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Abstract
The color and nutritional quality of vegetables directly affect the choices of consumers and thus affect the commercial value 
of the vegetable products. Green light can penetrate the outer leaves and reach the inner leaves to promote photochemical 
reaction of the overlapping leaves of head vegetables. However, whether this promotion can increase the nutritional compo-
nents and change the color of the inner leaves of head cabbages, which is one of the major head vegetables largely produced 
worldwide, remains unclear. Therefore, we investigated the changes in the colors and the concentrations of chlorophyll 
(Chl) and carotenoid of the inner leaves of two types of cabbages by externally irradiating the cabbage with green light. The 
results showed that a short-term (48 h) irradiation with low light intensity (50 μmol  m−2  s−1) of green light enhanced the 
Chl concentration and colors of the inner leaves of cabbages, and the positive changes of these indicators increased as the 
leaf layers approached the head center of the cabbage. Simultaneously, we also establish a method to effectively estimate the 
Chl concentration using luminosity (L*) and greenness (− a*) when the Chl concentration is so low that it is difficult or not 
possible to be measured by SPAD meter. Our findings demonstrated that green light, as a new tool, can be used to control 
the colors and nutritional components of the inner leaves of cabbages. The discoveries will help produce head vegetables 
with the preferred phenotype desired by consumers using a plant factory with artificial lighting.
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Introduction

Characteristics of head vegetables

The outermost leaves of head vegetables (such as cabbage, 
Chinese cabbage, and head lettuce) are usually green and the 
leaves closer to the head center are more yellowish or whit-
ish. In principle, the tones and intensities of green, yellow, 

and white color of the vegetables have many impacts on the 
various usages of vegetables.

The color of vegetables and fruits represents 
nutritional value

Regarding vegetables and fruits, consumers first evaluate the 
visual appearance, then the flavor (taste and aroma), texture, 
and nutritional value [1]. When consumers buy vegetables 
in Japan, the color and size are more important than the 
shape and presence or absence of scratches [2]. In particular, 
the color is a criterion for judging not only deliciousness 
and freshness but also nutritional components [3–5]. For 
example, chlorophyll (Chl) concentration, which reflects leaf 
greenness, has been reported to have anticancer and anticho-
lesterolemic effects as well as a preventive effect on lifestyle-
related diseases owing to its antioxidant properties [6, 7]. 
Carotenoid (Crt) concentration, which naturally exhibit red, 
orange and yellow colors in plants [8], has been reported to 
reduce the incidence of certain cancers in humans [9]. About 
60% of vitamin A is considered to come from carotenoids 

Yumiko Amagai and Na Lu: share first authorship.

 * Yumiko Amagai 
 amagai@npoplantfactory.org

1 Japan Plant Factory Association, Kashiwa, Chiba, Japan
2 Center for Environment, Health and Field Sciences, Chiba 

University, Kashiwa, Chiba, Japan
3 Graduate School of Horticulture, Chiba University, Matsudo, 

Chiba, Japan
4 Faculty of Agriculture, Yamaguchi University, Yoshida, 

Yamaguchi, Japan

http://orcid.org/0000-0001-9024-2596
http://crossmark.crossref.org/dialog/?doi=10.1007/s11694-021-01150-y&domain=pdf


270 Y. Amagai et al.

1 3

[10], and it is a crucial nutrient for healing tissues and regen-
erating human epithelial tissues such as skin [11]. Therefore, 
improving the color of vegetables is an important means of 
increasing the commercial value of vegetables and fruits.

Light environment control in the plant factory 
with artificial lighting

Plant factory with artificial lighting (PFAL) is a closed plant 
production system with a nearly airtight and well-insulated 
structure, which allows increased resource utilization effi-
ciency under a precisely controlled environment, aiming to 
produce high quantities of high-quality plants throughout the 
year, entirely independent of outdoor conditions [12–14]. 
Particularly the advances in lighting technology, including 
light-emitting diodes (LEDs) and others, could increase 
controllability of the light environment of plants, thereby 
improved the yield and functional components of vegetables 
and fruits [15–18].

