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Rice (Oryza sativa L.) plays a pivotal role in global food security, yet its breeding is constrained by its long 
generation time and seasonality. To enhance rice breeding efficiency and meet future food demands, we 
have developed a vertical hydroponic breeding system integrated with light-emitting diodes (LEDs) light-
ing in a closed plant factory (PF), which significantly accelerates rice growth and generation advance-
ment. The results show that indica rice can be harvested as early as after 63 days of cultivation, a 50% 
reduction compared with field cultivation, enabling the annual harvesting of 5–6 generations within 
the PF. A hyperspectral imaging (HSI) system and attenuated total reflectance infrared (ATR-IR) spec-
troscopy were further employed to characterize the chemical composition of the PF- and field-
cultivated rice. Metabolomics analysis with ultra-performance liquid chromatography-tandem mass 
spectrometry (UPLC-MS/MS) and gas chromatography-mass spectrometry (GC-MS) revealed that, com-
pared with the field-cultivated rice, the PF-cultivated rice exhibited an up-regulation of total phenolic 
acids along with 68 non-volatile and 19 volatile metabolites, such as isovitexin, succinic acid, and 
methylillicinone F. Overall, this study reveals the unique metabolic profile of PF-cultivated rice and high-
lights the potential of PFs to accelerate the breeding of crops such as rice, offering an innovative agricul-
tural strategy to support food security in the face of global population growth and climate change. 

© 2024 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and 
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license 

(http://creativecommons.org/licenses/by-nc-nd/4.0/). 
1. Introduction of ‘‘speed-breeding” technologies can be important for enhancing 
Rice (Oryza sativa L.) is a staple food for more than 60% of the 
world’s population, playing a pivotal role in global food security, 
nutrition, and economics [1–5]. By 2050, the global population 
may reach ten billion [6], leading to a huge requirement for rice 
to support the increased population [7,8]. However, conventional 
rice breeding is time-consuming and inefficient, and thus cannot 
meet the demands of the huge global population in the future 
[9]. Moreover, it remains a challenge to quickly develop new vari-
eties of rice with high yield and high quality to keep up with the 
pace of future demand. Therefore, the research and development 
the breeding efficiency of crops—especially rice—in order to guar-
antee future global food security. 

Fully environment-controlled facilities, such as growth cham-
bers, have been applied to accelerate crop breeding through envi-
ronmental control [10,11]. A plant factory (PF) is an indoor, 
advanced, and intensive form of hydroponic production system, 
in which the growing environment, including the rhizosphere, is 
optimally controlled to accelerate the development rate of plants 
and increase the harvest frequency per year in comparison with 
traditional field cultivation [12]. Speed breeding has been success-
fully used to enhance the generation advancement of certain long-
day crops, such as spring wheat (Triticum aestivum), durum wheat 
(T. durum), barley (Hordeum vulgare), chickpea (Cicer arietinum), 
and pea (Pisum sativum) [13,14], but it has not been successfully 
applied to short-day crops such as rice, due to the challenge of 
flowering inhibition caused by the prolonged photoperiod. To sig-
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nificantly shorten the long process of developing suitable varieties, 
speed breeding protocols based on light-emitting diodes (LEDs) 
have been introduced for short-day crops [15,16]. A speed-
breeding protocol named SpeedFlower was reported to induce 
speed flowering of rice mainly through control of the light spec-
trum, light intensity, and photoperiod in a fully controlled facility; 
combined with premature seed harvesting and gibberellin A3 
(GA3) treatment, the protocol achieved 4–5 generations of rice 
within a year [16]. However, that protocol did not consider the 
impact of the rhizosphere on rice speed breeding. 

Speed breeding can not only significantly shorten the growth 
period of rice but also affect its metabolic profiles. Nevertheless, 
the specific metabolic changes in PF-cultivated rice with a short-
ened growth period remain unclear. Recently, both a hyperspectral 
imaging (HSI) system and attenuated total reflectance (ATR) infra-
red (IR) spectroscopy have been demonstrated to have potential 
applications in obtaining the spectral information of seeds in order 
to analyze their internal chemical components, such as protein and 
starch [3,17]. In addition, metabolomics analysis using ultra-
performance liquid chromatography-tandem mass spectrometry 
(UPLC-MS/MS) and gas chromatography-mass spectrometry (GC-
MS) is a reliable method to evaluate food quality by identifying dis-
tinct metabolites [18,19]. Therefore, obtaining key spectral and 
metabolomic information of rice can be valuable for its quality 
evaluation. 

In this study, we established a vertical multilayer hydroponic 
breeding system in a closed PF to accelerate rice breeding through 
manipulation of the growing environment, especially LED lighting. 
To clarify the impact of PF cultivation on rice quality, we employed 
ATR-IR and an HSI system, as well as metabolomic analyses using 
UPLC-MS/MS and GC-MS, to systematically investigate the quality 
of PF-cultivated rice in comparison with field-cultivated rice. We 
expect this study will provide an innovative strategy to advance 
breeding technologies by enhancing breeding efficiency, while 
supporting the fast production of a crop to guarantee global food 
security. 

