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Abstract

Plants are sessile organisms which have developed mechanisms to deal with extreme
environmental conditions, such as high heavy metal concentration in the soil. One of
these heavy metals which is an essential micronutrient but when in excess is
considered to be phytotoxic, is zinc (Zn). In the model plant Arabidopsis thaliana not
much is known about the excess Zn tolerance mechanisms. In an attempt to unravel
these mechanisms and the genes involved, a previously performed GWAS had
indicated a tandem gene cluster of four SUBTILASES (SBT), SBT3.2/3.3/3.4/3.5, located
on chromosome 1 and one TERPENE SYNTHASE (TPS), TPS21, located on chromosome
5. The scope of this project was to further analyze these genes and evaluate their role
in excess Zn (+Zn) stress. The absence of a knockout mutant line for the SBT genes
imposed a need of a quadruple sbt3.2/3.3./3.4/3.5 generation via a CRISPR/Cas9
mutagenesis method. Here, a design of a CRISPR/Cas9 system for the co-expression of
two sgRNAs in one binary vector using a three-step cloning strategy and a successful
Agrobacterium-mediated transformation of T0 generation plants are reported.
Moreover, measurements of TPS21 expression and abundance of its volatile
sesquiterpene products in extreme natural accessions with contrasting alleles grown
in +Zn have been conducted. In this report it is shown that excess Zn does not act as
signal for higher TPS21 expression and sesquiterpene production, but allelic variation
at the TPS21 locus confers different levels of β-caryophyllene production. A small
growth assay indicated that also NaCl excess has an effect on primary root length of
the tps21 mutant. Putative involvement of TPS21 in abiotic stresses requires more
investigation in future projects. Natural genetic variants of TPS21 could be further
tested by gene-editing approaches, to provide evidence in involvement of the locus in
abiotic stress signaling.

Introduction
Zinc: role, toxicity and homeostasis
High heavy metal concentrations in soils due to industrial wastes, is a gradually
increasing phenomenon with an immediate effect on plants. Main contributors for the
soil pollution are the poor effluent treatment of chemicals, metal processing, mining
industries and sewage sludge (Rout et al. 2003). Zinc (Zn) is one of those heavy metals
which is an essential micronutrient assimilated since the early stages of plant
development. Zn is the only metal present in six enzyme classes, with a fundamental
structural and catalytic role for example in anhydrases, dehydrogenases, oxidases and
peroxidases, and it is also a structural key component for regulatory proteins with a
diverse panel for zinc binding domains (Hewitt et al., 1983; Berg and Shi 1996;
Broadley et al. 2007). The most known structural role of Zn is in Zn-finger domains
mediating DNA-binding of transcription factors, as well as protein-protein interactions
(Sinclair and Krämer 2012). Zn finally is highly required for protein synthesis in pollen
tubes, participates in the synthesis of nucleic acid and proteins and in the utilization
of phosphorous and nitrogen during seed formation (Rout et al., 2003; Marschner,
2011).
Above a certain threshold Zn is phytotoxic. Toxic concentrations in leaves vary
between species from 100μg Zn g-1 to 300μg Zn g-1 dry weight, with the latter
concentrations being more frequent (Marschner, 2011). Zn toxicity is related with
oxidative stress at the cell level (Sresty and Rao 1999) as well as growth inhibition, Feinduced-chlorosis due to decrease chlorophyll synthesis and chloroplast degradation
and interference with P, Mg and Mn assimilation (Broadley et al. 2007). Zn is also toxic
under conditions of iron (Fe) deficiency; a high Zn:Fe ratio results in displacement of
Fe from Fe-binding sites in proteins (Senger and Kra 2006). Indeed, often Fe deficiency
tolerance is associated with Zn homeostasis because excess of Zn leads to Fe
deficiency (Zargar et al. 2015). For instance, Fe deficient plants tend to accumulate
more Zn in the organelles, and specifically in the chloroplasts (Vigani et al. 2018). The
cross-talk of Zn homestasis and Fe deficiency is known in many plants, but the specific
molecular mechanism is not entirely understood yet. It is the ratio of the two
competitive heavy metals that attracts most attention of the research community,
because of their similar molecular affinity and the uptake by the same metal
transporters , such as IRT1 and MTP3 (Vert et al. 2002; Senger and Kra 2006). Fe uptake
though, is considered an extra challenge for the plants, as many factors of the soil
influence its bioavailability (Lindsay and Schwab 2008). In summary, zinc homeostasis
is a trait of high importance for species to survive under such conditions of high Zn/Fe
concentration ratios.
Although for the model species Arabidopsis thaliana, there is much research on Zn
deficiency (Assunção et al., 2010; Tufiño et al., 2018) not much is known about the

genetics of the tolerance to excess Zn. However, related species such as Arabidopsis
halleri and Noccaea caerulescens within the Brassicaceae family, do show high
tolerance to heavy metals, including Zn (Castric et al. 2010; Clauss and Koch 2006;
Schat and Aarts 2003). It is biologically possible then for A. thaliana to also become
more tolerant to excess of Zn, for which natural variation must be exploited.
Candidate genes for Zn excess tolerance: SBT genes and TPS21
In a GWAS experiment conducted in the past, a set of 360 accessions of Arabidopsis
collected from various locations of their natural distribution range, was grown under
control and excess Zn conditions (Wouter, 2015). After phenotyping the plants, with
the fresh rosette weight as the trait of interest to determine excess Zn tolerance, and
running the analysis he SNPs with the higher LOD score indicated three regions,
including the candidate genes for excess Zn tolerance. Transfer DNA (T-DNA) insertion
lines, which are knockout mutants, have been tested for all genes included in these
regions and had been considered as candidates based on their function. In the first
region, four genes of the SUBTILASE PROTEIN FAMILY were found; SBT3.2, SBT3.3,
SBT3.4 and SBT3.5 on chromosome 1. For these genes a single sbt3.5 mutant was only
available and could be tested in excess Zn environment. It was shown that sbt3.5 has
significantly reduced growth compared with Col-0 in +Zn stress and not under control
conditions (Denkers et al., 2019). However, these tandem cluster genes might be
functionally redundant, therefore a T-DNA analysis of a single mutant could not be
conclusive. In the second region, the T-DNA analysis did not reveal any genes of
interest, but it did for the third region (on chromosome 5) highlighting the TERPENE
SYNTHASE 21 (TPS21) as a candidate gene. A tps21 mutant exhibited same growth
reduction as the sbt3.5 under same +Zn conditions tested. All these brought the main
focus of this project to be on functional analysis of SBT3.2/3.3/3.4/3.5 and TPS21.
Subtilase genes need to be knocked out for functional analysis and validation on
their role
Subtilisin-like proteases (subtilases) are serine proteases, forming the largest group of
peptidases (Figueiredo et al, 2014). They are encoded by 56 SBT genes in Arabidopsis,
of which 53 contain a protease-associated domain, indicating a protein-to-protein
interaction ability (Figueiredo et al. 2014). To date, not much is known for SBT
function. SBT3.3 (At1g32960) has been associated with pathogen recognition and
innate immunity, operating upstream of the salicylic acid (SA) pathway. (Mauch-mani
et al., 2013). SBT3.5 (At1g32940) is co-expressed with PME3, which when mutated
leads to hypersensitive response (HR) of plants exposed to excess Zn conditions.
(Lerouge et al. 2014; Weber et al. 2013). The function of SBT3.2 (At1g32970) and
SBT3.4 (At1g32950) is not yet known.

Figure 1 Neighbor-joining tree generated from a sequence alignment of the deduced amino
acid sequences of the 56 SBTs in Arabidopsis (adapted from Schaller, Stintzi, and Graff 2011).

The sequence homology and predicted protein of all four SBT genes mentioned
indicate that they might be functionally redundant. It is shown that SBT3.2/3.3/3.4/3.5
have signal sequences for targeting to the secretory pathway which also gives an
indication for functional redundancy (Stintzi et al. 2005). It is therefore possible that
one compensates for another when the latter is mutated. In order to confirm the
involvement of all of them it would be necessary to phenotype a mutant line which
will have all genes knocked out. Unfortunately, such a knockout mutant line does not
exist, imposing a need of a targeted mutation to all four SBT genes which are located
in a 15 kb tandem gene cluster. By generating mutations in SBT3.2, SBT3.4 and SBT3.5
in a sbt3.3 mutant line (in this case sbt3.3), and then comparing a wild type (WT) Col0 to quadruple mutant, an insight of how strong the response of these subtilase genes
is regarding Zn high concentrations, can be given. To obtain such quadruple mutant a
specific targeted-site mutation is required for all the SBT genes, to be generated using
a CRISPR/Cas9 system.

