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ARTICLE INFO ABSTRACT
Keywords: Panax ginseng C.A. Meyer originates from old-growth forest environments, where the light in-
Chlorophyll fluorescence tensity and spectrum reaching the forest bed are influenced by the canopy and humidity. In
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farmlands, suitable light intensity for cultivation is achieved by controlling the light transmission
rate using shading nets, while light quality is regulated by a cover of yellow or blue transparent
film. Such films have a light quality distinct from that produced by old-growth forests. Herein, a
large composite film was developed by alternating small pieces of yellow and blue transparent
film. An orthogonal array was used to evaluate the influence of the small transparent film area
(STFA), yellow transparent film (YTF) number, and blue transparent film (BTF) number on the
associated changes in ginseng in a range of fluorescence-, photosynthesis-, morphology-, and crop
quality-related factors. Our results showed that light intensity was influenced primarily by STFA,
which caused an overall decrease, while the light quality ratio was affected primarily by YTF
number, which increased the proportion of red light and decreased that of blue light, with cor-
responding influence on different growth parameters. Based on these observations, an improved
yellow and blue combination transparent film (YBCTF) with the following characteristics was
established: STFA: 15 x 15 cm, YTF: two pieces, and BTF: three pieces. The improved YBCTF
facilitated efficient light energy use by the plants, and led to an increase in leaf area, the per leaf
photosynthetic rate, dry root weight, and the per root single ginsenoside yield. The findings
present a relatively low-cost approach for optimising the light environment of ginseng cultivated
in farmland and other crops in large-scale agricultural settings.

1. Introduction

Wild ginseng (Panax ginseng C.A. Meyer) grows in old-growth forests, where tall trees, low shrubs, and herbage provide shade, and
the high humidity refracts the sunlight; therefore, the light intensity and quality of sunlight are altered when they reach the ginseng
leaf surface, and ginseng has adapted to such light environments for its growth [1,2].

A suitable light intensity for cultivated ginseng in farmland is achieved by controlling the light transmission rate through a black
shading net in accordance with the latitude and season [3]. The light quality is regulated by a cover of yellow transparent film (YTF) or
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blue transparent film (BTF). However, such films produce a specific spectrum when sunlight passes through them: red light dominates
the spectrum produced by YTF, and blue light dominates that produced by BTF, which are distinct to that in old-growth forests. BTF
leads to decreased ginseng stem height and leaf area, but increased fresh root weight, while YTF induces the opposite effects [4].
Similar results have been obtained for ginseng treated with red and blue light-emitting diodes (LEDs); however, monochromatic red
light causes abnormal leaf development, leaf senescence, and dysfunctional photosynthesis. These phenomena could be prevented by
increasing the blue light proportion to 25%. The maximum leaf area, stem and root weight, and ginsenoside content of roots and leaves
could be achieved using a mixed proportion of 50% red and 50% blue light [5]. Additionally, optimising of the light spectrum can
facilitate a more resilient response to stress and partially mitigate the deleterious effects on plant photosynthesis [6].

Considering application of a suitable light spectrum can promote plant growth, improve product quality, and mitigate stress factors,
a large composite film was developed in the present study by alternating combinations of small pieces of YTF and BTF. An orthogonal
array was used to evaluate the influence of small transparent film area (STFA), yellow transparent film number (YTFN), and blue
transparent film number (BTFN) on the associated fluorescence- [7], photosynthesis-, morphology-, and ginseng quality-related fac-
tors. Finally, an improved yellow and blue combination transparent film (YBCTF) that can provide optimal light conditions for
cultivated ginseng was established. Considering plastic and glass-covered greenhouses that depend on sunlight as the primary light
source are used extensively in vegetable, fruit, and flower production worldwide [8], our low-cost method was designed to also be
utilised in such settings, to optimise the efficiency of light energy utilisation and plant growth, with potentially far-reaching benefits
for agriculture.

