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Abstract

Using specific photoreceptors, plants can sense light signals fundamental to their growth

and development under changing light conditions. Phytochromes sense red and far-red

light, cryptochromes and phototropins sense UV-A and blue light, while the UVR8 gene

senses UV-B signals. The study of the molecular mechanisms used by plants to respond to

artificial biophilic lighting is of pivotal importance for the implementation of biophilic

approaches in indoor environments. CoeLux® is a new lighting system that reproduces the

effect of natural sunlight entering through an opening in the ceiling, with a realistic sun per-

ceived at an infinite distance surrounded by a clear blue sky. We used the model plant Arabi-

dopsis thaliana to assess the gene expression of the main plant photoreceptors at different

light intensities and at different times after exposure to the CoeLux® light type, using high-

pressure sodium (HPS) lamps as control light type. Genes belonging to different families of

photoreceptors showed a similar expression pattern, suggesting the existence of a common

upstream regulation of mRNA transcription. In particular, PHYA, PHYC, PHYD, CRY1,

CRY2, PHOT1, and UVR8, showed a common expression pattern with marked differences

between the two light types applied; under the HPS light type, the expression levels are rais-

ing with the decrease of light intensity, while under the CoeLux® light type, the expression

levels remain nearly constant at a high fold. Moreover, we showed that under biophilic illumi-

nation the light spectrum plays a crucial role in the response of plants to light intensity, both

at the molecular and morphological levels.

Introduction

Plants are photo-autotrophic and sessile organisms dependent upon light for their survival [1].

To adapt to a changing light environment, plants constantly monitor the quantity, quality, and

direction of incident light [2]. To achieve this, plants possess several photoreceptors proteins

that perceive a broad light spectrum spanning from UV-B (280 nm) to far-red (750 nm). The

light stimuli collected by photoreceptors will modify a multitude of cellular physiological pro-

cesses, optimizing photosynthesis, minimizing photo-damage and influencing both the
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architecture and growth of the plant [3]. Three principal families of signal-transducing photo-

receptors have been identified and characterized in higher plants’ tissues: phytochromes, cryp-

tochromes, and phototropins [2]. Phytochromes (PHYs) were the first photosensory receptors

discovered in plants. In Arabidopsis thaliana, this family comprises five genes (PHYA-PHYE)

involved in the sensing of red (R) and far-red (FR) light, with different functions throughout

the plant life cycle including germination, de-etiolation, roots development, stomata develop-

ment, flowering, and shade avoidance responses [3]. In response to low R/FR ratio signals and

low irradiance, many plants display a pronounced increase in the elongation growth rate of

stems and petioles, often at the expense of leaves and roots development [4]. This response,

termed shade-avoidance syndrome (SAS), serves to move leaves toward better light conditions

and provides an essential survival strategy in situations of canopy closure and limiting light.

The promotion of the SAS is achieved through the regulation of the equilibrium between the

two forms of the PHYs proteins, the inactive Pr form and the biologically active Pfr form, that

translocate in the nucleus and interact with phytochrome-interacting factors (PIFs) [5]. Cryp-

tochromes (CRYs) are UV-A and blue (B) light photoreceptors involved in functions like

hypocotyl elongation, de-etiolation, stem elongation, leaf expansion, root elongation, flower-

ing, anthocyanin accumulation, and regulation of the circadian clock [6]. In A. thaliana three

genes are currently known in this family, respectively CRY1 to CRY3, however, the role of

CRY3 is still unknown. In the absence of light, CRYs are inactive in the form of monomers [7].

Light-dependent dimerization triggers the activation of CRYs that start to interact with CRY-

signalling proteins, such as PIFs [8] and COP1 (constitutive photomorphogenic 1) [9]. Photo-

tropins (PHOTs) are UV-A and blue light photoreceptors represented by two genes (PHOT1
and PHOT2) with strongly overlapping functions in A. thaliana. Both photoreceptors are

responsible for phototropism of shoot and root, in addition, they regulate leaf shape, stomatal

opening, accumulation of chloroplasts, and lateral roots elongation [10]. When PHOTs per-

ceive light, the receptor activates through conformational changes and autophosporylation,

and starts to interact with COP1 and SUMO (small ubiquitin-related modifier) [11]. Further-

more, in A. thalianaUV-B signals can be perceived by the UV resistance locus 8 protein

(UVR8). This photoreceptor inhibits shade avoidance, hypocotyl elongation, petiole elonga-

tion, and rosette expansion. Many of the phenotypic effects mediated by UVR8 are opposite to

those induced by shade [12]. This photoreceptor has a homodimeric resting state that on

absorbance of UV-B monomerises in an active form, allowing the interaction with down-

stream signalling proteins like COP1 [13]. At the morphological level, a reduction in the lam-

ina to petiole length ratio (L/P) is considered a hallmark response in A. thaliana plants

growing under unfavourable light [14] and can be used to monitor the development of A.

thaliana plants under different light intensities and spectra [15]. This morphological response

helps the plant to move its photosynthetic organs toward better light conditions, in an effort to

collect more light and improve photosynthesis.

The study of the mechanisms used by plants to respond to artificially illuminated environ-

ments is of pivotal importance for the implementation of biophilic approaches in indoor envi-

ronments. The biophilia hypothesis indicates that a shortage in human connection with nature

can lead to a significant reduction in health, well-being, and performance. Numerous studies

already demonstrated that introducing plants into offices can have significant positive effects

on attention, creativity, and productivity perceived by the occupants [16], reducing anxiety

and nervousness [17]. Furthermore, window views were demonstrated to further boost these

positive effects [18]. In this context, the use of indoor plants in combination with the Coe-

Lux1 lighting system could provide a new approach to increase the quality of life in close

environments where natural light is not available. CoeLux1 is a new LED-sourced lighting

system that reproduces the effect of natural sunlight entering through an opening in the
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ceiling, with a realistic sun perceived at an infinite distance surrounded by a clear blue sky [19,

20]. It has already been determined that this artificial skylight generates positive long-term

psycho-physiological effects on humans, as well as the real counterpart [21]. However, the

knowledge of how plants can grow and adapt to this light type is almost absent.

