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A B S T R A C T

Replacing rockwool with more sustainable materials, such as coir, is an effective measure to improve the sus-
tainability of soilless cultivation in the greenhouse. To comprehensively assess the feasibility of coir before using
it widely, coir was compared to rockwool as a cucumber cultivation substrate to evaluate its performance on
mineral elements in the substrates, drainage, and in the plants. Plant growth, amino acids, and flavor substances
of cucumber fruits were also compared between the two substrates. Compared to rockwool, coir significantly
increased the LAI and yield of cucumber crops as well as contents of Ca, Mg, S, Cl and Zn in leaves and fruits.
Contents of P, K, Ca, Mg, Cl, Zn, and B in the substrate were higher for coir while those of Fe, Cu, and Mn in the
drainage lower. Moreover, coir also significantly increased contents of amino acids (His, Leu, Ile, Phe, Lys, Asp,
Glu and Pro) and flavor substance (TC, PS, TP, CLL, CuB, and LA) in cucumber fruits. Our results demonstrated the
potential of coir as a replacement of rockwool to improve sustainability of soilless cultivation in the greenhouse.
1. Introduction

As a modern cultivation system, soilless cultivation could signifi-
cantly improve the yield and the quality of horticultural plants through
controlling the quantity, composition of the nutrient solution and the
growing medium, compared to conventional soil culture (Nerlich and
Dannehl, 2021). Presently, rockwool and coir are two cultured substrates
commonly used for greenhouse production. Rockwool offers optimum
chemical properties and physical and it has been widely used in green-
house cultivation for decades. However, rockwool is a non-biodegradable
product whose production process from non-renewable resources is
energy-intensive and poses great environmental impacts. Furthermore,
rockwool is associated with negative health effect (Kudo et al., 2009).
Considering the growth of greenhouse production and the difficulty to
treat and to dispose of used rockwool products, we should make more
effort to recycle rockwool or reduce the high energy demand dyring the
manufacturing processes (Ant�on et al., 2012).

Cost and environmental concerns are pushing growers to find alter-
native sustainable and recyclable materials such as bark, compost, and
especially, coir to replace rockwool (Fornes et al., 2015). In many tropical
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and subtropical countries, coir is one of the most abundant organic waste
of plant origin, and offers high porosity, good aeration, and high
water-holding capacity. Often used either as a pure substrate or as a
constituent, coir is a stable material as a growing medium in horticulture
production (van Gerrewey et al., 2020). It may also can be reused, for
example, with strawberries in growing modules (Carlile et al., 2019). In
hydroponic systems, some growers even prefer organic substrates to
inorganic substrates because of the potential for good plant production
with organic substrates (Mattson and Lieth, 2019). Previous research
showed that coir added with pumice or stabilized wood fiber can
improve plant growth and nutrition compared with the peat cultured L.
vulgare Lam. (di Lonardo et al., 2021). Scagel (2003) reported that the
growth of many ericaceous species could be promoted when plants were
cultured in media mixed with coir; but the volume of coir in media never
contained more than 20%. If coir could be used as a mono-substrate
without other unsustainable substrates, then the environmental impact
of greenhouse production could be reduced and the sustainable pro-
duction could be achieved. Recent years, pure coir substrate has been
increasingly used in some soft fruit plants such as strawberries and
blueberries, as well as lilies (Feng et al., 2010), tomatoes (Jia et al.,
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2020), and cucumbers (He et al., 2021). However, physical, chemical and
biological properties are quite different between rockwool and coir,
which may affect both plant growth and fruit quality. Previous reports in
tomatoes had shown that the coir significantly increased K and S uptake
by crops, photosynthesis, individual fruit weight, total fruit yield and
organic acid of fruit in first truss compared to rockwool (Xiong et al.,
2017). However, there are fewer relevant studies on cucumbers, thus a
deeper understanding of the characteristics of coir cultivation is required
in order to improve coir substrate use and management, especially for
high-quality production of greenhouse cucumbers.

The main purpose of this work was to investigate and compare the
effects of commercial rockwool and coir slab on growth, chemical ele-
ments, fruit quality and flavor substance of cucumbers. Furthermore, we
also analyzed the chemical elements of rockwool and coir, as well as
those of their irrigation drain. The finding of this study greatly facilitated
the development of novel and improved coir-based cultivation in modern
greenhouses highlighting the cost-efficiency and sustainability.