2. Materials and methods 

2.1. Rice materials and chemicals 

An indica rice variety (ZF802M) with a wide planting area in 
South China was selected for PF cultivation in this study. Sodium 
chloride (NaCl) was purchased from Sinopharm Chemical Reagent 
Co., Ltd. (China). Potassium bromide (KBr) and n-hexane were pur-
chased from Jinpan Biotechnology Co., Ltd. (China). Methanol, ace-
Fig. 1. Spectral composition of the LED light. (a) Spectral composition of w
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tonitrile, ammonium acetate, and formic acid (high performance 
liquid chromatography (HPLC) grade) were bought from Kelong 
Chemical Reagent Factory (China). All other reagents were of ana-
lytical grade. 

2.2. Speed breeding of rice 

First, the seeds were soaked in the water at 28 °C for 24 h; then, 
they were transferred into a nursery tray. After seedlings emerged, 
the tray was placed under LED light (TYF Co., Ltd., China) with a 
white–red–blue chip ratio of 1:1:1 for 7 d. The spectrum of the 
white LED light consisted of blue light (28%), green light (42%), 
red light (28%), and far red and ultraviolet (UV) light (2%) (Fig. 1(a)). 
The photon flux density (PFD) was set at 100 lmol∙m−2 ∙s−1 

(10 cm above the tray) for 13 h (7:00–20:00) a day, and the propor-
tions of red, blue, green, and far-red and UV light were 35%, 47%, 
16.5%, and 1.5%, respectively (Fig. 1(b)). Next, the rice seedlings 
were transported to a double-layer hydroponic cultivation system 
with a panel of LED lights. The cultivation board was 120 cm long 
and 60 cm wide, with 18 holes on each board, and three rice seed-
lings were cultivated in each hole. The distance from the LED light 
to the cultivation board was 60 cm, and the PFD was 
350 lmol∙m−2 ∙s−1 (10 cm above the cultivation board). The spec-
tral composition of the LED light is shown in Fig. 1(b); the photope-
riod (Table S1 in Appendix A) was dynamically regulated to 
accelerate the growth of rice. Hoagland’s solution (pH (6.3 ± 0.1); 
electrical conductivity (1.6 ± 0.1) mS∙cm−1 ) was used for rice culti-
vation, and the nutrient solution was recirculated all day by means 
of a 60-W pump to improve the concentration of dissolved oxygen 
(DO). During the whole cultivation period, the indoor day/night air 
temperature was set to (28/21 ± 2) °C, and the relative air humidity 
was adjusted to (65% ± 5%) for the entire day. The carbon dioxide 
concentration was set to (400 ± 10) lmol∙mol−1 in the daytime. 
The harvested rice was dried under sunlight and stored in a refrig-
erator at 4 °C. 

2.3. Hyperspectral image acquisition 

Hyperspectral technology was applied to differentiate the PF-
and field-cultivated rice seeds according to previous studies, with 
some modifications [20,21]. Before image acquisition, 30 randomly 
selected rice seeds of each sample were placed on a blackboard 
(Fig. 2(a)). An HSI system with wavenumbers between 400 and 
1000 cm−1 was utilized to acquire full continuous spectral images 
of rice seed samples in the reflectance mode. The parameters for 
image acquisition are shown in Table S2 in Appendix A. Images
hite LED light; (b) spectral composition of white + blue + red LED light. 
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and hyperspectral reflectance data of the PF- and field-cultivated 
rice seeds were then acquired. To improve the comparability and 
robustness of the image acquisition, two extra images—a dark-
current image (RD) and a white reference image (RW)—were used 
to adjust the original images (R0) acquired of the rice seed samples. 
The RD, with about 0 diffuse reflectance, was obtained by covering 
the camera lens with an opaque lid, while the RW, with about 99.9% 
diffuse reflectance, was acquired from a white board. Adjustment 
of all images was performed using SpectrononPro 3.0.3 software 
(Resonon Inc., USA). The adjusted images (R) of the rice seed sam-
ples were calculated using the following equation: 

R 
R0 RD 

RW RD 

Finally, a combination of principal component analysis (PCA) 
and orthogonal partial least-squares discriminant analysis (OPLS-
DA) was used to analyze the spectral information of the rice seeds. 

2.4. ATR-IR spectra acquisition 

Rice seed samples (with hulls) were dried in an oven at 38 °C 
until free of moisture and then milled into fine powder for the 
acquisition of ATR-IR spectra. In brief, 1.5 mg of the rice powder 
sample was thoroughly mixed with 150 mg of KBr, and the mixture 
was then pressed into sheets. KBr (150 mg) without rice powder 
was also pressed into a sheet as a blank control. The sheet samples 
were then fixed on the ATR germanium crystal for spectrum acqui-
sition with single reflection at an angle of 45°. The blank sheet was 
used to acquire a reference background spectrum. The ATR-IR was 
set at a spectrum wavenumber range between 400 and 4000 cm−1 , 
resolution of 4 cm−1 , scanner frequency of 7.5 kHz, and scan num-
ber of 32 times at 25 °C. OMNIC 8.0 software (Thermo Fisher Scien-
tific Inc., USA) was used for spectral acquisition. Spectrum analysis 
was conducted in triplicate for each sample. To compare the spec-
tral differences of PF- and field-cultivated rice seeds, PCA and 
Fig. 2. The PF speed-breeding system for rice seeds. (a) Pictures of PF- and field-cultivate
speed breeding. 
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OPLS-DA were conducted on the ATR-IR spectra data of each 
sample. 