Head vegetables, especially cabbage, are in great 
demand all over the world

Many PFALs have so far focused on growing non-head leafy 
vegetables, such as leaf lettuce. The main reasons are that 
non-head leafy vegetables have a short cultivation period, 
fast cultivation rotation, and high yield per unit time while 
densely planted in a limited space of PFAL. However, most 
demand in the lettuce market is for head lettuce that is usu-
ally grown outdoors. This occurs because it is easy to mass 
produce, easy to pack for transportation, and a high salad 
volume can be made from a small head [19]. The production 
of head lettuce is 3.3 times higher than that for leaf lettuce, 
1.5 times higher than that for romaine lettuce in the United 
States [20], and 75 times higher than that for general non-
head lettuce in Japan [21].

Indeed, it is cabbage that is produced on a larger scale 
and in greater demand worldwide than head lettuce (fifth in 
the leafy vegetables category). The production of cabbage 
is increasing year by year, mainly in China and developing 
countries [22]. Therefore, in this study, we used cabbage, 
instead of head lettuce, among the head vegetables with 
overlapping leaves for the following reasons: (1) cabbage 
can be more effectively measured because it has less uneven-
ness of leaves, and (2) cabbage leaves are more in close 
contact with each other, compared with head lettuce.

Green light penetrates the outer leaves and may 
increase the photosynthetic rate of the inner layer 
leaves

Green light is considered to have a lower absorption rate by 
chlorophylls, compared with blue and red lights. However, 

it can be more effective in producing high density plants 
due to its higher penetration rate [23–25]. Sun et al. [26] 
showed that green light drives 14CO2 fixation deeper within 
spinach leaves compared with red and blue light. Terashima 
et al. [27] revealed that green light with high light intensi-
ties may reach the underside of the leaf and enhance the 
photosynthetic rate of chloroplasts that have not yet achieved 
light saturation. Kim et al. [28] reported that the growth 
of non-head lettuce was promoted by adding green light to 
blue and red light. Saengtharatip et al. [29] showed that the 
ascorbic acid and Chl concentrations of the inner leaves of 
head lettuce were increased by the irradiation of a strong 
green light (400 μmol  m−2  s−1) compared with blue and red 
lights. Thus, the importance of green light in photosynthesis 
and photochemical reaction has been reevaluated. To the 
best of our knowledge, however, no study has addressed the 
effects of green light irradiation on the color and nutritional 
components of overlapping leaves of post-harvest cabbages.

Charles et  al. [30] underlined the potential of using 
the cool white f luorescent lamps with a PPFD of 
50 µmol  m−2  s−1 for a short time treatment (2 days) to main-
tain the quality of fresh-cut products. Using a low light 
intensity for a short-term treatment is not only cost-effective, 
but also easy to apply during the PFALs production line and 
storage period after harvest. Therefore, one of the objectives 
of this paper is to investigate whether irradiation with a low 
light intensity (50 µmol  m−2  s−1) of green light for a short 
term (up to 48 h) could enhance the color and increase the 
nutritional component of the inner leaves of cabbages.

SPAD meter problems and solutions

The leaf color is affected by the Chl and the Chl concen-
tration has a high correlation with value measured by the 
Soil Plant Analysis Development (SPAD) meter [31]. The 
SPAD meter can estimate the Chl concentration in a leaf 
nondestructively. However, the SPAD value of the pale 
green leaves in the inner of cabbage is unmeasurable regard-
less of leaf thickness or unevenness [32], and there have 
been no reports about elucidated solutions to this point. 
The L*a*b* color space is a common way to quantify leaf 
color, which can describe all colors visible to the human 
eyes in three coordinates [33]. To date, the L*a*b* system 
has been employed for the examination of cabbage fresh-
ness and minor color changes in wine and tomato [34–36]. 
It was reported for wheat and pepper leaves that the L*a*b* 
system has a significant relationship with the chlorophyll 
content [37, 38]. These studies compared the measurements 
obtained by SPAD meter and those obtained by colorimeter 
to examine how the Chl concentration was correlated with 
the parameters of the L*a*b* system. A common problem 
in these studies is that the leaves they examined, pepper, 
wheat, tobacco, and grape leaves, were all dark green, with 
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relatively high Chl concentration. The Chl concentration of 
head cabbage leaves, particularly the inner ones, could be 
too low to be measured by a SPAD meter. Therefore, in the 
present study, in addition to using the SPAD meter to esti-
mate Chl concentration, we were also prepared to measure 
the Chl concentration of leaves by a destructive method, 
anticipating that there should be an alternative way to meas-
ure the leaf Chl concentration by measuring the L*a*b* for 
cabbage leaves, especially for the inner leaves, for which 
a SPAD meter might fail to measure. The development of 
non-destructive, easy-to-apply method to measure Chl con-
centration would help plant factory operators to improve the 
quality of their vegetable products in a great way.