Targeted mutagenesis by CRISPR-Cas9
Reverse genetics is a well-known approach to study a gene function in plants (Alonso
& Ecker, 2006). In other words, a site-directed mutagenesis in a known gene or in
multiple genes, may provide evidence on the effect of this gene to a certain phenotype
and eventually on its function. To date, there is a vast collection of T-DNA insertion
lines with known insertion sites for Arabidopsis thaliana. (Alonso and Ecker, 2006).
RNA-interference (RNA-i) is also widely used for functional analysis of genes but is
reported to have lack of stability and sufficient silencing levels across many
generations (Jako et al., 2015; Zhang et al, 2016). Another more efficient approach for
gene function studies is the Streptococcus pyogenes derived CRISPR/Cas9 system. This
refers to a complex of a single-stranded guide RNA (sgRNA) which targets a 20nucleotide DNA sequence (in the gene of interest) and a clustered regularly
interspaced short palindromic repeats (CRISPR) -associated protein 9 (Cas9) able to
cleave DNA approximately three base pairs (bp) upstream of the protospacer adjacent
motif (PAM = ‘NGG’) (Kleinstiver et al. 2016; Song et al. 2016; Zhang et al. 2016). This
induced double strand break will trigger the cell to repair the break with one of two
possible pathways. The first is by homology directed repair (HDR) which makes use of
an homologous DNA sequence and is uncommon among plants, while the second one
and frequent in plants is by non-homologous end joining (NHEJ), which does not
require sequence homology and is error-prone, therefore possibly resulting in
insertion or/and deletions (indels), meaning frame-shift mutations in the targeted
area (Mao et al., 2013; Yang et al.,2013).
In order to produce multiple mutants, a cloning method for multiple constructs
combined in one vector, is required. The Golden Gate cloning method (Engler et al.
2014) is a three-step cloning procedure to produce a vector which can be used for
Agrobacterium-mediated transformation of a CRISPR/Cas9 mutagenesis cassette in A.
thaliana. By using Type IIS restriction enzymes (REs) and a T4 Ligase enzyme, in a single
reaction, multiple DNA fragments can be incorporated in a single vector which is
designed without redundant restriction sites (for the specific enzymes used) so that
the reaction is irreversible. IIS RE cleave DNA outside the recognition site thus creating
a four base overhang, which plays key role in this particular cloning method, since they
function as junction sites of DNA fragments to be assembled (Weber et al. 2011)
(Figure 2A.) The use of the cloning vectors and the combination of up-to seven inserts
in one vector by a three-step procedure are shown in Figure 2B. In the first step, entry
vectors (Level 0 vectors) have two BsmbI sites in opposing orientations which flank the
fragment which will be substituted by the insert of interest, or in this case by the
sgRNA targeting the gene of interest (SBT genes). For successful insertion though, the
sgRNA primers have to be designed with overhangs complementary to the junction
sites of Level 0 vectors. Thanks to these junctions the sgRNA will be inserted because
of complementation of 5’-ATTG and 5’-AAAC with the 3’-TAAC and GTTT-3’

respectively (Fig.2A). In the second step, again the DNA fragment which comprises the
sgRNA, the U6-26 promoter which drives its expression, and the RNA backbone is
flanked by BsaI sites. After the digestion-ligation reaction this is inserted in a Level 1
vector with the same principle as the previous one. Instead of constructing directly
the Level 1 vectors, which should require more PCR reactions, Level 0 vectors are used
to physically connect the sequences of all the mentioned components. The RNA
backbone is necessary for the Cas9 to be hybridized. (Hyun, Kim, and Woo 2015)

Figure 2A) Graphic representation of a receptor Level 0 vector. On the top, the DNA fragment which is cleaved and
will be replaced by the sgRNA is presented. Red underlined letters represent the BsmBI restriction sites of the vector
and the blue letters the 4-bases overhangs which are important to add when the sgRNA primers are designed. U626 promoter sequence and RNA backbone flank the inserted sgRNA, and are flanked from BsaI sites which will be
recognized by the second IIs enzyme used and inserted to a Level 1 vector following same principal Figure 2B)
Workflow for a Level 2 vector construction with multiple inserts. For Level 0 and Level 1, they are produced as many
vectors as the sgRNAs. For Level 2 all Level 1 U6-26p::sgRNA constructs and Level 1 with 0LE1::RFP, pRPS5A::Cas9
are combined in one vector.

In the final vector (Level 2) all U6-26p::sgRNA constructs and the pRPS5A::Cas9 and
pOLE1::FAST-R (Shimada and Hara-nishimura 2010) loci, for the expression of the
endonuclease and a red fluorescent protein respectively, are combined. The BpiI
sites flank all inserts in every single Level 1 vector, and the overhangs produced after
digestion serve for linkage of all inserts in a row. The Golden Gate technology
requires specifically designed vectors for all previous steps and allows up to 7 inserts
to be assembled in one Level 2 vector (Engler et al. 2014). This is considered
advantageous for combining multiple sgRNAs in one transformation vector. Different
combinations of sgRNAs in one vector and eventually in a transformed plant plays a
key role for higher mutation efficiency rate (Hyun et al. 2015; Osakabe et al. 2016;
Song et al. 2016; Zhang et al. 2016).
In the present project I attempted an induction of heritable mutations, by using
CRISPR/Cas9 system with Golden Gate cloning and knocking out all four SBT genes.

For time limitation reasons, I will complete the cloning procedures and the
Agrobacterium-mediated transformation of the plants. In the first generation of
transformants (T1) the mutations can be induced and further be inherited. Then 2-3
generations of self-pollination are required for individuals to become quadruple
SBT3.5/3.4/3.3/3.2, Τ-DNA free plants (Cho et al. 2013; Hyun, Kim, and Woo 2015).
TPS21 might have an involvement in +Zn stress
TPS21 (At5g23960) is one of the 40 terpenoid synthase genes (TPS), the largest and
most diverse group of TPS genes known in A. thaliana (Bohlmann 2002). It is located
on chromosome 5 and it is involved in biosynthesis of the sesquiterpenes (Ε)-βcaryophyllene, α-humulene, which together they represent 43% of the total flower
volatiles in Α.thaliana (Aharoni et al. 2003; Chen et al. 2003; Miesch et al. 2013; Yu et
al. 2015). Although, floral volatiles’ main function is to attract pollinators, βcaryophyllene has not been reported having such a role. It is reported to confer basic
bacteria and herbivore resistance (Hiltpold et al. 2007; Huang et al. 2012; Smith et al.
2019). A relationship with abiotic stress has not been reported yet.
In the past the research done for GWAS experiments in the Genetics Lab included
natural accessions from the A. thaliana HapMap population (Weigel and Mott 2009).
This population provides natural genetic variation from 360 natural accessions which
were screened for plant growth in excess Zn environment. The degree of tolerance
was determinated by the fresh rosette weight. Natural accessions have shown a wide
range of sensitivity to tolerance in such environment in the GWAS (Wouter et al.,
2015) and the highest LOD score SNP maps to the promoter of TPS21 (third region of
candidate genes). T-DNA mutant lines of genes included in the region of candidate
genes for GWAS Zn excess tolerance, were screened. Among them, the most
interesting with a clearly smaller growth when compared with the background Col-0,
under +Ζn conditions, was a tps21 mutant line. In addition an upregulated expression
of TPS21 when some of the natural accessions grown under +Zn conditions, was
observed (Dankers et al.,2019).
In order to understand how the response to excessive zinc can be explained by genetic
differences a haplotype analysis of TPS21 and surrounding regions of the locus, for five
tolerant and five sensitive accessions gives useful information on genetic variation
(Fig.3). The SNP with the higher LOD score on chromosome 5 in position 8092626
(SNP_5_8092626) maps to the promoter of TPS21 and constitutes a C to a T nucleotide
substitution, relatively to Col-0 haplotype. For purposes of convenience in the report,
this would be mentioned as the alternative versus the Col-0 allele. Moreover, more
SNPs in introns and exons of TPS21 are present between the tolerant and sensitive
accessions, expanding the range of putative causal polymorphisms between the
sensitive and tolerant accessions (Col-0 and alternative allele respectively).

