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Abstract 

By 2050 over two thirds of the global population will be living in urban areas. Vertical farms 

offer the opportunity to produce nutritious foods in cities whilst reducing transport costs. 

However, vertical farms have significant costs and carbon emissions associated with lighting 

and temperature control. These costs can be mitigated by using complex lighting regimes 

which alter light quality and intensity in a way that reduces energy input but does not 

significantly alter crop growth. I have subjected microgreens which are commonly grown in 

vertical farms to complex lighting regimes to investigate their potential application in indoor 

farming. In chapter one I have analysed atmospheric data to create a lighting regime which 

changes light quality and intensity to realistically mimic a sunrise in York during the spring. I 

report that there were no significant impacts to the biomass of kale, but the biomass of radish 

was significantly decreased. This demonstrates that lighting regimes which mimic sunrises 

could reduce energy costs for some species. I have also subjected microgreens to 

transitioning photoperiods and measured their hypocotyl lengths. In microgreens, the order of 

photoperiod exposure influenced hypocotyl length for some species, but not others. Finally, I 

have developed an experimental design for efficiently optimising light conditions in small 

vertical farms, by taking advantage of the heterogeneity of light intensity that occurs at the 

plant level in a vertical farm. After measuring light intensity and biomass variation I have 

created a mixed effects model which suggests at an overall light intensity range of 300-500 

µmol of light, red light intensity negatively impacts microgreen biomass. These findings 

suggest ways in which researchers can use complex lighting regimes to improve the efficiency 

of vertical farms.      
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Introduction 

The global population is rising and will reach approximately 9 billion by the year 2050. Global 

food production will need to be increased to accommodate an approximate 50% increase in 

the demand of food (1). It is estimated that by 2050 more than 6 billion people will be living in 

urban areas (2). This will require more food to be transported from farmland to densely 

populated areas. Such an increase will produce more CO2 emissions, contributing further to 

climate change and potentially weakening global food security, which will be further 

exacerbated by increases in catastrophic weather events and pathogenesis of crops (3). A 

form of mitigation for this issue is using controlled environment agriculture (CEA) which 

enables crop growers to protect their crops against harsh environmental conditions, and 

therefore enable crops to be grown all year round. The conditions in vertical farms can also 

be tailored to the crops being grown to maximise yield. A form of CEA which can be 

implemented into urban areas to grow and supply crops locally is indoor vertical farming. 

Vertical farms are usually comprised of beds that utilise aeroponic or hydroponic growing 

systems, LED lighting and air conditioning units (4). Beds are stacked on each other vertically 

for better use of space. Aeroponic and hydroponic systems are beneficial because they have 

a higher water use efficiency relative to traditional agriculture (5). Some LED lighting systems 

can output different light qualities and intensities, enabling growers to make specific lighting 

regimes which aid crop growth. Typically, vertical farming  does not require the use of 

pesticides and produces no runoff into nearby ecosystems. Pesticide runoff produced from 

traditional agriculture has been shown to harm ecosystems (6).  

A type of crop that is grown frequently within vertical farms is microgreens, which are salad 

greens that are grown until the first pair of true leaves are developed (7). Microgreens are 

nutrient dense and have high concentrations of antioxidants (8) However, many microgreens 

have a shorter shelf life than mature vegetables (9). Vertical farms enable these nutritious 

crops to be grown in urban centres, reducing transport and storage requirements.  Additionally, 

their short stature and small root system are particularly well-suited for stacked aeroponic and 

hydroponic set-ups. Microgreens such as Micro-Radish (Raphanus raphanistrum) Micro-Kale 

(Brassica oleracea) and Sunflower-Shoots (Helianthus annus) are regularly grown in vertical 

farms and have been used in my experiments due to their fast-growing time. As members of 

the Brassicaceae family, kale and radish are closely related to the model plant Arabidopsis 

thaliana (10) which makes them good model crops to investigate how processes that occur in 

A. thaliana can be applied to a CEA setting. The Brassicas are an important group of 

agricultural crops (11), and performing experiments using radish and kale may highlight 

beneficial farming practices that can also be applied to other members of the Brassica family, 

such as oilseed rape and cabbage. 

Despite the energy savings associated with reduced transport costs, life cycle analysis has 

found that vertical farms may be more harmful to the environment across their life span 

because of the energy required to operate them (12).  Less greenhouse gas emissions are 

produced when the electricity used was obtained from renewable energy sources, but this can 

be expensive (11).  Up to 85% of operational energy consumption is associated with lighting 

and cooling (13), so these two areas are important to optimise to reduce the carbon footprint 

and improve the economic viability of vertical farms.  In this thesis, we focus on finding energy-

efficient lighting regimes, but having more energy efficient lighting regimes may also have a 

knock-on effect of reducing cooling requirements, as the lights produce a large amount of heat. 
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Other studies have investigated alternative strategies for optimising lighting regimes to 

improve yields and reduce energy requirements.  These studies have primarily focussed on 

comparing the effect of a small number of light recipes, such as photoperiod lengths (14,15).  

One study aimed to find the growing conditions that produced the lowest CO2 emissions for 

growing micro kale. This case study took place at a vertical farm which used industrial CO2 to 

enhance the growth of crops. It was found that the optimal conditions that minimised emissions 

and maximised yield were 4000ppm of CO2, a photoperiod of 24 hours and a temperature of 

20°C (16). However, it’s important to note that not all vertical farms use CO2 to grow crops. 

Other studies have examined how light intensity and quality can impact the physiology of crops 

(17). A study conducted in two duckweed species examined how altering light intensity and 

the ratio of red and blue light impacted growth rate, crude protein content, relative protein yield 

and chlorophyll a content. It was found that varying the spectrum had no significant impact on 

any aspect of physiology examined. Increasing light intensity linearly increased growth rate 

and protein yields. Increasing light intensity did not impact crude protein content. Chlorophyll 

a content decreased as light intensity increased (18).  

There have been a number of studies with slightly more complex light recipes that change the 

light quality over time.  Kong et al., examined how changing the ratio of red and blue light 21 

days into the growing period impacted growth phenotypes and nutrient concentrations in red 

and green romaine lettuce. Overall, in green romaine lettuce, a low proportion of blue light for 

the entire growth period results in the highest biomass. However, when the proportion of blue 

light was transitioned from low to high there was no significant changes in biomass. 

Additionally, a significant increase in beta-carotene content was observed. The study 

concluded that transitioning blue light proportion from low to high towards the end of the 

growing period is the optimal light treatment (19).  Additionally, changes to monochromatic 

light at certain times during the photoperiod have been shown to impact physiology. Two 

studies have grown tomato and lettuce respectively under constant light. During the first 12 

hours of the photoperiod plants were subjected to red light and in the final twelve hours 

switched to blue light. It was found that in both cases lettuce and tomato growth was enhanced 

when compared with plants grown using light/dark cycles (20,21). This data shows that 

changes in monochromatic light quality over time can alter growth and photosynthetic activity 

in a positive way.  Some research groups study how different photoperiods impact the biomass 

of some crops. A study in cannabis grew plants in either 10,12, or 14-hour photoperiods before 

transitioning them to one of the alternative photoperiod lengths. It was reported that plants had 

significantly higher biomass when grown in 14-hour photoperiods compared to 12-hour 

photoperiods. Interestingly, one species exhibited significantly greater biomass when switched 

from 14h to 10h photoperiods and an even more significant increase was seen when 

transitioning from 14h to 12h (22). If this behaviour under transitioning photoperiods is 

conserved in other crops such as microgreens, then implementing photoperiod shifts into 

vertical farms could improve crop yields and lower energy costs.  

These studies indicate that by adding a layer of complexity to lighting regimes in the form of 

varying intensity or quality over time can potentially impact yield and nutrient content. 

However, the benefit of incorporating complex lighting regimes in the production of 

microgreens is unclear as there are few studies that explore this. 

Research on the model organism Arabidopsis suggests several additional complex light 

regimes that may have applications in vertical farming, including gradual sunrises and 

photoperiod shifts.  One study has examined how lighting that simulated sunlight by increasing 

intensity in a sinusoidal way with a static light quality which mimicked sunlight at midday 

impacted the growth rate and metabolism of Arabidopsis. It was found that there were no 

significant differences in growth rate between plants grown under artificial or natural 
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conditions.  Sinusoidal lighting regimes may require less total energy for lighting and cooling 

and so may be a mechanism for making vertical farms more energy efficient. However, plants 

grown under natural conditions accumulated less starch and sucrose than those grown under 

sinusoidal conditions, demonstrating that gradual changes to lighting impact metabolism and 

not physiology  (23). This study did not change light quality, which in nature would vary 

massively throughout a 24-hour period, as the colours of the sunrise and sunset vary over 

time. The impact of gradual changes to light quality and intensity on plant growth remains 

uncharacterised and may have applications in vertical farms. Of particular interest is how 

gradual changes in light quality and intensity impact microgreen growth. This is because of 

the waves of transcriptionally activity linked to the regulation of photomorphogenesis that 

occur in the early morning (24). Additionally, Arabidopsis plants can detect very subtle 

differences in ambient temperature and light quality (25,26).  Redmond et al has characterised 

developmental asynchrony in near isogenic lines of Arabidopsis (27). It is unclear the extent 

to which miniscule irregularities in the microenvironment contributed to this heterogeneity and 

whether heterogeneous conditions in commercial vertical farms also contribute to phenotypic 

variability, which is an undesired characteristic of a crop.  

Plant growth can be impacted by several factors. Different species of plants have different 

optimum temperatures that can enhance growth. However increasing or decreasing 

temperature away from the optimum temperature will decrease crop growth (28). Relative 

humidity is another factor that impacts plant growth by impacting transpiration rates of the 

leaves. If relative humidity is too high then transpiration rates become too low, hindering 

growth. Alternatively, when relative humidity is too low then transpiration increases lowering 

photosynthetic rate. Implying that like temperature, different plant species have different 

optimal relative humidity percentages for growth (29). Similarly plant growth can be enhanced 

by growing plants in an environment which has an optimal light intensity (30). Plants also 

behave favourably towards combinations of different light qualities. Most growers use 

combinations of blue, red and far red to maximise crop growth and nutrient content (31). Plant 

growth favours certain environmental conditions. Theoretically, the optimal conditions for 

individual plant species could be replicated in a vertical farm setting to maximise crop growth. 

However, the ideal growth conditions for microgreens remains unknown. This is because there 

are no studies that individually examine all the environmental factors within a vertical farm and 

how they impact growth.  

The aim of the thesis is to translate the work in Arabidopsis around sensitivity to sunrises, 

photoperiod shifts and heterogeneous development to improve the lighting regimes of vertical 

farmed microgreens. The work presented in this thesis aims to improve the efficiency of 

vertical farms by studying how complex lighting impact plant growth. The ideal scenario would 

be to create lighting regimes which positively improve or maintain agricultural traits like yield, 

nutritional quality or aesthetic quality, but reduce energy inputs.  

In chapter one I examined how changes to gradual light quality and intensity at the beginning 

of the photoperiod impact fresh biomass in microgreens. Using atmospheric data and tuneable 

LED lighting, plants were exposed to sunrise like lighting for the first two hours of the 

photoperiod. It was found that gradual changes to light quality in the morning did not impact 

biomass of kale. However, they did significantly decrease the biomass of radish. This shows 

that some microgreens are sensitive to sunrise conditions and not others. This also shows 

that sunrises could potentially be used to grow certain microgreens like kale at a reduced 

energy cost in vertical farms. For other microgreens like radish, it highlights that they could be 

grown using less energy at the cost of decreased biomass. 
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Chapter two investigated how transitioning between long and short-day conditions impacted 

the hypocotyl length of microgreens. Previous observations (in prep) showed wild type 

ecotypes of Arabidopsis that were transitioned from long days (LD; 16 hours light:8 hours dark) 

to short days (SD; 8 hours light:16 hours dark) grew taller than those transitioned from SD to 

LD. I subjected microgreens to similar changes in photoperiod and observed that hypocotyls 

transitioned from SD to LD grew taller than those that underwent the opposite transition. This 

could potentially be utilised in a vertical farm to produce microgreens that are aesthetically 

and nutritionally viable at a reduced energy cost.  

