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ABSTRACT

Herbicides count almost a century of life and still the mode of action for many of them in not completely un-
derstood. Acetyl CoA carboxylase has been used as target of herbicides for many years and the last fifteen years 
has also become an insecticide target. ACCase catalyzes the first committed step of fatty acid biosynthesis and 
two distinct forms of the enzyme are found in nature. The eukaryotic form which is found in the cytosol of plant, 
insect and mammalian cells and the prokaryotic one which is found in bacteria. In most of the plants both forms 
are present, the former in the cytosol and the latter in chloroplasts, except from grasses that express only the eu-
karyotic form, on both cytoplasm and chloroplasts. Chloroplasts are responsible for the 80% of the total enzymatic 
activity in leaves and as the inhibitors of ACCase block exclusively the eukaryotic form, this class of herbicides 
shows great potency against grass ACCase activity. Single point mutations in chloroplastic ACCase have been as-
sociated with herbicide resistance in many grass species. In a recent study, a single point mutation, the substi-
tution of an alanine residue with a valine residue, in a conserved region of the CT domain of ACCase, was found 
in Bemicia tabaci. The mutation was associated with insecticide resistance and herbicide susceptibility. Plants 
normally have a valine residue in the same position and a great question is born: “what are the tolerant levels to 
pesticides in plants with the reverse mutation”, the substitution of the valine with an alanine. 

Oryza sativa belongs to grass family and that provides it with all the specifications needed for this study. Moreover, 
rice is one of the most economically important crops and the last years, herbicide resistant cultivated rice varieties 
have been a breakthrough technology and has solved severe weedy rice infestation. Furthermore, rice has already 
been distinguished as a monocot crop model system, consequently, robust inventions and new biotechnological 
tools, like selection markers, are imperative. In this study Oryza sativa will be used for genetic modification in 
order to express a mutated form (V2086A) of the chloroplastic ACCase in order to check the tolerant levels to pes-
ticides and the possible biotechnological applications. 
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ΠΕΡΙΛΗΨΗ

Τα ζιζανιοκτόνα μετρούν σχεδόν έναν αιώνα ζωής και ο μηχανισμός δράσης για πολλά από αυτά εξακολουθεί να μην 
είναι πλήρως κατανοητός. Το ένζυμο καρβοξυλάση του ακέτυλο συνενζύμου Α χρησιοποιείται ως στόχος ζιζανιοκτό-
νων για αρκετά χρόνια, ενώ μόλις τα τελευταία δεκαπέντε έχει αρχίσει να χρησιμοποιείται και ως στόχος εντομο-
κτόνων. Το ένζυμο ACCase καταλύει το πρώτο βήμα της βιοσύνθεσης λιπαρών οξέων και δύο διαφορετικές μορφές 
του συναντόνται στη φύση. Η ευκαρυωτική μορφή, που συναντάται στο κυτταρόπλασμα φυτικών, εντομίσιων και 
θηλαστικών κυττάρων και η προκαρυωτική μορφή που συναντάται στα βακτήρια. Τα περισσότερα φυτά έχουν και 
τις δύο μορφές, την πρώτη στο κυτταρόπλασμα και τη δεύτερη στους χλωροπλάστες, εκτός από φυτά της οικογέ-
νειας Gramineae που εκφράζουν μόνο την ευκαρυωτική μορφή, τόσο στο κυτταρόπλασμα όσο και στους χλωροπλά-
στες τους. Οι χλωροπλάστες είναι υπεύθυνοι για το 80% της συνολικής ενζυμικής λειτουργίας στα φύλλα και καθώς 
οι αναστολείς του ενζύμου καταστέλουν αποκλειστικά την ευκαρυωτική μορφή, η συγκεκριμένη κατηγορία ζιζανι-
οκτόνων έχει μεγάλη ισχύ έναντι της δραστηριότητας του ενύζμου ACCase σε αυτόυς τους φυτικούς οργανισμούς. 
Σημειακές μεταλλαγές στη χλωροπλαστική μορφή του ενζυμου ACCase έχουν συσχετιστεί με αντοχή σε ζιζανιοκτό-
να σε πολλά είδη που ανήκουν στην οικογένεια των Gramineae. Σε μια πρόσφατη μελέτη, βρέθηκε μια σημειακή 
μεταλλαγή και πιο συγκεκριμένα η αντικατάσταση ενός κατάλοιπου αλανίνης από ένα κατάλοιπο βαλίνης, σε μία εξαι-
ρετικά συντηρημένη περιοχή του τομέα της καρβοξυλικής τρανσφεράσης στο ένζυμο ACCase, στο έντομο Bemicia 
tabaci. Η μεταλλαγή αυτή συσχετίστηκε με την αντοχή των εντόμων σε εντομοκτόνα και την ευαισθησία τους σε ζι-
ζανιοκτόνα. Τα φυτά φυσιολογικά έχουν ένα κατάλοιπο βαλίνης στη συγκεκριμένη θέση και από εδώ προκύπτει ένα 
ενδιαφέρον ερώτημα: «ποια είναι τα επίπεδα ανοχής σε ζιζανιοκτόνα και εντομοκτόνα σε φυτά με την αντίστροφη 
μετάλλαξη», δηλαδή με την αντικατάσταση της βαλίνης από μια αλανίνη.

Το είδος Oryza sativa ανήκει στην οικογένεια των Gramineae και αυτό του προσδίδει όλα τα απαραίτητα χαρακτηρι-
στικά για αυτήν τη μελέτη. Επιπλέον το ρύζι είναι μια από τις καλλιέργειες που έχουν τεράστια οικονομική σημασία 
και τα τελευταία χρόνια, η καλλιέργεια διάφορων ποικιλιών ρυζιού ανθεκτικών σε ζιζανιοκτόνα, έχει χρησιμοποιηθεί 
ως μια πρωτοποριακή τεχνολογία με σκοπό τον περιορισμό της προσβολής του ρυζιού απο παράσιτα. Επιπλέον, το 
ρύζι έχει διακριθεί ως ένα σύστημα-μοντέλο, συνεπώς καινοτόμες εφευρέσεις και καινούρια βιοτεχνολογικά εργαλεία, 
όπως οι δείκτες επιλογής, κρίνονται πλέον απολύτως απαραίτητα. Σε αυτή τη μελέτη το ρύζι θα τροποιηθεί γενετικά 
με σκοπό να εκφράσει μια μεταλλαγμένη (V2086A) χλωροπλαστική μορφή του ενζύμου ACCase, προκειμένου να 
ελέγθούν τα επίπεδα ανοχής σε ζιζανιοκτόνα και σε εντομοκτόνα καθώς και να δοκιμαστούν οι όποιες βιοτεχνολογι-
κές εφαρμογές μπορεί να προκύψουν. 
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1. INTRODUCTION

1.1 Importance of rice
Rice is a monocot plant belonging to the genus Oryza and tribe Oryzeae in family Poaceae (Gramineae), culti-
vated for more than 10,000 years. Rice is the seed of the grass cultivated species Oryza glaberrima (African rice) 
or Oryza sativa (Asian rice) and with more than 20 wild species it is distributed throughout the tropics and sub-
tropics. The Asian cultivated rice O. sativa, is one of the most economically important crops that constitutes a 
stable food source for more than half the world’s population (Lu 1999). Even though, in order to meet the food 
demands of growing populations, the world rice production has to be increased by 30% over the next 20 years.

In 2005 the International Rice Genome Sequencing Project (IRGSP), draw a complete precise map of the rice 
genome and released a high-quality finished genome sequence of japonica rice, making rice the first sequenced 
monocot plant (Wei and Huang 2019). The sequenced genome helped to understand the biological function of 
rice genes for the genetic improvement of rice production and quality (Jackson 2016).

Biotechnology is applying on many different crops worldwide, all the more at rice that has a high economic im-
portance. The genetic engineering of rice has concentrated on plant protection and nutrition improvement for 
immediate use. More specific, several transgenic lines have been developed for herbicide tolerance, resistance to 
insect pests and diseases, biotic and abiotic stress resistance as well as for improvement of the nutritional value 
and quality of rice grain (Lema 2018). 

1.1.2 Tools for genome engineering and modulation of genes in rice 

1.1.2.1 Transformation and molecular markers

Rice transformation was a great achievement for cereal biotechnology. The two most widely used methods for 
rice transformation are the particle bombardment (Christou, Ford, and Kofron 1991) and the Agrobacterium-me-
diated transformation (Hiei et al. 1994). Nonmatter which transformation method has been used, a selection 
process has to take place as most of the introduced genes, do not confer a characteristic phenotype that could be 
used for the identification or selective propagation of transformed cells. Consequently, marker genes are intro-
duced among with the gene of interest in order to provide such phenotype (Twyman et al. 2002). 

There are several selectable marker genes that encodes a product, able to provide a survival benefit only to the 
transformed cells and kill or reduce the growth of the no transformed ones (Barampuram and Zhang 2011). In 
rice, those genes are not that many and mainly are dominant selectable markers that provide resistance to an-
tibiotics or herbicides, as they are presented in table 1.1 (Twyman et al. 2002). 

Table 1.1 Selectable markers used for rice transformation (Caplan, Dekeyser, and Van Montagu 1992). 



11

The efficiency of any selection technique is evaluated both by the ability of the selective agent to inhibit the 
growth of untransformed cells and also by the ability of the tolerant gene to protect the transformed cells (Bar-
ampuram and Zhang 2011). Moreover, there are reporter genes, able to produce a product that can be easily 
detected and the most known of these screenable markers are gusA, luc and gfp (Twyman et al. 2002).

1.1.2.2 Artificial microRNAs

While transformation is used for insertion of genes, artificial microRNA is used for inhibition of gene expression. 
Artificial microRNA (amiRNA) was primarily used in human cell lines for gene knock-down and then the tech-
nology was successfully employed to down-regulate gene expression in plants (Wang et al. 2010). 

MicroRNAs (miRNAs) are 21-nucleotide-long RNA processed by nuclear encoded transcripts that contain a char-
acteristic hairpin-like structure. MiRNAs, target transcripts by binding to reverse complementary sequences and 
direct the cleavage of the target RNA resulting in inhibition of translation. Based on their ability to control the 
expression of their targets, Artificial miRNAs (amiRNAs) have been generated and designed to target any gene 
of interest by a process presented in figure 1.1

Figure 1.1 Schematic representation of amiRNA cloning, expression and action (Tiwari, Sharma, and Trivedi 2014).

AmiRNAs contain a specific pattern of matches and mismatches in the foldback and a more variable region, 
miRNA/miRNA*. Consequently, amiRNAs can be produced by exchanging the miRNA/miRNA* sequence within 
miRNA precursor genes (Khraiwesh et al. 2008). Afterwards, the resulting precursor RNAs are processed in the 
plant cell by the endogenous miRNA machinery to release the amiRNAs.

