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ABSTRACT          
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     Nicotiana benthamiana is a plant used in biopharmaceutical industries to create medicinal 

products (e.g., immunoglobulins; vaccines, etc.) for use in the treatment of many diseases. The 

studies comprising this thesis include nutrient, temperature and spacing studies. The nutrient 

studies examined the relationship between nitrogen, phosphorous and potassium uptake under 

five different treatment levels of nitrate, phosphate, at five different pH levels in terms of 

morphological growth and total soluble protein (TSP) and immunoglobulin G (IgG) production. 

Temperature and spacing studies examined morphological response to these production factors.	

When plants were grown at five different pH levels, the IgG production differed among 

treatments; however, the level of TSP remained the same. When plants were treated with five 

different nitrate levels, and five different phosphate levels, IgG production remained the same, 

while TSP levels differed. When plants were treated with five different interactive temperatures 

and spacing treatments there were differences in morphology.  
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1 Introduction and Literature Review 
 

A biopharmaceutical is a medical product that can be synthesized in various forms of 

bioreactors, includes living plants. One such plant is Nicotiana benthamiana, a plant native to 

Australia. This plant is a close relative of the common tobacco plant and is part of 

the Solanaceae family, which include tomatoes and potatoes (Bally et al., 2018). Nicotiana 

benthamiana, when used in biopharmaceutical production, is a transgenic plant, and using 

recombinant DNA, proteins of interest can be infiltrated into the plant using agrobacteria, in this 

case, Agrobacterium tumefaciens (Chen & Yeh, 2018) (Figure 1.2). 

As the cost of prescription drugs continues to rise, biosimilars have become a viable and more 

cost-efficient alternative to traditional pharmaceutical medicine.  Biopharmaceuticals are drugs 

produced using biotechnology – the use of living organisms and biological systems to make a 

useful product, while phytopharmaceuticals are medicinal products derived from plants, that may 

be used in traditional pharmaceuticals (Omprakash et al., 2019). Biosimilars are a biological 

product for use in medicine which is similar to another product made by a pharmaceutical 

company (Chen & Yeh, 2018).  

While a great deal of research has been performed on the use of plants for drug production, 

comparatively little research is available on the optimization or influence of plant growing 

conditions on drug production in these phytopharmaceutical (plant-based medicine) production 

systems. Improving or better understanding the horticultural management requirements of these 

systems could lead to advances in the plant-based biopharmaceutical industry. In particular, 
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refining our collective understanding of plant nutritional requirements in these 

phytopharmaceutical systems has the potential to lead to enhanced protein production.  

PlantForm Corporation, a company headquartered in Toronto, Ontario with research activities 

on-going in Guelph, Ontario, has collaborated with the Controlled Environment Systems 

Research Facility (CESRF) located at the University of Guelph in order to further research 

pertaining to plant growth parameters and protein expression, including Total Soluble Protein 

(TSP) and Trastuzumab protein (IgG). PlantForm uses the plant species Nicotiana benthamiana 

(N. benthamiana), a commonly used plant species in biopharmaceutical research. PlantForm 

utilizes a propriety process called vivoXpress manufacturing platform, which can be seen in 

Figure 1.1 Agroinfiltration is the process in which an Agrobacterium, in this case Agrobacterium 

tumefaciens (A. tumefaciens), is infiltrated into the intracellular space within the leaves of the 

plant. Once inside the plant the bacteria inserts its own DNA into the plant’s genome, causing the 

plant to produce the encoded protein products (e.g. Trastuzumab). The whole plant is placed in 

agrobacteria and is infiltrated, however only the leaves are harvested for analysis. Once the 
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process is complete, the desired protein products can be extracted from the plant and purified. 

(Figure 1.1).  

 

Figure 1.1: PlantForm's vivoXPRESS manufacturing platform outlining the process of 
manufacturing biopharmaceuticals. (Plantformcorp.) 
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Figure 1.2: The process of Agrobacterium tumefaciens inserting foreign genes into plants (Sunil 
Kumar & Immanuel Selvaraj, 2019). 

The pharmaceutical industry and consumers have long struggled with rising costs of drugs, and 

many necessary treatments are often difficult or impossible to afford (Garabagi, McLean, & Hall, 

2012). Through the characterization of the effect of plant nutritional treatments on the production 

of desired biopharmaceutical products in plants, this research helps advance this ever-growing 

field. Finally, by providing plant-produced biopharmaceuticals to the public, those who are in 

need of medicine in order to treat a variety of diseases which, until this point may have been 

inaccessible, will be able to access affordable drugs. 

1.1  Biopharmaceuticals  

The popularity of using plants, specifically N. benthamiana, for the production of antibodies 

used in medicine is quickly growing, including the development of vaccines (Yao, Weng, 

Dickey, & Wang, 2015), which is topical given the current pandemic. Research into nutrient 
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uptake, plant growth and development, and the effect on desired antibody product expression can 

potentially optimize the biomass yield, which in turn could increase overall drug production on a 

per plant basis.  

There are many advantages to using plants over mammalian cells in biopharmaceutical 

production. These advantages include lower production cost, faster speed and scaling of plant 

growth and a more cost effective approach with effective results for high production (Garabagi, 

McLean, & Hall., 2012; Grohs et al., 2010). A challenge that a traditional pharmaceutical 

producer may face is the inability to focus on small production numbers when creating 

medication. According to Merlin et al. (2014),  plant based pharmaceuticals are able to 

accomplish this at a low cost, while maintaining scalability. Plant-based biopharmaceuticals are 

able to be applied to the replication of specific desired antibody product at a lower production 

cost when compared to traditional mammalian cell production techniques (Grohs et al., 2010). 

Additionally, there are few pathogens that are shared by plants and animals as plant pathogens 

are not zoonotic. This decreases the potential for a biopharmaceutical drug batch being 

contaminated with pathogens that could potentially be passed on to patients receiving 

mammalian made pharmaceuticals, and greatly decreases the risk of unintended effects when 

considering plant based biopharmaceuticals (Mardanova et al., 2017).  It has not only been 

shown that plant-based biopharmaceuticals are more cost effective to produce, but this method 

has also been shown to be more effective in the production of monoclonal antibodies than their 

mammalian counterparts (Garabagi, Mclean, & Hall, 2016).  

Vacuum infiltration is one method for genetic information to be introduced into plant tissue for 

the purposes of desired antibody production. In this case, Agrobacterium tumefaciens is a species 
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of bacteria that is commonly found in soil, and its plant infection apparatus is used to directly 

transfer DNA to plant cells, specifically, strain EHA105 (Hood, Gelvin, Melchers, & Hoekema, 

1993).  

The comparatively low capital investment in plant-based biopharmaceuticals makes it an 

attractive alternative to traditional and oftentimes expensive mammalian pharmaceutical cell 

production methods. In order to ensure a successful Agrobacteria infiltration in N. benthamiana 

the P19 silencing suppressor is introduced to the plant by PlantForm Corp to increase expression 

of proteins of interest in infiltrated plants. The gene for P19 is introduced into the plant, which 

produces P19 protein that suppresses RNAi-mediated gene silencing (Garabagi, Gilbert, Loos, 

Mclean, & Hall, 2012;Mclean, 2017;Zangi, Ofoghi, Amini-bayat, & Ehsani, 2016).  

In 2014, an Ebola outbreak swept Western Africa and was one of the most widespread outbreaks 

of Ebola in written history. At this time, an experimental drug called ZMapp, which is a 

combination of three humanized monoclonal antibodies that recognize an Ebola virus surface 

glycoprotein (Sack, Hofbauer, Fischer, & Stoger, 2015) was created by MAPP, located in San 

Diego, California. Biopharmaceutical Incorporated using transient expression in N. benthamiana. 

One of the advantages of plant-based biopharmaceuticals is the rapid and relatively low-cost 

production cycle available for creating medications for use in epidemics and widespread virus 

outbreaks. ZMapp was administered to 72 of the afflicted during the 2014 Ebola outbreak and 71 

were evaluated. The administration of ZMapp increased the survival rate of patients by 15% 

when coupled with current Ebola care practices versus patients who were solely treated with 

current Ebola care practices (Davey et al., 2016) 
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Although this disease outbreak demonstrated that plant-based biopharmaceuticals show promise 

as a viable alternative to mammalian-based biopharmaceutical production techniques, more 

research needs to be done in order to demonstrate efficacy of the plant based production of 

ZMapp, as the Ebola pandemic became more controlled, the number or participants needed to 

make concrete conclusions were not available. It has been suggested that although current 

research is being focused on establishing plants as a suitable candidate for the production of 

desired antibody product for use in clinical trials, more research needs to be focused on the 

growth conditions under which the plants are grown (Robert, Goulet, D’Aoust, Sainsbury, & 

Michaud, 2015). In order to guarantee optimal protein production and to ensure plant-to-plant 

consistency, research must be performed to determine the optimal growing conditions for plants 

used for biopharmaceuticals, in this case, N. benthamiana.  

The influence of some environmental parameters has been examined in growth chamber studies. 

Although these studies have been useful in finding the optimal temperature for N. benthamiana 

growth conditions, it is clear that growth conditions and their effect on plant growth and protein 

expression would benefit from further research (Stevens et al., 2000). Some researchers have 

focused on the hydroponic growth of Agrobacteria infiltrated N. benthamiana in relation to 

protein expression and have explored some nutrient treatments in relation to their growth and 

protein expression (Shamloul, Trusa, Mett, & Yusibov, 2014). Research focusing on several 

nutrients, including nitrogen and phosphorus, and plant growth would still benefit from further 

research, specifically when discussing interactive nutrient factors in hydroponic growth. 



 

 

8 

 

 

Figure 1.3: Mulder’s chart depicts the relationship between plant nutrients. The lines depicted in 
the figure show whether an element has an interactive relationship or an antagonistic relationship 
to other elements. (Bariya & Ahish, 2014). 

 

1.2  Trastuzumab  

Agrobacterium tumefaciens can be modified to initiate the in planta production of desired 

antibody product such as Trastuzumab, commonly marketed as Herceptin, a drug that helps to 

treat HER2-positive breast cancer. In one of the more common methods of vector transfer, the 

plant is vacuum infiltrated with lab-grown Agrobacteria containing the desired antibody. HER2 

positive breast cancer is an aggressive form of breast cancer when compared to HER2 negative 
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cancers. HER2 positive breast cancers make up between 15 and 20 percent of invasive breast 

cancers (Burstein, 2015). 

The drug Herceptin® works by inhibiting tumor growth. The aggressive and comparatively 

negative prognosis of HER2 positive breast cancers reaffirms the need for more affordable and 

easily accessible medical treatments.  

 
Figure 1.4: A depiction of monoclonal antibodies attach to cancer cells in order to inhibit growth. 
(Cancer Research U.K, n.d.) 
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1.3 Agrobacterium tumefaciens  

 The use of Agrobacterium tumefaciens as a gene delivery system was first discovered in 

the early 1980s (De Block, Herrera-Estrella, Van Montagu, Schell, & Zambryski, 1984). 

