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Abstract. In smart greenhouse farming, the impact of light qualities on plant growth and development is crucial but lacks systematic identifica-
tion of optimal combinations.This study addresses this gap by analysing various light properties’ effects (photoperiod, intensity, ratio, light–dark
order) on Arabidopsis thaliana growth using days-to-flower (DTF) and hypocotyl length as proxies to measure plant growth and development.
After establishing suitable ranges through a comprehensive literature review, these properties varied within those ranges. Compared to white
light, a 16-h cycle of blue light reduces DTF and hypocotyl length by 12 % and 3 %, respectively. Interestingly, similar results can be achieved
using a shorter photoperiod of 14-h light (composed of 8 h of amixture of 66.7𝜇molm−2s−1 red and 800𝜇molm−2s−1 blue lights (i.e. blue:red
ratio of 12:1) followed by 6 h of monochromatic red light and 10-h dark.These findings offer potential for efficient growth light recipes in smart
greenhouse farming, optimizing productivity while minimizing energy consumption.

KEYWORDS: Flowering time; hypocotyl elongation; light order; light quality; photomorphogenesis; plant growth and development; smart
greenhouse farming.

1. INTRODUCTION
In 2017, The Food and Agriculture Organization of the United
Nations published a report stating that by the year 2100, global
population is expected to grow to around 11 billion, of which
most population growth is expected to be in Asia and Africa
(United Nation, 2017). This rapid growth inevitably brings for-
ward rapid urbanization, leading to a reduction in agricultural
farmland if no further deforestation is considered. The same re-
port also stated that the population demographic is also likely to
get much older, and this would hit farming in rural areas espe-
cially hard as the younger workforce migrates to cities, thereby

reducing the farming workforce.The reduction in the workforce
coupled with the ongoing climate changes that bring in more
floods anddroughtwouldmake it evenmore challenging tomeet
the growing food demand.

Controlled environment agriculture–a technology-oriented
approach that provides crop with consistent optimal growing
conditions and shields them from external elements–such as
smart greenhouse farminghasbeen identified asoneof the viable
solutions to achieve food security (Walter et al., 2017;Mohamed
et al., 2021;O’Shaughnessy et al., 2021;Karanisa et al., 2022). By
artificially controlling plant exposure to important growth vari-
ables, such as light and water, smart greenhouse farming has the

© The Author(s) 2024. Published by Oxford University Press on behalf of the Annals of Botany Company.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits
unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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2 • Chan et al.

potential to bemore sustainable than conventional farming prac-
tices with the ‘more food with less’ concept through better effi-
ciency in managing the use of those variables (Aune et al., 2017;
Kumar et al., 2019).

One of the important variables that notably influence plant
development in smart greenhouse farming is light (Kami et al.,
2010; Neo et al., 2022). Thus, it is not surprising to see many
studies are dedicated in finding the most efficient lighting
strategy for smart greenhouse farming usage, either through
experimentation (Olvera-Gonzalez et al., 2013) or optimization
theory (Mosharafian et al., 2021).

The speed breeding protocol pioneered in Watson et al.
(2018) represents the pinnacle of the role of manipulating light
in enhancing crop yield. Through experimentation, this ap-
proach has demonstrated that the growth of crops such as wheat
and barley can be accelerated by at least two timeswhen exposed
to extended periods of light up to 22 h. More importantly, this
protocol can be easily adapted for use in growth chambers and
greenhouses (Ghosh et al., 2018), making it an appealing option
for incorporating effective lighting management into intelligent
greenhouse agriculture to boost crop productivity.

To establish a framework of artificial light management capa-
ble of speed breeding protocol in smart greenhouse farming, six
different light properties of white light were analysed in a sys-
tematic manner to determine which property is the most influ-
ential onplant growth (Pereira et al., 2021).The study confirmed
the conclusions of the literature review articles by Bian et al.
(2015) and Ahmed et al. (2020).They concluded that photope-
riod and intensity are the most influential properties and sug-
gested that similar days-to-flower (DTF) and hypocotyl length
can be achieved with light exposure of up to 18 h as opposed to
using photoperiod of 22 h following the speed breeding proto-
col. Interestingly, the review by Bian et al. (2015) and Ahmed
et al. (2020) indicated that light quality (colour) is a key prop-
erty for plant development, which is also highlighted by Pereira
et al. (2021) as a future research work.

In this study, following a similar approach to Pereira et al.
(2021), we extend the use of a systematic approach to inves-
tigate the effect of light qualities and their associated proper-
ties on plant development as a possible extension to the speed
breeding protocol. As detailed in the next section, there are nu-
merous experimental studies with different suggestions on the
preferred light qualities for plant growth and development. To
reconcile this discordance, we explore the use of in silico analysis
to provide a more representative quantitative range of the light
qualities. Another advantage of in silico experiments is the pro-
vision of benchmarking using one or multiple plant species that
presents a viable alternative to the conventional experimental ap-
proaches indetermining thebest conditions forplant growthand
development.

Themain contributions of this study are as follows: a compre-
hensive literature search compiling the range of light quality rel-
evant for plant growth and development across various types of
plants, followed by performing a systematic analysis on the effect
of different blue and red light properties, that is, intensity, ratio,
photoperiod and wavelength of light order on plant growth and
development. For the light order, a total of 28 combinations of
light–dark order are considered, which, to our best knowledge, is

thefirst timebeing analysed in an in silico setting. Suchexhaustive
light combinations are considered to allow us to find the suit-
able light recipe that optimizes plant growth and development
and eventually leads to enhanced yield and energy consumption,
thereby further improving the sustainability of smart greenhouse
farming.

2. METHODS
2.1. Identifying experimental lighting conditions through

literature review
There are many experimental studies available in the literature
that investigate the effect of different light qualities on different
plants. To enable us to obtain a practical range of these differ-
ent light properties for our analysis, a comprehensive literature
search is carried out to identify all the possible ranges that have
been considered. Specifically, in our literature search, we focused
on studies that use either blue or red lights to investigate plant
growth or developmental characteristics, and we narrowed this
down to 34 publications that are relevant to our study. Support-
ing Information–Table 1 summarizes our findings from the 34
publications covering 14 different genera of plants used in exper-
imental studies encompassing agriculturally important plants,
as well as the model plant Arabidopsis thaliana. All these plants
respond differently to the effect of light qualities and any agri-
cultural benefits that can be acquired from these light qualities
depend on whether the crop favours vegetative growth (devel-
opment of roots and shoots) or reproductive growth (flowering
and fruit or seed formation). For instance, fruit- and seed-based
crops may benefit if the flowering were accelerated; vegetative
crops benefit from light regimes that delay flowering.

Considering the varieties of plant genera, this naturally leads
to the question of the relevance of the light experiments
from other plant genera to in silico light analysis using a well-
established A. thaliana mathematical model that relates input
light to plant growth and development-related pathways (Seaton
et al., 2015; De Caluwé et al., 2016; Chew et al., 2022). In
Song et al. (2010), the authors found that the circadian gene
expression of A. thaliana is shared in other eudicots in the
plant kingdom, such as legumes, rice, duckweed, moss, alga and
many more long-day plants within and even outside of the an-
giosperms (flowering producing and fruit seed bearing plants)
clade. Moreover, the study in McClung (2013) concludes that
in angiosperms, many of the circadian clock characteristics and
functions of A. thaliana are retained. These two studies pro-
vide evidence that the circadian clock components that regulate
growth and other characteristics of A. thaliana are shared by a
plethora of other plants. Given this rich knowledge, we have on
A. thaliana, we aim to understand plant growth behaviour in re-
lation to various light qualities throughmathematical modelling
and to use these findings to provide inferences on the effect of
light qualities on the growth behaviour of other plants.

It has been demonstrated in A. thaliana that the spectral qual-
ity of light is more important in regulating flowering time (Es-
kins, 1992; Guo et al., 1998) and hypocotyl length (Spaninks
et al., 2020) under different photoperiods, that is, 14 h (Es-
kins, 1992), 16 h (Spaninks et al., 2020) and 18 h Guo et al.
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Light qualities for plant growth and development • 3

(1998) and light intensities, that is, 25–164 𝜇mol m−2s−1 (Es-
kins, 1992), 120 ± 10 𝜇mol m−2s−1 (Spaninks et al., 2020)
and 75–85 𝜇mol m−2s−1 (Guo et al., 1998), with blue light
being most effective at promoting flowering. Conversely, red
light, with the red:blue ratio ranging from 2:1 to 10:1, has been
demonstrated to promote vegetative growth, important in leafy
plants such as lettuce, cabbage, spinach and basil (Hoenecke
et al., 1992; Matsuda et al., 2007; Stutte et al., 2009; Lee et al.,
2010;Vaštakaitė et al., 2015;Zhanget al., 2018;Zouet al., 2020).
However, studies that have considered a mixture of red and blue
in a 1:1 ratio or a pure blue instead have demonstrated greater
biomass accumulation than with red light alone (Muneer et al.,
2014; Kwack et al., 2015; Piovene et al., 2015). It is thus key
to optimize spectral quality to balance vegetative and reproduc-
tive growth dependent on the requirements of the crop plant
while, at the same time, promoting carbon fixation and plant
growth.

Literature on fruit-, root- and shoot-based plants also has sim-
ilar arguments, suggesting that the large variation from drawn
conclusions is not unique to literature investigating leafy plants
alone, with some studies concluding that red alone or with rel-
atively small blue light as the supplement is optimal for plant
growth (Brown et al., 1995; Hogewoning et al., 2007; Folta and
Childers, 2008; Gangadhar et al., 2012; Hernández and Kubota,
2014; Paradiso et al., 2019)while others conclude that blue light
alone if not blue light with red light as the supplement is better
(Wang et al., 2009; Yoshida et al., 2012;Cope andBugbee, 2013;
Kwack et al., 2015; Piovene et al., 2015). All these mentioned
studies do not use the same intensity or share a similar inten-
sity range in their respective studies.The photosynthetic photon
flux density (PPFD) values utilized in those studies range from
around 50 to 300 𝜇mol m−2s−1.

