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ABSTRACT 

THE EFFECT OF LIGHT-EMITTING DIODES ON PHYTOCHEMICAL SYNTHESIS IN 

BRASSICA MICROGREENS GROWN IN CONTROLLED ENVIRONMENTS 

 

Oday Alrifai 

University of Guelph, 2021 

  

         Advisor:  

         Professor Massimo F. Marcone 

 

Microgreens of Brassica (Crucifers) grown under novel amber and UV-A LED in controlled 

environments allows for selective accumulation of antioxidant phytochemicals. In this study, 

microgreens of B. rapa, B. juncea and R. sativus were compared for their phytochemical contents 

and antioxidant activities. Extracts were examined using HPLC-DAD/LC-HRMS/MS and in vitro 

chemical methods (total phenolic, TPC; total flavonoid, TFC; total anthocyanin, TAC; total 

carotenoid). Microgreens grown under various ratios of increasing amber (590 nm) and blue (450 

nm)/decreasing red (655 nm) (rbaLED) resulted in no general trend to TPC and TFC, no effect to 

TAC and largely a dose-dependent response with TCC. Overall hydrophilic antioxidant activities 

(DPPH, FRAP and ORAC) did not show a clear pattern while lipophilic antioxidant activity was 

increased in a dose-dependent manner. Under rbaLED, malate esters of hydroxycinnamic acids 

predominated the pool of phenolics and sinigrin was the most accumulated among the 

glucosinolates. Expression of carotenoid biosynthetic genes was consistent with the accumulation 

of carotenoids. UV-A (325 nm, 340 nm, 365 nm, 385 nm) LED produced different responses in 

the microgreens. Overall trend under 340 nm did not benefit TPC and TFC; however, TAC was 

generally unchanged under overall lighting. TCC was generally highest under 325 nm and 

individual carotenoids were overall unchanged, except β-carotene increased and was consistent 

with CHXβ expression. Lutein was accumulated under 340 nm in PC and 385 nm in RR, and these 



 

corresponded with LYCβ expression. Glucosinolates were largely accumulated under 325/365 nm 

and decreased under 365 nm in PC, while GLS in RR/MO were significantly higher under 340/325 

nm and in MS highest under 325 nm. Generally, phenolics were accumulated the greatest under 

325 nm. Phenolics in RR, MO and MS had high affinity to 325 nm which also resulted in the 

highest contents, while PC phenolics had high affinity to both 325 nm and 385 nm. Overall, high-

energy short wave UV-A (325 nm) accumulated TCC, GLS and phenolics, and increasing 

amber/blue LED dose benefitted TCC and lipophilic antioxidant activity. 
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1 CHAPTER 1: INTRODUCTION 

The term ‘microgreen’ refers to the immature leaves of vegetables or herbs containing fully 

developed cotyledons before or after emergence of their true leaves. These microgreens are 

harvested approximately 1-3 inches above the soil following a short production cycle (up to 14-21 

days after sowing, DAS). Microgreen development is unique compared to sprouts and baby greens 

as their harvest falls in-between these two categories. Since the emergence of microgreens in the 

1980s-90s, their cultivation has become more prevalent as the seeds of most vegetables, herbs or 

other wild species can be grown as microgreens. Given the diversity of vegetable families, and 

more specifically the genotypes of microgreens, the Brassica (Brassicaceae /Crucifer) family is 

commonly grown and consumed because of their ease of growth, various flavor profiles and 

textures. More importantly the true leaves of microgreens contain higher contents of 

phytochemicals, vitamins and minerals compared to their mature-leaf counterparts (Xiao et al., 

2012). This makes regular consumption of broccoli, radish, mustards and cauliflower, for example, 

a popular and nutritious choice.   

There has been a surge in demand for locally grown produce in response to the changing global 

climate change, scarcity of resources and pandemic-related closures. The accelerated use of 

controlled environment agriculture (CEA) has rapidly expanded scientific advancements in 

response to these issues. The benefits of CEA is the ability to modify various growth parameters 

to maximize plant quality and yield, and to supply markets with year-round vegetables irrespective 

of the grow season (Gómez et al., 2019). CEA will continue to be utilized for purposes concerning 

the nation’s food security in response to unpredictable natural disasters. Ensuring the productivity 

in CEA for plant growth relies on optimal spectral and intensity requirements for their survival 
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and quality, thus the development of these technologies can potentially optimize nutritional quality 

and cut down on expenditures. 

CEA is currently being equipped with energy-efficient light-emitting diode (LED) technology for 

illuminating full doses of wavelength-specific visible, ultraviolet (UV) and far-red (FR) light to 

meet plant photosynthetic requirements. Microgreens contain abundant profiles of plant secondary 

metabolites (PSM), which are products of primary and secondary metabolism. These PSM are 

shown to possess health-promoting properties due to their bioactive (anti-oxidant) nature. Their 

accumulation and synthesis are highly regulated by light (spectral) qualities. Since microgreens 

have rapid growth cycles and require minimal resources for their growth, they are considered 

excellent candidates for production in CEA studies. As a relatively new field of agriculture and 

scientific study, only RB diodes are predominately equipped in the greenhouse, factories and other 

CEA settings and most often exclude other forms of PAR wavelengths, UV and FRL. Foods 

containing high quantities of phytochemicals are classified as ‘functional foods’ and several 

reports have extensively detailed the health-promoting properties of microgreens containing 

polyphenolics, carotenoids and GLS all which could possess anti-oxidant and anti-inflammatory 

activities. The regular consumption of Brassica, which are naturally more abundant in 

phytochemicals compared to their mature leaves, has shown to be a critical factor in lowering the 

incidences of several types of chronic disease (Choe, Yu & Wang, 2018; Jiang et al., 2014; 

Kapusta-Duch et al., 2012; Kellingray et al., 2017; Manchali, Chidambara Murthy & Patil, 2012).  

Although microgreens are an underutilized sub-group of vegetables and LED-related research is 

still in developmental stages for optimizing the light spectrum, thus studies in metabolomics for 
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Brassica microgreens are required to understand in-part the light-regulated biosynthesis of such 

phytochemicals. 

The following chapter (literature review) will concisely review the current knowledge on the 

modulatory effect of LED on phytochemicals in microgreens and other closely-related vegetables. 

A series of discussions contained in the review highlight the most important areas in this field that 

require further investigation, followed by the current thesis hypotheses and goals. 
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2 CHAPTER 2: LITERATURE REVIEW 

Published: Alrifai, O., Hao, X., Marcone, M.F., Tsao, R. 2019. Current review of the modulatory 

effects of LED on photosynthesis of secondary metabolites and future perspectives of microgreen 

vegetables. Journal of Agricultural and Food Chemistry, 67: 6075-6090. DOI: 

10.1021/acs.jafc.9b00819 

2.1 Introduction 

PSM play significant roles in delaying or inhibiting oxidative damage caused by free radicals. It 

is the anti-radical or anti-oxidant capability of these compounds that are potentially health-

beneficial by direct reduction of oxidative stressors or indirectly modulating the activities of anti-

oxidant enzymes (Lü et al., 2010; Hasan, Md Mohidul et al., 2017). Recently, the importance of 

dietary anti-oxidants in modulating inflammation and immune system responses at the cellular 

level, in animal models and human trials have been studied (Zhang & Tsao, 2016). Photosynthetic 

processes can be modified in plants growing under artificial light with modified emission 

wavelength, intensity and photoperiod (Dou et al., 2017). Plants have specialized photoreceptors, 

some pigment−protein complexes for harvesting light energy for photosynthesis, and others for 

perceiving changes in light quality and quantity (Kopsell, Sams & Morrow, 2015). Photoreceptors 

are uniquely encoded by individual genes, and photoreceptors in the same family often share a 

high degree of genetic similarity (Dutta Gupta & Pradhan, 2017). Major plant photoreceptors 

phytochrome (PHY)-A to PHY-E, cryptochrome (CRY)-1 to CRY-3, phototropin (PHOT)-1 and 

PHOT-2, and one ultraviolet-B resistance 8 (UVR-8) are responsible for plant morphology and 

development. PHY is responsible for the absorption of RL/FRL controlling plant physiological 

responses and synthesis of phytochemicals (i.e., phenolics), while CRY detects BL/UV-A light 
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and is responsible for regulating stomatal opening, biomass and biosynthesis of anthocyanins, 

carotenoids, and chlorophylls (Hasan, Md Mohidul et al., 2017; Samuolienė, G. et al., 2013; Viršilė 

et al., 2009; Brazaitytė, Aušra et al., 2015; Samuoliene et al., 2017). Outside the photosynthetic 

active range (PAR), UVR8 is a UV-B sensing protein photoreceptor regulating growth and 

development under sunlight (Favory et al., 2009). Current studies are demonstrating the potential 

of controlling the light spectrum under LED to enhance cellular metabolism and synthesis of 

defense-related PSM (Qian et al., 2016). Since plants sense multiple parameters of light quantity, 

quality, direction and duration, the emission wavelength is the most important factor and is not yet 

fully understood in microgreens (Viršilė et al., 2009; Jiao, Lau & Deng, 2007; Wang, 2015; Ying 

et al., 2020; Vaštakaitė et al., 2018; Samuolienė et al., 2017; Mlinaric et al., 2020; Kyriacou et al., 

2020; Ghoora, Haldipur & Srividya, 2020).  

2.2 Factors of LED light on synthesis of bioactive compounds 

LED have been employed as energy-efficient lighting systems for indoor CEA and have been the 

subject of interest for tailored production of bioactives. In the past few years, microgreen 

vegetables have emerged in specialty markets as a result of their popularity and their higher 

nutrient densities compared to typical mature-leaf counterparts (Xiao et al., 2012). Nonetheless, 

the utilization of metabolomics for understanding individual compound response under LED is 

limited. The potential health benefits of microgreens have been discussed, however lack of such 

studies mainly resulted in discussions and conclusions drawn from regular vegetables (Choe, Yu 

& Wang, 2018). Since light is a crucial factor for plant growth and development, understanding 

the level of modulation, accumulation or synthesis of specific defense-related secondary 

metabolites becomes critical. Spectral light qualities in the PAR, FR and UV range variably affect 
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the synthesis of bioactive compounds, and these are largely dependent on the species (Figure 2.1). 

For these reasons, studies on microgreens using LED are carried out in CEA systems.  
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Figure 2.1. Electromagnetic spectrum of the ultraviolet and visible range with typical  

absorption wavelengths of common secondary metabolites in plants. Image recreated 

from http://www.ledgrowlightshq.co.uk/chlorophyll-plant-pigments (available as of 

September 21st, 2021). 
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2.2.1  Light Quality 

Light quality has a pronounced effect on PSM in CEA, and the mechanism of such effects are not 

fully understood in microgreens (Dou et al., 2017; Son et al., 2012; Bian, Yang & Liu, 2015; 

Lobiuc, Andrei et al., 2017). Photosynthetic activities are modulated greater under monochromatic 

blue light (BL) or red light (RL) compared to conventional WL for accumulating PSM (Viršilė et 

al., 2009; Lobiuc, Andrei et al., 2017; Johkan et al., 2010; Wu et al., 2007). Monochromatic RL is 

shown to elongate hypocotyls and cotyledons in lettuce, a PHY-dependent process that can be 

adjusted with additional BL (Amoozgar, Mohammadi & Sabzalian, 2017; Hoenecke, Bula & 

Tibbitts, 1992). Increasing monochromatic RL downregulated carotenoids lutein and β-carotene 

in basil, while BL accumulated higher anthocyanins and carotenoids in lettuce and kale sprouts 

(Lobiuc, Andrei et al., 2017; Samuolienė et al., 2016; Qian et al., 2016; Johkan et al., 2010; Baek 

et al., 2013). RL (650−665 nm) matches the absorption of chlorophyll and PHY receptors, 

therefore the RL range is considered one of the most effective for photosynthesis (Dou et al., 2017; 

Darko et al., 2014). The spectral effects of combined red-blue light (RBL) on phenolics and 

carotenoids accumulation are dependent on various factors; plant species and conditions of 

cultivation being one of the most important factors (Bian, Yang & Liu, 2015; Lobiuc, Andrei et 

al., 2017). RBL is predominately employed for plant growth as their wavelength matches the 

absorption spectrum of chlorophyll a and b (Figure 2.1) (Amoozgar, Mohammadi & Sabzalian, 

2017). RBL enhanced growth and anti-oxidant activity in red- and green-leaf lettuce compared to 

monochromatic RL, a response correlating with the expression of PAL in the phenylpropanoid 

pathway modulating TPC (Son et al., 2012). In this study lettuce fresh weight was significantly 

increased under RL; however, the lower level of phenolics accumulation and the observed decrease 
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in anti-oxidant activity is consistent with another study (Johkan et al., 2010). BL-treated lettuce 

contained reddish-colored leaves compared to the RL treatment 17 DAS, which resulted in the 

accumulation of pigmented anthocyanins by expression of ANS in the phenylpropanoid pathway 

(Johkan et al., 2010). These studies indicate the potential of monochromatic RL and BL or RBL 

to modulate key genes in vegetable plants because of their matching range of absorption by light 

harvesting molecules. Not all PSM or subgroups have been studied for their light-regulated 

response under LED. Below is a select group of PSM whose biosynthesis in microgreens are 

modulated by LED spectral quality and intensity.  

2.2.1.1 Polyphenolics/Phenolics 

These compounds contain at least one aromatic ring and one or more hydroxyl unit as a functional 

derivative. As the most common phytochemicals found in food plants, phenolics are classified 

according to their structural features into simple phenols and phenolic acids (including benzoic 

and cinnamic acids), flavonoids and others such as ellagic acids, lignans and stilbenes (Figure 2.2). 

Flavonoids include anthocyanins, flavonols, flavanols, flavones, isoflavones and less common 

flavanols which can exist in polymeric forms (Ho, 1992; Tsao, 2010). The benefits of consuming 

phenolic-rich food come from their inherent anti-oxidant potential which have been intensively 

studied the past two decades. The regular consumption of phenolic-containing foods at 

physiologically relevant concentrations is shown to exhibit immune-regulatory and anti-

inflammatory activities (Hasan, M. M. et al., 2017; Pandey & Rizvi, 2009). 
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Figure 2.2. Common phenolic compounds (simple phenols, phenolic acids and flavonoids) whose 

biosynthesis in microgreen vegetables are modulated by light-emitting diodes. 
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Total phenolics content (TPC) is very commonly correlated with anti-oxidant activity, which could 

justify the reasoning behind the bioactivities as they relate to risk reduction of oxidative stress-

induced chronic diseases like cancer, cardiovascular disease and type 2 diabetes (Ackland, van de 

Waarsenburg & Jones, 2005; Genaro-Mattos et al., 2015; Kris-Etherton et al., 2002; Podsędek, 

2007). 

2.2.1.2 Flavonoids 

Flavonoids are the most abundant, widespread, and diverse subgroup of polyphenols (Tsao, 2010). 

The flavonoid structure contains two aromatic rings connected by a three-carbon bridge 

(C6−C3−C6) forming a conjugated system absorbing UV and visible light. These flavonoids serve 

as a defense barrier against UV radiation and additionally function as pollinator attractants, 

pigments and chemical defense agents against diseases (Zeka et al., 2017). Flavonoids are 

predominately in their glycosylated forms in plants and are usually conjugated with glucose or 

galactose (Schmidt et al., 2010). Quercetin (Qn) and Kaempferol (Km) flavonols are nearly 

ubiquitous in vegetables with Qn the most biologically active in the human diet (Figure 2.2) (Ho, 

1992). Qn, Km, and Iso are the main flavonols in Brassica crops and exist as ester linked O-

glycosides (Cartea et al., 2010). Only a few studies have examined flavonol synthesis under narrow 

band LED, with most reporting an increase in synthesis under UV and FL exposure (Kolb et al., 

2001; Ko et al., 2015). Broccoli florets grown under 12 h of FL with supplementary RL 

accumulated higher levels of Qn and Km compared to supplementary BL (460 nm), far-red 

(FR,730 nm), RL + FR (660 + 730 nm) or no LED (12 and 24 h) (Steindal et al., 2016). Cyclocarya 

paliurus grown under 4 LED treatments, white light (WL, 445 and 560 nm), BL (456 nm), RL 

(653 nm), and green light (GL, 514 nm) and constant photosynthetic photon flux (PPF) of 800 
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μmol m−2 s−1  accumulated higher total flavonoid content (TFC), specifically Km, isoQn and Qn 

components, under BL compared to WL (Liu et al., 2018). A positive correlation between leaf 

TFC and expression of key genes phenylalanine ammonia-lyase (PAL), 4-coumarate-CoA ligase 

(4CL) and chalcone synthase (CHS) was observed which indicates that the illumination under LED 

had modulated the genes coding these enzymes (Figure 2.3) (Liu et al., 2018). Higher PAL 

expression in the flavonoid pathway are often correlated with higher TFC (Lillo, Lea & Ruoff, 

2008).  

 

Understanding the effect of LED on genes responsible for coding key enzymes in the biosynthetic 

pathways, such as the isoprenoid or phenylpropanoid pathways, will unquestionably reveal the 

mechanism behind the modulation of certain phytochemicals. Additionally, this would also lead  

to the development of anti-oxidant-rich vegetables solely grown using LED. The effect of narrow-

band LED on flavonol production in microgreens is also an untapped and important area of 

research.  

 

To date, research has shown the significant contribution of light quality on PSM biosynthesis, 

especially those with strong anti-oxidant activities like phenolics and carotenoids. A study looked 

at the relationship between phenylpropanoid compounds and the genes controlling their formation 

under LED in buckwheat (Fagopyrum tataricum) sprouts (Thwe et al., 2014). The sprouts were 

illuminated under RL (660 nm), BL (450 nm), and WL (380 nm) and transcript levels of key 

phenylpropanoid genes were monitored over 10 days. All genes were upregulated following 2 days 

of light exposure and higher expression of PAL and flavonoid 3’ hydroxylase (F3′H) was measured 



 

 

13 

 

under BL and WL compared to RL. PAL is a key enzyme for catalyzing the first step of the 

phenylpropanoid pathway and is responsible for controlling the carbon flux into the 

phenylpropanoid biosynthetic pathway (Figure 2.3) (Chang, Luo & He, 2009). 
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Figure 2.3. Modulatory effects of white (W), blue (B) and red (R) light-emitting diodes (LED) on 

key genes of the phenylpropanoid pathway. Colored figures (lightning bolts) represent the LED 

treatment imparted by W, B and R lights and the corresponding synthesis of the listed anti-oxidant 

compounds. All genes with a colored figure were upregulated by LED. PAL, phenylalanine 

ammonia-lyase; C4H, cinnamate-4-hydroxlase; 4CL, 4-coumaroyl:CoA-ligase; CHS, chalcone 

synthase; CHI, chalcone isomerase; F3H, flavanone-3-hydroxylase; F3′H, flavanoid-3-hydroxlase; 

F3′5′H, flavanoid-3′5′-hydroxylase; FSII, flavone synthase II; DFR, dihydroflavonol 4-reductase; 

ANS, anthocyanidin synthase; and LAR, leucocyanidin reductase. 
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C4H, chalcone isomerase (CHI), flavone synthase II (FLSII) and anthocyanidin synthase (ANS) 

expression were higher under BL compared to RL and WL. Additionally, WL enhanced expression 

of dihydroflavonol 4-reductase (DFR) compared to BL and RL (Figure 2.3). A similar observation 

was seen in cabbage, which accumulated phenylpropanoid compounds and modulated transcript 

levels of F3′H and flavone synthase I (FLS I) greater under BL (470 nm) compared to WL and RL 

(Thwe et al., 2014). Maximum rutin (flavonol glycoside) and cyanidin-3-o-glucoside contents 

were observed under BL in sprouts 4 and 10 DAS, respectively, therefore levels of phenolics can 

be modulated under LED in microgreens by supplementing existing conditions with BL.  

 

The combination of RBL is generally more efficient for accumulating phenolics compared to 

monochromatic RL or BL, although this can depend on plant species. BL accumulation of 

phenolics can be attributed to the absorption of light by chlorophyll a and b, which match the 

spectrum of RL and BL greater compared to others in the PAR (Figure 2.1). Anthocyanins are a 

pigmented sub-group of flavonoids responsible for the red, purple and blue colors in Brassica and 

are mostly glycosylated, although their aglycones (anthocyanidins) do exist. Highly acylated 

anthocyanins of ferulic, coumaric and sinapic acids account for the superior color stability of these 

pigments (Jampani & Raghavarao, 2015). These anthocyanins have the potential to exhibit strong 

anti-inflammatory functions that may contribute to gut health and immunity (Khoo et al., 2017). 

Their primary role during photosynthesis is to protect the plant photosystem (PS) against high-

stress light (Cartea et al., 2010). Anthocyanin accumulation seems to be equally dependent on 

higher intensity, while spectral qualities are more likely to modulate their synthesis based on 

absorption characteristics. Cyanidin is the predominate anthocyanin in Brassica and to a lesser 
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extent pelargonidin, delphinidin, peonidin, petunidin and malvidin (Figure 2.2). Studies have 

emphasized the use of BL for modulating anthocyanin biosynthesis in vegetable plants. 

Delphinidin-3-glucoside was highest in lettuce grown under both LED ratios of RBL 53:47 and 

58:42, but not under 89:11 (Baek et al., 2013). Conversely, control high-pressure sodium lamps 

supplemented with short-term pulsed LED of RL (665 nm, PAR, 210 μmol m−2 s−1; total PAR, 

300 μmol m−2 s−1) 3 days pre-harvest increased total anthocyanin content (TAC) in microgreens 

of broccoli, kale, amaranth, tatsoi, parsley and pea, and decreased in mustard, beet and borage 

compared to control (Samuolienė et al., 2012). Anthocyanin and chlorophyll biosynthesis are 

inversely correlated, which is why the green (chlorophyll) color is formed by preferential 

absorption of RL and BL (Virtanen, Constantinidou & Tyystjärvi, 2020). GL is shown to decrease 

BL light-induced accumulation of anthocyanins, while FRL and BL enhanced the accumulation 

with increasing intensity in kale, broccoli, and beet microgreens (Carvalho & Folta, 2016). A 

separate study found an inverse relationship between anthocyanin and chlorophyll levels in kale 

caused by anthocyanin degradation coupled with chlorophyll accumulation resulting in bicolor 

leaf formation (Ren et al., 2019). From the studies the selection of wavelength is important for the 

physical characteristics of the plant, which could alter the concentrations of anti-oxidant pigments. 

Modulating the expression of genes under LED would expand the metabolomic and transcriptomic 

database and the overall understanding of the molecular pathways related to plant secondary 

metabolism. Vegetables, e.g., pea and cabbage have a larger pool of anti-oxidant phytochemicals 

under monochromatic RL, BL, and combined RBL compared to WL, FL and HPS (Wu et al., 

2007; Liu, H. et al., 2016; Kim et al., 2013; Lee, M. K. et al., 2016). Optimizing the light spectrum 

during various stages of plant growth can assist the accumulation of anti-oxidant compounds with 
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bioactivities in herbs like parsley and basil microgreens (Samuolienė et al., 2016). Under 3 LED 

treatments for 3 days pre-harvest: monochromatic RL (638 and 665 nm), only HPS and HPS + RL 

(638 nm), monochromatic RL (665 or 638 nm)  significantly increased anti-oxidant activity in 

parsley compared to supplementary or increased RL (638 and 665 nm) for basil (Samuolienė et 

al., 2016). Accumulation of carotenoids (lutein and β-carotene) in basil were significantly 

decreased under RL compared to HPS and HPS + RL, however β-carotene and anti-oxidant activity 

were increased in parsley. Overall, supplementary or increased RL significantly increased TPC, α-

tocopherol and ascorbic acid (AA) in these herbs which is a significant finding for improving 

multiple groups of phytochemicals.  

Photo-protective mechanisms are stimulated by both intensity and wavelength-dependent 

reactions (Lillo, Lea & Ruoff, 2008; Samuolienė et al., 2016). Monochromatic RL accumulated 

higher contents of sinigrin in kale compared to BL or RBL and concurrently, RBL increased TPC 

in kale (Lee, M. K. et al., 2016). Kale sprouts grown under BL (470 nm) showed the highest anti-

oxidant activity and TAC compared to those grown under WL (440−660 nm), RL (660 nm) and 

dark conditions (Qian et al., 2016). Similarly, TPC was increased in lettuce seedlings grown under 

similar peak wavelengths of BL (468 nm) compared to those grown under FL or RL (660 nm). 

There was a high degree of correlation between TPC and anti-oxidant activity, which may be a 

result of a BL-mediated process (Johkan et al., 2010). The same study also showed that BL 

enhanced key carotenoid and phenolic anti-oxidants when combined with RL (655 nm) (Johkan et 

al., 2010). Under a 5:1 (RL, 638 nm; BL, 447 nm) ratio of LED in leafy coriander, anti-oxidant 

activity was significantly higher compared to those grown under 100% RL (Naznin et al., 2016).
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Table 2.1. The modulatory effects of various spectral qualities of light-emitting diodes on the 

biosynthesis of secondary metabolites/phytochemicals in vegetables. 

Species LED λ (nm) Secondary metabolite Ref. 

Amaranth  RL 638 AA, TAC, ↓ TPC (Samuolie

nė et al., 

2012) 

Arugula *(HPS) + 

BL 

BL-VL 

(max. 660)  

+ 450 

+ 420 and 440 

 

isorhamnetin-diglucoside, 

luteolin-glycoside 

derivatives, apigenin 

derivatives 

 

(Taulavuo

ri, 

Taulavuor

i, et al., 

2018) 

Basil UV-A 390 AA, TAC (Vaštakait

ė, 2016) 

1RL:2BL 

2RL:1BL 

 

N/A 

phenolic acids, TAC, TFC 

TFC 

(Lobiuc, 

Andrei et 

al., 2017) 

R L 638 total phenolics, ↓ AA (Samuolie

nė et al., 

2012) 

RL 638  total phenolics, AA 

↓ β-carotene, ↓ lutein 

(Samuolie

nė et al., 

2016) 

*(BL, RL, FRL) +  

UV-A  

(447, 638, 731)  

+366 

 

+390 

 

TPC, α-tocopherol 

↓ TAC, ↓ AA  

↓ TAC 

(Brazaityt

ė, A. et al., 

2015) 

 *(HPS) + BL 

 

 

 

BL-VL 

(max. 660) + 450 

 

 

 

420 and 440 

phenolic acids (chlorogenic 

derivatives, chicoric, 

hydroxycinnamic) 

 

phenolic acids (chicoric, 

hydroxycinnamic) 

(Taulavuo

ri, 

Taulavuor

i, et al., 

2018) 

 *(HPS) +  

enhanced BL 

 

400-500 

36 d 

 

chicoric acid 

 
(Taulavuo

ri et al., 

2016) 48 d 
quercetin 

rhamnoside 

Beet RL 638 TPC 

↓ TAC 

(Samuolie

nė et al., 

2012) 

*(BL, RL, FRL) +   

UV-A 

(447, 638, 731)  

+366 

+390 

+402 

 

flavonols, TAC, α-

tocopherol 

TAC 

TPC 

(Brazaityt

ė, A. et al., 

2015) 

*(RL, RL, FRL) + 

16% BL 

 

0% BL 

(638, 660, 731)  

+ 447 

 

+ 447 

 

tocopherol, lutein, 

neoxanthin, violaxanthin, β-

carotene 

tocopherol 

(Samuolie

nė et al., 

2017) 
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Kale BL 

RL 

W L 

470 

660 

440-660 

TAC 

TPC, GLS 

GLS 

(Qian et 

al., 2016) 

RL 

RL/BL 

N/A GLS 

TPC, TFC 

(Lee, M. 

K. et al., 

2016) 

RL 638 AA, TAC, TPC (Samuolie

nė et al., 

2012) 

Broccoli BL 

 

 

470 

 

 

TCC, β-carotene, total 

xanthophyll cycle pigments, 

GLS 

(Kopsell, 

D. A. & 

Sams, C. 

E., 2013) 

 

4RL/1BL 622-632/442-452 TCC, β-carotene, GLS, 

aliphatic and indole GLS 

(Kopsell 

et al., 

2014) 

RL 638 AA, TAC, TPC (Samuolie

nė et al., 

2012) 

Cabbage RL N/A GLS (Lee, M. 

K. et al., 

2016) 

Coriander RL/BL 661/449 total antioxidants (Naznin et 

al., 2016) 

Mizuna RL84:FRL7:BL9 total flux : 400-

800 nm 

α-carotene, ↓ TCC^ (Gerovac 

et al., 

2016) 

Parsley RL 638 AA, TAC, TPC (Samuolie

nė et al., 

2012) 

RL 665 or 638 TPC, AA  

 

(Samuolie

nė et al., 

2016) 

*(RL, RL, FRL) + 

16% BL 

 

0% BL 

(638, 660, 731)  

+ 447 

 

+ 447 

 

total tocopherol, lutein, 

neoxanthin, violaxanthin 

total tocopherol 

(Samuolie

nė et al., 

2017) 

Pea RL 638 AA, TAC, TPC (Samuolie

nė et al., 

2012) 

Kohlrabi RL87:BL13 

RL84:FRL7:BL9 

RL74:GL18:BL8 

total flux : 400-

800 nm 

TAC 

TAC, TPC 

↓ TAC 

(Craver et 

al., 2017) 

Mustard RL 638 AA, TPC, ↓ TAC (Samuolie

nė et al., 

2012) 

*(BL, RL, RL, 

FRL)  

GL 

YL 

OL 

(447, 638, 665, 

731) + 520 

+ 595 

+ 622 

 

α/β-carotene, 

lutein/zeaxanthin 

TCC 

TCC 

(Brazaityt

ė, A. et al., 

2015) 
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*(RL, RL, FRL) + 

16% BL 

(638, 660, 731) + 

447 

tocopherol, lutein, 

neoxanthin, violaxanthin, 

zeaxanthin 

(Samuolie

nė et al., 

2017) 

Royal BL 

BL  

CL 

YL 

RL 

455 

470 

505 

590 

627 

 

 

TPC 

(Vastakait

e et al., 

2017) 

RL87:BL13  

 

 

RL84:FRL7:BL9 

RL74:GL18:BL8 

total flux: 400-

800 nm 

↓ TCC, ↓ β-carotene^, TAC, 

↓ lutein^, ZA/ZAV^, α-

carotene 

 

↓ TCC, ↓ β-carotene^, ↓ 

lutein^ 

↓ TCC^, α-carotene  

 

(Craver et 

al., 2017) 

Pac choi *(BL, RL, RL, 

FRL) 

GL 

YL 

OL 

(447, 638, 665, 

731)  

+ 520 

+ 595 

+ 622 

 

violaxanthin and neoxanthin 

↓ neoxanthin 

↓ β-carotene, ↓ violaxanthin,  

↓ lutein 

(Brazaityt

ė, A. et al., 

2015) 

*(BL, RL, FRL)  

UV-A 

(447, 638, 731)  

+ 366 

+ 390 

 

TPC, flavonols, α-

tocopherol  

TAC 

(Brazaityt

ė, A. et al., 

2015) 

Royal BL 

 

455 

 

xTPC (Vastakait

e et al., 

2017) 

Orach RL 638 TPC (Samuolie

nė et al., 

2012) 

Tatsoi R L 638 TPC, TAC (Samuolie

nė et al., 

2012) 

*(BL, RL, RL, 

FRL)  

YL 

OL 

(447, 638, 665, 

731)  

+ 595 

+ 622 

 

TCC, violaxanthin 

↓ α/β-carotene, ↓ TCC 

(Brazaityt

ė, A. et al., 

2015) 

Royal BL 

BL  

CL 

RL 

455 

470 

505 

627 

 
xall: TPC 

(Vastakait

e et al., 

2017) 

Borage RL 638 TPC 

↓ AA, ↓ TAC 

(Samuolie

nė et al., 

2012) 

Lettuce BL 

RL/BL 

454 

659/454 

TAC 

TCC  
(Shoji et 

al., 2010) 

BL 470 TCC, TPC (Johkan et 

al., 2010) 

UV-A 

BL 

RL 

373 

476 

658 

TAC 

TAC, TCC 

TPC 

(Li & 

Kubota, 

2009) 
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BL 

70RL:30BL 

WL 

460-475 

650-665 

380-760 

AA 

TPC 

TPC 

(Amoozga

r, 

Mohamm

adi & 

Sabzalian, 

2017) 

 *(HPS) 

+ enhanced BL 

 

400-500 

36 d 

protocatechuic acid, 

chicoric acid, 

quercetin 

rhamnoside 

 

 

(Taulavuo

ri et al., 

2016) 

48 d 

quercetin-malonyl 

diglucoside, 

quercetin 3-

malonylglucoside 

BL – blue; RL – red; WL – white; OL – orange; GL – green; FRL – far-red; CL – cyan; HPS – 

high-pressure sodium (light); *basal lighting; ^increasing intensity, xpulsed-light; AA – ascorbic 

acid; ZA/ZAV = zeaxanthin + antheraxanthin/zeaxanthin + antheraxanthin + violaxanthin; d: days 
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Under the same basal RBL, pac choi (PC) and tatsoi microgreens had higher 2, 2-Diphenyl-1-

picrylhydrazyl (DPPH) anti-oxidant activity under higher BL dose (∼75 μmol m−2 s−1) (Vaštakaitė 

et al., 2015). These results indicate the usefulness of supplementing BL to existing lighting 

conditions further accumulate anti-oxidant phenolic compounds via PAL expression (Taulavuori 

et al., 2016; Shoji et al., 2010; Taulavuori, Pyysalo, et al., 2018).  

2.2.1.3 Phenolic Acids 

Simple phenolics like phenols and phenolic acids are strong anti-oxidant and antimicrobial agents 

(Figure 2.2) (Chu et al., 1999; Kazemi, 2015; Šegvić Klarić et al., 2007; Si et al., 2009; Nickavar 

& Esbati, 2012). A study in red leaf basil microgreens grown under LED found that cinnamic acid 

derivatives, particularly caffeic and rosmarinic acid, were significantly higher by 4- and 15-fold 

under RBL (40-80 μmol m−2 s−1) compared to WL (Lobiuc, Andrei et al., 2017). Chlorogenic acid 

(CGA) was increased 5-fold in lettuce grown under FL supplemented with RBL compared to those 

grown under no supplementary LED lighting (Yoshida et al., 2016). RL was more effective 

compared to BL for accumulating CGA, a CRY-mediated process that is largely influenced by BL. 

Hydroxycinnamoyl CoA quinate transferase, hydroxycinnamoyl d-glucose: quinate 

hydroxycinnamoyl transferase and coumarte-3 hydroxylase may have been upregulated under RL, 

however the accumulation of CGA is still largely debated and is species-specific (Niggeweg, 

Michael & Martin, 2004). The same study also showed that increasing light intensity accumulated 

more CGA, irrespective of RL or BL (Yoshida et al., 2016). The effect of RL, BL and yellow light 

(YL) by LED were evaluated in pea sprouts and were compared to FL and dark conditions on 

phenolic compound synthesis (Liu, H. et al., 2016). Six phenolic acids, comprising 

hydroxybenzoic acids (gallic, o-phthalic, and p-hydroxybenzoic), Hydroxycinnamic acids (HCA) 
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(CGA, caffeic, p-coumaric, and ferulic) and three flavonoids (rutin, phloridzin, and Km) were 

detected. BL significantly increased all individual phenolic compounds, especially CGA, but not 

phloridizin which was detected under YL and no light conditions (Liu, H. et al., 2016). In a separate 

study, BL increased TPC, TFC, TAC and anti-oxidant capacity in common buckwheat sprouts 

compared to RL (Nam, Kim & Eom, 2018; Thwe et al., 2014). These results are consistent with 

other data which indicate the importance of BL for accumulating phenolics (Taulavuori, Pyysalo, 

et al., 2018; Taulavuori et al., 2016; Vastakaite et al., 2017; Shoji et al., 2010). Brassica vegetables 

contain high amounts of HCA like p-coumaric and ferulic acids, thus LED can clearly impact the 

genes involved in their accumulation during phenylpropanoid biosynthesis (Figure 2.3) (Cartea et 

al., 2010).  

2.2.1.4 Carotenoids 

Carotenoids are lipophilic tetraterpenoid pigments of plants with distinctive yellow, orange and 

red colors. They function as photosensitizers and play important roles as scavengers of reactive 

oxygen species (ROS). The highly conjugated double bond system in carotenoids enables the 

absorption and transfer of light energy to chlorophylls for photosynthesis (Figure 2.4) (Polívka & 

Frank, 2010). Carotenoid functions include the collection of light to pass on the energy to 

chlorophylls and photo-protection for energy diversion away from chlorophylls (Ruiz-Sola & 

Rodriguez-Concepcion, 2012). Carotenoids are classified according to their structures, that is 

carotenes only containing hydrogen and carbon (hydrocarbons, e.g., β-carotene and lycopene) and 

xanthophylls which contain oxygen atoms additionally (e.g., lutein, neoxanthin, zeaxanthin and 

violaxanthin) (Figure 2.4) (Pizarro & Stange, 2009). Xanthophylls lutein and zeaxanthin comprise 

the macular pigment of the eye and protect against light-induced degeneration (Mares, 2016). 
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Although found in minor concentrations, zeaxanthin exists in leaf tissue and accompanies lutein 

to play important anti-oxidant roles (Kopsell & Kopsell, 2010). Carotenoids (lutein, neoxanthin, 

violaxanthin, and α- and β-carotene) content in mustard, beet and parsley microgreens were 

significantly higher under 33% BL (447 nm, 300 μmol m−2s−1) compared to those grown in the 

dark (control) and 8, 16, and 25% BL treatments (Samuoliene et al., 2017). Carotenoids are 

influenced by the biochemical transformation of one pigment to another in response to high light 

intensity, such as the interconversion of violaxanthin into zeaxanthin in the xanthophyll cycle 

(Figure 2.5) (Ma et al., 2003; Jahns, Latowski & Strzalka, 2009). Nevertheless, a strong positive 

correlation between BL and carotenoid accumulation in leafy greens is consistently reported 

(Lefsrud, M., Kopsell, D. & Sams, C., 2008; He et al., 2017).  

 

Since carotenoids and photosynthesis are closely related, intensity and duration also significantly 

modulate the accumulation of carotenoids. β-carotene and lutein are synthesized in the isoprenoid 

pathway and are mainly found in leafy plant tissue, compared to lutein which is highest in dark 

leafy green vegetables like kale, collard greens and spinach. A study looked at LED-regulated 

expression of carotenoid biosynthetic genes and the accumulation of the carotenoids in Tartary 

buckwheat sprouts and found a significant increase of lutein and β-carotene under WL (380 nm) 

compared to sprouts grown under monochromatic BL (470 nm) and RL (660 nm) (Tuan et al., 

2013). Expression of phytoene synthase (PSY), lycopene β-cyclase (LYCB), lycopene ε-cyclase 

(LYCB), β-ring carotene hydroxylase (CHXB), ε-ring carotene hydroxylase (CHXE) and 

zeaxanthin epoxidase (ZEP). PSY, LCYB, LCYE, CHXB, CHXE, and ZEP were highest 8 DAS 
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under WL compared to BL and RL; however, no significant differences were found between 2 to 

7 DAS which signifies the importance of photoperiod. 
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Figure 2.4. Naturally occurring carotenoids in microgreen vegetables whose contents can be 

modulated with light-emitting diodes.  
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violaxanthin  

de-epoxidase 

 

pH <5.8 

ascorbate cofactor 

HIGH LIGHT 
CONDITIONS 

zeaxanthin 
epoxidase 

pH 7.5 

O2, NADPH, 
FAD, 

ferredoxin 
cofactors 

LOW LIGHT 
CONDITIONS 

THYLAKOID 
LUMEN 

CHLOROPLAST 
STROMA 

Figure 2.5. Interconversion of violaxanthin to zeaxanthin (via antheraxanthin) in response to light 

conditions. These reactions under low (addition of epoxy group) or high (removal of epoxy group) 

intensity light are catalyzed by two separate enzymes (zeaxanthin epoxidase and violaxanthin de-

epoxidase) located on opposite sides of the thylakoid cell membrane. Image recreated from Jahns et al.  

(2009), Biochimica et Biophsica Act (BBA) – Bioenergetics, 1787: 3-14. 
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Maximum accumulation of carotenoids occurred 10 DAS which could explain the benefits of 

illuminating WL at certain stages of plant growth for targeted compound interest (Tuan et al., 

2013). Expression of common genes in the carotenoid biosynthetic pathway modulated under LED 

are shown in Figure 2.6. Further research is warranted on the spectral qualities of RBL and the 

type of species grown under these qualities of light. There is evidence indicating the importance 

of fine-tuning intensity output in addition to light quality for carotenoid biosynthesis. 

Understanding both factors would help identify and prioritize gaps for future research, especially 

regarding the influence of specific monochromatic LED or combined lighting on gene expression 

of phenolics and carotenoids.  
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Figure 2.6. Carotenoid biosynthetic pathway in plants and the enzymes catalyzing the formation 

of the corresponding carotenoid. IPP, isopentenyl pyrophosphate; DMPP, dimethylallyl  

pyrophosphate; GGPP, geranylgeranyl diphosphate; GGPS, geranylgeranyl  pyrophosphate 

synthase; PSY, phytoene synthase; LCYB,  lycopene β-cyclase; LCYE, lycopene ε-cyclase; 

CHXB, β-ring  carotene hydroxylase; CHXE, ε-ring carotene hydroxylase; ZEP,  zeaxanthin 

epoxidase.    
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2.2.1.5 Glucosinolates  

GLS are hydrophilic, sulfur-containing PSM with over 130 GLS identified vegetables and more 

than 20 predominantly found in Brassica species (Figure 2.7) (Agerbirk & Olsen, 2012; Hahn et 

al., 2016). Although GLS have no known primary function in plants, their metabolites (hydrolysed 

products) are involved in fungicidal, nematocidal, and bactericidal activity (Sotelo et al., 2015; Yu 

et al., 2007; Dekić et al., 2017). Intensive research stems from their potential chemoprotective 

attributes against cancer (Fahey, Zalcmann & Talalay, 2002). GLS are grouped into aliphatic, 

aromatic and indole types, all of which yield glucose, sulfate and aglycone moieties by action of 

myrosinase (β-glucosidase). The aglycones rearrange into bioactive isothiocyanates, thiocyanates 

and indoles of which the most common being allyl isothiocyanate (AITC) possessing many 

desirable properties of an anti-carcinogenic and chemo-protective agent (Hahn et al., 2016; Zang, 

Sommerburg & Van Kuijk, 1997).  
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Figure 2.7. Common glucosinolates whose biosynthesis in microgreens are 

modulated by light-emitting diodes. 
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PAR LED wavebands (730, 640, 535, 440, and 400 nm) have been studied in Brassica, especially 

for sinigrin synthesis in commonly consumed kale (B. oleracea) (Hahn et al., 2016). Kale plants 

grown under RL (730 and 640 nm) were significantly higher under 640 nm compared to 400−524 

nm (BL). From the data, it is clear that BL decreased the accumulation of sinigrin and was likely 

correlated with downregulated 2-oxoglutarate dependent dehydrogenase (AOP2) expression 

involved in the conversion of methylsulfinylalkyl GLS to the alkenyl form (sinigrin) (Frisch et al., 

2015). The AOP2 gene in Arabidopsis thaliana is responsible for modulating the enzyme for this 

conversion and is shown to be highly expressed under light in the photosynthetic parts of the plant, 

and decreases rapidly in absence (Figure 2.8) (Neal et al., 2010; Burow et al., 2015). The 

mechanism for this observation is still unclear and further work in this area would assist in 

determining the true effect of intensity versus wavelength using LED (Lefsrud, M., Kopsell, D. & 

Sams, C., 2008). In an earlier study, short-duration 100% BL (41 μmol m−2 s−1) for 5 days enhanced 

aliphatic and aromatic GLS in broccoli (B. oleracea) microgreens over a mixed LED of 88% RL 

(627 nm)/12% BL (470 nm) (350 μmol m−2s−1). There was no significant difference in GLS under 

the treatments and neither indole GLS was impacted; however, of the four aliphatic GLS only 

glucoraphanin and epiprogoitrin were modulated under BL (Zeka et al., 2017).  
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Figure 2.8. Modulatory role of blue light-emitting diodes in kale plants is shown by the 

downregulation of AOP2 gene expression which inhibited the formation of alkenyl 3-butenyl GLS. 

