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Abstract. Plant factories with precise control systems create a stable microenvironment,
making them essential for cultivating stronger, more uniform seedlings needed for high-
quality production. Among the various factors influencing seedling quality, planting den-
sity plays a critical role as a key management practice. To explore this relationship, the
combined effects of cultivation facilities and planting densities on tomato (Solanum Ilyco-
persicum L.) seedlings were investigated in this study. Two facilities were compared: a
plant factory with artificial light (PFAL) and a glasshouse with natural light (GHNL).
The results revealed that the specific leaf area, health index, ratio of dry weight to fresh
weight, and radiation use efficiency (RUE) were predominantly affected by planting den-
sity, whereas plant height, leaf area, chlorophyll content, and epicotyl and hypocotyl
lengths were mainly influenced by the cultivation facilities. The stem diameter was mini-
mally affected by these conditions. The epicotyl and hypocotyl lengths were significantly
greater in the GHNL, while the stem diameter remained unchanged. Seedlings grown in
the GHNL had a higher fresh weight, but similar dry weight compared with those grown
in the PFAL, with the lowest leaf-to-stem weight ratio observed in the GHNL for both
fresh and dry weights. Among treatments, natural light with low planting density
(NL, 80 seedlings per tray) produced the highest dry weight, whereas artificial light
with high planting density (AH, 240 seedlings per tray) resulted in the lowest. Both
the health index and the ratio of dry weight to fresh weight were enhanced with low
planting density. The PFAL significantly increased the chlorophyll and carotenoid lev-
els. Furthermore, the RUE of seedlings with high planting density was significantly
greater than seedlings with low planting density. The combination of a higher planting
density and the PFAL appears to offer certain benefits for seedling production, including
graft suitability and production costs.

With the rapid development of urbaniza-
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tion, modern cities have reduced agricultural
land area and introduced new demands for
agriculture, with a particularly significant in-
crease in the year-round demand for fresh
produce such as vegetables (Kil et al. 2023).
However, traditional agricultural practices of-
ten struggle to provide a stable supply
throughout the year, especially during winter.
As a result, intensive and efficient modern
agricultural production has become an inevi-
table trend (Lambin and Meyfroidt 2011).
Among various vegetables, tomatoes are one

of the most popular worldwide. According to
FAOSTAT data, the cultivated area of toma-
toes (Solanum lycopersicum L.) globally
reached 5,412,458 ha in 2023, representing
an increase of 168,357 ha compared with the
previous year (https://www.fao.org/faostat).
As the cultivated area expands, traditional
open-field cultivation faces increasing chal-
lenges in providing sufficient high-quality
seedlings consistently, which poses new chal-
lenges for modern agriculture.

At the same time, global climate change
has become increasingly evident, character-
ized by rising temperatures and reduced pre-
cipitation, which have complex effects on
tomato growth. On the one hand, higher tem-
peratures may accelerate the growth rate of
tomatoes; on the other hand, this acceleration
is often accompanied by reduced yields and
decreased efficiency in water and nitrogen uti-
lization (Cammarano et al. 2020). In seedling
production, temperature is one of the critical
environmental factors affecting growth
(Niu et al. 2022). Studies have shown that
high temperatures reduce photosynthetic
performance, decrease chlorophyll content,
and accelerate leaf senescence (Twala et al.
2022). Furthermore, urbanization exacer-
bates the “urban heat island effect,” where
reduced vegetative cover in and around cities
leads to more severe and frequent combined
stress from drought and heat (Hao et al.
2018). This phenomenon, along with its de-
rived effects such as heat stress and water defi-
cit, severely impairs the normal growth of
tomato seedlings and leads to problems such
as overgrowth, weak root systems, and high
mortality rates, which are three primary ob-
stacles to tomato seedling production (Bae
et al. 2024; Kabano et al. 2021). In recent
years, the highest daily temperature in summer
in Shanghai often exceeded 40 °C, which is a
great challenge for seedling cultivation. The
seedlings grown in traditional greenhouses re-
duced biomass accumulation due to excessive
respiration from high temperature and high
light intensity, eventually leading to a decrease
in yield and quality (Bae et al. 2024). Tradi-
tional greenhouses consume a lot of energy in
summer temperature control, which was obvi-
ously against sustainable agricultural production
(Ahmadbeyki et al. 2023). Therefore, in modern
agriculture, localized climate control is essential
to create optimal growing conditions for crops.
The plant factory with artificial light (PFAL)
can shield the external environment, which can
greatly reduce the temperature control pressure
during summer seedling cultivation.

