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Abstract: Vegetable product quality is an important consideration for consumers. Long-term root
cooling could improve certain food quality of horticultural crops, but often comes at the expense
of reduced shoot biomass or yield. Since few studies have investigated how fast Chinese broccoli
(Brassica oleracea var. alboglabra Bailey) responds to changes of root temperature, we shortened the
duration of the root cooling treatment to one week before harvest to make the production system
more effective. The aim of this study was to improve the food quality of Chinese broccoli without
causing deleterious effects on plant growth and yield. The seedlings were cultivated hydroponically
at two root temperatures (10 and 20 ◦C) during the last week prior to harvest in summer 2018
(Exp-1) and autumn 2019 (Exp-2). Plant growth, yield, physiological variables, soluble sugars, total
chlorophyll, glucosinolates and mineral elements concentration were examined. The results showed
that the yield reduction was alleviated compared to results over the long-term. Specifically, yield was
not affected by root cooling in Exp-1 and reduced by 18.9% in Exp-2 compared to 20 ◦C. Glucose and
fructose concentrations of the leaves were increased when the root temperature was 10 ◦C in both
experiments with a more pronounced impact in Exp-2. In addition, root cooling produced a significant
accumulation of individual glucosinolates, such as progoitrin, gluconapin, 4-methoxyglucobrassicin
and 4-hydroxyglucobrassicin, in the stems of Exp-1 and the leaves of Exp-2. Minerals, such as N,
showed reductions in the shoot, but accumulation in the root. Therefore, compared to long-term root
cooling, short-term (one week) reduction of the root temperature is more economical and could help
improve certain quality characteristics of Chinese broccoli with less or even no yield reduction.

Keywords: yield; biomass; glucosinolates; soluble sugars; chlorophyll; starch; minerals

1. Introduction

Chinese broccoli (Brassica oleracea var. alboglabra Bailey), also known as Chinese kale
and Gai lan, is original from South Asia and one of the most popular leaf vegetables in
these regions [1]. Chinese broccoli is grown for its bolting stems and tender rosette leaves
as the main edible parts [2]. Due to its flavor and high concentration of health-promoting
phytochemicals and minerals, such as glucosinolates, chlorophyll, and essential mineral
elements, Chinese broccoli has gained wide recognition as a healthy vegetable [2]. Notably,
glucosinolates are the characteristic natural antioxidants in Brassica vegetables and a group
of sulfur-and nitrogen-containing compounds derived from different amino acids [3].
Glucosinolates alone have limited health benefits for humans, but the hydrolysis product
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isothiocyanates are proven to exhibit cholesterol-lowering, anti-carcinogenic and anti-
mutagenic activity, and therefore consumption of food rich in glucosinolates is associated
with reduced risk of cancer and other chronic diseases [4,5]. Sugar levels, together with
glucosinolates, determine the flavor and acceptance of Chinese broccoli by the consumer [6]
In addition, Chinese broccoli, like other leaf vegetables, is believed to provide a modest
source of essential mineral elements including K, Ca and Mg, for well-balanced diets [7].

Root temperature plays a critical role in plant growth and influences the concentration
of some primary and most secondary metabolites [8–11]. Reactive oxygen species (ROS)
are produced under temperature stress and as an antioxidant defense mechanism, the
biosynthesis of bioactive compounds in plants is provoked to counteract the oxidative
damage caused by ROS [12]. Applying temperature stresses during cultivation is, therefore,
an effective method to improve the bioactive compound levels of horticultural plants.
Furthermore, root temperature can easily be controlled in greenhouse cultivation. Several
studies have shown that long-term root cooling improves nutritional quality by increasing
the levels of beneficial functional plant constituents. For example, after a 24-day root
temperature treatment, the rosmarinic acid and acacetin concentration of Agastache rugosa
was highest at 10 ◦C root temperature [13]. In hydroponically grown carrots, a 14-day
treatment with an elevated nutrient solution temperature increased the total phenolic
compounds and soluble solid content [10]. Similarly, our previous studies of the effects of
root temperature on food quality of Chinese broccoli [14] and cocktail tomato [15] have
shown that long-term root cooling can be used as a strategy to accumulate high levels of
phytochemicals such as sugar, chlorophyll, lycopene and glucosinolates with potential
practical applications.

However, cold temperature is one of the most devastating abiotic stress causing
agricultural loss in horticultural crops [16,17]. For example, long-term root cooling caused
8–21% yield loss in cocktail tomato [15] and 21% loss in Chinese broccoli [14]. Under
long-term cold stress conditions, photosynthesis, root respiration, water uptake, and
hormone signaling were altered [18–20]. Additionally, the reallocation of resources to
accumulate phytochemicals was at the expense of growth [21], resulting in a reduced
vegetable yield—an undesirable outcome for growers. Ogawa et al. [22] showed that a
short-term treatment (6 days) of red perilla (Perilla frutescens) with a low temperature
(10 ◦C) nutrient solution increased perillaldehyde and rosmaricnic acid content, but dry
weight of leaves was unaffected. In addition, a one-week 5 ◦C root temperature treatment
improved the concentration of ascorbic acid and soluble sugar of spinach, while the fresh
weight reduction of the shoot was lower than that obtained from a constant two-week 5 ◦C
treatment [23]. We hypothesized that short-term root cooling could trigger physiological
stress responses of the plant resulting in higher contents of desired beneficial compounds
without interfering heavily with crop performance. Moreover, short-term root cooling
involves less energy and is therefore more economical. Our previous findings revealed
that the effects of root cooling vary between growing seasons and years [14]. As Chinese
broccoli is grown all year round and under diverse climatic conditions, products may
have different phytochemical concentrations as a result [24]. To account for the climatic
factors, we conducted two separate experiments in summer (Exp-1) and autumn (Exp-2).
The objective of the present study was to investigate whether short-term (one-week) root
cooling immediately before harvest promotes the accumulation of glucosinolates, sugar,
and total chlorophyll without affecting yield.

