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UV-A radiation and its redefinition: from sunlight to LEDs 

Ultraviolet radiation (UV; 100–400 nm) is an important part of solar radiation, which consists 

of UV-A (315–400 nm), UV-B (280–315 nm) and UV-C (100-280 nm). Only UV-B and UV-

A can reach the biosphere, while UV-C is filtered out by ozone (Björn, 2015). Although UV 

radiation is often considered as deleterious, recent studies show that UV-A and UV-B can 

positively regulate performance and postharvest behavior of fruit, vegetable and ornamental 

crops when applied properly (Neugart & Schreiner, 2018). UV-B signaling and its effects on 

major physiological processes in plants, as well as its prospective horticultural applications, 

have been well explored (Wargent et al., 2009, 2015; Wargent & Jordan, 2013). Compared 

to UV-B, knowledge gaps exist in our current understanding of plant processes in response 

to UV-A (Verdaguer et al., 2017), even though in nature, UV-A accounts for ~95% of all solar 

UV radiation (Kerr & Fioletov, 2008). Besides, crops in greenhouses are exposed to varying 

levels of UV radiation depending on covering materials (Li et al., 2015; Timmermans et al., 

2020). Moreover, the use of UV-A in vertical farms is less common compared to other parts 

of the spectrum like blue, red and far-red light. 

Recently, it has been proposed to divide UV-A into two regions based on the photoreceptors 

involved in UV responses of the plants (Fig. 1), long-wavelength UV-A (defined as 350–400 

nm, UV-A1) shares phototropins and cryptochromes with blue light (400–500 nm), whereas 

short-wavelength UV-A (315–350 nm; UV-A2) is perceived by UV Resistance Locus 8 

(UVR8) (Christie, 2007; Rai et al., 2021). However, there is no conclusive evidence to show 

that UV-A has its own photoreceptor. Further, plant responses to UV-A, as mediated by these 

photoreceptors, have so far been poorly investigated. Thus, the function of UV-A in affecting 

plant growth and physiology is still unclear. Recently, novel LED technology with peak 

wavelength in the UV-A1 waveband provide the opportunity to manipulate UV-A1 radiation 

in photobiology studies. However, the energy conversion efficacy of UV-A2 LEDs is lower 

than 5% and their application in large-scale experiments continues to be expensive. 
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Figure 1. Photoreceptor-mediated light perception of higher plants in UV and blue light. Modified from Heijde & 
Ulm (2012). 

Plants in response to UV-A radiation is still ambiguous 

Current limitations of UV-A research 

The effects of UV-A on plant growth and physiology have not been systematically 

investigated and there has been little agreement, mainly due to varying experimental 

approaches often without clear descriptions of the applied spectrum and intensity. Three 

types of experimental approaches have mainly been used to study plant responses to UV-A 

(Verdaguer et al., 2017): i) plants growing in climate rooms, using supplemental UV-A lamps; 

ii) plants growing in the field with cut-off filters for reducing natural UV-A exposure; iii) 

plants growing in the field with the supplemental UV lamps. However, each of these 

approaches has significant shortcomings in terms of elucidating the effects of UV-A (these 

are elaborated on below), and consequently these approaches limited fundamental research 

on how UV-A affects plants. Furthermore, UV-A may affect plants across different temporal 

scales, influencing processes on the short term (seconds -hours) such as photosynthesis and 

photoinhibition, as well as on the long term (days-weeks) like plant growth, photosynthetic 

acclimation, and photoprotective responses, which remain unclear and require further 

investigation. 
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Plant growth under UV-A 

Conflicting results exist on the effects of UV-A on plant growth, even for the same species. 

For instance, UV-A reduced stem length and leaf area in Cucumis sativus and Lactuca sativa 

(Krizek et al., 1997, 1998), and biomass in Gossypium hirsutum, Triticum aestivum, 

Amaranthus tricolor and Sorghum bicolor (Kataria et al., 2013; Qian et al., 2020). On the 

other hand, UV-A increased leaf area in Arabidopsis thaliana, Solanum lycopersicum and L. 

sativa, as well as total biomass in Laurus nobilis (Bernal et al., 2015; Biswas & Jansen, 2012; 

Chen et al., 2019; Kang et al., 2018). Partially, these conflicting findings may be explained 

by the response to a specific dose of UV-A. Indeed, we do not know much about the dose-

response relationship of plants to UV-A, and how this relationship might differ across species. 

Several studies suggest that the intensity of photosynthetically active radiation (PAR) may 

affect plant responses to UV-A. For example, specific ratios of intensity of PAR: UV-B: UV-

A affected flavonoid concentrations in leaves (Neugart et al., 2019). Besides, UV-A 

ameliorated the damage induced by UV-B at lower (600 μmol m−2 s−1) but not at higher PAR 

(1500 μmol m−2 s−1; Caldwell et al., 1994). Although these studies have shown the responses 

of plants to specific ratios of intensity of UV-A: UV-B: PAR, little has been known on the 

potential interactions between UV-A and PAR. 

Photosynthetic acclimation under UV-A 

Photosynthetic acclimation is well-known as a process by which plants adjust the 

composition and function of their photosynthetic apparatus in response to environmental 

changes, occurring over a timeline that ranges from seconds to months (Walters, 2005). This 

process enables plants to optimize plant growth and carbon fixation while mitigating stress-

induced damage. When leaves are grown under monochromatic red light, they develop a 

collection of symptoms of photosynthetic malfunctioning in plants (e.g. low CO2 

assimilation rate and photosynthetic capacity, low maximum quantum yield of photosystem 

II, low chlorophyll content, and unresponsive stomata) (Matsuda et al., 2004; Trouwborst et 

al., 2016). UV-A has a similar function as blue light in alleviating the “red light syndrome” 

(Zhang et al., 2020), via alleviating the curling downwards of leaves and maintaining leaf 

photosynthetic functioning. However, effects of blue light are not equivalent to those of UV-
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A1 radiation, and UV-A1 showed weaker and later transcriptome‐wide responses (Zhang et al., 

2023). Moreover, an increase in net leaf photosynthetic rate upon blue light exposure (25–

60%) was associated with increases in stomatal, chloroplast and mesophyll cell numbers, as 

well as chlorophyll contents (Hogewoning et al., 2010; Liu et al., 2018). These studies 

indicated that blue light is essential for normal photosynthetic functioning. Compared to blue 

light, it is likely that UV-A causes photo-oxidative stress, due to its high energy content per 

photon. Therefore, UV-A exposure may induce the up-regulation of photoprotective capacity 

to alleviate the damaging effects of abiotic stresses through several plant processes such as 

accumulation of biochemical compounds (i.e. UV-screening compounds) and non-

photochemical quenching (Barnes et al., 2015; Murchie & Ruban, 2020; Tokutsu et al., 2021). 

I hypothesize that acclimation to UV-A can result in tolerance against abiotic stress such as 

high light and fluctuating light intensity. So far, it is still unclear how photoprotection may be 

induced by pre-exposure to UV-A and through which pathways this may occur. 

Considering that UV-A1 may share photoreceptors with blue light, and studies on effects of 

UV-A1 on leaf photosynthetic acclimation have so far received limited attention, it is 

worthwhile to explore the similarities and differences between UV-A1 and blue light effects 

on leaf photosynthetic acclimation, including its wavelength dependency. Besides, 

background illumination is likely to alter any response mediated by photoreceptors. To my 

knowledge, only few studies have been conducted on leaf photosynthetic acclimation to UV-

A. Sea buckthorn (Hippophae rhamnoides) that was exposed to solar UV-A for 90 days 

showed reduced water and chlorophyll b contents, coupled with an increase in carotenoid 

concentrations, which might be a pre-acclimation strategy to help plants retain their 

photochemical capacity and photosynthesis rate under UV-A (Yang & Yao, 2008). There are 

conflicting results on photochemical efficiency (fraction of light energy converted into 

chemical energy during photosynthesis) acclimated to UV-A (Pessarakli, 2005): long-term 

exposure to solar (and therefore dynamically changing) UV-A did not affect photochemical 

efficiency in Eucalyptus nitens seedlings (Close et al., 2007). Thus, the effects of UV-A on 

photosynthetic acclimation are still rather inconclusive, as these may depend on intensity and 

spectrum, among other factors. Further studies of UV-A effects on photosynthetic 

acclimation, using clearly defined and highly controlled UV-A and PAR doses, are therefore 

warranted.  
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Does UV-A power leaf photosynthesis? 

The standard definition of PAR, the range from 400 to 700 nm, is largely agreed upon, as in 

this waveband, leaves utilize light energy to power photosynthesis (McCree, 1971). However, 

wavelengths <400 nm can still be photosynthetically active. Early studies showed that UV 

in the 300-350 nm range can stimulate leaf photosynthesis (Halldal, 1964; Leod & Kanwisher, 

1962). Also, chlorophyll b has minor absorption peaks at 334 and 357 nm, and carotenoids 

have minor absorption peaks at 300 nm (Kusuma et al., 2020; Lichtenthaler, 1987). To date, 

to the best of our knowledge, only four studies (mentioned below) regarding leaf 

photosynthesis in response to UV-A have been conducted, and they arrive at conflicting 

conclusions: when solar PAR (~500 μmol m−2 s−1) was supplemented with UV-A at a peak 

wavelength of 340 nm during photosynthesis measurement, photosynthesis was increased by 

8–10% in several species, compared to photosynthesis with the 400 nm supplement (Mantha 

et al., 2001). In another study, photosynthesis in Sorghum bicolor was increased by 1.2% 

when illumination from a xenon-arc lamp (cut-off below 311 nm) that emitted UV radiation 

was added to PAR (250 μmol m−2 s−1; Johnson & Day, 2002). In the above two studies, UV-

A1 light intensity was provided based on the specific PAR of outdoor sunlight under the tree 

canopy; however, the exact values were not specified. Turnbull et al. (2013) reported that 

UV-A in sunlight (midday UV-A intensity of up to 160 μmol m−2 s−1) increased 

photosynthesis by 12% in Pimelea ligustrina at a PAR intensity of up to 1995 μmol m−2 s−1, 

compared to the transmission of PAR alone. However, another study in Geranium antrorsum 

under natural sunlight coupled with UV screening films showed that UV-A exposure (midday 

UV-A intensity of up to 50 μmol m−2 s−1) reduced photosynthesis, when measured at 

background PAR intensities of up to 1700 μmol m−2 s−1 (Salter et al., 2018). Among these 

four studies, three did not clarify which exact spectrum was used. Also, sunlight was used in 

all studies, thus light intensity may not have been constant, which may affect the conclusions 

drawn from these results. Besides, it remains unclear to what extent the effects of UV-A on 

photosynthesis may vary among different species. Further investigation is needed to assess 

how different growth environments modulate the effects of UV-A on photosynthesis. Such 

investigation should use a well-controlled and clearly described plant growth and 

measurement setup.  
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A new definition of PAR, namely ePAR (400-750 nm), was recently proposed by Zhen et al. 

(2021), based on far-red radiation together with shorter-wavelength red light it has been 

demonstrated to enhance photosynthesis (Emerson et al., 1957; Zhen et al., 2019; Zhen & 

Bugbee, 2020; Zhen & van Iersel, 2017). Despite several studies showing that wavelengths 

<400 nm can be photosynthetically active, the definition of ePAR has so far not been 

modified. A possible reason could be that UV-A provides only ca. 7% of all radiation in the 

400-700 nm waveband (ASTM, 2013). It is unclear how strongly photosynthesis may 

increase with increases of intensity of specific parts of the UV-A waveband. I hypothesize 

that the quantum yield of photosynthesis decreases, the further the peak wavelength of UV-

A is away from the visible range. This reduction may be caused by pigment excitation transfer 

from e.g. flavonoids to chlorophylls becoming less efficient the further the UV-A wavelength 

is away from PAR. Besides, compared to the quantum yield under PAR, the UV screening 

compounds in the epidermis likely serve as the main reason for the reduced quantum yield 

under UV-A by preventing further UV radiation from reaching the chloroplasts (Caldwell et 

al., 1983). Additionally, given that UV-A has high energy per photon, it may not only drive 

photosynthesis but also induce photodamage. Prolonged exposure to UV-A raises the 

question whether photosynthesis declines and how plants activate photoprotection 

mechanisms in response to longer-term UV-A exposure. 

About the thesis 

In this thesis, I aim to identify and quantify how UV-A1 affects plant growth, leaf 

photosynthesis and photosynthetic acclimation.  

The following hypotheses were investigated in detail: 

• Plant responses to UV-A1 radiation are genotype and background irradiance dependent 
(Chapter 2). 

• UV-A1 radiation and blue light trigger photosynthetic and photoprotective acclimation 
following a shallow gradient pattern, which becomes stronger the longer the peak 

wavelength is (Chapter 3). 

• UV-A1 powers photosynthesis and causes photoinhibition in a wavelength-dependent 
manner (Chapter 4). 
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• Longer-term UV-A1 exposure (24-72 h) stresses plants, but plants can successfully 

acclimate by adjusting their photosynthetic apparatus (Chapter 5). 

This thesis consists of six chapters: a general introduction (Chapter 1, this chapter), four 

research chapters (Chapters 2-5) and a general discussion (Chapter 6). The outline of 

Chapters 2-5 is displayed in Figure 2. 

 
Figure 2. Structure of thesis. Effects of UV-A1 radiation on leaf and plant level. Plant growth, photosynthesis, 
photosynthetic acclimation, photoinhibition and photoprotection are the main focus of investigating how plants 
respond to UV-A1. 

Chapter 2 investigates the extent to which plant genotypes differ in their response to UV-

A1, and how their responses to UV-A1 depend on the photosynthetic photon flux density 

(PPFD). To elucidate this, several horticultural (tomato, cucumber, and two lettuce cultivars) 

and a model species (Arabidopsis thaliana) were grown under low and high PPFD, each of 

which is paired with three UV-A1 intensities.  

Chapter 3 aims to compare how acclimation to several wavelengths in the UV-A1 and blue 

light range affects leaf photosynthetic and photoprotective performance in tomato, and 

consequently how such acclimation prepares plants for subsequent exposure to fluctuating 

and high light intensities. Tomato plants were initially grown under hybrid red and blue light, 
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and another four treatments are supplemented with the same light intensity at several peak 

wavelengths under UV-A1 and blue light.  

Chapter 4 aims to quantify the photosynthetic quantum yield of UV-A1. Measurements of 

photosynthesis were conducted in leaves of six genotypes (from different growth conditions) 

at four spectra and a range of intensities.  

Chapter 5 focuses on whether photoinhibition caused by UV-A1 would suppress 

photosynthesis continuously, if applied for 24-72 h, and how this may interact with red/blue 

light effects. Lettuce seedlings were exposed to three independent experiments varying in 

light intensity and duration: photosynthesis under light treatments and standard spectrum, 

chlorophyll fluorescence, plant growth and leaf pigmentation were monitored.  

In Chapter 6, I discuss the findings of this thesis. A comprehensive overview of UV-A1 

effects on plant growth, leaf photosynthesis and photosynthetic acclimation is presented, by 

relating the findings of this thesis to the existing literature, as well as a comparison of the 

similarities and differences between UV-A1 and blue light. I also provides insights on the 

role of UV-A1 on plants in nature and perspectives for future research on this topic.
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Abstract 

A large fraction of solar UV radiation that reaches the Earth’s surface is in the UV-A1 waveband 

(350-400 nm). Despite its prevalence, it is unknown how strongly plant genotypes differ in 

their response to UV-A1, and how their responses to UV-A1 depend on the photosynthetic 

photon flux density (PPFD). We grew several horticultural (tomato, cucumber, and two lettuce 

cultivars) and a model species (Arabidopsis thaliana) under low (LL; 150 μmol m−2 s−1) and 

high PPFD (HL; 550 μmol m−2 s−1), each of which was paired with UV-A1 (peaking at 365 

nm) at irradiances of 0, 20, and 100 µmol m−2 s−1. Arabidopsis was the most strongly affected, 

as under LL, addition of UV-A1 resulted in early flowering, changes in leaf shape, and strong 

decreases in shoot dry weight (~40%). In all species, UV-A1 exposure induced photoinhibition 

(low Fv/Fm) only under LL, but not under HL. Under HL, exposure to UV-A1 also induced 

strong decreases in the concentrations of UV-absorbing compounds and anthocyanins in 

arabidopsis (Columbia-0) and lettuce cv. Klee, but not in other genotypes. Altogether, we found 

that UV-A1 had only mild effects on the morphology of horticultural species (e.g. petiole angle, 

leaf shape and curvature), did not significantly alter biomass or leaf biochemical compound 

concentrations, and these effects were almost entirely unaffected by background PPFD. In 

contrast, these traits were strongly affected by UV-A1 in arabidopsis, highlighting the 

importance of not relying solely on model species when exploring environmental effects on 

plants. We conclude that plant responses to UV-A1 radiation depend on genotype and 

background irradiance.  

Keywords: 

UV-A1, plant growth, leaf biochemical compounds, photoinhibition
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1. Introduction 

Ultraviolet radiation (UV; 100–400 nm) is a substantial component of solar radiation, and is 

typically classified as UV-A (315–400 nm), UV-B (280–315 nm) and UV-C (100-280 nm) 

(Verdaguer et al., 2017). Only UV-B and UV-A reach the Earth’s biosphere, while UV-C is 

filtered out by ozone and oxygen (Reed, 2010). The mechanisms of UV-B signaling in key 

physiological processes of plants, including potential applications of UV-B in horticulture, are 

relatively well studied (Jenkins, 2014; Wargent et al., 2015; Wargent & Jordan, 2013). Unlike 

UV-B, UV-A does not seem to have its own photoreceptor, but likely long-wavelength UV-A 

(defined as 350-400 nm, UV-A1) shares phototropins and cryptochromes with blue light (400-

500 nm), while short-wavelength UV-A (315-350 nm; UV-A2) is sensed mainly by UVR8 

(Christie, 2007; Rai et al., 2021). Knowledge of UV-A effects on plant responses is rather 

limited (Verdaguer et al., 2017), even though in nature, UV-A accounts for ~95% of all solar 

UV radiation (Kerr & Fioletov, 2008).  UV-A photon irradiance is equivalent to ~5-12% of 

photosynthetically active radiation (PAR; 400-700 nm), while >80% of all UV-A photons are 

in the UV-A1 region. So far, the few studies that exist on the topic have presented conflicting 

results: while several studies reported that UV-A reduced stem length and leaf area in cucumber 

(Cucumis sativus) and lettuce (Lactuca sativa) (Krizek et al., 1997, 1998; Qian et al., 2021), as 

well as biomass in cotton (Gossypium hirsutum), wheat (Triticum aestivum), amaranth 

(Amaranthus tricolor) and sorghum (Sorghum bicolor) (Kataria et al., 2013), others have 

reported that UV-A increased leaf area in Arabidopsis thaliana, tomato (Solanum lycopersicum) 

and both leaf area and biomass in lettuce (Bernal et al., 2015; Biswas & Jansen, 2012; Chen et 

al., 2019; Hooks et al., 2021; Ng, 2019; Zhang et al., 2020). 

Possible explanations for these conflicting results are listed below. First, exposure to UV-A1 

could result in very different photomorphogenesis and growth compared to UV-A2 due to its 

dependence on a different photoreceptor. However, this needs to be explored experimentally, 

as studies comparing the effects of UV-A1 and UV-A2 have so far been very few, and have 

been limited to gene expression and transcriptome-wide responses (Rai et al., 2019, 2021). 

Second, effects of UV-A on plant growth are expected to be dose-dependent, which reflects the 
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diversity and plasticity of plants for long-term acclimation (Aphalo & Sadras, 2021); also, this 

dependence could be species-specific, leading to variations in their perception and response to 

UV-A. Third, UV-A can drive photosynthesis (McCree, 1971; Verdaguer et al., 2017), but its 

contribution (relative to that of PAR) towards carbon gain by the plant remains unclear. Last, 

interactions between UV and photosynthetic photon flux density (PPFD) affect plant growth 

(Caldwell et al., 1994; Neugart et al., 2019), but the effects of UV-A alone (i.e., without UV-B) 

still require elucidation. 

Studies of plant UV photobiology are often limited by light source availability. UV-B and UV-

A, including black light blue fluorescent tubes and UV-absorbing filters have been used to 

manipulate UV radiation in previous studies (e.g., Albert & Mcleod, 2012; Morales et al., 2010; 

Rai et al., 2019; Siipola et al., 2015; White & Jahnke, 2002). Recently, LEDs with emission 

peaks in the UV-A1 waveband have become available at low cost, thereby substantially 

increasing the opportunities for manipulating UV-A1 radiation in photobiology studies (Chen 

et al., 2019; He et al., 2021; Kelly & Runkle, 2023; Lee et al., 2019; Zhang et al., 2020). 

Although LEDs emitting at wavelengths <365 nm (340 nm and 325 nm) are also available, 

their energy conversion efficacy is lower (i.e. < 5% below 350 nm vs. > 50% above 365 nm) 

and their use in large-scale experiments remains very expensive (Rai et al., 2021). Further, in 

some studies that used UV-A fluorescent tubes (Biswas & Jansen, 2012), no data of the 

spectrum was provided. However, fluorescent tubes tend to have a broader spectrum than LEDs, 

so any effects of UV-A in these studies will likely not have been due to UV-A1 alone. Finally, 

in several experiments conducted outdoors, filters were used to remove UV-A and UV-B from 

sunlight simultaneously, or UV-B only (Kataria et al., 2013; Rai et al., 2021), making it difficult 

to quantify UV-A1 effects separately, especially under the highly variable conditions that are 

typically encountered in nature (Kaiser et al., 2018). 

Due to its short wavelength and correspondingly high energy content per photon as well as 

relative abundance in sunlight, UV-A can cause photoinhibition (Hakala-Yatkin et al., 2010; 

Kataria et al., 2013; Krizek et al., 1998). Using chlorophyll a fluorescence (CF), the effects of 

photoinhibition on leaf photochemistry can be assessed by measuring the maximum quantum 

efficiency of photosystem II photochemistry (Fv/Fm), which is related to the number of closed 
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photosystem II reaction centers in dark-adapted leaves. Acclimation to solar UV radiation likely 

increases leaf photoprotective capacity (Aphalo & Sadras, 2021; Bruce et al., 2007): 

specifically, UV-absorbing compounds in the epidermis (flavonoids and related 

phenylpropanoid derivatives) act as sunscreen pigments to prevent UV from reaching the 

mesophyll. Furthermore, flavonoids in the mesophyll have antioxidant properties, contributing 

to protection from photooxidative stress (Agati & Tattini, 2010; Barnes et al., 2016). Besides, 

anthocyanin located in the mesophyll engages in free-radical scavenging, protecting 

chloroplasts from photoinhibition and photooxidative stress (Agati & Tattini, 2010). Apart from 

its putative effects on photoinhibition, UV-A, similarly to other abiotic stresses, may lead to 

faster flowering in annuals (Xu et al., 2014). 

This study aims to explore how UV-A1 affects plant growth and its underlying traits across four 

plant species, and how their responses to UV-A1 depend on PPFD. We hypothesized that: i) 

UV-A1 radiation has genotype-specific effects on plant growth, morphology and leaf 

biochemical compounds; ii) UV-A1 radiation is an environmental stressor which reduces 

biomass and induces photoinhibition, depending on irradiance. We used UV-A1 LEDs (peaking 

at 365 nm) in a controlled environment to systematically investigate the effects of UV-A1 on 

plant growth and several leaf physiological traits in horticultural (tomato, cucumber, and two 

lettuce cultivars) as well as a model species (Arabidopsis thaliana). These horticultural species 

were selected, as they are typical leafy greens and vegetable seedlings that are often cultivated 

in controlled environments, and developing a proper light recipe is thus essential for their 

cultivation.  

2. Materials and methods 

2.1 Plant material and growth conditions 

Seeds of tomato cv. Moneymaker, cucumber cv. Xiamei No.2, romaine lettuce cv. Tiberius and 

butterhead lettuce cv. Klee were sown in rockwool plugs (Grodan, Roermond, the Netherlands) 

with one seed per plug, and germinated in a growth room at a PPFD of 150 μmol m−2 s-1, using 

white dimmable LED lamps (PanAmGreenlight, Jinhua, China; for spectra see Fig. S1B and 
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Table S1). The photoperiod was 16 h, day/night temperatures were 22/20 °C, relative humidity 

was 65-70%, and CO2 partial pressure was ~410 μmol mol-1. Air temperature was regularly 

and diligently monitored by the experimenter with a climate sensor (TR-76Ui-S, T&D Co. Ltd., 

Nagano, Tokyo, Japan), and was very close to the setpoint. Arabidopsis (accession Columbia-

0) was germinated under identical conditions as the other species, except for a lower PPFD 

(100 μmol m−2 s-1) with a shorter photoperiod (10 h). 

Cucumber and tomato seedlings were transferred to rockwool cubes (10 cm × 10 cm × 7 cm; 

Grodan) upon unfolding of the first and second true leaf, respectively. Seedlings of lettuce and 

arabidopsis were transferred to smaller rockwool cubes (7.5 cm × 7.5 cm × 5 cm; Grodan) upon 

unfolding of the second and tenth true leaf, respectively. Plants were then distributed over six 

growth units with dimensions of 115 cm × 70 cm × 115 cm each (length × width × height), 

which were located in one growth room. Opaque black-white plastic films were wrapped 

around each unit, which harbored one treatment, with the white side facing the plants, to avoid 

light contamination between units. Two ventilation fans (12 V, 0.90 A, 0.5 m3 min-1) were 

installed on both sides of each unit to ensure air circulation; the installation height was close to 

the LED lamps, in order to get rid of the heat emitted by the lamps. A UV-A dimmable LED 

lamp (ZWS01D-LED120-180, PanAnGreenlight, Jinhua, China; for spectra see Fig. 1) with 

peak wavelength at 365 nm and half-wave width between 358 and 383 nm was installed in 

between two white dimmable LED lamps (the same brand as the UV-A lamp) at the top of each 

growth unit. A cooling system, including central air conditioning and ventilation fans, was used 

to provide uniform air in the growth chamber. 
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Figure 1. Normalized spectral photon irradiance corresponding to the three UV-A1 treatments at two background 
irradiances. A low (panel A: LL; 150 μmol m−2 s-1) and a high PPFD (panel B: HL; 550 μmol m−2 s-1) were used, each of 
which was paired with three UV-A1 irradiances of 0, 20, and 100 µmol m−2 s−1, which are referred as LLU0, LLU20, 
LLU100, HLU0, HLU20, and HLU100, respectively.  

2.2 Experimental setup 

Genotype screening experiment 
This experiment was set up to investigate whether plant responses to UV-A1 are genotype-

specific, and to what extent UV-A1 and PPFD affect plant growth interactively. A low (LL; 

150 μmol m−2 s-1) and a high PPFD (HL; 550 μmol m−2 s-1) were used, each of which was paired 

with three UV-A1 irradiances of 0, 20, and 100 µmol m−2 s−1, resulting in six treatments. The 

daily UV-A1 dose was calculated by using a spectral weighing function according to Flint and 

Caldwell (2003). These treatments are hereafter referred to as LLU0, LLU20, LLU100, HLU0, 

HLU20, and HLU100, respectively. Information on irradiance and spectra of each treatment 

are shown in Table 1 and Fig.1, respectively. Light treatments were randomly distributed 

between the six growth units. The position of the light treatments in the growth room was 

randomly switched whenever a new round of cultivation was started. Every other day, plants 

inside each treatment were rotated and relocated relative to each other, to avoid position effects 

on plant growth. Irradiance was regularly adjusted by altering the height of the platform to 
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maintain the same irradiance at the top of the plants during plant growth, and was measured 

using a spectroradiometer (Avaspec-2048CL, Avantes, Apeldoorn, the Netherlands). At any 

time, two plant species were grown per unit, with 6-10 plants per species. Per unit, two lifting 

platforms (i.e. one per species) were installed, to repeatedly adjust the distance (50 cm) between 

the top of the canopy and the LEDs, thereby ensuring identical PPFD and UV-A1 irradiance 

during plant growth. 

Table 1. Experimental lighting setup. 

Treatment 
PPFD  

(μmol⋅m-2⋅s-1) 

FR 

(μmol⋅m-2⋅s-1) 

UV-A1 

(μmol⋅m-2⋅s-1) 

Daily UV-A1 

dose  

(KJ⋅m-2⋅s-1) 

Total PFD 

(μmol⋅m-2⋅s-1) 

Radiation 

energy 

(W⋅m-2) 

LLU0 150 8 0 0 158 0.31 

LLU20 150 8 20 7 178 0.38 

LLU100 150 8 100 35 258 0.64 

HLU0 550 30 0 0 580 1.16 

HLU20 550 30 20 7 600 1.22 

HLU100 550 30 100 35 680 1.48 

Note: PPFD, photosynthetic photon flux density (400-700 nm); FR, far-red radiation (700-800 nm); UV-A1, long-
wavelength UV-A radiation (350-400 nm); daily UV-A1 dose was weighed by using a biologic spectral weighing 
function according to Flint and Caldwell (2003); total PFD, total photon flux density. 

Plants were treated for 13 days, at a photoperiod was 16 h, day/night temperatures were 

~22/22±2 °C in the low PPFD growth units, ~25± 2/22±1 °C in the high PPFD growth units, 

relative humidity was 65-70%, CO2 partial pressure was ~410 μmol mol-1. Air temperatures in 

all experimental units were regularly and diligently checked by the experimenter; no difference 

in environmental conditions among UV-A1 treatments under the same PPFD was observed. 

Plants were regularly watered by hand with a modified Hoagland nutrient solution (tomato and 

cucumber: pH = 5.8, EC = 1.8 dS m-1; lettuce and arabidopsis: pH = 5.8, EC = 1.6 dS m-1). Per 

genotype and light treatment, plants were grown for three rounds, which were considered to be 

three replicates. 

 



Effects of UV-A1 on plant growth 
 

21 

UV-A1 dose response experiment  

This experiment was used to fine-map responses to a larger number of UV-A1 doses within the 

0-100 μmol m-2 s-1 range, in a selected genotype. Lettuce cv. Tiberius was used in this 

experiment, as in the genotype screening experiment it was the most sensitive genotype among 

the horticultural species (i.e., excluding arabidopsis). Plants were grown under six UV-A1 

irradiances, i.e. 0, 10, 30, 50, 70 and 100 µmol m−2 s−1. PPFD was maintained at 150 μmol m−2 

s-1. Ten plants were grown per treatment, and this was repeated in three separate rounds. All 

other conditions were identical to those of the genotype screening experiment at low PPFD. 