This technology has been successfully adopted for gene silencing in rice in order to modulate agronomically 
important traits. Several precursor templates have been used successfully in plants, while NW55 containing part 
of rice osa - MIR528 has been specifically engineered for amiRNA production in rice (Warthmann et al. 2008; 



12

Warthmann et al. 2013). Moreover, mutational analysis of miRNAs and their targets suggests that pairing to 
5’-end and central part of the miRNA is more important than the 3’-end, as most mismatches are found towards 
3’-end. It also seems that miRNA positions 2-12 are regions more sensitive to mismatches and an effective 
miRNA target should have completely identical sequence with the targeted gene for these positions (Ossowski, 
Schwab, and Weigel 2008). 

1.2 Herbicides

Herbicides are chemicals used to inhibit or damage the normal plant growth and development of unwanted 
plants. The term derives from the Latin words herbs and caedo, meaning plant-killer. Many different criteria 
have been used in order to classify herbicides. (Manno 1996) Herbicides have been classified based on translo-
cation, time of application, method of application, specificity and mode of action. 

1.2.1 Classification of herbicides 

Classification based on translocation divides herbicides to systemic/ translocated and non-systemic/ contact, 
depending on their ability to be moved or not inside the plants. Systemic herbicides use the vascular system 
of the plant and translocate along with water, nutrients and other materials from site of absorption to sites 
of action. On the contrary, non-systemic herbicides are able to harm only the portion of plant tissue that is in 
contact. Contact herbicides act quicker than system which might need days harm the plant (Sherwani, Arif, and 
Khan 2015).

Classification based on time of application divides herbicides to pre-plant, pre-emergence and post-emergence. 
Pre-planted herbicides are non-selective and they are applied to soil before planting in order to be incorporat-
ed into the soil. Pre-emergence herbicides are applied any time before the weed seedlings emerge through the 
soil surface, while post-emergence herbicides are applied after weed seedlings have emerged through the soil 
surface.

Classification based on application method divides herbicides to soil-applied and foliar-applied. Herbicides 
applied to the soil are mostly absorbed by the root or shoot of the emerging seedlings and are used as pre-plant 
or pre-emergence treatment. On the other hand, foliar-applied herbicides are applied on parts of the plant 
above the ground and are absorbed by exposed tissues. These are post-emergence herbicides that can either be 
systemic or contact. 

Classification based on specificity is divided to selective and non-selective herbicides. Some herbicides are 
designed to control a broad range of weeds (non-selective), while others are designed to control only selected 
types of weeds (selective) (Vats 2015).

Classification based on mode of action is the main category of herbicides in use today. Those herbicides are 
categorized in three main groups: (i) herbicides that target biochemical pathways and physiological processes 
involved with photosynthesis, (ii) herbicides that inhibit the formation of biological building blocks like sugars, 
amino acids and fatty acids or their assembly into biopolymers and (iii) herbicides with other modes of action 
(Duke and Dayan 2011). The term ”mode of action” refers to the effect that herbicides have on a plant. They 
generally interfere with a process essential for normal plant growth and development and are classified by how 
they work and the injury symptoms they cause (Reade and Cobb 2002). A more detailed classification based on 
herbicide mode of action, as well as a more specific explanation of the inhibited biological process is presented 
in Table 1.2. 
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Table 1.2 The 18 groups of herbicides are classified by mode action according to HRAC classification system (Heap, 2020).

In the HRAC classification system there are 25 herbicide Groups that represent 25 different modes of action and 
then divided into further groups of chemical classes or families. There is also the WSSA classification system 
that is only used in the USA and Canada and the Australian classification system that is only used in Australia. 
The HRAC system is used in all other countries and is the one that I will use as a classification system (Heap, 
2020).

Understanding the mode of action of herbicides is important for understanding the management, organization, 
and hierarchy of the herbicides. It also provides an insight into herbicide resistance, that continues to be a major 
problem in agricultural management (Jablonkai 2011).

1.2.2 Herbicide resistance

After the introduction of herbicides in fields, the term of resistance to herbicides also came out. This phenom-
enon can be defined as the decreased response of a species’ population to herbicides. The herbicide resist-
ance mechanisms have been classified in four groups as target-site resistance (TSR), non-target-site resistance 
(NTSR), cross-resistance (CR) and multiple-resistance where two or more resistance mechanisms are existing in 
the same plant, due to sequential selection by herbicides with different modes of action (Vrbničanin, Pavlović, 
and Božić 2017). 
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1.2.2.1 Herbicide resistance- history impact

At figure 1.2, the introduction time of new herbicide sites of action is presented (Heap 2020).

Figure1.2 The chronological time points for the introduction of new herbicide sites of action (Heap, 2020). 

During the World War II the first synthetic herbicides were discovered and by then, they have been widely used. 
One of them was the phenoxyacetic acids including 2,4-D and various analogs. Through the 1950s and early 
1960s, other classes of herbicides were discovered and developed. Although, in 1957 in Ontario of Canada, the 
first case of herbicide resistance was recorded in wild carrot. Τhe first serious herbicide resistant population of 
common groundsel that was no longer controlled by simazine or atrazine came out in 1968. It took years to un-
derstand that the mechanism of triazine resistance was due to a single point mutation in the target gene that 
reduced the affinity of the triazine herbicides for the QB binding in photosystem II. 

The first book on herbicide resistance was published in 1982, edited by Lebaron and Gressel (LeBaron, Gressel, 
and Weed Science Society of America 1982). All the knowledge that was available at the time on herbicide re-
sistance was included in the book where it was mentioned that the selection pressure placed on a weed pop-
ulation by herbicides is the primary cause of herbicide resistance development. The following years and over 
a 15-year period, the cases of herbicide resistance rose from 41 in 1980 to 191 in 1995, an almost five-fold 
increase. The cause of this increase was mainly due to weeds’ resistance to ACCase and ALS inhibitor herbicides 
that started to exist in the market in 1980. Farmers globally adopted these two herbicide classes, as ACCase in-
hibitors provided highly selective, post emergent grass control in cereals and broadleaf crops, and the ALS in-
hibitors gave both pre-emergent and post-emergent control of many serious grass and broadleaf weeds in major 
crops. Nevertheless, both of these mechanisms of action applied selection pressure on weed populations, and 
resistant weed biotypes were quickly selected. 

In 1996, glyphosate resistant crops were introduced and gave a completely different perspective in weed man-
agement in corn, cotton, and soybeans (Shaner 2014). Glyphosate is a relatively non-selective, post-emergent 
herbicide that is usually used in applications where total weed control is required, otherwise glyphosate-re-
sistant crops must be used instead. Glyphosate resistant crops with an alternative EPSP enzyme have been 
developed that allow using glyphosate on these crops with no crop injury (Dill 2005). Farmers adopted this 
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management system as it was simple, reliable and cost effective. However, the same year, the first glypho-
sate resistant weed was discovered (Shaner 2014). Until today, there are 48 glyphosate resistant weed species 
according to International Herbicide-Resistant Weed Database. Meanwhile, resistance to other herbicide mecha-
nisms of action continued to evolve at an increasing rate and today there are currently 512 unique cases (species 
x site of action) of herbicide resistant weeds globally, with 262 species, 152 dicots and 110 monocots. Addition-
ally, weeds have evolved resistance to 23 out of 26 known herbicide sites of action and also to 167 different 
herbicides according to International Herbicide-Resistant Weed Database. At figure 1.3 the number of resistant 
species for the main herbicide sites of actions is presented (weedsience.org).

Figure 1.3 The chronological increase in resistance to 8 herbicide sites of action. The numbers refer to the Weed Science 

Society of America code (WSSA) to identify herbicide sites of actions. (Heap, 2020).

Herbicides count close to half century of life and until today the specific mechanism of action of many of them 
is still completely unknown or not understood. On the other hand, weeds have started to be resistant in many 
of these herbicides and in more than one sites of action, demanding agricultural management. Comparing the 
introduction time of new herbicide sites of action with the number of resistant species for the main herbicide 
sites, only one conclusion is visible - the discovery of new herbicide sites of action, new chemistry or herbicide 
resistant lines of crops are needed more than ever. 

1.3 Creation of herbicide resistant lines of rice

Weed control remains a very difficult task in cultivated rice fields as the herbicide resistant species have been 
increased. Moreover, the most inhibitory factor in irrigated rice fields is the existence of weedy rice which is 
also known as red rice due to similar taxonomic and physiological features with the cultivated rice (Kanapeck-
as et al. 2016). In this way, the development of HR commercial rice lines has been applied in the cultivated 
rice fields to improve weedy rice control, as an economic and effective method associated with complementary 
management practices. (de Andrade et al. 2018) Some examples are the introduction of imidazolinone-resistant 
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cultivated rice varieties, known as Clearfield™ rice (Sudianto et al. 2013), or herbicide-tolerance rice lines that 
express a mutated acetohydroxyacid synthase, that has a single amino acid deletion (Fang, et al. 2020). Then, 
using imidazolinone (IMI) herbicides, there was the opportunity to selectively control weedy rice (Sudianto et 
al. 2013). However, the continuous use of imidazolinone herbicides led to selected resistant weedy rice popu-
lations. Therefore, the production of HR rice lines with a different mode of action, the acetyl CoA carboxylase, 
resulted in the development of rice resistant lines to aryloxyphenoxypropionate herbicides (de Andrade et al. 
2018)(Lancaster, Norsworthy, and Scott 2018). Moreover, the BASF corporation developed Provisia™ rice that is 
also resistant to quizalofop-p-ethyl, which is an ACCase inhibitor and complementary to the existing Clearfield® 
technology for control of grassy weeds (Camacho et al. 2019). The HR cultivated rice varieties have been a break-
through technology and has solved severe weedy rice infestation but there is always the risk of development of 
resistant weedy rice populations. Consequently, it is still in need to understand the resistance mechanisms of 
plants, discover different herbicide sites of action as well as follow an integrated weed management approach. 

1.4 Acetyl CoA carboxylase 

1.4.1 Forms found in nature

Acetyl-CoA carboxylase (ACCase) is a biotin-dependent enzyme, that catalyzes the first committed step of fatty 
acid synthesis, the carboxylation of acetyl-CoA to malonyl-CoA. (Tong 2013) The carboxylation of acetyl-CoA is 
processed in a two-step reaction that requires a non-catalytic, biotin-containing, component and two catalytic 
ones. The three conserved structural components of ACCase are a biotin carboxylcarrier (BCC) domain, a biotin 
carboxylase (BC) domain and a carboxyltransferase (CT) domain. The binding of the biotin to the BCC subunit is 
extremely necessary for the enzymatic activity of the enzyme, as it’s the biotin that has to carry the carboxyl 
group. Therefore, the first step of the reaction is the carboxylation of the biotin prosthetic group, which is 
catalyzed by the BC domain, and then the carboxyl group from the carboxylated biotin is transferred to acetyl-
CoA in order to form malonyl-CoA, in a reaction catalyzed by the CT domain (Ke et al. 2000).