The final research chapter of this thesis aimed to characterise the ideal growing conditions for 

microgreens in a vertical farm.  I suggest an innovative experimental design that exploits the 

existing heterogeneity within the commercial farm to investigate the impact of light quality on 

production.  I examined light quality and intensity heterogeneity in a vertical farm in York and 

found that both aspects varied at the plant level within trays used to grow plants and across 

beds. I then grew plants in these varied conditions, harvested them and produced a mixed 

effects model to see if there were significant predictors of fresh biomass. I found that the 

amount of red light and bed that the plants were grown in impact fresh biomass. This suggests 

that red light and bay are key inputs that have a significant impact on the amount of fresh 

mass of microgreens. 

These results provide novel ways in which microgreens can be grown at a lower energy cost. 

These methods could be employed by other research groups to lower the carbon footprint of 

other vertical farms.  
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Chapter one: The impact of gradual changes to light 

intensity and quality on microgreen growth 

Introduction 

Early morning light in natural settings is not a binary change, it is a series of gradual changes 

to both the intensity and the quality of light. Other studies conducted in A. thaliana that examine 

the transcriptome of mature plants under sinusoidal light show that plants alter their gene 

expression differently than under constant light (32). Additionally, observations in a preprint 

suggests that plant physiology and circadian gene expression is impacted by the length of 

twilight (33). This mounting evidence suggests that plants can detect and mount physiological 

responses to gradual changes in light frequency distribution and intensity.  

Most vertical farms and growth chambers have binary changes to light intensity and quality. 

The Ezer lab discovered an early morning gene network that had HY5 and BBX genes as hub 

genes (24). This network was discovered in plants that had been grown in controlled growth 

cabinets. These genes have also been implicated in the stress response to light intensity (34). 

Because of this we hypothesised that the sudden drastic change a plant experience when the 

lights are switched from off to on may cause light stress in controlled growing conditions such 

as vertical farms and growth cabinets.  

Light stress can have various negative impacts on microgreens. It has been shown that the 

carotenoid content of Brassicacea microgreens can be reduced under high light intensities, 

reducing their nutritional value (35).  Moreover, high intensities of certain light qualities can 

also negatively impact the nutritional content of microgreens. It has been demonstrated that 

Vitamin E levels are negatively impacted by higher proportions of blue light in microgreens 

(36). Higher light intensity also negatively impacts other crops besides microgreens. A study 

conducted in lettuce and spinach found that increased light intensities can cause aesthetic 

damages which contributes to crop losses (37).    

Plants that are subject to light intensity that exceeds the necessary amount for photosynthesis 

undergo a process known as photoinhibition. Photoinhibition is a reduction in photosynthesis 

as a result of lower CO2 metabolism under high light conditions (38). Photoinhibition occurs, 

when the rate at which light damages a plant exceeds the rate in which plant can repair itself. 

To stop photoinhibition plants must employ a wide range of hormonal photosynthetic and 

transcriptional changes (39). Mitigating photoinhibition under high light stress may result in 

plants not utilising light as effectively under less intense conditions. If plants grown in 

controlled environments are experiencing light stress during the beginning of the photoperiod 

then they may not be efficiently transducing light energy. This highlights a novel potential for 

gradual changes to light quality and intensity in the morning as a means of saving energy and 

ensuring plants are able to efficiently utilise light energy in vertical farms.   

Using available atmospheric data, we have analysed how the intensity and frequency 

distribution change over a morning in the spring of 2021 in the North of England. Using 

specialised lighting equipment (Heliospectra DYNA), we have developed a lighting regime 

which mirrors the rate of change of intensity and frequency distribution of a morning. We then 

subjected three species of microgreens to these conditions before harvesting them and 

recording their biomass. We show that gradual changes to light intensity and frequency 

distribution do not impact germination, nor do they impact the biomass of two varieties of kale. 

The biomass of radish is significantly decreased under gradually changing conditions, 

highlighting that radish may be sensitive to gradually changing early morning light and that 

morning light sensitivity may vary on a species-by-species basis 
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Methods 

Designing a Sunrise 

Sunrises were designed using an online tropospheric ultraviolet and visible light (TUV) 

calculator (40). The TUV calculator receives inputs for longitude, latitude, time and date. These 

inputs are used to calculate spectral irradiance values for specified wavelengths of light. I 

collected spectral irradiance data from the 14th of April 2021 along the longitude and latitude 

of York City Centre between 05:50 (Just before sunrise) and 13:30 (after noon) in 10-minute 

increments. A spectral irradiance value was obtained for all wavelengths between 400nm and 

761nm. Our growing cabinets had eight channels of LED lights which could output light 

corresponding to 409, 423, 449, 519, 630, 660 ,737, 448nm meaning I had to select spectral 

irradiance values from my data that corresponded to these wavelengths only. We then decided 

to focus on the LED channels that were easiest to programme and output light frequencies 

near the peak absorbance of cryptochromes and phytochromes (449, 660, 737nm). These 

channels correspond output blue, red and far-red light respectively. These LEDs could not 

output light as intense as would occur naturally in York therefore the values for spectral 

irradiance were scaled to the maximum output in watts for each LED. Information on sunrise 

and noon times on this day was obtained from the TimeandDate.com (41) .April 14th was 

chosen because all crops can be sown in this month for traditional outdoor agriculture 

purposes in the North of England.  

Growing Microgreens 

Seeds were sterilised by being soaked in pure ethanol and a mix of 1 % bleach and 20% triton 

respectively for two minutes before multiple washes in sterile water before being suspended 

in 0.1% agar water. Once sterile, individual seeds were placed on to 4mL of Murashige – 

Skoog media with no sucrose (MS0) that had been poured inside falcon tubes. Tube openings 

were covered in a transparent plastic film to enable light to pass through and prevent 

contamination, holes were pierced into the film to enable transpiration. There were 49 plants 

per species and each species was placed in a box which was inlayed with a 7 x 7 grid which 

ensured the tubes could stand upright without touching each other. The seedlings were then 

wrapped in foil for three days to germinate. After the germination period plants were exposed 

to the designed sunrise for the first two hours of the photoperiod. Once the sunrise had 

reached its final light quality and intensity the lights were kept at this intensity and quality for 

an additional twelve hours. This was followed by 10 hours of darkness. Plants were grown 

until the first hypocotyl of each species began to touch the plastic film and were then 

harvested. Percentage of plants that had germinated was recorded daily throughout this 

experiment. As a control experiment, microgreens were grown under days with 14 hours of 

light and 10 hours of dark. The light period matched the light quality and intensity at the end 

of the sunrise condition.   

 

Harvesting Microgreens 

Plants were carefully removed from the media using tweezers and had their roots cut from the 

stem with scissors. The mass of the whole shoot system was weighed. This method of 

harvesting was employed because it is similar to how microgreens are harvested in vertical 

farm settings. Once the whole mass was recorded, the leaves were ripped at the base of the 

petiole and the leaf mass was recorded. 
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Results 

Light intensity increases during the morning 

To grow plants under realistic sunrise conditions which gradually change in both light intensity 

and light quality I had to analyse existing sunrise data and examine the qualities of a sunrise. 

Analysing the raw data outputted by the TUV calculator (Figure 1) shows that as the morning 

progresses spectral irradiance increases across the entire waveband. Figure 2 shows how 

spectral irradiance changes across wavelengths of light that can be programmed in our plant 

growth chambers. Data generated from the TUV calculator begins just before the actual 

sunrise on this day (06:05) and ends shortly after noon (13:04). Across all three wavelengths 

spectral irradiance increases steadily until it plateaus at approximately 12:00. From this time 

point until the end of the timeseries spectral irradiance begins to decrease. Due to the 

limitations on the intensity that the lights in our growth chambers could output the irradiance 

values were scaled down to a range that could be outputted in a controlled setting. The plants 

in this experiment were not exposed to a sunrise that is representative of a natural sunrise 

with respect to light intensity (Figure 2). However, the shape of the three curves is preserved 

completely, meaning that the plants in these experiments did receive a sunrise that reflects 

the rate of changes in light frequency distribution and intensity.    
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Figure 1.1 Spectral irradiance between 400 and 761 nm between 05:50 and 13:30 on April 

14th 2021 in York. Data was collected using the TUV calculator. Each time point is represented 

by a single colour. Dawn is shown at the bottom of the figure. As time passes energy increases. 

Irradiance is given in W m-2 nm-1 which indicates the energy received by the equipment in 

watts per metre for every wavelength in the visible light spectrum. Sager et al have published 

formulae to convert between absolute photons and energy. (42) 

 

 

Figure 1.2 Spectral irradiance emitted from red, far-red and blue wavelengths of light on the 

morning of April 14th 2021. Raw data from the TUV calculator and scaled irradiance values are 

shown. Due to limitations with the lighting system, only the first 2 hours of the sunrise were 

programmed.     

 

Sunrise conditions reduce radish biomass but not kale. 

Plants were grown under the conditions shown in figure 2 and harvested so that the impact of 

sunrises on the growth of microgreens could be analysed. To analyse the impacts of sunrises 

on biomass I performed analysis of variance and Tukey HSD tests. My analysis suggests that 

sunrises significantly decreased the biomass of radish plants (figure 3). Whereas, in both 

varieties of kale there is no significant change to biomass between control and sunrise 

conditions. These results were also mirrored in leaf mass (figure 4). Though the decrease in 
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radish leaf mass is not as significant as the decrease in whole mass. Sunflower plants were 

removed from the experiments due to mould forming in the tubes. 

Figure 1.3 Biomass of harvested microgreens across control (n=~30) and sunrise conditions 

(n=~80). One way ANOVA was performed followed by Tukey HSD and Shapiro-Wilks test were 

performed. Radish exposed to sunrises had biomass significantly decreased (p = 4.68e-05). 

Figure 1.4 Leaf mass of microgreens grown under control (n=30) and sunrise conditions 

(n=80). One way ANOVA, Tukey HSD and Shapiro-Wilks tests were carried out. Radishes 

exposed to sunrises had significantly smaller leaf mass (p = 0.00566). 
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Sunrises do not impact germination in kale or radish 

To examine if microgreen germination was impacted by the intensity of light at the beginning 

of the photoperiod, I counted how many seeds of each species grew each day. Microgreen 

germination was unaffected by sunrise conditions (Figure 5). This suggests that realistic 

sunrise conditions do not have an impact on germination rate.  

 

 

      

Figure 1.5 Germination of microgreens over the course of sunrise and control experiments 

(n=~49). Germination was moinitored daily.  

The largest difference in germination rate was observed in the CN variety of kale. This could 

indicate that kale germination is sensitive to sunrises and may warrant further investigation. 

To achieve this I would repeat this experiment with a larger sample size and include different 

sunrises.  

Discussion 

Gradually changing light intensity and quality impacted the biomass of radish 

My data shows that when subjected to gradual changes in both light intensity and frequency 

distribution radish plants have their biomass reduced. However, the biomass of kale was not 

significantly altered, highlighting that gradual early morning light may have an impact on the 
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development of some species of plants but not others. This may suggest that Radish is either 

better able to utilise the early morning light for photosynthesis or its photomorphogenesis 

pathway is sensitive to light in the morning. It is intriguing that radish appears to be sensitive 

to early morning light and not kale, given that Arabidopsis is sensitive to early morning light 

and more closely related to kale than radish. Perhaps kale is sensitive to early morning light 

and experiences less obvious changes in physiology such as changes to photosynthetic 

pigment and mineral concentrations. To fully understand the mechanism that underlines the 

decrease in radish biomass the transcriptomic profile of microgreens that are experiencing 

changes in light quality and intensity needs to be examined. This could be done through the 

utilisation of RNA-seq approaches from samples that have been snap frozen during changing 

lighting conditions. Several samples should be harvested from each species at different times 

during the changing lighting conditions so that the dynamics of early morning gene expression 

can be examined. Expression may occur in waves like what was shown in the Arabidopsis 

early morning gene network (24). Future studies in radish should focus their transcriptomic 

analysis on how expression changes for genes that have GO terms associated with growth or 

auxin synthesis to see if early morning light directly regulates growth. 

The lack of sensitivity exhibited by kale varieties towards gradually changing morning light 

conditions highlights the potential use of artificial sunrises in a vertical farm setting. Our data 

shows that there is no significant difference between the biomass of kale when grown either 

in fixed lighting conditions or gradually changing conditions. The appeal of this result to a 

vertical farm is that there is a reduced energy cost associated with the gradually changing 

lighting conditions because less light is required to grow the plants. Furthermore, the less light 

required to grow crops in a vertical farm causes less heat accumulation, further reducing the 

energy requirements for cooling the farm. Lighting and cooling account for up to 85% of 

operational energy expenditure on vertical farms (13). However, sensitivity towards gradually 

changing lighting conditions in the early morning exhibited by radish highlights how gradually 

changing light conditions should be evaluated on a species-by-species basis. Our data shows 

a decrease in biomass in response to gradually changing light conditions in the morning which 

highlights the relationship between biomass and light input / energy costs. Growers could use 

this data to make more informed choices about the crops they grow and the lighting regimes 

they use on those crops.  