Objectives and approaches

The present study aimed to elucidate the effects of short-
term weak green light irradiation on colors and nutritional 
components (Chl and Crt) of inner leaves of cabbages. Spe-
cifically, we (1) investigated in detail the effect of green 
light irradiation on colors (L*a*b*), SPAD, and Chl and 
Crt concentrations at each leaf layer; (2) identified how the 
leaf color was related to the concentrations of Chl and Crt 
of leaves; and (3) proposed an alternative way to measure 
leaf Chl in case its concentration was too low to be measured 
by SPAD.

Materials and methods

Materials and environment

Plant materials

We used two types of cabbage (Brassica oleracea L. var 
capitata) with different colors of inner leaves, yellow (cv. 
Miharu, grown in spring season) and white (cv. Okina, 
grown in summer season). The yellow cabbages (YE) 
were purchased from a supermarket (Kashiwa city, Chiba, 

Japan) on April 6, 2020. The white cabbages (WT) were 
from those grown at the experimental fields at the Chiba 
University (Kashiwa city, Chiba, Japan) in a conventional 
agricultural system. The white cabbages were harvested 
on July 2, 2020. These cabbages were of the well-con-
trolled standard quality in the Japanese market, with clear 
traceability.

For the experiment, four leaf discs (50 mm) that do 
not contain thick veins were punched from each of the 15 
outside leaves (L1 to L15) of WT and YE, respectively. 
Leaves were numbered from 1 (L1), the outermost leaf 
of head consecutively to 15 (L15), the most inner leaf 
(Fig.  1). The leaf sets of L1–L15 were consecutively 
stacked together (with L1 on the top) and wrapped in alu-
minum foil to prevent additional light from entering the 
sides. To prevent the leaves from drying out during the 
observation period of 48 h, each leaf set was placed in 
a petri dish filled with filter paper soaked with 5 mL of 
distilled water; thereafter, the petri dishes were covered 
with a cling film (Fig. 2a, b).

Environmental conditions and treatments

The experiment was conducted in a small walk-in PFAL 
(floor area, 5.9  m2, height, 2.3 m) with high airtightness 
and high heat insulation capable of air conditioning and 
 CO2 concentration control.

Green light (peak: 525 ± 16.6 nm) from LED lamps 
(ISL-150X150-series, CCS Inc., Burlington, MA, USA) 
was used for the treatments (Fig. 2b). The upper surface of 
the leaf set and the surface of a photosynthetic photon flux 
densities (PPFD) sensor (LI-190R, LI-COR) were adjusted 
to the same height (40 mm from the floor), and the light 
intensity was adjusted to 50 μmol  m−2  s−1 at that surface. 
The air temperature and  CO2 concentration around the leaf 
set were kept at 20 °C and 1500 ppm respectively. The 
leaves of WT and YE were irradiated by green light for 
0 h (control), 24 h, and 48 h, respectively.

Fig. 1  Schemes of the yellow 
cabbage (YE) and white cab-
bage (WT) with the annota-
tion of leaf numbers taken for 
nutritional components and 
color analyses. We took 15 leaf 
discs (L1–L15) from a sample 
cabbage
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Measurement

Colors

The leaf discs were placed on a black top plate and the 
center of the leaf pieces was measured one time. Colors were 
obtained using CIE1976 L*a*b* color system according to 
CIE [33].

Three variables—L*, a*, and b*—were measured using 
the colorimeter (CR-20, Konica Minolta, Inc.). In this meter, 
the standard deviation when the white calibration plate was 
measured 30 times at 10-s intervals was within ΔE*ab of 0.1, 
according to the instruction manual, and ± 0.05 according 
to the measurer of this experiment. The CIE 1976 L*a*b* 
color space was adopted to quantify the minute differences 
in color of inner leaves of the cabbage for the experiments. 
L*, a vector representing luminosity, is orthogonal to the 
a*–b* plane to make a color space and a* and b* are two 
axes in a Cartesian coordinate, the former being the red-
green axis, and the latter being the yellow-blue axis (Fig. 3). 
Since we are interested in the greenness of cabbage leaves, 
we use, throughout this paper, the (− a*) axis, the green–red 
axis, which is inverted from the a* axis by multiplying (− 1).

