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Sucrose is the main form of transportable carbohydrate in plants. Sucrose production, 

transport and breakdown is central to plant growth and development and carbohydrate 

storage. Sucrose hydrolysis occurs via two enzymatic pathways, sucrose synthase and 

invertase (INV) and is essential for directing carbon into various metabolic pathways and 

for sugar signaling. Two different families of INV exist based on their pH optima and 

subcellular localization, acid INV and alkaline-neutral INV (A/N-INV). A/N-INV have been 

a lot less studied in comparison to acid INV. In this study, gene expression was used to 

identify temporal regulation of 10 maize A/N-INV isoforms in developing maize seeds. 

Localization of INVAN8, a plastidial form of A/N-INV, using isolated plastids and 

characterization of a recombinant INVAN8 protein were performed to unravel a new 

function of A/N-INV in carbon metabolism of non-photosynthetic plastids (amyloplast) of 

developing maize endosperm.  
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1 Introduction 

1.1 Background 

Sucrose, a disaccharide of glucose and fructose, is the main form of transportable sugar 

in plants. Carbon in the form of CO2 is fixed in the leaves by photosynthesis in the 

chloroplasts and converted into sucrose in the cytosol. Sucrose produced in the source 

leaves is transported into the phloem and delivered to the heterotrophic sink tissues. In 

grasses and cereals, the process of phloem loading occurs via the apoplast (van Bel 

1993; van Bel et al. 2013). Early in development, the major sink tissues are the developing 

leaves and roots. When the plant reaches maturity, sink tissues transition to reproductive 

organs, seeds, fruits and tubers (Wardlaw 1990). Seeds of cereals are a major 

harvestable plant organ for human consumption and a strong metabolic sink. Modern 

cereals have a large endosperm filled with stored carbon in the form of starch accounting 

for approximately 70% of dry weight in most cereals (Jones et al. 1996). 60% of all 

calories consumed daily worldwide comes from cereal seeds, mostly maize (Zea mays), 

wheat (Triticum aestivum), and rice (Oryza sativa) (Iizumi and Ramankutty 2016). 

Growing population, increase in meat consumption, climate change and urbanization put 

a major strain on the human food system (Tilman et al. 2011). Hence, research for crop 

improvement and grain yield enhancement is necessary to address these challenges and 

meet the demand for food grown on cropland. Sucrose allocation to sink tissues is a 

promising target for crop yield because sucrose transport and metabolism in sink organs 

are directly connected to carbohydrate accumulation, grain size and final yield (Tetlow 
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and Emes 2017). The work described in this thesis concerns the understanding of carbon 

metabolism in developing endosperm of maize (Zea mays L.) a major cereal crop. 

1.2 Seed formation and endosperm development in cereals 

Seeds develop in three main stages, coenocyte formation, cellularization by alveolation, 

and differentiation. In maize, around 2 days after pollination (DAP), mitotic nuclear 

division occurs (Leroux et al. 2014). Cells start elongating from the base of the kernel and 

the nuclei are spread evenly all around the central vacuole. Anticlinal cell walls are 

created between the nuclei creating the first layer of cells (Sabelli and Larkins 2009). The 

next layers of cells are created around 2.5 to 5 DAP by extension of the anticlinal cell wall 

toward the center of the vacuole (Leroux et al. 2014). During cellularization, layers of cells 

accumulate and fill in the central vacuole. Cell differentiation occurs around 5-12 DAP 

and produces 5 cell types: starchy endosperm, aleurone and sub-aleurone layers, basal 

endosperm transfer layer, and the embryo surrounding region. Differentiated cells keep 

dividing by mitosis until the kernel reaches maturity at 25 DAP, and at this stage 

endosperm cells start expressing starch biosynthesis enzymes and storage proteins 

(Briarty et al. 1979; Leroux et al. 2014).  Between 12-20 DAP, starch accumulates in 

endosperm tissues and in consequence oxygen levels drop (Leroux et al. 2014; 

Rolletschek et al. 2004). Around 20-25 DAP, desiccation and program cell death events 

occur, and the grains are ready for harvesting (Domínguez and Cejudo 2014). The 

hypoxic environment in the seeds is important for grain longevity by limiting oxidative 

stress (Bailly et al. 2008). Moreover, decreased oxygen levels have an impact on seed 
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metabolism by reducing the amount of energy in the form of ATP available through 

aerobic respiration. Carbon allocation to sink tissue is necessary to sustain cellularization 

and starch biosynthesis as grains develop and mature. Hence, sucrose metabolism is 

shaped and regulated as a shift occurs between an oxygen and ATP-rich environment in 

the young seeds toward an oxygen and ATP-restricted environment in mature seeds 

during the storage deposition (Zeng et al. 1999a). 

1.3 Sucrose transport from source to sink tissues 

Sucrose allocation depends on sucrose availability at the source and the metabolic 

demands of the sink. Carbon partitioning between source and sink tissues is highly 

regulated to maintain photo-assimilate balance during plant growth and development 

(Ruan 2014; Stitt and Zeeman 2012; Sulpice et al. 2009). Sucrose produced in the leaf 

by photosynthesis is generally imported to heterotrophic sink tissues. After synthesis in 

the mesophyll cells, sucrose diffuses to the phloem sieve tube elements to be transported 

to sink organs (Figure 1.3.1). Increase in sugar concentrations at the sieve elements 

stimulate water transport through osmosis from the xylem to the phloem and in 

consequence water potential at the source tissues rises. The increase in water potential 

at the phloem moves water and solutes from the source to deliver solutes to the sink 

tissues (Turgeon 2010).  
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Figure 1.3.1 Schematic representation of water and sucrose movement between 
source and sink tissues. Sucrose (red dots) is produced in the mesophyll cells of the 
leaves and is transported from the mesophyll cells to the companion cells and to the 
phloem sieve elements. High concentration of sucrose draws water (blue arrows) from 
the xylem to the phloem via osmosis. Water flow to the phloem increase water potential 
in the sieve tube elements. Increase in water potential moves water in the phloem from 
the source to sink tissues. Sucrose is transported by the water movement and diffuses to 
the sink tissue. Water, along with water absorbed by the roots, is retrieved in the xylem 
and moves back to the source by transpiration. Adapted from (OpenStaxCollege 2014). 

 

Once sucrose reaches the sink tissues, two transport pathways are responsible for the 

translocation of sucrose to endosperm cells, apoplastic and symplastic (Figure 1.3.2) (van 

Bel et al. 2013). In sink tissues, sucrose is transported apoplastically through the cell wall 

early in development when cells are dividing and elongating. Later in development when 
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endosperm cells switch to starch deposition, sucrose is transported in majority through 

the symplastic route (Godt and Roitsch 2006; Roitsch 1999). In the apoplastic route, 

sucrose transport is blocked by the cell wall and requires sucrose facilitators from the 

SWEET (hexose and sucrose transporters) family to bring sucrose into the cell wall space 

(Chen et al. 2010; Chen et al. 2012; Felker and Shannon 1980). Sucrose is transported 

from the cell wall space to the cytosol by energy-dependent transporter Suc/H+ co-

transporter. Sucrose can also be cleaved into glucose and fructose within the cell wall 

space and hexoses are transported to the cytosol by hexose/H+ co-transporters 

(Toyofuku et al. 2000; Weschke et al. 2000). The symplastic route can transfer sucrose 

directly from the phloem to the cytosol via a cytoplasmic continuum called 

plasmodesmata (PD) (Russin et al. 1996). Sucrose is non-permeable through cell 

membranes and cell walls, therefore the transport between cell compartments and the 

quantity of sucrose inside the subcellular compartments initiates signals for growth and 

development. For example, alteration in sucrose transport causes a negative feedback 

loop to the source tissue decreasing sucrose production by photosynthesis at the source 

and photo-assimilate allocation to the sink tissue (Hackel et al. 2006; Herold et al. 1980). 

The lack of carbon supplies to sink tissues will lead to smaller reproductive organs such 

as fruits and seeds.  
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Figure 1.3.2 Sucrose transport from source to sink tissue cells via apoplastic and 
symplastic routes and sucrose metabolism in distinct subcellular compartments. 
Suc: sucrose, Glc: glucose, Fru: fructose, PD: plasmodesmata, SuSy: sucrose synthase, 
CWINV: cell wall invertase, VIN: vacuolar invertase, A/N-INV: alkaline-neutral invertase, 
HK: hexokinase. Image adapted from Ruan (2014).  
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1.4 Sucrose metabolism in sink tissue cells 

Two enzymatic pathways are responsible for sucrose hydrolysis in plants, sucrose 

synthase (SuSy, EC 2.4.1.13) and invertase (INV, EC 3.2.1.26). Sucrolysis, by either 

SuSy or INV, is essential for directing carbon into the various metabolic pathways and for 

hexose-based sugar signaling (Koch 2004). SuSy cleaves sucrose in a reversible manner 

forming UDP-glucose (UDP-Glc) and fructose (Fru) and is important in driving sink 

strength by directing carbon into various metabolic pathways (Chourey et al. 1998b; Kato 

1995; Thévenot et al. 2005). After sucrolysis, UDP-Glc is readily used in polysaccharide 

biosynthesis pathways, such as hemicellulose and cellulose biosynthesis (Kärkönen and 

Fry 2006). On the other hand, INV cleaves irreversibly sucrose into glucose and fructose, 

which by themselves are metabolically inactive and need to be phosphorylated to be used 

in the metabolic pathways. Hexokinases (glucokinase and fructokinase), using ATP as a 

source of phosphate, are necessary to transform the hexose into hexose phosphates 

(Glc-6-P and Fru-6-P) (Koch 2004). SuSy activity produces UDP-Glc which is activated 

and does not require subsequent energy input. Thus, the SuSy pathway is an energy 

conserving pathway of sucrose breakdown utilizing only one ATP unit (for the substrate 

level, phosphorylation of Fru, Figure 1.4.1). By comparison, the INV pathway requires two 

ATP units which is double the energy cost of the SuSy pathway (Bihmidine et al. 2013; 

Tymowska-Lalanne 1998). INV pathway, therefore, uses one supplemental molecule of 

energy for the entry of hexose in the carbon metabolism. This is a major energy cost for 
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the plant especially under conditions where energy is not as readily available such as 

plant tissues with low oxygen concentration (Rolletschek et al. 2004; Zeng et al. 1999b). 

INV plays a crucial role in sugar signaling, especially early in endosperm development 

where hexose products activate sugar signaling mechanisms, by contrast to UDP-Glc 

from SuSy activity which is not sensed by most sugar sensing mechanisms (Smeekens 

1998). SuSy and INV pathways are present as multiple gene paralogs operating through 

catalytic and/or for regulatory functions. Hence, it is necessary to have stringent 

regulation of their expression and catalytic activities through modulation by gene 

expression in distinct plant organs, localization to different subcellular localizations, and 

regulation by post-translational modifications.  

The capacity of the plant to sense changing sucrose levels and activate a response to 

reestablish balance is crucial for plant development. In general, increase in the levels of 

hexoses levels correlates to cell division and expansion (Weschke et al. 2000). On the 

other hand, the increase in cellular sucrose content tends to activate cell differentiation 

and maturation (Weschke et al. 2000). INV tends to be associated with early 

developmental stages (3-9 DAP in maize developing maize endosperm) when cell 

division and expansion occurs (Ou-Lee and Setter 1985; Sabelli and Larkins 2009; 

Turgeon 2010). In addition, INV is more energy intensive and is favorable in conditions 

with higher energy and oxygen levels (Zeng et al. 1999a). The SuSy pathway has a lower 

energy (ATP) cost and is usually more active later in development as sink tissues tend to 

become increasingly hypoxic (see Figure 1.4.2) (Ricard et al. 1991; Rolletschek et al. 

2004).  
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Figure 1.4.1 Sucrose hydrolysis mechanism of invertase and sucrose synthase 
representing the energy cost in the form of ATP of both pathways. Invertase uses 
double the amount of ATP compared to sucrose synthase. 