Plant factories are enclosed or semi-en-
closed cultivation systems that rely on artifi-
cial control to minimize dependence on
natural conditions. These systems achieve re-
source and energy efficiency by recycling
water and fertilizers (Montero et al. 2017;
Parada et al. 2021), using artificial lighting,
and supplementing carbon dioxide (Dannehl
et al. 2012; Du et al. 2023). Such features are
difficult to achieve in conventional agricul-
ture (Kikuchi et al. 2018; Li et al. 2020;
Liu et al. 2016). In recent years, plant
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factories have become important in the field
of plant production, offering more advantages
in the field of seedling cultivation. Plant facto-
ries use advanced monitoring and regulation
systems to maintain optimal growing condi-
tions (Liu et al. 2021). For grafted plants,
these systems provide a controlled environ-
ment that facilitates healing and recovery
(Lang et al. 2020). Light-emitting diodes
(LEDs) are widely used in plant factories
given their high photo-electric conversion effi-
ciency, adjustability, and compact size (Yeh
and Chung 2009). Positioned directly above
seedlings, LEDs provide consistent light that
promotes uniform growth (Balazs et al. 2023).
However, plant factories still lack optimal
control strategies tailored to specific crops,
which limits their ability to maximize effi-
ciency (Xu et al. 2021). By combining vertical
planting, resource recycling, and heat manage-
ment, plant factories enhance resource use
efficiency and reduce their environmental
impact (Kikuchi et al. 2018). Moreover,
their integration with advanced technologies
contributes to urban economic and techno-
logical development (Jaeger 2024; Liaros
et al. 2016; Van Delden et al. 2021). Graft-
ing is a very important technique in tomato
production, which helps to improve water
and nutrient uptake and virus resistance
(Duan et al. 2024; Morais et al. 2024; Zhou
et al. 2022). The PFAL can control the envi-
ronmental conditions as the requirements of
seedlings for grafting to enhance the recovery of
grafted seedlings in modern agriculture (Dong
et al. 2015). Studies have shown that PFAL has
positive effects on the survival rate and energy
use efficiency of tomato grafted seedlings
(Zheng et al. 2021), so PFAL plays a key role in
producing high-quality seedlings that need graft-
ing. In this process, electricity consumption for
illumination and temperature control was an im-
portant part of the cost and the primary barrier
to achieving sustainability (Ahamed et al. 2023;
Dauchot et al. 2024). These unique advantages
of PFAL can solve the obstacles of traditional
greenhouse summer seedlings productions
and achieve energy-efficient and cheaper
sustainable production. The multilayer struc-
ture of a plant factory increases the number
of plants per unit area, improves the yield per
unit area, and solves the reduction of agricul-
tural land due to urbanization. As a hallmark
of modern agriculture, plant factories offer
significant development potential.

Planting density significantly affects light
interception and competition among plants.
Research has shown that planting density influ-
ences seedling quality (Wang et al. 2019) but
has minimal effect on fruit yield (Rodriguez
et al. 2007). Lower planting densities can in-
crease the biomass and leaf area of individual
seedlings (Yasutake et al. 2014). In addition, as
planting density decreases, the nitrogen content
in plants increases while evapotranspiration de-
creases, leading to greater biomass accumula-
tion (Bates et al. 2019). However, high
planting densities often reduce the production
of secondary metabolites (Sandhu et al. 2021).
Different plant species display varying degrees
of sensitivity to planting density (Li et al.
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2024; Lichtenthaler et al. 2007; Qiu et al.
2013). For tomatoes grown in greenhouses, to-
tal yield increases with plant density up to a
certain limit, while yield per plant decreases
slightly (Katsoulas et al. 2015; Lichtenthaler
et al. 2007). Intensive high-density cultivation
has become essential in modern agriculture to
meet production demands and conserve land
resources, consistent with the goal of increas-
ing production per unit area through multi-
layer structures. However, most studies on
planting density have focused on open-field
conditions, with limited attention paid to its
effects in plant factories.

Plant factories are important for the pro-
duction of high-quality seedlings under the
impact of global climate change and civiliza-
tion. Although there is some research on to-
matoes, most studies have focused on the
reproduction period or fruit production. Stud-
ies have rarely focused on the interaction
between cultivation facilities and planting
density, which both affect seedling quality
and subsequent production. As previously
mentioned, planting density significantly in-
fluences plant growth and production costs
by affecting the land area used for cultivation.
The plant factory reduces environmental
costs and improves land use efficiency. Con-
sequently, it is essential to investigate the
combined impact of planting density and
plant factory on seedling development to op-
timize seedling production. However, studies
on the influence of planting density on seed-
ling rearing in plant factories are limited.
Therefore, this study focused on the interaction
between cultivation facilities and planting den-
sity, as well as the influence of these two fac-
tors on the growth characteristics of tomato
seedlings, in order to provide a theoretical basis
for improving plant factory seedling cultiva-
tion. This research can enrich the related theo-
ries of plant factory seedling rearing, guide
production practice, improve the production ef-
ficiency and quality of summer tomato seedling
rearing, and promote the sustainable develop-
ment of agricultural production.

Materials and Methods

Plant material, growing conditions, and
treatments. The experiment was conducted in
a solar glasshouse and a PFAL at the Shang-
hai Youyou Agricultural Technology Co.,

Ltd. in Chongming District, Shanghai, China
(E 121°51/, N 31°34").