2. Materials and methods

2.1. Plant material and growing conditions

The experiment was conducted during the autumn of 2020 in a
greenhouse in Shanghai (31.4�N, 121.5�E, P. R. China). Cucumber seeds
(Cucumis sativus L. cv. Deltastar, Rijk Zwaan Distribution B.V., De Lier,
the Netherlands) were sown on 15-09-2021 and germinated in rockwool
cubes (10 cm � 10 cm�7 cm, Grodan, Roermond, the Netherlands) or
coir cube (10 cm � 10 cm � 6.5 cm, 100% 0–6 mm coir, EC < 1, pH
5.8–6.8, Remmy, Qingdao Remmy Commerce and Trade Co., LTD). Cu-
cumber seedlings grown under natural light condition, maximum
photosynthesis photon flux density (PPFD) about 1200 μmol m�2 s�1.
The day and night temperature were maintained at 25 � 2 �C (day) and
17 � 2 �C (night), respectively. The modified Hoagland nutrient solution
(pH ¼ 5.5, EC ¼ 2.0 dS m�1) was used to irrigate the cucumber seedlings
regularly. When plants reached 7–8 leaves, cucumber seedlings were
transferred to rockwool slab (100 cm � 20 cm � 7.5 cm) and coir slab
(100 cm � 20 cm� 8 cm, 50 % 0–6 mm coir, 50 % 10–20 mm coir, EC <

1, pH 5.8–6.8), respectively. Plants were irrigated with nutrient solution
((pH ¼ 5.5–6.5, EC ¼ 2.8–3.2 dS m�1) through an automatic irrigation
system (Nutrjet 300 inline, Priva B. V., De Lier, the Netherlands) with one
drip of 100 mL every 80–100 J cm�2 of radiation sum per plant per day.
The irrigation frequency and volumewere the same for all rockwool slabs
or coir slabs and the drainage ratio was maintained at around 20 % every
day. The A Tank (500 L) of the irrigation system contains Ca(NO3)2 87.5
kg, EDTA-Fe 750 g, and the B Tank (500 L) of the irrigation system
contains KNO3 25 kg, MgSO4 30 kg, KH2PO4 12 kg, K2SO4 3 kg, Na2B4O7
90 g, MnSO4 120 g, ZnSO4 62 g, CuSO4 13 g, Na2MoO4 8 g.

2.2. Measurements of plant height, leaf area index, gas exchange
parameters, yield, and the quality index of cucumber fruits

Plant height, length, and width of every leave were determined using
a ruler, every 4–8 d after transplanting. The leaf area was calculated
according to Cho et al. (2007), and the leaf area index (LAI) was calcu-
lated according to the equation:

LAI ¼ total leaf area per plant � planting density

where the planting density was 2.8 plants m�2, and the same numbers
of old leaves were removed every 3–5 d from the bottom.

A portable photosynthesis system (CIRAS-3, PP Systems, Amesbury,
MA, USA) equipped with the leaf chamber fluorometer (PLC3 Universal
Leaf Cuvette, 18 * 25 mm window, CFM-3) were used to monitor the net
photosynthetic rate (Pn), stomatal conductance (gs), and intercellular
CO2 concentration (Ci) of the fully expanded leaves. During measure-
ments, the photosynthetic photon flux density (PPFD) of cuvette
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conditions were maintained at 1000 μmol photons⋅m�2 s�1 (90 % red,
635 nm, and 10% blue, 465 nm). The relative humidity, leaf temperature
and external CO2 concentration were approximately at 70 %, 25 �C and
390 μmol mol�1, respectively.

The weight of cucumber fruits (plant number¼ 144 for rockwool and
coir cultured, respectively) was recorded after harvest every time over
two months and then calculated for the yield per plant.

The fruit soluble protein (SP) of cucumber was measured according to
Bradford (1976). The extraction and activities determination of poly-
phenol oxidase (PPO) were performed according to the method of Tang
and Newton (2004). The extraction buffer that contained 100 mm
NaPO4, pH 7.2, 0.1 % [w v�1] SDS and 3 mM ascorbate was used to
extract and centrifuge the cucumber fruit tissues. The supernatant ob-
tained was used for PPO activity determination using a spectrophotom-
eter at 490 nm and 28 �C. The change in absorbance per milligram of
protein per minute was used to define the activity of enzyme, and every
0.05 change in absorbance was defined as one unit (U).

The soluble sugar (SS) contents of cucumber fruit were determined
using the previous method (Bai et al., 2013). Fruit tissues (0.05 g) was
boiled in 6 mL of deionized water for 30 min and then centrifuged at 12
000 � g for 10 min. The precipitate was obtained and dissolved in 50 mL
deionized water. Anthrone reagent was prepared from 0.15 g anthrone,
84 ml sulphuric acid and 16 ml H2O. 0.1 mL extract was added to 3 mL
anthrone reagent and the absorbance was recorded at 620 nm by a
spectrophotometer.

To measure the total polysaccharide (TP) of cucumber fruits, 2 g
samples of cucumber and 20 g distilled water were mixed and extracted 3
times at 100 �C for 3 h. The filtrate was obtained by filtering the sus-
pension and then mixed with 4 times the volume of cooled ethanol (8 �C).
After freezing for 48 h (4 �C) the samples were centrifuged at 5000� g for
10 min. Finally, the phenol-sulfuric acid method was used to determined
the polysaccharides content (Wang et al., 2013).

For ascorbate (AsA) content, 10 μl ascorbate oxidase (0.01 units
ml�1), 10 μL of extracted AsA and 80 μl of 0.1 M potassium phosphate
buffer (pH 7.0) were mixed and form a mixture. The increase in extinc-
tion of dehydroascorbate was determined by adding 10 μl of 4 mM
dithiothreitol (DTT) and 80 μl of 0.1 M potassium phosphate buffer (pH
7.8) to 10 μl of mixture prepared above. The sum of decreased ascorbate
absorbance at 265 nm was calculated as total AsA concentrations (Ali
et al., 2019).