It is worth noting that the decreased biomass associated with sunrise regimes seen in radish 

could be because the sunrise regimes receive less light compared to the control conditions. 

However, this highlights that small changes to light regimes have the potential to save energy 

in vertical farms whilst only slightly reducing biomass. Similarly for the kale varieties sunrise 

regimes highlight how energy efficiency can be improved at no cost to biomass. To determine 

if these phenotypes are the result of sunrises or the result of a disparity in total light received 

these experiments should be repeated with a control that does not vary light quality or intensity 

and matches the total light outputted of the sunrise regime.   

Future experiments should examine if plants are more sensitive to gradually changing 

intensities in the morning or gradually changing light qualities in the morning. This could be 

done by growing plants and subjecting them to gradual increases in light intensity that are a 

fixed light quality in the morning. To examine the impacts of light quality in the morning, plants 

should be grown under a single light intensity but a changing light quality. It may also be 

interesting to look at how sunrise lengths impact plant physiology given that observations that 

are yet to be subject to peer review indicate twilight lengths have a significant impact on 

physiology. Sunrise length may have a profound impact on plant physiology as it is an 

environmental factor that fluctuates massively over a period of 365 days. Understanding the 

underlying mechanism of the sensitivity exhibited by radish towards gradually changing light 
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conditions in the morning may lead to a lighting regime that can positively exploit this 

mechanism and improve crop yields for a lesser energy cost. 

The use of gradually changing lighting conditions in vertical farms 

Our findings do suggest that gradual changes in light quality and intensity could reduce energy 

costs in a vertical farm. However, our data is limited by the species and developmental stage 

of plants that we used to perform our experiments. An actual vertical farm will grow a greater 

variety of crops and as our results show, gradual changes to lighting conditions in the morning 

can mediate different physiological responses in different species and perhaps even different 

varieties of the same species. Also, our study examined how seedlings respond to gradual 

changes in light quality and intensity, commercial vertical farms may not exclusively grow 

crops that are at this development stage. It may be that plants exhibit sensitivity to gradual 

changes in lighting differently at different developmental stages, similarly to how plants 

perceive photoperiods differently across developmental stages (43). Future studies should 

repeat our experiments but using different species to uncover how viable gradual changes to 

lighting conditions are as a holistic approach to making vertical farms more efficient.  I also did 

not track the extent to which the reduced lighting impacted energy utilisation and costs, but 

this would be valuable information to quantify the impact of gradual lighting regimes on vertical 

farm efficiency. 

Another factor which determines the potential of gradually changing lighting in vertical farms 

is the layout of the farm itself. In farms where there are multiple beds stacked alongside each 

other, light may from one bed may be cast on to others. This would alter the total light plants 

receive and may cause physiological differences than what has been observed in our 

experiments. Circumventing this issue may prove to be a challenge in most vertical farms as 

blocking lights from other beds would obstruct air flow and alter humidity. This would negatively 

impact growth, offsetting the potential benefits of gradually changing lighting regimes. 

However, whether or not light bleeding from one bed to another would negatively impact plant 

growth remains to be seen. Perhaps light bleeding from other beds could enhance growth and 

the layout of a vertical farm could be arranged so that light bleeding could be utilised to the 

benefit of the grower. Future studies should aim to grow crops in a vertical farm setting where 

there is light bleeding between beds and examine the heterogeneity of physiological traits. 

Then the practical implementation of gradually changing light conditions can be properly 

assessed.  

Furthermore, plants experience different ratios of light at different times of the day. Lots of 

studies which aim to improve vertical farming practices examine how changes to the ratio of 

different wavelengths of light impacts plant performance (44–46). Perhaps plants are sensitive 

to how the ratio of blue and red-light changes diurnally. The plants in this experiment were 

subjected in darkness before a sunrise. However, this is not completely representative of what 

occurs in nature, before the sunrise plants will experience high proportion of blue light at low 

light intensities before the ratio of light changes. Perhaps plants would be more receptive to 

gradual changes in light quality and intensity if they experienced low intensity a low intensity 

of blue light before the artificial sunrise.  
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Chapter two: Photoperiod shifts can be used to 

reduce energy costs of vertical farming 

Introduction 

Due to the earth rotating on its axis and around the sun plants experience diurnal and seasonal 

changes in light, temperature, and humidity. Using this information plants can determine the 

length of the light phase in a day, known as a photoperiod, and entrain their circadian clock 

(43). Photoperiod entrainment synchronises the phase of the circadian clock with the light 

phase of their environment enabling the plant to time physiological processes such as 

photosynthesis and growth  in line with changes in its environment (47).      

Moreover, plants use photoperiod sensing to determine seasonal changes. Detecting changes 

in season is advantageous because it enables flowering at the most optimal time, improving 

the odds of successful reproduction (48). There are two coincidence models postulated for the 

detection of photoperiod. The external coincidence model assumes that there is a quantitative 

threshold that a circadian regulated molecule must overcome. When this threshold is 

surpassed and light is still being perceived by the plant, a photoperiodic response is mediated 

(49). The internal coincidence model states that a photoperiodic response is mediated when 

more than two rhythms are in phase with each other during the same photoperiod.  Each 

rhythm would have different responses to photoperiod entrainment (50).  

Once the length of the photoperiod is detected physiological responses are mounted. An 

example of this is seem in wild-type A. thaliana long day conditions (LD; 16hr light) produce 

shorter hypocotyls than those grown under short day conditions (SD; 8 hr light)    (51). These 

phenotypes are regulated by two transcription factors, PHYTOCHROME INTERACTING 

FACTOR 4 (PIF4) and PHYTOCHROME INTERACTING FACTOR 5 (PIF5) (52). PIF4/5 are 

both downstream targets of Phytochrome B (PhyB) in the light signalling pathway. In the 

presence of light PhyB degrades PIF4/5 (53). In SD conditions, where there is an absence of 

light, PIF4/5 are not degraded by PhyB and reach high concentrations (54). This results in 

elongated hypocotyls because in darkness PIF4/5 regulate genes involved in the production 

of Auxin (53). PIF4/5 are reported to upregulate CYCLING DOF FACTOR 5 (CDF5) which 

upregulates YUCCA8, a gene involved in auxin synthesis (51,55).  

Most literature focuses on how a single photoperiod impacts plant performance (6,11,12). 

However, as seasons change so do the photoperiods which plants are subjected to. For 
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instance, during the transition between summer and autumn the photoperiod decreases. How 

plants respond to these changes remains unclear. One area of interest is how plants integrate 

information about past photoperiods to make developmental decisions. Ronald et. al (In prep) 

demonstrated that in many ecotypes of A. thaliana, hypocotyl elongation was impacted by the 

order of two different photoperiods that seedlings were exposed to, for example two SDs 

followed by two LDs or vice versa. A trend in the ecotypes used in this study was that their 

phenotypes were determined by the last photoperiod they were exposed to. However, Ws-2 

ecotypes did not follow this trend suggesting that sensitivity to transitioning photoperiods can 

vary across ecotypes of a species.   

Ronald et al’s findings highlight a potentially exploitable phenomenon to improve the efficiency 

of indoor vertical farming. Longer photoperiods are associated with increased nutrient content 

(56) and shorter photoperiods are associated with increased hypocotyl length (51). We 

hypothesized that photoperiod shifts would strike a balance between the high nutrient and 

aesthetic phenotypes associated with LD and the improved hypocotyl lengths of SD grown 

plants. This would present a novel lighting regime produces commercially viable microgreens 

that reduces energy. 

We investigated if transitioning between different photoperiods would have a significant impact 

on hypocotyl length in microgreens which are used in a vertical farm setting. If the transition 

from LD to SD or SD to LD produced microgreens that phenocopied the LD plants, then there 

is the possibility that they could be implemented into commercial vertical farms to reduce 

energy costs for microgreens. To test if photoperiod shift transitions could be used in vertical 

farms, Kale, (Brassica oleracea) Radish (Raphanus raphanistrum) and Sunflower (Helianthus 

annuus) were grown in either SD or LD and then switched to the alternate condition. We 

determined that CN kale, radish and sunflower hypocotyls phenocopied the first photoperiod 

exposure– the opposite of what Ronald et al observed– suggesting that these microgreens 

are less sensitive to photoperiod shifts than Arabidopsis. 

Methodology 

Sowing Microgreens 

Microgreens (Table 1) were sown into trays containing a compost mix comprised of peat, sand, 

vermiculite, coir and Osmocote fertiliser. Seeds were sown approximately 1cm below the 

surface of the soil. Each species of microgreen was sown into four trays which would be 

subjected to one of four different experimental conditions.  

Microgreen Species Variety 

Sunflower Shoots Helianthus annuus Black 

Kale (Tozer Seeds)  Brassica oleracea Dwarf Blue 

Kale (CN Seeds) Brassica oleracea Dwarf Blue 

Radish Raphanus raphanistrum Sangrin  

Table 1. Species and variety of the microgreens used for photoperiod experiments.  

Growing Microgreens 

Sixteen trays were placed into one of two growth cabinets. Both cabinets were set to 19°C, 

60% humidity and 70 µmols of light. The short day (SD) cabinet had lights on for 8 hours a 

day and the long day (LD) cabinet had lights on for 16 hours a day. Trays were inspected daily 

to see if hypocotyls had emerged from the soil and were visible. Once at least 50% of the 
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microgreens in the soil were visible the date of this observation was noted. Three days after 

this date the tray would either be moved to the alternate cabinet, or it would stay in its original 

cabinet as a control. In either case the tray would be in its original or alternate cabinet for a 

further three days until it was taken out to have the microgreens imaged. Imaging and 

switching took place at ZT5. This protocol ensured that most of the plants that underwent 

photoperiod shifts would have had equal exposure to each photoperiod treatment, although 

the order of photoperiod exposure varied between the groups.  This experiment was carried 

out sequentially three times to produce three biological replicates, with 40 Individual plants 

per photoperiod treatment per experiment. 

Imaging Microgreens 

Hypocotyl lengths were measured in this experiment so that the results could be compared 

with those from Ronald et al. To image the microgreen hypocotyls, all leaves were removed, 

this made orientating and flattening the microgreens easier. Once the leaves were removed 

the microgreens were removed from the soil and were laid flat in an Epson scanner. The 

scanner would then take a high-resolution scan which was used to determine the length of 

each individual microgreen across all conditions. 

Analysing Microgreen Images 

Microgreens were measured using ImageJ and a stylus. The stylus was used to draw a line 

over the microgreens from the shoot apical meristem to the base of the stem. Using the 

measure function in ImageJ, outputted a length in pixels which could be converted to a length 

in mm using the following equation, Length in pixels * ( 25.4 / DPI ). This was validated using 

a scan of a steel ruler. This data was then incorporated into RStudio, followed by an analysis 

of variance, Shapiro-Wilk tests and Tukey HSD. 

Results 

The impact of photoperiod shifts on microgreens. 

Following the removal of microgreens from the soil and subsequent scanning, hypocotyl 

lengths for each species were analysed. Hypocotyls grown under LD were the shortest across 

all species, this is consistent with observations made by other groups studying A.thaliana (51). 

In radish there was no significant difference between the hypocotyl lengths of plants grown in 

SD conditions and those that were transitioned between SD to LD. Hypocotyls grown under 

LD to SD were significantly shorter than those grown under SD to LD and SD. The Tozer 

Seeds variety of kale showed a significant increase in hypocotyl length between hypocotyls 

grown under SD to LD relative to those grown under LD to SD. Hypocotyls grown under SD 

conditions were significantly larger than those grown under any other condition. The CN 

variety of Kale showed no significant difference between hypocotyls grown under SD and 

those grown under SD to LD. Hypocotyls grown under both SD and SD to LD were significantly 

larger than those grown under LD and LD to SD. The only significant difference observed in 

hypocotyl length of sunflowers was a significant increase between hypocotyls grown in SD 

and hypocotyls grown in all other conditions respectively.  
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Figure 2.1 Hypocotyl lengths of microgreens grown in different photoperiodic conditions. 