The hybrid tomato cultivar Saopolo (Sola-
num lycopersicum L.), a high-quality cherry
tomato variety, was used in the present re-
search. Seeds were sown in 240-hole plug
trays (length x width x height = 59 cm X
40.5 cm x 4.8 cm) filled with rock wool (a
cylinder with 20 mm diameter and 27 mm
height) in Aug 2024, then saturated with
nutrient solution, and covered with ver-
miculite. The seeds germinated in a germi-
nation chamber and the daily temperature
range was controlled to be 25.5 £ 1.5°C,
and the relative humidity was 100%. After
germination, the seedlings were transferred to
a PFAL (Shanghai Sansi Electronic Engineer-
ing Co., Ltd.,, Shanghai, China). The LED
light tubes had a length of 121.4 cm and a di-
ameter of 3 cm, 25 cm above the tray, each
layer had 12 LED light tubes with 20-cm
interval (Fig. 1A). The environmental con-
ditions in the plant factory were set as fol-
lows: temperatures of 24 to 27°C, 24-h
average temperature of 25.5°C, relative
humidity of 70% to 90%, illumination of
190 pmol'm~>s~" photosynthetic photon
flux density (PPFD) for 12 h daily before the
first true leaf expanded. Once the first true leaf
unfolded, the illumination was adjusted to
230 wmol'm 2s~! PPFD for 12 h daily.
The LED lighting situation is shown in
Fig. 2. The illumination parameters at the plant
canopy were measured using a broadband
spectroradiometer (specbos 1211, JETI Tech-
nische Instrumente GmbH, Jena, Germany)
and temperature data were recorded with data
loggers DL-W111 (HangZhouGsome Tech-
nology Co., Ltd., Hangzhou, China). The en-
vironmental parameters of the glasshouse
were recorded using the greenhouse manage-
ment system Priva (Priva, Zijlweg 3, De Lier,
Netherlands). Information on electricity con-
sumption was obtained from the partitioned
independent electricity meters, and the differ-
ence between the meter readings on the day
of the start and end of the experiment was the
electricity consumption of a certain area.

Half of the seedlings were transferred to a
GHNL. The environmental conditions in the
glasshouse were as follows: a temperature of
20 to 42°C, a 24-h average temperature of
27°C, relative humidity of 70% to 90%, and

Fig. 1. Tomato seedlings grown in the plant factory with artificial light (A) and glasshouse with natural

light (B).
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Fig. 2. The spectral relative light intensity composition of the light-emitting diode tube in the plant fac-
tory with artificial light measured at the height in the middle of the plant canopy.

light conditions representative of eastern
China in August (Fig. 3). When the cooling
system was not able to reduce the temperature
for adequate tomato seedling growth (very high
outside temperature, almost reaching 40°C in
extreme weather), shading curtains were used.
Under these conditions, the greenhouse illumi-
nation was ~500 to 700 pumolmfz-s*1 PPFD,
and the shading curtains were closed between
10:00 AM and 3:00 PM as necessary on sunny
days. Solar radiation in the glasshouse was
measured in horizontal level at the height of the
plant canopy using the LI-250A light meter
(LI-COR Biosciences, Lincoln, NE, USA). In
both the PFAL and GHNL, trays were irri-
gated daily using a commercial nutrient solu-
tion (composition of nutrient solution stock
solution: Ca(NO5),-4H,0, 175 g'L™"; EDTA-
Fe, 1.5 g¢'L™!; KNO;, 55 g'L™!; KH,PO,,
25 gL K,804, 10 gL' MgS0,-7H,0,
60 g'L™'; MnSO4-H,0, 180 mg-L™"; ZnSO,
“7TH,0, 125 mgL™'; Na,B40;10H,0,

240 mg-L~'; CuSO45H,0, 25 mgL~!;
Na,Mo0O42H,0, 15 mg-Lfl, when using,
diluted with water to EC 0.8 dS'm™" be-
fore the first true leaf opening, then upgraded
to 1.5 dS'm~" until the end of the experi-
ment). The experimental protocol was based
on the factorial combination of two facility
types (PFAL and GHNL) and two seedling
densities (high planting density at 240 seed-
lings per tray with ~1000 seedlings/m> and
low planting density at 80 seedlings per tray
with ~333 seedlings/m?). The planting den-
sity was consistent with the typical commer-
cial practices in this area. A treatment design
was used that included three replicates.
Morphological and physiological parame-
ter measurements. Five samples were selected
from the three replicates, and the remaining
five samples were measured after the larger
and smaller ones were removed. Morphologi-
cal parameters including plant height, stem di-
ameter, and the length and width of every leaf

were measured daily using nondestructive
methods after the first true leaf had expanded
and the second leaf had appeared on some
plants (Katsoulas et al. 2015). The plant height
of the shoots was measured from the base of
the stem to the peak of the plants, and the
stem diameter was measured at 10 mm below
the cotyledons. The leaf length was measured
from the petiole base to the tip of terminal
leaflets, and the distance between two points
perpendicular to the blade axis was regarded
as the leaf width. When counting leaves, a
threshold of 5 mm in unfolded leaf width was
used. Seedlings were destructively sampled to
measure the leaf area and fresh and dry
weights. Seedlings’ leaves were flattened with
a clear glass plate, and photos were taken ver-
tically. The photographs were processed and
analyzed using ImagelJ to obtain leaf area data.
The fresh weight and dry weight of leaves
and stems were measured using an elec-
tronic balance.

The specific leaf area (SLA) was deter-
mined using the following equation:

Leaf area (cm™2)

SLA= ——M——~—
Leaf dry weight (g)

(1]
The health index was determined using
the following equation (Ding et al. 2023):

Stem diameter (mm)

Health index=
catfuindex Plant height (mm)

x Dry weight (g) [2]

The RUE was determined using the fol-
lowing equation (Larsen et al. 2020):

RUE =

(GP; — GPy) x Planting density (plants/m?)
2. _oR; (mol-m~2)

s

(3]

where GP; is the growth parameter on day i,
such as plant height on day i, GP is the
growth parameter on day 0, R; is cumulative
radiation from day 1 to day i.
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Fig. 3. Temperature (A) and radiation (B) in the glasshouse with natural light (GHNL) and plant factory with artificial light (PFAL) during the seedling stage.