Agrobacterium tumefaciens is a soil-borne, Gram negative aerobic chemoorganotrophic 

bacterium with large tumor-inducing plasmids (Ti) that cause the growth of tumors such as 

crown gall (Bevan, 1984;Van Larebeke et al., 1974; Wise, Liu, & Binns, 2006). Agrobacteria 

are a class of phytopathogenic bacteria that can deliver regions of its genome into plant cells  

(Tzfira, Hohn, & Gelvin, 2017). Agrobacterium tumefaciens has been adapted to deliver a 

portion of its DNA into the plant genome for the purpose of reproduction (Hood et al., 1993).  
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Crown Gall tumors have Transfer DNA (T-DNA), “which is homologous with a defined part of 

the Ti plasmid present in the tumor inducing bacterium and is stably integrated into the plant 

genome” (Hoekema, Hirsch, Hooykaas, & Schilperoort, 1983). Modifications to the bacterium 

must be made prior to using it to host the genes encoding proteins of interest for use in plant-

based biopharmaceuticals. The tumour inducing genes within the tumour inducing (Ti) plasmid 

are removed in order to disarm the plasmid. The genes  for the proteins of interest are inserted 

 

Figure 1.5:Diagram depicting the concept of vacuum Agrobacterium infiltration in plants.  
(Garabagi et al., 2016) 
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between the left and right border of the T-DNA. At this point, the T-DNA is re-established in the 

Agrobacteria. (Tzotzos, Head, & Hull, 2009). For this thesis project, PlantForm provided 

trastuzumab expression vector pPFC0058, which contains three genes between the T-DNA left 

and right borders: trastuzumab heavy chain gene, trastuzumab light chain gene and P19 gene. All 

three genes included the double-enhancer Cauliflower Mosaic Virus 35S promoter. 

1.4 Hypothesis and objectives 

One limit to the amount of desired antibody product that can be produced by a plant is based on 

the amount of plant material (biomass) available.  The more plant biomass available to be 

infiltrated, the higher the chances of increased net yield of desired antibody product there will be.  

There are two methods to achieving a higher plant biomass: grow more plants or grow bigger 

plants.  The goals of this research were to  

• investigate environmental and nutritional conditions that could improve plant production, 

and 

•  observe what effect those nutritional conditions have on the Agrobacterium infiltrated 

plants’ ability to produce the desired antibody product Trastuzumab.  

The objective of each of the experiments was to determine if a growing parameter such as pH 

levels, nitrate levels, phosphate levels, and temperature and spacing had any impact on the 

level of plant productivity, and/or the level of protein production in N. benthamiana under 

these environmental conditions.  

HO : Environmental and nutritional treatments applied to N. benthamiana would increase the 

amount of production of plant proteins. 
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HA: Environmental and nutritional treatments applied to N. benthamiana would  not increase the 

amount of production of plant proteins. 

 

2 The effect of nutrient solution pH on growth and antibody 
expression in N. benthamiana 

2.1 Introduction 

Controlled environment plant production systems provide a unique opportunity to 

determine the optimal conditions for the growth of many species of plants. Hydroponic systems 

are an ideal addition to controlled environment research, as studies show that the nutrient 

solution concentration and the growth and morphology of plants are species dependent 

(Wortman, 2015). Furthermore, hydroponic growth of plants offer a unique opportunity to 

finetune both micro and macronutrients to best fit the needs of the plant for optimal growth, and 

to allow for greater control.  

Hydroponic plant production (e.g. Nutrient Film Technique (NFT) has been shown to 

increase yields and allows for greater control over the amounts of macro and micro nutrients 

provided to the plants (Domingues, Takahashi, Camara, & Nixdorf, 2012). The ability of plants 

to grow in a hydroponic system is greatly dependent on the regulation of pH, which determines 

the availability and solubility of nutrients (Lea-Cox, Stutte, Berry, & Wheeler, 1999) (Error! R

eference source not found.).  



 

 

14 

 

 

 

Figure 2.1: The uptake of nutrients found in soil and hydroponic solutions under different pH 
levels 

pH is on a negative logarithmic scale of hydronium ion concentration from 1-14, and is 

the measurement of the concentration of hydrogen ions, which can be translated into basic or 

acidic - or high or low pH - of a solution (Bougiatioti et al., 2016). As the pH of a solution 

becomes more acidic, or more basic, different nutrients will become more or less available for 

plant uptake (Figure 2.1) (Härdtle, Von Oheimb, Friedel, Meyer, & Westphal, 2004). For 

example, in soil, a high pH promotes an increase in availability of calcium (Ca) and magnesium 

(Mg) availability, and a decrease in phosphorus (P), iron (Fe), manganese (Mn), Boron (B), Zinc 

(Zn), and copper (Cu) availability (Peterson, 1982). Thus, attaining the optimal pH of a solution 

may be indicative of the necessary nutrients and concentration for specific plant species.   
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Certain elements, when added to nutrient solution, will cause the solution to be either more 

acidic (lower pH) or more alkaline (higher pH). Some of the nutrients which will cause the 

solution to become more acidic include H2PO4-, SO4--, and NO3-, as these are negatively charged 

anions. Likewise, some nutrients will cause the solution to become more alkaline, such as K+, 

Ca++, and NH4+, as these are positively charged cations (McCauley, Jones, & Jacobsen, 2009). 

This is due to the inverse relationship between the strength of an acid and the inverse relationship 

with its conjugate base. Likewise, nutrients that are available in the solution can cause the pH to 

drift to become higher or lower. Certain elements will react differently to alkaline and acidic 

solutions. For example, it has been shown that certain transition metal elements, including 

copper, iron, and zinc, are less available when the pH of a solution is higher (Zeng et al., 2011). 

HO: Optimizing the pH of a solution will increase plant nutrient uptake and therefore increase the 

production of plant proteins. 

HA: Optimizing the pH of a solution will not increase plant nutrient uptake and therefore increase 

the production of plant proteins. 
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2.2 Materials and Methods 

2.2.1 Plant Material 

Seeds of N. benthamiana, CV KDFX were sown in rockwool cubes (AO 36/40 10/10, 

Grodan, Milton Ontario) contained in standard greenhouse non-draining 1020 plastic trays 

(10.94" W x 21.44" L x 2.44" D from Canadian Hydrogardens) 

Rockwool cubes were subsequently covered lightly with sand (nepheline syenite, Unimin 

Canada Ltd., Blue Mountain, Ontario) with seeds placed on top, and the 1020 tray was then 

covered with a clear plastic humidity dome (2” tall). Seeds were allowed to germinate in a 

growth chamber under cool white fluorescent lighting (F96T12/CW/VHO, OSRAM Sylvania 

Inc., Mississauga, Ontario) with a PPFD of 200 µmol m-2 s-1 at 23°C for 10 days.  

After germination and initial seedling development, 60 rockwool cubes containing seedlings of 

equal size and vigor were transferred directly to 60 larger individual rockwool blocks (Delta 4G 

42/40, Grodan, Milton Ontario) and placed within the hydroponic growing system described 

below.  Prior to use, rockwool blocks were rinsed with deionized water to ensure no residual 

salts or organic contaminants that could affect plant growth were introduced into the nutrient 

system.  During experiments, the troughs and rockwool blocks were covered with black/white 

plastic (Canadian Hydrogardens) to prevent algae growth.  Holes of sufficient size were cut into 

the plastic to allow the tobacco plants to grow. 

2.2.2 Hydroponic growing system 

A nutrient film technique (NFT) hydroponics system, detailed in Figure 2.2, made up of 

five 20-litre buckets containing nutrient solution and 10 NFT troughs were used in the 
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experiment.  Each bucket contained a submersible pump (EcoPlus Eco 396, Hawthorne 

Gardening Co., Vancouver, WA) that fed two troughs in a recirculating NFT nutrient delivery 

system. The troughs, arranged in groups of two, resulting in five separate nutrient delivery 

systems.  Each bucket was randomly assigned a pH treatment level and buckets were labelled 

accordingly.   

  

 
 

Figure 2.2: The nutrient film technique hydroponic set up used for the pH experiment. 
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2.2.3 Environment Conditions 

The hydroponic system with five buckets and 10 troughs was arranged on a 1.8 meter 

bench in a walk-in controlled environment growth room (Constant Temperature Control Limited, 

Aurora, Ontario) with environment control provided by an Argus Titan (Surrey, BC) control 

system.  Lighting was provided by an overhead bank of cool white fluorescent T12 tubes 

(F96T12/CW/VHO, OSRAM Sylvania Inc., Mississauga, Ontario) that could be raised or 

lowered to adjust the photosynthetic photon flux density (PPFD) incident on the canopy. The 

lights were adjusted to provide an average PPFD of 200 µmol m-2 s-1 at the growing surface.  

Light maps for each rep are shown in appendix (7.1.2).  Temperature was maintained at 23°C 

day, 20°C night, humidity at 60%, and CO2 was monitored at approximately 400ppm throughout 

the experiment, but was not controlled.  More details on environment conditions are shown in 

appendix (7.1.1).  

 

2.2.4 pH Treatments  

Twelve plants (six per trough) were used in each of the five pH treatments of  5.0, 5.5, 

6.0, and 6.5 and 7.0.  The nutrient solution was made with deionized (DI) water Plant-Prod 20-8-

20 High Nitrate Fertilizer (Plant Products Inc., St Catharines, Ontario) according to 

manufacturer’s recommendations.  
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Table 2.1: Composition of nutrient solution 

H2PO4 mg/L NO3 mg/L K mg/L 

82.7472±2.74 412.3984±12.69 143.4488±3.45 

Each treatment bucket was filled with 19 litres of nutrient solution that was maintained 

on a daily basis.  The level in the bucket was recorded and maintained with deionized water 

daily. The pH for each treatment was measured and adjusted daily using either 0.5M nitric acid 

to lower the pH level or 0.5M potassium hydroxide to raise it. The amount of chemicals added to 

each treatment were recorded, as was the pH level and EC level before and after each daily 

adjustment. 

The nutrient solution was replaced on a weekly basis after the third week of growth. Samples of 

each nutrient solution (20 mL) were taken at the beginning of each new solution, the day after, 

and each seventh day after that.  Each day, before pH adjustment, buckets were brought back up 

to the original volume using DI water. After pH adjustments, samples were taken. Samples were 

stored in a -200C freezer until batch analyzed by HPLC (Shimadzu, Kyoto, Japan) for phosphate, 

nitrate and potassium.  Plant nutrient uptake for each treatment was calculated by subtracting the 

final ion concentration from the initial for each week of plant growth. 

2.2.5 Infiltration and Harvests 

After a period of approximately five weeks, depending on the schedule of the 

agroinfiltration team, six of the 12 plants from each treatment were vacuum infiltrated with 

Agrobacterium containing pPFC0058 following methods described by (Garabagi, McLean and 
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Hall, 2012). These plants were chosen by labeling the plants that were healthy enough for 

infiltration in each treatment, and then randomly selecting 6 plants out of the labeled population. 

After infiltration, the plants were placed back into the hydroponic system. The nutrient solution 

was reduced to 9.5 litres to account for the decrease in plant numbers and to ensure adequate 

nutrient uptake differentials.  

The six infiltrated plants were grown for an additional seven days and were then harvested. 

Morphological measurements were taken, and the leaf biomass was kept at -80°C until protein 

assays were competed. Both BLitz and Bradford (Bradford, 1976) assays were performed on 

infiltrated plant biomass.  

