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Growth and yield of greenhouse
eggplant under extended
photoperiods using light
emitting diodes

Daniel Terlizzese'?, Jason Lanoue?, Celeste Little?,
Sarah St. Louis? Youbin Zheng® and Xiuming Hao*

tSchool of Environmental Sciences, University of Guelph, Guelph, ON, Canada, ?Harrow Research and
Development Centre, Agriculture & Agri-Food Canada, Harrow, ON, Canada

Supplemental lighting can significantly increase production of greenhouse
vegetable crops during seasons of low natural light, but the cost of electricity
to support supplemental lighting often poses a substantial burden on
greenhouse growers. Electrical costs can be mitigated, while maintaining the
same daily light integral (DLI), by decreasing the light intensity and extending the
supplemental photoperiod. We provided greenhouse eggplant (Solanum
melongena) cv. Jaylo with three distinctive supplemental light photoperiods:
16-hour of white light, 20-hour of white light, and 16-hour of white light followed
by 8h of blue light [24-hour continuous lighting (CL)]. Each photoperiod
treatment had a supplemental DLI of 8.64 mol day™ and was compared to an
unlit control group which only had natural light. No significant difference in fruit
yield was found between any of the lit treatments, but supplemental lighting
treatments increased total yield by 124-144% relative to the unlit control. A 20-
hour photoperiod contributed to elevated levels of leaf stress early in the trial,
recorded through dark-adapted and light-adapted chlorophyll fluorescence
metrics, while plants treated with 16-hour of supplemental light achieved the
greatest vegetative biomass. However, leaf stress was not recorded in the 20-
hour treatment plants as the trial progressed, as the natural light DLI rose. Our
data illustrated that a CL strategy resulted in similar yields and comparable plant
growth as other supplemental photoperiods; therefore, we implore greenhouse
eggplant growers to utilize a dynamic 24-hour photoperiod to possibly reduce
the electrical cost of supplemental lighting during the winter.
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biomass allocation, blue light, chlorophyll fluorescence, continuous light, Solanum
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1 Introduction

Vegetable crop yield in greenhouses located in northern high
latitudes is vastly reduced during winter months due to the lack of
sun energy available to plants. The use of electrical lighting to
supplement periods of low natural light during the winter season
has proven to be effective at improving crop growth and yield (Hao
et al., 2018; Lanoue et al., 2018; Olle and Virsile, 2013).
Supplemental lighting has therefore become essential for many
greenhouses to maintain production of fruit and vegetables and
meet the demand of consumers. High-intensity discharge (HID)
and light emitting diodes (LED) are the most popular lighting types
used among high output supplemental lighting fixtures. However,
LEDs are becoming more attractive for horticultural applications
due to their higher photosynthetic photon efficacy (PPE), dynamic
spectral capabilities, and dimmability (Nelson and Bugbee, 2014).

Although supplemental lighting has the potential to increase
crop production, the increased demand for light fixture capital
investment and electricity can account for a large percentage of
greenhouse production costs (van lersel and Gianino, 2017; Watson
et al,, 2018) and may deter greenhouse growers from utilizing
supplemental lights. Therefore, research focused on the optimal
use of supplemental lighting to increase light use efficiency (LUE)
and decrease the light fixture cost and electrical cost for greenhouse
vegetable production is critical.

Longer photoperiods have been proposed as a strategy to
increase LUE and decrease operating costs of supplemental
lighting (Aguirre-Becerra et al., 2020; Weaver et al. 2019). In
general, photosynthetic efficiency (moles of carbon fixed per
photon) decreases as light intensity increases (Aikman, 1989),
thus LUE is greater at lower light intensities (Hirose and Bazzaz,
1998). To maintain the daily light integral (DLI) while decreasing
the light intensity, the photoperiod must be extended. Therefore,
implementing a longer photoperiod with an equivalent DLI may be
able to increase photosynthetic efficiency and LUE, in turn
improving crop growth and production. Previous research has
shown the effectiveness of longer photoperiods to enhance crop
growth using a variety of vegetables (Koontz and Prince, 1986; Soffe
et al, 1977; Weaver and van Iersel, 2020) and strawberry
(Tsuruyama and Shibuya, 2018). However, adjusting a crop’s
photoperiod has variable effects depending on the crop species
and cultivars. Hence, the impact of extended photoperiods on crop
production should be studied on a species-specific basis, even
considering individual cultivar. In certain regions with lower
night electricity rates and monthly electricity delivery charge
based on the electricity usage during the 1 peak hour in the
month (the monthly electricity delivery charge is used for
maintaining and building power grids, which is on the same scale
of costs as electricity itself now, Ieso, 2025), longer supplemental
light photoperiods with lower light intensity can also reduce the cost
of electricity by reducing monthly electricity delivery charge and
utilizing off-peak low-cost electricity during the night (Hao et al,,
2022; Lanoue et al., 2021).

In theory, the greatest light fixture capital reduction, electrical
cost savings, and crop growth benefits of long photoperiods should
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be observed during 24 hours of low intensity light [continuous
lighting (CL)]. Previous research has recorded biomass
enhancement of CL in lettuce (Kitaya et al., 1998; Ohtake et al.,
2018), but CL-associated injury, characterized by interveinal leaf
chlorosis, was observed in many other species including tomato and
eggplant (Velez-Ramirez et al, 2011). Although the underlying
mechanism of CL-injury in fruiting crops is still undetermined,
Lanoue et al. (2019) were able to avoid CL-injury in greenhouse-
grown tomato plants by alternating between red light during the
day (06:00-18:00) and blue light at night (18:00-06:00). This
research suggests that utilizing dynamic CL (i.e., a spectral and/or
light intensity shift between the day and night) may be important
for averting CL-injury and should be confirmed in other crops.