ANOVA and Tukey HSD tests we carried out to assess the difference in hypocotyl length 

between plants grown in different photoperiodic conditions. A = Plants grown under this 

photoperiodic condition exhibited significantly different hypocotyl lengths compared to plants 

from the same species that were grown under different photoperiodic conditions. B = Plants 

grown under this photoperiod condition have significantly different hypocotyl lengths than 

plants of the same species that were grown under SD conditions. C = Plants grown under this 

condition have significantly different hypocotyl lengths compared to plants of the same species 

that are grown under both LD and LD to SD. D = plants grown under this photoperiod have 

significantly different hypocotyl lengths compared to plants of the same species that are grown 

under SD and SD to LD.   

Discussion 

Transitioning from SD to LD increases hypocotyl length relative to those grown under 

LD to SD  

Our results show hypocotyls that were transitioned from SD to LD are significantly longer than 

those transitioned between LD to SD except for H. annuus. This is contrasted by Ronald et al, 

who show that A. thaliana hypocotyls that were transitioned from LD to SD were significantly 

longer than those transitioned from SD to LD. Ronald et al grew their hypocotyls using 

Murashige – Skoog media. Studies have been conducted which show that growing mediums 
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affect the growth of seedlings and therefore using different growing mediums would have 

impacted seedling growth (57). MS media  does not have a soil microbiome present. The soil 

microbiome improves plant growth by improving nutrient uptake from the soil into the plant 

(58). Also, Ronald et al sterilised their seeds which then were cold stratified before being 

placed under light, whereas the microgreens were not sterilised and were placed into the soil. 

To penetrate the surface of the soil the microgreens will need to grow meaning that they are 

at a different stage of development by the time that they can register light information from 

their environment. The microgreen seedlings were also not exposed to the 4-degree cold 

stratification, as the microgreens are not stratified at the vertical farm. It is well established 

that plants use temperature   and photoperiod to detect seasonality, and this may have 

impacted the physiology of the plants (59). Both A. thaliana and H. annuus do not develop 

longer hypocotyls when transitioned from SD to LD. This could be due to variation in the way 

that different species detect photoperiodic information, for instance I observed that cotyledons 

of H. annuus remain in the seed for longer than any of the other species. This could limit the 

quantity of photoperiodic information H. annuus receives, thus altering its response to 

transitioning photoperiod. 

If the total amount of light a plant receives determines its hypocotyl length, then it would be 

assumed that there would be no significant difference between plants transitioned from SD to 

LD and those transitioned between LD to SD. This idea is not supported by my results, instead 

it appears that the order of the photoperiod a plant is exposed to is a determinant of hypocotyl 

length. Understanding what causes plants grown under SD to LD to have hypocotyls longer 

than those grown under LD to SD would be instrumental to exploiting this phenomenon to 

improve agricultural practices. To better understand why this occurs, future studies should 

study how varying the number of photoperiods and order of photoperiod impacts physiological 

traits.  

The differences seen between species could be the result of unique hypocotyl expansion 

patterns of each species. It is possible that sunflower hypoctyl expansion occurs later than 

that of other species. This is unlikely to be the case for Arabidopsis because Ronald et al 

observed hypocotyl expansion occurring after 5 days of growth and our experiments spanned 

6 days of growth in total. This is also unlikely to be the case for sunflower because other 

groups have measured hypocotyls of sunflower under different light qualities and report that 

hypocotyl elongation occurs between 2 – 4 days of growth under different types of LED lighting 

(60).   

Can varying photoperiods be used to improve the efficiency of vertical farms? 

Studies have attempted to find an optimal photoperiod length which improves yields, nutritional 

content and increases the energy efficiency of vertical farms. One study examined how 

constant light can be used to improve these qualities in Brassicacea microgreens. It was found 

that constant light improved yield and nutritional value (61). This is consistent with other 

studies that also suggest constant light improves the energy efficiency of vertical farms whilst 

maintaining crop quality (62). However we are unaware of any research which examines how 

photoperiod shifts can be used to improve the efficiency of vertical farms.  

My data shows that some varieties of kale and radish can be grown to the same length as 

those under SD conditions for lower energy requirements. Shorter microgreens grown under 

longer photoperiods have many properties that are beneficial to vertical farmers, such as 

darker colouration and higher nutrient density (11). Future research should investigate the 

nutritional quality of LD to SD grown microgreens to see whether we were able to achieve 

agriculturally relevant traits in a more energy-efficient manner.  In the other variety of Kale 

(Tozer) shifting photoperiods in either direction resulted in  significantly shorter hypocotyls than 
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those grown under SD conditions still highlights how microgreens can be grown to be tall whilst 

also reducing costs associated with lighting. Changing photoperiods appeared to have no 

impact on the physiology of sunflower plants which could be due to the seed covering, as 

discussed above. To understand how to implement photoperiod shift changes in to vertical 

farms to improve their efficiency this experiment should be repeated using the growing 

methodologies that are common place in vertical farms. Vertical farms typically use aeroponic 

or hydroponic systems and grow crops using various mediums such as recycled carpet matts. 

Ronald et al’s., results were obtained using plants grown on media and my results were 

obtained using plants grown in soil. This could suggest that the medium used to grow plants  

does not impact plant growth. Yet this does need to be investigated by performing photoperiod 

shift experiments on media, carpet matts, in soil, hydroponically and aeroponically on a 

species-by-species basis. 

Regardless of the impact of growing medium on hypocotyl length it is essential that the impact 

of shifting photoperiods on nutrient content and taste be investigated. As mentioned in the 

introduction SD conditions are associated with elongated      hypocotyls and LD conditions are 

associated with nutrient rich plants. It remains unclear if shifting between SD and LD can 

produce nutrient rich microgreens which are taller than those typically associated with LD 

whilst being closer to SD grown plants with respect to energy costs. This must be investigated 

by repeating this experiment in a vertical farm setting and carrying out elemental analysis on 

harvested plants. This would allow clear comparisons to be made between SD to LD, LD and 

SD conditions. Similar analysis needs to be performed but with compounds associated with 

taste to examine how taste is impacted by photoperiod and if better tasting microgreens can 

be attained by altering photoperiodic conditions.  

Plants also use temperature as well as photoperiod to determine  seasonality (59). Given that 

these two envoronmetal factors interact and alter plant physiology in nature it would be 

interesting to explore this phenomena in a vertical farm setting (63) One of the largest costs 

associated with vertical farms is the cost to cool the farms. In this experiment temperature was 

kept constant between the different photoperiods. Therefore, the outcome on the plant of 

transitioning between both photoperiod and temperature remains uncharacterised. This 

should be studied by altering temperature while photoperiod changes and examining how this 

impacts physiology. If changing temperature has a significant impact on physiology, then 

understanding the relationship will be crucial in forming novel growing methodologies to 

improve the efficiency of vertical farms. Finally future experiments should test a wider selection 

of both plant species and varieties. My data suggests that there is a range of sensitivity to 

photoperiod changes across varieties of kale and between sunflower and all other species 

included in the experiment. Repeating these experiments in a vertical farm setting with a 

greater variety of microgreens will highlight which microgreens are the most sensitive to 

shifting photoperiods. This will allow growers to select the most energy efficient and 

economically favourable crops to grow.  
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Chapter three: Exploiting heterogeneity in a vertical 

farm to produce novel approaches to optimise 

growing conditions 

Introduction 

Vertical farms allow growers to customise the growing conditions of crops. Plants are sensitive 

to minor changes in environmental conditions, such as light, temperature and humidity.  For 

instance, Arabidopsis is sensitive to as little as a 2°C change in temperature (25).  It is likely 

that there are optimal levels of these conditions which maximise yield, which will be specific 

to each species (64,65). Minor environmental differences may also impact agriculturally 

important qualities other than yield, such as aesthetic qualities, nutrient concentration and 

taste compounds (66–68). Farmers need to balance these requirements when designing their 

optimised vertical farm conditions. 

To optimise vertical farm conditions, researchers will employ an experimental design in which 

they measure agricultural traits in several different conditions, a strategy that has been 

successfully deployed in many studies to optimise light, temperature and humidity separately. 

For instance, this kind of experimental design was deployed to determine that changing the 

ratio of red and blue light has distinct impacts on lettuce physiology. Increasing the proportion 

of blue light decreases lettuce leaf area and shoot fresh mass (69). Another study conducted 

using lettuce showed that, increasing light intensity can increase crop growth and antioxidant 

capacity to an extent. However, too great of an increase can reduce crop growth and 

antioxidant capacity. A similar behaviour is seen in basil but no reduction in growth is observed, 

it is just maintained and antioxidant capacity is unchanged regardless of light intensity (67). 

Increasing the temperature of the air that basil is grown in has been shown to increase its 

fresh mass and height to an extent. Models based on experiments which grew basil at various 

temperatures show that at approximately 30°C these qualities stop increasing and begin to 

plateau when this temperature is exceeded (70). Finally, increasing relative humidity up to 

85% increases the growth of lettuce (29).  

However, these studies do not consider how changing one growth condition may impact 

another. Other researchers have combinatorically assessed the impact of several 

environmental variables concurrently.  An example of this is shown in a report where lettuce 

was grown under different light intensities, different air temperatures and different root level 

temperatures. It was shown that, growing lettuce at an air temperature of 24°C had caused 

the largest increase to fresh and dry mass. Interestingly, this increase was enhanced when 

lettuce was grown at both 24°C and 750µmol m-2s-1. Fresh and dry mass obtained 
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approximately tripled under this treatment compared to when grown at 24°C and 200 µmol m-

2s-1 (71). Statistical methods have also been deployed to select a smaller number of 

informative experiments to optimise several conditions at once in a vertical farm. One study 

has broken down a typical vertical farm environment into 6 individual components, day 

temperature, night temperature, electrical conductivity of nutrient solutions, CO2 concentration, 

relative humidity and LED lighting. Each component was assigned 3 different levels which 

altered its intensity / concentration. In the case of LED treatment light quality and or intensity 

were altered between levels. Twenty-seven experiments were conducted where each of the 

components was set to a different level and after approximately 45 days the fresh biomass, 

dry weight, nutrient concentration, leaf area and number of leaves were measured. From these 

results the optimal growth conditions were determined for basil and lettuce respectively (66). 

Determining the optimal growth conditions for crops in vertical farms is a complex task and 

the reports discussed are greatly informative. However, these studies require the presence of 

many isolated spaces within a vertical farm or time-intensive sequential experiments.  They 

also assume that the environments in which the plants grow is homogenous, when in fact light, 

temperature and humidity may vary within the physical space due to the layout of lights and 

the air flow, among other factors(72). 

Although the physiological impact of heterogenous conditions in vertical farms has not been 

fully investigated, it has been widely established that in traditional field-based agriculture, the 

conditions are not uniform within a field, resulting in heterogeneity in crops. Soil topography 

can vary across and within fields, which has shown to impact how soil can accumulate water 

and by proxy impact yield (73). It has also been shown that increasing the distance from the 

edge of a field that a crop is grown in increases yield. Moreover, crop yields can also be 

impacted by the landscape that surrounds a field and the amount of shading that a crop 

receives (74). Within field variation a crop’s environment is detrimental to both food security 

and to profits made by farmers. This is because within field variation impacts how a crop is 

shaped, its size, colour and weight. All factors that can lead to crops failing quality checks and 

being disposed of (75). Vertical farming removes sources of heterogeneity such as soil 

topography and landscape. However, there are still sources of heterogeneity that occur within 

vertical farms as I show here.  

In this chapter I have taken advantage of the heterogeneity of light intensity and quality that 

exists in a vertical farm to suggest an innovative experimental design for condition 

optimisation. I have done so by measuring the position-specific light intensity and quality 

across 256 different positions in a vertical farm and modelling how these factors impact 

biomass in microgreens. Red light quality appears to negatively regulate plant biomass.  We 

suggest that exploiting existing heterogeneity in vertical farms will enable us to optimise 

treatments using a less space-intensive set-up than traditional environmental optimisation 

experiments, allowing researchers to test hundreds of different combinations of conditions in 

a single experiment.   

Method 

Growth Conditions 

Plants were grown on recycled carpet matting from Growfelt (76). Each matt was divided into 

20 regions using waterproof tape. There were 16 equal regions in the centre of each matt 

(figure 1). These regions were used to grow microgreens which would have their biomass 

measured. The remaining regions comprised the area on the edge of the carpet matt and had 

microgreens grown on them, but their biomass was not measured. These regions experienced 

different conditions from the middle 16 because they were in proximity to the walls of the trays 

which the carpet matts were inside of. These conditions may have had an impact on 



24 
 

physiology and were left uncollected at the end of the experiment. Once the matts were 

divided, seeds were sown on to the matts. To mimic realistic vertical farm conditions, I sowed 

microgreens seeds in the densities that are normally used for commercial purposes in this 

farm. One species of microgreen was grown per carpet matt. The seed density was divided 

across all 20 regions of matting and sown proportionally according to the area of the region. 