2. Materials and methods
2.1. Experimental design

This experiment was conducted on open land of the Medicinal Botanical Garden of the Jilin Agricultural Science and Technology
University, and the evaluation and validation experiments were conducted in 2020 and 2021, respectively. The evaluation experiment
was designed as an L9(34) orthogonal array. The STFA was the first factor, with three levels: A1 (3 x 3 cm), A2 (7 x 7 cm), and A3 (15
x 15 cm). The levels of both the yellow (YTFN, factor 2) and blue transparent film number (BTFN, factor 3) were: Y1 and B1 (one
piece), Y2 and B2 (two pieces), and Y3 and B3 (three pieces). These small pieces of YTF or BTF were arranged evenly according to the
design number. In the validation experiment, the improved YBCTF was used as the test treatment, with the traditional YTF and BTF as
controls. Each treatment included three randomly arranged plots, with samples obtained randomly from five points in each plot, with
the average value of the samples taken as a replicate.

2.2. Plant materials and cultivation methods

In early May, the ungerminated roots of three-year-old ginseng (average root weight: 12.63 + 0.43 g) were planted in a north-south
orientation bed, 140 cm wide and 25 cm high, with a planting density of 10 x 20 cm. The roots were covered with 3 cm of soil and then
with straw to preserve moisture. The bed was divided into 200 x 140 cm treatment plots and covered with a 150-cm high, arched
frame, covered by YTF, BTF, or YBCTF. Finally, a black shading net was layered above the bed at a height of 200 cm, which blocked
70% of the incoming light.

2.3. Measurement indexes and methods

The photosynthetic photon flux density (PPFD) and spectrum were measured with a spectral analyser, HP330P (Hopoocoloryb,
Hangzhou, China). The photosensitive measuring head was maintained in an upward position and at the same height as the leaf during
measurement.

Maximum photochemical efficiency (Fv/Fm), actual photochemical efficiency [Y(II)], regulated thermal energy dissipation [Y
(NPQ)], and the sum of non-regulated heat dissipation and fluorescence emission [Y(NO)] [9] were measured with IMAG-MIN/B
(Heinz Walz GmbH, Effeltrich, Germany). The light source was a blue (450 nm) LED, the measuring light intensity was 0.05 pmol

m2s —2 -1

! the actinic light intensity was 22 pmol m~2 s~!, and the dark-adaptation time was 15 min.

The photosynthetic rate (Pn) was measured using a GFS-3000 (Heinz Walz GmbH, Effeltrich, Germany). The leaf chamber area was
3 cm?, the gas flow rate was 750 pmol s 1, and the gas mixer had its fan speed set at the seventh stage. In the evaluation experiment, the
CO;, concentration was set to 900 ppm, the temperature to 25 °C, and the relative humidity to 45%; these variables were unregulated in
the validation experiment.

The measurement of chlorophyll fluorescence parameters and Pn was conducted from 9:00 a.m. to 12:00 p.m. on sunny days in late
July (environmental temperature: 29.70 + 1.55 °C, humidity: 45.90 + 1.16%, light/dark photoperiod: 14:44/9:16 h), when the
ginseng was in the green fruit stage. The relative chlorophyll content (Soil and Plant Analyser Development, SPAD) in the evaluation
experiment was measured using the chlorophyll meter TYS-4N (Tuopuyunnong, Hangzhou, China), and the chlorophyll content in the
validation experiment was determined using an assay kit (Cominbio, Suzhou, China). An image of a compound leaf’s middle leaf was
taken in mid-September, and leaf area was calculated using ImageJ 1.52v (National Institutes of Health, Bethesda, MA, USA).

In early October, when the leaves withered, the ginseng roots were dug out and washed, dried under natural processes, and
weighed. They were subsequently ground and passed through a 60-mesh sieve. The total ginsenoside content was determined using
ultraviolet spectrophotometry, according to the methodology in a previous report [10].