In our previous work [15], we characterized the intensity and spectra of the CoeLux1 light

type. Furthermore, we assessed the morphological and physiological responses of A. thaliana
to this light type, observing a decrease in above and belowground biomass, a reduced L/P, and

a lowered net photosynthetic rate. Coupling morpho-physiological traits with the expression

of the main photoreceptors genes could improve the biophilic approach in close environments

by increasing the knowledge about the molecular mechanisms underneath the responses of

plants to the CoeLux1 light type. This would allow to (i) identify genes that could provide a

significant starting point for the development of CoeLux1-adapted plant strains, and thus (ii)

gain a clear indication of the possibility to use this kind of lighting system for indoor plant

growth. Since the plant response to light is related to the light-activated form of the photore-

ceptors and the following protein-level changes, we hypothesise that light signalling may also

trigger an altered expression of the photoreceptors genes themselves, each gene responding

peculiarly to the light characteristics. In particular, since the CoeLux1 light type is character-

ized by high R/FR and low blue light intensity, we expect to observe (i) a higher expression of

the genes of photoreceptors that sense blue light, like CRYs and PHOTs, (ii) a lower expression

of the genes of photoreceptors that sense red light, i.e. PHYs, and (iii) a lower L/P in the loss-

of-function mutant plants in respect to the WT plants.

To test our hypothesis, A. thaliana plants have undergone a long- and a short-light treat-

ment in terms of time exposure to the CoeLux1 light type, using high-pressure sodium (HPS)

lamps as control light type. The gene expression of photoreceptors was assessed at different

light intensities and at different times after the exposure to the CoeLux1 light type.

Materials and methods

Plant material and growth conditions

Arabidopsis thaliana Col-8 wild-type (N60000) seeds and seeds of homozygous loss-of-func-

tion mutant lines phyA (N661576), phyB (N660754), cry1 (N662234), and cry2 (N3732) were

purchased from the Eurasian Arabidopsis stock centre (NASC) [22]. The seeds were stratified

at 4˚C for 5 days on 1% agar gel and subsequently transferred to pot flats (Araflats; Arasystem;

Ghent/Belgium) composed of 51 individual pot cavities with a 5 cm diameter, filled with steril-

ized commercial soil-less substrate. Plants were grown at a temperature as close as possible to

22˚C, with an air humidity ranging between 50% and 70%, and a photoperiod of 14 h. Two dif-

ferent light sources were used: high-pressure sodium (HPS) lamps, considered as a standard

light type in close environments plant production [23], and the LED-sourced CoeLux1 sys-

tems, which are engineered to resemble the natural light and sun appearance (Fig 1).

Both light types were characterized in a previous study [15], using the HD 2302.0 Light

Meter (Delta Ohm) to measure the light intensity and the SpectraScan PR655 (Photo Research)

to measure the spectra every 4 nm in the range between 380 nm and 780 nm (Fig 2). Briefly,

the HPS light type has a higher blue component, while the CoeLux1 light type has more yel-

low and red components (Table 1). Despite similar values of FR light, the red-to-far-red ratio

(R/FR), calculated in the intervals (650–670 nm)/(720-740nm) [24], is higher under the Coe-

Lux1 light type (4.68) compared to the HPS light type (2.43). While the blue-to-green ratio

(B/G), calculated in the intervals (420–490 nm)/(500-570nm) [24], is higher under the HPS

light type (0.83) rather than under the CoeLux1 light type (0.50).
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Light treatments and experimental design

We subjected our plants to two different light treatments, respectively a Long-Term Light

Treatment (LTLT) and a Short-Term Light Treatment (STLT). In the LTLT, plants were

grown under the CoeLux1 light type at progressive distances from the light source (20, 85,

205 cm), corresponding to decreasing values of light intensity (120, 70, 30 μmol m-2s-1). The

fifth and sixth rosette leaves were sampled when the six-leaf stage was reached, between 17 and

30 days after sowing (DAS) depending on the light intensity, to analyse the gene expression in

plants at the same phenological stage. Leaves from six different plants were sampled at 3 hours

after dawn (HAD) and pooled together to obtain a single biological replica. Two biological rep-

licas were collected and analysed independently. The leaves samples were rapidly harvested,

flash-frozen in liquid nitrogen, and finely ground with pestle and mortar. The obtained pow-

der was stored ad -80˚C until RNA extraction. In the STLT, plants were grown under the HPS

light type at 120 μmol m-2s-1 until the six-leaf stage was reached (17 DAS). Time 0 was sampled

pre-dawn as described above. Subsequently, half of the plants were moved under the Coe-

Lux1 system at a distance of 20 cm (120 μmol m-2s-1) for the light treatment, while the other

Fig 1. The visual appearance of the CoeLux1 lighting system. The CoeLux1 system is able to simulate the visual effect of the sun in a blue sky and project

realistic shadows in the room, providing a real impression of natural sunlight together with all its properties.

https://doi.org/10.1371/journal.pone.0269868.g001
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Fig 2. Mean spectra curves of the CoeLux1 and HPS light types. Under both light types, at least 8 spectra

measurements were collected in the range between 380 nm and 780 nm. To allow the comparison, the curves were

normalised on the respective luminance value.

https://doi.org/10.1371/journal.pone.0269868.g002

Table 1. Spectra colour composition of the two light types used in this study.