Image recreated from Neal et al. (2010), BMC Plant Biology, 10: 170. 
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From the limited literature data, it appears that LED quality and intensity significantly impact the 

biosynthesis of GLS. GLS in broccoli plants (B. oleracea) were studied under various LED (VL, 

BL and GL) and were compared to those grown under UV-A LED  (FL control) (Rechner, O. et 

al., 2017). Under broad FL (400−700 nm), indolylmethyl (IM) GLS and the methoxylated forms 

(1-methoxy- and 4-methoxy-IM GLS) were increased under supplementary UV-A (365 nm) 

compared to other lighting. On the other hand, the concentration of 4-hydroxy-IM GLS and 5-

methylthiobutyl GLS were significantly enhanced under supplementary violet light (VL, 420 nm). 

The content of 3-methylsulfinylpropyl and 4-methylsulfinylbutyl were significantly increased 

under BL. BL treatments were not significant from the control; however, RL with specific 

supplementary UV-A or UV-B and VL enhanced the accumulation of GLS (Rechner et al., 2016; 

Rechner, O. et al., 2017). The compilation of data reveals the importance of underutilized 

wavelengths in this region for photosynthesis and further studies are required, specifically for light 

quantity and quality analysis to understand the light-regulated biosynthesis of GLS.  

 

2.2.2 Light Intensity 

High intensity light emits excess heat that must be removed from photosynthetic systems to 

prevent damage to plants. Antenna pigments like carotenoids absorb BL and transfer this energy 

to chlorophylls to initiate photosynthesis (Polívka & Frank, 2010). Chlorophyll a and b absorb 

wavelengths of visible light in the red (663 nm and 642 nm, respectively) and blue (430 nm and 

453 nm, respectively) regions, while carotenoid pigments lutein and β-carotene primarily absorb 

in the blue region (maximum at 448 and 450 nm, respectively) (Figure 2.1) (Zang, Sommerburg 

& Van Kuijk, 1997; Kopsell, D. A. & Sams, C. E., 2013). Recently, progoitrin GLS was 

significantly increased 7.5 fold under low WL intensity of 50 µmol m-2 s-1 in choy sum (B. rapa) 
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compared to high intensity (Huang et al., 2021).  Further evaluation on the effect of light intensity 

and the resulting biosynthesis of GLS, particularly by LED, is needed in microgreen vegetables.  

2.2.2.1 Carotenoids 

Light intensity is shown to modulate the accumulation of α-/β-carotene and chlorophyll b by 

expressing genes related to light-induced stress (Lefsrud, M., Kopsell, D. & Sams, C., 2008). 

Brassica microgreens (mustard, PC and tatsoi) accumulated higher content of carotenoids under a 

PPF of 330−440 μmol m−2s−1 compared to 220 μmol m−2s−1 (Brazaitytė, Aušra et al., 2015). Kale 

shoots grown under RL (640 nm, 226 μmol m−2s−1) maximized the accumulation of lutein and 

chlorophyll a and b compared to lower intensities (<11 μmol m−2s−1 of BL). Research insofar on 

carotenoid synthesis suggests that light intensity is more stimulatory than light quality. Under 

higher intensities of light, leaves of Arabidopsis were shown to undergo β-carotene oxidation 

which resulted in the modulation of gene expression for cellular defense and biosynthesis of the 

corresponding defense-related antio-oxidants (Nisar et al., 2015). The combined effect of light 

quality and intensity on carotenoid synthesis are not yet clear and further studies are required to 

differentiate the response under wavelength, irradiance or both (Craver et al., 2017).  

2.2.2.2 Phenolics 

Recently, ice plants grown under low intensity (120 μmol m−2s−1) BL significantly increased TPC 

compared to high intensity BL and RL (150 μmol m−2s−1), however anti-oxidant activity under BL 

was similar under both conditions (Kim et al., 2018). It is believed that BL-treated plants 

accumulate a higher total anti-oxidant pool compared to RL due to their differences in wavelength 

emission range and their wavelength energies. Short BL emits higher photon energy which can 
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induce photooxidative stress, and thus can accumulate a greater pool of anti-oxidant phenolics for 

defense (Kim et al., 2018).  

2.2.3 Photoperiod 

As with light quality and intensity, research is also limited on the optimal photoperiod for 

microgreens. Photosynthetic capacity was remarkably increased in lettuce grown under an 18 h 

photoperiod compared to 9 h and 6 h (Kang et al., 2013). Mustard (Brassica juncea) microgreens 

grown under incandescent light with supplementary WL under a 14 h photoperiod altered pigment 

concentration (Kopsell et al., 2012). Under this photoperiod, lutein was unchanged, chlorophyll a 

and b and β-carotene content significantly decreased and zeaxanthin/antheraxanthin significantly 

increased only under increasing light intensity to 463 μmol m−2 s−1. In another study, the effect of 

LED on anti-oxidant activity in pea (Pisum sativum) seedlings grown under RL (625−630 nm), 

BL (465−470 nm) and WL were compared, and results showed that RL enhanced β-carotene and 

anti-oxidant activity compared to BL and WL while BL significantly enhanced chlorophyll (Wu 

et al., 2007). Broccoli plantlets illuminated under low intensity (41 μmol m−2s−1) BL for 5 d at 2 

h/d significantly increased shoot β-carotene, total xanthophyll pigments and aliphatic GLS 

(Kopsell, D. A. & Sams, C. E., 2013). Under an 18 h photoperiod using FL and incandescent lights, 

sinigrin in B. oleracea was 45% and 25% higher than in stems grown under 12 h and 24 h, 

respectively (Charron & Sams, 2004). Results from these studies clearly indicate a link between 

photoperiod and photosynthesis, but not a clear correlation between photosynthesis and the 

accumulation of these phytochemicals. Daily light integral (DLI) represents the accumulated 

quantity of PPF emitted by a light source within 24 h and the product of both PPF and photoperiod. 

DLI is linearly correlated with fresh mass and synthesis of phytochemicals as seen in sweet basil 
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grown under increasing DLI with higher net leaf photosynthetic rate, transpiration rate and 

stomatal conductance. The DLI was also positively correlated with TPC, TAC and TFC 

accumulation (Dou et al., 2018). 

2.3 Ultraviolet Light 

In addition to the PAR, UV (200−400 nm) light is involved in photosynthesis. Exposure to UV 

can stimulate metabolic responses involved in anti-oxidant system and photosynthetic pigment 

production of defense-related phytochemicals (i.e., carotenoids and GLS) (Moreira-Rodriguez et 

al., 2017). Although UV light studies are still in their early stages, the literature highlights many 

successes of plants cultivated under UV light with supplementary WL, RL, BL, RBL and FRL 

with a promising space for cultivating microgreens. UV light is categorized into three ranges, each 

evoking a unique response in higher plants (Figure 2.1) (Brazaitytė, A. et al., 2015). UV-C 

(100−280 nm) radiation is harmful to living organisms due to the ability of tissue permeability and 

DNA modification. Hermetic doses of UV-C light can stimulate beneficial photosynthetic 

responses during growth; however low dose UV-C LED is best used for post-harvest quality. The 

use of UV-C for modulating phytochemicals specifically during growth is currently not well 

understood and may not even be necessary because of its damaging effects on the plant genome 

(Wu et al., 2017; Crupi et al., 2013; Maharaj, 2015). UV-B (280−315 nm) causes significant 

damage to vital DNA molecules, membranes, and proteins; however, hermetic doses can 

accumulate UV-absorbing pigments like flavonoids and other non-flavonoid phenolics (Wang et 

al., 2017; Mosadegh et al., 2018). UV-A (315−395 nm) is considered the least hazardous part of 

UV light and is the most probed for use in modulating plant secondary metabolism (Vaštakaitė, 

2016). Under low intensity UV-A light, anthocyanin biosynthesis in red turnip was modulated by 
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PAL, CHS, F3H, DFR and ANS which were significantly upregulated over 24 h (320−380 nm) 

(Zhou, B. et al., 2007). Co-irradiation of UV-A with RL (660 nm) or FRL (735 nm) did not 

accumulate anthocyanin any further. Additionally, RL, BL (465−475 nm), RBL and UV-B 

(280−330 nm) irradiation did not express CHS. When comparing both UV-A and UV-B, 

anthocyanin biosynthetic genes were uniquely expressed under UV-A by a specialized UV-A 

photoreceptor and not by PHY, CRY or UV-B photoreceptors (Zhou, B. et al., 2007). PPF (FRL, 

RL and BL, peak wavelengths of 665, 638, and 447 nm, respectively) with supplementary UV-A 

(366 nm, 12.4 μmol m−2s−1) LED increased TPC and anti-oxidant activity in microgreens of PC, 

beet, and basil compared to similar treatments under UV-A at 402 nm (Brazaitytė, A. et al., 2015). 

Contrasting results were found in other studies; one showed increasing intensity of UV-A 

correlating to an 11% increase of TAC in baby leaf lettuce, but no effect on TPC (Li & Kubota, 

2009). BL and UV-A wavelengths are close on the light spectrum and both depend on CRY for 

light perception, thus UV-A was likely involved in phenolics synthesis in a similar manner to BL. 

Research to date is promising for the use of UV lights for modulating photosynthetic processes in 

microgreens on a large scale; however, high intensity light and photoperiod should be carefully 

optimized for microgreen cultivation to prevent damage to their delicate structure and tissue.  

2.4 Summary and Future Perspectives 

Anti-oxidant phytochemicals are influenced by the quality and quantity of light, and in certain 

circumstances varying photoperiod. Modern LED systems exist to supplement natural lighting in 

greenhouses and chambers to cultivate numerous species of plants under various spectral 

combinations. Microgreens are concentrated in health-promoting anti-oxidant phytochemicals and 
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the production of these leafy greens are an emerging niche area of high-value novel and functional 

foods.  

 

LED are now custom designed to emit certain emission wavelengths that can supplement other 

types of lighting, or even their sole-use for the new generation of vertical agriculture. UV LED 

have emerged as supplementary lighting for metabolic production of PSM and other important 

defense-related and functional compounds. Since BL and UV-A lights are detected by CRY, UV-

A can theoretically modulate phenolics synthesis in the range of their absorption, and the spectrum 

can be optimized for desirable outcomes in microgreens. It is noteworthy that WL, YL, GL and 

orange light (OL) exist in the PAR and those outside the PAR (UV and FRL) are not as efficiently 

absorbed by chlorophyll and are rarely employed for photosynthetic studies. On the contrary, the 

current literature review has compiled evidence indicating the strong ability of LED to modulate 

secondary metabolism in vegetables due to their highly controllable and targeted features. 

Currently, studies of LED-induced gene expression are limited although most major findings have 

found a positive correlation. Such studies in microgreens are particularly important as they are still 

in the early stages of research and development.  

 

Understanding the effect of LED on genes in the biosynthetic pathways, such as the isoprenoid or 

phenylpropanoid pathways, will accelerate the development of microgreens as functional foods. 

There is also a need for in-depth studies on GLS and carotenoids in microgreens, particularly in 

different cultivars of Brassica. As the demand for production and wider selection of microgreens 

increases, more efforts are called for research into the effect of LED light quality on PSM in new 
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and emerging varieties. The current data highlights the advantages of LED systems for 

understanding metabolic pathways and defense systems in plants grown in controlled 

environments. To date, species in the families of Brassicaceae, Asteraceae, Chenopodiaceae, 

Lamiaceae, Apiaceae, Amarillydaceae, Amaranthceae and Cucurbitaceae are the most explored 

for their bioactive properties and ease of growth as microgreens (Rouphael et al., 2018). 

Extensively studied leafy greens (e.g., lettuce, mustard, cabbage, and kale) appear in many 

research papers, yet spinach, radish, and collards for example have rarely been studied under 

various light qualities even though they are the most consumed varieties globally. New and 

emerging microgreens, like alfalfa, celosia, chicory, dill, purslane, shiso, aromatic herbs like 

fennel, borage, arugula, anise and ornamental herbs have yet to be explored. Metabolomic, 

transcriptomic and proteomic data are useful for large global sets of data and their corresponding 

pathways to improve the production and nutritional quality of microgreens. Success in this field 

will largely depend on how to productively take advantage of the rapidly developing LED 

technology. 
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Hypothesis and Objectives 

Hypothesis: 

The overall hypothesis of the thesis was the phytochemical contents of Brassica microgreens can 

be modulated in controlled chambers under different combinations from LED light (combined blue 

455 nm, amber 590 nm and red 660 nm) and ultra-violet A (325, 340, 365 and 385 nm), and these 

responses could be species-dependent according to the level of gene expression in the biosynthetic 

pathway. The experiments investigated the effect of each wavelength and the ratios of the 

combined lighting to investigate changes on the profiles and concentrations of phytochemical 

antioxidants in various varieties of Brassica microgreens. 

Specifically, the objectives were: 

1. Investigate the effect of 7 LED treatments of varying ratios of blue 455 nm, amber 590 nm and 

red 660 nm, and 4 treatments of UV-A LED (325, 340, 365 and 385 nm) on the total phenolic, 

carotenoid and glucosinolate contents and antioxidant activities in microgreens of Brassica. 

2. Investigate the profiles and levels of individual phenolic, carotenoid and glucosinolate 

components in microgreens of Brassica using high-pressure liquid chromatography-diode array 

detector (HPLC-DAD) and liquid chromatography-high resolution tandem spectrometry (LC-

HRMS/MS). 

3. Investigate the gene expression correlating to the accumulation of the corresponding compounds 

under varying ratios of blue 455 nm, amber 590 nm and red 660 nm LED in microgreens of 

Brassica.  
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3 CHAPTER 3: AMBER, RED AND BLUE LEDS MODULATE 

PHENOLIC CONTENTS AND ANTIOXIDANT ACTIVITIES 

IN EIGHT CRUCIFEROUS MICROGREENS 

Published: Alrifai, O., Hao, X., Liu, R., Lu, Z., Marcone, M.F., Tsao, R. 2020. Amber, red and 

blue LED modulate phenolic contents and anti-oxidant activities in eight Cruciferous microgreens. 

Journal of Food Bioactives, 11: 95-109. DOI: 10.31665/10.31665/JFB.2020.11241 

3.1 Introduction 

PSM play significant roles in plants’ survival from biotic or abiotic stressors. The anti-oxidant 

activity of such metabolites are also believed to benefit human health when consumed (Hasan, M. 

M. et al., 2017). Recently, microgreens have become a unique sub-class of high-value fresh baby 

green vegetables that can be harvested in 12 - 14 DAS. Microgreens are 1- 3 inches in length and 

contain the central stem, cotyledons and a pair of true leaves when harvested. Several studies have 

reported higher contents of bioactive compounds in the cotyledons compared to mature leaf 

counterparts, and because of their health promoting properties they are considered ‘functional 

foods’ (Kyriacou, El-Nakhel, Graziani, et al., 2019; Xiao et al., 2012). Microgreens can exist as 

vegetables, herbaceous plants, aromatic herbs, grains and other wild species (de la Fuente et al., 

2019).  

RL and BL wavelengths are important components of the light spectrum for plant growth and 

photosynthesis (He et al., 2017). LED emitting RL and BL have been a preferred energy-efficient 

source of lighting over conventional HPS and FL because of their longevity, ease of use and high 

luminous efficiency. It is beneficial to tailor the light spectrum of LED to target the action of plant 

photoreceptors since plant responses do vary under different light qualities. In plants, BL is 
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detected by CRY, phototropins, chlorophyll and carotenoids, and PHY and chlorophyll by RL 

(Kong & Okajima, 2016). Light is also a stressor which creates radicals in the plant system and 

simultaneously modulates the anti-oxidant defense system for photo-protection. Broad spectrum 

light can often result in counter-interactions within the plant and can exhibit undesirable traits like 

stem elongation and inhibition of important anti-oxidant phenolics and carotenoids (Samuolienė, 

Giedrė et al., 2013). Research is generally limited on the use of uneconomical and less 

‘photosynthetically effective’ spectral components in the PAR like YL, OL and GL, and others 

such as UV light which share common photoreceptors (Kamal et al., 2019). The literature is 

inconsistent on reporting the effect of these spectral outputs for similar families of vegetables, 

which may simply be due to the inaccessibility and cost of such custom-made LED chips.  

Although there are knowledge gaps in the YL-OL range, most existing studies examine ‘GL’ 

which is defined as the broad PAR between 500 - 600 nm. Contradicting results have been reported 

on the effects of light on plant growth and development with some reporting an overall lower yield 

by increasing ‘GL’ and others reporting beneficial responses on yield and morphology in 

microgreen varieties of Brassica (Kamal et al., 2019). Boston leaf lettuce grown under GL in the 

range of 525 – 575 nm enhanced growth while LED of GL-YL (575 – 625 nm) suppressed it  

(Kong & Okajima, 2016). The effect of YL (580 – 600 nm) may have inhibited chlorophyll, which 

was shown to be correlated to overall lower photosynthesis (Dougher & Bugbee, 2001). 

Nevertheless from the limited studies, the conclusions point to the use of light spectrum in the 

narrow range between 560 - 620 nm. The difference between wavelength response in this range 

on the plant with reproducible cut-off values should be established.  Supplementary LED of AL 

(596 nm) for 7 d on old green leafy radish sprouts increased monosaccharide content and modulate 



 

 

44 

 

sugar and carbohydrate metabolism (Viršilė et al., 2009).  The same study also reported a 30% 

increase in TPC and a 1.5 fold increase of DPPH under flashing AL. In another study, 

supplementary pulsed LED of YL of similar wavelength emission (590 nm) to basal HPS increased 

AA and anti-oxidant activity in basil microgreens (Vaštakaitė et al., 2018). The accumulation of 

anthocyanins were enhanced under LED of YL (570 – 590 nm). The selection of emission 

wavelengths resulted in phytochemical synthesis as affected by the quality, thus further studies are 

warranted especially those in the YL-OL range (AL).  

The objective of this study was to evaluate the role of LED of AL (590 nm) and basal RBL 

(660/455 nm) in different ratios for the evaluation of phenolics synthesis. Special attention is given 

to the increasing ratios of AL and BL. The PAR of RL was reduced accordingly to increasing AL 

to maintain balanced light intensity and so the effects of spectral quality are not confounded by 

light quantity (Snowden, Cope & Bugbee, 2016). The proportion of BL was increased with AL 

due to the relative low efficiency of amber LED chips. Many papers report enhanced microgreen 

growth and photosynthesis under BL and RBL, thus we believe this is the first step towards 

understanding the response in these microgreens (Ying et al., 2020; Vaštakaitė-Kairienė et al., 

2015; Kyriacou, El-Nakhel, Pannico, et al., 2019; Kamal et al., 2019)  

3.2 Materials and Methods 

3.2.1 Chemicals and Reagents 

C3G standard was purchased from Indofine (Bell Mead, NJ, USA). AA, fluorescein, catechin, 

gallic acid, TPTZ, APPH, FC phenolic reagent, Trolox, aluminum chloride hexahydrate 

(AlCl3•6H2O) and DPPH were purchased from Sigma (St. Louis, MO, USA). Ferric chloride 

hexahydrate (FeCl3•6H2O), sodium acetate, sodium hydroxide (NaOH), sodium nitrate (NaNO2), 
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sodium carbonate (Na2CO3), sodium phosphate monobasic (NaH2PO3), sodium phosphate dibasic 

(Na2HPO3), potassium chloride, and HPLC grade solvents, methanol (MeOH), glacial acetic acid, 

formic acid, and hydrochloric acid (HCl) were purchased from Caledon Laboratories 

(Georgetown, ON, Canada). All chemical reagents used were of analytical grade. 

3.2.2 Lighting treatments in the chambers 

Each growth chamber (PGW40; Conviron, Winnipeg, MB, Canada) was divided by a light 

impervious wooden barrier coated with highly reflective material, providing 1.93 m2 of growing 

space. The barrier contained a small gap at the top and bottom allowing adequate air flow. The 

lighting system in each chamber half consisted of custom-made Ceres CL LED fixtures 

(Yunustech, Brampton, ON, Canada) with two 30V/200W open frame power supplies on each side 

and a dimmer. Each growth area consisted of various ratios of red (660 nm), blue (455 nm) and 

amber (590 nm) LED shown in the spectral distribution in Figure 3.1. To ensure there was no light 

contamination between the treatments, measurements were taken in the dark half side while the 

other half of the chamber was illuminated, and values were determined on a scale of 0-1 implying 

no light leakage ‘0’ and full lighting ‘1’. Values were taken using an LI-COR ideal quantum sensor 

(LI-190R quantum sensor, LI-COR Biosciences, Lincoln, NE, USA) at 12 different locations 

within each treatment and overall PPF of the treatments were measured (Figure 3.2). Light 

measurements during growth were taken four inches above the plants. Since amber LED are 

inefficient and red LED semi-conductors emit a small proportion of light in the amber region, 

definite statements regarding the effects of any individual light cannot be made. Interpretation of 

the data will be based on overall lighting consisting of red, amber and blue components and 

comparing overall treatments.  
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Figure 3.1. Relative spectral distribution of the amber (590 nm), red (660 nm) 

and blue (455 nm) light-emitting diodes used in the controlled chambers. 
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Figure 3.2. Chamber design for microgreens production. Each growth chamber 

was divided by a light impervious wooden barrier coated with highly reflective 

material. The lighting system in each chamber half consisted of custom-made 

Ceres CL light-emitting diode (LED) fixtures with two 30V/200W open frame 

power supplies on each side, a dimmer and each growth area consisting of 

various ratios of red (660 nm), blue (455 nm) and amber (590 nm) LED.  

[Grab [Grab [Grab [Grab 
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3.2.3 Plant growth materials and parameters 

Eight varieties of Brassica microgreens: Brassica rapa var. Japonica (MO and MR); Brassica rapa 

var. Chinensis (PC); Raphanus sativus (RR and RO); and Brassica juncea (MS, MB and MG) 

were grown at the Harrow Research & Development Centre, Agriculture and Agri-Food Canada 

(Harrow, Ontario, Canada). Seeds of microgreens were purchased from Johnny’s Selected Seeds 

(Winslow, ME, USA).  Approximately 4-5 seeds were sown in each pot of the plastic trays (1 x 1 

x 2 cm) and filled with a nutrient base of 100% Canadian Sphagnum Peat Moss (pH 6-6.2, 1400 

millisiemens per meter, mS/m, and average amounts of nutrients (ppm) N, 110; P, 32; K, 170; and 

other microelements Ca, Mg, Fe, S, Mn, ASB Greenworld Ltd., Mount Elgin, ON, Canada) for 

germination. Trays with seeds were submerged in a tray containing fertilizer and were 

subsequently placed on racks in a germinating room (24 °C; 90% RH; 16 h photoperiod). Seed 

pots were water sprayed, irrigated and rotated as needed. Duration for seed germination and growth 

in the chambers for each microgreen is listed in Table 3.1. Upon first signs of seed germination, 

the plantlets were moved to the chambers and were grown until harvest for 13-14 d under a total 

of eight treatments (2 treatments/chamber; 16 °C; 70% RH; 16 h photoperiod). Microgreens were 

harvested at their base with true leaves and cotyledons and were immediately bagged and placed 

in a -80 °C freezer overnight prior to freeze-drying. Frozen microgreens were freeze-dried for 

approximately 2 d. The samples were then ground to a fine powder using a stainless-steel coffee 

grinder (Black & Decker SmartGrind, model CBG100SC) for approximately 45 seconds and 

stored in sealed bags in -80 °C until analysis. All microgreens were grown over two separate and 

successive periods. 
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Table 3.1. Durations for germination in growth chambers for each microgreen.  

Microgreen 

seed 

germination 

(d) 

duration in 

growth chambers 

(d) 

Total 

duration from 

seed to 

harvest (d) 

Mizuna organic 2 13 15 

Mizuna, red kingdom 2 13 15 

Pac choi, red Pac 3 13 16 

Mustard, Barbarossa 2 14 16 

Mustard, Scarlet Frills 2 14 16 

Mustard, Garnet Giant 2 14 16 

Radish, red Rambo 2 13 15 

Radish, red Rambo organic 2 13 15 
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3.2.4 Sample Extraction 

Phenolic compounds were extracted from freeze-dried powder of microgreens using a slightly 

modified protocol (de la Fuente et al., 2019; Xiao et al., 2019). Freeze-dried powder of microgreens 

were weighed (200 mg) and transferred into a 15-mL tube containing 4 mL 80% MeOH with 1% 

formic acid (v/v). Tubes were ultrasonicated in a warm water bath (Scientific Industries Inc. USA) 

for 15 minutes prior to rotary shaking (4 h, 400 rpm, room temperature). Extracts were centrifuged 

at 1600 g for 5 min before the supernatant of each sample was transferred to a clean 15-mL tube. 

The suspended pellet was re-extracted with the same solvent twice more; once with 2 mL for 2 h 

and another with 1 mL for 1 h with centrifugation in between each step. The supernatants of each 

sample were pooled and stored in -20°C until analysis. Triplicate extractions were carried out for 

each sample from two separate trials. 

3.3 Total Phenolic, Flavonoid and Anthocyanin Content Analysis 

3.3.1 Total Phenolic Content 

TPC was measured according to a previously reported method using the FC assay (Wang et al., 

2011). A 25 μL aliquot of sample extract, GA standard solutions (31.25 – 500 μg/mL) and 80% 

MeOH containing 1% formic acid (blank control), were added together with 125 μL of 10x diluted 

FC reagent (0.2 M) into the wells of a 96-well microplate. After 10 min of room temperature 

incubation, 125 μL of 7.5% Na2CO3 was added into the wells. The plate was incubated for another 

30 min and was subsequently read at 765 nm using a UV/vis Biotek Powerwave XS2 microplate 

reader (Bio-tek Instruments Inc., Winooski, VT, USA). The samples were measured twice 

separately in triplicate and TPC was expressed in mg GAE/g D.W. (R2 = 0.99, linear curve).   
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3.3.2 Total Flavonoid Content 

TFC was measured using a slightly modified version of a previously reported method (Zhishen, 

Mengcheng & Jianming, 1999). A 25 μL aliquot of sample or catechin standard solutions (15.6 –

500 µg/mL) was mixed with 110 μL of a 0.066 M NaNO2 solution in wells of a 96-well plate. 

After 5 min, 15 μL of 0.75 M AlCl3•6H2O was added and allowed to react for 5 min at room 

temperature. The reaction was neutralized by adding 100 μL of 0.5 M NaOH. Absorbance was 

read at 510 nm against a blank solution consisting of the extraction solvent (80% MeOH with 1% 

formic acid). The same microplate reader was used and samples were measured twice in triplicate 

and TFC was expressed as mg CE/g D.W. (R2 = 0.99, linear standard curve).  

3.3.3 Total Anthocyanin Content 

TAC was measured using a slightly modified pH differential method (Li et al., 2012). Briefly, 25 

µL aliquots of 80% MeOH containing 1% formic acid (blank control) extracts and C3G standard 

solutions (25 – 400 µg/mL) were added in duplicates to the appropriate wells (one set of 

samples/standards in pH 1.0 and 4.5 buffers, respectively). The total absorbance (A) was obtained 

using the same microplate reader as stated above, and was calculated as follows: 

A = (A510-A700)pH1.0 – (A510-A700)pH4.5 

The samples were measured twice in triplicate and absorbance was taken at 535 nm and 700 nm 

at both pH 1.0 and 4.5, and was expressed as mg C3GE/g D.W. (R2 = 0.99, linear standard curve). 
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3.4 Anti-oxidant activity 

3.4.1 DPPH 

The DDPH anti-oxidant activity was determined based on a slightly modified version of a 

previously reported method (Li et al., 2012). In a 96-well microplate, 225 µL MeOH was added to 

blank wells and 25 µL 80% MeOH containing 1% formic acid in control wells followed by 200 

µL DPPH (except in blank wells). Additionally, 25 µL aliquots of sample extracts or Trolox 

standard solutions (62.5 – 1000 µM, R2 = 0.99) were added in triplicate followed by 200 µL DPPH 

(350 µM). The plate was incubated for 6 h at room temperature before absorbance was measured 

at 517 nm. The samples were measured twice in triplicate and results were expressed as µmol TE/g 

D.W. 

3.4.2 FRAP 

Ferric reducing antioxidant potential (FRAP) was measured using a slightly modified protocol 

(Wu, D. et al., 2012). Briefly, 10 μL of a sample extract was mixed with 300 μL of the ferric-TPTZ 

reagent (prepared by mixing 300 mM acetate buffer, pH 3.6, 10 mM TPTZ in 40 mM HCl and 20 

mM FeCl3·6H2O at a ratio of 10:1:1 (v/v/v)) in a 96-well microplate. The plate was incubated at 

room temperature for 2 h followed by absorbance reading taken at 593 nm. The samples were 

measured twice in triplicate and FRAP was expressed as μmol AAE/g D.W. according to a linear 

standard curve (62.5 - 1000 μM AAE, R2 = 0.99). 

3.4.3 ORAC 

The oxygen radical absorption capacity (ORAC) assay followed a protocol with slight 

modifications (Hu et al., 2012). A 25 µL aliquot of blank phosphate buffer, Trolox (6.25 – 100 
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µM) standard, or sample extracts were added in triplicate to a 96-well microplate followed by 150 

µL (8.68 x 10-5 mM) fluorescein solution. Following incubation at 37 °C for 30 min, 25 µL of 

AAPH (153 mM) was added to initiate reactions. Fluorescence was measured every min in an 

automated spectrofluorometer PLX 800 (BioTek Instruments Inc., Winooski, CT, USA) with a 

dual scanning microplate reader for 120 min under excitation wavelength of 485 nm and emission 

wavelength of 520 nm. The samples were measured twice in triplicate and results were expressed 

as µmol TE/g D.W. 

3.5 Statistical Analysis 

TPC, TFC, TAC, DPPH, FRAP and ORAC were expressed as mean ± SD of 6 technical replicates 

and statistical significance was set to p<0.05. One-way ANOVA followed by Tukey’s HSD test 

was used for all the factors to determine the differences between groups using IBM SPSS® 

software for Windows version 25.0 (IBM corporation, Armonk, NY, USA) and Dunnett’s test to 

determine any significant effects compared to control (p<0.05). Pearson correlation tests were 

interpreted according Evans’ empirical classification; the correlation strength can be interpreted 

using absolute values of Pearson correlation, r. less than 0.20 is very weak, 0.20 – 0.39 is weak, 

0.40 – 0.59 is moderate, 0.60 – 0.79 is strong and 0.80 or greater is very strong correlation. It is 

commonly accepted that higher absolute values and smaller associated p values imply a stronger 

departure from a null hypothesis of no correlation (Evans, 1996). 

3.6 Results and Discussion 

In the present study, eight ratios (%) of LED were used to grow the microgreens and 

phytochemicals and anti-oxidant activities were measured (Figure 3.1). The effect of each 
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treatment was interpreted according to Tukey’s HSD and Dunnett’s test. The observed changes of 

increasing ABL on the phenolic contents and anti-oxidant activities in microgreens were analyzed 

using Pearson's correlation coefficient to determine present relationships. When comparing the 

individual treatment effect against the control (basal), only the treatments that were significantly 

different will be discussed based on their maximum observed change in content (positive and 

negative). 

3.6.1 Effect of LED on total phytochemical content of microgreens 

The TPC, TFC, and TAC of the studied microgreens were between 9.8 – 16.7 mg GAE/g D.W. 

(Figure 3.2a-c), 3.7 – 12.5 mg CE/g D.W. (Figure 3.2d-f) and 0.06 – 0.12 mg C3G/g D.W. (Figure 

3.2g-i), respectively. The effect of LED varied significantly depending on the treatment and 

species (p<0.05). Most treatments enhanced the TPC in certain microgreens with mixed effects on 

TFC and little to no change on TAC. 

TPC was generally enhanced under the treatments in more than half the microgreens studied. A 

moderate positive correlation between TPC and AL in one half of the microgreens (MO, MR, MS, 

RR, r=0.48-0.58) was observed while the other half (PC, MB, MG, RO) were weakly correlated 

(Table 3.2). BL is generally reported to enhance phenolic content in vegetables and herbs like 

lettuce, tomato and basil due to their absorption wavelengths in this range (Johkan et al., 2010; 

Kim et al., 2013; Kyriacou et al., 2020). In our study, TPC was more strongly correlated to BL 

than AL as seen in MO, MR, MS, RR (r=0.61-0.73), but only moderately in MG (r=0.53) and 

generally the same in other microgreens (Table 3.2). The current results are in agreement with a 

study on B. juncea and B. napus which showed higher accumulation of TPC under 30% BL 

compared to lower fractions of RL (Ying, 2021). TPC is also positively correlated with AL (595 
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nm) in a study on two radish varieties grown under HPS as control, an observation seen in our 

conventional radishes RR (Samuolienė et al., 2011; Urbonavičiūtė et al., 2009). Of all microgreens, 

both radishes (RR, RO) contained the highest TPC overall while MG and MO contained the lowest. 

A recent study compared different families of microgreens and found a remarkably high TPC in 

radish microgreens compared to a least seven other microgreens (Ghoora, Haldipur & Srividya, 

2020). This observation was also present in our radishes compared to the six other microgreens of 

Brassica (Figure 3.2c). Phenolic compounds interact with BL receptors, and the current results 

indicated that increasing both ABL enhanced TPC, where similar observations have been noted 

elsewhere in other Brassica (Vaštakaitė-Kairienė et al., 2015; Park et al., 2019). BL has an 

important effect on flavonoid and phenolic acid synthesis which may be related to their capacity 

for absorbing shorter wavelengths (Kyriacou, El-Nakhel, Pannico, et al., 2019; Park et al., 2019). 

TPC and both FRAP and DPPH anti-oxidant activities generally are found to be positively 

correlated with one another, especially in radish and mustard microgreens, winter rapeseed 

varieties of B. napus, broccoli and lettuce (Liu et al., 2007; Ghoora, Haldipur & Srividya, 2020; 

Szydlowska-Czerniak et al., 2010; Borowski et al., 2007). Elevated TPC is attributed to the effect 

of increasing ABL on synthesis of specific types of phenolics, like phenolic acids, which are found 

in high quantities in microgreens of Brassica (Kyriacou, El-Nakhel, Pannico, et al., 2019; 

Harbaum, B. et al., 2007).  

Means that were significantly different from one another were determined using Tukey’s HSD. 

The ideal combination of lighting among the treatments for producing the highest contents in MO, 

MR, MS and RR is 39.46A:58.94B:0.57R and for MG is 12.57A:44.31B:42.39R (Figure 3.2a-c). 

When comparing individual treatment effects against control, maximum lighting conditions 
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significantly increased TPC overall in MR, MS and RR by 4-18%, while 18.45A:33.51B:47.48R 

and 12.57A:44.31B:42.39R significantly increased TPC in MB and MG by 34% and 7%, 

respectively (Table 3.3). TPC was significantly decreased by 6% in RR under 

6.74A:22.68B:70.25R, by 11% in MS under 14.53A:30.18B:51.82R and 13% and 17% in PC and 

RO under 18.45A:33.51B:47.48R, respectively. 
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Figure 3.3. Total phenolics content (TPC) (a–c) total flavonoids content (TFC) (d–f), and total anthocyanins content (TAC) 

(g–i) in the microgreens. Values are expressed as mean ± SD (n = 6). Values with the same letter in each group are not 

significantly different (p < 0.05). TPC: (mg GAE/g D.W.); TFC (mg CE/g D.W.); TAC: mg C3GE/g D.W.). 
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Table 3.2. Pearson correlation between amber and blue light with total phenolic content (TPC), total flavonoid content (TFC) and total 

anthocyanin content (TAC), and anti-oxidant activities DPPH, FRAP and ORAC.a 

 
a Values are mean ± SD, n  = 6; b TPC (mg GAE/g D.W.); c TFC (mg CE/g D.W.); d TAC (mg C3GE/g D.W.); e DPPH (µmol TE/g 

D.W.); f FRAP (µmol AAE/g D.W.); g ORAC (µmol TE/g D.W.).

Microgreen 
TPCb TFCc TACd DPPHe FRAPf ORACg 

amber blue amber blue amber blue amber blue amber blue amber blue 

Mizuna organic 0.50 0.68 0.40 0.49 -0.37 -0.12 0.71 0.60 -0.01 0.34 -0.37 -0.04 

Mizuna, red kingdom 0.48 0.66 0.37 0.57 -0.23 -0.18 0.20 0.15 0.14 0.30 -0.58 -0.48 

Pac choi, red Pac -0.30 -0.32 -0.62 -0.63 0.02 -0.33 -0.01 0.00 -0.67 -0.72 0.14 0.02 

Mustard, Barbarossa -0.20 -0.06 0.31 0.44 -0.60 -0.68 -0.33 -0.38 -0.82 -0.79 -0.57 -0.67 

Mustard, Garnet giant 0.28 0.53 -0.01 0.12 -0.81 -0.75 0.52 0.62 0.67 0.48 0.55 0.64 

Mustard, Scarlet Frills 0.50 0.61 0.24 -0.16 -0.59 -0.64 0.53 0.69 0.36 0.48 -0.48 -0.26 

Radish, red Rambo 0.58 0.73 0.03 0.26 -0.42 -0.25 0.50 0.39 0.42 0.62 -0.04 0.33 

Radish, red Rambo organic -0.06 0.13 -0.45 -0.19 -0.78 -0.49 0.57 0.50 -0.10 0.10 0.59 0.83 
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Table 3.3. Net changes (%) of total phenolic content (TPC), flavonoid (TFC) and anthocyanin (TAC) and anti-oxidant DPPH, FRAP 

and ORAC activities. 

Light ratios 

(%, amber:blue:red) 

Mustard 

Barbarossa 

Mustard 

Garnet 

Giant 

Mizuna 

Organic 

Mizuna 

red 

kingdom 

Mustard 

Scarlet 

Frills 

PC, red 

Pac 

Radish, 

red 

Rambo 

organic 

Radish, 

red 

Rambo 

TPCa 

6.74A:22.68B:70.25R 32*** -13*** NS NS -8*** NS NS -6** 

9.51A:24.13B:65.91R 34*** -14*** NS NS -9*** -7** -7** NS 

12.02A:26.26B:61.14R NS NS NS NS NS NS NS NS 

12.57A:44.31B:42.39R 31*** 7*** NS 18*** NS -6** NS 5** 

14.53A:30.18B:51.82R 8** -15*** NS 16*** -11*** NS NS NS 

18.45A:33.51B:47.48R 34*** -13*** NS NS NS -13*** -17*** NS 

39.46A:58.94B:0.57R 7* NS NS 18*** 4* -6* NS 5** 

TFCb 

6.74A:22.68B:70.25R NS NS NS -11*** NS NS NS NS 

9.51A:24.13B:65.91R NS -9* -9** NS NS NS -6* NS 

12.02A:26.26B:61.14R NS NS NS NS NS 7** NS NS 

12.57A:44.31B:42.39R NS NS NS 12*** -21*** NS 6** 6** 

14.53A:30.18B:51.82R NS -12** NS 7* -6** NS NS NS 

18.45A:33.51B:47.48R -12*** -9* NS NS NS NS NS NS 

39.46A:58.94B:0.57R NS NS NS NS 5* -8*** -9*** NS 

TACc 

6.74A:22.68B:70.25R NS NS NS NS NS NS NS NS 

9.51A:24.13B:65.91R NS NS NS -2* NS NS NS NS 

12.02A:26.26B:61.14R NS NS NS NS NS NS NS NS 

12.57A:44.31B:42.39R NS NS NS NS NS NS NS NS 

14.53A:30.18B:51.82R NS NS NS NS NS NS NS NS 

18.45A:33.51B:47.48R NS NS NS NS NS NS NS NS 

39.46A:58.94B:0.57R NS NS NS NS NS NS NS NS 

DPPHd 

6.74A:22.68B:70.25R NS -23*** -14** -34*** NS NS NS NS 

9.51A:24.13B:65.91R -11** -21*** NS -29*** -18*** NS NS NS 

12.02A:26.26B:61.14R -10* NS NS -21*** NS NS 10** NS 

12.57A:44.31B:42.39R -9* NS NS -23*** 11** NS 8* NS 

14.53A:30.18B:51.82R -13*** -18*** -18*** -30*** -20*** NS NS NS 
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18.45A:33.51B:47.48R 29*** 13** 41*** NS NS 36*** 38*** 46*** 

39.46A:58.94B:0.57R -23*** 10* 37*** -13* 16*** NS 21*** 18*** 

FRAPe 

6.74A:22.68B:70.25R NS -34*** NS -26*** 18** NS NS -1*** 

9.51A:24.13B:65.91R NS -27*** NS -20*** NS NS NS NS 

12.02A:26.26B:61.14R NS -24*** NS -19*** 14* NS NS -11** 

12.57A:44.31B:42.39R NS -38*** 12*** -9*** 19** NS NS NS 

14.53A:30.18B:51.82R NS -18** -8* -19*** NS NS NS -10** 

18.45A:33.51B:47.48R NS -26*** NS -26*** 18** NS -9*** NS 

39.46A:58.94B:0.57R -11** 21*** NS -8*** 16* -9** NS 2** 

ORACf 

6.74A:22.68B:70.25R NS NS 27*** -9* NS NS -19*** -11* 

9.51A:24.13B:65.91R 10* NS 18*** -17*** -17*** NS -29*** NS 

12.02A:26.26B:61.14R NS NS NS 19*** -7* NS -16*** -7* 

12.57A:44.31B:42.39R -12** NS 34*** 13*** NS -10* -10*** NS 

14.53A:30.18B:51.82R NS NS 13*** 49*** NS NS -16*** NS 

18.45A:33.51B:47.48R -19*** NS NS NS -16*** -17*** -9*** NS 

39.46A:58.94B:0.57R -13** NS NS -56*** -14*** NS -17*** -14** 

a TPC: mg GAE/g D.W.; b TFC: mg CE/g D.W.; c TAC: mg C3GE/g D.W.; d, DPPH: µmol TE/g D.W.; e FRAP: µmol AAE/g D.W.; f 

ORAC. Values are mean ± SD (n = 6). Cells with *, ** and *** are significantly different from control at 5%, 1% and 0.01% and are 

bolded for clarity; NS: not significant. 
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The current findings agree with literature reports which showed that BL was responsible for 

modulating phenolics accumulation, such as that seen in microgreen species; however, RL 

combined with BL is reported to accumulate phenolic compounds even further (Kyriacou, El-

Nakhel, Pannico, et al., 2019). There is ample evidence of BL induced phenolic acid and flavonoid 

biosynthesis in plants through the expression of key genes in the phenylpropanoid pathway 

(Taulavuori, Pyysalo, et al., 2018; Zoratti et al., 2014; Chatterjee, Sharma & Khurana, 2006). The 

response to oxidative stress is generally species-specific and transcriptional responses are still 

poorly understood. Exposure to both RBL wavebands could induce the photo-isomerization of 

phenolic compounds making their quantification relatively difficult (Kyriacou, El-Nakhel, 

Pannico, et al., 2019). Investigation into genotype-wavelength interaction and the underlying 

enzymes that control phenolics synthesis would be preferential. 

