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 Review – Thematic Issue

 Summary

-

taste, coloration, and nutritional compounds. For in-

radiation can be used to increase anthocyanin con-

accumulate in leaf tissue. Anthocyanins are part of a 

-

-

often have a more bitter taste and are therefore less 

and yield of lettuce but also decrease leaf coloration, 

quality characteristics desired for ornamental seed-

-

-

cies. There are often trade-offs between some quality 

-

they relate to the effects of spectral manipulations on 

plant quality attributes.

Keywords

pigmentation

What is already known on this subject?

• This paper outlines what is known about the effects 

when crops are grown indoors under sole-source 

lighting. It discusses how radiation wavebands can be 

manipulated to elicit certain desirable traits that are 

important for both growers and consumers.

• This paper does not present any new research, but 

instead provides a synthesis of relevant research on 

crops such as leafy greens and herbaceous ornamental 

crops. Furthermore, this paper provides information 

on how radiation wavebands interact to affect multiple 

What is the expected impact on horticulture?

• The objective of this paper is to inform researchers 

and lighting professionals of recent advances in the 

in the indoor lighting environment. It also provides 

indoor farmers with an easily digestible compilation 

of research about how the lighting environment 

German Society for 
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Introduction
Growing high-value specialty crops indoors is becoming 

more commercially viable because of much greater annual 

productivity, consistent year-round production, reduced 

to no use of pesticides compared to greenhouse or especially 

outdoor production (Kozai and Niu, 2016; Tong et al., 2014). 

The major environmental factors that control plant growth, 

2) 

concentration, temperature, humidity, and electromagnetic 

radiation. Indoor farming allows for the precise control of 

these factors, giving growers the ability to tailor their envi-

ronment to produce crops with desired characteristics. The 

-

cies of light-emitting diodes (LEDs) have increased and their 

costs have decreased. Compared with conventional lighting 

technologies, LEDs are better suited for indoor farming be-

cause of their long lifetime, low emission of radiant heat, 

spectrum (Massa et al., 2008; Mitchell et al., 2015; Morgan et 

The ability to control the radiation spectrum enables 

growers to achieve desired growth outcomes. Radiation 

-

ity, such as leaf morphology and coloration, as well as yield. 

For example, in indoor production, lettuce (Lactuca sativa) 

grown under 100% red (R; 600–700 nm) LEDs had great-

er yields than when grown under 57% R and 43% blue (B; 

400–500 nm) LEDs (Lee et al., 2010). Lettuce yields are also 

differentially affected by wavebands added to a broad-band 

(white) spectrum. For example, baby-leaf lettuce grown un-

der warm-white plus far-red (FR; 700–800 nm) LEDs had 

greater fresh and dry weights than plants grown under oth-

er additional wavelengths, such as UV-A (315–400 nm), B, 



340 E u r o p e a n  J o u r n a l  o f  H o r t i c u l t u r a l  S c i e n c e

green (G, 500–600 nm), and R (Li and Kubota, 2009). In the 

same study, lettuce with the largest yield also had the low-

est concentrations of color-causing pigments (Li and Kubo-

ta, 2009), which demonstrates possible trade-offs between 

-

-

ty is the number of photons incident upon in a certain area 

(usually per second or day). Photoperiod is the length of ra-

diation during a 24-hour period. Together, these three radia-

leaf size, color, texture, taste, and nutrition; stem length; and 

indoor production of herbaceous specialty crops to optimize 

We focus on leafy greens and ornamental seedlings because 

they are two major segments of specialty crops suitable for 

-

tributes can sometimes contrast.

Anthocyanins are a part of a group of phenolic and poly-

-

thesized via the phenylpropanoid pathway. Photoprotectants, 

such as anthocyanins, accumulate in plant tissues exposed 

to environmental stresses such as low temperature, water 

(Steyn et al., 2002). Under high PPFD, and UV-B (280–315 

nm), UV-A, or B radiation, MYB transcription factors (Lotkow-

ska et al., 2015) promote the expression of chalcone synthase 

(CHS) (Butelli et al., 2008), which is an enzyme that catalyz-

Under UV-B, UV-A, and B radiation, gene expression of CHS 

and MYB transcription factors increased, which increased 

(Brassica rapa) hypocotyls (Wang et al., 2012).