Colour Wavelength range (nm) Relative intensity (%)

CoeLux1 HPS

BLUE 400–490 14 24

GREEN 490–560 24 24

YELLOW 560–590 15 11

RED 590–700 41 35

FAR-RED 700–780 6 6

For easier comparison, photon counts measurements were normalized on the luminance of the respective spectrum

and the sum of normalized photon counts was calculated for the different wavelength intervals corresponding to the

spectral colours [15]. Data are displayed in the form of relative intensity.

https://doi.org/10.1371/journal.pone.0269868.t001
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half remained under the HPS lamps as control light type. The fifth and sixth rosette leaves

were sampled under both light types at 2, 6, 12, and 24 hours after both light sources were

turned on. Leaves from six different plants were pooled together to obtain a single biological

replica. At each sampling time, three biological replicates were collected and analysed indepen-

dently. The loss-of-function mutant plants phyA, phyB, cry1, cry2 and the respective WT con-

trols were grown for 23 days at a light intensity of 120 μmol m-2s-1 under both light types.

Lamina to petiole length ratio

In the case of the LTLT digital images of each plant were captured before sampling for the

measurements of morphological traits. The lamina and petiole length of the fifth and sixth

rosette leaves was measured using ImageJ (NIH, USA) and the lamina-to-petiole length ratio

(L/P) was calculated. In the case of mutant plants, the whole rosette was sampled at 23 DAS

and scanned at 800 dpi with the Epson Expression 12000XL instrument. The lamina and peti-

ole length was measured on the two completely expanded younger leaves. To emphasize the

different responses of mutant plants to the two light types, we normalized all L/P data on the

mean value obtained from the WT plants grown under the respective light type.

Gene expression analysis

Total RNA was extracted with the RNeasy Plant Mini Kit (Qiagen) according to the protocol

of the manufacturer. RNA integrity was checked by electrophoresis on 1% agarose gel and

RNA concentration was determined using a NanoDrop 2000 spectrophotometer (Thermo Sci-

entific). The QuantiTect Reverse Transcription Kit (Qiagen) was used for the removal of geno-

mic DNA contamination and the synthesis of cDNA. The NCBI Primer-BLAST tool was used

to design primers pairs with an exon-exon junction span (Table 2).

Real-time PCR reactions were performed in a 20μL reaction mix composed of 10μL 2x Sen-

siFAST SYBR No-Rox Mix (Meridian bioscience), 4.6μL H2O, 0.4μL primers mix (5 μM), and

5μL cDNA (2ng/μL). The amplification was carried out using the CFX Maestro thermocycler

(Bio-Rad) under the following conditions: 95˚C for 10 min, 40 cycles of 95˚C for 15s and 60˚C

for 60s, then 95˚C for 5s followed by the melting analysis. Three technical replicas were per-

formed for each reaction. The geometrical mean [25] of three housekeeping genes (PP2AA3,

UBQ10, and SAND) was used to normalize the gene expression levels via the 2-ΔΔCT method

[26]. In the LTLT, we set to 1 the expression levels measured in plants grown under the HPS

light type at 120 μmol m-2s-1 (reference plants), while in the STLT, we set to 1 (reference line)

the expression levels measured in plants sampled pre-dawn (time 0 in Fig 5).

Statistically significant differences (p< 0.05) between the two light treatments are marked

with an asterisk and were calculated with SPSS Statistics 25 (IBM) via the Student’s t-test.

Error bars represent the ±95% confidence interval (CI). In Fig 6, multiple comparisons were

made with the post hoc Dunnett’s test. Statistically significant differences between the means

(p< 0.05) were marked with the letters a, b, c for the HPS light type and with the letters x, y, z

for the CoeLux1 light type.

Results

Long-term light treatment

Three different light intensities were tested in the range between 30 and 120 μmol m-2s-1, cor-

responding to the light intensities that can be found inside the sunbeam of the CoeLux1 light-

ing systems between 20 cm and 205 cm distance from the light source. Plants grown under

lower light intensities showed a decreased L/P (Fig 3), suggesting the onset of a stronger shade
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avoidance syndrome (SAS). Furthermore, plants grown under the CoeLux1 light type at 30

and 70 μmol m-2s-1 showed a significant lower L/P in respect to plants grown at the same light

intensity under the HPS light type.

The five PHYs genes of A. thaliana were analysed separately to identify all expression pat-

tern variations among this family of photoreceptors. PHYA—The PHYA gene showed a differ-

ent expression pattern in plants grown under the two light types analysed (Fig 4 - PHYA).

Under the HPS light type, the expression of the PHYA gene is raising with the decrease of the

light intensity, reaching a 5-fold expression at 30 μmol m-2s-1. Under the CoeLux1 light type,

the expression of the PHYA gene is constant at all light intensities analysed, ranging between 3

and 4-fold the reference plants. A statistically significant difference between the two light types

was observed at all light intensities analysed. PHYB—The PHYB gene showed only minimal

expression changes in response to the diverse light treatments and no significant differences

were observed between the two light types analysed (Fig 4 - PHYB). PHYC—The PHYC gene

showed a different expression pattern in plants grown under the two light types analysed (Fig

4 - PHYC). Under the HPS light type, the expression of the PHYC gene is mildly raising with

Table 2. List of primers used in this study.

