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Abstract

Aeroponics is an important approach for the production of virus-free seed potatoes. The
propagation efficiency of aeroponically grown potatoes is affected by light conditions.
However, the effects of different supplemental light conditions on potato yield and their
underlying mechanisms remain unclear. Here, multiple light conditions are applied to
investigate their influences on potato minituber production. The results show that red–
blue light supplementation significantly increases plant yield. Physiologically, it enhances
chlorophyll and carotenoid contents, thereby increasing net photosynthetic rate and CO2

utilization efficiency. Red–blue light temporally regulates hormone balance by increasing
the GA/ABA ratio at the early stage to promote vegetative growth, and maintaining higher
trans-zeatin content at the late stage, potentially sustaining cell division. These synergistic
effects may enhance yield by delaying senescence and prolonging the tuberization period.
Transcriptomic analysis reveals that red–blue light treatment enriches pathways related
to hormone signaling, senescence-associated, and zeatin biosynthesis at the late growth
stage, and upregulates key tuberization genes (StSP6A, StSP3D, StFTL1), which may be
associated with tuber formation. Red–blue light treatment optimizes photosynthesis,
remodels hormone networks, and induces temporal transcriptional reprogramming, while
also increasing the yield of virus-free seed potatoes in aeroponic culture. This study
provides theoretical and technical support for the efficient aeroponic breeding of virus-free
seed potatoes.

Keywords: aeroponics; endogenous hormones; light quality; photosynthetic characteristics;
potato; propagation efficiency

1. Introduction
Potato (Solanum tuberosum L.) is an asexually propagated crop. Long-term continuous

cultivation can easily lead to the accumulation of viruses in tubers, resulting in varietal
degeneration, reduced yield, and declining quality [1]. Therefore, the use of virus-free seed
potatoes is essential for restoring desirable agronomic traits and achieving stable, high
yields [2]. Compared with conventional substrate culture, aeroponics offers several unique
advantages, including precise water and nutrient supply, and a root-zone environment
that remains dark, humid, and thermally stable, thereby minimizing direct interference
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from light and soil-borne pathogens on tuber development. This system facilitates the
industrialized and standardized production of minitubers and significantly improves the
efficiency and quality of seed potato propagation [3,4].

With the growing demand for seed potatoes, exploring technical approaches to in-
crease the yield of virus-free minitubers under aeroponic conditions has attracted increasing
attention. In addition to optimizing water and fertilizer management, the regulation of
supplemental light has become a research hotspot in this field. Studies have shown that
supplemental lighting with a red: blue: green ratio of 7:1:2 significantly increases the num-
ber of tubers per plant, reaching 31 tubers per plant, including 9.26 tubers weighing ≥3 g,
representing a 51% increase compared with the control [4]. These findings indicate that
exogenous light application can significantly promote tuber formation. Therefore, optimiz-
ing light quality ratios under aeroponic conditions and clarifying their regulatory effects
and mechanisms in potato tuberization are of great significance for improving seed potato
propagation efficiency and achieving high-quality, high-yield protected potato cultivation.

As a core component of light signals, light quality, namely light of different wave-
lengths, exerts distinct regulatory effects on plant growth and development, depend-
ing on its spectral composition and intensity [5]. Red light (620–750 nm) and blue light
(400–500 nm) are the primary wavelengths absorbed during photosynthesis. They directly
participate in chlorophyll synthesis, photosynthetic electron transport, and carbon assimila-
tion, and also play important roles in regulating plant architecture, including plant height,
internode length, and leaf morphology [6]. In terms of yield formation, red light promotes
the accumulation of photosynthates and delays leaf senescence, thereby increasing tuber
weight during the later growth stage [7]. Blue light mainly regulates leaf expansion and
stem elongation, thereby indirectly affecting tuberization [8]. Numerous classical studies
have demonstrated that potato tuber growth and development depend not only on a
continuous supply of photosynthates from leaves but also on precise regulation by endoge-
nous hormones. Red–blue light irradiation significantly alters the levels of gibberellins,
auxins, and cytokinins (CTKs) in potato stems and leaves, indicating that endogenous
hormones play critical regulatory roles in tuber formation and bulking [9]. During tuber
expansion, cells enlarge through the accumulation of carbohydrates, mineral nutrients,
and water, a process that is also finely regulated by the endogenous hormone network.
Gibberellins (GAs) inhibit potato tuber formation, whereas abscisic acid (ABA) positively
regulates tuberization by downregulating GA levels and increasing the accumulation of
tuber-promoting hormones [10]. In addition, auxin (IAA) promotes cell expansion [11],
while CTKs promote cell division and proliferation [12]. Supporting evidence has also been
reported in other species. For example, red–blue light significantly reduces GA content
in tomato seedlings while increasing auxin levels in stems and roots compared with the
control [13]. In carnation, blue light downregulates ethylene biosynthesis genes and up-
regulates ABA biosynthesis genes, thereby delaying petal senescence [14]. Collectively,
these findings indicate that different endogenous hormones perform stage-specific func-
tions during plant development and achieve precise regulation through synergistic or
antagonistic interactions.