The chlorophyll content of cucumber peel, as one of the characteris-
tics of cucumber fruits, can be affected by various environmental factors
and may be related to the content of other flavor substances. The total
chlorophyll contents of the cucumber peel were measured following the
method of Chung et al. (2016). The absorbance of the extracts at 663,
645, and 470 nm was assayed by a spectrophotometer (UV-Vis 2550,
Shimadzu, Kyoto, Japan). Chlorophyll and carotenoid contents were
expressed in mg⋅g�1 fresh weight (FW) and calculated through following
equations:

Chlorophyll a ¼ 0.01 � (12.7 � A663 � 2.69 � A645) FW
�1

Chlorophyll b ¼ 0.01 � (22.9 � A645 � 4.68 � A663) FW
�1

Total chlorophylls ¼ 0.01 � (8.02 � A663 þ 20.21 � A645) FW�1

Total phenols (TP), were determined by adding 180 μl of distilled
water to 5 μl of fruit extract solution. Then, 1200 μl Folin (10 %) was
added to the mixture and let it stand for 5 min before adding sodium
carbonate (7.5 %). Finally, absorption was measured at 760 nm wave-
length using a spectrophotometer (Dynamica HALO DB-20, UK). Distilled
water was used as blank and gallic acid as standard. The calibration curve
was plotted based on the method of Alizadeh and Fattahi (2021).

The nitrate (NO3–N) and nitrite (NO2–N) contents of cucumber fruits
were spectrophotometrically according to Qiao et al. (2018) and the
cellulose (CLL) contents of cucumber fruits were determined using a
previously described method (Tong et al., 2015).



Figure 1. Dynamics of plant height and leaf area index (LAI) value of cucumber
crops grown on rockwool (R) and coir (C). Error bars show � standard deviation
(n ¼ 5).
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2.3. Elements analysis by inductively coupled plasma mass spectrometry

The ultra-high purity water (Milli-Q) was used to wash cucumber
leaves and fruits, before the chemical element analysis. The fresh cu-
cumber samples were then dried in an oven at 105 �C for 2 h and then at
65 �C until the weight was constant. The dry samples were milled to
powder and stored to measure chemical elements.

The multi-element composition was evaluated and inproved accord-
ing to the procedures established by Mi et al. (2022). The digested cu-
cumber samples were analysed by inductively coupled plasma mass
spectrometry (ICP-MS 7700X, Agilent Technologies Inc., Palo Alto, Cal-
ifornia, USA). The chemical element of drain water from rockwool and
coir was analyzed by using a Inductively Coupled Plasma Optical Emis-
sion Spectrometer (ICP-OES) at the following wavelengths: S (181.9 nm),
Mo (202.0 nm), Zn (206.2 nm), P (213.6 nm), Fe (238.2 nm), B (249.7
nm), Mn (257.6 nm), Mg (285.2 nm), Ca (317.9 nm), Cu (327.4 nm) and
K (766.5 nm), respectively. The nitrate (NO3

- ) content was determined by
Flow Injection Analysis (FIA).

2.4. Amino acids analysis by high-performance liquid chromatography
(HPLC)

The free amino acid contents of cucumber fruits were carried out
following a method described previously (Riga et al., 2019) and with
some modifications. Briefly, cucumber fruits (0.5 g) of two treatments
were homogenized in 100 ml ultrapure water and prepared for the
derivatization. A 1.5ml propylene vial was added 200 μl extracted sample
before and 200 μl amino acids standard solution. Thereafter, the vial was
added in 200 μl triethylamine acetonitrile, 100 μl phenyl isothiocyanate
acetonitrile and 20 μl norleucine standard solution. The vial was vortexed
for a few seconds and then left stand at room temperature for 1 h. Then
the vial was added in 400 μl n-hexane and stand for 10 min after vor-
texed. A high-performance liquid chromatography (Rigol L3000, Rigol
Technologies Co., Ltd. Suzhou, China) equipped with a reverse-phase
column (Sepax C18, 25 0 mm � 4.6 mm, 5 μm) was used to separate
the derivatized free amino acids. The column were injected with 10 μl of
derivatized amino acid standards or samples and the flow rate was set at
0.5 mL min�1. The column oven temperature was kept at 40 �C and the
acquisition time was 45 min for each sample. The peak time of each
amino acid is as follows: Asp, 4.043 min; Glu, 4.527 min; Ser, 9.823 min;
Gly, 10.907min; His, 11.670min; Arg, 15.297min; Thr, 16.630min; Ala,
17.353 min; Pro, 18.603 min; Tyr, 24.600 min; Val, 26.070 min; Met,
26.940 min; Cys, 27.427 min; Ile, 29.037 min; Leu, 29.397 min; Phe,
30.913 min; Lys, 32.627 min. The results were expressed as μg amino
acid g�1 of fresh weight.