Only TFC was strongly negatively correlated (r= -0.63) with AL in PC, while only moderately 

positive in MO (r=0.4), negative in RO (r= -0.45)  and overall weak in the remaining microgreens 

(Table 3.2). Like TPC, the highest TFC existed in radish (RR, RO) while MS and MO contained 

the lowest. A similar correlation was seen for BL in MO (r=0.49) and PC (r= -0.63), a stronger 

positive for MR (r=0.57) and MB (r=0.44) and weak for RO (Table 3.2). Species-specific 

flavonoid accumulation was observed because of the energy-rich short wavelength of BL 

modulating flavonoid biosynthesis to quench the high photo-oxidative activities (Kyriacou, El-

Nakhel, Pannico, et al., 2019). BL is close to UV-A on the light spectrum and both are detected by 

CRY, therefore it is likely a dose-dependent oxidative stress response on the plant system would 

occur. In response to this, modulation and expression of key enzymes in the biosynthetic pathways 
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would assist the counteraction of this oxidative stress (Hasan, M. M. et al., 2017; Kyriacou, El-

Nakhel, Pannico, et al., 2019). 

LED ratios of RBL on flavonoid accumulation in red and green basil microgreens were species-

specific resulting in the dominating effect of one variety accumulating higher flavonoids under a 

higher RL ratio and the other variety under balanced ratios of RL and BL (Lobiuc, A. et al., 2017). 

Another study in green and purple basil leaves found an inhibitory response on flavonoids 

accumulation under higher ratio of supplementary GL (500-599 nm) to RBL on flavonoid 

synthesis (Dou, Niu & Gu, 2019). Our study using 590 nm (AL) exists within their Amax range of 

GL which could be a factor in why our microgreens were not linearly responsive to the lighting.  

Nevertheless, amber, red and blue components could be used for increasing TFC in certain 

microgreens, although their individual effect can result in a different metabolic response (Table 

3.3). When comparing the overall means, the ideal ratio of LED for accumulating the highest 

contents in MO, MB and MS is 39.46A:58.94B:0.57R, and 14.53A:30.18B:51.82R for MR and 

RR (Figure 3.3d-f). 

The LED treatments on TFC were generally unbeneficial in the microgreens (Table 3.3). TFC was 

significantly decreased by 11% under 6.74A:22.68B:70.25R for MR; 9% under 

9.51A:24.13B:65.91R for MO; 21% under 12.57A:44.31B:42.39R for MS; 12% under 

14.53A:30.18B:51.82R for MG, 12% under 18.45A:33.51B:47.48R for MB; and 8% under 

39.46A:58.94B:0.57R for both PC and RO. TFC was maximally increased by 12, 6 and 6% under 

12.57A:44.31B:42.39R for MR, RO and RR, respectively, 7% under 12.02A:26.26B:61.14R for 

PC and 5% under 39.46A:58.94B:0.57R for MS. 
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AL and TAC were negatively correlated in all microgreens, except for PC (Table 3.2). Specifically, 

correlations were very strong negative in MG (r= -0.81), strong negative in MB and MG (r= -0.60 

and -0.81) and moderately negative in RR and MS (r= -0.42 and -0.59). The correlation between 

TAC and BL was slightly different than the relationship with AL; an inverse relationship between 

TAC and BL in all microgreens was observed. BL and TAC in RO were moderately negatively 

correlated (r= -0.49) and MB, MG and MS were strongly negatively correlated (r= -0.68, -0.75 

and -0.64, respectively) (Table 3.2). 

When compared to control, only TAC in MR microgreens was significantly decreased under 

6.74A:22.68B:70.25R by 2% (Table 3.3). TAC was not significantly changed from control in all 

other microgreens, which showed that the accumulation of anthocyanins were mainly dependent 

on the intensity of light rather than a dominating species-response to light quality (Figure 3.3g-i). 

Higher intensities accumulate anthocyanins for defense against short-wave energy light, as seen in 

microgreens of kohlrabi and not in the current study (Gerovac et al., 2016). The PPF of BL in the 

current study set-up was insufficient for stimulating anthocyanin production, and even under short 

UV-A the accumulation is still dependent on the PPF and follows a general dose-response 

relationship to intensity as seen in turnip leaves (Zhou, B. et al., 2007; Maier & Hoecker, 2015). 

This is especially true in B. juncea microgreens where TAC did not increase proportionally under 

20% BL:80% RL (Ying, 2021). A contradicting report in B. oleracea microgreens showed that 

anthocyanin accumulation is not always dose-dependent with intensity leading to the possibility 

of wavelength (light quality) playing a more significant role in secondary metabolism  (Lefsrud, 

M., Kopsell, D. & Sams, C., 2008). Higher intensities accumulated anthocyanins under an overall 

PPF of 320-440 μmol m-2 s-1 or a BL irradiance of 75 μmol m-2 s-1, as shown in PC microgreens 
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under 280 μmol m-2 s-1 and in two amaranth microgreens (Meas, Luengwilai & Thongket, 2020; 

Vaštakaitė et al., 2015). Total PPF of the system (179-197 μmol m-2 s-1) was insufficient for TAC 

as expected, therefore special attention should be given to modulating overall intensity for targeted 

anthocyanin synthesis. 

Plant acclimatization to environmental stimuli is a function of accumulating various anti-oxidants 

and secondary metabolites such as ascorbate, flavonoids and tocopherols (Jansen et al., 2008). 

Although TAC was inhibited in most of the studied microgreens, anthocyanin synthesis requires a 

prolonged exposure under high PPF which can partly be related to the species and experimental 

conditions (Mancinelli, Rossi & Moroni, 1991; Frazie, Kim & Ku, 2017). The inverse relationship 

TAC has with overall lighting may simply mean that ANS, the gene controlling anthocyanin 

formation, activated a specific mechanism. CRY and PHY signaling pathways are involved in the 

photo-regulation of anthocyanin synthesis under prolonged irradiation (Liu, B. et al., 2016). Since 

RL and AL are exclusively detected by PHY, and BL is involved in the excitation of electrons in 

CRY and PHY, the difference in anthocyanin accumulation can be correlated to the level of CRY 

expression under BL (Kong, Schiestel & Zheng, 2019; Mancinelli, Rossi & Moroni, 1991).  

3.6.2 Effect of LED on DPPH, FRAP and ORAC  

Anti-oxidant activities of the microgreens measured by DPPH, FRAP and ORAC methods were 

74 - 173 µM TE/g D.W. (Figure 3.4a-c), 25 – 127 µM AE/g D.W. (Figure 3.4d-f) and 515 - 1652 

µM TE/g D.W. (Figure 3.4g-i), respectively. Total anti-oxidant activities obtained by these assays 

provide baseline information during the early stages of study for optimal selection of the spectrum 

and for the goal of enhancing overall anti-oxidant activity of microgreens (Iqbal et al., 2012). 
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Figure 3.4. Anti-oxidant activities in the microgreens measured by DPPH, FRAP and ORAC methods. Values are 

expressed as mean ± SD (n = 6). Values with the same letter in each group are not significantly different (p < 0.05). DPPH: 

2,2-diphenyl-1-picrylhydrazyl (μmol TE/g D.W.); FRAP: ferric reducing anti-oxidant power (μmol AAE/g D.W.); ORAC: 

oxygen radical absorbance capacity (μmol TE/g D.W.). 
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DPPH measurements are very frequently employed as rapid screening  to assess radical scavenging 

activity in various plants. DPPH activity was strongly correlated with AL in MO (r=0.71) and 

moderately correlated in MG, MS, RR and RO (r=0.5-0.57) (Table 3.2). The relationship between 

BL and DPPH was slightly different than AL. DPPH and BL were strongly positively correlated 

in MO, MG and MS microgreens (r=0.60, 0.62 and 0.69, respectively), while moderately positive 

in RO (r=0.50) (Table 3.2). DPPH was decreased in PC under different pulsed-LED frequencies 

of YL (590 nm) while increasing in radish and red bell pepper (Vastakaite et al., 2017; 

Urbonavičiūtė et al., 2009). Increasing BL intensity significantly enhanced DPPH in two PC 

cultivars compared to lower intensities (Zheng et al., 2018). Only under a ratio of 

18.45A:33.51B:47.48R did we find a significant increase in DPPH anti-oxidant activity in PC 

microgreens (Table 3.3).   

DPPH was generally enhanced under the lighting through increase of ABL and decrease of RL. 

The results in radish microgreens agree with an earlier study under supplementary AL (595 nm) 

to RBL (Figure 3.4c) (Urbonavičiūtė et al., 2009). This study reported suppression of 

monosaccharide and vitamin C accumulation in radish leaves under supplementary AL, which was 

the result of increased TPC against photo-oxidation (Urbonavičiūtė et al., 2009). According to 

statistical analysis, the lighting ratio that produced the highest overall content in the microgreens 

was 18.45A:33.51B:47.48R (Figure 3.4a-c).  

The effect of the treatments on anti-oxidant activity were mixed among the microgreens compared 

to control (Table 3.3). Treatment 6.74A:22.68B:70.25R caused a maximum significant decrease 

of DPPH by 23% and 34% in MG and MR, while 14.53A:30.18B:51.82R significantly decreased 

DPPH in MO and MS by 18% and 20%, respectively. DPPH was significantly increased under 
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18.45A:33.51B:47.48R in all microgreens by 13-46%, except no effect in MR, and only an 

increase in MS by 16% under maximum ABL. The radical quenching ability of phytochemicals 

can differ depending on species and assays used, an observation seen in a comparative study in 

mustard, tatsoi and PC microgreens grown under 5 doses of blue LED (Vaštakaitė et al., 2015). 

DPPH anti-oxidant activity was generally benefitted under increasing ABL in the current study.  

The trend for FRAP was somewhat like DPPH. Correlation between FRAP and AL was mixed 

weak and moderately positive in MO, MR, MS, RR and RO (r= -0.1 to 0.42) (Table 2). A moderate 

to strong inverse correlation between FRAP and AL existed in PC and MB (r= -0.67 and -0.82, 

respectively) and strong positive in MG (r=0.67). FRAP and BL were also inversely correlated in 

PC and MB microgreens (r = -0.72 and -0.79, respectively), and positively correlated in RR 

(r=0.62) and moderately positive in MG and MS (r=0.48) (Table 3.2).  

AA is a strong anti-oxidant naturally found in plant cells with important roles in reducing oxidation 

caused by ROS. ROS are constantly produced by metabolically active plants, thus enhancing 

compounds like AA and other anti-oxidant compounds that are important for mitigating plant 

cellular damage. Supplementary YL (595 nm) to RL and BL components increased AA content in 

kohlrabi microgreens, but the same effect was not observed in mizuna and broccoli microgreens 

(Samuolienė et al., 2019). Although our study did not examine the AA content, we measured FRAP 

based on a AA standard (Figure 3.4d-f) and found that increasing BL benefitted anti-oxidant 

activity in most microgreens compared to AL. 

Means were statistically compared, and the ideal ratio of light for producing microgreens with high 

anti-oxidant activity is 39.46A:58.94B:0.57R for MG, 4.73A:20.52B:74.36R for MR, 
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12.57A:44.31B:42.39R for MS and 14.53A:30.18B:51.82R for RR (Figure 3.4d-f). The highest 

FRAP varied among the microgreens and treatments without a definitive trend like DPPH. FRAP 

was significantly decreased in MR and RR under 6.74A:22.68B:70.25R by 26% and 1%, in MG 

under 12.57A:44.31B:42.39R by 38%, in MO under 14.53A:30.18B:51.82R by 8%, in RO under 

18.45A:33.51B:47.48R by 9% and in MB and PC under maximum ABL conditions 

39.46A:58.94B:0.57R by 11% and 9%, respectively (Table 3.3). FRAP was also significantly 

increased in MO and MS under 12.57A:44.31B:42.39R by 12% and 19%, respectively, and in MG 

under 39.46A:58.94B:0.57R by 10%. 

An inverse relationship between the lighting and ORAC was observed in most microgreens.  

Correlation between the lighting and ORAC was moderately negative in MR, MB, MS (r= -0.58, 

-0.57, -0.48, respectively) and strongly negative in RR (r= -0.71). The only moderate positive 

correlation between overall lighting and ORAC was in MG (r=0.55) (Table 3.2). A similar 

relationship between BL and ORAC was observed; a strong negative correlation in MB (r= -0.67) 

and strong positive correlation in MG and RO (r= 0.64 and 0.83, respectively).  

The ideal lighting ratio for the highest ORAC in PC and MG microgreens is maximum ABL with 

minimal RL (i.e., 39.46A:58.94B:0.57R) (Figure 3.4g-i). Generally, ORAC was inhibited under 

most treatments compared to control. A maximum significant decrease of 26% from control in 

MG under 6.74A:22.68B:70.25R, 16% and 17% in MS and PC under 9.51A:24.13B:65.91R, 

respectively, by 17% in PC under 18.45A:33.51B:47.48R and by 56% and 14% in MR and RR 

under 39.46A:58.94B:0.57R, respectively, was observed. The highest increase occurred in MB 

under 9.51A:24.13B:65.91R by 10%, in MO under 12.57A:44.31B:42.39R 34%, in MR under 

14.53A:30.18B:51.82R 49%, and in MG under 39.46A:58.94B:0.57R 11% (Table 3.3). 
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Although the ORAC assay is regarded as the most sensitive and relevant to biological system 

(hydroxyl radical), many studies including ours have not shown consistent correlation between its 

value and phytochemicals such as phenolics (Li et al., 2012). A report on several mustard varieties 

showed that the lowest correlation was observed between ORAC and TPC suggesting that 

phenolics are exclusive to overall anti-oxidant potential (Szydlowska-Czerniak et al., 2010). The 

mechanism and kinetics of the ORAC may inherently lack overall correlation with phenolics 

(Zhang, B. et al., 2015). One possible reason ORAC was overall negatively impacted by the 

lighting in the microgreens may be due to the rigid control over reaction conditions comprimising 

use of this assay. Very long reaction times without substantial fluorescein could be another 

potential reason for the negative ORAC values (Schaich, Tian & Xie, 2015). Nonetheless, ORAC 

anti-oxidant screening provides important tools for preliminary evaluation and screening of anti-

oxidants and comparability between species and genus. 

Since only anti-oxidant activities were measured in the present study, the validity of these as 

indicators of potential health needs to be confirmed in vivo. Higher in vivo anti-oxidant activity 

often correlates with reduced oxidative stress-related chronic disease; however, that may not 

always be the case. Enhancement of bioactives in microgreens under LED is a relatively new field, 

and results presented in this thesis will allow further investigation into specific compounds and 

future perspectives in other microgreen candidates.  To date, bio-accessibility studies are still 

limited in microgreens, especially in Brassica (Khoja et al., 2020). There is evidence on the health 

benefits of Brassica vegetables; however, only one animal study exists to date to study the effects 

of anthocyanin-rich red cabbage microgreens (Huang et al., 2016).  
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3.7 Principal Component Analysis 

While correlation and regression analysis provide information on the effect of overall lighting on 

phenolic contents and anti-oxidant activities, PCA explains variation and reduces the 

dimensionality of large data sets. The proportion of eigenvalues of the matrix for the three principal 

components were 51%, 27.8% and 9.3% (Figure 3.5). The top two components accounted for 

78.8%, and all these three components explained 88.1% of the total variance, indicating that two 

or three components provides a good summary of the data. Points on the biplot represent 

microgreens treated under various light ratios, while the vectors represent different phenolic 

contents and anti-oxidant activities. 

The directions of the vectors indicate PC1 mainly explains DPPH;  PC2 represent ORAC; and PC3 

seems related to FRAP. Vectors pointing in the same direction are closely correlated, such as the 

relationship between TFC, TPC and DPPH, and those between TAC and ORAC. This type of 

correlation is consistent with other Brassica species and herb microgreens (Samuolienė et al., 2016; 

Li, Zhifeng et al., 2018; Deng et al., 2013; Xiao et al., 2019). A 90° angle between vectors, such 

as the pair of TFC and TAC, indicates no correlation. The results indicate that DPPH was primarily 

correlated with TPC and TFC, while ORAC was largely correlated to TAC. FRAP could not 

generally be ascribed to TPC or any of its sub-groups (i.e. TFC or TAC). 
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Figure 3.5. Biplot of the principal components 1, 2 and 3 describe groups of phytochemicals (TPC, 

TFC, TAC) and anti-oxidant activities (DPPH, FRAP, ORAC) of  eight microgreens under eight 

treatments. Treatments are labeled with only AL % for legibility. Ratios are 4.73A:20.52B:74.36R; 

6.74A:22.68B:70.25R;  9.51A:24.13B:65.91R; 12.02A:26.26B:61.14R; 12.57A:44.31B:42.39R; 

14.53A:30.18B:51.82R; 18.45A:33.51B:47.48R; 39.46A:58.94B:0.57R.   
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3.7.1 Effect of variety on phytochemical content 

Samples clustered together in the biplot are those that possess similar profiles of properties. The 

distribution of points on the biplot showed that effect of variety dominated the variance compared 

to the treatment effect from the lighting (Figure 3.5). All varieties were clearly separated by the 

PCA biplot, even between RR and RO. RR featured high TPC, while RO had higher TFC 

compared to TPC (Ghoora, Haldipur & Srividya, 2020). RO is genetically identical to RR but 

having less similarities for TPC. MB is unique for its high FRAP, as distinct from MG and MS 

which are lowest in all parameters. MR and MO showed intermediate properties of phytochemical 

content and anti-oxidant activity among the microgreens. 

3.7.2 Effect of overall LED on phytochemical content 

Most microgreens were responsive to the increasing ratios of ABL and decreasing RL (Figure 3.5). 

TPC of RR increased with increasing ABL, while TFC was increased in RO. MR appeared to be 

sensitive to varying spectral qualities of AL, BL and RL, while MB and PC were only moderately 

sensitive and responsive. To date, only a few studies have looked at AL, thus comparison can often 

be difficult if baseline values have not been established (Vastakaite et al., 2017; Vaštakaitė et al., 

2018). Comparison of general trends like those in the current study would better suit growers’ 

needs to supplement AL to existing conditions depending on the variety grown. 

3.8 Conclusion 

Our study does report for the first time the effect of different ratios of AL, BL and RL on the 

phenolic contents (TPC, TFC, TAC) and anti-oxidant activities (DPPH, FRAP, and ORAC) in 

several Brassica microgreens. The results suggested that overall lighting of amber, red and blue 

LED on TPC or its sub-group TFC were species-dependent, while TAC experienced little change. 



 

 

73 

 

The variability in the correlation between TPC/ TFC and the anti-oxidant activities of the different 

microgreens may also depend on the assays employed. All anti-oxidant assays used in the present 

study operate under slightly different principals, thus no specific or general correlation has been 

found between results of these assays.  

Using LED for microgreen production in CEA to enhance bioactive components is a relatively 

new area of research considering the diversity of phenolics, and the fact other anti-oxidant 

phytochemicals such as carotenoids and GLS found in Brassica may also be contributing to the 

overall anti-oxidant benefit. Future studies should also examine other metabolites under LED using 

transcriptomics which would surely lead to the development of species-specific lighting systems. 
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4 CHAPTER 4: LED INDUCED CAROTENOID SYNTHESIS 

AND RELATED GENE EXPRESSION IN BRASSICA 

MICROGREENS 

Published: Alrifai, O., Hao, X., Liu, R., Lu, Z., Marcone, M.F., Tsao, R. 2019. LED induced 

carotenoid synthesis and related gene expression in Brassica microgreens. Journal of Agricultural 

and Food Chemistry, 69 (16): 4674-4685. DOI: https://doi.org/10.1021/acs.jafc.1c00200 

4.1 Introduction 

PSM play significant roles in the defense against biotic and abiotic stressors and are also essential 

anti-oxidants for ROS in plant cells. PSM are believed to benefit health by their synergistic 

function beyond the basic function of vitamins and micronutrients (Hasan, M. M. et al., 2017). As 

a result, these health promoting compounds are considered functional foods (Kyriacou, El-Nakhel, 

Graziani, et al., 2019; Xiao et al., 2012). Both carotenoid biosynthesis and metabolism of plants 

are affected by light quality and intensity with the most recent studies demonstrating the efficiency 

of LED for modulating select groups of defense-related PSM (Alrifai et al., 2019). Light quality 

is deemed the most important factor for the growth of plants, and studies attempting to determine 

optimal spectral combinations and intensities solely by LED are limited in microgreens (Jiao, Lau 

& Deng, 2007). 

Lipophilic carotenoids are grouped by carotenes containing only hydrocarbons (e.g. β-carotene 

and lycopene) and xanthophylls containing oxygen atoms additionally (e.g. lutein, neoxanthin and 

zeaxanthin) (Pizarro & Stange, 2009; Tsao, Wang & Deng, 2007; Brazaitytė, Aušra et al., 2015). 

Their conjugated double bond system harvests light energy and transfers it to chlorophyll to initiate 

photosynthesis (Polívka & Frank, 2010). Carotenoids also participate in the diversion of energy 
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from chlorophylls for photoprotection against oxidative stress, thus the generated radicals are 

delocalized until less reactive radical is formed. Since carotenoids and photosynthesis are closely 

related, light intensity and photoperiod are significant factors for plant cells (Frede et al., 2018). 

Only a few studies have examined the effect of light quality on carotenoid biosynthesis, especially 

for major β-carotene and lutein in the biosynthetic pathways (Frede et al., 2018; Samuoliene et al., 

2017).  

Despite limited growth studies under YL and OL, most report general effects of GL under a broad 

PAR (500-600 nm) for plant growth; however, the specific effects are largely unknown with some 

contradicting observations. Supplementary GL to RBL enhanced growth of Brassica microgreens 

compared to sole RBL components (Kamal et al., 2020). The opposite effect in mustard, beet, 

tatsoi and parsley microgreens was observed under GL and YL, resulting in the accumulation of 

xanthophyll pigments (Samuoliene et al., 2013; Brazaitytė, Viršilė, Samuoliene, J, Sakalauskienė, 

Sirtautas, Novičkovas, et al., 2016). Although these studies have clearly shown a link under 560-

620 nm, it is now important to understand and differentiate between the effects of YL (570-590 

nm) and OL (590-620 nm). 

Efforts are currently applied at enhancing carotenoid content in plants through metabolomics 

(Dutta Gupta & Pradhan, 2017). Exposure to different wavelengths (i.e. monochromatic RL vs BL 

vs RBL) results in differential gene expression. It is well known that the effect of light quality on 

carotenoid composition and concentration is species-dependent, therefore research on individual 

vegetable varieties should be examined (Frede, Schreiner & Baldermann, 2019). Overall, studies 

are limited in microgreens and under LED. 
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The objective of this study is to evaluate rbaLED in different ratios on the accumulation of 

important carotenoids in Brassica microgreens.  The proportion of BL was increased with AL due 

to the relative low efficiency of amber LED chips. We quantitatively analyzed genes in the 

carotenoid biosynthetic pathway to gain further understanding of the mechanism associated with 

light-regulated gene expression.  

4.2 Materials and Methods 

4.2.1 Chemicals 

AA, β-carotene, fluorescein, RMBC, THF, zeaxanthin, TPTZ, AAPH, Trolox and DPPH were 

purchased from Sigma (St. Louis, MO, USA). Sodium acetate, ferric chloride hexahydrate, sodium 

phosphate monobasic, sodium phosphate dibasic and HPLC grade solvents including MeOH, 

ETOH, acetone, glacial acetic acid and HCl were purchased from Caledon Laboratories 

(Georgetown, ON, Canada). Deionized water was obtained in-house from a Thermo Scientific 

Barnstead Nanopure ultrapure water purification system (Ottawa, ON, Canada). All chemical 

reagents used were of analytical grade. 

4.2.2 Lighting System 

Each growth chamber (PGW40; Conviron, Winnipeg, MB, Canada) was divided by a light 

impervious wooden barrier coated with highly reflective material providing 1.93 m2 of growing 

space. The barrier contained a small gap at the top and bottom allowing adequate air flow. The 

lighting system in each chamber half consisted of custom-made Ceres CL LED fixtures 

(Yunustech, Brampton, ON, Canada) with two 30V/200W open frame power supplies on each side 

and a dimmer. Each growth chamber was equipped with red (660 nm), blue (455 nm) and amber 

(590 nm) LED in shown in the spectral distribution of Figure 3.2. To ensure there was no light 
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contamination between treatments, measurements were taken in the dark half of the chamber, 

while the other half was illuminated. Values were determined on a scale of 0-1: no light leakage 

‘0’ and full lighting ‘1’. Values were measured using a LI-COR ideal quantum sensor (LI-190R 

quantum sensor, LI-COR Biosciences, Lincoln, NE, USA) in 12 different locations under each 

treatment and overall photosynthetic photon flux (PPF) of the treatments were measured. Light 

measurements during growth were taken 4 inches above the plants. Since aLED are inefficient and 

rLED semi-conductors emit a small proportion of light in the amber region, definite statements 

regarding the effect of any individual light cannot be made. Interpretation of the current data is 

based on overall lighting of combined rbaLED components and comparing various ratios to 

determine the most beneficial lighting for accumulating carotenoids. 

4.2.3 Plant Materials 

Eight varieties of Brassica microgreens, including 2 mizunas [organic and red kingdom (Brassica 

rapa var. Japonica)]; PC (Brassica rapa var. Chinensis); 2 radishes [red Rambo and red Rambo 

organic (Raphanus sativus)], and 3 mustards [Scarlet Frills, Barbarossa and Garnet Giant (Brassica 

juncea)],were grown at the Harrow Research & Development Centre, Agriculture and Agri-Food 

Canada (Harrow, Ontario, Canada). Durations for seed germination and growth in the chambers 

for each microgreen are listed in Table 3.1. Microgreens were grown over two successive trials 

under each treatment. Microgreens were harvested at their base, packed in air-tight plastic bags 

and stored in -80 °C until analyzed shortly afterwards. Details related to conditions of growth have 

been reported in our previous paper (Alrifai et al., 2020). 



 

 

78 

 

4.2.4 Sample Extraction and Analysis 

Carotenoids were extracted from freeze-dried powder of microgreens according to a slightly 

modified protocol (Ahmadi, Hao & Tsao, 2018). Triplicate extractions for pooled trials were 

carried out. In a 15-mL tube, 100 mg of the combined freeze-dried powder was transferred with 4 

mL of 50:50 acetone:EtOH (v/v). Tubes were ultrasonicated in a water bath for 15 min followed 

by rotary shaking in room temperature for 4 h at 400 rpm (Scientific Industries Inc. USA). The 

tubes were centrifuged at 1600 g for 5 min prior to collection of the supernatant in a clean 15-mL 

tube. The pellet was re-extracted twice with the same solvent, once with 2 mL for 2 h followed by 

1 mL for 1 h with centrifugation at the end of each step. The supernatants were pooled and 

analyzed.  

4.2.5 Total Carotenoids Content 

TCC was measured according to a previous report with slight modifications (Ndolo & Beta, 2013). 

A 250 μL aliquot of sample extract, β-carotene standard solution and control (blank wells with 

50:50 acetone: EtOH) were added in triplicates to a 96-well microplate. The plate was read 

immediately at 452 nm using a UV/vis Biotek Powerwave XS2 microplate reader (Bio-tek 

Instruments Inc., Winooski, VT, USA). TCC was expressed as µg BCE/g D.W. based on a 

calibration curve (3.125 – 50 µg/mL, r2>0.99). All samples were measured in triplicate. 

4.2.6 HPLC analysis 

Carotenoids were analyzed using an Agilent 1260 series HPLC system (Agilent, Waldbronn, 

Germany) equipped with a model G1329A auto sampler, a model G1322A degasser, a model 

G1311A quaternary solvent delivery system and a model G1315B diode-array detector and were 

separated on a Kinetex XB-C18 column (100 x 4.60 mm, 2.6 μm, Phenomenex Inc., Torrance, 
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CA). Analysis was performed using ChemStation software. The column was equilibrated with 

mobile phase A (MeOH:H2O = 80:20, v/v). Carotenoids were eluted using the following gradient: 

0-60% B (MeOH:THF = 90:10, v/v), 0-2 min; 60–100% B, 2-5 min; 100% B, 5–18 min at an 

injection volume of 5 μL and flow rate of 0.7 mL/min. Peaks were monitored at 450 nm. 

Carotenoids were identified by comparing RT and UV/Vis absorption spectra to authentic 

standards and quantified using the calibration curves generated (0.3215 - 5 µg/L, r2>0.99).  For 

carotenoids without standards (α-carotene, neoxanthin and violaxanthin), they were tentatively 

identified by matching with available literature data on UV/Vis absorption pattern, RT and eluting 

order. Lutein (for xanthophylls) or β-carotene (for α-carotene) was used for quantification (Tee & 

Lim, 1991; Müller, 1997; Van Vliet et al., 1991; Dias et al., 2010; Lakshminarayana et al., 2005; 

O'Neil & Schwartz, 1992). A representative HPLC-DAD chromatograph of carotenoids in MR is 

presented in Figure 4.1.   
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Figure 4.1. HPLC-DAD chromatograms of carotenoids in a representative B. rapa, Mizuna (red kingdom) microgreen under different 

ratios of light (expressed as % amber, blue and red) along with standards (3, 4 and 8) detected at 450 nm. Peaks: 1 = neoxanthin; 2 = 

violaxanthin; 3 = lutein; 4 = zeaxanthin; 5 = chlorophyll b; 6 = chlorophyll a; 7 = α-carotene; 8 = β-carotene. Control (basal) values were 

taken under 4.73A:20.52B:74.36R. Values denote mean ± SD (n = 3). 
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4.2.7 Lipophilic anti-oxidant assays 

A 7% RMBC (w/v) solution was made by dissolving 3.5 g RMBC in 50 mL of 50% acetone:H2O 

mixture according to modified protocol (Huang et al., 2002). Lipophilic extracts were solubilized 

in 7% RMBC (shake 400 rpm, 1 h, 22°C). These steps solubilize the lipophilic extracts in 

phosphate buffer (75 mM, pH 7.4) for the ORAC assay, and in acetate buffer (300 mM, pH 3.6) 

for FRAP assays. All anti-oxidant measurements were taken in triplicate.  

4.2.7.1  L-DPPH assay 

L-DPPH was measured according to previously reported method with slight modifications (Wu, 

T. et al., 2012). In a 96-well microplate, 225 µL of MeOH was added to blank wells and 25 µL of 

80% MeOH containing 1% formic acid was added to control wells. Additionally, 25 µL aliquot of 

sample extracts or Trolox standard solutions (62.5 – 1000 µM) were added in triplicate followed 

by 200 µL of DPPH (350 µM) in all but blank wells. The microplate was incubated at room 

temperature for 6 h and absorbance was measured at 517 nm using the abovementioned UV/vis 

microplate reader. The results were expressed as µmol TE/g D.W. 

4.2.7.2  L-FRAP assay 

L-FRAP was measured according to a previous report with slight modifications (Wu, D. et al., 

2012). In a 96-well microplate, 10 μL of a sample extract was mixed with 300 μL of the ferric-

TPTZ reagent (prepared by mixing 300 mM acetate buffer, pH 3.6, 10 mM TPTZ in 40 mM HCl 

and 20 mM FeCl3·6H2O at a ratio of 10:1:1 (v/v/v)). The microplate was incubated at room 

temperature for 2 h and the absorbance was read after at 593 nm using the abovementioned UV/vis 

microplate reader. Results were expressed as μmol AAE/g D.W. 
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4.2.7.3  L-ORAC assay 

L-ORAC was measured according to a previous report with slight modifications.(Li et al., 2012)  

In a 96-well fluorescence-based microplate, 25 µL of blank phosphate buffer, Trolox (6.25 – 100 

µM) standard or sample extracts were added in triplicate followed by 150 µL (8.68 x 10-5 mM) of 

fluorescein. Following incubation at 37 °C for 30 min, 25 µL of AAPH (153 mM) was added to 

initiate the reactions. Fluorescence was measured every min by an automated spectrofluorometer 

PLX 800 (BioTek Instruments Inc., Winooski, CT, USA) with dual scanning for 120 min under 

an excitation wavelength of 485 nm and emission wavelength of 520 nm. Results were expressed 

as µmol TE/g D.W. 

4.2.8 RNA isolation and RT-qPCR 

Total RNA was extracted and purified from the lysate of microgreen tissues using the PureLink™ 

RNA Mini Kit according to the manufacturer’s instructions (Thermo Fischer Scientific, 

Burlington, ON, Canada). One microgram of total RNA was reverse transcribed to cDNA using 

the MultiscribeTM High-Capacity cDNA Reverse Transcription Kit (Thermo Fischer Scientific, 

Burlington, ON, Canada). Brassica genes involved in carotenoid biosynthesis, including GAPDH, 

PSY, LYCB, LYCE and CHXB were analyzed by RT-qPCR using a previous protocol with minor 

modifications (Yang et al., 2019; Chen et al., 2017). RT-qPCR was carried out using 250 ng/µL 

of cDNA template and PerfeCTa SYBR Green SuperMix (Quanta BioSciences, Inc., Gaithersburg, 

MD, USA) on an Applied Biosystems 7500 RT-qPCR system (Thermo Fischer Scientific, 

Burlington, ON, Canada) under the following conditions: denaturation at 95 °C for 3 min, PCR 

cycling (30-45 cycles) at 95°C for 10 s, annealing at 55 °C for 30 s and extension at 60 °C for 1 

min using the primers listed in Table 4.1. Genes of interest were searched in the NCBI gene 
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database and NCBI reference sequences were found (https://www.ncbi.nlm.nih.gov/gene). The 

NCBI Primer Blast tool was used to design primers for RT-qPCR by setting the major parameters 

as following: size of amplicon 120−180 bp, Tm 60 ± 2°C and length 20 ± 2 bp. The primers were 

synthesized by the University of Guelph Lab Services (Guelph, ON, Canada). Relative gene 

expression was calculated using the 2−ΔΔCt method using GAPDH as the reference (housekeeping) 

gene (Zhang, Liu & Tsao, 2016; Livak & Schmittgen, 2001). Results were expressed as the n-fold 

change of RNA relative to control conditions. 
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Table 4.1. Forward and reverse primers used for RT-qPCR analysis of B. rapa (Br) and R. sativus 

(Rs) microgreens. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

GAPDH: glyceraldehyde 3-phosphate dehydrogenase; PSY: phytoene synthase; LYCβ: lycopene 

beta cyclase; LYCε: lycopene epsilon cyclase; CHXβ: beta ring carotene hydroxylase 

 

 

  

Primers Primer sequence (5’-3’) 

Br-GAPDH_Forward 

Br-GAPDH_Reverse 

GAGGGACGATGTTGAGCTTGTTG 

GGTGTTTCCATTGACCGTGGAC 

Br-PSY_Forward 

Br-PSY_Reverse 

GAGAGGCGAAAGGCGATTTG 

AACGGTATCAGCGAGAGCAG  

Br-LYCβ_Forward 

Br-LYCβ_Reverse 

ATCTAGCTATCGTTGGCGGC 

TCCATGGCTTCGAACTCGTC  

Br-LYCε _Forward 

Br-LYCε_Reverse 

CGGTAGCGAGAGTTGCGTTG  

GCACCACCATCACCAACTGA 

Br-CHXβ_Forward 

Br-CHXβ_Reverse 

AGCTCTTGGCTTTGCGTTTG 

TCACACCTCCCTCCATTTGC  

Rs-GAPDH_Forward 

Rs-GAPDH_Reverse 

GCTCGTCGCTGTTAACGATCC  

CTTAACCTTGAGCTCGTTGTGC  

Rs-PSY_Forward 

Rs-PSY_Reverse 

TGACACCTGAGAGACGCAAG 

CAGTATCAGAGAGGGCAGCG 

Rs-LYCβ _Forward 

Rs-LYCβ_Reverse 

CGGGCTTGAGGATGGAAGAC 

AATGCCGACTACACGCTGAG 

Rs-LYCε _Forward 

Rs-LYCε _Reverse 

CTCATTGGTCCGGATCTTCCT 

GACCGATGGTGATAGGATTGC 

Rs-CHXβ_Forward 

Rs-CHXβ_Reverse 

GCACAAACGCCATAGATCCC  

TTGGGATCACACCTCCCTCC  
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4.2.9 Statistical Analysis 

TCC, individual carotenoids, anti-oxidant activities and gene expression were expressed as mean 

± SD of three extractions. One-way ANOVA followed by Dunnett’s test was used for all the factors 

to determine differences with respect to control (p<0.05) using IBM SPSS® software for Windows 

version 25.0 (IBM corporation, Armonk, NY, USA). Pearson correlation tests were interpreted 

according to the guide Evans (1996) suggested (Evans, 1996). According to Evans’ empirical 

classification, the correlation strength can be interpreted using absolute values of Pearson 

correlation, r: less than 0.20 is very weak, 0.20 – 0.39 is weak, 0.40 – 0.59 is moderate, 0.60 – 0.79 

is strong, and 0.80 or greater is a very strong correlation. It is commonly accepted that higher 

absolute values and smaller associated p values imply a stronger departure from a null hypothesis 

of no correlation. 

4.3 Results and Discussion 

The observed changes of increasing ABL and decreasing RL ratios (%) on carotenoid content and 

anti-oxidant activities in the microgreens were analyzed using Pearson’s correlation coefficient. 

Only treatments that were significantly different from control are discussed. 

4.3.1 Effect of increasing amber and blue LED on TCC 

TCC in the microgreens were between 2.15 – 4.85 mg BCE/g D.W. and the effect of rbaLED 

significantly increased TCC in a dose-dependent manner in all but PC microgreens (Figure 4.2a). 

TCC was significantly increased by 20-43.6% under the highest ABL (Figure 4.2a). With 

exception to PC microgreens, a strong to very strong positive correlation between TCC and ABL 

(r>0.8) in the remaining microgreens was observed (Table 4.2). TCC in PC was weakly correlated 

with the lighting, a finding that is supported by a previous report on PC sprouts which observed 
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lower TCC under LED of BL and RL with respect to WL (Frede et al., 2018). Illumination under 

LED of WL with longer RL was more effective for increasing TCC in lettuce microgreens 

compared to LED of WL with longer BL (Ferrón-Carrillo et al., 2021). Species-specific responses 

dominated in terms of TCC accumulation in the microgreens compared to light quality only. 

Further information is needed to determine the response of the genes controlling these carotenoids 

under LED and their level of expression under varying patterns of light. 
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Figure 4.2. Carotenoid content measured by HPLC-DAD. Control is 4.73A:20.52B:74.36R. 

Values denote mean ± SD (n = 3) and bars with an asterisk above indicate significant changes 

from control levels (p<0.05). 
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Table 4.2. Pearson correlation values for the microgreens between amber (A) and blue (B) lights 

and individual carotenoids, total carotenoids content and lipophilic anti-oxidant activities (L-

DPPH, L-FRAP and L-ORAC). 

  
Microgreen 

A B A B A B 

neoxanthin violaxanthin lutein 

Mizuna, organic 0.18 0.48 -0.17 -0.04 0.49 0.69 

Mustard, red kingdom 0.31 0.52 0.41 -0.02 0.43 0.45 

Pac choi, red Pac -0.33 -0.09 -0.59 -0.82 0.03 0.22 

Mustard, Barbarossa 0.83 0.76 0.14 0.25 0.56 0.56 

Mustard, Garnet giant 0.21 0.54 0.65 0.85 0.28 0.62 

Mustard, Scarlet Frills 0.48 0.78 0.67 0.87 0.54 0.80 

Radish, red Rambo 0.69 0.67 0.41 0.68 0.54 0.48 

Radish, red Rambo organic 0.85 0.87 -0.05 0.23 0.77 0.77 

  β-carotene α-carotene TCC 

Mizuna, organic 0.58 0.72 0.10 0.28 0.62 0.74 

Mustard, red kingdom 0.17 0.14 0.64 0.50 0.80 0.80 

Pac choi, red Pac 0.34 0.44 0.33 0.48 0.11 0.05 

Mustard, Barbarossa 0.75 0.65 0.44 0.40 0.85 0.88 

Mustard, Garnet giant 0.19 0.57 0.86 0.94 0.93 0.93 

Mustard, Scarlet Frills 0.43 0.74 0.83 0.76 0.93 0.84 

Radish, red Rambo 0.37 0.27 0.66 0.59 0.94 0.89 

Radish, red Rambo organic 0.70 0.69 0.77 0.78 0.89 0.92 

  L-DPPH L-FRAP L-ORAC 

Mizuna, organic 0.83 0.78 -0.04 0.07 -0.42 -0.26 

Mustard, red kingdom 0.31 0.46 -0.07 0.22 -0.22 0.17 

PC, red Pac 0.78 0.91 0.55 0.85 -0.57 -0.28 

Mustard, Barbarossa 0.87 0.86 0.44 0.69 -0.80 -0.49 

Mustard, Garnet giant 0.27 0.39 -0.32 -0.05 -0.76 -0.49 

Mustard, Scarlet Frills 0.64 0.51 0.67 0.58 -0.49 -0.31 

Radish, red Rambo 0.42 0.50 -0.32 -0.10 0.69 0.83 

Radish, red Rambo organic 0.60 0.49 0.52 0.43 -0.19 0.09 
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The effect of increasing BL (446 nm) resulted in the accumulation of carotenoids in B. juncea 

microgreens more so than BL with combined RL (638 and 660 nm) (Samuoliene et al., 2017). The 

PPF for BL in the current study was increased from control (39.37 μmol m-2 s-1) and maintained 

relative to AL and RL in each treatment. Increasing ABL simultaneously increased TCC. One 

study found no effect on the extractable levels of TCC four microgreen species (E. sativa, B. napus, 

B. juncea and B. oleracea (Ying, 2021). The accumulation of carotenoids are clearly highly 

species-dependent therefore individual component response to LED would provide a more logical 

understanding on the light-regulated effects. 