2.3 Measurements 

Measurements were conducted on five plants per round of cultivation. In lettuce and 

arabidopsis, five plants were randomly selected from ten plants to conduct all destructive 

measurements, while another five plants were used for all other measurements; in tomato and 

cucumber, five plants were randomly selected from six plants, and all measurements were 

performed on these five plants.  

2.3.1 Plant growth and morphological traits 

Analysis of plant growth and morphological traits was carried out 13 days after the start of 

treatments. Fresh and dry weights of leaves, petioles and stems were destructively determined. 

Plant organs were dried for 48 h at 80 °C in a ventilated oven (DHG-9070A, Shanghai Jinghong, 

Shanghai, China). Stem length was measured using a ruler, and was defined as the distance 

from the intersection of the shoot and root to the shoot apical meristem. Inflorescence length in 

arabidopsis was defined as the distance from the intersection of shoot and root to the tip of the 

inflorescence. Leaf area was measured using a leaf area meter (LI-3100C, Li-Cor Biosciences, 

Lincoln, Nebraska, USA). Specific leaf area (SLA; cm2 g-1) was calculated by dividing leaf 

area by leaf dry weight. Dry mass partitioning to each organ was calculated by dividing dry 

weight of each organ to total shoot dry weight. Dry mass content was calculated by dividing 

shoot dry weight by shoot fresh weight. 
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2.3.2 Leaf optical properties 

Light reflectance (Rf) and transmittance (Tr) of the adaxial side of the leaf in the PAR range 

(400-700 nm) were measured on the uppermost fully expanded leaves with a spectrometer 

(Ocean optics USB2000+, Dunedin, USA), in combination with two integrating spheres (FOIS-

1, ISP-REF, Ocean Optics). Leaf light absorptance (Ab) was calculated as Ab=1−(Rf+Tr). 

2.3.3. Maximum quantum yield of photosystem II (Fv/Fm) 

To assess maximum quantum yield of photosystem II (Fv/Fm), maximum (Fm) and minimum 

(Fo) chlorophyll a fluorescence of uppermost fully expanded leaves of dark-adapted plants (≥

20 min of dark adaptation) were measured, using a chlorophyll a fluorescence imager (IMAG-

MAXI; Heinz Walz, Effeltrich, Germany). The measuring beam irradiance was 1 μmol m−2 s−1, 

and maximum flash irradiance was 8,000 μmol m−2 s−1. Fv/Fm was calculated as (Fm-Fo)/ Fm 

(Baker, 2008). 

2.3.4. Leaf biochemical compounds 

In lettuce and cucumber, samples were taken from the youngest fully expanded leaves, in 

tomato they were taken from the third and fourth leaf counting from the top, and in arabidopsis 

they were taken from all expanded leaves. All samples were collected on the 13th day of 

treatment during the sixth hour of the photoperiod. Whole leaves were immersed in liquid 

nitrogen and then stored at -80 °C until further analysis.  

Chlorophylls and carotenoids 

Fresh samples (0.1 g) were ground in liquid nitrogen, using a high-throughput tissue grinder 

(SCIENTZ-48, Xinzhi, Ningbo, China), and then incubated in 10 mL 95% ethanol in the dark 

at 4 °C, for 24h. After centrifugation for 5 min at 4 °C, the absorbance of the extract was 

measured at 470, 649, 664 and 750 nm, using a spectrophotometer (UV-1800, Shimadzu, 

Japan). The concentrations of chlorophyll a, chlorophyll b, their sum and ratio (on a mass basis), 
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as well as total carotenoid contents, were calculated using the equations derived by 

Lichtenthaler & Buschmann (2001). 

Anthocyanin 

Fresh samples (0.1 g) were ground as described above, incubated with 600 μL of extraction 

buffer (99% methanol and 1% HCl), and vortexed. The extracts were placed in an ultrasonic 

bath with ice water for 10 minutes and then incubated overnight at 4 °C in the dark. After 

extraction, 400 μL of water and 400 μL of chloroform were added. Absorbance (A) of extracts 

was measured at 530 and 657 nm, using a microplate reader (Infinite 200 PRO, TECAN, 

Switzerland), and anthocyanin content was expressed as: Anthocyanin = (A530-0.33*A657) / 

fresh weight (Liu et al., 2018a), where A530 and A657 are absorbance at 530 and 657 nm, 

respectively. 

UV-absorbing compounds 

Fresh samples (0.1 g) were ground as described above, and incubated with 5 mL of acidified 

methanol solution (70% methanol, 29% H2O and 1% HCl) at -20°C, for 48 h. Absorbance of 

extracts was scanned in the 240−400 nm range, with 2 nm resolution, using a microplate reader 

(Infinite 200 PRO), and the concentration of UV-absorbing compounds was expressed as 

absorbance (A) cm−2. For estimation of extracted UV-absorbing compounds, mostly phenolic 

metabolites, absorbance at 365 nm was used (Barnes et al., 2016). 

2.4 Statistics 

Statistical analyses were performed in R (version 4.1.3., R Core Development Team, 2022). 

The Q‐Q plot was used to test the distribution of data graphically, and the bartlett.test was used 

to test the homogeneity of variance of residuals. Linear mixed effects models were fitted using 

the lme function in the nlme package and with cultivation round as a block, from the comparison 

of fits that allow the error variance to depend on UV-A1. This was followed with a factorial 

analysis of variance (ANOVA) to assess the effects of the factors, i.e. UV-A1 irradiance, PPFD, 
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and their interaction. When the ANOVA indicated an interaction (p < 0.05), the response to UV-

A1 was assessed within each PPFD. When the effect of UV-A1 irradiance was significant (p < 

0.05), a post-hoc test was used to assess the significance of differences between pairs of UV-

A1 treatments under each PPFD; this was done using the function glht in the multcomp 

package, using Tukey as the linear hypothesis. Tukey’s HSD (honestly significant difference) 

was used to fit pairwise contrasts (p-values were adjusted for multiple comparisons) to assess 

the effect of UV-A1 treatments under each PPFD on the parameters. Additionally, within the 

UV-A1 dose response experiment, to estimate the linear relationship of UV-A1 irradiance and 

measured parameters, simple linear regressions were tested using the function lm. Each 

repetition was considered as a block. Data are presented as mean ± standard error (SE) of three 

blocks (n=3). 

3. Results 

3.1 Plant growth and morphological traits 

Background irradiance (i.e., 150 vs. 550 μmol m-2 s-1 of white light) had strong effects on almost 

all growth traits in all species (Figs. 2, 3), except for total leaf area in tomato (Fig. 3F). In 

contrast, UV-A1 barely affected plant appearance (Fig. 2) or growth (Fig. 3) at either PPFD, 

except for some responses in arabidopsis and both lettuce cultivars. Arabidopsis and lettuce 

showed several responses: Leaf area of lettuce cv. Klee was increased by 11% at LLU20, 

compared to LLU0 (Fig. 3I). Leaf area and shoot dry weight of arabidopsis in LLU20 were 

decreased by 7% and 13%, respectively, compared to LLU0 (Fig. 3E, J). Effects of PPFD and 

UV-A1 irradiance did mostly not interact, except for leaf area in lettuce cv. Klee (PUxI= 0.01; 

Fig. 3I), which was increased by UV-A1 (highest value at 20 μmol m-2 s-1 UV-A1) under LL, 

while under HL there was no detectable UV-A1 effect. In addition, UV-A1 remarkably reduced 

shoot dry weight and leaf area near-linearly in lettuce cv. Tiberius, which was grown under a 

larger number of intermediate UV-A1 irradiance at LL (red symbols in Fig. 3C, H). Cucumber 

showed the least sensitive response to UV-A1 (Fig. 3B).  
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Both UV-A1 and PPFD strongly affected inflorescence formation in arabidopsis, based on 

visual observation: under LLU0, closed flower buds were observed at the final harvest, and 

inflorescence tended to increase in length with higher UV-A1 under LL (Fig. 2C). Under HL, 

arabidopsis formed inflorescences even when no UV-A1 was applied, but inflorescence 

formation was hastened by UV-A1 (Fig. 2B). UV-A1 also affected leaf shape in arabidopsis, 

and leaf angle in tomato and lettuce cv. Tiberius: when arabidopsis was grown under LLU100, 

the leaf edges were more visibly rounded and leaves were much flatter, compared with LLU0. 

This phenomenon was not observed under HL, as the edges of leaf blades were strongly curved 

downwards in all cases (Figs. 2; S2). Further, petioles of tomato and lettuce cv. Tiberius tended 

to be more upright upon increases of UV-A1 irradiance under LL (Fig. S2). These UV-A1 

effects were not observed under HL (Fig. S2).
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Figure 2. Plant morphology responses to UV-A1 radiation. Three UV-A1 irradiances were applied, i.e. 0, 20 and 100 
µmol m−2 s−1 at low (LL; 150 μmol m−2 s-1) and high (HL; 550 μmol m−2 s-1) PPFD for 13 days. A and B show plant 
morphology of horticultural species and arabidopsis, respectively, under the various treatments; C: inflorescence 
length of arabidopsis. Different capital and lowercase letters (in C) indicate statistically significant differences among 
UV-A1 treatments under HL and LL, respectively (p < 0.05). The numbers (in C) provide p-values for the main effects of 
UV-A1 (PU) and PPFD (PI), and the interaction between them (PU×I). Error bars show ± SE (n = 3, where each replicate 
represents the mean of five biological replicates).
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Figure 3. Effects of UV-A1 radiation on growth of tomato, cucumber, lettuce (cvs. Tiberius and Klee) and arabidopsis. 
Plants were grown under three UV-A1 irradiances (i.e. 0, 20 and 100 µmol m−2 s−1) paired with low (LL, 150 μmol m−2 

s-1; black solid line) and high (HL, 550 μmol m−2 s-1; blue dotted line) PPFD for 13 days. Additionally, lettuce cv. Tiberius 
(C, H, M) was grown under six UV-A1 irradiances (i.e. 0, 10, 30, 50, 70 and 100 µmol m−2 s−1) at LL (red solid line). A-E: 
shoot dry weight; F-J: leaf area; K-O: specific leaf area. The numbers in each panel provide p-values for the main effects 
of UV-A1 (PU) and PPFD (PI), and the interaction between them (PU×I). The red line and numbers in panels C, H, and M 
represent the best-fit model as determined by simple linear regression and asterisks indicate the significance of the 
linear relationship (∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001). Different lowercase letters (in I) indicate statistically significant 
differences among UV-A1 treatments under LL (p < 0.05). Error bars show ± SE (n = 3, where each replicate represents 
the mean of five biological replicates). 

3.2 Leaf biochemical compounds 

In all species, HL promoted the accumulation of almost all leaf metabolites per unit leaf area 

(Fig. 4). UV-A1 had comparably smaller effects on chlorophyll and carotenoid concentrations, 

except for a strong increase under LLU20 and a strong decrease under LLU100 in arabidopsis, 

with visible differences in leaf greenness (Figs. 3A; 4E, J). Concentrations of anthocyanin and 

UV-absorbing compounds dropped with UV-A1 at HL in most species, and did so especially 

strongly in arabidopsis and lettuce cv. Klee (Fig. 4P-T). However, at LL, concentrations of 

anthocyanin and UV-absorbing compounds hardly responded to UV-A1 in tomato, cucumber 

and lettuce cv. Tiberius (Fig. 4U-Y).

C
ha

pt
er

 2



Chapter 2 
 

28 

 

Figure 4. Effects of UV-A1 radiation on leaf biochemical compounds of tomato, cucumber, lettuce (cvs. Tiberius and 
Klee) and arabidopsis. Three UV-A1 irradiances were applied, i.e, 0, 20 and 100 µmol m−2 s−1 at low (LL; 150 μmol m−2 

s-1; black solid line) and high (HL; 550 μmol m−2 s-1; blue dotted line) PPFD for 13 days. Additionally, lettuce cv. Tiberius 
(C, H, M, R, W) was grown under six UV-A1 irradiances, i.e. 0, 10, 30, 50, 70 and 100 µmol m−2 s−1 (red solid line) at LL. 
A-E: chlorophyll concentration, F-J: carotenoids, K-O: Chla/b, P-T: anthocyanin, U-Y: UV-absorbing compounds. 
Different capital (in E, S, T and Y) and lowercase letters (in E and S) indicate statistically significant differences among 
UV-A1 treatments under HL and LL, respectively (p < 0.05). The numbers in each panel provide p-values for the main 
effects of UV-A1 (PU) and PPFD (PI), and the interaction between them (PU×I). The red line and numbers in the panels 
C, H, M, R and W represent the best-fit model as determined by simple linear regression and asterisks indicate the 
significance of the linear relationship (∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001). Error bars show mean ± SE (n = 3, where each 
replicate represents the mean of five biological replicates). 
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3.3 Fv/Fm and leaf light absorptance 

UV-A1 reduced Fv/Fm near-linearly under LL, but in most cases there was no reduction under 

HL (Figs. 5A-E). In cucumber, UV-A1 had a similar, but small, reducing effect on Fv/Fm at both 

PPFD, while an interaction between PPFD and UVA-1 was observed in lettuce cv. Klee and 

arabidopsis. Unlike Fv/Fm, leaf light absorption by leaves was weakly affected by UV-A1, but 

a high PPFD tended to increase absorptance, albeit with genotype-specific effects: Leaves of 

lettuce cv. Klee were colored purple when grown under HL (Fig. 2A), resulting in high overall 

leaf light absorptance (Fig. 5I), which was especially increased in the green and red range of 

the visible spectrum (Fig. S3D). In arabidopsis, leaf light absorptance increased under HL (Fig. 

5J). 

Figure 5. Effects of UV-A1 radiation on maximum quantum yield of photosystem II (Fv/Fm) and leaf light absorptance 
in the PAR range (400-700 nm) of tomato, cucumber, lettuce (cvs. Tiberius and Klee) and arabidopsis. Three UV-A1 
irradiances were applied, i.e, 0, 20 and 100 µmol m−2 s−1 at low (LL; 150 μmol m−2 s-1; black solid line) and high (HL; 550 
μmol m−2 s-1; blue dotted line) PPFD for 13 days. Additionally, lettuce cv. Tiberius (C, H) was grown under six UV-A1 
irradiances, i.e. 0, 10, 30, 50, 70 and 100 µmol m−2 s−1 (red solid line) at LL. A-E: Fv/Fm, F-G: leaf light absorptance. 
Different capital (in E, G and I) and lowercase letters (in D, E, G and I) indicate statistically significant differences among 
UV-A1 treatments under HL and LL, respectively (p < 0.05). The numbers in each panel provide p-values for the main 
effects of UV-A1 (PU) and PPFD (PI), and the interaction between them (PU×I). The red line and numbers in the panels C 
and H represent the best-fit model as determined by simple linear regression and asterisks indicate the significance of 
the linear relationship (∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001). Error bars show ± SE (n = 2, which each replicate represents 
the mean of five biological replicates).
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4. Discussion 

Several horticultural and a model species (Arabidopsis thaliana) were grown under a range of 

UV-A1 irradiances, at two background PPFD, and their growth and leaf physiological traits 

were explored. To our knowledge, this is the first controlled-environment study of its kind: 

thanks to recent advances in LED technology, we were able to use narrowband UV-A1 LEDs 

peaking at 365 nm at irradiances up to 100 µmol m-2 s-1, which could not be realized 

previously. We found that plant growth and leaf biochemical compound concentrations in 

response to UV-A1 radiation are genotype-specific, and UV-A1 radiation-induced leaf 

photoinhibition depends on the background irradiance. When designing this experiment, we 

chose to add UV-A1 radiation to two background PPFD, resulting in different total PFD among 

the treatments (Table 1). Although this approach is not perfect, the alternative – namely keeping 

PFD identical between treatments by lowering PPFD with increments in UV-A1 radiation – 

seemed like an even worse alternative, as this would have resulted in strongly different rates of 

photosynthesis among treatments. Nevertheless, possible unintended consequences of our 

experimental design include increased plant temperature as indicated by the higher radiation 

energy under high PFD condition, and potentially slightly higher photosynthesis rates under 

increased UV-A1 radiation which drives photosynthesis to some extent (McCree, 1971; 

Turnbull et al., 2013). 

4.1 UV-A1 radiation: stimulus or stressor? 

Whether UV-A1 radiation functions as stimulus or stressor for plant growth and development 

has been the subject of ongoing debate (Rai et al., 2021; Verdaguer et al., 2017). UV-A1 is 

considered to be a regulator, as it shares photoreceptors with blue light, i.e. phototropins and 

cryptochromes, which determine many aspects of plant processes (Lin, 2000; Takahashi & 

Murata, 2008). UV-A1 can also be considered a stressor, owing to its short wavelength and thus 

high energy per photon, which can effectively induce photoinhibition or even photodamage to 

photosystem II (Takahashi et al., 2010).  
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As a stimulus for plant growth and development, UV-A1 radiation functions similarly to blue 

light in eliminating the so-called “red light syndrome”: when plants are grown under 

monochromatic red light, they form an abnormal plant morphology as well as photosynthetic 

machinery, and the addition of small quantities of either blue or UV-A1 radiation can revert this 

syndrome (Zhang et al., 2020). Earlier studies reported that under indoor cultivation, adding 

~20 µmol m-2 s-1 UV-A1 radiation stimulated biomass accumulation by ~20% both in tomato 

and lettuce (Chen et al., 2019; Zhang et al., 2020). Similar findings were also reported by others 

in tomato, lettuce and kale (He et al., 2021; Kang et al., 2018; Lee et al., 2019). Our recent 

study again illustrated that UV-A1 treated plants had a greater leaf area than blue light, thereby 

promoting plant growth (Zhang et al., 2023). Such a strong positive regulation of plant growth 

was not observed in this study (Fig. 2), which is logical given that the white background light 

contained ample amounts of blue light (20%; Table S1).  

The role of UV-A1 as a stressor that exerts oxidative pressure (Neugart & Schreiner, 2018) was 

obvious in our data, given the photoinhibition (i.e. decreased Fv/Fm, Fig. 5) that occurred when 

UV-A1 was paired with LL. Chen at al. (2019) reported similar findings, where exposure to 

30 µmol m-2 s-1 UV-A1 radiation induced photoinhibition in lettuce. However, the 

photoinhibition that occurred in most genotypes did not seem to have strong effects on growth 

(Fig. 2). Interestingly, our data further suggest that UV-A1-induced photoinhibition was 

counteracted under HL in all genotypes, except in cucumber (Fig. 5A-E). This may be 

attributed to the high light build-up of increased photosynthetic and photoprotective capacity 

(Hoffmann et al., 2015; Kang et al., 2021). Furthermore, the higher concentration of UV-

absorbing compounds under HL may have prevented some of the UV-A1 penetrating to the 

mesophyll, avoiding further damage (Fig. 4U-Y; Bidel et al., 2007; Caldwell et al., 1983); and 

higher concentrations of carotenoids under HL may have also contributed to mitigating 

photoinhibition through non-photochemical quenching (Horton et al., 1996; Shih et al., 2000). 

In arabidopsis, the appearance of an inflorescence under LL and the longer inflorescence length 

under HL when paired with UV-A1 could also be considered as an indicator of plant stress 

(Figs. 2C, 5E). Early flowering in arabidopsis can maintain high fitness under UV-A1 radiation, 

by shifting much of the carbon fixation towards the inflorescence (Gnan et al., 2017; Fig. 2C). 
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Also, a possible higher plant temperature under UV-A1 may have promoted developmental 

rates and rate of flowering in arabidopsis (Fig. 2C; Kazan & Lyons, 2016). The reduction in 

growth observed in arabidopsis (Fig. 2) is likely attributed to UV-A1 promoting flowering 

development, which in turn constrains plant growth, rather than a direct consequence of UV-

A1 exposure (Blümel et al., 2015; Koelewijn, 2004). On the other hand, previous studies have 

reported that cryptochrome 2 absorbs UV-A1 radiation and participates in regulating the 

flowering-time gene CONSTANS, thereby accelerating flowering (Guo et al., 1998; Suárez-

López et al., 2001). In this context, it is difficult to conclude whether UV-A1 directly stimulated 

flowering via cryptochrome 2, or whether the stress as well as possible higher plant temperature 

exerted by UV-A1 indirectly led to early flowering.  

Based on our observations of plant morphology and growth (Figs. 2, 3), tomato, cucumber and 

lettuce cv. Klee could be considered as UV-A1 tolerant plants, whereas arabidopsis and lettuce 

cv. Tiberius are UV-A1 sensitive plants as they clearly showed reductions in growth due to UV-

A1 exposure. Plants possess several mechanisms to protect themselves from UV-induced 

damage, including hairs and waxes on the leaf surface (Holmes & Keiller, 2002), 

photoprotective pigments, non-photosynthetic quenching (Bassi and Dall’Osto, 2021), 

chloroplast movement (Haupt & Scheuerlein, 1990), et al. In this context, UV sensitivity is 

likely affected by a range of underlying traits, and our data do not allow to conclude a clear 

answer as to which traits separate sensitive from tolerant genotypes. 

4.2 Does UV-A1 radiation up or down-regulate UV-screening compound 
accumulation? 

Effects of UV-A radiation on the buildup of leaf secondary metabolites are inconclusive and 

controversial (Verdaguer et al., 2017). Flavonoids, a major group of secondary metabolites, are 

considered to be UV-screening compounds. In our study, UV-A1 radiation hardly affected the 

accumulation of UV-screening compounds under LL, except for lettuce cv. Klee and 

arabidopsis, which showed only slight increments at UV-A1 irradiance of 100 µmol m-2 s-1 (Fig. 

4P-Y). Our recent study reported that UV-A1 radiation caused weaker increases in transcript 

abundance of genes in the flavonoid biosynthetic pathway than blue light (Zhang et al., 2023). 
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In this context, the substantial fraction of blue light in the background spectra (20%) was 

probably sufficient to fully excite the pathway of cryptochrome-mediated UV-screening 

compound biosynthesis (Fig. 4P-Y; Table S1; Brelsford et al. 2019). Consequently, UV-A1 

radiation did not have any effects on the accumulation of UV-screening compounds. Under HL, 

interestingly, UV-A1 radiation significantly reduced the concentrations of anthocyanin and UV-

absorbing compounds in lettuce cv. Klee and arabidopsis, but not in other genotypes (Fig. 4P-

T), which means the accumulation of UV-screening compounds under UV-A1 radiation 

depends on both plant genotype and background irradiance. The production of anthocyanin is 

regulated by light and corresponding photoreceptors (Liu et al., 2018b). Moreover, the chemical 

structure of the pigments can also be altered by high light or UV radiation, thus leading to 

pigment degradation (Woodward et al., 2009). Our results challenge the view that UV radiation 

can promote the accumulation of secondary metabolites (Lee et al., 2014; Neugart & Schreiner, 

2018; Verdaguer et al., 2017). Altogether, the mechanisms underlying the interactive effects 

between UV-A1 and growth irradiance on the concentration of UV-screening compounds seem 

rather complex, and further exploration using photoreceptor mutants as well as pigment 

chemical structure analysis might be needed.  

4.3 Responses of arabidopsis to the environment are not necessarily 
representative of other species 

As a model species, arabidopsis has been used widely to explore physiological and 

developmental processes in plants, including photoreceptor functions (Inoue et al., 2008; 

Jenkins, 2014; Takemiya et al., 2005). In this study, surprisingly, UV-A1 radiation had 

relatively minor effects on growth in most horticultural species, but strongly reduced biomass 

by up to ~40% in arabidopsis (Fig. 3E). Also, UV-A1 had much stronger effects on 

photoinhibition (reduced Fv/Fm) in arabidopsis than in the other tested species, and induced or 

accelerated floral initiation in both low and high PPFD (Figs. 2C, 5E). Additionally, arabidopsis 

showed notable changes in leaf shape when grown under UV-A1 radiation (Fig. 2B). Hence, 

many responses in arabidopsis to UV-A1 deviated from those found in the other species. 

Similarly, in other studies the rate and degree of chloroplast movement were much stronger in 

arabidopsis compared to those of many other species (Königer & Bollinger, 2012), as was the 
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extent of blue light-induced stomatal opening (Vialet-Chabrand et al., 2021). Curiously, these 

examples all seem to show a larger sensitivity in arabidopsis to photoreceptor-mediated 

processes that respond to either blue light or UV-A1. In this context, extrapolation of research 

results from arabidopsis to horticultural species should be treated with caution. 

5. Conclusions 

Our study describes how strongly plant species differ in their response to UV-A1 radiation, and 

how their responses to UV-A1 radiation depend on background irradiance. We show that i) the 

addition of UV-A1 radiation to white light reduces growth in Arabidopsis, but barely affects 

growth in three horticultural species, ii) the addition of UV-A1 radiation to white light induced 

photoinhibition under low light but not under high light in all tested species, and iii) UV-A1 

radiation and background irradiance interactively affects UV-screening compound 

concentrations in Arabidopsis and lettuce cv. Klee, but not in the other genotypes. We conclude 

that plant responses to UV-A1 radiation are genotype and background irradiance-dependent 

under indoor cultivation with full spectrum white light. This study highlights the importance of 

interactive effects of other light spectra on UV-A1 radiation-mediated plant processes, which 

is highly relevant when designing UV-A plant photobiology studies, as the spectrum of 

background light plays an important role.  
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Supplementary material: 

Figure S1. Spectral photon irradiance normalized to its maximum in each panel, in light treatments used for screening 
genotypes: UV-A1 dose response curve experiment (A); for germination in growth room (B). 

 

Figure S2. Plant morphology responses to UV-A1 radiation. Three UV-A1 irradiances were applied, i.e. 0, 20 and 100 
µmol m−2 s−1 at low (LL; 150 μmol m−2 s-1) and high (HL; 550 μmol m−2 s-1) PPFD for 13 days. 
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Figure S3. Effects of UV-A1 on leaf light absorptance in the PAR range (400-700 nm) of tomato, cucumber, lettuce cvs. 
Tiberius and Klee and arabidopsis. Three UV-A1 irradiances were applied, i.e. 0, 20 and 100 µmol m−2 s−1 at low (LL; 
150 μmol m−2 s-1) and high (HL; 550 μmol m−2 s-1) PPFD for 13 days. A-E: Absorptance (%). Error bars show ± SE (n = 2, 
where each replicate represents the mean of five biological replicates). 

 

Table S1. Spectrum distribution of white light in screening genotypes cultivation and UV-A1 dose response curve 
experiment. 

LEDs Blue Green Red Far Red 

Percentage(%) 20 35 38 7 
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Abstract 

Although blue light is known to produce leaves with high photosynthetic capacity, the role of 

the blue-adjacent UV-A1 (350-400 nm) in driving leaf photosynthetic acclimation is less 

studied. Tomato plants were grown under hybrid red and blue (RB; 95/5 μmol m−2 s−1), as well 

as four treatments in which RB was supplemented with 50 μmol m−2 s−1 peaking at 365, 385, 

410, and 450 nm, respectively. Acclimation to 365-450 nm led to a shallow gradient increase 

in trait values (i.e. photosynthetic capacity, pigmentation and dry mass content) as the peak 

wavelength increased. Furthermore, both UV-A1 and blue light grown leaves showed efficient 

photoprotection under high light intensity. When treated plants were transferred to fluctuating 

light for five days, leaves from all treatments showed increases in photosynthetic capacity, 

which were strongest in RB, followed by additional UV-A1 treatments; RB grown leaves 

showed reductions in maximum quantum yield of photosystem II, while UV-A1 grown leaves 

showed increases. We conclude that both UV-A1 and blue light effectively trigger 

photosynthetic and photoprotective acclimation, the extent of acclimation becoming stronger 

the longer the peak wavelength is. Acclimatory responses to UV-A1 and blue light are thus not 

distinct from one another, but follow a continuous gradient. 

 

Keywords:  

UV-A1, acclimation, steady-state photosynthesis, dynamic photosynthesis, photoprotection, 

tomato
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1. Introduction 

Light is the source of energy for photosynthesis, but also functions as a crucial signal for plant 

development and environmental acclimation (Poorter et al., 2019). Apart from light intensity, 

dosage, direction, and timing (e.g. Kaiser et al., 2024; van Delden et al., 2021), the spectral 

composition of light is crucial in plant development and growth. Among the different 

wavebands in the solar spectrum, blue light (400-500 nm) has long been recognized for its role 

in plant development (Fankhauser & Chory, 1997; Jiang et al., 2023; Lin, 2000), including 

photosynthetic acclimation (Hogewoning et al., 2010). The waveband directly adjacent to blue 

light, UV-A radiation (315-400 nm), is a primary component of solar UV radiation, and its role 

in shaping plant development is relatively less well studied than that of blue light. However, 

the investigation of its effects on plants has recently been boosted by new LED technology 

(Chen et al., 2019; Kelly & Runkle, 2023; Verdaguer et al., 2017; Zhang et al., 2023). Due to 

their narrow bandwidth, LED lamps provide the opportunity to investigate plant acclimation to 

various compositions of light qualities and intensities. Depending on photoreceptor 

involvement, the UV-A waveband can be divided into a range termed UV-A1 (350-400 nm), 

which is sensed by phototropins and cryptochromes, and UV-A2 (315-350 nm) which is 

primarily detected by UVR8 (Rai et al., 2019, 2021). While earlier studies primarily focused 

on the instantaneous response of photosynthesis to UV-A radiation (Johnson & Day, 2002; 

Mantha et al., 2001; Sun et al., 2024; Turnbull et al., 2013), the effects of photosynthetic 

acclimation under UV-A1, as well as its wavelength dependence, are largely unknown (Rai et 

al., 2021). Given that UV-A1 acts on the same photoreceptors as blue light, similarities in 

photosynthetic acclimation between the two wavebands can be expected. However, because 

UV-A1 is less strongly absorbed by chloroplasts than blue light, it is reasonable to assume that 

photosynthetic acclimation to UV-A1 is weaker than acclimation to blue light.  

