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EXERCISE 6: MINI-REVIEW

Title

Effects of light on the flavor of greenhouse-produced tomatoes

Introduction

Greenhouse-grown tomatoes have a poor reputation in terms of flavor compared to
field-grown tomatoes (Dzakovich et al. 2016). This is problematic for consumers in countries
such as Sweden, because field-grown tomatoes are not readily available for purchase; only
greenhouse-grown tomatoes are prevalent.

The notion that greenhouses produce tomatoes with inferior flavor poses a bit of a paradox.
After all, the promise of controlled environment agriculture is not only greater consistency in
output but also the ability to optimize environmental parameters to produce certain desirable
qualities. In particular, targeted use of LED lighting allows for eliciting specific flavor profiles
in leafy greens. Could the same thing be done for greenhouse-produced tomatoes? More
generally, how does light affect flavor development in tomatoes?

This mini-review will survey and summarize the existing research in this area. As light and
flavor are both complex topics, basic concepts and definitions will first be briefly introduced.

Light: Light can be parameterized in terms of quality and quantity, in addition to time duration
(Ouzounis et al. 2015).

Light quality refers to the distribution of wavelengths (colors) in a light. Historically it was
believed that only the 400—700 nm range of the light spectrum (Photosynthetically Active
Radiation, PAR) was relevant to photosynthesis, but it is now understood that plants
possess photoreceptors sensing Ultraviolet-B, Ultraviolet-A, and Far-Red light. All of these
ranges can affect plant development; together, they are known as Photo-Biologically Active
Radiation (PBAR) (Table 1).

Table 1. Ranges of Photo-Biologically Active Radiation

Ultraviolet-B | Ultraviolet-A Photosynthetically Active Radiation Far Red
(UV-B) (UV-A) (PAR) (FR)
280-315nm | 315400 nm 400-700 nm 700-800 nm

Light quantity refers to the intensity of a light. A common measurement is in terms of
cumulative units over time, known as Daily Light Integral (DLI). In a greenhouse
environment, light can be natural sunlight and/or supplemental artificial light from various



types of lamps (High-Pressure Sodium, LED, etc), each of which have different quality and
quantity characteristics. Additionally, light sources can increase air and leaf temperature,
affecting transpiration rates and therefore nutrient uptake. Such variation can make the
results of experiments difficult to compare (Ouzounis et al. 2015).

Flavor: Flavor involves complex interactions between physiological and biochemical factors
(volatiles, sugars, acids) and psychological factors (appearance, mouthfeel, aroma, previous
experience, etc.). There is not always a clear correlation between the two (Farneti, B. 2014).
Specifically for tomatoes, fruit flavor is affected by a range of factors, sometimes interrelated,
from plant genetics and cultivation practices to post-harvest handling (Farneti, B. 2014).
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Evaluation of flavor, or sensory evaluation, can involve a variety of test methods, both
analytic (i.e. objective, quantitative) and hedonic (i.e. affective, qualitative) types. It is critical
that the appropriate method be selected for the intended purpose (Lawless, H. T., &
Heymann, H. 2013). A 9-point hedonic scale is a standard scale used for assessing
consumer liking and preference. Simple ranking is occasionally used as an alternative.

Method

Having established a research topic and problem, the search question was formally defined
as follows: “How does light affect flavor development in greenhouse-produced tomatoes?”

To investigate the question, an explicit methodology for conducting a systematic review was
followed. The methodology is based on the Search, Appraisal, Synthesis and Analysis
(SALSA) analytical framework (Grant & Booth 2009). The steps are as follows:



Search, Part 1: Search topics were defined corresponding to the concepts of 1) TOMATO, 2)
FLAVOR, 3) LIGHT, and 4) GREENHOUSE. The base keywords were augmented with
alternate spellings (e.g. “flavor” vs. “flavour”), possible synonyms, and related keywords.

Search, Part 2: Given the initial search queries, possible variations were tested using
Clarivate’s Web of Science tool. For example, searching for the Latin name “Solanum
lycopersium” instead of “tomato” was tested, but it was determined that while all articles with
“Solanum lycopersium” also mentioned “tomato”, the converse was not true. Similarly,
searching for wildcards such as “tomato*” and abbreviations such as “UV” and “IR” were not
found to be useful. An iterative process was used to refine the queries.