SPAD

SPAD was recorded using a chlorophyll meter (SPAD-
502Plus, Konica Minolta, Inc., Tokyo, Japan). The mean 
value of 5 SPAD readings obtained around the center of 
leaf disc was determined. The repeatability of the chloro-
phyll meter was ± 0.3 SPAD according to the manufacturer’s 
instruction and ± 0.25 SPAD according to the measurer of 
this experiment.

Chlorophyll and carotenoid concentrations

Two smaller leaf discs (12 mm) were sampled from each 
larger leaf disc (50  mm) and measured. The protocol 

described by Porra et al. [39] was used for Chl concentration 
measurements. According to the protocol, N,N-dimethylfor-
mamide was used, and the absorbance was obtained at wave-
lengths of 645, 663, and 480 nm using a spectrophotometer 
(SH-1300Lab, Corona Electric Co., Ltd., Ibaraki, Japan) for 
the measurement of Chl a, Chl b, and Crt concentrations.

Leaf thickness

Leaf thickness was measured for the lamina from the margin 
to the center of the leaf disc using a digital caliper (DT200, 
Niigata Seiki Co., Ltd. Niigata, Japan) before treatment.

PPFD

For adjustment of the lighting environments, PPFDs were 
measured using a photon flux density (quantum) sensor (LI-
COR Li-190SA, LI-COR, Inc., Lincoln, NE, USA) with a 
light meter (LI-250A, LI-COR, Inc.). The accuracy of the 

Fig. 2  The schematic diagram 
(a) and photo (b) showing the 
set-up of green LEDs (A), 
aluminum foil (B) for cover-
ing the leaf sets (15 leaf discs), 
Petri dish (C), leaf discs (D), 
wet paper (E), and cling film 
(F). The stacked leaf sets were 
exposed to the green light with 
PPFD of 50 µmol  m−2  s−1. 
Arrows indicate the path of light 
reflected (R), absorbed (Ab), 
and transmitted (T)

Fig. 3  The CIE 1976 L*a*b* color system
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photon flux density sensor and light meter was ± 5% and 
± 0.4%, respectively (room temperature, 25 °C).

Measurement timing, repetition and numbers 
of observations by treatment

The color parameters and SPAD of the sampled leaves 
were measured, nondestructively, at 0, 24, and 48 h after 
treatment, and the Chl and Crt concentrations were meas-
ured, destructively, at 0 and 48 h after treatment (Table 1). 
Under the nondestructive measurement, for each leaf set, 
five samples (ϕ50 mm disc) were obtained for YE and four 
samples (ditto) for WT. For both YE and WT, after measur-
ing SPAD and color parameters nondestructively, two small 
discs (ϕ12 mm) were hollowed out from one of the ϕ50 mm 
discs as samples used to measure Chl and Crt concentrations 
destructively. The remaining ϕ50 mm samples, three for YE 
and two for WT, were used for the measurements at 24 and 
48 h after treatment. Of the fifteen layers of leaves sampled, 
L15 was excluded from the statistical analyses, because its 
conditions, as being facing the floor (Fig. 2a), were different 
from the other leaves.

Statistical analyses

The results of the experiments were first presented as 
bar-charts with standard-error bars. When two means 
were subject to the t-test, we adopted p < 0.05 as the crit-
ical level. The multiple regression analysis was adopted 
first to ascertain if the irradiation of green light gave 
significant effects on the two target nutritional com-
ponents, i.e., Chl and Crt concentrations in the leaves, 
and second to identify how Chl and Crt concentrations 
affected the luminosity and colors of cabbage leaves. 
The former problem, whether the irradiation gave sig-
nificant effects on Chl and Crt concentrations in leaves, 
can be answered by adopting the variance analysis. We 
adopted the regression analysis, since we were interested 
in knowing the magnitudes of the effects. In the regres-
sion analyses conducted, the probability to accept the 
null hypothesis that the regression coefficient was nil 
was presented for each coefficient estimated.