Gene Locus Primer sequence (5’ > 3’) Source

PHYA AT1G09570 TGAGCTGACTGGTCTTTCGG This study

CATTCTGCTCCTCAGTTCCTTCT

PHYB AT2G18790 CTCGTGCTTTGAGAGGGGAC This study

TCCAACAAAACAAACGCCGA

PHYC AT5G35840 TCCGCCATGAAGTGAAGGAC This study

TCCAGTTCCACATAGCCTTCTT

PHYD AT4G16250 AAGGCTCCAACAGGTTCTCG This study

CTGCACACGCCATTCTGAAC

PHYE AT4G18130 TGCAAAGCCCTACAAGGTGAA This study

TGACCAACGAAGCAGACACC

CRY1 AT4G08920 GGGTTTCTAGGTGGTGGCTC This study

CGCACCAAAGACAATGGATCATA

CRY2 AT1G04400 TGGACAATCCCGCGTTACAA This study

GCGTCCCATGGATGATGGAT

CRY3 AT5G24850 GCATTCCCAAGCAAGCACAA This study

CTCTTTCGGAAGCCGACGTA

PHOT1 AT3G45780 CACTGATCCTAGGCTTCCCG Łabuz et al. [10]

GTGGTTAGATCAGTCTCTGGACC

PHOT2 AT5G58140 CCTGCACACCCCAGCTTATT This study

CTTGTATGACCAGCACCCGT

UVR8 AT5G63860 TCAGGGAAAAGCTGGGTGTC This study

CATCCGTTAGGCCCGTTTCA

PP2AA3 AT1G13320 TAACGTGGCCAAAATGATGC Czechowski et al. [27]

GTTCTCCACAACCGCTTGGT

UBQ10 AT4G05320 GGCCTTGTATAATCCCTGATGAATAAG Czechowski et al. [27]

AAAGAGATAACAGGAACGGAAACATAGT

SAND AT2G28390 AGGATTGGGACCCCACAAGA This study

TATCGCCATCGCCTTGTCTG

PHY: phytochrome; CRY: cryptochrome; PHOT: phototropin; UVR: ultraviolet receptor; PP2AA3: protein phosphatase 2A subunit A3; SAND: SAND family protein

At2G28390; UBQ10: polyubiquitin 10.

https://doi.org/10.1371/journal.pone.0269868.t002
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Fig 3. A. thaliana morphology in response to light treatments. Comparison of representative rosette phenotypes of plants at the 6-leaf phenological stage

grown with constant light cycle (14:10) under the indicated light treatments. Data represent the means of n = 12 biological repeats ± 95% CI.

https://doi.org/10.1371/journal.pone.0269868.g003
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Fig 4. Relative expression of photoreceptors in the LTLT. The gene expression of the photoreceptors is relative to A. thaliana plants grown under the

HPS light type at 120 μmol m-2s-1, measured in 6-stage rosette leaves of plants growing under constant light treatment. Data represent the means of

n = 2 biological repeats ± 95% CI. Asterisks represent statistically significant differences (p< 0.05) between plants grown under the two light treatments.

https://doi.org/10.1371/journal.pone.0269868.g004
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the decrease of the light intensity, reaching a 1.8-fold expression at 30 μmol m-2s-1. Under the

CoeLux1 light type, the expression of the PHYC gene is constant at all light intensities ana-

lysed, ranging around 1.7-fold the reference plants. A statistically significant difference

between the two light types was observed at 120 μmol m-2s-1. PHYD—The PHYD gene showed

a similar expression pattern in plants grown under the two light types analysed (Fig 4 -

PHYD). Under the HPS light type, the expression of the PHYD gene is raising with the

decrease of the light intensity, reaching a 2.6-fold expression at 30 μmol m-2s-1. Under the Coe-

Lux1 light type, the PHYD gene showed a 1.8-fold expression at the higher light intensity and

a mild expression increase with the decrease in the light intensity. A statistically significant dif-

ference between the two light types was observed at 120 μmol m-2s-1. PHYE—The PHYE gene

expression levels showed only small changes in response to both light spectrum and intensity.

Under the HPS light type, the expression of the PHYE gene is constant at all light intensities

analysed. Under the CoeLux1 light type, the PHYE gene expression levels are decreasing with

the decrease of the light intensity, reaching a 0.8-fold expression at 30 μmol m-2s-1. Statistically

significant differences between the two light types were observed at 70 and 30 μmol m-2s-1.

The three CRYs genes of A. thaliana were analysed separately to identify all expression pat-

tern variations among this family of photoreceptors. CRY1—The CRY1 gene showed a differ-

ent expression pattern in plants grown under the two light types analysed (Fig 4 –CRY1).

Under the HPS light type, the expression of the CRY1 gene is raising with the decrease of the

light intensity, reaching a 2.9-fold expression at 30 μmol m-2s-1. Under the CoeLux1 light

type, the expression of the CRY1 gene is constant at all light intensities analysed, ranging

between 2 and 3-fold the reference plants. A statistically significant difference between the two

light types was observed at 120 μmol m-2s-1. CRY2—The CRY2 gene showed a different expres-

sion pattern in plants grown under the two light types analysed (Fig 4 –CRY2). Under the HPS

light type, the expression of the CRY2 gene is raising with the decrease of the light intensity,

reaching a 4.9-fold expression at 30 μmol m-2s-1. Under the CoeLux1 light type, the expres-

sion of the CRY2 gene is constant at all light intensities analysed, ranging between 2 and 3-fold

the reference plants. A statistically significant difference between the two light types was

observed at all light intensities analysed. CRY3—The CRY3 gene showed a similar expression

pattern in plants grown under the two light types analysed (Fig 4 –CRY3). Under the HPS light

type, the expression of the CRY3 gene showed no marked differences between 120 and

70 μmol m-2s-1, while a decrease down to 0.2-fold was observed at the lower light intensity ana-

lysed. Under the CoeLux1 light type, the CRY3 gene showed a decreasing expression with the

decrease of the light intensity, also at 70 μmol m-2s-1, reaching a 0.4-fold expression at 30 μmol

m-2s-1. A statistically significant difference between the two light types was observed at all light

intensities analysed.