Figure 3 Panel with schematic representation of haplotypes of natural accessions with extreme phenotypes in +Zn
conditions. Five accessions on top including Col-0 are relatively sensitive and five on the bottom are relatively
tolerant to +Zn. At5g23960 (in purple) represent locus TPS21 and At5g23955 represents a TE. Boxes in TPS21
represent the exons of the gene. The colored bars with letters indicate SNPs of each haplotype relatively to Col-0.
SNP in position 8092626 is the SNP with higher LOD score in the GWAS for identification of candidate genes related
with +Zn tolerance, and maps on the promoter of TPS21. Tolerant accessions have haplotypes with this SNP and
some other SNPs in exons and introns of TPS21. All tolerant accessions selected to be analyzed, except Kn-0, lack
the TE, which is located ~10 kb towards the 5’ end.

A major difference between these two groups of accessions is also an absence of a
Transposable Element (TE) (At5g23955) for the accessions with the alternative allele.
Although this holds truth for most tolerant accessions, also for those which were not
included in the experiment, the linkage of TE absence and alternative allele is not the
case for the tolerant accession CS28395 (Kn-0). In general, in the haplotype of the
alternative allele the TE is absent, altough there are exceptions with Col-0 allele (SNP)
and absent TE as well (data not shown). In summary the haplotype analysis gives
remarkable information on genetic differences which might cause altered TPS21
properties for different alleles.
The main research question regarding TPS21 is whether the natural genetic variation
for this locus underlies the differential response to excessive Zn among accessions of
the HapMap population. If indeed TPS21 expression is higher or the terpene synthase
is more functional in tolerant plants, it is hypothesized that more sensitive plants will
have a TPS21 allele (the Col-0 allele) which will result in less β-caryophyllene
production, whereas tolerant plants with an alternative allele will produce higher
amount, in +Zn stress. To test this, the illustrated in Fig.3 natural accessions with
contrasting phenotypes and alleles (tolerant with and sensitive without the SNP
marker) were grown under + Zn conditions to measure (E)-β-caryophyllene emmision
and TPS21 expression.

Materials and Methods
Plant material
The Arabidopsis thaliana sbt3.3 T-DNA insertion mutant in a Col-0 background was
used for transformation to obtain T1 generation plants for creating a quadruple
sbt3.2/3.3/3.4/3.5 mutant. All 10 genotypes used for the Zn excess experiment, the
GS/MS analysis and the gene expression analysis are from the HapMap population,
with re-sequenced data available in http://signal.salk.edu/atg1001/3.0/gebrowser.php.
For germination priming, seeds were put on wet filter paper in the dark at 4 °C for 48
hours, and afterwards transferred to a climate chamber (16/8 light/dark; 24 °C) for 3
days. Τhe plants were thereafter grown in the greenhouse Unifarm of Wageningen
University, unless indicated otherwise.
Vectors for CRISPR/Cas9 mutagenesis
Constructs were assembled using the Golden Gate cloning technology (Engler et al.
2014). Design of primers to generate all the double stranded DNA (dsDNA) products
(from which the primary sgRNA will be encoded) was done by multi-alignment of SBT3.2/3.3/3.4/3.5 coding sequences (Corpet Florence, 1988), and all 20-base target
sequences, 3bp upstream a 5’-NGG PAM, were used by also adding a four-bases
overhang in the 5’ of one strand and in the 5’ of the complementary strand (Engler et
al., 2014). In the 5’ end an ATTG overhang while in the 5’ of the complementary stand
an AAAC were added (Figure 4). The primers were annealed (95 °C for 2min, 25 °C for
45 min) and a dsDNA product was obtained. The sgRNAs were designed in such a way
so that in their sequence they do not comprise the BsmbI, BsaI and BbsI restriction
sites, which have been flanking all the necessary sequences to be cloned to Level 0/1/2
vectors. Sequence of all sgRNAs can be found in the Appendix I. Vectors included
Symbio (Level 0), pICH7732, pICH47742, pICH47751, pICH47761 and pICH41780 (Level
1 vectors) and the binary vector pAGM4723 (Level 2) were provided from the MoClo
Toolkit (Engler et al., 2014). The binary vector for plant transformation contained
between the left and right T-DNA borders all components as follows: a FAST-R marker
(Shimada et al. 2010) under the control of a OLE1 promoter, a Streptococcus pyogenes
Cas9 controlled by the pRPS5A promoter and two U6-26p::sgRNAs.

Figure 4. Representation of the primers designed for a sgRNA targeting SBT3.5/3.4/3.3. Οn the left primers with the
4-bases overhangs as they were designed. On the right the annealed dsDNA with the overhangs on both sides, is
shown.

Workflow for construct generation
For Level 0 (entry) vector, the sgRNA construct was cloned into a vector flanked by
BsmbI sites, in a single restriction-digestion reaction. The entry vector was
transformed to E. coli and successfully transformed colonies are selected in
spectinomycin plates. The plasmid is then isolated using a QIAprep Spin Miniprep Kit
(QIAGEN) and send for Sanger Sequencing (Eurofins Genomics). Same procedure is
being followed to proceed with Level 1 and Level 2 vectors.
For digestion and ligation reaction for all construct Levels 0, 1 and 2 the following
protocol was used:
Table 1. Components for digestion-ligation single reactions for construction of Level 0, 1 and 2 vectors

Reagents

Level 0 Construct

Level 2 Construct

6.7 μL (10 units)
2μL

Level 1
Construct
3 μL (4.5 units)
2 μL

T4 Ligase
T4 buffer
(10x)
Restriction
enzyme
Acceptor
Plasmid DNA

BsmbI 1μL

ΒsaI 2.5 μL

BbsI 2.5 μL

Level 0 , 1 μL
(100 ng)

Level 1 original
vector , 1 μL
(100 ng)
Level 0 construct
1 μL (100 ng)

Level 2 original vector,
1 μL (100 ng)

Inserted
DNA

1 μL dsDNA
(annealed sgRNA
primers)
(50 ng)

mQ water
Total

8.3 μL
20 μL

10.5 μL
20 μL

3 μL (4.5 units)
2 μL

Level 1 construct 1, 1 μL
(10 ng)
Level 1 construct 2, 1 μL
(10 ng)
Level 1 FAST-R ,1 μL
(100 ng)
Level 1 Cas9 , 1 μL (100 ng)
Level 1 End link-4, 1 μL
(100ng)
6.5 μL
20 μL

For selection of vectors Level 0,1 and 2 the plasmids were always transformed to E.
coli TOP10 strains via electroporation. The protocol used was the following:
•
•
•
•

Add 1 μL of plasmid DNA to 49 μL E. coli TOP10 cells.
Keep on ice for 5 min
Transfer the cell suspension to a 0.1 cm electroporation ice-cold dry cuvette
Apply a 2,20 kV pulse with the micropulser. Immediately add 960 μL LB medium.

•
•
•
•
•
•

Transfer to a 1,5ml Eppendorf tube and incubate at 37 °C for 1 hour.
Plate 100-250 μL of the suspension on a LB spectinomycin 50 μg/mL (for Level 0) or
ampicillin 50 μg/mL (for Level 1) or kanamycin (50 μg/mL (for Level 2)
Incubate at 37 °C overnight and select white colonies
Transfer 4 colonies to a 15ml tube with 3ml LB of 50μg/ml antibiotic selective for each
plasmid
Culture them overnight (12-16 hours) and keep 500μl of each culture in a 50% glycerol
stock in -80 for future use.
Rest 2.5 ml of the culture is centrifuged at 4000rpm for 6 min and plasmid isolation is
done using QIAprep Spin Miniprep Kit (QIAGEN)