Increases in anthocyanin concentration increase red 

pigmentation in some cultivars and species. In lettuce, col-

of the product to sell. Thus, in indoor production of red-leaf 

lettuce, delivering a spectrum that elicits the desired color-

ation is essential. Common LED spectra for indoor produc-

tion are broad-band white or a combination of narrow-band 

R and B radiation. The R to B ratio has large effects on antho-

cyanin content and coloration, as well as yield. In baby leaf 

an R+B spectrum to 57% R and 43% B increased anthocy-

anin content but decreased yield, compared to 100% R (Lee 

percentage of UV-A or B radiation in a white light spectrum 

(from 1% to 6% and 23% to 55%, respectively), increased 

anthocyanin concentration and coloration, but decreased 

yield compared to a white + FR spectrum (Li and Kubota, 

2009). When substituting G or FR radiation for B radiation, 

in B radiation (Meng et al., 2019). Similar to B radiation 

increasing coloration, increasing the PPFD increased color-

-

ation typically has an inverse relationship with leaf redness 

in some species. For example, decreasing the R:FR decreased 

anthocyanin concentration in tomato leaves (Kerckhoffs et 

al., 1992). Similarly, adding 30 µmol m-2 s-1 of FR radiation 
-2 s-1 decreased leaf 

and, presumably, anthocyanin concentration. Also, adding 

160 µmol m-2 s-1 of FR radiation to 305 µmol m-2 s-1 of white 

light decreased anthocyanin concentration and coloration of 

often a trade off with yield when delivering a spectrum that 

increases pigment concentration.

In addition to their role in environmental protection 

and pigment accumulation, anthocyanins, and polyphenols 

as a group, are of nutritional value to humans. A majority 

of phenolics with nutritional value to humans are not high-

-

tion from fruits and vegetables essential (Lin et al., 2016). 

Other plant secondary metabolites, such as lutein, ascorbic 

acid, xanthophylls, and -carotene, are also affected by the 

radiation spectrum and play a role in human health. In let-

total phenolic concentration, but decreased yield compared 

to R radiation only (Son and Oh, 2013). Supplemental nar-

of lettuce. Supplementing white light with UV-A or B radi-

ation increased anthocyanin concentrations, as well as ca-

rotenoid concentration when B radiation was added (Li and 

Kubota, 2009). Additionally, supplemental FR radiation can 

have adverse effects on secondary metabolism, such as de-

creasing carotenoid concentrations (Li and Kubota, 2009). 

Under monochromatic R radiation, lutein and glucosinolate 

concentrations in kale (Brassica oleracea var. acephala) was 

greater than under monochromatic FR, G, or B wavebands 

(Lefsrud et al., 2008).

Antioxidant capacity is a measure of a molecule’s re-

sponse to harmful free radicals. In Chinese kale sprouts 

(Brassica oleracea var. alboglabra), B radiation was the most 

effective at increasing antioxidant capacity, while R radiation 

was the least effective (Qian et al., 2016). Similarly, in lettuce 
-2 s-1 of G+B radiation 

or 30 µmol m-2 s-1 of only B radiation to an R spectrum in-

creased antioxidant potential compared to R alone or R+FR 

radiation (Stutte et al., 2009).

Diets rich in nitrates have long been thought to be asso-

ciated with an increased risk of cancer, but more research is 

needed to determine if nitrates are actually harmful and if so, 

what concentration is harmful to humans (Song et al., 2015). 

Nevertheless, nitrate concentration in plants can be altered 

by changing the radiation spectrum as well as photoperiod. 

Providing a 24-h photoperiod to lettuce before harvesting re-

duced nitrate concentration compared to a 12-h photoperiod 

(Bian et al., 2016). Furthermore, providing an R+B or R+G+B 

spectrum of 200 µmol m-2 s-1 decreased nitrate concentration 

to a greater extent than a white-light spectrum at the same 

24-h photoperiod (Bian et al., 2016). Furthermore, increas-

ing the PPFD from 100 to 300 µmol m-2 s-1 decreased nitrate 

Cos’ (Viršile et al., 2018). Moreover, at 300 µmol m-2 s-1, add-

ing additional wavebands of R and FR to a narrowband R+B 

spectrum decreased nitrate concentrations in both cultivars, 

but to a lesser extent than increasing radiation intensity 

(Viršile et al., 2018).