2.2.6 Agronomic measurements 

At the time of harvest, the width of the plant was taken by measuring the length of the widest 

part of the plant in mm. Height was taken by measuring from the tallest part of the plant to the 

“soil line’, or rockwool line (Figure 2.3). 
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Figure 2.3: A depiction of the width and height points where Nicotiana benthamiana were 
measured for morphological analysis 

 

Leaf area was measured by destructively harvesting the plant and placing the leaves on a leaf 

area meter (LI-3100, LI-COR, Lincoln, NE, USA) in order to determine total leaf area in cm2 for 

each plant.  

2.2.7 Protein Analysis 

To analyze the protein concentration in each sample of infiltrated plant matter, BLitz 

(Tobias, 2019) and Bradford (Bradford, 1976) protein assays were performed. Plants were 

harvested and frozen in a -400C freezer.The samples were then pulled out and blended with PBS 

(phosphate buffer saline). The amount of buffer used was determined by multiplying the weight 

of the plant leaves by three, i.e., 10g of plant leaves would be blended with 30mL of PBS. The 
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homogenate amount, or the amount of the liquified plant leaves and buffer was recorded, and 

1mL of the homogenate was sampled and pipetted into a falcon tube. The homogenate was then 

centrifuged for 30 minutes at 14800 rpm, and the solid plant matter was pushed to the bottom of 

the tube.  

For the blitz and Bradford assays, the liquid homogenate in the falcon tube was used for 

protein assays. The BLitz assay (ForteBio) was performed by setting the biosensor to Protein A 

and running the samples for 15 seconds, using a linear fit model.  

The Bradford was performed by preparing standards using 2mg/ml BSA standard 

(Thermo Fisher Scientific) in concentrations of 0.50, 0.75, 1.0, 1.5 and 2.0 mg/ml. These 

standards are then placed in plates along with the plant samples.  

2.2.8 Statistical Analysis 

This experiment was a randomized complete block design (RCBD) with 5 pH treatments, 

and was each rep was repeated four times, thus providing four replicate data sets. Morphological 

measurements were taken in reps 2, 3 and 4, although weight was taken for all 4 reps. Rep 1 

measurements were not taken as they were strip harvested per PlantForms protocol. Treatment 

7.0 was introduced in rep 2, and therefore all data for treatment 7 was replicated three times. The 

data for potassium uptake (Figure 2.10) in treatment 5.5 is analyzed using 3 reps, as rep 3 was 

not counted due to error. Each treatment was compared using a Tukey’s HSD tests in JMP 

14.0.0. Treatment was a fixed effect, and Rep and Rep*Treatment were random effects. The 

HPLC analysis was performed, and by subtracting the amount of nutrient remaining in a nutrient 

solution from the amount of a nutrient present in the beginning of the same nutrient solution, the 
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amount of each nutrient the plant consumed over time was analyzed.  The data were analyzed 

using a Tukey’s HSD test in JMP 14.0.0, where treatment was a fixed effect, and Rep, and 

Rep*Treatment were random effects.  

2.3 Results  

2.3.1 Plant Productivity 

In terms of morphological differences, there were no differences in plant height between any of 

the treatments (Figure 2.5). 

Treatment 6.0 produced the widest plants, and were significantly different from treatment 7.0 

(p=0.0325), but was not significantly different from other treatments (Figure 2.6).  

Plants from treatment 6.5 had a higher biomass (Figure 2.7) and leaf area than treatment 7.0 

(p=0.0076)  Figure 2.8). 
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Figure 2.4: Height (mm) in N. benthamiana in response to the pH of the nutrient solution used. 
Columns with the same letters do not differ at P>0.05. Error bars are standard error.  
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Figure 2.5: Width (mm) in N. benthamiana in response to the pH of the nutrient solution used. 
Columns with the same letters do not differ at P>0.05.  Error bars are standard error.  
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Figure 2.6: Total fresh weight (g) in N. benthamiana in response to the pH of the nutrient solution 
used. Columns with the same letters do not differ at P>0.05.  Error bars are standard error.  
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Figure 2.7: Leaf area (cm2) in N. benthamiana in response to the pH of the nutrient solution used. 
Columns with the same letters do not differ at P>0.05.  Error bard are standard error.  
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2.3.2 Nutrient uptake 

2.3.2.1 Total N 

 
Figure 2.8: Total N (mM)/plant fresh weight in each pH treatment. Columns with the same letters 
do not differ at P>0.05.  Error bars are standard error. 
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2.3.2.2 Phosphate  

 

Figure 2.9: The uptake of phosphate/plant fresh weight in each pH treatment. Columns with the 
same letters do not differ at P>0.05.  Error bars are standard error. 
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2.3.2.3 Potassium 

 

Figure 2.10: Uptake of potassium/plant fresh weight in each pH treatment. Columns with the same 
letters do not differ at P>0.05.  Error bars are standard error. 
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There were significant differences in IgG (mg/kg) expression in different pH treatments. 

Treatment 7.0 was significantly different from treatment 5.0 (p=0.0195), treatment 5.5 

(p=0.0235), treatment 6.0 (p=0.0294), and treatment 6.5 (p=0.0401). There were no significant 

differences in levels of TSP (mg/kg).  
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Figure 2.11: Immunoglobulin G (mg/kg) expression in N. benthamiana grown under 5 different 
nutrient solution pH levels. Columns with the same letters do not differ at P>0.05.  Error bars are 
standard error of the mean. 
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2.3.3.2 Total soluble protein (mg/kg) 

 
Figure 2.12: The amount of total soluble protein (mg/kg) in N. benthamiana in 5 different pH 
treatments. Columns with the same letters do not differ at P>0.05.  Error bars are standard error. 
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0

200

400

600

800

1000

1200

1400

1600

1

TS
P 

(m
g/

kg
)

5.0 5.5              6.0 6.5                            7.0

a a
a a a



 

 

33 

 

There were no differences in the consumption of phosphate, total nitrogen or potassium 

between treatments. Although variability can be seen in nutrient measurements, this could be due 

to variability in light intensity, which can be seen in light maps for this experiment (Figure 7.6.1-

Figure 7.6.4). This variability in light intensity could contribute to the variability seen in nutrient 

uptake among treatments. Among results for the various pH treatments, there were differences 

noted in levels of IgG (mg/kg). Treatments 5.0-6.5 did not show any significant differences, 

however treatment 7.0 produced significantly less IgG than other pH treatments.  

The optimal pH levels for plants are species dependent (Wortman, 2015). Therefore, 

although pH has an effect on the uptake of nutrients, the optimal pH level for nutrient uptake 

may differ from species to species. Although no differences were found between total nitrogen, 

phosphate and potassium, other nutrients that weren’t observed in this analysis may have been 

more or less available, creating the difference in IgG levels. More experimentation is needed, 

which may include a wider treatment range of pH levels, and changes in micronutrient treatment 

levels. Referring back to Figure 2.1, other micronutrients are less available at more alkaline pH 

levels, including manganese, boron, zinc and copper. These nutrients play an important role in 

plant protein production and plant growth and morphology. Boron is an important constituents in 

amino acid mechanisms, which are the building blocks of proteins, as well as playing an 

important role in protein synthesis (Uluisik et al., 2011). Manganese is important in the 

production of photosynthetic proteins (Millaleo, Reyes-Díaz, Ivanov, Mora, & Alberdi, 2010). 

Additionally, zinc plays an important role in the transcription factors of DNA binding, as well as 

protein interactions, also known as the “zinc finger” (Cabot et al., 2019). Due to the fact that 

these nutrients play such an integral role in plant protein production and plant morphology, 
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coupled with the fact that the availability for nutrient uptake is impacted by pH levels may 

contribute to the differences seen in IgG protein production. Additional research could include 

reporting levels of micronutrients in alkaline pH levels in relation to pH treatments and protein 

production. All treatments had no IgG differences with the exception of treatment 7.0, which 

also differed in weight and width from other treatments. According to Palma et al, protein 

degradation can take place in plants when under oxidative stress, therefore a pH of 7 may 

produce less IgG due to plant stress under alkaline conditions than are suitable for the plant. 

(Palma et al., 2002). This hypothesis would benefit from additional research and 

experimentation.  
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3 The effect of nitrate availability on growth and antibody 
expression in N. benthamiana 

3.1 Introduction  

Environmental factors have a clear impact on the growth and protein expression of plants 

(Fujiuchi, Matoba, & Matsuda, 2016). Although there are studies exploring the impact of 

treatments before and after agroinfiltration, including treatments involving nutrient availability 

such as nitrate on N. benthamiana (Fujiuchi et al., 2016), there is a need for further research on 

environmental parameters concerning growth and protein expression, specifically related to 

nutrient availability and uptake. Nitrogen is an important element in many fundamental plant 

functions (Figure 3.1) (Novia & Loomis, 1981). It is an essential component in proteins, nucleic 

acids and chlorophyll. Proteins are fundamental for many plant functions and are found in both 

cytoplasm and membrane structures, where they act as transporters. Therefore, proteins play 

integral roles in  the uptake of essential nutrients, such as potassium (K) and phosphorus (P) 

(Leghari et al., 2016). Nucleic acids constitute genetic material. Chlorophyll is essential for 

photosynthesis, the process on which all plant function depends. 
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Figure 3.1: A chart depicting nitrogen uptake and reduction on the production of proteins.  (Novia 
& Loomis, 1981) 

 

There have been promising results, suggesting that higher levels of nitrate in a nutrient 

solution can lead to higher protein expression. However, these studies also emphasize the need 

for further research into nutrient composition effects (Fujiuchi, Matsuda, Matoba, & Fujiwara, 

2014). These authors also indicate the importance of growth conditions on plants that are used in 

biopharming, explaining that nitrogen is an important element in the process of protein 

biosynthesis. Indeed, they found that high nitrate fertilizer was found to increase soluble N, 

thereby increasing TSP yield (Fujiuchi et al., 2014). 
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The initial uptake of nitrogen into a plant occurs across the plasma membrane of epidermal and 

cortical cells of plant roots. Subsequent transport can occur across the tonoplast membrane into 

the vacuole (Crawford, 1995). There are two ways in which membrane transport can take place, 

passive and active. Passive transport depends on the permeability of the membrane to the ion 

species in question as it occurs via diffusion along electrochemical gradients and without 

involvement of metabolic energy, while active transport expends energy (ATP) in order to 

overcome adverse electrochemical gradients (Novia & Loomis, 1981).   

Nitrate (NO3-) is the most commonly used form of nitrogen in plant fertilizers. Ammonium 

(NH4+) is another form of nitrogen that can be absorbed by plants; however, it can be toxic to 

plants in more substantial doses (Borgognone et al., 2013). Plants can take up NO-3 in larger 

quantities, however it is easier for plants to absorb NH4+. Because of its toxicity at elevated 

levels, it is rarely ever used as a sole source of nitrogen (Armando Hernández-Pérez et al., 2014). 

After entering the plant cell, nitrate is transformed into nitrite through the nitrate reduction 

process, and additionally to ammonium through the nitrite reduction process (Kant, Bi, & 

Rothstein, 2011).  

HO: Increasing the concentration of nitrate fertilizer will increase production of plant proteins. 

HA: Nitrate fertilizer level has no effect on production of plant proteins 

 The following experiments were designed to determine the relationship between nitrate levels 

and morphological traits, productivity and protein production, as well as to observe the 
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relationship between different nitrate treatments, and the levels at which phosphate and 

potassium are consumed by plants.  