Greenhouse eggplant production is gaining popularity in
northern high latitudes as growers attempt to diversify their crop
portfolio and offset imported produce, especially throughout the
winter. However, supplemental lighting research in greenhouse
vegetable crops has mostly involved common greenhouse species
like tomato, cucumber, and pepper (Demers and Gosselin, 2002).
Some studies have targeted the effects of supplemental light quality
on the biomass production in eggplant (Di et al., 2021; Dieleman
et al, 2021), but a gap exists pertaining to the effects of
supplemental light photoperiod on yield and leaf physiology in
greenhouse-grown eggplant. Therefore, the objectives of this study
were to 1) determine how extended supplemental photoperiods
impact eggplant physiology and yield during the winter and 2)
determine whether dynamic CL is a viable supplemental lighting
strategy for greenhouse eggplant production. We hypothesized that
the use of supplemental lighting will improve eggplant production,
and the extension of supplemental light photoperiod at lower light
intensity will improve light capture by enlarging leaf area and
increasing photosynthetic efficiency. We also expected the use of
blue light at night will avoid CL-associated plant injury.

2 Materials and methods
2.1 Plant material and growth conditions

Eggplant (Solanum melongena) seeds cv. Jaylo were sown on
August 10, 2022, and seedlings were transplanted into rockwool
cubes (Grodan Delta; Grodan, Roermond, Netherlands) on August
29, 2022. The eggplant seedlings were then transplanted onto
rockwool slabs (Grodan Vital) on September 15, 2022, where they
remained for the rest of the trial.

Two main stems from each plant were trained on a ‘V’ high-
wire system at a plant density of 5.12 plants per m* or 11.03 stems
per m*. Adventitious stems (suckers) were pruned to support one
fruit cluster per stem. Plants were drip-irrigated as needed with a
complete nutrient solution [Ontario Ministry of Agriculture, Food
and Rural Affairs (OMAFRA), 2010]. Irrigation setpoints began
with an electrical conductivity (EC) of 2.5 dS m™ and a pH of 5.8.
The EC was increased to 3.0 dS m™' one month after the initiation of
supplemental light treatments to accommodate for the increase in
fruit production. Greenhouse compartment temperature was
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Schematic of supplemental light treatments. Experimental photoperiod treatments are represented by Control, 16-hour, 20-hour, 24-hour. Bars
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FIGURE 1
filled in yellow denote a white light spectrum and bars filled in blue denote a blue light spectrum.
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regulated between 22-25°C during the day and 19-23°C at night via
hot water heat pipes and roof vents. The relative humidity of each
compartment ranged from 60-75%. CO, was sustained at 800 ppm
while the vents were closed and 400 ppm while the vents were open.

2.2 Supplemental light treatments and
greenhouse setup

This trial was performed in two adjacent 50 m? double-layer
polyethylene greenhouse compartments at the Harrow Research
and Development Centre (Agriculture and Agri-Food Canada,
Harrow, ON, Canada; 42.03°N, 82.9°W). The greenhouse
compartments were each divided into four sections using light
abatement curtains (Obscura 9950 FR W; Ludvig Svensson, Kinna,
Sweden) that blocked light transmission between treatments but
allowed for ambient flow of air and moisture. The curtains
remained closed during the night and on cloudy days when the
outdoor radiation was less than 400 W m™ and were opened on
sunny days or when the outdoor radiation was greater than or equal
to 400 W m™.

Four supplemental light treatments were randomly assigned to
each quadrant of the greenhouse compartments. The treatments
consisted of four different supplemental photoperiods: no
supplemental light (control), 16 hours of broad-spectrum white
light (16-hour), 20 hours of broad-spectrum white light (20-hour),
and 16 hours of broad-spectrum white light followed by 8 hours of
narrowband blue light (24-hour) (Figure 1). Broad-spectrum white
light had a spectral composition of 12% blue (400-499 nm), 30%
green (500-599 nm), 56% red (600-699 nm), and 2% far-red (700-
780 nm) (Figure 2A). The blue light mostly consisted of
wavelengths 400-499 nm (Figure 2B).

Excluding the control, each treatment’s supplemental daily light
integral (DLI) was 8.64 mol m™ day™' of photosynthetically active
radiation (PAR). To balance the DLI for all treatments the light
intensities of longer photoperiods were dimmed. The supplemental
PAR provided to each treatment were 153 + 3 umol m™ s (white
light), 121 + 2 umol m™ s™* (white light), and 115 + 3 pmol m™ 5™
(white light) followed by 70 + 2 pmol m™ s* (blue light) for the 16-
hour, 20-hour, and 24-hour treatments, respectively. The 20-hour
and 24-hour treatments will reduce the electricity monthly delivery
charge by 21 and 25%, respectively, in comparison to the 16-hour
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treatment, because monthly electricity delivery charge is based on
the electricity usage during the 1 peak hour in each month (Ieso,
2025). Supplemental light treatments began on November 7, 2022
(53 days after transplanting), using dynamic LED top lights (SF04;
Sollum Technologies Inc., Montreal, QC, Canada). The use of a blue
light during the night was selected because our prior study (Lanoue
et al., 2019) and others (Velez-Ramirez et al., 2017) elucidated that
dim blue light during the night period could reduce or eliminate CL
injury. Average supplemental PAR at the apex of the crop canopy
was measured once per month at night using a line quantum sensor
(LI-191R; LI-COR Biosciences, Lincoln, NE, USA), and the light
fixtures were dimmed to ensure each treatment received the target
intensity of light.
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FIGURE 2
Normalized spectral photon flux density (PFD) distribution (380-780 nm)
of supplemental white light (A) and blue light (B) treatments using Sollum
LED top lights.
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2.3 Plant morphology measurements

Four random plants from each treatment (n=4) were
destructively harvested for morphology measurements 67 and 126
days after the start of light treatments (DAL). Main stem length,
stem diameter, number of leaves, number of nodes, leaf fresh
weight, and stem fresh weight were measured on both main
stems of each sample plant. Total leaf area of each plant was also
recorded using a LI-COR leaf area machine (LI-3100C; LI-COR
Biosciences). Leaves and stems were then dried in a 75°C oven for 7
days when a consistent sample weight was recorded. The dry weight
of stems and leaves was summed as total plant dry mass. The dry
matter weight of leaves and stems was then divided by the fresh
weight of both leaves and stems to calculate stem and leaf water
content. Harvest index was also calculated to estimate the
generative balance of the plants by dividing the average total fruit
yield per main stem by the average fresh weight of each main stem.