Fig. 1. Light characteristics of sunlight, yellow transparent film, blue transparent film, and yellow and blue combination transparent film. (A) Spectrum of solar light, (B) spectrum of light filtering
through the yellow transparent film, (C) spectrum of light filtering through the blue transparent film, (D)-(L) spectrum of light filtering through combined transparent films. (D) 1 yellow and 1 blue (3 x
3 cm) piece, (E) 2 yellow and 2 blue (3 x 3 cm) pieces, (F) 3 yellow and 3 blue (3 x 3 cm) pieces, (G) 1 yellow and 2 blue (7 x 7 cm) pieces, (H) 2 yellow and 3 blue (7 x 7 cm) pieces, (I) 3 yellow and 1
blue (7 x 7 cm) piece, (J) 1 yellow and 3 blue (15 x 15 cm) pieces, (K) 2 yellow and 1 blue (15 x 15 cm) piece, and (L) 3 yellow and 2 blue (15 x 15 cm) pieces, respectively.
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2.4. Statistical analysis

All data are presented as the mean =+ standard deviation of three replicates. All analyses were conducted using SAS 8.01 (SAS
Institute Inc., Cary, NC, USA). In the evaluation experiment, the contribution of each factor and its significance were estimated using
analysis of variance (ANOVA). In the validation experiment, ANOVA was used to separate the influence of YBCTF, YTF, and BTF and
estimate their significance. As all datasets were not normally distributed, and due to homogeneity of variance, the data were subjected
to a non-parametric test and compared using Duncan’s multiple range test (P < 0.05). The Pearson correlation coefficient was
calculated to determine the relationships among the physiological, morphological, and quality parameters; a correlation plot was
constructed with the Origin Pro software version 2022 (OrginLab Corporation, Northampton, MA, USA).

3. Results
3.1. Characteristics of sunlight, yellow transparent film, blue transparent film, and yellow and blue combination transparent film

There was a change in light intensity and spectrum composition after the sunlight filtered through the YTF, BTF, and YBCTF
(Fig. 1). The sunlight intensity was 2166.45 + 97.85 pmol m 2 s~!, with the proportions of blue and red light corresponding to 21.26
and 30.37%, respectively. The transmission light intensity of YTF was 203.41 =+ 3.45 pmol m 2 s ™1, and the proportions of blue and red
light were 7.90 and 38.32%, respectively. Similarly, the transmission light intensity of BTF was 83.92 + 1.91 pmol m 2 s™1, and the
proportions of blue and red light were 37.51 and 19.00%, respectively.

STFA, followed by YTFN and then BTFN, significantly affected the light intensity of YBCTF. The transmission light intensity first
decreased and then increased with an increase in STFA, but increased with YTFN and BTFN. The proportion of blue and red light was
also markedly affected by YTEN, BTFN, and STFA, in this order of significance. The proportion of blue light decreased with an increase
in STFA and YTFN and increased with BTFN. However, the proportion of red light showed the opposite trend (Tables 1 and 2).

3.2. Influence of different yellow and blue combination transparent film treatments on ginseng traits

Due to the difference in the light transmission rate and spectra between YTF and BTF, different combinations of STFA, YTFN, and
BTFN had different effects on the light intensity and spectrum of YBCTF, with a corresponding influence on SPAD, chlorophyll
fluorescence parameters, Pn, average dry root weight (ADRW), and total ginsenoside content (TGC; Table 3).

STFA significantly affected SPAD, Fv/Fm, Y(II), Y(NPQ), Pn, ADRW, and TGC without impacting Y(NO). The YTEN significantly
affected Fv/Fm, Y(II), Y(NPQ), ADRW, and TGC, while it had no effect on SPAD or Y(NO). The BTFN had a significant influence on Y
(ID), Y(NPQ), ADRW, TGC, Y(NO), and Pn but did not impact SPAD or Fv/Fm. The order of influence of experimental factors on SPAD
and Y(NPQ) was: STFA > BTFN > YTFN. Similarly, the order of influence on Fv/Fm, Y(II), Pn, ADRW, and TGC was: STFA > YTFN >
BTFN. Interestingly, the order of the experimental factors’ influence on Y(NO) displayed an opposite trend (Table 4).

A positive correlation was observed between an increase in STFA and increases in SPAD, Fv/Fm, Y(II), Pn, ADRW, and TGC, while Y
(NPQ) and Y(NO) decreased. In a similar manner, Y(NPQ) and Y(NO) levels increased with an increase in the YTFN. Conversely, Y(II)
and TGC appeared to decrease, while SPAD, Fv/Fm, Pn, and ADRW first increased before decreasing. An increase in the BTFN cor-
responded to an increase in SPAD, Y(NO), and TGC levels, with Fv/Fm and Y(II) also first increasing and then decreasing, while Y
(NPQ), Pn, and ADRW levels first decreased before subsequently increasing. The optimal combinations of experimental factors for
maximising the different growth parameters were: A3Y2B3 for SPAD, Pn, and ADRW, A3Y2B2 for Fv/Fm, A3Y1B2 for Y(II), A1Y3B1
for Y(NPQ), A3Y1B3 for TGC, and A3Y2B1for minimising the growth parameters of Y(NO) (Table 5).