While nutritious food is a priority for some people, 

taste is of greater importance to others. Lettuce grown un-
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der R+B radiation had a lower soluble sugar content than 

-

decreased the perceived sweetness of the lettuce during a 

sensory analysis. Although not measured in that study, the 

plants that were less favorable in terms of sweetness likely 

had greater concentrations of nutritional compounds pre-

-

ilarly, lettuce grown under B LEDs had a greater perceived 

bitterness taste than lettuce grown under R or white LEDs, 

after 25 days (Eskins et al., 1996). Although B radiation pro-

duced lettuce that was the most bitter at 25 days, 45 days 

after emergence, lettuce grown under white light was more 

bitter than plants grown under B or R radiation (Eskins et 

al., 1996). Research is still needed to determine whether a 

radiation spectrum can produce both a more nutritious and 

less bitter crop.

Manipulating the radiation spectrum can be used to 

modify leaf size and shape of leafy greens. For both a red- 

-

ids TBR’), increasing the R:B in an R+B spectrum greatly 

increased leaf area (Son and Oh, 2013). Changing the pro-

portion of R:B from 41:59 to 100:0 increased leaf area by 

-

var, respectively, the inclusion of FR radiation in an R+B or 

R only spectrum increased leaf elongation compared to no 

FR radiation in the spectrum (Meng and Runkle, 2019). In 

addition, the presence of 30 or 90 µmol m-2 s-1 of B radiation 

in an R+FR spectrum decreased the effects of FR radiation 

on leaf elongation, compared to a spectrum of only R+FR 

supplemental FR radiation applied differentially affected leaf 

length. For instance, increasing FR radiation (decreasing the 

R:FR) from 30 to 75 µmol m-2 s-1 increased leaf length at both 

a low and high total PFD (300–800 nm) for both cultivars, 

but to a greater extent at a low PFD (Meng and Runkle, 2019). 

Similar to FR radiation, substituting 20, 40, or 60 µmol m-2 s-1 

leaf expansion in lettuce and kale, but to a lesser extent than 

FR radiation (Meng et al., 2019). Therefore, G radiation could 

be used to promote elongation in a similar, but less extreme, 

manner as FR radiation. Supplemental narrow-band radi-

ation added to white light also has an effect on lettuce leaf 

characteristics. For example, adding FR radiation to white 

light increased both leaf length and leaf width, while adding 

B radiation decreased leaf length (Li and Kubota, 2009). Sup-

plemental UV-A, G, or R radiation did not have an effect on 

either leaf characteristic (Li and Kubota, 2009).

Some consumers have a preference for the shape of their 

produce. In a lettuce sensory test, participants preferred the 

or R+B+white radiation, compared to the smaller leaves from 

lettuce grown under R+B radiation (Lin et al., 2013). In ad-

dition, an increase in leaf area increases the surface area for 

potential radiation capture, thus indirectly increasing whole-

previously mentioned study, participants surprisingly rated 

the lettuce grown under R+B+white radiation as the most 

crisp, while that grown under R+B radiation was the least 

crisp (Lin et al., 2013). Therefore, the inclusion of G radia-

tion in broad-band (white) LEDs may allow light to penetrate 

thickness, and the perceived crispiness of lettuce. However, 

additional research is merited to better understand if and 

how leaf size and shape are correlated with leaf crispness.