However, the optimal red-to-blue light ratio for potato tuberization remains unclear.
Some studies have shown that a low R/B ratio (1:9) significantly promotes tuber formation
in potted potatoes after 50 days of treatment [15], whereas others have reported that a
1:1 R/B ratio significantly increases potato yield [7]. In in vitro potato culture, a 7:3 R/B
ratio was found to increase the number of tubers per plant as well as individual tuber weight
and diameter [16]. Furthermore, a recent study reported that a 7:1 R/B ratio promoted
stolon development and tuber formation, thereby improving the proportion of commercial
seed potatoes (≥2 g) [17]. In hydroponic potato experiments, the 7:1 R/B ratio resulted in
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the highest tuberization rate after 80 days of light supplementation, suggesting that this
spectral combination is particularly beneficial for late-stage tuber formation [18]. Compared
with the 1:9, 1:1, and 7:3 R/B ratios tested in potted or in vitro systems, the 7:1 R/B ratio
adopted in this study was derived from a hydroponic seedling system that closely resembles
our experimental conditions and therefore provides a more relevant reference. Accordingly,
the 7:1 red–blue light treatment was selected for subsequent experiments. White light,
with its broad spectrum resembling natural light, was used as a control to increase light
intensity alone, allowing evaluation of its effects on plant growth and yield [19]. Far-red
light, known to induce shade-avoidance responses including stem elongation and enhanced
light capture, was included to determine whether this cultivar exhibits similar responses
under aeroponic conditions [19,20].

However, most previous studies have focused on agronomic traits and yield, with
limited systematic analysis of the physiological, metabolic, and molecular transcriptional
levels underlying potato growth and yield formation. To address this gap, we used aero-
ponically grown potato plants under natural light (control) and as supplemental treatments
with white, far-red, and red–blue light. Our objectives were to evaluate the effects of
these treatments on potato growth and to investigate the reasons why the 7R1B treatment
enhances propagation efficiency. We selectively measured plant growth, photosynthetic
characteristics, hormone accumulation, and transcriptomic responses under the control
and 7R1B treatments to assess their effects and explore the potential regulatory network.

2. Materials and Methods
2.1. Plant Material and Culture Conditions

The potato cultivar ‘Chuanyu 56’, provided by the Potato Research Center of the
Sichuan Academy of Agricultural Sciences, was used as the experimental material. Plantlets
were cultured on solid medium in a tissue culture room for approximately 45 days at 22 ◦C
under a 16 h light/8 h dark photoperiod. The seedlings were then transferred to a hydro-
ponic tank for one week of acclimatization, followed by transplantation into aeroponic
chambers. After 30 days of aeroponic cultivation, supplemental light of different qualities
was applied for 8 h daily under natural daylight conditions. Based on published studies,
the light treatments were far-red light (FR) [21], white light (W, 400–700 nm) [15], and
red–blue light (7R1B; red: 660 nm, blue: 450 nm), with natural light serving as the control
(CK). Each of the three replicates per treatment was equipped with independent culture
chambers (for nutrient supply) and lighting systems. Each chamber contained 65 plants, of
which 40 were used for yield assessment, and the remaining 25 were used for sampling
and measurement of related indicators. Unlike indoor culture experiments, this study was
conducted under natural outdoor sunlight, with supplemental photosynthetic photon flux
density (PPFD, 400–700 nm) provided at a uniform intensity of 180 ± 5 µmol·m−2·s−1

(LI-250A light meter, LI-COR, Lincoln, NE, USA). The far-red photon flux density (FR-PFD,
700–750 nm) was 9.7 µmol·m−2·s−1. The supplemental lighting was applied daily from
8:00 to 16:00.

During the experimental period, natural daylight conditions were monitored daily using
a spectroradiometer. The average PPFD of natural sunlight was 106.76 ± 3 µmol·m−2·s−1,
with a daily light integral (DLI) of approximately 4.61 mol·m−2·d−1 (based on a 12 h pho-
toperiod). The spectral composition of natural light was as follows: PPF-B (400–500 nm) =
27.49 µmol·m−2·s−1, PPF-G (500–600 nm) = 40.35 µmol·m−2·s−1, and PPF-R (600–700 nm) =
38.35 µmol·m−2·s−1, corresponding to a red-to-blue ratio of approximately 1.39.
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2.2. Measurement of Agronomic Traits

Plant height was measured as the vertical distance from the shoot tip to the point
where the first stolon was attached to the basal stem. Stem diameter was measured at the
fifth internode from the top using a vernier caliper, with three replicates per plant. Root
length was defined as the linear distance from the point of attachment of the first stolon to
the root tip. Stolon number was determined by counting only the primary stolons arising
from the stem base. Six plants were randomly selected as replicates (n = 6).

2.3. Measurement of Photosynthetic Parameters

For chlorophyll determination, 0.5 g of fresh leaf disks (from the fourth fully expanded
leaf, excluding the main veins) was sampled, frozen in liquid nitrogen, ground into powder,
and extracted with 10 mL of 95% ethanol for 6 h until fully decolorized. After centrifu-
gation at 3500× g, the supernatant was collected and diluted to 25 mL. Absorbance was
measured at 665 nm, 649 nm, and 470 nm using a spectrophotometer, and pigment contents
were calculated accordingly [22]. Photosynthetic parameters, including net photosynthetic
rate (Pn), stomatal conductance (Gs), transpiration rate (Tr), and intercellular CO2 con-
centration (Ci), were measured on sunny days between 8:00 and 10:30 and between 15:30
and 17:00 using a LI-6400 portable photosynthesis system (LI-COR, Lincoln, NE, USA),
avoiding the midday period when high temperatures induce stomatal closure. During
measurements, the chamber was set to a PPFD of 1000 µmol·m−2·s−1, a reference CO2

concentration of 400 µmol·mol−1, a leaf temperature of 25 ± 1 ◦C, a relative humidity of
60–70%, and an airflow rate of 500 µmol·s−1. Three technical replicates were recorded per
leaf, and three biological replicates were used for each treatment.