2.5. Flavor substance analysis by HPLC and GS

Some important flavor compounds of cucumber fruits, including
gallic acid, caffeic acid, apigenin, rutin, and cucurbitacin B were quan-
titatively determined by HPLC according to the method described by
Canas et al. (2015) and Mi et al. (2022), using the same equipment as
described for measuring free amino acid. The chromatographic peaks of
the compounds was identified as described.

Linoleic acid of cucumber fruits was produced by acid catalysed
transmethylation and analyzed by gas chromatography (GS) according to
Moretti et al. (2019).

2.6. Data processing and statistical analyses

Experimental data were processed with SAS (version 9.2, SAS Insti-
tute, Cary, NC, USA) using t-test to identify differences between means.
For the data of plant height, LAI and yield, there were five replicates (n¼
5) while for that of elements of plants and substrates; the quality, amino
acids, and flavor substance of fruits, there were three replicates (n ¼ 3).
All statistical tests were conducted at a probability level of α ¼ 0.05.
3

Principal component analysis (PCA) were also applied for data
exploration and samples classification.

3. Results

3.1. The effect of different substrates on growth, photosynthesis and crop
productivity of cucumber plants

No significant differences in plant height were found between crops
grown on rockwool and coir substrates during the beginning 20 days
after transplanting. The plant height of cucumbers grown in coir slabs
was around 3.9 % and 4.1 % higher than that grown in rockwool slabs at
28 days and 36 days after transplanting, respectively (Figure 1A). LAI of
plants grown in coir was significantly higher than those grown in rock-
wool and reached the value of 3 on 16 days after transplant (Figure 1B).
Regular removal of full-grown leaves from below is a common practice in
the greenhouse when LAI reached 3, and LAI was maintained from 2.8 to
3.3 after 16 days of transplanting (Figure 1B). There was no difference in
gas exchange parameters between the two substrates, but the yield of
single plants grown in coir was significantly higher (7.7 % higher) than
that grown in rockwool, during the whole harvesting season (Figure 2D).
3.2. The effect of different substrates on elements, amino acids, and flavor
substance of cucumber

To investigate the effects of different substrates on elements accu-
mulation in cucumber plants, we analyzed macro and micronutrients
concentrations in the leaves and fruits of cucumber plants grown in
rockwool and coir (Table 1). The results showed that the contents of Ca,
Mg, S, Cl, and Zn in leaves and fruits of cucumber grown in coir were
significantly higher than that grown in rockwool. The cucumbers that
grown in rockwool were rich in Fe, Mn, Cu, and Mo. The contents of P, K,
Na, and Cl were higher in fruits than in leaves significantly, but these
elements had no significance between the two substrates.



Figure 2. The gas exchange parameters of leaves and yield of the single cucumber plant grown in rockwool and coir during a rotation (80 d). Error bars show �
standard deviation (n ¼ 5). Different letters indicate significant different at P < 0.05.
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We detected 17 free amino acids in cucumber fruits, including argi-
nine (Arg), alanine (Ala), aspartic acid (Asp), cysteine (Cys), glycine
(Gly), glutamic acid (Glu), histidine (His), isoleucine (Ile), leucine (Leu),
lysine (Lys), methionine (Met), proline (Pro), phenylalanine (Phe), serine
(Ser), threonine (Thr), tyrosine (Tyr) and valine (Val), were identified
and the results were shown in Table 2. Cucumber fruits grown in coir
contained significantly more His (24.7 % increase), Leu (10.8 % in-
crease), Ile (15.1 % increase), Phe (20.2 % increase), Lys (25.5 %
Table 1. The content of macro and micronutrients of cucumber leaves and fruits.

Chemical elements Leaves

Rockwool Coir

N 62.00�0.21 a 64.00�
P 4.97�0.12 b 5.17�
K 34.97�4.37 b 36.20�
Ca 40.40�4.94 b 54.67�
Mg 6.80�0.70 b 9.43�
Na 0.13�0.06 b 0.17�
Cl 0.67�0.32 c 1.00�
S 8.20�0.53 b 10.53�
Fe 160.00�17.32 a 125.33

Mn 116.00�5.57 a 71.00�
Zn 41.00�1.73 c 50.67�
Cu 9.67�0.25 b 7.43�
B 31.47�0.93 a 29.87�
Mo 2.53�0.25 a 0.50�

Note: The levels of N, P, K, Ca, Mg Na, Cl and S are expressed in gram per kilogram of cu
express in milligram per kilogram of cucumber leaves and fruits on dry weight (mg
Different letters in the same row represent significant difference at P < 0.05.
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increase), Asp (8.5 % increase), Glu (26.5 % increase) and Pro (18.2 %
increase) than cucumber fruits grown under rockwool. Compared to coir,
cucumber fruits grown in rockwool presented significantly more Ser (9.6
% increase), Arg (7.1 % increase), Ala (3.4 % increase) and Tyr (2.5 %
increase). Other free amino acids (Thr, Val, Met, Gly and Cys) showed no
difference cucumber fruits grown in rockwool and coir.