Plants acclimate to their environment through adjustments in photosynthetic biochemistry and 

plant morphology, to maximize their fitness under the given circumstances (Morales & Kaiser, 

2020; Walters, 2005). Blue light is an important signal for the development of a normal 

photosynthetic apparatus (Wennicke & Schmid, 1987). Leaves grown under a mixture of red 
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and blue light show higher chlorophyll a/b ratios, biomass, photosynthetic capacity and 

photosynthetic electron transport than leaves grown under monochromatic red light 

(Hogewoning et al., 2010; Liang et al., 2021; Matsuda et al., 2004). The latter exhibit a 

phenomenon known as the “red light syndrome” (Trouwborst et al., 2016), which is 

characterized by a dysfunctional leaf photosynthetic apparatus: low net photosynthesis rate (A) 

and photosynthetic capacity, low maximum quantum yield of photosystem II, low chlorophyll 

content, and unresponsive stomata. The red light syndrome can be alleviated by adding a small 

amount of either UV-A1 or blue light (Franklin, 2008; Hogewoning et al., 2010; Zhang et al., 

2020). However, the fact that UV-A1 radiation triggered weaker and later gene expression than 

blue light (Zhang et al., 2023) suggests that its effects are not equivalent to those of blue light 

(Zhang et al., 2020). 

Both light intensity and spectrum are dynamic in nature (Durand & Robson, 2023), causing 

photosynthesis and photoprotection to respond dynamically. How quickly photosynthesis 

responds to changes in light intensity is often probed through measurements of photosynthetic 

induction, which describes the progressive transition of A from a dark- or low light-adapted to 

a high light intensity (Kaiser et al., 2017a). This progress is determined by both biochemical 

(regeneration of ribulose 1,5-bisphosphate and the activation of Ribulose 1,5-bisphosphate 

carboxylase) and diffusional factors (opening of stomata; (Acevedo-Siaca et al., 2020; Kaiser 

et al., 2016), and its rapidity is modulated by several environmental factors (Kaiser et al., 2015, 

2017a). Given that acclimation to several red/blue light ratios (including monochromatic red 

light) barely affected the rate of photosynthetic induction and other dynamic photosynthesis 

traits under fluctuating light (Zhang et al., 2019), it can be hypothesized that acclimation to UV-

A1 radiation will not affect the rate of photosynthetic induction, either.  

Leaves often absorb more light than they can utilize for photosynthesis, potentially leading to 

oxidative damage of their photosynthetic tissues (Murchie & Niyogi, 2011). To mitigate this, 

plants use several photoprotective mechanisms, including non-photochemical quenching (NPQ; 

Bassi & Dall’Osto, 2021). Based on its kinetics, NPQ can be divided into its components 

energy-dependent quenching (qE), zeaxanthin-dependent quenching (qZ), state transition-

dependent quenching (qT) and photoinhibition (qI; Long et al., 2022). Compared to red-light 
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grown leaves, red/blue light-grown leaves showed a faster NPQ formation and higher steady-

state NPQ (Kang et al., 2021; Zhang et al., 2019), potentially alleviating photoinhibition and 

maintaining photosynthesis under periods of high or strongly fluctuating light intensity. While 

cryptochromes are involved in ameliorating high light stress (Brelsford et al., 2019; Hoffmann 

et al., 2015), it is currently unclear whether acclimation to UV-A1 is similarly effective as 

acclimation to blue light in the build-up of photoprotective capacity. The extent of 

photoinhibition is partially driven by the energy per photon (Takahashi et al., 2010), suggesting 

that UV-A1 exposure is likely more photoinhibitive than blue light exposure. Indeed, plants 

grown under higher UV-A1 intensity showed stronger symptoms of photoinhibition than plants 

under a white background light only (Sun et al., 2024). Repairing UV-A1-induced 

photoinhibition requires energy (Miyata et al., 2012), which could otherwise be used for growth. 

It could thus be hypothesized that UV-A1 grown leaves show larger photoprotective capacity 

and less biomass accumulation than blue light grown leaves. 

We aimed to compare how acclimation to several wavelengths in the UV-A1 and blue light 

range (365-450 nm) affects photosynthetic and photoprotective performance in tomato, and 

how such acclimation prepares plants for subsequent exposure to fluctuating and high light 

intensities. We hypothesized that: 1) UV-A1 is less effective than blue light in promoting 

photosynthetic acclimation and biomass accumulation, 2) acclimation to neither wavelength 

affects the rate of photosynthetic induction; 3) leaves grown under UV-A1 radiation have higher 

photoprotective capacity compared to those grown under blue light, and 4) photoinhibition 

caused by UV-A1 exposure is reversed when plants are transferred to fluctuating light intensity. 

2. Materials and methods 

2.1 Plant material and growth conditions 

Seeds of tomato (Solanum lycopersicum cv. ‘Moneymaker’) were sown in rockwool plugs 

(Grodan, Roermond, the Netherlands) with one seed per plug, and germinated in a growth room 

at a photosynthetic photon flux density (PPFD) of 100 μmol m−2 s−1 white light (WL; ZWS01D-
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LED120-180, PanAnGreenlight, Jinhua, China; for spectra see Fig. S1), a photoperiod of 16 h, 

day/night temperature of 23.4 ± 0.7 / 22.4 ± 0.5, relative humidity of 70 ± 5%, and CO2 partial 

pressure of ~450 μmol mol−1. Air temperature and relative humidity were monitored by a 

climate sensor (TR-76Ui-S; T&D, Nagano, Tokyo, Japan), CO2 partial pressure was regularly 

and diligently monitored by the experimenter. Tomato seedlings were transferred to rockwool 

cubes (7.5 cm × 7.5 cm × 5 cm; Grodan) upon unfolding of the second true leaf, and distributed 

over five growth units (115 cm L × 70 cm W × 115 cm H), which were all set up in the same 

growth room. Opaque black-white plastic films were wrapped around each unit, which 

harbored one treatment, with the white side facing the plants, to avoid light contamination 

between units. Two ventilation fans (12 V, 0.90 A, 0.5 m3 min−1) were installed per unit to 

ensure uniform air circulation. Light was provided by a mixture of dimmable LED lamps 

(ZWS01D-LED120-180, PanAnGreenlight; see Fig. 1A for spectra). 

Light spectrum treatments 

A background light intensity of 100 μmol m−2 s−1 was provided by a mixture of red (R; 95 μmol 

m−2 s−1, peaking at 656 nm) and blue LEDs (B; 5 μmol m−2 s−1, peaking at 450 nm) per treatment 

(Table 1). In four out of five treatments, an additional 50 μmol m−2 s−1 light intensity was added, 

using light peaking at 365, 385, 410 and 450 nm, respectively (the latter was the same LED 

type as that used to provide blue in the background light). These treatments are referred to as 

RB+365, RB+385, RB+410, RB+450, respectively, while the treatment only containing 

background light is referred to as RB (Table 1). Plants were treated for 10-14 days, at a 

photoperiod of 16 h; all other environmental factors were the same as during germination. 

Plants were regularly watered by hand with a modified Hoagland nutrient solution (pH: 5.8, 

EC: 1.8 dS m−1). Every other day, plants inside each treatment were rotated and relocated 

relative to each other, to avoid position effects on plant growth. The initial distance between 

the top of the plants and the light panel was 60 cm. As plants grew upward, lamp output was 

regularly adjusted to maintain the same intensity at the top of the plants, which was measured 

regularly using a spectroradiometer (Avaspec-2048CL, Avantes, Apeldoorn, the Netherlands). 
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Table 1. Overview of light treatments in the experimental setup. 

Treatment 
R 

(μmol m-2 s-1) 

B 

(μmol m-2 s-1) 

UV-A1 

(μmol m-2 s-1) 

Total PFD 

(μmol m-2 s-1) 

DLI 

(mol m-2 d-1) 

RB 95 5 0 100 5.76 

RB+365 95 5 50 150 8.64 

RB+386 95 5 50 150 8.64 

RB+410 95 55 0 150 8.64 

RB+450 95 55 0 150 8.64 

Note: R, red light peaking at 656 nm; B, blue light (as background light peaking at 450 nm; as treatment light peaking 
at 410 and 450 nm, respectively); UV-A1, long-wavelength UV-A radiation (350-400 nm); PPFD, photosynthetic 
photon flux density (400-700 nm); total PFD, total photon flux density; DLI, daily light integral. 

High light (HL) exposure 

To evaluate leaf photoprotective capacity after acclimation under light spectrum treatments for 

13 days, plants were exposed to a high light intensity (1500 µmol m−2 s−1; HL) for 30 min 

(spectrum in Fig. S1B). 

Fluctuating light (FL) exposure 

To follow changes in photosynthetic capacity due to light mimicking natural sunlight, plants 

that had been growing under the light spectrum treatments for 10 days were exposed to FL for 

5 days. For this, plants were transferred to growth units (140 cm L × 75 cm W × 115 cm H) 

with white LEDs (spectrum in Fig. S1B) and a programmable controller. A FL that followed a 

diurnal pattern and changed every 5 minutes in the range of 0-1000 μmol m−2 s−1 was repeated 

daily (Fig. 1B), with an average PPFD of 406.8 μmol m−2 s−1, and DLI of 20.6 mol m−2 d−1. 

The photoperiod was 14 h. The position of plants relative to each other was changed daily. The 

distance between the top of the canopy and the LEDs was 40 cm. Other environmental 

conditions were identical to those described above.  
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Figure 1. Relative photon flux density of the light spectra used for light spectrum treatments (A) and diurnal 
photosynthetic photon flux density (PPFD) patterns used for fluctuating light exposure (B). 

2.2 Measurements 

2.2.1 Destructive measurements 

Destructive measurements were conducted after 14 days of light spectrum treatments, as well 

as before and after 5 days of FL exposure. Fresh and dry weights of leaves, petioles and stems 

were determined. Plant organs were dried for 48 h at 80 °C in a ventilated oven (DHG-9070A, 

Shanghai Jinghong, Shanghai, China). Stem length was measured using a ruler, and was 

defined as the distance from the intersection between shoot and root to the shoot apex. Leaf 

area was measured using a leaf area meter (LI-3100C, Li-Cor Biosciences, Lincoln, NE, USA). 

Specific leaf area (SLA; cm2 g−1) was calculated as leaf area divided by leaf dry weight. Dry 

mass partitioning to each organ was calculated by dividing dry weight of each organ by total 

shoot dry weight. Dry mass content was calculated as the ratio of shoot dry to fresh weight. The 

changes in shoot dry weight and leaf area before and after FL exposure were calculated as (after 

FL – before FL) / before FL. 
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2.2.2 Leaf light absorptance 

Light reflectance and transmittance in the 400-700 nm range of the adaxial side of the leaf were 

measured with a spectrometer (Ocean optics USB2000+, Dunedin, USA), in combination with 

two integrating spheres (FOIS-1, ISP-REF, Ocean Optics). Leaf light absorptance was 

calculated as 1 – reflectance – transmittance. The fully expanded third or fourth true leaves, 

counting from the top, were used for measurements.  

2.2.3 Leaf biochemical components 

After 13 days of light spectrum treatments, at the sixth hour of the photoperiod, the fully 

expanded third or fourth true leaves, counting from the top, were collected for measurements. 

Whole leaves were immersed in liquid nitrogen and then stored at – 80 °C until further analysis.  

Chlorophyll 

Fresh samples (0.1 g) were ground in liquid nitrogen, using a high-throughput tissue grinder 

(SCIENTZ-48, Xinzhi, Ningbo, China), and then incubated in 10 mL 95% ethanol in the dark 

at 4 °C, for 24h. The absorbance of the extract was measured at 470, 649, 664 and 750 nm, 

using a spectrophotometer (UV-1800, Shimadzu, Japan). The concentrations of chlorophyll a, 

chlorophyll b, their sum and ratio (on a mass basis), as well as total carotenoid contents, were 

calculated using the equations derived by Lichtenthaler & Buschmann (2001). 

Anthocyanin 

Fresh samples (0.1 g) were ground as described above, incubated with 600 μL of extraction 

buffer (99% methanol and 1% HCl), and vortexed. The extracts were placed in an ultrasonic 

bath for 10 minutes and then dark incubated overnight at 4 °C. After extraction, 400 μL of water 

and 400 μL of chloroform were added. Absorbance (A) of extracts was measured at 530 and 

657 nm, using a microplate reader (Infinite 200 PRO, TECAN, Switzerland), and anthocyanin 

content was expressed as: Anthocyanin = (A530-0.33*A657) / leaf area (Liu et al., 2018), where 
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A530 and A657 are absorbance at 530 and 657 nm, respectively. 

Phenolics and flavonoids 

Samples (0.1 g) were extracted with 1 mL of 80% aqueous methanol in an ultrasonic bath (10 

min), and were then centrifuged (15000 × g for 10 min). Total phenolic and flavonoid 

concentrations were determined using the Folin Ciocalteu and the aluminum chloride 

colorimetric assays, respectively (Khanam et al., 2012). The absorbance was determined using 

a microplate reader (Infinite 200 PRO, TECAN, Switzerland). For total phenolics content, 

gallic acid was used as the standard reference and gallic acid equivalent (GAE) was expressed 

as mg per g fresh mass. For total flavonoid content, rutin was used as the standard reference 

and rutin equivalent (RUE) was expressed as mg per g fresh mass (Yang et al., 2021). 

2.2.4 Photosynthesis 

Photosynthetic gas exchange and chlorophyll fluorescence measurements were performed 

using the LI-6800 photosynthesis system (Li-Cor Biosciences) equipped with the leaf chamber 

fluorometer (Li-Cor Part No.6800–01A, enclosed leaf area: 2 cm2). During measurements, CO2 

partial pressure was 400 µbar, leaf temperature was ~25 °C, leaf-to-air vapor pressure deficit 

was 0.7–1.0 kPa, and air flow rate through the system was 500 µmol s−1. Light intensity was 

provided by a mixture of red (90%) and blue (10%) LEDs in the fluorometer. Peak intensities 

of red and blue LEDs were at wavelengths of 635 and 465 nm, respectively. After 10–13 days 

of light spectrum treatments, photosynthesis measurements were taken on the same leaves as 

those used for leaf biochemical measurements. Per treatment, five biological replicates 

randomly selected from two batches were used for measurements. 

Steady-state photosynthesis 

To assess the responses of leaf photosynthetic gas exchange and chlorophyll fluorescence to a 

range of light intensities, leaves were adapted to 500 μmol m−2 s−1 PPFD, until photosynthesis 

rate (A) and stomatal conductance (gs) were stable. Leaves were then exposed to 2000, 1500, 
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1000, 800, 600, 400, 200, 150, 100, 50, and 0 µmol m−2 s−1 PPFD. When A reached steady-

state at each PPFD (~2 min, except for the highest light intensity, where this took 5-10 min), A, 

gs, and leaf internal CO2 partial pressure (Ci) were logged every 5 s for 0.5 min, and averaged 

values were used. Fluorescence yield under actinic light (Fs) and maximal fluorescence yield 

of a light-adapted leaf (Fm’) were logged at the same time, using a rectangular saturating flash 

of 16000 μmol m−2 s−1 intensity that was applied for 500 ms, and at a data acquisition rate of 

100 Hz. Photosystem II operating efficiency (ΦPSII) was calculated as ΦPSII = (Fm’- Fs)/Fm’ 

(Baker, 2008). 

To assess the CO2 response of A, leaves were adapted to 1000 μmol m−2 s−1 PPFD and 400 μbar 

CO2, until A and gs were stable. Thereafter, leaves were exposed to a range of CO2 partial 

pressures: 400, 300, 200, 100, 50, 400, 600, 800, 1000, 1200, 1500 and 2000 μbar. At each CO2 

partial pressure, measurements were taken when A had reached a steady state (3–5 min). Infra-

red gas analyzers were matched at every CO2 step. 

To follow changes in leaf photosynthesis and respiration in plants under FL exposure, the 

youngest fully expanded leaf was used for measurements. Every day, leaves were exposed to 

1000, 150 and 0 µmol m−2 s−1 PPFD respectively, using the fluorometer cuvette of the LI-6800. 

When A was stable (~3 min per step), gas exchange was logged every 5 s for 1 min, and 

averages of 12 values were used. 

Dynamic photosynthesis 

To evaluate gas exchange and chlorophyll fluorescence responses to step changes in PPFD, 

plants were adapted in a dark room for ∼30 min. After that, selected leaflets were placed in the 

LI-6800 cuvette, and minimal (F0) and maximal (Fm) chlorophyll fluorescence were recorded 

to determine the maximum quantum yield of photosystem II (Fv/Fm). Fv/Fm was calculated as 

(Fm-Fo)/ Fm (Baker, 2008). PPFD was then increased to 50 µmol m−2 s−1, and leaves were 

adapted at this PPFD until A and gs were at a steady state (approx. 20 min). Then, gas exchange 

was logged for 10 min at low light intensity (LL; 50 µmol m−2 s−1), followed by 40 min of high 

light intensity (HL; 1,000 µmol m−2 s−1), followed by another 20 min of LL. Gas exchange was 
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logged once every 2 s. Chlorophyll fluorescence was measured once per minute, as described 

above. 

Chlorophyll fluorescence imaging 

Chlorophyll fluorescence imaging were taken on both HL and FL exposed plants. Fv/Fm was 

measured using the Imaging-PAM Chlorophyll Fluorescence System (MAXI-PAM, Heinz 

Walz GmbH, Effeltrich, Germany). Fm and Fo of dark-adapted plants (≥ 20 min of dark 

adaptation) were measured on the youngest fully developed leaves. Measuring beam intensity 

was 1 μmol m−2 s−1, maximum flash intensity was 8,000 μmol m−2 s−1. Measurements were 

conducted on six plants per batch after 13 days of acclimation to light spectrum treatments and 

on three plants per batch in the case of FL exposure. During FL exposure, measurements were 

conducted on days 1, 3 and 5, respectively. The percentage reduction between Fv/Fm before and 

after HL exposure was calculated as: Reduction (%) = (Fv/Fm_before HL - Fv/Fm_after HL) *100/ 

Fv/Fm_before HL. 

Calculations 

Analysis of steady-state leaf photosynthesis. A non-rectangular hyperbolic function (Cannell 

and Thornley, 1998) was fitted to the light response curve, and the parameters light-saturated 

net photosynthesis rate (Asat, μmol m−2 s−1), maximum apparent quantum yield (α, μmol CO2 

μmol−1 photons) and mitochondrial respiration (Rd, μmol m−2 s−1) were derived. Parameters 

including maximum carboxylation rate (Vcmax), rate of photosynthetic electron transport (J) and 

triose phosphate use (TPU) were derived according to Sharkey (2016). For the purpose of A/Ci 

curve fitting, the mitochondrial respiration rate (Rd) was estimated to be 50% of dark respiration 

rate (Rdark; Busch et al., 2024), and mesophyll conductance (gm) at 400 μbar CO2 and 1000 µmol 

m−2 s−1 was calculated using the variable J method (Harley et al., 1992) using light response 

curve data. To obtain gm, Rd was assumed to be 50% of dark respiration rate, J was obtained by 

multiplying ΦPSII with incident light intensity and a scaling factor, s (0.4525), and the CO2 

compensation point in the absence of Rd, Γ*, was assumed to be 57.07 μbar. Values for s and 

Γ* were taken from Kaiser et al. (2017a), and were initially derived on tomato leaves using the 
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methodology by Yin et al. (2009). 

Photosynthetic induction. Transient responses of A, gs, and Ci to a step increase in light intensity 

were averaged over five data points to reduce measurement noise, using a moving average filter. 

Photosynthetic induction state was calculated after Zipperlen & Press (1997)： 

photosynthetic induction= ����
�� ���

∗ 100          (Eq. 1) 

Where Af  is steady-state A at 1500 μmol m−2 s−1 PPFD (mean value over 120 s), corrected for 

initial A at 50 µmol m−2 s−1 (Ai, mean value over 120 s before the increase in PPFD). 

Photosynthetic induction state 60 s after the light intensity increase, IS60, as well as the times 

required to reach 50% and 90% of full photosynthetic induction, t50-A and t90-A, were calculated.  

Modelling dynamic gs responses to PPFD. An empirical model was used to quantify the speed 

of stomatal responses to light intensity changes (Vialet-Chabrand et al., 2017): 

𝑔𝑔� = (𝑔𝑔��-𝑔𝑔��)𝑒𝑒�������
�� ��)

+ 𝑔𝑔��   (Eq. 2) 

where gsi and gsf represent steady-state gs under LL and HL respectively, t represents time, λ 

represents the initial time lag (time after the increase in light intensity during which no 

change in gs is observed), and ki represents the time constant for an increase of gs. ki does not 

directly represent a time to reach a percentage of gs, as this also depends on λ. Therefore τi, 

representing the time to reach 63% of the total gs increase including λ, can be calculated as: 

              𝜏𝜏� = λ-𝑘𝑘�*[ln(-ln(1-𝑒𝑒��)) − 1]     (Eq. 3) 

Where λ represents the initial time lag (time after the increase in light intensity during which 

no change in gs is observed), and ki represents the time constant for an increase of gs. ki does 

not directly represent a time to reach a percentage of gs, as this also depends on λ. Therefore, 

the time constant τi represents the time to reach 63% of the total gs increase. After a step 

decrease in light intensity, an exponential model (Vialet-Chabrand et al., 2017) was 

determined to be the best fit for stomatal closure in tomato leaves that had been grown under 
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similar conditions (Zhang et al., 2022): 

𝑔𝑔�=𝑔𝑔��+(𝑔𝑔��-𝑔𝑔��)𝑒𝑒�
�
��      (Eq. 4) 

Where the time constant τd represents the time to reach 63% of the total decrease in gs. 

NPQ kinetics. Separate models were fit to the induction (Equation 5) and low light relaxation 

(Equation 5) of NPQ to obtain their respective rate constants (b; Ferguson et al., 2023): 

NPQ=𝑎𝑎 𝑎 (1-𝑒𝑒(��𝑎�))      (Eq. 5) 

NPQ=𝑎𝑎 𝑎 (𝑒𝑒(��𝑎�)) + 𝑐𝑐      (Eq. 6) 

Where in both equations, a represents the amplitude of the response, c is an offset to account 

for a non-zero intercept, and t is time. Different NPQ components were further quantified by 

fitting a double exponential function to NPQ relaxation (Long et al., 2022): 

𝑁𝑁𝑁𝑁𝑁𝑁 𝑁 𝑁𝑁𝑁𝑁𝑁(�
�

���) + 𝐴𝐴𝐴𝐴𝐴(�
�

���) + 𝐴𝐴𝐴𝐴𝐴      (Eq. 7) 

where Aq1 corresponds to qE, Aq2 corresponds to qZ and qT, Aq3 corresponds to qI, τq1 and 

τq2 represent the half-lives of relation of Aq1 and Aq2 respectively. Curve-fitting was done 

using the ‘solver’ function in Microsoft excel. It should be noted that fitting of the entire Eqn. 

7 to the NPQ relaxation data yielded unrealistically low values for Aq3 (and correspondingly 

larger values for Aq1 and Aq2), since during the relatively short NPQ relaxation time (20 

min), NPQ did not reach a steady state – this is a prerequisite for realistic estimation of Aq3 

and thus qI. To solve this issue, we assigned the last recorded NPQ datapoint during NPQ 

relaxation as the value of Aq3, and fitted the rest of Eqn. 7 to the data. Since this procedure 

inevitably results in an overestimation of qI (due to steady-state NPQ having not yet been 

reached), we report the values here as apparent qI. 
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2.3 Experimental design and statistics 

The experiment was designed as a completely randomized block design (Table S1). The 

experiment (‘Light spectrum treatments’) was conducted three times in a row (resulting in three 

blocks), with six plants per treatment and block (total: 18 plants per treatment). In each block, 

the position of the light treatments in the growth room was changed randomly. Additional 

batches of plants were treated with light spectra and subsequently exposed to HL or FL, each 

of which were conducted on two separate batches of plants, with six plants per treatment and 

batch under HL exposure (total: 12 plants) and three plants per treatment and batch under FL 

exposure (total: 6 plants). Except for gas exchange measurements, all measurements were 

conducted on all experimental plants. Gas exchange measurements were conducted on five 

replicate plants per treatment in two batches (three plants measured in batch 1, two plants in 

batch 2). 

Treatment batches were treated as blocks, except for photosynthesis data, where each individual 

plant was treated as a replicate plant. One-way ANOVA was performed using polynomial 

contrasts to examine linear and quadratic trends across light spectra treatments (similar to 

Kaiser et al., 2019), with peak wavelength as quantitative factor. In this analysis, the quadratic 

component takes precedence over the linear component, i.e. if the quadratic component has a 

statistically significant effect (P<0.05), the linear component is irrelevant. In this analysis, the 

RB treatment was excluded, as it was applied at a lower light intensity than the other treatments. 

Custom contrast coefficients were applied to compare effects of the RB treatment with the 

average value of all RB+ treatments. Photosynthesis traits recorded during FL exposure were 

analyzed by a two-way ANOVA with light spectrum treatment and time of treatment as factors. 

Data were first tested for normality (Shapiro–Wilk test) and homogeneity of variances 

(Fligner–Killeen test) at P=0.05. When data did not fulfil the assumptions for an ANOVA, they 

were log-transformed, after which data fulfilled these prerequisites in all cases. For improved 

clarity, only P<0.1 are shown in figures, and P<0.05 are shown in bold. All analyses were 

performed using SPSS 24 (SPSS Inc., Chicago, IL). 
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3. Results 

3.1 Plant morphology, growth and pigmentation 

Plants grown with additional UV-A1 or blue light were visibly shorter and more compact (Fig. 

2A) than the control (RB); these are typical characteristics of high light intensity treated plants. 

RB treated plants were significantly longer, had larger SLA as well as lower dry mass content 

and leaf light absorptance, than RB+ treated plants (PRB < 0.001 in all cases; Fig. 2D-G). Dry 

mass partitioning within the shoot was also different in RB treated plants: partitioning to leaves 

was reduced whereas partitioning to petioles was increased, compared to RB+ plants (Table 

S2). Among the RB+ treatments, we observed significant linear response gradients with peak 

wavelength for shoot dry weight (Plin = 0.01), specific leaf area (SLA) (Plin < 0.001), dry mass 

content (Plin < 0.001) and leaf light absorptance (Plin =0.003; Fig. 2B, D, F, G). Unlike the other 

traits, leaf area was unaffected by any of the treatments (Fig. 2C). The various components of 

shoot dry weight, i.e. leaf, stem, and petiole dry weight, also showed significant linear 

responses with peak wavelength, as well as a linear increase in biomass partitioning to petioles 

(Table S2). 

RB treated plants showed reduced pigmentation than RB+ treated plants: concentrations of 

chlorophylls, carotenoids, anthocyanins and phenolics were all significantly reduced, whereas 

flavonoid concentrations were unchanged (Fig. 3). Among the RB+ treated plants, significant 

linear increases with peak wavelength could be observed for chlorophyll and carotenoid 

concentrations (Fig. 3A, C), but not for the other pigments. The chlorophyll a/b ratio was 

unaffected by treatments (Fig. 3B). 
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Figure 2. Plant morphology, growth and leaf light absorption of tomato plants acclimated to a mixture of red (R; 95 
μmol m−2 s−1) and blue (B; 5 μmol m−2 s−1) light (RB), as well as additional spectra in the UV-A1 and blue region with an 
intensity of 50 μmol m−2 s−1 peaking at 365, 385, 410 and 450 nm (RB+). A: representative images of plant morphology 
from the side and top view; B: shoot dry weight, C: leaf area, D: specific leaf area, E: stem length, F: shoot dry mass 
content, G: leaf light absorptance in the 400–700 nm range. Error bars show ± standard error of means (SEM; n = 3, 
each replicate represents the mean of six replicate plants). SEM is visible only when larger than the symbol size. 
Significant differences between RB and RB+ treatments are shown as PRB. For significant linear effects (Plin) of peak 
wavelength among the RB+ treatments, a trendline together with the respective P-value is depicted. Only P<0.1 are 
shown, P<0.05 are depicted as bold. 
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Figure 3. Pigmentation of tomato leaves acclimated to a mixture of red (R; 95 μmol m−2 s−1) and blue (B; 5 μmol m−2 
s−1) light (RB), as well as additional spectra in the UV-A1 and blue region with an intensity of 50 μmol m−2 s−1 light 
intensity peaking at 365, 385, 410 and 450 nm (RB+). A: chlorophyll concentration, B: chlorophyll a/b ratio, C: 
carotenoid concentration, D: anthocyanin concentration, E: flavonoid concentration (rutin equivalent (RUE) used as 
the standard reference), F: phenolics concentration (gallic acid equivalent (GAE) used as the standard reference). Error 
bars show ± SEM (n = 3, where each replicate represents the mean of six replicate plants). SEM is visible only when 
larger than the symbol size. Significant differences between RB and RB+ treatments are shown as PRB. For significant 
linear effects (Plin) of peak wavelength among the RB+ treatments, a trendline together with the respective P-value is 
depicted. Only P<0.1 are shown, P<0.05 are depicted as bold. 

3.2 Steady-state leaf photosynthesis traits 

Judging from light and CO2 response curves of photosynthetic gas exchange and chlorophyll 

fluorescence, photosynthetic capacity and gs were the lowest in RB-acclimated leaves, and 

progressively increased with peak wavelength in RB+ treated leaves (Figs. 4A-C; S2). This 

was confirmed by statistical analysis of parameters extracted from these curves: Asat, Rd, Vcmax, 

J and TPU were all strongly reduced (P<0.001 in all cases), resulting in maximum differences 

(between RB and RB+450) of ~40% for Asat and J (Fig. 4D, H), and ~60% for Vcmax (Fig. 4G). 

Somewhat surprisingly, however, the apparent maximum quantum yield (α) was significantly 

larger in RB than in RB+ treated leaves (Fig. 4E). Among the RB+ treated leaves, several traits 

related to photosynthetic capacity (Asat and Vcmax) showed significant linear increases with peak 

wavelength, while the linear correlation with J was not significant (Fig. 4D, G, H). 
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Figure 4. Steady-state responses of photosynthesis and chlorophyll fluorescence to light intensity and [CO2] in leaves 
acclimated to a mixture of red (R; 95 μmol m−2 s−1) and blue (B; 5 μmol m−2 s−1) light (RB), as well as additional spectra 
in the UV-A1 and blue region with an intensity of 50 μmol m−2 s−1 peaking at 365, 385, 410 and 450 nm (RB+). During 
all measurements, a spectrum of 90% red and 10% blue light was used. A: light response curve of net photosynthesis 
rate (A), B: response curve of A to leaf internal CO2 partial pressure (Ci), C: light response curves of electron transport 
efficiency through photosystem II (ΦPSII), D: light-saturated A (Asat), E: maximum apparent quantum yield of CO2 
fixation (α), F: mitochondrial respiration rate (Rd), G: maximum carboxylation rate (Vcmax), H: electron transport 
rate at 1500 μmol m−2 s−1 (J), I: maximum rate of triose phosphate use (TPU). Error bars show ± SEM (n = 5, five 
replicate plants were measured in two batches). SEM is visible only when larger than the symbol size. Significant 
differences between RB and RB+ treatments are shown as PRB. For significant linear effects (Plin) of peak wavelength 
among the RB+ treatments, a trendline together with the respective P-value is depicted. Only P<0.1 are shown, P<0.05 
are depicted as bold. 
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3.3 Dynamic photosynthesis 

Under high light intensity, A, gs, and ΦPSII all showed maximum values in RB+450 acclimated 

leaves, while minimum values were found under RB (Fig. 5A, B, D), similar to many steady-

state photosynthesis traits (Fig. 4). The rate of photosynthetic induction was not affected by 

extra UV-A1 or blue light treatments, as indicated by an absence of significant effects on IS60 

and no significant treatment effects on times to reach 90% of full photosynthetic induction (t90-

A; Figs. 5J; S3). While a quadratic response in t50-A was observed (Fig. 5G), there was no 

significant linear relationship between gs before photosynthetic induction and t90-A (Fig. S4). 