2.4. Measurement of Quality-Related Indices

For sugar and starch analyses, 0.5 g of tuber bud tissue was collected, with three
biological replicates per treatment. For extraction, samples were incubated in 5 mL of 80%
ethanol at 80 ◦C for 30 min, cooled, and centrifuged at 3500× g for 10 min. The supernatant
was collected, and the extraction was repeated twice. The combined supernatants were
diluted to 25 mL for the determination of reducing sugar and soluble sugar contents,
while the remaining precipitate was used for starch analysis. Reducing sugar content was
determined using the 3,5-dinitrosalicylic acid method [23]. Soluble sugar content was
measured using the anthrone–sulfuric acid method [24]. Starch content was determined
after gelatinization and acid hydrolysis, followed by the same colorimetric assay used for
soluble sugar determination [25].

2.5. Tuber Harvest and Yield Measurement

The first harvest was conducted 60 days after the initiation of supplemental lighting,
with subsequent harvests performed at 7- to 10-day intervals until plants ceased tuber
production. Tubers weighing 5 ± 2 g were collected at each harvest, and all tubers weighing
≥0.5 g were included in the final harvest. Forty plants constituted one replicate, with
three replicates in total; all replicates were placed in the same greenhouse but in separate
aeroponic chambers. At each harvest, tubers were rinsed to remove residual nutrient
solution and air-dried to remove surface moisture. The number of tubers per plant, yield
per plant, and average tuber weight were recorded and calculated for each replicate at each
time point.

2.6. Gene Expression Analysis

Total RNA was extracted from the fourth fully expanded leaves collected at 30 and
90 days of the supplementary light treatment using Trizol reagent (Coolaber, Beijing,
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China). RNA concentration and purity were assessed using a NanoDrop spectrophotome-
ter (Thermo Fisher Scientific, Waltham, MA, USA), with A260/A280 ratios of 1.9–2.1 and
A260/A230 ratios of 2.0–2.2, and RNA integrity was confirmed by agarose gel electrophore-
sis. One microgram of total RNA was treated with DNase I to remove genomic DNA
contamination and subsequently reverse-transcribed into cDNA using the PrimeScript™
RT reagent Kit (Takara, Kyoto, Japan). qRT-PCR was performed using SYBR GREEN
Master Mix (Vazyme, Nanjing, China) on a StepOne Plus Real-Time PCR System (Applied
Biosystems, Carlsbad, CA, USA). The thermal cycling conditions were as follows: initial
denaturation at 95 ◦C for 3 min, followed by 40 cycles of denaturation at 95 ◦C for 15 s
and annealing/extension at 60 ◦C for 30 s. Melting curve analysis was conducted using
a temperature gradient from 65 ◦C to 95 ◦C with a ramp rate of 0.5 ◦C·s−1. The StEF1α

gene was used as the internal reference, and relative expression levels were calculated
using the 2−∆Ct method [26]. Each biological sample was analyzed in triplicate, and the
primers used for all genes are listed in Table S1. The candidate genes selected for qRT-PCR
validation were primarily those involved in key pathways of auxin, cytokinin, salicylic
acid, and abscisic acid signal transduction and that exhibited relatively high fold changes
in expression, with a screening threshold of |Fold Change| ≥ 3 and adjusted p < 0.05.

2.7. Measurement of Endogenous Hormones

Samples of the fourth leaves from the top were collected from the CK and 7R1B treat-
ment groups at 30 and 90 days of supplementary light treatment, respectively, with three
replicates per treatment. The samples were rapidly frozen, ground in liquid nitrogen, and
then 0.05 g of powder from each replicate was weighed into a centrifuge tube and extracted
with 1 mL of pre-chilled 50% acetonitrile. After vortexing for 30 s, the samples were ex-
tracted on ice at 4 ◦C for 2 h and then centrifuged at 12,000 rpm for 10 min. The supernatant
was collected, and the extraction was repeated once. The combined supernatants were
evaporated to near dryness under a nitrogen stream and then re-dissolved in 0.2 mL of
methanol for instrumental analysis [27]. The high-performance liquid chromatography
(UHPLC) system (Vanquish, Thermo Fisher Scientific, Waltham, MA, USA) coupled with a
high-resolution mass spectrometer (Q Exactive, Thermo Fisher Scientific, Waltham, MA,
USA) was used for data acquisition. Chromatographic separation was performed on a
Waters HSS T3 column (50 × 2.1 mm, 1.8 µm) at 40 ◦C with a flow rate of 0.3 mL/min and
an injection volume of 2 µL. The mobile phases consisted of ultrapure water (A) and acetoni-
trile (B), with 0.04% acetic acid for positive-ion mode or 0.10% acetic acid for negative-ion
mode. The autosampler was maintained at 4 ◦C, and samples were analyzed in random
order to minimize signal fluctuations. Mass spectrometry was operated in Full-MS mode
with both positive and negative ion switching, covering a scan range of m/z 100–500 [28].