PAR = photosynthetically active radiation.
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Pigment measurements. Chlorophyll and
carotenoid contents were measured using the
absorbance method. Briefly, 0.1 g of the larg-
est leaf without veins was taken and its area
was measured. Shredded leaf samples were
stored in ethyl alcohol (95%) and kept in the
dark until they were completely discolored.
The ethanol solutions were filtered into a vol-
umetric bottle, and the volume was increased
to 25 mL. Absorbance was measured at 470,
649, and 665 nm to measure the chlorophyll
a, chlorophyll b, and carotenoid contents, re-
spectively. The chlorophyll a, chlorophyll b,
and carotenoid contents were calculated using
the equations below:

Ca: 13‘95A665 — 6.88A649 [4]
Cb=24.96A649 - 7.32A655 [5]
_1000A479 — 2.05C, — 114.8Cy [6]

245

Cx VXN
Cn=—g

where C,, C,, and C. are concentrations
(mg-L™") of chlorophyll a, chlorophyll b, and
carotenoid in the extract, respectively, and
A665, A649, and A470 are absorbances at 665,
649, and 470 nm wavelength, respectively. Cps
is the content (pg-cm™2) of certain pigment per
unit area of leaves, C is the concentration of
pigment in the extract, V is the volume (mL)
of extract, N is the dilution ratio, and S is the
area (cm?) of the sample.

Statistical analysis. The results were sta-
tistically analyzed using analysis of variance
with SPSS software version 19.0 (SPSS Inc.,
Chicago, IL, USA), and differences between
means were tested using Duncan’s multiple
range test (P < 0.05). Data are represented as
the means + standard deviation (n = 5 repli-
cates). All graphs were generated using Origin
2018 (OriginLab Corporation, Northampton,
MA, USA).

Ce

) (7]

Results

Temperature and radiation parameters.
Temperature and radiation are important fac-
tors affecting plant growth. In this study, data
for both factors were recorded in 5-min incre-
ments using sensors at the same height as the
seedling. As shown in Fig. 3, temperature
and radiation both had a larger variation
range in the GHNL than the PFAL. Ex-
tremely elevated temperatures above 40°C
were also observed in the GHNL in a narrow
time window from 11:00 AM to 1:00 PM
when vertical sunlight was dominant. The
temperature and radiation were not always
synchronous and acutely changed due to var-
iations in weather and glasshouse conditions.
The PFAL data were relatively stable. The
temperature was consistently around 25 °C,
and the radiation was almost consistent dur-
ing the daytime (Fig. 3). The radiation in the
GHNL was significantly higher than that in
the PFAL. After 10:00 AM, the curtains were
closed to avoid the high temperature caused
by the excessive light intensity in the green-
house, so the radiation intensity suddenly de-
creased after this point. The illumination
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period that can satisfy seedling growth, was
similar in both the GHNL and PFAL, ~12
h, with the GHNL exhibiting significantly
higher radiation intensity compared with
the PFAL (Fig. 3B).

Morphology and growth characteristics.
To evaluate the effects of different cultiva-
tion facilities and different planting densi-
ties on the morphology of tomato seedlings,
we photographed seedlings 10 d after treat-
ment. The differences were comprehen-
sively displayed from horizontal- and top-
view perspectives. As shown in Fig. 4,
planting density had different effects on
seedlings in different cultivation facilities.
In addition, the stems and leaves of seed-
lings grown in the GHNL were a lighter
green than those of seedlings grown in the
PFAL. Although the relationship between
planting density and seedling growth in the
PFAL was not readily apparent, seedlings
grown in the GHNL under low planting
density exhibited larger leaves and stronger
shoots compared with those grown under
high planting density (Fig. 4).

As shown in Fig. 5, the leaf area was
mainly affected by growing conditions,
whereas the SLA was mainly affected by
planting density. Plant height in the PFAL
was relatively unaffected by planting density,
whereas seedlings in the GHNL exhibited
large differences between planting densities.
However, the stem diameter remained similar
regardless of growing conditions and planting
densities. Specifically, plant heights of seed-
lings grown under NH and natural light (NL)
conditions increased by more than 95% and
45%, respectively, compared with those
grown in the PFAL. High planting density
in the GHNL resulted in taller seedlings
(Fig. SA). The average daily growth rates
of plant height over the whole cycle for
NH, NL, AH, and artificial light (AL)
were 13.89 + 0.53 mm/d, 9.5 + 0.59 mm/d,
5.63 + 0.33 mm/d, and 5.87 + 0.26 mm/d, re-
spectively. The difference in stem diameter
was not obvious among the four treatments
(Fig. 5B). Overall, a linear increase in plant
height and stem diameter was noted regard-
less of treatment (Fig. SA and B). The
characteristics of leaf area and SLA are
presented in Fig. 5C and D, seedlings
grown in the GHNL exhibited larger leaf
areas compared with those grown in the
PFAL (Fig. 5C). Exponential growth was
shown in the leaf area growth process
(Fig. 5C). The SLA demonstrated character-
istics dependent on planting density rather
than environmental conditions (Fig. 5D).
Specifically, the SLA of seedlings at high
planting density on 10 DAT (days after
treatment) was similar to that before treat-
ment. In contrast, seedlings grown at low
planting density exhibited a general trend
with a greater than 20% reduction in SLA
over the same period (Fig. 5D). In sum-
mary, the cultivation facilities had distinct ef-
fects on different morphological and growth
parameters of the seedlings, and the influ-
ence of planting density on plant height

e LT
2 £,

—

Fig. 4. Photographs of tomato seedlings grown in
the plant factory with artificial light (PFNL) and
glasshouse with natural light (GHNL). Photo-
graph showing 10 d after treatment. AH =
PFAL with high planting density; AL = PFAL
with low planting density; NH = GHNL with

high planting density; NL = GHNL with low
planting density.

was strongly dependent on the cultivation
facilities.