2.4 Light response curves and chlorophyll
fluorescence

Leaf light response curves (LRC) [net carbon exchange rate
(NCER) responses to light intensity] were produced within two
days on four occasions: once per month from December 2022 to
March 2023. LRCs were generated from single leaves using a
portable photosynthesis system (LI-6800; LI-COR Biosciences).
Three LRCs were produced per treatment using leaves within the
third node from the apex of the plants. The LI-6800 leaf chamber
conditions were set to the following: CO, of 1000 uL LY, block
temperature of 24°C, relative humidity of 65%, and light intensities
of 1500, 1000, 750, 500, 250, 100, 75, 50, 25, 10, 0 umol m™? s
Before producing each LRC, each leaf was placed into the LI-6800
chamber with a light intensity of 1500 umol m™ s, and the LRC
only began once a steady NCER was observed. While generating the
LRC, measurements were recorded when a steady NCER was
observed at each light intensity. Light-adapted chlorophyll
fluorescence was also measured between each step in light
intensity using a high-intensity flash (6000 pumol m™ s
rectangular flash for 0.8 s). Following the LRC, each leaf was kept
in the dark chamber for an additional 10 minutes, and another
high-intensity flash was used to calculate dark-adapted chlorophyll
fluorescence (F,/F,,). NCER was plotted against light intensity
(PPFD) and fitted to an asymptotic regression model Y= a +
b*e(“*X) using Prism (Version 9.5; Graphpad Software, San
Diego, CA, USA) where Y, X, a, and e represent NCER, PPFD,
light saturated NCER (A,.x), and Euler’s constant, respectively
(Rodriguez-Morrison et al., 2021). The light saturation points (LSP)
were calculated by determining the PPFD within the LRC that
corresponded with 95% of the A,,.. A linear regression was plotted
using the measured NCER at 0, 10, and 25 pmol m~2 s to calculate
light compensation point (LCP) and quantum yield (QY). LCP is
equal to the PPFD at which net-zero NCER (x-intercept) was
achieved. QY is equal to the slope of the line, which is the molar
ratio between net carbon assimilated and photons absorbed (®).
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2.5 Fruit harvest

Eggplant fruit was harvested as “miniature eggplant” and each
fruit was picked when they reached approximately 200 g. The
average fruit weight in each treatment was 201 + 9 g, 204 + 9 g,
197 £ 9 g, and 211 + 9 g in the control, 16-hour, 20-hour, and 24-
hour treatment, respectively. Fruit was bulk harvested three days
per week beginning October 19, 2022. Once light treatments began,
fruit continued to be harvested three times per week, but the yield of
each treatment was separated and weighed accordingly.

2.6 Statistical analysis

Statistical analyses on average total yield plant™, total plant dry
mass, plant morphology, LRC parameters, and Fv/Fm were
performed using R (RStudio, Version 1.4.1717) with a one-way
analysis of variance (ANOVA) followed by Tukey’s multiple
comparisons test with a single pooled variance to assess for
significant (0=0.05) differences among photoperiod treatments.
All data were checked for normality, homogeneity,
and heteroskedasticity.

3 Results
3.1 Fruit yield

All supplemental light treatments significantly increased the
total fruit yield (per stem and yield per m* basis) of winter-grown
eggplant compared to an unlit control group (Figure 3; Table 1).
The 16-hour, 20-hour, and 24-hour supplemental light treatments
increased total eggplant yield by 144%, 124%, and 135% compared
to the unlit control treatment (P<0.05), respectively (Table 1).
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FIGURE 3

Cumulative harvested Solanum melongena (eggplant) cv. Jaylo fruit
weight per main stem of different supplemental light photoperiod
treatments. No supplemental light (control), 16-hour, 20-hour, and
24-hour supplemental light treatments began on November 7, 2022
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TABLE 1 Total yield per main stem or per m? of Solanum melongena (eggplant) cv. Jaylo under different supplemental light photoperiod treatments
recorded between Nov. 27, 2022 - March 8, 2023 (119 DAL).

Light treatment Control 16-Hour 20-Hour 24-Hour
Total Yield per stem (kg stem ™) 0.95 + 0.07° 2.30 + 0.06* 2.12 +0.17% 2.22 +0.08%
Total Yield per m™ (kg m™) 491 + 0.41° 11.66 + 0.67° 10.92 + 0.66° 11.62 + 0.37°

Total yield was averaged across four rows of plants (n = 4) + standard error. Data with the same lowercase letters were not significantly different (p<0.05).

Although the total yields amongst the supplemental light treatment ~ hour and 24-hour treatments. At 126 DAL plants in all treatments

groups were not significantly different (p=0.53), it should be noted ~ had similar stem length and diameter, but the number of leaves, leaf

that some treatments exhibited marginally greater yields at various  area, and leaf fresh weight were greater in the control and 16-hour

periods throughout the production cycle. The plants treated with  treatments (Table 2). Plants in the control had the lowest leaf and

20-hour of supplemental light appeared to have improved yield  stem water contents on both 67 and 126 DAL (Table 2).

between 14-42 DAL with fruit production that subsided for the

remainder of the growth cycle relative to the other lit treatments

(Figure 3). Plants treated with 24-hour of supplemental light appear 3.3 ng ht response curves and CthfOphyll

to have a fruit production trend similar to the 16-hour treatment ~ flUOrescence

(Figure 3). While plants grown under 20-hour of supplemental light

had similar yield throughout the study as both 16-hour and 24-hour The maximum quantum efficiency of PSII photochemistry

plants, yield tended to be lower at the latter periods of productionin  (F,/F,,) is often used to monitor leaf stress through the

the 20-hour treatment. measurement of photo-inhibition. Leaf stress under a particular
environmental factor, in this case photoperiod, corresponds with a
lower F,/F,, value. After measuring dark adapted chlorophyll

3.2 Plant morphology fluorescence early in the study (37 DAT), leaves under the 20-
hour treatment were observed to have the lowest F,/F,, values,