A total of 16 flavor substances, including soluble protein (SP), poly-
phenol oxidase (PPO), soluble sugar (SS), polysaccharide (PS), ascorbate
Fruits

Rockwool Coir

1.73 a 28.60�2.50 b 30.47�2.35 b

0.21 b 10.07�1.21 a 11.30�0.06 a

4.68 b 56.28�3.05 a 57.33�0.57 a

0.58 a 9.60�0.89 d 11.27�0.15 c

0.65 a 3.50�0.30 d 3.93�0.06 c

0.06 b 0.25�0.05 a 0.20�0.01 a

0.10 b 1.20�0.14 b 1.93�0.39 a

1.07 a 4.62�0.41 d 5.63�0.06 c

�5.74 b 80.67�8.07 c 73.33�2.88 d

6.93 b 56.32�3.51 c 40.12�1.73 d

2.89 b 53.63�3.21 b 61.33�0.57 a

0.68 c 14.03�1.05 a 8.93�1.38 b

1.80 a 24.08�1.08 b 24.83�0.55 b

0.10 c 1.40�0.15 b 0.37�0.12 d

cumber leaves and fruits on dry weight (g kg�1 DW); Fe, Mn, Zn, Cu, B andMo are
kg�1 DW). All values are expressed as the mean (n ¼ 3) � standard deviation.



Table 2. Effect of rockwool and coir on amino acid contents of cucumber fruits.

Essential amino acid (μg g�1 F.W.) Non-essential amino acid (μg g�1 F.W.)

Name Rockwool Coir Name Rockwool Coir

Histidine 143.1�2.66 b 182.35�6.89 a Alanine 55.3�0.28 a 53.5�1.14 b

Isoleucine 59.8�0.89 b 68.8�1.34 a Arginine 88.0�0.63 a 82.2�3.68 b

Leucine 69.5�0.47 b 77.0�1.01 a Aspartic acid 54.3�0.11 b 58.9�1.38 a

Lysine 19.2�0.21 b 24.1�0.15 a Cystine 241.8�1.24 a 236.6�7.18 a

Methionine 32.3�0.46 a 28.2�3.79 a Glutamic acid 22.3�0.33 b 28.2�1.10 a

Phenylalanine 53.9�0.35 b 64.8�0.73 a Glycine 58.3�2.82 a 59.4�1.33 a

Threonine 77.9�1.86 a 80.1�2.69 a Proline 29.3�0.37 b 35.8�0.49 a

Valine 53.7�0.29 a 54.6�0.66 a Serine 111.7�1.52 a 101.9�0.77 b

Tyrosine 50.1�0.54 a 48.9�0.63 b

All values are expressed as the mean (n ¼ 3) � standard deviation. Different letters in the same row represent significant difference at P < 0.05.

Table 3. Effect of rockwool and coir on fruit quality and flavor substance of
cucumber fruits.

Name Rockwool Coir

NO3–N (mg kg�1 FW) 115.5 � 0.10 a 102.7 � 0.22 b

SP (mg g�1 FW) 27.5 � 1.53 a 25.8 � 0.93 a

SS (mg g�1 FW) 13.0 � 0.45 a 13.5 � 0.11 a

TC (mg g�1 FW) 0.48 � 0.01 b 0.54 � 0.03 a

PS (mg g�1 DW) 30.6 � 0.17 b 37.9 � 0.32 a

TP (mg g�1 DW) 7.3 � 0.28 b 8.2 � 0.42 a

CLL (mg g�1 DW) 209.8 � 13.09 b 260.3 � 19.4 a

LA (mg g�1 DW) 0.64 � 0.01 b 1.14 � 0.01 a

NO2–N (μg g�1 FW) 0.09 � 0.006 a 0.05 � 0.004 b

ASA (μg g�1 FW) 49.2 � 1.38 a 48.6 � 1.06 a

GA (μg g�1 FW) 0.35 � 0.02 a 0.20 � 0.01 b

CA (μg g�1 FW) 0.16 � 0.01 a 0.12 � 0.01 b

AP (μg g�1 FW) 0.35 � 0.03 a 0.29 � 0.01 b

RT (μg g�1 FW) 1.20 � 0.03 a 0.91 � 0.04 b

Cub (μg g�1 FW) 1.90 � 0.08 b 2.64 � 0.11 a

PPO (U g�1 FW) 69.2 � 1.73 a 67.8 � 1.43 a

Abbreviations used: soluble protein (SP), polyphenol oxidase (PPO), soluble
sugar (SS), polysaccharide (PS), ascorbate (AsA), total chlorophyll (TC), total
phenols (TP), nitrate (NO3-N), nitrite (NO2-N), gallic acid (GA), caffeic acid (CA),
apigenin (AP), rutin (RT), cucurbitacin B (CuB), linoleic acid (LA), cellulose
(CLL), the dry weight of CLL is cell wall dry mass. All values are expressed as the
mean (n ¼ 3) � standard deviation. Different letters in the same row represent
significant difference at P < 0.05.
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(AsA), total chlorophyll (TC), total phenol (TP), nitrate (NO3–N), nitrite
(NO2–N), cellulose (CLL), gallic acid (GA), caffeic acid (CA), apigenin
(AP), rutin (RT), cucurbitacin B (CuB), linoleic acid (LA), were qualita-
tively and quantitatively determined and the results were presented in
Table 3. Cucumber fruits grown in coir had higher contents in TC (12.5 %
increase), PS (23.9 % increase), TP (12.3 % increase), CLL (24.1 % in-
crease), CuB (38.9 % increase) and LA (78. 1% increase), significantly (p
< 0.05). Rockwool significantly increased the contents of NO3–N (12.5
%), NO2–N (80.0 %), GA (75.0 %), CA (33.3 %), AP (20.7 %), and RT
(31.9 %) in cucumber fruits, compared to coir cultured. The concentra-
tion of SP, PPO, SS, and AsA showed no different in cucumber fruits
under the two substrates treatment.

