; Matsukura, 2016). Through this process, invertases play an important role in the 

sugar accumulation in fruits (Klee and Giovannoni, 2011; Matsukura, 2016). To maintain 
a concentration gradient from source to sink, which allows bulk-transport via the 

phloem, the sugars in the sink-tissues are stored in vacuoles or converted to starch (N’ 

tchobo et al., 1999). 

As the invertases play a crucial step in the formation of the sugar’s glucose and fructose, 

they have been studied intensively over the past years. Several types of invertases can 
be distinguished: acidic Cell Wall bound Invertase (CWIN), acidic Vacuolar Invertase and 

alkaline Cytoplasmic or neutral Invertase (Klann et al., 1992; Klee and Giovannoni, 2011). 

All invertases contain the conserved catalytic “WEC(V/P)DF“ domain and the sucrose-
recognition sites “NDPN” and “RDP” (Godt and Roitsch, 1997; Alberto et al., 2004; 

Lammens et al., 2009; Slugina et al., 2019). In tomato, there are four functional CWINs: 
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lycopersicum Invertases (LIN) 5 to 8 (Fridman and Zamir, 2003). LIN8 and LIN6 are 

located on chromosome 10, and have a role in vegetative tissues, while the CWINs on 
chromosome 9, LIN5 and LIN7, are specific to flowers and fruits (Godt and Roitsch, 

1997; Fridman et al., 2002; Fridman and Zamir, 2003; Proels et al., 2003). In addition, 

five CWIN pseudogenes and five non-functional CWINs that lack the “NDPN” motif have 
been identified recently (Wei et al., 2020). Of the CWINs, LIN5 has received abundant 

attention in the last two decades. The main reason for this is the identification of an 

introgression line derived from a cross between cv. M82  and S. pennellii, Brix9-2-5 
(Eshed and Zamir, 1996). This line had an increased sugar content (+28% glucose, +18% 

fructose) and  a 20-35% increased Brix (the amount of sugar in tomato is highly 
correlated with the soluble solids, which is measured in degrees Brix), without an 

apparent negative effect on yield (Fridman et al., 2002). Fine mapping of the QTL 

revealed linked non-synonymous nucleotide substitutions in the coding sequence of 
LIN5. These lead to three amino acid substitutions as the underlying cause of higher 

sugar content through increased invertase activity in the S. pennellii variant (Fridman et 

al., 2000, 2004). LIN5 is expressed in the reproductive organs and in early fruit 
development. Four hours after pollination, LIN5 transcript levels increased in the style. 

At two days after pollination, LIN5 expression was highest in the ovaries (Shen et al., 
2019). 

Like other invertases, LIN5 activity is post-translationally regulated by a proteinaceous 

inhibitor, Cell-wall Inhibitor of -fructosidase (CIF1), also known as Invertase Inhibitor 1 

(INVINH1). CIF1 is expressed both in vegetative and reproductive tissues. The highest 
CIF1 expression levels are in roots and in maturing fruit: the expression increases from 

time of flowering to 20 days after anthesis (Jin et al., 2009). CIF1 is co-expressed and 

the protein is physically interacting with LIN5 during the ovary-to-fruit transition (Le Roy 
et al., 2013; Palmer et al., 2015). RNA interference (RNAi) lines directed at knocking 

down CIF1 expression resulted in increased CWIN activity, measured in leaves, roots 

and developing fruits. This resulted in an approximately 25% increase in sugar content 
in ripe fruits, a prolonged leaf life span due to inhibition of abscisic acid-induced 

senescence, and an increased seed weight (Jin et al., 2009). 

Many studies that report increase in sugar content in tomato through genetic 

modification are often using a single, often poorly described cultivar. Thus, in this study 

we aimed at verifying the effect of CIF1 knockdown on sugar content in our model cv. 
Moneyberg, an indeterminate variety grown in greenhouses. If successful, this would 

demonstrate the feasibility of a transgene-free approach to higher sugar in tomato by 

targeting CIF1 with CRISPR/Cas9-mutagenesis. CIF1 knockout mutants in cv. 
Moneyberg showed a modest increase in sugar content, measured by ˚Brix. However, 

at the same time the resulting fruits were significantly smaller in size. These results 
question the universal applicability of this approach without a yield penalty. 
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Results 
CIF1 protein sequence is conserved throughout cultivated tomato and its 
nearest relatives 

To assess the evolutionary history and importance of Cell-wall Inhibitor of -

fructosidase (CIF1), we constructed a phylogenetic tree (FFiigguurree  11aa) using protein 

sequences of CIF homologs from tomato, potato, pepper, and Arabidopsis (Saitou and 

Nei, 1987; Kumar et al., 2018; Stecher et al., 2020). Tomato CIF1 and its homologs in 
the three Solanaceous species are most homologous to Arabidopsis C/VIF1, which was 

characterized as Vacuolar Invertase Inhibitor (VIF) (Link et al., 2004). In tomato, this 
group comprises both the Vacuolar invertase inhibitor VIF as well as CIF1, and a closely 

related homolog, here named CIF1-like. Their tandem arrangement as shown by their 

consecutive numbering, which is conserved in all three species, suggests a common 
origin involving gene duplication events (FFiigguurree  11bb). By combining the phylogenetic 

tree with the synteny information, and with the exon/intron configuration, it seems 

most likely that a gene duplication in a common ancestor of tomato and potato, but 
not of pepper resulted in the formation of the CIF1 and CIF1-like genes. A duplication 

event in a common ancestor of all three Solanaceous species may have resulted in the 
common VIF and CIF lineages, where the VIF lineage lost the intron. 

Solanum CIF1 and CIF1-like were compared in a protein alignment (FFiigguurree  22). Four 

cysteine residues form a disulphide bridge between seven -helixes and stabilize the 

protein (Datir and Ghosh, 2020a). The C-terminal domain also contributes to interface 
stabilization (Hothorn et al., 2004a, 2004b; Rausch and Greiner, 2004). Three 

conserved amino acids, Pro117-Lys119-Phe120 (PKF) interact with the active site of 

invertase (Hothorn et al., 2010). The adjacent conserved Gly-115 and Ala-121 may also 
play a role in targeting invertase (Datir and Ghosh, 2020a).  The alignment of CIF1 and 

CIF1-like proteins from five different Solanum species reveals overall homology 
between the two groups, with a number of differences that are conserved among the 

members of the two proteins. A notable exception is a proline residue (P148 or P145, 

in CIF1 and CIF1-like, respectively). While conserved in both proteins in all other species, 
it is substituted with glutamine (Q) in CIF1-Like proteins in all 66 cultivated S. 
lycopersicum varieties, as well as in the S. pimpinellifolium and S. cheesmanii 
accessions of the re-sequenced collection (Roohanitaziani, 2019). Further exploration 
of Blast results throughout the Angiosperms reveals the conservation of this proline 

residue. Hence, the prediction of the effect on protein function by Provean resulted in 
a score of -6.9 for the substitution (where a score below -2.5 is considered deleterious, 

Choi et al., 2012), suggesting that the substitution in tomato CIF1-Like if expressed, may 

have a negative effect on protein function. In summary, both CIF1 as well as CIF1-Like 
are extremely conserved, suggesting that CIF1 has been under strong selection 

pressure well before tomato domestication occurred. 
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FFiigguurree  11: ((aa)) Phylogenetic tree of CIFs and Vacuolar Invertase Inhibitors (VIF). The phylogenetic tree based on 

proteins sequences was constructed in MEGAX program (Kumar et al., 2018; Stecher et al., 2020), by the 

Maximum Likelihood method and JTT matrix-based model with a 100-fold bootstrap-test (Saitou and Nei, 

1987). Bootstrap values (%) are indicated at each branch point. The Scale bar marks 0.2 amino acid substitution 

per site, which was computed using the Poisson correction method (Zuckerlandl and Pauling, 1965). The 

C/VIF2 proteins were used as the outgroup. The protein sequences listed in the tree were obtained from the 

SolGenomics Network website (Solgenomics.net) for tomato (Solyc numbers), potato (Sotub) and pepper 

(Capang) of the GenBank database for Arabidopsis (https ://www.ncbi.nlm.nih.gov/). ((bb))  Synteny of the 

invertase inhibitor genes on chromosome 12 in three species. The coding sequence is depicted as blue boxes. 
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FFiigguurree  22::  Protein alignment of Solanum CIF1 and CIF1-like amino acid sequences. Amino acids sequences 

were aligned using multiple sequence alignment in the EMBL-EBI search and sequence analysis tool 

(https://www.ebi.ac.uk/Tools/msa/clustalo/) using ClustalW with default parameters (Madeira et al., 2019). The 

amino acids are represented by a single letter code. The protein sequences listed in the diagram are SlCIF1 (S. 
lycopersicum, Solyc12g099200), SpiCIF (S. pimpinellifolium, Sopim12g099200), SpeCIF (S. pennellii, 
XP_015059317), ScCIF (S. chilense, TMW97421), StCIF1 (S. tuberosum, Sotub12g031150), SlCIF1-like (S. 
lycopersicum, Solyc12g099210), SpiCIF-like (S. pimpinellifolium, Sopim12g099210), SpeCIF-like (S. pennellii, 
XP_015060934), ScCIF-like (S. chilense, TMW97422), StCIF-like (S. tuberosum, Sotub12g031160). Conserved 

functional amino acids are indicated with blue boxes. Grey boxes indicate disulphide bridges between the -

helixes. The green box indicates the position of the P to Q substitution in CIF1-like. Secondary structure 

indications are based on the predictions of (Datir, 2020; Datir and Ghosh, 2020a). Asterisks at the bottom of 

the alignment indicate identical residues. Amino acid numbers are listed on the right of the alignment. 
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Cif1-cr  mutants have a higher Brix in smaller fruits 

CIF1 is conserved in cultivated tomato, which suggests an important function in normal 

fruit set or development. A study that used RNA interference to target CIF1 transcripts 

increased the invertase activity and the sugar content of ripe fruit (Jin et al., 2009). The 
study reported no effect on fruit size. We set out to test the reproducibility of these 

results and the effect of a CIF1 specific knockout in our greenhouse model-variety: cv. 
Moneyberg. To be able to create transgene-free offspring and true knockouts, we used 

CRISPR/Cas9 mutagenesis. 

We obtained knockout mutations by using binary vectors containing SpCas9 and four 
single-guide RNAs (sgRNAs) targeting the first exon of CIF1 (FFiigguurree  33aa,,  bb). sgRNAs were 

chosen based on predicted efficiency and the absence of off-targets in the tomato 

genome with less than 2 mismatches and/or 1 bulge (Bae et al., 2014; Chari et al., 2015; 
Doench et al., 2016; Concordet and Haeussler, 2018). Stable transformation of tomato 

cotyledon explants was performed and 15 primary transformants (T0) were obtained of 
which 10 had a mutation. In the obtained mutants, different CRISPR alleles occurred 

with deletions of one to eight base pairs in one or more targets being the most 

common, as in cif1-cr1 and cif1-cr4 (FFiigguurree  33bb). Furthermore, we found an inversion of 
the sequence between two targets (cif1-cr2) and a 114 bp insertion in one target (cif1-
cr4) (FFiigguurree  33bb). A Blastn search revealed that the insertion in cif1-cr4 originated from 

a non-coding region on chromosome 5. The diversity in the positions of the observed 
mutations showed that all four sgRNAs were active in the experiment. Moreover, the 

simultaneous occurrence of indels in two overlapping target sequences shows that 
having overlapping target sequences does not preclude Cas9 activity or Double 

Stranded Break repair at both sites, as shown in cif1-cr2 and cif1-cr3. Five different alleles 

were selected for further study (FFiigguurree  33bb). cif1-cr1 and cif1-cr2 were found in one bi-
allelic T0 plant and cif1-cr3 and cif1-cr4 in another. The fifth line had a large deletion 

between sgRNA target 1 and target 4 (not shown in Figure 3b). However, this plant 

produced only small seedless fruits. This was possibly due to a tissue culture-effect, or 
the severity of the mutation may have caused reduced fertility. The 3-bp deletion in 

cif1-cr1 caused a Q85 deletion in the protein, which was predicted to have a neutral 
effect (Provean score=0.92). The other three mutations resulted in premature stop-

codons and predicted truncated proteins lacking the conserved residues that interact 

with LIN5 (FFiigguurree  33cc). Both the inversion and the insertion of alleles cif1-cr2 and cif1-
cr4, respectively, occurred downstream of a frameshift mutation in target 2 causing a 

premature stop-codon and thus are not expected to result in entirely new protein 

sequences. All guides were selected to have no additional targets with zero or one 
mismatches in the protospacer sgRNA target sequence. Nevertheless, to rule out a 

potential off target mutation in the next best target, CIF1-Like with two mismatches 
(TTaabbllee  11), all lines were genotyped in the CIF1-Like region. No mutations were found. 

The next closest off-targets had three or more mismatches and were not considered 

likely to have mutations (TTaabbllee  SS11). 
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FFiigguurree  33::  ((aa))  The CIF1 gene and CRISPR/Cas9 targets. The coding sequence is depicted as blue boxes. ((bb))  

CRISPR/Cas9 induced mutations. sgRNA target sequences are highlighted in different colours. The text is bold 

where target 1 and target 2 overlap. Protospacer-adjacent motif (PAM) sequences are underlined. Red dashes 

and letters indicate mutations. Numbers in parentheses indicate the number of bases not depicted. (cc))  

Resulting protein sequences. Red dashes and letters indicate deletions or additional amino acids due to a frame 

shift caused by an indel.  

The selected T0 plants were self-fertilized, and the progeny segregated in the expected 

ratios for a single transgene and the homozygous or bi-allelic mutations. Phenotyping 
was done in the Cas9-free homozygous T2 plants for the most relevant traits: Brix and 

size. Three plants per genotype (mutants and WT control) were placed in random 

positions in a greenhouse. Of these plants, three trusses were labelled, vibrated for 
pollination, and pruned down to 6 fruits per truss. At breaker+7 days red-ripe fruit were 

used to determine Brix, width, and weight.  All tested mutant plants produced fruit with 
a significantly higher (3.6-11%) Brix compared to wild type (FFiigguurree  44aa,,  TTaabbllee  22,,  SS22). 

However, the size and weight of fruits from mutant plants was on average 

approximately 25% lower than that of wild-type fruits (FFiigguurree  44bb,,  cc,,  TTaabbllee  SS22). This result 
confirms the potential of a CIF1 knockout for increasing sugar content in tomato fruit, 

but in contrast to earlier reports, with a major trade-off for fruit size.

TTaabbllee  11:: Genome matches for sgRNA Target 3 

ssggRRNNAA  ttaarrggeett  sseeqquueennccee    MMiissmmaattcchheess  GGeennee  RReeggiioonn  

GGATCTTTCCAAGCTTGAGGAGG 0 Solyc12g099200 (CIF1) cds 

GGATGGTAATCCAAGCTTGAGGAGG 2 Solyc12g099210 (CIF1-Like) cds 
Underlined sequences represent the PAM site. Bold sequences represent mismatches 
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FFiigguurree  44::  ((aa))  Brix, ((bb))  width and ((cc))  fresh  weight of T2 fruits from wild-type (CIF1) and homozygous mutants. Six 

fruits from three trusses were measured for each plant, with three plants per genotype. Mean values (± SE) 

were compared to CIF1 using one-way ANOVA after a check for normal distribution of the data. Significant 

differences are represented by asterisks: ( ) P-value < 0.05, ( ) P-value < 0.01.  

 

Invertase activity is not increased in all cif1-cr  mutants 

The premise for our research was that by generating a knockout of CIF1, the sugar 
content would increase as lifting the repression by CIF1 would increase LIN5 activity. 

To test this hypothesis, we performed an invertase activity assay on whole fruits at 10 

days after anthesis (DAA) (FFiigguurree  55), 10 DAA being the same timepoint used in the RNA 
interference (RNAi) study of CIF1 (Jin et al., 2009). In addition, it is a stage when LIN5 

expression starts to decrease and CIF1 expression starts to increase (Fridman et al., 
2002; Fridman and Zamir, 2003; Proels et al., 2003; Jin et al., 2009). Initially, we assayed 

fruits of the T1 generation, one plant per genotype with homozygous or biallelic 

mutations (FFiigguurree  55aa). This invertase assay demonstrated that the mutation in cif1-cr2 
resulted in an increased activity of CWIN. The cif1-cr1 mutant with the predicted neutral 

mutation had no increased activity (FFiigguurree  55aa). As might be expected from these results, 

the bi-allelic plant containing both the cif1-cr1 and cif1-cr2 alleles had an intermediate 
phenotype. However, the bi-allelic combination of cif1-cr3 and cif1-cr4, surprisingly, did 

not lead to a change in activity when compared to the wild-type (CIF1), while it is 
expected to be a full null mutant. To confirm these phenotypes, another round of 

invertase assays was done in the T3 generation, with three homozygous plants per 

mutation (FFiigguurree  55bb).  The same results as in the T1 generation were obtained. Although 
now the cif1-cr1 allele shows a slight, albeit non-significant, increase in CWIN activity 

compared to wild-type. Thus, it appears that in our mutants Brix increase and invertase 

activity are not correlated.  