4.3.2 Effect of LED on carotenoid composition 

The relationship between TCC and specific rbaLED ratios instigated further exploration of 

individual carotenoids contributing to the overall  pool of carotenoids. In all microgreens studied, 

the main components identified in order of greatest abundance were lutein, β-carotene, α-carotene, 

neoxanthin and violaxanthin (Figure 4.2b-f).  

Xanthophylls 

Neoxanthin was 0.06 – 0.21 µg LE/g D.W. in all microgreens studied with varied degrees of 

accumulation (10.6-54.6%) (Figure 4.2b). For all microgreens but MO, neoxanthin was 

significantly increased from control; except under 6.74A:22.68B:70.25R which resulted in no 

significant changes to neoxanthin in MR, MB and MSF and under 9.51A:24.13B:65.91R with no 

change in MB. A strong to very strong positive correlation between neoxanthin and AL (r=0.69-

0.85) was found in MB, RR and RO and a moderately positive correlation in MSF (r=0.48) only. 

A moderately positive correlation between neoxanthin and BL was found in MO, MR and MG 
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(r=0.48-0.54) and a strong-very strong positive correlation in MB, MSF, RR and RO (r=0.67-0.87) 

microgreens.  

Violaxanthin was 0.14 – 0.29 µg LE/g D.W. in all microgreens studied and the accumulation under 

ABL varied in the microgreens (Figure 4.2c). A moderate (MR, RR) and strong (MG, MSF) 

positive correlation between violaxanthin and AL (r=0.41-0.67) was found, while moderately 

negative in PC (r= -0.59) only. The strength of correlation between violaxanthin content differed 

under BL; a strong to very strong positive correlation between BL and violaxanthin in MG, MSF 

and RR (r=0.68-0.87) and strong negative correlation in PC (r= -0.82) were present (Table 4.2).  

Lutein was 0.42 – 0.86 µg/g D.W. in the microgreens grown under combined rbaLED.  Overall, 

increasing ABL (concurrently decreasing RL) increased lutein by 11.4-21.2% from the control. A 

moderate to strong positive correlation between lutein and ABL was found (r=0.43-0.80) (Figure 

4.2d, Table 4.2). The relationship between AL and lutein was strongly positive in RO (r=0.77) and 

moderately positive in MO, MR, MB, MSF and RR (r=0.43-0.56). The relationship between BL 

and lutein was moderately positive in MR, MB and RR (r=0.45-0.56) and very strongly positive 

in MO, MG, MSF and RO (r=0.62-0.80).  

Accumulation of neoxanthin and violaxanthin were significantly increased under increasing ABL 

in MG, MSF and RR, and only slightly in RO (Figure 4.2b-c). Xanthophyll pigments in PC were 

found in lower amounts compared to lutein and β-carotene (Frede et al., 2018). Future research 

should focus on xanthophylls in B. rapa microgreens (MO, MR, PC) since increasing ABL is 

clearly beneficial for their accumulation (Figure 4.2b-d). 

Carotenes 
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Among the carotenes detected in the microgreens, α-carotene was 0.17 – 0.39 µg BCE/g D.W. 

under rbaLED (Figure 4.2f). Only α-carotene in radish microgreens (RR and RO) was significantly 

increased from control and required the highest ABL conditions (concurrently lowest RL) for their 

accumulation. MG was the only other microgreen that required the highest ABL to significantly 

increase α-carotene. A positive correlation between α-carotene and AL was observed in all 

microgreens; specifically a strong positive correlation in MR (r=0.64), RR (r=0.66), RO (r=0.77), 

MG and MSF (r>0.80) and moderate positive correlation in MB (r=0.44) only. The strength of 

correlation between BL and α-carotene was similar to the relationship between AL and  α-carotene 

in MB, MG, RO and MO; a strong to very strong positive correlation in MG, MSF and RO (r=0.76-

0.94) and a moderate positive relationship in RR, MR and PC (r=0.48-0.59) (Table 4.2). 

The current data on both carotene isomers suggests their accumulation was benefitted under 

increasing ABL (concurrently decreasing RL). The highest accumulation of carotenoids (lutein, 

neoxanthin, violaxanthin, α-/β-carotene) in mustard, beet and parsley microgreens were found 

under 33% bLED (447 nm) compared to those grown in the dark (control) and under 8-25% bLED 

(Samuoliene et al., 2017). Accumulation of xanthophylls and carotenes in most cases were dose-

dependent (Figure 4.2) (Samuoliene et al., 2017; Jahns, Latowski & Strzalka, 2009; Ma et al., 

2003). Examples of light-regulated carotenoid biosynthesis was evident in the flavedo of citrus 

fruits where TCC and α-carotene were decreased under LED of RL (Ma et al., 2012). 

Chrysanthemum grown under LED of OL had higher photosynthetic activity compared to BL 

(Leonardos et al., 2019). Any individual species can respond variably to alternating ratios of LED, 

therefore different strategies are required to target carotenoid photosynthesis in vegetable plants. 
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β-Carotene in the microgreens was 0.36 – 0.67 µg/g D.W. and the accumulation under rbaLED 

was unlike the α-carotene isomer (Figure 4.2e). β-Carotene was not significantly different from 

control in MR and MSF, except content was significantly decreased under 6.74A:22.68B:70.25R 

and increased under 12.57A:44.31B:42.39R and 39.46A:58.94B:0.57R, respectively. Compared 

to control, the highest β-carotene content (>35%) was found in MB and RO under maximum ABL 

conditions, while the lowest (<25%) was found in MO and MSF (Figure 4.2e). The current results 

on radish agree with an earlier report which showed a 3-fold increase in β-carotene under LED of 

AL (590 nm) supplementary RL, BL and FRL. The observed effect under AL is common in these 

Brassica microgreens (Urbonavičiūtė et al., 2009). Since AL concurrently increases with BL, the 

effect of AL and BL are strongly correlated with β-carotene in RO. This could provide insight on 

the synergistic effects of gene activation and expression and their relationship with carotenoid 

biosynthesis. Detection by chlorophyll a in the VL-BL (380-485 nm) range also include AL (590 

nm)-RL (655 nm), although not to the same extent. Transcriptomics can reveal the action of 

individual lighting on the gene expression of β-carotene (Ruiz-Sola & Rodríguez-Concepción, 

2012). Under diurnal lighting of blue LED in PC, LYCB was expressed more so than WL (Frede 

et al., 2018). Results indicated that the expression of such genes are also correlated with the 

expression of CCD4, a gene involved in carotenoid degradation and a confirmed antagonist of 

carotenoid biosynthesis in leaves (Frede et al., 2018).  

Although β-carotene and ABL were weakly correlated in PC, β-carotene was significantly 

increased under certain treatments suggesting the ratios of lighting used to accumulate β-carotene 

is a valid and important strategy for these microgreens, although not strongly connected to their 

effects. AL and β-carotene were strongly positively correlated in RO and MB (r=0.70 and 0.75, 



 

 

93 

 

respectively), and only moderately positive in MO and MSF microgreens (r=0.58 and 0.43, 

respectively). Furthermore, there was a strong positive correlation between BL and β-carotene in 

MB (r=0.65), RO (r=0.69), MO (r=0.72) and MSF (r=0.74), and a moderate positive correlation 

in PC and MG (r=0.44 and 0.57, respectively) (Table 4.2). Lutein and β-carotene are major 

carotenoids in PC, a finding similar to ours (Tuan et al., 2012). β-Carotene was two-fold higher 

than lutein in our B. juncea microgreens, which also agrees with findings in other microgreens of 

Brassica (Samuoliene et al., 2017).  

4.3.3 Effect of lighting on anti-oxidant activities 

Only a few studies to date have measured lipophilic anti-oxidant activities in microgreens, 

especially those grown under novel LED (Kyriacou, El-Nakhel, Graziani, et al., 2019; Kyriacou 

et al., 2019). L-DPPH, L-FRAP, and L-ORAC of the microgreens were 30.28 – 51.65 µmol TE/g 

D.W., 15.9 – 185.02 µmol AAE/g D.W. and 146.2 – 879.83 µmol TE/g D.W., respectively (Figure 

4.3a-c).  

4.3.4 L-DPPH 

L-DPPH was significantly increased by 10-49% from control under increasing ABL (Figure 4.3a) 

with the highest activity (>30% increase) recorded in PC, MB and MO microgreens. The strongest 

positive correlation was also evident in these microgreens between both AL and BL (AL, r=0.78-

0.87; BL, r=0.78-0.91) (Table 4.2). Correlation between anti-oxidant activity and AL were 

moderately positive in RR and a strong positive correlation in MSF and RO (r=0.64 and 0.60, 

respectively). Under BL, a moderately positive correlation was observed in MR, MSF, RR and RO 

microgreens. Microgreens of mizuna (B. rapa) grown under RBL had higher lipophilic anti-

oxidant activity compared to monochromatic RL or BL (Kyriacou et al., 2019).  L-DPPH anti-
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oxidant activity in chia microgreens were significantly increased under prolonged exposure to 100 

μmol m-2 s-1 (Mlinaric et al., 2020). It seems that exposure duration, light intensity and quality can 

modulate the anti-oxidant activities in these microgreens, thus pre-harvest applications including 

genotypic-dependent responses, should be assessed to enhance their nutraceutical value (Kyriacou 

et al., 2019). 
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Figure 4.3. Lipophilic (L) anti-oxidant activities in the microgreens measured by L-DPPH (2,2-diphenyl-1-

picrylhydrazyl) (a), L-FRAP (ferric reducing anti-oxidant power) (b) and L-ORAC (oxygen radical 

absorbance capacity) (c) assays under various doses of amber (A), blue (B) and red (R) light-emitting diodes 

in the microgreens expressed as µmol TE/g D.W., µmol AE/g D.W. and µmol TE/g D.W., respectively. 

Control (basal) values were taken under 4.73A:20.52B:74.36R. Values denote mean ± SD (n = 3) and bars 

with an asterisk above indicate significant changes from control levels (p<0.05). 
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4.3.5 L-FRAP 

L-FRAP and L-DPPH were slightly similar under rbaLED; however, both AL and BL were not 

correlated with L-FRAP in MO, MR, MG and RR microgreens (Table 4.2). Although weakly 

correlated with the lighting in MG, the anti-oxidant activity was abnormally higher compared to 

all other microgreens which indicates a strong genotypic response (Figure 4.3b) (Kyriacou et al., 

2019). Nevertheless, the anti-oxidant activity was not significantly different from the control and 

higher ABL fractions were necessary to increase L-FRAP. A moderately positive correlation 

between AL and L-FRAP was found in PC, MB and RO (r=0.55, 0.44 and 0.52, respectively) and 

a strong positive correlation in MSF (r=0.67). Correlation between L-FRAP and BL was very 

strong (PC, r=0.85), strong (MB, r=0.69) and moderately (MSF, r=0.58) positive (Table 4.2). 

4.3.6 L-ORAC 

L-ORAC was generally decreased from control in the microgreens. L-ORAC and both AL and BL 

were inversely correlated in all microgreens except in RR, which was strong-very strongly 

positively correlated, respectively. Correlation between AL in other microgreens was very strong 

(MB, r= -0.80), strong (MG, r= -0.76) and moderately (MO, r= -0.42; PC, r= -0.57; MSF, r= -0.49) 

negative. A moderately negative correlation between L-ORAC and BL was observed in MB and 

MG (both r= -0.49) microgreens (Table 4.2). ORAC assays are highly sensitive compared to other 

chemical systems. The correlation between L-ORAC and lipophilic anti-oxidants such as 

carotenoids have been low and in extreme cases, none, and may depend on type of foods 

(Chensom, Okumura & Mishima, 2019; Chao et al., 2014). 
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4.3.7 Principal Component Analysis 

PCA was computed using OriginPro (Origin Lab Corp., MA, USA) and eigenvalue proportions of 

the correlation matrix for the three principal components were 56.7%, 22.1% and 9.1% (Figure 

4.4). The top two and three components accounted for 78.8% and 87.9% of the total variance, 

respectively, thus the first two or three components may provide a good summary of the total 

effects.  In any microgreen, increasing ABL appeared to increase total and individual carotenoids. 

4.4 LED-induced expression of carotenoid biosynthetic genes 

The effects of rbaLED on Brassica gene PSY, LYCB, LYCE and CHXB and their expression were 

studied in representative microgreens of MR (Figure 4.5). Microgreens of this species are rarely 

studied using metabolomics and transcriptomics; therefore the present study provides new 

information on LED-regulated gene expression. Ratios between transcripts (ΔCqsample) were 

calculated as n-fold induction between the gene of interest under the treatments following 

normalization with the reference GAPDH. Carotenoid biosynthetic genes and other 

photosynthetically-related genes are co-expressed to carry out critical roles in light harvesting, 

photo-protection and PS assembly (Frede, Schreiner & Baldermann, 2019). Relative 

concentrations of carotenoids largely depend on the gene expression of carotenoid biosynthetic 

genes encoding the enzymes. The two initial reactions during biosynthesis are catalyzed by PSY 

and PDS, which are critical in facilitating the formation of the carotenoid core structure (Figure 

4.6). Two geranylgeranyl diphosphates are catalyzed by PSY, a PHY-mediated enzyme forming 

phytoene (von Lintig et al., 1997). 
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Figure 4.4. A three-dimensional view of the principal component analysis biplot illustrating three 

components 1, 2, and 3, and the effects the various amber, blue, and red light doses have on 

carotenoid content and antioxidant activity in all microgreens. The points in the biplots represent 

microgreens treated under various doses of amber light, and the vectors represent total and 

individual carotenoids as well as antioxidant activity measured by different methods. Mustard 

Barbarossa (MB), Mustard Garnet Giant (MG), Mizuna organic (MO), Mizuna red kingdom (MR), 

Mustard, Scarlet Frills (MSF), Pac choi, red Pac (PC), Radish, red Rambo (RR)/organic (RO). 



 

 

99 

 

 

Figure 4.5. Changes in gene expression (PSY, phytoene synthase; LYCB, lycopene-beta cyclase; 

LYCE, lycopene-epsilon cyclase; CHXB, beta-ring carotene hydroxylase) measured as n-fold RNA in 

mizuna, red kingdom (B. rapa) under various ratios (%) of red, blue and amber LED. Values denote 

mean ± SD (n = 3) and bars with an asterisk above indicate significant changes from control at 

4.73A:20.52B:74.36R (p<0.05). 
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Figure 4.6. Carotenoid biosynthetic pathway in B. rapa (Mizuna, red kingdom) with the 

investigated genes: PSY; LYCB; LYCE; CHXB. The font size of ‘PSY’ and ‘LYCE’ are enlarged 

to represent the magnitude of expression relative to LYCB and CHXB. Arrows next to the genes 

indicate the level of expression under the combined lighting and the orange arrows next to the 

individual carotenoids indicate a significant change from control. The red, amber and blue 

colors next to the genes and the carotenoids represent the dominating or synergistic effects of 

the three light-emitting diodes. Darker color shades represent a large influence on the 

expression of the genes or accumulation of carotenoids while the lighter colors showed 

opposite and weaker effects. 
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PSY is highly regulated by light quality and has a main function in controlling the flux of carbon 

into the isoprenoid pathway (López-Emparán et al., 2014). The expression of PSY can accumulate 

and metabolize many diverse carotenoids (Cordero et al., 2011; Zhou et al., 2015). PSY was 

significantly increased 10-42 fold under increasing ABL (except under 14.53A:30.18B:51.82R) 

with the highest expression under 12.02A:26.26B:61.14R (Figure 4.5). Although PSY is PHY-

mediated, the rate-limiting nature is rarely influenced by RL and is expressed regardless of other 

factors during the first step of biosynthesis at which point the system is not dependent on all 

spectral quality effects (Li et al., 2011). Gene expression of PSY, LYCB, LYCE and CHXB was not 

significantly changed in the early stages of Tartary buckwheat sprouts development under LED of 

WL, RL and BL; however, the highest expression was found under WL during the latter stages of 

sprout development (Tuan et al., 2013). PSY expression is not a necessary component for the 

accumulation of carotenoids, and only certain conditions matching the absorption of chlorophyll 

would accumulate carotenoids (von Lintig et al., 1997). Downstream cyclization of lycopene is a 

key step for generating major cyclic groups of carotenoids with diverse structural features (Figure 

4.6) (Kim & DellaPenna, 2006). Branch-point enzymes LYCE and LYCB divert intermediate 

lycopene for lutein and ABA end-products (Figure 4.6). The combined rbaLED increased 

expression of LYCE 10-15 fold under most treatments, which is indicated by the downstream 

accumulation products α-carotene and lutein (Figure 4.5).  LYCB expression was not significantly 

changed from control, thus the accumulation of α-carotene and lutein can be attributed to the 

expression of PSY, in addition to branch-point enzyme LYCE (Figure 4.5). This also suggests that 

accumulation of β-carotene, violaxanthin and neoxanthin were mainly modulated by upstream PSY 

(Figure 4.6).  
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Lutein was significantly increased under all treatments and its accumulation was correlated with 

higher CHXB expression (Figure 4.6). This observation is supported by the lower α-carotene 

concentration, the substrate that CHXB requires for facilitating the conversion to end-product 

lutein. One study found LUT5 expression in Arabidopsis was correlated with lutein accumulation 

while simultaneously limiting α-carotene under low-light conditions (Kim & DellaPenna, 2006). 

Since β-carotene containing PS in plants are produced under most conditions, α-carotene is 

presumably decreased by other stimuli, such as high quantities of RL which are known stressors 

to plant species (Chory, 2010). Furthermore, our lighting modulated xanthophyll cycle pigments 

(neoxanthin and violaxanthin) and their accumulation was evident by the low α-carotene to β-

carotene balance (Figure 4.2e-f) (Barth, Krause & Winter, 2001). Under the lighting, CHXB 

expression was consistent with the accumulation of corresponding lutein (Figures 4.6). 

Accumulation of neoxanthin comes at the expense of precursor violaxanthin, and for the 

biosynthesis of plant hormone ABA involved in mitigating photo-oxidative stress (Figure 4.6) 

(Dall'Osto et al., 2007). ABA plays an important role in modulating the concentration and 

composition of carotenoids in plants (Zhang et al., 2012). Meanwhile, varying light qualities can 

alter the expression of epoxidases and deepoxidases responsible for dissipating excess thermal 

energy from the plant system (Demmig-Adams & Adams, 1996). Under specific ratios of rbaLED, 

a light-activated genetic response resulted in the accumulation of xanthophylls due to an 

overexcited photosystem (Fernández-Marín et al., 2011). Violaxanthin undergoes light-driven 

configurations at the expense of thermal energy dissipation in the overexcited system, thus changes 

can be used as a marker to monitor the level of photo-protection through the accumulation of 

defense-related compounds. Furthermore, genes responsible for controlling the enzymes related to 
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carotenoid biosynthesis would provide a more logical explanation on the mechanisms associated 

with light-induced gene expression (Kaczor & Baranska, 2016).  

Previous reports on lighting have focused primarily on citrus fruit varieties with rich xanthophyll 

and β-carotene contents; however, studies on microgreen vegetables grown under sole LED 

systems are still limited (Zhang et al., 2012; Zhang, L. et al., 2015). Other studies have found 

significant benefits to increasing BL fractions for accumulating TCC solely or in combination with 

WL and RL (Tuan et al., 2013). BL-mediated accumulation of carotenoids is generally 

independent of RL in Brassica microgreens (Zhang et al., 2012; Demmig-Adams & Adams, 1996). 

CHXB expression and lutein were weakly correlated in greenhouse-grown B. rapa, an observation 

contrasting our finding in mustard (Figure 4.6); however, information pertaining to lighting 

conditions were not provided (Chun, J. H. et al., 2018). BL-grown PC sprouts had the highest 

overall expression of carotenoid biosynthetic genes compared to RL, which produced the least 

changes (Frede et al., 2018). These findings are in line with our results showing a higher gene 

expression correlating with a higher/increased ABL (concurrently lower RL) fraction (Figure 4.5).  

Expression of PSY and LYCE accumulated lutein regardless of the higher ABL fraction (Figure 

4.6). Higher transcript levels do not always correlate with carotenoid accumulation as this could 

also indicate the co-expression of both carotenoid and other photosynthetic-related genes. The 

simultaneous biosynthesis and degradation of genes ultimately leads to greater possibility of them 

serving as antagonistic regulators of PSY (Frede et al., 2018). Further investigation is required to 

identify these regulators in detail. PSY, LYCE and LYCB were significantly upregulated under 

12.02A:26.26B:61.14R, except for CHXB which did not seem to result in the accumulation of 

lutein under this lighting and was only expressed under the highest ABL conditions (Figure 4.5).   
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PSY, LYCE and CHXB expression in MO were significantly increased 1-2 fold under varying 

rbaLED, while LYCB significantly increased under most treatments by 1-4 fold (except under 

39.46A:58.94B:0.57R). The expression of LYCB is consistent with β-carotene accumulation and 

not α-carotene, thus upstream PSY and LYCB accumulated downstream lutein. Expression of PSY, 

LYCB, LYCE and CHXB in RR was significantly increased 1-7 fold, 1-2 fold, 1-5 fold and 4-24 

fold, respectively, suggesting rbaLED had a large impact on gene expression and the formation of 

the corresponding carotenoids. Gene expression in PC was partially influenced by the combined 

light qualities, and a species-specific response dominated in terms of lutein and β-carotene 

accumulation. CHXB was 2-12 fold higher under rbaLED compared to control, an observation that 

also corresponds with lutein accumulation. On the other hand, LYCB was unchanged and ε-

carotene was increased under the lighting which indicates a dominating species effect. 

4.5 Conclusion 

This study is the first to demonstrate in-part the effect of rbaLED on the modulation of biosynthetic 

genes governing carotenoid synthesis. Future studies on zeaxanthin epoxidase, violaxanthin 

deepoxidase and neoxanthin synthase could further explain the response to high energy light in 

these microgreens. Redox control has been shown to be activated by specific wavelengths of the 

PAR, which results in an imbalanced and excited photosystem, and consequently gene expression 

and carotenoid composition (Frede, Schreiner & Baldermann, 2019).  

In summary, rbaLED effects on total and individual carotenoid contents, lipophilic anti-oxidant 

activities and gene expression in Brassica microgreens were reported here in detail for the first 

time. Species-specific responses generally dominated in terms of overall carotenoid content and 

anti-oxidant activity. TCC and lipophilic-based anti-oxidant activities were significantly increased 
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under increasing ABL, and individual carotenoids (neoxanthin, violaxanthin, lutein, α- and β-

carotenes) were also increased but in a dose-dependent manner, except in PC microgreens. In the 

published manuscript, representative MR gene expression was discussed: combined rbaLED 

resulted in the modulation of genes during carotenoid biosynthesis. The elevated expression of 

LYCE accumulated downstream α-carotene and lutein products while CHXB accumulated lutein 

additionally. Overall, the highest expression of these genes was measured under 

12.02A:26.26B:61.14R, except for LYCB. Discussion regarding gene expression in the results 

section were added later to the thesis. 

Dietary carotenoids are important food components for the maintenance of health, especially lutein 

and β-carotene which play crucial roles in attenuating age-related macular degeneration 

(Mozaffarieh, Sacu & Wedrich, 2003; Wu et al., 2015; Huang, Y. M. et al., 2015; Richer et al., 

2004). Using LED for producing carotenoids in microgreens or other greenhouse vegetables with 

enhanced contents is a relatively new area of research, and further studies are required to expand 

the knowledge within this field. In future studies, special consideration should be given to 

individual vegetable species whose carotenoid content can be superiorly enhanced for the 

development of new cultivation systems with specific light requirements. Understanding the 

effects of LED on gene expression and the underlying cellular and molecular mechanism of 

bioactives synthesis could lead to microgreens being produced with targeted health-promoting 

anti-oxidant properties.  
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5 CHAPTER 5: CHARACTERIZATION AND PROFILING OF 

POLYPHENOLICS OF BRASSICA MICROGREENS BY LC-

HRMS/MS AND THE EFFECT UNDER LED LIGHT 

Published: Alrifai, O., Mats, L., Liu, R., Hao, X., Marcone, M.F., Tsao, R. 2021. Characterization 

and profiling of polyphenolics of Brassica microgreens by LC-HRMS/MS and the effect under 

LED. Journal of Food Bioactives, 14: 60-74. DOI: https://doi.org/ 10.31665/JFB.2021.14268 

5.1 Introduction 

Polyphenolics are PSM that are widely distributed as aglycones, their glycosides or acylglycosides. 

A wide range of research has been conducted on dietary polyphenolics mainly due to their roles in 

human health (Zhang & Tsao, 2016). Brassica vegetables are the most globally consumed crops 

with several reports highlighting their importance for preventing cardiovascular diseases and 

certain cancers due to their anti-oxidant properties (Lin et al., 2011). Extensive research has shown 

that major polyphenolics in Brassica vegetables exist as glycosides or acylglycosides of Qn, Km 

and Iso with various sugar moieties occurring as mono-, di-, tri-, tetra- and penta-glucosides. The 

acylated flavonoids are mainly joined with HCA, particularly coumaric, caffeic, sinapic and ferulic 

acids (Sun et al., 2013; Olsen, Aaby & Borge, 2009). Recent review papers have compiled 

numerous studies pointing towards the neuroprotective and anti-carcinogenic effects of flavonoids, 

suggesting a diet containing these compounds may partially assist the treatment for Alzheimer’s 

disease and several cancers (Kim & Park, 2021; Ponte et al., 2021). 

Optimal lighting for microgreens production is a growing topic as energy-efficient LED 

technology has advanced significantly and is now equipped in plant factories together with 

advanced greenhouse systems and hybrid lighting (Kyriacou et al., 2019; Alrifai et al., 2019). RL 
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and BL wavebands are deemed the most efficient for driving metabolic changes in plants, 

including phytochemical biosynthesis for defense-related activities compared to other components 

of the visible light spectrum. These wavelengths of light are absorbed by chlorophyll 

photosynthetic pigments responsible for accumulating metabolites of polyphenols, carotenoids and 

GLS. We previously reported on the effects of AL on total phytochemical contents and total anti-

oxidant activities, and discussed the need to identify further information. In particular, monitoring 

the phenolic composition under the YL-OL (mid-point AL) of the PAR allows differentiation from 

commonly reported effects in the broad 500-600 nm GL range (Alrifai, Oday et al., 2021; Alrifai 

et al., 2020).  

In the present paper, various treatments of rbaLED were used to grow eight microgreens of 

Brassica to understand the response of individual polyphenolic compounds. Our previous report 

analyzed total contents of polyphenolics, including its sub-groups, and therefore the current study 

analyzes the contributions of these individual polyphenolics to the overall pool and their 

accumulation under LED (Alrifai et al., 2020). This is the first study of its kind to analyze the 

accumulation of individual phenolics under various rbaLED in Brassica microgreens. The methods 

and results will better help the understanding of LED-regulated biosynthesis of these individual 

health-promoting polyphenolics. Although phytochemical profiles have been reported for mature 

vegetables of Brassica species, detection and quantitation of these polyphenolics in these 

microgreens grown under the combinations of light are reported here for the first time. 



 

 

108 

 

5.2 Materials and Methods 

5.2.1 Plant materials, chemical reagents and growth chamber 

Eight varieties of Brassica microgreens, including Brassica rapa (MO, MR); Brassica rapa var. 

Chinensis (PC); Raphanus sativus (RR, RO) and Brassica juncea (MSF, MB, MG) were grown at 

the Harrow Research & Development Centre, Agriculture and Agri-Food Canada (Harrow, 

Ontario, Canada) similar to our previous report (Alrifai et al., 2020). Seeds of microgreens 

purchased from Johnny’s Selected Seeds (Winslow, ME, USA) were sown in 100% Canadian 

Sphagnum Peat Moss (pH 6 - 6.2, 1400 mS/m, average quantity of nutrient (ppm) N, 110; P, 32; 

K, 170; and other microelements Ca, Mg, Fe, S, Mn, ASB Greenworld Ltd., Mount Elgin, ON, 

Canada) for germination. Trays were submerged in fertilizer and subsequently moved into a 

germinating room (24 °C; 90% relative humidity (RH); 16 h photoperiod). General maintenance 

was consistent (i.e. water sprayed, irrigated and trays rotated). Duration for seed germination for 

all microgreens were 2-3 d, growth duration in the chambers were 13-14 d and duration from seed 

to harvest was 15-16 d. Upon first sign of germination, the plantlets were moved to the chambers 

and were grown until harvest under eight treatments (2 treatments/chamber; 16 °C; 70% RH; 16 h 

photoperiod). Each growth chamber was equipped with amber (A, 590 nm), blue (B, 455 nm) and 

red (R, 660 nm) LED in different ratios (%): 4.73A:20.52B:74.36R; 6.74A:22.68B:70.25R; 

9.51A:24.13B:65.91R; 12.02A:26.26B:61.14R; 4,12.57A:44.31B:42.39R; 

14.53A:30.18B:51.82R; 18.45A:33.51B:47.48R; and 39.46A:58.94B:0.57R. All microgreens 

were grown in triplicate. Microgreens were harvested at their base, packed in air-tight plastic bags 

and stored in −80 °C. Details related to sample processing and extraction and chamber cabinet 

settings were like that reported in our previous papers in Chapters 3 and 4. Single extractions were 
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carried out for each freeze-dried sample for a total of 3 technical repeats per variety. HPLC grade 

MeOH, formic acid and ACN were purchased from Caledon Laboratories (Georgetown, ON, 

Canada). All chemical reagents used were of analytical grade. 

5.2.2 Phenolics identification by LC-HRMS/MS 

An untargeted approach to profiling combining full MS and MS-MS methods was used to obtain 

reliable peak area and fragmentation data in one run. Pooled QC samples for each microgreen were 

created by combining 10 µL of each sample. Samples were randomized before analysis and QC 

samples were periodically inserted into sequence and analyzed in DDMS2 mode (Top N=15) with 

NCE set at 30. LC-HRMS/MS analysis was performed in negative ionization mode using a 

Thermo® Scientific Q-Exactive™ Orbitrap mass spectrometer equipped with a Vanquish™ Flex 

Binary UPLC System (Waltham, MA, USA).  Data were acquired using Thermo Scientific™ 

Xcalibur™ 4.2 software and Thermo Scientific™ Standard Integration Software. The 

chromatographic separation was performed on a Kinetex XB-C18 100A HPLC column (100 x 4.6 

mm, 2.6 µm, Phenomenex Inc., Torrance, CA, USA). The binary mobile phase consisted of solvent 

A (99.9% H2O/0.1% formic acid, v/v) and solvent B (94.9% MeOH/5% ACN/0.1% formic acid, 

v/v/v).  The following solvent gradient was used: 0 – 5 min, 0% to 12% B; 5 – 15 min, 12% to 23% 

B; 15 – 30 min, 23% to 50% B; 30 - 40 min, 50% to 80% B; 40 – 42 min, 80% to 100% B; 42 – 

45 min, 100% B; 45 – 46 min, 100% to 0% B; 46 – 52 min, 0% B.  The column compartment 

temperature was held at 40 °C and the flow rate was set to 0.700 mL/min, 1 µL injections for all 

sample extracts and either 1 or 5 µL for the QC samples. Peaks were monitored at 280, 320, 360 

and 520 nm with a diode array detector. MS data was collected in negative ionization mode (spray 

voltage = 2.8 kV) with scan range set to 90-1300 m/z. Data was visualized and analyzed using 
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Thermo FreeStyle™ 1.6 software. All compounds were identified by matching the RT and 

MS/MS-MS fragmentation with the in-house database of phenolic standards and that of the 

literature. Since the predominant phenolics were HCA esters of different organic acids whose 

standards are not commercially available, the effect of LED on the quantity of the phenolic 

compounds detected in this study was evaluated using the ion counts of the peak of XIC. 

5.2.3 Statistical Analysis 

Peak area (ion counts) averages of XIC for the compound of interest were used for one-way 

ANOVA followed by Dunnett’s post hoc test for all LED treatments and microgreens to determine 

the differences against control (p<0.05) using IBM SPSS® software for Windows version 25.0 

(IBM corporation, Armonk, NY, USA). Contents were expressed as mean ± SD of triplicate 

extractions. 

5.3 Results and Discussion 

5.3.1 Polyphenolics in Brassica microgreens 

Representative XIC and major phenolic peaks are shown in Figure 5.1. The phenolic compounds 

identified in eight Brassica microgreens along with their parent and fragment ions (order of 

decreasing intensity) and RT are listed in Table 5.1. A total of 46 phenolics, including phenolic 

acids and flavonoids, were positively or tentatively identified. Conjugated derivatives of HCA 

predominated the majority of phenolics identified in the microgreens, followed by free phenolic 

acids and flavonol glycosides (Figure 5.1 and 5.2). Several studies have reported on the phenolic 

composition in mature Brassica vegetables, and recently in microgreens of mustard, cabbage and 

PC (Sun et al., 2013; Alrifai et al., 2019). In one study, phenolic acid content accounted for 79% 

of the mean total phenolic content in three species of microgreens, followed by flavonol glycosides 
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(20.7%) and flavone glycosides (0.3%) (Kyriacou et al., 2019), a pattern that was similarly found 

in the current study.  
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Figure 5.1. Peak area averages of the extracted ion chromatograms of polyphenolic extracts of representative Brassica 

microgreens [B. rapa (mizuna, organic), B. juncea (mustard, Scarlet Frills) and R. sativus (radish)]. The detected polyphenolics 

are identified according to their fragmentation patterns and retention times, and their content levels are generally identified with 

a larger intensity. *, other non-polyphenolic compounds eluting with detected polyphenolics; Qn, quercetin; Km, kaempferol; 

caffeoyl malate, 9; hydroxyferuloyl malate, 10; coumaroyl malate, 11; sinapoyl malate, 12; feruloyl malate, 13; salicylic acid 

glucoside, 16a/b/c; dihydroxybenzoic acid glucoside, 17a/b/c; feruloyl glucoside, 19a/b; sinapoyl gentiobioside, 20a/b/c/d; 

disinapoyl gentiobioside, 21a/b; sinapoyl glucoside, 22a/b/c/d; Km 3-diglucoside, 24b; Km 3,7-dirhamnoside, 26; Km glucoside 

rhamnoside, 28a/b; Km hydroxyferuloyl diglucoside glucoside, 30a; Qn feruloyl diglucoside glucoside, 30b; Km sinapoyl 

diglucoside glucoside, 33; Km caffeoyl-diglucoside glucoside, 35; Qn dirhamnoside, 37; Qn sinapoyl diglucoside glucoside, 

39a; Qn caffeoyl diglucoside glucoside, 44. 
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Table 5.1. LC–HRMS/MS-ESI identification of polyphenolics in eight Brassica microgreens. 

Compound 

# 

Name/ Tentative 

Identification 

RT 

(min) 
Formula 

Observed 

[M-H]- 
Fragments Ref. 

Free phenolic acids 

1 p-coumaric acid 18.28 

C9H8O3 

 

163.0401 

 

119.0501, 93.0344, 120.0534, 

117.0347, 145.0291 

(Sinosaki et al., 

2020; Koley et 

al., 2020) 

2 m-coumaric acid 21.04 

119.0501, 91.0554, 93.0346, 

120.0535, 145.0293, 

135.0452, 117.0348 

3 o-coumaric acid 23.45 

119.0501, 117.0347, 

120.0533, 93.0343, 91.0553, 

65.0396 

4 sinapic acid 21.59 C11H12O5 223.0612 

208.0376, 193.0141, 

179.0713, 164.0479, 

152.0115,149.0244 

5 ferulic acid 20.46 C10H10O4 193.0506 
178.0269, 149.0606, 

134.0372, 137.0242 

6 caffeic acid 13.72 C9H8O4 179.0350 

135.0451, 134.0373, 

136.0486, 107.0500, 

117.0347, 161.0238 

7 chlorogenic acid 14.08 

C16H18O9 353.0870 

191.0559, 161.0246, 

179.0349, 275.8323, 154.9462 

8 neochlorogenic acid 8.90 

191.0561, 179.0350, 

135.0453, 161.0245, 

173.0456, 155.0351 

Phenolic acid derivatives 
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9 
caffeoyl malate 

(phaselic acid) 
17.36 C13H12O8 295.0460 

133.0146, 115.0440, 

179.0353, 135.0455 

(Tang et al., 

2016; Harbaum, 

Britta et al., 

2007; 

Oszmiański, 

Kolniak-Ostek & 

Wojdyło, 2013; 

Oulad El 

Majdoub et al., 

2020) 

10 hydroxyferuloyl malate 19.61 C14H14O9 325.05651 

133.0146, 209.0458, 

115.0040, 150.0325, 

194.0221, 165.0560 

11 coumaroyl malate 21.02 C13H12O7 279.0510 
163.0403, 133.0145, 

119.0504, 115.0039, 71.0139 

12 sinapoyl malate 23.38 C15H16O9 339.0722 

223.0613, 164.0482, 71.0139, 

115.0040, 208.0379, 

179.0716, 149.0246 

13 feruloyl malate 22.70 C14H14O8 309.0616 
193.0507, 134.0376, 71.0139, 

115.0039, 149.0610, 178.0273 

14a/b 

caffeic acid glucoside 9.55 

C15H18O9 341.0880 

161.0249, 179.0354, 135.0456 

(Kramberger et 

al., 2020) 

caffeic acid glucoside 12.52 179.0354, 135.046, 161.0252 

15 
hydroxyferulic acid 

glucoside 
10.95 C16H20O10 371.0988 

191.0354, 209.040, 176.0118, 

165.0558 

(Huang, R. T. et 

al., 2015) 

16a/b/c 

salicylic acid glucoside 6.11 

C13H16O8 299.0773 

137.0250, 93.035 (Blazics, Papp & 

Kéry, 2010; 

Zhang et al., 

2013; Liu, L. et 

al., 2016; Sarkar 

et al., 2012; 

Torras-Claveria 

et al., 2012) 

salicylic acid glucoside 7.36 
137.0250, 89.0249, 179.0359, 

299.0771, 119.0354, 101.0249 

salicylic acid glucoside 10.65 137.0250, 93.035, 71.0140 

17a/b/c 

dihydroxybenzoic acid 

glucoside 
6.26 

C13H16O9 

 

315.0723 

 

153.0197, 109.0298 

(Gómez-

Caravaca et al., 

2016) 
dihydroxybenzoic acid 

glucoside 
7.09 

152.0119, 315.0724, 

153.0197, 108.0220, 109.0298 
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dihydroxybenzoic acid 

glucoside 
8.84 

153.0197, 315.0724, 

152.0118, 109.0298 

18 

3-benzoyloxy-2-

hydroxypropyl 

glucopyranosiduronic 

acid 

17.51 C16H20O10 371.0984 

249.0618, 121.0299, 

113.0247, 85.0297, 75.0088, 

371.0997, 231.0518 

(Wang et al., 

2018) 

19a/b 

feruloyl glucoside 12.99 

C16H20O9 355.1037 

193.0507, 149.0611, 

134.0376, 178.0271 
(Olsen, Aaby & 

Borge, 2009; Sun 

et al., 2013) 

feruloyl glucoside 14.41 
175.0402, 193.0507, 

160.0168, 217.0508, 134.0378 

20a/b/c/d/e 

sinapoyl gentiobioside 9.33 

C23H32O15 547.1671 

205.0513, 223.0618, 

427.1258, 265.0728 

(Lin et al., 2011; 

Qu et al., 2020; 

Shao et al., 2014; 

Sousa et al., 

2008; Harbaum, 

Britta et al., 

2007; Engels, 

Schieber & 

Gänzle, 2012; 

Sun et al., 2013) 

sinapoyl gentiobioside 9.98 
205.0513, 223.0618, 

179.8829, 427.1258, 265.0728 

sinapoyl gentiobioside 13.92 
205.0513, 223.0618, 

164.0482, 89.0248, 247.0612 

sinapoyl gentiobioside 14.75 
205.0508, 190.0273, 89.0246, 

223.0614 

sinapoyl gentiobioside 18.63 
205.0508, 223.0615, 

265.0721, 427.1244, 325.0929 

21a/b 

disinapoylgentiobioside 19.53 

C34H42O19 

 

753.2263 

 

205.0510, 223.0616, 190.0276 

(Ferreres et al., 

2008) 

disinapoylgentiobioside 26.76 
205.0510, 223.0616, 

190.0276, 529.1561 

22a/b/c/d sinapoyl glucoside 12.26 C17H22O10 385.1143 
205.0512, 223.0616, 

247.0614, 265.0719 
(Oszmiański, 

Kolniak-Ostek & 

Wojdyło, 2013; 
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sinapoyl glucoside 14.21 
205.0509, 247.0612, 

223.0614, 164.0468 

Truchado et al., 

2015; Morreel et 

al., 2014; Lin et 

al., 2011) 

sinapoyl glucoside 15.15 
223.0614, 208.0378, 

179.0717, 164.0486 

sinapoyl glucoside 15.61 
205.0509, 190.0275, 

223.0615, 89.0247 

23a/b/c 

sinapoyl feruloyl 

gentiobioside 
26.37 

C33H40O18 

 

723.2151 

205.0508, 193.0511, 

190.0275, 175.0405, 134.0377 (Sun et al., 2013; 

Sousa et al., 

2008; Olsen, 

Aaby & Borge, 

2009; 

Chakraborty & 

Mandal, 2013; 