Two different types of enzymes are found in nature. A eukaryotic form that is mainly found in the cytosol of 
plant, animal and yeast cells and a prokaryotic form present in bacteria. (Konishi et al. 1996). The two forms 
differ in the composition of the subunits. The procaryotic form of ACCase is otherwise named as heteromeric 
form and it is composed of four subunits, BCCP, BC, and the α and β subunits of CT domain. On the other hand, 
the eukaryotic form of ACCase is also present at homomeric form as it is composed of a single large multi-func-
tional polypeptide (Sasaki and Nagano 2004). The two forms of acetyl CoA carboxylase are presented in figure 
1.4

Figure 1.4 The two forms of ACCase that are found in nature with their characteristic subunits. On the left is presented the 

eukaryotic enzyme of acetyl CoA carboxylase encoded by one nuclear gene that includes all the subunits in a multifunctional 

enzyme. On the right is the prokaryotic form of acetyl CoA carboxylase encoded by four different genes, one of each subunit.
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In humans, there are two genes coding the two isoforms of ACCase, the cytosolic ACC1 that is responsible for 
the fatty acid biosynthesis and the ACC2 which is anchored to the outer mitochondrial membrane and controls 
fatty acid β-oxidation (Hunkeler et al. 2018). In insects and mites, genomic data suggests that single genes code 
the eukaryotic ACCase (Lümmen et al. 2014). In most plants, the eukaryotic form can be detected in cytosol and 
the prokaryotic form in plastids, with the exception of the Gramineae family, including wheat and rice, which 
contains the eukaryotic ACCase in both cytosol and plastids (Konishi et al. 1996). 

1.4.2 Diversity and compartmentation in plants 

In plants there are three different combinations of the two forms of ACCase found in different species. The largest 
group , that includes almost all plant species, contains both forms of ACCase. The homomeric form is encoded 
in nucleus and then transferred to cytoplasm, while the heteromeric form is coded by four different genes, each 
of one representing onet subunit of the enzyme. Three out of four subunits (biotin carboxylase, biotin carboxyl 
carrier protein, α-subunit of carboxyltransferase) are encoded by nucleus genes (acc A, B and C) while the forth 
subunit (β-subunit of carboxyltransferase) is encoded by a chloroplastic gene (accD) (Ke et al. 2000). The second 
category, which is the grasses from Gramineae family, is the exception to the rule as they have replaced the 
prokaryotic ACCase in their plastids with a multifunctional enzyme encoded by the nuclear genome (Konishi 
et al. 1996). Both homomeric forms of ACCase share a high degree of sequence conservation and they mainly 
differ in the presence of 100 extra amino acids at the N-terminal end of the plastidic isoform that might form 
a targeting transit peptide sequence that drives this ACCase isoform to chloroplasts (Délye 2005). The third 
category belongs some Brassica and Arabidopsis species that contain both the eukaryotic and the prokaryot-
ic isoforms of ACCase in their chloroplasts (Sasaki and Nagano 2004; Kaundun 2014). The rice genome does 
not have any of the genes coding the subunits of the heteromeric form of ACCase. As for the homomeric form, 
there are two nuclear genes (ACC1 and ACC2), one for cytosol and one for plastids (Sasaki and Nagano 2004; de 
Andrade et al. 2018). Figure 1.5 presents the three possible combinations of the two forms of ACCase, as well as 
the locus of the encoded full sequence or the subunits (Huang et al. 2002).

Figure 1.5 ACCase in most dicot plants 

has a eukaryotic form encoded by a nucle-

us gene (Acc-2) which is present in cytosol 

and a prokaryotic form that is present in 

chloroplasts and is encoded by four differ-

ent genes, three of them located in the nu-

cleus (accA, B, C,) and one in the chloroplast 

genome (accD). On the other hand, plastid-

ic ACCase in grasses and some dicot plants 

was originated by a duplication of the host 

cytosolic ACCase (Acc) and is encoded by 

the nuclear gene Acc-1, even though it is 

present in chloroplasts (Huang et al. 2002).
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The compartmentation of ACCase as well as the existence of two independent genes is necessary for the produc-
tion of an appropriate amount of malonyl-CoA as it is an extremely important component for cascade reactions. 
Even if plants are capable of long-distance transport of sugar or amino acids, each cell must synthesize the 
fatty acids required for the cell. Moreover, the precursor malonyl-CoA cannot pass through the envelope and 
has to be synthesized in both plastids and cytosol by both, plastidic and cytosolic, ACCase enzymes. In plants, 
the malonyl CoA produced in plastids is used for the de novo synthesis of fatty acids and then the synthesized 
fatty acids pass through the plastid envelope and proceed to further modification in cytosol (Sasaki and Nagano 
2004). Furthermore, the plastidic ACCase isoform is responsible for more than the 80% of the total ACCase 
activity in leaves (Délye 2005). On the other hand, the malonyl CoA produced in the cytosol, is used in many 
other reactions like synthesis of very long-chain fatty acids (VLCFA), the synthesis of flavonoids and anthocya-
nins etc. (Sasaki and Nagano 2004). The compartmentation of the two forms of ACCase in cytosol and plastids 
and the specific process that take place in each compartment are presented in figure 1.6.

Figure 1.6 Compartmentation of the two forms of ACCase in most of the plants and the main processes that they perform 

(Sasaki and Nagano 2004). 

1.4.3 ACCase as target for pesticides

1.4.3.1 Target site for herbicides 

Inhibitors of acetyl CoA carboxylase (ACCase), belong to HRAC group A and act by blocking the fatty acid 
synthesis. Aryloxyphenoxypropionates (FOPs), cyclohexanedione (DIMs) and phenylpyrazoline (DENs) are the 
three commercial available, chemical classes and their characteristic herbicides are presented in table 1.3 (Jang, 
Marjanovic, and Gornicki 2013). 
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Table 1.3 The three main classes of herbicides that have ACCase as mode of action and the main herbicides of each class 

(Heap, 2020).

Herbicidal ACCase inhibitors show great potency against grass ACCase activity, but do not affect mammalian, 
yeast, or even broadleaf plant ACCase activity, as those herbicides target only the Carboxyl Transfer domain of 
the multi-functional form of plastid ACCase (Yu, Kim, and Tong 2010). In this way, broadleaf species are innately 
less sensitive due to the existence of different chloroplastic forms of ACCase between grasses and dicotyledon-
ous species (Kaundun 2014). Consequently, ACCase herbicide inhibitors are mainly used for post-emergence 
grass control in broadleaf crops. These herbicides are absorbed through the foliage and translocated in the 
phloem to the growing point, where they inhibit meristematic activity (UC IPM, 2020).

1.4.3.2 Target site of insecticides

Moreover, the Insecticide Resistance Action Committee (IRAC), also classifies the inhibitors of acetyl CoA car-
boxylase at group 23. The main insecticides that belong to tetronic/tetramic acid family (cyclic ketoenols) are 
Spirodiclofen, Spiromesifen, Spiropidion and Spirotetramat. (IRAC). ACCase is very well documented in plants 
and some mutations, in the CT domain, have been accosted with herbicide resistance. On the other hand, in-
vertebrate pests have been associated with metabolic resistance or non-validated candidate mutations, all of 
them outside the CT domain (Douris et al. 2020). A new study associated high resistant levels to spiromesifen 
and spirotetramat with the substitution of an alanine residue with a valine residue at position 2083, which is a 
conserved region of the CT domain of ACCase, of the whitefly Bemicia tabaci (Lueke et al. 2020).  

1.4.4 Herbicide resistant weeds

Herbicide inhibitors of ACCase have been successfully used for the control of many grass weed species, including 
weedy rice (Jang, Marjanovic, and Gornicki 2013). Even though 49 species of weed populations have been 
reported as resistant to ACCase herbicides (Heap, 2020). All the known herbicide-resistant mutations that have 
been found in weed species are placed in the carboxyl transferase (CT) domain of the multifunctional plastid 
ACCase. So far, seven amino acid substitutions at the codon positions: Ile-1781, Trp-2027, Trp-199, Ile-2041, 
Asp-2078, Cys2088, and Gly-2096; amino acid numbering is based on the Alopecurus myosuroides ACCase 
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sequence, have been identified at the homomeric plastidic ACCase, resulting in different levels of herbicide re-
sistance. Among these amino acid substitutions, Ile-1781 is most commonly found in plant species (Fang et al. 
2020). Moreover, there has been a first try to identify similarities in the binding modes of the ketoenols and the 
herbicidal chemical families with the substitution of two amino acid residues of the spider mites’ ACCase, in a 
homologous region of the plant ACCase. The two mutated amino acids have been associated with herbicide re-
sistance on plants. Even though, the mutated spider mites had no difference in the tolerant levels of spirotetra-
mat-enol (Lümmen et al. 2014).

1.5 The background of the project
Insects code only the eukaryotic form of acetyl CoA carboxylase and normally have an alanine residue at position 
2086 (alignment according to chloroplastic rice ACCase). In a recent study, a field population of the whitefly 
Bemicia tabaci, revealed high resistant levels against ketoenol insecticides. RNA sequencing analysis revealed 
the presence of a single point mutation, which results in the substitution of the alanine residue at position 
2086 with a valine residue, A2086V, in a conserved region of the CT domain of the multifunctional ACCase. The 
resistant phenotype to ketoeneols was confirmed by genetic modification of Drosophila melanogaster with cris-
pr-Cas9 (Lueke et al. 2020). Moreover, A2086V mutated flies revealed an unexpected susceptible phenotype to 
herbicides that have ACCase as mode of action, like haloxyfop and pinoxaden (not provided data). 

On the other hand, grasses have two eukaryotic forms of acetyl CoA carboxylase, that normally have a valine 
residue at position 2086, while both are encoded by nuclear genes. The homomeric forms are targets for herbi-
cides that have ACCase as mode of action, but the susceptible phenotype actually results from the blocking of 
the chloroplastic homomeric enzyme, which is responsible for de novo fatty acid biosynthesis and has 80% of 
the total enzymatic activity in leaves. Rice belongs to grass family and that provides it with all the specifications 
needed for this study. Furthermore, it has already been distinguished as a monocot crop model system, having 
its genome sequenced and also has many biotechnological tools specialized for use on it.