At 67 DAL, the control plants had the lowest total plant dry  indicating the highest amount of stress (Figure 5A). During this

mass, the 16-hour and 24-hour treatments had the greatest total ~ same period, no difference in leaf stress was apparent in the 16-hour

plant dry mass, and the 20-hour treatment contained a total plant  or 24-hour light treatment compared to the no light control. In

dry mass that was non-significant from the control, 16-hour, or 24- subsequent measurements (70-120 DAT), as the natural light

hour treatments (Figure 4A). At 126 DAL, plants grown under the  intensity increasingly played a larger role in overall DLI, no

16-hour treatment had the largest plants compared to plants grown  difference in F,/F,, was observed in leaves (Figures 5B-D).

under the other treatments (Figure 4B). Interestingly, plants grown Figure 6 demonstrates how the plants’ leaves in each treatment
under the no supplemental light control had similar total plant dry ~ physiologically responded to various supplemental light
mass (excluding fruit and root dry matter) as plants from the 20-  photoperiods. It was apparent that the plants’ leaves had more
67 DAL 126 DAL
150

100

50 -

Total Plant Dry Mass (g/stem)

FIGURE 4

Cumulative leaf and stem dry mass per main stem of Solanum melongena (eggplant) cv. Jaylo plants taken 67 days (A) and 126 days (B) after the
start of different supplemental light photoperiods treatments. Control, no supplemental light; 16-hour, 20-hour, and 24-hour indicate the number of
hours per day with supplemental light. Bars represent means + standard error (n = 4). Data bearing the same lowercase letters were not significantly
different within each graph frame (p < 0.05).
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TABLE 2 Plant morphology attributes of Solanum melongena (eggplant) cv. Jaylo plants grown under different supplemental light photoperiods
(Control, no supplemental light; 16-hour, 20-hour, and 24-hour supplemental light).

Time of measurement 67 DAL 126 DAL

Treatment Control 16-Hour  20-Hour 24-Hour Control 16-Hour 20-Hour 24-Hour
Main Stem Length (cm) 1413 £ 73" | 1455+ 3.8° 145.1 + 5.3 1526 £52° | 1869 + 4.1° 192.0 + 45 | 199.6 + 5.3 199.6 + 5.3
Stem Diameter (mm) 6.8 +0.3° 7.5+ 0.5 7.7 £02° 7.3 +0.3° 49 +03° 59 + 0.3 57 +02° 57 +0.3°
Number of Leaves 438 +2.7° 510 + 2.4° 514+ 2.4° 57.9 + 2.9 539 + 33% 553 + 2.3 356+ 2.4° 324 +31°
Number of Nodes 12,0 + 0.4° 12.8 + 0.3 12,6 + 0.3* 13.1 0.3 19.4 +0.4° 206 05 | 21.4+03° 205 + 0.5
Leaf Area (m?) 1124009 | 1.32+0.07° 1.11 + 0.06* 138 £ 0.13* | 1.19 + 0.09° 113+ 0.09° | 0.69+0.09° | 0.6 0.07°
Leaf Fresh Weight (g) 2605 + 23.8° | 340.8 + 209% | 2782 + 153" | 3546 + 34.0° | 266.8 + 222%° | 2949 + 27.4% | 189.8 + 254* | 156.7 + 16.6°
Leaf Dry Weight (g) 26.2 + 2.4° 42.8 +3.4° 345+ 1.7%° 43.7 + 3.5° 393 + 28" 52.3 +3.1% 347 + 3.5 24.9 + 2.6°
Stem Fresh Weight (g) 246.1 +24.4% | 3246 +257°° | 291.4 +19.5%° | 343.7 £253% | 305.4 +23.1% | 399.0 £26.7° | 344.9 + 162% | 346.5 + 14.9°
Stem Dry Weight (g) 306 + 3.0° 462 +3.8° 43.3 + 2.8 50.8 + 4.0° 49.7 +3.9° 67.8 +53° 66.3 + 2.0° 665 + 3.3
Leaf Water Content (%) 10.0 + 0.2° 12,5 + 0.3 12.4 + 0.4 12.4 + 0.4 149 + 0.4° 182 + 0.8 18.8 + 0.6" 15.9 + 0.4
Stem Water Content (%) 124 +02° 142 + 03 14.8 + 0.3* 14.8 +0.2* 163 +0.3° 18.6 + 0.4° 19.3 + 0.5 18.9 + 0.3*
Harvest Index (%) 65.6 + 8.5 1517 £2.2%° | 169.7 + 12.6° | 129.8 + 44" | 1348 + 11.0° | 2742 +7.5° | 3284+ 247% | 365.5 + 12.6°

Data are mean + standard error (n = 4). Data bearing the same lowercase letters were not significantly different within the time of measurement and row (p < 0.05).

distinctive responses to the supplemental photoperiod treatments
during the first set of physiological measurements (Figures 6A, E).
However, as the experiment progressed, the physiological response to
light was similar under all lit treatments (Figure 6). After the first set
of leaf physiology measurements on 37 DAL, the 20-hour treatment
tended to develop leaves with lower net carbon exchange rate
(NCER) and quantum yield of PSII in the light adapted state
(®pgp) at high light intensities (1000-1500 pmol m? st
(Figures 6A, E). Conversely, the 16-hour group tended to develop
leaves with the greatest NCER and @pgy (Figures 6A, E).

Figure 7 represents the parameters related to the light response
curves generated in Figures 6A-D. After 37 DAL the plants treated

with a 16-hour supplemental photoperiod had leaves with the
greatest capacity to assimilate carbon (A,,x), there was no
significant difference between the control and the 20-hour or 24-
hour treatments, but the 24-hour treatment had significantly greater
A nax values compared to the 20-hour treatment (Figure 7A). The
16-hour treatment had leaves with the highest LSP, while the
control and 20-hour groups had leaves with significantly lower
LSPs (Figure 7B). The highest LCP was found within the 20-hour
treated leaves, and QY was not significantly affected by any
treatment (Figures 7C, D). In subsequent measurements, the 24-
hour treatment contained the greatest LSP (Figure 7H) and the 16-
hour treatment group contained the greatest LCP (Figure 7L).

significantly different (p < 0.05).
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FIGURE 5

Dark-adapted chlorophyll fluorescence (Fv/Fm) of leaves of Solanum melongena (eggplant) cv. "Jaylo’ plants grown under different supplemental
light photoperiods (Control, no supplemental light; 16-hour, 20-hour, and 24-hour). Each graph represents measurements repeated 37, 70, 94, and
120 DAL respectively. Bars represent mean + standard error (n = 3). Data bearing the same lowercase letters within each given panel were not
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However, after the first period (37 DAL) of leaf physiology
measurements, no significant difference existed among the lit
treatments between A, and QY (Figures 7B-D, N-P).