Harbaum, Britta 

et al., 2007) 

sinapoyl feruloyl 

gentiobioside 
26.57 

175.0404, 205.0509, 

223.0609, 193.0509 

sinapoyl feruloyl 

gentiobioside 
27.23 

175.0404, 205.0509, 

193.0509, 223.0618, 499.1479 

Flavonol derivatives 

24a Km 3,7-diglucoside 19.30 

C27H30O16 609.1470 

285.0408, 446.0860, 

283.0253, 447.0938, 609.1451 

(Negri, Santi & 

Tabach, 2012; 

Sousa et al., 

2008; Harbaum, 

Britta et al., 

2007) 

24b 
Km 3-glucosyl 

glucoside 
23.43 

284.0331, 285.0416, 

609.1492, 446.0882 

24c Qn rhamnosyl glucoside 23.26 

446.0854, 301.0354, 

299.0196, 447.0931, 

463.0885, 609.1473 

25a/b 

Qn rhamnoside 

pentoside 
24.64 

C26H28O15 579.1360 

446.0857, 299.0199, 

301.0358, 447.0931, 

579.1356, 433.0779 
(Lin et al., 2011; 

Li et al., 2016) 

Qn rhamnoside 

pentoside 
24.40 

446.0857, 301.0350, 

299.0201, 447.0941, 433.0771 
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26 Km 3,7-dirhamnoside 27.88 C27H30O14 577.1563 
285.0406, 430.0905, 

431.0986, 283.0248, 577.1534 

(Sousa et al., 

2008; 

Oszmiański, 

Kolniak-Ostek & 

Wojdyło, 2013; 

Negri, Santi & 

Tabach, 2012) 

27 
Km rhamnosyl 

pentoside 
25.76 C26H28O14 563.1411 

430.0906, 283.0250, 

285.0406, 431.1000, 

417.0834, 563.1396 

(Barros et al., 

2011) 

28a 
Km glucoside 

rhamnoside 
24.88 

C27H30O15 593.1513 
430.0907, 447.0935, 

285.0406, 283.0249, 593.1518 

(Zhang et al., 

2018; Gonzales 

et al., 2014; 

Onkokesung et 

al., 2014) 28b 
Km 3-glucoside-7-

rhamnoside 
25.58 

29 
Km triglucoside 

glucoside 

13.29 

 

C39H50O26 

 

933.2532 

 

771.2006, 284.0329, 

285.0405, 446.0865 

(Gonzales et al., 

2014; 

Onkokesung et 

al., 2014; Zhang 

et al., 2018) 

30a 
Km hydroxyferuloyl 

diglucoside glucoside 
15.05 

C43H48O25 

 

963.2424 

 

609.1472, 284.0332, 

191.0354, 801.1872 

(Youssif et al., 

2019; Li, Z. et 

al., 2018) 

30b 
Qn feruloyl diglucoside 

glucoside 
16.49 

462.0811, 625.1418, 

300.0210, 787.1981 

31a 
Km feruloyl triglucoside 

glucoside 
17.23 

C49H58O29 

 

1109.3011 

 

284.0329, 771.2015, 

947.2467, 753.1925 

(Li, Z. et al., 

2018; Schmidt et 

al., 2010; Koley 

et al., 2020) 

31b 
Km feruloyl triglucoside 

glucoside 
18.26 

771.2015, 284.0329, 

947.2387, 753.1855 

32 
Km feruloyl diglucoside 

glucoside 
18.06 C43H48O24 947.2474 

284.0327, 609.1465, 

446.0856, 785.1943 
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33 
Km sinapoyl diglucoside 

glucoside 
17.91 C44H50O25 977.2584 

284.0329, 609.1470, 

446.0860, 815.2054 

34a/b 

Km sinapoyl 

triglucoside glucoside 
17.10 

C50H60O30 

 

1139.3110 

 

284.0329, 771.2005, 

977.2578, 753.1903 

Km sinapoyl 

triglucoside glucoside 
18.00 

771.2004, 977.2589, 

284.0331, 753.1899 

35 
Km caffeoyl diglucoside 

glucoside 
15.58 C42H46O24 933.2314 

609.1464, 284.0326, 

161.0247, 771.1784 

36a Qn 3,7-diglucoside 16.99 

C27H30O17 625.1414 

462.0810, 463.0880, 

301.0359, 299.0202, 625.1433 
(Sun et al., 2013; 

Lin et al., 2011; 

Li et al., 2016; 

Llorach et al., 

2003) 36b Qn 3-diglucoside 21.57 300.0278, 301.0355, 625.1411 

37 Qn dirhamnoside 25.77 C27H30O15 593.1513 
446.0857, 301.0354, 

447.0934, 299.0197, 593.1514 

(Barros et al., 

2011) 

38 
Qn triglucoside 

glucoside 
11.78 C39H50O27 949.2480 

462.0809, 787.1954, 

300.0278, 949.2516 

(Lin & Harnly, 

2010) 

39a 
Qn sinapoyl diglucoside 

glucoside 
16.31 

C44H50O26 

 

993.2535 

 

462.0810, 625.1422, 

299.0200, 787.1956, 831.2026 (Lin & Harnly, 

2010; Gonzales 

et al., 2015) 

39b Qn sinapoyl triglucoside 21.55 300.0277, 787.1934, 178.9994 

40a/b 

Qn 3-

sinapoyltriglucoside-7-

glucoside 

16.63 

C50H60O31 

 

1155.3054 

787.1922, 462.0810, 

300.0275, 993.2586, 625.1424 

(Llorach et al., 

2003; Sun et al., 

2013) 
Qn 3-

sinapoyltriglucoside-7-

glucoside 

15.65 
787.1922, 462.0810, 

300.0275, 769.1866, 607.1309 
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41 
Qn coumaroyl 

diglucoside glucoside 
16.70 C42H46O24 933.2314 

462.0805, 624.4000, 

300.0272, 787.1967 

(Schmidt et al., 

2010; Koley et 

al., 2020) 

42a 
Qn hydroxyferuloyl 

diglucoside glucoside 
13.54 

C43H48O26 

 

979.2379 

 

462.0807, 625.1415, 

787.1943, 300.0276 (Schmidt et al., 

2010; Benayad, 

Gómez-Cordovés 

& Es-Safi, 2014) 
42b 

Qn hydroxyferuloyl 

diglucoside-7-glucoside 
16.61 

625.1415, 462.0807, 

300.0276, 787.1943 

43a 

Qn 3-feruloyl-

diglucoside-7-

diglucoside 

16.87 

C49H58O30 1125.2957 

787.1957, 462.0808, 

300.0278, 299.0199, 

463.0876, 769.1835, 963.2440 (Li, Z. et al., 

2018; Yang, 

Jayaprakasha & 

Patil, 2018) 

43b 

Km 3-hydroxyferuloyl-

diglucoside-7-

diglucoside 

15.17 
771.2006, 284.0330, 

191.0354, 963.2426, 609.1447 

44 
Qn caffeoyl diglucoside 

glucoside 
13.84 C42H46O25 949.2274 

625.1420, 462.0811, 

787.1959, 300.0278 

(Schmidt et al., 

2010; Chen, X. et 

al., 2019) 

45 
Iso glucoside 

rhamnoside 
25.98 C28H32O16 623.1624 

315.0512, 460.1014, 

313.0352, 461.1094, 477.1034 

(Arimboor & 

Arumughan, 

2012; Zhang, B. 

et al., 2015; Sun 

et al., 2013) 

46 Iso 3,7-diglucoside 20.02 C28H32O17 639.1570 
315.0514, 476.0966, 

313.0358, 477.0142, 639.1595 

(Lin et al., 2011; 

Sun et al., 2013; 

Li et al., 2016; 

Arimboor & 

Arumughan, 

2012; Zhang, B. 

et al., 2015; 

Oulad El 

Majdoub et al., 

2020) 
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Figure 5.2. Extracted ion chromatogram of three sub-groups of detected polyphenolics (flavonol 

glycosides/conjugated phenolic acids/free phenolic acids) under each treatment in Brassica 

microgreens. Control is 4.73A:20.52B:74.36R and bars represent the mean peak area averages ± SD 

of three replicates per microgreen. 
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Low content of HCA and high content of flavonol glycosides were found in three other species of 

microgreens (Kyriacou et al., 2020). The results in the current study agree with literature data, 

suggesting these groups of phytochemicals are not only specific to the Brassica microgreens but 

light quality had a large influence on their accumulation.  

5.3.3 Hydroxycinnamic/benzoic acids and derivatives 

Compounds 1, 2 and 3 were identified as p-, m- and o-coumaric acid, respectively, with the same 

deprotonated molecular ion [M-H]- of m/z 163.0401 and the major fragment ion at m/z 119.0501 

(Table 5.1). The main fragment ion of caffeic acid 6 was m/z 135.0451 (neutral loss of CO2, 44 

amu, from [M-H]-) (Sinosaki et al., 2020; Chen, Yuhuan et al., 2019). One study identified the 

presence of ferulic acid 5 in PC microgreens, although this was not seen in the current study 

implying the current combined lighting and photon flux accumulation of 5 was inhibited  

(Kyriacou et al., 2020). Accumulation of 5 under LED of BL was higher compared to RL and WL 

in a study in B. rapa (Kim et al., 2015). Ferulic acid 5 was only detected in microgreens of RR, 

MO and MR (Table 5.1). Isomers chlorogenic acid 7 and neochlorogenic acid 8, commonly found 

in low concentrations in Brassica species, were identified by the same deprotonated molecular ion 

[M-H]- of m/z 353.087 and the major fragment ion at m/z 179.0349 ([M-H]- of 6) formed by the 

McLafferty rearrangement (Wu et al., 2009). In the present study, phenolic 7 was detected in all 

microgreens but MG, RR and RO, and 8 was only detected in MB. In some microgreens and 

treatments, two overlapping peaks are seen for chlorogenic acid and its isomer (cryptochlorogenic 

acid) which could not be separated (Figure 5.1).  

Peaks 9-13 in Figure 5.1, i.e., caffeoyl malate ([M-H]- m/z 295.0460, 9), hydroxyferuloyl malate 

([M-H]- m/z 325.05651, 10), coumaroyl malate ([M-H]- m/z 279.051, 11), sinapoyl malate ([M-
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H]- m/z 339.0722, 12) and feruloyl malate ([M-H]- m/z 309.0616, 13) were tentatively identified 

according to the literature data and the deprotonated ions and their fragments (Table 5.1) (Koley 

et al., 2020; Oulad El Majdoub et al., 2020; Oszmiański, Kolniak-Ostek & Wojdyło, 2013; 

Harbaum, Britta et al., 2007). These were the most dominant phenolics identified in the 

microgreens and all existed as malate esters of caffeic (6), 5-hydroxyferulic acid, p-coumaric (1), 

sinapic (4) and ferulic acid (5), respectively, identified by the characteristic loss of malate (116 

amu) (Figure 5.3). In Brassica, hydroxycinnamoyl esters of malic acid are synthesized by action 

of sinapoylglucose:malate sinapoyltransferase (SGMS), an enzyme capable of transferring the 

hydroxycinnamoyl moiety from a hydroxycinnamoyl-glucose ester to a malic acid acceptor 

(Sullivan, 2009). The sinapoylglucose accumulator 1 (SNG1) gene in Arabidopsis thaliana 

encodes the gene responsible for accumulating sinapoyl malate in seeds and leaves (Lehfeldt et 

al., 2000). For example the SGMS extracted from radish (R. sativus), which is a homolog of the 

Arabidopsis SNG1 gene product, can catalyze sinapoyl-, feruloyl-, caffeoyl- and coumaroyl-

glucoside esters to form the corresponding malic acid esters (Sullivan, 2009). Peak ion height was 

generally the highest for malates, therefore the genes controlling their formation under LED should 

be further examined to understand the light-regulated gene activity. 

  



 

 

123 

 

  

Figure 5.3. Hydroxycinnamic acids (HCA) (top) and malate esters of HCA (bottom) 

detected in Brassica microgreens under amber, blue and red light-emitting diodes. 
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Several glucosides/hexosides were indeed also identified. Compound 14a/b with  [M-H]- of m/z 

341.088 was identified as caffeic acid glucoside with major fragment of m/z 179.0354 (6, loss of 

hexosyl, 162 amu) (Kramberger et al., 2020). Glucosides of hydroxyferulic acid 15, salicylic acid 

16a/b/c, dihydroxybenzoic acid 17a/b/c, feruloyl 19a/b and sinapoyl 22a/b/c/d were also 

tentatively identified by matching with literature reports observing the loss of a glucoside unit (162 

amu) from their respective deprotonated molecular ions and the aglycone ions (Table 5.1) (Blazics, 

Papp & Kéry, 2010; Zhang et al., 2013; Liu, L. et al., 2016; Sarkar et al., 2012; Torras-Claveria et 

al., 2012; Huang, R. T. et al., 2015; Gómez-Caravaca et al., 2016; Sun et al., 2013; Olsen, Aaby 

& Borge, 2009; Truchado et al., 2015; Qu et al., 2020; Oszmiański, Kolniak-Ostek & Wojdyło, 

2013). Salicylic acid is a modulator of plant stress response and is produced in the phenylalanine 

ammonia lyase/isochorismate synthase pathway which is responsible for controlling biotic and 

abiotic factors (Lefevere, Bauters & Gheysen, 2020). 

Compound 18 with its deprotonated molecular ion [M-H]- of m/z 371.0984 was tentatively 

identified as 3-benzoyloxy-2-hydroxypropyl glucopyranosiduronic acid according to literature 

data and fragment of m/z 249.0618 corresponding to the neutral loss of benzoic acid (122 amu) 

(Wang et al., 2018). Compound 20a/b/c/d/e with [M-H]- of m/z 547.1671 showed major fragment 

of m/z 205.0513 (loss of gentiobiose, 342 amu) and m/z 223.0618 (loss of H2O from 4), and 

therefore was tentatively identified as sinapoyl gentiobioside (Table 5.1) (Oszmiański, Kolniak-

Ostek & Wojdyło, 2013; Lin et al., 2011; Engels, Schieber & Gänzle, 2012; Qu et al., 2020; 

Morreel et al., 2014). These compounds were only detected in RR microgreens in the present study. 

Sinapoyl gentiobioside is relatively abundant in B. oleracea and at least three of its isoforms can 

be identified in any Brassica species (Lin et al., 2011; Qu et al., 2020; Shao et al., 2014; Sousa et 
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al., 2008). Compound 21a/b with [M-H]- of m/z 753.2263 was tentatively identified as disinapoyl 

gentiobioside according to literature data with the major fragment of m/z 529.1561 (loss of 4) 

(Sousa et al., 2008; Picchi et al., 2020). Compound 23a/b/c with [M-H]- of m/z 723.2151 was 

tentatively identified as sinapoyl feruloyl gentiobioside in only radish (RR, RO) microgreens 

according to literature data on cabbage and PC and major fragments of m/z 499.1479 (loss of 4) 

and m/z 193.0509 (loss of gentiobiose and neutral 4) (Table 5.1) (Harbaum, Britta et al., 2007; 

Sousa et al., 2008).  

5.3.4 Flavonols and derivatives 

The MS analysis of all microgreen extracts indicated that the main flavonoids in Brassica 

vegetables were Qn and Km derivatives, and less of Iso, with existing as ester-linked glycosides 

(O-glycosides) or O-acylglycosides (Table 5.1) (Sun et al., 2013; Cartea et al., 2010).  

Compound 24a with deprotonated molecular ion [M-H]- of m/z 609.1470 was tentatively identified 

as Km 3,7-diglucoside according to literature on other Brassica vegetables, with fragments of m/z 

447.0939 (loss of one glucose moiety, 162 amu) and m/z 285.0408 (Km, loss of the second glucose 

moiety) (Lin et al., 2011; Li et al., 2016). A lower peak area of m/z 447.0939 indicated the presence 

of the diglucoside moiety; thus, compound 24b was tentatively identified as Km 3-glucosyl 

glucoside and 24c as Qn rhamnosyl glucoside based on the observed fragment of m/z 447.0931 

(loss of rhamnosyl moiety) and m/z 301.0354 (Qn, loss of a glucosyl moiety) (Olsen, Aaby & 

Borge, 2009; Sun et al., 2013). Compound 25a/b with [M-H]- of m/z 579.136 was tentatively 

identified as Qn rhamnoside pentoside according to the observed fragments of m/z 447.0931 (loss 

of pentose, 132 amu) and m/z 301.0358 (Qn, loss of rhamnosyl unit, 146 amu) in the literature 

(Table 5.1) (Barros et al., 2011). 
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Compound 26 with pseudo-molecular ion [M-H]- of m/z 577.1563 was detected in radish 

microgreens (RR, RO) only, and was tentatively identified as Km 3,7-dirhamnoside from 

fragments m/z 431.0986 (neutral loss of one rhamnose, 146 amu) and m/z 285.0406 (Km, loss of 

second rhamnose) indicating the presence of two rhamnose moieties in different positions on the 

aglycone (Negri, Santi & Tabach, 2012; Harbaum, Britta et al., 2007). Structurally similar Km 

derivatives can also be found in turnip (B. rapa) and cabbage (B. oleracea) microgreens (Table 

5.1) (Sousa et al., 2008). Compound 27 with [M-H]- of m/z 563.1411 was tentatively identified as 

Km rhamnosyl pentoside according to the fragmentation of [M-H]- to m/z 431.1000 (loss of 

pentose, 132 amu) and m/z 285.0406 (Km, loss of rhamnosyl moiety, 146 amu) (Barros et al., 

2011). Deprotonated molecular ion [M-H]- of m/z 593.1513 and 933.2532 were tentatively 

identified as Km triglucoside rhamnoside 28a/b and Km triglucoside glucoside 29 according to the 

observed major fragments of m/z 447.035 and 771.2006 (loss of rhamnosyl moiety, 146 amu) and 

the glucosyl moiety (162 amu), respectively. Both compounds 28a/b and 29 also had fragment of 

m/z 285.0406 (Km) from the loss of the glucosyl (162 amu) and triglucosyl (648 amu) moiety, 

respectively (Table 5.1) (Gonzales et al., 2014; Onkokesung et al., 2014; Zhang et al., 2018). 

Peaks 30-35 were acylglycosides of Km. Compound 30a/b with deprotonated molecular ion [M-

H]- of m/z 963.2424 was tentatively identified as Km hydroxyferuloyl diglucoside glucoside/Qn 

feruloyl diglucoside glucoside according to the literature and based on fragments m/z 801.1872 

and 609.1472 (loss of a glucosyl unit, 162 amu) and the feruloyl ion (192 amu). Additionally, 

fragments m/z 284.0332 (Km, loss of diglucoside moiety, 325 amu) and m/z 300.021 (Qn) were 

observed (Table 5.1) (Youssif et al., 2019; Li, Z. et al., 2018). Compound 31a/b and 32 with 

deprotonated molecular ion [M-H]- of m/z 1109.3011 and m/z 947.2474 were tentatively identified 
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as Km feruloyl trigulucoside glucoside and Km feruloyl diglucoside glucoside, respectively, based 

on similar fragmentation patterns, i.e., loss of the glucosyl and diglucosyl moieties, and the 

presence of the feruloyl and Km fragments (Schmidt et al., 2010; Li, Z. et al., 2018). Other Km 

derived cinnamic acid glucosides were tentatively identified as Km sinapoyl diglucoside glucoside 

([M-H]- m/z 977.2584, 33), Km sinapoyl triglucoside glucoside ([M-H]- m/z 1139.3110, 34a/b) 

and Km caffeoyl diglucoside glucoside ([M-H]- m/z 933.2314, 35) based on similar fragmentation 

according to the literature (Table 5.1) (Li, Z. et al., 2018; Schmidt et al., 2010). 

Qn glycosides were the most abundant flavonols in the microgreen samples. Compound 36a/b with 

deprotonated molecular ion of [M-H]- at m/z 625.1414 was tentatively identified as Qn 3,7-

diglucoside/Qn 3-diglucoside according to fragments of m/z 463.0880 (loss of glucosyl moiety, 

162 amu) and m/z 301.0355 (loss of second glucosyl) from the literature (Table 5.1) (Lin et al., 

2011; Li et al., 2016). Compound 37 with deprotonated molecular ion of [M-H]- at m/z 593.1513 

was tentatively identified as Qn dirhamnoside according to one study with fragments of m/z 

446.0934 (loss of first rhamnosyl unit, 146 amu) and m/z 301.0354 (Qn, loss of second rhamnosyl 

unit) (Barros et al., 2011). Compound 38 with deprotonated molecular ion of [M-H]- at m/z 

949.248 was tentatively identified as Qn triglucoside glucoside based on literature data in mustard 

greens, yu choy and 15 other Brassica vegetables according to the observed fragments of m/z 

787.1954 (loss of first glucosyl moiety), m/z 462.0809 (loss of diglucoside, 325 amu) and m/z 

300.0278 (Qn, loss of second glucosyl) (Table 5.1) (Lin & Harnly, 2010). 

Peaks 39-44 were Qn acylglycosides, except 43b which was a Km acylglycoside. Compound 39a/b 

with [M-H]- at m/z 993.2535 was tentatively identified as Qn sinapoyl diglucoside glucoside/Qn 

sinapoyl triglucoside based literature data and fragments of m/z 831.2026 (loss of glucosyl unit, 
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162 amu), m/z 300.0277 (Qn) and m/z 462.0810 (sinapoyl-glucoside) (Lin & Harnly, 2010; 

Gonzales et al., 2015). Compound 40a/b with [M-H]- at m/z 1155.3054 was tentatively identified 

as Qn 3-sinapoyltriglucoside-7-glucoside according to the literature data on other red mustards, 

PC, kale and mizunas, and the observed fragments of m/z 993.2586 (loss of glucosyl unit), m/z 

787.1922, m/z 462.0810 (Qn glucoside) and m/z 300.0275 (Qn, loss of glucosyl unit) (Table 5.1) 

(Sun et al., 2013; Llorach et al., 2003; Schmidt et al., 2010). Compound 41 with [M-H]- at m/z 

933.2314 was tentatively identified as Qn coumaroyl diglucoside glucoside according to the 

literature and fragments of m/z 787.1967 (loss of coumaroyl unit, 146 amu), m/z 624.400 (loss of 

162 amu, glucosyl unit), m/z 462.0805 (loss of glucosyl) and m/z 300.0272 (Qn) (Table 5.1) 

(Schmidt et al., 2010; Koley et al., 2020). A similar pattern was observed for 42a/b which was 

tentatively identified as Qn hydroxyferuloyl diglucoside glucoside based on the observed 

fragments m/z 787.1943 (loss of dehydrated dihydroferulic acid moiety, 192 amu), m/z 625.1415 

(loss of glucosyl moiety) and the presence of Qn (m/z 300.0278) (Schmidt et al., 2010; Benayad, 

Gómez-Cordovés & Es-Safi, 2014). Compound 43a with pseudo-molecular ion [M-H]- of m/z 

1125.2957 was tentatively identified as Qn 3-feruloyldiglucoside-7-glucoside according to 

literature data and fragments of m/z 963.2440 (loss of glucosyl), m/z 787.1957 (subsequent loss 

of feruloyl group, 176 amu), m/z 463.0905 (loss of diglucoside, 324 amu) and presence of m/z 

301.0355 (Qn) (Table 5.1) (Li, Z. et al., 2018; Yang, Jayaprakasha & Patil, 2018). An earlier 

eluting isomer 43b with the same pseudo-molecular [M-H]- was tentatively identified as Km 3-

hydroxyferuloyl-diglucoside-7-diglucoside according to one study with fragments of m/z 

771.2006 (loss of hydroxyferuloyl glucoside, 354 amu) and the presence of Km (Lin et al., 2011). 

Similarly, compound 44 with deprotonated molecular ion [M-H]- m/z 949.2274 was tentatively 
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identified as Qn caffeoyl diglucoside glucoside according to the literature and by the losses of the 

glucosyl, caffeoyl and diglucoside moieties from [M-H]- to produce fragments of m/z 787.1959, 

625.1420, 462.0811 and 300.0278 (Table 5.1) (Schmidt et al., 2010; Chen, Yuhuan et al., 2019). 

Compound 45 with deprotonated molecular ion of [M-H]- at m/z 623.1624 was tentatively 

identified as Iso-glucoside rhamnoside according to previous reports in Brassica vegetables with 

fragments of m/z 477.1034 (loss of rhamnosyl, 146 amu) and m/z 315.0512 (Iso, loss of glucosyl, 

162 amu) (Table 5.1) (Sun et al., 2013; Zhang, B. et al., 2015; Arimboor & Arumughan, 2012). 

Compound 46 of [M-H]- at m/z 639.157 was identified as Iso-3,7-diglucoside according to 

literature data and fragments m/z 477.0142 (loss of glucosyl moiety) and m/z 315.0514 (Iso, loss 

of second glucosyl) and (Table 5.1) (Lin et al., 2011; Li et al., 2016). A study reported their 

detection of 3- and 7- monoglucosides of Iso that are common to Brassica vegetables; however, 

only trace amounts were observed in our RR and RO microgreens (Sun et al., 2013).  

5.4 LED effect on individual phenolic components 

The effects of seven different combined amber, blue and red LED ratios (%) on individual phenolic 

compounds in the microgreens were quantitatively analyzed based on the ion counts of major XIC 

peaks of different microgreen samples grown under LED, and were compared to those under the 

control (Table 5.2). Based on peak areas (ion counts), free phenolic acid contents in the microgreen 

samples were low (except in RO); most phenolic acids were present as derivatives or conjugated 

with other compounds (i.e. malates, glycosides). Phenolic acid glycosides predominated the pool 

of phenolics in the microgreens (except in RO). Flavonoid content in the studied microgreens had 

significantly lower ion counts compared to the phenolic acids (Figure 5.2). The current study 

identified 23 flavonoids and their conjugates; the majority were various Km/Qn glycosides or 
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acylglycosides with a minor number of Iso glycosides (Table 5.1). Since low peak area data was 

obtained for free phenolic acids, in addition to their very low abundance in Brassica, discussion 

was focused on compounds with peak ion counts ≥1.0e8 and their response under combined LED 

on their accumulation as compared with control (%) (Table 5.2). The highest ion counts (≥1.0e8) 

was observed for all HCA malates 9, 10, 11, 12, 13, sinapoyl glucoside 22a/b/c/d (MB only), 

feruloyl glucoside 19a/b (RO only) and Qn rhamnoside glucoside 24c (RO only); however, 

discussion will focus solely on HCA malates as this group was collectively accumulated.  
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Table 5.2. Effect of light-emitting diode treatments on major phenolic compounds (% change) in 

Brassica microgreens. 

Compound (#) Light a 

Percent change (%) b 

B. rapa R. sativus B. juncea 

MO MR PC RR RO MSF MB MG 

caffeoyl malate (9) 

1 NS -17.2 21.2 NS -7.8 18.9 15.3 13.0 

2 34.2 4.7 19.3 10.1 -15.5 NS -52.6 -11.1 

3 NS NS 18.6 27.3 -27.3 27.6 201.8 39.5 

4 9.0 -17.9 6.5 22.5 15.5 NS -89.9 17.5 

5 23.9 -19.5 23.6 -4.4 -20.8 8.9 -48.8 24.8 

6 NS NS -49.9 5.6 -18.2 27.7 -34.7 9.8 

7 -51.4 -20.8 3.2 30.1 -26.0 38.3 -87.8 61.4 

hydroxyferuloyl malate (10) 

1 19.1 -20.7 9.7 26.2 5.0 5.7 NS 7.1 

2 42.0 NS 17.3 10.9 -6.4 NS -54.5 NS 

3 12.9 NS 15.1 72.2 -24.4 34.4 145.2 NS 

4 13.3 -17.8 NS 33.8 44.4 NS -59.6 NS 

5 28.9 -22.1 11.5 16.5 -9.5 -7.0 -61.0 27.8 

6 10.8 -8.3 -45.8 71.2 -16.2 NS -56.9 11.4 
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7 -47.1 -28.2 21.6 38.2 -25.0 46.4 -48.9 23.0 

coumaroyl malate (11) 

1 7.2 -10.5 7.5 -5.9 NS 17.9 NS NS 

2 25.8 -3.3 10.8 8.8 NS NS NS -9.8 

3 -8.9 -6.3 11.2 53.6 NS 12.1 NS 22.6 

4 11.2 -14.7 NS 40.2 27.2 NS NS NS 

5 16.6 -18.2 16.3 -5.1 -30.2 6.3 NS NS 

6 NS -3.7 -55.5 3.5 -21.9 15.1 NS 7.4 

7 -60.1 -20.5 -6.2 64.6 NS 26.9 NS 45.8 

sinapoyl malate (12) 

1 27.8 -22.6 15.1 19.5 19.4 17.4 -5.3 NS 

2 41.9 -4.9 20.4 NS NS NS -38.3 16.9 

3 NS -3.9 19.3 NS -28.5 6.0 35.8 NS 

4 15.1 -18.2 5.0 14.2 29.9 NS -72.3 22.2 

5 31.8 -14.9 11.2 NS -9.3 4.7 -36.3 NS 

6 NS -13.6 -42.7 18.8 NS NS -32.6 14.0 

7 -48.8 -39.1 4.9 11.7 -30.4 9.5 -35.8 -10.1 

feruloyl malate (13) 

1 NS -29.9 NS 6.0 NS 10.8 -13.2 NS 

2 21.3 -13.8 9.5 NS -15.8 -6.3 -43.7 NS 
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3 7.1 -2.1 22.3 31.0 -26.6 16.7 33.0 NS 

4 NS -21.0 24.8 21.3 12.9 NS -75.1 NS 

5 11.2 -22.5 NS NS -23.4 NS -46.2 23.3 

6 -11.2 -18.9 -54.1 NS -20.6 NS -26.6 NS 

7 -52.3 -37.4 19.3 31.0 -31.7 24.5 -63.8 NS 

a LED treatments: 1, 6.74A:22.68B:70.25R; 2, 9.51A:24.13B:65.91R; 3, 12.02A:26.26B:61.14R; 

4,12.57A:44.31B:42.39R; 5, 14.53A:30.18B:51.82R; 6, 18.45A:33.51B:47.48R; 7, 

39.46A:58.94B:0.57R; b Significant changes (%) from control (p<0.05) (4.73A:20.52B:74.36R); 

NS, not significant from control. MO , mizuna (organic); MR, mizuna (red kingdom);  PC, pac 

choi (red pac); RR/O, radish (red Rambo)/organic; MSF, mustard (Scarlett Frills); MB, mustard 

(Barbarossa); MG, mustard (Garnet giant). 
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The predominate phenolics in B. juncea microgreens (MB, MG and MSF) were malic acid esters 

of HCA with the highest peak intensity (ion counts). This is in agreement with the literature for B. 

juncea which determined found the predominating HCA in this species were malate derivatives of 

sinapic, ferulic, hydroxyferulic and caffeic acids (Harbaum et al., 2008; Cartea et al., 2010). 

Phenolics 9, 10, 12 and 13 in MB were significantly decreased under most treatments, except under 

12.02A:26.26B:61.14R which increased their content by 202%, 145%, 36% and 33%, respectively 

(Table 5.2). In MB, sinapoyl glucoside 22a/b/c/d was variably affected under the combined 

lighting treatments and was significantly decreased by 29-69%. Contrasting findings under 

lighting in MG were observed compared to MB, i.e., 9, 10, 11, 12 and 13 were significantly 

increased by 9.8-61.4%, 3.7-27.8%, 3.8-45.8%, 14-22.2% and 23.3%, respectively, although 9 and 

11 were decreased under 6.74A:22.68B:70.25R by 11.1% and 9.8%, respectively (Table 5.2). 

Similarly, cinnamoyl malates 9, 10, 11, 12 and 13 in MSF were also significantly increased under 

most light treatments by 8.9-38.3%, 5.7-46.4%, 6.3-26.9%, 4.7-17.4% and 10.8-24.5%, 

respectively, except for 10 and 13 under 14.53A:30.18B:51.82R and 9.51A:24.13B:65.91R (Table 

5.2). Arabidopsis and other Brassica species accumulate sinapoyl malate in their leaves, 

presumably as a protective measure against high energy such as UV radiation or short-waves of 

the PAR (Sullivan, Green & Verdonk, 2021; Jin et al., 2000). Accumulation of the malates detected 

in B. juncea microgreens may have been attributed to the combined effect of the lighting used, or 

a specific response under increasing BL which is reported frequently in Brassica and is often 

correlated with overall higher contents (Vaštakaitė et al., 2015; Li et al., 2019; Ying et al., 2020; 

Zheng et al., 2018; Li, Tang & Xu, 2013; Kopsell, Sams & Morrow, 2015).   
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Among the B. rapa microgreens, the five detected cinnamoyl malates (9-13) in MO and PC were 

increased to a larger extent compared to MR. Under most treatments, 9, 10, 11, 12 and 13 in MO 

were significantly increased by 9-34.2%, 10.8-42%, 7.2-25.8%, 15.1-41.9% and 7.1-21.3%, 

respectively, except under 39.46A:58.94B:0.57R which decreased the malate content by 47.1-.  

Among the five, 11 and 13 also decreased under 12.02A:26.26B:61.14R and 

18.45A:33.51B:47.48R by 8.9% and 11.2%, respectively (Table 5.2). In PC, a similar response 

was observed for these five cinnamoyl malates. Our findings agree with one study which also 

identified malate esters of HCA as the predominate phenolics in several PC varieties (Harbaum, 

Britta et al., 2007). In contrast to MO and PC, 9, 10, 11, 12 and 13 in MR were significantly 

decreased under most treatments by 17.2-20.8%, 8.3-28.2%, 3.3-20.5%, 3.9-39.1% and 2.1-37.4% 

(Table 5.2). Only 9 was significantly increased in MR by 4.7%.  

Sinapic acid esters (e.g., sinapoyl malate and sinapoyl glucose) are important UV protectants in 

Brassica, and the genes involved in their biosynthesis in Arabidopsis are well documented (Fraser 

et al., 2007; Shuab, Lone & Koul, 2016; Li, Bergelson & Chapple, 2010). The pathway for sinapoyl 

malate during biosynthesis in Brassica is well characterized biochemically and Arabidopsis genes 

encoding the enzymes upstream and downstream of UDP-glucosyltransferase (UGT) have been 

identified (Shuab, Lone & Koul, 2016; Lim et al., 2001). The precursor of sinapoyl malate is the 

glucose ester, thus modulation of the UGT enzyme involved in its formation may provide a better 

understanding for the link between sinapoyl malate and many other wavelengths in the visible and 

UV range (Lim et al., 2001).  

The R. sativus microgreens RO and RR differed in their response under the lighting for the five 

cinnamoyl malates 9-13. In RO, 9, 10, 11, 12 and 13 were significantly decreased under the 
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lighting by 7.8-27.3%, 6.4-25%, 21.9-30.2%, 9.3-30.4% and 15.8-31.7%, respectively, except  

under 12.57A:44.31B:42.39R which was significantly increased by 15.5%, 44.4%, 27.2%, 29.9% 

and 12.9%, respectively (Table 5.2). In RR, 9, 10, 11, 12 and 13, were overall significantly 

increased under most treatments by 5.6-30.1%, 10.9-71.2%, 3.5-64.6%, 11.7-19.5% and 21.3-

31%, respectively, and only 9 and 11 were significantly decreased under 14.53A:30.18B:51.82R 

by 4.4% and 5.1%, respectively (Table 5.2). Compound 19a/b in RO was also significantly 

increased by 3-60%. Irrespective of the response differences under the light in both radish 

microgreens, light-grown radish seedlings are shown to have higher activity of L-malate 

sinapoyltransferase, the gene catalyzing the transformation of sinapoyl glucose to sinapoyl malate,   

and   low   1-(hydroxycinnamoyl)glucose-hydroxycinnamoyl-transferase activities, compared to 

none (Gutiérrez & Perez, 2004; Dahlbender & Strack, 1986; Gräwe et al., 1992). Further 

investigation into the genes controlling phenylpropanoid pathway enzymes and their response 

under LED would provide a more logical understanding of individual synthesis and opportunities 

for maximizing their content in microgreens.    



 

 

137 

 

5.5 Conclusion 

We previously reported on the effect of various rbaLED on total phytochemical content and anti-

oxidant activities of the eight Brassica microgreens being highly species-dependent; some had a 

high to moderate positive correlation with the LED dose and some were not sensitive to the lighting 

(Alrifai et al., 2020). In the present study we focused on the profile and identification of individual 

phenolic compounds in these microgreens grown under the same treatments. A total of 46 

phenolics, including phenolic acids and flavonoids, were positively or tentatively identified. HCA 

derivatives were the predominant majority of the phenolics identified in the microgreens, followed 

by free phenolic acids and flavonol glycosides/acylglycosides. The overwhelming majority of the 

HCA derivatives were malate esters. In addition to species-specific responses, light quality played 

a large role in the profile and quantity of the phenolic compounds. Under rbaLED, the highest peak 

intensity by ion counts were malate esters of HCA observed in R. sativus microgreens, followed 

by B. juncea and B. rapa. HCA malates 9, 10, 12 and 13 in MB and 9-13 in MR and RO were 

decreased under most treatments, whereas all the five compounds (9-13) were overall increased 

under combined lighting in RR, MG, MO, PC, MSF. Additionally in MB, 9 and 10 were 

remarkably increased by 145% and 202% from the control, respectively, under 

12.02A:26.26B:61.14R.  

Results of the present study demonstrated that amber combined with blue and red contributed to 

the altered phenolic profile and increase and/or decrease in quantity of certain phenolic 

compounds, particularly the HCA malates. The effect was also species-specific among the eight 

Brassica microgreens tested, suggesting that developing microgreens with high amount of certain 

phenolic compounds using the LED technology may be multi-faceted. Brassica vegetables may 
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contain other important bioactive phytochemicals, such as carotenoids and GLS which can also 

contribute to the overall anti-oxidant or health benefit. Future studies should therefore investigate 

on the collective effect of LED on all phytochemical components and the associated molecular 

mechanisms with their accumulation. Since LED are an emerging modern technology for CEA, 

further investigation is important on this sub-group of vegetables in the PAR with varying 

intensities. The literature is still scarce on studies investigating the underlying gene expression in 

microgreens. Genes modulating phenylpropanoid pathway enzymes under LED, for example, 

would provide a logical understanding of individual synthesis response and opportunities for 

optimizing the nutritional and anti-oxidant value in microgreens.  
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6 CHAPTER 6: EFFECTS OF COMBINED LIGHT-EMITTING 

DIODES ON THE ACCUMULATION OF 

GLUCOSINOLATES IN BRASSICA MICROGREENS 

Accepted August 29th, 2021 in Food Production, Processing and Nutrition: Alrifai, O., Mats, L., 

Liu, R., Hao, X., Marcone, M.F., Tsao, R. 2021. Effects of combined light-emitting diodes on the 

accumulation of glucosinolates in Brassica microgreens.  

6.1 Introduction 

GLS are hydrophilic and sulfur-containing plant secondary metabolites with over 130 variants and 

are particularly found in leafy Brassica vegetables and seeds. Plant GLS and their metabolites are 

recognized for their fungicidal, nematocidal and bactericidal properties (Yu et al., 2007; Dekić et 

al., 2017; Sotelo et al., 2015). Medical research is also exploring their modulatory roles in chronic 

cardiovascular disease and certain cancers (Fahey, Zalcmann & Talalay, 2001). Due to their 

abundant and diverse chemical substituents, GLS are classified according to their functional 

framework i.e. allyl, indole and aromatic types from the respective precursor methionine, 

phenylalanine and tryptophan. Although the primary function of plant GLS are not known, tissue 

disruption initiates a myrosinase-catalyzed breakdown which yields glucose, sulfate and the 

aglycone. The unstable intermediate is rapidly rearranged to produce the bioactive defense-related 

mustard oil aroma (i.e. AITC) against biotic factors (Grosser & van Dam, 2017). The pungent 

flavors of GLS-containing Brassica vegetables are imparted by AITC, the main breakdown product 

of sinigrin and a candidate for anti-carcinogenic and chemo-protective studies (Zhang, 2010). The 

balance between GLS biosynthesis and their breakdown product are what dictate the distinct aroma 

and flavor of Brassica (Maina et al., 2020). GLS also breakdown to other bioactives including 

nitriles, epithionitriles, thiocyanates and indoles, which are also shown to possess beneficial 
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biological activities (Hahn et al., 2016). Due to the complexity of GLS in various Brassica 

vegetables and their instability and lack of commercial standards, identification and analysis of 

these compounds has been primarily done using LC-MS on intact-GLS (i.e. glycosylated GLS).  

Medical studies have highlighted the usefulness of combined GLS and their breakdown products 

for supplementary health benefits, especially for anti-inflammatory and anti-oxidant purposes. 

There is a general agreement to which higher GLS exist in young seedlings and sprouts on a per 

gram basis in many Brassicas compared to their mature counterparts (Tan et al., 2020). Biological 

activity of GLS are a function of their breakdown products, with minor activities imparted by intact 

GLS; however, the bioavailability of more than one compound may enhance the synergistic 

functions which are largely dictated by genetic composition and enzyme activity (Maina et al., 

2020). GLS breakdown products (i.e. AITC, nitriles) have been studied for their efficacy as anti-

microbial, chemo-preventative and anti-inflammatory agents (Maina et al., 2020; Barba et al., 

2016).  

There is growing interest for improving the composition of intact GLS or their breakdown 

products, especially in various species by understanding the metabolomic, transcriptomic and 

proteomic profiles related to their biosynthesis. Some studies have already investigated genes of 

Brassica controlling GLS biosynthesis in cabbage, turnip, broccoli and PC, especially those grown 

using LED in controlled environments under novel wavelengths of the PAR (Chun, J.-H. et al., 

2018; Kim et al., 2017; Yang et al., 2020; Zuluaga et al., 2019; Wang et al., 2021; Yan et al., 2020).  

Light quality play a large role in GLS metabolism; however, the effects are largely understudied 

in microgreens of Brassica (Park et al., 2020; Park et al., 2019; Moon et al., 2015; Rechner, Ole et 
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al., 2017; Carvalho & Folta, 2014; Lee, M. et al., 2016; Kopsell, Sams & Morrow, 2015; Mølmann, 

Hansen & Johansen, 2020; Chun, J.-H. et al., 2018). GLS biosynthesis of various Brassica 

vegetables grown under LED have been reported; however, there is also limited to no studies 

detailing PAR wavelengths, such as AL supplementary to basal RBL. Additionally, no other study 

has approached a targeted analysis using LC-MS to analyze the changes in GLS under AL. The 

aim of this work is to carry out a semi-targeted metabolomics approach to profile common intact-

GLS in Brassica microgreen extracts by means of LC-HRMS/MS. Under various ratios of rbaLED, 

the amount of decreasing RL was adjusted accordingly to increasing AL to maintain a similar PAR 

and to ensure the non-confounding effects between spectral quality and quantity (Snowden, Cope 

& Bugbee, 2016). This new information will provide insight into the effect of AL on bioactives in 

Brassica microgreens, in addition to previously reported phenolic and carotenoid response, to 

understand the narrow-band LED effects (Alrifai, Oday et al., 2021; Alrifai et al., 2020). 