Principal component analysis (PCA) was used to visualize the data set
of amino acids and flavor substances of cucumber fruit grown in rock-
wool and coir. As shown in Figure 3, PC1 and PC2 accounted for 95.92 %
of total variance under two substrates. Coir treatments had a higher score
and were distributed in high quadrant. Figure 3 also indicated the cor-
relations between the metabolic substance mentioned above and the
cucumber samples. Rockwool and coir cultured cucumber groups were
5

separated from each other clearly. There were more (18) metabolic
substances closely groupted to coir treatments, including His, Leu, Ile,
Phe, Lys, Asp, Glu, Pro, Thr, Gly, Val, SS, TC, PS, TP, CLL, CuB and LA.
3.3. The difference in element composition in new and used substrates

Most elements in new substrates were lower than in used substrates.
The Ca, Mg, Mn, Cu, and Zn elements were low in new rockwool and new
coir (Figure 4C, D, H, J, and K). However, these elements increased
significantly in used substrates, and the concentrations in used coir were
significantly higher than in used rockwool, except Cu element (Figure 4C,
D, H, and K). The content of Cu in used rockwool was 6.2 times as many
as in used coir (Figure 4J). S was detected in new rockwool (22.75 mg
kg�1) and was significantly higher than that in new coir (3.22 mg kg�1),
but was significantly increased in used coir (151.00 mg kg�1) compared
to used rockwool (26.12 mg kg�1) (Figure 4F). New and used coir had a
higher content in Na, P, K, Cl and B compared to new and used rockwool,
respectively (Figure 4A, B, E, I, and L). The content of Fe in new coir (0.07
mg kg�1) was higher than in new rockwool (0.05 mg kg�1), but in used
coir (0.11 mg kg�1) was lower than in used rockwool (0.21 mg kg�1)
(Figure 4G).

4. Discussion

Rockwool, as a substrate traditionally used in greenhouse crop pro-
duction, has its limitations due to negative environmental and ecological
impacts (Steiner and Harttung, 2014). Although coir gained popularity as
an alternative to rockwool, thorough investigation of its performance in
greenhouse production is still scarce (Xiong et al., 2017).

LAI, defined as the total leaf area per unit ground area, is a useful
index to evaluate crop growth and it contributes not only to estimation of
current dry matter production but also to prediction of subsequent
growth and yields (Fukuda et al., 2021). Increasing LAI from 2 to 3 in-
creases light interception from 80% to 90%, while further increasing LAI
from 3 to 4 only leads to a 4% increase (Heuvelink et al., 2005). In the
present study, cucumber plants grown in coir had a larger leaf area and
higher LAI than that in rockwool at the beginning of the transplanting
(0–16 d) and had a higher plant height 20 days after transplanting
(Figure 1). The higher plant height and LAI indicated that cucumber
plants grown in coir had a higher growth rate due to increased light
interception for photosynthesis. We found that cucumber plants are
grown in coir also had more yield, although the gas exchange parameters
of cucumber leaves were no different in rockwool or coir (Figure 2).
Previous research also found that when coir was used as the cultivation
substrate could significantly increase the fruit yields of bell pepper,
compared with soil-based cultivation, and this result was due to the
pepper plants grown in coir having a greater plant height, leaf length, leaf
width, and stem thickness (Camposeco-Montejo et al., 2018). Compared



Figure 3. Principal component analysis (PCA) of amino acid and flavor substance of cucumber fruits under two substrates. Green circles indicate rockwool, red circles
indicate coir.
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to rockwool and peat, coir also showed a higher individual fruit weight
and total fruit weight in tomatoes (Xiong et al., 2017).

Chemical elements, EC and pH in substrates are critical factors for
plant growth, and growers also need to detect these parameters of
drainage, in order to adjust the fertilizer and irrigation strategy. It is well
known that coir usually have a high pH and the capacity of cation-
exchange, as well as a high content in K, Na and Cl, but has a low con-
centration of P (Ross et al., 2012). Due to the high salt content, coir needs
to be cleaned and buffered (treated with calcium nitrate) before it can be
ready for horticultural growing (van Gerrewey et al., 2020). The
composition of elements and their configuration under coir or rockwool
condition may be used to explain their good properties as a substrate for
plant growth. In tomatoes, coir culture could significantly increase the
concentrations of NO3

�, SO4
2� and Mg2þ than those in water culture (Xing

et al., 2019). The K concentration in the root-zone and K, Ca, and Mg
concentration in crops were also increased by coir, compared to rockwool
(Xiong et al., 2017). In our study, we also found that P, K, Ca, and Mg
content was higher in new and used coir than those in rockwool
(Figure 4). Although the accumulation of K in cucumber leaves and fruits
was not influenced by two substrates, the P, Ca, andMg concentrations in
crops were increased by coir (Table 1). Because of the accumulation of P,
Ca, and Mg, a organic substrates (coir) could prevent Ca deficiency more
effectively than an inorganic substrate (rockwool), such as blossom-end
rot of tomato (Xiong et al., 2017), and then enhanced fruit quality.