The two PHOTs genes of A. thaliana were analysed separately to identify all expression pat-

tern variations among this small family of photoreceptors. PHOT1—The PHOT1 gene showed

a different expression pattern in plants grown under the two light types analysed (Fig 4 -

PHOT1). Under the HPS light type, the expression of the PHOT1 gene is raising with the

decrease of the light intensity, reaching a 4.3-fold expression at 30 μmol m-2s-1. Under the Coe-

Lux1 light type, the expression of the PHOT1 gene is constant at all light intensities analysed,

ranging between 2.8 and 2.9-fold the reference plants. A statistically significant difference

between the two light types was observed at all light intensities analysed. PHOT2—The

PHOT2 gene expression levels showed only minimal changes in response to both light spec-

trum and intensity, with no statistically significant difference between the two light types ana-

lysed (Fig 4 - PHOT2).

UVR8—The UVR8 gene showed a different expression pattern in plants grown under the

two light types analysed (Fig 4 - UVR8). Under the HPS light type, the expression of the UVR8
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gene is raising with the decrease of the light intensity, reaching a 3.4-fold expression at

30 μmol m-2s-1. Under the CoeLux1 light type, the expression of the UVR8 gene is constant at

all light intensities analysed, ranging between 1.7 and 2.2-fold the reference plants. A statisti-

cally significant difference between the two light types was observed at all light intensities

analysed.

Short-term light treatment

In the STLT we worked at a constant light intensity to focus on short term gene activation or

repression in response to the shift under the CoeLux1 light type.

PHYA—Under the HPS light type, the PHYA gene showed a decreasing expression level

with the proceeding of the lighting stimulation (Fig 5 - PHYA). The lower expression levels

(0,2-fold the pre-dawn reference line) were measured at 24 hours after dawn (HAD). Under

the CoeLux light type, the initial decrease was of lower magnitude and a statistically significant

difference was observed at 2 and 6 HAD. PHYB—Under the HPS light type, the PHYB gene

showed an initial over-expression at 2 HAD followed by a return toward the pre-dawn refer-

ence line (Fig 5 - PHYB). Under the CoeLux light type, the PHYB gene showed no marked

deviation from the reference line. A statistically significant difference between the two light

types was observed only at 2 HAD. PHYC- Under the HPS light type, the PHYC gene showed

an initial over-expression (1.6-fold the reference line) at 2 HAD and a subsequent reduction to

values tending to the pre-dawn reference line (Fig 5 - PHYC). Under the CoeLux light type,

the response to the light turning on was slower, as the highest expression levels were measured

at 6 HAD. A statistically significant difference between the two light types was observed at 2, 6,

and 24 HAD. PHYD—Under the HPS light type, the PHYD gene showed an initial down-

expression followed by a return toward the pre-dawn reference line (Fig 5 - PHYD). Under the

CoeLux light type, the initial down-expression was of higher magnitude, as a statistically signif-

icant difference between the two light types was observed at 2 HAD. PHYE—Under the HPS

light type, the expression of the PHYE gene showed an initial over-expression at 2 HAD, fol-

lowed by a return toward the pre-dawn reference line at 6 and 12 HAD, and a subsequent

over-expression at 24 HAD (Fig 5 - PHYE). Under the CoeLux light type, the PHYE gene

showed a wider over-expression peak, ranging from 2 to 6 HAD, followed by a return toward

the pre-dawn reference line. Statistically significant differences between the two light types

were observed at 2 and 6 HAD.

CRY1—Under the HPS light type, the CRY1 gene showed a decreasing expression level

with the proceeding of the lighting treatment. The lower expression levels (0,4-fold the pre-

dawn reference line) were measured at 12 and 24 HAD. Under the CoeLux light type, no statis-

tically significant differences were observed compared to the HPS light type. CRY2—Under

the HPS light type, the CRY2 gene showed an initial down-expression at 2 HAD followed by a

wide up-regulation peak from 6 to 12 HAD and a subsequent return toward the pre-dawn ref-

erence line at 24 HAD (Fig 5 –CRY2). Under the CoeLux light type, the peak was of higher

magnitude (up to 1.9-fold), and statistically significant differences between the two light types

were observed at 6 and 24 HAD. CRY3—Under the HPS light type, the CRY3 gene showed an

initial mild over-expression at 2 HAD followed by a decreasing expression level with the pro-

ceeding of the lighting stimulation (Fig 5 –CRY3). The lower expression levels (0,2-fold the

pre-dawn reference line) were measured at 12 HAD. Under the CoeLux light type, no over-

expression was observed at 2 HAD and a less pronounced decrease was observed at 6 HAD.

Statistically significant differences between the two light types were observed at 2 and 6 HAD.

PHOT1—Under the HPS light type, the PHOT1 gene showed an initial over-expression

(1.4-fold the reference line) at 6 HAD and a subsequent reduction to values tending to the pre-
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dawn reference line (Fig 5 - PHOT1). Under the CoeLux light type, the initial over-expression

was of higher magnitude (2-fold) and statistically different from the HPS light type. PHOT2—

Under the HPS light type, the PHOT2 gene showed an initial over-expression (2.3-fold the ref-

erence line) at 2 HAD and a subsequent reduction to values tending to the pre-dawn reference

line (Fig 5 - PHOT2). Under the CoeLux light type, the initial over-expression was of lower

magnitude (1.7-fold) but extended till the 6 HAD sampling point. Statistically significant dif-

ferences between the two light types were observed at 2 and 6 HAD.