The rate of stomatal opening (τi) showed a quadratic response with peak wavelength (due to 

smaller values in the 410 nm treatment; Fig. 5H) while the rate of stomatal closure (τd) showed 

a negative linear response with peak wavelength (Fig. 5I), suggesting that stomata in leaves 

acclimated to blue light closed faster than those acclimated to UV-A1 radiation. 

Time courses of NPQ under dynamic light intensities were mostly unaffected by different light 

intensity treatments (RB vs. RB+), but showed some differences among the RB+ treatments 

(Fig. 5E): After the switch from low to high light intensity, RB+450 treated leaves induced 

NPQ much more rapidly than all other leaves (Fig. 5K), whereas rates of NPQ relaxation after 

the reverse switch were unaffected (Fig. 5L). During high light exposure, NPQ in RB+450 

treated leaves quickly levelled off, whereas it kept rising in other treatments (Fig. 5E), resulting 

in a significant negative relationship between NPQ reached after 40 min. of high light exposure 

and peak wavelength (P=0.006), and significantly larger NPQ in RB compared to RB+ treated 

leaves (P=0.004; Fig. S5). After the switch to low light, qE showed a significant (P=0.02) 

negative linear relationship with peak wavelength among the RB+ treatments (Fig. 5M), 

whereas qZ and qT as well as apparent qI did not show significant linear reductions (P=0.05 in 

both cases) with peak wavelength (Fig. 5N, O). 
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Figure 5. Dynamic photosynthesis, stomatal and photoprotection responses to step changes in light intensity in leaves 
acclimated to a mixture of red (R; 95 μmol m−2 s−1) and blue (B; 5 μmol m−2 s−1) light (RB), as well as additional spectra 
in the UV-A1 and blue region with an intensity of 50 μmol m−2 s−1 peaking at 365, 385, 410 and 450 nm (RB+). During 
all measurements, a spectrum of 90% red and 10% blue light was used. A: net photosynthesis rate (A), B: stomatal 
conductance (gs), C: photosynthetic induction (%), D: photosystem II electron transport efficiency (ΦPSII), E: non-
photochemical fluorescence quenching (NPQ), F: leaf internal CO2 partial pressure (Ci), G and J: times to reach 50 and 
90% of full photosynthetic induction (t50-A and t90-A), H and I: time constants of stomatal opening (τi) and closure (τd), 
K and L: rate constants of NPQ induction and relaxation; M-O: components of NPQ relaxation, qE (energy-dependent 
quenching), qZ (zeaxanthin-dependent quenching) and qT (state transition-dependent quenching), qI 
(photoinhibition). Initially dark-adapted leaves (black bar) for 30 min were adapted to 50 μmol m−2 s−1 for 30 min (grey 
bars), were then exposed to a sudden increase in light intensity to 1,500 μmol m−2 s−1 for 40 min (light bars), and were 
exposed to a sudden decrease in light intensity to 50 μmol m−2 s−1 (grey bars). Error bars show ± SEM (n = 5, five 
replicate plants were measured in two batches). SEM is visible only when larger than the symbol size. Significant 
differences between RB and RB+ treatments are shown as PRB. For significant linear (Plin) or quadratic (Pquad) effects of 
peak wavelength among the RB+ treatments, a trendline together with the respective P-value is depicted. Only P<0.1 
are shown, P<0.05 are depicted as bold. 

3.4 Responses to short-term high light and long-term fluctuating light exposure 

Maximum quantum yield of photosystem II (Fv/Fm) was assessed before and after HL (1500 

m−2 s−1) exposure for 30 min, as well as during a 5-day FL exposure (Figs. 6, 7F). Before 

exposure to HL, Fv/Fm in leaves of most treatments was >0.8, except for RB+365, which had a 

value of only 0.76 (Fig. 6A). Additionally, RB+ treated leaves showed a strong positive linear 

relationship between peak wavelength and Fv/Fm (Fig. 6A). After HL exposure, Fv/Fm in leaves 

of all treatments was reduced, while the mentioned linear relationship among RB+ treated 

leaves was still apparent (Fig. 6A). Additionally, we observed that thetreatment effect on the 

extent of Fv/Fm reduction under HL was not significant (Fig. 6B). 

When plants were transferred to FL for five days, we noted an interaction between light 

spectrum treatments and the duration of FL exposure (P<0.001; Fig. 7F): notably, Fv/Fm in 

leaves treated without UV-A1 was consistently above 0.8 during the 5-day FL exposure, while 

Fv/Fm in RB+365 treated leaves started at 0.78 and gradually increased towards 0.81, which 

was a little higher than RB+385 (~0.8) at the 5-day FL exposure (Fig. 7F). Besides, RB treated 

leaves suffered a reduction in Fv/Fm on days 3 and 5, and thus did not recover during FL 

exposure, while blue light treated leaves never showed a reduction during FL exposure (Fig. 

7F). 
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Figure 6. Maximum quantum yield of photosystem II (Fv/Fm) and its reduction after HL exposure for 30 min. A: Fv/Fm 
before and after HL exposure; B: Percentage reduction in Fv/Fm due to HL exposure. Plants were acclimated to a mixture 
of red (R; 95 μmol m−2 s−1) and blue (B; 5 μmol m−2 s−1) light (RB), as well as additional spectra in the UV-A1 and blue 
region with an intensity of 50 μmol m−2 s−1 peaking at 365, 385, 410 and 450 nm (RB+). After acclimation for 13 days, 
plants were exposed to a high light intensity (1500 µmol m−2 s−1) for 30 min. Error bars show ± SEM (n = 12, replicate 
plants were measured in two separate batches (six plants per batch). SEM is visible only when larger than the symbol 
size. Significant differences between RB and RB+ treatments are shown as PRB. For significant linear effects (Plin) of peak 
wavelength among the RB+ treatments, a trendline together with the respective P-value is depicted. Only P<0.1 are 
shown, P<0.05 are depicted as bold. 

Leaf photosynthetic traits were also assessed during 5-day FL exposure, along with growth 

traits measured before and after FL exposure (Figs. 7; S5). Values of A, gs and ΦPSII measured 

at high irradiance (A1000, gs1000, ΦPSII1000) in leaves acclimated to RB started out much lower than 

those of all other treatments, but increased steadily as exposure time to FL progressed (Figs. 

7A, D; S5). In contrast, A measured at 150 µmol m−2 s−1 showed no significant differences 

between treatments (Fig. 7B), while no interaction between light spectrum treatments and 

duration of FL exposure was observed on ΦPSII150 (Fig. 7E). Rdark was initially significantly 

smaller in RB and RB+365 treated leaves, but similarly to A1000 and ΦPSII1000, this difference 
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disappeared with duration of FL exposure (Fig. 7C). In addition, shoot dry weight, leaf area, 

and dry mass content increased, and SLA decreased, in all treatments during FL exposure (Fig. 

7G, H, I, L). The increase in shoot dry weight was significantly smaller (P=0.01), and the 

increase in leaf area was not significant, in RB compared to RB+ treated leaves (Fig. 7G, H). 

Nevertheless, there was no significant treatment effect on the percentage change in shoot dry 

weight or leaf area (Fig. 7J, K).  
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Figure 7. Leaf photosynthesis and growth traits of plants acclimated to various light spectra in response to FL exposure. 
Plants were initially acclimated to a mixture of red (R; 95 μmol m−2 s−1) and blue (B; 5 μmol m−2 s−1) light (RB), as well 
as additional spectra in the UV-A1 and blue region with an intensity of 50 μmol m−2 s−1 peaking at 365, 385, 410 and 
450 nm (RB+), for 10 days. Thereafter, they were transferred to FL exposure for 5 days. For gas exchange measurements, 
a spectrum of 90% red and 10% blue light was used. A: net leaf photosynthesis rate at 1000 µmol m−2 s−1 (A1000), B: net 
leaf photosynthesis rate at 150 µmol m-2 s-1 (A150), C: dark respiration rate (Rdark), D: photosystem II electron transport 
efficiency at 1000 µmol m-2 s-1 (ΦPSII1000), E: ΦPSII measured at 150 μmol m−2 s−1 (ΦPSII150), F: maximum quantum yield of 
photosystem II (Fv/Fm), G: shoot dry weight, H: leaf area, I: specific leaf area (SLA), J-K: increase of shoot dry weight 
and leaf area before and after FL exposure, respectively, L: dry mass content. Error bars show ± SEM (n = 6, six replicate 
plants measured in two batches, i.e. three plants per batch). Two-way ANOVA was performed for each parameter, and 
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the P-value of the main effect of treatment (PT) and days after start of treatment (PD), as well as the interaction effect 
of the two factors (PT×D), is shown. Asterisks indicate the significance among treatments on the given day after FL 
exposure (∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001). Significant differences between RB and RB+ treatments are shown as PRB. 
For significant quadratic (Pquad) or linear effects (Plin) of peak wavelength among the RB+ treatments, a trendline 
together with the respective P-value is depicted. Only P<0.1 are shown, P<0.05 are depicted as bold. 

4. Discussion 

UV-A radiation is a significant component of sunlight, but its effects on plant biology, including 

photosynthetic acclimation to UV-A, are poorly understood. We investigated how acclimation 

to UV-A1 (350-400 nm) radiation affects leaf photosynthetic traits (steady and dynamic) and 

photoprotective capacities as well as plant morphology and growth, compared to acclimation 

to blue light. We found that additional UV-A1 and blue light affected steady-state 

photosynthesis and photoprotective traits in a wavelength-dependent manner such that, 

generally, the effects of UV-A1 were weaker than those of blue light.  

4.1 Shallow gradient response in leaf photosynthetic acclimation and plant 
morphology within the UV-A1 and blue light wavebands 

We confirmed our first hypothesis, namely that radiation in the UV-A1 range is effective in 

triggering photosynthetic acclimation and changes in plant morphology, however to a lesser 

extent than blue light. Firstly, relative to the RB treatment (100 µmol m−2 s−1; 95% red and 5% 

blue), many traits of the RB+ treatments (RB plus 50 µmol m−2 s−1) were considerably increased 

(Figs. 2-5), signifying strong effects of the additional 50 µmol m-2 s-1 PFD in the 365-450 nm 

range. Secondly, among the RB+ treatments, we observed in many traits significant linear 

correlations with peak wavelength: these were found in shoot biomass and dry mass content, 

apparent leaf thickness (i.e., specific leaf area) and leaf light absorption, chlorophyll and 

carotenoid concentrations (though not other pigments), photosynthetic capacity and stomatal 

conductance (gs), as well as NPQ and Fv/Fm (Figs. 2-7). Also, a major component of NPQ, qE, 

showed significant a linear correlation with peak wavelength (Fig. 5M). From this 

comprehensive collection of traits at various integration levels emerges a general picture that 

suggests the following: generally, no qualitative difference seems to exist for plants between 
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UV-A1 and blue light – if it did, one would expect to see stark differences in phenotypes under 

one waveband compared to the other. Instead, plants respond in a continuous fashion to the 

peak wavelength that they are exposed to. 

How can these linear responses in the 365-450 nm range be explained? Given that UV-A1 and 

blue light share the same photoreceptors, namely phototropins and cryptochromes (Rai et al., 

2021), these are unlikely to account for the response gradients observed here. More likely, these 

responses are related to the molecular mechanisms of photosynthetic acclimation, which is 

strongly driven by retrograde signals that are predominantly produced in photosynthesizing 

chloroplasts, and sensed in the nucleus (Bräutigam et al., 2009; Dietz, 2015). Because of 

wavelength-selective screening of light in the epidermis by flavonoids and other 

phenylpropanoids (‘sunscreen pigments’), the epidermal transmittance for UV radiation is very 

low: In a survey of 37 species, Barnes et al. (2016) observed that epidermal UV transmittance 

ranged from ~5-25%, which implies that most UV radiation does not reach the chloroplasts. 

Furthermore, in isolated chloroplasts, absorbance in the 350-450 nm range was linearly and 

negatively correlated with wavelength (Merzlyak et al., 2009), meaning that even without 

sunscreen pigments, chloroplasts absorb much more light at 450 nm than at 365 nm. Together, 

these results would imply that rates of photosynthetic electron transport in each 

photosynthesizing cell are reduced the lower the peak wavelength in the 365-450 nm range is, 

in turn leading to gradual suppression of retrograde signaling and thus photosynthetic 

acclimation. However, the molecular mechanisms underlying UV-A1 vs. blue light acclimation 

are relatively unknown, and future work with e.g. retrograde signaling mutants (e.g. Leister, 

2012) may shed more light on this matter. 

Despite the many differences in morphological and physiological traits between RB and RB+ 

treated plants, plant growth under the RB treatment was not different from those of the RB+ 

treatments (Fig. 2B, 7G). This lack of a difference is likely partially caused by the relatively 

short treatment duration (10-14 days), which may have masked any treatment effects on growth 

rate. Moreover, we recently showed that the addition of UV-A1 radiation (peaking at 365 nm) 

to low (150 m−2 s−1) or high (550 m−2 s−1) intensities of white light barely affected growth in a 

number of horticultural species (including tomato) and the model plant Arabidopsis thaliana 
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(Sun et al., 2023). These results suggest that even though it powers photosynthesis (Johnson & 

Day, 2002; Mantha et al., 2001; McCree, 1971; Sun et al., 2024), UV-A1 is also stressful for 

plants (Fig. 6A). The carbon gain due to addition of UV-A1 radiation may be outweighed by 

the stress that UV-A1 radiation imposes on plants in the form of photoinhibition (see below). 

4.2 UV-A1 and blue light wavebands barely affect dynamic leaf photosynthetic 
traits  

Acclimation to the various wavelengths clearly affected steady-state photosynthesis traits 

related to photosynthetic capacity (Fig. 4), but barely affected dynamic photosynthesis traits 

(Fig. 5). This general lack of treatment effects on the rate of photosynthetic induction (Fig. 5C, 

G, J; S3) confirms our second hypothesis, and aligns well with previous research, which 

showed very limited effects of acclimation to far-red and various red/blue ratios on 

photosynthetic induction (Ernstsen et al., 1999; Kang et al., 2021; Zhang et al., 2019). From a 

different point of view, this lack of treatment effects is nevertheless surprising, given that the 

treatments had relatively large effects on both steady-state (Fig. S2) and dynamic gs (Fig. 5B).  

Photosynthetic induction proceeded relatively quickly in all treatments here (Fig. 5C), resulting 

in small average values for t50-A (~1 min) and t90-A (~10 min; Fig. 5G, J). These values are similar 

to those published by Kaiser et al. (2017b, 2020) and Zhang, Y. et al. (2022), who reported 

values of 1-1.5 min and 7.5-11 min for t50-A and t90-A of young, unstressed tomato leaves, but 

which are somewhat smaller compared to Zhang, N. et al. (2022, 2024) and Shao et al. (2024), 

who reported 2-3.5 min and 15-20 min for t50-A and t90-A, respectively. These six studies and our 

current study used similar environmental conditions during dark/low light adaptation and 

measurements, so differences in these values are unlikely to be caused by experimental 

protocols. Also, a range of different tomato cultivars was used in these studies. While we cannot 

be sure what caused the differences in photosynthetic induction rates between these studies, 

two possible answers lie in genotypic effects and leaf age: among three tomato cultivars, Zhang, 

N. et al. (2022) observed ranges of 3-5 min for t50-A and 15-20 min for t90-A (such variation was 

even stronger for different cultivars of e.g. Chrysanthemum, showing ranges of 2-8 and 20-30 

min for t50-A and t90-A, respectively). As for leaf age, Zhang, Y. et al. (2022) observed progressive 
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increases from 1 to 2 min for t50-A and 10-25 min for t90-A as leaves aged. 

4.3 UV-A1 radiation induces photoinhibition and enhances plant resilience to 
high light, but blue light is most effective in protecting plants from high and 
fluctuating light 

Due to its short wavelength, we hypothesized that UV-A1 radiation would cause stronger 

photoinhibition than blue light (Takahashi et al., 2010), and may lead to stronger 

photoprotective capacity. The first part of this hypothesis could clearly be proven, based on 

initial Fv/Fm data before exposure to high (Fig. 6A) as well as fluctuating light (Fig. 7F): in both 

cases, Fv/Fm was linearly related to peak wavelength, with the lowest values observed under the 

RB+365 treatment. As for the second part of the hypothesis, we found that RB+365 treated 

leaves showed an interesting combination of high NPQ under high light (Fig. 5E), as well as 

high values for NPQ components (Fig. 5M-O), coupled with a small (although not significantly 

different from other treatments) reduction in Fv/Fm during 30 min high light exposure (Fig. 6A) 

and a strong increase in Fv/Fm when undergoing acclimation to fluctuating light (FL; Fig. 7F). 

RB+385 treated leaves showed similar tendencies, but less strongly (Figs. 5-7) compared with 

RB+365 treated leaves. Conversely, RB+450 treated leaves increased NPQ most quickly after 

a shift from low to high light intensity (Fig. 5K), and both RB+410 and RB+450 treated leaves 

had large values of Fv/Fm before and after high light exposure (Fig. 6A), as well as during the 

entire time course of acclimation to FL (Fig. 7F). Thus, based on our data we cannot clearly 

conclude that acclimation to UV-A1 radiation resulted in a greater photoprotective capacity 

than acclimation to blue light, and we suggest that further studies on the topic are needed. 

Plants grown under RB showed no significant difference in the reduction of Fv/Fm when 

exposed to HL compared to RB+ treatments. One may speculate, however, that under longer 

exposure to HL, these differences between treatments would have been exacerbated. This 

speculation can be supported by the FL experiment, which showed a reduction of Fv/Fm 

throughout the 5 day FL exposure in RB grown plants, whereas in all other treatments, Fv/Fm 

was either constant (blue light acclimated plants) or increased (UV-A1 acclimated plants; Fig. 

7F). Additionally, photosynthetic capacity (Asat) was initially lowest in RB treated plants, and 
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almost double while linearly increasing during FL exposure (Fig. 7A), all the while ‘losing out’ 

on high rates of CO2 assimilation during high light intensity events (Fig. 5A) imposed by the 

FL pattern (Fig. 1B). In fact, FL exposure was so stressful, and high light events (Fig. 7B) were 

so inefficiently used, that RB treated plants ended up having reduced shoot dry weight and leaf 

area, compared to RB+ treatments, despite the fact that before the start of FL exposure there 

had been no differences for these traits between treatments (Fig. 7G, H). It should be 

emphasized here that during FL exposure, all plants received the same light sum, so differences 

in growth rate are solely related to different initial acclimation states due to prior RB and RB+ 

treatments. 

To what extent did the various RB+ treatments prepare plants for FL? Judging from data related 

to photosynthetic capacity and photoinhibition (Fig. 7A, D, F), both blue light treatments were 

clearly most effective in that role, confirming previous research (Kang et al., 2021). In contrast, 

UV-A1 and RB treated leaves lacked photosynthetic capacity initially, but managed to increase 

it during five days of FL exposure (Fig. 7A, D). The fact that Fv/Fm in UV-A1 treated leaves 

was initially lowest but increased during FL exposure, whereas Fv/Fm declined in RB treated 

leaves (Fig. 7F), suggests that the rate of photoinhibition was lower under FL exposure than in 

the UV-A1 treatment, but was higher than in the RB treatment. Additionally (or alternatively), 

this may suggest that UV-A1 treated leaves were able to acclimate their photoprotective 

capacity more quickly to FL than RB treated leaves were. 

5. Conclusions 

Unlike people, plants do not categorize light into different, distinct colors. This was nicely 

exemplified by many traits tested here responding in a continuous linear manner to light 

treatments within the 365-450 nm range, rather than exhibiting sharp differences between UV-

A1 and blue light. Also, effects of the RB+385 and the RB+410 treatments were 

undistinguishable for most traits (Figs. 2-5, 7), despite the fact that 385 nm is in the UV-A1 

range and 410 nm is part of blue light. This is a reminder that categories that are based on 

human vision (e.g. blue, green, yellow, red) can be distracting when studying plant-

environment interactions. As understandable as such categories are as mental shortcuts, they 
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can be misleading. At the very least, scientists should provide information of the light spectrum 

used when reporting on the effects of any ‘light color’ on plant biology. Also, our results are a 

reminder that a ‘full’ array of peak wavelengths is very likely more informative than only using 

one peak wavelength per light color (see also Battle et al., 2020; Chen et al. 2024): for example, 

if in the current experiment, we had only used one blue (e.g. 450 nm) and one UV-A1 (e.g. 365 

nm) light source, we would have likely drawn very different conclusions than we have using a 

gradient of four peak wavelengths. 
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Supplementary material 

 
Figure S1. Spectral photon irradiance normalized to its maximum in each panel, in light treatments used for 
germination (A), high light and fluctuating light intensity exposure (B). 
 

 
Figure S2. Steady-state responses of stomatal conductance (gs) to light intensity in leaves acclimated to different 
spectra in the UV-A1 and blue region. Error bars show ± SEM (n = 5, five biological replicates measured in two batches). 
SEM is visible only when larger than the symbol size. For experimental details, see Fig. 4. 
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Figure S3. Photosynthetic induction state 60 s after light intensity increase (IS60) in leaves acclimated to additional 
spectra in the UV-A1 and blue region. Error bars show ± SEM (n = 5, five biological replicates measured in two separate 
batches). For experimental details, see Fig. 5. 
 

 
Figure S4. Relationship between initial, steady-state stomatal conductance (gs) at low light intensity (50 µmol m-2 s-1) 
and the time to reach 90% of full photosynthetic induction (t90-A). Error bars show ± SEM (n = 5, five biological replicates 
measured in two separate batches). The black line and numbers in the panels represent a linear regression based on 
the means. For experimental details, see Fig. 5. 
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Figure S5. Non-photochemical fluorescence quenching (NPQ) reached after 40 minutes of high light exposure in leaves 
acclimated to different spectra in the UV-A1 and blue region (NPQ40min), during photosynthetic induction. Error bars 
show ± SEM (n = 5, five biological replicates measured in two separate batches). Significant differences between RB 
and RB+ treatments are shown as PRB. For significant linear effects (Plin) of peak wavelength among the RB+ treatments, 
a trendline together with the respective P-value is depicted. For experimental details, see Fig. 5. 
 

 

 
Figure S6. Stomatal conductance at 1000 µmol m−2 s−1 (gs1000) in plants pretreated with light spectrum treatments 
during FL exposure. Error bars show ± SEM (n = 6, six biological replicates measured in two batches). Two-way ANOVA 
was performed, and the P-value of the main effect of treatment (PT) and days after start of treatment (PD), is shown. 
Asterisks indicate significance among treatments on the given day after fluctuating irradiance exposure (∗P<0.05, 
∗∗P<0.01, ∗∗∗P<0.001). For experimental details, see Fig. 7.  
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Table S1. Detailed treatment information for each experiment. 

 
 

Experiment Treatment 

duration 

Type of 

measurement 

No. of growth 

batches 

No. of replicate plants 

per batch 

Light spectrum treatments 14 days Plant growth 3 6 

Pigmentation 3 6 

Photoinhibition 2 6 

10-13 days Photosynthesis 2 2 plants in batch 1 

3 plants in batch 2 

High light exposure 30 min Photoinhibition 2 6 

Fluctuating light exposure 5 days Plant growth 2 3 

1-5 days Photosynthesis 2 3 

1, 3, 5 days Photoinhibition 2 3 
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Table S2. Growth traits of tomato plants acclimated to different spectra in UV-A1 and blue region. A mixture of red (R; 
95 μmol m–2 s–1) and blue (B; 5 μmol m–2 s–1) light was provided as background, 50 μmol m–2 s–1 light intensity peaking 
at 365, 385, 410 and 450 nm was added, respectively. Dry mass partitioning to each organ was calculated by dividing 
dry weight of each organ to total shoot dry weight. Error bars show mean ± SEM (n = 3, each batch represents the 
mean from 6 individual plants). Significant differences between RB and RB+ treatments are shown as PRB. Significant 
linear effects (Plin) of peak wavelength among the RB+ treatments are also shown. Only P<0.1 are shown, P<0.05 are 
depicted as bold. 

Parameter 
Treatment 

Plin PRB 
RB RB365 RB385 RB410 RB450 

Leaf        

Leaf number 4.89±0.24 5.06±0.20 5.06±0.34 5.61±0.47 5.11±0.31   

Leaf fresh weight 4.62±0.89 4.6±0.86 5.75±0.69 5.92±0.92 6.33±0.79   

Leaf dry weight 0.51±0.06 0.51±0.08 0.65±0.05 0.69±0.07 0.78±0.07 0.02 0.07  

        

Stem        

Stem fresh weight 2.52±0.22 2.01±0.26 2.26±0.07 2.36±0.12 2.36±0.15   

Stem dry weight 0.12±0.01 0.10±0.01 0.12±0 0.13±0 0.15±0.01 0.001  

        

Petiole        

Petiole fresh weight 2.90±0.47 1.97±0.29 2.92±0.21 3.24±0.29 3.30±0.36 0.02  

Petiole dry weight 0.13±0.02 0.1±0.01 0.14±0.01 0.16±0.01 0.17±0.01 0.004  

        

Shoot        

Shoot fresh weight 10.22±1.39 8.76±1.25 11.18±0.73 11.80±1.03 12.29±0.97 0.05  

Dry mass  

partitioning to leaf (%) 
67.20±0.61 72.1±0.58 71.2±0.73 70.20±1.65 71.10±0.93  0.01  

Dry mass  

partitioning to stem (%) 
16.0±1.0 14.30±0.60 13.60±0.98 13.90±1.08 13.50±0.68  0.052  

Dry mass  

partitioning to petiole (%) 
16.80±0.60 13.60±0.15 15.20±0.26 15.90±0.61 15.40±0.32 0.02 0.004  
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Abstract 

Although it powers photosynthesis, ultraviolet-A1 radiation (UV-A1) is usually not defined as 

photosynthetically active radiation (PAR). However, the quantum yield (QY) with which UV-

A1 drives net photosynthesis rate (A) is unknown, as are the kinetics of A and chlorophyll 

fluorescence under constant UV-A1 exposure. We measured A in leaves of six genotypes at 

four spectra peaking at 365, 385, 410 and 450 nm, at intensities spanning 0-300 μmol m−2 s−1. 

All treatments powered near-linear increases in A in a wavelength- dependent manner. QY at 

365 and 385 nm was linked to the apparent concentration of flavonoids, implicating the pigment 

in reductions of photosynthetic efficiency under UV-A1; in several genotypes, A under 365 and 

385 nm was negative regardless of illumination intensity, suggesting very small contributions 

of UV-A1 radiation to CO2 fixation. Exposure to treatment spectra for 30 min caused slow 

increases in non-photochemical quenching, transient reductions in A and dark-adapted 

maximum quantum yield of photosystem II, that depended on wavelength and intensity, but 

were generally stronger the lower the peak wavelength was. We conclude that UV-A1 generally 

powers A, but its definition as PAR requires additional evidence of its capacity to significantly 

increase whole-canopy carbon uptake in nature.  

Keywords:  

UV-A1, photosynthesis, photoinhibition, photosynthetic quantum yield, chlorophyll 

fluorescence 
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1. Introduction 

Ultraviolet-A radiation (UV-A, 315-400 nm) accounts for ~95% of all solar ultraviolet radiation 

(UV; 280-400 nm) on Earth, amounting to ~5-12% of photosynthetically active radiation (PAR; 

typically defined as 400-700 nm) (Kerr & Fioletov, 2008; Robson et al., 2019). Although the 

effects of UV-A on net photosynthesis rate (A; μmol m−2 s−1) have not been studied 

systematically, it has been shown that UV-A powers A in both algae and higher plants (Halldal, 

1964; Johnson & Day, 2002; Mantha et al., 2001; McCree, 1971; McCree & Keener, 1974; 

Turnbull et al., 2013). In the field, the UV-A present in solar radiation was suggested to increase 

A by 12% (Turnbull et al., 2013). When measured in the laboratory at non-saturating light 

intensity, UV radiation produced through the use of cut-off filters below 311 nm enhanced A 

by only 1%, while narrow-band UV radiation peaking at 340 nm enhanced A by 8~10%, 

compared with A under 400 nm (Johnson & Day, 2002; Mantha et al., 2001). In addition, 

McCree observed a relative photosynthetic quantum yield at 375 nm of <0.2, normalized to a 

maximum at 625 nm of 1.00 (McCree, 1971). However, the intensity of UV-A radiation was 

not quantified in any of these cases, making it impossible to calculate how efficiently UV-A 

radiation powers A compared to blue (400-500 nm), green, red or far-red light. Nevertheless, 

several mechanisms through which UV-A may power A have been proposed: i) Leaves 

illuminated by UV radiation can emit blue-green fluorescence, which upon re-absorption by 

chlorophylls and carotenoids can power A (Johnson & Day, 2002; Mantha et al., 2001). 

Substances emitting blue-green fluorescence upon UV exposure are phenolic compounds, 

including flavonoids and hydroxycinnamic acids in the epidermis and mesophyll cells (Lang et 

al., 1991; Mazza et al., 2000). ii) Re-absorption of UV-induced blue-green fluorescence by 

chloroplasts in guard cells can promote stomatal opening and would thus potentially reduce 

diffusional limitations on A (Johnson & Day, 2002).  