On the effect of PPFD on plants, a study in Hidaka et al.
(2013) concludes that lighting with a PPFD of 400–1200 𝜇mol
m−2s−1 is far more effective than with PPFD ranging from 0 to
200 𝜇mol m−2s−1 for strawberry. In another study in Fu et al.
(2012), the authors discover that a range of PPFD 400–600𝜇mol m−2s−1 is the optimal intensity for lettuce depending on
the altitude where the lettuce is from and grown. Both studies
also discovered a plateau in the photosynthetic rate and suggest
the reason for a lack of increase in crop yield even when light
intensity is increased limitlessly.

One key takeaway point from this literature review is that a co-
hesive conclusion on the effect of light qualities is difficult to be
established even when examining the plant from the same fam-
ily with the same mutation and the same measuring indices. We
thus wish to investigate the effect of all the ranges of light prop-
erties, such as spectrum, photoperiod and intensity, to establish
a more cohesive conclusion on their effects on plant growth and
development in a systematicmannerusingA. thaliana as amodel.
More importantly, it provides us the opportunity to fill any gaps
on different combination of light properties that have not been
previously considered.

2.2. A. thaliana simulationmodel
To investigate the optimal lighting strategy, the simulation
model used in this study is from our previous works (Pay
et al., 2022b,a). It comprises 27 ordinary differential equations
(ODEs), where the input is the light, and the outputs are the
growth-related circadian genes that are used to compute DTF
and hypocotyl length as shown in Fig. 1.

These 27 ODEs describe the expressions of genes and pro-
teins that form the plant circadian system and two downstream

Plant

Circadian

Clock

Light Order (Blue-Red-Dark, Dark-Blue-Red, etc)

Light Ratio (B:R or R:B 1:1 to 12:1)

Light Intensity (100 to 1200 µmol/m²s-1)

Light Photoperiod (2 to 24 hours)

Input Light, L
in

 (properties to manipulate)

PHYA CRYPHYB

COP1

(3 ODEs)

(4 ODEs)

(8 ODEs)

Hypocotyl Pathway Flowering Pathway

)sEDO 9()sEDO 3(

tuptuOtuptuO

Figure 1. Overview of the interactions in A. thalianamathematical model relating input light to output hypocotyl and flowering pathways.
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4 • Chan et al.

pathways related to flowering and hypocotyl elongation. These
ODEs are solved using MATLAB function ode15s. As a note,
the notations used for all the ODEs follow (Pay et al., 2022b,a),
and their respective parameter values are found in Supporting
Information–Table 2.

2.2.1. Core plant circadian system
Eight ODEs form the core plant circadian system, which de-
scribes the dynamics of the CIRCADIAN CLOCK ASSO-
CIATED 1/LATE ELONGATED HYPOCOTYL, (CL) gene
and protein, the PSEUDO RESPONSE REGULATOR 9/7,
(P97) gene and protein, EARLY FLOWERING 4/LUX AR-
RHYTHMO, (EL) gene and protein and PSEUDO RE-
SPONSEREGULATOR5/TIMINGOFCABEXPRES-SION
1 and (P51) gene and protein.

d[CL]m
dt

= (v1 + La) ( 1

1 + ([P97]p/K1)2 + ([P51]p/K2)2+)= (k1LΘPhyA + k1D(1 − ΘPhyA))[CL]m
d[CL]p
dt

= (p1 + p1LΘPhyA)[CL]m − d1[CL]p
d[P97]m

dt
= (v2 + Lb)
× ( 1

1 + ([CL]p/K3)2 + ([P51]p/K4)2 + ([EL]p/K5)2 )− k2[P97]m
d[P97]p

dt
= p2[P97]m − (d2D(1 − ΘPhyA) + d2LΘPhyA)[P97]p

d[P51]m
dt

= v3

1 + ([CL]p/K6)2 + ([P51]p/K7)2 − k3[P51]m
d[P51]p

dt
= p3[P51]m − (d3D(1 − ΘPhyA) + d3LΘPhya)[P51]p

d[EL]m
dt

= ΘPhyAv4

1 + ([CL]p/K6)2 + ([P51]p/K9)2 + ([EL]p/K5)2− k4[EL]m
d[EL]p
dt

= p4 − de1[EL]p
− (de2[COP1] + de3[COP1 ∶ PhyA][Ctot] )
− (de4[COP1 ∶ PhyB] + de5[COP1 ∶ Cry1]

Ctot
) [EL]p,

(1)

where Ctot = [COP1] + [COP1 ∶ PhyA] + [COP1 ∶ PhyB] +[COP1 ∶ Cry1] is the total concentration of COP1.

2.2.2. Photoreceptors
Three ODEs are used to describe the three photoreceptors
namely PHYTOCHROME A (PhyA), PHYTOCHROME B
(PhyB) and CRYPTOCHROME (Cry1), which respond to red
and blue lights.

d[PhyA]
dt

= (1 − ΘPhyA)Ap3 − Am7[PhyA]
Ak7 + [PhyA]− q2ΘPhyA[PhyA] + kd[COP1 ∶ PhyA]− kmpacΘPhyA[PhyA][COP1],

d[PhyB]
dt

= Bp4 − Bm8[PhyB]
Bk8 + [PhyB]− kmpbcΘPhyB[PhyB][COP1]+ kd[COP1 ∶ PhyB],

d[Cry1]
dt

= Cp5 − Cm9[Cry1]
Ck9 + [Cry1]− kmpccΘCry1[Cry1][COP1]+ kd[COP1 ∶ Cry1]. (2)

2.2.3. COP1 interactions
The interaction of these photoreceptors withCONSTITUTIVE
PHOTOMORPHOGENIC 1 (COP1) protein, which acts as
a key regulator of photomorphogenesis (biological response to
light), is described using four ODEs.

d[COP1]
dt

= kd[COP1 ∶ PhyA] + kd[COP1 ∶ PhyB]
+ kd[COP1 ∶ Cry1] + Am7[COP1 ∶ PhyA]

Ak7 + [COP1 ∶ PhyA]+ Bm8[COP1 ∶ PhyB]
Bk8 + [COP1 ∶ PhyB]+ Cm9[COP1 ∶ Cry1]

Ck9 + [COP1 ∶ Cry1]+ q2ΘPhyA[COP1 ∶ PhyA]− kmpacΘPhyA[PhyA][COP1]− kmpbcΘPhyB[PhyB][COP1]− kmpccΘCry1[Cry1][COP1]
d[COP1 ∶ PhyA]

dt
= kmpacΘPhyA[PhyA][COP1]− kd[COP1 ∶ PhyA]
− Am7[COP1 ∶ PhyA]

Ak7 + [COP1 ∶ PhyA]− q2ΘPhyA[COP1 ∶ PhyA],
d[COP1 ∶ PhyB]

dt
= kmpbcΘPhyB[PhyB][COP1]− kd[COP1 ∶ PhyB]
− Bm8[COP1 ∶ PhyB]

Bk8 + [COP1 ∶ PhyB] ,
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Light qualities for plant growth and development • 5

d[COP1 ∶ Cry1]
dt

= kmpccΘCry1[Cry1][COP1]− kd[COP ∶ Cry1]
− Cm9[COP1 ∶ Cry1]

Ck9 + [COP1 ∶ Cry1] . (3)

2.2.4. Hypocotyl pathway
Three ODEs are used to describe the pathway related to
hypocotyl elongation. They are PHYTOCHROME INTER-
ACTING FACTOR (PIF), genes and proteins and HYPOP
COTYL (HYP), which is used to calculate the hypocotyl length.

d[PIF]m
dt

= v5

1 + ([EL]p/K11)2 − k5[PIF]m,
d[PIF]p

dt
= p5[PIF]m − d5D(1 − ΘPhyA)[PIF]p,+ d5LΘPhyA[PIF]p

d[HYP]p
dt

= g1 + g2[PIF]2p
K2

12 + [PIF]2p . (4)

2.2.5. Flowering pathway
The remaining nine ODEs are used to describe the genes and
proteins in the flowering related pathway.They are GIGANTEA
(GI) gene and protein, CYCLING DOF FACTOR 1 (CDF1)
gene and protein, FLAVIN-BINDING, KELCH REPEAT, F-
BOX 1 (FKF1) gene and protein, CONSTANS (CO) gene and
protein and FLOWERING LOCUS T (FT) gene.

d[GI]m
dt

= Nv1(NK1 + [CL]2p)(NK2
2 + [P51]2p)(NK2

3 + [EL]2p)+ La − Nk1[GI]m,
d[GI]p
dt

= Np1[GI]m − Nd1[Ctot][EL]p[GI]p − Nd2[GI]p,
d[CDF1]m

dt
= (Nv2 + Nv3

[CL]2p
NK2

4 + [CL]2p )
×( NK2

5

NK2
5 + ([P97]p + [P51]p)2 )−Nk2[CDF1]m,

d[CDF1]p
dt

= Np2[CDF1]m − Nd3Np3[GI]p[FKF1]p[CDF1]p− Nd3Np4[GI]p[CDF1]p − Nd3[CDF1]p,
d[FKF1]m

dt
= Nv4 ( NK2

6

NK2
6 + [CL]2p ) ( NK7

NK7 + [EL]p )+ Lb − NK3[FKF1]m,
d[FKF1]p

dt
= Np5[FKF1]m,
− Np6 (Nd4 − ΘPhyA ( [GI]p

Ng1 + [GI]p )) [FKF1]p,

d[CO]m
dt

= BCO + ( NK2
8

NK2
8 + [CDF1]2p )

× (Nv5 + Nv6(1 − ΘPhyA) [COP1]
NK2

9 + [COP1])− Nk4[CO]m,
d[CO]p

dt
= Np7[CO]m− Np8(Nd5 + Nd6(1 − ΘPhyA)[COP1])[CO]p
+ Np8 (ΘPhyA

[FKF1]p
Ng2 + [FKF1]p ) [CO]p,

d[FT]m
dt

= (Nv7 + Nv8
[PIF]p

NK10 + [PIF]p )
× (Nv9 + Nv10

NK11

NK11 + [CDF1]p )
× ( [CO]2p

NK2
12 + [CO]2p ) − Nk5[FT]m. (5)

The equation of light input is given by

Lu = q1u[TPhyA]ΘPhyA+ q3u[TPhyB] log(𝜂1Ired + 1)ΘPhyB+ q4u[TCry1] log(𝜂2Iblue + 1)ΘCry1, (6)

where u ∈ a or b is the effect of light through PhyA or PhyB,
q1u, q3u and q4u are the light-induced synthesis rate through pho-
toreceptors PhyA, PhyB andCry1, respectively; [TPhyA], [TPhyB]
and [TCry1] are the total concentration of the three photorecep-
tors [see Supporting Information—Table 2]; Ired and Iblue are the
light intensities for red and blue light, respectively; 𝜂1 and 𝜂2 are
the normalization parameters of light intensity andΘPhyA,ΘPhyB
andΘCry1 are the lightmodes that take either 0 or 1,where 0 indi-
cates darkwhile 1 indicates light.We used the initial condition of
1 for all theODEs except [HYP], [COP1:PhyA], [COP1:PhyB]
and [COP1:Cry], where zero initial conditions are used.