Postharvest quality

Compared to most fruits and other vegetables, leafy 

greens have a short storage life and thus, the potential to 

increase postharvest storage is of great interest. Applica-

tion of radiation along with low temperature during post-

of leafy greens. UV-C (100–280 nm) radiation kills bacteria 

that accelerate leaf-tissue browning, and can also increase 

that protects leaf tissue from various environmental stress-

es and plant pathogens (Allende and Artés, 2003). Although 

UV-C may preserve lettuce freshness, delivering a dose that 

kills bacteria but does not damage the product makes its 

is to deliver continuous white light. Compared to dark stor-

age, harvested lettuce treated with 50 or 150 µmol m-2 s-1 of 

continuous white light had less browning and maintained 

its color, but lost fresh mass at a greater rate (Charles et al., 

2018). Likewise, delivering light during post-harvest storage 

-

teristics, but once again, decreased fresh mass at a greater 

rate than plants held in darkness (Zhan et al., 2012). Further-

-

cole et al., 2019). At a DLI of 17 mol m-2 d-1, an R+B spectrum 

an R+white spectrum (Nicole et al., 2019). More research is 

more effective than broad-band white radiation at extending 

Indoor ornamental production

While commercial indoor farming primarily focuses on 

leafy greens production, there are also opportunities to pro-

duce other high-value specialty crops indoors, such as orna-

can also affect growth and morphology of ornamental seed-

lings. An important characteristic of an ornamental seedling 

is compact shoot growth and a well-formed root system. In 

petunia (Petunia ×hybrida), geranium (Pelargonium ×hor-

torum), and coleus (Solenostemon scutellariodes), seedling 

height increased as the R:FR decreased (Park and Runkle, 

of R and B, adding FR (decreasing the R:FR) still increased 

seedling height, but to a lesser extent than plants grown 

under only R+FR radiation (Park and Runkle, 2019). Conse-

FR radiation on seedling height. Similar to leafy greens, the 

inclusion of FR in a radiation spectrum can increase leaf ex-

pansion and thus, radiation capture (Park and Runkle, 2017).

The radiation spectrum used during the seedling stage 

The addition of FR radiation to an R+B background can accel-

(Antirrhinum majus), at both a low and high PFD (Park and 
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Runkle, 2017), but not in day-neutral plants such as gera-

nium (Park and Runkle, 2018b) and impatiens (Impatiens 

walleriana) (Park and Runkle, 2017). In the presence of FR 

-

dragon was accelerated regardless of the PFD of FR radiation 

applied (Park and Runkle, 2017). The R:FR also interacts 

with other characteristics of the radiation spectrum, such 

as the PPFD. In the long-day plant petunia, shade avoidance 

the light spectrum decreased, but to a greater extent under a 

low PPFD (Park and Runkle, 2018a). Finally, Park and Runkle 

(2019) demonstrated that B radiation diminished the effects 

of a low R:FR on the promotion of stem and leaf elongation, 

effective spectrum to produce ornamental seedlings may 

enough B radiation to suppress stem elongation.

Additional considerations

-

vironment and electrical consumption, which is one of the 

greatest costs associated with growing plants indoors. LED 

technology is rapidly advancing, decreasing their costs and 

types, whether broad-band white or discrete wavebands, 

maximally utilized by plants can generate the most biomass 

per unit of energy (for example, grams of fresh weight per 

kilowatt hour), but may not provide the best working envi-

R+B LEDs, which creates a purplish light. R and B LEDs may 

be effective at promoting plant growth as well as have a high 

-

dering index (CRI) of the spectrum. Also, a large percentage 

of B radiation in a spectrum can cause visual discomfort to 

people working with the plants. One solution is to supple-

ment R+B LEDs with G radiation. G LEDs have been rarely 

-

cy compared to R or B LEDs. However, G radiation can more 

deeply penetrate individual leaves as well as a plant canopy 

(Klein, 1992; Sun et al., 1998), and can promote leaf expan-

sion (Meng et al., 2019). Adding 36 µmol m-2 s-1 -

cent light to an R+B LED background increased leaf area, 

shoot fresh weight, and shoot dry weight compared to an 

R+B spectrum without G radiation at the same PPFD (Kim 

et al., 2004). A more economical option of delivering G ra-

diation is to utilize white LEDs in indoor production. Mint 

white LEDs promoted growth and morphological responses 

in ornamental seedlings similar to an R+B spectrum (Park 

and Runkle, 2018c). Electrical consumption was also similar, 

and Runkle, 2018c), making diagnosing plant problems eas-

ier and improving the working environment for employees.

Conclusion
Manipulating the radiation spectrum can be a powerful 

-

fortunately, creating a spectrum to enhance one attribute 

may come at the cost of another attribute. For example, using 

large proportions of B radiation or supplemental UV-A radia-

tion can increase plant coloration and nutritional properties 

of leafy greens, but will likely make the plants taste more bit-

ter. Similarly, delivering little B or adding FR radiation can 

increase growth and increase yield, but may come at the cost 

of pigment accumulation. In herbaceous ornamentals, de-

livering FR radiation during the seedling stage can promote 

elongation, making the transplant less desirable. Further-

PFD, photoperiod, temperature, and CO2 concentration. More 

-

al” or “optimum” indoor radiation spectrum for all species. 

A recommended indoor plant lighting system is situational 

most important to the grower, as well as costs to purchase, 

install, and operate the system.
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