 

Figure 1.4.2 Seed development of maize kernels and cobs. Diagrams represent 
oxygen, starch and energy availability during grain maturity from 2 to 24 days after 
pollination (DAP). Corn images from (Licht 2022). 
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1.5 Invertase in maize 

INVs are separated into 2 groups based on their pH optima and subcellular localizations, 

acid INV and alkaline neutral INV (A/N-INV) (Figure 1.5). Acid INVs are localized in the 

cell wall and the vacuole, subcellular compartments that have a more acidic pH. Cell wall 

INV (CWINV) and vacuolar INV (VIN) both have acid pH optima (4.5-5) and they are both 

glycosylated (Hyun et al. 2011; Sturm and Tang 1999; Yao et al. 2014). The post-

translational glycosylation of CWINV and VIN makes them both more stable and they 

have been more studied in the literature than A/N-INV. CWINV plays a role in the 

cleavage of sucrose into glucose and fructose in the cell wall space for carbon delivery to 

sink tissues (Figure 1.3.2). Hexoses are then transported from the cell wall to the cytosol 

of sink tissue cells via energy-dependent co-transporters, Glc/H+ for glucose and Fru/H+ 

for fructose (Carpaneto et al. 2005). Apoplastic transport of sucrose and hexoses is 

central to sink strength as it increases sugar unloading and drives carbon supply to sink 

tissues. Transport of sugars from the phloem to the cytosol is also a signaling step for 

source tissues to regulate carbon supplies and photosynthesis (Hackel et al. 2006). 

After sucrose breakdown by CWINV, Glc and Fru are transported to the cytosol at the 

basal endosperm transfer layer and resynthesized into sucrose (Bihmidine et al. 2013; 

Shannon 1972). UDP-Glc and Fru-6-P are recombined into Suc-6-P by sucrose 

phosphate synthase (SPS) and further converted to sucrose by an enzyme called sucrose 

phosphate phosphatase (SPP) to be transported to the upper region of the endosperm 

(Im 2004). SPS and SPP are central enzymes controlling the partitioning between 
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sucrose and starch biosynthesis and are major contributors of plant growth and yield in 

grasses and cereals (Causse et al. 1995a; Causse et al. 1995b). 

After the transport of sucrose and hexose to the cytosol, they are redistributed to various 

subcellular compartments and used in many metabolic pathways. Sucrose can also enter 

the vacuole by crossing the tonoplast (vacuolar membrane) through H+/sucrose 

antiporter. In the vacuole, sucrose is broken down into glucose and fructose by the second 

type of acid INV, VIN (Getz and Klein 1995). VIN drives water influx by breaking down 

one molecule of sucrose into two molecules of hexoses and therefore doubling the 

osmotic contribution. Sucrose cleavage by VIN and hexose accumulation in the vacuole 

is responsible for cell expansion during tissue elongation and plant growth (Sergeeva et 

al. 2006).  

Figure 1.5 Phylogenetic tree of maize INV isozymes. Represented are 10 
alkaline/neutral invertase (INVAN) (red), 8 cell wall invertase (CWINV) (blue) and 3 
vacuolar invertase (VIN) (green).  
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1.6 Alkaline/neutral invertase in maize 

Sucrose can also be cleaved into hexoses by a second group of INV enzymes working at 

a neutral pH, the A/N-INV class. A/N-INV are not glycosylated (contrary to CWINV and 

VIN) and have an optimal activity at a neutral/alkaline pH 7-7.8 (Chen and Black 1992; 

Lee and Sturm 1996; Ross et al. 1996; Vargas et al. 2003; Vorster and Botha 1998; 

Walker et al. 1997). A/N-INV are derived from cyanobacteria and are highly conserved 

through evolution. A/N-INV sequences have an average of 55.9% sequence conservation 

between monocots rice (Oryza sativa) and maize (Zea mays), and the eudicots 

Arabidopsis thaliana (Arabidopsis) and tomato (Solanum lycopersicum) (Wan et al. 2018). 

On the other hand, acid INV sequences have only an average of 42.9% homology 

between species (Wan et al. 2018), suggesting that A/N-INV have a higher degree of 

conservation than acid INV. High sequence conservation between species is an indicator 

of a potentially important biological function because the insertion of a mutation would be 

detrimental to plant fitness and would not be perpetuated in evolution (Cooper and Brown 

2008).  

A/N-INV are separated into 2 groups based on sequence homology and subcellular 

localization, group α and group β. Maize has 10 isoforms of A/N-INV named INVAN 1 to 

10. Group α corresponds to INVAN 7-10 and group β contains INVAN 1-6. INVANs from 

group α also contains the putative transit peptide sequences for localization in 

mitochondria and plastids. Group β sequences are likely localized to the cytosol because 
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their sequences do not contain a putative signalling transit peptide (Juárez-Colunga et al. 

2018). 

1.7  Invertase in plastids 

In plants, the general theory for the origin of plastids is the endosymbiotic event of 

cyanobacteria, whereby through the course of evolution cyanobacteria have lost their 

independence because of gene transfer events to the cell nucleus (Cavalier-Smith 1982). 

In plants, most of the plastidial proteome is encoded by the nucleus and contains a 

cleavable N-terminal amino-acid signal peptide required for import to the plastids 

(Abdallah et al. 2000; Rujan and Martin 2001). Most proteins of sucrose metabolism 

pathway are thought to originate from cyanobacterial endosymbiotic events because of 

the strong phylogenetic resemblance between homologous proteins in plants and 

cyanobacteria (Salerno and Curatti 2003). All sucrose metabolism enzymes functioning 

in plastids are encoded by the nucleus and targeted with a transit peptide to the nucleus 

(Salerno and Curatti 2003). SuSy has been observed in filamentous-nitrogen fixing 

cyanobacteria where it has a role in carbon influx in N2-fixing filaments (Curatti et al. 2002; 

Curatti et al. 2000; Porchia et al. 1999). The second pathway of sucrose cleavage, A/N-

INV, is present and active in the genome of all multicellular and unicellular cyanobacteria 

with and without the capacity to fix nitrogen (Vargas et al. 2003). In filamentous 

cyanobacteria, A/N-INV are localized to the specialized N2-fixing cells termed heterocysts 

and have a role in N2-fixation (Schilling and Ehrnsperger 1985). The strong conservation 
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of the A/N-INV sucrose hydrolysis pathway between cyanobacteria and modern plants 

indicates potential additional roles waiting to be uncovered.  

Maize A/N-INV of the group α (INVAN 7-10) contain a sequence coding for a putative 

transit peptide. INVAN 8, INVAN 9 and INVAN 10 are predicted by bioinformatic analysis 

to localize to plastids and INVAN7 in the mitochondria. Members of the A/N-INV group α 

have already been shown to localize into organelles such as plastids and mitochondria 

(Murayama and Handa 2007; Vargas et al. 2008). Previous studies have shown the 

importance of the mitochondrial form of A/N-INV in the oxidative stress response. Glucose 

produced by sucrose hydrolysis is a substrate for hexokinases responsible for balancing 

the levels of reactive oxygen species (ROS) (Battaglia et al. 2017; Martín et al. 2013; 

Xiang et al. 2011a; Xiang et al. 2011b). In rice, OsNIN1 and OsNIN3 (an orthologous 

gene to maize INVAN8) were confirmed to target to mitochondria and chloroplast 

respectively (Murayama and Handa 2007). A second orthologous gene of INVAN8, 

AtINVE in Arabidopsis, localizes to the chloroplast in the leaves in spinach and in 

Arabidopsis (Vargas et al. 2008). AtINVE has been further studied for its potential 

biological function. Studies of knock-out mutants of AtINVE (KO-AtINVE) revealed that 

plastidial invertase may play a role in starch accumulation in leaves during the day-night 

cycle (Vargas et al. 2008). The KO-AtINVE mutant showed a significant decrease in 

starch accumulation at the end of the day (Vargas et al. 2008).  Furthermore, AtINVE has 

been linked to the development of the photosynthesis system and regulation of nitrate 

assimilation in Arabidopsis seedlings, and thus controlling carbon-nitrogen ratios (Tamoi 

et al. 2010). Plastidial invertase is still poorly understood, but recent studies indicate that 
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A/N-INV has an important role in starch metabolism and in carbon-nitrogen metabolism 

in plastids. The role of plastidial INV in heterotrophic plastids has so far not been 

investigated. 

1.8 Sucrose in plastids 

Most of carbohydrate enters the basal endosperm layer as Glc and Fru, and a small 

portion enters as sucrose. Sucrose is resynthesized in the cytosol of basal endosperm 

layer. Sucrose travels to the upper endosperm layer and is broken down to produce the 

precursors for starch synthesis. The presence of a sucrose cleavage enzyme in plastids 

implies that sucrose is transported and/or synthesized in this subcellular compartment. 

The presence of sucrose in plastids has been debated for many decades. The first 

evidence of sucrose transport into plastids was observed using 14C-sucrose in Avena 

sativa plastids by Hampp and Schmidt (1976). Sucrose was transported rapidly into 

etioplasts and sucrose uptake reduced drastically as etioplasts matured into chloroplasts 

suggesting that the permeability changes as plastids develop (Hampp and Schmidt 1976). 

Furthermore, sucrose cleavage into glucose and fructose has been observed in isolated 

and intact spinach chloroplasts (Stitt and Heldt 1981). It has been argued that sucrose 

may be a result of cytosolic cross-contamination from the plastid isolation protocol 

(Robinson and Walker 1979). Sucrose entry in plastids was further supported by studies 

with transgenic plant lines of tobacco (Nicotiana tabacum L.) and potato (Solanum 

tuberosum L.) containing sucrose metabolizing enzymes, whereby bacterial levansucrase 

and yeast invertase were targeted to plastids (chloroplast and amyloplast) (Gerrits et al. 
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2001). In both transgenic plants, the introduced enzymes were able to produce the 

expected enzyme product and total sucrose content decreased in leaves and in tubers of 

potato only. In addition, an amyloplast-targeted yeast invertase transgenic line was able 

to decrease the tuber sucrose content to about the same extent as the introduction of a 

cytosolic yeast invertase. This may indicate a potentially significant influx of sucrose in 

plastids and the presence of sucrose metabolism in plastids. Interestingly, introduction of 

plastidial invertase in potatoes did not change starch content, but did modify the starch 

granule morphology from a normally smooth and circular starch granules to granules with 

an angular and irregular shape (Gerrits et al. 2001). However, the results are still argued 

and plastidial localization of sucrose metabolizing enzymes is still debated. The 

localization of transgene products was not shown or in some instance the products were 

mislocalized. Also, fructan oligomers produced by transgene were not the same in planta 

than in vitro, arguing that the cellular environment may influence the transgene enzymatic 

activity in vivo (Cairns 2003). Therefore, sucrose metabolism in plastids is still poorly 

understood and sucrose transporters and sucrose synthesis enzymes in plastid have yet 

to be identified. The presence of A/N-INV in plastids may indicate presence of sucrose, 

unraveling new evidence of sucrose metabolism in plastids. 

1.9 Rationale, hypothesis and objectives 

Most enzymes involved in sucrose metabolism are present as multiple gene paralogs 

operating for catalytic and/or for regulatory functions.  A/N-INV are present in 10 genes 

paralogs in maize. Therefore, enzymes are regulated by modulating gene expression, 
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protein targeting to subcellular localization and post-translational modifications. However, 

the absence of glycosylation on A/N-INV proteins makes them a lot less stable, thus more 

challenging to purify. There is a significant gap in knowledge regarding the function and 

characteristics of A/N-INV, especially in agriculturally important crops such as maize. 

I hypothesize that sucrose metabolism enzyme, INV, is subject to temporal regulation via 

gene expression in developing maize endosperm. I also hypothesize that sucrose 

metabolism is regulated by differential subcellular localization of the sucrose cleavage 

enzyme, INVAN8, in non-photosynthetic plastids (amyloplasts). 

To address the function A/N-INV in maize endosperm, a combination of bioinformatic and 

gene expression tools were used to explore the subcellular localization and the patterns 

of gene expression in developing endosperms of maize. Patterns of gene expression of 

all 10 A/N-INV in maize, including INVAN8, were studied to identify potential candidates 

of A/N-INV activity in endosperm. To address the potential localization of sucrose 

metabolism enzyme in amyloplasts, the plastidial localization of INVAN8 was determined 

by measuring INV activity in isolated young and old amyloplasts preparations. To further 

explore the characteristics and role of INVAN8, a recombinant form of INVAN8 was 

characterized. Together, this research aimed to understand temporal regulation of A/N-

INV in developing maize endosperm and to unravel a potentially new function of A/N-INV 

in non-photosynthetic plastids of developing Z. mays endosperm to give insight into 

sucrose metabolism in the endosperm of cereal gains. 
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2 Material and methods 

2.1 Plant growth conditions 

Seeds were collected from Zea mays variety MZ 3117DBR from MaizeX plants grown in 

the Elora research station (6182 2 Line East, Ariss, N0B 1B0, Ontario, Canada) and in 

greenhouse conditions in Phytotron facility of the University of Guelph (50 Stone Road 

East, Guelph, N1G 2W1, Ontario, Canada). Plants in the greenhouse were grown in PRO-

MIX BX soil and turface for 2 weeks in 10 cm diameter pots and then replanted in 30 cm 

diameter pots. Plants were grown under a 16h photoperiod in daylight supplemented with 

1000 watts HPS lights. Temperature in the greenhouse was 24.5 – 26.5 ˚C during the day 

and 19.5 – 20.5 ˚C during the night. Plants were fed fertilized water 17-5-17 (200 ppm) 

every week and reverse osmosis water as needed. The developing seeds were collected 

at exactly 4-6, 8, 10, 14 and 20 days after pollination (DAP) from detached cobs. All the 

samples were frozen immediately after collection with liquid nitrogen and stored at -80 °C 

until further use. 