1.6 The aim of the project
The main idea of this master thesis is to create genetically modified rice lines that express the V2086A mutated 
form of ACCase and check over the phenotypic variation after insecticide and herbicide application. The main 
question that has to be answered is if this reverse amino acid substitution will eventually contribute to an 
opposite phenotype, providing resistance to herbicides and susceptibility to insecticides to V2086A plants. So 
far, seven amino acid substitutions have been reported on grass species, all of them at the CT domain of ACCase, 
but not at position 2086. It is already known that single point mutations in the conserved domains of acetyl 
CoA carboxylase, provide highly resistant levels against insecticides and herbicides but a reversible phenotype 
among different species has never been mentioned before. Moreover, if this hypothesis is correct then we will 
be closer to understand how pesticides target the same mode of action among species. Furthermore, if this hy-
pothesis is correct, and V2086A rice lines are resistant to herbicides, two more aspects of this project will be 
generated.

The first one concerns the need of innovative management techniques in order to scale down the loss of crops 
and deal with the red rice resistance. Inhibitors of ACCase have already been used as herbicides, except for fields 
that contain crops belonging to Gramineae family, as their application would have a suppressive effect on them. 
But if a rice resistant line is used as crop, it is possible to apply that type of herbicides in rice fields.

The second one concerns the great need of novel marker genes in order to improve and facilitate the selection 
process of rice transformation. Using the plastidic V2086A acetyl CoA carboxylase of rice for co-transforma-
tion with a gene of interest, a resistant factor will be induced in a susceptible background. Then, spraying with 
ACCase herbicide inhibitors, only transformants that contain the mutated-resistant form of the enzyme will 
survive. On the other hand, those that are not transformed, will have their native-susceptible plastidic ACCase 
blocked and they will be killed and not selected. 
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1.7 The procedure
Giving answer to the central question of this study, genetically modified plants containing V2086A plastidic 
ACCase, have to be created. Then bioassays, would determine the resistant levels to pesticides. For this study rice 
has been used as a model system and the whole experimental process is presented in figure 1.7.

Figure 1.7 All the experimental steps that have to be done in order to find out

resistant levels of V2086A ACCase

Firstly, I had to identify the sequence that corresponded to the chloroplastic ACCase (ACC-2), amplify the coding 
sequence and replace the valine residue of position 2086 with an alanine residue by site directed mutagenesis. 
Both native and V2086A ACCase sequences will be cloned to pAL76 vector which is a cloning vector containing 
the maize polyubiquitin-1 (Ubi-1) promoter and a NOS termination region. Then V2086A mutated ACCase will 
be introduced to rice genome after transformation. 

As the native chloroplastic ACCase of rice would continue to be expressed, an artificial microRNA had to be 
designed for silencing of the endogenous ACC-2 enzyme. The endogenous enzyme and the mutated one, differ 
only at position 2086, consequently, three single point mutations, that do not change any amino acid (synon-
ymous mutations), had to be introduced in V2086A ACCase by site directed mutagenesis. These single point 
mutations correspond to positions 8, 9 and 11 of the artificial microRNA and should be necessarily injected in 
the mutated sequence in order to inhibit its recognition by the constructed amiRNA. Afterwards, the two con-
structs, V2086A ACCase with the silent mutations and the artificial microRNA, will be co-transformed. 

To sum up, three different ACCase constructs will be created. One that contains the endogenous ACCase sequence, 
another one with the V2086A mutation and a last one that contains the V2086A mutation and some silent 
mutations. 

This project is not finished and the main question has not been answered yet. The various difficulties in cloning 
that are presented in the 3rd chapter and of course the Covid-19 situation, delayed all the processes. Consequent-
ly, the part that contains the “Results” does not give answers to questions and goals that had been set above, but 
describes all the different strategies and difficulties that I had to deal with in order to amplify the chloroplastic 
coding sequence of ACC-2. 
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2. MATERIAL & METHODS
2.1 Culture media and growth conditions
2.1.1 Escherichia coli

Luria-Bertani media (BactoTryptone 10 g/L, NaCl 5 g/L, BactoYeast Extract 5 g/L) and pH 7.0 was used for the 
growth of bacterial cultures (Sambrook, Fritsch, and Maniatis 1989), in liquid or solid form (1% w/v agar added). 
For the selection of transformed colonies, ampicillin in final concentration 100 μg/mL was added. Solid bacterial 
cultures were incubated overnight at 37oC and liquid cultures were additionally agitating at 200 rpm.

2.1.2 Oryza sativa

Seeds were de-husked using sandpaper and then were placed into Eppendorf tubes with 50% solution of com-
mercial bleach. They were agitated for at least 10 minutes and then were rinsed in sterile water and Left to 
imbibe for 24 hours in the dark at 37ºC. Then they were placed in a petri dish, covered with sterile filter paper 
and 3 mL of sterile distilled water were added. The petri dished was placed into the incubator for further 24 
hours in dark. Then was placed to a light chamber. Three days after germination, the seedlings were planted 
into a rice seedling compost mix:  sand and substrate (1:1) and kept into the growth chamber at 25 oC.  The first 
3-5 days after planted in soil only water was added and after that fertilizer was added once per week. The tray 
must be always covered by water. 

2.2 Storage conditions 

2.2.1 Escherichia coli

For long-term storage, E. coli transformed colonies can be preserved in glycerol stocks. 87% of sterilized glycerol 
is used at 20% final concentration at 500 μL of total volume. In particular, 115 μL of 87% glycerol stock and 
385 μL of liquid bacteria culture are used and after vortexing, the glycerol tubes were stored at -80oC.

2.2.2 Oryza sativa

For long-term storage, Oryza sativa seeds were placed into a petri dish, closed with parafilm and kept in dark 
at 4ºC. 

2.3 RNA isolation
2.3.1 Total RNA extraction of rice seedlings 

Shoots from 3 leaf stage rice seedlings were collected at 1.5 mL tubes and frozen in liquid nitrogen immediately. 
The samples were grinded inside the tube with a pre-chilled pestle and 300 μL of Trizol were added and mixed 
well by vortexing. Adding again 700 μL of TRIzol, each sample had 1 mL of TRIzol as final volume, vortexed and 
kept on ice until all samples were finished. Then they were incubated at room temperature for 5 min and 200 
μL of chloroform were added and mixed by inverting the tube. Then they were centrifuged at 11000 rpm for 15 
min at 4ºC. The supernatant was transferred to a clean 1.5 mL tube and 500 μL of cold isopropanol was added 
and samples were incubated at room temperature for 15 min. Then they were centrifuged at 12000 rpm for 10 
min at 4ºC. The supernatant was removed and the pellet was washed with 500 μL of 80% (v/v) of cold ethanol 
by inverting the tube and centrifuged at 12000 rpm for 10 min at 4ºC. The supernatant was removed and the 
pellet was dried at room temperature and then was resuspended in 30 μL of sterile distilled water.

2.3.2 Evaluation of quality and integrity of extracted RNA

Protein and phenol or carbohydrate contaminations were considered based on the A260/280 and A260/230 
records, respectively, using a Nanodrop ND-1000 spectrophotometer. Also, total RNA extracted from the shoot 
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of seedling rice was analyzed using 1% agarose gel electrophoresis and staining with 0.5 mg/mL ethidium 
bromide and the pattern of 28S, 18S, 5.8S and 5S subunits was compared to bibliography (Azizi et al. 2017). 

2.4 cDNA synthesis
In genetic engineering, the messenger RNA is used as a template for synthesis of complementary DNA, cDNA 
in a reaction catalyzed by the enzyme reverse transcriptase. This enzyme discovered to retroviruses and they 
normally use it for cDNA synthesis in order to code their viral RNA into mRNA. 

The cDNA synthesis was carried out using the “SuperScript III Reverse Transcriptase” of Invitrogen according 
to the manufacturer’s instructions. 2 pmol of gene-specific primer (ACC-2 partC Reverse primer), 1 μl of 10 mM 
dNTP Mix (10 mM each dATP, dGTP, dCTP and dTTP at neutral pH) and 1000ng of total RNA were added in a 
nuclease-free microcentrifuge tube and filled up to 13 μL with sterile distilled water. The mixture was heated 
to 65°C for 5 minutes and incubated on ice for at least 1 minute. The contents were briefly centrifuged and in 
the same microcentrifuge tube 4 μl of 5X First-Strand Buffer, 1 μl 0.1 M DTT, 1 μl RNAsin, 2 μl of SuperScript™ 
III RT (200 units/μl) were added and mixed by pipetting gently up and down. Then the reaction was incubated 
for 90 min at 55oC and inactivated by heating at 70°C for 15 minutes. To remove RNA complementary to the 
cDNA, 1 μl (2 units) of E. coli RNase H was added and incubated at 37°C for 20 minutes. Then the cDNA was 
stored at -20oC. 

2.5 DNA manipulation
2.5.1 Restriction Endonuclease Digestion

Restriction enzymes (RE) are normally found in archaea and bacteria and their physiological role is the protec-
tion against invading viruses, recognizing specific (mostly palindromic) sequences called restriction sites and 
cleaving the DNA at these target sequences. This property has been used intensively at genetic engineering 
and nowadays these enzymes are routinely used for DNA modification in laboratories, and they are a vital tool 
in molecular cloning. In this work DNA was digested with restriction endonucleases in order to yield specific 
DNA fragments for downstream manipulations or diagnostic assays. More specifically, the appropriate amount 
of DNA was incubated with the restriction enzyme or enzymes, 5–10 units of enzyme per μg DNA, 1x restric-
tion enzyme buffer and distilled water to reach the final volume of the reaction for 2 hours at the optimal tem-
perature of the enzyme. Digested DNA was then analyzed by agarose gel electrophoresis. 

2.5.2 Agarose gel electrophoresis

Agarose gel electrophoresis was used for the analysis of size, conformation, quantification, separation and 
extraction of DNA fragments. 1% agarose was dissolved in 1x TAE buffer (242 g Tris-Base, 57.1 mL glacial 
CH3COOH, 100 mL 0.5 M EDTA pH 8.0 for 1L 50x buffer) by warming up the solution in the microwave. After 
cooling down, 0.5 mg/mL ethidium bromide (EthBr) was added and the solution was poured into a casting tray 
and left to dry. The DNA samples were mixed with loading dye and then loaded into the wells of the gel. A 
molecular weight marker was loaded along with the samples, in order to determine the size of the fragments. 
Gels were run at 100 V and exposed to UV light with a UV transilluminator where DNA bands were visualized 
and photographed or the expected bands were cut and used further for molecular cloning. 

2.6 Polymerase Chain Reaction (PCR)
2.6.1 Standard PCR reactions

The KAPA LongRange PCR system had been selected for the amplification of acetyl CoA carboxylase. KAPA 
LongRange PCR system is a mix of Taq DNA polymerase that provides stability and a modified type B DNA pol-
ymerase possessing proofreading capacity. The fidelity of KAPA LongRange polymerase is 2-4 fold higher than 
common KAPA Taq polymerases but it is lower than the fidelity of pure proofreading polymerases. This blend 
of polymerases is specifically designed for long range polymerase chain reactions. Furthermore, it is to its spec-



24

ifications to amplify medium-length targets, less than 5kb and also long-range targets up to 15kb. Moreover, a 
very big advantage of KAPA LongRange PCR system is that the reaction products are polyA-tailed and can be 
directly cloned into TA-cloning vector.