2. Materials and Methods
2.1. Plant Materials and Experimental Setup

Experiments were conducted under greenhouse conditions (Forschungszentrum
Jülich, Germany), in August 2018 (Exp-1) and October 2019 (Exp-2). Chinese broccoli seeds
were provided by Guangdong Academy of Agricultural Sciences (Guangdong, China).
Before sowing, seeds were sanitized in boiling distilled water for 5–10 min and germinated
in paper soaked with distilled water in darkness at room temperature (25/20 ◦C day/night).



Agronomy 2021, 11, 577 3 of 15

Six days after sowing (DAS), the seedlings were transplanted into six cm diameter pots
filled with sand irrigated with 25% Hoagland solution (1.25 mM CaNO3, 1.25 mM KNO3,
0.5 mM MgSO4, 0.25 mM KH2PO4, 22.4 µM Fe(EDTA), 2.5 µM MnCl2, 0.25 µM CuSO4,
0.25 µM ZnSO4, 12.5 µM H3BO3, 0.125 µM Na2MoO4) [25]. On the third true leaf stage
(31 DAS), 32 uniform seedlings were transplanted into 8 containers (28 × 43 × 17 cm)
filled with 50% Hoagland solution (2.5 mM CaNO3, 2.5 mM KNO3, 1 mM MgSO4, 0.5 mM
KH2PO4, 44.8 µM Fe(EDTA), 5 µM MnCl2, 0.5 µM CuSO4, 0.5 µM ZnSO4, 25 µM H3BO3,
0.25 µM Na2MoO4) in the hydroponic system. Each container held four plants. Constant
pH (6.0–6.5) and EC (1.1–1.2 ms/cm) were guaranteed. New nutrient solution was added
every day, and all of the nutrient solution was changed weekly. Plants were placed in the
greenhouse maintained at relative humidity around 50% and daily 16 h light and receiving
natural light. Light and air temperature during the growth were recorded by the climate
station within the greenhouse.

Root temperature treatment was started one week before harvest (45 DAS) by circu-
lating the nutrition solution through a thermostat (Oceanrunner OR1200, Aqua Medic,
Bissendorf, Germany). Root temperature was set at 20 ◦C (control) vs. 10 ◦C (cool).

All the plants were harvested at the same time (51 DAS) at the commercial harvest
stage (the height of the stem is the same as that of the leaves) [26]. Each plant was
considered a replicate. After harvest, shoot fresh weight (FW), shoot height, root FW and
root length were recorded. The upper plant part (including the main stem with terminal
floral buds and 6–7 leaves) above the fifth node was regarded as consumable and the
weight was recorded as yield. Bolting stem diameter was measured at the thickest part of
the marketable portion. The leaves and stems were cut and divided into two parts. One
part was immediately flash-frozen in liquid nitrogen and stored at −80 ◦C until further
phytochemical analysis. The other part was dried at 65 ◦C until constant weight for dry
weight (DW) and element analysis. Root DW was recorded directly after drying. Shoot
DW was calculated as the sum of DW of leaves and stems. Shoot ratio based on dry weight
was calculated based on the following formula,

Shoot ratio = (Shoot DW)/(Shoot DW + Root DW) × 100%

2.2. Evaluation of Photosynthesis, Transpiration, Stomatal Conductance and Leaf Temperature

In Exp-2, net photosynthesis, transpiration, stomatal conductance and leaf temper-
ature were determined by a portable photosynthesis system, LI-6400 (LiCor, Lincoln,
NE, USA). The fully developed youngest mature leaf of each plant was measured at the
photosynthetically active radiation (PAR) of 400 µmol m−2 s−1, a CO2 concentration of
400 µmol mol−1, cuvette air temperature of 21 ◦C and relative humidity between 50 and
60%. Measurements were taken from 10:00 to 12:00 h at 47 and 50 DAS, representing 3 d
and 6 d after treatment initiated, respectively. Due to the schedule and maintenance of the
device, measurements of these parameters in Exp-1 were missed.

2.3. Soluble Sugar, Total Chlorophyll and Starch Analysis

In both experiments, extraction of soluble sugar (glucose, fructose and sucrose), total
chlorophyll and starch from frozen Chinese broccoli leaf and stem samples was performed
based on the method described by Viola and Davies [27] with slight modifications described
by He et al. [15]. Briefly, 400 µL 80% (v/v) ethanol was added to 50 mg of homogenized
frozen powder. Samples were incubated at 80 ◦C for 15 min, centrifuged at 13,200 rpm for
3 min and the supernatant was collected. The same procedure was repeated with 400 µL
50% (v/v) ethanol, 200 µL 80% (v/v) ethanol and 200 µL 80% (v/v) ethanol consecutively
until pellets were colorless. All supernatants were pooled, homogenized and directly
measured, or stored at −80 ◦C until further analysis.

Total chlorophyll concentration was immediately determined after extraction with
a microplate reader (Synergy™ 2 Multi-Mode, BioTek, Winooski, VT, USA) at 652 nm.
Glucose, fructose and sucrose concentrations were determined at 340 nm based on Viola
and Davies [27] with slight modification described by He et al. [15]. Starch analysis was
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conducted on the pellet after sugar extraction. The pellets were washed with distilled
water first and then autoclaved at 120 ◦C for 90 min. After incubating in sodium acetate,
α-amylase and amyloglucosidase solution (Roche Diagnostics, Basel, Switzerland) at 37 ◦C,
starch was hydrolyzed to glucose. The determination of starch concentration was the same
enzymatic reaction as glucose. Each sample was extracted and analyzed in duplicate and
the results were reported as mg/g FW.