2.5. Widely targeted metabolomics analysis of non-volatiles by UPLC-
MS/MS 

2.5.1. Sample preparation 
Rice seeds were dried through lyophilization, milled into fine 

powder, and then extracted, according to the method reported in 
a previous study [22]. In brief, the rice seed powder (50 mg) was 
mixed with 1.2 mL of 70% methanol aqueous solution at room tem-
perature, which was then vortexed six times, with each time being 
for 30 s per 30 min. After centrifugation (12 000g, 3 min), the 
supernatant was collected, filtered (0.22-lm pore size), and sub-
jected to UPLC-MS/MS analysis. 

2.5.2. UPLC-MS/MS conditions 
UPLC-MS/MS analysis was performed based on the method 

reported in a previous study [23]. Sample separation was carried 
out using a SHIMADZU Nexera X2 UPLC system (Shimazu, Japan) 
equipped with an Agilent SB-C18 column (1.8 lm, 2.1 mm × 100 m 
m). The mobile phase consisted of solvent A (0.1% formic acid 
aquatic solution) and solvent B (0.1% formic acid in acetonitrile). 
The mobile phase gradient program was set as follows: 0 min, 5% 
solvent B; 0–9 min, 5% to 95% solvent B, 9–10 min, 95% solvent 
B; 10–11.10 min, 95% to 5% solvent B; 11.10–14 min, 5% solvent 
B. The column temperature was set at 40 °C, and the injection vol-
ume was 4 lL under a flow rate of 4.0 mL∙min−1 . Furthermore, the 
tandem quadrupole (QQQ) and linearion trap (LIT) modes were 
acquired with an Applied Biosystems 4500 triple QTRAP System 
(Thermelfeld, USA) equipped with an electrospray ionization 
(ESI) Turbo Ion-Spray interface. The ESI parameters were set as fol-
lows: source temperature, 550 °C; ion spray voltage, 5500 V (pos-
itive)/−4500 V (negative); ion source gas I, 50 psi and gas II, 60 psi; 
and curtain gas, 25 psi. A quality control (QC) sample was used by
d rice seeds; (b) growth cycle of PF- and field-cultivated rice seeds; (c) picture of rice 
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mixing an equal amount of each single sample to analyze the 
repeatability of samples under the same treatment method. 

2.6. GC-MS analysis of volatile metabolites 

2.6.1. Sample preparation 
Frozen rice seeds (stored at −80 °C) were ground with liquid 

nitrogen and mixed evenly by vortex. A sample of about 500 mg 
in 1 mL of liquid nitrogen was placed into the headspace bottle, fol-
lowed by the addition of saturated NaCl solution (10 lL, 
50 lg∙mL−1 ); the mixture was extracted by means of fully auto-
mated headspace solid-phase micro-extraction (HS-SPME). In brief, 
the mixture was incubated at 60 °C for 5 min, extracted using a 
120-lm SPME fiber assembly of divinylbenzene/carboxen/polydi 
methylsiloxane (DVB/CAR/PDMS) for 15 min, kept at 250 °C for 
5 min, and then subjected to GC-MS analysis. Before sampling, 
the extraction head was aged for 5 min at 25 °C in the fiber condi-
tioning station. 

2.6.2. GC-MS conditions 
An Agilent 8890/7000D GC-MS was used to analyze volatile 

metabolites. A sample extracted by means of HS-SPMEwas separated 
using a DB-5ms capillary column (30 m × 0.25 mm × 0.25 lm) (Agi-
lent J&W Scientific, USA). The temperature program was set at 40 °C 
from 0−3.5 min, increased to 100 °C  at  10  °C ∙min−1 ,  increased  to
180 °C  at  7  °C ∙min−1 , then increased to 280 °C  at  25  °C ∙min−1 , 
and finally maintained at 280 °C for 5 min. The nitrogen was set at 
a flow rate of 1.2 mL∙min−1 , and the solvent was delayed for 
3.5 min. The mass spectrometry (MS) analysis was performed in sin-
gle ion monitoring (SIM) mode and qualitative and quantitative ion 
accurate scanning mode, and the  MS  electron  energy  was  70  eV.
The quadrupole temperature, mass spectrum interface temperature, 
and ion source temperature were set at 150, 280, and 230 °C, respec-
tively. Compounds were tentatively identified by comparing the sim-
ilarity of their fragmentation with those in the National Institute of 
Standards and Technology (NIST) library. A mixture of 1 lL  of  n-
alkane (C7–C25) was run under the same capillary column and GC-
MS conditions to obtain the Kovat s’ retention indices (RIs).