Organic substrates, such as coir, could release certain kinds of ions
into the solution while absorbing other ions (Xing et al., 2019). It is
necessary to evaluate the microelements, except the P, K, Ca, and Mg, to
better and more comprehensively understand the difference between
ions’ release and absorption in rockwool and coir. Kingston et al. (2017)
reported that, compared to bark, peat and coir had a better nutrients
uptake efficiency of N, P, K, S, Ca, Mg, Mn, B, Cu, and Zn. Eleven mineral
ion binding and transport-related proteins were identified through
functional annotation analysis of the root proteome, suggesting that coir
cultivation induced complex proteomic changes involving mineral ion
6

binding and transport, compared to hydroponics (Xing et al., 2019). In
this research, we found that S, Mn, Cl, Zn and B were significantly
accumulated in used coir (Figure 4), but only S, Cl, and Zn were found to
increase in leaves and fruits of cucumber under coir cultivations simul-
taneously (Table 1). The content of Mn not only decreased in crops under
coir cultivations but also had a lower concentration in drainage from coir
(Supplementary Figure 1). In contrast, the contents of B in crops and
drainage were not influenced by substrates (Table 1 and Supplementary
Figure 1). All concentrations of Fe and Cu in coir, drainage from coir, and
crops under coir cultivations were lower than that treated with rockwool.
These results indicated that the coir could accumulate most ions and have
a better nutrient availability, due to its cation exchange capacity (Barrett
et al., 2016). But, coir might not accumulate Fe and Cu, and absorb a lot
but release very little of Mn, resulting in the contents of these elements
being decreased in crops compared to rockwool cultivations. Previous
research also showed that the substrates that contained coir had higher
levels of many macro and micronutrients, namely N–NH4, K, Ca, Mg, Mn,
and Zn compared to other peat-containing substrates (di Lonardo et al.,
2021). The higher C/N ratio in coir and N content in used coir is due to its
a high content of lignin and cellulose that can cause immobilization of
soluble N (Atzori et al., 2021) (Supplementary Figure 2). These conse-
quences could guide growers to adjust the recipes of fertilizer and
improve the fruit quality when using coir as a soilless substrate.

As organic compounds, amino acids are the compositions of proteins,
involved in the peptide hormone synthesis in plants (Hirakawa et al.,
2017). With the increasing focus on fruit quality, the contents of amino
acids and flavor substances in cucumber fruits were measured, which are
considered to have important nutritional value because of their
health-promoting functions (Nicolle et al., 2004). In lettuces, it has
already been reported that sphagnummoss and wood could be used as an
alternative to rockwool for lettuce cultivation (Nerlich and Dannehl,
2021). The arbuscular mycorrhizal fungi (AMF) also could increase total
and specific amino acid concentrations in strawberry and cucumber fruits
(Guo et al., 2021; Matsubara et al., 2009). In our study, the production of



Figure 4. The content of macro and micronutrients of new rockwool (NR), new coir (NC), used rockwool (UR) and used coir (UC). Graphs A, B, C, D, E, F, G, H, I, J, K
and L represent P, K, Ca, Mg, Na, S, Fe, Mn, Cl, Cu, Zn and B content, respectively. Asterisks indicate level of significance difference between NR and NC, or UR and UC
at P < 0.05.
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amino acids components in cucumber fruits was strongly influenced by
different substrates (p < 0.05). Such as, the content of His, Leu, Ile, Phe,
Lys, Asp, Glu, and Pro were increased in cucumber fruits grown under
coir (Table 2). It suggested that coir could enhance most essential amino
acids contents in cucumber fruits. The His, Leu, Ile, Phe, and Lys are five
out of nine essential amino acids that must be absorbed from the diet, so
far the largest share is coming from plants (Hou and Wu, 2018). For
example, plants often contain low levels in Lys and thus limit their
nutritional value (Trovato et al., 2021). In addition, Lys has relationship
with epigenome and stress biology in plants due to involve in histone
modifications (Yuan et al., 2013). Kavi Kishor et al. (2020) also reported
the Lys and Ser were involved in plant development and stress tolerance
related regulation through transcriptional and post-transcriptional
regulation mechanisms and highlighted the importance of proteins
enrichment.