2.4. Mineral Elements Quantification

Dried Chinese broccoli leaf, stem samples of Exp-1 and Exp-2 and root samples of
Exp-2 were finely ground in a pebble mill (MM400, Retsch, Haan, Germany). Root samples
of Exp-1 were not analyzed due to mishandling during the preparation. Carbon and
nitrogen were analyzed with a CHNS-Analyzer (Leco CHNS-932, St. Joseph, MO, USA).
Mg, K, Ca and P were analyzed by integration of the dried sample with HNO3, H2O2 and
HF (Hydrogen Fluoride) first in a microwave and then by ICP-OES (inductively coupled
plasma with optical emission spectroscopy, Agilent 7500ce, Waldbronn Germany) after
dilution. The concentration was expressed as % of DW. Moreover, shoot/root C, N, Ca, K,
Mg, P content ratio of plants were calculated as the content of each mineral element in the
shoot divided by the same element content in root.

2.5. Glucosinolates Analysis

Intact individual glucosinolates were determined as described by He et al. [14]. Briefly,
approximately 60 mg of homogenized frozen leaf and stem samples of Exp-1 and Exp-2
were used for the extractions. The powder was mixed with 1.5 mL of 80% (v/v) methanol
at room temperature for 30 min, vortexed for another 30 min and centrifuged for 10 min.
After adding another 1.5 mL of 80% (v/v) methanol, the same procedure was repeated.
The supernatants were pooled and evaporated in a vacuum concentrator (Eppendorf Con-
centrator 5301, Hamburg, Germany) at a temperature below 30 ◦C. The dried extract was
redissolved in 240 µL of 50% (v/v) methanol and filtered through 0.2 µm filter (What-
man, PTFE (Polytetrafluoroethylene), 4 mm, Dassel, Germany) before injecting the LC-MS
systems (1260, Agilent Technologies). Compounds were separated on a 150 × 3 mm,
3 µm particle size, Nucleodur C18 Gravity-SB column (Macherey-Nagel, Düren, Germany).
Mobile phase consisted of water containing 0.1% formic acid (phase A) and acetonitrile
containing 0.1% formic acid (phase B). The gradient solvent system was at a constant flow
rate of 1 mL/min as follows: 100% A, linear gradient to 52.3% A over 22 min, isocratic
at 100% B for 3 min and finally equilibration at the initial condition (100% A) for 5 min.
Authentic standard individual glucosinolates (Phytoplan Diehm and Neuberger GmbH,
Heidelberg, Germany) were dissolved in 50% (v/v) methanol for calibration. Individual
glucosinolates were identified on the basis of retention time and m/z ratio compared
with standards. The concentration of total glucosinolates, total aliphatic glucosinolates,
total indolic glucosinolates were calculated by adding up individual glucosinolates of the
respective category and expressed as µmol per 100 mg of Chinese broccoli FW.

2.6. Statistical Analysis

Each plant was regarded as one replicate. For each treatment, there were 16 repli-
cates. Due to the different environmental factors in each experiment, data from each trial
were analyzed separately. All results were expressed as the mean ± standard deviation.
Statistical significance between the control and cool group was analyzed by Student’s
t-test. Differences at p ≤ 0.05 were considered statistically significant and indicated in bold
numbers.

3. Results
3.1. Greenhouse Climate Conditions

The experiments were conducted in summer 2018 and autumn 2019 in the greenhouse,
and the climate conditions were affected by outdoor light and air temperature (Figure 1).
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Fluctuations of air temperature and light were consistent for each experiment, but average
daily air temperature and light during Exp-2 were lower than those of Exp-1.
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Figure 1. Daily average air temperature (A) and PPFD (photosynthetic photon flux density) (B) recorded during Exp-1
and Exp-2 to test the influence of rooting temperature on Chinese broccoli growth and quality in a glasshouse. DAS: days
after sowing.

3.2. Biomass and Yield

In both experiments, only the fresh weight of shoots was significantly affected by the
root temperature (Table 1). The production of dry matter was not affected in the shoot
(p > 0.05). The shoot (including stems and leaves) above the fifth node was considered
consumable and the weight of it was recorded as the yield. The yield in Exp-2 was reduced
by 18.9% (p = 0.009), while no differences were observed in Exp-1. Shoot height, bolting
stem diameter and shoot ratio (% based on DW) were not statistically reduced by root
temperature. Further, root cooling had no influence (p > 0.05) on the growth parameters of
root systems (FW, DW and length).

Table 1. Yield, shoot and root fresh weight (FW), shoot and root dry weight (DW), shoot height, bolting stem diameter, root
length and shoot ratio of Chinese broccoli under different root temperatures in Exp-1 and Exp-2. Significant differences
(p < 0.05) were indicated in bold.

Experiment Exp-1 Exp-2

Treatment 10 ◦C 20 ◦C p-Value 10 ◦C 20 ◦C p-Value

Shoot

Yield (g) 109.72 ± 13.74 120.97 ± 13.90 0.062 89.31 ± 17.91 110.25 ± 16.61 0.009
FW (g) 150.33 ± 18.67 166.91 ± 18.16 0.038 117.17 ± 20.93 140.13 ± 16.76 0.009
DW (g) 11.5 ± 1.22 12.49 ± 1.48 0.052 10.39 ± 1.79 11.34 ± 1.40 0.177