In Pay et al. (2022b,a) only one light colour (either blue, red
or a mix of red and blue) is considered within the duration of
the photoperiod. For example, if the photoperiod is 10 h, only
monochromatic red or blue lights or a mixture of red and blue
can be present for the entire duration of the 10 h. In this study,
modifications have been made to the model to enable the inser-
tion ofmultiple light colourswithin the duration of the photope-
riod. For example, within this 10 h, we can now havemonochro-
matic red light for 4 h followed by monochromatic blue light
for 6 h or vice versa. This modification allows us to investigate
the effect of multiple light colours and their order within the
photoperiod on plant growth.

2.3. Plant growth indices
The output of the A. thaliana mathematical model is the
hypocotyl and flowering pathways (see Fig. 1). The two indices
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6 • Chan et al.

that are used as proxy for plant growth are DTF and hypocotyl
length, which can be calculated from the two circadian genes
namelyFLOWERINGTIME(FT)andPHYTOCHROMEIN-
TERACTING FACTOR (PIF) as follows:

2.3.1. Days-to-flower calculation
The calculation of DTF is given by,

DTF (days) = d0 + a0

1 − (FTarea/a1) . (7)

Equation (7) is an empirical equation where FTarea is the area
under the curve for gene FT with unit (a.u.).day. a0 is the func-
tion multiplier, a1 is the lower limit of the area under the curve
for gene FT and d0 is the minimum flowering time. These three
parameters are the tuneable parameters used to fit the experi-
mental data (Corbesier et al., 1996; Salazar et al., 2009; Seaton
et al., 2015). In this study, d0 =16.55 days, a0 =1355.22 days and
a1 = 0.02 (a.u.).days are considered, which have been estimated
and calibrated in our previous work (Pay et al., 2022a).

2.3.2. Hypocotyl length calculation
The calculation of the hypocotyl length is given by,

Hypocotyl length (mm) = ∫D

0
g1 + g2[PIF]2p

K2
12 + [PIF]2p dt. (8)

Equation (8) is taken from De Caluwé et al. (2016), where a
Hill functionparameterizedby g2 andK12 with a basal level g1 are
used to relate the hypocotyl length to the accumulation of pro-
tein PIF across the number of days,D. In this study, we consider
D = 10 days, while g1 = 0.01mmh−1, g2 = 0.1mmh−1 andK12 =
0.56nM,whichhavebeenobtained fromourpreviouswork (Pay
et al., 2022b). The calculation of DTF is rounded to the closest
integer, while the hypocotyl length is rounded to two decimal
places.

The simulation is carried out over 10days,where theDTFand
hypocotyl length calculated in this study are compared against
the nominal values taken from Pereira et al. (2021) when simu-
lated underwhite light condition. Simulation length of 10 days is
chosen following the same number of days used in Pereira et al.
(2021). Moreover, the model obtained in Pay et al. (2022b,a)
is calibrated against experiment data when A. thaliana is 10 days
old.

The nominal DTF and hypocotyl length of A. thaliana taken
from (Pereira et al., 2021) are 21.62 days and 1.18 mm, respec-
tively, and a shorter DTF and a hypocotyl length that is at least
1.00 mm are considered as improvement to its corresponding
nominal values.Theminimumacceptable hypocotyl length is set
to 1.00 mm as further reduction of hypocotyl length can be a
sign or cause of stunted growth (Derbyshire et al., 2007). Recall
that these two nominal values were obtained using purely white
light and, in this study, it is of interest to investigate whether the
use of different light qualities at their associated properties could
further improve plant growth compared to using white light.

2.4. Model fidelity
The simulationmodel used in this study has been previously cal-
ibrated and validated against experimental data from A. thaliana
in our previous studies (Pay et al., 2022b,a). Specifically, the
hypocotyl elongation and flowering time predicted from the
simulation model under different light conditions are in agree-
ment with experimental findings, which have been summarized
inTable 3 of Pay et al. (2022b) andFigure 2 of Pay et al. (2022a),
respectively.

To further evaluate the predictive capability of our simulation
model, we compare our simulated outputs with experimental
findings using other plants from published literature. The com-
parison is summarized in Table 1 and shows a good agreement
with A. thaliana. For other plant types, the simulated outputs
show good agreement qualitatively, where similar trends are ob-
served across different plant types and phenotypes, considering
that our model is calibrated using A. thaliana. Taken altogether,
the comparison shown in Table 1 indicates the good predic-
tive capability of our model, thereby warranting its use for our
analysis in this study.

2.5. Light properties for simulation
Four light properties namely light ratio, light intensity, photope-
riod and light order are analysed using theA. thalianamathemat-
ical model as these light properties are often being considered
whenever plants are grown in smart greenhouse farming as ob-
taining theoptimal combinationof those light properties can im-
prove growth and lighting efficiency (Ahmed et al., 2020). The
input light has a period of 24 h, where the pattern of light is re-
peated across 10 days. A brief description on howwe set up each
of the light properties for simulation is provided.

2.6. Light ratio
For our simulation, the red:blue and blue:red ratios are varied
from 1:1 to 12:1 to cover all the possible light ratios listed in
Supporting Information–Table 1. This is to allow us to identify
possible different red and blue light ratios that are able to pro-
duce better results in terms of DTF and hypocotyl length than
using either monochromatic blue or red light. The variation of
the light ratios is reflected through light intensity for red or blue
lights, that is, Ired and Iblue in Equation (6). For example, to real-
ize a light ratio of blue:red of 3:1, we set Iblue = 600𝜇molm−2s−1

and Ired = 200 𝜇mol m−2s−1.

2.7. Light intensity
While the daily light integral (DLI) is often used as a more rep-
resentative measure of the rate of photosynthetically active radi-
ation over a 24-h period in plant (Faust et al., 2005; Faust and
Logan, 2018), in this study, we consider the light intensity (in
terms of PPFD) instead. This is to ensure our simulation analy-
sis is comparable with the experimental studies from the litera-
ture given inSupplementaryTable 1,whichmostly consider light
intensity rather than DLI.

The light intensity for red andblue lights, that is, Ired and Iblue in
Equation (6) used in the simulation is ranged from 100 to 1200𝜇mol m−2s−1, with a 100 𝜇mol m−2s−1 increment, totalling up
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Light qualities for plant growth and development • 7

Table 1.Comparison between simulated hypocotyl length and flowering time with experimental results.

Plant type Light conditions Phenotypes Experimental Simulated Reference

Brassica rapa 16L8D, Red 275 𝜇mol m−2s−1,
Blue 25 𝜇mol m−2s−1

HL (8 days) 3.37–3.91 mm 0.408 mm (Vaštakaitė et al., 2015)

16L8D, Red 250 𝜇mol m−2s−1,
Blue 50 𝜇mol m−2s−1

HL (8 days) 3.54–4.08 mm 0.400 mm

16L8D, Red 225 𝜇mol m−2s−1,
Blue 75 𝜇mol m−2s−1

HL (8 days) 2.88–3.32 mm 0.398 mm

16L8D, Red 200 𝜇mol m−2s−1,
Blue 100 𝜇mol m−2s−1

HL (8 days) 2.74–3.14 mm 0.395 mm

Anethum graveolens 16L8D, Red 107.8 𝜇mol m−2s−1,
Blue 9.82 𝜇mol m−2s−1

HL (14 days) 3.0–3.7 mm 0.726 mm (Fraszczk, 2016)

16L8D, Red 107.8 𝜇mol m−2s−1,
Blue 23.2 𝜇mol m−2s−1

HL (14 days) 3.1–3.4 mm 0.710 mm

16L8D, Red 107.8 𝜇mol m−2s−1,
Blue 33.6 𝜇mol m−2s−1

HL (14 days) 3.2–3.4 mm 0.700 mm

16L8D, Red 107.8 𝜇mol m−2s−1,
Blue 39.7 𝜇mol −2s−1

HL (14 days) 2.9–3.1 mm 0.696 mm

Petunia× hybrida 14L10D, Red 150 𝜇mol m−2s−1 FT (35 days) 27.3–27.8 days 49.0 days (Gautam et al., 2015)
14L10D, Blue 150 𝜇mol m−2s−1 FT (35 days) 25.8–26.5 days 23.7 days
18L6D, Red 150 𝜇mol m−2s−1 FT (35 days) 29.8–30.3 days 43.9 days
18L6D, Blue 150 𝜇mol m−2s−1 FT (35 days) 29.6–29.8 days 22.8 days

A. thaliana 14L10D Blue 164 𝜇mol m−2s−1 FT (10 days) 20–22 days 23.3 days (Eskins, 1992)
14L10D Red 87 𝜇mol m−2s−1 FT (10 days) 50–55 days 56.2 days

Note: ‘HL’ and ‘FT’ denote hypocotyl length and flowering time, respectively.

to a total of 12 different intensities, which is similar to the light
intensity range considered in Hidaka et al. (2013).