2.7. Statistical analysis 

The spectral data and bar charts were created using Origin 2022 
(OriginLab, USA). Hierarchical cluster analysis (HCA), PCA, and 
OPLS-DA of the primary and secondary metabolites of the rice 
seeds were conducted using Cloud platform tools from a web-
based platform. Variable importance in projection (VIP) ≥ 1 com-
bined with a fold change (FC) ≥ 2 and FC ≤ 0.5, based on the 
OPLS-DA model, was used for filtering the differential metabolites 
between samples. A visualized metabolic map of the main metabo-
lites and relatedmetabolic pathwayswas presented in Section 3.4.2 
based on the Kyoto Encyclopedia of Genes and Genomes (KEGG). 
3. Results and discussion 

3.1. PF-accelerated rice breeding 

As shown in Fig. 2(b), the Indica variety (ZF802M) of rice started 
heading on the 45th day and was harvested on the 63rd day after 
transplantation. Compared with the field cultivation, the growth 
period of ZF802M in the PF was generally shortened by half, such 
that 5–6 generations of rice could be achieved in one year. The 
seed-setting rate and grain-straw ratio of rice in the PF were 
87.8% and 0.60, respectively. Moreover, the seeds were highly vig-
orous after being harvested from the PF, with a germination rate 
higher than 96% and a 1000-grain weight of (25.0 ± 0.2) g. 
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Compared with previous studies on speed breeding [15,16,24– 
26], we propose a vertical multilayer hydroponic breeding system 
in a PF for the first time (Fig. 2(c)). The hydroponic system can 
ensure adequate nutrient supply, improve fertilizer utilization effi-
ciency, and reduce water and fertilizer consumption [27,28]. The 
previous protocols achieved the speed breeding of crops mainly 
through the regulation of the above-ground environment, such as 
the temperature and light, because these environmental factors 
are easier to control. The hydroponic cultivation of the PF system 
demonstrates that rice growth can be accelerated to achieve speed 
breeding by simultaneously regulating the above-ground environ-
ment and the underground rhizosphere environment. Hydroponics 
provides convenience for the precise control of the rhizosphere 
environment, including the temperature, DO, pH, and various 
nutritional elements such as nitrogen (N), phosphorus (P), and 
potassium (K) [12], compared with conventional pot cultivation. 
The suitable rhizosphere environment and adequate nutrient sup-
ply promote the speed-breeding protocol to achieve faster genera-
tion advancement [29]. Moreover, the multilayer PF system 
expands the utilization area through vertical cultivation, allowing 
more crops to be planted in order to reduce high operating costs 
and energy consumption per unit area in fully controlled facilities. 

3.2. Differentiation of PF- and field-cultivated rice seeds via spectral 
analysis 

The main components of rice seeds, such as moisture, starch, 
fat, protein, and various amino acids, have a large number of 
hydrogen-encompassing groups (X–H) with infrared absorption 
ability [30]. Recently, ATR-IR and its spectra were applied to iden-
tify rice seeds based on PCA, OPLS-DA, and other pattern-
recognition methods [30]. Thus, to realize the high-precision iden-
tification of rice seeds, we collected the ATR-IR spectra at 400 
−4000 cm−1 and the HSI spectra at 400−1000 cm−1 of the rice 
seeds and further established PCA and OPLS-DA models to differen-
tiate the PF- and field-cultivated rice seeds. 

The results of the ATR-IR spectra indicated that the absorption 
spectra of the different rice seeds were similar, at around 400– 
4000 cm−1 , exhibiting five major bands at wavelengths of 1150 
−1220, 1410−1500, 1660−1800, 2860–2951, and 2975– 
3650 cm−1 (Figs. 3(a) and (b)). The 1150−1220 cm−1 band can be 
attributed to the C–H second overtone corresponding to aliphatic 
hydrocarbons, while the 1410−1500 cm−1 band can be attributed 
to the O–H functional group related to starch or the N–H first over-
tone related to protein [17]. For water, distinctively negative 
absorption bands at 1660−1800 and 2975−3650 cm−1 are associ-
ated with the O–H bending [31]. Aromatic compounds show 
absorption peaks at 1042 cm−1 due to the C–H bending vibrations 
in the aromatic surface of the benzene ring. For carboxylic acids, 
the most characteristic peak is located at 1085 cm−1 and is due 
to the C=O (carboxyl) stretch in –COOH. Absorption bands at the 
2860−2951 cm−1 region can also be related to alkanes, alcohols, 
and fatty acids due to the C–H stretching in CH3 and CH2 groups. 
The data revealed that the absorption peaks of water, aromatic 
compounds, alkanes, alcohols, fatty acids, and carboxylic acids 
dominated the spectra, indicating that these may be the major 
compounds in the rice seeds. The characteristic bands observed 
at 965 and 1500 cm−1 can be attributed to sugars and organic acids 
and are due to CH–OH stretching. The distinctively negative 
absorption bands at 1410−1450 and 1510−1540 cm−1 can be 
attributed to N–H, C–H, and O–H stretching in proteins and amino 
acids [31]. To further understand the intrinsic variation in the two 
types of rice seeds, we performed a PCA on the ATR-IR spectra data 
at 400−4000 cm−1 (Fig. 3(c)), which showed a clear separation 
between the PF- and field-cultivated rice seeds. As shown in 
Fig. 3(d), the OPLS-DA model revealed a more pronounced distinc-