Height (cm) 30.9 ± 2.64 33.1 ± 3.40 0.091 30.55 ± 4.84 32.58 ± 3.45 0.264
Bolting stem

diameter (mm) 17.24 ± 0.89 17.86 ± 0.80 0.087 14.68 ± 1.31 15.47 ± 1.14 0.139

Shoot ratio % 93.02 ± 0.61 93.19 ± 0.93 0.617 97.01 ± 0.41 96.90 ± 0.34 0.502

Root
FW (g) 14.47 ± 2.70 16.56 ± 2.33 0.058 5.50 ± 1.15 6.52 ± 1.59 0.090
DW (g) 0.85 ± 0.13 0.91 ± 0.13 0.275 0.32 ± 0.06 0.36 ± 0.07 0.090

Length (cm) 30.35 ± 4.45 31.31 ± 3.93 0.589 27.95 ± 5.81 33.17 ± 6.58 0.056

3.3. Net Photosynthesis, Transpiration, Stomatal Conductance and Leaf Temperature

In Exp-2, net photosynthesis, transpiration and stomatal conductance were recorded
three days (47 DAS) and six days (50 DAS) after the treatment started (Table 2) to under-
stand the gas exchange. Leaf transpiration rate and stomatal conductance were higher at
low root temperature, but leaf temperature and net photosynthesis rate were not affected
three days after the treatment (47 DAS). After another 3 days of root cooling (50 DAS), no
differences were detected in the four parameters.
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Table 2. Effect of root temperature treatment on leaf temperature, transpiration rate, stomatal conductance and net
photosynthetic rate of Chinese broccoli at two dates (47 DAS and 50 DAS) after treatment started in Exp-2. Significant
differences (p < 0.05) were indicated in bold.

47 DAS 50 DAS

10 ◦C 20 ◦C p-Value 10 ◦C 20 ◦C p-Value

Leaf temperature (◦C) 22.29 ± 0.53 22.42 ± 0.43 0.588 22.17 ± 0.36 22.05 ± 0.46 0.568
Transpiration rate (mmol H2O·m−2·s−1) 7.01 ± 0.71 5.69 ± 1.12 0.016 5.60 ± 0.66 6.30 ± 0.65 0.051

Stomatal conductance (mol H2O·m−2·s−1) 0.63 ± 0.10 0.48 ± 0.16 0.043 0.46 ± 0.08 0.54 ± 0.11 0.142
Net photosynthesis rate (µmol CO2·m−2·s−1) 8.84 ± 0.45 8.66 ± 0.57 0.486 9.03 ± 1.49 9.35 ± 0.66 0.587

3.4. Soluble Sugars, Starch and Total Chlorophyll

Calculations made for these factors were based on fresh weight because fresh products
are generally consumed. The response of soluble sugars to root temperature treatment
varied by season and tissue (Table 3). In general, leaves of Chinese broccoli had a higher
concentration of soluble sugars under root cooling treatment. The concentration of glucose
and fructose in leaves increased by 20.5% and 21.7%, respectively, when the roots were
exposed to 10 ◦C in Exp-1. In Exp-2, the glucose and fructose levels in leaves almost
doubled. In both experiments, the sucrose level of leaves was not significantly affected by
root temperature. In Exp-1, no significant changes in stem sugar levels were observed in
root cooling-treated plants, while in Exp-2, the three soluble sugar concentrations increased
by 33.4–87.5% and the total soluble sugar concentration increased by 39.8%. Compared to
soluble sugars, the accumulation of starch was only detected in the leaves of Exp-2, with
a 68.8% increase. In Exp-1, the concentration of total chlorophyll in leaves increased by
around 5.8% at a root temperature of 10 ◦C compared to 20 ◦C (Table 3).

Table 3. Soluble sugars, total chlorophyll, and starch concentration (mg/g FW) of leaves and stems of Chinese broccoli
under different root temperatures and harvest dates in Exp-1 and Exp-2. Significant differences (p < 0.05) were indicated in
bold. FW: fresh weight.

Exp-1 Exp-2

(mg/g FW) Treatment 10 ◦C 20 ◦C Change
[%] p-Value 10 ◦C 20 ◦C Change

[%] p-Value

Leaf

Glucose 3.12 ± 0.68 2.59 ± 0.40 +20.5 0.039 0.92 ± 0.27 0.43 ± 0.22 +114.0 <0.001
Fructose 3.37 ± 0.59 2.77 ± 0.31 +21.7 0.009 1.15 ± 0.31 0.52 ± 0.23 +121.2 <0.001
Sucrose 1.11 ± 0.38 0.86 ± 0.21 0.072 0.54 ± 0.31 0.52 ± 0.33 0.907

Chlorophyll 6.02 ± 0.38 5.69 ± 0.28 +5.8 0.032 5.42 ± 0.54 5.31 ± 0.32 0.559
Starch 1.52 ± 0.65 1.84 ± 1.10 0.422 0.54 ± 0.23 0.32 ± 0.17 +68.8 0.018

Soluble sugar 6.96 ± 2.54 5.69 ± 1.92 0.183 2.61 ± 0.50 1.47 ± 0.64 +77.6 <0.001

Stem

Glucose 7.35 ± 0.75 7.51 ± 0.71 0.612 9.50 ± 0.89 7.12 ± 1.38 +33.4 <0.001
Fructose 5.62 ± 0.59 5.75 ± 0.64 0.608 7.96 ± 0.69 5.95 ± 1.03 +33.8 <0.001
Sucrose 2.40 ± 0.40 2.66 ± 0.50 0.180 3.15 ± 0.56 1.68 ± 0.46 +87.5 <0.001

Chlorophyll 0.37 ± 0.05 0.36 ± 0.04 0.668 0.34 ± 0.05 0.31 ± 0.11 0.498
Starch 0.21 ± 0.04 0.23 ± 0.07 0.422 0.19 ± 0.05 0.15 ± 0.06 0.076

Soluble sugar 14.09 ± 4.70 15.92 ± 1.36 0.217 20.61 ± 1.95 14.74 ± 2.43 +39.8 <0.001