The light intensity of 100–400 𝜇mol m−2s−1 is categorized
as a lower range due to its relatively significant change of pho-
tosynthetic rate, as identified in Hidaka et al. (2013). This range
allows improvements to be easily observed due to the relatively
larger change to DTF and hypocotyl length due to the increase
in photosynthetic rate and still retains the possibility of pro-
ducing a light combination that provides improvement over the
nominal values.The light combination that canprovide improve-
ment to the nominal value within the lower range of light inten-
sity is more likely to be selected as the optimal one, as lower
intensities can reduce the amount of energy needed per plant
grown.

The light intensity of 500–800𝜇molm−2s−1 is categorized as
medium range, as this range is the limit between the intensities
used in Fu et al. (2012) and the light saturation point observed
for strawberries in Hidaka et al. (2013). Any improvements to
the plant growth from the nominal values in the medium range
are likely to be attributed to the plant yet to experience stronger
light stress, as the photosynthetic rate is still increasing, albeit at
a slower rate compared to the photosynthetic range in the lower
range.

The light intensity of 900–1200 𝜇mol m−2s−1 is categorized
as high range as this range is beyond the limit set by Fu et al.
(2012).The photosynthetic rate is still increasing (Hidaka et al.,
2013), although it is not knownwhether theplant growth indices
are going to increase or decrease around this range. Therefore, it
cannot be exempted from the simulation study. Light intensity
higher than 1200 𝜇mol m−2s−1 is unlikely to further improve
plant growth and may potentially be detrimental to A. thaliana.

Although there is no data on the photosynthetic rate from
Hidaka et al. (2013) beyond this intensity, judging from the
results provided in their study, it is likely that the photosynthetic
rate has reached its plateau region and has stopped increasing
further at this range. Moreover, further increases in the light in-
tensity could reduce crop productivity and photochemical effi-
ciency (Fu et al., 2012); thus, justifying the exclusion of using
light intensity beyond 1200 𝜇mol m−2s−1.

2.8. Photoperiod
In Pereira et al. (2021), the optimal photoperiod for achieving
the smallest DTF hypocotyl length for A. thaliana is found to
be 18 h when using white light. Here, the effect of photoperiod
usingdifferent light colourswill be investigated and thephotope-
riod is varied from 2 h to 24 hwith an increment of 2 h.The pho-
toperiods of less than 2 h are not considered in our simulation
as the DTF calculation using Equation (7) returns a negative
value. This is because at photoperiods less than 2 h, the second
term in the denominator of Equation (7) is larger than the first
term due to the low expression levels of gene FT. Recall that
Equation (7) is an empirical equation where the parameters are
estimated from experimental data for photoperiods larger than
2 h (Salazar et al., 2009). The omission of photoperiods shorter
than 2 h should not affect our analysis as theDTF and hypocotyl
length at photoperiodof 2h are significantly larger than thenom-
inal values, indicating improvement at thesephotoperiods is very
unlikely.

2.9. Light order
The order of light is considered in simulation in the following
manner: within a specified photoperiod across a 24-h period, a
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Figure 2. An illustration of a light with 10-h photoperiod followed
by 14 h of dark. Within the 10-h photoperiod, the duration of blue
light is 4 h followed by 6 h duration of red with the blue:red ratio of
2:1. The white and black bars below the figure denote how long the
light is turned on and off, respectively.

specific light colour is provided first, for a determined duration
within the photoperiod, followed by the next light colour, for the
remaining duration of the photoperiod. At the end of the pho-
toperiod, the duration of dark is inserted to account for a total
of 24 h. This light order can also be reversed where dark will be
provided first, followed by the light colours. Moreover, within
the photoperiod, the durations for each light colour as well as
the light ratios are varied. As an illustration, Fig. 2 shows a light
input of 10-h photoperiod across a 24-h period with blue light
first, followed by the red light with the light ratio of blue:red of
2:1 and ends with 14 h of dark.

In our simulation, we consider several combinations of light
orders involving blue, red andmixture of blue and red lights plus
dark. This results in a total number of 28 different combinations
of light order. A summary of the light order used in this study is
given in Fig. 3, where, for illustration, the light ratio of blue:red
10:1 with photoperiod of 14 h is shown. Note that in Fig. 3, only
14 combinations are shown, as the other 14 combinations have
the order of the dark and the light reversed.

Thepurpose of considering the light order is to identify its im-
pact on the two plant growth indices, and which combination
order would provide the most improvement compared to the
nominal values. While the effect of light order has been consid-
ered in several experimental studies (Ohtake et al., 2018;Lanoue
et al., 2019; Viršilė et al., 2020; Huang et al., 2021), the key dif-
ference is thatmost of these studies consider alternatingbetween
red and blue lights without any duration for dark (i.e. photope-
riodof 24h).Moreover, not all the light order combinations have
been considered due to different scopes of study.Thus, our anal-
ysis here could be useful in two aspects: providing a better guide
for future experimental design and reducing the energy usage
through the insertion of duration of dark.

2.10. Combined light properties
To cover all combinations of light properties described above,
the following light properties variations are considered in our
simulation. As there are four different light properties that need
to be considered, we fix three light properties at a time while
varying the fourth property across the range of interest. Specifi-
cally, we fix the light ratio, starting with blue:red ratio of 1:1, fix
the light intensity, start with blue and red lights both with the
intensity of 100𝜇molm−2s−1 to ensure the blue:red ratio of 1:1
andfix the photoperiod, startingwith 2 h.We vary the light order
following the 14 combinations plus their reversed order shown
in Fig. 3. As a remark, in the case where the mix blue and red
lights are considered their intensities abide by the utilized light
ratio. We repeat this for photoperiod ranging from 2 h to 24 h,
light ratio ranging from red:blue 1:1 to 12:1 and blue:red 1:1 to
12:1 and light intensity with the larger ratio ranging from 100𝜇molm−2s−1 to 1200𝜇molm−2s−1 while the smaller ratio rang-
ing from 8.33 𝜇mol m−2s−1 (when the ratio of 12:11 is used)
to 1200 𝜇mol m−2s−1 (when the ratio of 1:1 ratio used). This
results in a total number of 1730 simulation sets. Readers who
are interested in overall simulation sets are referred to the Data
Availability section.

3. RESULTSANDDISCUSSION
3.1. Effect of onlymonochromatic blue and red lights

We begin our analysis by considering only the effect of
monochromatic light (i.e. light conditions B1, Reverse-B1, R1
and Reverse-R1) on DTF and hypocotyl length. These light
conditions are first considered given their wide usage in exper-
iments as shown in Supporting Information–Table 1. Due to
the monochromatic nature, only the variation in photoperiods
and light intensities are considered and the results are shown
in Fig. 4 while Table 2 presents the best improvement in DTF
and hypocotyl length that can be achieved under these light
conditions.

FromFig. 4, we observe improvements inDTF andhypocotyl
lengthwhen light conditionsB1 andReverse-B1 areused.Across
different light intensities, theDTF portrays a decreasing trend as
photoperiods increase. The smallest DTF of 19 days, which is a
12 % reduction compared to the nominal DTF value of 21.62
days, can be observed with a light intensity of at least 900 𝜇mol
m−2s−1, at a photoperiod of 16 h. The hypocotyl length is also
showing a decreasing trend as photoperiods increase but it is not
significantly affected by light intensity given the plots at different
intensities almost overlap each other. In the B1 light condition,
the hypocotyl length has reduced to the threshold of 1.00mm at
a photoperiod of 14 h but the DTF is still not at its minimum
value. On the other hand, in Reverse-B1 light condition, the
hypocotyl length reaches the 1.00mm threshold at photoperiod
of 16 h and at the same time, the DTF is at its minimum.

For R1 and Reverse-R1 light conditions, we observe neither
light intensity nor photoperiod can improve the DTF below the
nominal value, despite the hypocotyl length displaying similar
behaviour as the B1 and Reverse-B1 light conditions. The min-
imum DTF that both these light conditions are approximately
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Figure 3. A summary of different light orders used in this study. Here, 14 combinations of light order are shown, whereas the other 14 have the
order of the dark and the light reversed. The first, second and third columns correspond to monochromatic blue, red and mix of red and blue
lights being first in the order, respectively. In this particular illustration, the photoperiod of 14 h with the blue:red ratio of 10:1 for (B2, B4, R3,
R5, M1, M4) and red:blue ratio of 10:1 for (B3, B5, R2, R4, M2, M3) are shown. For the reversed order, we append the word ‘Reverse’ to the
abbreviation (e.g. Reverse-B1 for dark first then monochromatic blue).

30 days at a light intensity of 1200 𝜇mol m−2s−1 and photope-
riod of 16 h, which is an increase of 39% from the nominal value.
We also note the oscillatory trend inDTF forR1 andReverse-R1

light conditions as photoperiod changes,which canbe attributed
to the following reasons: flowering is accelerated under very
short-day (photoperiod ≤ 3 h) conditions before decelerating
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Figure 4. DTF and hypocotyl length under light conditions B1, Reverse-B1, R1 and Reverse-R1 across different photoperiod and light
intensities. The gray dashed-lines in both DTF and hypocotyl length plots represent the nominal values and the black dashed-line in hypocotyl
length plots represent the 1.00 mm threshold.
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Table 2.Compilation of the best improvement of DTF and hypocotyl length from nominal values for each of the monochromatic light
conditions (i.e. B1 and R1 and their reverse).

Light Photoperiod Light DTF Hypocotyl
condition intensity (days) length

(𝜇molm−2s−1) (mm)

B1 12B12D B: 900 20 1.81
Reverse-B1 8D16B B: 900 19 1.15
R1 14R10D R: 1200 31 1.08
Reverse-R1 8D16R R: 1200 30 1.22

under short-day conditions (Luccioni et al., 2019) leading to a
decrease and increase in DTF from photoperiod 2–10 h. Fur-
thermore,Mockler et al. (2003) found that thedifference inDTF
between very short day and short daywith long day conditions is
small, leading to the decrease in DTF as photoperiod increases,
resulting in the observed oscillatory trend.This oscillatory trend
is also occurring in B1 and Reverse-B1 light conditions, albeit
not as apparent as in R1 and Reverse-R1 light conditions, as the
difference in DTF between a very short day to short day with
long days is large (Mockler et al., 2003).