4 Discussion

Carbon assimilation, plant biomass, and fruit yield during
winter production of greenhouse vegetables are often limited by
the total amount of light available to the crop. In general,
supplemental lights aid in the growth and yield of the crop by
maintaining a consistently elevated DLI (intensity x photoperiod)
throughout the winter. It is apparent that plants’ LUE decreases as
light intensity increases since the process of assimilating carbon is
less efficient and can demonstrate signs of inefficiency and
potentially damage at elevated light intensities (Fan et al., 2013).
Extending photoperiod at lower light intensity can therefore be used
as an economic lighting strategy to sustain DLI throughout the
winter. However, some crops display signs of injury when the
photoperiod was extended beyond a threshold (Hillman, 1956;
Velez-Ramirez et al.,, 2011). Specifically, eggplant grown under
continuous lighting at 300 pumol m™ s in a growth chamber
showed reduced photosynthetic rates and reduced dark adapted
chlorophyll fluorescence readings indicating injury (Shibaeva
et al., 2024).

The total observed fruit yield from lit treatments (16-hour, 20-
hour, and 24-hour) were 124-144% higher than the non-lit control,
which further proves the effectiveness of supplemental lighting for
winter production of greenhouse vegetables in northern high
latitudes, specifically in eggplant. All lit treatments displayed no
significant differences in total fruit yield, but the 20-hour treatment
tended to yield slightly more fruit early in the trial (14-42 DAL).
Therefore, extending the supplemental photoperiod had no
significant impact on total fruit yield, but a 20-hour photoperiod
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may be utilized to encourage early fruit production. However, the
increase in early production from the 20-hour treatment
corresponded with early signs of plant light stress. Figures 6A, E,
and Figures 7A, E, I, M demonstrate the apparent damage to
photosynthetic machinery within the 20-hour treatment after 37
DAL. The 20-hour treatment produced leaves with the lowest
Amax, the highest LCP, and tended to present lower NCER,
Dpsi, NPQ, and ETR values (Supplementary Figure S1),
especially at higher light intensities. The decreased photosynthetic
efficiency, often correlated with CL-associated injury, was not
observed in the second leaf physiology measurements taken at 70
DAL and could explain why we did not detect a significant
difference in many initial plant morphology measurements at 67
DAL (Matsuda et al., 2014). We did, however, record the greatest
harvest index within the 20-hour treatment group after 67 DAL,
alluding to more generative plants, reflected by increased fruit
production, and slightly decreased vegetative biomass stimulated
by the 20-hour supplemental light treatment. It is important to note
that many Solanaceae species are day-neutral, while some
Solanaceae species flower more rapidly under long or short
photoperiods (Soyk et al., 2017). Therefore, the increased
generative response could be a direct response to the longer white
light photoperiod. However, this increased generative response
could also be indicative of increased light stress; and therefore, an
indirect response to a longer white light photoperiod.

As the control plants received less light compared to the lit
groups, the lower harvest index in the control plants can be
attributed to a reduction in fruit yield rather than an increase in
vegetative biomass. In contrast, the harvest index after 126 DAL was
greatest in the 20-hour and 24-hour treatments, not because there
was an increase in fruit production, but largely due to the
considerable decrease in total plant dry mass. The decreased plant
dry mass among the 20-hour and 24-hour treatments observed late
in the trial (126 DAL) may be indicative of a photoperiod-induced
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letters were not significantly different within each graph frame (p < 0.05).

Light-saturated net carbon exchange rate (An.x) (A=D), light saturation point (LSP) (E-H), light compensation point (LCP) (I-L), and quantum yield
(QY) (M—-P) of leaves within the canopies of Solanum melongena cv. Jaylo plants grown under different supplemental light photoperiods. Each graph
represents measurements repeated 37, 70, 94, and 120 DAL respectively. Bar is mean + standard error (n = 3). Data bearing the same lowercase

response; however, this response is likely unrelated to leaf light
stress, as leaves within all lit treatments tended to display similar
physiological responses to light at 120 DAL (Figure 5D,
Figures 6D, H).

We hypothesized that there would be a greater vegetative
biomass in plants as the supplemental photoperiod increased,
akin to previous research regarding the effects of photoperiod
extension (Koontz and Prince, 1986; Softe et al., 1977; Weaver
and van Iersel, 2020). Specifically, we expected to invoke a shade
avoidance response, observed through greater leaf areas and leaf dry
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weight among the longer photoperiod treatments due to a lower
supplemental PPFD. However, our results did not display a
significant increase in plant biomass beyond the 16-hour
supplemental light photoperiod which is in contrast to results
published by Agrawal et al. (2025). A notable difference between
the two studies is Agrawal et al. (2025) increased the overall DLI by
adding additional light during the night period whereas our DLI
was constant among the 16, 20, and 24-hour treatments. When
normalizing for DLI, the results presented here could be explained
through a variety of species-specific responses to photoperiod. For
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instance, lettuce has shown to increase leaf area and dry biomass
with extended photoperiods (Weaver and van Iersel, 2020) but
during its growth, developing leaves are the only form of sink tissue.
While crops like eggplant and day-neutral strawberry must allocate
carbon to developing leaves, as well as flowers and fruit (Heide,
1977). Therefore, a more complex relationship may exist within
day-neutral crops that prohibits leaf expansion and should be
researched further.