Conventional PCR reactions, in order to amplify fragments smaller than 300bp or confirm the expected fragment 
sizes and screening of colonies, were performed using Taq polymerase (Minotech). Components and conditions 
of these PCR reactions are described in tables 2.1 and 2.2, according to manufacturer instructions.

Table 2.1 Composition of conventional and high fidelity PCR reactions. 

Table 2.2 Conditions used for conventional and high fidelity PCR reactions.

2.6.2 In vitro site-directed PCR mutagenesis

For site-directed mutagenesis, a pair of complimentary primers was designed for each mutation using Quik-
Change Primer Design tool of Agilent software. In all sets of primmer the mutation or mutations were in the 
middle of the sequence and the GC-content was up to >50%. High fidelity PCR reactions for in vitro site-direct-
ed PCR mutagenesis were carried out using KAPA HiFi polymerase (Kapa Biosystems). Components and condi-
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tions for this type of PCR are described in Tables 2.3 and 2.4.

Table 2.3 Composition of site directed mutagenesis PCR reactions.

Table 2.4 Conditions used for site directed mutagenesis PCR reactions.

After amplification, the PCR product was excised from the gel and DpnI treatment was taking place. More 
specific 1 μL of DpnI (NEB) restriction enzyme was incubated with the purified PCR product for 2 hours at 37oC 
in order to cleave the parental non-mutated plasmid as DpnI restriction enzyme has the ability to cleave meth-
ylated (GAm|TC) DNA strands. After 2 hours the DpnI treated fragments were purified and 50ng of the line-
arized mutated plasmids were used to ligation reaction. The resulting solution was used for transformation of E. 
coli competent cells. Plasmid purification of the ampicillin-resistant colonies took place and diagnostic digests 
were performed and finally the samples were sent for sequencing analysis as there was no other way to dis-
criminate the mutated from the no-mutated plasmids. 

2.6.3 Artificial microRNAs

Design and construction of artificial microRNA was based on the protocol of Warthmann et al. 2013. A conven-
tional polymerase was used in order to amplify the reaction (a), (b) and (c). The combination of primers, as well 
as the template of each reaction, are presented on table 2.5. The final product, reaction (d), was amplified by 
overlapping PCR using a conventional polymerase.
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Table 2.5 Oligonucleotides, templates and length of the PCR products in order construct the artificial microRNA for silencing 

of the endogenous ACC-2. 

2.7 Molecular cloning  

2.7.1 Preparation of insert and cloning vector

The first step of molecular cloning is the preparation of the cloning vector and the DNA fragment of interest. In 
particular, as insert could be a PCR amplified fragment or a digested fragment containing blunt or sticky ends to 
its termini. The inserts were purified from agarose gel using the Nucleospin Extract II Kit (Macherey-Nagel). The 
corresponding DNA bands were quickly excised from the gel under UV light, transferred into an eppendorf tube 
and processed as described in the manufacturer instructions. Then the concentration of the purified “insert” was 
counted in Nanodrop. 

The second step of molecular cloning is the preparation of the vector. All the vectors used for this study are 
presented in table 2.6. 

Table 2.6 Vectors used for this study.

Traditional restriction enzyme cloning required the digestion of the vector, with restriction enzymes, in order to 
produce compatible ends with the insert. On the other hand, pGEM®-T Easy Vector System of Promega was used 
for the molecular cloning with the PCR amplified fragments. The pGEM®-T Easy pre-linearized Vector contains 
3´-T overhangs at the insertion site to provide a compatible overhang for PCR product that is amplified by a pol-
ymerase that add a single deoxyadenosine, in a template-independent fashion, to the 3´-ends of the amplified 
fragments in order to be compatible with the vector. Last but not least, the Gateway cloning method (Invitro-
gen Carlsbad, CA), containing modified versions of the att sites was used for easily clone of the desired construct 
from an entry vector to a final expression vector using LR reaction. The LR reaction takes place between the 
attL sites of the generated entry clone and the attR sites of the destination vector and it is catalyzed by the LR 
Clonase enzyme mix. As a result, an expression clone with the DNA of interest flanked by attB sites is generated. 

2.7.1.1 Preparation of cloning vector and insert for TA cloning  

The cloning vector and the DNA fragment of interest can also become compatible using the “Universal TA 
cloning” protocol of Zhou and Gomez-Sanchez, 2000. Plasmids were digested with a blunt-end restriction 
enzyme and after digestion, 2μL of 0.5M EDTA were added. The blunt-end plasmids were loaded in 1% agarose 
gel, purified using Nucleospin Extract II Kit (Macherey-Nagel) and then eluted in water. The Taq polymer-
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ase method was used for the addition of T-overhangs. The volume of the purified blunted plasmid DNA was 
adjusted to 83μL by adding sterile water, then a mix of reagents presented in table 2.7 was added and the 
reaction was incubated at 72oC for 2 hours. 

Table 2.7 Reagents used for addition for T-overhangs using Taq polymerase method.

Next, the T-tailed vector was purified using Nucleospin Extract II Kit (Macherey-Nagel). An amount of the 
T-tailed purified vector was used in self-ligation reaction in order to remove the vector without T-tails and 
increase the efficiency of the method. The ligation reaction was loaded in 1% agarose gel, letting the linear and 
circular fragments to separate. Finally, the T-vector band was purified. 

In order to produce an insert with A-overhangs, it was mixed with the reagents presented in table 2.8 and all 
the mixture/reaction was incubated at 72oC for 25 minutes. 

Table 2.8 Reagents used for addition of A-overhangs using Taq polymerase method.

The A-tailed insert was used for direct transformation with the T-tailed vector or was self-ligated and purified 
as described for T-tailed vector.

2.7.2 Dephosphorylation of 5’ Overhangs

Calf intestinal alkaline phosphatase (CIAP) of Promega was used to catalyze the hydrolysis of 5’ phosphate 
groups from DNA in order to prevent the recircularization or self-ligation of the linearized cloning DNA. Each 
picomole of DNA ends requires 0.01u of CIAP. The enzyme was diluted and used according to manufacturer in-
structions and depending on the type of DNA-ends (sticky or blunt), the recommended protocol was followed. 

2.7.3 Ligation reaction

Generation of recombinant DNA was mediated by DNA ligase, an enzyme that covalently links the complemen-
tary ends (blunt or sticky) together. The purified vector and insert were mixed at different insert:vector molar 
ratio. The following formula was used to calculates the needed ng of insert in each ligation reaction. 

The minimum molar ration used in this study was 3:1 while the maximum was 6:1. After calculating the 
needed amounts, insert and vector were incubated with 1 μL of T4 DNA ligase of Promega and 2x or 5x ligase 
buffer in a final volume of 10μL or 20 μL. The reaction was incubated at room temperature for at least 2hours 
or overnight at 4oC or 10oC, (4oC for sticky end cloning and 10oC blunt end cloning) and then all the reaction was 
used for transformation of E. coli competent cells.
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2.7.4 Introduction of recombinant DNA into E. coli

2.7.4.1 E. coli strains

Three different types of E. coli strains were used in this study: DH5a, Stellar and DH10-beta. Competent cells of 
the above strains were prepared by the lab’s manager, Dimitra Tsakireli and stored at -80oC.

2.7.4.2 E. coli transformation

The ligation reaction was centrifuged briefly and about 0.05-0.1 μg of plasmid DNA was added in 200 μL of 
defrosted E. coli competent cells, mixed by flicking the tube and incubated on ice for 25 min. The cells were then 
subjected to heat shock by incubation at 42oC for 45-50 seconds in a heat block and immediately return the 
tube to ice for 2minutes. To allow expression of the ampicillin resistance gene of the plasmid, 950 μL of liquid 
LB medium was added and the cells were incubated at 37oC with 150 rpm shaking for 1 hour. Then 100 μL of 
the culture were spread on LB agar plates containing ampicillin at a final concentration of 100 μg/mL, X-Gal 
and IPTG. The rest of the culture was centrifuged for 5 minutes at 3600 rpm and the supernant was removed 
and the pellet was resuspended in the remaining liquid and spread on LB agar plates containing ampicillin at a 
final concentration of 100 μg/mL, X-Gal and IPTG. The plates were incubated overnight at 37oC.

2.7.5 Purification of plasmid DNA from E. coli

For high purity plasmid DNA isolation, the (Macherey-Nagel) Nucleospin Plasmid Kit was used and 6 mL of 
LB medium with ampicillin were inoculated with a single bacterial colony carrying the desired plasmid were 
incubated overnight at 37oC, 200 rpm and then processed as described in the manufacturer instructions. In 
cases that no high purity was required, an adaptation of Sambrook and Russel protocol was used (Sambrook 
and Russell 2001). 3 mL of LB medium with ampicillin were inoculated with a single bacterial colony carrying 
the desired plasmid and were incubated overnight at 37oC, 200 rpm. 1.5 mL of the bacterial culture was centri-
fuged at 8000 rpm for 3 minutes, the supernatant was removed and the pellet was resuspended in 100 μL of 
cold cell suspension buffer (50 mM Tris-HCl pH 8.0, 10 mM EDTA) by vortexing, followed by 5 min incubation 
at room temperature. Then, 200 μL of cell lysis solution (0.2 M NaOH, 1% SDS) were then added and mixed by 
inverting the tube, followed by 5 min incubation on ice. Then 150 μL of neutralization buffer (3 M CH3COONa 
pH 5.5) were added and mixed by vortexing, followed by 5 min incubation on ice. Then the cell suspension 
was centrifuged at 12000 rpm for 10 min and the supernatant was collected in a new eppendorf tube. Double 
volume of 100% v/v cold ethanol and 1/10 final volume of 3M potassium acetate were added and the sample 
was mixed and incubated at -20oC for at least 20 minutes, followed by centrifuge at 12000 rpm for 10 min to 
precipitate the DNA. The DNA was washed with 70% v/v cold ethanol by inverting the tube and centrifuged at 
12000 rpm for 10 min to remove co precipitated salt making DNA easier to re-dissolve. The remaining liquid 
was removed with pipette and the pellet was dried at room temperature and then was resuspended in 50 μL of 
sterile distilled water with 0.2 mg/mL RNaseA. Finally, 10 μL of the plasmid were used for diagnostic digestions 
that would confirm the successful cloning of the desired DNA sequence, as well as the orientation of insertion.
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3. RESULTS

3.1 Setting the bases
3.1.1 RNA extraction

The first committed step for protein expression is to find the coded sequence of the gene of interest. In molecular 
biology, flow of genetic information starts from the transcription of a gene to produce the primary transcript 
messenger RNA and after splicing the mature RNA is produced. Mature RNA contains only regions that will 
code the protein after translation. Using protocols of total RNA extraction, we are able to isolate all transcrip-
tomes that exist in a specific tissue at a specific moment. Therefore, the first step is to select the tissue of RNA 
extraction depending on the gene of interest, as different tissues have different expression levels of each gene.