Search, Part 3: The final search procedure was conducted on December 19, 2020 with the
following parameters in the Web of Science tool:

o Databases=WOS, CABI
o Search language=English
o Timespan=All years

The search queries and result counts are summarized in Table 2.
Appraisal, Part 1: A number of the search results mention the search keywords but are not

relevant to the search question. To identify only the relevant results and filter out the
irrelevant results, inclusion and exclusion criteria were developed (Table 3).

Appraisal, Part 2: Where possible, the results were filtered within the Web of Science tool.
Specifically, the inclusion criterion 13 (Document type=Article) was applied to exclude results
that are not categorized in the databases as articles.

Appraisal, Part 3: At this point, the results were manually subjected to the inclusion and
exclusion criteria, based on evaluation of article titles.

Appraisal, Part 4: The results were further refined based on evaluation of article abstracts.

The overall search strategy is depicted in Diagram 2.

Table 2. Search queries and result counts

Set | Query Results

#1 TS=(tomato) 183,852

#2 TS=(flavor OR flavour OR taste OR gustatory OR organoleptic) 297,813

#3 TS=(light OR spectrum OR ultraviolet OR infrared) 6,437,503

#4 TS=(greenhouse OR hydroponic) 277,877

#5 #1 AND #2 AND #3 AND #4 64




Table 3. Inclusion and exclusion criteria

Inclusion criteria

1. The paper is written in English.
2. The paper is published in a scientific journal.
3. The paper is an article (i.e. Document type=Article).

Exclusion criteria

1. The paper is a review.

The paper is not relevant to tomato cultivation.

The paper is not specific to tomato cultivation.

The paper is not relevant to light quality/quantity.

The paper is not relevant to light quality/quantity in production (e.g. spectroscopy).
The paper is not specific to light quality/quantity.

The paper is superseded by subsequent work.

N OaRON

Diagram 2. Flow diagram of search methodology
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* See Appendix 2, Articles excluded based on evaluation of titles.
** See Appendix 3, Articles excluded based on evaluation of abstracts.

Results

From the database search, a total of eight articles (Appendix 1) were found to be relevant to
the search question. Three of the articles concern UV light, summarized in Table 4. The
remaining five articles concern PAR and FR light, summarized in Table 5.



Table 4. Articles concerning the effects of UV light

Article Climate Variables Tested Findings
Dzakovich et | Midwestern | Control, UV-A supplement, | UV-A-supplemented fruits
al. 2016 USA UV-A+B supplement had the highest hedonic
(multiple ratings for aroma, acidity,
seasons) and overall approval.
Mariz-Ponte Portugal Control, UV-A supplement | UV-A supplemented fruits
et al. 2019 1h, UV-A supplement 4h, ranked the highest in terms
UV-B supplement 2 min, of fruit aroma and flavour.
UV-B supplement 5 min
Papaioannou | Greece Control, UV-blocking LDPE | Fruit quality characteristics,
et al. 2012 nutritional value and
organoleptic quality were not
affected.

Table 5. Articles

concerning the

effects of PAR and FR light

(off-season)

Article Climate Variables Tested Findings
Dzakovich et | Midwestern | #1: Control, Overhead No significant differences.
al. 2017 USA HPS, Hybrid, Intracanopy
(multiple LED, Outdoor;
seasons) #2: Control, RB, R+FR,
RB+FR
Gil et al. 2020 | South Korea | Overhead R LED 1h, B Regulating supplemental
(simulated LED 1h, RB LED 1h, R light (SL) period affected
off-season) | LED 6h, B LED 6h, RB metabolite composition more
LED 6h; than varying SL sources.
N, K, Mg: Control,
Reduced, Enhanced
Kim et al. Midwestern | Intracanopy HPS, R LED, FR plays a key role in fruit
2020 USA R+FR LED quality attributes in tomatoes;

Intracanopy R+FR LED
significantly improved fruit
quality.

Kowalczyk et

Poland

Overhead HPS, RB LED

Plants supplementary lighted

Temperature

al. 2012 (off-season) with HPS and LED lamps
produced fruit with higher
flesh juiciness, sweeter taste
and higher overall quality.