move_f0015
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Fig. 3. Average ATR-IR and HSI of PF- and field-cultivated rice seeds. (a) Average ATR-IR at 400−2500 cm−1 ; (b) average ATR-IR at 2500−4000 cm−1 ; (c) PCA at 400 
−4000 cm−1 ; (d) OPLS-DA at 400−4000 cm−1 ; (e) average HSI at 400−750 cm−1 ; (f) average HSI at 750−1000 cm−1 ; (g) PCA of HSI at 400−1000 cm−1 ; (h) OPLS-DA of HSI at 
400−1000 cm−1 . 
tion between the PF- and field-cultivated rice seed samples, with a 
cumulative contribution rate of 96% for principal component 1
263
(PC1) and principal component 2 (PC2). These results indicate the 
intrinsic variations between the two types of rice seeds. 
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The results of the HSI spectra revealed that the absorption spec-
tra of the PF- and field-cultivated rice seeds were similar at around 
400−750 cm−1 (Fig. 3(e)) but differed at around 750−1000 cm−1 

(Fig. 3(f)). As shown in Fig. 3(g), the PCA of the HSI spectra at 
400−1000 cm−1 showed a clear separation between the PF- and 
field-cultivated rice seeds, with PC1 and PC2 explaining 92% of 
the total variance. The OPLS-DA plot (Fig. 3(h)) showed a clearer 
separation between the PF- and field-cultivated rice seed samples, 
while the cumulative contribution rate of PC1 and PC2 was 64%. 

In this way, the PF- and field-cultivated rice seeds were distin-
guishable according to their different spectral fingerprints, which 
were likely to be related to their chemical composition and abun-
dance, in line with the results from previous studies [2,32]. Speed 
breeding techniques can influence the ATR-IR spectra of rice seeds, 
as detected by HSI and ATR-IR. 

3.3. Influences of PF-based speed breeding on non-volatile metabolites 
of rice seeds 

Speed breeding holds great significance for breaking through the 
bottleneck of traditional breeding and cultivation technology. How-
ever, its effects on the quality of the rice remain unclear. Therefore, 
we further investigated whether PF-based speed breeding could sig-
nificantly influence the non-volatile metabolites in rice. 

3.3.1. Analysis of the non-volatile metabolite profile 
To explore the effects of speed breeding on the non-volatile 

metabolite profile of rice, a metabolomics analysis was performed 
based on UPLC-MS/MS (Fig. 4). A total of 1000 non-volatile differ-
ential metabolites were determined under both positive and nega-
tive ion modes, including 190 flavonoids, 171 lipids, 147 phenolic 
acids, 102 amino acids and derivatives, 97 alkaloids, 89 organic 
acids, 65 nucleotides and derivatives, 33 lignans and coumarins, 
ten terpenoids, two quinones, one tannin, and 93 other metabolites 
(Fig. S1(a) in Appendix A). All groups of metabolites were detected 
in both the PF- and field-cultivated rice seeds, but the proportion of 
metabolites in the PF-cultivated rice seeds differed from that in the 
field-cultivated rice seeds (Fig. 4(a)). In the field-cultivated rice 
seeds, amino acids and derivatives (28.20%), lipids (22.40%), and 
alkaloids (19.14%) were among the highest proportion of non-
volatile metabolites, while lipids (22.84%), organic acids (20.97%), 
amino acids and derivatives (12.37%), and alkaloids (10.73%) were 
the main non-volatile metabolites in the PF-cultivated rice seeds.

As shown in Fig. 4(b), the total amounts of non-volatile metabo-
lites in the PF-cultivated rice seeds were higher than those in the 
field-cultivated rice seeds. It has been reported that lipids play an 
important role in the firmness of cooked rice [33]. Compared with 
field-cultivated rice seeds, no significant difference in lipid levels 
was found between the PF- and field-cultivated rice seeds. Interest-
ingly, we found that the relative abundances of phenolic acids and 
organic acids were significantly increased in the PF-cultivated rice 
seeds. Phenolic acids and organic acids are the intermediate metabo-
lites of several amino acids for energy production and can improve 
the flavor, nutritional value, and storage time of food [34,35].  Since
many organic acids and phenolic acids exhibit antioxidant a ctivity
[36,37], cultivation in a PF environment may enhance the antioxidant 
composition of rice, making it more nutritious. However, the relative 
abundances of amino acids in the PF-cultivated rice seeds were lower 
than those in the field-cultivated rice seeds, which may be associated 
with the biotransformation of amino acids into organic acids and 
phenolic acids during rice growth. 

To further evaluate the overall metabolic diversity of the PF-
and field-cultivated rice, the metabolomics data was analyzed 
through a PCA score plot, and it was found that the PC1 and PC2 
respectively explained 63% and 10% of the total variance (Fig. 
4(c)). A heatmap derived from the HCA analysis displayed the 
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dynamic changes in the rice seeds during breeding (Fig. S1(b) in 
Appendix A). Based on the data, the samples were divided into 
two groups, consistent with the PCA and OPLS-DA results. 

Overall, these results indicated that the PF environment influ-
enced the non-volatile metabolic profiles of the rice seeds. It is 
worth noting that speed breeding could improve the nutritional 
value of indica rice in terms of increasing its organic acids and phe-
nolic acids, probably from the biotransformation of amino acids. 