2.8. Transcriptomic Analysis

Due to the significant effects of the 7R1B treatment on senescence and tuber number,
with pronounced phenotypic differences observed at 30 and 90 days of supplemental
lighting, total RNA was extracted from samples at these two time points (CK and 7R1B
treatments, with three biological replicates each). RNA integrity was assessed using an
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Poly(A) mRNA
was enriched using Oligo(dT) magnetic beads, fragmented, and reverse-transcribed into
first-strand cDNA with random primers and M-MuLV reverse transcriptase. Second-strand
cDNA was synthesized with DNA polymerase I and dNTPs. The purified cDNA was end-
repaired, A-tailed, adapter-ligated, and size-selected (370–420 bp) with AMPure XP beads,
and the final library was obtained after PCR amplification [29]. Library concentration
was measured using a Qubit 2.0 fluorometer and diluted to 1.5 ng/µL. Insert size was
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checked using an Agilent 2100 system, and the effective library concentration (>1.5 nM)
was accurately quantified by qPCR. The libraries were sequenced on an X-Plus platform
(NovaSeq X Plus, Illumina Inc., San Diego, CA, USA) with a paired-end 150 bp (PE150)
read configuration, generating approximately 6.6 Gb of raw data per sample. Raw reads
were processed using fastp (v0.23.2) for quality control, during which adapter sequences,
low-quality reads (Q < 20), and reads with excessive ambiguous bases were removed. The
resulting clean reads were aligned to the potato reference genome (DM v6.1) downloaded
from SpudDB (https://spuddb.uga.edu/ accessed on 1 June 2025), using HISAT2 (v2.2.1).
Gene expression levels were quantified using featureCounts (v2.0.1). Differential expression
analysis was performed using DESeq2 (v1.38.0) under a negative binomial distribution
model, with the Wald test used to assess statistical significance. p-values were adjusted
for multiple testing using the Benjamini–Hochberg procedure, and genes with |log2 fold
change| ≥ 3 and adjusted p < 0.05 were considered significantly differentially expressed.
Raw count data were normalized using the median-of-ratios method implemented in
DESeq2, and genes with low expression (sum of counts across all samples < 10) were
filtered out prior to analysis. GO functional annotation and KEGG pathway enrichment
analysis were performed using clusterProfiler (v4.6.0) and KEGG Mapper, respectively,
with adjusted p < 0.05 considered as the threshold for significant enrichment.

2.9. Statistical Analysis

All data are presented as means ± standard deviation (mean ± SD). Statistical analyses
were performed using DPSv21.05 (Hangzhou RuiFeng Technology, Hangzhou, China) and
SPSS v29 (SPSS Inc., Chicago, IL, USA) software together. For comparisons at single
time points, one-way analysis of variance (ANOVA) was conducted, followed by Fisher’s
least significant difference (LSD) test for post hoc multiple comparisons. The significance
threshold was set at p < 0.05 for all statistical analyses. Each treatment consisted of
three biological replicates, with each replicate corresponding to an independent aeroponic
chamber; technical replicates were averaged before statistical analysis.

3. Results
3.1. Effects of Different Light Qualities on Potato Growth and Yield

To investigate the effects of different light qualities on the growth and yield of aeroponi-
cally grown potatoes, growth performance and final yield were recorded and analyzed for
each treatment. The key time points are illustrated in Figure 1A. After 30 days of treatment,
clear morphological differences were evident: plants under FR were the tallest but had the
smallest stem diameter. Stolons had begun to swell in all treatments but had not reached
standard seed tuber size. By 60 days, plant height, stem diameter, and root length were
greatest under 7R1B, and were significantly higher than those under CK, W, and FR. At
90 days, CK plants showed leaf senescence and desiccation; FR plants displayed chlorosis and
necrosis; and W plants had ceased growth with partial leaf drying. In contrast, 7R1B plants
remained green and showed no obvious signs of senescence at harvest, with the largest height
and longest roots. Stolon number did not differ significantly among treatments or sampling
times (Figures 1B and S1A–D). Detailed numerical values and statistical comparisons for all
agronomic traits at each time point are provided in Supplementary Table S2.

To investigate the effect of the 7R1B treatment on potato propagation efficiency, tuber
number per plant and yield per plant were recorded for each treatment. In the early growth
stage, there were no significant differences in tuber number per plant or yield per plant
among treatments compared with the control. However, during the late supplemental
lighting period (75–100 days), the 7R1B treatment showed a rapid increase in both tuber
number per plant and yield per plant, eventually reaching 18.98 tubers per plant and
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73.99 g per plant, which were significantly higher than those of CK (14.66 tubers per plant,
62.95 g per plant), W (14.72 tubers per plant, 58.27 g per plant), and FR (12.88 tubers per
plant, 45.39 g per plant) treatments (p < 0.05). The FR treatment exhibited the lowest tuber
number and yield per plant among all groups, while the W treatment showed no significant
differences compared with the CK (Figure 1C–E, Table S2).