6.2 Materials and Methods 

6.2.1 Plant materials, growth chamber lighting and chemical reagents 

Eight varieties of Brassica microgreens: B. rapa (MO, MR, PC); R. sativus (RR and RO) and B. 

juncea (MSF, MB, MG) were grown at the Harrow Research & Development Centre, Agriculture 

and Agri-Food Canada (Harrow, Ontario, Canada). Like previous chapters, rbaLED in various 

combinations were used to grow the microgreens over two separate trials. Durations for seed 

germination and growth in the chambers for each microgreen are listed in Table 6.1. Microgreens 

were harvested at their base, packed in air-tight plastic bags and stored in -80 °C until analyzed 

shortly afterwards. Details related to growth conditions and sample extraction have been reported 

in our previous paper and previous sections of this thesis (Alrifai et al., 2020).  
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Pure standards of sinigrin, glucobrassicin and gluconasturtiin were purchased  from  Sigma-

Aldrich (St. Louis,  MO,  USA). HPLC grade solvents of MeOH, formic acid and ACN were 

purchased from Thermo Fisher Scientific (Waltham, MA, USA). All chemical reagents used were 

of analytical grade. Samples of each microgreen species were analyzed separately using LC-MS. 

Peak area averages of the extracted ion chromatogram of individual GLS were determined from 

triplicates. Representative chromatograms depicting the relative abundance (%) of GLS species in 

the samples are shown in Figure 6.1. Following the initial semi-targeted analysis, 13 GLS of 

interest were selected and quantified (Figure 6.2). Based on structural similarity, sinigrin was used 

to quantify allyl GLS; glucobrassicin, indole GLS and gluconasturtiin, aromatic GLS. 

Concentrations of GLS in each group were expressed as the equivalencies of the corresponding 

standard and were calculated using the calibration curves (R2>0.99) generated from serial dilutions 

between 0.01 - 30 µg/mL (Figure 6.3).  
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Table 6.1. Concentration of glucosinolates in each genus B. rapa, B. juncea and R. sativus under all combined treatments of amber, red 

and blue light-emitting diodes.a 

 

 

aconcentration: μg/g dry weight 
bmustard (Barbarossa (MB), Scarlett Frills (MSF) and Garnet Giant (GG)) 
cmizuna (Red Kingdom (MR) and Organic (MO)), Pac Choi (Red Pac (PC)) 
dradish (Red Rambo (RR) and Red Rambo Organic (RO)) 
emicrogreens of the same genus only 

Contents expressed as  fsinigrin and gglucobrassicin equivalents. 

 

  

Microgreen 
B. junceab B. rapac R. sativusd 

Averagee MB MG MSF Averagee MO MR PC Averagee RO RR 

Seed germination (d) 2 2 2 

Growth chamber (d) 13 14 13 

Seed to harvest (d) 15 16 15 

Glucosinolate average concentration 

Sinigrin 793.6 670.4 829.9 880.6 124.3 65.2 238.3 69.5 34.2 3.7 64.7 

Glucoiberinf 22.0 40.6 11.1 14.2 - - - - 19.4 22.7 16.0 

Glucoraphaninf 1.1 - 1.1 - 133.2 97.9 130.4 171.4 72.1 72.3 72.0 

Progoitrinf 9.1 9.2 8.6 9.6 1029.0 929.0 1187.3 970.7 2.1 2.9 0.9 

Gluconapinf 314.7 263.1 496.2 184.8 301.6 401.2 234.6 269.2 8.2 8.1 8.4 

Glucoerucinf 3.4 3.7 1.2 3.7 809.9 502.7 999.4 927.6 86.3 84.1 88.4 

Glucobrassicin 324.7 131.9 296.2 546.0 770.5 695.2 841.6 774.8 1425.6 1378.1 1473.0 

Glucoalyssinf 1.3 1.1 1.4 - 162.7 227.1 164.2 96.8 7.1 7.1 7.1 

4-Methoxyglucobrassicing 198.8 233.0 193.7 169.8 293.4 249.3 233.0 397.8 320.7 324.5 316.8 

4-Hydroxyglucobrassicing 243.2 131.6 266.6 331.3 181.2 131.7 267.6 144.2 495.6 479.6 511.5 

Gluconapoleiferinf - - - - 48.9 62.8 55.8 28.3 - - - 

Neoglucobrassicing 186.1 193.7 222.9 141.7 890.5 1151.0 654.7 865.8 7.5 7.1 8.0 

Gluconasturtiin 131.2 123.1 98.9 171.6 320.1 264.0 398.8 297.6 1.6 1.5 1.8 

Total Glucosinolates 2229.2 1801.4 2427.8 2453.3 5065.3 4777.1 5405.7 5013.7 2480.4 2391.7 2568.6 
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Mustard (Garnet 
Giant) 

Radish (Red Rambo) 

Pac choi (Red Pac) 

Figure 6.1. Relative peak abundance (%) of the extracted ion chromatograms of glucosinolates extracts 

of representative Brassica microgreens [B. rapa (Pac choi), B. juncea (mustard) and R. sativus (radish)]. 

Compounds are 2, progoitrin; 3, sinigrin; 4, glucoraphanin; 7, gluconapin; 8, 4-hydroxyglucobrassicin; 

9, glucoerucin; 10, glucobrassicin; 11, gluconasturtiin; 12, 4-methoxyglucobrassicin; 13, 

neoglucobrassicin. 
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Figure 6.2. Detected glucosinolates in Brassica microgreens and the general myrosinase-catalyzed 

breakdown of glucosinolates into bioactive cyanates and nitriles. Glu, glucose; compounds are 1, 

glucoiberin; 2, progoitrin; 3, sinigrin; 4, glucoraphanin; 5, gluconapoleiferin; 6, glucoalyssin; 7, 

gluconapin; 8, 4-hydroxyglucobrassicin; 9, glucoerucin; 10, glucobrassicin; 11, gluconasturtiin; 

12, 4-methoxyglucobrassicin; 13, neoglucobrassicin. 
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Figure 6.3. Calibration curves (R2>0.99) obtained by running a three-standard 

mixture of sinigrin, glucobrassicin and gluconasturtiin with the concentration range 

of 0.01 to 30 µg/mL. 
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6.2.2 Statistical Analysis 

One-way ANOVA followed by Dunnett’s post hoc test (p < 0.05) was used for all GLS from each 

microgreen under all the lighting treatments using IBM SPSS software for Windows version 25.0 

(IBM corporation, Armonk, NY, USA). Relative standard deviation (RSD) from the untargeted 

peak area analysis was <5%.  

6.2.3 LC-HRMS/MS analysis of Glucosinolates 

An untargeted profiling approach combining full MS and MS/MS methods was used to obtain 

reliable peak areas and fragmentation data in one run. Pooled quality control (QC) samples, one 

for each microgreen species, were created by combining 10 µL of each sample. Extracted samples 

in triplicate were randomized and injected in FullMS mode; QC samples were periodically inserted 

into sequence and injected in DDMS2 mode. LC-HRMS/MS analysis was performed using a 

Thermo® Scientific Q-Exactive™ Orbitrap mass spectrometer equipped with a Vanquish™ Flex 

Binary UPLC System (Waltham, MA, USA).  Data were acquired using Thermo Scientific™ 

Xcalibur™ 4.2 software and Thermo Scientific™ Standard Integration Software. The 

chromatographic separation was performed on a Kinetex XB-C18 100A HPLC column (100 x 4.6 

mm, 2.6 µm, Phenomenex Inc., Torrance, CA, USA).  The binary mobile phase consisted of 

solvent A (99.9% H2O/ 0.1% formic acid) and solvent B (94.9% MeOH/ 5% ACN/ 0.1% formic 

acid).  The following solvent gradient was used: 0 – 5 min, 0% to 12% B; 5 – 15 min, 12% to 23% 

B; 15 – 30 min, 23% to 50% B; 30 - 40 min, 50% to 80% B; 40 – 42 min, 80% to 100% B; 42 – 

45 min, 100% B; 45 – 46 min, 100% to 0% B; 46 – 52 min, 0% B.  The column compartment 

temperature was held at 40 °C, the flow rate was set to 0.700 mL/min and the injection volume 

was 1 µL for the extracted samples (1 or 5 µL for the QC samples). MS data was collected in 
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negative ionization mode (spray voltage = 2.8 kV) with scan range set to 90-1300 m/z. Extracted 

samples were analyzed in FullMS mode and QC samples were analyzed with DDMS2 (Top N=15) 

method, with NCE set at 30. Details on LOD and LOQ for sinigrin, glucobrassicin and 

gluconasturtiin in each microgreen are listed in Table 6.2. The same FullMS settings were used 

for the quantification part of the analysis where dilutions of the standard mixture were run together 

with one set of extracts for each microgreen species. Only one extraction replica was used for 

quantification, as the semi-targeted analysis revealed high fidelity (RSD<5%) of extracted samples 

in all microgreens tested. Phytochemical screening and quantitation have also been conducted 

using HPLC and LC-MS for crude plant extracts using single sample injections (Choi et al., 2018; 

El Sayed et al., 2020; Keskes et al., 2017). Data was visualized and analyzed using Thermo 

FreeStyle™ 1.6 software. 

6.3 Results and Discussion 

6.3.1 Identification of Glucosinolates 

Identification of GLS were based on accurate mass data m/z, retention time and fragmentation 

pattern. Identification and quantification of GLS was done in the same run (relative quantification), 

which allowed us to look at trends and identify multitude of compounds at the same time. A total 

of 13 GLS were selected from the eight microgreens grown under rbaLED, based on peak intensity 

(ion abundance) and reported bioactive properties, and were identified by comparing MS/MS 

fragmentation with literature data, and that of the standards (for the 3 GLS standards). The 13 GLS 

peaks were identified as: C11H21NO10S3 glucoiberin, 1; C11H19NO10S2 progoitrin, 2; 

C10H16KNO9S2 sinigrin, 3; C12H23NO10S3 glucoraphanin, 4; C12H21NO10S2 gluconapoleiferin, 5; 

C13H25NO10S3 glucoalyssin, 6; C11H19NO9S2 gluconapin, 7; C16H20N2O10S2 
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Table 6.2. Limit of detection (LOD) and limit of quantitation (LOQ) of three standards of 

glucosinolates (sinigrin, glucobrassicin and gluconasturtiin) in each set of microgreens measured 

in µg/mL. 

  

Glucosinolate Sinigrin Glucobrassicin Gluconasturtiin 

Microgreen LOD LOQ LOD LOQ LOD LOQ 

R. sativus 0.009 0.027 0.041 0.124 0.012 0.036 

B. juncea 0.004 0.013 0.047 0.142 0.008 0.024 

B. rapa 0.004 0.011 0.029 0.089 0.011 0.034 
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4-hydroxyglucobrassicin, 8; C12H23NO9S3 glucoerucin, 9; C16H20N2O9S2 glucobrassicin, 10; 

C15H21NO9S2 gluconasturtiin, 11; C17H22N2O10S2 4-methoxyglucobrassicin, 12; and 

C17H22N2O10S2 neoglucobrassicin, 13 (Table 6.3). 

Negative ionization MS is widely used for GLS analysis. The sulfate moiety allows for facile 

ionization, and the resulting predictable fragmentation also allows for selectively targeting GLS in 

complex samples.  In addition to the deprotonated molecular GLS ion, we applied MS/MS to 

confirm the presence of several characteristic fragments for identification. Normalized collision 

energy of 30 used in MS/MS experiments resulted in abundant S-containing fragments – HSO4
- 

(m/z = 96.9610), SO4˙
- (m/z = 95.9522), OHC2H2S

- (m/z) = 74.9910) and SO3
-  (m/z =  79.9574). 

Most GLS MS/MS spectra also contained thioglucose-based fragments, such as C6H11O6SO3
- (m/z 

= 259.0129), SHC6H10O5SO3
- (m/z = 274.9900) and C6H11O5S

- (m/z = 195.0333). Another minor 

fragment m/z = 119.0350 is ubiquitous to all GLS tested; it can be attributed to glucose 

fragmentation, resulting into the C4H7O4
- anion (Table 6.3) (Bialecki et al., 2010). Some of the 

unique fragments in each GLS can be attributed to a common combined loss of sulfur trioxide and 

neutral loss of a glucose moiety (C6H10O8S
- m/z = 242.0102) (Maldini et al., 2012; Clarke, 2010). 

These include m/z = 115.9280 (sinigrin), m/z = 178.0368 (glucoerucin), m/z = 205.0445 

(glucobrassicin) and m/z = 208.0473 (glucoalyssin). The neutral loss of CH3SOH (m/z = 63.9988) 

is common to GLS with methylsulfinyl group, where unique fragments are observed in glucoiberin 

(m/z = 358.0284) and glucoalyssin (m/z = 386.0587) (Shi et al., 2017). Neoglucobrassicin and the 

isomer 4-methoxyglucobrassicin share the identical parent ion; however, their fragmentation 

spectra were distinct. MS/MS spectrum of 4-methoxyglucobrassin showed higher intensity of
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Table 6.3. Glucosinolates identified by LC-HRMS/MS in the Brassica microgreens. 

# Glucosinolate 
Retention 

time, min 

Precursor 

ion, m/z 
Fragment ions, m/z 

1 Glucoiberin  2.91 422.0257 96.9604, 95.9526, 74.9911, 79.9575, 195.0336, 358.0276, 259.0125 

2 Progoitrin  3.32 388.0379 96.9604, 95.9526, 74.9911, 79.9575, 195.0336, 135.9713, 259.0129, 274.9904 

3 Sinigrin 3.5 358.0272 96.9601, 74.9910, 79.9574, 195.0331, 161.9866, 116.0176, 259.0127, 274.9901 

4 Glucoraphanin  3.77 436.0413 96.9604, 95.9526, 74.9911, 79.9575, 178.0183, 372.0430, 195.0331, 259.0133  

5 Gluconapoleiferin  5.02 402.0534 96.9604, 95.9526, 74.9911, 79.9575, 195.0336,160.0443, 259.0115, 274.9905 

6 Glucoalyssin  5.18 450.0569 96.9604, 95.9526, 74.9911, 79.9575, 192.0339, 195.0341, 386.0587, 259.0143, 274.9910 

7 Gluconapin  5.51 372.0430 96.9604, 95.9526, 74.9911, 79.9575, 195.0336, 178.9847, 259.0128, 274.9903 

8 4-Hydroxyglucobrassicin  6.37 463.0486 96.9604, 95.9526, 74.9911, 79.9575, 195.0334, 221.0391, 267.00812 285.0184 

9 Glucoerucin  9.32 420.0462 96.9605, 74.9911, 178.0369, 195.0334, 259.01315, 274.9902, 226.9877 

10 Glucobrassicin  10.33 447.0537 96.9605, 95.9527, 74.9911, 79.9576, 259.0128, 274.9902, 205.0445, 195.0336 

11 Gluconasturtiin  13.1 422.0587 96.9604, 95.9526, 74.9911, 79.9575, 259.0127, 180.0490, 195.0335, 274.9902, 229.0001 

12 4-Methoxyglucobrassicin  15.68 477.0643 96.9603, 95.9525, 74.9910, 79.9574, 259.0119, 274.9899, 235.0546, 195.0338, 119.0350 

13 Neoglucobrassicin  19.82 477.0643 96.9605, 95.9527, 74.9912, 79.9574, 154.0543, 259.0127, 170.0490, 205.0443, 282.9848 
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fragments with m/z>100 including the precursor ion, whereas neoglucobrassicin fragmented into 

low-mass fragments only. Neither fragmentation spectra contained the commonly reported 

methoxy radical loss product (m/z 446);  however, neoglucobrassicin showed a unique major 

product ion m/z 154.0543 (Maldini et al., 2012; Shi et al., 2017). Final decision on 4-

methoxyglucobrassin vs neoglucobrassicin assignment was done based on retention time (Table 

6.3) (Bhandari et al., 2020; Hooshmand & Fomsgaard, 2021).  

6.3.2  Effect of rbaLED on Glucosinolates 

The individual and total GLS in the microgreens of the present study were largely different under 

rbaLED (Tables 6.1 and 6.3). B. rapa microgreens contained the highest profile of total GLS, 

followed by R. sativus and B. juncea. Sinigrin was increased under rbaLED lighting in most 

microgreens, glucoalyssin uniquely increased in R. sativus and decreased in B. rapa and 

glucobrassicin uniquely decreased in both B. rapa and B. juncea (Table 6.1). Gluconasturtiin was 

decreased in most microgreens under rbaLED and was the least concentrated GLS in R. sativus. 

All GLS but glucoiberin were found in B. rapa microgreens at relatively high concentrations. GLS 

profiles of B. juncea and R. sativus were less diverse and the concentrations were overall lower 

compared to those in B. rapa (Table 6.1). Despite these apparent differences in total GLS of the 8 

microgreens, the effects by rbaLED on GLS at each treatment level were more complicated, and 

further analysis showed that certain individual GLS were significantly modulated under rbaLED 

treatments and their responses were species-specific (Table 6.4). The effects of rbaLED on the 

individual GLS (aliphatic GLS: compounds 1-7, 9; indole and aromatic GLS: 8, 10-13) in the 8 

microgreens are discussed below. 
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Table 6.4. Concentration of the glucosinolates (μg/g) identified in the microgreens under 

combined red, blue and amber light-emitting diodes (LED).a 

  Brassica juncea Brassica rapa 
Raphanus 

Sativus 

Glucosinolate 
LED 

b 
MB MG 

MS

F 
MO MR PC RO RR 

Sinigrin 

T1 745.9 837.4 931.5 9.6 451.3 23.4 0.9 1.8 

T2 731.5 836.2 
701.1

* 
162.4* 315.0* 32.7* 4.2* 118.9* 

T3 
727.0

* 
893* 

925.3

* 
80.3* 224.6* 173.9* 0.5 97.3* 

T4 
566.4

* 

902.9

* 

884.2

* 
13.0 31.3* 33.7* 1.4 81.9* 

T5 
634.1

* 

697.8

* 

1001.

3 
9.9 169.7* 11.9* 1.3* 1.7 

T6 658.6 
953.5

* 
1009* 143.1* 222.9* 24.4 1.2 70.6* 

T7 
655.0

* 

815.5

* 
950.1 92.0* 297.2* 240.7* 18.9* 138.9* 

T8 
644.4

* 

702.5

* 

642.6

* 
11.0 194.4* 15.5* 1.4 6.4* 

Glucoiberinc 

T1 53.6 12.5 20.7 ND ND ND 19.3 16.3 

T2 36.7* 11.0* 12.1* ND ND ND 20.0 17.8* 

T3 43.7* 12.0 17.8* ND ND ND 20.2* 13.8* 

T4 29.7* 9.3* 8.9* ND ND ND 20.4* 14.2 

T5 38.8* 12.5* 16.2* ND ND ND 19.8* 15.6* 

T6 40.2* 13.1* 14.8* ND ND ND 22.2* 14.1* 

T7 41.9* 12.5* 16.1* ND ND ND 38.9* 18.8* 

T8 40.5* 5.7* 7.0* ND ND ND 20.9* 17.6* 

T1 trace trace trace 62.1 61.2 105.1 58.9 60.8 
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Glucoraphaninc 

T2 trace trace ND 82.7* 105.4 243.3 61.8 60.4 

T3 ND ND ND 92.4* 187.0 129.3* 68.9* 58.3 

T4 trace 0.5 ND 68.2 182.7 135.3 64.7* 52.0 

T5 ND 1.6 trace 68.9* 139.7 94.0 80.6* 71.8* 

T6 ND trace trace 97.1* 198.1 203.0 77.5 64.2 

T7 trace trace trace 87.3 50.8 334.4* 90.0 75.6* 

T8 ND ND ND 224.6* 118.6 126.7* 75.7* 133.1* 

Progoitrinc 

T1 9.7 5.7 14.1 950.0 1186.2 1076.1 2.2 ND 

T2 9.8* 8.7* 8.8* 863.0* 
1085.7

* 

1106.0

* 
ND 0.6 

T3 12.8* 6.0* 6.2* 863.3* 
1127.6

* 
757.8* ND ND 

T4 8.6 7.7* 8.2* 866.8* 
1150.0

* 
815.3* ND ND 

T5 5.8* 6.5* 13.6* 
1040.1

* 

1580.0

* 
581.6* 2.2 ND 

T6 5.0* 7.6* 12.3* 971.1* 
1330.5

* 

1239.3

* 
ND ND 

T7 12.3* 15.7* 7.0* 961.3* 
1181.1

* 

1415.6

* 
4.4 1.1 

T8 9.4* 10.8* 6.4* 916.3* 857.1* 773.7* ND ND 

Gluconapinc 

T1 311.0 461.0 233.6 411.1 247.7 288.1 33.3 0.6 

T2 
285.1

* 
482.1 

133.1

* 
377.6* 218.4* 325.3* 1.4* 18.9* 

T3 
295.4

* 

512.5

* 

178.8

* 
371.0* 243.9* 235.4* 1.6* 4.2* 

T4 
258.6

* 
654.6 214.2 416.0 215.6 211.1 2.0 3.7 

T5 
224.9

* 
435.0 189.6 477.8 289.1 164.7 21.1 1.1 

T6 
222.2

* 

512.6

* 

241.3

* 
418.0* 242.8* 372.2* 3.0* 1.3* 
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T7 
261.6

* 

514.4

* 

172.6

* 
396.0* 268.0* 303.2* 1.1* 35.9* 

T8 
245.6

* 

397.3

* 

114.8

* 
341.7* 151.0* 253.4* 1.4* 1.1* 

Glucoerucinc 

T1 3.5 ND 4.0 819.5 1151.8 1056.6 83.6 90.3 

T2 5.9* 1.2 2.2* 437.4* 729.7* 
1283.9

* 
69.7* 88.8 

T3 2.6* ND ND 593.1* 924.0* 881.4 84.3* 95.5 

T4 2.3* ND trace 490.4* 
1201.6

* 
966.8 106.9* 82.4 

T5 ND ND 3.9 485.3* 1161.1 670.9* 100.0* 129.1* 

T6 ND ND 4.5* 608.9* 
1368.0

* 

1147.5

* 
79.9* 85.4* 

T7 4.1* ND ND 356.7 870.5* 791.1* 103.9* 100.3* 

T8 ND ND ND 230.1* 588.7* 622.7* 44.6* 35.3* 

Glucobrassicin 

T1 160.7 322.5 561.5 786.0 983.0 912.6 1111.4 1666.6 

T2 
153.4

* 

312.3

* 

529.5

* 
712.3* 872.9* 896.7* 1215.5 1547.3* 

T3 
141.3

* 

332.5

* 

593.8

* 
683.2* 915.4* 641.0* 1375.6 1558.6* 

T4 
110.2

* 
359.8 540.4 674.6 815.9* 697.4* 2031.2* 1566.5* 

T5 
126.0

* 

260.6

* 

516.9

* 
771.4 826.4* 711.3 1307.8 1688.2* 

T6 
124.9

* 
305.6 

667.7

* 
669.6 

1028.0

* 
970.4* 1394.6* 1490.6* 

T7 
127.7

* 
314.7 609.2 772.7* 858.8* 677.9* 1251.7* 1208.5* 

T8 
111.2

* 

161.2

* 

348.7

* 
491.9* 432.2* 691.1 1337.2* 1057.5 

Glucoalyssinc 
T1 ND ND trace 219.2 145.1 91.1 5.8 6.0 

T2 ND 1.2 ND 189.9* 131.3* 116.1 5.1 6.5* 
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T3 ND trace ND 210.5* 229.9 86.6 6.4 7.2* 

T4 1.1 trace trace 210.2* 239.6 91.3 7.5* 5.8 

T5 ND trace ND 214.1* 150.6 61.9* 5.2* 6.7* 

T6 ND trace ND 226.1* 238.0 122.6 6.0 6.4 

T7 trace 1.6 ND 230.0 94.6 131.4* 8.9* 8.6* 

T8 ND trace ND 316.9* 84.4* 73.2* 12.2* 9.6* 

4-

Methoxyglucobrassici

nd 

T1 251.2 180.0 156.6 252.7 282.5 381.5 395.2 341.9 

T2 
250.4

* 
185.4 

176.0

* 
261.5* 199.5* 424.7* 266.3* 339.1 

T3 
213.2

* 

185.5

* 

140.4

* 
254.8* 241.2* 428.2* 260.9* 295.6* 

T4 
258.1

* 

258.1

* 

182.8

* 
261.0* 289.2 439.0* 439.2* 338.7* 

T5 
188.1

* 
178.3 

171.4

* 
266.2 219.3* 361.6* 231.5 298.8 

T6 
237.9

* 

184.3

* 

170.3

* 
221.2* 208.4* 452.6* 284.2* 303.8* 

T7 
228.9

* 

192.9

* 
164.2 255.3* 233.5* 350.0* 276.1* 266.6* 

T8 
236.2

* 

184.7

* 

197.0

* 
221.9* 190.7* 344.4* 442.6* 350.0* 

4-

Hydroxyglucobrassici

nd 

T1 168.4 281.0 357.4 143.4 330.5 166.6 412.7 558.6 

T2 140.3 272.9 
279.9

* 
141.9* 248.7* 190.5* 498.3* 558.0 

T3 
120.7

* 

310.0

* 

333.6

* 
138.1* 271.8* 152.6* 457.1* 479.5* 

T4 139.3 
329.8

* 

335.7

* 
150.0 294.4* 131.5 523.6* 508.3 

T5 83.4* 
217.0

* 

331.8

* 
129.1* 258.5* 94.0* 555.6* 499.1 

T6 
155.7

* 

289.4

* 

416.8

* 
138.3* 335.2* 202.3* 453.0* 506.7* 
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T7 
112.4

* 

287.0

* 

329.0

* 
132.7* 279.6* 130.1* 491.1 537.5* 

T8 
132.9

* 

145.3

* 

266.5

* 
79.9.0* 121.7* 86.2* 445.3* 444.6 

Gluconapoleiferinc 

T1 ND ND ND 58.7 62.2 38.9 ND ND 

T2 ND ND ND 73.3* 48.0* 34.1 ND ND 

T3 ND ND ND 55.5* 55.3* 25.1* ND ND 

T4 ND ND ND 58.3* 61.1 22.7* ND ND 

T5 ND ND ND 70.1* 66.4 13.1* ND ND 

T6 ND ND ND 64.0* 63.4* 40.9* ND ND 

T7 ND ND ND 63.3* 59.0* 36.4* ND ND 

T8 ND ND ND 59.3* 30.6* 14.9* ND ND 

Neoglucobrassicind 

T1 164.9 228.2 168.0 1016.2 698.5 927.4 9.4 ND 

T2 
180.2

* 

285.1

* 

161.7

* 

1234.1

* 
809.8* 

1018.4

* 
ND ND 

T3 
205.5

* 

227.0

* 

132.2

* 
897.4* 656.5* 756.5 ND 4.2 

T4 
134.2

* 
249.9 

140.5

* 

1117.3

* 
644.1* 843.8* ND ND 

T5 
339.3

* 

176.1

* 

126.0

* 
1468.9 674.0* 549.5* 3.0* ND 

T6 
128.1

* 

227.3

* 

148.4

* 

1067.6

* 
687.3* 

1095.2

* 
ND ND 

T7 
212.6

* 

238.9

* 

162.1

* 

1301.3

* 
670.8* 

1135.9

* 
8.9 11.8 

T8 
184.9

* 

150.4

* 
95.0* 

1105.1

* 
396.8* 599.5* ND ND 

Gluconasturtiine 

T1 137.8 115.2 192.7 339.4 509.5 355.8 1.8 ND 

T2 
141.6

* 
95.6* 

145.2

* 
219.8* 276.5* 366.3* 0.9* 1.8 

T3 
190.1

* 

103.5

* 

161.0

* 
259.5* 433.5* 251.7* 1.6* 2.4 
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T4 88.5* 
142.7

* 
187.6 328.0* 498.0* 284.9* ND 1.6 

T5 
170.6

* 
69.2* 183.8 294.8 410.9* 204.6* 1.7* 1.1 

T6 93.5* 100.0 
211.6

* 
284.7* 553.8* 441.8* 1.2* 1.3 

T7 85.8* 94.6 
169.8

* 
190.0* 356.1* 305.8* 1.7* 3.2 

T8 76.6* 70.4* 
121.1

* 
195.7* 152.2* 170.1* ND 1.1 

 

MB: mustard (Barbarossa); MG: mustard (Garnet Giant); MSF: mustard (Scarlet Frills); MO: 

mizuna (Organic); MR: mizuna (Red Kingdom); PC: Pac choi (Red Pac); RR/RO: Radish (Red 

Rambo)/Organic  

ND: not detected; trace: found in trace quantities; *significantly different from control (p<0.05) 
a Only one extraction replica was used for quantification, as the semi-targeted analysis revealed 

high fidelity (RSD<5%) of extracted samples in all microgreens tested. Values are expressed as 

μg/g dry weight sinigrinb, glucobrassicinc or gluconasturtiind  equivalents. 
e LED treatment: T1, 4.73A:20.52B:74.36R (control); T2, 6.74A:22.68B:70.25R; T3, 

9.51A:24.13B:65.91R; T4, 12.02A:26.26B:61.14R; T5,12.57A:44.31B:42.39R; T6, 

14.53A:30.18B:51.82R; T7, 18.45A:33.51B:47.48R; T8, 39.46A:58.94B:0.57R. 
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6.3.3 Aliphatic GLS 

Among the aliphatic short chain-GLS, sinigrin 3 was mostly found in B. juncea; however, its 

concentration was affected variably by the rbaLED depending on the microgreen variety. Sinigrin 

in B. juncea was significantly decreased under rbaLED treatments in MB (2.5-24.1%) and MSF 

(0.7-31%), but increased in MO (736.5-1591.7%), MG (6.6-13.9%), PC (39.7-928.6%), RO (44.4-

2000%) and RR (255.6-7616.7%) MR (30.2-93.1%) under treatments T2-T8 compared to the 

control T1 (Table 6.4). In a study on B. juncea sprouts, sinigrin was increased under red and white 

LED and decreased under blue LED, an observation that contrasted our results in which we see a 

significant decrease in sinigrin in microgreens of MB, MG and MSF (Park et al., 2020). B. juncea 

(MB, MG and MSF) contained higher sinigrin compared to B. rapa microgreens with trace 

amounts, a result similarly found in other Brassica vegetables (Rangkadilok et al., 2002). Sinigrin 

concentration in microgreens of B. oleracea (broccoli) was not significantly affected by 

monochromatic blue LED and combined red and blue LED  and combined red, blue and green 

LED, suggesting a clear species-specific response and dependence on LED regimes for sinigrin 

biosynthesis in Brassica microgreens, and the need for fine-tuning the light spectrum to improve 

its accumulation (Kopsell, D. & Sams, C., 2013). Increased sinigrin content in microgreens by 

LED may have added health benefits as studies have demonstrated therapeutic effects of this 

unique phytochemical, thus further investigation is needed (Cartea & Velasco, 2008; Mazumder, 

Dwivedi & du Plessis, 2016). LED lighting appears to affect the biosynthesis of GLS by altering 

the expression of certain genes. A recent study showed that red LED increased the aliphatic GLS 

biosynthesis of broccoli seedlings by upregulating the expression of SOT18 compared to the white 

light, red light and combined red and blue light, and the indole GLS by upregulating the CYP 
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family of genes through enhancing the tryptophan content (Wang et al., 2021). Fine-tuning the 

light spectrum to modulate certain genes that participate in the GLS biosynthetic pathway would 

ultimately lead to the development of microgreens with high contents of aliphatic GLS, such as 

sinigrin, which is a known health-promoting compound (Mazumder, Dwivedi & du Plessis, 2016). 

The precursor of sinigrin, glucoiberin 1, was overall significantly decreased in MB (18.5-44.6%) 

and MSF (14-66.2%), but increased in RO (2.6-101.6%) and variably affected in MG and RR 

(Table 6.4). Under rbaLED treatments in all microgreens, the total (sum) concentration of 

glucoiberin was lowest (837 μg/g) among the detected GLS (837-49093 μg/g) (Table 6.1). Sinigrin 

and glucoiberin were generally decreased in the microgreens under rbaLED, although other studies 

on different Brassica microgreens grown under different LED conditions (broccoli microgreens 

under combined red and blue LED and monochromatic blue LED, and kale under red LED) 

showed no significant effects (Kopsell, D. & Sams, C., 2013; Lefsrud, M. G., Kopsell, D. A. & 

Sams, C. E., 2008). Glucoiberin was not significantly different in B. juncea vegetables under white, 

red or blue LED, while higher sinigrin was correlated with exposure duration (Park et al., 2020). 

In B. napus, glucoiberin was also not significantly changed under white, red, blue or combined red 

and blue LED; however, sinigrin was significantly increased under only red LED compared to the 

other lights (Park et al., 2019). Optimizing the light spectrum and photoperiod to produce desirable 

outcomes for sinigrin and glucoiberin in Brassica species should be further investigated. 

Glucoraphanin 4 was found in all three species of microgreens of the present study. Compared to 

the B. rapa and R. sativus microgreens, glucoraphanin was only found in very low concentration 

in MG (1.1 μg/g D.W.) among the B. juncea microgreens (Table 6.1). Glucoraphanin was 

significantly increased overall under rbaLED in MO (11-261.7%), PC (23-218.2%), RR (18.1-
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118.9%) and RO (9.8-36.8%). MG under the treatments T4 and T5 contained higher quantities of 

glucoraphanin compared to trace amounts in control plants (T1) (Table 6.4). Other studies have 

found no or trace amounts of glucoraphanin in Brassica microgreens (Rangkadilok et al., 2002; 

Liu et al., 2012). Previous reports have shown that the accumulation of methylsulfinylalkyl GLS 

was correlated to AOP2 and AOP3 gene expressions in Arabidopsis suggesting these genes might 

be useful markers for studying the effect of LED on the biosynthesis of the health beneficial 

glucoraphanin in B. rapa and R. sativus varieties (Liu et al., 2017). 

The accumulation of progoitrin 2 under rbaLED in the microgreens was largely species-dependent 

and varied.  Progoitrin was found in all, but mainly in B. rapa microgreens. In fact, it was the most 

prevalent GLS of B. rapa Microgreens (Table 6.1). Progoitrin was significantly increased under 

all rbaLED treatments in MG by 5.3-175.4% and decreased under all treatments in MSF by 3.5-

56% (Table 6.4). Progoitrin in B. oleracea was not significantly affected by combined LED of RL, 

BL and GL, however RBL was (Kopsell et al., 2014). Progoitrin contributes to the bitterness of 

the vegetables, and high intake of it may cause an enlargement of the thyroid and can interfere 

with thyroid function, therefore breeding effort has been made to lower this GLS in Brassica 

vegetables (Groenbaek et al., 2019). Our findings suggest that rbaLED can be a viable option to 

reduce GLS such as progoitrin in select families of microgreens (van Doorn et al., 1998). 

Gluconapin 7 was overall significantly decreased under rbaLED in MB (5-28.6%), MR (1.5-39%), 

MO (3.7-16.9%), MSF (23.5-50.9%) and RO (91-96.7%) microgreens. Conversely, gluconapin 

was overall significantly increased in MG (11.2-11.6%), PC (5.2-29.2%) and RR (83.3-5883.3%) 

(Table 6.4). Gluconapin was significantly decreased in B. oleracea (kale) under blue (470 nm) 

LED compared to white (440-660 nm) LED (Kyriacou et al., 2016). Increasing the fraction of blue 



 

 

162 

 

LED from control also significantly decreased gluconapin in most microgreens of the present 

study, a potential desirable outcome for consumer acceptability due to the bitter traits of this 

compound. White LED followed by blue and red LED significantly increased the gluconapin in B. 

juncea; however, prolonged photoperiod of white LED decreased it (Park et al., 2020). Special 

attention must be given to the quantity of blue-light illumination on Brassica vegetables and for 

the overall balanced visible light spectrum for productivity, because contrary to popular belief, 

white LED does not emit all wavelengths in the visible spectrum and is mostly generated by use 

of phosphor coating material that absorbs blue photons and luminesces at longer wavelengths 

(Kusuma, Pattison & Bugbee, 2020).  

B. juncea microgreens contained the least amount of glucoerucin 9 on average (3.4 μg/g) compared 

to B. rapa (809.9 μg/g) and R. sativus (86.3 μg/g) (Table 6.1). It  was overall decreased under 

rbaLED in MO (27.6-71.9%) and MR (19.8-48.9%)  microgreens and was variably accumulated 

in RO, RR PC, MB and MSF microgreens (Table 6.4). Under LED of 5% BL/85% RL/10% GL, 

glucoerucin was highest compared to 20% BL/80% RL treatment in broccoli microgreens, 

signifying the importance of supplementary GL within the 500-600 nm range of least PAR 

(Kopsell et al., 2014). Results of the present study were obtained with amber (590 nm) light in 

various fractions supplementary to red and blue components, indicating that this portion of the 

light spectrum did not generally benefit the accumulation of glucoerucin in the majority of 

microgreens, but rather decreased the amount. This highlights the importance of studying green 

light as its effects under a broad range (500-600 nm) have been reported with many contrasting 

results on plant growth (Kamal et al., 2020; Samuolienė, Giedrė et al., 2013; Brazaitytė, Viršilė, 

Samuoliene, J, Sakalauskienė, Sirtautas, Novickovas, et al., 2016). 



 

 

163 

 

Gluconapoleiferin 5 was the only GLS that was detected only in B. rapa microgreens grown under 

rbaLED (Table 6.1). Gluconapoleiferin was significantly decreased in MR (5.1-50.8%) and PC 

(6.4-66.3%), and only increased in MO (1-24.9%) (Table 6.4). Compared to other classes of GLS, 

aliphatics such as gluconapoleiferin in rutabaga (B. napus) was not significantly changed by 

spectral qualities (FL, FR, RL and BL) or photoperiod which indicates that the response of this 

GLS under LED was species-specific (Mølmann, Hansen & Johansen, 2020). 

The accumulation of glucoalyssin 6 under rbaLED was specific to B. rapa and R. sativus. 

Glucoalyassin was significantly decreased in B. rapa (MO, 2.3-13.4%; MR, 9.5-41.8%; PC, 19.6-

32.1%) and increased in R. sativus (RO, 29.3-53.4%; RR, 8.3-60%) (Table 6.4). Interestingly, 

glucoalyssin was not detected in control (T1) microgreens of B. juncea (MB and MG) while certain 

treatments slightly increased its content. Higher fractions of blue LED clearly accumulate 

glucoalyssin, which agree with a recent study reporting higher contents of glucoalyssin in B. napus 

sprouts under monochromatic LED of WL or BL compared to monochromatic RL and RBL (Park 

et al., 2019). Glucoalyssin concentration was greatest in the lateral bud (leaves) of B. juncea (baby 

mustard) and was undetected in other parts, which could partly explain the higher density of 

phytochemicals of leafy microgreens by weight compared to their mature counterparts (Sun et al., 

2018; Zou et al., 2021). In most cases, GLS composition is typically uniform in the same species; 

however, variation in profiles under LED is common and is evident in B. juncea sprouts whose 

overall GLS content was decreased following two weeks of exposure, regardless of the spectral 

treatment used (Park et al., 2020). 
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6.3.4 Indole and Aromatic GLS 

Indole GLS were significantly decreased across most microgreens under rbaLED. Total contents 

of indoles (16943-49093 μg/g) were higher than aliphatic (837-24924 μg/g) and aromatic (10853 

μg/g) GLS (Table 6.1). Glucobrassicin 10 was overall significantly decreased in MB (4.5-31.4%), 

MG (3.2-50%), MSF (5.7-37.9%), MO (1.7-37.4), MR (6.9-56%), PC (1.7-29.8%) and RR (6-

27.5%), and increased in RO (12.6-82.8%) only (Table  6.4). Independent of the species-specific 

responses under light, it is not uncommon to have indole, aromatic and total GLS contents increase 

200-300% under combined green, red and blue LED compared to FL/incandescent light, especially 

in Brassica vegetables (Sams, Kopsell & Morrow, 2013). Glucobrassicin in B. rapa (mustard, choy 

sum) was not significantly changed under different spectral qualities (red, blue, red/blue and white) 

or light intensity; however, a significant interaction between the light and stage of growth was 

observed (Tan et al., 2020). Interestingly, mean concentration of glucobrassicin under rbaLED was 

highest in R. sativus (1425.6 μg/g) compared to B. rapa (770.5 μg/g) and B. juncea (324.7 μg/g) 

(Table 6.1), while its total concentration was the highest among indole GLS. Indole-3-carbinol is 

a breakdown product of glucobrassicin and is shown to modulate certain cancers in situ and 

inflammation in animal models (Katz, Nisani & Chamovitz, 2018; Busbee, Nagarkatti & 

Nagarkatti, 2015). This highlights the importance of narrowband LED for improving contents of 

health-promoting compounds at different stages of growth and for maximizing the accumulation 

of indole GLS. 

The accumulation of 4-methoxyglucobrassicin 12 was mixed under rbaLED and was significantly 

increased in MG (2.4-43.4%), MSF (8.7-25.8%) and MO (0.8-3.5%), decreased in MB (0.3-

25.1%), MR (14.6-32.5%), RO (28.1-34%) and RR (0.9-22%) (Table 6.3). Other studies observed 
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a significant increase of 4-methoxyglucobrassicin in B. napus grown under monochromatic red or 

blue LED compared to combined red, blue and white LED, with the highest increase observed 

under red LED (Park et al., 2019). However, the increase of 4-methoxyglucobrassicin in B. juncea 

appears to peak following 2 weeks of red LED exposure (Park et al., 2020). B. juncea microgreens 

contained, on average, the lowest content (198.8 μg/g D.W.) of 4-methoxyglucobrassicin 

compared to the rest of the microgreens (B. rapa: 293.4 μg/g D.W.; R. sativus: 320.7 μg/g D.W.) 

(Table 6.1). From the aforementioned studies and current study, photoperiod becomes significantly 

important for modulating key GLS in the microgreens (Chen et al., 2021). 