For the eight inspection indexes, the levels which most frequently produced the best effects were: level A3 for STFA (seven times),
level Y2 for YTFN (four times), and level B3 for BTFN (four times). Taken together, our results indicate that the treatment A3Y2B3
(STFA of 15 x 15 cm, two pieces of YTF, and three pieces of BTF) was the most conducive combination for optimal light energy
utilisation, root dry weight increase, and ginsenoside accumulation in ginseng plants.

3.3. Validation of the improved yellow and blue combination transparent film

The light intensity of the improved YBCTF (123.32 + 9.92 pmol m~2s7!) was higher than that of BTF but lower than that of YTF
(Fig. 2A). The proportion of blue- and red-light filtering through the improved YBCTF was 23.10 and 27.54%, respectively (Fig. 2B). By

Table 1

Order of influence and significance of STFA, YTFN, and BTFN on PPFD and the proportion of blue and red light under YBCTF.
Factors PPFD pmol m 257} Blue light proportion % Red light proportion %

F value P value F value P value F value P value

STFA 145.49 <0.0001 10.50 0.0010 7.15 0.0052
YTFN 30.61 <0.0001 24.36 <0.0001 38.45 <0.0001
BTFN 4.09 0.0344 15.22 0.0001 13.59 0.0003
SE 3.48 0.0527 0.79 0.4703 1.63 0.2234

Significance threshold: P < 0.05.
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Table 2
Trend of influence and significance of different levels of STFA, YTFN, and BTEN on light intensity (umol m~2 s~ ') and the proportion of blue and red
light under YBCTF.

Index Level Factor
STFA YTFN BTFN
PPFD 1 356.50 a 215.11b 226.12b
2 162.62 ¢ 221.42b 249.40 ab
3 215.15b 297.75 a 258.76 a
Blue light proportion 1 18.99 a 19.85a 15.13b
2 16.83 b 16.59 b 18.03 a
3 15.96 b 15.30 b 18.57 a
Red light proportion 1 31.36 b 30.02 ¢ 33.15a
2 31.66 b 32.25b 31.54 b
3 32.82a 33.57 a 31.14 b

Note: Different lowercase letters indicate significant differences at P < 0.05.

Table 3
Influence of different treatments of YBCTF on ginseng PPFD, SPAD, chlorophyll fluorescence parameters, Pn, average dry root weight, and total
ginsenoside content.

Treatments PPFD SPAD Fv/Fm YD Y(NPQ) Y(NO) Pn (pmol m~2 ADRW (g TGC (g
s root 1) kg™H

1 32418 + 30.56 + 0.6783 + 0.359 + 0.403 + 0.237 + 2.83 + 0.60 3.45+0.51 4412 +
11.99 0.32 0.0216 0.017 0.025 0.012 1.90

2 322.79 + 31.04 + 0.7002 + 0.376 + 0.371 + 0.252 + 2.85 + 0.52 3.80 + 0.65 45.51 +
40.96 0.82 0.0558 0.032 0.022 0.029 0.06

3 422.53 + 30.27 + 0.6052 + 0.311 + 0.394 + 0.294 + 2.78 £ 0.66 2.49 £0.71 42.58 +
34.49 0.99 0.0180 0.042 0.046 0.004 1.47

4 136.65 + 34.29 + 0.7643 + 0.479 + 0.269 + 0.249 + 3.97 + 0.76 4.36 + 0.60 57.60 +
17.85 0.80 0.0064 0.014 0.026 0.019 0.22

5 169.25 + 35.90 + 0.7603 + 0.415 + 0.325 + 0.259 + 4.24 £ 0.55 5.59 £ 0.77 54.32 +
29.16 0.59 0.0050 0.018 0.013 0.018 0.26