2.2 Bioinformatic tools 

The gene and protein sequence of all 10 maize (Zea mays L.) alkaline/neutral invertase 

sequences were obtained on Maize Genome Database (GDB) 

(https://www.maizegdb.org/) using the accession number; INVAN1 (GRMZM2G136139), 

INVAN2 (GRMZM2G118737), INVAN3 (GRMZM2G170842), INVAN4 

(GRMZM2G007277), INVAN5 (GRMZM2G115451), INVAN6 (GRMZM2G477236), 

INVAN7 (GRMZM2G084940), INVAN8 (GRMZM2G040843), INVAN9 

(GRMZM2G022782) and INVAN 10 (GRMZM2G084694). INVAN8 orthologs protein 

https://www.maizegdb.org/
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sequence were obtained from NCBI with the following accession numbers: Zea mays 

(ZmINVAN8, XP_008661659.1), Oryza sativa (OsNIN3, XP_015627031.1), Arabidopsis 

thaliana (AtINVE, NP_001332722.1), Solanum tuberosum (StNINV3, XP_006361445.1), 

Anabaena sp. (strain PCC 7120) (An-InvA, 5GOO_A). The structure of INVAN8 was 

predicted from Alphafold (Jumper et al. 2021). The crystalline structure An-InvA from the 

cyanobacterium Anabaena (PCC 7120) and retrieved from Protein Data Bank (PDB) 

under accession code 5GOO. The protein structures were aligned and modified using a 

program named Pymol (Schrödinger and DeLano 2020). 

The protein length and exon-intron number information were sourced from Maize GBD. 

The presence of a transit peptide was predicted with the webserver ChloroP 

(Emanuelsson et al. 1999). The subcellular localization was predicted from YLOC with 

high resolution and plant setting (Briesemeister et al. 2010). The presence of coiled-coiled 

domains was detected with the webserver MARCOIL(Delorenzi and Speed 2002). Introns 

and exons were predicted using Gene Structure Display Server (GSDS) (Hu et al. 2015). 

Multiple sequence alignment was made using MView (Brown et al. 1998). Phylogenetic 

tree was made using alignment from ClustalW in Phylogeny.fr server (Dereeper et al. 

2008; Sievers et al. 2011). Pairwise sequence identity and percent sequence similarity 

were calculated using EMBOSS Needle Pairwise Sequence Alignment (Madeira et al. 

2022). 
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2.3 Quantification of gene expression by quantitative real time PCR 

(qRT-PCR) 

2.3.1 RNA extraction 

Approximately 50 mg of frozen plant tissue (developing maize seed) was ground into a 

fine powder with a mortar and pestle on ice. GENEzolTM TriRNA Pure Kit (Geneaid Cat. 

No. GZX050) was used to extract and purify total RNA from the plant samples. A DNase1 

digestion step with DNase I, RNase-free solution (ThermoFisher Cat. No. EN0521) was 

used to remove any trace of DNA in the sample. 5 µL DNase1 and 45 µL DNase reaction 

buffer were added to the silica membrane column (RB column) and incubated at room 

temperature (20-30 °C) for 15 min. before the wash and elution in RNase free water. Total 

RNA integrity was analyzed by electrophoresis on a 1% (w/v) agarose gel. RNA purity 

was confirmed using a NanoDrop 2000 (ThermoFisher) with A260/A280 and A260/A230 ratios 

being higher than 2. RNA concentration was measured using NanoDrop 2000 

(ThermoFisher) with absorption measurements taken at A260 and A280. The RNA was 

used immediately for cDNA synthesis or stored at -80 °C. 

2.3.2 cDNA synthesis 

The cDNA was reverse transcribed with QuantiTect Reverse Transcription Kit (Quiagen 

Cat. No. / ID: 205311) using RNA samples extracted from maize as a template. The kit 

contains a genomic DNA (gDNA) removal step to generate a cDNA sample without any 

gDNA contamination suitable for expression study. The system uses an RNA-dependent 

DNA polymerase for the cDNA synthesis from the RNA template, a hybrid-dependent 
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exoribonuclease (RNase H) separating and degrading the RNA template hybridized from 

the cDNA, and a DNA-dependent DNA polymerase. RNase H improves the quantitative 

real-time polymerase chain reaction (qRT-PCR) sensitivity by removing double stranded 

RNA and primer dimers that could be detected by the intercalating dye SYBR green 

(Dobosy et al. 2011). The first step of DNA elimination was made in a 14 µL sample with 

1 µg template RNA, 2 µL gDNA Wipeout buffer provided in the Reverse Transcription Kit 

for gDNA removal and water to complete the volume. The sample was incubated 2 min. 

at 42 °C and was added to the 20 µL reverse transcription mix containing 1 µL 

Quantiscript Reverse Transcriptase (RT), 1 µL RT primer mix containing oligo-dT and 

random primers and Quantiscript RT Buffer containing dNTP. The reaction was incubated 

at 42 °C for 1h and the reaction was stopped at 95 °C for 3 min. The cDNA was used for 

qRT-PCR or stored at -20 °C. 

2.3.3 Testing cDNA quality with actin gene PCR amplification 

The cDNA quality was tested by PCR with Actin8 primers (Forward:5’-

TCACTACGACTGCCGAGCGAG-3’ Reverse:5’-

GAGCCACCACTGAGGACAACATTAC-3’). Gene amplification was made using 

DreamTaq DNA Polymerase (Thermo Scientific™ Catalog number: EP0701), the mixture 

presented in Table 2.3.3.1 and the reaction program presented in Table 2.3.3.2. Amplified 

fragments were confirmed using a 2.5% (w/v) agarose gel and visualize with RedSafe 

and UV light. 
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Table 2.3.3.1 PCR reaction mixture for DreamTaq polymerase gene amplification 

Solution 
Volume (µL) Final concentration 

Buffer 
5 1X 

dNTP 
0.5 0.2 mM 

MgCl2 
0.87 0.35 mM 

Primer forward 
1.25 0.5 µM 

Primer reverse 
1.25 0.5 µM 

H2O 
15.4 - 

Dreamtaq 
polymerase 

0.5 1.25 U 

cDNA (100ng/µL) 
1 4 ng/µL 

Total 
25 - 

 

Table 2.3.3.2 PCR reaction program for DreamTaq polymerase gene amplification 

Temperature (°C) Time (min.) Number of cycles 

95 10:00 1x 

95 0:15  

40x 60 1:00 

72 2:00 

72 7:00 1x 

4 ∞ 1x 
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2.3.4 Creation of a standard curve for the quantification of expression of maize 

INVAN genes 

All the cDNA samples from seeds of each developmental stage of endosperm 

development were combined and diluted to make 2X (250 ng/µL), 4X (125 ng/µL), 8X 

(62.5 ng/µL) and 16X (31.25 ng/µL) dilutions. Expression of each INVAN gene and the 

endogenous control were amplified using specific primers presented in Table 2.3.4. Each 

set of primers was tested on the serial dilution using Applied Biosystems 7300 Real-Time 

PCR System using PowerTrack™ SYBR Green Master Mix (Applied Biosystems™, 

Catalog number: A46012). Each reaction was made in triplicate with the mixture in Table 

2.3.5.1 and the program in Table 2.3.5.2. The log of cDNA concentration of each serial 

dilution was plotted against the Ct (cycle threshold) values of each gene. As the 

concentration decreases, the Ct value was proportionally decreasing in a linear fashion 

and the R2 value of each standard curve was higher than 0.9. No template controls were 

used on each plate to confirm the absence of contamination. The primer specificity was 

confirmed using a melting curve. 
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Table 2.3.4 Properties of primers used for qRT-PCR. Presented are sequence, length, 
GC content, melting temperature (Tm), localization on the gene and amplicon length of 
the forward and reverse primers. 

Primer Sequence (5’-3’) Length 
(bp) 

GC 
(%) 

Tm Start Stop Amplicon 
length (bp) 

INVAN1-Forward GAGATGCCCGTCAAGATATG 20 50 60 1510 1530 94 

INVAN1-Reverse GGTAGCTCCATCTTGTGTTC  20 50 60 1584 1604 94 

INVAN2- Forward CATACTCAGCCTGTGCTTATC 21 47.6 60 1037 1058 104 

INVAN2- Reverse GGTAGCCATATACACCCATTC 21 47.6 60 1120 1142 104 

INVAN3- Forward GATTCTGGGTTCTGGTGGATTA 22 45.5 62 1017 1039 122 

INVAN3- Reverse GATAAGCACAGGCTGAGTATGA 22 45.5 62 1117 1139 122 

INVAN4- Forward GTGGTTTGCCCTTGGTAATTG 21 47.6 62 1350 1371 108 

INVAN4- Reverse CCAACTAGCTCATCCCACTTT  21 47.6 62 1437 1458 108 

INVAN5- Forward CGACTACATGCACTAACCTAC 21 47.6 60 1285 1306 103 

INVAN5- Reverse CAGTGTGGGAATACTCTTCTG  21 47.6 60 1367 1388 103 

INVAN6- Forward ACACCGAGAACTACGAGATAAA 22 40.9 53.1 1780 1802 105 

INVAN6 -Reverse CTCTTGGTAGCACATCACACTAC 23 47.8 55.1 1862 1885 105 

INVAN7- Forward CCTGCACTAGAGTATGAGGAATG 23 47.8 62 1210 1233 92 

INVAN7- Reverse GTAGGCCAAGATCCACCATTAT 22 45.5 62 1280 1302 92 
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2.3.5 Quantification of expression of maize INVAN genes 

The optimal dilution of cDNA (with a Ct value higher than 25 but lower than 30) for each 

gene was identified using a standard curve. cDNA samples from seeds of each 

developmental stage were diluted to approximately 500 ng/µL and used to quantify gene 

expression of all 10 INVAN genes. Actin was used as an endogenous control. Gene 

expression was quantified using the Applied Biosystems 7300 Real-Time PCR System 

using PowerTrack™ SYBR Green Master Mix with the 10 µL solution presented in Table 

INVAN8- Forward GTTCCCTACATTGCTCGTAACA 22 45.5 62 1140 1162 110 

INVAN8- Reverse CACACAAGAGGGCTGAATAGAA 22 45.5 62 1228 1250 110 

INVAN9- Forward GGAAGCAATCCCGATCTTATC 21 47.6 60 1863 1884 106 

INVAN9- Reverse TCCTCATCACAGGTCAGAATA 21 42.9 60 1948 1969 106 

INVAN10- Forward GACAGAAGAATACTCCCATGAC 22 45.5 60 1406 1428 100 

INVAN10- Reverse GTAACCTCCTTTCTCAGGAATC 22 45.5 60 1484 1506 100 

SemiACTINForward  
(Maize ACTIN 2) 

TCACTACGACTGCCGAGCGAG 21 61.6 61 1063 1083 122 

SemiACTIN Reverse  
(Maize Actin 2) 

GAGCCACCACTGAGGACAACATTA
C 

25 52 59.5 1205 1226 122 

Maize Actin1 - Forward CATGGAGAACTGGCATCACACCTT 24 50 58 550 573 118 

Maize Actin 1-  Reverse CTGCGTCATTTTCTCTCTGTTGGC 24 50 58 691 715 118 
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2.3.5.1 and the program presented in Table 2.3.5.2. Each gene expression was quantified 

using two technical replicates on three biological replicates of maize plants. No template 

controls were used on each plate to confirm the absence of contamination. The primer 

specificity was confirmed using a melting curve. Fold change was calculated using cycle 

threshold (Ct) values (Livak and Schmittgen 2001; Schmittgen et al. 2000; Winer et al. 

1999). First, the Delta Ct was calculated with the formula:  

Delta Ct = Ct gene of interest – Ct endogenous control. 