Taken altogether, these results suggest that monochromatic
blue light plays a vital role in improving flowering compared
to monochromatic red light. Furthermore, the Reverse-B1 light
with photoperiod of 16 h is more preferred, as this light con-
dition can improve both plant growth indices. More encourag-
ingly, our results align with previous experimental studies (Es-
kins, 1992; Guo et al., 1998; Spaninks et al., 2020), where long-
day monochromatic blue light has been shown to decrease the
days required for flowering andproduce hypocotyl lengthwithin
a desirable limit.

3.2. Effect of light order
Previously, our analysis on monochromatic light indicates that
Reverse-B1 light condition with a photoperiod of 16 h produces
the best improvement for plant growth and development. Here,
we extend our analysis by considering the effect of different light
orders on DTF and hypocotyl length. Specifically, we are inter-
ested to knowwhether any further improvement canbe achieved
when light ratios and light orders are now considered. We intro-
duce light conditions B2 to R5 with their reverse (i.e. the order
of dark and light reversed) and repeat the simulation to obtain
the DTF and hypocotyl length. These light conditions have ei-
ther the blue or red lights first in the order. Note that our light
order analysis is an extended version of the commonly used al-
ternating light considered in experimental studies (Ohtake et al.,
2018;Lanoueet al., 2019;Viršilė et al., 2020;Huanget al., 2021),
where in those studies, the equivalent of our B2, B3, R2 and R3
with photoperiods of 24 are used. In addition, we would like
to remark that the improvement observed through simulation
in the two plant growth indices under different light orders is
consistent with the findings of Ohtake et al. (2018).The best re-
sults from these light conditions are given in Tables 3 and 5. For
the details of all the simulation results, see the Data Availability
section.

FromTables 3 and 5, we observe that the largest improvement
to the two plant growth indices is obtained with photoperiod

of 16 h with an 8-h dark precedes them, that is, Reverse-B2,
Reverse-B3, Reverse-B4, Reverse-B5, Reverse-R4 and Reverse-
R5, which is similar to themonochromatic blue light Reverse-B1
light condition. Within this 16-h photoperiod, the duration of
blue or mix blue and red lights is at least 12 h suggesting pro-
longed blue light exposure is essential. All these lighting condi-
tions produce DTF of 19 days and hypocotyl length between
1.14 mm and 1.17 mm. For the remaining light conditions, we
observe DTF between 20 and 30 days and hypocotyl length be-
tween 1.00 and 1.75 mm. An exception to this trend is observed
for light conditionB2,where a photoperiodof 14h (8-h blue and
6-h red) followed by 10 h of dark can produce the same DTF of
19 days and hypocotyl length of 1.00 mm.

Next, we introduce additional four light conditions where the
mix of blue and red light is the first in order, that is, M1–M4
with their reverse counterparts (third column of Fig. 3). With
the introduction of these light conditions, we obtainDTF ranges
between 18 and 24 days, while the hypocotyl length ranges be-
tween 1.00 and 1.17 mm. While it is compelling to conclude
that the light condition that achieves DTF of 18 days is of in-
terest, all these light conditions produce minimal improvement
to the hypocotyl length from the nominal value. If a balance of
improvement to both DTF and hypocotyl length is required,
then M3 and M4 light conditions with photoperiod of 14 h fol-
lowed by 10 h dark fit this requirement. Again, if we consider
from the perspective of energy savings, M3, M4 and B2 light
conditions are the top lighting candidates as similar DTF and
hypocotyl length can be achieved with another 2 h reduction of
photoperiod compared to using monochromatic light.

One probable explanation for the difference in the hypocotyl
length when the light order is reversed is as follows. Given that
the initial conditions of the ODEs are the same, in the reverse
light condition, the circadian clock may perceive it as day even
though it is night and begin employing the 10-day adaptation re-
sulting in a longer hypocotyl length. Conversely, when the light
condition is not reversed, the circadian clock may have achieved
synchrony with light conditions from the onset of light thereby
resulting in a shorter hypocotyl length.

We note an interesting observation related to hypocotyl
length in the presence of red regardless of its duration and in-
tensity. As long as red light is available, the hypocotyl length is
sufficiently long to avert stunted growth and is not affected by
photoperiod compared to the presence of blue light, which is in-
fluenced by photoperiod and order of dark to attain minimum
hypocotyl length. In addition, the presence of the dominant in-
tensity of blue light being first in the light order (e.g. M4 or B2
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Table 3.Compilation of the best improvement of DTF and hypocotyl length from nominal values from the B2 to B5 light conditions and their
reverse.

Light Photoperiod Light ratio DTF Hypocotyl
condition and intensity (days) length

(𝜇molm−2s−1) (mm)

B2 14L10D B:R 12:1 19 1.00
(8B6R10D) R: 83.33

B: 1000
Reverse-B2 8D16L R:B 1:1 19 1.17

(8D12B4R) R: 1200
B: 1200

B3 14L10D R:B 1:1 20 1.00
(8D12B4R) R: 900

B: 900
Reverse-B3 8D16L R:B 1:1 19 1.17

(8D14B2R) R: 1200
B: 1200

B4 12L12D R:B 1:1 20 1.75
(2B10M12D) R: 1100

B: 1100
Reverse-B4 8D16L B:R 12:1 19 1.14

(8D2B14M) R: 75
B: 900

B5 12L12D R:B 1:1 20 1.75
(2B10M12D) R: 1100

B: 1100
Reverse-B5 8D16L R:B 1:1 19 1.14

(8D2B14M) R: 700
B: 700

Table 4.Compilation of the best improvement of DTF and hypocotyl length from nominal values from R2 to R5 and their reverse.

Light Photoperiod Light ratio DTF Hypocotyl
condition and intensity (days) length

(𝜇molm−2s−1) (mm)

R2 14L10D R:B 7:1 25 1.00
(2R12B10D) R: 1100

B: 157.14
Reverse-R2 8D16L R:B 1:1 20 1.15

(8D2R14B) R: 900
B: 900

R3 14L10D B:R 1:1 26 1.00
(10R4B10D) R: 1100

B: 1100
Reverse-R3 8D16L B:R 2:1 20 1.15

(8D2R14B) R: 450
B: 900

R4 14L10D R:B 7:1 28 1.00
(8R6M10D) R: 900

B: 128.57
Reverse-R4 8D16L B:R 1:1 19 1.14

(8D2R14M) R: 1100
B: 1100

R5 14L10D B:R 1:1 30 1.00
(12R2M10D) R: 800

B: 800
Reverse-R5 8D16L B:R 1:1 19 1.14

(8D2R14M) R: 1100
B: 1100

light conditions) provides the most improvement, particularly
to DTF. These two observations, which are also consistent with
previous studies, suggest that the presence of red light ensures

the hypocotyl grow sufficiently (Takase et al., 2003; Sellaro et al.,
2009)while the blue light helps with the promotion of flowering
(Costine et al., 2022).
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Table 5.Compilation of the best improvement of DTF and hypocotyl length from nominal values from the M1 to M4 light conditions and
their reverse.

Light Photoperiod Light ratio DTF Hypocotyl
condition and intensity (days) length

(𝜇molm−2s−1) (mm)

M1 14L10D B:R 1:1 24 1.00
(4M10B10D) R: 100

B: 100
Reverse-M1 8D16L B:R 1:1 18 1.14

(8D12M4B) R: 1100
B: 1100

M2 14L10D R:B 8:1 22 1.00
(4M10B10D) R: 800

B: 100
Reverse-M2 8D16L B:R 1:1 18 1.14

(8D12M4B) R: 1100
B: 1100

M3 14L10D B:R 1:1 19 1.00
(6M8R10D) R: 900

B: 900
Reverse-M3 8D16L B:R 1:1 18 1.17

(8D12M4R) R: 1200
B: 1200

M4 14L10D B:R 12:1 19 1.00
(8M6R10D) R: 66.67

B: 800
Reverse-M4 8D16L B:R 1:1 18 1.17

(8D12M4R) R: 1200
B: 1200

3.3. Effect of light ratio and light intensity
After establishing that the light conditions M3, M4 and B2 with
photoperiod of 14 h being the desired light condition for plant
growth,where no further improvement inDTFor hypocotyl can
be made, we turn our attention to investigating what light ratio
and light intensity entail, focussing on energy efficiency. While
these three light conditions yield identical DTF and hypocotyl
length, their light ratio and light intensity are different. For M3,
the light ratio B:R of 1:1 with intensity of 900 𝜇mol m−2s−1

is used. For M4, the light ratio B:R of 12:1 with blue intensity
of 800 𝜇mol m−2s−1 and red intensity of 66.67 𝜇mol m−2s−1

are used. Finally, for B2, the light ratio B:R of 12:1 but with
blue intensity of 1000 𝜇mol m−2s−1 and red intensity of 83.33𝜇mol m−2s−1 are used. Consider that energy efficiency is in-
versely proportional to light intensity (Yan et al., 2019), and light
conditions with smaller light intensity would be preferred. If we
consider aggregated use of these lights, we have total intensi-
ties of 1800 𝜇mol m−2s−1, 866.67 𝜇mol m−2s−1 and 1083.33𝜇mol m−2s−1 for M3, M4 and B2 light conditions, respectively.
This indicates that among the three light conditions,M3uses the
most energy, whereas M4 uses the least energy, thereby making
M4 the preferred light conditions among the three.

3.4. Effect of the order of dark
In general, when implemented in a smart greenhouse environ-
ment, the light–dark cycle that the plant is exposed to is re-
peated over a 24 h period. Here, we are interested in investigat-
ing whether the order of dark (i.e. dark precedes or succeeds
light) matters. In other words, when the plant is transferred to

the smart greenhouse environment, should it be exposed to dark
that precedes or succeeds light?