Table 1  Experimental factors 
that affected the concentrations 
of chlorophyll (Chl) and 
carotenoid (Crt) of cabbage 
leaves: the results of regression 
analyses regressing Chl and Crt, 
both in logarithm, on factors in 
the experiment (N = 48)a

The probability of p < 0.05 is written in bold letter
a The data used for the regression analyses are obtained by (1) pooling the YE and WT data used for meas-
uring nutritional components (Chl and Crt) by applying a destructive method, (2) averaging over the two 
replications, and 3) excluding the data on the two surface leaves. The total number of observations is 
N = 48 (2 × 2 × 12)
b The experiment conducted is represented by the following dummy variables: (1) Green light irradiation 
dummy for ‘after 48 h’ takes 1 if the observation is of ‘after 48 h’ and 0 if it is of 0 h (before irradiation). 
(2) White cabbage (WT) dummy takes 1 if the observation is of WT and 0 if the observation is of yellow 
cabbage (YE). (3) Cross term dummy takes 1 if the observation is of ‘after 48 h’ and WT and 0 otherwise. 
(4) Leaf position dummies: (i) Middle position dummy takes 1 if the leaf is from 6th (L6) to 10th (L10) 
and 0 otherwise, (ii) Deep inner dummy takes 1 if the leaf is from 11th (L11) to 14th (L14).
c The probability that the null hypothesis that the estimated regression coefficient is nil is accepted

Explanatory  variablesb Dependent variable

Chlorophyll [Ln (Chl)] Carotenoid [Ln (Crt)]

Regression coef-
ficient

Prob.c Regression coef-
ficient

Prob.c

Green light irradiation dummy
 After 48 h 0.702 4.6 × 10–5 0.091 0.494

Whiter cabbage (WT) dummy − 0.702 4.6 × 10–5 − 2.068 3.8 × 10–19

Cross term
 (After 48 h) × (WT) − 0.275 0.215 − 0.360 0.061

Leaf position dummy
 Middle (6th–10th) − 0.714 6.1 × 10–6 − 0.171 0.154
 Deep inner (11th–14th) − 1.066 4.2 × 10–9 − 0.371 0.004

Intercept − 2.998 1.1 × 10–23 − 4.253 2.1 × 10–32

R2 0.773 0.935



274 Y. Amagai et al.

1 3

Results

Changes in colors and nutritional 
components for each leaf position of cabbage 
before and after green light irradiation treatment

Figure 4a shows the colors, nutritional components, and 
leaf thickness of the two types of cabbages (YE and WT) 
before the green light treatment. The levels of SPAD, Chl 
and Crt concentrations, − a* (greenness), and b* (yellow-
ness) tended to increase towards the outer leaves, although 
YE’s − a* and b* were lower for the outermost two leaves, 
L1 and L2, than for L3, and YE’s b* was nearly constant 
after L3. L* (luminosity) increased from L1 to L6 but 
remained nearly constant thereafter. YE had distinctly 
higher SPAD and Chl concentration than WT, while WT 
was characterized by distinctly lower b* and Crt concen-
tration than YE. The WT’s leaf thickness was higher than 
YE’s, and WT had leaves that tended to be thicker toward 
the inside. For both YE and WT, SPAD and Chl concentra-
tion shared a very similar downward trend from L1 to L7. 
It should be noted, however, that the SPAD meter failed 
to give any measured value for the inner leaves beyond 
L8 for both YE and WT, whereas the measurement by a 
destructive method revealed positive, though low, levels of 
Chl concentration for all the leaves at these intermediate 
and deep positions.

Figure 4b shows the changes in colors and nutritional 
components for the two types of cabbages (YE and WT) 
after treatment with green light. As for SPAD, as seen in 
Fig. 4a, the measurement of SPAD failed for the inner 
leaves beyond L8, for which no change was shown in this 
figure. At a glance, it is clear that WT showed smaller 
changes than YE, so let us observe changes for YE first. 
The irradiation of greenlight had an effect to decrease 
L*: the inner leaves decreased more, and the degree of 
decrease increased from 24 to 48 h. The irradiation, con-
versely, induced increases in − a* and b*: the rate of 
increase was greater for the inner leaves, and the longer 
the irradiation time, the greater the positive change tended 
to be. For these three color-related variables, the change 
from 0 to 24 h or 48 h was statistically significant for many 
leaves. In the case of Chl concentration, the change in L3 
and the inner leaves was an increase, and the degree of 
increase tended to be larger for more inner leaves, show-
ing a statistically significant increase in L11 and L14. The 
trend of change in SPAD from L1 to L7 was similar to that 
in Chl concentration, but no significant change was found 
for SPAD.

Next, looking at WT, it was observed that L*, − a*, and 
b* tended to show almost the same trend as for YE, though 
with much smaller degrees of change. There were many 

cases in which the general movements were reversed, but 
none of these changes in the opposite direction were sta-
tistically significant. The patterns of change in Chl con-
centration and SPAD were similar to those for YE, but the 
tendency for Chl concentration to increase was not seen in 
the inner leaves beyond L10. The change in Crt concentra-
tion was also small, and no systematic trend was observed.