Epicotyl and hypocotyl lengths and diame-
ters. The epicotyl and hypocotyl are critical
regions for grafting; thus, we studied the ef-
fects of different growing conditions and den-
sities on the embryonic axis. Differences
between the epicotyl and hypocotyl shown in
Fig. 6 indicate that the cultivation facilities
and density significantly affect epicotyl diam-
eter but not hypocotyls. In terms of embry-
onic axis length, seedlings in the PFAL were
more similar, while those grown in the
GHNL were more affected by planting den-
sity (Fig. 6). Although the hypocotyl diame-
ters did not significantly differ under the four
environmental conditions, the epicotyl diame-
ter exhibited directional characteristics such
that a lower planting density and solar glass-
house conditions both thickened the epicotyl
(Fig. 6A). Interestingly, the epicotyl diameter
of seedlings in the PFAL was thinner than the
corresponding hypocotyl diameter, whereas it
was similar to seedlings grown in the GHNL
(Fig. 6A). Regarding stem length, seedlings
grown in the PFAL showed consistency irre-
spective of planting density, whereas signifi-
cant differences were observed in seedlings
grown in GHNL (Fig. 6B). The epicotyl
length, hypocotyl length, and plant height of
NH were all significantly greater than the
others (Fig. 6B). In addition, all stem seg-
ments of seedlings grown in the GHNL were
longer than those of seedlings grown in the
PFAL (Fig. 6B). The length of the epicotyl is
markedly shorter than that of the hypocotyl,
with the exception of NH, which exhibits a
nearly equivalent length (Fig. 6B). In conclu-
sion, the cultivation facilities significantly in-
fluenced epicotyl diameter but not hypocotyl
diameter. Furthermore, the PFAL demon-
strated a positive effect in maintaining consis-
tent epicotyl and hypocotyl lengths across
different planting densities.

Biomass and health index. Fresh and dry
weights, along with their distribution, are im-
portant indicators of seedling quality. Both
the cultivation facilities and planting density
significantly affected dry and fresh weights,
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Fig. 5. Plant height (A), stem diameter (B), leaf area (C), and specific leaf area (D) of the seedlings over time. DAT = days after treatment; AH = plant fac-
tory with artificial light (PFAL) with high planting density; AL = PFAL with low planting density; NH = glasshouse with natural light (GHNL) with
high planting density; NL = GHNL with low planting density. Vertical bars represent standard deviations.

as well as biomass allocation. In terms of
shoot fresh weight, seedlings grown in the
PFAL exhibited significantly lower values
than those grown in the GHNL. High plant-
ing density significantly inhibited the fresh
weight of seedling shoots in the PFAL. This
was also reflected in the fresh weight of
leaves (Fig. 7A). The fresh weight of seedling
stems in the GHNL exhibited a significant in-
crease compared with seedlings grown in the
PFAL (Fig. 7A). Regarding dry weight, seed-
lings grown under AL and NH conditions ex-
hibited similar shoot dry weight, but the stem
dry weight of seedlings grown under NH
conditions significantly increased compared
with seedlings grown under AL conditions
(Fig. 7B). The total shoot dry weight of seed-
lings grown under NL conditions exhibited a
remarkable increase among the four treat-
ments (Fig. 7B). Seedlings grown in the
PFAL had the highest leaf-to-stem ratios for
both fresh and dry weights, whereas those
grown under NH conditions had the lowest
leaf-to-stem ratio (Fig. 7). In summary,
GHNL and low planting density promoted
biomass accumulation, whereas PFAL in-
creased the leaf-to-stem ratio for both fresh
and dry weights. Notably, the ratio of dry
weight to fresh weight in seedlings grown at
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low planting density exceeded 10%, whereas
the ratio of dry weight to fresh weight of
seedlings grown at high planting density
were lower than 10% (Fig. 8). In addition,
the health index of seedlings grown at low
planting density was significantly higher
than that of seedlings grown at high plant-
ing density, with similar values observed
for both greenhouse and plant factory con-
ditions (Fig. 8). These results indicated that
the cultivation facilities and planting den-
sity both affect the biomass distribution and
water content in the leaf and stem. The ap-
plication of the PFAL enhanced the ratio of
leaf biomass to stem biomass, whereas low
planting density improved the ratio of dry
weight to fresh weight.

Chlorophyll and  carotenoid content.
Based on actual observations as well as pho-
tographs shown in Fig. 4, we observed a large
variation in seedling color. Significant inter-
actions were observed between chlorophyll
and carotenoid content and cultivation condi-
tions by measuring the content of pigments.
The chlorophyll and carotenoid contents
were only related to the cultivation facilities.
The seedlings grown in the PFAL had signifi-
cantly higher chlorophyll and carotenoid lev-
els, and these levels were independent of

planting density (Fig. 9A). Low planting den-
sity increased the ratio of chlorophyll a/b in
plants grown in both the PFAL and GHNL
and seedlings grown in the PFAL had a sig-
nificantly higher ratio of total chlorophyll
content to carotenoid content compared with
those grown in the GHNL (Fig. 9B). The re-
sults indicated that the seedlings cultivated in
the PFAL had higher chlorophyll and carot-
enoid levels.