3.5. Glucosinolates

The glucosinolate patterns of the stems and leaves were similar in both Exp-1 and
Exp-2 (Table 4). Two groups of glucosinolates were identified in Chinese broccoli leaves and
stems, and the major glucosinolates in the shoots of Chinese broccoli were aliphatic groups,
with gluconapin as the most abundant in both stems and leaves. The predominant indolic
glucosinolate was glucobrassicin, with higher levels in leaves. In both experiments, lower
root temperature (10 ◦C) had a positive influence on the concentration of glucosinolates.
In Exp-1, the root cooling effects were more pronounced in stems than in leaves. Most
of the glucosinolates in leaves showed no significant increase (p > 0.05), such as sinigrin,
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glucoraphanin and gluconapin. In stems, progoitrin and gluconapin of the aliphatic
group, and 4-methoxyglucobrassicin and 4-hydroxyglucobrassicin of the indolic group
increased by 49.4%, 24.3%, 18.7%, and 32.5%, respectively, at 10 ◦C compared to 20 ◦C
root temperature. The increased percentage of total aliphatic and indolic glucosinolate
concentrations under low root temperature was almost the same at around 21%. Results of
Exp-2 revealed that the concentration of most glucosinolates in leaves was higher at 10 ◦C
than 20 ◦C root temperature, while in stems, only 4-methoxyglucobrassicin was increased
significantly at around 22.2%. The total aliphatic glucosinolates and indolic glucosinolates
concentrations of leaves were enhanced, with a similar increase at around 43% when the
roots were exposed to 10 ◦C. No statistically significant differences were detected for other
individual or total glucosinolates (p > 0.05) in stems.

3.6. Mineral Elements

A comparison of the mineral elements in the cooled and control group in both exper-
iments revealed that root cooling affected the mineral concentration of Chinese broccoli
(leaves, stems and roots) (Table 5). Under root cooling in Exp-1, the carbon concentration
was not affected in leaves and stems (p > 0.05). N and Mg levels were reduced at 10 ◦C
root temperature by around 6% and 9%, respectively, compared to 20 ◦C in leaves. In
stems, the concentrations of N and Mg were not affected. The concentration of P was
increased in leaves by approximately 8% and reduced by 14.3% in stems at lower root
temperatures. The concentration of K significantly reduced in both stems (p = 0.017) and
leaves (p < 0.001) at 10 ◦C root temperature. In Exp-2, Chinese broccoli grown at the lower
root temperature accumulated 3% more carbon in leaves and stems compared to the control
group. Concentrations of N, P, K, Ca and Mg were all reduced at 10 ◦C in stems and leaves,
except for K in leaves. Contrary to the reduction in shoots, N and P concentrations in roots
were increased at 10 ◦C by 16.1% and 28.1%, respectively.

The shoot/root content ratio of minerals in Exp-2 was significantly affected for N only
(Figure 2). It could be observed that higher root temperature resulted in a higher root/shoot
content ratio except for C where a higher ratio was observed at lower root temperature.
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Figure 2. Shoot/root C, N, Ca, K, Mg, P content ratio of plants grown at two root temperature
treatments (10 and 20 ◦C) in Exp-2. Mean and standard deviation were shown. Statistical analysis was
performed by t-test. Levels of significance were represented by: ns not significant, ** 0.001 < p < 0.01.



Agronomy 2021, 11, 577 8 of 15

Table 4. Total, aliphatic, indolic and individual glucosinolates concentrations (µmol/100 g FW) in the leaves and stems of Chinese broccoli under different root temperatures and harvest
dates in Exp-1 and Exp-2. Significant differences (p < 0.05) were indicated in bold. FW: fresh weight.

(µmol/100 g FW) Exp-1 Exp-2

Treatment 10 ◦C 20 ◦C Change [%] p-Value 10 ◦C 20 ◦C Change [%] p-Value

Leaf

Aliphatic

Sinigrin 28.87 ± 7.31 24.32 ± 11.25 0.276 16.72 ± 4.81 12.49 ± 2.55 +33.9 0.020
Progoitrin 2.47 ± 1.03 2.61 ± 1.72 0.821 1.56 ± 0.66 1.31 ± 0.34 0.280

Glucoraphanin 7.27 ± 3.69 6.30 ± 4.37 0.582 3.40 ± 1.61 1.61 ± 0.91 +111.2 0.005
Gluconapin 69.86 ± 21.84 58.45 ± 30.29 0.325 49.70 ± 17.22 34.39 ± 8.37 +44.5 0.018
Glucoiberin 3.05 ± 1.38 2.60 ± 1.47 0.477 1.38 ± 0.73 0.80 ± 0.35 +72.5 0.030
Glucoalyssin 0.15 ± 0.05 0.13 ± 0.06 0.383 0.08 ± 0.03 0.05 ± 0.02 +60.0 0.026

Total 111.66 ± 34.66 94.42 ± 46.74 0.338 72.84 ± 23.70 50.65 ± 11.62 +43.8 0.014

Indolic

Glucobrassicin 14.56 ± 6.12 12.59 ± 7.38 0.502 6.28 ± 2.52 4.31 ± 0.94 +45.7 0.031
4-Methoxyglucobrassicin 0.81 ± 0.12 0.76 ± 0.16 0.501 1.03 ± 0.26 0.74 ± 0.13 +39.2 0.006

Neoglucobrassicin 0.80 ± 0.52 0.79 ± 0.61 0.988 1.37 ± 0.24 1.09 ± 0.12 0.552
4-Hydroxyglucobrassicin 2.37 ± 0.72 1.96 ± 0.65 0.179 1.87 ± 0.85 1.74 ± 1.06 +7.5 0.004