 

Figure 1. Effects of different light qualities on plant growth, development, and propagation efficiency
of aeroponically grown potatoes. (A) Experimental timeline. Plantlets were acclimated under natural
light for 30 days, followed by supplemental lighting until harvest at 102 days. (B) Representative
morphology at 30, 60, and 90 days of light treatment (bar = 5 cm). (C) Minituber morphology at
harvest (bar = 2 cm). (D,E) Dynamics of tuber number and yield per plant from 60 to 100 days. CK:
natural light control; W: white light; FR: far-red light; 7R1B: red–blue light (7:1).

3.2. Effects of Light Quality on Photosynthesis

Since different supplemental light treatments significantly affected plant growth and
yield, photosynthetic indices were measured to explore the underlying physiological mech-
anisms. After 30 days of treatment, light quality significantly affected photosynthetic
pigment levels. Total pigment content was highest under 7R1B (1.42 mg/g), followed
by W (1.29 mg/g); FR and CK did not differ significantly. Compared with CK, 7R1B
significantly increased chlorophyll a, chlorophyll b, and carotenoid contents, whereas FR
significantly reduced chlorophyll a and carotenoids (Figure 2A–D). Analysis of photo-
synthetic parameters showed that 7R1B markedly increased the net photosynthetic rate
(Pn = 21.085 µmol CO2·m−2·s−1) and decreased intercellular CO2 concentration
(Ci = 296.280 µmol·mol−1), while maintaining a transpiration rate (Tr = 8.633 g·m−2·h−1)
similar to CK. W increased the net photosynthetic rate relative to CK but had little effect
on other parameters. FR significantly decreased net photosynthesis while maintaining
a high Ci (307.633 µmol·mol−1), suggesting non-stomatal limitations to photosynthesis.
In summary, 7R1B improved photosynthetic performance by enhancing pigment content
and CO2 use efficiency; FR accelerated pigment degradation and impaired photosynthetic
capacity, and W produced limited benefits (Figure 2H–J).
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Figure 2. Effects of different light qualities on photosynthetic parameters. (A) Total pigment com-
position (Chl a, Chl b, Car). (B–D) Quantitative pigment data. Different lowercase letters indicate
significant differences (p < 0.05). (E–G) Contents of reducing sugars, soluble sugars, and starch in
tubers under different treatments. (H–J) Radar plots of net photosynthetic rate (Pn), transpiration rate
(Tr), intercellular CO2 concentration (Ci), and leaf stomatal conductance (Gs). CK: control; W: white
light; FR: far red; 7R1B: red–blue (7:1).

In addition, to investigate whether different light qualities affect tuber quality, the
contents of reducing sugars, soluble sugars, and starch in first-harvested tubers after 60 days
of supplemental lighting were measured. The results showed that compared with the CK,
the 7R1B treatment group had significantly higher reducing sugar content, but significantly
lower soluble sugar and starch contents; the W treatment group showed no significant
difference in reducing sugar content compared with the CK, but significantly lower soluble
sugar and starch contents; the FR treatment group had significantly lower levels of all
measured indicators compared with the CK (Figure 2E–G). Dry matter did not differ at
60 days. At 75 days, dry matter was highest under FR; at 90 days, dry matter was lowest
under W, while 7R1B values were similar to CK and FR (Figure S2).

3.3. Effects of Light Quality on Endogenous Hormones

Given that the 7R1B treatment significantly affected plant growth and propagation
efficiency, endogenous hormone contents were measured to determine whether this effect
originated from changes in hormone levels. PCA showed clear separation among treat-
ments and time points, indicating that both light quality and growth duration affected
hormone composition (Figure 3A). Seven hormone classes were quantified: cytokinins
(CTK), gibberellins (GAs), auxin, jasmonic acid (JAs), abscisic acid (ABAs), ethylene (ETHs),
and salicylic acid (SAs) (Figure 3B). At 30 days, 7R1B significantly increased GA, IAA, and
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trans-zeatin (tZ) compared with CK, whereas ABA and tZ showed no significant changes.
At 90 days, IAA remained higher under 7R1B; ABA remained unchanged. Notably, tZ
was undetectable in CK at 90 days but remained at high levels under 7R1B, which may
be associated with the reduced tZ content in CK, whereas cell division appeared to be
sustained in 7R1B plants (Figure 3C–E). The GA/ABA ratio was highest under 7R1B at
30 days, consistent with strong early growth potential, but declined to control levels at
90 days due to reduced GA (Figure 3F). In addition, at 90 days of treatment, the contents of
ABA and the ethylene precursor (1-aminocyclopropane-1-carboxylic acid, ACC) in both CK
and 7R1B treatments increased compared with the earlier stage, albeit to different extents,
whereas salicylic acid content showed a decreasing trend (Figure 3B).

Figure 3. Effects of different light qualities on endogenous hormones. (A) PCA of hormone profiles
at 30 and 90 days (CK30/90: control; 7R1B30/90: 7R1B). (B) Heatmap of hormone contents (CTK:
cytokinins; GAs: gibberellins; IAA: auxin; JA: jasmonic acid; ABA: abscisic acid; ETH: ethylene;
SA: salicylic acid). (C–E) GA4, ABA, and trans zeatin dynamics at 30 and 90 days. F, GA/ABA ratio.
Different lowercase letters indicate significant differences (p < 0.05). Error bars represent standard
deviation (SD). (F) GA/ABA ratio at 30 and 90 days.