3.3.2. Discovery of non-volatile differential metabolites 
In the OPLS-DA evaluation model, the prediction parameters 

include R2 X, R2 Y,  and  Q2 . Specifically, R2 X and R2 Y respectively 
signify the explanatory power of the constructed model for the 
X and Y matrices, while Q2 represents the predictive capability 
of the model. A higher proximity to 1 in these three indicators 
indicates greater stability and reliability in the model. An effec-
tive model can be considered when Q2 > 0.5, whereas an excel-
lent model is defined by Q2 > 0.9. A predictable and non-
overfitting OPLS-DA model (R2 Y =  1,  Q2 =  0.992)  was  verified
and performed for screening differentially expressed compounds 
in the rice seeds. Based on the OPLS-DA plot (Fig. 4(d)) and the 
VIP values, a total of 426 differential metabolites (p <  0.05,
VIP ≥ 1, FC ≥ 2, and FC ≤ 0.5) were identified as biomarkers 
responsible for the differentiation of PF- and field-cultivated r ice
seeds (Table S3 in Appendix A), including 68 flavonoids, 60 
amino acids and their derivatives, 56 alkaloids, 48 phenolic 
acids, 34 nucleotides and their derivatives, 13 lignans and cou-
marins, 22 lipids, 23 organic acids, four triterpenes, and 29 
others. Among them, 257 differential metabolites were up-
regulated, while 169 differential metabolites were down-
regulated. The first 20 metabolites with the top VIP values in 
the OPLS-DA model are shown in Fig. 5(a).

Compared with those in the field-cultivated rice seeds, 157 differ-
ential metabolites were discovered in the PF-cultivated rice seeds 
(VIP ≥ 1.00 and p <  0.05  ) (Table S4 in Appendix A), including 68 
up-regulated metabolites (13 phenolic acids, ten lipids, eight organic 
acids, seven nucleotides and their derivatives, seven flavonoids, five 
alkaloids, five lignans and coumarins, one terpenoid, and 12 others) 
(Fig. 5(b)). Among the 68 significantly up-regulated non-volatile 
metabolites, eight non-volatiles were only detected in the PF-
cultivated rice seeds, including pinoresinol-4-O-glucoside, 2-a-
linolenoyl-glycerol-1-O-glucoside, 3′-deoxyadenosine, 6-O-caffeoyl-
D-glucose, 1-O-caffeoyl-b-D-glucose, 3-indolepropionic acid (3-IPA), 
kaempferol-4′-O-glucoside, and isolariciresinol 9′-O-glucoside. Nota-
bly, pinoresinol-4-O-glucoside, a lignan compound, is also found in 
the flower of S. japonicas [38] and Forsythiae Fructus [39],  and  has
possible analgesic effects. 3′-Deoxyadenosine is a nucleoside ana-
logue with anticancer properties against several types of canc er
[40], while 1-O-caffeoyl-b-D-glucose is a hydrophilic antioxidant sep-
arated from the fruits of the vegetable Luffa cylindrica (L.) Roem (i.e., 
sponge gourd) [41]. 3-IPA, a tryptophan-derived metabolite, has mul-
tiple beneficial functions, such as immune regulation and anti-
inflammatory and antioxidant activities [42,43]. Interestingly, isololi-
olide was the only up-regulated terpenoid found among them; it is 
also found in Portulaca oleracea L. and has plausible medical applica-
tions against certain neurodegenerative disorders [44,45].  On  the
other hand, all 20 amino acids and derivatives were significantly 
down-regulated (Fig. 5(c)). 

To elucidate the dominant metabolic pathways for the non-
volatile metabolites, we annotated and enriched the 426 differen-
tial non-volatile metabolites and divided them into different KEGG 
pathways. The differential metabolites were involved in 89 path-
ways; the top 20 pathways (p < 0.05) were illustrated in bubble 
plots (Fig. S2(a) in Appendix A), including the pathways of 
aminoacyl-transfer RNA (tRNA) biosynthesis; glutathione metabo-
lism; biosynthesis of amino acids; glycine, serine, and threonine
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Fig. 4. Comparison of the non-volatile and volatile differential metabolite profiles of the PF- versus field-cultivated rice seeds. (a) Class ratio of 1000 non-volatile metabolites; 
(b) relative abundance of different types of the 1000 non-volatile metabolites; (c) PCA of 1000 non-volatile metabolites; (d) OPLS-DA of 1000 non-volatile metabolites; 
(e) class ratio of 530 volatile metabolites; (f) relative abundance of different types of the 530 volatile metabolites; (g) PCA of 530 volatile metabolites; (h) OPLS-DA of 530 
volatile metabolites.
metabolism; and arginine and proline metabolism. These path-
ways are mainly associated with the metabolism of alkaloids, fla-
vonoids, lignans and coumarins, lipids, nucleotides, organic acids, 
phenolic acids, terpenoids, and amino acids. 
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The main metabolic pathways of the 68 significantly up-regulated 
differential metabolites and 20 significantly down-regulated amino 
acids and derivatives are integrated in Fig. S3 in Appendix A. Ulti-
mately, 34 compounds (11 amino acids and derivatives, five organic
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Fig. 5. Comparison of key differential non-volatile and volatile metabolites in PF- and field-cultivated rice seeds. (a) 20 non-volatile differential metabolites with the top VIP 
value in the OPLS-DA model; (b) 68 up-regulated non-volatile metabolites and 20 down-regulated amino acids and derivatives (VIP ≥ 1.00, p < 0.05, and level = 1); (c) 20 
volatile differential volatiles with the top VIP values in the OPLS-DA model; (d) 19 up-regulated differential volatiles (VIP ≥ 1.00, p < 0.05, and level = 1). DiHODE: 8S-
dihydroxy-9Z,12Z-octadecadienoic acid; DHOME: dihydroxyoctadec-9-enoic acid.
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acids, three lipids, three nucleotides and their derivatives, three phe-
nolic acids, two flavonoids, one lignan, and six others) were anno-
tated in 52 related KEGG pathways (Table S5 in Appendix A). It 
was found that the organic acids and phenolic acids were closely 
related to the pathways of pyrimidine metabolism; pyruvate meta-
bolism; alanine, aspartate, and glutamate metabolism; and phenyl-
propanoid biosynthesis. On the other hand, 11 amino acids and 
derivatives were closely associated with the amino acid biosynthesis, 
aminoacyl-tRNA biosynthesis, and glyoxylate dicarboxylate metabo-
lism pathways. The remaining 45 up-regulated differential metabo-
lites and nine down-regulated amino acids and derivatives were 
not annotated in any pathways due to a lack of available information 
about their functions. 