For instance, the regions on the edge of the matt were larger than those in the centre of the 

matt and received more seed.  

 

Figure 3.1 Diagram of a tray used to grow microgreens in my experiment and an image of the 

microgreens as they were growing in the experiment. Each tray was divided into 20 regions 

as seen in the left diagram. The four larger regions had microgreens grown in them but were 

not harvested. This was to prevent edge effects occurring within the 16 central regions. The 

regions were separated via tape seen in the right diagram.  

Once sown on to the matting seeds were gently covered in water and stored at room 

temperature in the dark for 3-4 days to stimulate germination. Once removed from the dark, 

plants were placed under light conditions and grown for 5-7 days depending on the crop. Crops 

were grown under 12h light and 12h of dark. To accurately mimic vertical farm conditions, the 

light regime ordinarily used by the vertical farm was utilised. The software used by the farm 

does not provide units of intensity for the lighting but percentages of light intensity with 100% 

being the maximum each channel could output. There were four channels, blue was at 50%, 

red which was at 80%, far red and white which were both at 100%. Crops were grown using 

a hydroponic system where the roots of the crops were misted with nutrients dissolved in water 

every 5 minutes for 1 minute. Nutrients were provided using HydroMax Grow A and B. The 

electrical conductivity (EC) was set to 1.7, and pH was set to 5.9.   

Lighting Conditions 

Due to a gradient of light occurring across the growing beds, light intensity and quality was 

measured in each of the regions of the carpet matt. Light intensity and quality were measured 

respectively using a PAR special from Skye Instruments and an OceanView Flame from 

Ocean Insight. Due to human error and time constraints not allowing me to repeat the 

measurements, the output of the PAR values for the specific light qualities was obtained in an 

arbitrary unit called counts. However, measuring in counts does still produce a spectrum of 

light for each region which is the same shape as it would be with the correct units and it does 

show how light intensity of differing qualities changes. Plants were grown across a vertical 
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stack of 4 beds (figure 2). Each bed had four bays, each bay had the capacity for one tray. 

Each tray had the capacity for one matt, which had 16 regions where microgreens were grown 

and had their biomass measured. This meant that there were 256 regions where biomass was 

measured, each had their light quality and intensity measured.  

 

Figure 3.2  Vertical farms are arranged into vertical beds and horizontal bays. In one bed, 

there are 4 bays. In four beds there are 16 bays. Each bay has 16 regions where microgreens 

were grown and weighed (Figure 3.1). There were 256 regions where microgreens were grown 

and weighed.   

 

Harvesting Microgreens 

Microgreens were harvested one region of carpet matt at a time using scissors. Cuts were 

made approximately 0.5-1 cm above the base of the stem to ensure that no carpet mat was 

included during weighing and to ensure that harvesting during these experiments was an 

accurate representation of harvest techniques for this growth medium. Once all the plant 

material in one region was harvested, the fresh mass was recorded. This was repeated for all 

regions.  Note that this is a similar harvesting strategy to that employed in the commercial part 

of the vertical farm and fresh mass is used as their primary indicator of yield. 

Statistical analysis 

I created a mixed effects model to determine if biomass could be predicted by light quality or 

intensity, using the lmer package in R. I took into account random effects such as position in 

tray (numerical value in figure 1), position type (Corner, edge, centre), bay, bed, and species. 

I also accounted for linear fixed effects like peak red light, peak blue light, peak far red and 

overall light intensity. The peak irradiance for red, far-red and blue light were determined by 

adding all the irradiance values obtained from 653-668nm for red light, 445-456nm for blue 
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and 725-735nm. Peak irradiance values were obtained across wavebands for each light 

quality to account for species variation in the peak absorbances of photoreceptors and to 

differing accounts of the peak absorbances of photoreceptors in the literature (77–79).    

 

 

 

 

Results 

Total, red, far-red and blue light intensity vary within the vertical farm 

Vertical farms will often space the lights used to grow crops in a way that prevents light 

reflecting off the white walls and back on to the beds. In the vertical farm where my 

experiments were performed, part of the wall was black. This resulted in less light being 

available to the crops that were closer to the wall (figure 3) 

 

Figure 3.3 Heat maps displaying overall light intensity, peak far-red intensity, blue light 

intensity and red-light intensity at the plant level across beds used to grow microgreens. Total 

intensity was measured in µmols and the other light intensities were measured in counts. Each 

4 x 4 square on the heatmaps represents a single tray as it is positioned in the vertical farm. 

Figure 3 shows that for all trays there is less overall light at the plant level at the back of the 

tray closest to the wall. Light intensity varies at the plant level within each tray. A similar 
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variation occurs for peak far-red and peak blue light intensity. However, there is little peak red-

light irradiance variation in each tray but there is lots of variation between beds. It is important 

to note that plants sense the ratio of red to far-red light to illicit a shade response, which led 

us to the hypothesis that the bottom two shelves may experience a shade avoidance 

response, leading to increased hypocotyl elongation (80). 

 

 

 

 

 

 

 

Differences in red light output between beds 

To investigate the source of the observed variation of red light intensity across beds, I viewed 

the spectrum of a region in a tray from the top and bottom beds (Figure 4). The peak 

wavelengths of the LED lights do not directly align with the peak absorption bands of 

cryptochromes and phytochromes. 

 

 

Figure 3.4 The spectrum of a region on the top and bottom beds of the vertical farm where 

my experiments took place. The vertical lines indicate the wavebands which I am associating 

with red, blue and far-red regions of the spectrum. Blue light has the highest intensity, followed 

by red light and far-red light has the lowest intensity. This figure shows that the spectrum 

outputted by the two different lights is different.  
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Figure 4 shows that there are clear differences in the slopes of the wavebands I have focused 

on. Given that red light has the largest contrast in intensity between beds I carried out a linear 

regression for every region’s wavelength and irradiance within the peak red’s waveband. I 

then extracted the slope of every regression and plotted them (figure 5).   

 

 

Figure 3.5 A violin plot depicting how the slope value of the red-light waveband changes 

across beds. This indicates that the light distribution seen in figure 3.3 is not the result of 

human error and that the lights in the top beds are outputting more red light than the the bottom 

two beds. The slope indicates how the spectrum of each light changes. The most dramatic 

shift is apparent between the lights on C and D and A and B.  

Figure 5 clearly shows that the value of the slope of the red-light waveband increases for the 

top 2 beds and validates the observations made in figure 3. Information about the distribution 

of red light will be provided to the light manufacturers, as this may inform future engineering 

decisions.   
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Biomass varies differently to light intensity across beds 

Biomass does not vary in a similar way to light intensity (Figure 4). Interestingly beds A and B 

appear to have higher biomass values for each species. These beds also receive lower 

intensities of peak red light.   

 

Figure 3.6 A heatmap showing the variation of fresh biomass across beds. Species plotted as 

they were arranged during the experiment. Each square where biomass was measured 

corresponds to the same square where light intensity was measured in figure 3.3.   

Figures 3 and 6 suggest that increasing the intensity of red light, decreases biomass. To test 

this hypothesis, I performed further statistical analysis in the form of a linear mixed effects 

model.   
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Red light appears to negatively predict biomass 

Because there were several random effects present whilst this experiment was being carried 

out e.g., species, bed, bay, position in tray, position type I created a mixed effects model. I first 

created a maximal model which had light intensity, peak red-light intensity, peak blue light 

intensity, peak far red intensity as fixed effects. The random effects listed above were included 

in the model. I then created a minimal model by employing a stepwise deletion algorithm, 

which involved removing the least significant fixed or random effect at a time and then 

performing an ANOVA test between the two models to assess their explanatory power of the 

variance in the data. This was repeated until the simplest model was obtained that had 

significant predictive power. The resulting minimal model had red light as the only linear effect 

and species, bed and position type as the random effects. Whilst this stepwise deletion 

approach has previously been used in the literature (81,82), it has no guarantee of producing 

the best model.  A better alternative would have been to use a regularisation method, like 

lasso, to select the optimal set of variables to use in the model (glmmLasso package in R)(83), 

which would have guaranteed that the best set of variables were selected given a penalty for 

more model complexity, but this was not undertaken due to time constraints.  Nevertheless, 

this step-wise deletion process provides us a useful first glimpse at how the environmental 

variables are associated with biomass. 

To ensure that red light had a larger impact on plant biomass than other any light quality, 

models were created which were identical to the minimal model but substituted red light for 

the other light qualities. An analysis of variance was carried out between the linear mixed effect 
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models that contained different linear effects and the p values of these tests are shown in 

figure 7.  

Figure 3.7 -log of the P values obtained from an ANOVA test between a maximal model and 

minimal models. Each minimal model contained one type of light quality.  

Figure 7 shows that red light was the only light quality that significantly impacted biomass. To 

examine the size of the impact red light had on biomass I obtained the coefficients of each 

light quality from their respective models. The coefficients for each light quality from each 

model are shown in figure 8. 
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 Figure 3.8 The coefficients for each light quality from each minimal model. This indicates the 

impact on plant fresh biomass that each light quality has per unit increase. It appears that at 

these conditions increasing the intensity of all light qualities will have a negative impact on 

plant biomass.  

 At the conditions measured, increasing each light quality per unit would negatively impact 

plant biomass. This may not reflect the relationship between plant biomass and these qualities 

of light under other conditions. However, red light has a significantly large negative impact on 

the biomass of microgreens.  

Finally, to assess how well the model predicts biomass based on species, red light intensity, 

position type and bed I plotted the values the model predicts for biomass against the actual 

values for each species (Figure 9).  Although our statistical analysis still suggests that red light 

is significantly associated with biomass, even when controlling for bay and species, Figure 9 

indicates that bay and species have a more dominant effect on the final biomass.  There may 

be unknown variables associated with bay, such as temperature and humidity, that may 

explain the bay-specific effects.  Unfortunately, we did not have sufficient access to 

temperature/humidity sensors to monitor these factors throughout the experiment. 
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Figure 3.9 A scatter plot for the biomass of each species predicted by the model against the 

actual obtained values. Each model was a mixed effects model created using the glm package 

in RStudio. Model complexity was determined by removing effects and performing an ANOVA 

between the simpler and complex model. This was repeated until the simplest of each model 

was obtained. These models were then use to predict plant biomass values under the same 

conditions and were plotted above.  

Discussion 

Variance in red light intensity may be due to manufacturing  

The distribution of red light in each bed was more uniform than the distribution of any other 

light quality. This could be because the vertical farm uses a higher proportion of red light in its 

light recipes, resulting in more red light being reflected on to the beds. The differences between 

red light intensity across the beds is likely due to the spectrum of the LEDs in the red channel  

being different, this could be due to discrepancies in the manufacturing process.as seen in 

figures 4 and 5. This result was unexpected because all beds had similar overall light 

intensities and shared the same light recipe and therefore should have been outputting the 

same intensity as each other. This result highlights that when growing crops in a vertical farm 

it is essential to check that the intended light intensities are the intensities that the crop actually 

receives. This should be an essential step when reporting any findings or recommending 

growing methodologies to ensure that changes to yield or any beneficial characteristic are a 

result of the intended treatment and not the result of variance.  

Overall light intensity does not predict biomass 

Overall light intensity does not predict biomass. This suggests that vertical farmers may not 

need to worry about the scale of light intensity heterogeneity observed in a vertical farm.  Other 

studies that investigate the response to light intensity from Brassica microgreens show that 

the optimal light intensity for biomass and nutrient content across a 14-hour photoperiod is 
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70µmol (64). Other groups studying lettuce also report that whilst yield does increase as light 

intensity increases, there is visible damage to the crop at approximately 300µmol of light (37). 

It is likely that light intensity is a significant predictor for microgreen growth but the light 

intensity range used in this experiment is too small to observe any changes to fresh biomass. 

Figure 3 shows the range of overall light intensity in this experiment approximately ranged 

between 300 and 500µmol. To confirm if light intensity is a significant predictor of plant 

biomass, this experiment needs to be repeated between a light intensity range of 50 to 

300µmol of light. This is a worthwhile experiment because if a lower range of light intensity 

can increase or maintain a similar biomass range to the one seen in this experiment, then it 

shows confirms that microgreens can also be grown with a lower energy cost.    