Total 18.53 ± 7.03 16.10 ± 8.52 0.474 8.92 ± 2.96 6.35 ± 1.23 +40.5 0.019

Total 130.19 ± 39.55 110.52 ± 54.71 0.347 81.76 ± 26.32 57.01 ± 12.37 +43.4 0.013

Stem

Aliphatic

Sinigrin 23.75 ± 5.36 20.80 ± 4.00 0.142 18.75 ± 4.86 16.31 ± 8.73 0.415
Progoitrin 6.32 ± 1.41 4.23 ± 1.19 +49.4 <0.001 2.79 ± 1.03 3.19 ± 1.39 0.438

Glucoraphanin 11.23 ± 2.26 9.92 ± 2.39 0.182 7.80 ± 2.50 7.33 ± 5.08 0.777
Gluconapin 77.15 ± 18.74 62.08 ± 14.61 +24.3 0.039 51.51 ± 20.01 47.74 ± 28.87 0.718
Glucoiberin 2.63 ± 0.53 2.21 ± 0.64 0.098 1.87 ± 0.85 1.74 ± 1.06 0.759
Glucoalyssin 0.17 ± 0.04 0.15 ± 0.02 0.099 0.12 ± 0.04 0.10 ± 0.06 0.420

Total 121.24 ± 25.29 99.38 ± 21.67 +22.0 0.033 82.84 ± 28.11 76.42 ± 44.80 0.683

Indolic

Glucobrassicin 4.18 ± 0.88 4.03 ± 0.90 0.687 3.54 ± 1.38 3.56 ± 1.81 0.971
4-Methoxyglucobrassicin 2.41 ± 0.33 2.03 ± 0.32 +18.7 0.009 2.37 ± 0.42 1.94 ± 0.52 +22.2 0.039

Neoglucobrassicin 2.57 ± 0.71 2.19 ± 0.55 0.153 0.87 ± 0.46 0.96 ± 0.49 0.657
4-Hydroxyglucobrassicin 3.30 ± 0.77 2.49 ± 0.45 +32.5 0.006 2.89 ± 0.85 2.36 ± 1.30 0.258

Total 12.46 ± 2.19 10.74 ± 1.67 +16.0 0.042 9.67 ± 2.39 8.82 ± 3.73 0.522

Total 133.70 ± 27.12 110.12 ± 22.85 +21.4 0.031 92.50 ± 30.34 85.24 ± 48.29 0.668
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Table 5. Element concentration (% DW) of leaves, stems and roots of Chinese broccoli from different root temperatures and
harvest dates in Exp-1 and Exp-2. Significant differences (p < 0.05) were indicated in bold. DW: dry weight.

(%)
Exp-1 Exp-2

10 ◦C 20 ◦C Change [%] p-Value 10 20 ◦C Change [%] p-Value

Leaf

C 39.43 ± 0.63 39.32 ± 0.95 0.727 34.92 ± 0.83 33.79 ± 0.76 +3.3 0.003
N 5.84 ± 0.20 6.21 ± 0.22 −6.0 <0.001 5.92 ± 0.10 6.27 ± 0.23 −5.6 <0.001
P 0.67 ± 0.04 0.62 ± 0.05 +8.1 0.012 0.50 ± 0.03 0.62 ± 0.02 −19.4 <0.001
K 3.88 ± 0.36 4.88 ± 0.76 −20.5 <0.001 5.18 ± 0.25 5.27 ± 0.35 0.536
Ca 2.25 ± 0.23 2.07 ± 0.28 0.106 3.74 ± 0.24 4.14 ± 0.30 −9.7 0.002
Mg 0.71 ± 0.04 0.78 ± 0.10 −9.0 0.033 0.48 ± 0.02 0.51 ± 0.02 −5.9 <0.001

Stem

C 38.32 ± 0.63 38.42 ± 0.41 0.621 39.43 ± 0.45 38.37 ± 0.43 +2.8 <0.001
N 3.84 ± 0.30 3.60 ± 0.35 0.086 3.33 ± 0.19 3.57 ± 0.12 −6.7 0.003
P 0.42 ± 0.03 0.49 ± 0.05 −14.3 0.001 0.46 ± 0.02 0.53 ± 0.02 −13.2 <0.001
K 6.15 ± 0.51 6.83 ± 0.73 −10.0 0.017 5.31 ± 0.38 5.88 ± 0.25 −9.7 <0.001
Ca 0.56 ± 0.08 0.60 ± 0.09 0.245 0.69 ± 0.05 0.78 ± 0.09 −11.5 0.006
Mg 0.44 ± 0.05 0.43 ± 0.05 0.651 0.24 ± 0.02 0.26 ± 0.02 −7.7 0.020

Root

C – – – – 42.63 ± 1.22 43.31 ± 1.55 0.256
N – – – – 3.96 ± 0.37 3.41 ± 0.34 +16.1 0.001
P – – – – 0.41 ± 0.03 0.32 ± 0.04 +28.1 <0.001
K – – – – 0.05 ± 0.02 0.04 ± 0.02 0.143
Ca – – – – 1.01 ± 0.13 0.97 ± 0.15 0.463
Mg – – – – 0.12 ± 0.01 0.12 ± 0.01 0.263

– Root samples were not analyzed due to mishandling.

4. Discussion

Chinese broccoli is fast-growing in hydroponic systems because fertigation can be
optimized. It takes 50 to 60 days from sowing to harvest, depending on the ambient climatic
conditions, such as air temperature and light. For example, low air temperature (15–20 ◦C)
stimulated the bolting of flower stalks and shortened the time to harvest [28].