Figure 5 shows the images of the leaf discs of cabbages 
(YE and WT) obtained before (0 h) and after (48 h) green 
light treatment. YE showed higher greening at 48  h in 
stronger yellowish central leaf discs. Conversely, WT was 
pale green and almost white at 0 h and a little darker green 
at 48 h.

Statistical confirmation of the effects of greenlight 
irradiation on leaf nutritional components 
and relationship between leaf nutritional 
components and leaf colors

Our interest in this paper was to know if green light irradia-
tion could change the color of post-harvest head cabbage 
leaves in favorable directions, and if so, what nutritional 
components in the leaves contributed to the changes. Fig-
ure 4a and b revealed that the irradiation tended to increase 
the greenness and yellowness of leaves, particularly for those 
in the middle and closer to the center of the cabbages. It was 
also shown in these figures that the irradiation appeared to 
increase the concentrations of Chl and Crt in the leaves of 
middle and deep inner positions. The small sample number 
due to the destructive measuring of Chl and Crt concentra-
tions, however, the statistical supports for these were not 
sufficient. We expected that the use of the SPAD meter, a 
non-destructive method of measuring Chl concentration in 
leaves, was amenable to produce as many samples as we 
need. However, as shown in Fig. 4a, the SPAD meter failed 
to give SPAD estimates for inner leaves below L8 for both 
YE and WT. In fact, we found that the SPAD meter had dif-
ficulties supplying reliable SPAD estimates for leaves with 
very low concentration of Chl (typically if SPAD < 10 or 
Chl < 0.05 g  kg−1 in the current case). This was a perplexing 
situation because we were interested in changing the color of 
inner leaves, the color of which was very light green or even 
whitish, with very low concentration of Chl. Here, we try 
to find the relationship between nutritional components and 
the color parameters, using the data obtained by destructive 
method with a smaller number of observations.

First, we confirm statistically if the findings in the pre-
vious subsection that the green light irradiation appeared 
to increase the concentrations of Chl and Crt in the inner 
leaves. For this purpose, we estimated two regression equa-
tions, in which Chl concentration in the first regression and 
Crt concentration in the second regression, both in loga-
rithms, were regressed, respectively, to the dummy variables 
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Fig. 4  The initial values of L*, −  a*, b*, SPAD, chlorophyll (Chl) 
concentration, carotenoid (Crt) concentration, and leaf thickness at 
0 h (4a) and the changes of the values at 24 h and 48 h compared with 
0  h (4b) for the 1st–14th leaves in yellow cabbage (YE) and white 
cabbage (WT). The initial value at 0  h is shown as black bars, the 

changes at 24 h as blue bars, and the changes at 48 h as pink bars. 
Chl and Crt concentrations were measured only at 0 h and 48 h. Error 
bars represent standard deviations (n = 2 to 3). Bars labeled "*" indi-
cate that the values at 24 h or 48 h were significantly different from 
the initial values (0 h) (Student's t test, P < 0.05)



276 Y. Amagai et al.

1 3

Fig. 4  (continued)
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that represent the treatments in our experiment. It should be 
noted that the first and second leaves of the sample cabbages, 
which were distinctly in dark green (Fig. 5) with distinctly 
high values for SPAD and concentrations of Chl and Crt, 
were excluded from the dataset. The results clearly showed 
that, after controlling the differences in the types of cabbage 
(YE or WT) and in the leaf position (near surface, mid-
dle, and deep inner), the green light irradiation significantly 
increased the concentration of Chl concentration in the 
leaves (Table 1). For Crt concentration, on the contrary, the 
irradiation gave no significant impact on the concentration 
of Crt in the leaves, the variation in Ln (Crt) being explained 
largely by the difference between YE and WT.

With the positive effect of the green light irradiation on 
Chl concentration confirmed, we examine the relationship 
between the nutritional components and the color param-
eters, by regressing L*, − a*, and b*, respectively, on Chl 

and Crt concentrations, both in logarithms. The results are 
clear (Table 2). The luminosity of leaves decreased as leaf 
Chl concentration increased but increased as leaf Crt con-
centration increased, the relationships of which were statisti-
cally highly significant. The greenness of leaves increased 
significantly as Chl concentration increased but was not 
affected by Crt concentration, whereas the yellowness of 
leaves increased significantly as Crt concentration increased 
but was not affected by Chl concentration. For all these sig-
nificant relationships, the significance levels were very high.