Taken together, these data suggest that PF cultivation can 
induce rice to accumulate more organic acids and phenolic acids 
than field cultivation, which might be related to promotion of 
the pyrimidine metabolism, pyruvate metabolism, alanine, aspar-
tate and glutamate metabolism, and phenylpropanoid biosynthesis 
under PF conditions. The 68 significantly up-regulated differential 
metabolites and 20 significantly down-regulated amino acids and 
derivatives can be used as non-volatile biomarkers to differentiate 
PF-cultivated rice seeds from field-cultivated rice seeds. 
3.4. Influences of PF-based speed breeding on volatile metabolites of 
rice seeds 

Volatile metabolites are the main chemical compounds that 
determine the characteristic aroma and flavor of foods, making 
them another important indicator of rice quality [46,47]. Therefore, 
we also investigated whether PF-based speed breeding could sig-
nificantly influence the volatile metabolites of rice. 
3.4.1. The difference in composition of volatile compounds 
A total of 530 volatile metabolites were determined based on 

the GC-MS system under both positive and negative ion modes. 
All these volatile compounds could be classified into 15 classes 
(Fig. S1(c) in Appendix A): 93 heterocyclic compounds (17.58%), 
91 esters (17.2%), 77 terpenoids (14.56%), 58 hydrocarbons 
(10.96%), 49 aldehydes (9.07%), 46 alcohols (8.70%), 38 ketones 
(7.18%), 35 aromatics (6.62%), 13 acids (2.46%), nine phenols 
(1.70%), seven amines (1.32%), six nitrogen compounds (1.13%), 
four halogenated hydrocarbons (0.76%), two sulfur compounds 
(0.38%), and two other compounds (0.38%). As shown in Fig. 4(e), 
the class ratio of volatile compounds was similar in the two groups 
of PF- and field-cultivated rice seeds. In the PF-cultivated rice 
seeds, the most abundant volatile metabolites included aromatics 
(16.66%), sulfur compounds (14.85%), heterocyclic compounds 
(10.08%), and amines (10.11%). In contrast, the most abundant 
volatile metabolites in the field-cultivated rice seeds were sulfur 
compounds (16.70%), aromatics (14.29%), aldehydes (12.42%), and 
heterocyclic compounds (10.52%). As shown in Fig. 4(f), the total 
amount of volatiles in the PF-cultivated rice seeds was lower than 
that in the field-cultivated rice seeds, while there was a significant 
increase in the accumulation of phenols, ketones, aromatics, and 
amines in the PF-cultivated rice seeds—probably associated with 
the special breeding conditions in the PF. We then conducted a 
PCA analysis. In the PCA score plot, PC1 and PC2 explained 44% 
and 26% of the total variance, respectively (Fig. 4(g)). Moreover, 
two main clusters were obtained based on the HCA map of the 
530 volatile metabolites (Fig. S1(d) in Appendix A). Taken together, 
these results reveal the composition and distribution of the volatile 
metabolites in the rice seeds, as well as highlight the differences 
between PF-cultivated rice and field-cultivated rice. This insight 
provides important information for the further study of rice quality 
characteristics and cultivation conditions. 
267
3.4.2. The contribution of volatile compounds to flavor profiles 
An OPLS-DA model (R2 Y = 0.995, Q2 = 0.910) was performed and 

verified for screening the differential volatile compounds in the 
rice seeds. Based on the OPLS-DA plot (Fig. 4(h)) and the VIP values, 
a total of 74 metabolites (p < 0.05, VIP ≥ 1, FC ≥ 2, and FC ≤ 0.5) 
were identified as biomarkers responsible for the differentiation 
of the PF- and field-cultivated rice seeds. A total of 74 top differen-
tial metabolites (19 terpenoids, 13 heterocyclic compounds, ten 
aromatics, eight ketones, seven esters, seven aldehydes, seven 
alcohols, one acid, one hydrocarbon, and one nitrogen compound) 
were discovered, with 28 metabolites being up-regulated and 46 
metabolites down-regulated. The first 20 differential metabolites 
with top VIP values in the OPLS-DA model are shown in Fig. 5(c). 