Here, Chinese broccoli grown in hydroponic culture was exposed to two different root
temperatures (10 and 20 ◦C) in the last week before harvest. A low root temperature is
widely known to limit shoot and root growth, and ultimately the biomass. For example,
Poire et al. [29] reported that the leaf area and shoot fresh weight of Ricinus communis plants
at lower root temperatures decreased throughout the experiment. In the experiment of
Agastache rugosa, all plant growth parameters were restricted to cold root stress [13]. Plant
growth of red leaf lettuce (Lactuca sativa L. cv. Red Wave) was decreased at a low root
temperature (10 ◦C) as compared to temperatures of 20, 25 and 30 ◦C [10]. Similarly, we ob-
served a reduction in the fresh weight of shoot and yield of Chinese broccoli. The decrease
in fresh weight of shoot could be due to reduced water and nutrient uptake [30], a hormone
signaling imbalance during the cooling treatment [31], or reduced photosynthesis [18,19].
However, shoot dry weight was not affected by root cooling, which indicated that the
shoot water status was influenced by root temperature [32]. The balance between root
water uptake and shoot transpiration determines the shoot’s water status [33]. A higher
transpiration rate was detected in the plants exposed to cooling temperatures in Exp-2 of
the present study, but root water uptake (related to total root surface) was not examined.
The reduction of shoot fresh biomass could be due to higher transpiration or combined
effects with lower root water uptake. In the experiment of Poire et al. [29], the transpiration
rate was statistically the same between the control and the cooling root group, but the
values were even higher in the cooling plants. In addition, more negative xylem tension in
the study of Poire et al. [29] confirmed that plants with cooled roots demand more water
to enter the transpiration stream. Therefore, in our studies, increased water loss through
transpiration could be a potential reason for the lower fresh weight, but an unaffected
dry weight of the shoot. However, several studies suggest that stomatal conductance
was reduced at lower root temperatures [33,34] and related this to the simultaneously
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reduced root water uptake and subsequent carbon assimilation [35]. No consensus on
root temperature effects has been achieved to date, possibly due to differences in species,
treatment patterns, cultivation systems and study location [35]. Further studies on the
regulatory mechanisms of transpiration and root water uptake are needed.

We aim to minimize the yield reduction under cold stress by reducing the root cooling
treatment to one week before harvest. Several studies have investigated the effects of
different magnitudes and durations of suboptimal root temperature on plant growth and
development. For example, a long-term elevated root temperature has a more pronounced
effect on the storage root biomass of sweet potato (Ipomoea batatas) than a short-term increase
in root temperature [36]. Transient root cooling at 14 ◦C for two weeks increased the shoot
dry weight of commercial pepper compared to constant root cooling over six weeks [37].
The long-term effects of low root temperature include cold acclimation of nutrient uptake,
root respiration, photosynthesis and transpiration [38], therefore, the impact on biomass
might be more complicated. In this study, the 18.9% reduction in yield was only observed
in Exp-2 and lower than a previously documented 20.6% decrease in yield after long-term
root cooling [14]. Therefore, shortening the duration of treatment alleviated the biomass
reduction. Nevertheless, the effect was dependent on other environmental factors as well.

It has been widely demonstrated that photosynthesis is sensitive to temperature stress,
and the impairment of photosynthesis apparatus is the first symptom of plants suffering
temperature stress [30]. In the present study, we observed that the photosynthesis rates
of the youngest mature leaf were not affected by root temperature. These results are in
accordance with those of Kuwagata et al. [34] and Shimono et al. [39], who reported that the
photosynthetic rate of rice was not affected by the low temperature of the nutrient solution.
Moreover, Nagasuga et al. [33] attributed the decreased total dry weight of rice plants at
lower root temperatures to reduced leaf area, while photosynthesis was not influenced.
The transpiration and stomatal conductance at 47 DAS of Exp-2 were improved at the
lower root temperature, which could be due to the alteration of the water status [32], while
the lack of differences in these two parameters at 50 DAS between the two groups could be
indicative of cold acclimation [38].

Soluble sugar levels determine the overall flavor and acceptance of vegetables by
consumers. Glucose, fructose and sucrose are the major soluble sugars in Chinese broc-
coli [6]. The concentrations of three soluble sugars in stems were higher in comparison to
leaves, consistent with previous studies [40]. Starch is the primary storage component [41],
and its concentration was determined after soluble sugar extraction. It is possible that the
distribution pattern of assimilated carbon into non-structural and structural components
was altered at lower root temperatures [42]. The increase of carbohydrate concentration,
especially in Exp-2, indicated that lower root temperatures increased non-structural carbon
accumulation. Similarly, the concentration of carbohydrates in the leaves of Ricinus com-
munis plants increased when roots were cooled [29]. In red leaf lettuce, a 7-day low root
temperature treatment accelerated the accumulation of sugars [10]. These accumulated
sugars may act as osmolytes to maintain turgor pressure, substrates for plants to survive
stress and antioxidants to scavenge ROS [43]. Another explanation for the accumulated
carbon is a cold girdling effect which reduces phloem solution flow to the roots and thus
increases the shoot carbohydrate concentration [44]. Chadirin et al. [23] found that two
weeks of root cooling at 5 ◦C increased the Brix value the same as one week of root cooling
before harvest in spinach. Similarly, our results were consistent with the previous long-term
root cooling, and the increase (%) of soluble sugars at root cooling was similar.

The increase of total chlorophyll concentration in the root cooling group of Exp-1
was consistent with our previous study [14]. In contrast, Adebooye et al. [45] noted a
decrease of chlorophyll concentration of American snake tomato (Trichosanthes cucume-
rina) in response to root cooling from 30 to 20 ◦C. Anwar et al. [46] demonstrated that
the chlorophyll content of cucumber seedlings was significantly reduced at a low root
temperature (14 ◦C). Considering the warm conditions in Exp-1, which was conducted
during summer, a lower root temperature could have relieved the negative effects of high
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air temperature on photosystem II and Rubisco activity by showing an increase in total
chlorophyll concentration. This explanation would be consistent with research about the
manipulation of root temperature of lettuce aimed at effective production at high ambient
temperatures [47]. Therefore, the impacts of root temperature on chlorophyll depend on
other abiotic factors, the intensity of temperature stress and cultivars [46].