3.2  Materials and Methods  

3.2.1 Plant material, hydroponic growing system and environment 

Plant seeds, growth media, horticultural equipment and any reagents used in these methods were 

as described in Section 2.2.1-2.2.3 of Chapter 2, however seeds in this experiment were 

germinated for 13 days. 

3.2.2 Nitrate Treatments 

Twelve plants (six per trough) were used in each of the five nitrate treatments of 

1.875mM, 3.75mM. 7.5mM, 15mM, and 30mM.  The nutrient solution for each treatment is 

shown in Table 3.1.  Each treatment bucket was filled with 19 litres of nutrient solution that was 

maintained on a daily basis.  The level in the bucket was recorded and maintained with deionized 

water daily. The pH for each treatment was measured and adjusted daily to 5.5 using either 0.5M 

phosphoric acid to lower the pH level or 0.5M potassium hydroxide to raise it. The amount of 

chemical added to each treatment was recorded, as was the pH level and EC level before and 

after each daily adjustment. 

The nutrient solution was replaced on a weekly basis after the third week of growth.  Samples of 

each nutrient solution (20 mL) were taken at the beginning of each new solution, the day after, 

and each seventh day after that. Additionally, samples were taken before a solution change, and 

after.  Samples were stored and batch analyzed by HPLC for phosphate, nitrate and potassium.  
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Plant nutrient uptake for each treatment was calculated by subtracting the final ion concentration 

from the initial for each week of plant growth. 

Table 3.1: Nutrient solution composition for the nitrogen experiment. Five levels of nitrate are 
shown. Note that treatments 7.5mM, 15mM, and 30mM, the concentrations of calcium chloride and 
potassium chloride are note balanced in order to account for excess chloride.  

 

 

MACRONUTRIENTS 

FORMULA F.W g/L 
Stock 

Concentration 

For 20L 

1.875mM 

NO3 

For 20L 

3.75nM 

NO3 

For 20L 

7.5mM 
NO3 

For 20L 

15mM 

NO3 

For 20L 

30mM 

NO3 

1. FE-
SOLUTION (FE 

DTPA) 
10% Fe 15.38 68.8mM 1.54g 1.54g 1.54g 1.544g 1.54g 

2. KH2PO4 54.44g 54.44 1M 10 10 10 10 10 

3. KNO3 40.44 g 40.44 1M 12.5 25 50 100 200 

4. MGSO4 * 
7H2O 98.59g 98.59 1M 20 20 20 20 20 

5. MIXED 
MICROS (SEE 
PART 1 AND 

PART 2 
BELOW) 

 see 
below Varies 20 20 20 20 20 

6. CA(NO3)2 * 
4H2O 94.44 g 94.44 1M 12.5 25 50 100 200 

7 KCL 29.82g 29.82 1M 37.5 25 - - - 

8. CACL * 2H2O 
147.02 

(58.81) 

147.2 

(58.88) 
1M 37.5 25 - - - 

9. WATER    19.8 L 19.8 L 19.8 L 19.7 L 19.6 L 
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MIXED 
MICRONUTRIENTS 

(For #5 in Recipe Above) 

Nutrient F.W. g/500 ml Stock  
Concentration SEPARATE MICRONUTRIENT 

STOCK SOLUTIONS 

 
Weigh out amts in highlighted column 
into individual 500 ml bottles and add 
500 mL deionized water 

H3BO3 24.73g 5.88 0.182M 

MnCl2 * 4H2O 79.16g 14.64 0.148M 

ZnSO4 * 7H2O 115.02g 3.68 0.026M 

CuSO4 * 5H2O 99.87g 2.6 0.021M 

(NH4)6Mo7O24 * 2H2O 494.34 0.04 0.404mM 

PART 2 - Prepare Mixed Micro Solution by Combining MicroStocks in Part 1 into 8L Carboy 

Nutrient 
Separate Stock 

Concentration 

mls for 

8L carboy 
Final 

Concentration 

Measure amts in highlighted column 
from the individual micro bottles above. 

 
Mix all in a single 8 L Carboy 

 
Bring to 8 L with 7440 mL of deionized 
water 

H3BO3 0.182M 48 2.85mM 

MnCl2 * 4H2O 0.148 M 64 2.96mM 

ZnSO4 * 7H2O 0.026M 48 0.38mM 

CuSO4 * 5H2O 0.021M 32 0.208mM 

(NH4)6Mo7O24 * 2H2O .404mM 

 

32 0.004mM 

3.2.3 Harvests, protein analysis and statistical analysis. 

The method of harvesting, protein analysis and statistical analysis used in these methods 

were as described in Section 2.2.5-2.2.8 of Chapter 2. The data reflected in phosphorous uptake 

is collected over 3 reps (Figure 3.7), and the data reflected in potassium uptake in treatment 

30mM is collected over 3 reps (Figure 3.8).  
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3.3 Results  

3.3.1 Plant Morphology and Productivity 

The total height varied under different nitrate levels (Figure 3.2). The 30mM nitrate treatment 

produced the shortest plants, which were significantly different from plants of the 15mM nitrate 

treatment. Treatment 3.75, 7.5 and 15 mM produced the tallest plants. 1.875mM was 

significantly different from 15mM (p=0.0187), 15mM was significantly different from 30mM 

(p=0.0011), 3.75mM was significantly different from 30mM (p=0.0055) and 30mM was 

significantly difference from 7.5mM (p=0.136).  

There were significant differences in plant width (Figure 3.3) among different nitrogen 

treatments. Width measurements for the 30mM nitrate treatment were significantly different than 

for treatments involving 3.75mM and 7.5mM nitrate. All other treatments did not differ. 

Treatment 3.75mM was significantly different from 30mM (p=0.0081) and treatment 30mM was 

different from treatment 7.5mM (p=0.0204). 

There were significant differences in weight (g) due to the nitrate treatments (Figure 3.4). The 

30mM nitrate treatment resulted in plants with the lowest fresh weight (g). Treatment 30mM was 

not significantly different from treatment 1.875mM. Treatments 3.75mM, 7.5mM and 15mM 

were not significantly different. Treatment 1.875mM was significantly different from treatment 

15mM (p=0.0392), treatment 15mM was significantly different from treatment 30mM 

(p=0.0073), treatment 3.75 was significantly different from treatment 30mM (p=0.0340), and 

treatment 30mM was significantly different from treatment 7.5mM (p=0.0221). 
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Leaf area differed among nitrate treatments (Figure 3.5). Treatments covering 3.75mM to 15mM 

nitrate were not significantly different from each other and produced the highest leaf area. 

Treatment with 30mM nitrate produced the least leaf area and was not significantly different 

from treatment with 1.875mM nitrate. Treatment 15mM was significantly different from 

treatment 30mM (p=0.109), treatment 3.75mM was significantly different from treatment 30mM 

(p=0.0132) and treatment 30mM was significantly different from treatment 7.5mM (p=0.0151) 

 

 

 

 
Figure 3.2: The height (mm) in 5 different levels of nitrate treatments. Treatments with the same 
letters do not denote a significant difference at p>0.05. . Error bars are +/- SEM  
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Figure 3.3: The crown diameter (mm) in N. benthamiana in 5 different treatments of nitrate. 
Treatments with the same letters do not denote a significant difference at p>0.05. Error bars are 
standard error. 

 
Figure 3.4: The fresh weight (g) of N. benthamiana in 5 different nitrate treatments. Letters with the 
same letters do not denote a significant difference at p>0.05. . Error bars are +/- SEM 
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Figure 3.5: Leaf area (cm2) in 5 different levels of nitrate. Treatments with the same letters do not 
denote a significant difference at p>0.05. Error bars are +/- SEM 

 

3.3.2 Nutrient uptake 

There were significant differences in the amount of NO-3 consumed over time. (Figure 3.6). 

Treatment 1.875mM, 3.75mM, 7.5mM and 15mM were all significantly different from treatment 

30mM (p=0.0003, 0.0003, 0.0034, and 0.0220 respectively) but were not significantly different 

from one another. 

There were no significant differences in the amount of P that is taken up by the plants under any 

treatments.  
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Treatment 3.75mM was significantly different from treatment 30mM (p=0.0045), treatment 

7.5mM was significantly different from treatment 30mM (p=0.0089) and treatment 15mM was 

significantly different from treatment from treatment 30mM (p=0.0252). 

 

3.3.2.1 Total N 

 

Figure 3.6: The amount of total N mM/plant fresh weight consumed by plants in each treatment. 
Columns with the same letters do not differ at P>0.05.  Error bars are +/- SEM. 
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3.3.2.2 Phosphate 

 

Figure 3.7: The amount of P (mM)/plant fresh weight consumed by plants in each treatment. 
Columns with the same letters do not differ at P>0.05.  Error bars are standard error. 
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3.3.2.3 Potassium 

 

Figure 3.8: The amount of K (mM)/ plant fresh weight consumed by plants in each treatment. 
Columns with the same letters do not differ at P>0.05. Error bars are +/- SEM. 

 

 

3.3.3 Desired antibody production results 

3.3.3.1 Immunoglobulin G (IgG)  
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Figure 3.9: Immunoglobulin G expression (mg/kg) in 5 different levels of nitrate treatments. The 
same letters do not denote a significant difference at p<0.05. Error bars are standard error. 

3.3.3.2 Total Soluble Protein (TSP mg/kg) 

There were differences in the production of TSP (mg/kg) between different levels of nitrate 

(Figure 3.10). Total soluble protein production showed significant differences between 

treatments, with 1.875 producing significantly less TSP than treatment 30mM (p=0.0345). 
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Figure 3.10: The amount of TSP (mg/kg) in 5 different nitrate treatments. Treatments with the same 
letters do not denote a significant difference at p>0.05. Error bars are standard error. 

3.4 Conclusion 

Nitrogen is a vital nutrient for plant growth. Nitrogen in the form of nitrates have been shown to 

increase early plant growth, are essential in the creation of amino acids, and have been found to 

increase the amount of protein in leafy greens (Leghari. et al.2016). Amino acids are the building 

blocks of proteins, therefore a Hoagland solution which may increase the potential for the 

production of amino acids may in in turn increase the potential for increased plant protein 

production, and increased IgG production. Furthermore, levels of nitrate have also been found to 

impact the ability to uptake other nutrients, as seen in Figure 1.6.  

The nutrient uptake analysis Figure 3.6-Figure 3.8 showed that there were significant differences 

in  N and K uptake between treatments. Treatment 30mM consumed the most N, whereas 
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many important roles in plant morphology and plant function. For example, potassium is 

involved with the activation of enzymes in the plant, which directly effects plant protein 

production. Furthermore, potassium is also linked to the transport of N to protein production 

sites, increasing its significance in the role of protein production as a conduit for other necessary 

macronutrients to produce plant proteins (Blevins, 2015). Plants grown under treatment 30mM 

consumed the most N than any other treatments, although K consumption was not significantly 

different from treatment 1.875mM.  

Varying levels of nitrate in N. benthamiana showed no significant differences in the production 

of IgG protein (mg/kg), however there were differences in TSP (mg/kg) production, with 

treatment 30mM producing significantly more TSP than treatment 1.875mM. 