6 181.96 + 33.07 + 0.7183 + 0.355 + 0.388 + 0.256 + 3.47 £ 0.72 3.02 +0.72 48.08 +
12.04 0.60 0.0137 0.012 0.052 0.041 0.08

7 184.49 + 37.00 + 0.7575 + 0.462 + 0.280 + 0.257 + 4.31 + 0.58 6.44 + 0.84 59.63 +
23.32 0.73 0.0033 0.022 0.014 0.008 2.92

8 172.21 + 35.12 + 0.7537 £ 0.480 + 0.278 + 0.241 + 4.43 + 0.60 6.84 + 0.66 51.28 +
9.46 0.74 0.0071 0.006 0.012 0.010 1.02

9 288.74 + 35.19 + 0.7569 + 0.463 + 0.282 + 0.253 + 3.78 + 0.62 4.54 + 0.84 50.99 +
37.10 0.36 0.0026 0.033 0.011 0.023 0.49

comparison, the blue light proportion was higher than that measured for sunlight or passing through YTF but lower than that passing
through BTF. The proportion of red light displayed an opposite trend.

The ginseng leaf area under the improved YBCTF was greater than that of ginseng grown under YTF or BTF—with no difference in
leaf area between YTF and BTF—although chlorosis occurred earlier under YTF (Fig. 2C). The ginseng roots of plants grown under the
improved YBCTF increased in length and diameter compared with the roots of plants grown under YTF or BTF. In addition, relative to
BTF-grown ginseng, the roots of YTF-grown plants were shorter and thicker (Fig. 2D).

The physiological, morphological, and quality parameters of ginseng grown under the improved YBCTF, YTF, and BTF are shown in
Table 6. Although the chlorophyll content of ginseng grown under the YBCTF was significantly higher than that of YTF- or BTF-grown
plants, the chlorophyll fluorescence parameters were similar across the treatments. The Pn of ginseng grown under YTF was signif-
icantly higher than that of plants grown under the YBCTF or BTF. Furthermore, correlation analysis of physiological, morphological,
and quality parameters revealed that the leaf area positively correlated with the per leaf photosynthetic rate (PLPR), ADRW, and the
per root ginsenoside yield (PRGY; Fig. 3).

4. Discussion

The findings of our present work indicate that different combinations of STFA, YTFN, and BTFN altered the light intensity and
quality of the YBCTF, with a varying impact on the ginseng traits assessed.

A high light intensity causes bleaching of leaves, and both an excessive and scarce amount of light led to a smaller leaf area in
Tetrastigma hemsleyanum Diels et Gilg [11]. Blue light improves chlorophyll biosynthesis, while red light attenuates this process.
Brassica campestris L. had a higher chlorophyll content under a 6:1 ratio of red to blue LEDs than under red or blue LEDs only [12]. In
addition, due to the inhibition of cell expansion and division under blue light, a reduction in the proportion of blue light with a
concomitant increase in red light may increase leaf surface area. Grafted tomato seedlings grown under mixed red and blue LEDs (R7:
B3) had a significantly increased total leaf area than plants grown under red or blue LEDs, or under white fluorescent lamps only [13].



Table 4

Influence order and significance of STFA, YTFN, and BTFN on ginseng SPAD, chlorophyll fluorescence parameters, Pn, ADRW, and TGC.
Factors SPAD Fv/Fm Y(1D) Y(NPQ) Y(NO) Pn (pmol m~2s71) ADRW (g root™ 1) TGC (g kg™

F value P value F value P value F value P value F value P value F value P value F value P value F value P value F value P value

STFA 35.20 <0.0001 41.19 <0.0001 50.97 <0.0001 33.52 <0.0001 0.64 0.0541 122.48 <0.0001 176.62 <0.0001 158.41 <0.0001
YTEN 2.17 0.1431 12.96 0.0003 13.13 0.0004 4.35 0.0287 2.76 0.0932 16.22 <0.0001 107.74 <0.0001 55.62 <0.0001
BTFN 2.73 0.0920 2.88 0.0822 8.52 0.0030 6.72 0.0066 3.95 0.0403 4.11 0.0340 8.75 0.0022 27.67 <0.0001
SE 0.58 0.5717 1.67 0.2155 2.37 0.1257 3.14 0.0674 0.75 0.4891 2.16 0.143 0.49 0.6199 2.06 0.1565