Previous studies have avoided continuous lighting-associated
plant injury by utilizing an alternating spectrum throughout the day
and night lighting (Lanoue et al., 2019; Ohtake et al., 2018), but
plant injury was quantified through plant morphology, LRCs, and
dark-adapted chlorophyll fluorescence. These parameters are useful
but exclude factors pertaining to light-adapted chlorophyll
fluorescence like ®@pgy;, NPQ, and ETR, which may prove to be a
more accurate depiction of leaf stress or damage. Therefore, there
might have been leaf light stress presented in previous studies which
was overlooked due to the plant injury metrics used. In the present
study, we found that alternating between supplemental white light
during the day and blue light at night was able to avoid reductions
in fruit yield while sustaining plant growth similar to the 16-hour
treatment. Although plants did not display damage through
morphological traits, the plants treated with 24-hour of
supplemental light for 37 days exhibited a lower A, and tended
to display lower ®pgj; and ETR values (Supplementary Figure S1),
which signifies some breakdown of photosynthetic machinery. It
should be noted that all plants within the lit treatment groups
acclimated to the extended photoperiods and all negative responses
subsided two months following the induction of supplemental
light treatments.

Dark-adapted chlorophyll fluorescence measurements (i.e., the
measurement of maximum quantum efficiency of PSII) have long
been the standard to assess leaf stress status (Baker, 2008).
Specifically, within photoperiodic research, the measurement of
F,/F,, has been used to identify stress associated with extended
photoperiods (Haque et al., 2015; Lanoue et al., 2019; Velez-
Ramirez et al., 2014). However, recent evidence suggests that the
use of dark-adapted chlorophyll fluorescence may not be the most
appropriate measurement to assess the ability of a leaf to utilize light
within photosynthesis (Lanoue et al., Unpublished/Under Review).
Dark adapted chlorophyll fluorescence measurements assess the
state of PSII under theoretical conditions where all reaction centers
are open. On the other hand, light adapted chlorophyll fluorescence
assesses the ability of PSII to absorb/utilize light when already
exposed to light — more in line with typical daytime conditions. In
Figures 5B, C, F,/F,, is not significantly different between leaves
under all the treatments, indicating that no treatment has increased
stress compared to the no light control. However, it is clear, through
light adapted chlorophyll fluorescence measurements, the operating
efficiency of PSII (Figures 6F, G) was reduced in the control plants
under actinic light level above 100 umol m™ s™. Consequently, the
NCER of leaves under the no light control were reduced above this
light level compared to all leaves exposed to light (Figures 7B, C).

Leaves under only natural light are expected to have no injury/
stress related to the light environment. However, the absence of stress
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indicators does not mean the leaf is optimally primed for
photosynthesis. While the process of photosynthetic acclimation is
complicated, the first step in optimizing photosynthetic efficiency is
adequate light capture. Therefore, exposing leaves to supplemental light
that does not cause injury has primed the photosynthetic machinery of
eggplant leaves to better utilize higher light intensities, ideal for
adapting to naturally fluctuating light environments (Lichtenthaler
et al, 1981). The efficiency of light capture and utilization in the
photosynthetic process is further observed by the lower levels of NPQ
in leaves exposed to supplemental light compared to the control
(Supplementary Figure S1). Taken together, this data shows a
disconnect between dark adapted and light adapted chlorophyll
fluorescence data. Therefore, we caution the sole use of dark-adapted
chlorophyll fluorescence to interpret the stress and photosynthetic
status of leaves. Instead, we believe that coupling dark and light adapted
measurements allows for a better understanding of whether stress is the
cause of photosynthetic/biomass reduction, or if reduced light-use-
efficiency is due to a lack of photosynthetic acclimation.

In practice, the utilization of light-adapted chlorophyll
fluorescence measurements can provide more practical
information than dark-adapted measurements. For example, a
reduction in @pg; could indicate that increasing the light intensity
would not have appreciable gains in photosynthesis (observed as a
reduction in light-use-efficiency) and could ultimately harm the
plant. The disconnect between light- and dark-adapted
measurements observed in this study details this importance. If
dark-adapted measurements were the only ones taken, due to the
similarities between F,/F,, observed later in the study (Figures 5B-
D), a conclusion would be made that plants under all
treatments would react to an increase in light intensity in the
same fashion. However, this was clearly not the case as indicated
by NCER curves (Figures 6B-D) where plants under the control
treatment with no supplemental light struggled to utilize higher
light intensities. This struggle to utilize additional light was only
observed via light-adapted measurements. A light-adapted
measurement can therefore be used as a tool to interpret real-
time feedback from the plant in order to control the supplemental
light intensity. Future research should focus on such bio-feedback
lighting mechanism.

5 Conclusion

In summary, this study highlighted the impact of extended
supplemental light photoperiods on yield, morphology, and leaf
physiology of greenhouse eggplant. The findings in this study
provide evidence to support the use of a dynamic CL strategy for
winter eggplant cultivation in northern high latitudes since no
significant difference was found between the yield or leaf
physiology of plants treated with 16-hour and 24-hour of
supplemental light. Remarkably, all plants treated with
supplemental light exhibited similar yields, and increased total
yield by 124-144% compared to the unlit control. The greatest
level of leaf stress was recorded 37 DAL within the 20-hour group,
but all physiological parameters recovered as time progressed. We
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suggest that future research regarding leaf photosynthetic efficiency
should utilize both dark-adapted and light-adapted fluorescence
metrics for a more precise depiction of plant stress. Future studies
on greenhouse eggplant should also explore the ramifications of
higher DLIs through increasing supplemental light intensity to
possibly achieve greater plant responses.
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electron transport rate (ETR) (E=H) of Solanum melongena (eggplant) cv.
Jaylo leaves under four different supplemental light photoperiod treatments.
Each graph represents measurements repeated 37, 70, 94, and 120 DAL
respectively. Individual data points represent the mean of three replicate
leaves (n = 3) and the error bars represent + standard error. A line is shown
when the regression is significant (p < 0.05).