In plant morphological traits there were significant differences in every morphological 

measurement taken; height, width, weight, leaf area. Treatment 15mM produced taller plants 

than treatments 30mM and 1.875 mM. Again, treatment 15mM produced the widest plants when 

compared to treatment 30mM. In terms of plant fresh weight, treatment 15mM produced the 

highest biomass compared to treatments 30mM and 1.875mM. Finally, Treatment 15mM 

produced more leaf area than treatment 30mM.  

In a study by Chen et al., (2004) morphological differences were also found in rape, cabbage and 

spinach, citing that both the treatment with the highest levels of nitrate and the treatment with no 

nitrate  produced the plants with the least fresh weights. This is reflected in these results, where 

we see that treatment 30mM, the highest N treatment seemed to have a limiting effect on plant 
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morphology. Likewise, treatment 1.875mM, the lowest N treatment also had a limiting effect on 

plant growth, where treatment 15mM did not. 

Given these results one can conclude that an optimal level of nitrate would fall between 3.75mM 

and 15mM, as these treatments produced the plants with the highest biomass, as well as 

producing TSP (mg/kg) levels that were not significantly different from the highest performing 

treatments.  
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4 The effect of phosphate availability on growth and 
antibody expression in N. benthamiana  

Phosphate, the ionic and biologically active form of phosphorus, is a key element in many 

aspects of plant growth and metabolism. It contributes to important functions, such as 

photosynthesis, enzyme regulation, respiration (Raghothama & Karthikeyan, 2005), macro-

molecular biosynthesis, respiration, energy transport and signal transduction (Shenoy & 

Kalagudi, 2005). Phosphorus is an  integral component of phospholipids, is important in 

membrane structure and function. Phosphorylation and dephosphorylation of proteins are crucial 

for signal transduction pathways in plants, and phosphate homeostasis in the chloroplast 

regulates the transport of phosphorylated sugars across the membrane and synthesis of starch 

(Raghothama & Karthikeyan, 2005). Phosphate also plays roles in nucleic acid synthesis, redox 

reactions, glycolysis, nitrogen fixation, enzyme activation and inactivation and signaling (Vance, 

Uhde-Stone, & Allan, 2003). Phosphate serves as an energy courier for use in plants, according 

to De Marco & Phan, 2003, who state that hydroponic growth conditions allow the opportunity 

to efficiently grow plants with predetermined amounts of phosphate, a difficult task when 

compared to soil.  

According to Salisbury and Ross (1992), phosphorus deficiencies can often cause delayed 

maturity in comparison to plants which have an abundant amount of phosphorus. There are many 

studies which investigate the effects of phosphate in plants, and the effects of phosphate 

deficiency are plant specific (Kondracka & Rychter, 1997), although a common result is stunted 

plant growth (Sachay, Wallace, & Johns, 1991). George et al, 2005, points out, that due to a 

generally limited availability of available phosphorus in soils, plants have evolved many 



 

 

53 

 

strategies to increase the potential of absorbing and retaining phosphorus. Due to the fact that 

many plants have evolved to optimize phosphorus uptake, increased levels of phosphate may or 

may not increase the growth or growth rate of specific plant species.   

HO: Increasing the concentration of phosphate fertilizer will increase production of plant proteins 

HA: Phosphate fertilizer level has no effect on production of plant proteins 

4.1 Materials and Methods 

 
4.1.1 Plant material, hydroponic growing system and environment. 

Plant seeds, growth media, horticultural equipment and any reagents used in these methods were 

as described in Section 2.2.1-2.2.3 of Chapter 2, however seeds in this experiment were 

germinated for 14 days, and three reps were analyzed.  

4.1.2 Phosphate Treatments 

Twelve plants (six per trough) were used in each of the five phosphate treatments of 

0.31mM, 0.63mM, 1.25mM, 1.88mM and 2.50mM.  Treatments were adapted from the 

paper Effects of Phosphorus on Morphology and Foliar Nutrient Concentrations of 

Hydroponically Grown Scaevola aemula R. Br. ‘Whirlwind Blue’ (Burnett, Zhang, Hall, & 

Stack, 2008), however treatment “0mg/L” were replaced with 10mg/L, or, 0.31mM to ensure that 

all treatments could be infiltrated. The nutrient solution for each treatment is shown in Table 4.1.  

Each treatment bucket was filled with 20 litres of nutrient solution and was maintained on a daily 

basis.  The level in the bucket was recorded and maintained with deionized water daily. The pH 

for each treatment was measured and adjusted to 5.5 daily using 0.5M nitric acid  to lower the 
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pH level, and 0.5M potassium hydroxide to raise it. The amount of chemical added to each 

treatment was recorded, as was the pH level and EC level before and after each daily adjustment. 

The nutrient solution was replaced on a weekly basis after the third week of growth.  Samples of 

each nutrient solution (20 mL) were taken at the beginning of each solution change, the day after, 

and each seventh day after that. Samples were stored at -80°C and batch analyzed by HPLC 

(Shimadzu, Kyoto, Japan) for phosphate, nitrate and potassium.  Plant nutrient uptake for each 

treatment was calculated by subtracting the final ion concentration from the initial for each week 

of plant growth. 

Table 4.1: Nutrient solution composition for the phosphate experiment. Five levels of phosphate 
are shown 

Macro Nutrients 

Formula F.W g/L 
Stock 

Concentration 

For 20L 

0.31mM 

 

For 20L 

0.63mM 

 
For 20L 
1.25mM 

For 20L 

1.88mM 

 

For 20L 

2.50mM 

 
1. Fe-

Solution 
(Fe DTPA) 10% Fe 15.38 68.8mM 1.54g 1.54g 1.54g 1.54g 1.54g 

3. KNO3 101.1g 101.1 1M 50 50 50 50 50 
4. MgSO4 

* 7H2O 246.48g 246.48 1M 20 20 20 20 20 
5. Mixed 
Micros 

(See Part 
1 and 
Part 2 
Below)  

see 
below Varies 20 20 20 20 20 

6. 
Ca(NO3)2 
* 4H2O 236.1g 236.1 1M 50 50 50 50 50 
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NH4H2PO4 115.03 115.03 1M 6.3 12.5 25 37.5 50 

NH4CL 53.491 53.491 1M 50 37.5 25 12.5 0 

7 KCl 74.55 74.55 1M 25 25 25 25 25 

9. WATER    19.7137 19.72L 19.72 L 19.7 L 19.72 L 
MIXED 

micronutrients (For #5 in Recipe Above) 

Nutrient F.W. g/500 ml Stock  
Concentration 

SEPARATE MICRONUTRIENT 
STOCK SOLUTIONS 

 

Weigh out amts in highlighted 
column into individual 500 ml 

bottles and add 500 mL 
deionized water 

H3BO3 24.73g 5.88 0.182M 
MnCl2 * 4H2O 79.16g 14.64 0.148M 
ZnSO4 * 7H2O 115.02g 3.68 0.026M 
CuSO4 * 5H2O 99.87g 2.6 0.021M 

(NH4)6Mo7O24 * 
2H2O 

494.34 0.04 0.404mM 
PART 2 - Prepare Mixed Micro Solution by Combining MicroStocks in Part 1 into 8L Carboy 

Nutrient 
Separate 

Stock 

Concentration 

mls for 

8L carboy 

Final 
Concentration 

Measure amts in highlighted 
column from the individual 

micro bottles above. 

 

Mix all in a single 8 L Carboy 

 

Bring to 8 L with 7440 mL of 
deionized water 

H3BO3 0.182M 48 2.85mM 
MnCl2 * 4H2O 0.148 M 64 2.96mM 
ZnSO4 * 7H2O 0.026M 48 0.38mM 
CuSO4 * 5H2O 0.021M 32 0.208mM 

(NH4)6Mo7O24 * 
2H2O 

.404mM 

 

32 0.004mM 

 

4.1.3 Harvests, protein analysis and statistical analysis. 

The method of harvesting, protein analysis and statistical analysis used in these methods were as 

described in Section 2.2.5-2.2.8 of Chapter 2. All data is collected over 3 reps, plants were 

harvested after 6 weeks. 

4.2 Results  
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4.2.1 Plant Morphology and Productivity  

There were no significant differences in plant height (Figure 4.1), width (Figure 4.2), fresh 

weight  (Figure 4.3), or leaf area (Figure 4.4) between any of the phosphate treatments. These 

results suggested that the phosphate concentration in the plant nutrient solution within the range 

tested in this experiment did not have an influence on morphological growth of N. benthamiana. 

 

Figure 4.1: Plant height (mm) in N. benthamiana under 5 different phosphate treatments. 
Treatments followed by the same letters do not denote a significant difference at p>0.05. Error bar 
are standard error. 
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Figure 4.2. Plant width (mm) in N. benthamiana under 5 different phosphate treatments. 
Treatments followed by the same letters do not denote a significant difference at p>0.05. Error 
bars are standard error. 
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Figure 4.3: Weight (g) in N. benthamiana under 5 different phosphate treatments. Treatments 
followed by the same letters do not denote a significant difference at p>0.05. Error bars are 
standard error. 
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Figure 4.4: Leaf area (cm2) in N. benthamiana under 5 different phosphate treatments. Treatments 
followed by the same letters do not denote a significant difference at p>0.05. Error bars are 
standard error. 

 

4.2.2 Nutrient uptake 
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Figure 4.5: Total N (mM)/plant fresh weight in different P treatments. Columns with the same 
letters do not differ at P>0.05.  Error bars are standard error. 

 

4.2.2.2 Phosphate 

There were significant differences in the levels of P consumed by plants in different treatments 

of phosphate (Figure 4.6). Treatment 0.31mM was significantly different from treatment 

1.88mM (p=0.0254) and 2.50mM (p=0.0019). Treatment 0.63mM was significantly different 

from treatment 2.50mM (p=0.0044) and treatment 1.25mM was significantly different from 

treatment 2.50mM (p=0.0333). 
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Figure 4.6: Amount of P(mM)/plant fresh weight uptake in different P treatments. Columns with the 
same letters do not differ at P>0.05.  Error bars are standard error. 

 

4.2.2.3 Potassium 
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Figure 4.7: Uptake of K(mM)/plant fresh weight in different P treatments. Columns with the same 
letters do not differ at P>0.05.  Error bars are standard error. 

 

 

4.2.3 Protein expression 

There were no significant differences in IgG (mg/kg) production (Figure 4.8), however there 

were differences in TSP (mg/kg) production (Figure 4.9). 
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Figure 4.8: Immunoglobulin G expression (mg/kg) in N. benthamiana under 5 different levels of 
phosphate. The same letters do not denote a difference at p<0.05. Error bars are standard error. 

4.2.3.2 Total Soluble Protein (TSP mg/kg) 

Treatment 0.31mM was significantly different from treatment 1.25mM (p=0.0394).  
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Figure 4.9: Total soluble protein (mg/kg) expression in N. benthamiana under 5 different levels of 
phosphate. The same letters do not denote a difference at p<0.05. Error bars are standard error. 

4.3 Conclusion 

There were significant differences in the levels of phosphate consumed by plants. However, N 

and K+ showed no differences in uptake between treatments. Phosphate is a key element in many 

plant functions, impacting plant morphological development, as well as contributing to necessary 

plant systems. Phosphate is a constituent of many high energy containing compounds, for 

example, ATP, GTP, UTP, and CTP (Hasanuzzaman, Fujita, Oku, Nahar, & Hawrylak-Nowak, 

2018). In being a constituent of such important high energy compounds, phosphate also plays a 

role in many plant functions which require these high energy compounds in order to complete 

their functions. Furthermore, phosphate is also part of DNA and RNA, which is necessary for the 

production of proteins (Hasanuzzaman et al., 2018). With phosphate playing such an essential 

role in many plant functions that relate to protein production, an experiment which tested the 
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impacts of different phosphate treatments on protein production for plants used in 

biopharmaceuticals may aid in determining an optimal Hoagland solution for use in this field.  