3.4. Transcriptomic Responses to Light Quality

To elucidate molecular mechanisms, transcriptomes were compared at 30 and 90 days.
PCA demonstrated tight within-group clustering and clear separation between groups,
indicating good reproducibility (Figure 4A). Under the 7R1B treatment, compared with
the corresponding CK controls, 767 and 735 treatment-specific differentially expressed
genes were identified at 30 and 90 days, respectively (Figure 4B,C). The Venn diagrams
illustrate the overlap of expressed genes across treatments, with shared genes in the
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overlapping regions and treatment-specific genes in the non-overlapping portions. GO
enrichment at 30 days indicated DEGs associated with hormone response, multicellular
organismal processes, and glucan metabolism; enriched cellular components included cell
wall and plasma membrane; molecular functions included transcription regulator activity,
glycosyltransferase activity, and transmembrane receptor activity. At 90 days, DEGs were
additionally enriched in cell wall biogenesis, with molecular functions such as chitin
binding, ribonuclease activity, and transferase activity (Figure S3A,B). KEGG enrichment at
30 days highlighted plant–pathogen interaction, diterpenoid biosynthesis, hormone signal
transduction, and cutin/suberin/wax biosynthesis, suggesting active hormone signaling
and preparatory defense responses (Figure 4D). At 90 days, hormone signal transduction
was the most enriched pathway, together with base excision repair, RNA polymerase, and
zeatin biosynthesis, suggesting possible roles in delayed visible senescence and altered
hormone profiles (Figure 4E).

 

Figure 4. Transcriptomic analysis under different light qualities. (A) PCA of samples at 30 and 90 days.
CK30/90: control; 7R1B30/90: red–blue light. (B,C) Venn diagrams of DEGs between CK and 7R1B at 30
and 90 days. (D,E) KEGG enrichment of DEGs under 7R1B at 30 and 90 days (count and −log10P).
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To investigate changes in potato plants under natural desiccation, GO and KEGG
enrichment analyses were performed on samples grown naturally (CK) for 90 days. Com-
pared with the supplementary light treatment, a total of 990 differentially expressed genes
were identified at this stage. GO enrichment analysis revealed that the differentially ex-
pressed genes were mainly enriched in biological processes such as cell communication,
signal transduction, and cell wall biogenesis; at the cellular component level, these genes
were predominantly located in the cell wall and nuclear envelope; in terms of molecular
function, they were highly involved in ion binding (copper/zinc ion) and hydrolase activity
(Figure S4A). KEGG pathway analysis showed that the differentially expressed genes were
significantly enriched in ABC transporters, autophagy, and plant–pathogen interaction
pathways, and were also associated with fatty acid metabolism and plant hormone signal
transduction (Figure S4B).

3.5. Pathway Analysis

To investigate whether hormonal remodeling and transcriptional changes coordinately
regulate yield formation, we performed an integrated analysis of hormone contents and
transcriptomic profiles, and visualized the expression levels of genes involved in hormone
biosynthesis, degradation, and related signaling pathways. Integrated analysis of hormone
signaling-related genes showed that the GA receptor gene GID1 was upregulated in 7R1B at
30 days, a trend that coincided with elevated GA4 content. The expression of ABA signaling
genes (PYR/PYL, PP2C, SnRK2) was downregulated at 90 days, potentially suppressing
ABA signal transduction. Auxin transport and signaling genes (AUX1, TIR1, AUX/IAA,
ARF, GH3, SAUR) were differentially expressed, possibly contributing to cell elongation
and stem thickening. The SA receptor NPR1 was upregulated at 30 days, which may
be associated with the activation of TGA-PR1 defense responses (Figure 5A). Regarding
biosynthesis, GA20ox was upregulated at 30 days and partially downregulated at 90 days,
consistent with the dynamic changes in GA4 content (Figure 5B). In zeatin metabolism, the
inactivation gene UGT and the degradation gene CKX5 exhibited low expression levels
under the 7R1B treatment, suggesting a possible association with the elevated zeatin content
during the late supplemental lighting period. In addition, the cis-zeatin inactivation genes
(CISZOG1/2) were also downregulated at 30 days (Figure 5C) (Table S3).

To verify the reliability of the transcriptome data, key genes were selected based on their
expression patterns in the three aforementioned pathways (|log2 Fold Change| ≥ 3, adjusted
p < 0.05) and subjected to qRT-PCR analysis. The results showed that, as the growth period
progressed, the expression of auxin signaling genes (StIAA4, StAUX22), ABA signaling genes
(StPYL4), and salicylic acid signaling pathway genes (StNPR1) increased in CK but decreased
under the 7R1B treatment, with the highest expression levels observed at 30 days under the
7R1B treatment. The cytokinin inactivation-related gene StCKX5 increased in both CK and
7R1B treatments with advancing growth stage, but its expression level remained consistently
lower under 7R1B than under CK. The zeatin inactivation gene StUGT3 decreased in CK,
while no significant change was observed under the 7R1B treatment. The expression trends
obtained from qRT-PCR were largely consistent with those from RNA-seq, confirming the
reliability of the transcriptome expression data. In addition, the tuberization-related genes
(StSP6A, StSP3D, and StFTL1) identified in the transcriptome data were also validated by
qRT-PCR. The results showed that StSP6A and StFTL1 exhibited relatively low expression at
30 days under both CK and 7R1B treatments, but were significantly upregulated at 90 days,
with higher expression levels under 7R1B than in CK. In contrast, StSP3D decreased in CK,
while no significant change was observed under the 7R1B treatment. The expression patterns
of StSP6A and StFTL1 were consistent with the observed increase in yield during the late
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growth period under red–blue light treatment, further supporting the conclusions of the
previous yield-related analyses (Figure 6).