Demers, D. A, and Gosselin, A. (2002). Growing greenhouse tomato and sweet
pepper under supplemental lighting: optimal photoperiod, negative effects of long
photoperiod and their causes. Acta Hortic. 580, 83-88. doi: 10.17660/
ActaHortic.2002.580.9

Di, Q., Li,J., Du, Y., Wei, M., Shi, Q., Li, Y., et al. (2021). Combination of red and blue
lights improved the growth and development of eggplant (Solanum melongena L.)
seedlings by regulating photosynthesis. J. Plant Growth Regul. 40, 1477-1492.
doi: 10.1007/s00344-020-10211-3

Dieleman, J. A., Kruidhof, H. M., Weerheim, K., and Leiss, K. (2021). LED lighting
strategies affect physiology and resilience to pathogens and pests in eggplant (Solanum
melongena L.). Front. Plant Sci. 11. doi: 10.3389/fpls.2020.610046

Fan, X. X, Xu, Z. G, Liu, X. Y,, Tang, C. M., Wang, L. W,, and Han, X. L. (2013).
Effects of light intensity on the growth and leaf development of young tomato plants

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2025.1737061/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2025.1737061/full#supplementary-material
https://doi.org/10.1134/S1021443724608619
https://doi.org/10.21273/HORTSCI15342-20
https://doi.org/10.1093/jxb/40.8.855
https://doi.org/10.1093/jxb/40.8.855
https://doi.org/10.1146/annurev.arplant.59.032607.092759
https://doi.org/10.17660/ActaHortic.2002.580.9
https://doi.org/10.17660/ActaHortic.2002.580.9
https://doi.org/10.1007/s00344-020-10211-3
https://doi.org/10.3389/fpls.2020.610046
https://doi.org/10.3389/fpls.2025.1737061
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Terlizzese et al.

grown under a combination of red and blue light. Scientia Hortic. 153, 50-55.
doi: 10.1016/j.scienta.2013.01.017

Hao, X., Guo, X,, Lanoue, J., Zhang, Y., Cao, R,, Zheng, J., et al. (2018). A review on
smart application of supplemental lighting in greenhouse fruiting vegetable production.
Acta Hortic. 1227, 499-506. doi: 10.17660/ActaHortic.2018.1227.63

Hao, X,, Lanoue, J., Zheng, J., and Little, C. (2022). Dynamic continuous LED lighting
can reduce light fixture and energy costs and improve energy efficiency in greenhouse
tomato production. Acta Horticulturae., 1377. doi: 10.17660/ActaHortic.2023.1377.39

Haque, M. S,, Kjaer, K. H., Rosengvist, E., and Ottosen, C. O. (2015). Continuous light
increases growth, daily carbon gain, antioxidants, and alters carbohydrate metabolism in a
cultivated and a wild tomato species. Front. Plant Sci. 6. doi: 10.3389/fpls.2015.00522

Heide, O. M. (1977). Photoperiod and temperature interactions in growth and
flowering of strawberry. Physiologia Plantarum 40, 21-26. doi: 10.1111/j.1399-
3054.1977.tb01486.x

Hillman, W. S. (1956). Injury of tomato plants by continuous light and unfavorable
photoperiodic cycles. Am. J. Bot. 43, 89. doi: 10.2307/2438816

Hirose, T., and Bazzaz, F. A. (1998). Trade-off between light- and nitrogen-use
efficiency in canopy photosynthesis. Ann. Bot. 82, 195-202. doi: 10.1006/anbo.1998.0668

Teso (2025). Endependent Electricity System Operator - Power Data. Available online
at: https://www.ieso.ca/power-data (Accessed September 2025).

Kitaya, Y., Niu, G., Kozai, T., and Ohashi, M. (1998). Photosynthetic photon flux,
photoperiod, and CO, concentration affect growth and morphology of lettuce plug
transplants. HortScience 33, 988-991. doi: 10.21273/HORTSCI.33.6.988

Koontz, H. V., and Prince, R. P. (1986). Effect of 16 and 24 hours daily radiation
(light) on lettuce growth. HortScience 21, 123-124. doi: 10.21273/HORTSCI.21.1.123

Lanoue, J., Leonardos, E. D., Khosla, S., Hao, X., and Grodzinski, B. (2018). Effect of
elevated CO, and spectral quality on whole plant gas exchange patterns in tomatoes.
PLoS One 13, €0205861. doi: 10.1371/journal.pone.0205861

Lanoue, J., Zheng, J,, Little, C., Grodzinski, B., and Hao, X. (2021). Continuous light
does not compromise growth and yield in mini-cucumber greenhouse production with
supplemental LED light. Plants. 10, 378. doi: 10.3390/plants10020378

Lanoue, J., Zheng, J., Little, C., Thibodeau, A., Grodzinski, B., and Hao, X. (2019).
Alternating red and blue light-emitting diodes allows for injury-free tomato production
with continuous lighting. Front. Plant Sci. 10. doi: 10.3389/fpls.2019.01114

Lichtenthaler, H. K., Buschmann, C., Déll, M., Fietz, H. J., Bach, T., Kozel, U, et al.
(1981). Photosynthetic activity, chloroplast ultrastructure, and leaf characteristics of
high-light and low-light plants and of sun and shade leaves. Photosynthesis Res. 2, 115-
141. doi: 10.1007/BF00028752

Matsuda, R.,, Ozawa, N., and Fujiwara, K. (2014). Leaf photosynthesis, plant growth, and
carbohydrate accumulation of tomato under different photoperiods and diurnal temperature
differences. Scientia Horticulturae. 179, 150-158. doi: 10.1016/j.scienta.2014.03.014

Nelson, J. A., and Bugbee, B. (2014). Economic analysis of greenhouse lighting: light
emitting diodes vs. high intensity discharge fixtures. PLoS One 9, €99010. doi: 10.1371/
journal.pone.0099010

Frontiers in Plant Science

11

10.3389/fpls.2025.1737061

Ohtake, N., Ishikura, M., Suzuki, H., Yamori, W., and Goto, E. (2018). Continuous
irradiation with alternating red and blue light enhances plant growth while keeping
nutritional quality in lettuce. HortScience 53, 1804-1809. doi: 10.21273/
HORTSCI13469-18