Furthermore, compared with the field-cultivated rice seeds, 65 
top differential metabolites were discovered in the PF-cultivated 
rice seeds (VIP ≥ 1.00, p < 0.05, and level = 1) (Table S6 in Appendix 
A), including 17 terpenoids, ten heterocyclic compounds, nine aro-
matics, seven ketones, five esters, seven aldehydes, seven alcohols, 
one acid, one hydrocarbon, and one nitrogen compound. Among 
the 65 metabolites, 19 significantly up-regulated volatile metabo-
lites were identified in both the PF- and FT-cultivated rice seeds, 
including four heterocyclic compounds, four aromatics, three ter-
penoids, two ketones, two alcohols, two aldehydes, one hydrocar-
bon, and one ester (Fig. 5(d)). Notably, five volatiles (1,3-
benzodioxol-5-ol, diphenylmethane, 1,E-11,Z-13-hexadecatriene, 
1,3-dioxolane-2,2-diethanol, and 10-epi-c-eudesmol) were only 
detected in the PF-cultivated rice seeds. 1,3-benzodioxol-5-ol— 
also known as sesamol—is a powerful functional food ingredient 
with multiple beneficial functions, including cardioprotection 
[48], anti-neuroinflammation [49], and anti-asthma activity [50]. 

The 74 differential metabolites were then subjected to KEGG 
analysis, and ten pathways were identified, including pathways 
related to monoterpenoid, secondary metabolites, and sesquiter-
penoid and triterpenoid biosynthesis, which are illustrated in 
Fig. S2(b) in Appendix A. Among the 19 up-regulated metabolites, 
seven compounds (e.g., two terpenoids and one alcohol) were 
annotated in the related KEGG pathways (Fig. 6), while the remain-
ing 58 compounds were not annotated due to limited information 
about their functions (Table S7 in Appendix A).
4. Conclusions and future directions 

With the continuous growth of the world’s population, increas-
ing the rate of crop genetic improvement presents a great chal-
lenge. We have established a vertical multilayer cultivation 
system with hydroponics in a PF to achieve the speed breeding 
of rice, shortening the growth period of its field cultivation almost 
by half, which should result in an annual yield of 5–6 generations 
of rice. The PF system realizes the integrated regulation of the 
above-ground growing environment and the underground rhizo-
sphere environment, making it possible to achieve faster genera-
tion advancement for crops. In addition, multilayer cultivation 
provides greater space utilization and energy efficiency per unit 
area than single-layer cultivation and can thus effectively address 
the issue of the cost of the high consumption of energy (e.g., elec-
tricity), thereby promoting the economic sustainability of speed 
breeding in PFs. As a flexible speed-breeding platform, the PF sys-
tem can be used for the speed breeding of not only rice but also 
crops such as wheat, soybean, corn, and alfalfa, allowing rapid gen-
eration advancement. Furthermore, the PF system can be com-
bined with modern breeding technologies such as high-
throughput crop phenotype (HCP), molecular marker-assisted 
selection (MAS), and clustered regularly interspaced short palin-
dromic repeats(CRISPR)-associated protein 9 (Cas9) gene editing 
to construct a new fast and precise breeding system, by which
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Fig. 6. The metabolic relationships among 19 up-regulated volatile compounds. Overall, these results indicate that PF cultivation has significant impacts on the volatiles in 
rice seeds, and the application of PF breeding can enhance the flavor qualities of indica rice by increasing its levels of certain phenols, ketones, aromatics, and amines. UDP-
glucose: urine diphosphate glucose.

Fig. 7. An innovative breeding strategy integrating the PF system with modern 
breeding technologies. (a) The PF speed-breeding platform; (b) a precise selection 
platform with MAS and HCP; (c) molecular design breeding of crops. PCR: 
polymerase chain reaction. 
the whole breeding process can be rapidly completed locally, com-
pared with shuttle breeding (Fig. 7). 

It was found that lipids, organic acids, amino acids, and alka-
loids were the top four classes of metabolites in the PF-cultivated 
rice seeds. More phenolic acids and organic acids—but less amino 
268
acids and derivatives—were accumulated in PF-cultivated rice 
seeds in comparison with the field-cultivated seeds. In addition, 
more volatiles—including phenols, ketones, aromatics, and ami-
nes—were generated in the PF-cultivated rice seeds. Compared 
with the field-cultivated rice seeds, eight non-volatiles and five 
volatiles were only detected in the PF-cultivated rice seeds, making 
these compounds potential biomarkers for characterizing the rice-
breeding progress in a PF. Overall, this study underscores the 
potential of PF systems to not only improve rice-breeding effi-
ciency but also enhance the nutritional quality of rice. By leverag-
ing innovative technologies and cultivation methods, such as PF 
systems, we can address the challenges posed by population 
growth and climate change to ensure food production in the future. 
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