After plasmid isolation the samples were send for Sanger Sequencing with a primer
upstream ~300bp of the 20 -nucleotide sequence as a start point. Sequences of
primers used for Sanger Sequencing of all plasmid DNA can be found in Appendix II.
When the sgRNA was confirmed to be inserted, it was followed by same workflow of
digestion-ligation, transformation and plasmid isolation for the next corresponding
Level vector.
When Level 2 vectors were acquired for all constructs, they have been transformed to
A.tumefaciens AGL1 via electroporation, as indicated above with main differences in
growing the bacteria being the LB liquid and agar medium that were used with half
concentration of NaCl compared with the medium for E. coli growth. The antibiotic
selection kanamycin 50 μg/mL and rifampicin 50 μg/mL and the culture of colonies
were incubated at 28°C after electroporation for 3 hours and overnight after selection
in plates for 22-30 hours.
After glycerol stocks kept and plasmid DNA isolation, the vector was re-transformed
to E. coli DH5a, and again selected in kanamycin 50 μg/mL, grown overnight and reisolated. For transformation of the chemically-competent cells the following protocol
was used:
•
•
•
•
•

Thaw 50μL of E. coli DH5a cells on ice for 15min
Add 1μL of plasmid DNA (Level 2 vectors) and leave on ice for 30min
Transfer the cell suspension to a water bath at 42°C for 30seconds
Put again on ice for 5min and then add 950μL LB
Incubate at 37°C and plate in kanamycin 50 μg/mL LB agar plates

Selection of colonies and isolation was following as indicated above.
The two different “batches” of destination vectors, the one before transforming it
(from TOP10 cells) to Agrobacterium tumefaciens and the one after (from DH5α cells),
were confirmed to be the same both with sequencing and restriction enzyme (RE)
digestion with EcoRI.

Agrobacterium tumefaciens-mediated transformation by a floral dip method
Agrobacterium tumefaciens AGL1 was grown in LB medium with 25μg/ml of
Rifampicin and Kanamycin and incubated at 28°C for two days. 1 ml of the culture was
add to 100ml of LB medium and incubated overnight, until the OD600 reached between
1,6-2. The culture was centrifuged for 20min at 4000rpm and pellet resuspended in 12 volume of 200ml MQ supplemented with 5% sucrose solution. Final OD600 was
measured to be 0.8. For a floral dip of 15 plants (grown in rockwool cubes), 100ml of
bacterial suspension MQ-bacteria inoculum with 50μl of the surfactant Silwet L‐77 was
required. After dipping plants were covered with plastic lids and paper, for 24hrs to
keep high humidity and low light penetration. The floral dip transformation method
was repeated 6 days after.
Confocal laser scanning microscopy
Expression of red fluorescent protein (RFP) (Shimada et al. 2010) was assayed by
examining seeds using a confocal microscope (Leica Microsystems) fitted with a 488nm excitation filter.
Off-target analysis for the 20-bp target sequence
For all of the constructs generated, the potential off-target sites for each 20bp-target
sequence were screened using the CRISPR-P free-web tool (Lei et al., 2014)
Volatile GS-MS analysis of extreme accessions
Eight natural HapMap accessions with contrasting phenotypes in +Zn conditions, were
grown in the rockwool cubes in the greenhouse and watered with standard Hyponex
solution (control treatment) and Hyponex supplemented with 40μΜ ZnSO4 (+Zn
treatment). Primary inflorescences were clipped to produce auxiliary inflorescences.
About two-three weeks after cutting the main inflorescences away, the
measurements started.
Two plants were put in a glass jar-cuvette for volatile trapping for 24hours, so that
each cuvette containing two plants for a detectable amount of volatiles, represents
one replicate, adding up to 3 replicates per genotype per treatment. The conditions in
the chamber were kept stable in 100% white, 10% deep red, 100 % far red and 5%
blue light, 200ml/min and 150 ml/min in and out air flow respectively, 65% humidity
and 400ppm CO2. The volatiles trapped into the liner tubes, were injected into a Gas
Chromatograph-Mass Spectrometry (GC-MS) and β-caryophyllene abundance was
analyzed from the chromatograms.
Statistical analysis of metabolomic data
The statistical analysis for the metabolomic data acquired from the GS/MS was done
with the use of metaboloanalyst.ca, as described in Chong et al., 2019. For

normalization of the data through the use of platform, normalization by the sum of
the peaks for each sample, log transformation of the data and Pareto data scaling were
selected as parameters.
Expression of TPS21 in +Zn for accessions with extreme phenotypes
Col-0, tps21 and ten natural accessions with an extreme contrasting phenotype on +Zn
(Appendix III) were grown on rockwool in Control and +Zn conditions (40μM) . Three
weeks-old plants shoots were harvested and frozen in liquid nitrogen, for RNA
isolation. First, the samples were ground in the Retch Tissuelyzer (QIAGEN) using glass
beads and the RNA was extracted as described in Oñate-sánchez and Vicentecarbajosa, 2008. After DNAase treatment, integrity of RNA has been analysed on
electrophoresis gel, RNA concentration was measured on the NanoDrop ND-2000
spectrophotometer (NanoDrop Technologies) followed by cDNA synthesis with BioRad iScript™ cDNA Synthesis Kit. Real-time quantitative PCR (RT-qPCR) was performed
for TPS21 expression measurement with SYBR Green Supermix (BIO-Rad). For
normalization of the measurement, the reference genes At5G15710, At3G18780 and
At5g08290 with a stable expression under heavy metal treatment were included in
the analysis (Remans et al., 2008). All primers were designed for a previous gene
expression analysis of genes related with +Zn tolerance (Denkers et al., 2019)
Root growth assay experiment
tps21, Col-0, Rsch-4(CS76222) and Da(1)-12 (CS28201) (two natural accessions with
contrasting alleles for the TPS21 locus) were grown in vertical agar plates, for root
growth measurement. Seeds were surface sterilized using vapor-phase seed
sterilization (as described by (Clough and Bent 1999) and sown in ½ MS medium , pH=
5.8, containing 0.5 (w/v) sucrose and 1.2% (w/v) agar (Duchefa Biochemie). Plates
were put in the dark at 4 °C for 3 days for stratification. After stratification plates were
put in a climate growth chamber set at 16hours light/ 8 hours dark and 24 0C in an
angle of 90 degrees. After 3 days seedlings were transplanted to the treatments
plates, including Control, - Zn, - Fe, - N , + Cu + and + NaCl . 40ml of media were poured
in each plate and the MS media composition was adjusted to 20.6 mM NH4NO3 (10.3
mM for -N), 9.8 mM KNO3 (4.7 mM , 0.2mM for -N2) , 1.5mM CaCl2, 0.75 mM MgSO4,
0.62mM KH2PO4, 0.05 μΜ CoCl2. 6H2O, 0.05 μΜ CuSO4.5H2O, 50.00 FeNaEDTA
(FeNaEDTA-free in -Fe treatment), 50.15 μΜ H3BO3, 2.50 μΜ KI, 50.00 μΜ MnSO4.H2O,
0.51 μΜ Na2MoO4.2H2O, 15μΜ ZnSO4.7H2O ( ZnSO4-free in -Zn treatments). For + NaCl
and +Cu treatments, the final concentrations were set at 100mM NaCl and 50μM
CuSO4 respectively. In every plate three replicates of four genotypes were grown and
four plates for each treatment were used. Plants were grown for one week and
primary root length was measured using a thread and a ruler, for a more accurate
measurement of curved roots.

Results
Four vectors for CRISPR/Cas9 mutagenesis cassette have been produced
By using Golden Gate cloning technology it has been attempted to produce vectors
which would include inserts for expression of sgRNAs targeting SBT3.2, SBT3.4 and
SBT3.5, and to finally transform sbt3.3 lines, to create quadruple sbt3.2/3.3/3.4/3.5 A.
thaliana plants.
The initial strategy was to produce vectors with three U6-26p::sgRNAs ; one would
target SBT3.2, one SBT3.4 and the other SBT3.5. The high sequence affinity of SBT3.5
and SBT3.4 though allowed one sgRNA to target SBT3.5 and SBT3.4 simultaneously
(even though this was not early in the gene), while for SBT3.2 no 20-base target
sequence with a PAM “5’–NGG” sequence was found to be shared with the other
genes. For three sgRNAs targeting SBT3.5 and SBT3.4 (and SBT3.3 in one of them) the
seventh and eighth exon (out of 10 exons in both genes) were targeted, while for two
sgRNAs targeting only SBT3.2 the 1st and 2nd exon. In conclusion, five sgRNAs were
designed: two for SBT3.2 and three for SBT3.5/3.4. Sequences of all sgRNAs and their
target genes can be found in Appendix I.
All U6-26p::sgRNA constructs were cloned successfully to Level 2 vectors, except the
SBT3.5/3.4A which even though must be have been transformed into E. coli and Level
2 plasmids have been isolated, sequencing did not confirm the 20-base sequence in
the plasmid. Therefore, procedures were followed with two sgRNAs for SBT3.2 and
two for SBT3.5/3.4. This translates into total four different U6-26p::sgRNA cassettes
which when combined in pairs resulted into four destination (Level 2) vectors. So each
vector had a sequence to encode a RFP, a Cas9, a sgRNA targeting SBT3.2 and a sgRNA
targeting SBT3.5/3.4 (Table 2 & Fig.5).
Table 2. Level 2 vectors used for transformation, and their sgRNAs targeting SBT3.2 and SBT3.5/3.4. sgRNA
SBT3.5/3.4/3.3 target also SBT3.3