UVR8—Under the HPS light type, the UVR8 gene showed an initial down-expression at 2

HAD, followed by an up-regulation until 12 HAD and a return toward the pre-dawn reference

line at 24 HAD (Fig 5 –UVR8). Under the CoeLux light type, the initial down-expression was

of higher magnitude (0.6-fold the reference line), while higher expression levels were observed

at 6 HAD. Statistically significant differences between the two light types were observed at 2

and 6 HAD.

Mutant plants of photoreceptors genes

As expected, plants grown under the CoeLux1 light type showed a decreased L/P with respect to

the control light type (Fig 6A and 6B). Compared to the WT, the mutants for the PHYA and

CRY2 genes showed no significant differences under both light types, while the mutants for the

PHYB and CRY1 genes showed a significantly lower L/P. In particular, the mutants for the PHYB
gene showed a strong decrease in the L/P: 47% under the HPS light type and 58% under the Coe-

Lux1 light type. The normalisation of the mutants data on the respective WT mean, allows the

identification of reductions of the L/P between the two light types stronger than that observed in

the WT plants (Fig 6C), and, thus, specific responses of a selected genotype to the CoeLux1 light

type can be detected. The PHYB gene mutant showed a significant reduction from 0.53 fold to

0.42 fold, while the CRY1 gene mutant showed a reduction from 0.89 fold to 0.80 fold.

Discussion

Sensing light quality and intensity, photoreceptors play a key role in plant survival in changing

light environments. The physiology and morphogenesis of plants are affected by the absolute

and relative intensities of UV, blue, green, red and FR radiation. In particular, a reduced R/FR,

an increased B/G, the low light intensity of the whole photosynthetically active radiation spec-

trum and low blue wavelengths are known to induce SAS responses [24, 28]. Compared to the

HPS light type, the CoeLux1 light type is characterized by a higher B/G and low blue light

intensity. In our previous study, we identified these two light parameters as the main factors

that could lead to the increased SAS observed in A. thaliana plants growing under the Coe-

Lux1 light type [15].

CRYs and PHOTs are the major photoreceptors families involved in the response to blue

light attenuation [29, 30]. In particular, CRY1 was reported to have a predominant role in the

onset of the SAS in response to blue light attenuation caused by competition with other plants

[14]. In the LTLT we observed a higher expression of CRY1, CRY2 and PHOT1 under the Coe-

Lux1 light type at 120 and 70 μmol m-2s-1, and a lower expression at 30 μmol m-2s-1 (Fig 4).

However, under the CoeLux1 light type, the L/P suggests the onset of a stronger SAS in plants

grown at 30 and 70 μmol m-2s-1 (Fig 3). Thus, a higher or lower expression of CRYs or PHOTs

can not be directly related to the onset of a stronger SAS at all light intensities. In the STLT

Fig 5. Relative expression of photoreceptors in the STLT. The gene expression of the photoreceptors in leaves of A. thaliana plants was measured after 2, 6,

12 and 24 h of light treatment and is shown as relative to the 0 h sampling point measured pre-dawn. Data represent the means of n = 3 biological

repeats ± 95% CI. Asterisks represent statistically significant differences (p < 0.05) between plants grown under the two light treatments.

https://doi.org/10.1371/journal.pone.0269868.g005
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these genes showed a diverse variety of responses over time, with no marked deviations in

terms of higher or lower gene expression. The loss-of-function mutant of the CRY2 gene

responded as the WT to the CoeLux1 light type, while the cry1mutant showed a more pro-

nounced L/P decrease under this light type (Fig 6C), suggesting the involvement of this gene

in the plants’ responses to the CoeLux1 light type.

PHYs primarily sense red and FR light, but they were also reported to collaborate in the

responses to blue light [31]. It is known that the phyA protein is rapidly degraded upon expo-

sure to light [32]. Our STLT data suggest that light stimulation promotes the plan de-etiolation

not only by phyA degradation but also by light-dependent under-expression of the PHYA
gene. A higher expression of the PHYA gene could lead to the induction of a stronger SAS

[28]. The slight delay in the PHYA switch off, observed in plants growing under the CoeLux1

light type (Fig 5) could facilitate the onset of the more severe SAS observed under the Coe-

Lux1 light type. However, the loss of function of this gene has not led to a response to the

CoeLux1 light type different from those of WT plants. PHYC was described to act redun-

dantly to PHYA in modulating hypocotyl elongation in response to red light [33]. In the LTLT

we observed a PHYC expression pattern that resembles the pattern found for the PHYA gene,

while a different expression pattern was observed in the STLT. Despite its well-recognized role

in SAS promotion [14], the PHYB expression levels showed only minimal changes in response

to the different LTLTs. Similarly, Filiault et al. found no correlation between PHYBmRNA lev-

els and hypocotyl elongation [34]. However, the phyBmutant showed a pronounced L/P

decrease in response to the CoeLux1 light type, significantly different from that observed in

WT plants, suggesting the involvement of this gene in the response to this light type. The

PHYE gene is known to be closely related to PHYB, approximately 55% identity, and was

reported to be expressed in the same cell types [35]. In the LTLT it showed an expression pat-

tern resembling that of PHYB. The PHYD gene is known to act in the SAS by controlling flow-

ering time and leaf area [36], with highly overlapping functions with the PHYB gene [35].

However, the expression pattern of the PHYB and PHYD genes showed to be slightly different,

especially in the LTLT, underlying a different regulation at the transcriptional level.