The standard deviation between the 3 biological replicates was always lower than 0.25 to 

ensure reliability. The Delta Delta Ct value was calculated using:  

Delta Delta Ct = Delta Ct sample – Delta Ct calibrator 

The calibrator was set as the value of the sample with the lower expression. All genes in 

the study were compared to the same calibrator to determine the relative gene expression 

of the target gene in relation to the same reference sample. Finally, the fold change was 

calculated using the formula:  

Fold change = 2(-delta delta Ct). 

All values were plotted as histograms with standard error of the mean. 
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Table 2.3.5.1 Quantitative PCR mixture for PowerTrack™ SYBR Green Master Mix  

Solutions 
Volume (µL) 

Diluted cDNA 
1 

Yellow buffer 
0.25 

PowerTrack SYBR green 
5 

H20 
2.75 

Primer forward (500nM) 
0.5 

Primer reverse (500nM) 
0.5 

Total 
10 

 

Table 2.3.5.2 Reaction program for quantitative PCR using PowerTrack™ SYBR 
Green Master Mix 

Temperature (°C) Time (min.) Number of cycles 

50 2:00 1x 

95 10:00  

1x 

95 0:15  

40X 
60 1:00 
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2.4 Creating recombinant INVAN8 protein 

A recombinant INVAN8 was produced which lacked the putative transit peptide sequence 

and contained a N-terminal 6xHis-tag to facilitate purification. Recombinant INVAN8 was 

expressed using the PET28a vector. 

We also started the cloning of INVAN8 full length (+TP) along with INVAN8 lacking the 

putative transit peptide sequence. INVAN8(+TP) was planned to be used for localization 

experiments using Green fluorescent tag (GFP). Due to the time restriction of the project, 

localization of INVAN8(+TP) and INVAN8(-TP) with a GFP tag was not completed. 

2.4.1 RNA extraction and cDNA synthesis 

RNA extraction and cDNA synthesis was created using the same protocol as the one 

used for gene expression analysis (refer to sections 3.3.1 and 3.3.2). 

2.4.2 PCR for gene amplification of maize INVAN8 

The cDNA from endosperm at 8DAP was used as a template to amplify INVAN8 without 

the transit peptide. The iProofTM High-Fidelity PCR Kit (Bio-Rad Cat. No. 1725331) was 

used to amplify each gene with sequence specific oligonucleotides designed to hybridize 

the sequence and to add a restriction enzyme cleavage site for restriction cloning in 

vector. The oligonucleotides used for the amplification were forward (5’-

AGCGTCGACCATGAGGACACTGCAAGGCGTC-3’) and reverse (5’-

ATCGAATTCCTGCGAGAACTTCCCACGATGTA-3’). The reaction mixture and 

conditions are listed respectively in Table 2.4.2.1 and Table 2.4.2.2. The amplification 
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was confirmed using electrophoresis on 1 % (w/v) agarose gel and visualize with red safe 

and UV light (Figure 2.4.2). 

 

Figure 2.4.2 Amplification by PCR of INVAN8 lacking putative transit peptide. The 
product was predicted to measure 1692 base pairs and was visualized using 
electrophoresis on 1% (w/v) agarose gel and redsafe and UV light. 
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Table 2.4.2.1 PCR mixture for a 25 µL reaction 

Solution Volume (µL) 

Deionized water 16.25 

iProof HF buffer 5 

10 mM MgCl2 0.387 

10 mM dNTP 0.387 

DMSO 0.577 

Forward primer (10 µM) 1 

Reverse primer (10 µM) 1 

iProof DNA polymerase 0.3 

DNA template (100 ng/µL) 1 

 

Table 2.4.2.2 PCR reaction conditions with iProof DNA polymerase 

Temperature (°C) Time (min.) Number of cycles 

98 °C 0:30 1x 

98 °C 0:15  

37x 60 °C 0:20 

72 °C 2:30 

72 °C 5:00 1x 

4 °C ∞ 1x 
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2.4.3 Restriction enzyme digestion and ligation of INVAN8 into pENTR3c. 

The PCR amplification product was purified using GenepHlow™ Gel/PCR Kit (Geneaid 

Cat.#DF300). The PCR product and the appropriate vector were digested in a 50 µL 

reaction made up of 1 µg of DNA, 1 µL of each Sall (Thermo Scientific™ Cat.#FD0644) 

and EcoRI (Thermo Scientific™ Cat.#FD0274), FastDigest Buffer (10X) (Thermo 

Scientific™ Cat.#B64) and water for 4 hrs at 37 °C. The restriction enzymes were 

deactivated at 60 °C for 20 min. The products of digestion were purified from the agarose 

gel using GenepHlow™ Gel/PCR Kit. The digested vector and insert were ligated 

overnight at 16˚C in a 10 µl reaction containing 3:1 (vector:insert) ratio (2 µL vector: 6 µL 

insert), 1 µL T4 ligase buffer and T4 DNA Ligase (5 U/µL) (Thermo Scientific™ Cat. 

#EL0014) and deactivated at 65 ˚C for 10 min. 

2.4.4 Circular polymerase extension cloning (CPEC) 

INVAN8 in PENTr3c was used as a template for the amplification of INVAN8 for circular 

polymerase extension cloning (CPEC) into PET-28a vector. INVAN8 was amplified with 

iProofTM High-Fidelity PCR Kit (Bio-Rad Cat. #1725331) and forward primer (5’-

CCGCGCGGCAGCCATAGGACACTGCAAGGCGTCC-3’) and reverse primer (5’-

GCTTGTCGACGGAGCTCGAATTCGGAGCTGCGAGAACTTCACACGATGTATG-3’) 

using protocol in the Table 2.4.2.2. A quantity of 2 µg of pET28a was digested using 2.5 

µL of FastDigest NdeI (Thermo Scientific™ - Cat.#: FD0585) and FastDigest BamHI 

(Thermo Scientific™ - Cat.# FD0054) with 5 µL of FastDigest Buffer (10X) (Thermo 

Scientific™ - Cat.#: B64). The amplified insert and the digest vector were purified using 

GenepHlow™ Gel/PCR Kit (Geneaid Cat.#DF300). The insert and the vector were ligated 
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using CPEC and the reaction mixture listed in Table 2.4.4.1 and conditions in Table 

2.4.4.2. 

Table 2.4.4.1 Mixture for CPEC ligation cloning 

Solutions Volume (µL) 

Deionized water Up to 20 µL 

iProof HF buffer 4 

10mM MgCl2 0.5 

10mM dNTP 0.4 

DMSO 0.5 

Linearized vector 50 ng 

Insert 50 ng 

iProof DNA polymerase 0.2 

 

Table 2.4.4.2 Conditions CPEC ligation cloning with iProof DNA polymerase 

Temperature (°C) Time (min.) Number of cycles 

98 0:30 1x 

98 0:10  

31x 60 0:20 

72 2:30 

72 5:00 1x 

4 ∞ 1x 
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The ligation was transformed into DH5α E. coli cell line. Positive clones were tested by 

colony PCR, test digestion and Sanger sequencing. pET28 vector was transformed into 

ArcticExpress (DE3) Competent Cells (Agilent Technologies - Cat.#230192) suitable for 

T7 promoter protein expression. 

2.4.5 Recombinant protein expression 

Recombinant INVAN8 was expressed by induction with 1 mM isopropyl β-d-1-

thiogalactopyranoside (IPTG) for 18 hrs at 20 ˚C with 300 rpm shaking in Luria-Bertani 

(LB) broth supplemented with 50 µg/mL of kanamycin (Francis and Page 2010). 50 mL 

cell cultures were pelleted at 10000 g for 10 min. at 4 ˚C. Cell pellet was resuspended in 

5 ml lysis buffer (50mM HEPES-NaOH pH 7.5, 7.5mM MgCl2, 150mM NaCl and 0.1% 

(v/v) Triton X-100) with 100 µL lysozyme and 100 µL of protease inhibitor cocktail 

(ProteaseArrest™ G-Bioscience Cat. #786-437). The cell lysate was incubated on ice for 

30 min. 50 µL DNase I, RNase-free solution (ThermoFisher Cat. No. EN0521) was added 

followed by a 3 min. incubation at 37 ˚C and a 20 min. incubation at room temperature 

followed by a centrifugation at 16000 g for 10 min. at 4 ˚C. The supernatant was 

discarded. INVAN8 was insoluble and found in inclusion bodies (see SDS-PAGE gel in 

Figure 3.5.1). Therefore, pellet solubilization steps were necessary to purify recombinant 

INVAN8. 

2.4.6 Pellet solubilization 

The pellet was washed with 5 cycles of resuspension in 5 mL of wash buffer (20 mM Tris-

HCl, pH 7.5, 10 mM Na2-EDTA, 1% (v/v) Triton X-100) and centrifugation at 10 000 g for 
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10 min. at 4 ˚C. The pellet was resuspended in 2.5 mL solubilization buffer (20 mM 

HEPES-NaOH pH 7.2, 100 mM NaCl, 1 mM DTT, 0.1% (v/v) Triton X-100 and 0.3% (v/v) 

N-lauroylsarcosine) at room temperature for 15 min. and centrifuged 10 000 g for 10 min. 

Purification using binding of the 6xHis-tag on NI-NTA resin (G-Biosciences Cat.#786940) 

was attempted but unsuccessful. Recombinant INVAN8 was insoluble and tended to 

create insoluble aggregates without the addition of 1 mM DTT and DTT is incompatible 

with NI-NTA resin. Gel filtration chromatography was used as an alternative method of 

protein separation in order to separate soluble monomeric forms of INVAN8 from 

aggregates. 

2.4.7 Protein separation using gel permeation chromatography 

The solubilized INVAN8 was separated on a Superdex® 200 Increase 10/300 GL (Cytiva 

- Cat.# 28-9909-44) gel filtration coumn with a GPC buffer (20 mM HEPES-NaOH pH 7.2, 

100 mM NaCl, 1mM DTT and 0.1% (v/v) Triton X-100). Fractions from UV signal maxima 

corresponding to monomers of INVAN8 (65 kDa : 14 mL) were combined. The combined 

fractions were also visualized on an SDS-PAGE gel (Figure 3.5.1). The fractions with the 

higher concentration of recombinant protein were combined and used for enzyme assays. 

2.4.8 Quantification of protein 

The total protein concentration of the purified amyloplast lysate was measured using the 

Bradford method with a Bio-Rad protein assay dye reagent (Bio-Rad - Cat. No. 5000006). 

To perform the Bradford assay, 795 µL water, 200 µL Bradford reagent and 5 µL of extract 
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was combined and the absorbance at 595 nm was measured using a Beckman Coulter 

DU-640 UV spectrophotometer. The absorbance measurements were extrapolated on a 

BSA standard curve with concentration between 0 to 5 mg/mL to determine the protein 

concentration. 

2.4.9 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 

and Coomassie Brilliant Blue staining 

Protein purity was determined using SDS-PAGE and visualized with Coomassie Brillant 

Blue staining. Protein samples were denatured by boiling for 10 min. in 5X SDS loading 

dye (0.3125 M Tris-HCl pH 6.8, 10 % (w/v) SDS, 50 % (v/v) glycerol, 0.02 % (w/v) 

bromophenol blue, 5 % (v/v) β-mercaptoethanol). Samples were loaded on a 10 % (w/v) 

acrylamide gel and ran for 120 min. at 120V at room temparature. Protein size was 

estimated by comparison with a BLUeye Prestained Protein ladder (FroggaBio – Cat. 

#PM007-0500). The 10% (w/v) acrylamide resolving gel composition was; 5.7 mL water, 

5.1 mL 30% (w/v) acrylamide, 3.9 mL 1.5 M Tris-HCl (pH 8.8), 150 µL 10% (w/v) SDS, 

150 µL 10% ammonium persulfate and 15 µL TEMED. The 5% acrylamide stacking gel 

composition was; 3.5 mL water, 0.84 mL 30 % (w/v) acrylamide, 0.6 mL 1.5 M Tris-HCl 

(pH 6.8), 50 µL 10% (w/v) SDS, 50 µL 10 % (w/v) ammonium persulfate and 4 µL TEMED. 

Gels were stained overnight in 0.25 % (w/v) Coomassie Brilliant Blue G-250 (Sigma-

Aldrich Cat. No. 27815) solubilized in 50 % (v/v) methanol and 10% acetic acid (v/v) with 

rotation and background staining on the gel and then removed by destaining for 3-4 hrs 

in 5 % (v/v) methanol and 7.5 % (v/v) acetic acid. 
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2.5 INVAN activity assay 

2.5.1 INVAN assay 

INVAN activity was determined by quantification of glucose produced by the cleavage of 

sucrose. 50 ng/µL of protein was combined with 16 mM sucrose (or as specified below). 