Level 2
Vectors
1
2
3
4

sgRNA 1

sgRNA 2

SBT3.2A (2nd exon)
SBT3.2 A(2nd exon)
SBT3.2 B(1st exon)
SBT3.2 B(1st exon)

SBT3.5/3.4/3.3 (7th exon)
SBT3.5/3.4 B ( 8th exon)
SBT3.5/3.4/3.3 (7th exon)
SBT3.5/3.4 B ( 8th exon)

Figure 5. Schematic representation of destination vectors (Level 2) used for transformation events.
Between the LB and RB T-DNA, the components are positioned in the following order: pOLE1::RFP,
pRPS5A::Cas9, U6-26p:sgRNA-SBT3.2 and U6-26p::sgRNA-SBT3.5/3.4, with their corresponding
terminators. The plasmid incorporates a Kanamycin Resistance locus, which is used a selective marker
for successful transformation of A.tumefaciens AGL1

Before transformation of plants and to confirm that the sgRNAs are in the binary
vector of AGL1, the two batches of vectors multiplied in E. coli cells (TOP10) and
(DH5a) (which were electrocompetent and chemically-competent respectively) were
digested by EcoRI and the isolated plasmids were send for sequencing. The two
batches of E. coli transformed cells do not have to be different, but in this case the
electrocompetent TOP10 cells stock was finished and chemically competent DH5a
cells were used instead. This was an extra validation of succesful transformation for a
vector of a size of 13955kb, into chemically competent cells, with a cheaper and less
laborious protocol (i.e no use of electrocuvettes)
Same digestion patterns of the expected size indicated that no rearrangements took
place in the plasmid, and Sanger Sequencing proves that the desired sgRNAs are

inserted in the plasmids (Fig. 6 & 7).

Figure 6. Restriction enzyme digestion with EcoRI of destination vectors from Batch “A” and Batch “B” (retransformed vectors from A.tumefaciens to E. coli. Sizes expected are 5752bp, 5062 bp, 2341 bp, 411bp, 366bp and
16 bp. First lanes 2-8 : 2 replicates for construct 1,2,3 and 1 from number 4 from Batch A and lane 9-28, four colonies
for each replicate from Batch B. Lane 29 is an uncut vector, Lane 30: Level 2 acceptor vector (expected size 11361
bp)

Figure 7. Sanger sequencing results for plasmid DNA of batch “B”. The green bar and a single peak for each
nucleotide position indicates high quality of the results, confirming the presence of all sequences in the four vectors.
In the figure all vectors 1 to 4 (from the top to the bottom) seem to have the sgRNAs for SBT3.2 (left column) and
for SBT3.5/3.4 (right column).

Succesful transformation of T0 generations plants
After Agrobacterium-mediated transformation, plants were left for 3-4 weeks and
seeds were harvested to be screened with a confocal microscope for the expression

of FAST-R selective seed marker. Transformed seeds (of T1 generation) expressing the
red color marker have been identified, validating the transformation event.

Figure 8 A&B. Transformed seeds of T1 generations plants. Seeds which emit the red fluorescent protein (RFP
marker) are transformed seeds derived from Agrobacterium-mediated transformation and will be selected for T1
generation plants, while the non-fluorescent are discarded as probably non-transformed. Picture has been taken
using a microscope imaging software (LAS X, Leica Microsystems)

Off-target analysis for the 20-bp target sequence
The details for the top 5 potential off-target sites based on an off-score of the webtool used, of all four sgRNA target sequences are summarised in Table 3
Table 3. Five potential off-target sites for sgRNAs used in this targeted site mutation experiment

Ranking
of Offtarget
sites
1

2

3

4

5

sgRNAsgRNASTB3.5/3.4/3/3 SBT3.5/3.4B
(Off-score)
(Off-score)
At4g10550
-SBT3.6
(46%)
At4g10540
-SBT3.8
(35%)
At4g10510
-SBT3.7
(29%)
At4g34980
-SBT1.6
(5%)
At4g27080
-PDI-like 5.4
(3%)

At4g10540
-SBT3.8
(100%)
At4g10510
-SBT3.7
(100%)
At1g32960
-SBT3.3
(52%)
At4g10550
- SBT3.6
(19%)
At1g09620
(7%)
LeucinetRNA ligase

sgRNA-SBT3.2A
(Off-score)

sgRNA-SBT3.2B
(Off-score)

At4g10530
-SBT3.10
(16%)
At4g10520
-SBT3.9
(16%)
At3g62700
(8%)
-ABCC14
At1g04030
-eisosome
protein(7%)
At1g04040
HAD-acid
phosphatase
(7%)

AT1G58230
-BCHB(10%)
Chr5:+11991928
Intergenic reg(3%)
AT3G17530
(2%)
Chr4:+3008328
Intergenic reg. (1,6%)
AT4G01070
-GT72B1
(1.4%)

Most of the off-target sites for the sgRNA designed, regard genes of the SBT family.
This is due to high sequence homology of genes in this family. PDI-like5.4 encodes for
protein disulfide isomerase involved in cell redox homeostasis. Leucine-tRNA ligase is
involved in leucyl-tRNA aminoacylation. ABCC14 is a transporter resistance-related
protein (Jaquinod et al. 2007). At1g04030 encodes for an eisome protein involved in
male meiosis II. HAD is an acid phosphatase, BHCB is a binding protein and their
functions are not really known. GT72B1 is a glycosyltransferase involved in
metabolizing xenobiotica. All information on gene functions was found by searching
for each gene locus identifier the data for gene description in TAIR
https://www.arabidopsis.org/tools/bulk/genes/index.jsp

E-(β)-caryophyllene production is higher for accessions with the alternative allele
One of the research questions to be answered was whether the natural genetic
variation at the TPS21 locus explains any differential response to excessive zinc
environment. This was performed by measuring the amount of the sesquiterpene (E)β-caryophyllene, as the main product of the enzymatic activity of terpene synthase
21, for two groups of extreme accessions grown under control and excess zinc
conditions. To quantify the data obtained from the GS-MS, the area under the curve
of the peak in retention time 19.30 min which corresponds to the sesquiterpene βcaryophyllene was manually measured in the chromatograms. The identification of
this compound was verified by the mass spectra of the fragmented compound, using
the library of the Mass Spectrometry machine. Logtransformed data of the peak
abundancy (which is expressed in arbitrary units in the GS-MS) were analyzed for the
β- caryophyllene amount in extreme phenotype accesions grown under control and
+Zn conditions.
Between the two treatments Control and +Zn, β-caryophyllene abundance was not
found significantly different (p>0.05). However, comparing the sesquiterpene
emmision for accessions with contrasting alleles (Col-0 and alternative allele)
significant differences have been found. In both control and excess Zn treatments the
alternative allele conferred significantly higher amount of β-caryophyllene produced
than the Col-0, (p=0.0007 and p=0.00004, respectively) (Fig.9). In general, tolerant
accessions with the alternative allele had significantly higher detected βcaryophyllene production than the sensitive accessions with the Col-0 allele (p=2.3
*10-7)
Volatile profiles between accessions with contrasting natural alleles are mainly caused
by TPS21 and excess zinc does not affect amount of TPS21 products
Apart from a β-caryophyllene specific analysis, a whole metabolite analysis was
performed to complement the first one. This statistical analysis of metabolomic data
uses the peak altitude between all samples in a certain retention time. All the
chromatograms are scanned in a really high resolution, meaning that a compound has

many peak numbers with gradually increasing altitudes until reaching a peak, which is