Referring back to the results, treatment 0.31mM and treatment 1.25mM different in their 

production of TSP, with treatment 0.31mM producing more TSP than treatment 1.25mM, all 

other treatments did not produce significant differences. Any variability in the production of total 

soluble protein may be an affect of light intensity variation, which can be seen in the light maps 

for this experiment (Figure 7.6.8-Figure 7.6.10).  

Although there were no differences in the production of IgG protein and no differences in 

morphological growth between any of the treatments, there were differences in TSP between 

treatments. Therefore, moving forward, a treatment of 0.31mM would be an optimal phosphate 

treatment. This is not only due to the fact that it produced more TSP than treatment 30mM, and 

was not significantly different from other phosphate treatments in the production of protein, but 

is also advantageous in that less phosphate would result in less cost without sacrificing plant 

productivity.  

Further experimentation that tests phosphate treatments at lower concentrations than are utilized 

in this experimentation would contribute to the understanding of minimum requirements of 

phosphate for use in biopharmaceutical plants.  
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5 The effect of temperature and plant spacing on the growth 
of N. benthamiana 

As vertical farming becomes a more appealing arrangement for the maximization of space in 

growing facilities, spacing and temperature become an important research question. Each plant 

species has a temperature range that includes a minimum temperature plants can be grown at, as 

well as a maximum, and an optimum which produces the best results (Hatfield and Prueger. 

2015.) Furthermore, according to Leitch and Sahi, “plant growth and development is directly 

influenced by the space available to plants” (1999). Therefore, an optimal treatment of spacing 

must also be established for specific plant species.   

Plant density is an important factor when considering the growth rate and yield of plant biomass. 

According to Sangoi, 2001, equidistant row spacing facilitates an environment where plants do 

not need to compete for light or nutrients, suggesting that plant spacing and density are limiting 

factors in plant growth. Spacing can also affect morphological development, partially due to the 

development of the canopy as a whole. As plant leaves grow in crowded spacing environments, 

they block out light on neighboring plants.  According to Naghdi Badi et al, 2004, the highest 

yield of thyme was in a crowded spacing environment.  

Many important plant functions are affected by varying temperatures, such as photosynthetic 

carbon assimilation and plant growth rate (Labate & Leegood, 1988). According to Pastenes & 

Horton, 1996, increased temperatures can affect the structure of thylakoids in plants and thus 

photosynthesis. Additionally, increased temperatures can influence photorespiration (Pastenes & 

Horton, 1996).  
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Although it has been concluded that many environmental factors influence the growth and 

morphology of plants, it has also been established that many of these factors are species specific, 

and the preferred growth methods for plant species also depend on the intended goal of the 

research or commercial objectives. 

HO : Temperature and reduced plant spacing are positively correlated with plant biomass 

accumulation and morphological traits. 

HA: Temperature and reduced plant spacing are not positively correlated with plant biomass 

accumulation and morphological traits. 

More plant biomass should translate into a higher potential for protein production, therefore 

morphological traits and plant growth under different temperature and spacing treatments may 

give valuable insight into the potential for protein production in such conditions.  
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Materials and Methods  

 
5.1.1 Plant material 

Seeds of tobacco (N. benthamiana, CV KDFX) were sown in Sunshine® Mix #4 

(Peat/Perlite) (Agawam, MA. America.) contained in 200 x 1.5 seeding grid tray and placed in a 

standard greenhouse non-draining 1020 plastic trays filled with nutrient solution. Seedling trays 

were then removed from the 1020 trays and placed inside of 1020 black trays with drain holes. 

The 1020 black trays were then placed inside of a 54.6cm x 27.9cm black web tray, and then 

covered with a clear plastic humidity dome (2” tall). 

 

After germination, forty-seven (47) 3.5” square pots were filled with Sunshine® Mix #4 

(Peat/Perlite) (Agawam, MA. America). Plants of similar size and vigor were transplanted to 29 

square pots, which were comprised of the spacing treatments 18, 9 and 2 plants per tray. For the 

36 plant spacing treatment, two seedlings were transplanted into one pot, using 18 pots total.  

 

 

5.1.2 Watering 

Nutrient solution (150 litres) comprised of deionized water and 125g of Plant-Prod-20-8-

20 High nitrate Fertilizer (Brampton, Ontario.) was prepared for each growth chamber’s 

hydroponic system.  
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The pH was automatically adjusted to 6.0 using 0.5M nitric acid to lower the pH or 0.5M 

potassium hydroxide to raise it. Each hypobaric chamber was equipped with a single ebb and 

flow table. The table was flooded daily, and the plants were left to sit for 20 minutes before the 

remaining water was drained back into the hypobaric chamber nutrient tank. 

 

Figure 5.1: Guaranteed analysis of Plant-Prod’s 20-8-20 high nitrate fertilizer (Plant-Prod, n.d.)  

5.1.3 Environment 

All plants were grown under a 20 hour photoperiod, 180 – 220 µmol m-2 s-1 under HPS 

lighting and 1200 ppm CO2. The vapour pressure deficit (VPD) was maintained at 1.0+/- 0.2 kPa 

(equivalent to approximately 60% RH).  The temperature treatments were 20, 23, 26 and 29°C 

isothermal, and plant spacings treatments were 2, 9, 18 and 36 plants per tray. Experiments were 
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performed in four sealed growth chambers. Spacing and temperature treatments were conducted 

concurrently, and all treatments were randomized within each of the four replicates.  

 

5.1.4 Treatments 

Each chamber has an internal volume of 4.5 m3. There were four temperature treatments 

of 20, 23, 26 and 29°C. Additionally, there were four spacing treatments of 2, 9, 18, and 36 

plants per tray. Replications of each combination of spacing and temperatures are shown in 

Table 5.1.  

 
Table 5.1: The spacing and temperature treatment combinations per rep.  

 
 

 

Chamber 2 Chamber 3 Chamber 4 Chamber 5

Rep 1

Rep 2

Rep 3

Rep 4

23oC

23oC

23oC

23oC20oC

20oC

20oC

20oC29oC

29oC

29oC

29oC26oC

26oC

26oC

26oC
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5.1.5 Harvests 

After 5 weeks, plants were destructively harvested and morphological measurements 

were taken. Height was taken by measuring the plant from the soil line to the highest point of the 

plant. Width was taken by measuring the widest part of the plant. Fresh weight was measured by 

cutting the plant at the soil line and placing it on a scale (Sartorius, Gottingen, Germany) 

measured in grams. The leaves of the plant were then destructively harvested from the plant by 

removing the leaf at the petiole-blade junction, and fed through a leaf area meter (LI-3100, LI-

COR, Lincoln, NE, USA) measured in cm2. Finally, the entire plant was placed in a paper bag, 

and placed in a heating room until dry. The dried plant was removed and measured on the same 

scale in grams.  

5.1.6 Statistical analysis 

The experiment was a split block design with 4 spacing treatments and 4 temperature 

treatments, replicated over time. The block and block x spacing were treated as random effects. 

A Tukey’s HSD multiple comparisons test was completed in JMP 14.0.0.  
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5.2 Results and Discussion 

5.2.1 Height 

There were significant differences in temperature and spacing interactive effects on plant height 

(Figure 5.3). There was little differences in height among spacings within temperature treatments 

20 oC, and 23 oC. However, there were differences in spacing treatments within temperature 

treatments 26 oC and 29 oC. The more dense plant spacing treatments, treatments 18 and 36, 

produced the tallest plants. 

The temperature and spacing treatment that yielded the tallest plants can be seen in Figure 

5.3. According to Berghage (1998), the node number is directly related to temperature, 

specifying that although the optimal temperature for node development is species dependent, the 

temperature range in which most plants develop the most nodes is between 22oC-30 oC. (1998). 

The results of this experiment reflected these results, as the only temperature treatment in which 

each spacing treatment resulted in the shortest plants, was 20oC, whereas other spacing and 

temperature treatments depended on the combination of each treatment.  
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Figure 5.2: Height (mm) in several treatments of temperature and spacing interaction. 

 

5.2.2 Width 

There were significant differences in the width of plants under different temperature and spacing 

treatments (Figure 5.4). Generally, plants with less dense spacing treatments produced the widest 

plants. 

The temperature and spacing treatment that yielded the largest crown diameter were 23oC 

with spacing treatments 2 and 9, 26oC with spacing treatments 2, 9 and eighteen, and 29oC with 
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spacing treatments 2 and eighteen. (Figure 5.4). The temperature and spacing treatments that 

yielded the thinnest plants were 20oC/36 and 20oC/18. According to Reddy, Hodges and 

McKinion (1997), both relative leaf expansion rate, and relative internode elongation rate 

increased with increasing temperature. Although there are spacing and temperature interactions 

to be considered, the lowest planting density treatments produced the widest plants at the highest 

temperatures. Motsenbocker  (1996) describes spacing effects on pepperoncini peppers, stating 

that plant diameter increased with plant spacing.  In this study on N. benthamiana, this was 

confirmed except when the air temperature was 26 C or higher when plant width found the 

largest crown diameter at an intermediate density (18 plants/tray). However, many growth 

parameters are species dependent, and can therefore differ from plant species to plant species.  
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Figure 5.3: Width (mm) in several treatments of temperature and spacing interaction. 

 

5.2.3 Fresh Weight 

There were significant differences in the fresh weight among spacing treatments within 

temperature treatments (Figure 5.5). Generally, spacing treatments that were less dense produced 

plants with higher fresh weight. 

The temperature and spacing treatments that yielded the highest fresh weight (g) were treatments 

29oC with spacing treatments 2, 9 and eighteen, and 26oC with spacing treatments 2 and 9. 
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(Figure 5.4). The temperature and spacing treatments that yielded the least fresh weight were all 

of the spacing treatments within 20oC. According to Bakker and van Uffelen (1973), temperature 

had a significant effect on the fresh weight of glasshouse sweet pepper. Additionally, according 

to Frappell, there is a linear relationship between plant density and plant fresh weight in onion. 

Although this may differ from this experiment’s results, many environmental parameters for 

optimal plant growth varies from plant species to plant species.  

 
Figure 5.4: Total fresh weight (g) in several treatments of temperature and spacing 
interaction. 
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5.2.4 Leaf Area 

There were significant differences in leaf area in spacing treatments within temperature 

treatments (Figure 5.6). In general, plants in spacing treatments that were less dense produced 

plants with larger leaf areas.  

The temperature and spacing treatments that yielded the highest leaf area were treatments 23oC 

with spacing treatment 2, 26oC with spacing treatment 2, 9 and eighteen, and 29oC with spacing 

treatments 2, 9, and eighteen (Figure 5.5). The temperature and spacing treatments that yielded 

the least leaf area were all spacing treatments in temperature treatment 20oC. To reference 

another study, we can look back to Reddy, Hodges and McKinion’s experiment which outlined 

that leaf area grows exponentially with temperature. (Reddy, Hodges, & McKinion, 1997).  
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Figure 5.5: Leaf area (mm) in several treatments of temperature and spacing interaction. 