Red light negatively predicts biomass 

As shown in figures 7 and 8, increasing red light decreases biomass in microgreens. As stated 

previously and shown in figure 3, plants were receiving a higher intensity of red light than they 

were blue light. This is important because the literature shows that increasing the ratio of red 

to blue light can increase biomass relative to having a one to one ratio in some cultivars of 

basil. However it is shown that in other cultivars of basil a one to one ratio is preferable for 

increasing fresh biomass (84). It is also shown that when grown under a similar red to blue 

light ratio, both sweet pepper and lemon balm have increased biomass accumulation (44,45). 

The former study shows that increased proportions of red light can decrease biomass in some 

plant cultivars and not others. Therefore, increasing red light proportions when growing 

microgreens could potentially negatively impact their biomass. Given that pH and EC were 

kept at the same level during this experiment the other predictors of biomass are likely to be 

relative temperature and humidity. I hypothesis that there are also fluctuations in temperature 

and humidity across trays and beds. This is because heat is a waste product of the LED lights 

and the lights in this experiment were not evenly spaced out. There are also power units and 

electrical equipment on either side of the beds which is likely to obscure air flow and cause 

temperature differences. To better understand the relationship between light quality, intensity, 

temperature, humidity and biomass I would repeat this experiment with temperature and 

humidity loggers at the plant level. I would assess how temperature and relative humidity vary 

within trays, within beds and across beds and see if when modelled the predictors of biomass 

change. Carrying out this experiment would show how light quality, intensity, temperature and 

humidity interplay and could lead to studies which improve the efficiency of vertical farms using 

novel growth recipes.      

Innovative experimental design 

We have taken advantage of the heterogeneity of light that occurs in vertical farms to model 

the relationship of light available at the plant level and biomass of microgreens. We have 

shown that at a given range of overall light intensity red light negatively predicts biomass. This 

approach can be utilised by other researchers in smaller farm set ups to optimise growing 

conditions without the need to perform spatially and temporarily intensive experiments.  
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Discussion 

Novel strategies for optimising light intensity and quality in vertical farms 

To improve the energy efficiency and cost of vertical farms, lighting regimes which conserve 

the yield, nutritional values and aesthetic qualities of microgreens but also reduce the energy 

costs need to be found. In this Thesis I present data and recommendations of how to optimise 

vertical farms using complex lighting regimes. In chapters one and two I suggest that altering 

light quality, light intensity and photoperiod can reduce energy costs without having large 

phenotypic impacts on microgreens. In chapter three I present a novel protocol that has the 

potential to be used by growers and researchers to select the optimal conditions for growing 

microgreens. This is valuable because this protocol does not require large amounts of space 

and time and could be implemented easily in smaller vertical farms.  

Understanding how natural environmental changes translate into controlled 

environments  

Plants have evolved outside of controlled environments and likely use their resources in the 

most efficient manner when under conditions that reflect those in nature. For example, plants 

may not utilise light properly at the start of the photoperiod because in nature they do not 

experience a large change to light quality and intensity in a short time span at this time. There 

are several publications which study how implementing realistic field conditions in to controlled 

growth environments impacts plant performance (85–87). However, these studies do not 

attempt to implement these conditions into vertical farms for microgreens. One such study 

monitored, light quality, temperature, relative humidity, light intensity, precipitation and wind 

speeds of a field trial in various plant species. Using specialised growing equipment, the 

conditions recorded in the field trial were implemented into a growth chamber and the growing 

conditions experienced by different plant species were altered every 5 minutes to mirror the 

condition changes of the field trial. It was reported that in most areas of plant performance, 

plants grown under this condition outperformed sinusoidal and fixed on/off lighting conditions. 

However, one area of plant performance in which species grown under other lighting 

conditions performed better on average was plant dry mass (1). 

In the first two chapters of this thesis, we employ two naturally occurring phenomena to 

microgreens, gradual changes to light quality and intensity, mimicking a sunrise. We also 

subject microgreens to different photoperiod lengths which occur in nature throughout 

changing seasons. 

In chapter one, I have used available atmospheric data and highly programmable LED lighting 

to grow microgreens which experience sunrise like changes to light quality and intensity. I 

have demonstrated that gradual changes to light quality and intensity at the beginning of the 

photoperiod do not decrease the biomass of two varieties of kale. I also showed that when 

radish is subjected to the same light treatment there is a significant decrease in biomass. The 

result seen in the kale varieties could improve the efficiency of vertical farms because gradual 

changes to light intensity and quality do not require as much light as binary on/off changes to 

lighting. The result seen in radish will help vertical farmers choose their lighting recipes to 

strike a balance between gradual lighting changes that reduce energy costs and optimise 

yield. 
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The results that I have obtained from this experiment are consistent with Chiang et al., 

because I also observed that under realistic lighting conditions the performance of plant 

species varied relative to binary on/off conditions.  

In chapter two I have shown that photoperiod shifts may be able to be implemented into vertical 

farms to reduce costs associated with lighting. I grew microgreens in soil and subjected them 

to SD conditions, LD conditions, SD to LD conditions and LD to SD conditions. I found that LD 

produced the shortest hypocotyls, SD produced the tallest, LD to SD the second shortest and 

SD to LD the second tallest in a variety of kale. In other varieties of kale and in radish I have 

shown there is no significant difference in hypocotyl length between SD to LD and SD grown 

plants. In sunflower all treatments produced the same average hypocotyl length, except for 

SD which increased hypocotyl length. This could reduce the energy costs of lighting in vertical 

farms significantly as SD to LD grown hypocotyls combine the optimal aesthetic qualities of 

LD grown hypocotyls and the taller hypocotyls associated with SD conditions for a lesser 

energy cost.  

The results I have obtained in this experiment are like those obtained by Wheeler et al. who 

studied how potato plants respond to daylength changes. It was found that potato plants that 

are subjected to 12 hour days before being transitioned to constant light have increases in 

tuber dry mass compared to plants that are grown under constant light and then transitioned 

to 12 hour days (88). This is indicative that the order in which plants receive SD and LD 

conditions is a significant factor in different species of plant. My experiment adds to this area 

of scientific research because it shows there is species level variation in response to 

transitioning photoperiods and that the results seen in potato are not the result of a transition 

between SD to free running conditions. I have shown that some varieties of kale and radish 

perform as well as short day grown plants with respect to hypocotyl length when transitioned 

from SD to LD. In contrast, this is not observed in sunflower and other varieties of kale. It is 

my understanding that no other research groups have examined how transitioning the 

photoperiods that plants are grown under impacts crop growth in vertical farms.  

Other studies have shown how unnatural conditions can enhance the efficiency of vertical 

farms and improve plant performance. Examples of this are the use of continuous low intensity 

light (62) and LED lights which output light at specific photosynthesis enhancing wavelengths. 

However, I present ways in which simulating natural environmental conditions can provide 

novel energy efficient growing methodologies which can improve the energy efficiency of 

vertical farms. 

A novel experimental strategy to optimise the growing conditions in vertical farms 

In chapters one and two I suggested how nature-like lighting regimes could be used to improve 

the efficiency of vertical farms. However, there is still the necessity to test a wide range of 

growing conditions on the crops grown in vertical farms to find the optimum conditions. The 

design of a strategy that would enable growers to view the impacts that different growth 

conditions have on yield would be invaluable to improve the efficiency of vertical farms. This 

would be particularly useful in smaller farms which cannot perform experiments involving large 

varieties of growing conditions.   

In the third chapter of this thesis, I have tested an experimental strategy that exploits existing 

heterogeneity of lighting at the plant level in a vertical farm. I have examined the range of this 

heterogeneity by measuring the variance in the total light at the plant level and the peak red, 

blue and far-red light intensities 16 times within every tray that microgreens were grown in. I 

then grew microgreens in the same 16 positions in every tray and measured each position’s 

biomass, giving us the capacity to measure the impact of 64 lighting conditions per species. 
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Using this data, I created a mixed effects model to examine if any of the conditions in the 

vertical farm were significant predictor of biomass. The mixed effects model was reduced to 

its simplest form, bed, species and position type (corner of tray, edge, centre) were the random 

effects and red light was the only linear fixed effect. I report that red light is a negative predictor 

of plant biomass and that overall light intensity does not predict plant biomass.  

Limitations of my experiments  

Throughout this thesis I have specifically looked at how changing light quality and intensity in 

a manner that reflects nature impacts plant performance. However, in nature plants experience 

changes to other environmental conditions which may interact with each other and produce 

entirely different responses in plants. 

A highlight of Chiang’s et al’s., study is that they show how changes to temperature and 

humidity in addition to changes in light quality and intensity are important to plant growth. This 

suggests that one of the limitations with my experiment in chapter one is that I consider 

changes in light intensity and quality exclusively. I did not implement temperature and humidity 

changes into my experiment and perhaps implementing other environmental factors such a 

temperature and relative humidity is the key to boosting plant performance in controlled 

conditions for a lesser energy cost. This idea is supported by studies discussed in chapter 3 

which study the interplay between temperature and light in controlled environments.  To test 

this hypothesis, I would collect temperature and relative humidity data from York across a 7-

day period, specifically focusing on changes that occur during the sunrise. I would then 

combine this data with the atmospheric data available from York and grow plants in these 

conditions. I could then study biomass and examine if temperature and humidity changes 

enhance plant performance. I would then aim to implement these regimes into vertical farms. 

Also, the experiment carried out in chapter two does not consider the fact that altering light 

intensity will impact photoperiod-dependant growth. There have been studies that showcase 

how having longer photoperiods or constant light can be viable in vertical farms because it is 

possible to maintain high yields with constant low light intensity.  Lanoue et al., found that 

basil, collard greens and amaranth plants grown under 24 photoperiods had greater biomass 

than those grown under shorter photoperiods (5). Simillarly, Liu et al., found that the biomass 

of certain microgreens was maximised under particular light intensities and photoperiod 

lengths (64). Given these results. I hypothesise that transitioning the photoperiod that 

microgreens are grown under from short days (8-12 hours) to constant light would improve 

the growth of microgreens and further increase energy use efficiency. To test this hypothesis, 

I would grow a wide range of microgreens and expose them to short days and constant light 

in in a vertical farm in different orders at different light intensities. I would then measure their 

biomass, nutrient content, taste compounds and energy use efficiency to assess commercial 

viability. 

Additionally, this thesis focuses on a narrow range of traits such as biomass and hypocotyl 

elongation.  However, other traits are important to farmers and have been shown to be light 

dependent. Traits such as pigment concentration, mineral concentration and taste compounds 

are all impacted by light  (62,64,87,89). Pigment concentration is an essential trait because it 

impacts the colour of a crop which has been shown to be an important factor for consumers 

when purchasing fruits and vegetables (90,91). Microgreens in particular are marketed for 

having a high mineral content and it is important that these concentrations are maintained so 

that consumers have access to a variety of healthy foods (92). Finally, taste compounds 

determine the taste of vegetables and it is important that the taste of microgreens are not 

negatively impacted by using more energy efficient lighting regimes (93). If I included the 
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analysis of these qualities in microgreens under different lighting regimes then my analysis of 

their commercial viability and potential use in vertical farms would have been more robust.  

 

Future experiments 

The experiments in chapters one and two, need to be repeated in a vertical farm setting so 

that the impact of the conditions that cannot be recreated in controlled environments such as, 

growing mediums and heterogeneity of lighting conditions can be studied. These are crucial 

experiments which will determine if these approaches can be employed to vertical farms.  

However, assuming that these approaches can be carried out in vertical farms I have shown 

that gradual changes to light intensity, light quality and transitioning photoperiods have the 

potential to improve their efficiency. I believe future studies should combine these two 

approaches by carrying out experiments of a similar design to that of the one in chapter two 

with the addition of gradual changes to light intensity and quality at the beginning of the 

photoperiod. This would allow any interplay between gradual changes to lighting in the 

morning and photoperiod transitions to be examined. The possible interplay could be 

exploitable and further improve the energy efficiency potential of the individual approaches. I 

also believe that the impacts of the length of the period of gradual lighting changes should be 

assessed. I believe that this should be assessed because observations that are yet to be 

subjected to peer review suggest that increasing that the duration of twilight lengths can 

enhance plant performance (33). Sunrise and twilight are similar in that they both are periods 

in which a plant would experience gradual changes to light intensity and quality and perhaps 

the length of this period could alter the observations observed in chapter one. This could be 

tested by slowing the rate the of which the light intensity and quality change, increasing the 

total time of the period in which these changes occur. I also believe that future studies should 

test the impact of a wider variety of sunrise like conditions. Different sunrises will have different 

qualities and Chiang et al., show that plant performance changes when subjected to different 

realistic conditions from different seasons (87). This could be achieved by using available 

atmospheric data to programme vertical farm lighting to behave like sunrises from different 

seasons in the early morning, subjecting them to microgreens and comparing their biomasses. 