Discussion

Green light can easily penetrate to the middle layer of the 
plant community [24], and irradiation with a high light 
intensity of green light (400 μmol  m−2  s−1) could increase 

Fig. 5  Colors of leaf discs by 
type of cabbage and the timing 
of sampling. The discs are 
arranged in order, from the sur-
face leaf (L1) to the innermost 
leaf (L15)

Table 2  The relationships 
between the chlorophyll 
(Chl) and carotenoid (Crt) 
concentrations of cabbage 
leaves and their luminosity 
(L*), greenness (− a*) and 
yellowness (b*): the results of 
regression analyses regressing 
L*, − a*, and b*, respectively, 
on Chl and Crt, both in 
logarithm (N = 48)a

The probability of p < 0.05 is written in bold letter
a See the footnote a of the previous table
b The probability that the null hypothesis that the estimated regression coefficient is nil is accepted

Explanatory 
variables

Dependent variable

Luminosity (L*) Greenness (− a*) Yellowness (b*)

Regression 
coefficient

Prob.b Regression 
coefficient

Prob.b Regression 
coefficient

Prob.b

Ln (Chl) − 6.133 8.1 × 10–11 3.308 3.4 × 10–12 1.609 0.358
Ln (Crt) 4.324 3.1 × 10–12 − 0.143 0.522 11.151 2.6 × 10–13

Intercept 78.007 2.3 × 10–35 16.389 2.7 × 10–20 95.291 3.9 × 10–23

R2 0.681 0.774 0.834
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the Chl concentration in the inner leaves of head lettuce due 
to its higher light transmission than red and blue light [29]. 
In the present study, the inner yellow or white leaves of cab-
bages had higher Chl concentration and darker green color 
after irradiation by green light and the changes in Chl con-
centration and color were more significant in the leaf layers 
closer to the head center (Figs. 4b, 5), even though we used 
much lower light intensity (50 μmol  m−2  s−1) and shorter 
time for treatments. These results demonstrated that green 
light can be used as a tool to change colors and nutritional 
components of inner leaves of head cabbages, effectively, 
even with a low light intensity and a short treatment time.

Changes in Chl concentration, and Crt concentration at 
L9–L13 in WT were smaller compared with YE. For leaf 
thickness of the L1–L14, the average of YE was 0.45 ± 0.07, 
but the average of WT was significantly thicker at 0.62 ± 0.09 
(p ≤ 0.01) (Fig. 4a). The small change in colors and nutri-
tional components of WT cabbage was possibly caused by 
the thickness of the leaves reducing the light transmission 
and suppressing the effects of green light.

The colors of leaves, measured by the L*a*b* color sys-
tem, were well explained by the concentrations of Chl and 
Crt in the leaves: L*, the luminosity, was determined nega-
tively by Chl concentration and positively by Crt concentra-
tion, − a*, the greenness, positively by Chl concentration, 
and b*, the yellowness, positively by Crt concentration. 
These results are consistent with previous studies that the 
L*a*b* color system have a significant correlation with 
chlorophyll and carotenoid contents [37, 40]. Since the green 
light irradiation significantly increases leaf Chl concentra-
tion, the irradiation is a legitimate method to be adopted in 
an attempt to improve the greenness of leaves of post-harvest 
head cabbages.

Yellow and white leaf discs (Fig. 5, L8–L15 at 0 h), 
despite Chl of > 0, were difficult to measure their SPAD 
(our SPAD meter failed to give SPAD measures for 56% of 
sample leaves for which the concentration of Chl was less 
than 0.05 g  kg−1, and for 93% if Chl < 0.01.). All samples in 
the present study had the thickness of 1.0–1.2 mm (Fig. 4a) 
that are within the specified range by the SPAD meter 
instruction manual (Konica Minolta, Inc., Tokyo, Japan), 
and the manual states that “measurement is possible within 
the range of − 9.9 to 199.9 SPAD units for wheat, rice, corn, 
cotton, and others”. The manual does not specify if “oth-
ers” include cabbage. If it were to be included, it is neces-
sary to improve the accuracy of the instrument to be able to 
read the SPAD values for samples with low concentration 
of Chl (≤ 0.05 g  kg−1). On the other hand, the present study 
found highly statistically significant relationships between 
the nutritional components and the parameters in the L*a*b* 
color system. It was confirmed that Chl concentration had a 
significant relationship with L* and with − a*. This means 
that the L* and − a* equations in Table 2 could be used as 

a tool to estimate the concentration of Chl of a leaf, with-
out resorting to the destructive measuring method. If we 
have data on L* or − a* of leaves, we can estimate the Chl 
concentration of the leaves by inserting these data into the 
appropriate equation and solving it for Chl concentration. 
The use of the colorimeter, a non-destructive method, to 
measure L* or − a*, therefore, a feasible method to esti-
mate the Chl concentration of those leaves containing low 
chlorophylls.