To explore the cause of the discrepancies between the mutant lines, RT-PCR and qPCR 

expression analyses were performed at 10 DAA (FFiigguurree  55cc). The RT-PCR amplification 
of the CIF1 transcript was done in the T1 generation. All mutations showed the expected 

transcript size, including that of the cr4 allele with its 114 nt insertion, giving no evidence 

of alternative mRNA-splicing (FFiigguurree  55dd).  
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FFiigguurree  55:: Invertase activity measured in the columella ((aa))  of fruit in the T1 generation and ((bb))  whole 10 DAA 

old fruit in the T3 generation. Per genotype, three samples of one plant (T1) or two samples of three plants (T3) 

were taken as replicates. Each sample was a pool of three fruits from the same truss. ((cc)) Location of RT-PCR 

(red arrows) and qPCR (green arrows) primers on the CIF1 mRNA. ((dd)) RT-PCR of CIF1. Expected Wild-type band 

(CIF1) of 660 bp. For Cif-cr4 a 114 bp increase is expected. ((ee--gg))  Expression in 10 DAA T3 fruit of ((ee)) CIF1, ((ff)) 

CIF2 and ((gg)) LIN5 in wild-type (CIF1) and cif1-cr mutants. Per genotype, three plants were sampled twice. Each 

sample was a pool of three fruits from the same truss. Expression was measured by qPCR with 2- CT, relative 

to the reference gene Actin. Mean values (± SE) were compared to CIF1, using one-way ANOVA after a check 

for normal distribution of the data. Significant differences are represented by asterisks; ( ) P-value < 0.05, ( ) 

P-value < 0.01, (***) P-value <0.001. 

For the expression analysis, T3 plants (three plants per genotype and two samples per 
plant) were used. CIF1 mRNA levels were significantly decreased in the three lines with 

mutations causing premature stop codons (cif1-cr2-4), which is consistent with 
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Nonsense Mediated mRNA Decay caused by nonsense codons preceding an intron 

(FFiigguurree  55ee). No significant expression changes were found for CIF1-Like or LIN5 (FFiigguurree  

55ff,,  gg). Although these results confirm that our mutants behave as true knockouts, they 

do not explain the diverging effect on CWIN activity.

The CIF1  mutations affect expression of sugar related genes in different ways 

The sugar pathway and source-sink dynamics involve many genes that form a tightly 
regulated pathway. Short distance transport from cell-to-cell is achieved by an array of 

sugar transporters: SUGARS WILL EVENTUALLY be EXPORTED TRANSPORTERS 

(SWEET), Sucrose Transporters (SUTs) and Hexose Transporters (Yadav et al., 2015; 
Zhang and Turgeon, 2018; Fernie et al., 2020). When CIF1 activity is changed, we 

hypothesized that changes in the expression of other sugar-related genes might occur 

(Ru et al., 2020). In addition, ectopic expression of CIF1 resulted in a large increase of a 
Small Heat Shock Protein (SlHSP17.7), suggesting regulatory feedback between CIF1 

and SlHSP17.7 (Zhang et al., 2018b). We hypothesized that in the absence of CIF1, the 
SlHSP17.7 expression could be decreased in our mutants. By other pathways than via 

LIN5, the sugar pathway could thus be influenced. Indeed, the two CIF1 mutants that 

did not have increased CWIN activity, cif1-cr3 and cif1-cr4, had a severely decreased 
SlHSP17.7 expression at 10 DAA, while the cif1-cr1 and cif1-cr2 showed a slight but not 

significant increase in expression ((FFiigguurree  66). 

To assess what other sugar related genes were influenced we also performed 
expression analysis for several other sugar related genes in the T3 10 DAA fruits (FFiigguurree  

66). Of the Neutral Cytosolic Invertases (CINs), CIN2 is unaffected in all mutant lines (and 
very lowly expressed at 10 DAA), while CIN3 expression is decreased in all lines. 

Differentiation between our mutants occurred for CIN4, where just cif1-cr1 has a higher 

expression. CIN5 had a decreased expression in cif1-cr1 and cif1-cr2. Defective CWIN 
(deCWIN), Hexose Transporter 2 (HT2) and LIN9 were hardly expressed at 10 DAA and 

there was no difference between the wild type and the mutants. Of the SWEETs 

measured, SWEET14 was unaffected, SWEET12c was downregulated in all mutants and 
SWEET7a was upregulated in cif1-cr2 and cif1-cr4. From these data it appears that that 

knocking out CIF1 does affect expression of other genes that are involved in sugar 
transport or accumulation, but that different knockout mutations have different levels 

of effect. This difference is most striking for HSP17.7, where two mutants show more 

than 10-fold reduction in expression, while two others show no significant difference 
in expression. 
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FFiigguurree  66:: Gene expression in T3 fruit at 10 DAA of in wild-type (CIF1) and cif1-cr mutants. Per genotype, three 

plants were used. From each plant, two samples were taken. Each sample was a pool of three fruits from the 

same truss. Expression was measured by qPCR and expressed as 2- CT, relative to the reference gene Actin. 

Mean values (± SE) were compared to CIF1, using one-way ANOVA after a check for normal distribution of the 

data. Significant differences are indicated by asterisks; ( ) P-value < 0.05, ( ) P-value < 0.01, (***) P-value 

<0.001. 
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Discussion 

It is important to understand the process of sugar accumulation in fruit and the 

mechanisms controlling it, given the importance in the final quality perception of 
tomato (Baldwin et al., 2000; Klee and Giovannoni, 2011; Tieman et al., 2012, 2017). 

Tomato mostly contains glucose and fructose and Cell Wall Invertase (CWIN) 

hydrolyses sucrose to form these hexoses (Fridman and Zamir, 2003). Increased activity 
of a fruit specific CWIN, LIN5, has been linked to increased sugar content (Fridman et 

al., 2002; Baxter et al., 2005; Jin et al., 2009; Zanor et al., 2009). Silencing Cell-wall 
Inhibitor of -fructosidase (CIF1 or INVINH1), increasing LIN5 activity and sugar content 

in the ripe fruit, gave promising results from a breeding perspective (Jin et al., 2009).  In 

this study we have attempted to further support the proposed positive effect of 

decreasing tomato CIF1 activity on fruit sugar content, by producing true knockout 
mutants of CIF1 using CRISPR/Cas-mutagenesis. While the previous study 

demonstrated that knockdown by RNA interference (RNAi) led to increased Brix and 

sugar content, we found a modest increase in Brix in all mutants, yet without a clear 
correlation with increased CWIN activity (TTaabbllee  22). Moreover, all mutants had lower fruit 

weight, which was not reported earlier. Effects of the CIF1 knockout mutations on the 
expression of other sugar-related genes also varied widely.  

TTaabbllee  22::  Overview of mutant phenotypes  

MMuuttaanntt  MMuuttaattiioonn    BBrriixx  ((%%))  WWeeiigghhtt  ((%%))  CCWWIINN  

aaccttiivviittyy  TT33  

((%%))  

IInnccrreeaasseedd  

eexxpprreessssiioonn  
DDeeccrreeaasseedd  

eexxpprreessssiioonn  

Cif1-cr1 -3 +11.0** -26.8** +56.9 CIN4 CIN3, CIN5 
Cif1-cr2 -8, inversion + 3.6** -24.7** +89.7* SWEET7a CIN3, CIN5, 

SWEET12c 
Cif1-cr3 -14 +3.8** -23.8** -28.8 HSP17.7, CIN3, 

SWEET12c 
Cif1-cr4 +109 +6.6** -28.0** -28.1 SWEET7a HSP17.7, CIN3, 

SWEET12c 
Significant differences are indicated by asterisks; ( ) P-value < 0.05, ( ) P-value < 0.01 

 

Different mutations in CIF1, including several knockouts, affect CWIN activity 
differently 

We found a clear negative correlation between size and brix in our knockout lines, but 

the underlying mechanism was not as straightforward as expected. The RNAi study of 

Jin et al. showed an increase in CWIN activity, attributed to a posttranslational inhibitory 
effect of CIF1 on LIN5 (Jin et al., 2009). However, when we measured invertase activity 

at 10 days after anthesis (DAA), the same timepoint as in the RNAi study, we only found 

increased CWIN activity in one of our lines (cif1-cr2). For the other alleles, only a slight, 
but not significant increase (cif1-cr1) or no increase at all (cif1-cr3, cif1-cr4), was found. 

This may be caused by missing the peak of LIN5 activity in our genetic background, cv. 
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Moneyberg. LIN5 expression and CWIN activity in the fruitlet increases right after 

pollination, in a window between 4 hours and 2 days (Shen et al., 2019). CIF1 expression 
is unchanged during this period. This early activity of LIN5, in the cell division stage of 

development, is key to normal development (Palmer et al., 2015; Ru et al., 2017). 

Silencing LIN5 in this period led to smaller seeds and abortion rates in both tomato and 
Litchi chinensis  (Zanor et al., 2009; Zhang et al., 2018a). LIN5 expression at 10 DAA did 

not change in our mutants, which is in line with CIF1 acting as a post-translational 

inhibitor.  

The differences between the RNAi study and our CRISPR/Cas9 mutagenesis approach, 

could be explained by the different techniques. RNAi has been a widely used method 
to evaluate gene function (Saurabh et al., 2014). However, the approach may lead to an 

incomplete suppression of expression or lack of specificity for the intended target gene.  

In the CIF1-RNAi lines, the RNAi-construct could have affected CIF1-like mRNA, as only 
25 SNPs compared to CIF1-like mRNA were present in the 300 bp fragment used in the 

inverted repeat leading to small interfering RNAs. The RNAi study does not mention 

expression differences of CIF1-like. However, we do not expect an effect of 
downregulation of CIF1-like if that occurred, since its expression is low in fruit and it 

contains a possibly deleterious P145Q substitution. A CRISPR/Cas9 mutagenesis 
approach might not necessarily reveal gene function either (Wang et al., 2020). Expect 

for cif1-cr1, all our mutants were predicted to form severely truncated proteins (FFiigguurree  

33cc).  However, an alternative start codon might be present and become functional if a 
mutation occurs in the first exon, as in our case in cif1-cr2, -cr3 and -cr4 substantial 

mutations occurred in the first exon (Merchante et al., 2017). There are two in-frame 

ATGs in the second exon of CIF1, M106 and M125 (FFiigguurree  22). Use of either would create 
a severely truncated protein. Start of translation at M106 would result in a protein 

containing the PKF domain needed for interaction with the active site of invertase 
(Hothorn et al., 2010). However, whether this occur and whether the protein is stable 

without the first five -helixes, has not been validated in this study. In addition, it would 

not explain the difference between the mutations. In other studies, exon skipping 

occurred if the exon contained a Premature Stop Codon after mutagenesis. This exons 
skipping creates an alternative spliced mRNA that may partially restore protein function 

(Syed et al., 2012; Mou et al., 2017; Rodriguez-Rodriguez et al., 2018). CIF1 only consists 

of two exons, with the Premature Stop Codons occurring in the first exon. No 
alternative splice variants were detected via RT-PCR. Expression of CIF1 decreased in 

our mutants, which is in line with Nonsense Mediated mRNA Decay caused by 

nonsense codons preceding an intron (Lykke-Andersen and Jensen, 2015). CIF1-like 
could function redundantly with CIF1, although the effect is expected to be marginal as 

CIF1-like expression is very low and did not increase in the mutants. These findings 
combined, indicate that the alleles generated (except cif1-cr1) are true knockouts. Thus, 

the difference in phenotypes remains unexplained. Cif1-cr1 had an in-frame deletion of 

one amino acid (Q85), which was predicted to be a neutral deletion (Provean 
score=0.92). The sequence is conserved in all Solanum CIF1s and CIF1-likes (FFiigguurree  22), 
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but Q85 is not conserved in other CIF and VIF homologs (Datir and Ghosh, 2020b). 

From our analysis, Q85 does seem to play a role in the sugar accumulation, as cif1-cr1 
had the highest increased Brix and decreased fruit size. In addition, the Q85 deletion 

led to a decreased CIN3 and CIN5 expression, while CIN4 expression increased (TTaabbllee  

22). Thus, our mutants confirm that even a slight disruption can lead to a phenotype 
difference. 

CIF1 knockout affects expression of several genes in the sugar-pathway 

CIF1 is known to increase the expression of the a Small Heat Shock Protein (HSP17.7) 
when ectopically expressed (Zhang et al., 2018b). In two of our knockout mutants, 
HSP17.7 expression decreased severely at 10 DAA. These were the two lines (cif1-cr3, -
cr4) that did not have the increased CWIN activity. The decreased HSP17.7 expression 

in these mutants might be the underlying cause of the similar Brix-phenotype, but 
divergent CWIN activity. In earlier work, downregulation of HSP17.7 in the sucrose 

accumulator S. chmielewskii decreased sucrose content  (Zhang et al., 2018b). Another 
study in S. lycopersicum cv. Moneymaker, overexpression of HSP17.7 increased sucrose 

content, but decreased fructose and glucose (Zhang et al., 2020). From this it can be 

concluded that HSP17.7 influences sucrose content. As S. lycopersicum is a hexose 
accumulator, the decreased HSP17.7 expression in cif1-cr3 and -cr4 could lead to a 

decrease in sucrose and concomitant increase in fructose and glucose. This would lead 

to an increased Brix, as we have measured.  

Other sugar-related genes were affected as well in the CIF1 CRISPR mutants (TTaabbllee  22). 

Neutral Cytosolic Invertases 5 (CIN5) had the opposite expression pattern as HSP17.7 in 
the mutants: in cif1-cr1 and -cr2 expression severely decreased, while in the cif1-cr3 

and -cr4 expression was not different compared to wild type. CIN3 decreased in all 

lines and CIN4 increased just in cif1-cr1. Evidently, CIF1 influences the expression of 
some CINs. The stark increase of CIN4 in cif-cr1 could result in the increased hexose 

content needed to achieve a higher brix in a line that was predicted to have a neutral 

mutation. On the other hand, CIN3 and CIN5 are downregulated in this line. SUGARS 
WILL EVENTUALLY be EXPORTED TRANSPORTERS 12c (SWEET12c) was 

downregulated in all lines, while SWEET7a was one of the few tested genes that was 
upregulated. On average, most differentially regulated genes were downregulated in 

the mutants. From this data it becomes clear that CIF1 mutations not only affect LIN5 

(post-translationally), but also affect other sugar-related genes in an unexpected 
manner. This may be due to sugar-feedback loops directed on different genes. 

The relationship between size and brix 

The increase in sugar content that we found in our generated knockout lines are in line 

with the earlier RNAi results (Jin et al., 2009). Their study found an increase of about 
25% sugar content, which is markedly more than the Brix increase we found (about 5%). 
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Brix measures the total soluble solids content, which is mainly sugars in tomato. Thus, 

the different measurements should be comparable. In addition, the RNAi study did not 
report a size decrease. As CIF1 is a post-translational inhibitor of LIN5, it is worthwhile 

to address known LIN5 sequence variation effects. The Brix9-2-5 QTL derived from a S. 
pennellii introgression, later confirmed to have a more active LIN5 protein as the 
underlying mechanism, caused an increase in fruit sugar content but did not result in 

smaller fruit (Eshed and Zamir, 1996; Fridman et al., 2000, 2004). The experiments were 

done with cv. M82 as a parent, a determinate processing tomato. The S. pennellii allele 
was also effective in increasing Brix in indeterminate lines, but no mention of size or 

weight was made (Fridman et al., 2000). In a recent study where one of three amino 
acid changes of the S. pennellii allele was used in a ectopic LIN5 expression 

comparison, a negative correlation between yield and sugar content was found 

(Tieman et al., 2017). Based on our results, it seems that impairing CIF1 would be 
unattractive for breeders and growers as the decreased weight is not compensated by 

an increased Brix. 

In conclusion, this study has revealed unexpected outcomes of what were expected to 
be relatively straightforward knockout mutation experiments. These outcomes may be 

either due to complex feedback regulatory loops between invertase inhibitor activity 
and invertase expression or activity, or to unexpected effects on gene activity from 

Crispr/Cas-mutations in the open reading frame, through yet-to-be-discovered 

mechanisms. 

Materials and Methods 
Phylogenetic tree construction 

The phylogenetic tree based on proteins sequences was constructed using MEGAX 

software (Kumar et al., 2018; Stecher et al., 2020), with the Neighbour-Joining method 

using a 1000-fold bootstrap-test (Saitou and Nei, 1987). The amino acid substitution per 
site was computed using the Poisson correction method (Zuckerlandl and Pauling, 

1965). The protein sequences listed in the tree were obtained from the SolGenomics 
Network website (Solgenomics.net) or the GenBank database (https 

://www.ncbi.nlm.nih.gov/). 

CRISPR/Cas9-mutagenesis design and vector assembly 

Four spacers targeting the first exon of CIF1 (FFiigguurree  11AA,,  11BB,,  TTaabbllee  SS33) were selected. 
Online programs, sgRNA scorer 1.0 (https://crispr.med.harvard.edu/sgRNAScorer/) and 

the GPP sgRNA designer tool (http://portals.broadinstitute.org/gpp/public/analysis-

tools/sgrna-design), were used for designing and predicting effectiveness of the sgRNA 
spacers (Chari et al., 2015; Doench et al., 2016). Spacers with an effectiveness score of 

at least 50% in both tools were selected and sgRNA’s with predicted likely off-target 
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action were excluded by using the online Cas-OFFinder tool 

(http://www.rgenome.net/cas-offinder/, mismatch = 2, bulge size =1) and CRISPOR 
(http://crispor.tefor.net/crispor.py) (Bae et al., 2014; Concordet and Haeussler, 2018).  