Figure 9. (Ε)-β-caryophyllene emission in natural accessions with contrasting alleles grown under control
and +Zn conditions. In the y-axis log transformed data of the area under the curve for β-caryophyllene,
and the different boxplots represent groups of contrasting accessions under control and excess Zn
conditions.

not necessarily included in the data unless it is scanned. This is why inaccuracies for
certain metabolites might occure but in general a good picture for comparison of
samples is provided. To obtain such a picture the data has been normalized for
possible further analysis (Fig.10).
The Pearson Least Squares - Discriminant Analysis (PLS-DA) for comparison of the two
treatments and the two types of allele for TPS21 locus is shown in Figure 11A & 11B.
The treatments are nicely grouped, based on the components that explain the largest
variability possible between all the data. In other words, in a PLS-DA the two
components of the analysis are the compounds that best discriminate the two groups
tested. The top 10 compounds that are in contrasting amounts between these two
treatments, regardless the allele type, can be found in the Appendix IV. Coming in an
agreement with the results described above, β-caryophyllene is not among these
compounds with negative correlation, between the two treatments. This would be
translated into a not significant effect of the mild stress of excessive Zn for more TPS21
expression and product abundance. However, when the analysis is done by grouping
the samples based on the type of the allele, we see that again the alternative allele is
contributing to a significant higher production of β-caryophyllene, α-copaene and αhumulene. The later products are also partly formed by the sesquiterpene synthase
TPS21 (Yu et al.,2015). The top 5 compounds which discriminate the two groups for
the allele type analysis are presented in the Table 4. A more elaborate output for these

results and their credibility can be found in Appendix V.
.

Figure 10. Output of the online platform metaboloanalyst.ca , showing data distribution before and after
normalization, in terms of curves (on top of the figure) and range of data values (green boxplots on the bottom) for
each compound measured.

Figure 11A & 11B. PLS-DA plots for two kinds of analysis. In 10A, data are grouped by type of treatment and 11B by
type of allele. In this plots the maximum covariance between data and group (treatment or allele) is taken into
account. The two components explain a 14.6% and a 19,1% of the total variability of the samples for Fig.11A and
Fig.11B respectively.

Table 4. Top 5 compounds with contrasting concentrations between accessions with two types of alleles, derived
from a PLS-DA analysis

Putative compound
α-copaene
β-caryophyllene
α-humulene
Levomenthol
β-Ocimene

Col-0 allele
Low
Low
Low
High
High

Alternative allele
High
High
High
Low
Low

Expression of TPS21 in +Zn is not significantly different from control for neither
sensitive nor tolerant accessions
As β-caryophylene and α-humulene amount differs between extreme accessions but
does not change between treatments , the TPS21 expression in these accessions and
in both treatments, was measured to complement the first results. In general the
relative expression of TPS21 found to be in low levels, ranging from 0.2 to 0.3 relatively
to an average expression of the reference genes. Data were analysed with a two
independent samples t test. There was no difference between the expression level of
TPS21 in plants grown under Control and +Zn, or between the tolerant and sensitive
accessions (p>a=0.05 )(Figure 12). It is therefore shown that TPS21 is not upregulated
in +Zn conditions, which is in line with the volatile data analysis. However, gene
expression in tolerant accesions were expected to be higher than in sensitive, based
on the volatile data analysis. In the analysis tps21 line was also included, with all of
the replicates showing expression of the gene. This could be explained by the fact that
the RT-qtPCR primers are not flanking the T-DNA insertion and the gene could still be
expressed, but without producing any functional enzyme.
tps21 has shorter root length in NaCl excess and does not differ in other abiotic stresses
To further explore whether there is a generic response of TPS21 locus to more abiotic
factors, a root growth assesment in vertical agar plates with several stresses was
conducted. Col-0, tps21 and two extreme accessions with contrasting alleles were
grown in vertical agar plates for 7 days. Root growth under - Zn , - Fe , + Cu, + NaCl and
- NH4/– NO3 (N- sources) was measured. The root length for the 3 latter lines was
measured relatively to Col-0 (wt), because tps21 shows a pronounced shorter root
phenotype compared with Col-0 also in control treatment (Fig.13). A Lavene’s test for
variances of treatments was performed (p=0.11) to allow for tests which consider
normally distributed data.

Figure 12. Relative expression of TPS21 under Control and +Zn treatment conditions and between sensitive (Col-0
allele) and tolerant (Alternative Allele) accessions. Bars represent mean relative expression ± SD

Differences in root lengths between two abiotic stress factors were not of main
interest. Therefore, two sample t-tests between average root growth of the same
genotype in two treatments were preferred over an ANOVA test across all treatments.
Hence, to test the response of TPS21 under different abiotic stress conditions,
differences in root length of tps21 between control and each treatment were
analysed. It was shown that +NaCl causes significantly shorter root length (M=0.41)
when compared with control condition (M=O.61) (t(23)=15.87, p=0.0007) (Fig.13A&E,
Fig.14). All other treatments have no significant effect on root length.
For Rsch-4 (tolerant accession) and Da(1)-12 (sensitive accession), +Cu treatment
caused significantly longer root compared to control (p=0.002 and p=0.005,
respectively). All other treatments had no significant effect on root length (p>a=0.05)
(Fig.14). Again a two sample t-test between control and each treatment was preferred
over an ANOVA, because the differences between treatments were not of a main
interest.

Figure 13 A-F: Seven-days-old plants in ½ MS medium in control and abiotic stresses. In all agar plates genotypes
Col-0, tps21 ,Rsch-4 (alternative allele) and Da1-(12) (Col-0 allele), in groups of three replicates, are sown from left
to the right. tps21 shows a smaller root growth compared with other accessions in control medium, so
normalization of the root growth relatively to Col-0 was accounted to compare tps21 root length in different
treatments.

Figure 14. Primary root length for tps21, Rsch-4 and Da(1)-12 relatively to Col-0. Bars indicate mean relative primary
root length ± SD. For tps21 a two sample t-test between Control and +NaCl shows significantly different mean values
(p=0.0007<a=0.05). For Rsch-4 and Da(1)-12, mean values are significantly higher in +Cu than in Control (p=0.002
and p=0.005, respectively)

Discussion
Goals
In this project the main goal was to assess the role of genes related to excess Zn
tolerance. In the first place a functional analysis refers to the subtilase group genes
SBT3.2/3.3/3.4/3.5 by creating a quadruple mutant via CRISPR-Cas9 targetted
mutation. A loss of function analysis would validate the involvement of the genes in
+Zn stress. Secondly, for TPS21 the aim was to test whether natural variation for this
locus underlies a differential response to a Zn excess environment. To do so, a gene
expression analysis in accessions with extreme phenotypes along with measuring their
terpene volatile production would provide evidence for TPS21 role in excess Zn
tolerance.
T1 generation plants with an expression of a red seed marker have been acquired
The function of SBT genes is not yet completely known, but they have been found
within a region of candidate genes for a GWAS experiment in + Zn tolerance. As
described before , a sbt3.5 (with a Col-0 background) has significantly reduced growth
compared with a Col-0 in such stress. To further validate their involvment by
measuring a knock out phenotype, a quadruple mutant is required. In this project, the
first step of succesful transformation of T0 generation plants via a Golden Gate cloning
technology, with a use of two sgRNAs targeting all SBT genes in one vector and a Red
Seed Marker for selection of putative mutants has been succesfully reached. This
marker allows speed up of selection of transformed plants, from a 7.5 months to 4
months since the first transformation event until the T2 generations homozygous
mutants (Shimada et al. 2010). The OLE1 promoter is active during seed maturation
and therefore makes the screenable marker RFP, only expressed in dormant seeds and
not in other vegetative tissues (Shimada et al. 2010; Siloto et al. 2006). On the contrary
U6-26 promoter has high transcriptional activity in the vegetative tissues (Li et al.
2007), and pRPS5A is activated since the early stages of embryogenesis (Nodine and
Bartel 2012). Therefore, during plant development of T1 generation plants,
transcription of the sgRNAs and Cas9 will induce the site-directed mutations, hence
they will have some cells heterozygous for the target region - SBT genes - and all cells
heterozygous for the T-DNA insertion (mosaic plants). These mutations will be
heritable if occur also in the germline cells. So after self pollination T2 plants
heterozygous for the SBT genes and homozygous wild type for the insertion (T-DNA
free) can be found, after segregation of the two loci. In order to have homozygous
quadruple mutants and construct- free plants, a T3 generation is most likely required
(Hyun et al. 2015). It is crucial for the mutations to be generated already in the T1
generation in order to then select the T-DNA free mutant progeny. In a generation of
sextuple A. thaliana mutant, it is reported that in T3 generation plants T-DNA was still
present while the mutations were not induced because of silencing of the introduced