Combining these experiments with photoperiod transitions in a vertical farm will enable 

growers to determine the optimal way in which yield can be maximised at lower energy costs. 

I also believe that the data from these experiments could be used to create an improved 

version of the model from chapter three. Moreover, I believe that this model could be enhanced 

by repeating both the future experiments discussed above and the experiment in chapter three 

in a vertical farm that has the capacity to test a greater range of environmental conditions. It 

has been documented that environmental conditions such as electrical conductivity, industrial 

CO2 input, night temperature and day temperature all impact the growth of crops in vertical 

farms (66). Some of these effects may alter what I have observed in my model and may be 

larger predictors of plant biomass. This is an important experiment because building on the 

model created in chapter three will improve our understanding of the relationship between the 

environmental conditions in vertical farms and the biomass of crops. As discussed, this model 

would be particularly useful to smaller vertical farms which do not have the means to carry out 

these kinds of experiments.   

 

 

 



39 
 

 

 

Bibliography   

1.  van Dijk M, Morley T, Rau ML, Saghai Y. A meta-analysis of projected global food demand 
and population at risk of hunger for the period 2010-2050. Nat Food. 2021 Jul;2(7):494–
501. 

2.  United Nations Publications. World Urbanization Prospects: The 2018 Revision. UN; 
2019. 124 p. 

3.  Duchenne-Moutien RA, Neetoo H. Climate Change and Emerging Food Safety Issues: A 
Review. J Food Prot. 2021 Nov 1;84(11):1884–97. 

4.  Ji Y, Kusuma P, Marcelis LFM. Vertical farming. Curr Biol. 2023 Jun 5;33(11):R471–3. 

5.  Eldridge BM, Manzoni LR, Graham CA, Rodgers B, Farmer JR, Dodd AN. Getting to the 
roots of aeroponic indoor farming. New Phytol. 2020 Nov;228(4):1183–92. 

6.  Bhat SU, Akhter Z, Neelofar MR, Qayoom U. Chapter 5 - Towards understanding the 
impact of pesticides on freshwater ecosystem. In: Singh P, Singh S, Sillanpää M, editors. 
Pesticides in the Natural Environment. Elsevier; 2022. p. 121–38. 

7.  Bhaswant M, Shanmugam DK, Miyazawa T, Abe C, Miyazawa T. Microgreens-A 
Comprehensive Review of Bioactive Molecules and Health Benefits. Molecules [Internet]. 
2023 Jan 15;28(2). Available from: http://dx.doi.org/10.3390/molecules28020867 

8.  Sharma S, Shree B, Sharma D, Kumar S, Kumar V, Sharma R, et al. Vegetable 
microgreens: The gleam of next generation super foods, their genetic enhancement, 
health benefits and processing approaches. Food Res Int. 2022 May;155:111038. 

9.  Mir SA, Shah MA, Mir MM. Microgreens: Production, shelf life, and bioactive components. 
Crit Rev Food Sci Nutr. 2017 Aug 13;57(12):2730–6. 

10.  Lan TH, DelMonte TA, Reischmann KP, Hyman J, Kowalski SP, McFerson J, et al. An 
EST-enriched comparative map of Brassica oleracea and Arabidopsis thaliana. Genome 
Res. 2000 Jun;10(6):776–88. 

11.  Jabeen N. Agricultural, Economic and Societal Importance of Brassicaceae Plants. In: 
Hasanuzzaman M, editor. The Plant Family Brassicaceae: Biology and Physiological 
Responses to Environmental Stresses. Singapore: Springer Singapore; 2020. p. 45–128. 

12.  Martin M, Elnour M, Siñol AC. Environmental life cycle assessment of a large-scale 
commercial vertical farm. Sustainable Production and Consumption. 2023 Sep 1;40:182–
93. 

13.  2021%20Global%20CEA%20Census%20Report.pdf. Available from: 
https://engage.farmroad.io/hubfs/2021%20Global%20CEA%20Census%20Report.pdf 

14.  Chowdhury M, Gulandaz MA, Islam S, Reza MN, Ali M, Islam MN, et al. Lighting 
conditions affect the growth and glucosinolate contents of Chinese kale leaves grown in 
an aeroponic plant factory. Horticulture, Environment, and Biotechnology. 2023 Feb 
1;64(1):97–113. 



40 
 

15.  Pennisi G, DISTAL, Agricultural and Food Sciences Department, Alma Mater Studiorum - 
University of Bologna, Bologna, Italy, Orsini F, Landolfo M, Pistillo A, Crepaldi A, et al. 
Optimal photoperiod for indoor cultivation of leafy vegetables and herbs. Eur J Hortic Sci. 
2020 Oct 22;85(5):329–38. 

16.  Parkes MG, Azevedo DL, Cavallo AC, Domingos T, Teixeira RFM. Life cycle assessment 
of microgreen production: effects of indoor vertical farm management on yield and 
environmental performance. Sci Rep. 2023 Jul 13;13(1):11324. 

17.  Ashenafi EL, Nyman MC, Holley JM, Mattson NS. The influence of LEDs with different 
blue peak emission wavelengths on the biomass, morphology, and nutrient content of 
kale cultivars. Sci Hortic . 2023 Jul 1;317:111992. 

18.  Petersen F, Demann J, Restemeyer D, Olfs H-W, Westendarp H, Appenroth K-J, et al. 
Influence of Light Intensity and Spectrum on Duckweed Growth and Proteins in a Small-
Scale, Re-Circulating Indoor Vertical Farm. Plants [Internet]. 2022 Apr 7;11(8). Available 
from: http://dx.doi.org/10.3390/plants11081010 

19.  Kong Y, Nemali K. Fixed vs. variable light quality in vertical farming: Impacts on vegetative 
growth and nutritional quality of lettuce. PLoS One. 2023 May 17;18(5):e0285180. 

20.  Lanoue J, Zheng J, Little C, Thibodeau A, Grodzinski B, Hao X. Alternating Red and Blue 
Light-Emitting Diodes Allows for Injury-Free Tomato Production With Continuous Lighting. 
Front Plant Sci. 2019 Sep 13;10:1114. 

21.  Ohtake N, Ishikura M, Suzuki H, Yamori W, Goto E. Continuous Irradiation with Alternating 
Red and Blue Light Enhances Plant Growth While Keeping Nutritional Quality in Lettuce. 
HortScience. 2018 Dec 1;53(12):1804–9. 

22.  Peterswald TJ, Mieog JC, Azman Halimi R, Magner NJ, Trebilco A, Kretzschmar T, et al. 
Moving Away from 12:12; the Effect of Different Photoperiods on Biomass Yield and 
Cannabinoids in Medicinal Cannabis. Plants [Internet]. 2023 Feb 27;12(5). Available from: 
http://dx.doi.org/10.3390/plants12051061 

23.  Annunziata MG, Apelt F, Carillo P, Krause U, Feil R, Mengin V, et al. Getting back to 
nature: a reality check for experiments in controlled environments. J Exp Bot. 2017 Jul 
20;68(16):4463–77. 

24.  Balcerowicz M, Mahjoub M, Nguyen D, Lan H, Stoeckle D, Conde S, et al. An early-
morning gene network controlled by phytochromes and cryptochromes regulates 
photomorphogenesis pathways in Arabidopsis. Mol Plant. 2021 Jun 7;14(6):983–96. 

25.  Balasubramanian S, Sureshkumar S, Lempe J, Weigel D. Potent induction of Arabidopsis 
thaliana flowering by elevated growth temperature. PLoS Genet. 2006 Jul;2(7):e106. 

26.  Spaninks K, van Lieshout J, van Ieperen W, Offringa R. Regulation of Early Plant 
Development by Red and Blue Light: A Comparative Analysis Between Arabidopsis 
thaliana and Solanum lycopersicum. Front Plant Sci. 2020 Dec 23;11:599982. 

27.  Redmond EJ, Ronald J, Davis SJ, Ezer D. Single-plant-omics reveals the cascade of 
transcriptional changes during the vegetative-to-reproductive transition [Internet]. bioRxiv. 
2023 [cited 2023 Nov 1]. p. 2023.09.11.557157. Available from: 
https://www.biorxiv.org/content/10.1101/2023.09.11.557157v1 

28.  Hatfield JL, Prueger JH. Temperature extremes: Effect on plant growth and development. 
Weather and Climate Extremes. 2015 Dec 1;10:4–10. 



41 
 

29.  Chia SY, Lim MW. A critical review on the influence of humidity for plant growth 
forecasting. IOP Conf Ser: Mater Sci Eng. 2022 Oct 1;1257(1):012001. 

30.  Pan J, Guo B. Effects of Light Intensity on the Growth, Photosynthetic Characteristics, 
and Flavonoid Content of Epimedium pseudowushanense B.L.Guo. Molecules [Internet]. 
2016 Nov 4;21(11). Available from: http://dx.doi.org/10.3390/molecules21111475 

31.  Rahman MM, Field DL, Ahmed SM, Hasan MT, Basher MK, Alameh K. LED Illumination 
for High-Quality High-Yield Crop Growth in Protected Cropping Environments. Plants 
[Internet]. 2021 Nov 16;10(11). Available from: http://dx.doi.org/10.3390/plants10112470 

32.  Alameldin HF, Montgomery BL. Plasticity of Arabidopsis rosette transcriptomes and 
photosynthetic responses in dynamic light conditions. Plant Direct. 2023 Jan;7(1):e475. 

33.  Mehta D, Scandola S, Tan M, Kennedy C, Glen Uhrig R. Twilight length alters growth, 
flowering time, and clock function in Arabidopsis via LHY/CCA1. Available from: 
http://dx.doi.org/10.1101/2023.06.09.544111 

34.  Alvarez-Fernandez R, Penfold CA, Galvez-Valdivieso G, Exposito-Rodriguez M, Stallard 
EJ, Bowden L, et al. Time-series transcriptomics reveals a BBX32-directed control of 
acclimation to high light in mature Arabidopsis leaves. Plant J. 2021 Sep;107(5):1363–
86. 

35.  Brazaitytė A, Sakalauskienė S, Samuolienė G, Jankauskienė J, Viršilė A, Novičkovas A, 
et al. The effects of LED illumination spectra and intensity on carotenoid content in 
Brassicaceae microgreens. Food Chem. 2015 Apr 15;173:600–6. 

36.  Samuolienė G, Viršilė A, Brazaitytė A, Jankauskienė J, Sakalauskienė S, Vaštakaitė V, et 
al. Blue light dosage affects carotenoids and tocopherols in microgreens. Food Chem. 
2017 Aug 1;228:50–6. 

37.  Miao C, Yang S, Xu J, Wang H, Zhang Y, Cui J, et al. Effects of Light Intensity on Growth 
and Quality of Lettuce and Spinach Cultivars in a Plant Factory. Plants [Internet]. 2023 
Sep 21;12(18). Available from: http://dx.doi.org/10.3390/plants12183337 

38.  Guidi L, Lo Piccolo E, Landi M. Chlorophyll Fluorescence, Photoinhibition and Abiotic 
Stress: Does it Make Any Difference the Fact to Be a C3 or C4 Species? Front Plant Sci. 
2019 Feb 14;10:174. 

39.  Roeber VM, Bajaj I, Rohde M, Schmülling T, Cortleven A. Light acts as a stressor and 
influences abiotic and biotic stress responses in plants. Plant Cell Environ. 2021 
Mar;44(3):645–64. 

40.  ACOM: Quick TUV [Internet]. [cited 2023 Oct 2]. Available from: 
https://www.acom.ucar.edu/Models/TUV/Interactive_TUV/ 

41.  timeanddate.com [Internet]. [cited 2023 Oct 2]. Available from: 
https://www.timeanddate.com/ 

42.  Growth Chamber Handbook [Internet]. NCERA-101 - Committee on Controlled 
Environment Technology and Use. NCERA-101; 2017 [cited 2024 Mar 26]. Available from: 
https://www.controlledenvironments.org/growth-chamber-handbook/ 

43.  Roeber VM, Schmülling T, Cortleven A. The Photoperiod: Handling and Causing Stress 
in Plants. Front Plant Sci. 2021;12:781988. 