In Tables 2 and 5, we have provided the best DTF and
hypocotyl length measurements from each of the light condi-
tions. We also collate the DTF and hypocotyl length where the
order of dark is reversed for each of the light conditions shown in
Tables 2 and 5. Note that the best improvement in plant growth
indices in each light condition shown in Tables 2 and 5 may not
necessarily mean its reverse light conditions would provide the
best improvement in plant growth indices as well. For example,
in Table 2, the best improvement of plant growth indices for
light condition B1 occurs at 12B12D with a DTF of 20 days and
hypocotyl length of 1.81 mm. Under the same photoperiod but
with its order of dark reverse, that is, Reverse-B1 with 12D12B,
the DTF is 20 days and the hypocotyl length is 2.65 mm. For
convenience of analysis, we call this scenario, ‘Best Light First’.
Similarly, in Table 2, the best improvement of plant growth in-
dices for Reverse-B1 occurs at 8D16B with DTF of 19 days and
hypocotyl of 1.15 mm. Under the same photoperiod, but with
now dark succeeds light, that is, B1 with 16B8D, we have DTF
of 19 days and hypocotyl length of 0.46mm andwe call this sce-
nario ‘Best Dark First’. With this, we end up collating DTF and
hypocotyl length for 56 different light conditions.

Our analysis (Suppporting Information—Fig. S1) suggests
the order of dark has no strong influence onDTFbut has a signif-
icant influence on hypocotyl length. The substantial variation of
hypocotyl length between order of dark is not surprising given
that short or long hypocotyl have been observed when plants
are either grown in darkness (skotomorphogenesis) or in the
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presence of light (photomorphogenesis) (Vandenbussche et al.,
2005). Our results indicate that the order of dark can be po-
tentially exploited to provide a competitive advantage to plants
depending on the germination type of the plant, that is, between
hypogeal (germination below ground) and epigeal (germination
above ground) germination.

3.5. Power consumption calculation
In this section,weprovide simple calculationof power consump-
tion of the suggested light conditions for comparison of their
energy usage given that lighting power consumption has often
been seen as the impediment to realize sustainability in smart
farming (Ahamed et al., 2023), The power consumption model,
which is based on Ahn et al. (2017) and Lan and Tan (2015), is
given by,

Power, P[kW] = IPPFD × C × A𝜂 × 1000
, (9)

where IPPFD is the light intensity in 𝜇mol m−2s−1 and C is the
illuminance to PPFD conversion factor,A is the grow area inm2,
1000 is the conversion to kW and 𝜂 is the luminous efficacy in
lm/W.

The light emitting diode (LED) lights are typically powered
by an LED driver, which is an AC/DC converter that converts
AC grid power into DC power suitable for the LED lights. As
such, we can rewrite the combined luminous efficacy as 𝜂comb =𝜂 × 𝜂PCE, where 𝜂PCE is the AC/DC power conversion effi-
ciency that takes a value between 0 and 1. We can then rewrite
Equation (9) as

Power, P[kW] = IPPFD × C × A𝜂 × 𝜂PCE⏟⎵⏟⎵⏟𝜂comb ×1000
. (10)

As the typical electricity billing unit is kWh, to convert kW
fromEquation (10) to kWh,wemultiply Equation (10)with the
photoperiod and the DTF, that is,

Power, P[kW] = IPPFD × C × A𝜂 × 𝜂PCE × 1000
× Photoperiod × DTF.

(11)
In our calculation, we assume that a 1.2 m by 1.2 m grow area

is used resulting in A = 1.44 m2. Conventionally, an LED driver
is considered efficient if 𝜂PCE = 0.9, that is, the LEDdriver is able
to convert 90% of the input power into useful electricity (Es-
teki et al., 2023). The typical values of C and 𝜂 for red and blue
lights are adopted from Ahn et al. (2017), while for white light,
they are adopted from Lee and Kim (2012); Masoud and Mur-
nick (2013) and Ahn et al. (2017). The parameters associated
withwhite light are included for comparisonwith thepower con-
sumption based on the light condition suggested in Pereira et al.
(2021). All these parameters are summarized in Table 6.

Using Equation (11) and the parameters given in Table 6,
we computed the power consumption for three light conditions
that produce thebest growth indices undermonochromatic light
(Reverse-B1), mixed light (M4) and the white light conditions
of 18L6D fromPereira et al. (2021) and they are given inTable 7.
For the details of the calculation, see Supporting Information—
Table 3.

Table 6. Parameter value used for power consumption calculation.

Parameters Values

C (Blue) 11.9
C (Red) 9.9
C (White) 68.2𝜂 (Blue) 26 lm/W𝜂 (Red) 50 lm/W𝜂 (White) 70 lm/W

Table 7.Comparison of power consumption for three different light
conditions.

Light conditions Power consumption

Reverse-B1 (8D16B)
Iblue = 900 𝜇mol m−2s−1 200.36
M4 (8M6R10D)
Iblue = 800 𝜇mol m−2s−1

Ired = 66.7 𝜇mol m−2s−1 94.67
White (18L6D)
Iblue = 900 𝜇mol m−2s−1 109.20

From Table 7, we observe that among the three light condi-
tions, the power consumption is the least forM4 light condition.
Interestingly, despite Reverse-B1 uses 2 h less in photoperiod
compared to white light, the power consumption is almost dou-
ble, primarily due to the larger IPPFD in blue light compared to
white light. Nevertheless, it is encouraging to note that by using
different light colour combinations, such as M4, instead of only
monochromatic light, the power consumption can be reduced
while attaining good growth indices.

4. CONCLUSIONS
There have been extensive studies on the effect of light quali-
ties on plant development as evidenced by the numerous studies
summarized in Supporting Information—Table 1. Despite ex-
tensiveness, most of these studies often consider only a small
portion of the light properties, primarily due to the arduous ex-
perimental task and different scope of study. The community
would benefit tremendously if therewere amethodical approach
in narrowing down the range of light properties to be investi-
gated. In this study, we have carried out a systematic analysis
identifying the combination of the most suitable blue and red
light properties for enhanced plant growth that can be used in
smart greenhouse farming. The in silico analyses are carried out
using the A. thaliana mathematical model that relates light in-
put to flowering and hypocotyl length output pathways, where
the comparison is made against a nominal value obtained from
a previous study using only white light (Pereira et al., 2021).
To ensure all the blue and red light properties are considered,
we conducted a comprehensive literature search on experimen-
tal studies that investigate the relationship between light qual-
ity and plant growth (Supporting Information—Table 1). From
that search, we are able to narrow down to four key blue and red
light properties namely light ratio, light intensity, light photope-
riod and light order (see also Fig. 1), which have significant effect
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on plant development and are also highlighted in a review paper
in Ahmed et al. (2020).

For monochromatic light, our analyses show that a photope-
riod of 8-h darkness followed by 16-h blue light with an intensity
of 900 𝜇mol m−2s−1 (Reverse-B1) can reduce the DTF from
the nominal value of 21.62 days to 19 days and hypocotyl length
from the nominal value of 1.18 mm to 1.15 mm, which is an
improvement of 12 % and 3 %, respectively.

We further our investigation by considering the combination
involving different light colours, as depicted in Fig. 3. Interest-
ingly, when combinations of different light colours are consid-
ered, we observed similar improvement in DTF and hypocotyl
length that can be achievedwith another further 2 h reduction in
photoperiod.TheM4 light condition, which has a 14-h light that
is made up of 8-h mix blue and red with intensity of 800 𝜇mol
m−2s−1 and 66.67 𝜇mol m−2s−1, respectively, 6-h red light, fol-
lowed by 10-h dark yields DTF of 19 days and hypocotyl length
of 1.00mm.This further reduction of 2 h from usingmonochro-
matic light is a welcoming finding as this could further reduce
energy usage while achieving similar outcome.

In terms of light ratio and light intensity, the ratio of blue:red
ranging from 10:1 to 12:1 with intensity of red ranging from
66.67𝜇molm−2s−1 to 100𝜇molm−2s−1 and blue ranging from
800 𝜇mol m−2s−1 to 1000 𝜇mol m−2s−1 could yield compara-
ble improvements inDTFandhypocotyl length compared to the
nominal values. These light ranges concur with the finding from
Piovene et al. (2015) where strawberries and basil seem to grow
well under these light ranges. If energy efficiency is to be taken
into account, lower light intensity is preferred, and our analysis
tips the balance to M4 light condition being the most energy
efficient as shown through the power consumption calculation
given in Table 7.

Finally, we found that the order of dark has marginal effect on
flowering but has a significant effect on hypocotyl length. Our
analysis, however, can help practitioners strategize ways to take
advantage of the order of darkness and give plants that germi-
nate through either epigeal or hypogeal processes their particular
competitive advantage.

The findings from our study have a great prospect in aiding
smart greenhouse farming practitioners particularly those em-
ploying speed breeding protocol in setting the appropriate light-
ing system in their farming practices. Our model can be used
to provide an optimal combination of the use of different light
qualities to promote the desired plant growth and development
pathways. Moreover, the resulting optimal combination of the
light qualities has the potential to reduce energy consumption.
Energy consumptionhas always been an issue in speedbreeding-
based farming practice (Jahne et al., 2020), where energy con-
sumption from light alone accounts for more than 30 % of the
total production cost (Eaves and Eaves, 2018). As illustrated
in Table 7, the use of optimal light combinations such as M4
light condition can reduce energy consumption by 13.3 % com-
pared to white light, which is often used in speed breeding-based
farming practices.

ACKNOWLEDGMENTS
A.M.H.C. and M.F. thank the researchers from the School of
Life Science, University of Warwick for the useful discussion on

light and plant growth. M.L.P. acknowledges the financial sup-
port from Coventry University through Global Challenge Re-
search Fund (GCRF) and fully Funded Doctoral Studentship
Scheme.