Apart from powering photochemistry, per photon, UV-A can cause high rates of photodamage, 

due to its short wavelength (Jones & Kok, 1966). Especially when it exceeds the capacity for 

CO2 fixation, excess radiation can cause the formation of reactive oxygen species (ROS), 

which tend to attack and damage the D1 protein in photosystem II (PSII), leading to 

photoinhibition (Li et al., 2009). The most deleterious effect of ROS is photobleaching of 

C
ha

pt
er

 4



Chapter 4 
 

88 

photosynthetic pigments (Kulandaivelu & Noorudeen, 1983; Murchie & Niyogi, 2011). To 

minimize this damage, plants have developed several photoprotective mechanisms, such as leaf 

movement to reduce light absorption, accumulation of ROS scavenging compounds, and fast 

relaxation of dissipative energy processes, also known as non-photochemical quenching (NPQ; 

Malnoë, 2018; Ruban & Wilson, 2021; Wang et al., 2020). NPQ has multiple components, of 

which energy-dependent quenching (qE) is usually the major component (Müller et al., 2001). 

When strongly upregulated, NPQ can compete with photosynthetic electron transport and 

thereby reduce photosynthetic quantum yield (QY). However, to what extent UV-A radiation 

induces NPQ and whether this process is wavelength-dependent currently unknown. 

It is often assumed that UV‐A radiation functions similarly to blue light in mediating plant 

processes, as both wavebands share several photoreceptors (phototropins and cryptochromes; 

Lin, 2000), although in a recent study we found that leaf morphology and gene expression were 

differentially affected by UV-A and blue light (Zhang et al., 2023). Nevertheless, to what extent 

UV-A and blue light differ in powering A and photoinhibition is less well explored. Blue light 

may alter the impact of UV-A on A, as it may help to alleviate photoinhibition induced by UV-

A (Hoffmann et al., 2015; Rai et al., 2019), and there may thus be interaction effects on 

photoinhibition between these two wavebands.  

It has recently been suggested to divide UV-A into two regions based on the photoreceptors 

involved in their sensing: short‐wavelength UV‐A radiation (315–350 nm, UV-A2) requires 

UV Resistance Locus 8 (UVR8), whereas long‐wavelength UV‐A radiation sensing (350–400 

nm, UV-A1) requires cryptochromes and phototropins (Rai et al., 2021). Effects of UV-A1 and 

UV-A2 on A remain largely unexplored, and it thus remains to be described how specific 

wavelengths in these waveband ranges affect QY. Recent advances in LED lighting 

technology have made it possible to utilize UV-A1 for plant biological research (Chen et al., 

2019; Lee et al., 2019; Zhang et al., 2020, 2023). It is also unknown how strongly the effects 

of UV-A on A differ between genotypes. Further, leaf structural acclimation to various growth 

environments may change their ability to utilize UV-A (Aphalo & Sadras, 2021; Hakala-

Yatkin et al., 2010), which may be ascribed to altered concentrations of UV-absorbing 

compounds in the epidermis (Bidel et al., 2007; Gotz et al., 2010). McCree & Keener (1974) 

showed that UV-A1 powered A in leaves with the epidermis removed. Epidermal tissues filter 
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out much of the incoming UV radiation, to prevent it from reaching the chloroplasts and thereby 

causing photodamage (Caldwell et al., 1983; Robberecht & Caldwell, 1978). Thus, higher 

concentrations of UV-absorbing compounds, such as flavonoids, result in lower UV 

transmittance of the epidermis (Barnes et al., 2000; Neugart et al., 2021). Nevertheless, it is 

unknown to what extent the presence of UV-absorbing compounds affects the relationship 

between UV-A and A, and how this relationship differs with that of blue light. 

We aimed to quantify QY under various UV-A1 and blue light wavelengths across a range of 

horticultural crops (cucumber, tomato, and lettuce) and woody species (hydrangea and red 

dogwood). Further, we explored how A, photoinhibition and chlorophyll fluorescence respond 

to longer-term UV-A1 exposure in cucumber and lettuce, compared to responses under blue 

light. We hypothesized that QY decreases the shorter the peak wavelength of UV-A1 is, and 

that upon longer exposure of leaves to UV-A1 radiation, A declines, due to progressive build-

up of photoinhibition and/or photoprotection. We found that UV-A1 powered photosynthesis 

in all genotypes tested, but the efficiency of this strongly depended on the concentration of UV-

absorbing compounds. 

2. Materials and methods 

2.1 Plant material and growth conditions 

Seeds of cucumber (Cucumis sativus cv. Xiamei No.2, China) and romaine lettuce (Lactuca 

sativa ‘Tiberius’, Rijk Zwaan, Netherlands) were sown in rockwool plugs (Grodan, Roermond, 

the Netherlands) and germinated in a growth room at a photosynthetic photon flux density 

(PPFD) of 100 μmol m−2 s−1 white light (WL; ZWS01D-LED120-180, PanAnGreenlight, 

Jinhua, China; for spectra see Fig. S1), a photoperiod of 16 h, day/night temperature of 23.0 ± 

0.6 /22.6 ± 0.5 °C, relative humidity (RH) of 70 ± 5 %, and a CO2 partial pressure that was 

close to ambient. Environmental factors were monitored by a climate sensor (TR-76Ui-S; T&D 

Co. Ltd., Nagano, Tokyo, Japan). Seedlings were transferred to rockwool cubes (7.5 cm × 7.5 

cm × 5 cm; Grodan) upon unfolding of the 1st-2nd true leaf, and then were grown in the same 

growth room. Growth units with dimensions of 115 cm length × 70 cm width × 115 cm height 
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were set up. Opaque black-white plastic films were wrapped around each unit, which harbored 

one treatment, with the white side facing the plants, to avoid light contamination between units. 

Two ventilation fans (12 V, 0.90 A, 0.5 m3 min−1) were installed on both sides of each unit to 

ensure uniform air circulation. Plants were watered regularly by hand with a modified Hoagland 

nutrient solution (pH = 5.8, EC = 2.0 dS m−1). Every other day, plants inside each treatment 

were rotated and relocated relative to each other, to avoid position effects on plant growth. Light 

intensity and spectrum were monitored using a spectroradiometer (Avaspec-2048CL, Avates, 

Apeldoorn, the Netherlands). The spectroradiometer was calibrated by using a standard light 

source (Avalight-DH-S-BAL, Avates, Apeldoorn, the Netherlands), which delivers a highly 

stable, continuous spectrum in the range of 215 to 2500 nm. Most measurements were 

conducted on plants that had been grown under WL of 100 μmol m−2 s−1. Additionally, some 

plants were grown under WL of high intensity (HL; 300 μmol m−2 s−1), and WL (100 μmol m−2 

s−1) supplemented with UV-A (20 μmol m−2 s−1; WLUVA20; peak wavelength at 365 nm; 

ZWS01D-LED120-180, PanAnGreenlight, Jinhua, China; for spectra see Fig. S1). All other 

growth conditions were identical between growth experiments. When plants were ~4 weeks 

old (11–14 days after transplanting), the uppermost fully expanded leaf was used for 

measurements. Many rounds of plants were continuously grown under growth conditions, and 

plants were randomly chosen for measurements. Per treatment, five biological replicates were 

used (n = 5, one leaf per plant).  

Additional measurements were conducted in April 2024 on four biological replicates each (n=4) 

of tomato (Solanum lycopersicum cv. Moneymaker), butterhead lettuce (Lactuca sativa ‘Klee’, 

Rijk Zwaan, Netherlands), hydrangea (Hydrangea macrophylla L.) and red dogwood (Cornus 

alba L.). Measurements were conducted 43 days after sowing in tomato, and the growth period 

in the glass greenhouse was from March to April of 2024, at average day/night temperatures of 

24.9 / 18.8 ℃, and RH of 53 / 71%. Measurements on lettuce ‘Klee’ were conducted 66 days 

after sowing, and the growth period in the Chinese solar greenhouse was from February to April 

of 2024, at average day/night temperatures of 27.3 / 12.3 ℃ and RH of 49 / 90%. Leaves of 

hydrangea and red dogwood that had been grown in the open field at the Chinese academy of 

agricultural sciences campus, Beijing, China, respectively, were collected for measurements.  
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2.2 Treatments 

Four separate LED light sources (ZWS01D-LED120-180; PanAnGreenlight, Jinhua, China; 

for spectra see Fig. 1A) that had adjustable output and different peak wavelengths in the UV-

A1 and blue light wavebands were applied for treatments. Lamp output peaked at 365 ± 13 (full 

width at half maximum), 385 ± 14, 410 ± 16 and 450 ± 20 nm, respectively; we refer to these 

treatment spectra by their peak wavelength in the remainder of this article. LED lamps were 

installed in a compartment (Fig. 1C, D) inside the growth room, with the same dimensions as 

the growth units, such that during measurements, environmental factors apart from light climate 

remained the same as during growth of chamber-grown plants. Plants were exposed to 

treatment spectra at a number of intensities and for different durations, depending on the type 

of measurement conducted (described below; Table 1). 

Figure 1. Set up of measurements of photosynthesis and chlorophyll fluorescence. (A) Spectra of the treatment lamps 
used in this study; (B) Leaf chamber with transparent quartz cover and instantaneous light intensity measured via the 
spectroradiometer (Avaspec-2048CL, Avates, Apeldoorn, the Netherlands); (C) Measurement of leaf gas exchange: LI-
6400 portable gas exchange system (Li-Cor Biosciences, Lincoln, Nebraska, USA); (D) Set-up of monitoring PAM 
fluorometer (Heinz Walz GmbH, Effeltrich, Germany). Note: Pictures in C and D were photographed under the 410 nm 
treatment. 
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Table 1. Overview of growth environments, genotypes and measurements in the experimental setup.  

Growth  

environment 
Genotype 

Type of measurement 

light response 

curve 

Time course of 

photosynthesis 

Chlorophyll 

fluorescence  

Flavonoid 

indices 

Climate 

chamber 

Cucumber 

Lettuce 

‘Tiberius’ 

✓ ✓ ✓  

✓ ✓ ✓  

Greenhouse 
Lettuce ‘Klee’ 

Tomato 

✓   ✓ 

✓   ✓ 

Field 
Hydrangea 

Red dogwood 

✓   ✓ 

✓   ✓ 

2.3 Measurements 

2.3.1 Photosynthetic gas exchange 

In chamber-grown plants, when plants were ~4 weeks old (11-14 days after transplanting), the 

uppermost fully expanded leaf was used for measurements. In greenhouse-grown plants, pots 

of lettuce ‘Klee’ and rockwool cubes of tomato were randomly brought to the laboratory just 

before measurements. In field-grown plants, 20 cm long shoots collected from hydrangea and 

red dogwood were cut under water in a plastic bag and transported to the laboratory, and were 

measured within 1 h. Only leaf material from well-watered plants was used, and all 

measurements were conducted on the uppermost, fully expanded and vertically orientated 

leaves. Photosynthetic gas exchange was measured using the LI-6400XT photosynthesis 

system (Li-Cor Biosciences, Lincoln, Nebraska, USA), which was placed inside the treatment 

setup (Fig. 1C). The transparent leaf cuvette was used, and its standard plastic cover was 

replaced by a 2 mm thick quartz plate, to allow for UV-A1 to reach the leaf surface. At 365 nm, 

the transmittance was 83%, while at the other three wavelengths, it was 91%; these differences 

in transmittance were accounted for when conducting photosynthetic gas exchange 

measurements. Light intensity and spectrum inside the cuvette were measured using a 

spectroradiometer (Avaspec-2048CL; Fig. 1B). During measurements, CO2 partial pressure 

was 400 μbar (unless specified otherwise), leaf temperature was 25 °C, leaf-to-air vapor 
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pressure deficit was 0.7–1.0 kPa, the flow rate of air through the system was 200 μmol s−1, and 

the duration of internal data averaging in the system was 4 s. To eliminate the effect of the time 

of day on A, the order of measurements was fully randomized between replicates and 

measurement protocols. 

To assess QY of A under the treatment spectra, leaves were exposed to light intensities in the 

0-300 μmol m−2 s−1 range, at 25-50 μmol m−2 s−1 increments. Upon reaching steady-state A (~3 

min per step), gas exchange parameters were logged every 10 s for 1 min, and averages of these 

values were determined per replicate. QY was calculated as the slope (R2: 0.80-0.99 in all cases) 

of the light  response curve of A at low light intensities ranging from 50 to 200 μmol m−2 s−1, 

and was expressed in μmol CO2 / μmol photons; intensities below 50 μmol m−2 s−1 were 

excluded to avoid the ‘Kok effect’, which strongly affects the slope of A vs. light intensity in 

the 0-30 μmol m−2 s−1 range (Evans, 1987; Tcherkez et al., 2017). The percentage difference 

between QY at 450 nm (QY450) and QY at 365 nm (QY365) was calculated as: ΔQY450-365 = 

((QY450-QY365)/QY450)*100. Percentage differences between QY450 and QY385, QY410 were 

done analogously. 

To assess how A changes when exposed to a stable UV-A1 intensity in isolation or combination 

with background light in chamber-grown plants, leaves were inserted in the Li-6400 cuvette 

and either kept in the dark, or illuminated with white background light (100 μmol m−2 s−1), for 

~5 min. Treatment LED lamps were then turned on in a step change (intensity: 100 or 300 μmol 

m−2 s−1), and gas exchange was logged every 10 s, for 30 min, after which treatment lights were 

again turned off. In some cases, leaves were then exposed to background light for another 10 

min, to follow the recovery of A after treatment lights had turned off. [CO2] in the cuvette was 

400 or 1500 μbar, depending on experiment. Several traits were quantified from time courses 

of A under treatment light exposure: the largest value of A reached during treatment light 

exposure (Ahigh); final A after 30 min of treatment light exposure (Afinal); difference between 

Ahigh and Afinal (Reduction); time to reach Ahigh during treatment light exposure (time); and 

average A during the 30 min treatment (AavgL). To assess the recovery of A when the treatment 

lamps were off and leaves were illuminated with white light, the average value of A during the 

last 5 min of white light exposure was determined (AavgE). For calculating Ahigh and Afinal, gas 

exchange parameters were logged every 10 s for 1 min, and averages of these values were 

determined per replicate. 
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2.3.2 Chlorophyll fluorescence 

To monitor chlorophyll fluorescence under 30 min exposure under treatment spectra in 

chamber-grown plants, the MONI-PAM multi-channel fluorometer (Heinz Walz GmbH, 

Effeltrich, Germany) was placed in the treatment setup. Selected leaflets were then placed in 

the leaf clip consisting of two aluminum frames (35×25 mm), which was mounted at a distance 

of 25 mm from the optical window, so that leaf area and longitudinal axis of the fluorometer 

formed an angle of 120 ° (Fig. 1D). Plants were first dark-adapted for ∼30 min, and maximum 

chlorophyll a fluorescence (Fm) of leaves of dark-adapted plants was logged. Leaves were 

exposed to treatment light intensities of 300 μmol m−2 s−1, and data were logged every 2 min 

during the entire 30 min treatment duration. Measuring beam intensity was 1 μmol m−2 s−1, and 

maximum flash intensity was 4,000 μmol m−2 s−1. Fluorescence yield under actinic light (Fs) 

and maximal fluorescence yield of a light-adapted leaf (Fm’) were logged repeatedly. 

Photosystem II operating efficiency (ΦPSII) was calculated as ΦPSII = (Fm’- Fs)/Fm’, non-

photochemical quenching (NPQ) was calculated as NPQ = Fm/Fm’-1, quantum yield of 

regulatory energy dissipation (ΦNPQ) was calculated as ΦNPQ = Fs/Fm’- Fs/Fm, and quantum yield 

of non-regulatory energy dissipation (ΦNO) was calculated as ΦNO = Fs /Fm (Baker, 2008; 

Hendrickson et al., 2004). 

To measure maximum quantum yield of PSII (Fv/Fm) of chamber-grown plants before and after 

30 min of treatment light exposure, Fm and minimum (Fo) chlorophyll a fluorescence of dark-

adapted plants (≥20 min of dark adaptation) were measured, using a chlorophyll a fluorescence 

imager (IMAG-MAXI; Heinz Walz, Effeltrich, Germany). Fv/Fm was calculated as (Fm-Fo)/Fm 

(Baker, 2008). Plants were initially dark-adapted for 20 min, after which Fv/Fm was determined. 

Plants were then exposed to the treatment spectra (300 μmol m−2 s−1) for 30 min, dark-adapted 

again for 20 min, and Fv/Fm was measured again. 

2.3.3 Pigment indices 

For chamber-grown plants, indices of chlorophyll and anthocyanin concentrations were 

determined non-destructively by a Dualex (Dualex Scientific+; Force-A, Orsay, France), after 

exposure to treatment spectra for 30 min. Measurements were taken on the uppermost fully 



UV-A1 powers photosynthesis 
 

95 

expanded leaf. Four technical replicates per leaf were taken randomly, and an average value 

was calculated per leaf. In the other genotypes, indices of chlorophyll, anthocyanin and 

flavonoid concentrations were determined non-destructively using a MPM100 device (Opti-

sciences; 8 Winn Avenue, Hudson, USA). Two technical replicates per leaf were taken 

randomly, and an average value was calculated per leaf. 

2.4 Statistics 

One-way ANOVA was performed to test for significant effects of different treatment 

wavelengths. Data were first tested for normality (Shapiro–Wilk test) and homogeneity of 

variances (Fligner–Killeen test) at p=0.05. The least significant difference test was used to test 

for differences between any two treatments at the p=0.05 level. If the requirement for normal 

distribution was not fulfilled, Kruskal-Wallis one-way ANOVA was performed. Additionally, 

to estimate the linear relationship between treatment wavelength and the extent of 

photoinhibition, flavonoid index and ΔQY, simple linear regressions were performed, 

respectively. All analyses were performed using SPSS 24 (SPSS Inc., Chicago, IL). Data is 

presented as the mean ± standard deviation (SD) of five biological replicates per treatment in 

chamber-grown plants, four biological replicates per treatment in greenhouse- and field-grown 

plants. 

3. Results 

3.1 Photosynthetic quantum yield (QY) and pigment indices 

Leaf exposure to light intensities in the 0-300 μmol m−2 s−1 range produced the characteristic 

light response curves of photosynthesis (A) expected within this light intensity range. All four 

treatment spectra powered increases in A in a wavelength-dependent manner, and did so 

broadly similarly in both horticultural crops and woody species (Fig. 2). At every light intensity, 

A tended to increase with wavelength in all species, especially in the 200-300 μmol m−2 s−1 

range in cucumber and lettuce ‘Tiberius’ (Fig. 2B, C). However, in lettuce ‘Klee’, hydrangea 

and red dogwood, the increase in A under 365 and 385 nm illumination was so shallow that A 

remained negative or was very close to zero at all tested intensities (Fig. 2D, F, G). QY derived 

from light response curves increased with wavelength: at 365 nm, QY had the lowest value in 
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all species, which was 35%, 60%, and 55% lower compared with 450 nm in cucumber, lettuce 

‘Tiberius’ and tomato, respectively (Fig. 2); it was ~80% lower compared with 450 nm in 

lettuce ‘Klee’, which had the highest flavonoid and anthocyanin concentrations, as well as in 

woody species (Figs. 2B-G; 3B, 3C). The differences between the three remaining treatment 

spectra in the 385-450 nm range were more subtle; for example, in cucumber, QY at 385 nm 

was only 5% lower than QY at 410 nm (Fig. 2B). Although QY in the UV-A1 range was lower 

than that in the blue light range across all species (Fig. 2), photosynthetic efficiency under UV-

A1 exposure was always positive. Treatment light effects on A did not seem to be caused by 

differences in gs, which did not vary much under the experimental conditions (Fig. S3). 

 

Figure 2. Light response of photosynthesis in leaves of six genotypes from three growing environments under UV-A1 
and blue light. A: representative images of leaves used for measurements; B-G: light responses curves of net 
photosynthesis rate (A); H-M: photosynthetic quantum yield (QY). Mean values ± SD of five biological replicates for 
climate chamber-grown plants, four biological replicates for greenhouse- and field-grown plants; SD is visible only 
when larger than the symbol size. Boxplots (center line, median; box limits, upper and lower quartiles; whiskers, 1.5× 
interquartile range; points, outliers) represent all measurements from five biological replicates for climate chamber-
grown plants, four biological replicates for greenhouse- and field-grown plants. Different letters show statistically 
significant differences among treatments (p < 0.05). QY was calculated as the slope (R2: 0.80-0.99 in all cases) of the 
light response curve at low light intensities ranging from 50 to 200 μmol m−2 s−1 and expressed in μmol CO2 / μmol 
photons. 
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Figure 3. Pigment indices and their relationship with photosynthetic quantum yield across several species. A: 
chlorophyll concentration index; B: flavonoid concentration index; C: anthocyanin concentration index; D: linear 
regressions between the percentage difference of QY at 450 nm and at 365, 385 and 410 nm, respectively, and 
flavonoid concentration index, per replicate. Different letters show statistically significant differences among 
treatments (p< 0.05). Boxplots (center line, median; box limits, upper and lower quartiles; whiskers, 1.5× interquartile 
range; points, outliers) represent all measurements from four biological replicates. Numbers below the panel D 
represent Pearson coefficients as determined by simple linear regression, and asterisks indicate the significance of the 
linear relationship (***p < 0.001).  

Further, growing cucumber leaves under a mixture of white light (100 μmol m−2 s−1) and UV-

A1 radiation (20 μmol m−2 s−1) had no major effects on the response of A to different intensities 

of 365 nm treatment light, compared to leaves grown under only white light of 100 μmol m−2 

s−1 (Fig. S3). Growth under a higher intensity of white light (300 μmol m−2 s−1), however, 

caused a clear increase of mitochondrial respiration, and reduced the slope of the light response 

curve of A measured under 365 nm, thus resulting in lower QY compared to leaves grown under 

100 μmol m−2 s−1 white light (Fig. S3). 
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Measurements of pigmentation indices in greenhouse- and field-grown genotypes suggested 

minor differences in chlorophyll concentration (Fig. 3A), much smaller flavonoid 

concentrations in tomato than in the other three genotypes (Fig. 3B), and much larger 

anthocyanin concentrations in the purple-leaved lettuce ‘Klee’ than in the other three genotypes 

(Fig. 3C). To test for possible connections between pigmentation and QY under UV-A1 in these 

four genotypes, we calculated the percentage difference of QY at 365, 385 and 410 nm relative 

to QY at 450 nm (ΔQY450-365, ΔQY450-385, and ΔQY450-410, respectively), and correlated these to 

the pigmentation indices shown in Fig. 3A-C. This analysis showed very strong positive 

correlations (p<0.001; R2 = 0.76-0.86) between flavonoid index and ΔQY450-365 as well as 

ΔQY450-385 (Fig. 3D), and a weaker positive correlation (p=0.03; R2 = 0.30) between 

anthocyanin index and ΔQY450-365 (Fig. S4B); other tested correlations were not significant (Fig. 

S4). This analysis thus suggests that strong reductions in QY under UV-A1 (relative to QY 

under blue light) were linked to high flavonoid concentrations, and to a minor extent high 

anthocyanin concentrations. 

3.2 Time courses of photosynthetic gas exchange and chlorophyll fluorescence 

After a switch from darkness to 300 μmol m−2 s−1 treatment light, A gradually increased within 

minutes under all treatment spectra (Fig. 4A, B). Under 450 nm, the highest value of A during 

treatment light exposure (Ahigh) occurred within ~20 min and then stabilized (Figs. 4A, 4B; S6A, 

S6C, S6I, S6K). Under 365-410 nm, A showed decreases after having reached an initial 

maximum within approx. 3-9 min of light exposure, and this decrease was larger and occurred 

sooner the lower the peak wavelength was (Figs. 4A, 4B; S6J, S6L). Final A after 30 min of 

treatment light exposure (Afinal) under 365 and 385 nm light was ~75% and ~65% lower than 

Afinal under 450 nm light, respectively, in both chamber-grown species (Figs. 4A, 4B; S6B, 

S6D). In addition, Ahigh, Afinal and average A during the 30 min treatment (AavgL) showed that A 

under blue light spectra was significantly higher than UV-A1 (Fig. S6A-D, S6E, S6G). 
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Figure 4. Time courses of photosynthetic gas exchange (A) in cucumber and lettuce ‘Tiberius’ leaves under UV-A1 and 
blue light (365-450 nm). A and B: Leaves that had initially been darkened for 5 min (dark grey bars) were exposed to 
300 μmol m−2 s−1 of treatment light for 30 min. C and D: Leaves initially under 100 μmol m−2 s−1 of white light for 5 min 
(light grey bars) were exposed to an additional 100 μmol m−2 s−1 of treatment light for 30 min, then the treatment light 
was switched off and leaves were again exposed under 100 μmol m−2 s−1 of white light for 10 min (light grey bars). 
Mean values ± SD of five biological replicates (n = 5). 

When 100 μmol m−2 s−1 treatment light was added to 100 μmol m−2 s−1 background white light 

in both chamber-grown species, A again increased and within a few minutes reached stable 

levels under both blue light spectra, whereas under both UV-A1 spectra it showed a continuous, 

near-linear decline that lasted the entire 30 min period (Fig. 4C, D). After treatment lights were 

switched off and A was logged under background white light (minutes 35-45 in Fig. 4C, D), A 

showed a decline and stabilized in all cases. Interestingly, the average value of A during the last 

5 min of white light exposure (AavgE) exhibited no significant effects among treatments in both 

chamber-grown species (Fig. S6F, H), suggesting that reductions of A under weak (100 μmol 

m−2 s−1) UV-A1 light exposure caused no carry-over effects for A under background light. 

Further, the decline in A under 30 min exposure to 365 nm light was likely not related to 

potential changes in CO2 gas diffusion into the leaf (i.e., stomatal and mesophyll conductance), 

as a similarly strong reduction in A was observed in cucumber leaves at 1500 μbar [CO2] (Fig. 

S7), compared to when measured at 400 μbar [CO2] (Fig. 4A). 
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In darkened leaves that were suddenly exposed to 300 μmol m−2 s−1 treatment light, non-

photochemical quenching (NPQ) initially increased quickly towards an initial peak value (3–4 

min) in all cases, and then relaxed toward a lower value for another 3-4 min (Fig. 5A, B). 

Thereafter, in leaves exposed to 365 and 385 nm (and to a lesser extent in lettuce ‘Tiberius’ 

under 410 nm, Fig. 5B), NPQ gradually increased until the end of light exposure (Fig. 5A, B). 

Under 410 and 450 nm, NPQ tended to relax toward a lower, stable value after 30 min of light 

exposure. As a result, final NPQ after 30 min of treatment light exposure under 450 nm was 

63% lower than that under 365 nm in cucumber, and 36% lower in lettuce ‘Tiberius’, 

respectively (Fig. 5A, B). The effect of treatment wavelengths in the UV-A1 range on the NPQ 

increase coincided with a modest reduction in maximum chlorophyll fluorescence (Fm), which 

showed an opposite trend to NPQ (Fig. S8). Photosystem II operating efficiency (ΦPSII) 

displayed an opposite trend to NPQ in both chamber-grown species (Fig. 5C, D), roughly 

mirroring the changes in A (Fig. 4A, B). Quantum yield of regulatory energy dissipation (ΦNPQ) 

displayed the same trend as NPQ (Fig. 5E, F). Non-regulatory energy dissipation (ΦNO) showed 

a short, transient increase and relaxation after which it remained flat, with relatively small 

differences between treatments (Fig. 5G, H). 
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Figure 5. Time courses of chlorophyll fluorescence in cucumber and lettuce ‘Tiberius’ leaves under UV-A1 and blue 
light (365-450 nm). Initially darkened leaves for 30 min (dark grey bars) were exposed to 300 μmol m−2 s−1 of treatment 
light for 30 min, and data were logged every 2 min. A and B: non-photochemical fluorescence quenching (NPQ); C and 
D: photosystem II operating efficiency (ΦPSII); E and F: quantum yield of regulatory energy dissipation (ΦNPQ); G and 
H: quantum yield of non-regulatory energy dissipation (ΦNO). Mean values ± SD of five biological replicates (n = 5); SD 
is visible only when larger than the symbol size. 
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3.3 Photoinhibition and leaf pigmentation index before and after treatments 

The maximum quantum yield of PSII (Fv/Fm) in cucumber and lettuce ‘Tiberius’ was measured 

before and after 30 min exposure to treatment lights (300 µmol m−2 s−1). Before exposure, Fv/Fm 

in leaves of both chamber-grown species was > 0.8; after exposure, Fv/Fm declined in all cases, 

but did so much more strongly under UV-A1 than under blue light (Fig. 6). Leaves showed the 

highest Fv/Fm under 450 nm in both chamber-grown species (∼0.79), and leaves under 365 nm 

showed the lowest Fv/Fm of approx. ∼0.55-0.7 (Fig. 6B), representing a 16% and 32% decrease 

in cucumber and lettuce ‘Tiberius’, respectively, compared to the initial value. Leaves exposed 

to 385 and 410 nm showed intermediate drops in Fv/Fm, resulting in near-linear declines in 

Fv/Fm the shorter the wavelength was (Fig. 6B). Furthermore, lettuce ‘Tiberius’ was more 

sensitive to UV-A1 exposure compared with cucumber, as indicated by the steeper slope of the 

Fv/Fm vs. wavelength relationship (Fig. 6B). Indices of chlorophyll and anthocyanin 

concentrations did not show treatment effects, although in cucumber leaves there was a 

tendency for the anthocyanin index to increase after exposure to lower wavelengths (Fig. S9).  

Figure 6. Photoinhibition in cucumber and lettuce ‘Tiberius’ leaves is affected by UV-A1 and blue light (365-450 nm). 
Leaves were exposed to one of four treatment spectra (365-450 nm) at a light intensity of 300 µmol m−2 s−1, for 30 
min. Averaged maximum quantum efficiency of photosystem II photochemistry (Fv/Fm) before treatment spectra in 
cucumber and lettuce was 0.81 and 0.80, respectively. A: Representative false color images of Fv/Fm distribution before 
and after light exposure. B: Fv/Fm after exposure to different treatment lights. The green line in panel B represents the 
best-fit model, as determined by simple linear regression, and asterisks indicate the significance of the linear 
relationship (∗p<0.05, ∗∗p<0.01). Mean values ± SD of five biological replicates (n = 5); SD is visible only when larger 
than the symbol size. 
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4. Discussion 

Previous studies have assessed the contribution of UV-A to net photosynthesis rate (A) (Johnson 

& Day, 2002; Mantha et al., 2001; McCree, 1971; Turnbull et al., 2013), but so far did not 

properly quantify these effects. To our knowledge, we have for the first time quantified A under 

several peak wavelengths in the UV-A1 range across several genotypes from three growing 

environments, and compared this to the response under blue light, using narrow-bandwidth UV-

A1 and blue light LEDs at a range of light intensities. Also, we assessed how A and chlorophyll 

fluorescence change when leaves are exposed to UV-A1 for up to 30 min. Our results indicate 

that i) UV-A1 powers A with roughly half the photosynthetic quantum yield (QY) of blue light 

across horticultural crops grown in both climate chamber and greenhouses (except for lettuce 

‘Klee’, which had purple leaves) and about one-third of blue light in woody species grown in 

the field; ii) the larger the flavonoid concentration, the stronger the reduction in QY is under 

UV-A1 light (relative to blue light); iii) after several minutes of exposure to UV-A1 radiation, 

A and ΦPSII start to decline, whereas photoprotection (NPQ) rises, and iv) part of the decline in 

A under longer-term UV-A1 exposure is likely caused by photoinhibition, which is stronger the 

shorter the peak wavelength of the treatment light is. 