42 
 

44.  Li Y, Xin G, Liu C, Shi Q, Yang F, Wei M. Effects of red and blue light on leaf anatomy, 
CO2 assimilation and the photosynthetic electron transport capacity of sweet pepper 
(Capsicum annuum L.) seedlings. BMC Plant Biol. 2020 Jul 6;20(1):318. 

45.  Rihan HZ, Aljafer N, Jbara M, McCallum L, Lengger S, Fuller MP. The Impact of LED 
Lighting Spectra in a Plant Factory on the Growth, Physiological Traits and Essential Oil 
Content of Lemon Balm (Melissa officinalis). Plants [Internet]. 2022 Jan 27;11(3). 
Available from: http://dx.doi.org/10.3390/plants11030342 

46.  Wang S, Liu X, Liu X, Xue J, Ren X, Zhai Y, et al. The red/blue light ratios from light-
emitting diodes affect growth and flower quality of Hippeastrum hybridum ‘Red Lion’. Front 
Plant Sci. 2022 Dec 1;13:1048770. 

47.  Creux N, Harmer S. Circadian Rhythms in Plants. Cold Spring Harb Perspect Biol 
[Internet]. 2019 Sep 3;11(9). Available from: 
http://dx.doi.org/10.1101/cshperspect.a034611 

48.  Song YH, Shim JS, Kinmonth-Schultz HA, Imaizumi T. Photoperiodic flowering: time 
measurement mechanisms in leaves. Annu Rev Plant Biol. 2015;66:441–64. 

49.  Davis SJ. Photoperiodism: the coincidental perception of the season. Curr Biol. 2002 Dec 
23;12(24):R841-3. 

50.  Yanovsky MJ, Kay SA. Living by the calendar: how plants know when to flower. Nat Rev 
Mol Cell Biol. 2003 Apr;4(4):265–75. 

51.  Niwa Y, Yamashino T, Mizuno T. The circadian clock regulates the photoperiodic response 
of hypocotyl elongation through a coincidence mechanism in Arabidopsis thaliana. Plant 
Cell Physiol. 2009 Apr;50(4):838–54. 

52.  Osnato M, Cota I, Nebhnani P, Cereijo U, Pelaz S. Photoperiod Control of Plant Growth: 
Flowering Time Genes Beyond Flowering. Front Plant Sci. 2021;12:805635. 

53.  Hornitschek P, Kohnen MV, Lorrain S, Rougemont J, Ljung K, López-Vidriero I, et al. 
Phytochrome interacting factors 4 and 5 control seedling growth in changing light 
conditions by directly controlling auxin signaling. Plant J. 2012 Sep;71(5):699–711. 

54.  Nozue K, Covington MF, Duek PD, Lorrain S, Fankhauser C, Harmer SL, et al. Rhythmic 
growth explained by coincidence between internal and external cues. Nature. 2007 Jul 
19;448(7151):358–61. 

55.  Di D-W, Wu L, Zhang L, An C-W, Zhang T-Z, Luo P, et al. Functional roles of Arabidopsis 
CKRC2/YUCCA8 gene and the involvement of PIF4 in the regulation of auxin 
biosynthesis by cytokinin. Sci Rep. 2016 Nov 9;6:36866. 

56.  Xu J, Guo Z, Jiang X, Ahammed GJ, Zhou Y. Light regulation of horticultural crop nutrient 
uptake and utilization. Horticultural Plant Journal. 2021 Sep 1;7(5):367–79. 

57.  An J, Kim PB, Park HB, Kim S, Park HJ, Lee CW, et al. Effects of Different Growth Media 
on In Vitro Seedling Development of an Endangered Orchid Species Sedirea japonica. 
Plants [Internet]. 2021 Jun 11;10(6). Available from: 
http://dx.doi.org/10.3390/plants10061193 

58.  Banerjee S, van der Heijden MGA. Soil microbiomes and one health. Nat Rev Microbiol. 
2023 Jan;21(1):6–20. 



43 
 

59.  Song YH, Ito S, Imaizumi T. Flowering time regulation: photoperiod- and temperature-
sensing in leaves. Trends Plant Sci. 2013 Oct;18(10):575–83. 

60.  Theparod T, Harnsoongnoen S. Narrow-Band Light-Emitting Diodes (LEDs) Effects on 
Sunflower (Helianthus annuus) Sprouts with Remote Monitoring and Recording by 
Internet of Things Device. Sensors [Internet]. 2022 Feb 15;22(4). Available from: 
http://dx.doi.org/10.3390/s22041503 

61.  Shibaeva TG, Sherudilo EG, Rubaeva AA, Titov AF. Continuous LED Lighting Enhances 
Yield and Nutritional Value of Four Genotypes of Brassicaceae Microgreens. Plants 
[Internet]. 2022 Jan 10;11(2). Available from: http://dx.doi.org/10.3390/plants11020176 

62.  Lanoue J, St Louis S, Little C, Hao X. Continuous lighting can improve yield and reduce 
energy costs while increasing or maintaining nutritional contents of microgreens. Front 
Plant Sci. 2022 Sep 30;13:983222. 

63.  Ettinger AK, Buonaiuto DM, Chamberlain CJ, Morales-Castilla I, Wolkovich EM. Spatial 
and temporal shifts in photoperiod with climate change. New Phytol. 2021 
Apr;230(2):462–74. 

64.  Liu K, Gao M, Jiang H, Ou S, Li X, He R, et al. Light Intensity and Photoperiod Affect 
Growth and Nutritional Quality of Brassica Microgreens. Molecules [Internet]. 2022 Jan 
28;27(3). Available from: http://dx.doi.org/10.3390/molecules27030883 

65.  Dou H, Niu G, Gu M, Masabni J. Morphological and Physiological Responses in Basil and 
Brassica Species to Different Proportions of Red, Blue, and Green Wavelengths in Indoor 
Vertical Farming. J Am Soc Hortic Sci. 2020 Jul 1;145(4):267–78. 

66.  Farhangi H, Mozafari V, Roosta HR, Shirani H, Farhangi M. Optimizing growth conditions 
in vertical farming: enhancing lettuce and basil cultivation through the application of the 
Taguchi method. Sci Rep. 2023 Apr 25;13(1):6717. 

67.  Pennisi G, Pistillo A, Orsini F, Cellini A, Spinelli F, Nicola S, et al. Optimal light intensity 
for sustainable water and energy use in indoor cultivation of lettuce and basil under red 
and blue LEDs. Sci Hortic . 2020 Oct 15;272:109508. 

68.  Chiang C, Bånkestad D, Hoch G. Reaching Natural Growth: Light Quality Effects on Plant 
Performance in Indoor Growth Facilities. Plants [Internet]. 2020 Sep 27;9(10). Available 
from: http://dx.doi.org/10.3390/plants9101273 

69.  Izzo LG, Mickens MA, Aronne G, Gómez C. Spectral effects of blue and red light on 
growth, anatomy, and physiology of lettuce. Physiol Plant. 2021 Aug;172(4):2191–202. 

70.  Walters KJ, Currey CJ. Growth and Development of Basil Species in Response to 
Temperature. HortScience. 2019 Nov 1;54(11):1915–20. 

71.  Carotti L, Graamans L, Puksic F, Butturini M, Meinen E, Heuvelink E, et al. Plant Factories 
Are Heating Up: Hunting for the Best Combination of Light Intensity, Air Temperature and 
Root-Zone Temperature in Lettuce Production. Front Plant Sci. 2020;11:592171. 

72.  Agati G, Franchetti B, Rispoli F, Venturini P. Thermo-fluid dynamic analysis of the air flow 
inside an indoor vertical farming system. Appl Therm Eng. 2024 Jan 5;236:121553. 

73.  Maestrini B, Basso B. Drivers of within-field spatial and temporal variability of crop yield 
across the US Midwest. Sci Rep. 2018 Oct 4;8(1):14833. 



44 
 

74.  Fincham WNW, Redhead JW, Woodcock BA, Pywell RF. Exploring drivers of within‐field 
crop yield variation using a national precision yield network. J Appl Ecol. 2023 
Feb;60(2):319–29. 

75.  Ishangulyyev R, Kim S, Lee SH. Understanding Food Loss and Waste-Why Are We 
Losing and Wasting Food? Foods [Internet]. 2019 Jul 29;8(8). Available from: 
http://dx.doi.org/10.3390/foods8080297 

76.  growfelt-wool.pdf. Available from: https://growfelt.com/wp-
content/uploads/2020/08/growfelt-wool.pdf 

77.  Okamoto K, Yanagi T, Takita S, Tanaka M, Higuchi T, Ushida Y, et al. Development of plant 
growth apparatus using blue and red LED as artificial light source. Acta Hortic. 1996 
Dec;440:111–6. 

78.  Wang J, Zhou C, Guan Z, Wang Q, Zhao J, Wang L, et al. Plant phytochrome A in the Pr 
state assembles as an asymmetric dimer. Cell Res. 2023 Oct;33(10):802–5. 

79.  Zhang Y, Lin X, Ma C, Zhao J, Shang X, Wang Z, et al. Structural insights into plant 
phytochrome A as a highly sensitized photoreceptor. Cell Res. 2023 Oct;33(10):806–9. 

80.  Casal JJ. Shade avoidance. Arabidopsis Book. 2012 Jan 19;10:e0157. 

81.  Wählby U, Jonsson EN, Karlsson MO. Comparison of stepwise covariate model building 
strategies in population pharmacokinetic-pharmacodynamic analysis. AAPS PharmSci. 
2015 Jul 10;4(4):27. 

82.  Tzeng T-B, Schneck DW, Birmingham BK, Mitchell PD, Zhang H, Martin PD, et al. 
Population pharmacokinetics of rosuvastatin: implications of renal impairment, race, and 
dyslipidaemia. Curr Med Res Opin. 2008 Sep;24(9):2575–85. 

83.  Groll A, Tutz G. Variable selection for generalized linear mixed models by L1-penalized 
estimation. Stat Comput. 2014 Mar 1;24(2):137–54. 

84.  Chutimanukul P, Wanichananan P, Janta S, Toojinda T, Darwell CT, Mosaleeyanon K. The 
influence of different light spectra on physiological responses, antioxidant capacity and 
chemical compositions in two holy basil cultivars. Sci Rep. 2022 Jan 12;12(1):588. 

85.  Yee MO, Kim P, Li Y, Singh AK, Northen TR, Chakraborty R. Specialized Plant Growth 
Chamber Designs to Study Complex Rhizosphere Interactions. Front Microbiol. 2021 Mar 
26;12:625752. 

86.  Dantas LLB, Dourado MM, de Lima NO, Cavaçana N, Nishiyama MY Jr, Souza GM, et 
al. Field microenvironments regulate crop diel transcript and metabolite rhythms. New 
Phytol. 2021 Nov;232(4):1738–49. 

87.  Chiang C, Bånkestad D, Hoch G. Reaching Natural Growth: The Significance of Light and 
Temperature Fluctuations in Plant Performance in Indoor Growth Facilities. Plants 
[Internet]. 2020 Oct 5;9(10). Available from: http://dx.doi.org/10.3390/plants9101312 

88.  Wheeler RM, Tibbitts TW. Influence of changes in daylength and carbon dioxide on the 
growth of potato. Ann Bot. 1997 May;79(5):529–33. 

89.  Kelly N, Vaštakaitė-Kairienė V, Runkle ES. Chapter 18 - Indoor lighting effects on plant 
nutritional compounds. In: Kozai T, Niu G, Masabni J, editors. Plant Factory Basics, 
Applications and Advances. Academic Press; 2022. p. 329–49. 



45 
 

90.  Spence C. On the psychological impact of food colour. Flavour. 2015 Apr 22;4(1):1–16. 

91.  Vadiveloo M, Principato L, Morwitz V, Mattei J. Sensory variety in shape and color 
influences fruit and vegetable intake, liking, and purchase intentions in some subsets of 
adults: a randomized pilot experiment. Food Qual Prefer. 2019 Jan;71:301–10. 

92.  Zhang Y, Xiao Z, Ager E, Kong L, Tan L. Nutritional quality and health benefits of 
microgreens, a crop of modern agriculture. Journal of Future Foods. 2021 Sep 1;1(1):58–
66. 

93.  Ayseli MT, İpek Ayseli Y. Flavors of the future: Health benefits of flavor precursors and 
volatile compounds in plant foods. Trends Food Sci Technol. 2016 Feb 1;48:69–77. 

 