The MoCLo toolkit and Golden Gate cloning were used to assemble the vector (Engler 

et al., 2009; Weber et al., 2011). Briefly, each sgRNA was fused to a Arabidopsis U6 
promoter as AtU6p:sgRNA:TTTT and ligated to a level 1 vector. Level 1 constructs 

plCH47732-NOSp::NPTII::OCST, plCH47742-35Sp::hCas9::NOST, plCH47751-

U6p::sgRNA1, plCH47761-U6p::sgRNA2, plCH47772-U6p::sgRNA3, plCH47781-
U6p::sgRNA4 and plCH41822-pLE6E were cut and ligated into the level 2 vector 

plCSL4723 (Werner et al., 2012). The construct was transformed to Agrobacterium 
tumefaciens C58C1 and grown on 20 mg/L rifampicin, 20 mg/L gentamycin and 100 

mg/L kanamycin selection plates.  

Transformation and plant growth  

Transformation of tomato cv. Moneyberg was performed with Agrobacterium 
tumefaciens C59C1 as previously described but with media B supplemented with 1 

mg/L 2,4D and with 200 explants as starting material (Van Roekel et al., 1993). Tissue 

culture was done in a growth chamber with 16 h light and 8 h dark at 25 ˚C. Rooted 
transformants were transferred to rockwool and acclimatized in a growth chamber. 

Alternatively, plants were sown on filter paper and transferred to cubes of rockwool 

after a week. Five to Eight weeks later seedlings were transplanted into a greenhouse 
(Unifarm, Wageningen 51.57˚N, 5.31˚E, The Netherlands) on rockwool slabs at a density 

of 2.5 plants*m–2. Nutrients were provided by fertigation (EC 4.5, pH 5.6). Climatic 
conditions in the greenhouse were at ambient temperature (> 20˚C) under a 16h 

light/8h dark cycle (0.6–28.4 MJ m–2 day–1 natural light supplemented with artificial 

light using high pressure sodium lamps (SON-T Agro 600 Watt, Philips, Eindhoven, The 
Netherlands). Side shoots were removed once a week. Flowers were pollinated by 

vibrating each flower/truss three times a week with an electric toothbrush.  

Genotyping 

Genomic DNA from young leaves was isolated using the hexadecyl 
trimethylammonium bromide (CTAB) method (Porebski et al., 1997).. Detection of 

transgenes in each generation was done by detection of Cas9 and/or NPTII and for 

transformed plants the CIF1 target region was Sanger sequenced using one of the PCR 
primers ((TTaabbllee  SS33)). Plants with heterozygous or bi-allelic mutations (T0) in the region of 

interest were selfed. Segregation in T1 plants for the presence of a homozygous or bi-
allelic mutation in the region of interest, while lacking the T-DNA insertion, was selected 

in seedlings.  
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Phenotyping  

T0 plants were only used for genotyping and seed collection. In the T1 generation, one 

or two plants per genotype were placed randomly on a row in the greenhouse. Seven 

flowers per truss were vibrated at anthesis, and other flowers were removed.  The first 
truss was used for seed collection and the subsequent four trusses were used for 

phenotyping. The first four fruits of a truss were grown to the ripe stage for 
phenotyping. Individual fruits were harvested at breaker+7 (±1 day) for phenotyping. 

The three remaining fruits were harvested at 10 days (±1) after anthesis (DAA), and the 

columella was dissected and snap-frozen in liquid nitrogen for invertase activity 
analysis. In the T2 generation, three plants per genotype were randomly placed on a 

row in the greenhouse. Six flowers per truss were vibrated with an electric toothbrush-

holder at anthesis. Excess flowers were removed. The first truss was used for seed 
collection and the three subsequent trusses were used for phenotyping. Individual fruits 

were harvested at breaker+7 (±1 day) for phenotyping. Fruit width, weight and brix were 
measured. Brix measurements were done in duplicate per fruit with an Atago PR-32  

digital refractometer. 

Invertase assay 

0.3 g of homogenized cryogenic-ground 10 DAA columella T1 samples was mixed with 

0.45 mL extraction buffer (500 mM sodium-acetate (NaAc) buffer at pH 4.7, 100 mM 
sodium-bisulfite, 100 mM phenylmethylsulfonyl fluoride (PMSF), 340 μl/ml -mercapto-

ethanol) followed by centrifuging for 15 minutes at 4°C, 14,000 rpm. The pellet fraction 

was used for cell wall invertase activity. It was dissolved in 300 μl extraction buffer, 

washed using 100% ammoniumsulfate and incubated on ice for 45 minutes. After 
incubation on ice, samples were centrifuged for 10 minutes at 4°C, 14,000 rpm. 

Remaining pellet was washed again with 80% ammoniumsulfate and incubated on ice 

for 45 minutes. Centrifuging at 10 minutes at 4°C, 14,000 rpm yielded a pellet that was 
dissolved in 150 μl 50mM NaAc buffer.  40 μl of the resulting enzyme mix was then 

mixed with 40 μl of invertase substrate (500 mM NaAc buffer, 2% sodiumazide, 250mM 
sucrose). Incubation was done at 30°C. 20 μl samples were taken after 0, 30 and 60 

minutes and inactivated at 96°C for 2-5 minutes. 80 μl of Milli-Q water was added and 

samples were stored at -20°C. Prior to measuring using high performance anion 
exchange chromatography (Dionex ICS-5000+ Detector/Chromatography 

Compartment) samples were cleaned using anion exchange buffer. The final dilution 

was 48.5x. A standard containing glucose, fructose and sucrose was used for sugar 
measurements. Two to three replicates per genotype were performed, with each 

replicate consisting of 1-3 fruits. 
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Gene expression analysis 

RNA was isolated from homogenized cryogenic-ground T3 10 DAA whole fruit ground 

samples by using the MaqMaxTM-96 total RNA isolation kit with Plant RNA isolation aid 

(Thermo Fisher Scientific) with a KingFisher 96 Magnetic Particle Processor. cDNA was 
synthesized with the iScript cDNA synthesis kit (Bio-Rad). qRT-PCR was performed with 

iQ SYBR Green Supermix (Bio-Rad) on a Bio-Rad CFX6 qRT-PCR instrument. The 
following condition was applied for PCR amplification: 3 min 95˚C, 40*[15 s 95˚C, 60 

s 60˚C], followed by a melt-curve. Actin was used as a refence (TTaabbllee  SS33). Relative 

expression changes were calculated according to the 2- CT method as described (Livak 

and Schmittgen, 2001). For each genotype, three plants were sampled. Each sample 
consisted of a pool of tree fruits.  

RT-PCR was performed with a Q5 polymerase PCR and specific primers for CIF1 (TTaabbllee  

SS33). The following condition was applied:  1 min 98°C, 37*[10 s 98°C, 20 s 61°C, 1 min 
72°C], 5 min 72°C. 

Statistical analysis 

Statistical analysis was performed with R, package version 3.5. For all data, normal 

distribution was confirmed, and ANOVAs were used to test for significant differences 
between mutants and wild type.  
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Supplementary Tables 
SSuupppplleemmeennttaarryy  TTaabbllee  11::  Off-targets of the four used sgRNAs up to 3 mismatches 

TTaarrggeett  OOffff  ttaarrggeett  SSeeqquueennccee  MMiissmmaattcchh  PPoossiittiioonn  MMiissmmaattcchh  ccoouunntt  CChhrroommoossoommee  

1 ACGAAGAAAGAAACATTATTGGG ..**..*............. 3 SL2.40ch01 
1 TCATAAAAAGAAACATTATTTAG *....**............. 3 SL2.40ch01 
1 ACATAGGAAGAAAAAGTATTGGG ......*......*.*.... 3 SL2.40ch01 
1 ATAAAGCAAGAAATATTATTTGG .*.*.........*...... 3 SL2.40ch04 
1 GCATACCAAGAAATATTATTGGG *....*.......*...... 3 SL2.40ch05 
1 ATATCGCAAGAAACATAATTCGA .*..*...........*... 3 SL2.40ch05 
1 TCATAGCAAAAAAGATTATTCGG *........*...*...... 3 SL2.40ch05 
1 ACATGGCAAGAAACATTATGGGG ....*..............* 2 SL2.40ch05 
1 ACTGAGCAAAAAACATTATTTGG ..**.....*.......... 3 SL2.40ch07 
1 TCATAGCAAGACACATTAATAGG *..........*......*. 3 SL2.40ch07 
1 TCAAAGTAAGAAACATTATTAGA *..*..*............. 3 SL2.40ch08 
1 ACATAGAAAGAAACATTATAGAG ......*............* 2 SL2.40ch09 
2 AATATGTTGCTAGTAACAAATAG **.................* 3 SL2.40ch09 
3 GGATCCTTCCAAGATTGAAGCGG .....*.......*....*. 3 SL2.40ch00 
3 GGATCTTTTTAAGTTTGAGGTGG ........**...*...... 3 SL2.40ch01 
3 GGAACTTTCTAAACTTGAGGGGG ...*.....*..*....... 3 SL2.40ch04 
3 GGATCTTATCAAGCTTTAGGAGG .......**.......*... 3 SL2.40ch04 
3 GGGTGATTCCAAGCTTGAGGAGG ..*.**.............. 3 SL2.40ch05 
3 GGATCCTTCCAAGATTGAGACGG .....*.......*.....* 3 SL2.40ch06 
3 GGAACTTTCTAAACTTGAGGAGG ...*.....*..*....... 3 SL2.40ch07 
3 GGATCTTTCTCAACTTGAGGAGG .........**.*....... 3 SL2.40ch07 
3 GGAACTTGCTAAGCTTGAGGGGG ...*...*.*.......... 3 SL2.40ch07 
3 GGATCTTTCTAAGATTGAGACGG .........*...*.....* 3 SL2.40ch07 
3 GGATCCTTCCAAGATTGAAGCGG .....*.......*....*. 3 SL2.40ch07 
3 GGATGTCTCAAAGCTTGAGGGAG ....*.*..*.......... 3 SL2.40ch08 
3 GGATGTCTCAAAGCTTGAGGGAG ....*.*..*.......... 3 SL2.40ch10 
3 AGATGTTTCTAAGCTTGAGGGAG *...*....*.......... 3 SL2.40ch11 
3 GGATCTTGCTAAACTTGAGGAGG .......*.*..*....... 3 SL2.40ch12 
3 GGATCTTATCAAGCTTTAGGAGG .......**.......*... 3 SL2.40ch12 
3 AGATGTTTCTAAGCTTGAGGGAG *...*....*.......... 3 SL2.40ch12 
3 GGGGAATTGGTTAATTCCCCAAAAGGCCTTTTGGAAGGGGAAGGGG  ....*.*............. 2 SL2.40ch12 
4 GAAAAGGCACAACCTTTCAAAGG ............***..... 3 SL2.40ch01 
4 GAAAACGCACAATCTTTCAAGGG .....*.......**..... 3 SL2.40ch03 
4 GAAAAGGCACAACTTTTAAACGG ............*.*..*.. 3 SL2.40ch05 
4 CAAAACTCACAATTCTTCAAGGA *....**............. 3 SL2.40ch05 
4 GCATAGTCACAATTCTTCAAAAG .*.*..*............. 3 SL2.40ch08 
4 ACAAAGGCACAATGCTTCAATGG **...........*...... 3 SL2.40ch09 
4 GCAAAGTCACAATTCTTCAGGAG .*....*............* 3 SL2.40ch10 
4 GAAAAATCACAATTCTTCAAAAG .....**............. 2 SL2.40ch10 
4 GAATAGGAACAACTCTTCAAAAG ...*...*....*....... 3 SL2.40ch12 
4 GCAAAGGCAGAATTATTCAAAGG .*.......*....*..... 3 SL2.40ch12 
4 GGAAAGGCACAATTATTCCACGG .*............*...*. 3 SL2.40ch12 

Target 1: ACATAGCAAGAAACATTATT; Target 2: GCTATGTTGCTAGTAACAAG: Target 3: 

GGATCTTTCCAAGCTTGAGG; Target 4: GAAAAGGCACAATTCTTCAA. The bold off-target is in CIF1-like. 
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SSuupppplleemmeennttaarryy  TTaabbllee  22: T2 phenotyping of knock out lines 

LLiinnee  AAvveerraaggee  

˚̊BBrriixx    

˚̊BBrriixx  

iinnccrreeaassee  

%%  ˚̊BBrriixx  

ddiiffffeerreennccee  

AAvveerraaggee  

wweeiigghhtt  ((gg))  

WWeeiigghhtt  ((gg))  

IInnccrreeaassee  

%%  wweeiigghhtt  

ddiiffffeerreennccee  

CIF1 4.87 99 

cif1-cr1 5.41 0.54 11.0 73 -26.7 -26.8 
cif1-cr2 5.05 0.18 3.6 75 -24.6 -24.7 
cif1-cr3 5.06 0.19 3.8 76 -23.7 -23.8 
cif1-cr4 5.20 0.32 6.6 72 -27.9 -28.0 

 

  

  

SSuupppplleemmeennttaarryy  TTaabbllee  33: Primers used in this study 

DDeessccrriippttiioonn  NNaammee  SSeeqquueennccee  ((55’’--33’’))  

Vector construction 
Fw primer used to amplify the 

sgRNA for pL1 assembly 
sgRNA1_F 

TGTGGTCTCAATTGACATAGCAAGAAACATTATT

GTTTTAGAGCTAGAAATAGCAAG 
Fw primer used to amplify the 

sgRNA for pL1 assembly 
sgRNA2_F 

TGTGGTCTCAATTGGCTATGTTGCTAGTAACAA

GGTTTTAGAGCTAGAAATAGCAAG 
Fw primer used to amplify the 

sgRNA for pL1 assembly 
sgRNA3_F 

TGTGGTCTCAATTGGGATCTTTCCAAGCTTGAG

GGTTTTAGAGCTAGAAATAGCAAG 
Fw primer used to amplify the 

sgRNA for pL1 assembly 
sgRNA4_F 

TGTGGTCTCAATTGGAAAAGGCACAATTCTTCAA

GTTTTAGAGCTAGAAATAGCAAG  
Universal Rv primer used to amplify 

sgRNAs for pL1 assembly 
sgRNA_R TGTGGTCTCAAGCGTAATGCCAACTTTGTAC 

Validating pL2 construction 
pL2_F TCATCAGTCAATTACGGGGCT 
pL2_R CGCACGGCTGGCACATACAA 

Genotyping 

Genotyping NPTII 
NPTII_F AGACAATCGGCTGCTCTGAT 
NPTII_R AGCCAACGCTATGTCCTGAT 

Genotyping Cas9 
Cas9_F CTGGCCAATGGAGAGATTCG 
Cas9_R GCTCCCTGATGGGCTTATCC 

Genotyping CIF1 

(Solyc12g099200) 
CIF1_F CCCACCGAAAACACAAAGCA 
CIF1_R GCAACCAGTAAGATAGGGTCG 

Genotyping CIF1-Like 
(Solyc12g099210) 

CIF1-Like_F ATCCAAATTCATTGTTATCC 
CIF1-Like_R TATTTATTAAGAGAGGCTTATTG 

qRT-PCR 

qRT-PCR Actin (Solyc11g005330) 
Actin_F TGTCCCTATTTACGAGGGTTATGC 
Actin_R AGTTAAATCACGACCAGCAAGAT 

qRT-PCR CIF1 (Solyc12g099200) 
CIF1_F GTTGGTAGAGCCATTGTAAGAAATTT 
CIF1_R TGATCATAATGTGACGAATCGAAT 

qRT-PCR CIF1-Like 
(Solyc12g099210) 

CIF1-Like_F CTGGAGATGCACAAGAATGTGA 
CIF1-Like_R TATTAAGAGAGGCTTATTGATTCAC 

qRT-PCR CIN2 (Solyc01g058020) 
CIN2_F GGCAGTGACCCTAAGAATACG 
CIN2_R AGCCAAATCCACCGCTTT 

qRT-PCR CIN3 (Solyc01g100810) 
CIN3_F TGGTCCATTGTGTCGTCTT 
CIN3_R GGTGTGTTCTTAGGGTCGCT 

qRT-PCR CIN4 (Solyc01g111100) 
CIN4_F CGTAGAATGGGTGTGTATGG 
CIN4_R GAACTTGTTGACTGCTGTGTG 

qRT-PCR CIN5 (Solyc04g081440) 
CIN5_F AGATGTGCCTTGTTTCTCCT 
CIN5_R CCGATGAAGTAACCACCAC 
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SSuupppplleemmeennttaarryy  TTaabbllee  33 continued  

DDeessccrriippttiioonn NNaammee SSeeqquueennccee  ((55’’--33’’)) 

qRT-PCR deCWIN 

(Solyc03g121680) 
deCWIN_F AGTATGAGAGGATGGGCTGG 
deCWIN_R TCTGCCTGTGTAGCATTGAC 

qRT-PCR 

HSP17.7 (Solyc06g076540) 
HSP17.7_F ACTTGGCATCGTGTGGAAC 
HSP17.7_R ACTTGACATCAGGCTTCTTCAC 

qRT-PCR HT2 (Solyc09g075820) 
HT2_Fw TCAACTACGGAACAGCCAAG 
HT2_Rv TCAGGTTCAATGTTGTCGGT 

qRT-PCR LIN5 (Solyc09g010080) 
LIN5_Fw TGGGGTTGGTCAAATGAATCCG 
LIN5_Rv GAATACCTTGAATTCCAGCCCATCC 

qRT-PCR LIN9 (Solyc08g079080) 
LIN9_Fw ACTGGGTCAACCAACGAATC 
LIN9_Rv TGCCCTCATACTTGATCCAT 

qRT-PCR SWEET7a 

(Solyc08g082770) 
SWEET7_F TGATGCCTACATTCTCGCACC 
SWEET7_R TCCTTTAGCCTCTCTTGCTGCC 

qRT-PCR SWEET12c 

(Solyc05g024260) 
SWEET12c_F GCATCGTGTTTCAAGTGGTTCG 
SWEET12c_R TCTATCGCTGGCTTTGCGTT 

qRT-PCR SWEET14 

(Solyc03g097560) 
SWEET14_F GCCAAAGGCAATCATAGAGG 
SWEET14_R AGGCACACACAATCAGACCT 

RT-PCR 
RT-PCR CIF1 CIF1_Fw CTAATAATGTTTCTTGCTATGTTGC 
RT-PCR cif1-cr3 CIF1cif1-cr3_Fw TCCTAATATTTCTTGCTATGTTGCT 
RT-PCR CIF1 CIF1_Rv AGAGGGGATACACACATAACATT 

F: Forward, R: Reverse, pL1: level 1 plasmid Golden Gate, pL2: level 2 plasmid Golden Gate. Genes in this study 

can be found in the Sol Genomics Network website (https://solgenomics.net/) with the listed accession 

numbers 
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Abstract 
In this chapter we investigated a gene targeting approach for modification of LIN5, the 

tomato gene encoding a cell wall invertase involved in sugar accumulation. The goal 
was to substitute the three amino acids that are most likely underlying the higher LIN5 

activity in the Brix9-2-5 quantitative trait locus (QTL). We created a construct for 

expressing SpCas9 and multiple sgRNAs each targeting one amino acid and creating a 
double stranded break at each site. A geminiviral replicon system was used for the 

simultaneous production of the donor template for homologous repair. In protoplast 
assays we obtained gene targeting rates between 0.2 and 1.5%, while a stable 

transformation led to one plant with gene targeting events in two targets and an indel 

in the third target. The use of three sgRNAs led to high rates of indels in combination 
with the intended amino acid substitutions. Because of the low rates of HR and high 

rates indel formation, no stable transformant was obtained with all three intended 

amino acids that would lead to a higher Brix. Our conclusion is that successful Gene 
Targeting with the geminiviral replicon system, Cas9, and multiple sgRNAs in transgenic 

tomato is feasible, but needs to be optimized to achieve higher frequencies.  