4-Hydroxyglucobrassicin 8 was significantly decreased in all microgreens (MB, 7.5-50.5%; MSF, 

6.1-25.4%; MO, 1-44.3%; MR, 10.9-63.2%; PC, 8.4-48.3%; RR, 3.8-14.2%) except in MG and 

RO, which was significantly increased by 2.1-17.4% and 7.9-34.6%, respectively (Table 6.3). 4-

Hydroxyglucobrassicin was also found to reach the highest level after one week of red LED 

exposure in B. juncea, and decreased when further exposed (Park et al., 2020). In B. napus shoots, 

it was not significantly affected by different LED (Park et al., 2019; Tan et al., 2020). B. rapa 

microgreens in the current study contained, on average, the lowest content (181.2 μg/g D.W.) of 

4-hydroxyglucobrassicin compared to the rest of the microgreens (B. juncea: 243.2 μg/g D.W.; R. 

sativus: 495.6 μg/g) (Table 6.1). 

For neoglucobrassicin 13, a negative response was observed  in the rbaLED system resulting in 

the significant decrease in MG (0.4-34.1%), MSF (3.5-43.5%), MR (1.6-43.2%) and RO (68.1%), 

but significantly increased in MB (9.3-105.8%) and MO (5.1-28.1%) (Table 6.3). 

Neoglucobrassicin was not found in RR microgreens in the control group; however, it was 

accumulated under T3 and T7, albeit at low concentrations. Others have noted a high content of 
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neoglucobrassicin in shoot tissues of  B. oleracea (broccoli) under 20% blue/80% red LED 

treatment, and significantly lower under FL/incandescent light and 20% blue/70% red/10% green 

LED (Kopsell et al., 2014). Neoglucobrassicin in B. napus (canola) sprouts grown under red or 

blue LED was not significantly different from one another; however, contents were significantly 

higher than sprouts grown under white LED or combined red and blue LED (Park et al., 2019). It 

is apparent that regulation of neoglucobrassicin synthesis by LED is species-specific; however, the 

microgreens in the current study do not seem to follow a similar trend as the literature and no 

general conclusions can be made on this GLS under the lighting. The MYB transcription factors 

in Brassica vegetables are maintained during GLS biosynthesis and are divided into 2 groups, those 

that control high aliphatic GLS and others controlling high indole GLS (Chun, J. H. et al., 2018). 

Thus, these transcription factors can be controlled by LED to modulate levels of certain GLS of 

interest. Since plants generally respond to environmental stresses such as light, the concentrations 

of these health-promoting components can be increased to serve as a defense response. The genes 

controlling the formation of the GLS would be the logical approach to challenge for the 

development of species-specific LED systems and for tailored-compound synthesis in future 

studies. 

Gluconasturtiin 11 was the predominate aromatic GLS detected in the microgreens and was  

significantly decreased in most microgreens (MB, 32.1-44.4%; MG, 10.2-39.9%; MSF, 11.9-

37.2%; MO, 16.1-44%; MR, 2.3-70.1%; PC, 14.1-52.2%; RO, 5.6-50%), except in RR where 

gluconasturtiin was accumulated and detected under all treatments but the control group (Table 

6.3). Overall, R. sativus microgreens had the lowest mean concentration of gluconasturtiin (1.6 

μg/g) under rbaLED compared to B. rapa (320.1 μg/g) and B. juncea (131.2 μg/g) (Table 6.1). 
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Gluconasturtiin in B. juncea was highest under two weeks of blue LED exposure; however, 

gluconasturtiin in B. napus not significantly affected (Park et al., 2019). Broccoli microgreens 

exposed to 100% blue LED five-days before harvest significantly increased gluconasturtiin which 

indicates the importance of spectral quality and photoperiod on this compound that is shown to be 

health-promoting by inducing oxidative damage to human cancer cells (Soundararajan & Kim, 

2018; Kopsell et al., 2014). From the available literature data on gluconasturtiin response to LED 

in Brassica vegetables, photoperiod is equally important and should be closely examined to 

optimize conditions. 

6.4 Conclusion 

Results from this study demonstrated that amber LED in combination with blue and red lights 

contributed to the altered GLS profile and increase and/or decrease in quantity of certain GLS, 

particularly the aliphatic GLS. The effects of rbaLED was species-specific among the eight 

Brassica microgreens tested, which suggests that the development of microgreens with high 

concentrations of GLS using the LED technology may be multi-faceted. In addition to species-

specific responses, spectral qualities played a large role in the profile and quantity of the GLS 

detected. Under rbaLED overall, R. sativus (RR and RO) and MG microgreens contained the 

highest profile of GLS while PC, MG and RR the lowest. Key features among the detected GLS 

include sinigrin, which was increased in most microgreens under rbaLED lighting; glucoalyssin, 

uniquely increasing in R. sativus and decreasing in B. rapa; and glucobrassicin uniquely decreasing 

in B. rapa and B. juncea. Gluconasturtiin was decreased in most microgreens under rbaLED and 

was the least concentrated GLS in R. sativus. 
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The utilization of LED technology in controlled environments for vegetable production in is an 

emerging field of modern farming, thus further investigation is warranted under novel and/or 

underutilized wavelengths and intensities to produce highly nutritious microgreen vegetables 

across a broad spectrum. Depending on consumer preference, the LED technology may also be 

used in lowering unwanted bitterness of certain microgreen vegetables. The literature is very 

limited on the effects of LED light on gene expression in the biosynthetic pathways and only a few 

to date have been studied in microgreens. Also, to understand the molecular mechanisms of light-

regulated GLS biosynthesis, studies must consider the level of co-expression with sulphate 

assimilation since sulfur is essential for the primary and secondary metabolism of the plant as well 

as a donor for cysteine and methionine precursors (Huseby et al., 2013). Genes controlling 

enzymes in the biosynthetic pathway and their modulatory response under LED, for example, 

would provide a more logical understanding of individual compound synthesis. 
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7 CHAPTER 7: PROFILING OF PHYTOCHEMICAL 

ANTIOXIDANTS IN MICROGREENS GROWN UNDER UV-A 

AT 325, 340, 365 AND 385 NM SUPPLEMENTARY TO 

WHITE LIGHT IN CONTROLLED ENVIRONMENTS 

Submitted to JAFC – August 23rd 2021 

7.1 Introduction 

There is growing global demand for fresh and high-quality vegetables in response to data from 

epidemiological studies that emphasize the correlation between their regular dietary consumption 

and a lower incidence of chronic disease (Boeing et al., 2012; Hung et al., 2004; Oyebode et al., 

2014; Aune et al., 2017; Key, 2011). While plant breeding has allowed the commercialization of 

many vegetable varieties grown with various nutritional profiles, the demand for higher quality 

alternatives such as microgreens with additional benefits and flavor has increased in recent years. 

The current development of CEA systems like vertical farms, plant factories, greenhouses and 

growth chambers provide the unique ability to optimize conditions for photosynthetic productivity. 

LED are ubiquitous in CEA as a supplementary or sole-lighting source because of the ability to 

control various parameters like luminosity and wavelength while providing minimal heat load 

(Hao et al., 2018). Overall, LED reduce energy requirements and production costs. LED 

technology is continuously improving to ensure strict control of vegetable production under 

defined wavelengths (PAR, FR, UV), intensities and other factors (Brazaitytė, A. et al., 2015). 

Using narrow-band wavelengths for individual species requirements in CEA can improve the 

overall metabolic processes in vegetable plants which could potentially enhance antioxidant-rich 

PSM production (Alrifai et al., 2019).  
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Nowadays LED chips are custom-engineered, and even the use of UV semi-conductors are gaining 

momentum in CEA. The rather slow development of UV LED is owed to their high upfront costs 

in development and the overall lower photon output compared to the PAR LED or traditional HPS 

light (Brazaitytė et al., 2019). The UV-A (315-400 nm) portion of UV-light is one of three 

components of solar radiation evoking beneficial and inhibitory responses in plants (Verdaguer et 

al., 2017). In many cases, UV-A LED are probed for efficacy in modulating plant metabolic 

process and growth; some studies in vegetable crops observed an increase in TPC, TAC plant 

growth and antioxidant activity (Brazaitytė, A. et al., 2015; Brazaitytė et al., 2019; Li & Kubota, 

2009; Samuolienė, G. et al., 2013; Rechner, Ole et al., 2017; Vaštakaitė-Kairienė et al., 2016; 

Zhou, Bo et al., 2007; Samuoliene et al., 2020; Lee, Oh & Son, 2019). Recent reports have 

described the effect of UV-A on certain groups of phytochemicals, namely flavonoids, with an 

urgent need to expand on the current knowledge of UV lighting beyond the PAR (Verdaguer et 

al., 2017; Hasan, Md Mohidul et al., 2017). The impact of various UV-A LED wavebands emitted 

by LED has not been studied, especially since UV-induced responses are compound- and species-

specific (Brazaitytė et al., 2019).  

The development of dose-response curves and accurate action spectra for UV-A is lacking for 

plants, creating the need to investigate spectral weighted functions within this range and their 

impact on antioxidant-related compounds (Verdaguer et al., 2017). This study aims to investigate 

the effect of various UV-A LED (325, 340, 365, 385 nm) supplementary to background WL on 

phytochemical (phenolic, carotenoid, GLS) accumulation in four microgreens of Brassica. To the 

best of our knowledge, there are no studies examining the effect of these four unique emission 

wavelengths of UV-A with background white light in microgreens. Additionally, analysis of genes 
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corresponding to the biosynthesis of specific compounds under UV-A has not been studied, thus 

new metabolomic and transcriptomic data will be obtained. 

7.2 Materials and Methods 

7.2.1 Chemical reagents and standards 

C3G was purchased from Indofine (Bell Mead, NJ, USA). AA, β-carotene, zeaxanthin, fluorescein, 

catechin, gallic acid, TPTZ, 2,2’-azobis-(2-methylpropionamidine) dihydrochloride (AAPH), FC 

reagent, Trolox, aluminum chloride hexahydrate (AlCl3•6H2O)  and DPPH were purchased from 

Sigma (St. Louis, MO, USA). Ferric chloride hexahydrate (FeCl3•6H2O), sodium acetate, sodium 

hydroxide (NaOH), sodium nitrate (NaNO2), sodium carbonate (Na2CO3), sodium phosphate 

monobasic (NaH2PO3), sodium phosphate dibasic (Na2HPO3), potassium chloride, and HPLC 

grade solvents, THF, MeOH, EtOH, acetone, glacial acetic acid, formic acid, and HCl were 

purchased from Caledon Laboratories (Georgetown, ON, Canada). Deionized water was obtained 

in-house from a Thermo Scientific Barnstead Nanopure ultrapure water purification system 

(Ottawa, ON, Canada). All chemical reagents used were of analytical grade. 

7.2.2 Lighting treatments in the chambers 

Each growth chamber (PGW40; Conviron, Winnipeg, MB, Canada) was divided by a light 

impervious wooden barrier coated with highly reflective material, providing four growth spaces 

with 1.93 m2 of growing space. The barrier contained a small gap at the top and bottom allowing 

adequate air flow. Background light was provided by one dimmable Flexstar 645 white LED 

fixture in each growth space providing WL (Flexstar; Los Angeles, California, USA; Figure 7.1).  
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Figure 7.1. Photon flux density (µmol m-2 s-1) of the white background 

LED (400-780 nm). Spectral measurement was taken using a LI-180 

spectrometer (Li-COR Biosciences; Lincoln, Nebraska, USA) at plant 

height. 
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Light intensity measurements were  taken using an LI-COR ideal quantum sensor (LI-190R 

quantum sensor, LI-COR Biosciences, Lincoln, NE, USA) at 5 different locations within each 

treatment and overall photosynthetic PPF with an average of 166 ± 6 µmol m-2 s-1 of WL supplying 

a DLI of approximately 9.6 mol m-2 d-1. Supplemental lighting was provided by custom made UV 

lighting fixtures with peak emission of 325nm, 340nm, 365nm, and 385nm respectively 

(Yunustech Inc.; Brampton, Ontario, Canada; Figure 7.2). UV light measurements were performed 

with an OL series 750 double scanning monochromator automated spectroradiometer with an OL 

740-70 integrating sphere diffuse reflectance attachment (OL-750; Gooch & Housego; Ilminster, 

United Kingdom) and were performed when the background WL was off. All light measurements 

during growth were taken at plant height. Light intensity (LI; µmol m-2 s-1) of the supplemental 

UV light treatments were then calculated based on the sum of light intensities using the following 

equation: 

Equation 1:    𝐿𝐼 = ∑
(𝑟𝑛𝑚 𝐸𝑛𝑚⁄ )

(
𝐴∗10−6

𝜆
)

𝑥
𝑦  

Where rnm is the reading from the OL-750 in W∙m-2 at each nm, Enm is the photon energy of each 

wavelength calculated by multiplying Planck’s Constant (h) by the speed of light (c) then dividing 

it by the wavelength (𝜆; Enm = hc/𝜆), A is Avogadro’s number, and 𝜆 is the wavelength. Further, x 

and y are the range of wavelengths at which 10% or more of peak photon emission is still detected. 

This range was used to consider the intrinsic emission bandwidth characteristics of each UV diode. 

The average light intensity between all UV supplemental light treatments was 10.7 ± 0.8 µmol m-

2 s-1. 
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Figure 7.2. Photon flux density (PFD) of each supplemental UV 

lighting treatment represented as a percentage of peak wavelength 

emission which were calculated using Equation 1. Spectral 

measurements were taken at plant height without background radiation 

with an OL series 750 double scanning monochromator automated 

spectroradiometer with an OL 740-70 integrating sphere diffuse 

reflectance attachment (OL-750; Gooch & Housego; Ilminster, United 

Kingdom). 
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7.2.3 Plant growth materials and parameters 

Four varieties of Brassica microgreens: B. rapa: mizuna organic (MO) and pac choi (PC) red Pac; 

B. juncea: mustard Scarlet Frills (MSF); and R. sativus: radish red Rambo/organic (RR/RO) were 

grown at the Harrow Research & Development Centre, Agriculture and Agri-Food Canada 

(Harrow, Ontario, Canada). Seeds of microgreens were purchased from Johnny’s Selected Seeds 

(Winslow, ME, USA). Three seeds of MO, PC, and MS and 2 seeds of RR were sown in each pot 

of separate plastic trays (1 × 1 × 2 cm) and filled with 100% ASB Greenworld Grower Mix (ASB 

Greenworld Ltd., Mount Elgin, ON, Canada) which guarantees 0.09% of available total Nitrogen, 

0.06% of available Phosphate and 0.10% of available Potash (P2O5) for germination. Four trays of 

each microgreen were sown for a total of 16 trays. Trays were then placed on racks in a germinating 

room (24°C; 90% relative humidity (RH); 16 h photoperiod). Once germinated (approximately 2-

3 days) 1 tray of each microgreen was placed into each treatment with the following environmental 

parameters: temperature = 22 °C during the day; 18 °C during the night; RH = 70%; photoperiod 

= 16 h. Trays were rotated within each chamber to reduce chamber bias and bottom irrigated 3 

times every week. Microgreens were harvested 32 DAS at their base and were placed in plastic 

bags in −80 °C overnight. The frozen samples were freeze-dried in a bulk tray freeze dryer 

(Labconco Corporation, Kansas City, USA) for three days, and subsequently the freeze-dried 

samples were finely ground using a stainless-steel coffee grinder (Black & Decker SmartGrind, 

model CBG100SC) for approximately 45 seconds and stored in plastic bags in -20 °C until 

analysis. Microgreens were grown twice successively.  
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7.2.4 Sample extraction 

Freeze-dried powder of microgreens from two trials were extracted in triplicate using a slightly 

modified version of our published protocol for hydrophilic extraction (Alrifai et al., 2020). Freeze-

dried powder (200 mg) was weighed and transferred into a 15 mL tube containing 5 mL of 0.1% 

formic acid (v/v) in 80% MeOH for hydrophilic compounds. Tubes were ultrasonicated in a room 

temperature water bath for 15 minutes prior to shaking (Roto-shake Genie, Scientific Industries 

Inc., USA) for 4 h at 400 rpm at room temperature, and then centrifuged at 1600 g for 5 min before 

the supernatant of each sample was transferred to a clean 15 mL tube. The suspended pellet was 

re-extracted with the same solvent twice more with 3 mL for 2 h and another with 2 mL for 1 h 

with centrifugation at the end of each step. The supernatants of each sample were pooled, filtered 

through a 0.45 µm syringe filter and analyzed by LC-HRMS/MS. 

Freeze-dried powder of microgreens from two trials were extracted in triplicate under a similar 

protocol to our previously published paper for lipophilic extraction (Alrifai, Oday et al., 2021). 

Briefly, 200 mg of freeze-dried powder was transferred into a 15 mL tube with 5 mL of 50:50 

acetone: EtOH (v/v) for lipophilic compounds. Tubes were ultrasonicated in a water bath for 15 

min and placed on a rotary shaker in room temperature for 4 h at 400 rpm. Samples were 

centrifuged at 1600 g for 5 min prior to collection of the supernatant in a clean 15 mL tube. The 

pellet was re-extracted twice with the same solvent, once with 3 mL for 2 h followed by 2 mL for 

1 h with centrifugation at the end of each step. The supernatants of each sample were pooled, 

filtered through a 0.45 µm syringe filter and analyzed by HPLC-DAD. 
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7.2.5 Phytochemical and antioxidant activity  

TPC, TFC, TAC, TCC, DPPH and FRAP were measured according to the methods found in our 

previous reports (Alrifai et al., 2020; Alrifai, Oday et al., 2021) or sections 3.3, 3.4 and 4.2.5. 

Triplicate measurements were taken for each growth cycle for a total of six technical repeats.  

7.2.6 Identification of carotenoids by HPLC-DAD 

Carotenoids were analyzed using a similar method to our previously published report (or section 

4.2.6) using an Agilent 1260 series HPLC system (Agilent, Waldbronn, Germany) equipped with 

a model G1329A auto sampler, a model G1322A degasser, a model G1311A quaternary solvent 

delivery system and a model G1315B diode-array detector and were separated on a Kinetex XB-

C18 column (100 x 4.60 mm, 2.6 μm, Phenomenex Inc., Torrance, CA) (Alrifai, Oday et al., 2021). 

Analysis was performed using ChemStation software. The column was equilibrated with mobile 

phase A (MeOH:H2O = 80:20, v/v). Carotenoids were eluted using the following gradient: 0-60% 

B (MeOH:THF = 90:10, v/v), 0-2 min; 60–100% B, 2-5 min; 100% B, 5–18 min at an injection 

volume of 5 μL and flow rate of 0.7 mL/min. Peaks were monitored at 450 nm. Carotenoids were 

identified by comparing RT and UV/vis absorption spectra to authentic standards and quantified 

using the calibration curves generated with specific compounds (0.156 - 5 µg/L, r2>0.99).  For 

carotenoids without standards (α-carotene, neoxanthin and violaxanthin), they were tentatively 

identified by matching with available literature data in UV/Vis absorption pattern, RT and eluting 

order. Pure zeaxanthin standard (for xanthophylls neoxanthin and violaxanthin) and β-carotene 

(for α-carotene) was used for quantification (Tee & Lim, 1991; Müller, 1997; Van Vliet et al., 

1991; Dias et al., 2010; Lakshminarayana et al., 2005; O'Neil & Schwartz, 1992). 
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7.2.7 Identification of phenolics by LC-HRMS/MS 

Phenolics were analyzed under a slightly modified method from our previously published report 

(or section 5.2.2) (Alrifai, O. et al., 2021). An untargeted approach to profiling combining full MS 

and MS/MS methods was used to obtain reliable peak area and fragmentation data in one run. 

Pooled quality control (QC) samples for each replicate/treatment/microgreen were created by 

combining 100 µL of each sample for a total of 800 µL. Samples were randomized before analysis; 

QC samples were periodically inserted into sequence and analyzed in DDMS2 mode (Top N=15) 

with NCE set at 30. Analysis was carried out in negative ionization mode to ionize polyphenolic 

analytes in acidified solvent. LC-HRMS/MS analysis was performed using a Thermo® Scientific 

Q-Exactive™ Orbitrap mass spectrometer equipped with a Vanquish™ Flex Binary UPLC System 

(Waltham, MA, USA).  Data were acquired using Thermo Scientific™ Xcalibur™ 4.2 software 

and Thermo Scientific™ Standard Integration Software. The chromatographic separation was 

performed on a Kinetex XB-C18 100A HPLC column (100 x 4.6 mm, 2.6 µm, Phenomenex Inc., 

Torrance, CA, USA).  The binary mobile phase consisted of solvent A (99.9% H2O/ 0.1% formic 

acid) and solvent B (94.9% MeOH/ 5% ACN/ 0.1% formic acid).  The following solvent gradient 

was used: 0 – 5 min, 0% to 12% B; 5 – 15 min, 12% to 23% B; 15 – 30 min, 23% to 50% B; 30 - 

40 min, 50% to 80% B; 40 – 42 min, 80% to 100% B; 42 – 45 min, 100% B; 45 – 46 min, 100% 

to 0% B; 46 – 52 min, 0% B.  The column compartment temperature was held at 40°C, the flow 

rate was set at 0.700 mL/min and the injection volume was 1 µL for all sample extracts, and either 

1 or 5 µL for the QC samples. Peaks were monitored at 280, 320, 360 and 520 nm. MS data was 

collected in negative ionization mode (spray voltage = 2.8kV) with scan range set to 140-1500 

m/z. Data was visualized and analyzed using Thermo FreeStyle™ 1.6 software. Three phenolic 
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standards of pure Qn, Km and Iso were serial diluted to a linear standard curve and were used to 

quantify other structurally similar phenolics. The quantified phenolics were expressed as Qn, Km 

or Iso equivalents per gram dry weight. All compounds were identified with matching the retention 

time and MS fragmentation with the literature data.   

7.2.8 Statistical Analysis 

TCC, TPC, TFC, TAC, DPPH, FRAP, individual phenolics, carotenoids  and GLS were expressed 

as mean ± SD of six replicates and statistical significance was set to p<0.05. One-way ANOVA 

followed by Tukey’s HSD test was used to determine significance between the four UV-A LED 

treatments (p<0.05) using IBM SPSS® software for Windows version 25.0 (IBM corporation, 

Armonk, NY, USA). Pearson correlation tests were interpreted according to the guide Evans 

(1996) suggested. According to the empirical classification, the correlation strength can be 

interpreted using absolute values of Pearson correlation, where ‘r’ less than 0.20 is very weak, 0.20 

– 0.39 is weak, 0.40 – 0.59 is moderate, 0.60 – 0.79 is strong and 0.80 or greater is very strong 

correlation (Evans, 1996).  

7.3 Effect of UV-A on total phytochemical content of microgreens 

Phytochemical contents (D.W.) of TPC, TFC, TAC and TCC of the studied microgreens were 

between 51.4 – 123.1 mg GAE/g, 7.4 – 24.5 mg CE/g, 5.39 – 10.0 mg C3GE/g and 84.1 – 231.4 

mg BCE/g, respectively (Figure 7.3). Antioxidant activities measured by FRAP and DPPH were 

between 76.2 – 222.3 µmol AAE/g and 13.1 – 40.9 µmol TE/g DW, respectively. Contents for 

phytochemicals and antioxidant activities were comparable to those found in the literature 

(Kyriacou, El-Nakhel, Graziani, et al., 2019; Brazaitytė, Aušra et al., 2015). The effect of UV-A 

under 4 different wavelengths altered the accumulation of total and individual phenolics and  
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Figure 7.3. Total phenolic content (TPC), total flavonoid content (TFC), total anthocyanin content 

(TAC), total carotenoid content (TCC), 2,2-diphenyl-1-picrylhydrazyl (DPPH) and ferric reducing 

antioxidant power (FRAP) in the microgreens. Values are expressed as mean ± SD (n = 6).  Values 

with the same letter in each group are not significantly different (p<0.05). 
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carotenoids in the microgreens, and the responses were largely dominated by the spectral outputs 

compared to species-specific response. Although no control treatment was used in the current 

study, only treatments that were significantly different from one another will be compared and 

discussed.  

TPC varied in the four microgreens under UV-A illumination (Figure 7.3). TPC was not 

significantly different under the 4 treatments in MO, while PC was significantly higher under 385 

nm compared to 340 nm. TPC in MS and RR microgreens were also significantly higher under 

325 nm and 365 nm compared to 340 nm, respectively. A very strong positive correlation between 

TPC and overall UV-A lighting in MS (r = 0.89) and RR (r = 0.87) was observed, and a very strong 

inverse correlation (r = -0.86) in MO. TPC in B. juncea mustard microgreens were significantly 

increased under supplemental UV-A (366, 390 and 402 nm) in a study comparing the effects of 

BL, RL, deep-RL and FRL LED (Brazaitytė et al., 2019). No control was used in the study; 

however, it was observed that B. juncea microgreens was highly sensitive to small degrees of UV-

A emission change, and that intensity effects are equally important for the accumulation of TPC. 

Another study found vegetables of B. oleracea illuminated under UV-A of 370 nm and 385 nm 

for 5 days significantly increased TPC by 25% and 42%, respectively (Lee, Oh & Son, 2019).  

Based on the response to the UV-A lighting, B. juncea microgreens showed a contrasting response 

which resulted in the highest TPC under the shortest wavelength (325 nm) (Figure 7.3). It could 

be that high-energy exposure resulted in the increase of phenolics, particularly the flavonoids or 

other phenolic acids, which absorb shorter wavelengths for photo-protection (Julkunen-Tiitto et 

al., 2015). Under all UV-A treatments, the sum of TPC was highest in RR, followed by PC, MS 

and lowest in MO. The overall data in the microgreens indicated 340 nm was overall unbeneficial 
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for accumulating TPC compared to 385 nm, 325 nm and 365 nm, and the responses were largely 

specific to the UV-A treatment. 

TFC was significantly different among the microgreens under UV-A (Figure 7.3). TFC was 

significantly higher under 365 nm in MO and PC compared to 325 nm and 385 nm, respectively. 

A strong and moderate positive correlation between TFC and the lighting in MO (r = 0.67) and PC 

(r = 0.52) was observed, respectively. Short-wave UV-A (325 nm) accumulated the highest TFC 

in MS compared to 365 nm, while RR grown under long-wave UV-A (385 nm) produced the 

highest TFC compared to 340 nm. In most cases UV radiation is known shown to enhance TFC in 

B. napus grown under white LED with broad spectrum UV-FL lamps, and varying light intensities 

did not have any significant effect (Son, Ide & Goto, 2020). A very strong inverse correlation in 

MS (r = -0.94) and a strong positive correlation in RR (r = 0.68) was observed between TFC and 

overall lighting indicating a dominating species-response.  

Although MS grown under 340 nm was significantly lower compared to other wavelengths, the 

only positive correlation between groups of phytochemicals (i.e. TPC and TFC) occurred under 

340 nm (r = 0.42, moderate). Additionally, TPC and sub-group TFC in MSF were significantly 

higher; however, correlation analysis showed a weak negative correlation between TPC and TFC 

under 325 nm. From these observations under all UV-A treatments, the sum of TFC in the 

microgreens followed the same order as TPC above. The current data on TFC indicated a strong 

species-specific response under UV-A light. TFC was similarly increased in other leafy greens like 

L. sativa grown under red and white LED with supplementary UV-A (380 nm, PPF: 10 µmol m−2 

s−1); however the effects were different between two cultivars (He et al., 2021). Although we did 
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not use red light in the study, our use of white LED with supplementary UV-A was clearly 

sufficient for accumulating TFC under various wavelengths. 

Among the groups of phytochemicals, TAC was the least modulated under UV-A (Figure 7.3). 

Only 325 nm significantly increased TAC compared to 385 nm in PC. TAC was highest under 

overall lighting in PC compared to all other microgreens. Although there were no significant 

changes (MO) or differences (MS and RR) observed, the highest TAC was accumulated under 325 

nm. A very strong positive correlation between TPC and TAC was measured under 325 nm in RR 

(r = 0.84) only, and between TPC and TAC in PC (r = 1.00) and RR (r = 0.95) under 385 nm. One 

study found higher accumulation of TAC under sole UV-A and supplementary UV-A to other 

PAR components in B. rapa, a similar observation found in the current PC microgreens; however 

co-irradiation of red or far-red with UV-A did not affect the extent of UV-A induced anthocyanin 

accumulation and likely inhibited chalcone synthase activity (Zhou, Bo et al., 2007). Studies 

detailing anthocyanin biosynthesis in controlled environments under UV-A light are limited, 

especially in microgreen vegetables. TAC in B. oleracea (kale) and B. rapa (PC) was significantly 

increased under supplementary BL and UV-A LED wavebands (380 nm, 400 nm, 430 nm, and 

465 nm) in the greenhouse with natural sunlight (Li et al., 2020). In another study, L. sativus grown 

under mixed BL, RL and FRL with supplementary UV-A (365 nm, 10 µmol m−2 s−1) enhanced 

TAC compared to those grown with no UV-A (Chen, Y. et al., 2019). Anthocyanins are photo-

protectants for example, absorbing yellow/green/UV fractions of light and reducing overall PSII 

damage (Chen, Y. et al., 2019).  

TCC was significantly different under varying UV-A treatments (Figure 7.3). The results showed 

that TCC was accumulated the highest in PC and lowest in MO. Among the combined treatments 
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and microgreens, the highest TCC was accumulated under 325 nm followed by 340 nm. Under 

UV-A lighting in MO, the highest TCC was accumulated under 365 nm followed by 385 nm and 

340 nm. TCC in MS microgreens were only significantly changed under 340 nm, which also 

resulted in the lowest TCC. Little to no studies report on the TCC of microgreens grown in 

controlled environments under UV-A LED, thus comparisons cannot accurately be made. TCC in 

RR microgreens were not significantly different under the UV-A lighting. Shorter UV wavelengths 

are generally photo-oxidizing to plant tissue; thus a set of cell-specific compounds are modulated 

for protection against the formation of such ROS. Carotenoids are the primary quenchers of 

electronically excited molecular oxygen and absorbers of radiation energy from other 

photosensitizers due to their triplet energies being close or below that of singlet O2 (Madani, 

Mirshekari & Imahori, 2019). Interestingly, all microgreens except for RR had significantly lower 

TCC under 340nm, which is indicative of a dominating species-response under this lighting for 

the other B. rapa and B. juncea microgreens in the current study. Supplemental UV-A accumulated 

higher TCC in tomato fruits compared to UV-B or combined UV-A and UV-B. Although fruit 

development is slightly different than vegetable, these greenhouse vegetables are clearly benefitted 

under UV-A light (Lee et al., 2021). 

The FRAP was significantly different under the UV-A treatments in all microgreens, except no 

change in MO (Figure 7.3). FRAP was highest in RR, followed by PC, MS and MO. FRAP was 

significantly different in PC under all treatments which resulted in the highest activity under 325 

nm followed by 385 nm, 365 nm and 340 nm. FRAP was significantly higher under 325 nm 

compared to 385 nm in MS and 365 nm in RR. Interestingly all microgreens had significantly 

higher FRAP under 325 nm, except for MO, which is an indication of a strong species-specific 
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response under high-energy short-wave UV-A. Baby leaves of kale and PC grown under UV-A 

(380 nm 400 nm) had significantly lower FRAP compared to those grown under 430 nm and 465 

nm, suggesting that shorter wavelengths of light may not necessarily increase the total pool of 

antioxidants in these species under these photo-oxidizing conditions (Li et al., 2020).   

Compared to FRAP, DPPH was significantly modulated under UV-A; however, to a lesser extent 

overall (Figure 7.3). DPPH was not significantly changed under the lighting treatments in MO, an 

observation similar to the FRAP. DPPH was only significantly changed under 365 nm in MS and 

325 nm in RR, while significantly higher under 340 nm compared to 385 nm in PC. One study 

found purple-leaf basil grown under HPS with supplementary UV-A (390 nm, total PPF was ~125 

μmol m-2 s-1) inhibited ABTS activity compared to sole-HPS lighting. Contrasting results were 

seen in green-leaf basil under UV-A which resulted in the significant increase of anti-oxidant 

activity following 1 or 7 days of exposure (Vaštakaitė-Kairienė et al., 2016). These results clearly 

indicate the species-specific responses to certain qualities of light. 

7.4 Effect of UV-A on individual phenolic, carotenoid and GLS components 

7.4.1 Carotenoids 

Contents (D.W.) of β-carotene, α-carotene, lutein, neoxanthin and violaxanthin in the microgreens 

were between 0.6 – 0.94 µg, 0.65 - 0.79 µg BCE/g, 0.72 - 1.59 µg/g, 0.47 - 0.52 µg ZE/g, 0.49-

0.62 µg ZE/g (Table 7.1). Representative chromatograms of the carotenoids of interest in MO and 

PC are presented in Figure 7.4. Generally, the spectral effects of four wavelengths of UV-A did 

not significantly change the concentration of all quantifiable individual carotenoid components in 

MO; however, only a few carotenoids in MS, PC and RR were significantly different under UV-

A (Table 7.1). β-Carotene in MS and RR, α-carotene in MS, PC and RR, lutein in MS, neoxanthin 
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in MS, PC and RR and violaxanthin in MS, PC and RR were not significantly different under the 

4 UV-A LED treatments. Interestingly, β-carotene in PC was only significantly different under 

340 nm compared to other treatments. The highest lutein in PC was accumulated under 340 nm 

compared to 325 nm, while only significantly changed under 385 nm in RR compared to other 

treatments. One study reported an increase of lutein and β-carotene in B. juncea under short (366 

nm) and long (390 nm) UV-A, an observation similar to the current B. juncea microgreens of MS 

with the highest lutein and β-carotene accumulating under the shortest UV-A only (325 nm) (Table 

7.1) (Brazaitytė et al., 2019). Nevertheless, short-wave UV-A clearly modulated lutein and β-

carotene biosynthesis in this species. Located in the chloroplasts, the light-harvesting xanthophyll 

pigments like zeaxanthin, violaxanthin and neoxanthin modulate photooxidative stressors involved 

in the formation of ROS (Latowski, Kuczyńska & Strzałka, 2011). Xanthophylls are largely 

controlled by blue/UV-A/UV-B photoreceptors and their protective function is evident by their 

accumulation under the shortest UV-A (325 nm) in MS, an observation that is in agreement with 

literature findings (Brazaitytė et al., 2019). In a separate study, lutein and neoxanthin were 

increased in B. oleracea sprouts grown under UV-A (320 – 400 nm) compared to UV-B (280 – 

320 nm) (Moreira-Rodríguez et al., 2017). It is clear from the current data and the literature that 

UV-A LED is an excellent supplementary or sole-source lighting for enhancing important 

carotenoids in Brassica. 
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Table 7.1. Contents of individual carotenoids in microgreens of MO, MS, PC and RR grown under 

4 UV-A wavelengths.a 

 

 

 

aValues are µg/g dry weight (D.W.) and expressed as mean ± SD (n = 6). Means with the same 

letter in each group are not significantly different (p<0.05). Contents expressed as b β-carotene and 
c zeaxanthin equivalents/g D.W.

Carotenoid 
λ (nm) of 

UV-A 

Mizuna 

(organic) 

Mustard 

(Scarlett 

Frills) 

Pac choi (red 

Pac) 

Radish (red 

Rambo) 

β-Carotene 

325 0.62 ± 0.01a 0.65 ± 0.01a 0.94 ± 0.01a 0.73 ± 0.03b 

340 0.63 ± 0.01a 0.6 ± 0.01b 0.81 ± 0.03b 0.74 ± 0.03ab 

365 0.63 ± 0.01a 0.64 ± 0.02ab 0.91 ± 0.01a 0.76 ± 0.01ab 

385 0.64 ± 0.01a 0.61 ± 0.002b 0.91 ± 0.01a 0.79 ± 0.01a 

Lutein  

325 0.81 ± 0.06a 0.87 ± 0.02a 1.06 ± 0.03c 0.9 ± 0.01b 

340 0.84 ± 0.02a 0.72 ± 0.05b 1.17 ± 0.03b 0.95 ± 0.02b 

365 0.84 ± 0.02a 0.86 ± 0.07a 1.59 ± 0.01a 0.93 ± 0.03b 

385 0.9 ± 0.05a 0.74 ± 0.02b 1.55 ± 0.05a 1.04 ± 0.04a 

α-Caroteneb  

325 0.67 ± 0.01a 0.69 ± 0.01a 0.77 ± 0.07a 0.66 ± 0.01b 

340 0.68 ± 0.01a 0.65 ± 0.01a 0.74 ± 0.04a 0.66 ± 0.01b 

365 0.68 ± 0.01a 0.66 ± 0.06a 0.77 ± 0.06a 0.68 ± 0.01ab 

385 0.68 ± 0.01a 0.66 ± 0.002a 0.79 ± 0.01a 0.69 ± 0.01a 

Neoxanthinc  

325 0.48 ± 0.01a 0.49 ± 0.01a 0.51 ± 0.02a 0.47 ± 0.004b 

340 0.49 ± 0.004a 0.47 ± 0.01b 0.5 ± 0.01a 0.47 ± 0.01ab 

365 0.48 ± 0.01a 0.48 ± 0.01ab 0.51 ± 0.02a 0.48 ± 0.004ab 

385 0.49 ± 0.01a 0.47 ± 0.003ab 0.52 ± 0.004a 0.5 ± 0.02a 

Violaxanthinc 
 

325 0.5 ± 0.01a 0.52 ± 0.01a 0.6 ± 0.06a 0.49 ± 0.01a 

340 0.51 ± 0.01a 0.49 ± 0.01b 0.56 ± 0.03a 0.49 ± 0.01a 

365 0.5 ± 0.01a 0.51 ± 0.01ab 0.59 ± 0.05a 0.51 ± 0.01a 

385 0.52 ± 0.01a 0.49 ± 0.001b 0.62 ± 0.01a 0.51 ± 0.02a 



 

 

188 

 

 

 

 

 

 

 

Figure 7.4. HPLC-DAD chromatograms of standards and carotenoids in representative B. rapa (mizuna and pac 

choi) grown under different UV-A LED wavelengths of 325, 340, 365 and 385 nm. Standards and samples were 

detected under 450 nm using a UV-vis detector. 
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7.4.2 Glucosinolates 

Thirteen GLS were detected and identified overall in the microgreens. GLS in all microgreens 

studied were significantly changed under UV-A lighting with clear species-specific responses. 

Only GLS with clear significant differences between the treatments are discussed (Table 7.2). 

Overall, GLS in PC microgreens had the strongest affinity to 325/365 nm (Table 7.2). PC grown 

under 325 nm contained the highest gluconasturtiin and aliphatic GLS (glucoerucin, glucoiberin 

and glucoalsyssin) content; microgreens grown under 385 nm resulted in the highest content of 4-

hydroxyglucobrassicin and 4-methoxyglucobrassicin. Additionally, PC grown under 365 nm 

resulted in the lowest gluconastrutiin, glucobrassicin, gluconapin, progoitrin, gluconapoleiferin, 4-

hydroxyglucobrassicin and 4-methoxyglucobrassicin concentrations. Interestingly under 340 nm, 

glucobrassicin, gluconapin, gluconapoleiferin, 4-hydroxyglucobrassicin and 4-

methoxyglucobrassicin were all significantly higher compared to 365 nm. 

GLS in RR microgreens were not significantly changed to the same magnitude as other 

microgreens (Table 7.2). Glucobrassicin, glucoerucin and 4-hydroxyglucobrassicin were 

significantly higher under 340 nm compared to 365 nm. Progoitrin, glucoalyssin and 4-

methoxyglucobrassicin were only significant under 325 nm, 365 nm and 340 nm, respectively, 

compared to other treatments. 