Significance threshold: P < 0.05.
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Table 5
Influence and significance of different combinations of STFA, YTFN, and BTFN on ginseng SPAD, chlorophyll fluorescence parameters, Pn, ADRW,
and TGC.
Index Level Factor
STFA YTFN BTFN
SPAD 1 30.62 ¢ 33.95a 3291 b
2 34.41 b 34.02a 33.50 ab
3 35.77 a 32.84a 34.39 a
Fv/Fm 1 0.66 b 0.73 a 0.71 ab
2 0.74 a 0.74 a 0.73 a
3 0.75a 0.68 b 0.70 b
YD 1 0.34 a 0.43 a 0.39b
2 0.41b 0.42 a 0.43 a
3 0.46 c 0.37 b 0.39b
Y(NPQ) 1 0.38 a 0.31b 0.35a
2 0.32b 0.32b 0.30 b
3 0.28 ¢ 0.35a 0.33 ab
Y(NO) 1 0.26 a 0.24 a 0.24 b
2 0.25 a 0.25 a 0.25 ab
3 0.25a 0.26 a 0.27 a
Pn 1 282c 3.70 a 3.57b
2 3.88b 3.84a 3.53b
3 4.18 a 3.34b 3.77 a
ADRW 1 3.25¢ 4.80 b 4.43 b
2 4.35b 5.39a 4.26 b
3 5.93a 3.35¢ 4.84 a
TGC 1 44.06 b 53.78 a 47.82b
2 53.32a 50.36 b 51.36 a
3 53.96 a 47.21 c 52.17 a

Note: Different lowercase letters indicate a significant difference at P < 0.05. STFA levels: 1 (A1, 3 x 3 cm), 2 (A2, 7 x 7 cm), 3 (A3, 15 x 15 cm);
YTEFN levels: 1 (Y1, one piece), 2 (Y2, two pieces), 3 (Y3, three pieces); BTFN levels: 1 (B1, one piece), 2 (B2, two pieces), 3 (B3, three pieces).

360 A0 480 510 5RO B0 BRO 710 7RO

Fig. 2. Improved yellow and blue combination transparent film (YBCTF) and corresponding transmission light spectrum, and the growth condition
of ginseng leaves and roots under the improved YBCTF, yellow transparent film (YTF), and blue transparent film (BTF). (A) Improved YBCTF, (B)
spectrum of light filtering through the improved YBCTF, (C) ginseng leaves grown under the improved YBCTF, YTF, and BTF, respectively, (D)

ginseng roots grown under the improved YBCTF, YTF, and BTF, respectively. Scale bar for panels C and D: 1 cm.

In the current study, the SPAD of ginseng grown under YBCTF was significantly influenced by STFA, which decreased the light in-
tensity. Neither YTFN nor BTFN significantly affected SPAD, although they influenced the light quality ratio; the improved YBCTF had
a higher proportion of blue light than YTF and a higher proportion of red light than BTF. This increased the chlorophyll content and

leaf surface area of ginseng plants grown under the improved YBCTF.
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Table 6
Influence of the improved YBCTF, YTF, and BTF, on ginseng chlorophyll content, chlorophyll fluorescence parameters, Pn, leaf area, per leaf

photosynthetic rate, ADRW, and per root ginsenoside yield.

Treatments Chl Fv/Fm YD Y(NPQ) Y(NO) Pn (pmol LFA PLPR ADRW (g TGC (g PRGY (g
content m2shH (cm? (pmol st root D) kg’l) root 1)
(mg g") leaf") leaf )

YBCTF 1.87 £ 0.7626 + 0.341 + 0.408 + 0.250 + 1.58 + 29.70 £ 0.0047 + 4.43 + 53.76 0.23 +
0.18 a 0.0104 a 0.016 a 0.004 a 0.012a 0.20 b 3.02a 0.0009 a 0.29 a +0.85b 0.01 a