 

5.2.5 Dry Weight 

There were significant differences between spacing and temperature treatments in the production 

of dry weight (g) (Figure 5.7). 

The temperature and spacing treatments that yielded the most dry matter (g) were treatments 

23oC with spacing treatment 2, 26oC with spacing treatments 2 and 9 and 29oC with spacing 
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treatments 2, 9 and eighteen (Figure 5.6). The temperature and spacing treatments that yielded 

the lowest dry weight were all spacing treatments within 20 oC and 23 oC with spacing treatments 

eighteen and thirty-six. Duff and Beards determined that the dry weight of Agrostis palustris 

significantly decreased at higher temperatures, most notably dropping at 35 and 40oC (1974). 

The results of this experiment with N. benthamiana could be impacted by spacing interactions, 

however, low spacing treatments had the highest dry weight levels, which could be due to the 

relative coolness of plants which had more air space between them.  
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Figure 5.6: Dry weight (g) in several treatments of temperature and spacing interaction. 
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5.3 Conclusion 

The interactive effects of temperature and spacing have a profound effect on the morphological 

differences in the growth of Nicotiana benthamiana. Height, width, weight, leaf area and dry 

weight were all significantly impacted by the differences in temperature and spacing treatments 

between treatments. 

There are several variables that would contribute to the differences seen in the measurements 

taken of Nicotiana benthamiana. Dense plant spacing would greatly influence height, as plants 

are compactly grown together, the competition for light would become greater. Therefore, 

referring to figure 5.3, we can see that planting densities that were greater, including treatments 

18 and 36 will produce the tallest plants, and these plants would be at a greater need for light 

competition than spacing treatments that were less dense.  

Additionally, airflow in the spacing treatments would differ from one another, which could also 

explain changes in plant growth. As explained by Bierhuizen and Slayter (1965), plant 

photosynthetic activity increased as airflow increased. Plants need airflow in order to transpire, 

which not only helps to regulate temperature, but if conditions become too moist, it can lead to 

the growth of harmful bacteria and fungus.  

Furthermore, when considering width (Figure 5.4), and more specifically leaf area (Figure 5.6), 

wider plants with a higher leaf area are generally produced by plants in less dense spacings. Due 

to the lack of need for competition, these plants can grow wider, and grow a larger leaf area, 

thereby increasing the photosynthetically active leaves of plant. The higher the potential for 
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photosynthetic activity, the higher the potential for plant growth, as seen in plant fresh weight 

(Figure 5.5) and plant dry weight (Figure 5.7.)  
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6 Summary  
It was clear in these studies that environmental and nutritional parameters could be used to 

influence the growth of N. benthamiana. It was equally clear that further research is required for 

plant physiologists to optimize these growing conditions.  

 Differences in plant production and/or protein expression were shown when treating plants with 

different levels of nitrates, spacing, temperature and levels of pH.  

The optimal pH level for growth and protein expression in N. benthamiana is seemingly quite 

broad, with a pH from 5.0-6.5 producing no differences in protein expression, whereas a pH of 

7.0 showed significant decreases in many of the protein expression measurements. From this 

limited study, a pH of 5.0-6.5 would produce the largest amount of protein. 

When five different levels of nitrate were applied to the plants, there were significant differences 

in levels of TSP (mg/kg) however there were no significant differences in IgG (mg/kg). Due to 

the results showing that TSP (mg/kg) were the only significant differences among the protein 

expression measurements, this suggested that different levels of nitrate within the range used in 

this experiment would not impact the levels of IgG (mg/kg) product produced. 

Phosphate levels within the range applied in this study proved to have no effect on any of the 

morphological measurements of the plant. The differences found in phosphate uptake did not 

seem to have any effect on IgG (mg/kg) production, although there were significant differences 

in TSP (mg/kg) production between the treatments. Further research would be advantageous, 

potentially benefiting from a broader range of phosphate treatments than the treatments used in 

this experiment. 
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Finally, spacing and temperature had significant effects on every measurement of plant 

productivity. A “recipe” of a temperature of 26oC and 29oC, with a plant spacing treatment of 18 

plants/tray (or 106 plants/m2), produced the plants with the highest amount of biomass, 

specifically weight (g) and leaf area (cm2) while maintaining a higher yield than other plant 

spacing treatments such as 2 and 9 plants/tray, while remaining not significantly different from 

these treatments.  

Through this limited study, a pH of 5.5-6.5 was found to produce the highest levels of IgG 

(mg/kg) desired antibody production, and therefore would be the optimum pH range to grow 

hydroponic Nicotiana benthamiana for use in biopharmaceuticals. Additionally, in hydroponic 

conditions, treatments which included different levels of phosphate, and different levels of nitrate 

did not have an impact on the level of IgG (mg/kg) desired antibody product produced. However, 

each experiment did influence the levels of TSP (mg/kg) produced between treatments. 

Therefore, further exploration into the effects of N and P on the production of IgG may be 

advantageous in future research, and may include studies which implement a wider range in the 

treatment levels.  

These experiments aided in determining the optimal environmental and nutrient composition 

treatments for N. benthamiana when considering plant morphology, and the highest levels of 

protein, both IgG, and TSP, for use in biopharmaceutical production. Therefore, utlizing the 

results of these limited experiments, a nutrient film technique using a Hoagland solution which 

contains 0.31mM of phosphate, 30mM of nitrogen, at a pH of 6.0, and a temperature of 26oC, 

with a plant spacing density of 106 plants/m2 to grow N. benthamiana would produce the plants 

with the highest levels of protein, and therefore the most suitable growing conditions for use in 
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biopharmaceuticals, would be the optimal nutritional and environmental conditions for these 

plants.  
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Appendix  
7.1 pH 

7.1.1 Growing Parameters 

 

 
Table 7.6.1: Growing parameters for replicate 1 
Chamber 27C 
Temperature Day: 23 ± 0.15 Night: 20 ± 2.20  
Relative Humidity 60% ±4.85 
Vapor Pressure Deficit 1.0+/-0.2KPa ±1.37 
Substrate Sand and Rockwool  
C02  Ambient (400ppm) ±16.85 
Nutrient Solution Plant-Prod 20-8-20 High Nitrate Fertilizer 

solution 
PPFD  200 µmol m-2 s-1  
Photo Period 16 Day 8 Night 

 
 
Table 7.6.2: Growing parameters for replicate 2 
Chamber 27D 
Temperature Day: 23 ± 1.33 Night: 20 ± 1.27 
Relative Humidity 60% ±5.09 
Vapor Pressure Deficit 1.0+/-0.2KPa ±1.67 
Substrate Sand and Rockwool  
C02  Ambient (400ppm) ±31.57 
Nutrient Solution Plant-Prod 20-8-20 High Nitrate Fertilizer 

solution 
PPFD  200 µmol m-2 s-1  
Photo Period 16 Day 8 Night 

 

 

Table 7.6.3: Growing parameters for replicate 3 
Chamber 27D 
Temperature 23 ± 1.33  
Relative Humidity 60% ±4.44 
Vapor Pressure Deficit 1.0+/-0.2KPa ±1.53 
Substrate Sand and Rockwool  
C02  Ambient (400ppm) ±31.67 
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Nutrient Solution Plant-Prod 20-8-20 High Nitrate Fertilizer 
solution 

PPFD  200 µmol m-2 s-1  
Photo Period 16 Day 8 Night 

 

 
Table 7.6.4: Growing parameters for replicate 4 
Chamber 27D 
Temperature 23 ± 1.33 
Relative Humidity 60% ±5.76 
Vapor Pressure Deficit 1.0+/-0.2KPa ±1.79 
Substrate Sand and Rockwool  
C02  Ambient (400ppm) ±30.64 
Nutrient Solution Plant-Prod 20-8-20 High Nitrate Fertilizer 

solution 
PPFD  200 µmol m-2 s-1  
Photo Period 16 Day 8 Night 

 

7.1.2 Light Mapping 
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Figure 7.6.1:Light intensity Rep 1 light map 

 

 

 
Figure 7.6.2:Light intensity Rep 2 light map 
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Figure 7.6.3:Light intensity Rep 3 light map 

 

 
Figure 7.6.4:Figure 4: Light intensity Rep 4 light map 

 

7.2 Nitrogen  
7.2.1 Growing Parameters 

 

Table 7.6.5: Growing parameters for replicate 1 
Chamber 27D 
Temperature 23 ± 1.33 
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Relative Humidity 60% ± 4.81 
Vapor Pressure Deficit 1.0+/-0.2KPa ± 1.84 
Substrate Sand and Rockwool  
C02  Ambient (400ppm) ± 34.36 
Nutrient Solution Plant-Prod 20-8-20 High Nitrate Fertilizer 

solution 
PPFD  200 µmol m-2 s-1  
Photo Period 16 Day 8 Night 

 

Table 7.6.6: Growing parameters for replicate 2 
Chamber 27D 
Temperature 23 ± 1.34 
Relative Humidity 60% ±4.55 
Vapor Pressure Deficit 1.0+/-0.2KPa ±1.28 
Substrate Sand and Rockwool  
C02  Ambient (400ppm) ±32.71 
Nutrient Solution Plant-Prod 20-8-20 High Nitrate Fertilizer 

solution 
PPFD  200 µmol m-2 s-1  
Photo Period 16 Day 8 Night 

 

 

Table 7.6.7: Growing parameters for replicate 3 
Chamber 27D 
Temperature 23 ± 1.33 
Relative Humidity 60% ±4.32 
Vapor Pressure Deficit 1.0+/-0.2KPa ±1,26 
Substrate Sand and Rockwool  
C02  Ambient (400ppm) ±32,46 
Nutrient Solution Plant-Prod 20-8-20 High Nitrate Fertilizer 

solution 
PPFD  200 µmol m-2 s-1  
Photo Period 16 Day 8 Night 

 
Table 7.6.8: Growing parameters for replicate 4 
Chamber 27D 
Temperature 23 ± 1.32 
Relative Humidity 60% ±7.35 
Vapor Pressure Deficit 1.0+/-0.2KPa ±1.93 
Substrate Sand and Rockwool  
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C02  Ambient (400ppm) ±28.76 
Nutrient Solution Plant-Prod 20-8-20 High Nitrate Fertilizer 

solution 
PPFD  200 µmol m-2 s-1  
Photo Period 16 Day 8 Night 

 

7.2.2 Light Mapping  

 

 

 

Figure 7.6.5: Light intensity Rep 1 and 4 light map 

 

 

 

Figure 7.6.6: Light intensity Rep 2 light map 

 

 

 

Figure 7.6.7: Light intensity Rep 3 light map 
 
7.3 Phosphorus 

7.3.1 Growing Parameters 
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Table 7.6.9: Growing parameters for replicate 1 
Chamber 27D 
Temperature 23 ± 1.33 
Relative Humidity 60% ±3.98 
Vapor Pressure Deficit 1.0+/-0.2KPa ±1.20 
Substrate Sand and Rockwool  
C02  Ambient (400ppm) ±31.88 
Nutrient Solution Plant-Prod 20-8-20 High Nitrate Fertilizer 

solution 
PPFD  200 µmol m-2 s-1  
Photo Period 16 Day 8 Night 

 