SUPPORTING INFORMATION
The following additional information is available in the online
version of this article –

CONTRIBUTIONSBYTHEAUTHORS
A.M.H.C.:Data curation,Formal analysis, Investigation,Method-
ology,Writing–original draft,Writing–reviewandediting,M.L.P.:
Methodology, Resources, Software, Validation,Writing–original
draft, Writing–review and editing, J.C.: Supervision, Valida-
tion, Writing–review and editing, F.H.: Funding acquisition,
Supervision, Validation, Writing–review and editing, L.C.R.:
Supervision, Resources, Writing–original draft, Writing–review
and editing, H.A.: Funding acquisition, Supervision, Validation,
Methodology, Writing–review and editing, M.F.: Conceptual-
ization, Formal analysis, Supervision, Project administration,
Funding acquisition,Writing–original draft,Writing–review and
editing.

CONFLICTOF INTERESTS
The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

DATAAVAILABILITY
All the MATLAB simulation codes and simulated data are avail-
able at https://github.com/mathiasfoo/lightquality.

LITERATURECITED
Ahamed MS, Sultan M, Monfet D, Rahman MS, Zhang Y, Zahid A, Bilal

M, Ahsan TA, Achour Y. 2023. A critical review on efficient thermal
environment controls in indoor vertical farming. Journal of Cleaner
Production 425: 138923.

Ahmed HA, Yu-Xin T, Qi-Chang Y. 2020. Optimal control of environ-
mental conditions affecting lettuce plant growth in a controlled en-
vironment with artificial lighting: a review. South African Journal of
Botany 130:75–89.

Ahn YD, Bae S, Kang S-J. 2017. Power controllable led system with in-
creased energy efficiency using multi-sensors for plant cultivation.
Energies 10:1607.

Aune JB, Coulibaly A, Giller KE. 2017. Precision farming for increased
land and labour productivity in semi-aridWestAfrica: a review.Agron-
omy for Sustainable Development 37:1–10.

Bian ZH, Yang QC, Liu WK. 2015. Effects of light quality on the accu-
mulation of phytochemicals in vegetables produced in controlled en-
vironments: a review. Journal of the Science of Food and Agriculture 95:
869–877.

Brown CS, Schuerger AC, Sager JC. 1995. Growth and photomorpho-
genesis of pepper plants under red light-emitting diodes with sup-
plemental blue or far-red lighting. Journal of the American Society for
Horticultural Science 120:808–813.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/in
s
ilic

o
p
la

n
ts

/a
rtic

le
/6

/1
/d

ia
e
0
0
8
/7

6
8
8
9
0
6
 b

y
 S

c
h
o
o
l o

f H
lth

 &
 R

e
la

te
d
 R

e
s
e
a
rc

h
 (S

c
h
a
rr) u

s
e
r o

n
 0

4
 J

u
ly

 2
0
2
4



16 • Chan et al.

Chew YH, Seaton DD, Mengin V, Flis A, Mugford ST, George GM,
Moulin M, Hume A, Zeeman SC, Fitzpatrick TB, Smith AM, Stitt M,
Millar AJ. 2022. The Arabidopsis framework model version 2 predicts
the organism-level effects of circadian clock gene mis-regulation. in
silico Plants 4:diac010.

Cope K, Bugbee B. 2013. Spectral effects of three types of white light-
emitting diodes on plant growth and development: absolute versus
relative amounts of blue light.HortScience 48:504–509.

Corbesier L, Gadisseur I, Silvestre G, Jacqmard A, Bernier G. 1996. De-
sign inArabidopsis thalianaof a synchronous systemoffloral induction
by one long day. Plant Journal 9:947–952.

CostineB,ZhangM,PearsonB,Nadakuduti SS. 2022. Impact of blue light
on plant growth, flowering and accumulation of medicinal flavones in
Scutellaria baicalensis and S. lateriflora.Horticulturae 8:1141.

De Caluwé J, Xiao Q, Hermans C, Verbruggen N, Leloup J-C, Gonze
D. 2016. A compact model for the complex plant circadian clock.
Frontiers in Plant Science 7:74.

Derbyshire P, McCann MC, Roberts K. 2007. Restricted cell elongation
in arabidopsishypocotyls is associated with a reduced average pectin
esterification level. BMC Plant Biology 7:1–12.

Eaves J, Eaves S. 2018. Comparing the profitability of a greenhouse to
a vertical farm in Quebec. Canadian Journal of Agricultural Economics
66:43–54.

Eskins K. 1992. Light-quality effects on arabidopsis development: red,
blue and far-red regulation of flowering and morphology. Physiologia
Plantarum 86:439–444.

EstekiM,Khajehoddin SA, SafaeeA, Li Y. 2023. Led systems applications
and led driver topologies: a review. IEEE Access 11:38324–38358.

Faust JE, Logan J. 2018. Daily light integral: a research review and high-
resolution maps of the United States.HortScience 53:1250–1257.

Faust JE,HolcombeV,RajapakseNC,LayneDR. 2005.Theeffect of daily
light integral on bedding plant growth and flowering.HortScience 40:
645–649.

Folta KM, Childers KS. 2008. Light as a growth regulator: controlling
plant biology with narrow-bandwidth solid-state lighting systems.
HortScience 43:1957–1964.

Fraszczk B. 2016. The effect of different doses of blue light on the bio-
metric traits and photosynthesis of dill plants.Notulae Botanicae Horti
Agrobotanici Cluj-Napoca 44:34–40.

FuW, Li P,WuY. 2012. Effects of different light intensities on chlorophyll
fluorescence characteristics and yield in lettuce. Scientia Horticulturae
135:45–51.

Gangadhar BH, Mishra RK, Pandian G, Park SW. 2012. Comparative
study of color, pungency, and biochemical composition in chili pep-
per (Capsicum annuum) under different light-emitting diode treat-
ments.HortScience 47:1729–1735.

Gautam P, Terfa MT, Olsen JE, Torre S. 2015. Red and blue light ef-
fects on morphology and flowering of petunia × hybrida. Scientia
Horticulturae 184:171–178.

Ghosh S, Watson A, Gonzalez-Navarro OE, Ramirez-Gonzalez RH,
Yanes L, Mendoza-Suárez M, Simmonds J, Wells R, Rayner T, Green
P, Hafeez A, Hayta S, Melton RE, Steed A, Sarkar A, Carter J, Perkins
L, Lord J, Tester M, Osbourn A, Moscou MJ, Nicholson P, Har-
wood W, Martin C, Domoney C, Uauy C, Hazard B, Wulff BBH &
HickeyLT. 2018. Speed breeding in growth chambers and glasshouses
for crop breeding and model plant research. Nature Protocols 13:
2944–2963.

Guo H, Yang H, Mockler TC, Lin C. 1998. Regulation of flowering time
by Arabidopsis photoreceptors. Science 279:1360–1363.

Hernández R, Kubota C. 2014. Growth and morphological response of
cucumber seedlings to supplemental red and blue photon flux ra-
tios under varied solar daily light integrals. Scientia Horticulturae 173:
92–99.

Hidaka K, Dan K, Imamura H, Miyoshi Y, Takayama T, Sameshima K,
KitanoM.,OkimuraM.2013.Effect of supplemental lighting fromdif-
ferent light sources on growth and yield of strawberry. Environmental
Control in Biology 51:41–47.

Hoenecke M, Bula R, Tibbitts T. 1992. Importance of blue’photon
levels for lettuce seedlings grown under red-light-emitting diodes.
HortScience 27:427–430.

Hogewoning S, Maljaars H, Harbinson J. 2007. The acclimation of pho-
tosynthesis in cucumber leaves to different ratios of red and blue light.
Photosynthesis Research 91:287–288.

Huang J, Xu Y-L, Duan F-M, Du X, Yang Q-C, Zheng Y.-J. 2021. Im-
provement of the growth and nutritional quality of two-leaf-color pak
choi by supplemental alternating red and blue light. HortScience 56:
118–125.

Jahne F, Hahn V, Wurschum T, Leiser WL. 2020. Speed breeding short-
day crops by led-controlled light schemes. Theoretical and Applied
Genetics 133:2335–2342.

Kami C, Lorrain S, Hornitschek P, Fankhauser C. 2010. Light-regulated
plant growth and development. Current Topics in Developmental Biol-
ogy 91:29–66.

Karanisa T, Achour Y, Ouammi A, Sayadi S. 2022. Smart greenhouses
as the path towards precision agriculture in the food-energy and wa-
ter nexus: case study of Qatar. Environment Systems and Decisions 42:
521–546.

Kumar S, Chowdhary G, Udutalapally V, Das D, Mohanty SP. 2019.
Gcrop: Internet-of-leaf-things (iolt) for monitoring of the growth of
crops in smart agriculture. In 2019 IEEE International Symposium on
Smart Electronic Systems (iSES)(Formerly iNiS), 53–56. IEEE.

Kwack Y, Kim KK, Hwang H, Chun C. 2015. Growth and quality of
sprouts of six vegetables cultivated under different light intensity and
quality.Horticulture, Environment, and Biotechnology, 56:437–443.

Lan L, Tan YK. 2015. Advanced building energy monitoring using wire-
less sensor integrated energyplus platform for personal climate con-
trol. In 2015 IEEE 11th International Conference on Power Electronics
and Drive Systems, pp. 567–574. IEEE.

Lanoue J, Zheng J, Little C, Thibodeau A, Grodzinski B, Hao X. 2019.
Alternating red and blue light-emitting diodes allows for injury-free
tomato production with continuous lighting. Frontiers in Plant Science
10:1114.

Lee J-G,OhS-S,ChaS-H, JangY-A,KimS-Y,UmY-C,CheongS-R. 2010.
Effects of red/blue light ratio and short-term light quality conversion
on growth and anthocyanin contents of baby leaf lettuce. Journal of Bio
Innovation 19:351–359.

Lee W-S, Kim S-G. 2012. Development of rotational smart lighting con-
trol system for plant factory.World Academy of Science, Engineering and
Technology 62:741–744.

Luccioni L, Krzymuski M, Sanchez‐Lamas M, Karayekov E, Cerdan PD,
Casal JJ. 2019. Constans delays arabidopsis flowering under short
days. Plant Journal 97:923–932.