Riga et al. Spain Control, 70% PAR, 50% Tomato quality is more

2008 PAR; dependent on temperature

than PAR.

Effects of UV light




Light is one of the major differences between greenhouse and field production (Dzakovich et
al. 2017). A key difference is that UV radiation is not readily transmissible through
greenhouse glass and some greenhouse plastics. In a greenhouse covered by a common
low-density polyethylene (PE) film, Papaioannou et al. (2012) reported that UV radiation is
reduced to 20.7% and 12.5% for UV-A and UV-B, respectively.

It is known that UV-B radiation, and UV-A radiation to a lesser extent, elicit metabolic and
physiological responses in plants, as a reaction to oxidative stress (Dzakovich et al. 2016;
Mariz-Ponte et al. 2019). One such response is an increase in the concentration of
antioxidant compounds, including ascorbic acid (vitamin C) and phenolics (including
flavonoids, which also play a role in UV blocking). Similar responses have been observed
with carotenoids in certain tomato cultivars (Dzakovich et al. 2016). Crucially, both flavonoids
and carotenoids are synthesized through pathways which also produce several volatile
organic compounds (VOCs) that affect tomato flavor (Dzakovich et al. 2016; Mariz-Ponte et
al. 2019).

Indeed, both Dzakovich et al. (2016) and Mariz-Ponte et al. (2019) found that supplemental
pre-harvest treatments of UV light promote desirable chemical and sensory changes in
tomato fruits. UV-A treatments enhanced sensory characteristics (aroma, acidity, and overall
approval), firmness (improved shelf life), and concentration of antioxidant compounds
(improved nutritional benefits). On a 9-point hedonic scale, UV-A treated tomatoes rated
6.49 + 0.2, on par with outdoor-grown tomatoes (6.61 + 0.22), and significantly better than
the control with no UV treatment (5.67 + 0.26) (Dzakovich et al. 2016).

Contrary to expectations, UV-B treatments did not have as much of an effect as UV-A
treatments. It is believed that adaptation to UV-B over time reduces the effects of the
treatment (Dzakovich et al. 2016). In terms of consumer acceptance, UV-B treated tomatoes
actually ranked lower than control and UV-A treated tomatoes, with significant decreases in
particular in reddish color, due to increased synthesis of pigments other than the reddish
lycopene, (Mariz-Ponte et al. 2019; Papaioannou et al. 2012).

Blocking UV radiation, on the other hand, did not produce differences in tomato quality other
than color (Papaioannou et al. 2012). However, there was a significant decrease in the
number of insect injured fruit.

Effects of PAR and FR light

In winter months where natural light levels are low, supplemental lighting becomes not only
necessary for tomato cultivation but also significantly improves fruit sensory quality (Kim et
al. 2020; Kowalczyk et al. 2012). A Polish study of off-season greenhouse tomato production
compared overhead High-Pressure Sodium (HPS) lamps with Red-Blue (RB) LED lamps.
Both types of supplemental light were found to produce fruit with greater juiciness, sweeter
taste, and higher overall quality than the control, i.e. no supplemental light (Kowalczyk et al.
2012). HPS had a greater effect than LED lamps in increasing total sugar content, but this
was only significant in one of the two tomato cultivars tested.

A different study of off-season greenhouse tomato production in the midwestern USA
compared intracanopy HPS lamps, R LED lamps, and R+FR LED lamps. R+FR LED light



was found to perform the best in increasing fruit quality (Kim et al. 2020). Unlike in
Kowalczyk et al., in this study HPS produced the least desirable quality attributes. A number
of factors, including light position and spectrum, greenhouse location and climate, and
tomato cultivars, differed between these studies.

In another study performed in the midwestern USA, overhead HPS light was compared with
intracanopy LED light (in different ratios of R, B, and FR), only marginal differences in
sensory and chemical characteristics were found (Dzakovich et al. 2017). However, some of
the fruit in this study was grown during the summer, rather than in the winter months. The
authors concluded that the natural light may have lessened the effects of the supplemental
lighting in the greenhouses.