RUE of tomato seedlings. To evaluate
RUE, the increase in specific parameters per
unit of radiation was calculated. The results
are presented in Table 1. Although certain
morphological and physiological parameters
of seedlings grown in the GHNL were signif-
icantly increased, the RUE characteristics ex-
hibited an opposite situation due to the low
radiation of the PFAL. In general, the high-
density planting group exhibited higher RUE.
The AH demonstrated superior RUE across
most parameters, except for plant height.
Specifically, the efficiency of plant height in
the NH was significantly higher than that of
other treatments. Although no significant
difference was observed in the light utiliza-
tion efficiency of fresh weight between the
AH and NH groups, the dry weight effi-
ciency in the AH group was significantly
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Fig. 6. Epicotyl and hypocotyl diameter (A) and length (B) of stems of seedlings grown under different
cultivation facilities. AH = plant factory with artificial light (PFAL) with high planting density;
AL = PFAL with low planting density; NH = glasshouse with natural light (GHNL) with high
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tions. Different letters indicate statistical significance at the P < 0.05 level (n = 5).

higher (Table 1). When comparing the two
factors, high-density planting demonstrated
clear advantages in enhancing RUE.
Electricity consumption. Electricity was
the largest component of energy consumption
in summer seedling production, primarily used
for cooling and lighting, and its cost largely
determined the total cost. The electricity con-
sumption per unit area in PFAL was higher
than in GHNL, as the PFAL needs extra elec-
tricity for lighting compared with GHNL.
However, the vertical multistory structure of
plant factories allows more plants per unit area
of land; in addition, PFAL is isolated from the
outside environment to reduce the pressure of
temperature control, and the internal LED
lighting produces less heat, so the electricity
consumption per plant was less than that of
GHNL. Higher planting density clearly re-
duced electricity consumption per plant, indi-
cating that high-density intensive production
is energy-efficient and cost-effective. NH
consumed 3.5 times more energy than AH,
whereas NL used 10 times more (Fig. 10).

Discussion

Tomato seedlings, like most crops,
have a comprehensive set of environmental

requirements. Therefore, the quality of
seedlings cannot be improved when certain
environmental parameters are unsuitable.
High-quality seedlings can be consistently
produced only in growth environments with
optimal conditions (He et al. 2022).

The results of this study demonstrated that
the cultivation facilities, planting density, and
their interaction significantly influenced to-
mato seedling growth. Although seedlings
cultivated in GHNL at high density exhibited
greater height and larger shoots (Figs. 4 and
5), they did not fulfill the criteria for high-
quality nursery seedlings. This was due to the
stems of overgrown seedlings exhibiting re-
duced mechanical strength (Figs. 7B and 8B),
which ultimately led to lower yields (Wu
et al. 2023) and diminished resistance to in-
sects and pathogens (Qin et al. 2023). The re-
sults in Fig. 5 show that the morphological
characteristics of seedlings were affected by
planting facilities and planting density. This
finding indicates that altering planting facility
and planting density can meaningfully change
plant morphology. In this study, the average
temperatures in two types of plant environ-
ments were similar; however, temperatures
above 34°C were recorded almost daily at
noon in the GHNL (Fig. 3A). This consistent

exposure to elevated temperatures may con-
tribute to overgrowth (Kim et al. 2023). Nota-
bly, seedlings in the GHNL with low planting
density exhibited both the largest canopy size
and the highest health index (Figs. 4 and 8),
indicating superior seedling quality, but it
had lower chlorophyll and carotenoid con-
tents compared with seedlings in the PFAL
(Fig. 9A). It should be noted that these advan-
tages pertain specifically to seedlings that do
not require grafting; this section will be cov-
ered later. Conversely, high planting density
has been shown to enhance auxin and cytoki-
nin biosynthesis, thereby promoting stem
growth (Kupers et al. 2023). This phenome-
non may partially explain the increased per-
formance of seedlings grown in the GHNL
under conditions of low planting density.

The findings of this study indicate that the
canopy volume of tomato seedlings culti-
vated at high planting densities was relatively
substantial for the given plant density, result-
ing in contact with and compression of the
leaves of neighboring seedlings. Previous re-
search has demonstrated that such contact
could lead to a reduction in leaf enzymatic
activity and photosynthetic capacity (Li et al.
2019). In addition, the shading and alteration
of the light spectrum caused by the canopies
of adjacent seedlings can modify the content
and distribution of leaf hormones, further af-
fecting leaf growth (Kiipers et al. 2023). Con-
versely, lower planting densities have been
shown to enhance leaf expansion and de-
crease SLA (Fig. 5), indicating a thickening
of the leaf and an increase in biomass per
unit leaf area; a higher SLA is associated
with improved light interception capacity
(Yao et al. 2016). When analyzed in conjunc-
tion with environmental parameters (Fig. 3),
it appears that the morphological characteris-
tics were primarily influenced by temperature
conditions, whereas the physiological charac-
teristics were predominantly affected by the
radiation captured by the leaf surface. Fur-
thermore, high planting density significantly
inhibited plant biomass, irrespective of
whether the seedlings were grown in the
GHNL or PFAL (Fig. 7) but increased the
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Fig. 7. Fresh weight (A), dry weight (B), and leaf-to-stem ratio of seedlings grown in different cultivation facilities. AH = plant factory with artificial
light (PFAL) with high planting density; AL = PFAL with low planting density; NH = glasshouse with natural light (GHNL) with high planting den-
sity; NL = GHNL with low planting density. Vertical bars represent standard deviations. Different letters indicate statistical significance at the

P < 0.05 level (n = 5).
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total biomass of a tray, corroborating findings
from other studies (Yan et al. 2024). This
finding is contrary to the requirements for
high-quality seedlings.