Introduction 

In the previous chapters we have used CRISPR/Cas9 mutagenesis to apply variation in 

the LIN5 and AGPL1 promoters, respectively. Our goal was to modulate Cis-regulatory 

Elements (CREs), to create lines that had increased expression of our target genes. We 
hypothesized that by removing CREs, expression could be modified locally without 

severe pleiotropic effects. Instead of increasing expression of the gene, an approach 
targeting the protein for higher enzymatic activity could also give the desired 

phenotype. For the Brix9-2-5 QTL, increased Brix was attributed to increased enzymatic 

activity, not increased expression of LIN5. Three amino acid substitutions, Glu348Asp, 
Asn366Asp and Leu373Val, in the S. pennellii LIN5 protein compared to S. lycopersicum 

were linked to the increased Brix phenotype (Fridman et al., 2000, 2004). It was 

hypothesized that the Glu to Asp substitution at position 348 would be the most 
important, as it is closest to the active site of the invertase. The conservation of this 

residue in other invertase proteins further supports an essential role. The ASN to ASP 
substitution at position 366 was also correlated with an increase in sugar when 

constitutively expressed (Tieman et al., 2017).  

In planta modification of the involved amino acids would be an ideal method to study 
the relevance of each or all amino acids. The rapid development of CRISPR/Cas tools 

inspired us to re-create the three amino acid substitutions by gene targeting. Effects of 

all three or single amino acid substitutions could then be validated and studied in any 
desired cultivar. Additionally, the use of gene targeting would allow us to create a 

desired genotype in two generations without the need of back-crossing and 
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introgression lines. The first generation would contain the CRISPR/Cas gene targeting 

construct and the desired substitution. In the second generation, the CRISPR/Cas-
construct could be segregated out, leaving a modified heterozygous or homozygous 

LIN5 allele in the absence of any foreign DNA. 

Gene targeting is defined as the modification of a gene using  Homologous 
Recombination (HR) (Paszkowski et al., 1988), and efficient HR has been a long-coveted 

goal in plant genetics. Past attempts with Agrobacterium-mediated transformation have 

been successful, but with low success rates of approximately one targeting event per 
104 to 105 transformation events using different transformation methods and plant 

species (Paszkowski et al., 1988; Offringa et al., 1992). HR can occur after a double 
stranded break (DSB)  in the DNA. The preferred repair mechanisms of a DSB in plants 

is Non-homologous end joining (NHEJ), which can be imprecise and result in small 

indels or larger deletions (Shukla et al., 2009; Symington and Gautier, 2011; Deriano 
and Roth, 2013; Knoll et al., 2014; Schiml et al., 2014; Čermák et al., 2015; van Overbeek 

et al., 2016; Tan et al., 2020). With HR, available homologous DNA is used as a repair 

template. This can be in the form of a sister chromatid, a tandem duplication or a piece 
of exogenously supplied donor template (Puchta, 2004; Symington and Gautier, 2011). 

The donor template can contain anything from small modifications in an otherwise 
identical whole gene or the insertion of entirely new sequence between two arms with 

homology to the target (D’Halluin et al., 2013; Čermák et al., 2015).  

Sequence-specific nucleases such as meganucleases, Zinc-finger nucleases, and most 
recently Cas nucleases have given us the possibility to generate DSBs at a predefined 

target site (Shukla et al., 2009; Townsend et al., 2009; Wang et al., 2012; Jinek et al., 

2012; D’Halluin et al., 2013). This allows the control of the exact location of intended 
HR (Puchta and Fauser, 2014). The amount of donor template able to reach the nucleus 

and the DSB site has always been a bottleneck for achieving high rates of HR. Recently, 
a promising approach using geminivirus-based DNA replicons achieved a high 

frequency HR without the use of a selection marker for insertion in tomato (Dahan-

Meir et al., 2018). In this system, replication initiator protein (Rep) generates a high 
amount of a circular dsDNA fragment, the replicon. Rep uses a Long Intergenic Region 

(LIR)  as the origin of replication and Short Intergenic Regions (SIR) as the origin of 

replication for the complementary and virion-sense transcripts, as well as transcription 
termination and polyadenylation (Fondong, 2013). Between the SIR and LIR, a fragment 

of interest, e.g., a donor sequence for HR, can be inserted. Upon transformation to a 
plant, Rep produces a large amount of the donor template in the replicon. This replicon 

can then serve as the donor template for HR at a CRISPR/Cas generated DSB site. 

We used this replicon system to produce the template for modification of the three 
amino acids of interest in LIN5. For this we used a multiplexed setup, where each amino 

acid substitution was targeted by one single guide RNA (sgRNA) and a single donor 
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template that contained the substitutions for all three amino acids. The system was 

tested in a stable transformation and in a high-throughput protoplast assay.  

Results and Discussion  
Gene targeting with the Geminiviral-replicon donor delivery system is not 
efficient in stable transformation 

Our goal was to induce three targeted nucleotide substitutions in LIN5 leading to three 

amino acid substitutions in the protein (FFiigguurree  11aa,,  bb). These amino acid substitutions 

were chosen as they are thought to be the cause of a higher Brix phenotype in the S. 
pennellii -introgression Brix-9-2-5 (Fridman et al., 2004; Zanor et al., 2009). We used 

the effective CRISPR/Cas9 mutagenesis system to create a Double Stranded Break 

(DSB) to initiate Homologous Recombination (HR)  with a provided template.  Four single 
guide RNA (sgRNAs) were designed to target the three amino acids of interest (FFiigguurree  

11aa). SgRNA1a or sgRNA1b targeted the Glu348Asp substitution, sgRNA2 targeted the 
Asn366Asp substitution and sgRNA3 targets the Leu373Val substitution. The donor 

template was designed to have the three necessary nucleotide substitutions that would 

result in the desired amino acids (FFiigguurree  11bb). In all cases, the predicted Cas9 DSB site (-
3 from the Protospacer-Adjacent Motif; PAM) were chosen to be as close as possible 

to the intended substitution, at least within the “seed” region (10-12 nucleotides from 

the PAM). The proximity of the substituted nucleotide to the PAM, should abolish sgRNA 
binding activity on the target site in case of a successful HR event (Semenova et al., 

2011; Wiedenheft et al., 2011; Pattanayak et al., 2013; Jiang and Doudna, 2017). The 
donor template contained one additional nucleotide substitution that removed a BpiI-
site, which interfered with cloning (FFiigguurree  11aa).  

A left (969 bp) and right (792 bp) homology arm was added to make the final donor 
template (FFiigguurree  22aa)). Large amounts of donor template were generated by using the 

bean yellow dwarf virus geminiviral rolling circle replicon (FFiigguurree  22bb) (Dahan-Meir et al., 

2018). The system was cloned in both a GreenGate vector as well as in a Golden Gate 
vector (FFiigguurree  22cc) (Weber et al., 2011; Lampropoulos et al., 2013; Engler et al., 2014). 

The T-DNA constructs contained the CRISPR/Cas9 system with three different sgRNAs, 
aCas9 expressed under transcriptional control of the Petroselinum crispum (parsley) 

PcUbi4 promoter, and the replicon machinery consisting of replication initiator protein 
(Rep)  and two Short Intergenic Repeats (SIR) harbouring the donor template and a Long 
Intergenic Repeat (LIR). For target 1, two sgRNAs were possible and one was tested in 

the GreenGate system (1a) and one in the Golden Gate system (1b). A Golden Gate 

control vector was made without the pcUbi4:aCas9 (“No Cas9”). NPTII and GFP were 
used as selection and screening markers for transformants.  
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FFiigguurree  11: ((aa))  A close-up of the third LIN5 exon, aligned with S. pennellii and the eventual donor template. 

Differential nucleotides are highlighted red and underlined. Three different guides were identified in the regions 

of interest, highlighted in blue. The PAM regions are highlighted grey, as well as a BpiI site in S. lycopersicum.  

Target 1a: GreenGate. Target 1b: Golden Gate ((bb)) the resulting amino acid alignment of the same region. 

Mismatched amino acids are highlighted.  

First, we performed a stable transformation with the GreenGate vector. There, the 

transformation efficiency was extremely low. Out of 375 co-cultured explants, only 35 
showed a GFP signal (9% transformation efficiency) three weeks after transformation. 

From these explants, we obtained seven rooted, diploid primary transformants (T0). Five 

of these (lin5-cr-01, -03, -04, -06 and -07) produced the viral replicon DNA as was 
shown by PCR and a qPCR, both with primers specific for the circular replicon (FFiigguurree  

33aa,,  33bb). The qPCR indicated a ~150-fold increase in copy number of the replicon. Thus, 
the supply of abundant donor template was successful. Six plants had indels at target 2 

and target 3, but none had the intended Gene Targeting substitutions (FFiigguurree  33cc).  
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FFiigguurree  22::  ((aa))  Diagrams showing the genomic region of the LIN5 gene. A DSB is induced three times in the 

target-region by the CRISPR/Cas9 system. Primers for genotyping are represented by half arrows, as well as 

the region of the sgRNA targets. ((bb))  Recombination in the regions of homology between the donor and the 

broken target results in the replacement of the deletion allele by the modified donor template. The donor 

template is generated by in the geminiviral replicon ((cc))  Plants were transformed with a single construct 

containing Cas9 under the expression of the PcUbiquitin4 (Ubi4) promoter, three sgRNA (AtU6p:t1a/b, :t2, :t3), 

Rep, the modified donor template and short intergenic sequence (SIR) in the geminiviral replicon defined by 

the large intergenic region (LIR) sequences. Kanamycin resistance for the NPTII gene and turboGFP (tGFP) 

were used as transformant selection markers. The control construct has the geminiviral replicon and sgRNAs 

but no Cas9 endonuclease. 

An identical 6-bp deletion in target 2 in all mutants is possibly a result of preferred 

microhomology-mediated end-joining at that position (Deriano and Roth, 2013; van 

Overbeek et al., 2016; Tan et al., 2020). Interestingly, all mutants appeared to be 
homozygous, which if not coincidental, could indicate repair of a DSB by HR with an 

already mutated sister chromatid as template. 
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FFiigguurree  33::  GreenGate vector transformation  ((aa))  Electrophoresis gel showing the PCR products from 

genotyping. Genomic DNA was used, obtained from leaf tissue ((bb))  Relative quantification of the circular 

replicon from genomic DNA. Primers 4R and 4F were used for the replicon and compared to a primer pair on 

the LIN5 promoter (TTaabbllee  SS22). Two replicates of a non-transformed (LIN5), T0 plants and pieces of callus from 

tissue culture. Bars represent the standard error of the mean of the replicates. Genomic DNA was used, 

obtained from leaf tissue. ((cc)) Alignments of the wild-type (LIN5) and mutant coding sequences. sgRNA target 

regions are highlighted with a grey PAM. Mutations are highlighted.   

We used 1017 explants for a stable transformation with the Golden Gate vector. This 
vector backbone proved much more efficient in transformation, with 99% of the 

explants developing GFP positive callus (FFiigguurree  44aa). 212 transformed shoots were 

genotyped, of which 125 produced the replicon (FFiigguurree  44bb,,  cc). Out of these 125, the 
majority (105) had indels in one or more of the targets. Only one shoot had a 

heterozygous Gene Targeting event at both target 1 and target 2.  
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FFiigguurree  44::  Golden Gate vector Transformation  ((aa)) Two representative pictures of explants with early callus 

development during tissue culture, three weeks after cocultivation with the Golden Gate construct. Picture is 

taken with an UV-torch. The transformation is highly efficient, with 99% of explants showing GFP-positive callus 

development. ((bb))  Representation of the number of shoots genotyped and either or not containing the replicon. 

Of the plants that contained the replicon, the number of shoots that had a wild-type genotype, displayed indels 

or evidence of homologous recombination (HR), are shown. ((cc)) Electrophoresis gel showing the PCR products 

of genotyping. ((dd)) Alignments of the wild-type (LIN5) and mutant coding sequences. sgRNA target regions are 

highlighted with a grey PAM. Mutations are highlighted. The two alleles (a, b) are shown for lin5-cr-08.  

*LIN5-GT-01 was bi-allelic or heterozygous mutant/wild-type. However, we did not resolve the individual 

alleles. For each target, one strand had a wild-type sequence, but the linkage between the alleles was not 

determined. See FFiigguurree  SS11 for the trace-alignment.  
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However, an indel was also present in target 3, resulting in a disruption of the LIN5 open 

reading frame (FFiigguurree  44dd,,  FFiigguurree  SS11). In addition, this plant failed to root and could not 
be propagated. From the stable transformation experiment, we concluded that the 

sgRNAs were highly effective in creating DSBs and that the replicon was produced. 

However, as expected, NHEJ was the dominant repair mode, and a much higher 
number of shoots would have to be screened to detect true Gene Targeting events. 

Several mutant plants from the GreenGate vector transformation (lin5-cr-01, -03, -04), 
and one ( -08) from the Golden Gate vector transformation were grown for 
propagation. These all produced the replicon and had homozygous or bi-allelic indels 

disrupting the LIN5 open reading frame (FFiigguurree  44cc,,  dd). All mutants had fertility issues. 
The GreenGate plants (lin5-cr-01, -03, -04) showed aberrant stigma development and 

no or little pollen (FFiigguurree  SS22). These plants either gave small, seedless fruit or no fruit-

set at all. Lin5-cr-08 did produce small fruit, but with only a few seeds. As all phenotypes 
were observed in the primary transformants, there is a high chance of a tissue culture 

effect. However, the observed lin5 knockout phenotype is in line with previous studies. 

LIN5 is known to have a role in early fruit set and development and is expressed in the 
reproductive organs and in early fruit development (4 hour till 5 days after pollination) 

(Shen et al., 2019). LIN5 silencing by RNA interference (RNAi) led to a lower Brix, smaller 
fruit, fewer seeds, and increased fruit abortion (Zanor et al., 2009). In other plant species 

a critical role for cell wall invertases has been found as well (Wan et al., 2018; Liao et 

al., 2020). We obtained a few seeds from a cross between the GreenGate vector 
mutants and wild-type for phenotyping in the Back-Crossed generation. Combined with 

the few seeds from lin5-cr-08, the true phenotype of a LIN5 knockout remains to be 

determined in a follow-up study.  

High-throughput Gene Targeting in protoplasts results in low, but measurable 
rates of HR 

To get a better understanding of feasibility and HR rates, we used protoplast 

transfection with the LIN5 GT vectors, combined with Next Generation Sequencing 

(NGS) for a high-throughput analysis of DSB repair events. The GreenGate vector was 
transfected to three different batches of protoplasts. Two mock transfections were 

taken as a negative control. The experiment was performed twice, once with 20 hours 

incubation and once with 50 hours incubation after transfection. A first PCR was 
performed with primers F1 and R1 (FFiigguurree  22aa,,  FFiigguurree  SS44aa) that were designed to anneal 

outside the donor template. In the second nested PCR, the NGS-amplicon was 
amplified with barcoded primers F2 and R2 (FFiigguurree  SS44bb). Between 16,000 and 29,000 

aligned reads were obtained per sample with Illumina NGS sequencing. Analysis of the 

amplicon sequences revealed that, as with stable transformation, the NHEJ-events 
leading to indels arose frequently, at approximately 25% (FFiigguurree  55aa). Indel frequencies 

did not differ between 20 or 50h post-transfection incubation. HR-rates, comprising 

the sum of all substitution events in the amplicon, were 0.76% after 20 hours and 0.83% 
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after 50 hours, which were significantly higher than the background rate of HR-like 

substitutions (0.13%) events found in the mock treatments (FFiigguurree  55bb). HR events were 
often combined with indels in one or more of the targets, similar as to what was seen 

in the one stable transformant with evidence of HR. A combination with indels occurred 

in 34% of the HR events at 20 hours and 52% at 50 hours.  