Except for the Chl concentration in WT, the SPAD and 
Chl concentration of the cabbages tended to decrease only 
on the first and second outer leaves (Fig. 4b) after green 
light irradiation. One of the factors related to this can be 
the leaf senescence. Before harvesting, since light barely 
reaches the inner leaves of cabbage, the growth of the inner 
leaves mainly rely on the outer leaves, which intercept light 
for photosynthesis and supply photosynthate to the inner 
leaves [41]. However, after harvest, the metabolism typically 
switches from vegetative growth to aging process, leading 
to a rapid degradation of biopolymers such as chlorophyll 
(chlorophyll loss) [42]. Moreover, it is known that nitrogen 
utilization in photosynthesis immediately reaches a peak 
after leaf development is complete and thereafter decreases 
with leaf aging [43, 44]. Therefore, even though the outer 
leaves of cabbages were exposed to light after harvest, the 
Chl concentration was still rapidly degraded as the progress 
of leaf senescence.

The production of head vegetables in PFALs will be com-
mercialized in the near future. In the case of head vegeta-
bles grown in open fields, the very first layer leaves of the 
head vegetables (leaves further outside the "outer leaves" 
described in this study) are discarded as plant residue. In the 
head-vegetable production in PFALs, however, these leaves 
could be made edible by fine-tuning the harvest time [45]. 
Furthermore, it is possible to promote the growth of heads 
by externally irradiating the outer leaves because it could 
improve the leaf photosynthesis and thus enhance the trans-
location of photo-assimilates from these outer leaves to inner 
leaves of the head [46, 47]. These perspectives, coupled with 
our research results, suggest that it is important, for real-
izing head-vegetable production in PFALs in the future, to 
develop an environmental control system that focuses on 
promoting photosynthesis of the inner leaves directly to 
enhance head formation.

The typical YE and WT cabbages were used for the 
experiments in the present study and the samples of YE were 
purchased from a local market with marketable quality but 
unknown age. It should be pointed out that the maturity and 
age of the raw materials may affect the response of sam-
ples to irradiation treatments. The present study confirmed 
the positive effect of greenlight irradiation on the leaf Chl 
concentration, but not the effect on the Crt concentration. 
Whether these results can be generalized must be followed 
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up in the future, for different cabbage varieties, plant ages, 
directions and timing of light irradiation, and wavelengths 
and photosynthetic photon flux densities of light. The use of 
different instruments for measurements and the application 
of artificial intelligence algorithms for data analysis, should 
also be considered.

Conclusion

The color of vegetables is an indicator for consumers to 
determine whether the vegetables are fresh and tasty, and 
therefore whether they are of economic value. This study 
showed that the colors of inner yellow and white leaves 
of post-harvest head cabbages can be altered by increas-
ing the concentration of Chl in the leaves by irradiating the 
heads with low intensity (50 μmol  m−2  s−1) green light for a 
short-term (48 h). This result demonstrated a potential new 
approach to maintain or improve the quality of the head veg-
etables during their cultivation and/or postharvest storage in 
PFAL. The concentration of Chl of yellow to white leaves of 
cabbage is often too low to be measured with a SPAD meter, 
which could create difficulty in conducting experiments in 
this research theme. However, this study established that 
each of the first two parameters of the L*a*b* color space 
has a clear regression relationship determined by the Chl 
concentration in the leaves. Using these regression equa-
tions, the low concentration of Chl can be estimated from L* 
or a* measured non-destructively by the colorimeter. These 
discoveries would also help to produce head vegetables with 
the preferred phenotype desired by consumers, using PFAL 
that can effectively control the light environments. More 
research, such as using different light intensities and differ-
ent cabbage varieties, with more sophisticated instruments 
for measurements, artificial intelligence algorithms for data 
analysis, etc., need to be sought in the future.
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