The total volume of the assay was 200 µL and contained 50 mM of buffer and 1 mM DTT. 

Each sample was incubated at 30 ˚C for 30 min (or as specified below) and boiled for 3 

min to stop the reaction. Glucose was quantified by combining the 200 µL of INVAN assay 

with TRA buffer pH 7.6 (318 mM triethanolamine hypochloride and 6.36 mM MgSO4), 

2.56 mM NADP, 3.2 mM ATP and 19.2 mM NaHCO3, 1U hexokinase, 1U glucose-6-

phosphate dehydrogenase in a final volume of 1mL. Samples were incubated at room 

temperature for 30 min. and the absorbance was measured at 340 nm using Beckman 

Coulter DU-640 UV spectrophotometer (Boehringer 1989). Absorbance values were used 

to measure the quantity of glucose in mmol produced using the Beer-Lambert law. This 

concentration of glucose in mmol was used to quantify the activity of INVAN in mmol of 

glucose min-1 mg-1 of protein because 1 mol of sucrose produced 1 mol of glucose after 

the cleavage by invertase. 

2.5.2 pH optimization 

The pH optimum of INVAN8 was determined with the same optimized enzyme assay 

under different pH conditions.  50 ng/µL of recombinant protein was combined with 16 

mM sucrose in a final volume of 200 µL. Buffers (100 mM) used for each pH were: sodium 
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acetate (pH 4-5.5), MES (pH 5.5-6.5), MOPS (pH 7-7.5), HEPES-NaOH (pH 7-8) and 

bicine (pH 8-9.5). 

2.5.3 Substrate saturation curve 

Substrate saturation curve was measured using various sucrose concentrations; 1, 5, 10, 

20, 50, 100, 200 and 300 mM. 50 ng/µL of protein was combined with a changing amount 

of 1M sucrose solution corresponding to the concentration tested and the volume of the 

assay was completed to 200 µL with 100 mM HEPES-NaOH and 1 mM DTT solution 

under optimal pH (pH 7.5). Km and Vmax were determined by plotting a Michaelis-Menten 

curve and Lineweaver-Burke plot (Rodriguez et al. 2019). 

2.5.4 Substrate Specificity 

Substrate specificity of INVAN was determined by comparing the catalytic activity of 50 

ng/µL of protein with 100 mM sucrose to the activity with 100 mM of raffinose, stachyose, 

maltose and trehalose. 50 ng/µL of protein was combined to 100 mM of each saccharide 

and the volume was completed to 200 µL with INVAN assay buffer (100 mM HEPES-

NaOH and 1 mM DTT solution at pH 7.5). Each sample was incubated at 30 ˚C for 30 

min and boiled for 3 min to stop the reaction. Glucose was quantified in each sample to 

determine the activity in mmol of glucose min-1 mg-1 of protein using the glucose assay 

presented in section 2.5.1 above. 
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2.5.5 Product inhibition of INVAN 

Inhibition experiments were performed by comparing the activity of INVAN in mmol of 

glucose min-1 mg-1 of protein in presence and in absence of different concentration of 

potential inhibitors: Tris 2, 4, 6, 8 and 10 mM, fructose 10, 20, 30 and 40 mM and ADP-

glucose 0.1, 0.5, 1, 2 and 5 mM. In each assay 50 ng/µL of recombinant protein was 

combined with 20 0mM sucrose, inhibitor corresponding to the concentration tested and 

the volume was completed to 200 µL with INVAN assay buffer (100 mM HEPES-NaOH 

and 1mM DTT solution at pH 7.5). Each sample was incubated at 30 ˚C for 30 min. and 

boiled for 3min. to stop the reaction. Glucose was quantified in each sample to determine 

the activity in mmol of glucose min-1 mg-1 of protein using the glucose assay. 

2.6 Maize amyloplast isolation 

2.6.1 Isolation of maize amyloplasts from young endosperm (6-10 DAP) tissue 

Maize plants were grown in Elora research station (6182 2 Line East, Ariss, N0B 1B0, 

Ontario, Canada) and tagged at anthesis. Cobs were harvested from the field and stored 

in a cold room until use. Plastids were prepared within 1h of harvest. Endosperms were 

extracted from about six maize cobs by cutting the top of the kernels with a razor blade 

and extracting the endosperm with a small spatula using a method modified from Tetlow 

et al. (1993). Endosperms were chopped on ice with a razor blade in 10 mL buffer A (50 

mM tricine - pH 7.9, 400 mM sorbitol, 1mM Na2-EDTA and 1mM MgCl2) with 10 µL/mL of 

protease inhibitor cocktail (ProteaseArrest™ G-Bioscience Cat. #786-437) until the 
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texture resembled apple sauce. The sample was filtered through 6 layers of cheesecloth 

pre-wetted with buffer A and rinsed with 10-20 mL of buffer A. 20 mL of the filtrate was 

carefully layered on top of 20 mL of 5 % (w/v) HistoDenz with Buffer A (weight/volume, 

density=1.0255g/mL) (Sigma Aldrich, Catalog Number D2158) and centrifuged at 4000g 

for 30 min. in a Mistral 3000i refrigerated centrifuge. The amyloplast pellet was 

resuspended carefully in 10mL buffer A, placed on a 5 % w/v HistoDenz layer and 

centrifuged at 4000 g for 30 min. The pellet of clean and intact amyloplasts was 

resuspended in 1 mL buffer A, frozen with liquid nitrogen and stored at -80 ˚C. 

2.6.2 Purification of amyloplasts from older (>20DAP) tissue 

Protocol used for amyloplast purification was from (Tetlow et al. 1993; Tetlow et al. 

2003a). 

2.6.3 INVAN assay (isolated amyloplast) 

Frozen young 6-10 DAP maize amyloplasts lysates and older 20 DAP maize amyloplasts 

lysates were thawed on ice and centrifuged at 16000 g for 30 min. The supernatant of the 

amyloplast lysate was collected and used to measure INVAN activity. INVAN activity was 

measured by combining approximately 200 to 800 ng/µL of protein in a 200 µL INVAN 

assay with 16 mM sucrose and 20 mM HEPES-NaOH pH 7.5. INVAN activity was also 

measured in the presence of 20 mM DTT (reducing agent), 5 mM diamide and 10 mM 

sodium tetrathionate (NaTT). INVAN assay was incubated for 30 min. at 30 ˚C and 

stopped by boiling for 3 min. Glucose was quantified using the methods described above. 
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2.6.4 Shikimate oxidoreductase assay (SOR) 

Shikimate oxidoreductase (SOR) activity was measured as a plastid marker enzyme 

according to the methods described by Tetlow et al. (2003a). 

2.6.5 UDP-Glc pyrophosphorylase (UGPase) assay 

UDP-Glc pyrophosphorylase activity was measured as a cytosolic marker enzyme 

according to the methods described by Tetlow et al. (1993) 
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3 Results 

3.1 Phylogenetic analysis of 10 INVAN isoforms in maize and 

prediction of the subcellular localization 

Maize GBD database along with previous studies from (Juárez-Colunga et al. 2018) were 

used to determine some essential phylogenetic characteristics of all 10 INVAN isoforms. 

Analysis of INVAN phylogeny helped determine which isoform is important in maize seeds 

and identify potential candidates for further study. Presented in Table 3.1 are the gene 

identification number (Gene ID) from where the RNA, cDNA and protein sequence were 

retrieved. Protein sequence length and number of exons are also presented in Table 3.1. 

INVAN1-6 are similar with the sequence length ranging between 550-562 a. a. and 

containing 4 exons. The last four INVAN 7-10 are longer, between 601-625 a. a., and 

contains 6 exons. Isoelectric points (PI) of INVAN1-6 are slightly lower than the PI of 

INVAN7-10. Table 3.1 shows the presence or absence of a putative transit peptide and 

the potential subcellular localization of each INVAN. INVAN1-6 do not contain a transit 

peptide and are predicted to localize to the cytosol. INVAN7-10 are predicted to target to 

the plastid or the mitochondria and possess putative transit peptide sequences. Transit 

peptide localization on the amino acid sequences and threshold scores of likelihood of 

localization in subcellular compartments are presented in Appendix 1. Together, INVAN1-

6 and INVAN7-10 separate into two different groups named respectively group α 

(INVAN7-10) and group β (INVAN1-6) based on sequence similarity and subcellular 

localization.  The two INVAN groups are represented in Figure 3.1A by a phylogenetic 
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tree. Gene structure representation showing exon and intron sequences are represented 

in Figure 3.1B. 
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 Table 3.1 Genomic properties and characteristics INVAN genes. Adapted from 
(Juárez-Colunga et al. 2018). 

 

 

 

 

 

Localization 
in the 
genome 

Gene ID Protein 
length 
(a. a.) 

Number 
of 
exons 

Isoelectric 
points 
(PI) 

Presence 
of a 
putative 
transit 
peptide 

Subcellular 
localization 

Coiled 
coiled 
domains 

INVAN1 Chr4 GRMZM2G136139 568 4 6.74 No Cytosol No 

INVAN2 Chr5 GRMZM2G118737 559 4 6.3 No Cytosol No 

INVAN3 Chr4 GRMZM2G170842 559 4 6.23 No Cytosol No 

INVAN4 Chr4 GRMZM2G007277 550 4 6.22 No Cytosol No 

INVAN5 Chr2 GRMZM2G115451 550 4 6.11 No Cytosol No 

INVAN6 Chr5 GRMZM2G477236 562 4 7.14 No Cytosol Yes 

INVAN7 Chr1 GRMZM2G084940 625 6 5.76 Yes Mitochondria Yes  

INVAN8 Chr10 GRMZM2G040843 601 6 6.18 Yes Chloroplast No 

INVAN9 Chr8 GRMZM2G022782 626 6 5.55 Yes Chloroplast No 

INVAN10 Chr3 GRMZM2G084694 627 6 5.43 Yes Chloroplast No 
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Figure 3.1 Phylogenetic tree and gene structure of maize INVAN isoforms. (A) 
INVAN protein sequences separate into two groups, group α and β, based on sequence 
homology. (B) Intron and exon regions of INVAN genes. The coding sequence is 
represented in yellow and the introns are represented by a black line. The scale at the 
bottom of the figure correspond to the gene size in kilobase pair (kb). Figure made using 
Gene Structure Display Server. 
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3.2 Bioinformatic analysis of plastidial maize INVAN8 in relation to 
other species 

Conservation of a gene sequence between clades is a strong indicator of a potential 

important function retained through evolution. Hence, conservation between INVAN8 and 

4 homologous A/N-INV genes from different species was studied with percent sequence 

identity, percent sequence similarity (Table 3.2.1) and with a multiple sequence alignment 

(Figure 3.2.1). The protein sequence of INVAN8 was compared to AtINVE from the model 

plant Arabidopsis thaliana. AtINVE has been studied more extensively for potential 

function and its localization in plastid has been confirmed using fluorescently tagged 

proteins (Vargas et al. 2008). OsNIN3 from rice, another member of the cereal and grass 

family, was also confirmed to localize in chloroplasts (Murayama and Handa 2007). 