The HR-like events in the mock treatments could be due to a combination of random 

occurring mutations, sequencing errors, PCR template-switching, and cross-

contamination of samples during and/or after transfection. Cross-contamination during 
transfection is not likely, since then the NHEJ-levels would have been higher in the 

mock treatments. In the Gene Targeting samples, only 0.07% or reads resulted in all 
three amino acid substitutions (Sub1,2,3), while none of the mock treatments resulted 

in the perfect HR repair or the repair of the complete replicon (Sub0,1,2,3). From this, 

we think it is highly likely that the HR-like events in the mock treatment are most likely 
naturally occurring mutations or sequencing errors. Different combinations of Sub1, 2 

and 3 were present at 0.27% (20 hours) and 0.43% (50 hours) (FFiigguurree  SS33). The 

substituted BpiI site in the replicon (sub0) occurred in nearly half the total HR events. 
This could be the result of PCR contamination of the replicon or of HR events using 

the complete donor template. To estimate the level of replicon contamination, we used 
a “no cas9” control vector (FFiigguurree  22cc) that did contain the replicon in the second 

protoplast assay. 

The second assay was performed with the Golden Gate vectors (FFiigguurree  22bb). Only 50 
hours were taken as post-transfection incubation. 41% indels were detected (FFiigguurree  55cc). 

This time, between 37,000 and 67,000 reads were aligned per sample. The rate of HR 

was 3.17 % and 0.46% contained all intended substitutions (Sub1,2,3, FFiigguurree  55dd). The 
rates of the HR-like events in the “no Cas9” and mock treatment were 1.61 and 1.12% 

respectively, with perfect HR rates of 0.24% and 0.13% respectively. Since we can 
observe both the intended HR substitutions (Sub1,2,3) and the complete donor 

template (Sub0,1,2,3) in the mock and “no Cas9” treatment, this gives an indication that 

some form of contamination is occurring. As the mock treatment should not contain 
any replicon, the contamination probably occurred from low-level (approximately 1%) 

cross-contamination between samples. This would have happened after the 

transfection, since the NHEJ levels of the control samples were low. In the “No Cas9” 
treatment, the presence of the replicon seems to give some additional background 

noise over the mock treatment. Thus, subtraction of the HR-like events of the “No Cas9” 
treatment from the HR-events in the Gene Targeting treatment was done to get an 

estimate of the net rate of HR efficiency. This was 1.55% total HR, 0.22% with all three 

amino acids substituted (sub1,2,3) and 0.57% with the complete donor template 
(sub0,1,2,3). Even though the probable contamination between samples and 

contamination from the replicon during sample processing was obstructive, the rates 

of HR-like events in the controls were low enough to discern the HR rates in the Gene 
Targeting treatment.  
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FFiigguurree  55::  Analysis of GT experiments for GreenGate  ((aa,,bb))  and Golden Gate  ((cc,,dd))  vectors, respectively..    ((aa,,  cc)) 

NHEJ-events in the GreenGate and Golden Gate vector protoplast transfections.  ((bb,,  dd))  Substitution events in 

the GreenGate and Golden Gate vector protoplast transfections. Substitution 0 (Sub0) stands for an altered 

BpiI site, as in the Replicon. Sub1, 2 and 3 are the intended HR substitutions in the open reading frame of LIN5. 

The mean of 3 independent transfections is shown. Error bars represent the standard error of the mean. 

Statistically significant differences are represented by asterisks (* p<0.05, ** p<0.01, *** p<0.001), determined 

by pairwise t-tests.  

 

Conclusion and future perspective 

We intended to modify three specific amino acids in the LIN5 protein to replicate the 
S. pennelli allele of the Brix-9-2-5 QTL. In this QTL, one or more of these amino acid 

substitutions were shown to be the underlying cause of the higher Brix phenotype. A 
promising strategy for achieving this goal was Gene Targeting using CRISPR/Cas9-

induced homologous recombination (HR) with a geminiviral replicon donor template 
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delivery system (Baltes et al., 2014; Dahan-Meir et al., 2018).  However, we did not 

achieve the 25% Gene Targeting events in transformed plants that were described in 
the work of Dahan-Meir et al., nor was this achievement equalled elsewhere since then. 

The estimated frequency of Gene Targeting of the LIN5 open reading frame at our 

chosen target region ranged from 0.2 to 1.5% in protoplast transfection assays.  In 
theory, the rates were high enough to obtain a stable transformant, if the same 

frequency as in protoplasts applies. However, in a stable transformation, we obtained 

just one transformant out of 212 genotyped that had a partial HR-event.  

We used a multiplexed system with three sgRNAs, each targeting one of the amino 

acids of interest, as we hypothesized that combining targets and thus subsequent DSBs 
could increase the chance of HR occurring. Whether this assumption is correct remains 

to be tested in a larger experiment, comparing different numbers and combinations of 

sgRNAs. However, the multiplex approach may be compromised by the observation 
that even when successful HR occurred at one of three target sites, one or two of the 

other targets contained an indel. This may also the case for our one successful HR-

event in the stable transformation, although we did not determine the two individual 
alleles. A benefit of the method is that the protoplast assay showed that also single 

amino acid substitutions were present, albeit at low frequencies. This means that all 
combination of substitutions could be obtained from a single vector and 

transformation, allowing the production of a range of alleles and assessment of 

individual amino acid functions.  

A possible way to increase HR rates is to optimize the replicon-based system further, 

for instance by using different, more specific, or more active, promoters. However, we 

showed that the number of NHEJ-induced mutations was high, indicative of effective 
sgRNAs and successful inductions of double strand breaks. The replicon was also 

produced in large amounts, although the optimal concentration is not known. Thus, it 
appears that the system up to actual HR, was working. Enhancement of the HR-

pathway or, alternatively blocking the NHEJ pathway could increase the rates (Even-

Faitelson et al., 2011; Kwon et al., 2012), as would the use of a selection marker or 
reporter for insertion, which ideally could also be removed later on (Shaked et al., 2005; 

Čermák et al., 2015; Butler et al., 2016; Gil-Humanes et al., 2017; Wang et al., 2017). The 

DSBs created by Cas12/Cpf1, which upon repair may allow another round of break and 
repair could potentially increase HR frequency, as was apparently the case in a recent 

study in tomato (Van Vu et al., 2020). Completely different approaches, such as the 
promising Prime Editing technique (Anzalone et al., 2019; Xu et al., 2020; Veillet et al., 

2020; Hassan et al., 2020; Lu et al., 2020), or base editing (Shimatani et al., 2017; Veillet 

et al., 2019) may also work for cases such as described here with relatively few 
substitutions but are not likely to be useful for substitution of longer stretches. 
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Methods  
CRISPR/Cas9 design and assembly 

Four single guide RNAs (sgRNAs) targeting the three amino acids of interest were 

selected. The CRISPOR tool (http://crispor.tefor.net/crispor.py, spCas9, target: 
Solanum lycopersicum) was used to predict efficacy and potential off-targets 

(Concordet and Haeussler, 2018). None of the selected sgRNAs had off-target sites with 

2 or fewer mismatches in the tomato genome. For the first amino acid substitution, two 
sgRNAs were used, sgRNA1a and sgRNA1b. sgRNA2 and sgRNA3 targeted the other two 

substitutions.  

The donor template was designed around the three amino acids substitutions. The 
target region with the desired modification in the amino acids and with a BpiI site 

removed was de novo synthesized (160 bp, GenScript (Leiden), FFiigguurree  11aa). As flanks or 
homology arms 969 bp left arm and 792 bp right arm were amplified from genomic 

DNA with specific primers (TTaabbllee  SS22). 

The GreenGate toolkit was used to assemble the GreenGate Gene Targeting vector 
consisting of pNOS:NPTII:tOCS (pGGA), PcUbi4:aCas9:tNOS (pGGB), AtU6:sgRNA1a, 
AtU6:sgRNA2, AtU6:sgRNA3 (pGGC), LIR-Donor template-LIR-SIR (pGGD), 

2x:p35S:Rep:tNOS (pGGE) and 2xp35S:turboGFP:t35S (pGGF) cut-ligated in the 
pGGZ001 backbone. All components were made GreenGate compatible by removing 

BsaI sites. The different components were assembled in level 1 or level 2 Golden Gate 
vectors (Engler et al., 2009; Weber et al., 2011). For instance, each sgRNA was fused to 

an Arabidopsis U6 promoter as AtU6:sgRNA:TTTT and cut-ligated to a level 1 vector. 

Correct parts were amplified from Golden Gate plasmids with a GreenGate compatible 
overhang (TTaabbllee  SS22) and the PCR product was cut-ligated in the correct GreenGate 

Vector. The final construct was transformed to E. coli DH5 . All MoClo kit plasmids 

were a gift from Sylvestre Marillonnet. pICSL01009:AtU6p was a gift from Sophien 

Kamoun. PcUbi4:aCas9 (pICH47742) was a gift from Renze Heidstra. pRep, pSIR and 
pLIR were a gift from Daniel Voytas (Baltes et al., 2014).  

The MoCLo toolkit and Golden Gate recombination were used to assemble the vectors 
(Engler et al., 2009; Weber et al., 2011). Level 1 constructs pNOS:NPTII:tOCS 

(plCH47732-pL1), p35S:aCas9:tNOS (plCH47742-pL2), p2xp35S:turboGFP:t35S 

(pICH47751-pL3), LIR (pICH47761-pL1-F4), Donor template (plCH47772-pL1-F5), SIR-LIR 
(pICH47781-pL1-F6), p35S-Rep-tNOS (plCH47791-pL1-F7), AtU6:sgRNA1b (plCH47732-

pL1-F1), AtU6:sgRNA2 (plCH447742-pL1-F2), AtU6:sgRNA3 (plCH47751-pL1-F3) and 

pLE6E  (pICH41766 ) were cut-ligated into the level 2 vector plCSL4723 (pL2). To obtain 
the whole construct, a two-step Golden Gate recombination was performed as 

described in (Weber et al., 2011; Werner et al., 2012). Additionally, the same vector was 
made with a dummy plasmid instead of Cas9 in the pL1-F2 position (pICH54022).   
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All vectors were confirmed by sequencing, transformed to Agrobacterium tumefaciens 

C58c1, and grown with rifampicin, gentamycin, and kanamycin selection. In 
Agrobacterium, the presence of the correct construct was confirmed by restriction 

analysis of re-isolated plasmid. 

Plant transformation  

Transformation was done with Agrobacterium tumefaciens C58C1 as previously 
described (van Roekel et al., 1993; Gupta and Van Eck, 2016). 375 and 1017 Solanum 
lycopersicum L. ‘Moneyberg’ cotyledon explants were used in the GreenGate 

transformation, and in the Golden Gate transformation, respectively. Tissue culture was 
done in a growth chamber with 16 h light and 8 h dark at 25 ˚C. Once shoots were 

formed, GFP positive shoots were selected and rooted on Rooting Inducing Medium 

(as described in van Roekel et al., 1993). Rooted shoots were placed on rockwool and 
moved to a growth chamber (16 h light and 8 h dark at 25 ˚C). A ploidy test was done 

by Iribov Analytical Services BV. Diploid shoots were genotyped for presence of the 
transgene and mutations in the target region.  

Genotyping 

Genomic DNA from young leaves was isolated using the CTAB-method as described  

(Porebski et al., 1997). Alternatively, a PCR was done directly on sampled leaf tissue by 
using the Phire Plant Direct PCR kit (Thermo Scientific, Catalog number F130WH). 

Detection of transgenes in each generation was done by a PCR on NPTII. The target 

region of transformed plants was amplified, sequenced, and aligned in Benchling 
(https://benchling.com, for primers used see TTaabbllee  SS22). SYNTHEGO ICE deconvolution 

analysis (https://ice.synthego.com/#/) was used to resolve bi-allelic or heterozygous 

mutants, using a wild-type sequence as control file. 

qPCR of replicon production 

Relative quantification of the circular replicon was performed on genomic DNA. 

Primers 4R and 4F were used for the replicon and compared to a primer pair on the 
LIN5 promoter (TTaabbllee  SS22).. Two replicates of a non-transformed (LIN5), T0 plants and 

pieces of callus from tissue culture. Bars represent the standard error the replicates. 

qRT-PCR was performed with iQ SYBR Green Supermix (Bio-Rad) on a Bio-Rad CFX6 
qRT-PCR instrument. The following condition was applied for PCR amplification: 3 min 

95˚C, 40*[15 s 95˚C, 60 s 60˚C], followed by a melt-curve). Relative expression 

changes were calculated according to the 2- CT method as described (Livak and 

Schmittgen, 2001).  
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Growth conditions  

Shoots grown from callus were transferred to rockwool once they had roots. They were 

grown in a growth chamber (16 h light and 8 h dark at 25 ˚C).  Five to Eight weeks later 

seedlings were transplanted into a greenhouse (Unifarm, Wageningen 51.57˚N, 5.31˚E, 
The Netherlands) on rockwool slabs at a density of 2.5 plants/m2. Nutrients were 

provided by fertigation (EC 4.5, pH 5.6). Climatic conditions in the greenhouse were at 
ambient temperature (> 20˚C) under a 16h light/8h dark cycle (0.6–28.4 MJ m–2 day–

1 natural light supplemented with artificial light using high pressure sodium lamps (SON-

T Agro 600 Watt, Philips, Eindhoven, The Netherlands). Side shoots were removed once 
a week. Flowers were pollinated by vibrating each flower/truss three times a week with 

an electric toothbrush.  

Protoplast transfection 

E.coli containing the Gene Targeting vectors were grown in in 50 ml tubes under 
kanamycin selection. DNA was then isolated and purified using PureYield™ Plasmid 

Miniprep System from Promega to obtain around 200 ng/μl plasmid. The plasmids were 

concentrated by centrifuging open tubes at 6000 RPM for 30 min to obtain a 
concentration of 400-450 ng/μl. Protoplasts were isolated from plants grown under 

sterile conditions for two to three months. A couple of leaves were placed in a petri 
dish containing 10 ml digestion buffer (72.86 g/L mannitol, 3.90 g/L MES, 1.49 g/L KCl, 

1.47 g/L CaCl2 at a of pH 5.7, autoclaved) supplemented with 10 g/L cellulase R10 and 

2.5 g/L of macerozyme R10. The leaves were cut in a feather-like pattern and the 
digestion buffer was refreshed. Petri dishes were covered in aluminium foil and 

incubated overnight at 25°C. The incubated leaves were shaken 30 times in a circular 

motion to release the protoplasts from the leaf. The protoplasts suspension was then 
gently transferred to a 50 ml tube through a 100 μm cell sieve. Remaining protoplasts 

were obtained by adding 10 Washing buffer 5 (W5, 154 mM NaCl, 125 mM CaCl2.2H2O, 
5 mM KCl, 2 mM MES) to the petri dish and adding them to the 50 ml tube through the 

cell sieve. The protoplasts were washed multiple times using. protoplasts were 

centrifuged at low speed (100xg for 3 minutes). Supernatant was poured off. 10 ml of 
W5 buffer was added gently and the protoplasts were carefully resuspended. The cells 

were centrifuged again. Then the pellet was resuspended in Magnesium-Mannitol 

solution (MMG, 0.4 M mannitol, 15 mM MgCl2, 4 mM MES), centrifuged again and 
resuspended in MMG again. Protoplasts were counted in a haemocytometer and the 

volume was adjusted to correspond to 1 million protoplasts/ml.  

For transfection, three biological replicates were used for each construct as three 

separate transfections. 8 μg of purified plasmid in 20 μl MilliQ was used to transfect 

200 μl protoplast suspension in a 2 ml tube. Protoplasts were gently pipetted with wide 
orifice tips. 200 μl fresh  PEG solution (0.4 g/mL PEG-4000 (Fluka), 0.15 g/mL 0.8M 

mannitol solution and 0.15 g/mL 1M CaCl2 in MilliQ) was added to each transfection 
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tube and carefully mixed by inversion until the solution was homogeneous. The mixture 

was incubated for 10-20 minutes at room temperature. Subsequently, 500 μl Washing 
buffer I (WI, 0.5 M mannitol, 20 mM KCl and 4 mM MES) was added twice droplet wise 

and mixed by careful inversion. The mix was then centrifuged at low speed (200xg for 

3 minutes) and the supernatant carefully removed. 1 ml WI was added again followed 
by resuspension and centrifuging. Finally, the pellet was resuspended in 150 μl WI. The 

transfections were incubated at 25°C for 20 or 50 hours in the dark. Transfected 

protoplasts were checked under the confocal microscope for the percentage of GFP 
positive protoplasts (TTaabbllee  SS11). Transfection efficiency was determined using ImageJ 

software.  

Next Generation Sequencing (NGS) and analysis 

DNA from the protoplasts was extracted using NucleoMag Plant kit for DNA purification 
from plants from Macherey-Nagel. The target region was amplified using PCR with 

primers F1 and R1 (TTaabbllee  SS22,,  FFiigguurree  SS44aa  and  SS55aa,,  0.2 μl Q5 polymerase, 4 μl 5x Buffer, 
1 μl dNTPs, 1 μl F1, 1 μl R1, 0.75 μl DNA, 10.8 μl MilliQ. PCR 

program:  98°C 30sec, [98°C 10sec, 63°C 20sec, 72°C 1.10 min]x36, 72°C 2 min). 