MasoudN,Murnick D. 2013. High efficiency, fluorescent excimer lamps,
an alternative to cfls and white light leds. Journal of Light and Visual
Environment 37:171–175.

MatsudaR,Ohashi-KanekoK,FujiwaraK,KurataK. 2007.Analysis of the
relationship betweenblue-light photonflux density and the photosyn-
thetic properties of spinach (Spinacia oleracea L.) leaves with regard
to the acclimation of photosynthesis to growth irradiance. Soil Science
and Plant Nutrition 53:459–465.

McClung CR. 2013. Beyond Arabidopsis: the circadian clock in non-
model plant species. Seminars in Cell & Developmental Biology 24:
430–436.

Mockler T, Yang H, Yu X, Parikh D, Cheng YC, Dolan S, Lin C. 2003.
Regulationof photoperiodic floweringby arabidopsis photoreceptors.
Proceedings of the National Academy of Sciences United States of America
100:2140–2145.

Mohamed ES, Belal A, Abd-Elmabod SK, El-Shirbeny MA, Gad A,
Zahran MB. 2021. Smart farming for improving agricultural man-
agement. Egyptian Journal of Remote Sensing and Space Science 24:
971–981.

Mosharafian S, Afzali S, Weaver GM, van Iersel M, Velni JM. 2021. Op-
timal lighting control in greenhouse by incorporating sunlight predic-
tion. Computers and Electronics in Agriculture 188:106300.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/in
s
ilic

o
p
la

n
ts

/a
rtic

le
/6

/1
/d

ia
e
0
0
8
/7

6
8
8
9
0
6
 b

y
 S

c
h
o
o
l o

f H
lth

 &
 R

e
la

te
d
 R

e
s
e
a
rc

h
 (S

c
h
a
rr) u

s
e
r o

n
 0

4
 J

u
ly

 2
0
2
4



Light qualities for plant growth and development • 17

Muneer S, Kim EJ, Park JS, Lee JH. 2014. Influence of green, red and blue
light emittingdiodes onmultiprotein complex proteins andphotosyn-
thetic activity under different light intensities in lettuce leaves (Lac-
tuca sativa L.). International Journal of Molecular Sciences 15:4657–
4670.

Neo DCJ, Ong MMX, Lee YY, Teo EJ, Ong Q, Tanoto H, Xu J, Ong
KS, Suresh V. 2022. Shaping and tuning lighting conditions in con-
trolled environment agriculture: a review. ACS Agricultural Science &
Technology 2:3–16.

Ohtake N, Ishikura M, Suzuki H, Yamori W, Goto E. 2018. Contin-
uous irradiation with alternating red and blue light enhances plant
growth while keeping nutritional quality in lettuce. HortScience 53:
1804–1809.

Olvera-Gonzalez E, Alaniz-Lumbreras D, Ivanov-Tsonchev R, Villa-
Hernández J, Olvera-Olvera C, González-Ramírez E, Araiza-Esquivel
M, Torres-Argüelles V, Castaño V. 2013. Intelligent lighting system
for plant growth and development. Computers and Electronics in Agri-
culture 92:48–53.

O’Shaughnessy SA, Kim M, Lee S, Kim Y, Kim H, Shekailo J. 2021. To-
wards smart farming solutions in the us and South Korea: a compar-
ison of the current status. Geography, Environment, Sustainability 2:
312–327.

Paradiso R, Arena C, Rouphael Y, d’Aquino L, Makris K, Vitaglione P,
De Pascale S. 2019. Growth, photosynthetic activity and tuber quality
of two potato cultivars in controlled environment as affected by light
source. Plant Biosystems 153:725–735.

Pay ML, Christensen J, He F, Roden L, Ahmed H, Foo M. 2022a. An ex-
tended plant circadian clock model for characterising flowering time
under different light quality conditions. In 2022 22nd International
Conference on Control, Automation and Systems (ICCAS), pp. 1848–
1853. IEEE.

PayML,KimDW,SomersDE,Kim JK, FooM. 2022b.Modelling of plant
circadian clock for characterizing hypocotyl growth under different
light quality conditions. in silico Plants 4:diac001.

Pereira J, Mouazen AM, Foo M, Ahmed H. 2021. A framework of ar-
tificial light management for optimal plant development for smart
greenhouse application. PLoS One 16:e0261281.

Piovene C, Orsini F, Bosi S, Sanoubar R, Bregola V, Dinelli G, Gian-
quintoG. 2015.Optimal red: blue ratio in led lighting for nutraceutical
indoor horticulture. Scientia Horticulturae 193:202–208.

Salazar JD, Saithong T, Brown PE, Foreman J, Locke JC, Halliday KJ,
Carré IA, RandDA,Millar AJ. 2009. Prediction of photoperiodic reg-
ulators from quantitative gene circuit models. Cell 139:1170–1179.

Seaton DD, Smith RW, Song YH, MacGregor DR, Stewart K, Steel G,
Foreman J, Penfield S, Imaizumi T, Millar AJ, et al. 2015. Linked cir-
cadian outputs control elongation growth and flowering in response
to photoperiod and temperature.Molecular Systems Biology 11:776.

Sellaro R, Hoecker U, Yanovsky M, Chory J, Casal JJ. 2009. Synergism
of red and blue light in the control of Arabidopsis gene expression and
development. Current Biology 19:1216–1220.

Song YH, Ito S, Imaizumi T. 2010. Similarities in the circadian clock
and photoperiodism in plants. Current Opinion in Plant Biology 13:
594–603.

Spaninks K, Van Lieshout J, Van IeperenW,Offringa R. 2020. Regulation
of early plant development by red and blue light: a comparative anal-
ysis between Arabidopsis thaliana and Solanum lycopersicum. Frontiers
in Plant Science 11:599982.

Stutte GW, Edney S, Skerritt T. 2009. Photoregulation of bioprotectant
content of red leaf lettuce with light-emitting diodes. HortScience 44:
79–82.

Takase T, Nakazawa M, Ishikawa A, Manabe K, Matsui M. 2003. Dfl2,
a new member of the arabidopsis gh3 gene family, is involved in
red light-specific hypocotyl elongation. Plant and Cell Physiology 44:
1071–1080.

United Nation. 2017. The future of food and agriculture: trends
and challenges. https://www.fao.org/policy-support/tools-and-
publications/resources-details/en/c/472484. (4 October 2022).

Vandenbussche F, Verbelen J-P, Van Der Straeten D. 2005. Of light and
length: regulation of hypocotyl growth in Arabidopsis. Bioessays 27:
275–284.

Vaštakaitė V, Viršilė A, Brazaitytė A, Samuolienė G, Jankauskienė J, Sir-
tautas R,NovičkovasA,Dabašinskas L, Sakalauskienė S,Miliauskienė,
J Duchovskis P. 2015. The effect of blue light dosage on growth
and antioxidant properties of microgreens. Sodinink. Daržinink 34:
25–35.

Viršilė A, Miliauskienė J, Haimi PJ, Laužikė K, Samuolienė G.
2020. The comparison of constant and dynamic red and blue
light irradiation effects on red and green leaf lettuce. Agronomy
10:1802.

Walter A, Finger R, Huber R, Buchmann N. 2017. Smart farming is
key to developing sustainable agriculture. Proceedings of the National
Academy of Sciences of the United States of America 114:6148–6150.
doi:10.1073/pnas.1707462114.

WangH,GuM,Cui J, Shi K, Zhou Y, Yu J. 2009. Effects of light quality on
CO2 assimilation, chlorophyll-fluorescence quenching, expression of
calvin cycle genes and carbohydrate accumulation in Cucumis sativus.
J. Photochem. Photobiol. B., 96:30–37.

Watson A, Ghosh S, Williams MJ, Cuddy WS, Simmonds J, Rey M-D,
Asyraf Md Hatta M, Hinchliffe A, Steed A, Reynolds D, et al. 2018.
Speed breeding is a powerful tool to accelerate crop research and
breeding.Nature Plants 4:23–29.

YanZ,HeD,NiuG, ZhouQ,QuY. 2019.Growth, nutritional quality, and
energy use efficiency of hydroponic lettuce as influenced by daily light
integrals exposed to white versus white plus red light-emitting diodes.
HortScience 54:1737–1744.

Yoshida H, Hikosaka S, Goto E, Takasuna H, Kudou T. 2012. Effects of
light quality and light period on flowering of everbearing strawberry
in a closed plant production system. In VII International Symposium
on Light in Horticultural Systems 956, pp. 107–112.

Zhang X, He D, Niu G, Yan Z, Song J. 2018. Effects of environment light-
ing on the growth, photosynthesis, and quality of hydroponic lettuce
in a plant factory. International Journal of Agriculture And Biology 11:
33–40.

Zou T, Huang C, Wu P, Ge L, Xu Y. 2020. Optimization of artificial light
for spinach growth in plant factory based on orthogonal test. Plants
9:490.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/in
s
ilic

o
p
la

n
ts

/a
rtic

le
/6

/1
/d

ia
e
0
0
8
/7

6
8
8
9
0
6
 b

y
 S

c
h
o
o
l o

f H
lth

 &
 R

e
la

te
d
 R

e
s
e
a
rc

h
 (S

c
h
a
rr) u

s
e
r o

n
 0

4
 J

u
ly

 2
0
2
4


	Red, blue or mix: choice of optimal light qualities for enhanced plant growth and development through in silico analysis
	Introduction
	Methods
	Identifying experimental lighting conditions through literature review
	A. thaliana simulation model
	Core plant circadian system
	Photoreceptors
	COP1 interactions
	Hypocotyl pathway
	Flowering pathway

	Plant growth indices
	Days-to-flower calculation
	Hypocotyl length calculation

	Model fidelity
	Light properties for simulation
	Light ratio
	Light intensity
	Photoperiod
	Light order
	Combined light properties

	Results and Discussion
	Effect of only monochromatic blue and red lights
	Effect of light order
	Effect of light ratio and light intensity
	Effect of the order of dark
	Power consumption calculation

	Conclusions
	References