StNINV3, a homologous protein to INVAN8, from potato was also used in the study to 

include eudicot plants and because of its importance in the food industry. The last A/N-

INV studied was An-INVA from Anabaena sp., a species of filamentous nitrogen-fixing 

cyanobacteria. Plant A/N-INV are thought to have originated from cyanobacteria after 

endosymbiotic events implying that An-INVA would have a common ancestor protein with 

INVAN8 (Vargas et al. 2003). The matrix in Table 3.2 shows that homologous proteins of 

INVAN8 have a high percent of identity and similarity. The closest sequence in identity 

(88.8%) and similarity (93.2%) being INVAN8 from maize and OsNIN3 from rice because 

they are both monocots from the Poaceae family. The two eudicot INV proteins, 

Arabidopsis AtINVE and potato StNINV3, have a lower sequence identify and similarity 

to maize INVAN8 because they come from a different plant group. An-INVA sequence 

from cyanobacteria has a lower match with INVAN8 because of their high distance in 
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evolution and the absence of a putative transit peptide in An-INVA sequence. However, 

most studies consider that sequence with a percentage of identity and similarity higher 

than 40% are the most likely to have the same function (Pearson 2013). An-INVA had an 

42.3% identity and 55.2% similarity to the maize INVAN8 sequence. Proteins with similar 

sequence usually have similar 3D structure and therefore have the same activity and 

potentially are derived from a common protein ancestor. Sequence alignment of INVAN8 

and the 4 homologous proteins is presented in Figure 3.2.1. The catalytic (blue arrow) 

and substrate binding sites (red arrow) are perfectly conserved in all sequences. The 

sequences have a lower similarity at the N-terminal region of the protein because of the 

putative transit peptide sequence. Transit peptides tend to be less conserved compared 

to functional domains because sequence modification would not directly affect the 

protein’s catalytic function (Christian et al. 2020). Also, the sequence of An-INVA does 

not contain a transit peptide because transit peptides emerged later in evolution in 

response to the evolution of plastids (Cavalier-Smith 1982). The crystalline structure of 

An-INVA has been aligned with the 3D structure of INVAN8 predicted with Alphafold 

server (Figure 3.2.2). The side chains of Asp304 and Glu530 from the maize INVAN8 

sequence and Asp188 and Glu414 residues of An-INVA from Anabaena sp. are perfectly 

aligned (Figure 3.2.2 A and B). Sucrose hydrolysis at the catalytic site occurs following 

the mechanism represented at Figure 3.2.2 C. Both 3D structures are very similar 

showing a conservation of tridimensional structure through evolution. In INVAN8, there is 

presence of long disordered regions probably because INVAN8 structure is only a 

prediction based on currently known crystalline structures of A/N-INV. Together, these in 
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silico results indicate a strong sequence and structural conservation of INVAN8 

suggesting a potentially conserved function of INVAN8 in plant plastids through evolution. 

Table 3.2 Matrix table representing pairwise percent sequence identity (dark grey) 
and percent sequence similarity (light grey) of 4 homologous proteins of maize 
INVAN8. 

% Sequence identity 

 INVAN8 
(Zea 

mays) 

AtINVE 
(Arabidopsis 

thaliana) 

OsNIN3 
(Oryza 
sativa) 

StNINV3 
(Solanum 

tuberosum) 

An-INVA 
(Anabaena 

sp.) 

INVAN8 (Zea 
mays) 

100 67.4 88.8 69.2 42.3 

AtINVE 
(Arabidopsis 

thaliana) 

79.8 100 68.1 69.8 41.4 

OsNIN3 (Oryza 
sativa) 

93.2 80.2 100 69.2 42.6 

StNINV3 
(Solanum 

tuberosum) 

78.2 78.3 78.7 100 39.7 

An-INVA 
(Anabaena sp.) 

55.2 54.1 55.1 52.1 100 

% Sequence similarity 
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Figure 3.2.1 Multiple sequence alignment of the amino acid sequences of 4 
homologs of INVAN8. In the sequence alignment, absolute conservation is represented 
in white letters highlighted in black, strongly conserved in bold color in boxes and weak 
conservation in black letters. Predicted secondary structure domains such as beta sheets 
and alpha helices are represented respectively with green squares and orange arrows on 
top of the alignment. Putative transit peptide sequences of plant INVAN8 are represented 
in yellow on top of the alignment. The catalytic (blue) and substrate (red) binding residues 
are shown by arrows. The sequence alignment was created using amino acid sequences 
from the following organisms: Zea mays (INVAN8, XP_008661659.1), Oryza sativa 
(OsNIN3, XP_015627031.1), Arabidopsis thaliana (AtINVE, NP_001332722.1), Solanum 
tuberosum (StNINV3, XP_006361445.1), Anabaena sp. (strain PCC 7120) (An-InvA, 
5GOO_A). 
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Figure 3.2.2 Representation of the structure conservation between INVAN8 from 
Zea mays and the crystalline structure of An-InvA from cyanobacterium Anabaena 
sp. (PCC 7120). The structure of An-InvA was retrieved from Protein Data Bank (PDB) 
under accession code 5GOO. (A) The structure of An-InvA was aligned to the AlphaFold 
prediction structure of INVAN8 using PyMOL. The tridimensional structure of INVAN8 is 
presented in orange and An-INVA is in blue. (B) The active site is represented with side 
chain of the two substrate binding residues, Asp304 and Glu530 from maize and Asp188 
and Glu414 from Anabaena sp., binding to beta-D-fructofuranose and glycerol ligand 
(replacing sucrose and water in the crystalline structure). (C) Sucrose hydrolysis 
mechanism of INVAN8 with residues Asp304 and Glu530 from maize INVAN8. 
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3.3 Relative expression of the 10 INVAN genes in developing maize 

seeds at 4-6, 8, 10 14 and 20 DAP 

The goal of this study was to identify potential gene candidates for further study of 

endosperm sucrose metabolism and elucidation of the role of A/N-INV in sink tissues. 

The mRNA expression of 10 INVAN genes was measured in developing maize whole 

seeds at 4-6, 8, 10 14 and 20 DAP. The mRNA relative quantification was measured 

using qRT-PCR and fold change was calculated using the Delta-Delta Ct method. INVAN 

gene expression was compared with a gene showing constant expression in developing 

seeds, maize Actin1. The results were also calibrated with the INVAN gene with the 

lowest expression value, INVAN1 at 14 DAP. The most expressed INVAN genes in maize 

seeds were INVAN3, INVAN4, INVAN7, INVAN8 and INVAN10 (Figure 3.3). Previous 

studies looking at gene expression through the whole maize plants have shown similar 

results where INVAN8 and INVAN 10 were the most expressed INVAN genes in seeds 

(Juárez-Colunga et al. 2018). In our study, measurements of the expression of INVAN6 

were attempted but were not successful because the values varied a lot. Previous 

expression study showed that INVAN6 mRNA was not expressed in grains (Juárez-

Colunga et al. 2018). Therefore, it is possible that the poor quality of the results was due 

to mRNA levels being very low. A low SYBR Green signal could be more difficult to detect 

effectively by the equipment. One important trend observed was the decrease of INVAN 

gene expression in later stages of seed development (14-20 DAP) at the period when 

maximal rates of starch deposition occur compared to the gene expression in earlier 

stages of seed development (4-6 DAP). INVAN may be the main contributor to sucrose 
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hydrolysis early in development when the endosperm is rich in oxygen and energy (ATP). 

Sucrose hydrolysis may be taken over by SuSy an enzyme with lower energy needs when 

the endosperm environment becomes more hypoxic in mature grains (Figure 1.2). One 

of the most expressed INVAN genes was INVAN8. INVAN8 contains a putative transit 

peptide for localization into the plastids (Appendix 1). Hence, the second part of the study 

tried to characterize and localize INVAN8 in plastids of endosperm cells (amyloplasts). 
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Figure 3.3 Gene expression of INVAN1-10 (except INVAN6) in developing whole 
maize seeds. Gene expression was measured at 4-6, 8, 10, 14 and 20 DAP represented 
in histograms with error bars representing the standard error of the mean of 3 biological 
replicates. Results are color coordinated with INVAN1-5 from group α in red and INVAN7-
10 from group β in blue. Gene expression was normalized using Actin1 as an endogenous 
control and calibrated with the gene with lower expression INVAN1 at 14 DAP. Fold 
change (FC) was measured using cycle threshold (Ct) values and calculated using the 
formula: FC = 2(-delta delta Ct) and the methods described in Livak and Schmittgen (2001), 
Schmittgen et al. (2000) and Winer et al. (1999). 

0

1

2

3

4

5

6

7

4-6 8 10 14 20

Lo
g 2

 F
o

ld
 c

h
an

ge

Seed developmental stage (DAP)

INVAN1

0

1

2

3

4

5

6

7

4-6 8 10 14
Lo

g 2
Fo

ld
 c

h
an

ge

Seed developmental stage (DAP)

INVAN2

0

1

2

3

4

5

6

7

4-6 8 10 20

Lo
g 2

Fo
ld

 c
h

an
ge

Seed developmental stage (DAP)

INVAN3

0

1

2

3

4

5

6

7

4-6 8 10 14

Lo
g 2

Fo
ld

 c
h

an
ge

Seed developmental stage (DAP)

INVAN4

0

1

2

3

4

5

6

7

4-6 8 10 20

Lo
g 2

 F
o

ld
 c

h
an

ge

Seed developmental stage (DAP)

INVAN5

0

1

2

3

4

5

6

7

4-6 8 10 14

Lo
g 2

 F
o

ld
 c

h
an

ge
Seed developmental stage (DAP)

INVAN7

0

1

2

3

4

5

6

7

4-6 8 10 14

Lo
g 2

Fo
ld

 c
h

an
ge

Seeds developmental stage (DAP)

INVAN8

0

1

2

3

4

5

6

7

4-6 8 10 14

Lo
g 2

 F
o

ld
 c

h
an

ge

Seed developmental stage (DAP)

INVAN9

0

1

2

3

4

5

6

7

4-6 8 10 14 20

Lo
g 2

Fo
ld

 c
h

an
ge

Seed developmental stage (DAP)

INVAN10



 

 

53 

 

3.4 Isolated young amyloplasts 

Amyloplast isolated from young (6-10 DAP) endosperms were highly intact (85-90 %) as 

judged by the latency of SOR. Importantly plastid pellets were free of any cytosolic 

contamination as determined by measurements of UGPase, and their recovery (based 

on recovery of SOR) was 60-65%. 

3.5 INVAN activity in isolated young (6-10 DAP) and mature (>20 DAP) 

maize amyloplasts 

Gene expression analysis revealed that INVAN8, coding for a potentially plastidial isoform 

of INVAN, was relatively highly expressed in early grain development (6-8DAP). Gene 

expression is not a perfect indicator of protein abundance and activity in a tissue. Hence, 

protein activity assays were performed to confirm the presence of INVAN in the tissue of 

interest. Amyloplasts from maize endosperms from younger cobs (6-10 DAP) and mature 

cobs (>20 DAP) were isolated using separation by density. The amyloplast extract 

contained very minimal contamination from other cell compartments (see section 3.4 

above). Sucrose hydrolysis of one mol of sucrose by INV produces one mol of glucose 

and one mol of fructose. Accordingly, INV activity was measured in each extract by 

measuring the quantity of glucose generated and extrapolating it to the amount of sucrose 

cleaved. Invertase activity in the isolated amyloplasts was 0.043 ± 0.003 mmol of glucose 

min-1 mg-1 of protein in younger amyloplasts and 0.011 ± 0.005 mmol of glucose min-1 

mg-1 of protein in mature amyloplasts (Figure 3.5.1). This result indicated that INV is active 

in amyloplast and INV is 4 times more active young (6-10 DAP) compared to mature (>20 
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DAP) amyloplasts. INV activity in isolated amyloplast correlates with the previous gene 

expression results. The same pattern of decrease in INV activity through development 

was observed in the mRNA abundance and in protein activity. However, INV activity in 

isolated amyloplasts was unspecific to INVAN8 and could have detected other INVAN 

proteins. Other isoforms of INVAN containing a putative plastid transit peptide such as 

INVAN9 and INVAN10 were also expressed in maize seeds and therefore may have 

contributed to the measured INV activity and could be a combination of the activity of all 

3 INVAN isoforms. Further studies such as chromatographic separation of plastidial INV 

isoforms and measuring protein abundance of each isoform of INVAN would have to be 

used to confirm the relative activity of INVAN isoforms in amyloplasts (Lee and Sturm 

1996; Ross et al. 1996).  

The activity of INVAN from the young (6-10 DAP) amyloplast was measured in a reducing 

and in an oxidating environment (Figure 3.5.2). No change in INVAN activity was 

observed when the activity was measured in the presence of 20 mM of DTT, a reductive 

agent, and in the presence of 10 mM of NaTT, an oxidative agent. INVAN activity was 

approximately five time lower in the presence of 5 mM diamide compared to the INVAN 

activity without oxidizing agent. These preliminary results indicate a potential regulation 

of enzyme activity with oxidation by diamide, but not with NaTT. Hence, further research 

would have to be done to confirm the regulation of INVAN by oxidation. 
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Figure 3.5.1 Invertase activity in isolated young (6-10 DAP) and mature (>20 DAP) 
amyloplasts. Protein concentration for each assay was approximately 0.2-0.8 mg/mL. 
Sucrose concentration used was 16 mM. INVAN activity was quantified by measuring the 
amount of glucose produced by the cleavage of sucrose and expressed in mmol of 
sucrose min-1 mg-1 of protein. ± S.E. of n=3. 