The photomorphogenic responses to UV-B mediated by the UVR8 photoreceptor are well

documented [13], however, little is known about the involvement of UVR8 in the perception

of light outside the UV-B wavelengths. Despite the absence of UV-B light under the lighting

systems used in this study, we observed a change in the expression levels of this gene in

response to both light spectrum and light intensity, suggesting the involvement of this protein

in other light-dependent mechanisms apart from UV-B perception.

Genes of different photoreceptors families showed similar expression

patterns in the LTLT

In the long-term light treatment, genes of different photoreceptors families showed a similar

expression pattern. Among these genes, PHYB and PHOT2 showed no transcriptional changes

in response to both light intensity and spectrum. While the second group of genes, composed

of PHYA, PHYC, PHYD, CRY1, CRY2, PHOT1, and UVR8, showed a peculiar pattern with a

Fig 6. Morphology of mutants in response to the CoeLux1 light type. (a) Comparison of representative rosette phenotypes of WT plants

and mutant lines for the PHYA, PHYB, CRY1, and CRY2 genes. (b) Lamina-to-petiole ratio of mutants grown under both light types,

respectively in red under the HPS light type and blue under the CoeLux1 light type. (c) Mutants data were normalised on the WT data mean

to highlight mutant-specific responses. Vertical boxes represent approximately 50% of the observations (n = 12 biological repeats) and lines

extending from each box are the upper and lower 25% of the distribution. Asterisks indicate statistically significant differences (p< 0.05)

between plants grown under the CoeLux1 and the HPS light type, while letters indicate differences (p< 0.05) between different mutants

grown under the same light type.

https://doi.org/10.1371/journal.pone.0269868.g006
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marked difference between the two light types applied. Under the HPS light type, the expres-

sion levels are raising with the decrease of light intensity, while they remain nearly constant at

a high fold under the CoeLux1 light type. The higher expression levels of these genes at

120 μmol m-2s-1 could explain the onset of a more severe SAS under the CoeLux1 light type.

However, at the lower light intensities, the difference between the two light types is lost, and

the expression under the HPS light type is overcoming the expression under the CoeLux1

light type, revealing that SAS responses are regulated not only on the transcriptional level of

photoreceptors genes. These data suggest that the response to light quality is not independent

of light intensity; indeed, the light intensity seems to plays a crucial role in shaping the

response of plants to the light spectrum of the CoeLux1 light type.

A diverse plethora of photoreceptors is involved in the responses to the CoeLux1 light

type, including PHYs, CRYs, PHOTs and, probably, also the UVR8 gene. We hypothesized

that the molecular signalling activated by the CoeLux1 light type could also reflect in a higher

expression of CRYs and PHOTs and a lower expression of PHYs. However, our hypothesis

was only partially confirmed since CRYs and PHOTs were more expressed only at the higher

light intensities, as well as PHYs were less expressed only at the lower light intensities. Further-

more, genes of different families of photoreceptors showed common response patterns, with

no marked differences between photoreceptors of different gene families. Since similar

response patterns were observed for these genes, the existence of a common upstream regula-

tion of mRNA transcription can be speculated.

Photoreceptors respond differently to the STLT

In the short-term light treatment, each gene showed a peculiar expression pattern in response

to the light turning on. Statistically significant differences between the two light types analysed

in our study were observed for the majority of the genes, suggesting that the short-term

responses of plants to altered light quality includes also the adjustment of the expression levels

of photoreceptors. However, these differences were of brief duration and were observed for no

more than two consecutive sampling points, indicating the involvement of other mechanisms

that lead to the regulation of the genes of photoreceptors. Studies on the circadian clock regu-

lation, using the luciferase reporter system [37], showed that the genes expression of photore-

ceptors is subjected to a solid regulation by the circadian clock of the plant and that several

days are needed to adapt the expression of these genes to the new light conditions.

Conclusion

Overall, our expression data fail to fully explain the morpho-physiological differences observed

between plants grown under the CoeLux1 and the HPS light type, suggesting that the

response to light quality and intensity is determined also by the activity of the photoreceptors

rather than by their expression level alone. Further studies are needed to integrate the informa-

tion about light regulation of mRNA profiles with the protein content and functioning of these

photoreceptors. Moreover, the study of the expression levels of downstream regulatory factors,

likeHY5, COP1,HFR1, and PIFs, could provide further knowledge about the responses of

plants to the CoeLux1 light type and provide a significant starting point for the development

of CoeLux-adapted plant strains.
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16. Hähn N, Essah E, Blanusa T. Biophilic design and office planting: a case study of effects on perceived

health, well-being and performance metrics in the workplace. Intell Build Int. 2020; 0: 1–20. https://doi.

org/10.1080/17508975.2020.1732859

17. Chang CY, Chen PK. Human response to window views and indoor plants in the workplace.

HortScience. 2005; 40: 1354–1359. https://doi.org/10.21273/hortsci.40.5.1354

18. Farley KMJ, Veitch JA. A Room With A View: A Review of The Effects of Windows on Work and Well-

being. Inst Res Constr. 2001. https://doi.org/10.4224/20378971

19. Di Trapani P, Magatti D. Artificial lighting system for simulating natural lighting. 2014.

20. Di-Trapani P, Magatti D. Artificial illumination device. 2017.

21. Canazei M, Laner M, Staggl S, Pohl W, Ragazzi P, Magatti D, et al. Room- and illumination-related

effects of an artificial skylight. Light Res Technol. 2016; 48: 539–558. https://doi.org/10.1177/

1477153515577852

22. Alonso JM, Stepanova AN, Leisse TJ, Kim CJ, Chen H, Shinn P, et al. Genome-wide insertional muta-

genesis of Arabidopsis thaliana. Science (80-). 2003; 301: 653–657. https://doi.org/10.1126/science.