Table 7.6.10: Growing parameters for replicate 2 
Chamber 27D 
Temperature 23 ± 1.33 
Relative Humidity 60% ±3.05 
Vapor Pressure Deficit 1.0+/-0.2KPa ±1.08 
Substrate Sand and Rockwool  
C02  Ambient (400ppm) ±40.37 
Nutrient Solution Plant-Prod 20-8-20 High Nitrate Fertilizer 

solution 
PPFD  200 µmol m-2 s-1  
Photo Period 16 Day 8 Night 

 
Table 7.6.11: Growing parameters for replicate 3 
Chamber 27D 
Temperature 23 ± 1.34 
Relative Humidity 60% ±3.26 
Vapor Pressure Deficit 1.0+/-0.2KPa ±1.17 
Substrate Sand and Rockwool  
C02  Ambient (400ppm) ±40.70 
Nutrient Solution Plant-Prod 20-8-20 High Nitrate Fertilizer 

solution 
PPFD  200 µmol m-2 s-1  
Photo Period 16 Day 8 Night 

 

 

Table 7.6.12: Growing parameters for replicate 3 
Chamber 27D 
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Temperature 23 ± 1.65 
Relative Humidity 60% ±3.77 
Vapor Pressure Deficit 1.0+/-0.2KPa ±1.67 
Substrate Sand and Rockwool  
C02  Ambient (400ppm) ±40.44 
Nutrient Solution Plant-Prod 20-8-20 High Nitrate Fertilizer 

solution 
PPFD  200 µmol m-2 s-1  
Photo Period 16 Day 8 Night 

 

 

7.3.2 Light Mapping 

 

Figure 7.6.8:Light intensity Rep 1 and 4 plants were grown under measured in µmol m-2s-1 

 

 

Figure 7.6.9:Light intensity Rep 2 plants were grown under measured in µmol m-2s-1 

 

 

 

 

Figure 7.6.10: Light intensity Rep 3 plants were grown under measured in µmol m-2s-1 
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7.4 Temp and spacing  
 
Table 7.6.13: Rep 1. chamber 2. Temperature 23 
Chamber 2 
Temperature 23 ± 1.650.05 
Relative Humidity 60% ±13.36 
Vapor Pressure Deficit 1.0+/-0.2KPa ±3.69 
Substrate Sunshine® Mix #4 (Peat/Perlite) (Agawam, 

MA. America.) 
C02  Ambient (400ppm)  
Nutrient Solution Plant-Prod 20-8-20 High Nitrate Fertilizer 

solution 
PPFD  200 µmol m-2 s-1  
Photo Period 16 Day 8 Night 

 
Table 7.6.14: Rep 1. Chamber 3. Temperature 20 
Chamber 3 
Temperature 20± 1.49 
Relative Humidity 60% ±8.44 
Vapor Pressure Deficit 1.0+/-0.2KPa ±12.10 
Substrate Sunshine® Mix #4 (Peat/Perlite) (Agawam, 

MA. America.) 
C02  Ambient (400ppm)  
Nutrient Solution Plant-Prod 20-8-20 High Nitrate Fertilizer 

solution 
PPFD  200 µmol m-2 s-1  
Photo Period 16 Day 8 Night 

Table 7.6.15: Rep 1. Chamber 4. Temperature 29 
Chamber 4 
Temperature 29 ± 5.36 
Relative Humidity 60% ±17.75 
Vapor Pressure Deficit 1.0+/-0.2KPa ±6.58 
Substrate Sunshine® Mix #4 (Peat/Perlite) (Agawam, 

MA. America.) 
C02  Ambient (400ppm)  
Nutrient Solution Plant-Prod 20-8-20 High Nitrate Fertilizer 

solution 
PPFD  200 µmol m-2 s-1  
Photo Period 16 Day 8 Night 

 
Table 7.6.16: Rep 1.Chamber 5. Temperature 26 
Chamber 5 
Temperature 26 ± 1.91 
Relative Humidity 60% ±21.18 
Vapor Pressure Deficit 1.0+/-0.2KPa ±5.08 
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Substrate Sunshine® Mix #4 (Peat/Perlite) (Agawam, 
MA. America.) 

C02  Ambient (400ppm)  
Nutrient Solution Plant-Prod 20-8-20 High Nitrate Fertilizer 

solution 
PPFD  200 µmol m-2 s-1  
Photo Period 16 Day 8 Night 

  
Table 7.6.17: Rep 2. Chamber 2. Temperature 20 
Chamber 2 
Temperature 20 ± 1.86 
Relative Humidity 60% ±12.70 
Vapor Pressure Deficit 1.0+/-0.2KPa ±4.90 
Substrate Sunshine® Mix #4 (Peat/Perlite) (Agawam, 

MA. America.) 
C02  Ambient (400ppm)  
Nutrient Solution Plant-Prod 20-8-20 High Nitrate Fertilizer 

solution 
PPFD  200 µmol m-2 s-1  
Photo Period 16 Day 8 Night 

 

Table 7.6.18: Rep 2. Chamber 3. Temperature 29 
Chamber 3 
Temperature 239± 3.04 
Relative Humidity 60% ±12.75 
Vapor Pressure Deficit 1.0+/-0.2KPa ±4.57 
Substrate Sunshine® Mix #4 (Peat/Perlite) (Agawam, 

MA. America.) 
C02  Ambient (400ppm)  
Nutrient Solution Plant-Prod 20-8-20 High Nitrate Fertilizer 

solution 
PPFD  200 µmol m-2 s-1  
Photo Period 16 Day 8 Night 

 
Table 7.6.19: Rep 2. Chamber 4. Temperature 26 
Chamber 4 
Temperature 26 ± 4.54 
Relative Humidity 60% ±30.23 
Vapor Pressure Deficit 1.0+/-0.2KPa ±7.87 
Substrate Sunshine® Mix #4 (Peat/Perlite) (Agawam, 

MA. America.) 
C02  Ambient (400ppm)  
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Nutrient Solution Plant-Prod 20-8-20 High Nitrate Fertilizer 
solution 

PPFD  200 µmol m-2 s-1  
Photo Period 16 Day 8 Night 

 

Table 7.6.20: Rep 2. Chamber 5. Temperature 23 
Chamber 27D 
Temperature 23 ± 0.82 
Relative Humidity 60% ±19.74 
Vapor Pressure Deficit 1.0+/-0.2KPa ±5.64 
Substrate Sunshine® Mix #4 (Peat/Perlite) (Agawam, 

MA. America.) 
C02  Ambient (400ppm)  
Nutrient Solution Plant-Prod 20-8-20 High Nitrate Fertilizer 

solution 
PPFD  200 µmol m-2 s-1  
Photo Period 16 Day 8 Night 

 

Table 7.6.21: Rep 3. Chamber 2. Temperature 29 
Chamber 2 
Temperature 29±1.60  
Relative Humidity 60% ±15.44 
Vapor Pressure Deficit 1.0+/-0.2KPa ±4.40 
Substrate Sunshine® Mix #4 (Peat/Perlite) (Agawam, 

MA. America.) 
C02  Ambient (400ppm)  
Nutrient Solution Plant-Prod 20-8-20 High Nitrate Fertilizer 

solution 
PPFD  200 µmol m-2 s-1  
Photo Period 16 Day 8 Night 

 

Table 7.6.22: Rep 3. Chamber 3. Temperature 26 
Chamber 3 
Temperature 26± 1.58 
Relative Humidity 60% ±7.95 
Vapor Pressure Deficit 1.0+/-0.2KPa ±3.09 
Substrate Sunshine® Mix #4 (Peat/Perlite) (Agawam, 

MA. America.) 
C02  Ambient (400ppm)  
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Nutrient Solution Plant-Prod 20-8-20 High Nitrate Fertilizer 
solution 

PPFD  200 µmol m-2 s-1  
Photo Period 16 Day 8 Night 

 

Table 7.6.23: Rep 3. Chamber 4. Temperature 23 
Chamber 4 
Temperature 23 ± 0.44 
Relative Humidity 60% ±27.00 
Vapor Pressure Deficit 1.0+/-0.2KPa ±5.03 
Substrate Sunshine® Mix #4 (Peat/Perlite) (Agawam, 

MA. America.) 
C02  Ambient (400ppm)  
Nutrient Solution Plant-Prod 20-8-20 High Nitrate Fertilizer 

solution 
PPFD  200 µmol m-2 s-1  
Photo Period 16 Day 8 Night 

 

Table 7.6.24: Rep 3. Chamber 5. Temperature 20 
Chamber 5 
Temperature 20± 0.67 
Relative Humidity 60% ±13.28 

Vapor Pressure Deficit 1.0+/-0.2KPa ±3.26 

Substrate Sunshine® Mix #4 (Peat/Perlite) (Agawam, 
MA. America.) 

C02  Ambient (400ppm)  
Nutrient Solution Plant-Prod 20-8-20 High Nitrate Fertilizer 

solution 
PPFD  200 µmol m-2 s-1  
Photo Period 16 Day 8 Night 

 

 

Table 7.6.25: Rep 4. Chamber 2. Temperature 26 
Chamber 2 
Temperature 26± 0.52 
Relative Humidity 60% ±13.79 
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Vapor Pressure Deficit 1.0+/-0.2KPa ±4.14 
Substrate Sunshine® Mix #4 (Peat/Perlite) (Agawam, 

MA. America.) 
C02  Ambient (400ppm)  
Nutrient Solution Plant-Prod 20-8-20 High Nitrate Fertilizer 

solution 
PPFD  200 µmol m-2 s-1  
Photo Period 16 Day 8 Night 

 
Table 7.6.26: Rep 4. Chamber 3. Temperature 23 
Chamber 3 
Temperature 23 ± 1.52 
Relative Humidity 60% ±17.24 
Vapor Pressure Deficit 1.0+/-0.2KPa ±6.51 
Substrate Sunshine® Mix #4 (Peat/Perlite) (Agawam, 

MA. America.) 
C02  Ambient (400ppm)  
Nutrient Solution Plant-Prod 20-8-20 High Nitrate Fertilizer 

solution 
PPFD  200 µmol m-2 s-1  
Photo Period 16 Day 8 Night 

 
Table 7.6.27: Rep 4. Chamber 4. Temperature 20 
Chamber 4 
Temperature 20 ± 1.47 
Relative Humidity 60% ±7.05 
Vapor Pressure Deficit 1.0+/-0.2KPa ±1.55 
Substrate Sunshine® Mix #4 (Peat/Perlite) (Agawam, 

MA. America.) 
C02  Ambient (400ppm)  
Nutrient Solution Plant-Prod 20-8-20 High Nitrate Fertilizer 

solution 
PPFD  200 µmol m-2 s-1  
Photo Period 16 Day 8 Night 

 

Table 7.6.28: Rep 4. Chamber 5. Temperature 29 
Chamber 5 
Temperature 29 ± 3.99 
Relative Humidity 60% ±20.43 
Vapor Pressure Deficit 1.0+/-0.2KPa ±4.92 
Substrate Sunshine® Mix #4 (Peat/Perlite) (Agawam, 

MA. America.) 
C02  Ambient (400ppm)  
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Nutrient Solution Plant-Prod 20-8-20 High Nitrate Fertilizer 
solution 

PPFD  200 µmol m-2 s-1  
Photo Period 16 Day 8 Night 

 