Chinese broccoli is considered a functional food that delivers high amounts of an-
tioxidants, such as glucosinolates, which in plants can counteract the overproduction of
ROS during abiotic or biotic stress [2]. Based on previous studies, the total glucosinolates
of Chinese broccoli include aliphatic, indolic and aromatic groups [48,49]. However, no
aromatic glucosinolates could be detected in our study. Rosa and Rodrigues [24] have doc-
umented variations in total and individual glucosinolates between different cultivars and
individual parts of the same plant, which could explain the lack of aromatic glucosinolates
in this study. Glucosinolate concentrations have also been reported to be affected by envi-
ronmental factors, such as air temperature and light [24]. The production of glucosinolates
is associated with antioxidant defense mechanisms against abiotic and biotic stress factors.
Jasmonate and salicylic acid have been shown to be the two signaling molecules involved
in the induction of different glucosinolates in plant defense, and the activation of various
signal transduction pathways could alter levels of specific individual glucosinolates [12].
The results of previous studies that aimed to evaluate short-term and/or long-term effects
of low air temperature stress on glucosinolates concentration are conflicting. Charron and
Sams [50] and Steindal et al. [51] reported a higher concentration of total glucosinolates in
leaves of broccoli and kale at lower ambient temperature, while, Rosa and Rodrigues [24]
found no correlation between the air temperature and glucosinolate concentration of two-
week-old cabbage seedlings (Brassica. oleracea var. capitata) grown at 20 and 30 ◦C for
two days. Based on variable concentrations in different plant tissue and development
stages, some studies concluded that the effects of air temperature stress depend on the
plant organs, species, tested temperature range and other climatic factors [3,52,53].

The effects of root temperature stress on the concentration of glucosinolates have not
yet been fully explored in the literature, especially with regard to long-term and short-term
effects. After 48 h of root heating at 40 ◦C, aliphatic glucosinolate concentrations of wild
rocket (Diplotaxis tenuiifolia cv Frastagliata) reduced, but aromatic and indolic glucosinolate
levels were not affected [54]. Our previous study showed that long-term root cooling stress
at 15 and 10 ◦C resulted in an increase of different individual as well as total glucosinolates
in the leaves and stems of Chinese broccoli [14], especially indolic glucosinolates. However,
research on Arabidopsis thaliana [55] and kale [56] concluded that aliphatic glucosinolates
were more affected by temperature. Given the results of this study, the positive effects
of short-term root cooling on aliphatic and indolic glucosinolates were similar, and these
findings which are inconsistent results with previous research could be due to the different
reactions of glucosinolates biosynthesis to air and root temperatures. Therefore, assessing
the effects of root temperature on glucosinolates concentration is difficult due to the
interference of confounding factors such as other climatic factors, plant developmental
stage, plant organ and growing season [55]. As compared with the results of our long-term
study, the impact of short-term root cooling (10 ◦C) was more pronounced, especially in
Exp-2. Despite the reduced shoot fresh weight, the content of progoitrin and glucoraphanin
increased in response to low root temperature. These results indicated that root cooling
could be an effective method to improve the food quality of Chinese broccoli in terms
of glucosinolates.

The element levels of Chinese broccoli were significantly affected by the nutrient
solution temperature. The level of minerals in the shoot and roots can be associated with
uptake rate and subsequent partitioning among different plant organs [45]. As a result
of root cooling stress, hydraulic conductivity may be reduced, causing the uptake rate to
be impeded [57]. In addition, minerals tend to be accumulated in the root for nutrient
storage rather than translocated to other parts of the plants under stress conditions [58].
The increased fraction of N in roots and the reduced amount in the shoot at low root
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temperature in the present study suggests this is the likely explanation. Increased carbon
concentration in shoots with cooling roots in Exp-2 was likely caused by the slow sink
metabolism and cold girding effect on the phloem pathway [29]. We also calculated
elemental ratios (% based on DW) in Exp-2 to confirm the distribution of elements under
the two root temperature treatments. The alteration of element allocation patterns was
always associated with various external surrounding factors, such as temperature [59].
Aidoo et al. [60] subjected two cultivars of pepper to a low root zone temperature and
found that more nitrogen was allocated to roots to ensure the survival of the whole plant;
however, carbon allocation was not affected by low root temperature. In line with Aidoo
et al. [60], our results in Exp-2 showed that nitrogen tended to accumulate in the roots,
while other elements were unaffected.

5. Conclusions

The increasing demand for healthy vegetables by consumers has encouraged research
on how to improve product quality. Our previous studies on the effects of long-term root
cooling (10 ◦C) on Chinese broccoli indicated an improvement in the overall quality, but
caused an unwanted reduction of yield. Therefore, here we shortened the root cooling
treatment duration to one week before harvest and the reduction of yield was alleviated.
No significant yield reduction was observed in Exp 1. Additionally, the food quality of
Chinese broccoli was enhanced, exhibiting increased soluble sugar (glucose and fructose)
concentration in the leaves and several individual glucosinolates in stems and leaves.
Furthermore, shortening the treatment duration is more economical, reducing energy
cost associated with root cooling. We conclude that a short period of root cooling before
harvest is a promising option to improve the quality of Chinese broccoli yet maintain
yield. We also found that the effect of root cooling interacts with other climatic factors,
such as ambient temperature and light intensity. Further studies are needed to clarify the
interaction between these climatic factors to optimize the yield and food quality.
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