Figure 5. Expression patterns of key hormone signaling and biosynthesis genes under 7R1B.
(A) Heatmap of genes in GA, ABA, cytokinin, auxin, and SA signaling (red: upregulated; green:
downregulated). (B) Heatmap of GA biosynthesis genes. (C) Heatmap of zeatin biosynthesis and
metabolism genes (CK30/90: control; 7R1B30/90: red–blue light).
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Figure 6. Correlation validation between transcriptome sequencing and qRT-PCR results. Quantita-
tive analysis of 9 key differentially expressed genes by qRT-PCR showed that their expression trends
were highly consistent with the FPKM changes from transcriptome sequencing (RNA-Seq), confirm-
ing the reliability of the transcriptome data in this study. Error bars represent standard deviation
(SD). CK30/90: natural light control for 30/90 days; 7R1B30/90: red–blue light (7:1) treatment for
30/90 days. Different lowercase letters indicate significant differences (p < 0.05). Error bars represent
standard deviation (SD).

4. Discussion
4.1. Effects of Different Light Qualities on Growth and Propagation of Aeroponic Potato

This study demonstrated that different light qualities significantly regulate the growth
and yield formation of aeroponically grown potato plants. First, plants under far-red (FR)
treatment exhibited typical shade-avoidance responses, characterized by significantly in-
creased plant height and reduced stem diameter (Figure 1B, Table S2). This response may be
associated with the activation of phytochrome-mediated signaling pathways that prioritize
allocating photosynthetic assimilates to stem elongation rather than biomass accumulation.
This finding is consistent with previous studies [30] and similar phenomena observed in
maize and soybean [31,32]. Under the red–blue light (7R1B) treatment, plants exhibited
vigorous growth and increased yield. Previous studies have shown that red–blue light at
various ratios promotes tuber formation, and the present study similarly observed increases
in tuber number and yield, suggesting a strong correlation between these responses [17,18].
Notably, we also found that the 7R1B treatment extended the duration of leaf greening, a
phenomenon that has not been reported in previous studies. Combined transcriptomic and
metabolomic analyses suggested that the combination of red and blue light may extend the
growth period through the coordinated regulation of photosynthesis-related gene expres-
sion, chlorophyll synthesis, and endogenous hormone balance [33], thereby prolonging
the tuberization period and ultimately increasing yield [34,35]. In addition, white light has
been reported to promote physiological development more evenly than single-spectrum
light in other species [36]. In the present study, white light significantly enhanced plant
growth compared with the control; however, its effects were less pronounced than those
of the 7R1B treatment, and this did not result in a corresponding increase in yield. Inter-
estingly, no significant differences were observed in the number of main stolons among
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treatments, suggesting that light quality may not directly regulate the initiation of main
stolons [35], but rather affect tuber yield by influencing source–sink allocation of photosyn-
thetic assimilates or the number of secondary stolons (Figures 1B and S1A–D). The specific
underlying mechanisms remain unclear, which represents a limitation of this study and
warrants further investigation.

Notably, although the 7R1B treatment significantly increased yield, it also induced
marked changes in tuber quality traits, including significantly lower starch content and sig-
nificantly higher reducing sugar content compared with the control. For fresh consumption
or frying processing, high reducing sugar content is generally considered an undesirable
trait [37]. However, since the present study aimed to produce seed potatoes rather than
table-stock potatoes—and seed potatoes are not typically consumed directly—the impact
of this trait is relatively limited. The reduction in tuber dry matter content under the 7R1B
treatment may be attributed to the delayed leaf senescence and sustained aboveground
growth during the late tuberization stage, which maintained a strong competitive capacity
for assimilates. As a result, a greater proportion of photoassimilates was allocated to
aboveground organs rather than transported to tubers. Such an alteration in source–sink
relationships may have reduced starch synthesis efficiency in tubers while promoting the
accumulation of reducing sugars [38]. Therefore, although the 7R1B treatment significantly
increased tuber number and fresh weight yield, its effects on tuber quality should be
comprehensively evaluated in the context of seed potato production (Figures 2D–F and S2).

4.2. Red–Blue Light Enhances Photosynthetic Performance and Assimilate Partitioning in
Aeroponic Potato

Light quality strongly influences the composition and function of the photosynthetic
apparatus, thereby affecting assimilate production and growth. Under 7R1B, chlorophyll a,
chlorophyll b, and carotenoid levels increased, net photosynthetic rate improved, and inter-
cellular CO2 concentration decreased, consistent with enhanced pigment synthesis and CO2