As it is indicated in figure 3.1 below, which presents the RNA data analysis of the expression levels of Acetyl 
CoA enzyme carboxylase in different tissues of Oryza sativa, shoot was considered the most suitable tissue for 
RNA extraction. In addition, to having one of the higher expression levels it is also one of the easiest tissues for 
treatment.

In a first experimental approach, both shoots and leaves were used for total RNA extraction and each tissue had 
a pool of populations as well as individual strains.

Various methods like CTAB, SDS, TRIzol, RNeasy plant mini kit from Qiagen etc. are used for RNA extraction in 
rice. According to bibliography, RNA extracted by the TRIzol method, shows the highest score compared with 
other methods in terms of RNA quantity, purity and integrity. For that reason, TRIzol method is the one that 

Figure 3.1 Transcriptome Data analysis provided by Rice Genome Annotation Project, reveal the transcription levels of 
Acetyl CoA enzyme carboxylase in different tissues of Oryza sativa. 
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used in this study and then, as it is presented in figure 3.2 the quality of the total extracted RNA from shoot and 
leaves of seedling rice was analyzed using 1% agarose gel electrophoresis. Then the pattern of 28S, 18S, 5.8S and 
5S subunits was compared to Azizi et al. (2017).

The RNA quality extracted from an individual shoot that looked best on the gel was used for further experi-
ments. In addition, an individual tissue is preferred from a pool of tissues, as there are less expected differences 
between alleles and isoforms expressions. 

3.1.2 Design of primers

In order to amplify the coding sequence of chloroplastic acetyl CoA carboxylase, the whole sequence had to be 
determined. Comparing the sequences from two independent data bases, NCBI and Rice Genome Annotation 
project, two different sequences emerged.

As it is shown in figure 3.3 the two sequences were completely identical and they only differ at the beginning 
of the sequence, probably due to alter splicing prediction in the beginning of the sequence. In this way three 
different sets of Forward external primers were designed. One for each annotated sequence and another one 
for the sequence as it is registered at Rice Genome Annotation Project, but six nucleotides downstream the 
annotated start codon, where another ATG exists. An external reverse primer was also designed.

Figure 3.2 The integrity of the total RNA extracted from shoot 
and leaves of seedling rice was analyzed using 1% agarose gel 
electrophoresis.

Figure 3.3 Nucleotide BLAST alignment of two sequences of ACCase. The different sequences are provided by two 
independent data bases, The Rice Genome Annotation Project and the NCBI.
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3.1.2.1 External primers

Each primer was also carrying the recognition site of the restriction enzymes SmaI and XmaI and four more nu-
cleotides that are preferable from the restriction enzymes for direct digest. These restriction sites were chosen 
for cloning the amplified sequence of ACC-2 to pAL76 vector.

        

3.1.2.2 Internal primers

As the coding sequence of acetyl CoA carboxylase is a significant long-length target, internal primers were also 
designed. The sequence was divided in three parts and for convenience they were named part A, part B and part 
C. Figure 3.5 gives the general design for this partial cloning strategy.

Figure 3.4 Design of three different sets of external primers. Both Forward and Revere primers carrying a restriction site 
(presented in cycle) of SmaI or XmaI (presented by a scissor).

Figure 3.5 Design of internal primers. The internal primers are amplifying overlapping regions that include unique 
restriction enzymes for seamless cloning.
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Each set of primers was designed in a way that the successive fragments have an overlapping region close to 
100bp where a unique recognition site of a restriction enzyme exists. In this way after the amplification of all 
three fragments they could ligate seamless using these unique restriction sites. 

3.2 Amplification of acetyl CoA carboxylase
3.2.1 Searching for the correct sequence

At a very first approach I had to find out which annotated sequence corresponded to the real one. Consequently, 
I set up three independent PCR reactions using the three different Forward primers in order to amplify the “part 
A” of acetyl-CoA carboxylase 2. The reverse primers of part A is the same for both annotated sequences.

Inspecting figure 3.6 it can be easily noticed that the NCBI annotated sequence is the correct one, as it is the 
only one that gives a clear band. The size of the band is a bit shorter than the expected one, probably due to in-
sufficient elongation time that will be correct in the next experiments. 

3.2.2 Amplification of medium-length targets

3.2.2.1 Amplification of ACC-2 in three parts

The next step was the amplification of all three parts as they are shown on figure 3.7 below.

Figure 3.6 Polymerase Chain Reaction in order to 
amplify “part A” of acetyl CoA carboxylase using three 
different Forward primers.  

Figure 3.7 Amplification of acetyl CoA carboxylase in three parts.
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Polymerase chain reactions for parts A and B resulted in unique clear bands at the expected sizes, 2013bp and 
2752bp, respectively. On the other hand, the reaction for part C gave the specific fragment of 2437bp but also 
some nonspecific bands, seen as smaller fragments. Each part was purified and ligated to pGEM-T easy vector 
with TA cloning. 

3.2.2.2 Amplification of ACC-2 in two parts

After using different combinations of primers, longer parts were amplified as they are depicted on figure 3.8.

The polymerase chain reaction amplifying part AB resulted in the expected band of 4659bp, while the reaction 
amplifying part BC never gave a unique band at the expected size but a mix of bands, including the appropriate 
fragment of 5077bp. Both appropriate fragments were purified and proceeded to ligation reaction with pGEM-T 
easy vector but only part BC had been successfully ligated to the plasmid. 

3.2.3 Amplification of long-range targets

3.2.3.1 Convectional PCR

As each set of primers had worked independently and as we where able to amplify fragments close to 5kb using 
the KAPA LongRange PCR system we attempted the amplification of the whole sequence of acetyl CoA enzyme 
carboxylase. Part A Forward primer of the NCBI annotated sequence and part C Reverse primers were used at a 
range of different annealing temperatures. Regardless the conditions and as it is shown on figure 3.9 the whole 
sequence of ACC-2 was never amplified and only smaller fragments were produced. 

Figure 3.8 Amplification of acetyl CoA carbox-
ylase in two parts.

Figure 3.9 A failed attempt to amplify the 
entire sequence of acetyl CoA carboxylase.
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3.2.3.2 Overlapping PCR

As I already had purified PCR products for parts A, B and C, but also for parts AB and BC, I tried to use them as 
templates and set up an overlapping polymerase chain reaction in order to amplify the whole sequence of acetyl 
CoA carboxylase. We followed two different approaches.

In the first one, a small amount of each three purified PCR fragments A, B and C was used as template which 
means that the overlapping region between the successive parts was close to 100bp. On the other hand, as 
a second approach the AB and BC purified PCR products were used as templates for the overlapping PCR. 
Consequently, the overlapping region of the two fragments is the sequence of part B that corresponds to 2752bp. 
The external primers were used and it depicted in figure 3.10. Following either approach the result was the same. 
Polymerase chain reaction produced two bands, one nonspecific but intense, less than 1kb and another, barely 
distinguishable that looks at the correct size of 6984bp.

The result of the overlapping PCR meant that using the PCR purified fragments with short or long overlapping 
regions and KAPA LongRange PCR system was possible to amplify a fragment of 7kb. Therefore, I had to improve 
the PCR conditions in order to increase the specificity of the final product. In this way, I set up an overlapping 
PCR, using exactly the same templates as above but this time I started the reaction without primers for the first 
10 cycles. After the overlapping regions were left to anneal and probably used as “primers”, I added the external 
primers and then proceeded with the amplification for 25 cycles.

Figure 3.10 Overlapping PCR, in order to amplify the entire 
sequence of acetyl CoA carboxylase, using different templates.

Figure 3.11 Overlapping PCR, in order to amplify the entire 
sequence of acetyl CoA carboxylase, with no primers for the first 
10 cycles.
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From figure 3.11 it can be concluded that the reaction containing short overlapping regions worked as expected 
and the appropriate size of fragment has been produced, while the reaction containing the long overlapping 
region keeps giving a nonspecific fragment.

Comparing the two different approaches of overlapping PCR, it is obvious that the second one is preferable as it’s 
the only one that gave the expected product. On the other hand, it must be mentioned that PCR conditions were 
not exactly the same, and the annealing temperature at the second approach was 6oC higher than the first one.

3.2.3.3 Conclusion of amplification methods 

In conclusion, comparing the different amplification methods and the molecular cloning to pGEM-T easy vector, 
I could say that fragments up to 3kb were easily amplified and cloned at the cloning vector. But while the length 
of the fragments was increased, the efficiency of PCR and cloning was dramatically decreasing. As the PCR is 
concerned, increasing the length of target, nonspecific bands started to appear and also the cloning of longer 
fragments had very low if not zero efficiency. The explanation for this may be the size differences between insert 
and vector. The linearized pGEM-T easy vector is 3016bp and could easily clone fragments with shorter size like 
parts A, B and C. But when the size of the insert was longer than the vector’s size, like in the case of part BC, the 
efficiency was decreasing. Culminating in the effort to clone the entire sequence of acetyl CoA enzyme carbox-
ylase which had more than twice the size of the vector, it failed. 

3.3 Joining my pieces 

In the end of the first session “Amplify ACC-2”, I did not manage to clone the entire sequence of acetyl CoA car-
boxylase to pGEM-T easy cloning vector, but I had it in pieces. That means that I should merge the different 
parts, following the partial cloning strategy, in order to obtain acetyl CoA carboxylase at the cloning vector and 
then transfer it into the final pAL76 vector. 

Before start sticking my parts together, I had to know the orientation in which they had been cloned into pGEM 
vector, as TA cloning could give both orientations. The orientation of each cloned fragment was identified with 
screening digests using unique cutter enzymes. By selecting a restriction site that only exists in plasmid and 
another one that only exists inside the sequence of the fragment, an easily discriminated pattern could be 
provided. Results from screening digests revealing the orientations of the cloned fragments are shown in figure 
3.12.
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For the construction of ACC-2, I used parts A and BC that were already cloned at pGEM-T easy vector with the 
same orientation. The two constructs should be digested with the same restriction enzymes in order to generate 
complementary ends. The final vector for this molecular cloning, will be pGEM-T easy vector containing part BC, 
while part A will be used as an insert. Two restriction enzymes that were unique cutters of both constructs were 
chosen. One had its recognition sequence in the multiple cloning sites of the vector upstream of part A and part 
BC and the other one could recognize a sequence inside the overlapping region of part A and part B of part BC. I 
had to screen at least 24 colonies in order to find 4 that had been transformed.