These primers were designed outside the donor-region to avoid contamination of the 
replicon. Purified product of this outer PCR was used in a second, inner PCR with 

barcoded primers to create a 250 bp amplicon for NGS (TTaabbllee  SS22,,  FFiigguurree  SS44bb  and  SS55bb,,  

0.2 μl Q5 polymerase, 4 μl 5x Buffer, 1 μl dNTPs, 1 μl F2a/F2b, 1 μl R2, 0.75 μl PCR 
product, 10.8 μl MilliQ. PCR program:  98°C 30sec, [98°C 10sec, 65°C 20sec, 72°C 

20sec]x20, 72°C 2 min). For each sample, a unique combination of barcoded F2 and 
R2 primers was used. The barcode consisted of eight random nucleotides at the 5’ end 

of the primer.  4 ul  of each  PCR product was combined in one tube and the mix was 

purified using Machery Nagel PCR + Gel purification kit. 100 ng of purified mix was 
shipped to Eurifins™ to perform NGS (NGSelect Amplicons on Illumina with HiSeq 

Adapter ligation, 5 M read pairs (150 bp)).  

Reads were processed in CIAGEN CLC Genomics Workbench 12. Imported reads were 
aligned (mismatch cost = 2, gap cost = 3, maximum unaligned end mismatches = 0, 

minimum score = 8), de-multiplexed based on the barcodes and the barcodes were 
removed. The resulting fastq amplicon files were aligned to the reference sequence 

using CRISPREsso2 (Single end reads, 60% homology, -3 bp quantification window, 9 

bp window size, minimum average read quality > 10 and minimum single bp quality > 
10) run in HDR mode (Pinello et al., 2016; Clement et al., 2019). All three sgRNA targets 

were supplied. The NHEJ CRISPResso2 output was used to quantify the percentage of 

NHEJ events. However, CRISPresso2 could not handle the multiplexing we applied and 
the addition of the BbpI site substitution in the amplicon (substitution 0, sub0). As such, 

not all (partial) HR events were recognized. CRISPresso2 did provide all unique 
alignments of the amplicon with the number of reads for each alignment. Thus, we 



6

Expanding the CRISPR/Cas9-toolbox with Gene Targeting in tomato 

191 

used these unique aligned amplicon sequences and manually identified the 

combination of targeted substitutions (sub1,2,3) and sub0.  
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Supplementary Figures 

 
  

SSuupppplleemmeennttaall  FFiigguurree  11::  Alignments of the wild-type (LIN5) and mutant coding sequences. sgRNA target 

regions are highlighted with a grey PAM. Mutations are highlighted red (mutations) and yellow (HR). LIN5-GT-

01 was bi-allelic or heterozygous. However, we did not resolve the individual strands. An estimate of the Target 

3 mutation was determined by deconvolution of the T0 mutant with SYNTHEGO ICE Analysis 

(https://ice.synthego.com/#/), using a wild-type sequence as control file. For each target, the other strand 

most likely had a wild-type sequence, but the linkage between them is not known.  
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FFiigguurree  SS22::  Representative photographs of flowers and emasculated embryos with the stigma of T0 plants from 

((aa))  the GreenGate transformed plants and ((bb))  the Golden Gate transformed plants.   
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SSuupppplleemmeennttaall  FFiigguurree  33: Composition of the mixed substitution events in the GreenGate and Golden Gate 

protoplast transfections. Substitution 0 (Sub0) stands for an altered BpiI site, as in the Replicon. Sub1, 2 and 3 

are the intended HR substitutions in the ORF of LIN5. The average of 3 independent transfections is shown. 

Error bars represent the standard error of the mean. Statistically significant differences are represented 

by asterisks (* p<0.05, ** p<0.01, *** p<0.001), determined by pairwise t-tests.  
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SSuupppplleemmeennttaall  FFiigguurree  44::  GreenGate vector transfection  ((aa))  Outer PCR with primers 1F and 1R on 0.75 ul 

genomic DNA isolated from protoplasts. ((bb))  Inner PCR with primers 2F and 2R on 0.75 ul of cleaned outer PCR 

product 
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SSuupppplleemmeennttaall  FFiigguurree  55::  Golden Gate vector transfection  ((aa))  Outer PCR with primers 1F and 1R on 0.75 ul 

genomic DNA isolated from protoplasts. ((bb))  Inner PCR with primers 2F and 2R on 0.75 ul of cleaned outer PCR 

product 
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Supplementary Tables  
  

SSuupppplleemmeennttaarryy  ttaabbllee  11::  Overview of the protoplast transfection efficiency, average of 3 biological replicates 

with the standard error (SE)  

SSaammppllee  TTrraannssffeeccttiioonn  eeffffiicciieennccyy  ±±  SSEE  

GreenGate vector (20h incubation) 45% ± 9.1 
GreenGate (50h incubation) 84% ± 10.7 
Golden Gate vector (50h incubation) 37% ± 2.5 
Golden Gate “No Cas” (50h incubation) 62% ± 6.1 
Mock 0 

 

 

SSuupppplleemmeennttaarryy  ttaabbllee  22:: Used primers 

DDeessccrriippttiioonn  ttaarrggeett  nnaammee  SSeeqquueennccee  ((55’’--33’’))  

Cloning  
LIN5-GT1a GreenGate sgRNA.1a TGTGGTCTCAATTGCCTGACGATGAAATTAAGAA 

GTTTTAGAGCTAGAAATAGCAAG 
LIN5-GT1b Golden Gate sgRNA.1b TGTGGTCTCAATTGCCTTTCTTAATTTCATCGTC 

GTTTTAGAGCTAGAAATAGCAAG 
LIN5-GT2 sgRNA.2 TGTGGTCTCAATTGCAAGTATGGCTAAACCTTAG 

GTTTTAGAGCTAGAAATAGCAAG 
LIN5-GT3 sgRNA.3 TGTGGTCTCAATTGGTGGTAAACAATTACTTCAA 

GTTTTAGAGCTAGAAATAGCAAG 
Universal sgRNA  sgRNA Rv TGTGGTCTCAAGCGTAATGCCAACTTTGTAC 
5’ Donor 5’flank Fw CTGGAAGACCTGGAGTCTCCATTGGATGCCTTTC 

5’flank Rv CTGGAAGACTTGCATAGAAATTACCATAGTCG 

3’ Donor inner (nested)  3’flank Fw GGGAAGACTTCAATGGCCTATTGAAGAATTAG 
3’flank Rv GCGGAAGACAGAGCGTAAATCTACATCTACATATCC 

NOSp:NPTII:OCST pL1 for 

pGGA 
NPTIIg Fw TGTGGTCTCAACCTGAACCGCAACGTTGAAGGAGC 

NPTIIg Rv TGTGGTCTCATGTTCGGCTGAGCCTCGACATGTTG 

PcUbi4:Cas9:tNOS pL1 for 

pGGB 
Cas9g Fw TGTGGTCTCAAACATTCAAAAATTACGGATATGAATATAG 
Cas9g Rv TGTGGTCTCAAGCCTCGATCTAGTAACATAGATGAC 

sgRNAs PCR pL2 for pGGC  sgRNA Fw CGCGGTCTCGGGCTGAATTCGGATCCGGAGTGA 
sgRNA Rv CCGGGTCTCTCTGATCCCTCGGTCACATGTGC 

Donor PCR pL2 for pGGD Donor Fw TGTGGTCTCAGCAGCACATGTGCATCCTCTCTG 
Donor Rv CGAGGTCTCATCAGGGTTGAACACTCTGTGCC 

2x35sp:Rep PCR pL1 for pGGE – 

part 1 
Rep1 Fw TGTGGTCTCACTGCCAAGGCGATTAAGTTGGGTA 
Rep1 Rv TGTGGTCTCTATGATCTCGGAAATCTCCTCTGGTTTTAA 

2x35sp:Rep PCR pL1 for pGGE – 

part 2 
Rep2 Fw TGTGGTCTCATCATAAGGTTTCTCCTCGCAAATC 
Rep2 Rv TGTGGTCTCATAGTAATTCCCGATCTAGTAACATAGATG 

2x35Sp:turboGFP:35St pL1 fpr 

pGGF 
GFP Fw TGTGGTCTCAACTACAACATGGTGGAGCACGACACTC 
GFP Rv TGTGGTCTCAATACATCTGGATTTTAGTACTGGATTTTGG 

 
Genotyping primers  
NPTII NPTII Fw AGACAATCGGCTGCTCTGAT 

NPTII Rv AGCCAACGCTATGTCCTGAT 

Cas9 Cas9 Fw CTGGCCAATGGAGAGATTCG 
Cas9 Rv GCTCCCTGATGGGCTTATCC 
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SSuupppplleemmeennttaarryy  ttaabbllee  22 continued 

DDeessccrriippttiioonn  ttaarrggeett nnaammee SSeeqquueennccee  ((55’’--33’’)) 

GT outer PCR 1F  AGTTTCTGTGTTTTTCACCTTTCAT 3916 
1R  AAAGCAAAACTTACCAAACTCCT 3917 

GT inner PCR (without barcode) 2F  GGTTGGAAGGGATTGAGAATCG P3918 
2R  TCAATTGGACCTTTTGCTTCCT 

Replicon Fw  3F TCCAGTCTTCGTCAGGATTGC 
Replicon Rv 3R GGCCCATCCAAGCTGTAGTT 

 
qPCR primers  
LIN5 qLIN5 Fw CCAAAATTCTTCTCAAAGGCGGAAT 

qLIN5 Rv CCGACACGACCTTTCAAGACAT 

Replicon  4F GCATCACAGGTTTCAACTTTTCC 
4R TAGGATCAAATTGTTCGGCCTCG 

The underlined sequence represents the spacers in the sgRNA primers. Fw: Forward, Rv: Reverse, pL1: level 1 

plasmid Golden Gate, pL2: level 2 plasmid Golden Gate; GT: Gene Targeting   
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Soluble solids (Brix), a measure of sugar content is an important quality trait for the 

tomato industry. In CChhaapptteerr  22,,  I discussed several Quantitative Trait Loci (QTLs) and 
genes that influence Brix. From this chapter, it became clear that wild relatives have 

been a valuable source of new alleles for breeding populations. However, to introduce 

a desired trait, a breeder needs to create an introgression line containing the genomic 
fragment with the allele from the wild relative, which involves crossing and multiple 

backcrosses to lose the unwanted parts of the wild parent’s genome. New breeding 

methods can speed up the process or introduce entirely new alleles (Klee and Tieman, 
2018). With the rapid development of tools such as Clustered Regularly Interspaced 

Short Palindromic Repeats /Crispr-ASsociated protein (CRISPR/Cas)  targeted  

mutagenesis, I could now revisit the QTLs and other targets to improve Brix in an 

indeterminate tomato cultivar, cv. Moneyberg, by creating new variation.   

One of the genes I chose to target was Cell-wall Inhibitor of -Fructosidase (CIF1 or 

INVINH1). In a previous study, silencing CIF1 led to higher invertase activity and sugar 
levels in tomato fruit  (Jin et al., 2009). In CChhaapptteerr  55  of this thesis, I used CRISPR/Cas9 

to knockout CIF1 in an indeterminate tomato variety, cv. Moneyberg. Four mutant 

alleles were analysed, which all resulted in a slightly higher Brix but also in a 
considerable decrease of fruit size, which was not reported in the RNAi study. Effects 

of the cif1 knockout mutations on invertase activity varied, which was also unexpected 

based on the RNAi study. Mutating the open reading frame of a gene can have 
unexpected results, as has been reviewed by (Wang et al., 2020). In this case, these 

outcomes may be either due to complex feedback regulatory loops between invertase 
inhibitor activity and invertase expression or activity or to unexpected effects on gene 

activity from Crispr/Cas mutations. Several mechanisms can alter gene function when 

a mutation occurs, such as an alternative translation start or genetic compensation 
(Rossi et al., 2015). Using CRISPR/Cas9 to remove the entire gene from start-to-stop 

codon could circumvent unexpected outcomes. However, removing introns could 

influence the expression of nearby genes as well. Deleting a large part of the proximal 
promoter, perhaps the first 1000 bp upstream of the start codon, could result in a more 

effective form of downregulation.  

Apart from creating new alleles in the open reading frame, this thesis mainly explored 

CRISPR/Cas9 mutagenesis in regulatory regions, aiming to increase expression of 

genes involved in in the final soluble solids content. The two target genes for this work 
were ADP-Glucose Pyrophosphorylase Large Subunit 1 (AGPL1,  CChhaapptteerr  33)  and 

Lycopersicum INvertase 5 (LIN5,  CChhaapptteerr  44)  (Fridman et al., 2002, 2000; Schaffer et al., 

2000).  These genes were of interest because they underlie  QTLs for higher Brix (Eshed 
and Zamir, 1996; Baxter et al., 2005b, 2005a; Schaffer et al., 2000). A superior LIN5 

allele with increased enzymatic activity due to three amino acid substitutions was 
identified in an introgression from S. pennellii (Fridman et al., 2000, 2004), and a 

superior AGPL1 allele with extended temporal expression was identified in an 

introgression from S. habrochaites (Petreikov et al., 2006, 2009). My goal was to 
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increase the expression of both these genes in a non-determinate cultivar, cv. 

Moneyberg. Showing that this method is feasible opens the doors for fast 
implementation of the desired trait in any cultivar. For LIN5, even though the QTL is 

determined by the protein sequence, I wanted to explore the possibility of increasing 

the expression by deleting suppressive elements in the promoter. The AGPL1 QTL is 
determined by expression difference, but unlike LIN5, the exact region that defined the 

superior allele was not reported. This made both LIN5 and AGPL1 as good candidates 

to study their regulation and to try to modify their expression.  

Promoter activity modulation is a promising strategy for creating new 
phenotypes 

Many crop QTLs affecting quality and yield result from changes in the expression levels 

of the underlying genes rather than of changes in the gene products themselves 

(Doebley et al., 2006; Hufford et al., 2012; Ye et al., 2017). Variation in gene expression 
due to changes in Cis-regulatory elements (CREs) has been a particular driving force in 

evolution and breeding (Hufford et al., 2012; Meyer and Purugganan, 2013; Swinnen et 

al., 2016; Wittkopp and Kalay, 2012). Also, in tomato, large-scale structural variation in 
promoters and concurrent expression changes have occurred during domestication 

and improvement by breeding in tomato (Alonge et al., 2020). Examples are naturally-
occurring promoter mutations leading to increased expression found in Al-Activated 
Malate Transporter 9 (SlALMT9) (Ye et al., 2017), CLAVATA 3 (SlCLV3) and WUSCHEL 

(SlWUS) (Somssich et al., 2016; Huang and van der Knaap, 2011; Xu et al., 2015, CChhaapptteerr  

11). The S. habrochaites AGPL1 allele is also an example of differential expression being 

key to the desired phenotype although it did not play a role in domestication and was 

only more recently introduced in cultivated tomato by breeding  (Lin et al., 2014). These 
examples show that small, naturally occurring variations in the promoter of a gene can 

lead to changed expression and to different phenotypes.  

Higher Brix and altered expression were achieved with promoter deletions 

Instead of relying on existing natural variation, methods such as targeted mutagenesis 

with CRISPR/Cas enable us to create variation ourselves. Changing the promoter and 

the expression pattern of the target gene is less likely to incur detrimental pleiotropic 
effects than targeting the coding sequence. Additionally, mutating the coding region 

usually disrupts protein function, while increased or prolonged activity might be the 

desired effect. In this work (CChhaapptteerr  33  and  CChhaapptteerr  44), I chose to investigate if 
mutagenesis of the promoter could yield increased expression. Random systematic 

allelic variation was created in both promoters by multiplexed CRISPR/Cas9-
mutagenesis. I intended to disrupt repressing CREs by mutation, which was predicted 

to result in increased expression. 26 AGPL1 and 17 LIN5 alleles in primary transformant 

(T0) lines were selected and analysed in T1 segregant lines without the transgene. Our 
promoter deletions led to Brix varying between 10% decrease to a 20% increase. Gene 
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expression concurrently increased in a selection of promising mutants with increased 

Brix. Thus, a random systematic mutagenesis approach can indeed result in the desired 
phenotype.  

However, the effects on expression were marginal, and it was difficult to establish 

reliable reproducibility for lines with a higher Brix. Additionally, when the AGPL1 
promoter was targeted, a Brix increase always led to decreased fruit weight. This 

contrasts with the phenotype of lines with the S. habrochaites AGPL1 allele, which led 

to a higher sugar content and increased size (Petreikov et al., 2006, 2009). Either the 
use of a different variety or growing system could be the cause of this difference. 

Another reason could be that not only the expression of AGPL1 was affected in the 
introgression line with S. habrochaites. In the LIN5 promoter mutants, no correlation 

was found between an increased Brix and weight change. The original Brix9-2-5 allele 

also had no negative effect on total yield however, fruit weight did decrease in the 
introgression line  (Eshed and Zamir, 1996; Fridman et al., 2002, 2000). In general, 

higher sugar content is often associated with yield drag. As such, the sugar content of 

tomato has been one of the major traits that have suffered during domestication, as 
was demonstrated by Genome-Wide association studies (GWAS) (Zhao et al., 2019; 

Tieman et al., 2017). In this GWAS, LIN5 specifically had significant associations with 
sugar content but was also identified as a region influenced by domestication and 

improvement sweeps during the selection of larger fruits (Tieman et al., 2017). Our study 

has shown that increasing the Brix through LIN5 promoter mutations can result in lines 
that do not have a weight penalty. However, modulating AGPL1 expression did result in 

weight loss. 