use efficiency [39,40]. From the perspective of light perception mechanisms, red light is pri-
marily perceived by phytochromes, which regulate the expression of photosynthesis-related
genes, whereas blue light is perceived by cryptochromes and phototropins, mediating stom-
atal opening and chloroplast movements [41]. The combination of red and blue light may
synergistically activate these phototransduction pathways, promoting the upregulation of
chlorophyll biosynthesis-related genes (such as HEMA1 and GSA), while optimizing stom-
atal conductance and light capture efficiency, thereby enhancing photosynthetic rate [42].
These findings align with previous reports that red–blue LEDs elevate chlorophyll content
in potato and that a high red fraction can raise photosynthetic and transpiration rates in
other crops [16,43]. In contrast, FR treatment reduced pigment content and net photosyn-
thetic rate [44], which may be associated with reduced photosynthetic electron transport
chain activity induced by shade avoidance responses triggered by far-red light [45]. In
terms of agronomic traits, the 7R1B treatment maintained greater plant height, stem diame-
ter, and root vigor from 60 to 90 days, and exhibited prolonged leaf greening compared with
CK and FR. It is therefore inferred that red–blue light may sustain photosynthetic activity
for a longer period, thereby generating more assimilates to support tuber development
(Figure 2) [46].

4.3. Hormone Network Remodeling and Transcriptional Reprogramming Under Red–Blue Light

Previous studies have shown that higher GA content promotes vegetative growth and
stolon elongation [47,48]. In the present study, the 7R1B treatment exhibited higher GA
content and GA/ABA ratio at 30 days, which was consistent with the vigorous growth
phenotype. At the late growth stage, GA content declined, and ABA signaling was sup-
pressed under this treatment, whereas tZ remained at a relatively high level, suggesting
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that cytokinin-mediated cell division may have persisted. This is consistent with previous
reports on cytokinin-mediated delay of senescence [49,50]. Transcriptomic data support
these observations: GID1 was upregulated at 30 days, ABA signaling components were
downregulated at 90 days, and cytokinin catabolic genes (CKX5, CISZOG1/2) were re-
pressed under 7R1B, collectively favoring prolonged growth and tuber bulking [51,52].
These findings suggest that 7R1B modulates hormone balance in a stage-specific manner,
promoting vegetative growth at the early stage and sustaining cytokinin-driven cell divi-
sion activity at the late stage, rather than simply upregulating or downregulating a single
class of hormones globally.

In addition, the enrichment of DNA repair pathways at 90 days under the 7R1B
treatment may be associated with the delayed senescence phenotype. The downregulation
of cytokinin inactivation genes and upregulation of signaling-related genes coincided
with the sustained accumulation of tZ, which may have provided favorable conditions
for continuous tuber bulking [53]. The enrichment of cutin and suberin pathways further
suggested a possible enhancement of epidermal barrier function and stress tolerance
(Figure 4E) [54]. It should be noted that the transcriptomic differences among treatments
at 90 days may partly reflect differences in developmental or senescence stages, rather
than being directly attributed solely to spectral quality. Collectively, red–blue light may
orchestrate a multi-level regulatory network encompassing light perception, hormonal
remodeling, and temporal changes in gene expression, which may be closely associated
with the growth and tuberization of aeroponically grown potato plants.

5. Conclusions
This study aimed to compare the regulatory effects of different light qualities on

the growth and yield of aeroponically grown potato plants, and to explore the potential
mechanisms by which the 7R1B treatment enhances seed potato propagation efficiency. The
results showed that the 7R1B treatment increased photosynthetic pigment content and net
photosynthetic rate, prolonged leaf greening duration and the effective tuberization period,
and simultaneously increased tuber number and yield per plant. Integrated omics analyses
revealed that the 7R1B treatment dynamically regulated the balance of GA, ABA, and tZ,
delayed the expression timing of tuberization-related genes, and was closely associated
with delayed senescence processes. This study has certain limitations, including the use of
only one cultivar (Chuanyu 56) and differences in facility conditions and experimental sea-
sons compared with other reports. Nevertheless, these differences may also be considered
as innovative aspects of this study. Future research could be extended to functional valida-
tion of candidate genes, direct assessment of senescence-related traits, replication across
cultivars and seasons, and comprehensive evaluation of energy consumption and economic
feasibility. In summary, the 7R1B treatment showed potential to improve minituber yield
in aeroponic culture under the present experimental conditions, and its effects may be
associated with enhanced photosynthesis, delayed visible senescence, altered hormone
profiles, and changed transcriptional regulatory networks. However, its applicability and
economic viability in different production systems require further investigation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae12080954/s1. Figure S1. Dynamic effects of different
light quality treatments on growth traits of aeroponically grown potato plants. Figure S2. Effects of
different light quality treatments on dry matter content of potato tubers at different growth stages.
Figure S3. GO functional enrichment analysis of differentially expressed genes at 30 and 90 days
under red–blue light treatment. Figure S4. GO and KEGG enrichment analyses of differentially
expressed genes in potato plants of the CK group at 90 days. Table S1. Quantitative real-time PCR
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primers for differentially expressed genes in the transcriptome. Table S2: Agronomic traits and
yield-related parameters. Table S3. Pathway-related gene information.
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The following abbreviations are used in this manuscript:

GA Gibberellin
ABA Abscisic acid
IAA Auxin
CTK Cytokinin
Chl a Chlorophyll a
Chl b Chlorophyll b
Car Carotenoid
CK Control
FR Far-red
W White
7R1B 7Red-1blue
Pn Photosynthetic rate
Tr Transpiration
Ci CO2 concentration
Gs Conductance
tZ Trans-zeatin
DEG Differentially expressed gene
PPFD Photosynthetic photo flux density
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