 

Figure 3.5.2 Invertase activity in young isolated amyloplast in oxidative and 
reductive environment. Invertase activity was measure in the absence and in the 
presence of reducting and oxidizing agents (20 mM of DTT (reduction), 5 mM diamide 
(oxidation) and 10 mM NaTT (oxidation)). Invertase activity was measured with 16 mM of 
sucrose and approximately 0.2-0.8 mg/mL of protein. INVAN activity was quantified by 
measuring the amount of glucose produced by the cleavage of sucrose and expressed in 
mmol of sucrose min-1 mg-1 of protein. ± S.E. of n=3. 
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3.6 Characterization of recombinant INVAN8 

Recombinant INVAN8 was used to characterize maize plastidial INVAN8. Recombinant 

INVAN8 without the putative transit peptide was expressed in E. coli ArcticExpress (DE3) 

cells. Recombinant protein formed insoluble aggregates which were resuspended using 

1 mM DTT. Monomeric recombinant INVAN8 was separated from soluble aggregates by 

gel filtration chromatography (Figure 3.6.1). Recombinant INVAN8 was used for 

characterization using enzyme assays. The effect of pH on catalytic activity of 

recombinant INVAN8 was measured using pH conditions varying between pH 4 to 9 

(Figure 3.6.2). The pH optimum of INVAN8 was at pH 7.5 (Figure 3.6.2). The optimal pH 

observed falls within the range of optimal pH of previously characterized A/N-INV at 

around pH 6.5-8 (Chen and Black 1992; Lee and Sturm 1996; Ross et al. 1996; Vargas 

et al. 2003; Vorster and Botha 1998; Walker et al. 1997). INVAN assays were also 

performed with a range of sucrose concentration between 0 and 300 mM to create a 

substrate concentration curve (Figure 3.6.3). A Michaelis-Menten curve and a 

Lineweaver-Burke plot was used to extract the enzyme kinetic parameters of INVAN8. 

The Km value of recombinant INVAN8 for sucrose was 19.1 ± 0.48 mM and the Vmax was 

2.7 ± 0.16 mmol of glucose min-1 ∙ mg-1 protein. The values are consistent with the values 

obtained for the homologous recombinant AtINVE from Arabidopsis, Km = 15.5 ± 2.1 mM 

and Vmax = 40.1 ± 2.5 mmol of product min-1 mg-1 of protein (Tamoi et al. 2010). Substrate 

specificity of INVAN8 for other important plant saccharides was measured by comparing 

the activity of INVAN8 with 100 mM sucrose to the activity of INVAN8 with 100 mM of the 

other saccharides. Recombinant INVAN8 was not active with stachyose, raffinose or 
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trehalose (Table 3.6.1). 16.52% activity was observed with maltose. However, previous 

A/N-INV characterization studies have shown that maltose is not usually a substrate of 

A/N-INV (Chen and Black 1992; Lee and Sturm 1996; Ross et al. 1996; Vorster and Botha 

1998; Walker et al. 1997). The maltose used for this study was contaminated with 

approximately 33% of glucose. The high concentration of glucose in the maltose sample 

could have influenced the activity of recombinant INVAN8. This result should be 

replicated with maltose sample with limited impurities to confirm substrate specificity of 

INVAN8 for maltose. Inhibition of recombinant INVAN8 was also tested by comparing the 

enzymatic activity with and without inhibitors (Table 3.6.2). Tris buffer is a known inhibitor 

of A/N-INV. Indeed, recombinant INVAN8 in the presence of 10 mM of Tris buffer was 

active at only 20% of the activity in the absence of Tris buffer. Common inhibitors are also 

the products of enzymatic reactions, in this case, glucose and fructose. A/N-INV are 

commonly inhibited by both product of sucrose hydrolysis (Chen and Black 1992; Lee 

and Sturm 1996; Ross et al. 1996; Vorster and Botha 1998; Walker et al. 1997). 

Recombinant INVAN8 enzymatic activity was active at 56.96% when exposed to 10 mM 

fructose compared to conditions without fructose. Inhibition of INVAN8 by glucose 

couldn’t be measured by the glucose quantification assay. The addition of glucose for 

inhibition created too much background glucose to be able to measure the actual 

production of glucose by INVAN8 activity. Due to the time restriction of this project, we 

were not able to try other techniques to measure inhibition by glucose. Inhibition of 

recombinant INVAN8 was also tested with a precursor of starch biosynthesis ADP-Glc. 

In cereal endosperms ADP-Glc is mostly produced by the enzyme ADP-Glc 
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pyrophosphorylase in the cytosol and transported to the amyloplast for starch synthesis 

(Denyer et al. 1996; Tetlow et al. 2003b; Thorbjørnsen et al. 1996). Recombinant INVAN8 

was active at 97.82% in the presence of 1 mM of ADP-Glc. Therefore, ADP-Glc had 

negligible inhibitory effect on recombinant INVAN8. 
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Figure 3.6.1 SDS-PAGE gel of the fractions of each step of recombinant INVAN8 
protein purification. The gels contained 10% acrylamide and were stained with 
Coomassie blue. Each wells contained 40 µL of extract and 10 µL of loading buffer. 
INVAN8 has a predicted molecular weight of 65 kDa. Lane 1 is 7 µL of molecular weight 
ladder. Lane 2, crude extract of the cell lysis (initial concentration of the extract was 
approx. 3 mg/mL and it was diluted to 0.5 mg/mL). Lane 3, washing of the crude pellet 
with 20 mM Tris-HCl, pH 7.5, 10 mM EDTA and 1% Triton X-100 (initial concentration 
was approx. 0.5 mg/mL and it was diluted to 0.5 mg/mL of protein in the lane). Lane 4, 
resolublization of the pellet with 20 mM HEPES-NaOH pH 7.2, 100 mM NaCl, 1 mM DTT, 
0.1 % Triton X-100 and 0.3 % N-lauroylsarcosine (concentration approx. 2 mg/mL and 
diluted to 0.5 mg/mL of protein). Lanes 6-11 shows the fractions 7-10 collected after size-
exclusion gel filtration chromatography of solubilized INVAN8 pellet (ug of protein) using 
Superdex® 200. Concentration of each fraction was respectively: Fraction 6: 0.092 
mg/mL, Fraction 7: 0.044 mg/mL, Fraction 8: 0.117 mg/mL, Fraction 9: 0.193 mg/mL, 
Fraction 10: 0.0367 mg/mL.  
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Figure 3.6.2 Effect of pH on catalytic activity of recombinant INVAN8 protein. The 
pH optimum was measured with the same enzyme assay under different pH conditions 
with 100mM of each buffer. Sodium acetate (pH 4-5.5), MES (pH 5.5-6.5), MOPS (pH 7-
7.5), HEPES (pH 7-8) and Bicine (pH 8-9.5). The activity of approximately 50 ng/µL of 
protein was measured with 16 mM of sucrose. Recombinant INVAN8 activity was 
quantified by measuring the amount of glucose produced by the cleavage of sucrose and 
expressed in mmol of cleaved sucrose min-1 mg-1 of protein. 

 

 

 

 

 

 

 

Figure 3.6.3 Substrate saturation curve of recombinant INVAN8 protein. The activity 
of approximately 50 ng/µL of protein was measured with a range of sucrose concentration 
between 0 to 300 mM. The Lineweaver-Burke plot is inserted on the Michaelis-Menten 
graph. The enzyme kinetic equation extracted from the double reciprocal plot, y = 11.181x 
+ 0.21, was used to determine the Km and Vmax. The Km and Vmax for sucrose was 
respectively 19.1 ± 0.48 mM and 2.7 ± 0.16 mmol sucrose min-1 ∙ mg-1 protein. 
Recombinant INVAN8 activity was quantified by measuring the amount of glucose 
produced by the cleavage of sucrose and expressed in mmol of sucrose min-1 mg-1 of 
protein. ± S.E. of n=3. 
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Table 3.6.1 Substrate specificity of recombinant INVAN8  

Compound Activity (%) 

Stachyose 0 

Raffinose 0 

Maltose 16.52 ± 3.23 

Trehalose 2.15 ± 0.37 

INVAN8 activity was determined using optimal conditions giving 0.35 ± 0.01 mmol 
substrate min-1 mg-1 protein (100% activity). The percent activity values were determined 
by representing the activity with 100mM of each substrate as percent of the activity with 
100mM sucrose. ± S.E. of n=3. 

 

Table 3.6.2 Inhibition of recombinant INVAN8 

Compound Activity (%) 

TrisA 20.76 ± 0.36 

FructoseA 56.96 ± 1.85 

ADP-GlcB  97.82 ± 0.23 

INVAN8 activity was determined in the presence of potential inhibitors and expressing 
these values as a % of INVAN8 assayed under optimal conditions without inhibitors (0.68 
± 0.05 mmol sucrose min-1 mg-1 protein). The concentrations of inhibitor were A10 mM 
and B1 mM. ± S.E. of n=3. 
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4 Discussion 

In this study, we aimed to understand temporal and spatial regulation of all 10 INVAN 

isoforms of maize. Phylogenetic and gene expression analysis of all 10 INVAN isoforms 

in maize were performed to identify some potential protein candidates to study the 

function of A/N-INV in maize endosperm. Genomic properties and characteristics have 

shown that INVAN are separated into 2 groups, group α (INVAN7-10) and group β 

(INVAN1-6), based on sequence length similarity, the number of exons and presence of 

a putative transit peptide (Table 3.1).  

Expression analysis of INVAN genes was performed using seeds from 5 stages of 

development 4-6, 8, 10, 14, 20 DAP (Figure 3.3). INVAN3, INVAN4, INVAN7, INVAN8 

and INVAN10 were the most highly expressed genes in maize seeds. Generally, higher 

expression was observed early in development when cell division and expansion occurs. 

By comparison, INVAN expression of 7 out of the 9 INVAN isoforms decreased in mature 

developmental stages when sucrose hydrolysis is performed mainly by SuSy and 

endosperm cells accumulate carbohydrate storage in the form of starch (Chourey et al. 

1998a; Kato 1995; Thévenot et al. 2005). INVAN pathway of sucrolysis utilizes twice the 

energy (ATP) in contrast to sucrose cleavage by SuSy (Figure 1.4.1). Endosperms 

become increasingly hypoxic as they accumulate starch and as energy from aerobic 

sources is less available (Figure 1.4.2). Accordingly, INVAN is more expressed when 

energy is readily available. In contrary, enzymes with lower energy requirements such as 

SuSy may be taking over sucrose cleavage in later stages of development. This result 
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supports the first hypothesis suggesting that INVANs have temporal regulation in 

developing endosperm. 

Interestingly, some genes from the INVAN group α were expressed in developing seeds. 

One of those genes, INVAN8, was one of the most expressed genes in the seeds and its 

sequence contains a transit peptide for targeting to the plastids. In cells, mRNA is 

translated into proteins, thus mRNA levels usually correlate with protein abundance. 

However, it only gives a general ideal of how the cell works because post-translation 

regulation and protein synthesis/degradation mechanism comes into play to regulate 

protein activity (Greenbaum et al. 2003). mRNA expression still gives a good indication 

of protein levels because when mRNA is very abundant, then protein is usually present 

in the tissue of interest (Jansen et al. 2002). 

The localization of two homologues of INVAN8 in Arabidopsis and rice has been 

confirmed previously in photosynthetic plastids (chloroplast) (Murayama and Handa 

2007; Vargas et al. 2008). Maize endosperms are sink tissues and do not contain 

photosynthetic plastids (chloroplasts). Instead, they contain non-photosynthetic plastids 

(amyloplasts). INV activity and sucrose metabolism in non-photosynthetic plastid has 

never been observed to date. Hence, the goal of the second part of this thesis was to 

confirm the localization of INVAN8 and to characterize INVAN8 to help understand better 

sucrose metabolism in non-photosynthetic plastids (amyloplasts).  

We predicted in silico that INVAN8 sequence contains a putative transit peptide for 

localization in plastids (Table 3.1 and Appendix 1). Phylogenetic analysis also 
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demonstrated that INVAN8 is included in A/N-INV group α containing all the INVAN genes 

with a putative transit peptide sequence (Figure 3.1). Arabidopsis AtINVE and rice 

OsNIN3 are also members of group α and they have already been shown to localize to 

plastids (chloroplasts) (Murayama and Handa 2007; Vargas et al. 2008). Sequence 

identity and similarity was predicted between INVAN8 and 4 homologous proteins from 

Arabidopsis, rice, potato and cyanobacteria Anabaena sp. (Table 3.2). In the higher 

plants, sequence conservation was very high showing a potential conserved function. 