YTF 1.15+ 0.7694 + 0.357 + 0.406 + 0.236 + 1.90 + 20.90 + 0.0039 + 3.04 £ 47.13 0.14 +
0.07 b 0.0013 a 0.028 a 0.013 a 0.015a 0.10 a 2.79b 0.0006 b 0.39b +0.14 ¢ 0.01b

BTF 1.20 + 0.7609 + 0.355 £ 0.394 + 0.249 + 1.37 £ 20.82 + 0.0028 + 2.63 + 58.42 0.15 £
0.32b 0.0104 a 0.009 a 0.023 a 0.014 a 0.12b 2.92b 0.0001 b 0.25b +0.09a 0.01b

Note: Different lowercase letters indicate significant differences at P < 0.05.

g 3 = >
= 3 ) < & 4 o 1)
> < =2 c o = a @ 4
'l > >= o - < = o

Chl content Q.75

0
062 059 o088 . . ‘ 0.9 ‘

@

0.8
FuFm 072 063 ‘ ‘ 078 082 093 . 072
- 06
vy 66e @88 oss . ' . 0.86 .
L 04
YINPQ) 079 0 0.58 ‘ . ‘ 0.65
+ 02
Y(NO) . 063 o098 076 . 0.56
F 0
Pn 003 060 094 . 0.86
+ -0.2
LFA . ‘ 0.94 ‘
L .04
PLPR ‘ 0.67 ‘
- -0.6
ADRW | 0.92 ‘
-0.8

TGC 0.87
-

Fig. 3. Correlation plot of physiological, morphological, and quality parameters. The size and colour intensity of each circle are proportional to the
Pearson correlation coefficient at P < 0.05. Red: positive correlations; blue: negative correlations. In the correlogram scale from —1 to +1, the
Pearson correlation coefficients appear on the vertical axis. The numbers in the circles represent the P-value.

Our results indicate that Fv/Fm, Y(II), Y(NPQ), and Y(NO) were influenced by both the light intensity and the light quality ratio of
the YBCTF. Fv/Fm was significantly influenced by STFA and YTFN, with a larger STFA leading to a reduced light intensity, while an
increased YTFN increased the proportion of red light. Collectively, these factors caused ginseng leaves under the YBCTF to have an Fv/
Fm that was between that of YTF- and BTF-grown plants. These results are similar to those of a previous study on lettuce, which
reported that a relatively low light intensity leads to a higher Fv/Fm, while an excessively high or low light intensity decreases the Fv/
Fm of lettuce [14]. Red light treatment of the red alga Pyropia haitanensis resulted in a significantly lower Fv/Fm than blue light
treatment [15], while combined red and blue light treatment of Oryza sativa L. yielded a slightly lower Fv/Fm ratio than either red or
blue light treatment alone [16]. This difference in Fv/Fm may be at least partially attributed to species differences or those between the
continuous spectra of YTF, BTF, and YBCTF and the monochrome spectrum of LEDs.

Y(II), Y(NPQ), and Y(NO) reflect the distribution of excitation energy absorbed in photosystem-II (PSII). Y(II) corresponds to the
fraction of energy that is photochemically converted in PSII; Y(NO) reflects the fraction of energy that is passively dissipated in the
form of heat and fluorescence, mainly due to closed PSII reaction centres. In contrast, Y(NPQ) corresponds to the fraction of energy
dissipated in the form of heat via the regulated photoprotective non-photochemical quenching mechanism. The successful regulation
of energy distribution requires maximal values of Y(II), with a maximal ratio of Y(NPQ) to Y(NO) [17]. In our present study, Y(NO) was
significantly influenced by BTFN, which increased the light intensity and the proportion of blue light. Y(NPQ) was also significantly
affected by STFA and BTFN and, to a comparatively lesser yet significant extent, by YTFN. Light intensity overall exhibited an inverse
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correlation with STFA, with the proportion of blue light increasing with an increase in BTFN, and that of red light increasing with an
increase in YTFN. A previous report argued that blue or red light alone compromised the antioxidant system of rice grown under a
moderate light level, leading to decreased Y(II) and increased Y(NPQ) values [18]. This may explain why Y(NPQ) increased with YTFN,
and Y(NO) increased with BTFN in our study. Furthermore, as the light intensities of YTF, BTF, and the improved YBCTF were all
suitable for ginseng growth, there was no significant difference among their corresponding chlorophyll fluorescence parameters.
However, the improved YBCTF had a more suitable proportion of blue and red light than YTF and BTF, resulting in a higher Y(NPQ)/Y
(NO) ratio than that of BTF but a lower ratio than that of YTF. This suggests that ginseng grown under the improved YBCTF had a more
efficient light energy utilisation than BTF-grown plants, which was, however, still lower than that in YTF-grown ginseng.