In plant factories, temperature and light
conditions can be artificially controlled, en-
suring consistent and uniform production dur-
ing the critical seedling phase, even under
unfavorable weather conditions (Zhou et al.
2022). In addition, plant factories can even
fulfill specific requirements such as tempera-
ture inversion (Kim et al. 2023). A significant
distinction in illumination between the PFAL
and GHNL is the provision of constant light
in the PFAL. In contrast, the movement of
the sun reduced the light energy captured by
individual leaves compared with global hori-
zontal radiation (Burgess and Cardoso 2023).
For seedlings cultivated in the PFAL, the
lighting conditions remain stable throughout
the photoperiod. Consequently, the PFAL fa-
cilitates uniformed plant growth by compre-
hensively regulating temperature and light,
thereby mitigating the adverse effects associ-
ated with high planting density, such as

overgrowth and shading. The primary advan-
tage of the PFAL includes its ability to pro-
duce relatively high-quality seedlings at high
planting densities while disregarding external
weather conditions, thereby enhancing land
use efficiency and energy saving (Kikuchi
et al. 2018). However, the initial investment
required to build plant factories along with
the energy cost during operation, is difficult
for most small and medium-sized agricultural
producers to afford. Government subsidies
may be necessary to promote plant factories
and improve local production capacity and
competitiveness of agricultural products.
According to Fig. 9, seedlings grown in
the PFAL had higher chlorophyll and ca-
rotenoid levels. In addition, different planting
densities did not affect these levels. The ratios
of chlorophyll a/b and the ratio of chloro-
phyll to carotene were significantly influ-
enced by planting density and cultivation
facilities. The PFAL was characterized by
lower radiation and temperature levels in
comparison with the GHNL. Elevated tem-
peratures reduced chlorophyll a and b
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Fig. 9. Chlorophyll and carotenoid contents (A) and their ratios (B) in seedlings grown in different cul-
tivation facilities. AH = plant factory with artificial light (PFAL) with high planting density; AL =
PFAL with low planting density; NH = glasshouse with natural light (GHNL) with high planting
density; NL = GHNL with low planting density. Vertical bars represent standard deviations. Differ-
ent letters indicate statistical significance at the P < 0.05 level (n = 5).
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concentrations as well as the chlorophyll to
carotene ratio (Feng et al. 2014). Conversely,
higher light intensity enhanced the chloro-
phyll a/b ratio (Faik et al. 2016), while shad-
ing caused by higher planting density
increased the chlorophyll content per unit
area of leaves. This has also been observed in
other plant species (Lichtenthaler et al. 2007;
Song and Li 2016). The higher proportion of
blue light in plant factories promotes chlorophyll
synthesis (Liang et al. 2021). Under the com-
bined action of factors such as temperature and
light, seedlings in plant factories have higher
chlorophyll content. Plants with higher levels of
photosynthetic pigments exhibited stronger bio-
mass production capacity, as reflected in other
studies (Chen et al. 2024; Markovi¢ et al. 2021).

Many crops require grafting to enhance
nutrition absorption, stress tolerance, and
yields; this is also true for tomatoes. In plant
factories, light, temperature, humidity, and
fertilizer are regulated to benefit grafting
(Lang et al. 2020). Seedlings cultivated in the
GHNL exhibited a relatively thicker epicotyl,
which may hinder a secure fit with the stems
of rootstocks, thereby presenting challenges
for grafting as observed in practical applica-
tions (Fig. 6). In the PFAL seedlings, the
larger difference in the diameters of the hypo-
cotyl and epicotyl and the shorter epicotyl
may also cause some difficulties in grafting.
Thus, for grafting, a combination of the PFAL
and GHNL might produce better results; how-
ever, this needs to be further studied. In ad-
dition, GHNL seedlings demonstrated a
larger canopy, and their morphology varied
significantly when subjected to different
planting densities (Fig. 4). Seedlings char-
acterized by excessively large leaves or an
abundance of leaves were more prone to de-
veloping aerial roots, which negatively im-
pacts seedling quality (Meyer et al. 2017).
Moreover, variations in the conditions of
the scion complicate large-scale grafting ef-
forts, rendering GHNL seedlings unsuitable
for this purpose.