1086391 PMID: 12893945

23. Pinho P, Jokinen K, Halonen L. Horticultural lighting—Present and future challenges. Light Res Tech-

nol. 2012; 44: 427–437. https://doi.org/10.1177/1477153511424986

24. Sellaro R, Crepy M, Trupkin SA, Karayekov E, Buchovsky AS, Rossi C, et al. Cryptochrome as a sensor

of the blue/green ratio of natural radiation in Arabidopsis. Plant Physiol. 2010; 154: 401–409. https://doi.

org/10.1104/pp.110.160820 PMID: 20668058

25. Vandesompele J, Preter K De, Pattyn F, Poppe B, Roy N Van, Paepe A De, et al. Accurate normaliza-

tion of real-time quantitative RT-PCR data by geometric averaging of multiple internal control genes.

Genome Biol. 2002. https://doi.org/10.1186/gb-2002-3-7-research0034 PMID: 12184808

26. Pfaffl MW. A new mathematical model for relative quantification in real-time RT–PCR. Nucleic Acids

Res. 2001; 29: 2002–2007. https://doi.org/10.1093/nar/29.9.e45 PMID: 11328886

27. Czechowski T, Stitt M, Altmann T, Udvardi MK, Scheible WR. Genome-wide identification and testing of

superior reference genes for transcript normalization in arabidopsis. Plant Physiol. 2005; 139: 5–17.

https://doi.org/10.1104/pp.105.063743 PMID: 16166256

28. Martı́nez-Garcı́a JF, Gallemı́ M, Molina-Contreras MJ, Llorente B, Bevilaqua MRR, Quail PH. The

shade avoidance syndrome in Arabidopsis: The antagonistic role of phytochrome A and B differentiates

vegetation proximity and canopy shade. PLoS One. 2014; 9. https://doi.org/10.1371/journal.pone.

0109275 PMID: 25333270

29. Ballaré CL, Pierik R. The shade-avoidance syndrome: Multiple signals and ecological consequences.

Plant Cell Environ. 2017; 40: 2530–2543. https://doi.org/10.1111/pce.12914 PMID: 28102548

30. Briggs WR, Christie JM. Phototropins 1 and 2: Versatile plant blue-light receptors. Trends Plant Sci.

2002; 7: 204–210. https://doi.org/10.1016/s1360-1385(02)02245-8 PMID: 11992825

PLOS ONE Biophilic lighting effects on plants’ photoreceptors expression

PLOS ONE | https://doi.org/10.1371/journal.pone.0269868 June 10, 2022 18 / 19

https://doi.org/10.1016/j.cub.2016.10.031
http://www.ncbi.nlm.nih.gov/pubmed/27889265
https://doi.org/10.1093/jxb/ers061
http://www.ncbi.nlm.nih.gov/pubmed/22371325
https://doi.org/10.1093/pcp/pcab027
https://doi.org/10.1093/pcp/pcab027
http://www.ncbi.nlm.nih.gov/pubmed/33594440
https://doi.org/10.1016/j.pbi.2016.03.008
http://www.ncbi.nlm.nih.gov/pubmed/27060719
https://doi.org/10.1073/pnas.1210898109
http://www.ncbi.nlm.nih.gov/pubmed/22988111
https://doi.org/10.1111/j.1365-313X.2011.04598.x
http://www.ncbi.nlm.nih.gov/pubmed/21457375
https://doi.org/10.3390/plants10071310
https://doi.org/10.3390/plants10071310
http://www.ncbi.nlm.nih.gov/pubmed/34203336
https://doi.org/10.1080/17508975.2020.1732859
https://doi.org/10.1080/17508975.2020.1732859
https://doi.org/10.21273/hortsci.40.5.1354
https://doi.org/10.4224/20378971
https://doi.org/10.1177/1477153515577852
https://doi.org/10.1177/1477153515577852
https://doi.org/10.1126/science.1086391
https://doi.org/10.1126/science.1086391
http://www.ncbi.nlm.nih.gov/pubmed/12893945
https://doi.org/10.1177/1477153511424986
https://doi.org/10.1104/pp.110.160820
https://doi.org/10.1104/pp.110.160820
http://www.ncbi.nlm.nih.gov/pubmed/20668058
https://doi.org/10.1186/gb-2002-3-7-research0034
http://www.ncbi.nlm.nih.gov/pubmed/12184808
https://doi.org/10.1093/nar/29.9.e45
http://www.ncbi.nlm.nih.gov/pubmed/11328886
https://doi.org/10.1104/pp.105.063743
http://www.ncbi.nlm.nih.gov/pubmed/16166256
https://doi.org/10.1371/journal.pone.0109275
https://doi.org/10.1371/journal.pone.0109275
http://www.ncbi.nlm.nih.gov/pubmed/25333270
https://doi.org/10.1111/pce.12914
http://www.ncbi.nlm.nih.gov/pubmed/28102548
https://doi.org/10.1016/s1360-1385%2802%2902245-8
http://www.ncbi.nlm.nih.gov/pubmed/11992825
https://doi.org/10.1371/journal.pone.0269868


31. Usami T, Mochizuki N, Kondo M, Nishimura M, Nagatani A. Cryptochromes and phytochromes syner-

gistically regulate Arabidopsis root greening under blue light. Plant Cell Physiol. 2004; 45: 1798–1808.

https://doi.org/10.1093/pcp/pch205 PMID: 15653798
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