A similar approach of promoter mutagenesis for improving another tomato trait was 
more successful (Rodríguez-Leal et al., 2017). However, the latter study had a few 

significant advantages compared to our work: open field cultivation allowing large plant 
numbers and a clearly visible and easily scorable trait phenotype (e.g., locule number) 

being less labour-intensive. In addition, the observed phenotypes were on a gradient 

scale between wild-type and knockout of the targeted gene. This was the case with 
CLV3, where locule number increased with decreasing CLV3 expression, COMPOUND 
INFLORESCENCE (S), where mutants cause excessive branching, SELF PRUNING (SP), 
a flowering repressor and WUSCHEL HOMEOBOX9 (WOX9), involved in Shoot Apical 
Meristem (SAM) termination (Rodríguez-Leal et al., 2017; Hendelman et al., 2021). Even 

though we achieved moderate success with a lower number of transformants and a 
non-visible, gain-of-function phenotype, promoter modulation probably has a higher 

chance of success when a quantitative loss-of-function is desired. Additionally, when 

that study  focused on a smaller region of the CLV3 promoter with three single guide 
RNAs (sgRNAs), a strategy similar to ours, it proved more challenging to find a 

substantial effect on locule number (Wang et al., 2021).  
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The choice of CRISPR-strategy depends on the objective 

Our strategy was to deploy either three, six, or eight CRISPR/Cas9 sgRNAs targeting 

small regions or larger segments of a promoter in one transformation. What became 

clear is that the more targets are used, the larger were the overall deletions. The four 
promoter regions of AGPL1 targeted by a set of 3 sgRNAs all resulted in mutations within 

the targets. Only the region with eight targets produced target-to-target deletions. In 
the LIN5 promoter, I saw a similar result, with only a single event of a target-to-target 

deletion achieved in a transformant with three sgRNAs. A target-to-target deletion 

results from non-homologous end joining-repair of two Double Stranded Breaks (DSBs) 
occurring simultaneously or existing together long enough for the repair to occur 

between distant breaks. With more targets, the rate of any two simultaneous cuts 

increases, although other factors such as speed of repair of individual double stranded 
breaks may also play a role. If multiple sgRNAs are effective, target-to-target deletions 

can occur. Using three sgRNAs allowed targeting narrowly defined promoter regions 
but at the same time decreased the likelihood of two breaks coinciding. Thus, only 

mutations in the most effective sgRNA were common for each set of sgRNAs used. 

This also meant that we could not obtain many variations in alleles, as mostly the same 
sgRNA kept producing (small) mutations.  

Using more targets could have given a better picture of which regions are relevant.  

Ideally, one would want small deletions scattered throughout the promoter, or at least 
in the suspected important (conserved) regions, combined with larger deletions. A 

drawback of targeting a large promoter region with multiple guides would be that the 
activity of sgRNAs directed at the outermost targets would yield large deletions, 

resulting in the loss of any smaller deletions or mutations occurring at targets in 

between the extreme positions. It would require a probably impossible precise control 
of the DSB formation and repair processes to achieve the ideal mix of small and large 

promoter deletions with a single mutagenic construct. Some of the drawbacks of using 

too many guides at once might be mitigated by targeting multiple regions in random 
combinations by co-transformation using two or more Agrobacterium strains each 

targeting one region (Jacobs et al., 2017). The best strategy also heavily depends on the 
available time, the space for obtaining and growing transformed plants, and how easy 

the phenotype can be scored. Alternatively, an efficient screening and selection 

strategy at an early stage of tissue culture might reduce this dependency. Instead of 
combining many sgRNAs in one vector or making a lot of different vectors, the effort 

invested in cloning and transformations might also be reduced by using “allele 

factories”. For allele factories, a mutant containing the mutagenesis construct and wild-
type plants are crossed to generate new mutations in the fresh wild-type allele in the 

next generation (Rodríguez-Leal et al., 2017; Wang et al., 2021). Alternatively, two plants, 
each containing a different construct targeting the same promoter could be crossed 

to widen the targeted promoter area for mutagenesis in the offspring. These 

approaches require the mutagenic genes to be active in the germline of the progeny 
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for the new mutations to be heritable, something which has not yet been tested 

extensively. 

The work on the promoter of both LIN5 and AGPL1 provided leads for fruit quality 

improvement and gained us insight into the potential for altering gene expression (up- 

and down-regulation) in crops by targeted mutagenesis of candidate CREs. My 
conclusion is that the described untargeted mutagenesis method is feasible, yet 

growing mutants and phenotyping them is space- and labour-intensive. Thus, in my 

case not all transformants could be phenotyped, and it would be better to screen a 
larger number of plants in the T1 generation. Even though a Brix measurement is rapid, 

it is not as fast as determining a visual developmental phenotype. To readily find 
important CREs in genes with difficult to measure phenotypes, transformation with a 

promoter fusion with a visual reporter, e.g. GFP, could be an intermediate step. These 

transformants could then be used in a systematic mutagenesis screen as described in 
thesis. However, this approach does not have the advantage of assessing the effect on 

the promoter in its native context and on the targeted trait that the approach of this 

thesis potentially has. Overall, my work shows that while promoter activity modification 
is feasible, the approach needs fine-tuning. A more narrow or precise definition of the 

target area by predicting promising promoter regions, would greatly reduce the 
number of mutants required and increase the feasibility and success of the approach. 

Combining CRISPR/Cas mutagenesis with a predictive strategy could achieve this 

narrowing down of the target area.   

Predicting the important promoter regions would increase feasibility of 
promoter activity modulation 

My approach was to try to generate a sufficient variety of promoter alleles in a semi-
random fashion that would allow identification and disruption of promoter elements 

without prior prediction of putative functional elements. In parallel with producing and 
analysing the promoter mutants, I also performed an analysis of both promoters. 

Conservation analysis and DNAse I hypersensitive site sequencing (DNAseI-seq), data 

predicting accessible chromatin allowed us to identify a conserved, open region in the 
AGPL1 promoter. Transformants with mutations in this region performed well on Brix, 

demonstrating the value of this analysis. Thus, I recommend that for future promoter 

activity modulation studies lacking the option of high-throughput mutant generation or 
visual phenotyping, it is worthwhile to first narrow down the area(s) of interest. This 

should be done with available information on conservation, accessibility, and presence 
of potential Transcription Factor (TF) binding sites.  

Ideally, it would be possible to accurately predict the critical regulatory regions and 

gene regulatory network of interacting TFs by bioinformatics analysis. The following 
detailed information would be needed: (1) multiple sequenced genomes for 

comparison of promoter sequence conservation in orthologs (“phylogenetic 
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footprinting”); (2) Experimentally obtained knowledge of binding sequence motifs for 

transcription factors or groups of related TFs. Such knowledge can be derived from 
analysing in situ binding, for example, by Chromatin immune Precipitation sequencing 

(ChIP-seq), or by in vitro target enrichment and sequencing such as systematic 

evolution of ligands by exponential enrichment (SELEX)-seq, Chromatin interaction 
analysis by paired-end tag sequencing (ChIA-PET)  (Meyer et al., 2012; Bartlett et al., 

2017; O’Malley et al., 2016).  Applications as DNA affinity purification sequencing (DAP-

seq), Yeast-one-Hybrid assays (Y1H), ChIP-seq and Electrophoretic Mobility Shift Assays 
(EMSAs) indicate physical interactions between regions of DNA and a TF; (3) Expression 

of TFs combined with the expression of genes of interest for biological relevance (co-
expression analysis); (4) the epigenetic state of the DNA (DNA methylation, histone 

modification). Conversely, methods and databases for unbiased identification of 

transcription factors bound to a promoter of interest are being developed and improved 
(Lu et al., 2017; Chow et al., 2019; Van Bel et al., 2018; Khan et al., 2018; Aghamirzaie 

et al., 2017). With good prediction tools, CRISPR/Cas could be used to make a targeted 

mutation in the region of interest and create the desired phenotype. The subsequent 
effort of transforming and especially phenotyping would be greatly reduced compared 

to going in blind, as fewer lines would need to be screened. Thus, I envision that 
promoter modification to increase expression will become more feasible if the 

promoter-prediction tools further improve and become more accurate.  

In this thesis, I have used Y1H and promoter reporter assays (Kaufmann and Mueller-
Roeber, 2018; Bargmann et al., 2013), to study the regulatory network of LIN5 and 

AGPL1. Overall, these methods gave abundant hits, of which many are likely to be false-

positive hits. One reason for this is that the methods are in vitro based and do not reflect 
the in situ chromatin state of the two genes during fruit development (Zeitlinger, 2020; 

Gordân et al., 2013; Mathelier et al., 2016). This artificial situation will most likely increase 
the binding capabilities of the promoter fragments used in the different assays, reflected 

especially by the number of hits obtained in the Y1Hseq. Nevertheless, the tools were 

still valuable as a starting point, and interactors were confirmed in the promoter reporter 
assay after selection for co-expression. In addition, there was an overlap between the 

results of the different methods. Most of the Y1H hits based on the Arabidopsis library 

were also identified in the tomato Y1Hseq experiment. The TFs selected based on the 
promoter mutations, were present in the Y1Hseq results as well, indicating that a Y1H 

assay can give leads for upstream TFs.  

Gene targeting with CRISPR/Cas9 is not yet efficient enough  

Besides promoter modification, I also investigated the applicability of the latest 
developments in CRISPR/Cas-mediated gene targeting to re-create the S. pennellii LIN5 

allele in cv. Moneyberg (CChhaapptteerr  66). The underlying sequence variation that is thought 
to be responsible for the QTL effect comprises three amino acid substitutions, 

Glu348Asp, Asn366Asp and Leu373Val, in the S. pennellii LIN5 protein compared to S. 
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lycopersicum (Fridman et al., 2000, 2004). In planta modification of the sequence 

encoding the involved amino acids would be an ideal for studying the relevance of 
each amino acid. Three base pair-substitutions were required to induce the three 

intended substitutions in the cv. Moneyberg LIN5 protein. All three substitutions are 

different, which would make an approach by base editing challenging (Veillet et al., 
2019; Shimatani et al., 2017). A recently described, promising technique is Homologous 

Recombination (HR)-based Gene Targeting using donor template-delivery on a 

geminiviral replicon  (Dahan-Meir et al., 2018; Baltes et al., 2014). With this approach, 
CRISPR/Cas9 creates a DSB at a target site of interest, and the HR-pathway uses a donor 

template supplied in abundance by a geminiviral-based rolling circle replicon. Dahan-
Meir et al. described rates of 25% without using a selection marker. However, several 

other reports achieve much lower frequencies and in the range of what we have 

achieved in tomato protoplasts (between 0.2 and 1.5% of sequenced amplicons). We 
used three sgRNA simultaneously and in proximity, with the intent to increase DSB 

frequency as well as HR-mediated repair. The major effect of that appeared to be that 

the few successful gene targeting events were often combined with Non-Homologous 
End Joining (NHEJ)-induced Indels (between 34 and 52% of the gene targeting events). 

Thus, for future experiments, I would recommend also using a vector with just one 
target. This should decrease the combinations of Indels and target substitutions. 

However, it might reduce overall HR-efficiency as well, as the number of DSB are 

reduced.  

The high rates achieved by Dahan-Meir have not been reported elsewhere. Van Vu et 

al. reported about 4% Gene Targeting efficiency with Cas9 in the ANT1 gene, a key 

transcription factor controlling the anthocyanin pathway, showed when cultured at 31 
˚C. At 25 ˚C the rates were similar to our observations, at about 2.5 % (Van Vu et al., 

2020). Cas12/Cpf1 outperformed Cas9 with approximately 10% HR rates. Thus, 
exploring different Cas alternatives and using higher incubation temperatures could by 

an effective strategy to improve HR rates (Wolter and Puchta, 2019). Alternatively, other 

strategies remain to be explored as well. These include base editing (Veillet et al., 2019; 
Shimatani et al., 2017), and Prime Editing (Anzalone et al., 2019), which was already 

achieved for tomato and other crops (Lu et al., 2020; Xu et al., 2020; Veillet et al., 2020; 

Hassan et al., 2020). 

The gene-editing regulation stands in the way of the introduction of edited 
crops in Europe 

The use of gene editing and, more specifically, CRISPR/Cas technology clearly has 

enormous potential for plant breeding. However, its use and regulation are a topic of 

intense debate worldwide and especially in Europe. The issue is if varieties obtained by 
targeted mutagenesis, such as gene editing (SDN1 or SDN2 in the definition of EFSA, 

Naegeli et al., 2020) should fall under the EU GMO directive. In Europe, the Directive 

2001/18/EC states that Genetically Modified Organisms (GMOs) are subject to an 
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environmental risk assessment prior to market release, followed by traceability, labelling 

and post-release monitoring (European Parliament, 2001). In the directive, a GMO was 
defined as “an organism, with the exception of human beings, in which the genetic 

material has been altered in a way that does not occur naturally by mating and/or 

natural recombination”. In an annex (1B) organisms obtained through certain 
techniques of genetic modification were exempted. These techniques are in vitro 
fertilisation, natural processes such as conjugation, transduction and transformation, 

polyploidy induction and techniques/methods that modify the genetics of an 
organisms on the condition that they do not involve the use of recombinant nucleic 

acid molecules. These latter techniques are listed as mutagenesis and cell fusion 
(including protoplast fusion).  

When the GMO directive was written, the use of targeted mutagenesis, such as with 

CRISPR/Cas, had not yet been discovered. Mutagenesis induces random mutations 
using of ionizing radiation or mutagenic chemicals, hereafter referred to as “untargeted” 

mutagenesis. From a pool of plants created by untargeted mutagenesis, a selection for 

interesting genotypes and phenotypes could be made before or after back-crossing to 
get rid of all the unwanted mutations. CRISPR/Cas has the enormous advantage of only 

inducing mutations at the site(s) of your choice: “targeted” mutagenesis.  With 
CRISPR/Cas, breeders and scientists can make the mutation of choice and either 

segregate out the mutagenic CRISPR/Cas insert or use sgRNA-loaded Cas proteins in 

protoplasts followed by regeneration. Both methods result in transgene free-offspring 
(Svitashev et al., 2015; Zhang et al., 2016; Andersson et al., 2018). This makes the 

resulting CRISPR/Cas products indistinguishable from conventional equivalents on a 

genetic and phenotypic level. 

Many stakeholders in Europe hoped that targeted mutagenesis would fall under this 

annex and be exempted from the Directive 2001/18/EC. However, in July 2018, the 
European Court of Justice ruled that all organisms obtained through mutagenesis, 

including untargeted mutagenesis and targeted mutagenesis mediated by, for instance, 

CRISPR/Cas, are to be classified as GMOs and would fall under the GMO directive (Case 
C-528/16, Court of Justice of the European Union., 2018). An exception was made for 

the organisms obtained through techniques with a substantial historical safety record, 

e.g. untargeted mutagenesis. In addition, EU member states may lay down additional 
rules on exempted products, for instance, obtained through untargeted mutagenesis.  

Very recently, in April 2021, the European Commission published a study on the use of 
New Genomics Techniques (NGT), such as CRISPR/Cas-mutagenesis. This study 

concluded that NGT products have the potential to contribute to sustainable agri-food 

systems. NGT-products are subject to GMO legislation, but the current legislation is 
outdated and needs clarification (European Commission, 2021). In conclusion, only 

time will tell if CRISPR/Cas mutagenesis in Europe will be regarded as safe enough for 

consumption and the environment.  
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Conclusions  

The availability of CRISPR/Cas-mediated mutagenesis has renewed interest in 

modulating the expression of genes by targeting the promoter. This thesis has explored 

the possibilities of using systematic promoter deletions to increase the expression of 
genes involved in the sugar content of tomato. Our findings are that it is possible to find 

mutants with increased expression and a corresponding phenotype. However, to find 
desired mutants, many different mutant alleles need to be screened. If the target 

phenotype cannot easily be screened by eye, such as with soluble solids content, 

phenotyping requires a significant effort. To decrease the number of mutants required, 
narrowing the target area would increase efficiency tremendously. I suggest that 

improved predictions on which regions are likely to harbour CREs, would narrow the 

target area. Combining promoter deletions with TF-promoter interaction assays such 
as Y1Hs and promoter reporter assays can complete the identification of a gene’s 

regulatory network.  
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Summary 

Throughout the world, the tomato is a valuable and loved vegetable. Its appeal to 

consumers is important to breeders and growers as well as for promoting consumer 
health. Tomato sweetness is a trait that consumers generally like. The sugar content, 

often measured as soluble solids content (SSC or Brix), is an essential contributor to the 

experience of sweetness. The fruit’s soluble solids are mainly imported as sucrose, 
which is converted to equimolar amounts of glucose and fructose in the fruit. Sucrose 

is transported from the sources, e.g. leaves, to fruits (the sink), in a tightly coordinated 
fashion. Final sugar content in ripe fruit is determined by the production and export of 

photosynthates from the source and the ability of the fruit to import and accumulate 

sugars (such as in starch) during growth and finally, release them during ripening. The 
aim of this thesis was to explore new ways of increasing sugar content using targeted 

mutagenesis and editing with CRISPR/Cas9. Expression modulation by promoter 

mutation, the manipulation of post-translational regulation and, gene targeting were 
explored. 