CRISPR-Cas9 (Zhang et al. 2016). Last but not least, it is suggested that Cas9 is more
active at 37 °C compared to room temperature (22°C), as it approximates the S.
pyogenes optimal growth temperature (Leblanc et al. 2018). Hence, in order to
increase efficiency of mutagenesis in T1 generation, plants are suggested to be
exposed to heat stress at 37 °C during their vegetative stage.
All four SBT genes attempted to be mutated in this project are located in a 15 kb
tandem gene cluster, with SBT3.5 and SBT3.2 being the outer genes. A DNA cleavage
in the 1st or 2nd exon of SBT3.2 and in the 7th or 8th exon of SBT3.5 and SBT3.4 (the only
exons found to have a same 20-base target sequence and a PAM sequence common
between the 2 genes), would create two main categories of induced mutations by the
NHEJ pathway. As a result there would be either indels in all mentioned genes,
inducing knockout of each gene seperately, or in a less likely case an approximate 15kb
deletion could occur after the error-prone DNA repair mechanism. In order to know
precisely which type of mutation will be induced, transgenic plants need to be
sequenced in this region. If the later type of mutation will be confirmed, it will be the
first heritable deletion induced by CRISPR-Cas9 system of such a magnitude reported
in A. thaliana. Non-heritable deletions of large chromosomal segments induced by a
Cas9/sgRNA set have been reported in rice (Oryza sativa) before (Zhou et al. 2014)
A remarkable drawback of the CRISPR-Cas9 method is the off-target sites (Osakabe et
al. 2016). These are sites with high affinity in sequence, as the target region and the
PAM sequence 3 bp upstream the target region. For the all target sequence desinged
in this experiment, the off-target sequences have been identified (see Results). The
most efficient way to avoid unwanted off-target mutations is the specific design of the
target sequences of the sgRNAs (Hajiahmadi et al. 2018; Xu et al. 2014). A main
drawback of the experimental design was the non thorough examination of the
putative off-target sites, or the selection of 20bp target sequence with high GC
content (as they might interfere with sgRNA activity, shown in Doench et al. 2014),
when the sgRNA primers were designed. It is remarkable that the sgRNA3.5/3.4B has
two off-targets with maximum likelihood of DNA cleavage in At4g10540 and
At4g10510 loci. Interestingly, this would maybe have a positive effect in creating a
sextuple SBT mutant, as these loci regard SBT3.7 and SBT3.8 genes (See Figure 1).
However, SBT3.7 and SBT3.8 were not included in the region of candidate genes for
+Zn tolerance, so they might not add any value to the functional analysis of genes
related to +Zn tolerance, but they even might interfere with the interpretation of
functional analysis of the candidate genes for excess Zn tolerance. Another off target
site, this time for the sgRNA3.2A, is At3g62700 which encodes for a resistance related
ABC-transporter protein (Jaquinod et al. 2007). A putative mutation in this gene might
have phenotypic impact, interfering with heavy metal tolerance, hence creating
misconceptions during validation of SBT genes function for +Zn tolerance. Therefore,
T1 plants should be genotyped by sequencing to confirm that mutations took place no

else than the target site and individuals with mutations at the off-target sites should
be discarded.
+Zn has no effect on TPS21 gene expression or terpene production but natural allelic
variation is involved in higher (Ε)-β-caryophyllene emission
TPS21 is a gene that encodes for a terpene synthase primarly involved in (Ε)-βcaryophyllene and α-humulene synthesis (Tholl et al. 2006). The relationship between
TPS21 and a response to a Zn excess environment is not completely understood.
Natural variation in TPS21 locus seems to give tolerant or sensitive phenotypes to
such stress. Moreover, tps21 T-DNA line has previously shown reduced growth in a Zn
excess environment (Denkers 2019). It has been shown that excess of Zn increases in
a dose-dependent manner many volatiles including terpenes and affects enzymes with
sesquiterpenes and other secondary metabolites such as phytoalexins, modulating
oxidative stress (Bibbiani et al. 2018, Lucini and Bernardo 2015).
All together, the initial hypothesis was that the sensitive accessions will have a
relatively weak TPS21 allele which will result in less β-caryophylene production
compared with tolerant accessions with higher β-caryophyllene production, at +Zn
stress. Interestingly this was indeed observed, but not due to high Zn concentration.
Accessions with the same type of allele have similar terpene volatile production in
control and +Zn treatment. What is highlighted is that tolerant accessions with
alternative TPS21 allele have significantly higher terpene production than sensitive
accesions with the Col-0 allele. In addition, zinc stress does not engine a higher TPS21
expression and therefore sesquiterpene production relatively to control treatment.
This comes in an inconsistency with previous results showing TPS21 to be upregulated
in +Zn when different extreme accessions were analysed (Denkers et al., 2019).
Here, with the gene expression analysis it is suggested that even though tolerant
plants have a relatively higher expression of TPS21 than the sensitive, this is not a
significant difference. The volatile analysis though had indicated that tolerant
accesions have higher production of β-caryophyllene. This inconsistency between no
differences in gene expression but differences in volatile terpene production can be
explained by several ways. The first regards the developmental stage of the plants
analysed. TPS21 is mainly expressed in stigma (Hong et al. 2012) so the higher terpene
amount found in tolerant flowering plants is not necessarily in line with higher
expression of TPS21 in same plants when still in the vegetative stage (3 weeks-old), in
which TPS21 is expressed in really low levels. But according to the GWAS, TPS21 is
associated with Zn excess tolerance already in this vegetative stage. This brings me to
a second speculation that maybe the gene expression only differs in roots, where the
high +Zn concentration has to be confronted at first place, and it is not detectable in
harvested shoots for RNA extraction. In the future, by growing same accessions in a
hydroponic system, which offers the opportunity for root harvest and RNA extraction,

it would be possible to measure gene expression of TPS21 in roots. If high expression
of TPS21 will be found in roots still leaves possibilities for a signaling function of TPS21
products in abiotic stress.
Another possible interpretation for not finding higher gene expression in tolerant
accessions with higher β-caryophyllene, would be a different functionality of the
terpene synthase in those accesions due to a different genetic composition in the
TPS21 locus. It has been shown that a two aminoacid alteration in the active site of
TPS21 and TPS14 of Tripterygium wilfordii is responsible for distinct product patterns
(Hansen and Nissen 2017). In that case, if polymorphisms occuring in the coding
region of TPS21 would alter the terpene synthase structure, different efficiency or
functionality of the enzyme would be responsible for higher terpene production or
different β-caryophyllene : α-humulene ratio.
Zn tolerance reports cross-talk with Fe homeostasis (Pineau et al. 2012). For example,
Fe tends to be less accumulated in shoots when A .thaliana grows in excessive Zn,
which shows similar chlorotic symptoms in both stresses (Shanmugam et al. 2011,
Zhargar et al., 2015). After having the evidence of excess Zn not being the signal for
TPS21 expression and enhanced sesquiterpene synthesis, a growth assay experiment
with a broader range of abiotic factors was performed. Given the crosstalk for
homeostasis of these two metals, an effect of -Fe was expected for tps21. However,
this was not the case. In all genotypes there is a slight increase of the primary root
length in -Fe, -N and +Cu, as expected from previous reports (Gruber et al. 2013) and
no effect in -Zn. Even having pronouncedly shorter root in all of the mentioned stress
treatments, tps21 does not seem to be affected at first place from these stresses
because it has significantly smaller root length than the extreme accesions also in
control conditions.
However, tps21 shows pronouncedly shorter root growth in NaCl excess compared
with control medium. In addition, the two accessions with contrasting alleles have a
similar pattern of root lentgh across all treatments except +NaCl (See Figure.14).
Da(1)-12 with a Col-0 allele for TPS21 has a downward trend compared with the
control, which although is not significant, regards an intermediate response to +NaCl
between the very sensitive tps21 and the tolerant Rsch-4. Twelve replicates for each
genotype in each treatment were used and it is arguable that more agar plates with
more space for growth between genotypes could give more conclusive results.
Althought there is not enough evidence for the role of TPS genes in excess NaCl
environment in A. thaliana, high TPS expression and enhanced terpene volatiles
production, including β-caryophyllene, were induced in tomato and rice after
exposure to a wide range of abiotic stresses (Lee et al. 2015; Pazouki et al. 2016).
TPS21 catalyzes the pyrophosphate ionization after binding to Mg2+ (Zhou and Peters
2009). Competition between Na+ and Mg2+ for ion channels to enter the cell, where