A South Korean study compared the effects of supplemental overhead LED light in different
configurations (R, B, RB) and time periods (1 hour, 6 hour) as well as different mineral
nutrient recipes (N, K, Mg) (Gil et al. 2020). Crucially, varying the quantity of PAR was found
to have a greater effect than the quality (spectrum) of PAR. In particular, tomato fruits
subjected to 1 hour of supplemental light exhibited a higher content of amino acids and
organic acids, whereas tomato fruits subjected to 6 hours of supplemental light exhibited a
higher content of sugars and sugar derivatives. The proportion of sugars versus amino acids
and organic acids affect the sweetness and sourness of tomato fruit, respectively.

Finally, a Spanish study investigated the effects of PAR and cumulative air temperature
(Riga et al. 2008). Specifically, three levels of PAR (100%, 70%, and 50%) were tested.
Temperature was found to have a stronger significant correlation on fruit quality than PAR.
Different light quality (spectrum) and sources were not tested in this study.

Discussion

Identifying opportunities for improvement can be seen as a type of innovation search activity;
the most successful innovators tend to look beyond the firm’s normal knowledge base and
domain of expertise (Trott 2017). Indeed, tomato flavor is normally seen through the lens of
plant genetics, cultural practices, and post-harvest handling (Farneti, B. 2014), yet as the
results of the literature search indicate, environmental factors such as light can be significant
as well.

Specifically, supplemental treatments of UV-A and FR light were found to be promising
methods to promote desirable chemical and sensory changes in tomato fruits (Dzakovich et
al. 2016; Mariz-Ponte et al. 2019; Kim et al. 2020). The effects are still poorly understood;
the literature search turned up few relevant studies. Also, the findings were quite specific to
the experimental setups in terms of both light configuration and sensory evaluation. For
example, Kim et al. (2020) tested intracanopy light, while Kowalczyk et al. (2012) tested
overhead light. Dzakovich et al. (2016) assessed 6 sensory attributes using a both 9-point
objective scale and a 9-point hedonic scale; in addition, overall approval was assessed using
a 9-point hedonic scale. In contrast, Mariz-Ponte et al. (2019) assessed 25 different sensory
attributes but used only a 9-point hedonic scale; in addition, consumers performed a hedonic
ranking of fruits. Clearly, comparing results across studies is quite problematic.



Crucially, a technical invention is not regarded as a true innovation until it is commercially
exploited (Trott 2017). For a greenhouse producer wishing to make use of the research,
further R&D activity is needed in order to develop methods to integrate the findings into
real-world production processes, at which point using light treatments to improve flavor could
become a genuine process innovation within greenhouse tomato production.

Further work may involve in-house R&D and/or external R&D (Trott 2017), potentially
partnering with other firms and research institutions with the requisite technical know-how,
namely horticultural lighting companies and food testing labs. This is more easily done in
some areas than others. For example, in the Netherlands there is an established
concentration of interconnected firms and research institutions within greenhouse
horticulture production. This so-called industry cluster gives Dutch greenhouse producers
distinct competitive advantages (Trott 2017). It is no surprise that today Sweden imports a
substantial amount of produce from the Netherlands. For Sweden to become more
self-sufficient in terms of food, developing such a horticultural industry cluster could well
have greater priority in the context of national innovation.

Process innovations are most commonly associated with cost-reduction efforts on
commodity products (Trott 2017). It is certainly true that tomatoes and other fresh produce
are not well-differentiated in the supermarket. Here, it would be expected for a tomato with
improved flavor to be sold at a premium. The question of how to create market differentiation
for flavor-improved tomatoes may fall to the creation of distinctive branding or packaging.
Consequently, a process innovation may need to be accompanied by a marketing innovation
in order to be successful in the marketplace.

Conclusions

The results suggest that supplemental pre-harvest treatments of UV-A and FR light are
potentially useful methods for improving chemical and sensory characteristics in tomato
fruits. However, the available research in this area is limited. Additionally, it is difficult to
compare results across studies, given the complexities of both light and flavor.
Standardization of experimental setups would make it easier to compare findings across
studies. Fortunately, both UV-A and FR light sources are low-cost investments, which is
advantageous for both further research and for adoption in commercial contexts.

For this research to be successfully commercialized, further work is needed, both in terms of
developing the changes in real-world production processes and also in terms of creating
differentiation in the marketplace.

Ultimately, it is not inconceivable that someday, greenhouse-produced tomatoes will actually
be superior in flavor—not inferior—to field-grown tomatoes.
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