4.1 The quantum yield of photosynthesis under UV-A1 declines with exposure 
time and increases with peak wavelength 

Our results are in agreement with previous findings that QY is wavelength-dependent (Evans, 

1987; McCree, 1971). The fact that the lowest QY was found at 365 nm may be attributed to a 

lack of absorption by photosynthetic and non-photosynthetic pigments, as well as a stronger 

excitation of photosystem II relative to photosystem I (Fig. 2H-M; Hogewoning et al., 2012). 

The maximum absorption of the photosynthetic pigments chlorophyll a and b, as well as of 

carotenoids, was found to be around 430-450 nm, but dropped below 425 nm; chlorophyll b 

and carotenoids have absorption tails reaching 365 nm (Chazaux et al., 2022; Lichtenthaler & 

Buschmann, 2001). On the other hand, flavonoids, major non-photosynthetic pigments, absorb 

in the range 330 to 360 nm (Edreva, 2005; Taniguchi et al., 2023). Hence, photosynthetic 

pigments harvest light most efficiently in the visible range, while flavonoids screen out UV 
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radiation, likely contributing to the strong increase in QY seen in the 365-450 nm range (Fig. 

2H-M; Agati & Tattini, 2010; Simkin et al., 2022). Further, it was previously found that the 

average absorptance in leaves of 22 species was near-identical in the UV-A1 (0.92-0.94) and 

the blue light ranges (0.94-0.96; (McCree, 1971, 1972), suggesting that any differences in A 

between these two wavelength ranges were likely not caused by differences in absorptance. 

We found that QY declines with exposure time to UV-A1 radiation (Fig. 4), and this reduction 

was likely not caused by changes in diffusional limitations to A (Fig. S7). There are several 

potential causes for this reduction, including NPQ, photoinhibition, the accumulation of UV-

absorbing compounds and photobleaching (Barnes et al., 2016b; Murchie & Niyogi, 2011). The 

strong increases in NPQ observed under 300 μmol m−2 s−1 of 365 and 385 nm suggest the build-

up of photoinhibition (qI) as well as zeaxanthin-dependent quenching (qZ; (Fig. 5A, B; Nilkens 

et al., 2010). The decrease in ΦPSII under UV-A1 exposure that was similar to the reduction of 

A indicated that the rate of conversion of light energy into chemical energy decreased under 

UV-A1 (Figs. 4C, 4D; 5C, 5D). Besides, the excess energy dissipated through non-regulatory 

dissipation (ΦNO) was higher than that of regulatory dissipation (ΦNPQ), which indicated that 

the trend of A under both UV-A1 and blue light resulted primarily from the fraction of open 

reaction centers instead of changes in antenna size (Figs. 4; 5E-H; (Kramer et al., 2004). The 

notion that leaves became photoinhibited under 30 minutes of 300 μmol m−2 s−1 UV-A1 

radiation is further supported by the strong reduction in Fv/Fm (Fig. 6). However, after exposure 

to only 100 μmol m−2 s−1 treatment light for 30 min, A measured under low white light intensity 

was not significantly reduced in UV-A1 treated leaves (Figs. 4C, 4D; S6F, S6H), suggesting 

that 100 μmol m−2 s−1 UV-A1 light was too weak to cause strong photoinhibition. In addition, 

photobleaching can result in elevated NPQ and in reduced Fv/Fm (Lingvay et al., 2020; 

Merzlyak et al., 1998); however, a lack of chlorophyll pigment degradation and only modest 

reductions in maximum chlorophyll fluorescence (Fm) during 30 min of UV-A1 exposure make 

it unlikely that photobleaching occurred (Figs. S8; S9C, D). Finally, although exposure to UV-

A1 may induce an accumulation of UV-absorbing compounds within minutes to hours, changes 

in leaf UV sunscreen protection usually takes place over much longer time scales (several days; 

Barnes et al., 2016b), suggesting that the reduction in A within 30 min is unlikely to have been 

caused by changes in pigmentation.  
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Another potential reason for a reduction in A could be chloroplast avoidance movement, which 

reduces the amount of light absorbed by the leaf (Wada et al., 2003). However, the action 

spectrum of chloroplast movement has a maximum near 450 nm, with another minor peak 

around 370 nm (Blatt, 1983; Brugnoli & Björkman, 1992), therefore one would expect to see 

a reduction in A under 450 nm, which was clearly not observed (Fig. 4A, B). Therefore, we 

assume that chloroplast movement is an unlikely candidate to explain the observed reduction 

in A under UV-A1 light. 

4.2 Concentrations of UV-absorbing compounds may determine photosynthetic 
efficiency in the UV-A1 range 

Field- and greenhouse-grown plants are subject to growth in a much more complex and 

fluctuating environment compared to chamber-grown plants. Lettuce ‘Klee’ grown in the 

greenhouse and woody species grown in the field showed lower QY under both UV-A1 and 

blue light, which may suggest that growth environments affect photosynthetic efficiency (Fig. 

2). However, tomato plants grown in the greenhouse had similar QY as chamber-grown 

cucumber and lettuce plants (Fig. 2), suggesting that both genotype and environment (as well 

as their interaction) likely determine QY. In addition, it is well known that UV-absorbing 

compounds filter out part of the UV radiation absorbed by the leaf (Barnes et al., 2016a). Strong 

correlations between apparent flavonoid concentrations and reductions in QY at 365 and 385 

nm, relative to QY at 450 nm (Fig. 3D), as well as a weaker correlation between apparent 

anthocyanin concentrations and the reduction in QY at 365 nm (Fig. S4), are another indication 

that UV absorbing compounds can directly influence photosynthesis under UV-A1 illumination. 

Indeed, in lettuce ‘Klee’, hydrangea and red dogwood, all of which had large concentration 

indices for flavonoids (Fig. 3B), A under 365 and 385 nm illumination was below or around 

zero at all radiation intensities (Fig. 2D, F, G). We also found that QY in low-light grown plants 

(growth light intensity: 100 μmol m−2 s−1) was significantly higher than that of plants grown 

under a higher light intensity (growth light intensity: 300 μmol m−2 s−1; Fig. S4C). This suggests 

that plant leaves acclimated to different environments may possess different abilities to use UV-

A1, and these may be caused by differences in UV-absorbing compound concentrations, the 

structure of the leaf epidermis, tissue thickness, waxes and trichomes (Gotz et al., 2010; Holmes 

& Keiller, 2002). 

C
ha

pt
er

 4



Chapter 4 
 

106 

4.3 Should UV-A1 be defined as PAR? 

Both UV-A and far-red radiation (700-800 nm) are excluded from the conventional PAR 

waveband (400–700 nm; McCree, 1971; Sheerin & Hiltbrunner, 2017). Far-red radiation 

applied alone is inefficient for driving A, but together with shorter-wavelength red light – such 

as in natural sunlight - it has been demonstrated to enhance A due to a more balanced excitation 

of the two photosystems (Emerson et al., 1957; Zhen et al., 2019; Zhen & Bugbee, 2020; Zhen 

& van Iersel, 2017). Based on this, a new definition of PAR, namely ePAR (400-750 nm), was 

recently proposed by Zhen et al. (2021). 

Unlike far-red radiation, we found that UV-A1 powered A independently of PAR (Figs. 2; 4A, 

4B) as well as in the presence of PAR (Fig. 4C, D). The finding that the solar fraction of UV 

radiation increased A by ~12% in the field (Turnbull et al., 2013) is an indication that the 

contribution of this part of the solar spectrum to plant productivity is substantial. Also, the UV-

A1 portion of UV radiation can reach crops grown in greenhouses, but the extent of this depends 

on the covering materials (Serrano & Moreno, 2020; Timmermans et al., 2020). All of these 

results argue in favor of including UV-A1 in a re-definition of PAR (or ePAR). However, 

because in several genotypes UV-A1 only had minute effects on the increase of A (Fig. 2D, F, 

G), it can be argued that our data are not sufficiently compelling to redefine UV-A1 as PAR just 

yet. 

4.4 Limitations and future research 

Our current knowledge of UV-A and its effects on plants is still shrouded in mystery (Verdaguer 

et al., 2017). Most importantly, more mathematical modelling and experimental work is 

required at several spatial scales to quantify the relative contributions of UV-A and far-red light 

(Zhen et al., 2022) to whole-canopy carbon gain in the field and in controlled environment 

agriculture. It also remains to be shown to what extent UV-A1 powers photosynthesis in leaves 

of C4 and CAM species, although for C4 leaves some experimental evidence exists that it does 

(Barnes et al., 2016a; Johnson & Day, 2002). Also, it remains to be seen whether longer 

exposure to UV-A1 radiation would further reduce A, or whether instead the leaf is able to 

acclimate and therefore can recover A (Kang et al., 2021; Schumann et al., 2017). It was 



UV-A1 powers photosynthesis 
 

107 

previously shown that UV-absorbing compound concentrations were modulated within minutes 

to hours of UV-radiation exposure (Barnes et al., 2016a; 2016b), but it is unclear to what extent 

such changes affect QY under UV-A1. Additionally, it remains unknown whether UV-A 

exhibits a threshold effect that balances between positive effects by powering A, and negative 

effects by causing photoinhibition. The topics of photoprotection and photoinhibition under UV 

radiation exposure, as well as their interaction, deserve further exploration, including the role 

of NPQ induction and relaxation kinetics under dynamically changing sunlight (Murchie & 

Ruban, 2020). 

5. Conclusions 

Our study shows that UV-A1 radiation acts as an energy source for photosynthesis, both in the 

presence or absence of white background light, in several genotypes grown in various 

environments, but that it also acts as a stress that induces photoinhibition. Under longer 

exposure to UV-A1 radiation, photosynthesis showed declines, while regulated photoprotection 

(non-photochemical quenching) and photoinhibition increased. All of these effects were 

strongly wavelength-dependent. While photosynthetic quantum yield was clearly positive in all 

species tested, new research should aim to quantify the possible contribution of UV-A1 to 

whole-canopy carbon gain in the field. 
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Supplementary material 

Figure S1. Spectral photon irradiance for growth light treatments. Plants were grown under white light of low intensity 
(WL; 100 μmol m−2 s−1), high intensity (HL; 300 μmol m−2 s−1), and white light (100 μmol m−2 s−1) supplemented with 
UV-A1 (20 μmol m−2 s−1; WLUVA20). 

 

Figure S2. Stomatal conductance (gs) in cucumber and lettuce ‘Tiberius’ leaves during the measurement of 
photosynthesis light response curves (Fig. 2A, B) under four spectra (365-450 nm). Mean values ± SD of five biological 
replicates (n = 5); SD is visible only when larger than the symbol size. 
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Figure S3. Partial light response curves of photosynthesis in cucumber leaves under 365 nm, when plants were grown 
under either white light (WL; 100 μmol m−2 s−1), white light supplemented with UV-A1 light intensity of 20 μmol m−2 
s−1 (WLUVA20), or high light (HL; 300 μmol m−2 s−1), respectively. A: net photosynthesis rate (A); B: stomatal 
conductance (gs). C: photosynthetic quantum yield (QY). Mean values ± SD of five biological replicates (n = 5); SD is 
visible only when larger than the symbol size. QY was calculated as the slope (R2: 0.87-0.99 in all cases) of the light 
curve at low light intensities ranging from 50 to 200 μmol m−2 s−1 and expressed in μmol CO2 /μmol photons. Boxplots 
(center line, median; box limits, upper and lower quartiles; whiskers, 1.5× interquartile range; points, outliers) 
represent all measurements from five biological replicates. Different letters show statistically significant differences 
among treatments (p < 0.05).  
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Figure S4. Pigment indices and their relationship with reductions in photosynthetic quantum yield across several 
species. A and B: linear regressions between the percentage difference of QY at 450 nm and at 365, 385 and 410 nm, 
respectively, and chlorophyll concentration index measured in the same leaf, per replicate, as well as anthocyanin 
concentration index. Numbers below the panel represent Pearson coefficients as determined by simple linear 
regression, and asterisks indicate the significance of the linear relationship (*p < 0.05).  

 

Figure S5. Time courses of stomatal conductance (gs) in cucumber and lettuce ‘Tiberius’ leaves under four spectra 
(365-450 nm). A and B: Initially darkened leaves (dark grey bars) were exposed to 300 μmol m−2 s−1 of treatment light 
for 30 min. C and D: Leaves initially exposed to 100 μmol m−2 s−1 of white light (light grey bars) were exposed to an 
additional 100 μmol m−2 s−1 of treatment light for 30 min, after which the treatment light was switched off and leaves 
were again exposed under 100 μmol m−2 s−1 of white light for 10 min (light grey bars). Mean values ± SD of five biological 
replicates (n = 5).  
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Figure S6. Traits of time courses of photosynthetic gas exchange (A) in cucumber and lettuce ‘Tiberius’ leaves under 
the four treatment spectra (365-450 nm), which are derived from Fig. 4. Traits derived from Fig. 4A, B including: Ahigh 

(A, C), the highest A reached during treatment light exposure; Afinal (B, D), final A after 30 min of treatment light 
exposure; AavgL (E, G), average A across time courses during the 30 min of treatment light exposure; Time (I, K), time 
when Ahigh was reached; Reduction (J, L), difference between Ahigh and Afinal. Traits derived from Fig. 4C, D refer to AavgE 
(F, H), which is average A over time courses from 40 to 45 min. Boxplots (center line, median; box limits, upper and 
lower quartiles; whiskers, 1.5× interquartile range; points, outliers) represent all measurements from five biological 
replicates. Different lowercase letters indicate statistically significant differences among treatments (p < 0.05). 
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Figure S7. Time courses of photosynthetic gas exchange (A) and stomatal conductance (gs) in cucumber leaves under 
UV-A1 radiation (wavelength at 365 nm), at 1500 μbar [CO2]. Initially darkened leaves (dark grey bars) were exposed 
to 100 μmol m−2 s−1 of treatment light for 25 min. Mean values ± SD of five biological replicates (n = 5). SD is visible 
only when larger than the symbol size. 

Figure S8. Time courses of maximum chlorophyll fluorescence (defined as Fm in darkness, Fm’ in light) in cucumber and 
lettuce ‘Tiberius’ leaves under UV-A1 and blue light (365-450 nm). Initially darkened leaves for 30 min (dark grey bars) 
were exposed to 300 μmol m−2 s−1 of treatment light for 30 min, and data were logged every 2 min. Mean values ± SD 
of five biological replicates (n = 5); SD is visible only when larger than the symbol size. 
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Figure S9. Leaf pigment concentrations in cucumber and lettuce ‘Tiberius’ leaves before and after exposure to one of 
four treatment light spectra (365-450 nm). A and B: Anthocyanin index; C and D: Chlorophyll index. Mean values ± SD 
of five biological replicates (n = 5). SD is visible only when larger than the symbol size. 
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Abstract 

Plants have plasticity that enables them to acclimate to stress. Previous research in Chapter 2 

demonstrated that short-term exposure to UV-A1 (350-400 nm; U) induced photoinhibition, 

thereby partially suppressing net photosynthesis rate (A). However, it is unknown whether 

photoinhibition caused by U suppresses A continuously, and how this compares to exposure to 

red (R) or blue (B) light. Lettuce seedlings were exposed to different light spectra in a series of 

three independent experiments: Exp.1) monochromatic R, B and U (peaking at 655, 456, 365 

nm, respectively) at 200 µmol m−2 s−1 for 24 h; Exp.2) 200 µmol m−2 s−1 R, as well as R 

combined with either 200 µmol m−2 s−1 B or U for 24 h, resulting in R, RB and RU; and Exp. 

3) R, RB and RU at each 400 µmol m−2 s−1 and a duration of 72 h. Results showed that exposure 

to U caused a rapid reduction in A and related traits in all experiments. Exposure to 400 µmol 

m−2 s−1 (Exp.3) was stressful for all plants, as indicated by lower maximum quantum yield of 

photosystem II (Fv/Fm), especially under RU, which is 24% and 28% lower than R and RB at 6 

h, respectively; they acclimated by increasing photosynthetic capacity and eventually matched 

the A measured under R. We conclude that longer-term UV-A1 exposure is a severe stress, and 

leaves are able to acclimate by adjusting photosynthetic apparatus. 

 

Keywords:  

UV-A1, photosynthesis, photosynthetic capacity, stress, pigmentation 



Effects of continuous UV-A1 on photosynthesis 
 

121 

1. Introduction 

Exposure to light, such as monochromatic light or sudden transitions from low to high light 

intensity, can create moderate stress conditions for plants, as indicated by unbalanced activation 

of photoreceptors or excess light that cannot be fully utilized by photosynthesis (Izzo et al., 

2020). High light intensities increase the chance of photoinhibition, i.e. the destruction of the 

D1 protein in the PSII reaction center by reactive oxygen species (ROS) happens at a faster rate 

than its repair (Takahashi & Badger, 2011), thereby reducing the efficiency of photosynthetic 

electron transport. Studying how leaves respond and acclimate to these stresses can help reveal 

acclimatory mechanisms, and may aid in optimizing supplemental lighting in vertical farming 

and greenhouses, reducing photooxidative damage, and enhancing photosynthetic efficiency, 

thus boosting crop growth and yield while minimizing stress-induced damage (van Delden et 

al., 2021). UV-A radiation (315-400 nm) is an important component of solar radiation, and 

affects plants both in the forms of energy and information (Verdaguer et al., 2017). As energy 

source, UV-A has been shown to power photosynthesis (A) in various species (Johnson & Day, 

2002; McCree & Keener, 1974; Turnbull et al., 2013), but due to its comparably high energy 

content per photon can also cause high rates of photodamage (Takahashi et al., 2010). As a 

signal, UV-A may be divided into UV-A1 (350-400 nm) and UV-A2 (315-350 nm; Rai et al., 

2021) according to the photoreceptor action spectrum: UV-A1 shares cryptochromes and 

phototropins with blue light, whereas UV-A2 shares photoreceptors with UVR8 (Christie, 2007; 

Rai et al., 2021). To date, few studies have focused on the extent to which UV-A radiation 

causes stress and how plants deal with it. 

Longer-term UV-A1 exposure may impact A in multiple ways (Verdaguer et al., 2017): i) the 

quantum yield of UV-A1 is lower than that of visible light (McCree, 1971); ii) UV-A1 

modulates stomatal aperture (Alexander et al., 2024; Ng, 2019), affecting the rate of CO2 

diffusion into the leaf and consequently photosynthetic efficiency; iii) UV-A1 may trigger 

chloroplast movement, similarly to blue light (Blatt, 1983), which would modulate leaf light 

absorptance; iv) UV-A1 impaired the repair of D1 and D2 proteins (Christopher & Mullet, 

1994), affecting the function of the photosystem II reaction center. v) UV-A1 may inhibit the 

activity of Calvin cycle enzymes and through this effect reduce CO2 fixation (Kataria et al., 
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2014); and vi) leaves developed under UV-A1 functioned similarly as those developed under 

blue light in terms of their photosynthetic machinery (Zhang et al., 2020). 

UV-A1 possesses a higher energy per photon than visible light, but powers photosynthesis to a 

lesser extent. It is therefore likely that plants engage high rates of photoprotection, e.g. in the 

form of non-photochemical chlorophyll fluorescence quenching (NPQ) to protect themselves 

from photoinhibition (Ruban, 2016). This may also mean that leaves acclimating to UV-A1 

radiation build up strong photoprotective capacity, the extent of which may depend on the 

balance between photodamage and associated repair mechanisms (Takahashi & Badger, 2011). 

Maximum quantum yield of PSII (Fv/Fm) and PSII operating efficiency (ΦPSII) are considered 

to be reliable indicators of photoinhibition and photosynthetic performance, respectively 

(Murchie & Lawson, 2013). Additionally, mitochondrial respiration may increase to help 

synthesize antioxidants, maintain cellular energy supply and redox balance to reduce the 

generation of ROS (O’Leary et al., 2019). Besides, UV often causes an accumulation of UV-

absorbing compounds in the epidermis, which protect leaves from UV-induced damage by 

reducing the amount of UV reaching the chloroplasts (Barnes et al., 2016; Caldwell et al., 1983). 

Acclimation to UV-A1 may occur within days, causing plants to be less susceptible to 

photoinhibition (Walters, 2005). 

We previously showed that UV-A1 powered A and induced photoinhibition in a wavelength-

dependent manner, both in the presence and absence of white background light (Chapter 4). 

Additionally, during 30 min of UV-A1 exposure, we observed a continuous decline in A that 

seemed to be driven by photoinhibition (Chapter 4). Based on this, we wondered whether 

leaves would be able to acclimate to longer-term UV-A1 exposure, and if so what the roles of 

photosynthetic capacity, mitochondrial respiration and photoprotection would be, as these 

processes work synergistically to maintain the metabolic balance and cope with environmental 

stress. In a series of experiments, we exposed plants to continuous light treatments of up to 72 

h. We used lettuce (Lactuca sativa), as this was reported to be continuous light injury resistant 

(Velez-Ramirez et al., 2011). We hypothesized that UV-A1 can power photosynthesis under 

both short- and long-term radiation exposure, but that the extent of A would be dynamically 

modulated by photoinhibition, accumulation of UV-absorbing compounds and NPQ. 

Compared with blue light, we hypothesized that leaves would be more stressed under longer-

term UV-A1 radiation, but would nevertheless be able to utilize high light. 
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2. Materials and methods 

2.1 Plant material and growth conditions 

Seeds of butterhead lettuce (Lactuca sativa cv. Klee, Rijk Zwaan, the Netherlands) were sown 

in rockwool plugs (Grodan, Roermond, the Netherlands) with one seed per plug, and 

germinated in a growth room at a photosynthetic photon flux density (PPFD) of 150 μmol m−2 

s−1 white light (WL; ZWS01D-LED120-180, PanAnGreenlight, Jinhua, China; for spectra see 

Fig. S1) and a photoperiod of 16 h (06:00-22:00), a day/night temperature of 23.0 ± 0.6 /22.6 ± 

0.5 °C, relative humidity of 70 ± 5 %, and a CO2 partial pressure that was close to ambient. 

Environmental factors were monitored by a climate sensor (TR-76Ui-S; T&D Co. Ltd., Nagano, 

Tokyo, Japan). Seedlings were transferred to rockwool cubes (7.5 × 7.5 × 5 cm; Grodan) upon 

unfolding of the second leaf, and were placed in the same growth room at a PPFD of 200 μmol 

m−2 s-1 WL (ZWS01D-LED120-180, PanAnGreenlight, Jinhua, China; for spectra see Fig. S2). 

Opaque black-white plastic films were wrapped around each unit, which harbored one 

treatment, with the white side facing the plants, to avoid light contamination between units. 

Two ventilation fans (12 V, 0.90 A, 0.5 m3 min−1) were installed per unit to ensure uniform air 

circulation. A cooling system, including central air conditioning and ventilation, was used to 

provide uniform air quality in the growth chamber. Plants were regularly watered by hand with 

a modified Hoagland nutrient solution (pH = 5.8, EC = 1.6 dS m−1). Every other day, plants 

inside each treatment were rotated and relocated relative to each other, to avoid position effects 

on plant growth. Light intensity was measured regularly using a spectroradiometer (Avaspec-

2048CL, Avantes, Apeldoorn, the Netherlands). The spectroradiometer was calibrated by using 

a standard light source (Avalight-DH-S-BAL, Avates, Apeldoorn, the Netherlands), which 

delivers a highly stable, continuous spectrum in the range of 215 to 2500 nm. Every few days, 

new seeds were sown under these conditions, so that new starting material for the treatments 

(see below) was continuously available. 

2.2 Treatments 

When they were ~4 weeks old (12–14 days after transplanting), plants were transferred to light 
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treatments at 08:00 AM (2 h after start of photoperiod). Light treatments were provided by red 

(655 nm, termed ‘R’ hereafter), UV-A (365 nm, ‘U’) and blue (450 nm, ‘B’; ZWS01D-

LED120-180, PanAnGreenlight, Jinhua, China, 180W per lamp; Fig. S2A) LED lamps, and 

these were used either monochromatically, or B and U were each added to R (Table 1). LED 

lamps were installed in a cubicle with dimensions of 115 cm length × 70 cm width × 115 cm 

height inside the growth chamber, such that during treatments, environmental factors apart from 

light climate remained the same as during growth. 

Three experiments were conducted in series (Table 1): Exp. 1) 24 h exposure to monochromatic 
U, B and R, each at an intensity of 200 µmol m−2 s−1; Exp. 2) 24 h exposure to either R (at 200 
µmol m−2 s−1), or addition of U plus B, and U plus R (RU and RB, respectively), each at a 
combined intensity of 400 µmol m−2 s−1; Exp. 3) 72 h exposure to either R, RB or RU, each at 
an intensity of 400 µmol m−2 s−1. During each experiment, treatments were applied 
consecutively and in random order, since only one cubicle was available for treatment 
application. 

 Table 1. Overview of light treatments in the three experiments. 

Note: R, red light peaking at 656 nm; B, blue light peaking at 450 nm; U, long-wavelength UV-A radiation peaking 
at 365 nm; PFD, photon flux density; A, operational photosynthesis under the treatment spectra; A (LL) and A (HL), 
photosynthesis under a standard red/blue spectrum at 100 and 1500 umol m−2 s−1, respectively; CF, chlorophyll 
fluorescence; Leaf light abs., leaf light absorptance in the 400-700 nm range. For CF measurements, only six replicate 
plants in one batch were used. 

Exp.

no. 

Color Light intensity 

 (μmol m-2 s-1) 

Duration 

(h) 

No. of  

replicate 

plants 

Type of operational measurement 

A A 

(LL) 

A  

(HL) 

CF Leaf light abs. 

pigmentation 

plant growth 

1 R 200 24h 5 ✓ ✓       

U 200 5 

B 200 5 

2 R 200 24h 5 ✓ ✓       

RU 200 + 200  5 

RB 200 + 200 5 

3 R 400 72h 10 ✓ ✓ ✓ ✓ ✓ 

RU 200 + 200  10 

RB 200 + 200  10 
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2.3 Measurements 

2.3.1 Gas exchange and chlorophyll fluorescence 

When plants were ~4 weeks old (12–14 days after transplanting), the youngest fully expanded 

leaf -was used for measurements. All photosynthesis measurements were conducted at the 

following time points after treatment had started: 0 (5 min after start of treatment in Exp. 1 and 

2), 1, 3, 6, 12, 24 (Exp. 1 and 2), 36, 48, 60 and 72 h (Exp. 3). The same plant was used for 

different time points. In Exp.1 and 2, measurements were conducted on five replicates plants, 

while in Exp. 3, measurements were conducted on ten replicates plants. Operational chlorophyll 

fluorescence measurements were only conducted during Exp. 3, on six replicates plants. 

Operational photosynthesis and stomatal conductance 

To assess operational gas exchange, A and gs were repeatedly measured under the different 

treatment spectra using the LI-6400XT photosynthesis system (Li-Cor Biosciences, Lincoln, 

Nebraska, USA), with the cuvette placed inside the treatment setup. The standard plastic film 

of the transparent cuvette was replaced by a 2 mm thick quartz plate, to allow for UV-A to reach 

the leaf surface. Light intensity and spectrum inside the cuvette were measured using a 

spectroradiometer (Fig. S1B). During measurements, CO2 partial pressure was 400 μbar, leaf 

temperature was 25 °C, leaf-to-air vapor pressure deficit was 0.7–1.0 kPa and the flow rate of 

air through the system was 200 μmol s−1. Upon reaching steady-state A (~3 mins at each 

sampling time), gas exchange was logged every 10 s for 1 min, and averages of these values 

were determined. 

To monitor operational chlorophyll fluorescence, the MONI-PAM multi-channel fluorometer 

(Heinz Walz GmbH, Effeltrich, Germany) was placed in the treatment setup. Plants were dark-

adapted in the same room for ∼30 min. Selected leaflets were then placed in the leaf clip 

consisting of two aluminum frames (35×25 mm), and the leaf clip was mounted at a distance 

of 25 mm from the optical window, so that leaf clip area and the longitudinal axis of the MONI-

head formed an angle of 120 °. Leaves were exposed to light intensities of 400 μmol m−2 s−1, 

and data were logged every 30 min during the experiment. Measuring beam intensity was 1 

μmol m−2 s−1, and maximum flash intensity was 4,000 μmol m−2 s−1. Fluorescence yield under 

actinic light (Fs) and maximal fluorescence yield of a light-adapted leaf (Fm’) were logged 
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repeatedly. Photosystem II operating efficiency (ΦPSII) was calculated as ΦPSII = (Fm’- Fs)/Fm’, 

NPQ was calculated as NPQ = Fm/Fm’-1, the quantum yield of regulatory energy dissipation 

(ΦNPQ) was calculated as ΦNPQ = Fs/Fm’- Fs/Fm , and the quantum yield of non-regulatory energy 

dissipation (ΦNO) was calculated as ΦNO = Fs /Fm (Baker, 2008; Hendrickson et al., 2004). 

To measure maximum quantum yield of photosystem II (Fv/Fm), Fm and minimum (Fo) 
chlorophyll a fluorescence of dark-adapted plants (≥20 min of dark adaptation) were measured, 

using a chlorophyll a fluorescence imager (IMAG-MAXI; Heinz Walz, Effeltrich, Germany). 

Fv/Fm was then calculated as (Fm-Fo)/ Fm (Baker, 2008).  