3.3.1 Sequencing analysis

All constructs that have been made so far were send for sequencing analysis and the results, only for the con-
structs that are going to be used for further experiments, are presented in table 3.1.

Construct Part of acc2 Number of mutations Mutation Codon change
pGEM acc-2 B

5

C904R TGC > CGC
pGEM acc-2 B I961V ATA > GTA
pGEM acc-2 B S1124G AGC > GGC
pGEM acc-2 B K1219R AAA > AAA
pGEM acc-2 B N1374S AAT > AGT
pGEM acc-2 C 2 H1561R CAT > CGT
pGEM acc-2 C V1574I GTC > ATT
pGEM part B B 2 Y674H TAT > CAT
pGEM part B B R1200W CGG > TGG

Figure 3.12 Screening digests in order to verify the orientation of part A and part BC 
at pGEM-T vector, before proceed to cloning.

Table 3.1 Profile of the mutations obtained after sequencing analysis
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Summarizing, after sequencing analysis, three out of four clones that contain plasmids with the entire acc-2 
sequence were completely identical. Τhe similarity of the clones was expected since they were the ligation 
product of the same unit colonies. From these parts, part A has only silent mutations that are not affect any 
amino acid, while parts B and C have mutations that drive into the replacement of the native amino acids and 
should be corrected. Colonies that had been transformed with plasmids that only contain part B and part C 
were also screened by sequencing analysis. For plasmids cloned with part B, the colony with the less mutations 
contained two point mutations, one in the very beginning and another one in the middle of the sequence of part 
B. On the other hand, I easily found plasmids cloned with part C that did not have any mutation but they were 
cloned in the wrong orientation. 

3.3.2 Site Directed mutagenesis

Trying to correct seven point mutations from plasmid containing part A, B and C with site directed mutagene-
sis would be extremely hard. In this way, I decided to replace the mutated parts of the plasmid using the correct 
sequences of plasmids that contained each separate part and had already screened by sequencing analysis. To 
do that I should have no mutated sequences for each part and as there wasn’t any colony containing a com-
pletely correct sequence of part B, I should correct the point mutation with site directed mutagenesis. Only the 
middle point mutation of part B would be corrected with site directed mutagenesis, while the other one could 
be corrected with a different strategy that I will mention below. 

Moreover, as it has already been mentioned, the main idea of this project is to induce a specific point mutation, 
replace valine 2086 with an alanine, in the sequence of acetyl CoA carboxylase and check for herbicide resist-
ance. This single point mutation will be induced by site-directed mutagenesis and after the identification of 
a positive clone, silent point mutations will be induced in the same way at the same clone. The silent point 
mutations will be induced in the recognition sequence of the artificial micro RNA. The strategy of site directed 
mutagenesis is presented on figure 3.13
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For site-directed mutagenesis, a pair of complimentary primers was designed for each mutation following the 
instructions of Agilent software. A very small amount of parental plasmid was used as template and the PCR 
amplified product was isolated with gel extraction and then proceeded to DpnI treatment in order to reduce the 
background of the remaining parental plasmid as much as possible. After DpnI treatment the linearized mutated 
plasmids were purified and used to ligation reaction and transformation or used for direct transformation. 

The direct transformation without the ligation step did not result in any positive colony. On the other hand, the 
ligated plasmids gave a lot of positive clones. The efficiency of site-directed mutagenesis could only be evaluated 
with sequencing analysis.  

Only one out of four colonies that had been sent for sequencing analysis were correct. The other ones had also 
been mutated while at the same time a part of the primer had been inserted, next to the site of mutagenesis.

To summarize, the R1200W mutation of pGEM part B clone was corrected. The substitution of the valine of 
position 2086 from an alanine was also successfully made. Opposingly, the insertion of silent mutations at the 
V2086A part C mutated clone is still in progress as the increasing number of mutations decreases the efficien-
cy of the method.

Figure 3.13 Site directed mutagenesis strategy. The green shape (      ), wherever it’s used, stands for single point mutations
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3.3.3 Reconstruct my sequence

Having all the needed fragments with no mutations I had to reconstruct my construct, by replacing the mutated 
parts with the correct ones. Three different approaches were followed with different strategies in each one. 

3.3.3.1 Moving into pAL76 vector

The first approach was to transfer the entire sequence to my final vector as it is presented in figure 3.14 and then 
substitute the mutated fragments with the corrected ones. I wanted to change vector before starting to correct 
the mutated fragments in order to have more restriction sites available.

Figure 3.14 (i) pAL76 vector and all the unique restriction enzymes that cut the vector. (ii) First approach: Transfer the entire 

(mutated) ACC-2 sequence from pGEM-T vector to pAL76 vector using SmaI or XmaI.

XmaI
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From the start, as mentioned, the external primers had been designed in order to add the recognition sequence 
of SmaI restriction enzyme on both sides of the amplified acetyl CoA carboxylase sequence. Both pAL76 vector 
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and pGEM containing the entire ACC-2 sequence were digested with SmaI restriction enzyme, followed by the 
dephosphorylation of the vector as a unique restriction enzyme was used. Even though, this approach did not 
give any positive colony and the background of the self-ligated vector was very high.

Next, I attempted to clone the acetyl CoA sequence to pAL76 vector using TA cloning. Digesting both the pAL76 
vector and insert with a blunt end cutter enzyme like SmaI, I followed the protocol of Zhou and Gomez-Sanchez 
(2000) as it is described on session 2.7.1.1 of “material and methods”. No positive clones were found and again 
the background of the self-ligated vector was very high. Consequently, I proceeded to ligation reaction of the 
vector, run 1% agarose gel and then excised the fragment that corresponded to the linear form of the pAL76 
vector. Repeating the cloning of the fragment to the purified vector, no positive colonies were found.

As a conclusion, these two approaches provide a feedback on how difficult the cloning can become when the size 
of the insert is increased. Moreover, the final vector is 2kb smaller than insert, and taking insert:vector molar 
ratio into account, it suggests that the needed molar concentration of cloning’s insert are significantly high. As 
a consequence, the starting amount of plasmid that contains the insert that has to be purified is also extremely 
high. Furthermore, in the first approach where SmaI restriction enzyme was used for molecular cloning, things 
could be improved if an simpler version of molecular cloning had been followed. Using only one enzyme for the 
cloning and especially a blunt end enzyme decreases a lot the efficiency of the method. Therefore, from the start 
I should have followed another approach and I should have chosen at least two enzymes that cut my vector and 
do not cut my insert. This new approach will be used in future experiments.

3.3.3.2 Staying at pGEM-T easy vector

In the second approach the substitution of the mutated fragments with the corrected ones would take place 
at pGEM vector and then a partial cloning from pGEM to pAL76 vector would take place. As it is shown in the 
map of pGEM-T vector containing the mutated sequence of ACC-2, the recognition sites of restriction enzymes, 
that are unique cutters of the sequence and therefore they could be used for correction cloning, are minimum. 
Consequently, this second approach was based in these specific recognition sites that should be combined 
properly in order to substitute the mutated fragments. This is schematically presented at figure 3.15.
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The main idea was to replace part B, from the plasmid containing part A, B and C, using one unique restriction 
enzyme of part B and another one of the overlapping region between parts B and C. Then I would continue with 
the replacement of part C using the appropriate part C fragments that already existed in pGEM-T easy vector 
but in reverse orientation. For that, I would use internal restriction enzymes that surrounded the mutant region 
and, in this way, the reverse orientation would not be a problem. The two enzymes that meant to be used for the 
digest could have been EcoRV and XhoI as both of them were unique cutters for my construct. Actually, part C 
will be replaced by three different part C sequences. The one that corresponds to the normal sequence, the other 
one that contains the V2086A mutation and the third one that contains the V2086A mutation and also some 
silent mutations. For convenience I will mention all these different sequences as part C, although the experi-
ments will be repeated three times. 

Then, the non-mutated acc-2 sequence would be transferred to pAL76 vector in parts. Firstly, I would transfer 
the AB fragment using XmaI or SmaI (XmaI leaves a 5´ extension whereas SmaI leaves blunt ends) and EcoRV 
restriction enzymes. Then part C would be transferred using EcoRV and SdaI. 

At first, I tried to correct part C using EcoRV and XhoI restriction enzymes, but as it is shown in figure 3.16, a 
new recognition site for EcoRV has been appeared at the sequence of the vector, upstream the start codon of 
acc-2 sequence, due to the extra codons that I injected with “Forward part A” primer. This new recognition site 
was identified during digests which gave an unexpected pattern and then confirmed by sequencing analysis. 

Figure 3.15 (i) pGEM-T vector containing the entire (mutated) ACC-2 sequence and all the unique restriction enzymes 
(presented in bold type face) and some enzymes that are dual cutters like SmaI and SpeI (presented in type face)
(ii) Second approach: Correction of the muted parts at pGEM-T vector.
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Under those circumstances, there was no way to correct nor part C but neither part B as inside the overlapping 
region of part BC there were no unique restriction enzymes. As a result, I had to redesign my partial cloning 
strategy. 

3.3.3.2.1 Correction of mutations on part B

In order to correct the mutations that where unintentionally found on part B, two alternative strategies were 
used. The site directed mutated part B clone, has a point mutation, Y674H, in the start of the part B sequence, 
just a few nucleotides upstream the StuI restriction site and under these circumstances this restriction site 
cannot be used. Fortunately, the pGEM-T vector containing parts A, B and C did not have mutations in the first 
middle of the part B sequence and I could find other unique restriction enzymes to use for the substitutions. The 
different followed strategies for correction of part B are presented in figure 3.17.
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Figure 3.16 Insertion of an extra recognition sequence of EcoRV, a few nucleotides upstream the start codon of ACC-2 
sequence. 

(i) Export part C and use SDM part B for 
correction of mutated pGEM-T AB.

Figure 3.17 Two independent strategies for 
correction of part B. 

(ii) Clone part A, from pGEM-T containing the 
entire ACC-2 sequence, 
to pGEM-T containing SDM part B.
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In one hand, I had to digest my pGEM ACC-2 plasmid with SpeI restriction enzyme, that exists on the overlap-
ping region of parts B and C and then self-ligate my plasmid in order to remove part C and create a unique rec-
ognition site for SpeI. After that the substitute of the mutated part B with the correct one would be possible.   

On the other hand, I used the site-directed mutated plasmid containing part B as the final vector and the part 
A of plasmid pGEM-T containing parts A, B and C as inset. Using a unique restriction enzyme for cutting the 
backbone of the plasmid and a unique restriction enzyme for cutting inside of part B sequence I would be able 
to obtain the pGEM-T vector containing parts A and B with no mutations.