the enzyme is mainly localized, might interfere with TPS21 function, hence synthesis
of β-caryophyllene (Dudev and Lim 2012). Further experiments including growth of
tps21 and Col-0 in a range of NaCl excess can give more insights in the gene putative
involvement in tolerance to high salinity.
Regarding an involvement of TPS21 and the role of β-caryophyllene in the observed
differences in excess Zn tolerance, the results cannot provide a complete answer. The
current results suggest a positive correlation between β-caryophyllene and tolerance
to excess Zn. It is known that β-caryophyllene confers basic resistance against bacteria
and herbivores. It has a direct role against bacterial growth in A. thaliana flowers and
attracts entomopathogenic nematodes when emmited by Zea mays roots (Hiltpold et
al. 2007; Huang et al. 2012). Plants having to cope with pathogen infestations might
be more vulnerable in environmental stresses such as heavy metal toxicity, since in
both situations high reactive oxygen species (ROS) production causes oxidative stress
(Sharma et al. 2012). The results of this report lead to a speculation that accessions
with the tolerant TPS21 allele, with a higher β-caryophyllene production, are more
tolerant to +Zn stress when compared to accessions with smaller β-caryophyllene
production and thus more susceptible to pests. This would mean that TPS21 is not
directly causal for excess Zn tolerance but is associated with a bacterial resistance if
plants grown during the GWAS were infected. Nevertheless, β-caryophyllene could
still have a signaling function in the roots and trigger the expression of other Zn stressrelated genes. Higher transcript levels of genes responsive to +Zn in accessions with
higher β-caryophyllene production could provide evidence for indirect involvement of
the sesquiterpene emitted in roots to trigger those genes. The amount of βcaryophyllene in roots could be quantified again by GC-MS as it has been described in
other studies (Hiltpold et al. 2007).
Transgenic approaches could give evidence in involvment of TPS21 in abiotic stress
signalling
The present results provide evidence that +Zinc stress does not act as a signal for the
TPS21 product, but natural variation in the TPS21 locus confers different levels of Zn
tolerance and sesquiterpene production. The allelic variation though regards wide
range of polymorphisms; from SNPs at the promoter region to Copy Number Variation
(CNV). Most tolerant accesions were lacking the TE At5g23955, 10kb upstream TPS21.
No clear conclusions on positive effect of the TE on excess Zn tolerance can be drawn.
For further evidence on an effect of the TPS21 locus allelic variation and not of an
effect of the TE, transgenic approaches could be conducted. An example is a
transformation of tps21 mutant lines with the two types of contrasting alleles
including also the promoter regions where the highly associated SNP was found. The
transgenics would be then phenotyped for fresh rosette weight in +Zn and
sesquiterpene synthesis. This could complement the results of the current project and
would probably give insights on whether TE At5g23955 is causal for + Zn tolerance.

Alternatively, to explore whether the high associated SNP found in GWAS is also the
causal one, gene editing approaches without dsDNA cleavage, hence other type of
mutations interference, could be helpful. The highest LOD score SNP is a C to T
substitution. Using a combined CRISPR/Cas9 - cytidine deaminase enzyme system
which allows such base conversions (Komor et al. 2016), tolerant accesions can be
validated in terms of +Zn tolerance and TPS21 products, to further validate if this SNP
is the causal as well.
Conclusions
Zn homeostasis of A. thaliana and its response to an excess Zn environment is a
complex trait. This project attempts to bring closer an answer on whether
SBT3.2/3.4./3.3/3.5 and TPS21 are causal genes for excess Zn tolerance. T1
transformant plants for SBT genes have been acquired, although heritable mutations
have to be confirmed and a quadruple sbt mutant needs to be validated for its
response at +Zn stress. TPS21 is not yet proven to be causal for Zn tolerance, but the
positive correlation between β-caryophylene production and Zn tolerance still leaves
possibilities for a dual TPS21 role, in terpene production and abiotic stress signalling.
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Appendix I
Supplemental Table 1. sgRNA sequences and their target gene. In the sequences 4-bases overhangs are put in
brackets, and are followed by the 20-base target sequence

sgRNA

Sequence

Target gene(s)

SBT3.2A
SBT3.2B
SBT3.5/3.4/3.3
SBT3.5/3.4 A
SBT3.5/3.4 B

3’-(AAAC)GAGACTCGGTGACTGAGTCA-5’
3’-(AAAC)CAAGAATCAGTGCTCTCGTC-5’
5’-(ATTG)GTGAAGGCAGCCGGTGGTCT-3’
5’-(ATTG)GAGTCTGAATCATTTAACGA-3’
5’-(ATTG)GAAGGTTGTATCTTCACAAC-3’

SBT3.2
SBT3.2
SBT3.5/3.4/3.3
SBT3.5/3.4
SBT3.5/.3.4

Target
exon
2nd
1st
7th
8th
8th

Appendix II
Supplemental Table 2. Primers used for Sanger Sequencing of plasmid DNA

Plasmid DNA
Level 0 vector
Level 1 vector
Level 2 vector

Primer sequence
5’-CCCCTGGGAATCTGAAAGAA-3’
5’-TCCCACATCGCTTAGATAAG-3’
5’-CATCTATGTTACTAGATCGA-3’

Appendix III
Supplemental Table 3. HapMap extreme accessions to +Zn, with contrasting alleles, used in GS-MS and gene
expression experiments

Accession

Name

CS28336

Ha-0

CS76210

Per-1

CS28822

Wl-0

CS28395

Kn-0

CS76222

Rsch-4

CS28344

Hey-1

CS28268

Fr-4

CS76144

HR5

CS28201

Da(1)-12

CS76146

HSm

Tolerance
+Zn
Tolerant

to Allele type
Alt

TE
At5g23955
Absent

Tolerant
Tolerant
Tolerant
Tolerant
Sensitive
Sensitive
Sensitive
Sensitive
Sensitive

Alt
Alt
Alt
Alt
Col-0
Col-0
Col-0
Col-0
Col-0

Absent
Absent
Present
Absent
Present
Present
Present
Present
Present

Appendix IV
Supplemental Table 4. Top 10 compounds with contrasting different concentrations between the two treatments,
for the PLS-DA analysis explaining 14,6% of the variability between all data

Putative compound

Control

+Zn

phthalate

Low

High

β-chamigrene

sesquiterpene

High

Low

neoisoverbanol

sesquiterpene

High

Low

linalool

monoterpene

Low

High

Low

High

High

Low

High

Low

benzaldehyde

Flower volatile, High
stress related

Low

3-methyl-cyclopentyl
acetate

Green
leaf Low
derived volatile

High

isolongifolol

sesquiterpene

High

p-xylene
methoxy-phenyl oxime

Stress-related
volatile

1,10-decanediol

Appendix V

Low

Supplemental Figure 1. Dendrogram of the metabolite profile of all samples used in the GS/MS experiment.
Replicates of the same genotype (accession number) are mainly grouped together,

Supplemental Figure 2. Output from the online platform metaboloanalyst.ca, from a PLS-DA analysis between
accessions with contrasting alleles. The numbers on the left indicate peak number, which corresponds to a certain
retention time (thus a compound) of the chromatogram. The dots show the VIP scores which stand for is variable
importance in projection, and gives an estimate of significance for a compound between two groups. In general VIP
scores above 3 give credibility for high significance. The colored boxes on the right indicate the relative
concentrations of the corresponding metabolite in each group under study. A disadvantage of this output is the
overlap of many peak numbers for one compound, as the retention time is divided in milliseconds. So peak number
7585 for example (with retention time 19.301) and 17413 (with retention time 19.31) both refer to β-caryophyllene.

In summary, the compounds in significantly different concentrations are β-caryophyllene, a-copaene and ahumulene which are high in the alt group, whereas β-ocimene and Levomenthol in the wt group.