Respiration rate, photosynthetic quantum yield and photosynthetic capacity 

After measuring A and gs under the treatment spectrum, the same leaf was enclosed in the leaf 

chamber fluorometer of the Li-6800 (Li-Cor Part No.6800–01A, enclosed leaf area: 2 cm2) to 

determine net photosynthesis rate at 100 µmol m-2 s-1 (A100), apparent rate of respiration in 

darkness (Rdark), and maximum photosynthesis rate under light- and CO2 saturation (Amax) 

during the treatment (Busch et al., 2024), under a standard light source. At each time point, 

leaves were exposed to 1500, 100 and 0 µmol m−2 s−1 PPFD in the fluorometer, respectively, 

CO2 partial pressure was 1500 μbar under 1500 m−2 s−1 PPFD, and 400 μbar under 100 and 0 

µmol m−2 s−1 PPFD, leaf temperature was ~25 °C, leaf vapor pressure deficit was 0.7–1.0 kPa, 

and air flow rate through the system was 200 µmol s−1. Irradiance was provided by a mixture 

of red (90%) and blue (10%) LEDs in the fluorometer; peak intensities of red and blue LEDs 

were at wavelengths of 635 and 465 nm, respectively. After steady-state A was reached at each 

light intensity (~2 min, except for the highest light intensity, where this took 5-10 min), 

photosynthetic gas exchange was logged every 10 s for 1 min, and averaged values were later 

used. Additionally, chlorophyll fluorescence was measured at 1500 and 100 µmol m−2 s−1 PPFD, 

using a rectangular saturating flash of 16000 μmol m-2 s-1 intensity that was applied for 500 ms, 

and a data acquisition rate of 100 Hz. The maximum efficiency of CO2 uptake (ΦCO2) was 

calculated as: ΦCO2 = (A-Rdark)/(PPFD*leaf light absorptance). 

2.3.2 Plant growth 

Destructive measurements were carried out after 0, 24, 48 and 72 h during Exp. 3. Fresh and 

dry weights of leaves were determined. Plant organs were dried for 48 h at 80 °C in a ventilated 

oven (DHG-9070A, Shanghai Jinghong, Shanghai, China). Leaves that were longer than 2 cm 
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from the base to the tip were counted. Leaf area was measured using a leaf area meter (LI-

3100C, Li-Cor Biosciences). Specific leaf area (SLA; cm2 g−1) was calculated by dividing leaf 

area by leaf dry weight. Dry mass content was calculated as the ratio of shoot dry to fresh 

weight. Measurements were conducted on three plants per sampling time point and batch, in 

two separate batches in total. 

2.3.3 Leaf light absorptance 

Light reflectance (Rf) and transmittance (Tr) of the adaxial side of the leaf were measured with 

a spectrometer (Ocean optics USB2000+, Dunedin, USA), in combination with two integrating 

spheres (FOIS-1, ISP-REF, Ocean Optics). Leaf light absorptance (Abs), ranging from 400 to 

700 nm, was calculated as Abs=1−(Rf+Tr). Additionally, leaf light absorptance was measured 

every 5 minutes within the first ~30 min of treatment, to observe possible effects of chloroplast 

movement on leaf optical properties. 

2.3.4 Leaf biochemical components  

On four time points (0, 24, 48 and 72 h), biochemical measurements were conducted on two 

plants per batch (plants were chosen randomly per time point), and this was repeated in six 

separate batches of plants. Leaf samples were pooled per pair of plants and frozen in liquid 

nitrogen, which means six replicates plants were used. 

Chlorophyll concentration 

Fresh leaf tissue (0.1 g) was ground in liquid nitrogen, using a high-throughput tissue grinder 

(SCIENTZ-48, Xinzhi, Ningbo, China), and then incubated in 10 mL 95% ethanol in the dark 

at 4 °C, for 24 h. After centrifugation for 5 min at 4 °C, the absorbance of the extract was 

measured at 470, 649, 664 and 750 nm, using a spectrophotometer (UV-1800, Shimadzu, 

Japan). The concentrations of chlorophyll a, chlorophyll b, their sum and ratio, as well as total 

carotenoid contents, were calculated using the equations derived by Lichtenthaler and 

Buschmann (2001). 

Anthocyanin  

Fresh leaf tissue (0.1 g) was ground as described above, incubated with 600 μL extraction buffer 

(99% methanol and 1% HCl), and vortexed. Extracts were placed in an ultrasonic bath for 10 
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minutes and then incubated overnight and in the dark, at 4 °C. After extraction, 400 μL of water 

and 400 μL of chloroform were added. Absorbance (Abs) of extracts was measured at 530 and 

657 nm, using a microplate reader (Infinite 200 PRO, TECAN, Switzerland), and anthocyanin 

content was calculated after Liu et al. (2018). 

UV-absorbing compounds  

Fresh samples (0.1 g) were ground as described above, and incubated with 5 mL of acidified 

methanol solution (70% methanol, 29% H2O and 1% HCl) at -20°C, for 48 h. Absorbance of 

extracts was measured at 330 nm, using a microplate reader (Infinite 200 PRO), and the 

concentration of UV-absorbing compounds was determined following Barnes et al. (2016). 

Phenolic and flavonoid contents  

Fresh samples (0.1 g) were extracted with 1 mL of 80% aqueous methanol in an ultrasonic bath 

(10 min), and were then centrifuged (15,000× g for 10 min). Total phenolic and flavonoid 

concentrations were determined using the Folin Ciocalteu and the aluminum chloride 

colorimetric assays (Khanam et al., 2012), respectively. The absorbances at 750 and 510 nm 

were determined, respectively, using a microplate reader (Infinite 200 PRO). For total 

phenolics and flavonoid content, gallic acid and rutin were used as the standard reference, 

respectively. Both gallic acid equivalent (GAE) and rutin equivalent (RUE) were determined 

as mg per g fresh mass following Yang et al. (2021). 

Indices of pigment concentrations 

Indices of chlorophyll and anthocyanin concentrations were regularly determined non-

destructively by a Dualex (Dualex Scientific+; Force-A, Orsay, France). Measurements were 

taken on the youngest mature leaves. Three technical replicates per leaf were chosen randomly, 

and an average value was calculated per leaf. 

2.4 Experimental design and statistics 

Three experiments each with three light treatments were conducted consecutively (Table 1), 

and treatments were also applied consecutively. Exp. 1 and 2 were conducted once, Exp. 3 was 

conducted twice. During Exp. 1 and 2, 5 replicate plants were measured; during Exp. 3, 10 
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replicate plants were measured, except for measurements of chlorophyll fluorescence in which 

case 6 replicate plants were measured. Statistical analyses were performed in R (version 4.1.3., 

R Core Development Team, 2022). The Q-Q plot was used to test the distribution of data 

graphically, and the bartlett.test was used to test the homogeneity of variance of residuals at 

P=0.05. When data did not fulfil the assumptions for an ANOVA, they were log-transformed 

and the tests on residuals were repeated. If the log-transformed data failed to satisfy the 

assumptions for an ANOVA, the kruskal-wallis.test was used on original non-transformed data. 

Linear mixed effects models were fitted using the lme function in the nlme package, considering 

independent plant as a random effect when the same plant were used for different time points. 

The effects of the factors were analyzed, i.e. the effect of light spectrum treatment, the sampling 

time of treatment, and their interaction. 

3. Results 

3.1 Photosynthesis under continuous exposure to monochromatic U, B and R 
light  

When lettuce leaves were exposed to monochromatic UV-A1 radiation (U), operational net 

photosynthesis rate (Aop) was initially ca. 60-70% lower than that under red (R) or blue (B) 

light (Fig. 1A). Within the first hour of U exposure, there was an additional sharp decline, and 

Aop did not recover in the remainder of the 24 h treatment (Fig. 1A). While Aop in R and B 

showed slight decreases (10-20%), the reduction under U was notably larger (~70%, Fig. 1A), 

compared to Aop after 5 min of treatment. The operational stomatal conductance (gsop) of U and 

R treated leaves showed strong initial reductions in the first hours, and these were accompanied 

with reductions in leaf internal CO2 partial pressure (Ciop) in R but not U treated leaves (Fig. 

1C, D). In contrast, gsop remained stable in B treated leaves, causing Ciop to be stable as well 

(Fig. 1C, D).  

When measured under a standard spectrum at low light intensity, photosynthesis (A100) in U-

treated leaves initially showed strong reductions with a later recovery, whereas A100 in R and B 

treated leaves was relatively stable (Fig. 1E). At the same time, apparent respiration rate in 

darkness (Rdark) was much lower in U-treated leaves than in R or B treated leaves (Fig. 1B), so 
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the reduction in Aop and A100 under U cannot be explained by increased respiration rate. Electron 

transport efficiency through photosystem II (ΦPSII_100) roughly followed the same trend as A100, 

although between 12 and 24 h, ΦPSII_100 in U-treated leaves stayed relatively low, whereas A100 

recovered (Fig. 1A, F). 

 
Figure 1. Effects of 24 h exposure to monochromatic UV-A (U), blue (B) and red light (R) on leaf photosynthetic gas 
exchange and chlorophyll fluorescence in lettuce. A) Operational net photosynthesis rate (A) under the treatment 
spectra (Aop), B) apparent respiration rate in darkness (Rdark), C) operational stomatal conductance (gsop), D) operational 
leaf internal CO2 partial pressure (Ciop), E) A under a standard red/blue spectrum at 100 umol m−2 s−1 (A100), F) electron 
transport efficiency through photosystem II, under identical conditions as A100 (ΦPSII_100). UV-A radiation (U), blue (B) 
and red light (R) were used as treatment spectra at 200 μmol m−2 s−1. Mean values ± SEM of five replicates plants (n = 
5). Numbers show P-values for the main effects of light spectrum treatment (PT) and sampling time of treatment (PH), 
and their interaction (PT×H). (Experiment 1) 

3.2 Effect of adding U or B to R light for 24 hours on photosynthesis  

To compare the effects of U and B within a broader light spectrum, these were each added to R 

light (at total intensities of 400 μmol m−2 s−1), and compared to the effects of monochromatic 

R light (200 μmol m−2 s−1). Aop under RU and RB was initially higher than Aop under R (Fig. 
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2A), owing to the twice as high light intensity in RU and RB compared to R. However, just as 

under monochromatic U exposure (Fig. 1A), exposure to RU caused a rapid decline in Aop 

within the first hour of treatment, causing Aop to have roughly the same or lower rates than Aop 

under R (Fig. 2A). Under RB, Aop also declined, but it did so less strongly than under RU (Fig. 

2A). Similarly to U and R (Fig. 1C), gsop under RU and R showed strong initial reductions that 

later recovered to some extent, whereas gsop under RB was more variable (Fig. 2C). Because of 

the strong reductions in Aop, Ciop in RU treated leaves was relatively stable, whereas in R treated 

leaves the reductions in gsop (at relatively stable Aop) caused a drop and later partial recovery in 

Ciop (Fig. 2A, C, D). A100 and ΦPSII_100 showed strong reductions under RU and lesser reductions 

under RB, while under R these traits stayed very stable (Fig. 2E, F). Rdark tended to be smaller 

in RU and RB leaves compared to R, but varied over time in all three treatments (Fig. 2B). 

 
Figure 2. Effects of 24 h exposure to monochromatic R or dichromatic RB or RU light spectrum treatments on leaf 
photosynthesis in lettuce. A) Operational net photosynthesis rate (A) under the treatment spectra (Aop), B) apparent 
respiration rate in darkness (Rdark), C) operational stomatal conductance (gsop), D) operational leaf internal CO2 partial 
pressure (Ciop), E) A under a standard red/blue spectrum at 100 umol m−2 s−1 (A100), F) electron transport efficiency 
through photosystem II, under identical conditions as A100 (ΦPSII_100). Red light (R; 200 μmol m−2 s−1) was used as 
background spectrum, and treatment light (200 μmol m−2 s−1) of either of two peak wavelengths was added: 365 (RU) 
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and 450 (RB) nm. Mean values ± SEM of five replicates plants (n = 5). Numbers show P-values for the main effects of 
light spectrum treatment (PT) and sampling time of treatment (PH), and the interaction between them (PT×H). 
(Experiment 2) 

 

3.3 Effect of partially substituting R by U or B light for 72 hours on 
photosynthesis, photoprotection and photoinhibition  

Following the time courses of photosynthesis observed within 24 h of exposure to U, B, R, RB 

and RU, we asked whether Aop under U would be able to recover fully at a longer treatment 

duration, and what role photoinhibition, photoprotection and changes in photosynthetic 

capacity may play in this recovery. To answer these questions, we exposed plants for 72 h to 

continuous light (400 µmol m-2 s-1) of either R, RB or RU, and conducted a large number of 

measurements.  

In RU leaves, Aop showed an initial drop similar to those seen before (Figs. 1A, 2A), but 

throughout the entire 72 h exposure, it recovered almost entirely (Fig. 3A). RB treated leaves, 

on the other hand, showed a continuous decline in Aop by ~50% after 72 h, whereas Aop in R 

treated leaves showed a lesser reduction on days 2 and 3 of the treatment (Fig. 3A). gsop showed 

strong initial increases in RB treated leaves, but this declined within 24 h, and then showed 

slow, continuous reductions similar to those seen in R treated leaves (Fig. 3B). In contrast, gsop 

in RU treated leaves showed a strong initial reduction and then was relatively constant (Fig. 

3B). Ciop was mostly stable in RU and RB treated leaves, while it was reduced in R treated 

leaves (Fig. 3C). No major treatment effects were observed on Rdark (which stayed relatively 

constant; Fig. 3I) within 72 h. Leaf light absorptance showed increases over time in all 

treatments (Fig. 3J). While, during 30 min of treatment exposure, RB treated leaves showed a 

continuous reduction in leaf light absorptance, whereas R and RU treated leaves did not (Fig. 

S3). 

Traits measured under a standard spectrum and at a low light intensity (100 m−2 s−1), namely 

A100, ΦPSII_100 and ΦCO2_100 (Fig. 3D-F), showed similar patterns as Aop (Fig. 3A): in all three 

traits, a rapid reduction with a later recovery was visible in RU treated leaves, whereas A100 and 

ΦCO2_100 showed near-linear reductions over time in RB and R treated leaves. ΦPSII_100, on the 
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other hand, was remarkably stable in RB and R treated leaves (Fig. 3E). There were no large 

differences in Rdark between treatments (Fig. 3I). When measured under saturating irradiance 

and [CO2], Amax in RU treated leaves showed an initial reduction, but thereafter increased 

constantly, so that after 72h it was ~20% higher than at the start of the treatment (Fig. 3G). In 

the RB and R treatments, on the other hand, Amax showed reductions that resulted in ~20-50% 

reductions, respectively; the treatment effect on Amax was not reflected in ΦPSII_max, which 

showed small increases in RU and RB treated leaves, but was almost stable in R treated leaves 

(Fig. 3H). 

In RU treated leaves, dark-adapted Fv/Fm showed massive reductions directly after the start of 

treatment, resulting in a minimum after 6h of treatment that was ~30% lower than the initial 

value (~0.81; Fig. 3K). Thereafter, however, Fv/Fm in RU treated leaves increased steadily, 

recovering to a final value of 0.73 (Fig. 3K). In RB treated leaves, there was only a slight 

reduction in Fv/Fm, whereas in R treated leaves a relatively strong reduction was observed 

within the first 24h that did not fully recover until the end of the experiment (Fig. 3K). 

Operational NPQ measured under the treatment lights showed continuous and strong increases 

in RB and R treated leaves, but was very low and declined further in RU treated leaves (Fig. 

3L). The three competing energy partitioning pathways -  ΦNPQ, ΦPSII and ΦNO - fluctuated 

over time in RU treated leaves but otherwise showed no significant trends (Fig. 3M-O). In RB 

treated leaves, on the other hand, ΦNPQ and ΦPSII both increased over time, resulting in declining 

ΦNO; in R treated leaves ΦNPQ increased while ΦPSII was relatively stable, and ΦNO declined as 

a result of the increase in ΦNPQ (Fig. 3M-O). C
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Figure 3. Effects of 72 h exposure to monochromatic R or dichromatic RB or RU light spectrum on leaf photosynthesis, 
photoprotection and photoinhibition in lettuce. A) Operational net photosynthesis rate (A) under the treatment 
spectra (Aop), B) operational stomatal conductance (gsop), C) operational leaf internal CO2 partial pressure (Ciop), D) A 
under a standard red/blue spectrum at 100 umol m−2 s−1 (A100), E) electron transport efficiency through photosystem 
II (PSII), under identical conditions as A100 (ΦPSII_100), F) maximum efficiency of CO2 uptake, under identical conditions 
as A100 (ΦCO2_100), G) A under a standard red/blue spectrum at 1500 umol m−2 s−1 (Amax), H) electron transport efficiency 
through photosystem II (PSII), under identical conditions as Amax (ΦPSII_max), I) apparent respiration rate in darkness 
(Rdark), J) leaf light absorptance in the 400-700 nm range, K) maximum quantum yield of photosystem II (Fv/Fm), L) non-
photochemical fluorescence quenching (NPQ), M) quantum yield of regulatory energy dissipation (ΦNPQ), N) 
photosystem II electron transport efficiency (ΦPSII), O) quantum yield of non-regulatory energy dissipation (ΦNO). To 
obtain chlorophyll fluorescence parameters shown in L-O, initially darkened leaves were exposed to 400 μmol m−2 s−1 
light intensity for 72h, and data were logged every 30 min; mean values ± SEM of six replicates plants (n = 6). For other 
photosynthetic parameters, mean values ± SEM of ten replicates plants (n = 10) are shown. Red light (200 μmol m−2 
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s−1) was used as background spectrum, and treatment light (200 μmol m−2 s−1) of either of three peak wavelengths was 
added: 365 (RU), 450 (RB) and 656 (R) nm. Numbers show P-values for the main effects of light spectrum treatment 
(PT) and sampling time of treatment (PH), and the interaction between them (PT×H). (Experiment 3) 

3.4 Plant growth and pigmentation under 72 h treatment  

All treatments caused a purplish coloration, and especially RB treated plants appeared more 

compact and dark purple after 72 h (Fig. 4A). The RU treatment resulted in slightly reduced 

shoot fresh and dry weights compared to the other two treatments, along with a tendency for 

reduced leaf area (Fig. 4C, D, F). Leaf number and SLA tended to be larger under RU, and SLA 

as well as dry mass content showed the fastest treatment responses in RB treated leaves, but 

none of these traits showed significant differences after 72 h of treatment (Fig. 4B, E, G). 

Treatment with RU caused stronger increases in chlorophyll concentrations than either RB or 

R (Fig. 5A), whereas the concentrations of anthocyanins, UV-absorbing compounds, phenolics 

and flavonoids were strongly increased in RB treated leaves compared to other treatments, 

which increased under all treatments but did not strongly differ from one another in R and RU 

treated leaves (Fig. 5C-F). Carotenoid concentrations also increased in all treatments, but 

showed no major treatment effects (Fig. 5B). 
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Figure 4. Effects of 72 h exposure to monochromatic R or dichromatic RB or RU on plant appearance and growth in 
lettuce. A: Appearance of representative plants that were repeatedly photographed, B: leaf number, C: shoot fresh 
weight, D: shoot dry weight, E: dry mass content, F: leaf area, G: specific leaf area (SLA). Mean values ± SEM of six 
replicates plants (n = 6). Red light (200 μmol m−2 s−1) was used as background spectrum, and treatment light (200 μmol 
m−2 s−1) of either of three peak wavelengths was added: 365 (RU), 450 (RB) and 656 (R) nm. Numbers show P-values 
for the main effects of light spectrum treatment (PT) and sampling time of treatment (PH), and their interaction (PT×H). 
(Experiment 3) 
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Figure 5. Effects of 72 h exposure to monochromatic R or dichromatic RB or RU spectrum treatment on leaf 
biochemical compounds in lettuce. A: chlorophyll concentration, B: carotenoids, C: anthocyanin, D: UV-absorbing 
compounds, E: phenolics (gallic acid equivalent (GAE) used as the standard reference), F: flavonoids (rutin equivalent 
(RUE) used as the standard reference). Red light (200 μmol m−2 s−1) was used as background light, to which treatment 
light (200 μmol m−2 s−1) of either of three peak wavelengths was added: 365 (RU), 450 (RB) and 656 (R) nm. Mean 
values ± SEM of 12 replicates plants (n = 12). Numbers show P-values for the main effects of light spectrum treatment 
(PT) and sampling time of treatment (PH), and their interaction (PT×H). (Experiment 3) 

4. Discussion 

As a significant component of sunlight, UV-A radiation may contribute to plant growth, but 

also may be a significant stressor that plants need to protect themselves from; both of these 

facets of UV-A radiation are currently understudied. We investigated several time series of A in 

lettuce under continuous exposure to a number of light treatments, including monochromatic 

and dichromatic R and UV-A1. Overall, we found that while exposure to 200 µmol m-2 s-1 of 

UV-A1 radiation combined with 200 µmol m-2 s-1 red light caused significant stress, leaves were 

able to acclimate to this stress within three days. 
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4.1 Transferring plants from growth light to continuous treatment light could 
induce stress, with UV-A being the most stressful light quality 

In several treatments (Exp. 2 and 3) we used 400 μmol m⁻² s⁻¹ as treatment light intensity, which 

was twice the growth light intensity of 200 μmol m⁻² s⁻¹ (Table 1) and while plants were raised 

at a photoperiod of 16h, during treatment period the plants were continuously exposed to light. 

This was a deliberate choice to introduce a stress whose effects we could then study over time 

(Figs. 2-5). It turned out that exposure to UV-A1 was the most stressful, especially at the first 

three hours, as indicated by lowest Aop and Fv/Fm (Figs. 1-3). Under either monochromatic or 

hybrid light treatments, the intensity of UV-A1 was kept at 200 μmol m⁻² s⁻¹, which is an 

intensity that can be almost reached in nature under very high light intensities (Turnbull et al., 

2013), so using this intensity in an experiment like ours is high, but not unrealistically so. 

When plants grown under low background light intensity were transferred to continuous high 

light exposure, pigment concentrations increased under in all treatments (Fig. 5). Hence, leaf 

light absorptance increased over time in all treatments (Fig. 3J), enhancing the ability of all 

plants to capture light. Nevertheless, these plants may have been unable to fully utilize all the 

absorbed energy: plants grown under RB and R dissipated the excess energy as heat via thermal 

dissipation (Fig. 3L), while RU induced non-regulatory dissipation of energy (Fig. 3O), a 

process that does not benefit the plant in terms of photoprotection and that indicates stress 

(Samson et al., 2019). Furthermore, chloroplast movement can induce changes in leaf light 

absorptance (Davis et al., 2011): We observed that leaf light absorptance was affected by light 

spectrum treatments (Fig. S3): blue light seemed to trigger leaf light absorptance changes, while 

in R or RU treated leaves it did not, which also confirms prior research that chloroplast 

movement is wavelength-dependent (Blatt, 1983). 

A sharp decline in Aop under sole U (100 μmol m⁻² s⁻¹) was observed in Exp. 1 (Fig. 1A), again 

suggesting that UV-A1 exposure was stressful for the lettuce leaves. It was unknown whether 

A would drop even further or show recovery at a longer exposure time; to investigate this, we 

decided to treat plants to even longer exposure times of continuous light. Continuous light 

promoted the accumulation of pigments under all treatments in a wavelength dependent manner 

(Fig. 5). Blue light applied just prior to harvest could be utilized to trigger the synthesis of novel 
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colors and flavors that are liked by consumers (Ilić & Fallik, 2017; Min et al., 2021). To sum 

up, treatment light intensity being higher than growth light together with continuous light lead 

to a reduction in Aop in all cases, and RU-treated plants showed both strong photoinhibition and 

acclimation capabilities (discussed below), compared to the other treatments (Fig. 3).  

4.2 Leaves under UV-A1 are initially strongly stressed, but manage to acclimate 
within 72 h 

Plants interact with the environment in an intricate manner (Aphalo & Sadras, 2022; Janda et 

al., 2020). The rapid suppression of Aop under UV-A1 was caused by several processes: first of 

all, it is known that UV-A1 powers photosynthesis with a relatively low quantum yield 

(Chapter 4; McCree, 1971). Additionally, leaves were clearly photoinhibited (low Fv/Fm; Fig. 

3K), and initially showed low photosynthesis rates even when measured under a standard 

spectrum (A100; Figs. 1E, 2E, 3D); this, together with broadly unaffected Rdark (Figs. 1B, 2B, 3I) 

resulted in strong initial reductions in ΦCO2 (Fig. 3F). Hence, it is likely that photoinhibition 

initially reduced photosynthetic efficiency in UV-A1 treated leaves through a strong reduction 

of active PSII reaction centres (Takahashi & Badger, 2011). This is also shown by impaired 

photosynthetic electron transport around PSII resulting in lower ΦPSII (Fig. 1F, 2F, 3E; (Vass et 

al., 2002), thereby preventing the light from being fully utilized by plants. Interestingly, under 

72h RU exposure, Aop under RU increased to such an extent that it was not different from Aop 

under R (Fig. 3A), suggesting that plants under RU managed to successfully acclimate to 

UV-A1 exposure within 72 h.  

Surprisingly, this acclimation under RU was not accomplished through increases in NPQ or 

UV-absorbing compounds, but by increases in photosynthetic capacity (Figs. 3G, L, M; 5C-

F), which goes against our hypothesis. Plants can achieve photoprotection through various 

mechanisms (i.e., ROS scavenging, screening of radiation by UV-absorbing compounds in 

the epidermis, NPQ, leaf and chloroplast movement) (Takahashi & Badger, 2011). The 

increase of NPQ under R and RB at 72 h co-occurred with a reduction in Aop (Fig. 3A, L). NPQ 

of RU was slightly higher than that of RB during first 12 h exposure, indicating that NPQ 

alleviated photoinhibition to a certain extent (Fig. 3 A, K, M). Besides, accumulation of 

carotenoids may further absorb UV-A1 radiation to prevent it from arriving at the chloroplast 
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(Fig. 5B) (Edreva, 2005). The concentrations of UV-absorbing compounds did not strongly 

increase under UV-A1 exposure similar as blue light (Fig. 5C-D), which was also against our 

hypothesis. This lack of change in UV absorbing compounds under UV-A1 exposure may be 

regulated by UVR8, instead of UV-A photoreceptors (Jenkins, 2014). However, this 

explanation is incomplete, as exposure to blue light did cause an accumulation of these 

compounds, which supports prior findings that blue light promotes flavonoid accumulation 

by inducing gene expression in the phenylpropanoid pathway (Palma et al., 2021, 2022). 

Another possible reason is that UV radiation regulates specific phenolic compounds rather 

than total flavonoid concentration (Kotilainen et al., 2008). It is also possible that UV-A1 is 

less effective than blue light at the transcriptional level (Zhang et al., 2023). In addition, 

under continuous light exposure (Table 1), the duration of UV-A1 exposure also affects both  

flavonoid synthesis and accumulation (Kotilainen et al., 2010; Palma et al., 2021). Besides, 

plants continuously exposed to light in the current study exhibited varying intensities of 

purple, which likely resulted from different concentrations of UV-screening pigments (Figs. 

4A, 5D-F). This confirms that the accumulation of UV-absorbing compounds under UV-A1 

exposure is heavily regulated by light spectrum (Palma et al., 2021; Qian et al., 2019). In 

addition, future research should also determine how quickly photoprotection and 

photoinhibition can recover from UV-A1 exposure. 

The increase in Amax under RU may suggest that HL can enhance the activity of Rubisco 

involved in the Calvin cycle (Fig. 3G) (Ernstsen et al., 1999; Kataria et al., 2014), further 

accelerating the rate of CO2 fixation under HL. Further, contrary to our expectations, Rdark 

was not increased under UV-A1 exposure, it even decreased under sole UV-A1 radiation 

(Fig. 1B, 2B, 3I), thus failing to provide a surplus of ATP to reduce the risk of photo-

oxidative damage (Millar et al., 2011). Thus, low Aop under RU likely explains reduced plant 

growth, compared to other treatments, as neither Rdark nor projected leaf area were reduced 

under RU (Figs. 3A, I; 4). Plants inevitably encounter UV radiation in nature (Verdaguer et al., 

2017), and early acclimation to UV-A1 treatments such as in our experiments may prime 

seedlings to possess high resistance to photo-oxidative damage. 
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4.3 Stomatal conductance (gs) differentiates between UV-A1 and blue light 

Distinct mechanisms are involved in stomatal opening regulated by different wavelengths 

(Kuiper, 1964), but it is unclear how the stomatal response to UV-A1 fits into the known 

responses, such as the blue light and the red light response. On the one hand, UV-A1 is adjacent 

to and similar to blue light in some respect, as both are sensed by phototropins which regulate 

gs (Christie, 2007); on the other hand, photons in the UV-A1 range possessing high energy may 

activate protection mechanisms and thereby indirectly affect gs (Alexander et al., 2024). The 

contrasting trend of gsop between B and RB was ascribed to both light intensity and light quality 

(Figs. 1C, 2C), which reflected the prominent role of B inducing stomata opening in the 

presence of strong R as background light (Baroli et al., 2008). However, red light had no such 

effects on RU treatment (Fig. 2C), indicating that UV-A1 regulation of stomatal opening is an 

independent mechanism different from both red and blue light. Further, gsop decreased under 

both R and RU, but Ciop showed opposite trends in two treatments (Fig. 2C, D), potentially 

ruling out effects of UV-A1-driven mesophyll photosynthesis (Matthews et al., 2020). We note 

that there is currently a knowledge gap in the role of UV-A1 on stomata, but studies using 

photoreceptor mutants together with narrowband UV-A lamps will likely illuminate this.  

5. Conclusions 

This study highlights the stress responses and acclimation mechanisms of lettuce plants 

exposed to different combinations of UV-A1 radiation, red and blue light. Continuous exposure 

to 400 µmol m⁻² s⁻¹ light for up to 72 h was generally stressful for plants grown under 200 µmol 

m⁻² s⁻¹, with UV-A1 being the most stressful, a situation that plants responded to by acclimating 

their photosynthetic apparatus and especially their photosynthetic capacity. 
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Supplementary material 

 

Figure S1. Spectral photon irradiance of germination and growth light (normalized to maximum). 