Moreover, after the correction of the mutation of part B, the AB fragments will be transferred to pAL76 vector 
and then the different forms of part C will be placed (figure 4.1)

Comparing the two strategies I concluded that the second approach, the cloning of part A from pGEM-T contain-
ing the entire ACC-2 sequence to pGEM-T containing SDM part B, is much more convenient. The first strategy 
had as very big disadvantage that there was no other way but sequencing analysis to screen for positive clones 
as the mutated plasmid and the corrected plasmid differ only at some nucleotides. On the other side, the second 
strategy had a screening advantage since the final construct provides an easily discriminating pattern after 
digestion. For me, the first strategy was always giving me the same number of colonies as my control transfor-
mation plate. This means that either I was currying not digested plasmid or I did not have a complete double 
digestion. Hence, after ligation reaction, the plasmids were self-ligated which resulted in a high background that 
was not even possible to screen with digestions. Finally, the second strategy worked fine for me resulting in 
pGEM-T plasmid that contained parts A and B with no mutations. 

To sum up, I will mention again that as the length of the fragments is increasing, the efficiency of cloning is 
dramatically decreasing. Moreover, another challenge that someone has to deal with long-size fragments and 
cloning is that the available restriction enzymes that can be used are not that many and taking into account 
the high possibility of insertion of point mutations from the amplification of these fragments, these restriction 
sites can be easily minimized. Finally, I believe that building a construct piece by piece has far better chances 
to succeed. 

3.3.3.3 Gibson Assembly 

Gibson Assembly is a robust exonuclease-based method to assemble DNA seamlessly and in the correct order. The 
reaction is carried out under isothermal conditions using three enzymatic activities: a 5’ exonuclease generates 
long overhangs, a polymerase fills in the gaps of the annealed single strand regions, and a DNA ligase seals the 
nicks of the annealed and filled-in gaps. Figure 3.18 schematically represents the third followed approach to re-
construct my sequence, using the Gibson Assembly assay.
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Figure 3.18 Third approach: Gibson Assembly.

Primers were designed according to the online NEB builder assembly tool with an overlapping region of 20bp 
between successive parts. Four different sets of primers were designed for the amplification of pAL76 vector, 
part A, part B and part C. Each fragment was amplified by PCR and non-mutant clones were used as templates. 
As there was not any clone of part B completely free from mutations, the overlapping bases between part A and 
part B were designed in a way that the mutated part of part B was replaced by the non-mutated part of part A 
and that’s why the clone that contained the entire acc-2 sequence was used for the amplification of part A. For 
the rest of the clones, site directed mutated clone of part B was used for the amplification of part B, the no-mu-
tated clone of part C was used for part C and pAL76 plasmid was used for the amplification of the vector with 
successive primers in opposite direction in order to amplify the whole sequence of the plasmid. Each amplified 
fragment is shown in figure 3.19.
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The Gibson Assembly was repeated twice, following the manufacturer’s instructions and each reaction differed 
only in vector’s concentration.  In the first reaction there was three times more concentration of vector compared 
to inserts while in the second one there was three times less. Transformation, plasmid purification and diagnos-
tic digests were the next steps. Twenty-four colonies were screened for each reaction and most of the times, no 
matter the insert:vector ratio, the majority of these transformed colonies had only the empty, self-ligated pAL76 
vector.

3.4 Artificial microRNA 

An artificial microRNA has been designed and genetically engineered for silencing of the endogenous gene 
of acetyl CoA carboxylase. As it is shown in figure 3.20, primers were designed by Web microRNA designer 
software, where the annotated sequence of acetyl CoA carboxylase was used as a single target. WMD creates 
21mer amiRNA candidates that are complementary to the target gene and ensures that no other annotated 
genes in the respective genome has similar sequence. The amiRNA candidates are presented in a list where 
the highest-ranking candidates are on the top of the list and colored in green. Moreover, the absolute hybrid-
ization energy of binding between amiRNA and the target sequence is preferably between −35 and −40 kcal/
mole. From all the amiRNA candidates I chose the one that had all the needed specifications (like the ACC-2 as 
a unique target and hybridization energy at -38 kcal/ mole) and also was as close as possible to the sequence 
where A2086V mutation would be.

(i)

(ii)

(iii)

Figure 3.19 Amplification of pAL76 vector, part 
A, part B and part C (wild type and V29086A) for 
Gibson Assembly.
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(i)

(ii)

(iii)

As it has already been mentioned amiRNAs in plants requires the construction and subsequent expression of a 
hairpin precursor RNA. Consequently, characteristic hairpin-containing vectors, like pNW55 containing rice osa-
MIR528 were used as the hairpin scaffold template. As it is presented in figure 3.21 using the four primers 
provided by the WMD program and the standard primers A and B, the amiRNA precursor is amplified in three 
pieces (a–c). Thereafter, the three pieces were fused to one amplicon (d) in another PCR reaction by overlapping 
PCR. The external primers A and B amplify the two multiple cloning site of the pNW55 vector. Consequently, 
two restriction enzymes, one of each multiple cloning sites, were used for cloning the amiRNA sequence in an 
entry vector, pENTR3C. The correctness of the sequence was confirmed by sequencing analysis and then, using 
GateWay cloning, the amiRNA is transferred from pENTR3C to pB2GW7 binary vector, between a 35S promoter 
and a NOS termination region. 

Figure 3.20 Design the artificial microRNA using WMD3 software. (i) highest-ranking amiRNAs candidates having ACCase 
as unique target (ii) the selected candidate and its characteristics (iii) oligonucleotides for amiRNA construction.
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EcoRV
NotI

(i)

(ii)

(iii)

(iv)

EcoRV

NotI

LR
reaction

Figure 3.21 Strategy for construction of amiRNA (i) amplification of parts a, b and c using pNW55 plasmid as template (ii) 
amplification of amiRNA using the external primers A and B and amplicons a, b and c as templates (iii) the amiRNA is digested 
and cloned at an entry vector and with GateWay cloning is transferred to its final expression vector. 
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4. DISCUSSION
The steps that have to be followed in order to give an answer to the main question of this study, which is what 
are the tolerant levels to pesticides for rice lines expressing the A2086V mutated form of acetyl CoA carboxy-
lase, have been mentioned in the introduction of the thesis. Although, not all these steps have been completed 
and as consequence, a specific answer to the main question cannot be given yet. The difficulties that emerged 
during the cloning of the entire sequence of ACCase (due to its significant length) and all the undesired single 
point mutations, delayed the whole process. Therefore, this session will be divided in the discussion of the 
results (concerning the amplification and cloning strategies used in this study) and future plans. 

As for the strategies used for the amplification of ACCase, it is clear that the shorter the length of the amplicon, 
the higher the amplification and cloning efficiency. Moreover, amplifying medium-length targets have fewer 
chances for insertion of mutations. On the contrary, amplification of long-range targets makes polymerase 
prone to mismatches. Summarizing, the amplification and cloning efficiency is decreased as the length of the 
target is increased and vice versa. Targets up to 3kb were easily cloned to vectors while inserts more than 4kb 
were not. Concerning the cloning strategies used for the ligation of the parts of ACCase in order to obtain the 
entire sequence in the final vector, two different approaches were used. The first was the traditional cloning 
that uses restriction enzymes to merge the vector with the insert and the second one was the Gibson Assembly 
that is based on the homologous recombination of parts with overlapping regions. Here, only the traditional 
cloning worked properly, even though trying to compare the two approaches, I would choose again the tradi-
tional cloning for such big inserts, as the Gibson assembly requires the re-amplification of each fragments by 
PCR and there is always the chance to introduce mutations even if you have a mutated free template. 

So far, I do not have necessary constructs completed although we do have all the needed fragments, except from 
the part C that contains the V2086A mutation and the silent ones. As I have already mentioned, the two varia-
tions of part C already exist in the pGEM-T vector but in a wrong orientation. Consequently, each one has to be 
re-amplified, using a different Reverse part C primer that contains the recognition sequence of SdaI, for direct 
cloning into pAL76 vector, as it is presented in figure 4.1.

Eventually, we have all three ACCase constructs, one that represents the wild type form, another one for V2086A 
mutation and the last with V2086A mutation and some silent mutations, as well as the artificial microRNA 
construct (that I already have constructed), I will proceed to the following experiments. 

First, I will fuse the fragment to a signal peptide like GFP or His Tag and use them for transient expression at 
tobacco leaves in order to check the localization of the enzyme in chloroplasts. Then I will co-transform the wild 
type ACCase and the V2086A ACCase, that also has silent mutations, with the artificial microRNA and check 
the efficiency of the amiRNA. The specific artificial microRNA has been designed to silence of the endogenous 
chloroplastic ACCase. Consequently, it should inhibit the expression of the wild type construct as it is exactly 
the same with the endogenous. Moreover, the silent mutations have been inserted into the V2086A ACCase, are 
in critical positions for the recognition of the target sequence. The expected result is the silencing of the wild 
type construct and the normal expression of the muted ACCase. The expression levels of each construct will be 
evaluated by Northern blot analysis. 

Next, I will proceed with the creation of two genetically modified rice lines. One that expresses the mutated 
V2086A chloroplastic ACCase that also contains the silent mutations and has suppressed the native chloro-
plastic ACCase, that means co-transformation of mutated ACCase and amiRNA, and another one that will be 
transformed only with the V2086A mutated chloroplastic form and will continue to express the endogenous 
chloroplastic ACCase. Both biolistic and agrobacterium-mediated methods will be probably used for rice trans-
formation. Then, a bioassay will follow in order to evaluate the toleration levels to herbicides and insecticides. 
Bioassay results of the modified rice lines, will provide a solid conclusion for the role of the V2086A mutation on 
the resistance/ susceptibility to the herbicides and insecticides in question. The generation of two different GM 
rice lines is necessary. In case V2086A mutation provides resistance to herbicides (FOPs and DENs) in plants, 
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the silencing of the endogenous plastidic form is not obligatory, as the phenotype of the wild type plants is sus-
ceptible. On the contrary, in case that V2086A mutation provides susceptibility to insecticides, the silencing of 
the endogenous form in completely necessary, as the native ACCase provides a resistant phenotype to plants. 

Finally, it has already been mentioned that the discovery of new selection markers in rice is in great need. In 
some cases, the screening process take place at the level of tissue cultures, consequently, pesticide tolerant 
levels of my GM rice plants can start been evaluated in this level. Otherwise, they will be selected using a con-
ventional selection marker and they will be sprayed in the three-leave stage. If the V2086A ACCase provides 
resistance in the seedling plants, it can be used as a selection marker, with same applications as bar gene con-
ferring resistance to the herbicide Basta (Toki et al. 1992).

SdaI

XmaI
OR

SmaI

SdaI

XmaI
OR

SmaI

SdaI

SdaI

SpeI

FIgure 4.1 Partial cloning strategy in order to obtain the ACCase sequence to pAL76 vector.
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6. APPENDIX

6.1 Primers used in this study
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6.2 Conditions of overlapping PCR
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