Light and temperature conditions are of-
ten considered critical environmental factors
influencing plant growth (Li et al. 2022; Song
et al. 2022; Wang et al. 2024). Some re-
searchers have described plant growth based
on the product of thermal energy obtained
from the average temperature and accumula-
tive radiation (Hang et al. 2019; Yan et al.
2023; Zhou et al. 2019). Despite the signifi-
cant differences in temperature and radiation
between two distinct cultivation facilities,
morphological and physiological parameters
did not exhibit large disparities. According to
the RUE of specific parameters (Table 1),
seedlings grown in the AH demonstrated no-
tably high efficiencies in most parameters
and high-density planting demonstrated clear
advantages in enhancing RUE. The optimal
temperature range for tomato cultivation was
reported to be between 15 and 32°C (Lu
et al. 2017); however, the temperatures of
GHNL exceeded this optimal range (Fig.
3A), mainly because of the high radiation and
outside temperature. Thus, the grower needs
to use a shading curtain and cooling system
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Table 1. Radiation use efficiency of plant height, leaf length, and fresh and dry weight.

Plant ht Leaf length Leaf area Shoot fresh wt Shoot dry wt
Treatment (cm'mol ™) (cmmol 1) (cm?mol ") (grmol ™) (g'mol ™)
AH 59.64 £+3.85b 219.75 £ 12.14 a 346.38 £+ 23.83 a 11.07 £ 0.67 a 1.00 £ 0.097 a
AL 20.16 £ 2.05 ¢ 89.56 £+ 441 ¢ 13512+ 9.12 ¢ 514+ 051b 0.59 + 0.055 ¢
NH 7092 £ 438 a 136.79 £+ 895 b 275.03 £7.07 b 1038 £ 1.22 a 0.87 +£0.085b
NL 1545+142 ¢ 49.53 £2.77d 104.84 £ 12.12d 3.56 £0.46 ¢ 0.40 £0.047 d

Note: Different letters indicate statistical significance at the P < 0.05 level (n = 5). AH = plant factory with artificial light (PFAL) with high planting
density; AL = PFAL with low planting density; NH = glasshouse with natural light (GHNL) with high planting density; NL = GHNL with low planting

density.

(air-conditioning system and high-pressure
water mist) to cool the greenhouse. In addi-
tion, the shading curtain and high temperature
decreased the RUE for tomato seedlings
grown in the GHNL. The heat increases the
activity of whiteflies, which spreads the yel-
low leaf curl virus that wreaks havoc on to-
mato production (Wang et al. 2022; Yan
et al. 2021), potentially leading to detrimental
effects on seedling growth. Consequently,
producers were compelled to allocate sub-
stantial resources and funding to regulate
environmental conditions, representing a sig-
nificant expense associated with model green-
houses. In contrast, PFAL systems offer
distinct advantages in this context (Graamans
et al. 2018). Figure 10 illustrates the power
savings advantage of PFAL. Although the
electricity consumption per unit area of
PFAL was higher, the electricity consump-
tion per plant was decreased, as vertical mul-
tilayer planting reduces the land area and
coupled with the enclosed environment, re-
duces the electricity consumption per plant.
Although the greenhouse has a large space
with intense radiation heat effects and single
layer cultivation, resulting in significant cool-
ing demands and high electrical energy con-
sumption per plant.

Decreasing planting density might en-
hance seedling quality; however, this ap-
proach might lead to an expansion of the site
area, resulting in elevated land, management,
and energy costs associated with environmen-
tal control. In addition, a separate study con-
ducted by Deng et al. (2012) suggested that
the limitations imposed by planting density
were less obvious at the seedling stage. Con-
sequently, the advantages of reduced planting
density might not outweigh these increased

A

-

expenses. Furthermore, the results indicated
that the influence of planting density on seed-
lings grown in the PFAL was minimal. In
addition to the advantages of seedlings culti-
vation in the PFAL for grafting and electric-
ity saving, a combination of higher planting
density and growth in the PFAL appears to
offer certain benefits in the context of seed-
ling nurseries.

This study focused on soilless cultivation
in modern glasshouses and plant factories.
However, a significant proportion of tradi-
tional soil-based plastic film greenhouse cul-
tivation and field cultivation systems exist
that lack multiple environmental control
methods. In addition, the light conditions dif-
fer due to the variations in coverage. There-
fore, the results of this study may not be
applicable to these situations but can be used
as a reference for seedling cultivation. Fur-
ther research is needed to explore the applica-
bility and specificity of these findings under
other cultivation conditions.

Conclusions

This study demonstrated that planting
density significantly influenced the morpho-
logical and physiological parameters of
tomato seedlings. A low planting density no-
tably enhanced canopy growth, particularly
under GHNL conditions, and significantly en-
hanced dry weight accumulation. Due to high
temperature, seedlings cultivated in the
GHNL were taller and had larger leaves com-
pared with those in the PFAL; moreover,
they contained lower levels of chlorophyll
and carotenoid content and exhibited reduced
RUE. In contrast, seedlings grown in PFAL
were characterized by higher chlorophyll and
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Fig. 10. Electricity consumption per unit area (A) and per plant (B) of seedlings grown in different cul-
tivation facilities. AH = plant factory with artificial light (PFAL) with high planting density; AL =
PFAL with low planting density; NH = glasshouse with natural light (GHNL) with high planting
density; NL = GHNL with low planting density.
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carotenoid content, greater RUE, and a more
uniform morphology, making them particu-
larly suitable for tomatoes requiring grafting.
These findings highlight the importance of
optimizing planting density and environmen-
tal conditions for improving seedling produc-
tion. From the perspective of tomato seedling
production, introducing plant factories into
modern greenhouse cultivation can lead to
higher-quality seedlings and more energy-
efficient, sustainable production. The com-
bination of high planting density and the use
of plant factories potentially represents a bet-
ter choice for tomato seedling production.
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