 

 

Figure S2. Set up of measurements of operational photosynthesis and chlorophyll fluorescence. (A) Spectra of the 
treatment lamps used in this study; (B) Leaf chamber with transparent quartz cover and setup to measure light 
intensity using the spectroradiometer (Avaspec-2048CL, Avates, Apeldoorn, the Netherlands). 
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Figure S3. Time courses of chloroplast movement (leaf light absorptance within 30 min) under different treatment 
spectra. Red light (200 μmol m−2 s−1) as the background light for treatment spectra, to which treatment light (200 μmol 
m−2 s−1) of either of three peak wavelengths was added: 365 (RU), 450 (RB) and 656 (R) nm. Mean values ± SEM of 5 
replicates plants (n = 5). Numbers show P-values for the main effects of light spectrum treatment (PT) and sampling 
time of treatment (PH), and their interaction (PT×H). (Experiment 3) 

 
Figure S4. Indices of pigment concentrations under different treatment spectra in experiment 3. A: Chlorophyll index; 
B: Flavonoids index; C: Anthocyanin index. Red light (200 μmol m−2 s−1) was used as background light, to which 
treatment light (200 μmol m−2 s−1) of either of three peak wavelengths was added: 365 (RU), 450 (RB) and 656 (R) nm. 
Mean values ± SEM of 10 replicates plants (n = 10). (Experiment 3) 
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Currently, there are only a few reviews on the effects of UV-A (315-400 nm) on plant growth 

and physiology (Neugart & Schreiner, 2018; Rai et al., 2021; Verdaguer et al., 2017), and 

these reviews indicate that the knowledge of UV-A photobiology is limited. This is partially 

because previous insights into UV-A effects on plants were obtained from measurements 

conducted in the field. In this thesis, I studied UV-A1 wavelength, UV-A1 dose and species 

in a well-controlled environment, and the main findings are that UV-A1 radiation triggers 

wavelength-dependent photosynthetic performance and photoprotective acclimation as well 

as photoinhibition, with the net result that plant growth was barely affected by UV-A 

exposure (Chapters 2-5). This thesis filled some knowledge gaps around the effects of UV-

A1 on plants, by using novel LEDs. In this general discussion, I will discuss how UV-A1 

affects plant growth, leaf photosynthesis and photosynthetic acclimation in a broader 

perspective and then compare it to the effects of blue light, summarize UV applications in 

protected agriculture, and present perspectives for future research on this topic. 

Integrated effects of UV-A1 on plant physiology 

In this section, I explore the intricate balance between photosynthesis, photosynthetic 

acclimation and plant growth, offering insights into why plant growth was barely affected by 

UV-A1 exposure despite the enhancement of photosynthetic capacity. When UV-A1 acts as 

a stimulus of photosynthetic performance, the rate of photosynthesis and photosynthetic 

capacity due to light acclimation are enhanced by UV-A1 (Chapters 3-5), though this does 

not seem to directly contribute to plant growth. Similarly, when UV-A1 serves as a stressor 

with high energy per photon leading to photoinhibition (Takahashi et al., 2010), this 

inhibitory effect does not seem to generally reduce plant growth (Chapters 2-3). My results 

generally suggest that plants achieve a balance to maintain growth under UV-A1 exposure 

through a series of regulatory mechanisms. 

The inspiration for this thesis was provided by earlier studies, which showed that UV-A1 

promoted whole-plant light interception by inducing photomorphogenesis with a larger leaf 

area and steeper leaf angle (Zhang et al., 2023), leading to higher dry mass accumulation 
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compared to the treatment without UV-A1 supplemented (Chen et al., 2019). Surprisingly, 

in this thesis, we found that neither the addition of different intensities (0-100 μmol m−2 s−1) 

of 365 nm radiation nor different wavelengths (365 and 385 nm) in the UV-A1 range of the 

same intensity (50 μmol m−2 s−1) had significant effects on plant growth, compared with 

treatments without UV-A1 supplementation (Chapters 2-3). Although UV-A1 could 

stimulate photosynthesis by inducing light‐intercepting leaf‐area display formation and 

increasing efficiency of energy conversion with photosynthetic pigments accumulation 

(Zhang et al., 2023; Chapters 4-5), this benefit comes at a cost that UV-A1 induces 

photoinhibition and triggers photoprotective mechanisms such as non-photochemical 

quenching (NPQ). Besides, the photosynthetic quantum efficiency of UV-A was generally 

low (Chapter 4), and the presence of UV- absorbing compounds in the leaf epidermis further 

reduced this. It could be hypothesized that with a reduced UV-A1 radiation reaching the 

photosynthetic pigments, plants may require a lower photoprotective capacity, allowing them 

to allocate more resources towards growth rather than defense. 

In conclusion, my results suggest that UV-A1 radiation has a dual role in plants: it enhances 

photosynthetic performance to some extent, but simultaneously induces stress responses. 

Plants seem to be generally able to maintain a balance between these effects, thereby 

sustaining normal growth. The effects of UV-A1 on plant growth, photosynthesis, and 

photosynthetic acclimation will be further discussed below, and results will be compared 

with those of other studies. 

Plant growth under UV-A1 exposure 

In this thesis, both intensities and wavelengths of UV-A1 had no notable impacts on plant 

growth. However, when considering the available data, there is still no consensus on the 

effects of UV-A on plant growth. To be more specific, He et al. (2021) found that additional 

UV-A applied alone at an intensity of 10 μmol m−2 s−1 had no effects on the biomass of lettuce 

‘Yanzhi’ and ‘Red butter’ grown under 300 μmol m−2 s−1 white background light. While, 

Kang et al. (2018) showed that additional broad-spectrum UV-A fluorescent lamps 

supplemented with a mixture of blue and red lamps at a background light intensity of 220 
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μmol m−2 s−1 increased the dry weight and leaf area of tomato ‘Beijing cherry’. Unfortunately, 

the authors mentioned above did not provide information on the specific UV-A spectrum 

used. However, Chen et al. (2019) showed that an additional 20 μmol m−2 s−1 of UV-A1 at 

365 nm promoted the growth of lettuce ‘Klee’, which is at odds with my experimental results 

exhibited the same UV-A1 intensity had minor effects on plant growth of the same genotype 

(Chapter 2). When comparing the experimental setups between Chapter 2 and Chen et al. 

(2019), a core difference was the spectrum of the background light. In Chapter 2, I used white 

light as background, which contains a large fraction of green and blue light (35% and 22% of 

total photosynthetically active radiation (PAR), respectively), while in the study of Chen et al. 

(2019) the percentage of green and blue light was about 8% and 15% of the total PAR. The 

light spectrum regulates plant growth through different photoreceptors. Photoreceptors of 

UV-A1 (phototropins and cryptochromes) are also triggered by blue light, while green light 

can be absorbed by cryptochromes (Battle et al., 2020; Christie, 2007). Perhaps the presence 

of blue light that triggers cryptochromes caused UV-A1 not to have strong additional effects 

on the cryptochromes, or the presence of green light may have reversed UV-A1- effects by 

interrupting signaling by cryptochrome (Zhang & Folta, 2012). More evidence on the role of 

background light spectrum in UV-A1-mediated plant growth is needed to explain the 

conflicting results mentioned above. Light spectra should be considered when designing UV-

A plant photobiology studies, as well as light intensity and photoperiod. Other environmental 

factors, such as temperature, humidity, and nutrients may also interact with UV-A1 and 

hence affect plant performance (Poorter et al., 2012). Adding UV-A1 to red light was 

effective in alleviating the downward curling of leaves (Zhang et al., 2020, 2023), and this 

phenomenon was only found under monochromatic red light; use of monochromatic red is 

an extreme condition and is not comparable to growth conditions in these chapters (Chapters 

2-3). All of these studies exemplify that researchers need to clearly specify and carefully 

interpret the effects of experimental conditions. 

Balance between photochemistry, photoprotection and photoinhibition 

UV-A can have both beneficial and detrimental effects on photosynthesis (Verdaguer et al., 

2017). Although McCree (1971) suggested the range of PAR to be 400 to 700 nm, 
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photosynthesis is also powered by UV-A1, though to a lesser extent than blue light (Chapter 

4). At the same time, a UV-A1 photon has a higher energy content than a blue photon, thereby 

driving photoinhibition to a larger extent. When plants cannot fully absorb UV-A1 radiation, 

various photosynthetic processes could be affected. For example, UV-A1 impaired 

photosynthetic electron transport around photosystem II (PSII; Hirosawa & Miyachi, 1983), 

thereby preventing the light from being fully utilized by plants. Besides, UV-A was found to 

damage a number of protein complexes in PSII isolated from spinach, with the water-

oxidizing complex of PSII to be the most sensitive (Vass et al., 2002). However, when entire 

leaves instead of isolated PSII are exposed to light, UV-absorbing compounds in the 

epidermis function as a barrier, protecting the chloroplasts from UV-induced damage 

(Caldwell et al., 1983). Prior to this thesis, no studies have reported on the relationship 

between the concentration of UV-absorbing compounds and photosynthesis; my data suggest 

that a higher concentration of UV-absorbing compounds in the leaf leads to lower 

photosynthetic efficiency under UV-A1 (Chapter 3). More research is needed to explore 

how UV-absorbing compounds affect photosynthesis mechanistically. 

Plants exposed to UV-A may develop a variety of photoprotective mechanisms to prevent 

light energy from inducing damage, with photobleaching and cell death as extreme examples 

(Murchie & Niyogi, 2011). NPQ is an important protective mechanism (Ruban & Wilson, 

2021) and in my thesis showed distinct responses to short-term (several minutes), mid-term 

(three days of continuous exposure) and long-term (two weeks) UV-A1 exposure. NPQ-

dependent photoprotection is activated more rapidly by UV-A1 than by blue light under 

short-term exposure (Chapter 4; Tokutsu et al., 2021). In contrast, mid-term acclimation to 

UV-A1 did not seem to be accomplished through increased NPQ (Chapter 5). However, 

long-term UV-A1 treated leaves showed an interesting combination of high NPQ under high 

light (Chapter 3). Based on these results, I cannot clearly conclude how UV-A1 regulates NPQ, 

and suggest that further studies on this topic are needed.  

The thylakoid PSII auxiliary protein photosystem II protein 33 (PSB33) was found to have an 

important role in sustaining a functional PSII pool by regulating the de novo synthesis of 

PSII under UV-A radiation (Nilsson et al., 2020). Furthermore, since PSII absorbs more 
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strongly in the UV-A region compared to PSI, the relative excitation pressure between the 

photosystems is unbalanced, which may additionally lead to photoinhibition (Bellaflore et 

al., 2005). Apart from the protective role of UV-absorbing compounds in the epidermis, leaf 

hairs and waxes play a significant role in reflecting ultraviolet radiation (Caldwell et al., 1983; 

Holmes & Keiller, 2002). Besides, chloroplast avoidance movement may serve as an 

alternative protection to reduce the amount of light absorbed by chloroplasts (Wada et al., 

2003). Chloroplast avoidance movement was also previously shown to be active under UV-

A1 radiation (370 nm; (Blatt, 1983; Chapter 5). At the plant level, plant growth did not 

benefit from UV-A1 exposure and in some cases was even slightly reduced depending on 

genotype and UV-A1 intensity used (Chapters 2-3). This may in part be because the energy 

required for repairing UV-A1 induced photodamage could otherwise be used for growth 

(Miyata et al., 2012). 

Manipulating photoprotective pathways is a strategy to improve both stress tolerance and 

photosynthetic efficiency in crops (Murchie & Niyogi, 2011). UV-A1 radiation at 50 μmol m−2 

s−1 intensity indeed triggered the build-up of photoprotective capacity in tomato, and this might 

be ascribed to the high energy per photon (peak wavelength: 365 nm; (Chapter 3). However, 

plants acclimated under blue light at the same intensity as UV-A1 also exhibited strong 

photoprotective capacity, and did not experience photoinhibition (Chapter 3), which suggests 

UV-A1 induces photoprotective capacity at the cost of photoinhibition. Although continuous 

exposure for three days with UV-A1 intensity of 200 m−2 s−1 caused photoinhibition in lettuce 

‘Klee’, photosynthetic capacity under high light was improved by UV-A1 and photoinhibition 

induced by UV-A1 gradually recovered over time (Chapter 5). Importantly, high yield 

potential and high stress tolerance are incompatible (Murchie et al., 2009), hence a compromise 

is required between these two aspects, and more research is needed to explore this trade-off for 

maintaining high yields under UV-A1 exposure without compromising stress tolerance. 

The role of UV-absorbing compounds in UV research 

In higher plants, flavonoids and other phenylpropanoid derivatives accumulate in large 

quantities in the vacuoles of epidermal cells, and efficiently absorb the UV portion of sunlight, 
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thereby protecting the plant from UV damage (Mazza et al., 2000). The role of UV-absorbing 

compounds is often addressed in relation to acclimation, horticultural applications, and ecology 

(Barnes et al., 2000; Cockell & Knowland, 1999). The conventional method for measuring 

these compounds is measuring the UV absorbance of crude methanolic extracts, including that 

of enriched flavonoids and phenolics (Barnes et al., 2013, 2016; Beggs & Wellmann, 1985; 

Julkunen-Tiitto et al., 2014). Besides, total phenolics and total flavonoids are also extracted 

with methanol for subsequent content analysis (Khanam et al., 2012). Additionally, the 

concentration of UV-absorbing compounds in the leaf typically mirrors changes in epidermal 

UV transmittance (Neugart et al., 2021). Therefore, measuring the UV transmittance by use of 

instruments such as the Dualex (Dualex Scientific+; Force-A, Orsay, France) or UVA-PAM 

(UVA-PAM fluorometer; Gademann Messgeräte, Würzburg, Germany) (Barnes et al., 2013, 

2015, 2016; Markstädter et al., 2001; Neugart et al., 2021) can serve as a proxy of the 

concentration of UV-absorbing compounds. Both methods are efficient and widely applied in 

horticultural and ecological research (Caldwell et al., 1983; Mazza et al., 2000; Pfündel et al., 

2007), providing important data on plant responses and adaptive mechanisms to UV radiation. 

Although some studies argue against the measurement of total phenolics and flavonoids, as 

UV-A modulates the concentrations of individual phenolic compounds rather than total 

phenolics and flavonoids pools (Kotilainen et al., 2008; Verdaguer et al., 2017), other studies 

still reported that UV-A can induce the bulk accumulation of these compounds (Chen et al., 

2019; Kelly & Runkle, 2023; J. H. Lee et al., 2019; M. J. Lee et al., 2013, 2014). In this thesis, 

I used all the methods mentioned above to investigate the concentrations of UV-absorbing 

compounds in the leaf, as well as the concentrations of total flavonoids and phenolics 

(Chapters 2-5). I found that the concentrations of UV-absorbing compounds were not strongly 

affected by different wavelengths and intensities of UV-A1 in several genotypes (Chapters 2-

4). This finding aligns with previous research: UV-A barely affected extracts of UV-absorbing 

compounds in leaves of cucumber, lettuce, Betula pendula and six woody species in the 

Mediterranean (Bernal et al., 2013; Krizek et al., 1997, 1998; Morales et al., 2010). However, 

this apparent lack of a UV-A effect on UV-absorbing compounds may in part be caused by the 

crude extraction method, which covered the entire UV spectrum., making it difficult to 

accurately measure the effect of UV-A1 on the specfic UV-absorbing compounds (Julkunen-
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Tiitto et al.; 2014; Kotilainen et al., 2008; Verdaguer et al., 2017). Further, when UV-A1 was 

added to white background light, the concentration of UV-absorbing compounds and 

anthocyanins decreased significantly in arabidopsis, but not in tomato, lettuce and cucumber 

(Chapter 2), demonstrating that this effect is species specific (Kotilainen et al., 2010; 

Verdaguer et al., 2017). Also, a reduction of phenolic contents was observed in cucumber 

leaves grown under UV radiation (including both UV-A and UV-B) combined with white light 

(Palma et al., 2022), suggesting that the effect of UV-A depends on the experimental set-up (i.e. 

background light intensity, light quality and photoperiod) (Chapters 2, 3 and 5; Kotilainen et 

al., 2010; Palma et al., 2022; Qian et al., 2019). Differing experimental set-ups and species 

make inter-study comparisons challenging. Some studies showed that UV regulates transcript 

and metabolite accumulation in cucumber leaves in a spectrum-dependent manner (Palma et 

al., 2021, 2022); however, those experiments utilized broad-spectrum UV radiation, which 

complicates the comparison between the results presented in this thesis and those by Palma et 

al. (2021, 2022). 

There are numerous studies on UV regulation of phenolic metabolism (reviewed in Neugart & 

Schreiner, 2018; Verdaguer et al., 2017), but many of those employ broad-spectrum UV 

treatments including UV-B, UV-A2, UV-A1, and plant responses to UV-B and UV-A2 are 

regulated by UVR8 (Rai et al., 2019). With advanced LED technology featuring specific, 

narrower wavebands, it will be very interesting to study changes in leaf phenolics under UV-

A1 and UV-A2, respectively. 

UV-A1 and blue light: exploring their similarities and 
differences 

Although UV-A1 and blue light share the same flavoprotein photoreceptors (Christie et al., 

2015), it is not well described how plant responses to UV‐A1 radiation are different from 

those to blue light. The similarities between UV-A1 and blue light in terms of effects on 

phototropism, chloroplast movement, and circadian rhythm are based on the hypothesis that 

they trigger the same photoreceptors (Lin, 2000), rather than on individual studies 

specifically reporting how UV-A regulates these aspects. For other processes of plant biology 
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regulated by blue light, such as morphogenesis, growth, and photosynthesis, I will combine 

the results found in this thesis with other studies to comprehensively discuss the differences 

and similarities between UV-A1 and blue light (Table 1). 

Both UV-A1 and blue light can adjust leaf morphology, effectively alleviating the “red light 

syndrome” and maintaining normal photosynthetic performance (Inoue et al., 2008; Zhang 

et al., 2020, 2023). Additionally, UV-A1 is weaker than blue light in triggering the expression 

of genes related to auxin transport (Zhang et al., 2023), which may imply that the role of UV‐

A1 function differently as blue light in mediating plant processes. Blue light can induce 

characteristics of sun-type plants (Kang et al., 2021), with plant growth responding to blue 

light in a dose-dependent and species-specific manner (Hogewoning et al., 2010; Liang et al., 

2021). In this thesis, a wide range of UV-A1 intensities had almost no effects on plant growth 

among horticultural species (Chapters 2-3). Further, both leaf photosynthesis and 

photosynthetic acclimation in the UV-A1 and blue light range followed a continuous shallow 

gradient when wavelength of the light increased (Chapters 3-4): a longer wavelength 

enhanced photosynthetic performance, while a shorter wavelength caused photoinhibition 

(Takahashi & Badger, 2011). I also found that the photoinhibition caused by UV-A1 was 

reversible, and that plants were able to fully acclimate to UV-A1 (Chapters 2, 3, 5). For 

stomata, UV-A1 and blue light may exhibit opposite regulatory patterns: short-term blue 

light exposure promotes stomatal opening (Christie et al., 2015), while short-term (3-6 h) 

UV-A1 exposure inhibits stomatal opening, but this effect decreases over time (Ng, 2019). 

These results align with my data, which showed that stomatal closure under long-term UV-

A1 exposure was not observed, but neither was strong stomatal opening (Chapter 3). 

Besides, both blue light and UV-A1 can promote flowering in long-day plants (Chapter 2; 

Guo et al., 1998), but whether UV-A1 induces floral initiation through the cryptochrome 2 

pathway or as part of a stress response requires further research (Xu et al., 2014). 
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Perspectives for UV applications in horticulture 

Although UV radiation is outside the range of conventional PAR, it is biologically effective. 

With advancements in LEDs, the potential of UV light in horticultural application is growing, 

paving the way for innovative plant production practices. 

UV could be used in pre- and post-harvest applications 

UV radiation can be applied during the plants cultivation used in pharmaceutical, cosmetic, 

and nutraceutical industries for increasing the production of health-promoting compounds 

(Jacobo-Velázquez et al., 2022). UV-A, having the longest wavelengths and being least 

harmful to humans among the different types of UV radiation, was sometimes used in pre-

harvest studies to improve plant production and coloration (Chen et al., 2019; Kelly & 

Runkle, 2023; Lee et al., 2019). Also, using UV-B and UV-C in pre-harvest treatments had 

significant effects, with specific doses varying depending on the purpose of the experiment 

and the genotypes: UV-B leads to increased phenolic and flavonoid concentrations in 

vegetables and fruits (Mosadegh et al., 2018; Neugart & Schreiner, 2018; Ordidge et al., 

2010), including active substances in medicinal plants (Takshak & Agrawal, 2019). UV-C at 

1.0 kJ m-2 applied one hour per week (~7 weeks in total) was found to increase total fruit 

number and fruit weight in tomato, and induced flowering in ornamental plants (Darras et al., 

2012, 2020). In addition, UV-C was found to improve plant growth under salt stress 

conditions (Ouhibi et al., 2014), and both UV-B and UV-C increased disease resistance 

(Meyer et al., 2021; Urban et al., 2018). 

UV generally has a capacity to extend shelf-life and increase antioxidant activity (Chen et 

al., 2021; Sonntag et al., 2023; Stevens et al., 2004). In addition, UV-B and UV-C can slow 

down product quality depletion, delay ripening time and improve fruits firmness (Liu et al., 

2011; Park & Kim, 2015; Stevens et al., 2004). UV-A was found to be effective in preventing 

fruit degradation after harvesting (Lante et al., 2016). It can be concluded that UV radiation 

is a useful tool in several post-harvest applications. 
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In this thesis, UV-A1 application did not remarkably stimulate the concentration of total 

phenolics and flavonoids as well as plant growth (Chapters 2-5). The results of this thesis 

suggest that UV-A1 implementation in improving nutraceuticals and yield is not a good 

choice, especially compared to blue light. In my research, plants were grown under highly 

controlled conditions, with stable and relatively low light intensity, compared to full sunlight. 

Plants were grown with visible light only, or with UV-A1 plus visible light, which may result 

in the accumulation of less UV absorbing compounds compared to open field grown plants. 

This is because the synthesis of flavonoids, which are major UV absorbing compounds, is 

regulated by a UV-B photoreceptor, UVR8 (Jenkins, 2014). However, I also found that blue 

light strongly promoted the accumulation of UV-absorbing compounds (Chapter 5). 

Moreover, there was a positive correlation between UV-A intensity and flavonoid 

concentration in Betula pendula leaves, while the opposite trend was observed in Brassica 

napus leaves (Morales et al., 2010; Wilson et al., 2001), suggesting species-specific 

responses between UV-A dosage and flavonoid accumulation. UV-A was found to be 

strongly involved in the transcription of genes in the flavonoid pathway (Fuglevand et al., 

1996; Guo & Wang, 2010), such as phenylalanine ammonia lyase and chalcone synthase, 

suggesting that UV-A affects the concentration of UV-absorbing compounds. Compared to 

UV-A1 radiation, high light intensity (550 μmol m−2 s−1) and continuous light exposure (72 

h) can also promote the accumulation of UV-absorbing compounds (Chapters 2, 5). For 

further research on this topic, I recommend to investigate the signaling pathways by using 

photoreceptor mutants, as well as the effects of antagonistic or synergistic interactions with 

other environmental factors. 

Precautions for using UV-LEDs 

When applying different wavelengths and doses of UV radiation at various stages of plant 

development, the requirements for dose and wavelength may differ (Neugart & Schreiner, 

2018; Paradiso & Proietti, 2022). Thus, it is crucial to understand the specific UV 

requirements of plants or harvested organs. Moreover, researchers should not blindly trust 

the output parameters advertised by lighting manufacturers (Rai et al., 2021). Instead, it is 

necessary to use a calibrated spectrometer to accurately measure and identify the radiation 
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spectrum (Albert & Mcleod, 2012): all UV wavelengths can be harmful to humans 

(Gallagher & Lee, 2006), so precautions must be taken when using UV LED lighting.  

UV-A radiation: from LEDs to sunlight 

LED technology provides researchers with the opportunity to study photobiology in well-

controlled environments. However, studies with narrow-band LEDs may misestimate the 

role of sunlight on plant processes. Given the presence of UV-A in nature (up to 250 μmol 

m−2 s−1; Fig. 1C), it is quite obvious that plants can and do fully acclimate to this intensity, 

at both the leaf and the plant level (Chapters 2-5).  

The percentage of UV-A1 relative to PAR in sunlight is around 6%, and the maximum PAR 

intensity on a clear summer day was measured to be around 2000 μmol m−2 s−1 in Beijing 

(Fig. 1). The average quantum yield in the UV-A1 range among six genotypes was found to 

be ~0.013 μmol CO2/ μmol photons (Chapter 4), which would mean that the maximum 

photosynthesis rate due to UV-A1 is ~1. 6 μmol m−2 s−1 during the middle of the day. In 

addition, solar UV radiation depends on seasonal variations (Fig. 1). The solar altitude angle, 

daylight length and ozone layer all affect the intensity of UV radiation, as they affect visible 

light. 
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Figure 1. Annual solar irradiance of UV-A (315-400 nm), UV-B (280-315 nm) and far red (700-750 nm) radiation, 
and the changes in their ratios to PAR, at three moments of the day. Light intensity and spectrum were monitored 
using a spectroradiometer (Avaspec-2048CL, Avates, Apeldoorn, the Netherlands). Measurements were conducted 
on sunny days only, around the 23rd of each month in 2021, in the middle of Beijing, China. Care was taken that the 
spectroradiometer was not shaded during measurements.  

Future perspectives 

This thesis is comprised of four research chapters as well as one general introduction and 

discussion. The intention of the thesis was to shed new light on plant responses to UV-A1 

radiation. The data presented in this thesis may be used as a reference by growers and lamp 

manufacturers. Although notable advancements have been made in understanding the effects 

of UV-A1 radiation on plant growth, photosynthesis, photoprotection and leaf light 

acclimation, there still remain substantial knowledge gaps, as pointed out below: 

1) The role of UV-A1 in photosynthesis remains an intriguing research area. Although 

not quantified in this thesis, UV-A may enhance photosynthesis in C4 leaves 

(Sorghum bicolor; (Johnson & Day, 2002), and future studies should further 

determine how efficiently UV-A1 can drive photosynthesis in C4 and in CAM 
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species. Controlled environment and novel UV-A1 LEDs could provide insights 

into the direct and indirect effects of UV-A1 on photosynthetic processes. 

Additionally, exploring the contribution of UV-A1 on whole-canopy 

photosynthesis is crucial, as this will provide a better estimate of photosynthetic 

quantum yield under full sunlight and may re-invigorate the discussion on a 

redefinition of PAR (Zhen and Bugbee, 2021). This could involve field studies 

using advanced UV sensors or remote sensing technologies and modeling 

approaches to understand how UV-A1 affects canopy structure, light distribution, 

and overall plant productivity. 

2) Due to its high price and low energy efficiency, there are no reports of the effects 

of UV-A2 on plant growth, photosynthesis and photosynthetic acclimation, while 

those of UV-B have been explored comparably often. However, UV-A2, as a 

waveband between UV-B and UV-A1, may cause less photodamage than UV-B, 

but can nevertheless trigger UVR8 (Rai et al., 2020), potentially causing the 

synthesis of secondary metabolites and other health related compounds. Thus, UV-

A2 could be used in pre- or post-harvest applications to improve the color, flavor 

and nutritional value of plants. 
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Summary 

Ultraviolet radiation (UV; 100–400 nm) is an important spectrum of solar radiation, with UV-

A (315-400 nm) accounting for approximately 95% of all UV arriving at the Earth’s surface. 

There is a large body of literature on plant responses to UV-B (280–315 nm), while 

knowledge on UV-A is limited. Existing studies point to a large variability of the effects of 

UV-A on plants, which may in part be caused by uncontrolled experimental conditions, 

various spectra and doses used, and genotype effects. 

Chapter 1 firstly introduced the composition of UV radiation and the photoreceptors sensing 

it. It further pointed out existing knowledge gaps and the limitations of current UV-A plant 

photobiology research, and then described the ambiguity of plant responses to UV-A 

radiation from three broad processes (i.e. plant growth, leaf photosynthesis and 

photosynthetic acclimation). Lastly, the structure of this thesis was introduced and research 

contents of each chapter were outlined.  

Chapter 2 explored how a range of UV-A1 (350- 400nm) intensities (0-100 μmol m−2 s−1) 

affect plant growth across four plant species, and how their responses to UV-A1 depend on 

low- (150 μmol m−2 s−1) and high- (550 μmol m−2 s−1) white background light intensity. Plant 

growth was barely affected under UV-A1, with some variations depending on genotype and 

background irradiance.  

Chapter 3 investigated how acclimation to several wavelengths in the UV-A1 (peaking at 

365 and 385 nm) and blue light (peaking at 410 and 450 nm) range affects leaf photosynthetic 

and photoprotective performance in tomato. Both UV-A1 and blue light triggered leaf 

photosynthetic and photoprotective acclimation, thereby allowing plants to perform well 

under high and fluctuating irradiance. The extent of acclimation became stronger the longer 

the peak wavelength was. This study exemplified that plant growth and photosynthetic traits 

in response to light treatments within the 365-450 nm range follow a shallow-continuous 

pattern instead of showing strong differences between UV-A1 and blue light. 

Chapter 4 quantified the photosynthetic quantum yield of UV-A1 in horticultural crops 

(cucumber, tomato and lettuce) and woody species (hydrangea and red dogwood). UV-A1 
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powered photosynthesis and caused photoinhibition in a wavelength-dependent manner. 

Despite a positive quantum yield in all cases, plants grown in natural sunlight tended to show 

negative net photosynthesis rates under UV-A1 regardless of illumination intensity. This 

study found that the concentration of UV-absorbing compounds in the leaf was negatively 

correlated with photosynthetic efficiency under UV-A1. Furthermore, a slow increase in non-

photochemical quenching (NPQ) and transient reduction in photosynthesis were observed 

under 30 min UV-A1 exposure. It was concluded that UV-A1 can power photosynthesis, but 

this was not sufficiently compelling to define UV-A1 as photosynthetically active radiation. 

Chapter 5 continued from the finding in chapter 4 that a continuous decline in 

photosynthesis was observed during 30 min of UV-A1 exposure. This observation triggered 

the question whether leaves could acclimate to continuous UV-A1 exposure of up to three 

days, and if so how plant processes work synergistically to cope with stress. It was 

demonstrated that lettuce successfully acclimated to exposure under different combinations of 

light quality (red light combined with either UV-A1 or blue light) and intensity (200 or 400 

μmol m−2 s−1), with UV-A1 being the most stressful case. Our data suggest this acclimation 

was achieved by an increase in plants’ photosynthetic rather than their photoprotective capacity. 

Chapter 6 summarized the findings of the thesis, and extended the interpretation and 

discussion of these findings. The insights gained throughout this thesis are related to existing 

literature to give a comprehensive overview of the state of knowledge about how UV-A1 

affects plant growth, leaf photosynthesis and photosynthetic acclimation, in comparison with 

blue light. Moreover, the role of UV-A1 radiation in nature and its estimated contribution to 

leaf photosynthesis are evaluated. Finally, views on the application of UV radiation in 

protected agriculture and perspectives for future research were provided. 
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