.  
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Table 7.2. Concentration of glucosinolates identified in the four microgreens under four UV-A wavelengths.a 
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MO 

325 
0.55 ± 

0.02a 

6.13 ± 

0.05a 

1.09 ± 

0.01a 

62.61 ± 

1.33a 

9.82 ± 

0.12a 

0.85 ± 

0.01a 

4.54 ± 

0.06a 
ND 

2.18 ± 

0.03a 

0.61 ± 

0.02a 

1.45 ± 

0.01a 

0.4 ± 

0.02ab 

1.35 ± 

0.03b 

340 
0.07 ± 

0.02b 

4.23 ± 

0.19c 

0.88 ± 

0.04b 

50.13 ± 

1.77b 

8.27 ± 

0.35b 

0.78 ± 

0.04a 

3.74 ± 

0.08b 
ND 

1.46 ± 

0.13b 

0.53 ± 

0.07ab 

1.46 ± 

0.06a 

0.43 ± 

0.03a 

1.4 ± 

0.05ab 

365 
0.06 ± 

0.01b 

4.92 ± 

0.08b 

1.03 ± 

0.03ab 

57.87 ± 

0.55a 

9.91 ± 

0.05a 

0.89 ± 

0.01a 

3.82 ± 

0.11b 
ND 

1.58 ± 

0.06b 

0.37 ± 

0.04b 

1.32 ± 

0.02a 

0.44 ± 

0.03a 

1.56 ± 

0.05a 

385 
0.05 ± 

4.0e-4b 

4.4 ± 

0.28bc 

1.06 ± 

0.06a 

50.38 ± 

3.09b 

8.19 ± 

0.55b 

0.8 ± 

0.05a 

3.01 ± 

0.25c 
ND 

1.27 ± 

0.11b 

0.36 ± 

0.06b 

1.12 ± 

0.08b 

0.32 ± 

0.02b 

1.43 ± 

0.08ab 

PC 

325 
7.41 ± 

0.29b 

148.36 

± 3.12a 

158.26 ± 

3.49a 

570.43 ± 

21.03a 

243.01 

± 7.99a 

9.03 ± 

0.22a 

158.01 

± 3.32a 

0.13 ± 

0.02a 

55.29 ± 

2.03a 

16.21 ± 

0.83a 

69.96 ± 

4.09a 

28.09 ± 

0.29b 

181.03 ± 

1.76c 

340 
4.37 ± 

0.32b 

109.02 

± 2.8b 

124.67 ± 

2.99b 

432.87 ± 

13.11b 

222.83 

± 8.24a 

7.58 ± 

0.32b 

129.6 ± 

3.55b 

0.04 ± 

0.02b 

45.78 ± 

2.12b 

13.11 ± 

0.74a 

63.3 ± 

1.47ab 

25 ± 

0.68c 

193.2 ± 

3.95b 
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365 
67.56 ± 

5.73a 

99.19 ± 

1.26c 

111.25 ± 

1.19c 

370.19 ± 

4.59c 

162.77 

± 2.61b 

5.71 ± 

0.16c 

123.33 

± 2.56b 

0.04 ± 

0.02b 

38.28 ± 

2.15b 

12.92 ± 

0.74a 

51.53 ± 

1.08c 

19.82 ± 

0.14d 

166.1 ± 

1.3d 

385 
5.9 ± 

1.06b 

111.92 

± 0.43b 

161.3 ± 

1.76a 

570.17 ± 

2.48a 

238.12 

± 2.08a 

8.45 ± 

0.06a 

120.11 

± 0.61b 

0.06 ± 

1e-4ab 

45.63 ± 

1.87b 

14.12 ± 

1.41a 

58.89 ± 

0.3bc 

35.22 ± 

0.8a 

203.39 ± 

2.53a 

MS 

325 
312.16 ± 

17.52a 

0.95 ± 

0.08a 

2.06 ± 

0.16a 

3.33 ± 

0.28a 

0.06 ± 

0.01a 
ND trace 

0.08 ± 

0.01ab 
trace ND 

0.27 ± 

0.02a 

1.68 ± 

0.12a 

1.28 ± 

0.11a 

340 
227.16 ± 

8.56b 

0.48 ± 

0.02c 

1.26 ± 

0.05bc 

2 ± 

0.08b 

0.02 ± 

1e-3b 
ND ND 

0.07 ± 

1.4e-3b 
ND ND 

0.29 ± 

0.01a 

0.95 ± 

0.06c 

0.89 ± 

0.04b 

365 
220.93 ± 

3.71b 

0.35 ± 

0.01c 

1.48 ± 

0.04c 

1.86 ± 

0.03b 

0.02 ± 6 

e-4b 
ND ND 

0.07 ± 

2.6e-3b 
ND ND 

0.12 ± 

4.6e-3b 

0.27 ± 

0.02d 

0.96 ± 

0.03b 

385 
220.71 ± 

13.71b 

0.6 ± 

0.05b 

1.66 ± 

0.09b 

1.94 ± 

0.16b 

0.03 ± 

0.01b 
ND ND 

0.09 ± 

0.01a 
ND ND 

0.29 ± 

0.02a 

1.35 ± 

0.05b 

1 ± 

0.06b 

RR 

325 
1.09 ± 

0.28a 

0.5 ± 

0.05a 

837.53 ± 

11.97a 
trace trace ND 

39.94 ± 

0.71b 

5.76 ± 

0.07a 

3.24 ± 

0.01a 

33.22 ± 

0.31a 
trace 

107.57 

± 3.2b 

119.76 ± 

3.03a 

340 
1.28 ± 

0.47a 

0.54 ± 

0.03a 

732.53 ± 

14.77b 
trace trace ND 

45.66 ± 

0.74a 

6.12 ± 

0.24a 

3.08 ± 

0.15a 

32.53 ± 

1.42a 
trace 

156.08 

± 5.1a 

109.19 ± 

0.56b 

365 
0.8 ± 

0.07a 

0.36 ± 

0.02b 

651.21 ± 

4.16c 
trace trace ND 

29.88 ± 

0.51c 

4.63 ± 

0.04b 

2.64 ± 

4.2e-3b 

26.45 ± 

0.35b 
trace 

82.7 ± 

1.09c 

118.74 ± 

0.35a 
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385 
1.01 ± 

0.3a 

0.34 ± 

0.02b 

820.36 ± 

19.15a 
trace trace ND 

26.39 ± 

0.52d 

4.71 ± 

0.06b 

2.98 ± 

0.02a 

28.95 ± 

0.26b 
trace 

59.33 ± 

2.34d 

116.82 ± 

2.97ab 

a Values expressed as mean ± SD (n = 3) and are expressed as μg/g sinigrinb, glucobrassicinc or gluconasturtiind  equivalents. Treatments 

sharing the same letter within the same group are not significantly different from one another (p<0.05). Trace: contents below 

LOD/LOQ; ND: not detected.  

MO/MS - Singrin, Glucobrassicin, Gluconasturtiin, LOD/LOQ (ppm): 0.003/0.008, 0.005/0.014, 0.003/0.010 

PC/RR - Singrin, Glucobrassicin, Gluconasturtiin, LOD/LOQ (ppm): 0.001/0.004, 0.003/0.009, 0.002/0.007
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GLS in MO microgreens were also not significantly changed to the same magnitude as other 

microgreens (Table 7.2). Like our other B. rapa microgreens (PC), the highest content of GLS 

(sinigrin, gluconasturtiin and glucoerucin) were found under 325 nm. Glucoerucin was lowest 

under 385 nm compared to 325 nm and only neoglucobrassicin was significantly accumulated 

under 385 nm. 

The accumulation of GLS in MS was highly species-dependent with a clear strong affinity to 325 

nm (Table 7.2). GLS (sinigrin, gluconapin, progoitrin, 4-methoxyglucobrassicin, gluconasturtiin, 

glucobrassicin, 4-hydroxyglucobrassicin) were significantly higher under 325 nm compared to 

other treatments. 4-Hydroxyglucobrassicin was also significantly changed under all other 

treatments, however contents were much lower than 325 nm. 

Little is known about the factors that govern UV-A and GLS accumulation; however, it is 

presumed that signal-transduction responses relating to enzyme activity are facilitated under the 

lighting. Individual GLS in B. oleracea were unaltered under UV-A radiation compared to UV-B 

and control (no light and with application of methyl jasmonate solution) (Moreira-Rodríguez et 

al., 2017). UV-A with methyl jasmonate application increased total glucosinolates by 154%, 

especially indole neoglucobrassicin by 538%. In most cases, GLS were significantly altered under 

the current UV-A lighting, and species-specific responses dominated with high affinity to short 

UV-A (Table 7.2). 

7.4.3 Phenolics 

MO/MS and PC/RR were analyzed in two separate runs to prevent instrumental drift and other 

factors that would largely influence the separation by LCMS. To the best of our knowledge, this 
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study is the first to analyze phenolics in microgreens grown under UV-A at 4 different wavelengths 

using LC-HRMS/MS. The results reported here serve as an important reference and baseline for 

future UV-A studies. Phenolics are largely distributed in higher plants and are the most abundant 

PSM. We identified a total of 29 phenolics including isomers (Table 7.3). Only phenolics that were 

significant under UV-A were discussed. Among the phenolics, only a few were significantly 

changed in MO, PC and MS. RR microgreens contained the least phenolics detected; however, the 

majority were significantly much more responsive under UV-A compared to other microgreens. 

Overall, the response under UV-A LED were species-specific and the phenolics in the microgreens 

were generally the highest under 325 nm in all microgreens but PC. 

Phenolics in MO had the highest affinity to 325 nm and were accumulated the greatest under 325 

nm (Table 7.4). Specifically, phenolics 1, 7, 9, 12a, and 14 were significantly highest under 325 

nm, with exception to 5c under 385 nm.  Phenolics 19 and 20 were only significant under 365 nm 

and 8d appeared to significantly change under 340 nm and 385 nm, with the highest content 

measured under the shorter UV-A. MS phenolics 7, 8d, 9, 12a, 14 were increased under UV-A 

with the highest affinity under 325 nm, with exception to 5c under 385 nm (Table 7.4). Phenolics 

1 and 12b were only significant under 365 nm. 

PC phenolics 1, 8d, 9, 12a, 14 had high affinity under 325 nm while 5c, 15, 16 and 19 had high 

affinity under 385 nm (Table 7.5). Phenolics 9 and 14 were also significant under 385 and 340 nm, 

respectively, however contents were less than they were under the shortest UV-A studied (325 

nm). Phenolics in PC and MO were somewhat similar in their response under UV-A; however, 

phenolics in PC were more responsive under UV-A. Phenolics in RR microgreens were the most 

responsive under UV-A (Table 7.5). Phenolics 2, 3, 4b, 5a, 6 and 8a-c were significantly highest 
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under 325 nm, except for 10a being highest under 340 nm. Phenolics 2, 4b, 5a-b, 6 were significant 

under 340 nm, but contents were less than those under 325 nm and higher than those under 365/385 

nm. 

Generally, the microgreens responded consistently to short-wave UV-A (325 nm) by accumulating 

phenolics against photo-oxidative damage by acting as quenchers of ROS. Although UV-A is the 

least damaging portion of the UV spectrum, it is shown that minor damaging effects on the 

genomes of plants by UV-A is not absorbed; however, ROS generated from photo-sensitizing 

reactions can still damage the genome. This damage can be mitigated by a number of flavonoids 

due to their specialized structural features (Vanhaelewyn et al., 2020). 
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Table 7.3. Phenolics detected in microgreen extracts using LC-HRMS/MS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RT, retention time; Km, kaempferol; Qn, quercetin; Iso, isorhamnetin; rha, 

rhamnosyl/rhamnoside; glu, glucosyl/glucoside; rut, rutinoside 

# Phenolic m/z Formula 
RT 

(min) 

1 Iso-3-glu 477.1042 C22H22O12 27.79 

2 Km rha pent 563.1409 C26H28O14 25.78 

3 Km rham rham 577.1564 C27H30O14 27.77 

4a Km rhm glu 1 
593.1517 C27H30O15 

24.83 

4b Km rhm glu 2 25.52 

5a Qn rha glu 1 

609.1465  C27H30O16 

23.12 

5b Qn rha glu 2 23.49 

5c Qn rut 25.05 

5d Km glu glu 19.38 

6 Iso glu rha 623.1623 C28H32O16 25.93 

7 Iso glu glu 639.157 C28H32O17 20.02 

8a Qn rha glu glu 

771.1993 C33H40O21 

20.18 

8b Qn glu rut 23.27 

8c Qn rha diglu 23.48 

8d Km glu diglu 14.82 

9 Qn glu glu glu 787.1943 C33H40O22 13.24 

10a Qn glu caffeoyl glu rha 
933.2316 C42H46O24 

24.91 

10b Km diglu caffeoyl glu 15.67 

11 Km glu glu feruloyl glu 947.2466 C43H48O24 18.3 

12a Qn-3-feruloylglu 

963.241 C43H48O25 

16.57 

12b 
Km diglu 

hydroxyferuloyl glu 
15.16 

13 Km diglu sinapoyl glu 977.2573 C44H50O25 18.01 

14 Qn-3-sinapoylglu 993.2523 C44H50O26 16.51 

15 Km triglu caffeoyl glu 1095.283 C48H56O29 16.02 

16 Km triglu feruloyl glu 1109.299 C49H58O29 18.5 

17 Qn-3-caffeoylglu 1111.278 C48H56O30 14.46 

18 Qn-3-feruloylglu glu 1125.293 C49H58O30 17.02 

19 Km triglu sinapoyl glu 1139.309 C50H60O30 18.01 

20 Qn-3-sinapoylglu glu 1155.304 C50H60O31 16.82 
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Table 7.4. Phenolic content of flavonoid derivatives in MO and MS grown under 325, 340, 365 and 385 nm. 

 Microgreen Mizuna, organic Mustard, Scarlet Frills 

# Phenolic 325 340 365 385 325 340 365 385 

1 Iso-3-glu 
4.36 ± 

0.2a 

2.79 ± 

0.21b 

2.78 ± 

0.24b 

2.75 ± 

1.5b 

1.91 ± 

0.94a 

1.28 ± 

0.58bc 

1.11 ± 

0.11c 

1.34 ± 

1.06b 

2 Km rha pent ND ND ND ND ND ND ND ND 

3 Km rham rham ND ND ND ND ND ND ND ND 

4a Km rhm glu 1 ND ND ND ND ND ND ND ND 

4b Km rhm glu 2 ND ND ND ND ND ND ND ND 

5a Qn rha glu 1 ND ND ND ND ND ND ND ND 

5b Qn rha glu 2 ND ND ND ND ND ND ND ND 

5c Qn rut 
6.59 ± 

0.14b 

6.78 ± 

0.24b 

6.82 ± 

0.19b 

8.29 ± 

0.51a 

7.06 ± 

0.26b 

6.97 ± 

0.32b 

6.57 ± 

0.05b 

8.22 ± 

0.36a 

5d Km glu glu 
18.74 ± 

6.44a 

15.68 

± 

39.93b 

16.74 

± 

2.45ab 

16.6 ± 

13b 

9.02 ± 

14.36b 

9.7 ± 

5.39ab 

10.8 ± 

1.08ab 

11.05 

± 

6.41a 

6 Iso glu rha ND ND ND ND ND ND ND ND 

7 Iso glu glu 
246.56 

± 0.16a 

149.2 

± 

0.01b 

162.63 

± 

0.07b 

159.44 

± 0.2b 

130.39 

± 0.1a 

79.36 ± 

0.08b 

65.01 

± 

0.02b 

75.79 

± 

0.06b 

8a Qn rha glu glu ND ND ND ND ND ND ND ND 

8b Qn glu rut ND ND ND ND ND ND ND ND 

8c Qn rha diglu ND ND ND ND ND ND ND ND 

8d Km glu diglu 
3.4 ± 

0.09a 

2.93 ± 

0.03b 

3.29 ± 

0.05a 

2.5 ± 

0.16c 

9.35 ± 

1.06a 

6.08 ± 

0.4b 

7.4 ± 

0.07b 

7.41 ± 

0.68b 

9 Qn glu glu glu 
7.82 ± 

0.11a 

7.31 ± 

0.22b 

7.33 ± 

0.16b 

7.18 ± 

0.15b 

16.77 

± 

1.35a 

8.36 ± 

0.35b 

8.26 ± 

0.13b 

8.77 ± 

0.4b 

10a 
Qn glu caffeoyl 

glu rha 
ND ND ND ND ND ND ND ND 
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Km, kaempferol; Qn, quercetin; Iso, isorhamnetin; rha, rhamnosyl/rhamnoside; glu, glucosyl/glucoside; rut, rutinoside 

10b 
Km diglu 

caffeoyl glu 

26.76 ± 

0.42b 

26.69 

± 0.8b 

30.7 ± 

0.48a 

29.51 

± 

2.54ab 

20.25 

± 2.3a 

19.46 ± 

1.39a 

21.55 

± 

0.22a 

22.46 

± 

1.86a 

11 
Km glu glu 

feruloyl glu 

32.79 ± 

0.51a 

30.44 

± 

0.41ab 

33.41 

± 

0.36a 

29.18 

± 

2.58b 

31.28 

± 

3.64a 

34.83 ± 

2.34a 

37.91 

± 

0.63a 

36.56 

± 

3.27a 

12a 
Qn-3-

feruloylglu 

24.97 ± 

0.2a 

19.4 ± 

0.31b 

18.15 

± 

0.29b 

18.68 

± 

1.08b 

32.21 

± 

2.88a 

18.71 ± 

0.99b 

17.94 

± 

0.18b 

19.23 

± 

1.29b 

12b 

Km diglu 

hydroxyferuloyl 

glu 

19.99 ± 

0.54a 

19.14 

± 

0.43ab 

20.02 

± 0.3a 

17.68 

± 

1.54b 

33.74 

± 

3.97b 

35.56 ± 

2.14ab 

24.69 

± 

0.38c 

43.62 

± 

4.41a 

13 
Km diglu 

sinapoyl glu 

38.09 ± 

1.22a 

35.15 

± 

0.48ab 

36.36 

± 

0.74ab 

33.04 

± 3b 

79.05 

± 

9.92a 

64.98 ± 

3.85ab 

54.69 

± 

0.44b 

69.04 

± 

5.93ab 

14 
Qn-3-

sinapoylglu 

29.07 ± 

0.4a 

22.18 

± 

0.34b 

20.53 

± 0.3b 

20.97 

± 

1.37b 

100.73 

± 

10.52a 

42.04 ± 

6.91b 

42.18 

± 

0.78b 

52.51 

± 

4.21b 

15 
Km triglu 

caffeoyl glu 

2.41 ± 

0.13ab 

2.49 ± 

0.09ab 

2.34 ± 

0.04b 

2.73 ± 

0.25a 
ND ND ND ND 

16 
Km triglu 

feruloyl glu 

2.52 ± 

0.05ab 

2.54 ± 

0.05ab 

2.31 ± 

0.03b 

2.65 ± 

0.22a 
ND ND ND ND 

17 
Qn-3-

caffeoylglu 

7.35 ± 

0.12a 

7.13 ± 

0.22ab 

6.79 ± 

0.14b 

7.25 ± 

0.13a 
ND ND ND ND 

18 
Qn-3-

feruloylglu glu 

7.74 ± 

0.14a 

7.42 ± 

0.22ab 

6.97 ± 

0.16ab 

7.4 ± 

0.16b 
ND ND ND ND 

19 
Km triglu 

sinapoyl glu 

2.64 ± 

0.07a 

2.66 ± 

0.03a 

2.31 ± 

0.02b 

2.87 ± 

0.2a 
ND ND ND ND 

20 
Qn-3-

sinapoylglu glu 

7.34 ± 

0.13a 

7.16 ± 

0.2a 

6.72 ± 

0.15b 

7.17 ± 

0.13a 
ND ND ND ND 
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ND: not detected; a Values are mean ± SD (n = 3) and are expressed as μg/g Qn, Km or Iso  equivalents. Treatments sharing the same 

letter within the same group are not significantly different from one another (p<0.05).  

Quercetin, Kaempferol, Isorhamnetin, LOD/LOQ (ppm): 0.007/0.020, 0.008/0.024, 0.016/0.050 
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Table 7.5. Phenolic content of flavonoid derivatives in PC and RR grown under 325, 340, 365 and 385 nm. 

 Microgreen Pac choi, red Pac Radish, red Rambo 

# Phenolic 325 340 365 385 325 340 365 385 

1 Iso-3-glu 
2.84 ± 

0.06a 

1.69 ± 

0.07c 

1.79 ± 

0.02bc 

1.91 ± 

0.02b 
ND ND ND ND 

2 Km rha pent ND ND ND ND 
70.7 ± 

0.39a 

35.74 ± 

0.69b 

29.56 ± 

0.22c 

29.57 ± 

0.75c 

3 Km rham rham ND ND ND ND 
184.68 ± 

4.18a 

124.11 ± 

2.01b 

116.58 ± 

0.61b 

116.4 ± 

5.51b 

4a Km rhm glu 1 ND ND ND ND 
63.42 ± 

1.55a 

29.46 ± 

0.75b 

25.22 ± 

0.27c 

27.95 ± 

0.85b 

4b Km rhm glu 2 ND ND ND ND 
92.06 ± 

1.21a 

42.32 ± 

0.84b 

36.45 ± 

0.64c 
35.17 ± 1c 

5a Qn rha glu 1 ND ND ND ND 18.6 ± 0.3a 
7.54 ± 

0.15b 
6.24 ± 0.2d 

7.01 ± 

0.09c 

5b Qn rha glu 2 ND ND ND ND 
151.39 ± 

4.62a 

83.37 ± 

1.3b 

69.48 ± 

1.41c 

73.58 ± 

2.56c 

5c Qn rut 3.13 ± 0.4b 
1.85 ± 

0.07c 

2.16 ± 

0.12c 

5.34 ± 

0.18a 
ND ND ND ND 

5d Km glu glu 
6.82 ± 

0.21b 

7.05 ± 

0.44b 

7.18 ± 

0.18ab 

7.75 ± 

0.06a 
ND ND ND ND 

6 Iso glu rha ND ND ND ND 
3.92 ± 

0.13a 

3.54 ± 

0.06b 

3.33 ± 

0.06c 

3.23 ± 

0.05c 

7 Iso glu glu 
100.48 ± 

3.14a 

94.9 ± 

4.12a 

101.1 ± 

2.83a 

95.6 ± 

1.16a 
ND ND ND ND 

8a Qn rha glu glu ND ND ND ND 
1.93 ± 

0.07a 

1.65 ± 

0.03b 
1.67 ± 0b 

1.68 ± 

0.04b 

8b Qn glu rut ND ND ND ND 
11.35 ± 

0.2a 

9.82 ± 

0.14c 
9.8 ± 0.06c 

10.68 ± 

0.26b 

8c Qn rha diglu ND ND ND ND 3.4 ± 0 a 
2.32 ± 

0.04b 

1.96 ± 

0.07c 

2.04 ± 

0.14c 
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Km, kaempferol; Qn, quercetin; Iso, isorhamnetin; rha, rhamnosyl/rhamnoside; glu, glucosyl/glucoside; rut, rutinoside 

8d Km glu diglu 
3.61 ± 

0.09a 
2.2 ± 0.12b 

2.15 ± 

0.05b 

2.21 ± 

0.01b 
ND ND ND ND 

9 Qn glu glu glu 
24.42 ± 

0.61a 

12.46 ± 

0.5c 

13.91 ± 

0.62b 

14.62 ± 

0.06b 
ND ND ND ND 

10

a 
Qn glu caffeoyl glu rha ND ND ND ND 

2.14 ± 

0.05b 

2.63 ± 

0.08a 

1.49 ± 

0.01d 

1.63 ± 

0.04c 

10

b 
Km diglu caffeoyl glu 

3.87 ± 

0.12a 
4 ± 0.24a 

4.08 ± 

0.1a 

4.08 ± 

0.03a 
ND ND ND ND 

11 Km glu glu feruloyl glu 8.4 ± 0.33a 
7.78 ± 

0.46ab 

7.34 ± 

0.17b 

8.04 ± 

0.13ab 
ND ND ND ND 

12

a 
Qn-3-feruloylglu 

25.94 ± 

0.8a 

19.27 ± 

0.7bc 

17.76 ± 

0.64c 

19.87 ± 

0.26b 
ND ND ND ND 

12

b 

Km diglu 

hydroxyferuloyl glu 

3.46 ± 

0.12ab 
3.4 ± 0.19b 

3.33 ± 

0.1b 

3.76 ± 

0.02a 
ND ND ND ND 

13 Km diglu sinapoyl glu 
19.1 ± 

0.42a 

16.86 ± 

0.94bc 

15.77 ± 

0.6c 

18.27 ± 

0.26ab 
ND ND ND ND 

14 Qn-3-sinapoylglu 
49.87 ± 

1.43a 

37.94 ± 

1.94c 

35.23 ± 

0.94c 

41.85 ± 

0.6b 
ND ND ND ND 

15 Km triglu caffeoyl glu 
4.83 ± 

0.21c 

5.26 ± 

0.22bc 

5.48 ± 

0.2b 
6.16 ± 0.1a ND ND ND ND 

16 Km triglu feruloyl glu 
5.35 ± 

0.24b 

5.04 ± 

0.12b 

5.22 ± 

0.2b 

5.93 ± 

0.12a 
ND ND ND ND 

17 Qn-3-caffeoylglu 
5.5 ± 

0.26ab 

5.28 ± 

0.16b 

5.29 ± 

0.22b 

5.89 ± 

0.07a 
ND ND ND ND 

18 Qn-3-feruloylglu glu 
13.16 ± 

0.41a 

11.68 ± 

0.58bc 

11.09 ± 

0.24c 

12.37 ± 

0.11ab 
ND ND ND ND 

19 Km triglu sinapoyl glu 
11.91 ± 

0.66b 

11.84 ± 

0.69b 

11.24 ± 

0.4b 

13.66 ± 

0.12a 
ND ND ND ND 

20 Qn-3-sinapoylglu glu 
22.54 ± 

1.06a 

20.41 ± 

0.97b 

19.48 ± 

0.39b 

23.12 ± 

0.27a 
ND ND ND ND 
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ND: not detected;  a Values are mean ± SD (n = 3) and are expressed as μg/g Qn, Km or Iso equivalents. Treatments sharing the same 

letter within the same group are not significantly different from one another (p<0.05).  

Quercetin, Kaempferol, Isorhamnetin, LOD/LOQ (ppm): 0.003/0.011, 0.004/0.011, 0.021/0.063
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7.4.4 Gene expression 

Due to lack of commercially available primers for genes in the phenolic and GLS pathway for 

certain genera and species, only carotenoid gene expression was carried out. A similar protocol to 

our previously published method was followed to measure the level of gene expression under UV-

A light under 4 different wavelengths (Alrifai, Oday et al., 2021). This experiment is the first of 

its kind for understanding, in part, the underlying mechanism of carotenoid biosynthetic genes in 

microgreens growing under the UV-A lighting regimens. Forward and reverse primers for the 

genes of interest are listed in Table 7.6. No control was used, thus absolute values of gene 

expression cannot be made. Since four treatments of UV-A are compared, only relative comparison 

can be made and samples that were not significantly changed under UV-A were assigned as the 

control and were compared relative to the samples that were significantly changed. Internal control 

gene GAPDH was used as the reference due to its ubiquitous existence in plants (Kozera & Rapacz, 

2013). 

Of the four microgreens, PC and RR were selected to be analyzed for their gene expression under 

the light (Table 7.7). PC and RR grown under 325 nm were used as the ‘control’ and were 

compared to 340 nm and 385 nm, respectively. PSY, CHXB, LYCB were expressed in PC and RR 

under 340 and 385 nm, respectively. PSY was upregulated in both microgreens, an indication of 

the first catalyzed step in carotenoid biosynthesis. CHXB and LYCB resulted in the accumulation 

of α-carotene and lutein under 340 nm compared 325 nm in PC, and only LYCB expression resulted 

in lutein accumulation in RR. 
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Table 7.6. Expression of carotenoid biosynthetic genes analyzed from PC and RR extracts. Only 

treatments that were significantly changed under UV-A were analyzed. 

  

 PC RR Corresponding 

compound 

accumulated? 

Gene/λ 340 385 

PSY Yes Yes - 

CHXB Yes Yes Yes, for both 

LYCE - - - 

LYCB Yes Yes Yes, for both 
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Table 7.7. Primers used for RT-qPCR analysis of B. rapa (Br) and R. sativus (Rs) microgreens. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

GAPDH: glyceraldehyde 3-phosphate dehydrogenase; PSY: phytoene synthase; LYCβ: lycopene 

beta cyclase; LYCε: lycopene epsilon cyclase; CHXβ: beta ring carotene hydroxylase   

Primers Primer sequence (5’-3’) 

Br-GAPDH_Forward 

Br-GAPDH_Reverse 

GAGGGACGATGTTGAGCTTGTTG 

GGTGTTTCCATTGACCGTGGAC 

Br-PSY_Forward 

Br-PSY_Reverse 

GAGAGGCGAAAGGCGATTTG 

AACGGTATCAGCGAGAGCAG  

Br-LYCβ_Forward 

Br-LYCβ_Reverse 

ATCTAGCTATCGTTGGCGGC 

TCCATGGCTTCGAACTCGTC  

Br-LYCε _Forward 

Br-LYCε_Reverse 

CGGTAGCGAGAGTTGCGTTG  

GCACCACCATCACCAACTGA 

Br-CHXβ_Forward 

Br-CHXβ_Reverse 

AGCTCTTGGCTTTGCGTTTG 

TCACACCTCCCTCCATTTGC  

Rs-GAPDH_Forward 

Rs-GAPDH_Reverse 

GCTCGTCGCTGTTAACGATCC  

CTTAACCTTGAGCTCGTTGTGC  

Rs-PSY_Forward 

Rs-PSY_Reverse 

TGACACCTGAGAGACGCAAG 

CAGTATCAGAGAGGGCAGCG 

Rs-LYCβ _Forward 

Rs-LYCβ_Reverse 

CGGGCTTGAGGATGGAAGAC 

AATGCCGACTACACGCTGAG 

Rs-LYCε _Forward 

Rs-LYCε _Reverse 

CTCATTGGTCCGGATCTTCCT 

GACCGATGGTGATAGGATTGC 

Rs-CHXβ_Forward 

Rs-CHXβ_Reverse 

GCACAAACGCCATAGATCCC  

TTGGGATCACACCTCCCTCC  
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7.5 Conclusion 

Results from this study show the success of Brassica microgreens under UV-A LED and the level 

of accumulation of individual components such as phenolics, carotenoids and GLS. We found an 

overall trend under 340 nm which resulted in the unbeneficial accumulation of TPC compared to 

all other treatments in all microgreens. TFC largely followed the trend of TPC, and TAC was 

overall unchanged under all UV-A lighting in most microgreens. We generally found that the 

highest accumulation of TCC occurred under 325 nm followed by 340 nm among the microgreens, 

except for RR which was the lowest in TCC. Antioxidant activity in MO measured by DPPH and 

FRAP were not significantly different between the UV-A treatments. FRAP was highest in RR, 

followed by PC, MS and MO, with the highest activity under 325 nm for all microgreens except 

in MO. MS and RR had significantly higher DPPH under 365 and 325 nm, respectively.  

Further investigation into the individual components revealed interesting and novel results under 

UV-A LED. The studied carotenoids were generally not significantly changed under varying 

spectral qualities in MO. β-carotene in PC was only significantly different under 340 nm, while 

lutein was significantly higher under 340 nm compared to 325 nm. Lutein was only significantly 

changed under 385 nm in RR. Upon analyzing the level of genes expressed, PSY, CHXB, LYCB 

were found to be expressed in PC and RR under 340 and 385 nm, respectively. Rate-limiting PSY 

was upregulated in both microgreens, CHXB and LYCB resulted in the accumulation of α-carotene 

and lutein under 340 nm compared 325 nm in PC, and only LYCB accumulated lutein in RR under 

385 nm. 

GLS in all microgreens studied were significantly changed under UV-A lighting with clear 

species-specific responses. Overall, the GLS in PC microgreens had the strongest affinity to 
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325/365 nm. PC contained the highest gluconasturtiin and aliphatic GLS content (glucoerucin, 

glucoiberin and glucoalyssin) under 325 nm and the highest contents of 4-hydroxyglucobrassicin 

and 4-methoxyglucobrassicin under 385 nm. Additionally under 365 nm, PC contained the lowest 

gluconastrutiin, glucobrassicin, gluconapin, progoitrin, gluconapoleiferin, 4-

hydroxyglucobrassicin and 4-methoxyglucobrassicin concentrations. Interestingly under 340 nm, 

glucobrassicin, gluconapin, gluconapoleiferin, 4-hydroxyglucobrassicin and 4-

methoxyglucobrassicin were all significantly higher compared to 365 nm. RR glucobrassicin, 

glucoerucin and 4-hydroxyglucobrassicin were significantly higher under 340 nm compared to 

365 nm. Progoitrin, glucoalyssin and 4-methoxyglucobrassicin in RR were only significant under 

325 nm, 365 nm and 340 nm, respectively, compared to other treatments. In MO, the highest 

content of GLS (sinigrin, gluconasturtiin and glucoerucin) were found under 325 nm. Glucoerucin 

was lowest under 385 nm compared to 325 nm, and only neoglucobrassicin was significant under 

385 nm. MS was highly species-dependent under 325 nm. GLS (sinigrin, gluconapin, progoitrin, 

4-methoxyglucobrassicin, gluconasturtiin, glucobrassicin, 4-hydroxyglucobrassicin) were 

significantly higher under 325 nm compared to other treatments. 4-Hydroxyglucobrassicin was 

also significantly changed under all other treatments, however contents were much lower than 325 

nm. 

Overall, the phenolics detected in the microgreens were not significantly changed under the 

lighting. Phenolics in MO had high affinity to 325 nm, and the highest contents were found under 

325 nm. Phenolics in PC had a high affinity and were significant under 325 nm and 385 nm. PC 

and MO were somewhat similar in their response under UV-A; however, PC was much more 

responsive under UV-A. MS phenolics were increased under UV-A with the highest affinity to 
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and under 325 nm. RR microgreens were the most responsive under UV-A and phenolics were 

significantly highest under 325 nm. Phenolics were significant under 340 nm, and contents were 

less than those under 325 nm and higher than those under 365/385 nm. The shortest wavelength 

of UV-A (325 nm) resulted in the greatest accumulation of individual phenolic content in the 

microgreens, which is indicative of the accumulation of phenolics for defense against high-energy 

photons. 

The current study demonstrates the use of UV-A LED under 4 emission wavelengths for the 

production of Brassica microgreens. Results from the current study should allow further 

investigation into other varieties of Brassica under these emission wavelengths. Production of 

Brassica microgreens with high phytochemical content was possible with white light supplemented 

with UV-A. Further investigation into gene expression in the phenylpropanoid and the GLS 

biosynthetic pathways. 
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8 CHAPTER 8: OVERALL CONCLUSIONS AND 

RECOMMENDATIONS 

8.1 Overall Conclusions 

Information obtained from this research has highlighted similarities and differences in Brassica 

varieties in terms of their phytochemical composition under LED.  

The effect of Brassica variety dominated in terms of total phytochemicals accumulation compared 

to light quality (rbaLED). RR microgreens contained high TPC, while RO had higher TFC 

compared to TPC. MB was unique for its high FRAP, and was distinct from similar microgreens 

MG and MS which were generally low in total phytochemical contents. MR and MO contained 

average contents of total phytochemicals and anti-oxidant activities compared to others. Most 

microgreens were responsive to the increasing ratios of AL-BL and decreasing RL. TPC of RR 

increased with increasing AL-BL, and only TFC was significantly increased in RO. MR appeared 

to be sensitive to varying spectral qualities of AL, BL and RL, while MB and PC were only 

moderately sensitive and responsive. Overall lighting of different rbaLED on TPC or its sub-group 

TFC were species-dependent, while TAC experienced little to no change in most microgreens. The 

variability in the correlation between TPC/TFC and the anti-oxidant activities of the different 

microgreens indicated the complexity and abundance of the phytochemicals contained in 

microgreens.  

TCC and lipophilic-based anti-oxidant activities were significantly increased under increasing AL-

BL, and individual carotenoids were also increased in a dose-dependent manner. Expression of 

LYCE in MR accumulated downstream α-carotene and lutein products, while CHXB accumulated 

lutein additionally. Overall, the highest expression occurred under 12.02A:26.26B:61.14R for MR, 
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except for LYCB. PSY, LYCE and CHXB expression was increased in MO. The expression of LYCB 

was consistent with β-carotene accumulation in MO, thus the accumulation of lutein was a function 

of upstream PSY and LYCB expression. Expression of PSY, LYCB, LYCE and CHXB in RR were 

all significantly increased compared to control. Gene expression in PC was partially influenced by 

the combined light qualities, and a species-specific response dominated in terms of lutein and β-

carotene accumulation. CHXB was expressed and corresponded to lutein accumulation. LYCB was 

unchanged in PC and no corresponding β-carotene accumulation was observed which indicated an 

overall dominating species effect. Results from this study indicate the importance of controlling 

the spectrum to match the expression of genes controlling carotenoid biosynthesis. 

A complete profiling of 46 phenolics, including phenolic acids and flavonoids, were evaluated for 

their response under rbaLED. HCA derivatives existed in high quantities and were the predominate 

phenolics identified in the microgreens existing as malate esters. In addition to the observed 

species-specific responses, light quality played a large role in the profile and quantity of the 

phenolic compounds detected. Under rbaLED, the highest peak intensity for ion count for malate 

esters of HCA was observed in R. sativus microgreens, followed by B. juncea and B. rapa. HCA 

malates caffeoyl malate, hydroxyferuloyl malate, sinapoyl malate and feruloyl malate in MB, in 

addition to coumaroyl malate in MR and RO, were decreased under most treatments. The above 

mentioned HCA malates were increased overall under rbaLED in RR, MG, MO, PC and MSF. 

Additionally in MB, caffeoyl malate and hydroxyferuloyl malate was increased by 145% and 

202%, respectively, under 12.02A:26.26B:61.14R compared to control. Results from this study 

demonstrated that LED of AL in combination with BL and RL contributed to the altered phenolic 
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profile and increase and/or decrease in quantity of certain phenolic compounds, particularly the 

HCA malates. 

A complete profiling of 13 GLS was carried out under rbaLED which contributed to the altered 

GLS profiles and concentration in certain microgreens, particularly the aliphatic GLS. The effect 

of rbaLED on the GLS were species-specific among the eight varieties. Under rbaLED, R. sativus 

(RR and RO) and MG microgreens contained the highest profile of GLS while PC, MG and RR 

contained the lowest. Key features from this study included sinigrin, which was increased in most 

microgreens under all rbaLED lighting; glucoalyssin which was uniquely increased in R. sativus 

and decreased in B. rapa; and glucobrassicin which was uniquely decreased in B. rapa and B. 

juncea. Gluconasturtiin was decreased in most microgreens under rbaLED and was the least 

concentrated in R. sativus. 

The effect of supplementary UV-A LED under 4 different emission wavelengths with background 

white light showed unique responses in Brassica microgreens, particularly their phytochemical 

contents and general trend of accumulation. The effect of UV-A LED under 4 different emission 

wavelengths altered the content of total/individual phenolics, carotenoids and GLS in the 

microgreens, and the responses were largely dominated by the spectral outputs compared to a 

species-dominated response. Under all UV-A, the sum of TPC was highest in RR, followed by PC, 

MS and lowest in MO. The overall trend under 340 nm was unbeneficial for accumulating TPC 

compared to 385 nm, 325 nm and 365 nm, and the responses were largely specific to the UV-A 

treatment. The sum of TFC in the microgreens followed the same order as TPC, and a strong 

species-specific response under UV-A light was observed for their accumulation. TAC was not 

influenced by the UV-A lighting in most microgreens. Among all combined treatments and 
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microgreens, the highest TCC was accumulated under 325 nm followed by 340 nm. Interestingly, 

all microgreens except for RR had significantly lower TCC under 340 nm, which is indicative of 

a dominating species-response under this lighting for B. rapa and B. juncea. 

DPPH and FRAP in MO were not significantly changed under different UV-A LED. FRAP was 

highest in RR followed by PC, MS and MO. Interestingly all microgreens except for MO had a 

significantly higher FRAP when grown under 325 nm, an indicator of a strong species-specific 

response for antioxidant activity under high-energy short-wave UV-A. DPPH was only 

significantly changed under 365 nm in MS and 325 nm in RR, while significantly higher under 

340 nm compared to 385 nm in PC. 

Generally, four wavelengths of UV-A did not significantly change the concentration of all 

quantifiable individual carotenoid components in MO. β-Carotene in PC was only significantly 

different under 340 nm compared to other treatments, and CHXB was expressed which explains 

the corresponding accumulation under this lighting. Higher lutein was accumulated under 340 nm 

compared to 325 nm in PC, while only significantly changed under 385 nm in RR compared to 

other treatments. In any case, LYCB expression resulted in the accumulation of lutein in both PC 

and RR microgreens. It is clear from the current data and the literature that UV-A LED is an 

excellent supplementary source lighting for enhancing important carotenoids, especially when 

there is a clear link between the genes expressed and the corresponding synthesis of the compound.  

Overall, the GLS in PC microgreens had the strongest affinity to 325/365 nm and contained the 

highest gluconasturtiin and aliphatic GLS (glucoerucin, glucoiberin and glucoalsyssin) content 

under 325 nm, while microgreens grown under 385 nm resulted in the highest contents of 4-
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hydroxyglucobrassicin and 4-methoxyglucobrassicin. Additionally, 365 nm resulted in the lowest 

gluconastrutiin, glucobrassicin, gluconapin, progoitrin, gluconapoleiferin, 4-

hydroxyglucobrassicin and 4-methoxyglucobrassicin concentrations.  

GLS in RR microgreens were not significantly changed to the same magnitude as other 

microgreens. Glucobrassicin, glucoerucin and 4-hydroxyglucobrassicin were significantly higher 

under 340 nm compared to 365 nm. GLS in MO microgreens were also not significantly changed 

to the same magnitude as other microgreens, with the highest content of GLS (sinigrin, 

gluconasturtiin and glucoerucin) under 325 nm and the lowest glucoerucin under 385 nm compared 

to 325 nm. Only neoglucobrassicin was significant under 385 nm. The accumulation of GLS in 

MS was highly species-dependent with a strong affinity to 325 nm. GLS (sinigrin, gluconapin, 

progoitrin, 4-methoxyglucobrassicin, gluconasturtiin, glucobrassicin, 4-hydroxyglucobrassicin) 

were significantly higher under 325 nm.  

Overall, the majority of phenolics detected in the microgreens under UV-A were not significantly 

changed under the lighting. The highest phenolic content in MO was measured under 325 nm. 

Phenolics in the other B. rapa variety, PC, were significant under both 325 nm and 385 nm. PC 

and MO were somewhat similar in their response under UV-A; however, PC was much more 

responsive with regard to the number of phenolics modulated under the 4 wavelengths. MS 

phenolics were increased under UV-A with the highest affinity to 325 nm as well. RR microgreens 

were the most responsive under UV-A and phenolics were significantly highest under 325 nm; 

phenolics were significant under 340 nm and contents were less than those under 325 nm and 

higher than those under 365/385 nm. The shortest wavelength of UV-A (325 nm) resulted in the 
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greatest accumulation of individual phenolic content in the microgreens, an indication that high 

light stress can be beneficial for stimulating a beneficial response in plant systems. 

8.2 Future Recommendations 

Based on the results from this study, several findings warrant further investigation. 

 

1. The comprehensive profiling of carotenoids, phenolics and glucosinolates was performed for 

Brassica microgreens under two novel light regimens, however there were still several peaks from 

HPLC-DAD and LC-HRMS/MS that are unidentified. It may be likely that these unknown or novel 

compounds possess biological activity and are useful defense-related compounds against varying 

light qualities. It would be important and interesting to determine the structures of these 

compounds and their responses under similar or novel lighting conditions. 

2. Mostly all identified and unidentified GLS can be hydrolyzed to obtain the aglycone 

(isothiocyanate) which can possess bioactivities and remove degradation products. It would be an 

important step to determine the overall response in hydrolyzed GLS compared to intact GLS for 

the purposes of evaluating their activity in bio-availability and -accessibility studies. Our 

metabolomics approach to identifying intact GLS provided accurate analysis of the compounds 

synthesized under specific lighting rather than the analytical method for their hydrolysis.  

3. There are still several emission wavelengths that need to be tested in the PAR of 570-620 nm 

supplementary to red and blue LED to understand the larger effect of this spectral range. While 

we show that certain doses produce variable responses in phytochemicals and antioxidant 

properties, differentiating the response under yellow/orange/amber LED would reduce the overall 
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chamber set-up time and cost for selective and productive growth. In addition to the PAR, UV-A 

experiments should now determine a control setting to compare the accumulation or inhibition 

under a series of UV-A wavelengths. We compared differences between the treatments, thus more 

information is needed to determine the dose-response.  

3. The catalogue of commercially available Brassica genes for phenolic and GLS primers should 

be developed to gain a more comprehensive understanding on light-activated gene expression and 

accumulation of these compounds, especially under the studied lights whose genes have not been 

analyzed yet in these pathways.  

4. There is ample evidence that suggests phenolics possess antioxidant and anti-inflammatory 

activities. However, most of these chemical-based studies were performed in vitro which do not 

translate to in vivo results. We have shown that phenolics are direct radical scavengers; however, 

only 2 studies to date have analyzed their anti-proliferative effect from microgreens. One study 

grew the microgreens under LED and measured in vivo effects, and the other showed anti-

inflammatory effects in mice. It would also be interesting to investigate the health-benefits of lesser 

known carotenoids obtained from microgreens grown under novel LED and their potential cellular 

effect in human trials. We showed that carotenoids are very responsive under visible and UV-A 

LED, thus further steps in in vivo are needed.  
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