The Pn of ginseng grown under YBCTF was highly influenced by STFA and YTFN and slightly influenced by BTFN. Despite the fact
that the proportion of red light increased with STFA and YTFN, the light intensity decreased with an increase in STFA. Ginseng grown
under the improved YBCTF thus had lower Pn values than that grown under YTF, which in turn provided the highest red-light pro-
portion and light intensity. However, ginseng grown under the improved YBCTF had a larger leaf surface area than that grown under
YTF and BTF, which corresponded to a higher PLPR and ADRW. This is in accordance with previous studies, which showed that red
light had higher photosynthetic efficiency than blue light, and that the combination of red and blue LEDs (1:1) was more conducive to
efficient photosynthesis in potatoes than under monochromatic red or blue light [19]. Furthermore, the Pn of ginseng grown under a
combination of R8G1B1 and R9G1BO (based on chip number) had a higher Pn than that under other combinations of red, green, and
blue LEDs. R8B2 and R8G1B1 also resulted in a larger leaf area than red, green, and blue LEDs, while R8B2 and R7G1B2 induced a
higher fresh root weight [20].

Blue light receptor cryptochrome 1 regulates blue light and methyl jasmonate signalling pathways [21]. Methyl jasmonate has been
shown to greatly increase the ginsenoside content in ginseng [22]. A suitable combination of red and blue LEDs (R9B1) resulted in a
root ginsenoside content between that obtained from growth conditions using only blue or red light [20]. Our results also indicated
that the root ginsenoside content increased with BTFN (which increased the blue light) and decreased with YTFN (which increased the
red light). Ginseng grown under the improved YBCTF had a higher root ginsenoside content than that grown under YTF, but a lower
ginsenoside content than that grown under BTF. However, the higher ADRW of ginseng grown under the improved YBCTF effectively
offset the lower TGC, resulting in an overall higher yield of ginsenosides per single root than that induced by either YTF or BTF.

5. Conclusions

The results of this study suggest that light intensity was primarily influenced by STFA, which overall decreased light intensity,
while the light quality ratio was primarily affected by YTFN, which increased the proportion of red light and decreased that of blue
light. An STFA of 15 x 15 cm and a combination of two pieces of YTF and three pieces of BTF had the best effects on the light energy
utilisation, root dry weight increase, and ginsenoside accumulation in ginseng plants. The improved YBCTF had a light intensity of
123.32 £ 9.92 pmol m2 s_l, 23.10% blue light, and 27.54% red light, which lead to a larger leaf area, PLPR, ADRW, and PRGY in
ginseng than those induced by YTF or BTF. The innovative YBCTF for optimising ginseng growth is cheap and suitable for mass
production, making it potentially useful in large-scale crop applications. However, YBCTF had a large proportion of green light, which
hampers plant growth. Further research should explore the effects of a combination of red and blue transparent films on ginseng
growth to develop a more effective film.
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Abbreviation list

ADRW  average dry root weight

BTF blue transparent film

BTFN blue transparent film number
Fv/Fm  maximum photochemical efficiency
LED light-emitting diode

LFA leaf area

Pn photosynthetic rate

PLPR per leaf photosynthetic rate

PPFD photosynthetic photon flux density
PRGY per root ginsenoside yield

PSII photosystem-II

SPAD Soil and plant analyser development

STFA small transparent film area

TGC total ginsenoside content

YBCTF  yellow and blue combination transparent film
Y(II) actual photochemical efficiency

Y(NO)  sum of non-regulated heat dissipation and fluorescence emission
Y(NPQ) regulated thermal energy dissipation

YTF yellow transparent film

YTFN yellow transparent film number
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