Cucumber fruits also contained other nutritional contents and some
specific flavor substances. Our results showed that coir cultured could
significantly increase the contents of total chlorophyll (TC), poly-
saccharide (PS), total phenols (TP), cellulose (CLL), cucurbitacin B (CuB),
and linoleic acid (LA) in cucumber fruits (Table 3). Phenolics are kinds of
antioxidants, could act as reducing and hydrogen donors donating
agents, mainly due to their inhibitory effects (Alizadeh and Fattahi,
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2021). The biological functions of phenolic compounds are included
protecting against biotic and abiotic stresses, and phenolic compounds
also could be health benefits to humans act as potential dietary antioxi-
dants (Braidot et al., 2008). It has been reported that hetero-grafted could
significantly increase the proanthocyanidins (PAs) and flavonoid in grape
berry skin compared to the auto-grafted control (Zhang et al., 2022).
Cucurbitacin, a kind of triterpenoids, can produce the bitter taste in cu-
cumber, melon, watermelon, squash, and pumpkin. The bitterness in
some cultivars can be increased by temperature stress (Che and Zhang,
2019), these bitter compounds could pretect plants against most pests
and have also been proved to have anti-tumor characteristics and hep-
atoprotective activities (Yi et al., 2014) and may have some beneficial
effects to human health and plants themselves. Recent research identified
and characterized several gene clusters to participate in CuB biosynthesis
in cucurbitaceae plants, such as cucumber, watermelon and melon (Luo
et al., 2020), and a cluster harboring several bHLHs was reported to
regulate the synthesis of cucurbitacins (Zhou et al., 2016). Through the
analysis of evolutionary history and expression profiles of two tandem
bHLH genes, and one gene (Brp) had been identified to regulate the
cucurbitacin biosynthesis in roots (Xu et al., 2022). These results indi-
cated roots and roots’ genes could involve in the regulation of the
biosynthesis of phenols and CuB in cucumber plants. Due to the
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difference in root-room environment between the rockwool and coir, the
coir may stimulate the cucumber roots and regulate the related genes to
increase the total phenols and CuB in cucumber fruits.

Polysaccharides (PS), including cellulose (CLL), are important bio-
macromolecules presenting in all plants, most of which are integrated into
a fibrous structure called the cell wall (Cai et al., 2021). The biological
activities of polysaccharides are mainly existing in antioxidant, antibac-
terial, anticancer, healing, antiviral, immunomodulatory, antidiabetic and
radioprotective effects. Due to the antiviral activity of polysaccharides, the
Coronavirus pandemic has stimulated significantly the number of publi-
cations about related research (Albuquerque et al., 2022). When
non-enzymatic cleavage of the cell wall polysaccharides is prevented, the
tomatoer resistance against pathogenic infections were enhanced and the
deterioration of postharvest quality during storage was suppressed (Li
et al., 2021). Linoleic acid (LA) is an essential fatty acid and can be ob-
tained through the daily diet. It is well known that LA have cardiovascular
protective, anti-cancer, neuroprotective, anti-osteoporotic, anti-in-
flammatory, and antioxidative effects (Kim et al., 2014). LA also could
decrease the population of nematode in soil and reduce M. incognita
infection of tomato roots through downregulating the expressions of
Mi-flp-18 and Mi-mpk-1 (Dong et al., 2018). Nitrogen application and 2,
4-epibrassinolide (EBR) treatment can also increase the concentrations
of linoleic acid in purslane and loquat fruit (Chen et al., 2022; Mon-
toya-García et al., 2018). In this study, we found that coir could increase
the contents of linoleic acid (LA), polysaccharides (PS), and other a series
of flavor substances in cucumber fruits (Tables 2 and 3). It indicated that
coir could be wide-spread adopted as an organic substrate in cucumber
production to improve the fruit quality.

As a rockwool alternative, physical properties of coir are generally
suitable for soilless culture. Coir usually has higher wettability, hydro-
philic character, structural stability, total porosity and air content, lower
bulk density and total water-holding capacity, compared with sphagnum
peat (Atzori et al., 2021). In our study, we also found that the coir had a
higher aeration porosity and a lower water-holding porosity than rock-
wool, whether used or not used (Supplementary Table 2). Also, the
limited change in aeration porosity and water-holding porosity of coir
after being used also indicated that coir had higher structural stability
and could ensure an optimal air and water content for crops.

5. Conclusion

In this study, we measured the chemical element of coir and rock-
wool and their drainage, the effect of coir and rockwool used as a
substrate on the growth, fruit quality, flavor substance, and multi-
element of cucumbers was also evaluated. We found coir was a poten-
tial substrate that could be widely used in greenhouse cucumber pro-
duction. Compared with rockwool, coir showed higher P, K, Ca, and Mg
content in the substrate and lower Fe, Cu and Mn content in the
drainage. Coir not only increased the LAI and yield but also increased
the concentration of essential amino acids (His, Leu, Ile, Phe, Lys, Asp,
Glu and Pro) and flavor substance (TC, PS, TP, CLL, CuB and LA). Little
research studied the effect of coir on the amino acids profile and some
special flavor substances of cucumber fruits and further in-depth
research is needed to elucidate the physiological and biochemical
mechanisms, but our research is instrumental for developing and
improving the application of coir as a soilless substrate to move towards
a low rockwool sustainable horticulture.
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