Olle, M., and Virsile, A. (2013). The effects of light-emitting diode lighting on
greenhouse plant growth and quality. Agric. Food Sci. 22, 223-234. doi: 10.23986/
afsci.7897

Rodriguez-Morrison, V., Llewellyn, D., and Zheng, Y. (2021). Cannabis yield,
potency, and leaf photosynthesis respond differently to increasing light levels in an
indoor environment. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.646020

Shibaeva, T. G., Mamaev, A. V., Sherudilo, E. G., Ikkonen, E. N., and Titov., A. F.
(2024). Responses of tomato and eggplant to abnormal light/dark cycles and
continuous lighting. Russian J. Plant Physiol. 71, 12. doi: 10.1134/5S1021443723602951

Soffe, R. W., Lenton, J. R., and Milford, G. F. J. (1977). Effects of photoperiod on
some vegetable species. Ann. Appl. Biol. 85, 411-415. doi: 10.1111/j.1744-
7348.1977.tb01928.x

Soyk, S., Miiller, N. A., Park, S. J., Schmalenbach, I, Jiang, K., Hayama, R., et al.
(2017). Variation in the flowering gene SELF PRUNING 5G promotes day-neutrality
and early yield in tomato. Nat. Genet. 49, 162-168. doi: 10.1038/ng.3733

Tsuruyama, J., and Shibuya, T. (2018). Growth and flowering responses of seed-
propagated strawberry seedlings to different photoperiods in controlled environment
chambers. HortTechnology 28, 453-458. doi: 10.21273/HORTTECH04061-18

van lersel, M. W., and Gianino, D. (2017). An adaptive control approach for light-
emitting diode lights can reduce the energy costs of supplemental lighting in
greenhouses. HortScience 52, 72-77. doi: 10.21273/HORTSCI11385-16

Velez-Ramirez, A. I, Dunner-Planella, G., Vreugdenhil, D., Millenaar, F. F., and van
Ieperen, W. (2017). On the induction of injury in tomato under continuous light:
circadian asynchrony as the main triggering factor. Funct. Plant Biol. 44, 597-611.
doi: 10.1071/FP16285

Velez-Ramirez, A. I, van Ieperen, W., Vreugdenhil, D., and Millenaar, F. F. (2011).
Plants under continuous light. Trends Plant Sci. 16, 310-318. doi: 10.1016/
j-tplants.2011.02.003

Velez-Ramirez, A. I, van Ieperen, W., Vreugdenhil, D., van Poppel, P. M. J. A,,
Heuvelink, E., and Millenaar, F. F. (2014). A single locus confers tolerance to
continuous light and allows substantial yield increase in tomato. Nat. Commun. 5,
4549. doi: 10.1038/ncomms5549

Watson, R. T., Boudreau, M., and van Iersel, M. W. (2018). Simulation of greenhouse
energy use: an application of energy informatics. Energy Inf. 1, 1-14. doi: 10.1007/
$42162-018-0005-7

Weaver, G. M., van Iersel, M. W, and Velni, J. M. (2019). A photochemistry-based
method for optimising greenhouse supplemental light intensity. Biosystems
Engineering. 182, 123-137. doi: 10.1016/j.biosystemseng.2019.03.008

Weaver, G. M., and van Iersel, M. W. (2020). Longer photoperiods with adaptive

lighting control can improve growth of greenhouse-grown ‘little gem’ lettuce (Lactuca
sativa). HortScience 55, 573-580. doi: 10.21273/HORTSCI14721-19

frontiersin.org


https://doi.org/10.1016/j.scienta.2013.01.017
https://doi.org/10.17660/ActaHortic.2018.1227.63
https://doi.org/10.17660/ActaHortic.2023.1377.39
https://doi.org/10.3389/fpls.2015.00522
https://doi.org/10.1111/j.1399-3054.1977.tb01486.x
https://doi.org/10.1111/j.1399-3054.1977.tb01486.x
https://doi.org/10.2307/2438816
https://doi.org/10.1006/anbo.1998.0668
https://www.ieso.ca/power-data
https://doi.org/10.21273/HORTSCI.33.6.988
https://doi.org/10.21273/HORTSCI.21.1.123
https://doi.org/10.1371/journal.pone.0205861
https://doi.org/10.3390/plants10020378
https://doi.org/10.3389/fpls.2019.01114
https://doi.org/10.1007/BF00028752
https://doi.org/10.1016/j.scienta.2014.03.014
https://doi.org/10.1371/journal.pone.0099010
https://doi.org/10.1371/journal.pone.0099010
https://doi.org/10.21273/HORTSCI13469-18
https://doi.org/10.21273/HORTSCI13469-18
https://doi.org/10.23986/afsci.7897
https://doi.org/10.23986/afsci.7897
https://doi.org/10.3389/fpls.2021.646020
https://doi.org/10.1134/S1021443723602951
https://doi.org/10.1111/j.1744-7348.1977.tb01928.x
https://doi.org/10.1111/j.1744-7348.1977.tb01928.x
https://doi.org/10.1038/ng.3733
https://doi.org/10.21273/HORTTECH04061-18
https://doi.org/10.21273/HORTSCI11385-16
https://doi.org/10.1071/FP16285
https://doi.org/10.1016/j.tplants.2011.02.003
https://doi.org/10.1016/j.tplants.2011.02.003
https://doi.org/10.1038/ncomms5549
https://doi.org/10.1007/s42162-018-0005-7
https://doi.org/10.1007/s42162-018-0005-7
https://doi.org/10.1016/j.biosystemseng.2019.03.008
https://doi.org/10.21273/HORTSCI14721-19
https://doi.org/10.3389/fpls.2025.1737061
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Growth and yield of greenhouse eggplant under extended photoperiods using light emitting diodes
	1 Introduction
	2 Materials and methods
	2.1 Plant material and growth conditions
	2.2 Supplemental light treatments and greenhouse setup
	2.3 Plant morphology measurements
	2.4 Light response curves and chlorophyll fluorescence
	2.5 Fruit harvest
	2.6 Statistical analysis

	3 Results
	3.1 Fruit yield
	3.2 Plant morphology
	3.3 Light response curves and chlorophyll fluorescence

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