Sequence of catalytic and substrate binding domains and tridimensional protein structure 

were perfectly conserved between all A/N-INV from higher plants and cyanobacteria 

(Figure 3.2.2). Conservation between INVAN8 and INV from Anabaena sp. further 

support the hypothesis from (Vargas et al. 2003) that A/N-INV in higher plants originate 

from a neutral INV from cyanobacteria and that after endosymbiosis, INV genes were 

transferred to the nucleus and were relocalized to the plastids with the help of a putative 

transit peptide. The protein sequence and structural conservation also suggests that 

INVAN8 may have an important function in higher plants as it is conserved through 

evolution.  

Localization of INVAN8 in purified amyloplasts was shown using INV activity assays in 

isolated young (6-10 DAP) and mature (>20 DAP) maize amyloplasts. INV activity was 

approximately four times higher in young compared to mature amyloplast, 0.043 ± 0.003 

mmol of glucose min-1 mg-1 of protein in younger amyloplasts and 0.011 ± 0.005 mmol of 

glucose min-1 mg-1 of protein in mature amyloplasts (Figure 3.5). This results along with 

the gene expression results suggest the presence of INVAN8 in amyloplasts. INVAN9 
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and INVAN10, also predicted to localize into plastids, were also expressed during seed 

development and they may also contribute to the INV activity observed in the isolated 

amyloplasts. Western blot with specific antibodies for INVAN8, INVAN9 and INVAN10 

could be used to confirm the contribution of each isoform of plastidial INVAN. One could 

also argue that the INV activity could be due to contamination of the amyloplast extract 

with other subcellular compartment such as the cytosol during the isolation process 

although this is unlikely given the lack of any detectable cytosolic contamination in our 

amyloplast preparations. Some preliminary work has been done to confirm the subcellular 

localization of INVAN8, the full length sequence and the sequence missing the putative 

transit peptide with a green fluorescent tag (GFP) in tobacco leaves. INVAN8 (+TP) and 

INVAN8 (-TP) were cloned in an entry vector (PENTR3c) for gateway cloning. Transfer 

to the destination vector, transformation into Agrobacterium tumefaciens and infiltration 

into tobacco leaves will still needs to be completed to confirm the subcellular localization 

of INVAN8 in plant. Further study would need to be done to confirm the subcellular 

localization of INVAN and to unravel the complexity of sucrose cleavage enzymes in 

plastids.  

INVAN8 was characterized using a recombinant protein without the putative transit 

peptide sequence. The pH optimum of INVAN8 was pH 7.5 confirming that INVAN8 is 

indeed part of the A/N-INV family. The Km value for sucrose was 19.1 ± 0.48 mM and the 

Vmax was 2.7 ± 0.16 mmol of glucose min-1 ∙ mg-1 protein. Recombinant INVAN8 was also 

highly specific to sucrose and didn’t have activity with stachyose, raffinose and trehalose 

(Table 3.6.1) Some activity, 16.52%, was observed with maltose, despite maltose not 
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usually being a substrate of INV. High glucose background in this assay could have 

influenced the activity results and this assay would have to be replicated with maltose 

containing limited impurities. Recombinant INVAN8 was also tested for inhibition with Tris, 

fructose and ADP-Glc (Table 3.6.2). INVAN8 was 20% activity when exposed to 10 mM 

of Tris (a known inhibitor of A/N-INV) and had 56.96% activity when in presence of 10 

mM fructose. ADP-Glc had minimal effect on INVAN8 activity. Another known inhibitor of 

A/N-INV is glucose, the second product of sucrose hydrolysis. When INVAN8 activity was 

tested in the presence of glucose, the glucose supplemented created an excessive 

glucose background. Hence, we were not able to measure the glucose produced by 

INVAN8 activity in the enzyme assay. Carbohydrate separation with thin-layer 

chromatography would be an example of other technique to test INVAN8 inhibition with 

glucose although this was not attempted due to time restrictions of the project (Lee and 

Sturm 1996; Robyt and Mukerjea 1994).  

One of the issues encountered during the purification of recombinant INVAN8 was the 

formation of insoluble aggregates after cell lysis of E. coli induced with IPTG. The addition 

of the reducing agent DTT and the separation of aggregates using gel permeation 

chromatography has allowed to collect a monomeric INVAN8 protein sample for 

characterization. The quaternary structure of INVAN8 in vivo is not known. Thus, the 

characterization of a monomeric form of recombinant INVAN8 may not be the most 

accurate representation of the protein characteristics in vivo, especially if INVAN8 is 

naturally found in multimeric complexes. The DTT added to resolubilize recombinant 

INVAN8 could also modify the redox state of the protein even though it seems unlikely 
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because the addition of 20 mM of DTT did not affect the INVAN activity in the amyloplasts 

extract (Figure 3.5.2). Redox regulation occurs in amyloplasts and has some regulatory 

effects on amyloplast metabolism and starch biosynthesis (Michalska et al. 2009). INVAN 

activity in the amyloplasts extract was decreased in the presence of 5 mM diamide 

(oxidating agent) (Figure 3.5.2). Redox regulating mechanism should be further assessed 

with the recombinant INVAN8 protein. The recombinant INVAN8 created in this project 

had very similar characteristics to the other A/N-INV presented in the literature suggesting 

proper structure and folding (Chen and Black 1992; Lee and Sturm 1996; Ross et al. 

1996; Vorster and Botha 1998; Walker et al. 1997). Some downfalls of the protein 

purification process have been highlighted and should be addressed before using this 

recombinant protein for further the study of function, regulation and protein-protein 

interactions. 

4.1 Potential role of A/N-INV in non-photosynthetic plastids 

Carbon partitioning between cytosol and the plastids may act as a signal for growth and 

development. INVs are the main enzyme contributing to sugar sensing because they 

produce two hexose products, glucose and fructose, able to be phosphorylated by 

hexokinase for sugar signaling. By contrast, SuSy only contributes one hexose to sugar 

signaling because UDP-Glc is not detected by most sugar sensing mechanisms 

(Smeekens 1998). One hypothesis of the role of INV in plastids is that sucrose hydrolysis 

may be providing glucose and fructose for hexokinase sugar sensing mechanism (Koch 

2004). Most of the sucrose is metabolized in the cytosol. When sucrose content exceeds 
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the cytosolic demand, it might be directed transiently to the plastid and cleaved by 

plastidial INV. Smeekens (1998) proposed an hypothetical model where sugar sensing in 

plant cells occurs via a complex regulatory network comprised of a membrane transporter 

and a membrane bound hexokinase. Perhaps, Glc and Fru produced by sucrose 

cleavage by plastidial INV are transported back to the cytosol and phosphorylated by the 

transporter-membrane complexes lining the plastids activating sugar signaling 

(hypothetical model presented in Figure 4.1). Some studies have observed that hexose-

based signaling activated by sucrose breakdown regulates plant hormonal systems such 

as cytokinins, gibberellins, auxin and ethylene (Gibson 2004; Rolland et al. 2002). 

Previous research on a knock-out mutant of Arabidopsis AtINVE has shown that plastidial 

INV may play a role in starch accumulation in the leaves during the day (Vargas et al. 

2008). Starch content in the leaves of a KO-AtINVE at the end of the day was decreased 

compared to the wild type. Hexose based signaling can also have a role in transcriptional 

and post-translational regulation (Koch 2004). Sucrose has been shown to localize to 

plastids, but its metabolism is still poorly understood. Recent evidences have reported 

the existence of a plastidial sucrose transporter on the surface of chloroplasts which 

supports the work done in this thesis (Patzke et al. 2019). A lot of research still needs to 

be done to identify sucrose transporters or sensors on plastids and understand their role 

in detecting the sugar status between the two subcellular compartments.  

Plastidial INV could also regulate sucrose metabolism through protein-protein 

interactions. To explore the possible protein-protein interactions with INVAN8, we 

attempted to do a large-scale screening of protein-protein interactions using a Yeast-2-
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Hydrid system. A cDNA library of maize endosperm at 7 DAP was generated and the 

cloning of INVAN8 into the yeast vector pGBKT7 was started but not completed due to 

the time restrictions of the project. Together, hexose-based signaling controlled by the 

activity of a plastidial INV could be central to the control of an array of metabolic, 

physiological and developmental processes in endosperm cells.  

The second hypothesized function of INV in plastids is in maintaining carbon-nitrogen 

balance. In cyanobacteria, gene expression of the two INV were upregulated in nitrogen-

fixing conditions (Vargas et al. 2003). Moreover, upon inactivation of AtINVE by a site-

directed mutagenesis at the Cys-294 residue, Arabidopsis seedlings in high sucrose 

environment had a higher nitrate reductase activity than the wild-type, resulting in a higher 

rate of nitrate assimilation (Tamoi et al. 2010). Nitrate in high quantity is toxic, hence 

balance needs to be established between nitrogen assimilation and nitrogen demand for 

photosynthesis apparatus development. Arabidopsis seedlings with inactive AtINVE had 

reduced greening due to delayed photosynthesis apparatus development. In high sucrose 

conditions, removal of sucrose breakdown capacity in the plastid created an imbalance 

between nitrogen and carbon levels which affected the development of the 

photosynthesis apparatus (Tamoi et al. 2010). Hence, a possible role of plastidial INV is 

the regulation carbon-nitrogen balance, especially under high sucrose conditions. 
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Figure 4.1 Hypothetical model for the role of INVAN8 in sucrose metabolism in sink 
tissue cells. Sucrose is transported to the plastid though an unknown transport 
mechanism. Sucrose is cleaved by INV in the amyloplast and Glc and Fru are transported 
and phosphorylated by hexose transporter and hexokinase complex (Smeekens 1998). 
Glc-6-P and Fru-6-P generate sugar-based signal modulating gene expression. 

 

4.2 Concluding remarks 

In conclusion, this thesis aimed to elucidate the temporal regulation of A/N-INV in 

developing maize endosperm and understand the regulation of sucrose metabolism by 

differential subcellular localization of sucrose cleavage enzymes, INVAN8, in non-

photosynthetic plastids (amyloplasts). Gene expression analysis supported the 
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hypothesis that sucrose metabolism is subject to temporal regulation via the sucrose 

hydrolysis enzyme, A/N-INV.  This work also unraveled a potentially new role of A/N-INV 

in non-photosynthetic plastids (amyloplasts) of maize endosperm. A/N-INV should be 

further studied to identify the functions of A/N-INV in non-photosynthetic plastids and 

investigate potential regulatory mechanisms including post-translational regulation and 

protein-protein interactions, especially in relation carbohydrate storage and starch 

deposition in maize endosperm. Carbon partitioning between source and sink tissues are 

directly linked to grain size and crop yield. Hence, studies to understand sucrose 

allocation would help identifying new molecular targets for crop improvement and yield 

enhancement in order to meet the increasing demand for food grown on cropland 

worldwide.
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APPENDICES 

Appendix 1. Transit peptide prediction of INVAN proteins from maize. TargetP 2.0  
was used to measure the likelihood of localization in subcellular localizations and the 
potential cut site of the transit peptide 

 

 

 

Protein 
name 

Signal 
peptide 
score 

Mitochondria 
transfer 
peptide score 

Chloroplast 
transfer peptide 
score 

Thylakoid luminal 
transfer peptide 
score 

Localization of the 
potential cut site of 
the transit peptide 
predicted by 
TargetP 2.0 

INVAN1 0.0002 0 0 0 No transit peptide 

INVAN2 0.0003 0.0028 0 0.0001 No transit peptide 

INVAN3 0.0003 0.003 0 0.0002 No transit peptide 

INVAN4 0.0006 0.0016 0 0 No transit peptide 

INVAN5 0.0008 0.0016 0 0 No transit peptide 

INVAN6 0.0004 0 0 0 No transit peptide 

INVAN7 0 0.8949 0.1035 0 Leu47 

INVAN8 0.0001 0.0028 0.9152 0.0398 Cys62 

INVAN9 0.0002 0.0813 0.5718 0.0006 Ala66 

INVAN10 0.0016 0.0794 0.4811 0.0003 Ala63 
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Appendix 2. UV absorbance spectra of recombinant INVAN8 separation by size 
exclusion chromatography. Fractions B7-B8-B9 were collected for characterization. 
The monomeric form of INVAN8 comes out of the column in those fractions (around 65 
kDa). The volume of elution (fraction at which the proteins come out) were correlated to 
a protein size with a standard curve made by separating a solution containing proteins of 
a known size (kDa) by size exclusion chromatography. 
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Appendix 3. Activity of recombinant INVAN8 with changing concentration of 
inhibitor added to the enzyme assays. The inhibitors presented are Tris, Fructose 
and ADP-Glc. 
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