CChhaapptteerr  22 reviewed and explored the regulation of sugar metabolism in tomato, 
focussing on genes that would be amenable for editing using CRISPR/Cas to increase 

sugar content in the fruit. Identifying and understanding the role of the genes 

underlying the production and distribution of sugars is crucial for crop breeding. It is 
even more important because of the rapid development of new breeding technologies 

that enable precise modification of these genes. The combination of synthesis, 

transport, metabolism, and storage determines the final sugar content in tomato. I 
outlined Quantitative Trait Loci (QTLs) for sugar content and their underlying genes. 

Moreover, I discussed possible new targets for breeding that have emerged recently. 
Some need further research and development because not all putative targets have 

been validated for an overall positive effect (in tomato), especially when negative trade-

offs have to be balanced. The combination of QTL discovery and molecular analysis of 
the sugar pathway(s) has yielded a wide array of either proven or promising targets for 

increasing the tomato fruits’ sugar content.  

From this review, it became clear that both ADP-Glucose Pyrophosphorylase Large 
subunit 1 (AGPL1) and Cell Wall INvertase 5 (LIN5) are essential genes for sugar 

accumulation. AGPL1 encodes the large subunit of  ADP-glucose pyrophosphorylase 
(AGPase).  This tetrameric AGPase protein complex is involved in starch synthesis in 

plastids during fruit development. LIN5 hydrolyses sucrose into glucose and fructose. 

The gradient created is a major driving force for importing sugars into the fruit (sink 
strength). Both genes underlie a QTL for Brix, with both having an allele from a wild 

tomato relative conferring the positive effect on sugar content. One of this thesis’ aims 

was to study and modify the transcriptional regulation of expression of AGPL1 and LIN5. 
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I studied the Cis-regulatory Elements (CREs) involved in the regulation of these two 

genes. One approach was to identify CREs and their interacting Transcription Factors 
(TFs) using various in silico and experimental tools. Simultaneously, I applied 

CRISPR/Cas9 multiplexed mutagenesis to create variation in both promoters. By 

studying mutants for their effect on the target gene expression, I intended to discover 
new types of CRE functionalities in an in vivo system. I hypothesized that when a 

mutation occurred in a CRE it would disrupt a Transcription Factor’s binding. If the 

disrupted site is the binding site for a repressor, the target gene expression would be 
expected to increase. By increasing the expression of either LIN5 or AGPL1, we 

concomitantly tried improving the tomato flavour by increasing sugar content. 

An in silico analysis of the AGPL1 promoter in CChhaapptteerr  33 resulted in identifying 

conserved and accessible promoter regions, and  Yeast-one-hybrid (Y1H) assays 

identified interacting TFs. I studied the TFs effect on AGPL1 transcription with promoter-
reporter assays. Two potential repressors (FRUITFULL 2 and the CCCH-type Zinc Finger 

C3H13) and several activators (Abscisic Acid Responsive Elements-Binding Factor 1 

(AREB1), the homolog of the Arabidopsis B-box zinc-finger TF BBX19, the homolog of 
the Arabidopsis GATA-motif containing TF GATA9, Jasmonic Acid 1 (JA1), Nuclear 

Factor-YA10 (NF-YA10), the homolog of the Arabidopsis Telomerase Repeat Binding 
Factor-Like 3 (TRFL), and the WRKY motif-containing WRKY24, WRKY41 and WRKY81) 

were found. I used multiplexed mutagenesis with CRISPR/Cas9 on the AGPL1 promoter 

in cv. Moneyberg to modulate expression in situ and create plants with higher sugar 
content. Brix was increased in several of the obtained mutant lines, however, always 

occurring with a decreased fruit weight. For two out of three of the lines with the 

highest Brix, an increase of AGPL1 expression was demonstrated.   

CChhaapptteerr  44  focussed on LIN5. Y1H and promoter reporter assays revealed several TFs 

interacting with the LIN5 promoter. GATA9, the homolog of pepper MYB48, ‘MYB48’, 
R2R3MYB58, MYB76, and a NAC TF behaved as repressors, while C3H13, NF-YA10 and 

a homolog of pepper NPY1, ‘NPY1’, increased expression in the promoter reporter 

assay.  I made promoter mutants and found increased Brix in several of the generated 
mutant lines. Several of these were characterized in the T2 generation for LIN5 

expression, where I could confirm altered expression in the mutants compared to the 

wild type. In a promoter reporter assay comparing the mutant promoters with a wild-
type promoter, HAT1, MYB HYH and WRKY24 were identified as weak activators of the 

mutant’s promoters.  

The work on the promoters of LIN5 and AGPL1 provided leads for fruit quality 

improvement and gained us some insight into the potential of genome editing for 

altering gene expression (up or down-regulation) in crops by targeting candidate gene 
CREs. My conclusion is that this approach is feasible, although growing and 

phenotyping mutants is space- and labour-intensive when targeting the promoter in a 
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non-biased manner. Reducing the target area by predicting promising promoter 

regions would reduce the number of mutants required.  

IInn  CChhaapptteerr  55,, I explored the role of Cell-wall Inhibitor of -fructosidase  (CIF1 or 

INVINH1), a post-translational inhibitor of LIN5, in regulating LIN5 activity. I generated 
knockout-mutants of CIF1 and studied the effects on final soluble solids content (Brix˚) 

and invertase activity, as a previous report showed a positive effect of down-regulation 
by RNAi on sugar content. CRISPR/Cas-generated knockout mutants did have an 

increased Brix, but their fruit size decreased considerably. In addition, the mutants did 

not show a consistent relation between predicted decreased CIF1 activity due to 
knockout mutations and increased LIN5 activity in an enzyme assay.  

CChhaapptteerr  66 focused on improving the CRISPR/Cas9-toolbox by applying multiplexed 

Gene Targeting on LIN5. LIN5 is the underlying gene of the high Brix QTL, Brix9-2-5, 
that originates from Solanum pennellii. Three amino acid substitutions in the S. pennellii 
allele are thought to be responsible for a more active LIN5 protein. My goal was to 
create these three amino acid changes in our cultivar, cv. Moneyberg via homologous 

recombination, with a geminiviral-based replicon donor delivery system to 

simultaneously target all three amino acids. I found that the approach results in Gene 
Targeting in experiments in protoplasts and in stable transformation, albeit at a very low 

efficiency (1-3%).  

In conclusion, this thesis explored the various possibilities of CRISPR/Cas mutagenesis 
to improve tomato flavour. Targeting CREs to increase expression and using 

geminiviral-based Gene Targeting were both feasible. However, the frequency of 
success needs improvement for a broader application, especially in a commercial 

setting.  
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Samenvatting 

Tomaat is wereldwijd een geliefde en commercieel belangrijke groente. 

Aantrekkelijkheid van tomaat voor de consument is zowel belangrijk voor veredelaars 
en telers als voor de gezondheid van de consument. De zoetheid van tomaten is een 

eigenschap die consumenten over het algemeen waarderen. Het suikergehalte, vaak 

gemeten als gehalte aan oplosbare vaste stoffen (gemeten in Brix), levert een essentiële 
bijdrage aan de beleving van de zoetheid. Suikers worden voornamelijk geïmporteerd 

in de vrucht als sucrose, dat daar wordt omgezet in equimolaire hoeveelheden glucose 
en fructose. Sucrose wordt op een strak gecoördineerde manier naar de vrucht 

getransporteerd vanuit fotosynthetische bronnen, b.v. bladeren. Het uiteindelijke 

suikergehalte in de rijpe vrucht wordt bepaald door de productie en export van 
fotosyntheseproducten uit de bron, het vermogen van het fruit om suikers te 

importeren en op te slaan tijdens de groei (bijvoorbeeld als zetmeel) en deze uiteindelijk 

weer vrij te geven tijdens het rijpen. Het doel van dit proefschrift was om nieuwe 
manieren om het suikergehalte te verhogen met behulp van gerichte mutagenese met 

CRISPR/Cas9 te onderzoeken. Expressiemodulatie door promotormutaties, maar ook 
de manipulatie van post-translationele regulatie, evenals gentargeting werden hiervoor 

onderzocht.  

HHooooffddssttuukk  22 onderzocht de regulatie van het suikermetabolisme in tomaat, met de 
nadruk op genen die veelbelovend zijn voor bewerking met CRISPR/Cas om het 

suikergehalte in het fruit te verhogen. Het identificeren en begrijpen van de rol van de 

genen die ten grondslag liggen aan de productie en distributie van suikers is cruciaal 
voor de veredeling van gewassen. Het is des te belangrijker vanwege de snelle 

ontwikkeling van nieuwe veredelingstechnologieën die nauwkeurige modificatie van 
deze genen mogelijk maken. De combinatie van synthese, transport, stofwisseling en 

opslag bepaalt het uiteindelijke suikergehalte in tomaat. In dit hoofdstuk heb ik 

“Quantitative Trait Loci” (QTL's, Kwantitatieve kenmerken loci) voor het suikergehalte en 
hun onderliggende genen uitgelicht.  

Daarnaast besprak ik nieuwe genen of locaties op het genoom waarvan recentelijk is 

ontdekt dat ze invloed hebben op het suikergehalte en kunnen worden ingezet in de 
veredeling. Sommige van deze genen hebben verder onderzoek nodig omdat deze niet 

allemaal zijn gevalideerd voor een algeheel positief effect (in tomaat), vooral wanneer 
negatieve neveneffecten moeten worden meegewogen. De combinatie van QTL-

ontdekking en moleculaire analyse van de suikerroute(s) heeft een breed scala aan 

bewezen of veelbelovende doelen opgeleverd voor het verhogen van het suikergehalte 
van tomaat. 

Uit dit review werd duidelijk dat zowel ADP-Glucose Pyrofosforylase Large subunit 1 
(AGPL1) als Cell Wall INvertase 5 (LIN5) essentiële genen zijn voor suikeraccumulatie. 
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AGPL1 codeert voor de grote subeenheid van ADP-glucosepyrofosforylase (AGPase). 

Dit tetramere AGPase-eiwitcomplex is betrokken bij de zetmeelsynthese in plastiden 
tijdens de vruchtontwikkeling. LIN5 hydrolyseert sucrose tot glucose en fructose. De 

gecreëerde suiker gradiënt die ontstaat door deze omzetting is een belangrijke 

drijvende kracht voor de import van suikers in de vrucht (de “sink”). Beide genen liggen 
ten grondslag aan een eigen QTL voor Brix, waarbij beide genen een allel in een wilde 

tomatensoort hebben dat een positief effect op het suikergehalte heeft. Eén van de 

doelstellingen van dit proefschrift was het bestuderen en wijzigen van de 
transcriptionele regulatie van AGPL1 en LIN5 om hun expressie te verhogen. Ik heb de 

Cis-regulerende Elementen (CREs) bestudeerd die betrokken zijn bij de regulatie van 
deze twee genen. Eén benadering was het identificeren van CREs en hun 

interacterende transcriptiefactoren (TFs) met behulp van verschillende in silico- en 

experimentele proeven. Tegelijkertijd heb ik gemultiplexte CRISPR/Cas9 mutagenese 
toegepast om variatie in beide promotorens te creëren. Door het effect op de expressie 

van AGPL1 en LIN5 in mutanten te bestuderen, wilde ik nieuwe soorten CRE-

functionaliteiten in een in vivo systeem ontdekken. De hypothese was dat wanneer een 
mutatie optrad in een CRE, dit de binding van een TF zou verstoren. Als de verstoorde 

plaats de bindingsplaats is voor een repressor, zou de expressie van de twee doelgenen 
naar verwachting toenemen. Door de expressie van LIN5 en AGPL1 te verhogen, 

probeerde ik tegelijkertijd de tomatensmaak te verbeteren omdat het suikergehalte dan 

hoger zou worden. 

Een in silico analyse van de AGPL1 promotor in HHooooffddssttuukk  33 resulteerde in de 

identificatie van geconserveerde en toegankelijke promotor regio's en yeast-one-hybrid 

(Y1H) experimenten identificeerden TFs die interactie vertoonde met deze promoter. Ik 
heb het effect van deze TFs op AGPL1-transcriptie bestudeerd met promotor-reporter-

testen. Twee potentiële repressors (FRUITFULL 2 en de CCCH-type Zinc Finger C3H13) 
en verschillende activators (Abscisic Acid Responsive Elements-Binding Factor 1 

(AREB1), de homoloog van de Arabidopsis B-box zinkvinger TF BBX19, de homoloog 

van de Arabidopsis GATA-motief met TF GATA9, Jasmonic Acid 1 (JA1), Nuclear Factor-
YA10 (NF-YA10), de homoloog van de Arabidopsis Telomerase Repeat Binding Factor-

Like 3 (TRFL), en het WRKY-motief met WRKY24, WRKY41 en WRKY81 waren gevonden. 

Daarnaast gebruikte ik gemultiplexte mutagenese met CRISPR/Cas9 op de AGPL1-
promotor in de tomaat cultivar Moneyberg om de expressie van AGPL1 in de vrucht te 

veranderen en planten te creëren met een hoger suikergehalte. De Brix was inderdaad 
verhoogd in verschillende van de verkregen mutantlijnen, maar trad altijd gelijktijdig op 

met een verlaagd vruchtgewicht. Voor twee van de drie lijnen met de hoogste Brix werd 

ook een toename van AGPL1-expressie aangetoond. 

HHooooffddssttuukk  44 was gericht op LIN5. Y1H en promotor-reporter-testen onthulden 

verschillende TFs die interactie vertoonde met de LIN5-promotor. GATA9, de 

homoloog van paprika MYB48, R2R3MYB58, MYB76 en een NAC TF gedroegen zich 
als repressors, terwijl C3H13, NF-YA10 en een homoloog van paprika NPY1 de expressie 
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in de promotor-reporter-testen verhoogden. Net als voor AGPL1 maakte ik 

promotormutanten en vond verhoogde Brix in verschillende van de gegenereerde 
mutantlijnen. Verschillende hiervan werden gekarakteriseerd voor LIN5-expressie, waar 

ik veranderde expressie in de mutanten in vergelijking met het wildtype (een 

ongemuteerde lijn) kon bevestigen. In een promotor-reporter-test waarbij de mutant 
promotors werden vergeleken met een wildtype promotor, werden HAT1, MYB HYH en 

WRKY24 geïdentificeerd als zwakke activatoren van de promotors van de mutant. 

Het werk aan de promotors van LIN5 en AGPL1 leverde aanknopingspunten op voor de 
verbetering van de tomatenkwaliteit en gaf ons inzicht in het potentieel van 

genoombewerking voor het veranderen van genexpressie (hoger of lager) in gewassen 
door zich te richten op kandidaatgen-CREs. Mijn conclusie is dat deze benadering 

haalbaar is, hoewel het groeien en fenotyperen van mutanten ruimte- en 

arbeidsintensief is, zeker wanneer de promotor op willekeurige wijze wordt getarget 
voor mutagenese. Het verkleinen van het doelgebied door het voorspellen van 

veelbelovende promotorregio's zou het aantal benodigde mutanten drastisch kunnen 

verlagen. 

In HHooooffddssttuukk  55 heb ik de rol van Cell-wall Inhibitor of -fructosidase (CIF1 of INVINH1), 

een post-translationele remmer van invertases zoals LIN5, onderzocht. Aangezien een 

eerder rapport een positief effect aantoonde van een verlaagde CIF1 expressie door 

RNAi op het suikergehalte, genereerde ik volledige knock-out-mutanten van CIF1 en 
bestudeerde de effecten op het uiteindelijke gehalte aan oplosbare vaste stoffen (Brix) 

en invertase-activiteit. De CRISPR/Cas-gegenereerde knock-outmutanten hadden 
inderdaad een verhoogde Brix, maar hun vruchtgrootte nam ook aanzienlijk af. 

Bovendien vertoonden de mutanten geen consistent verband tussen de voorspelde 

verminderde CIF1-activiteit als gevolg van knock-outmutaties en verhoogde LIN5-
activiteit in een enzymtest. 

HHooooffddssttuukk  66 richtte zich op het uitbreiden en verbeteren van de CRISPR/Cas9 

toepassingen door gemultiplexte Gene Targeting toe te passen op LIN5. LIN5 is het 
onderliggende gen van de Brix QTL, Brix9-2-5, waarbij het allel van LIN5 dat afkomstig 

is uit Solanum pennellii een hoge Brix geeft. Aangenomen wordt dat drie 
aminozuursubstituties in dit S. pennellii-allel verantwoordelijk zijn voor een actiever 

LIN5-eiwit. Mijn doel was om deze drie aminozuurveranderingen in onze variëteit, cv. 

Moneyberg, te verkrijgen door gelijktijdig op alle drie de doelaminozuren te richten via 
homologe recombinatie met een van een geminivirusl replicon afgeleid donorsysteem. 

Door middel van Gene Targeting experimenten in protoplasten en via stabiele 

transformaties en regeneratie ontdekte ik dat de aanpak resulteert in succesvolle 
verandering van de drie doelaminozuren, zij het met een zeer lage efficiëntie (1-3%). 

Concluderend onderzocht dit proefschrift de verschillende mogelijkheden van 
CRISPR/Cas9-mutagenese om de smaak van tomaten te verbeteren. Het richten op 
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CRE's om de expressie te verhogen en het gebruik van op een geminivirus gebaseerde 

gentargeting waren beide haalbaar. De frequenties van succes moeten echter worden 
verbeterd voor een bredere toepassing, vooral bij een commerciële applicatie.  
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