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Low light reduces saffron
corm yield by inhibiting
starch synthesis
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Feiyan Wen™*, Jin Pei*®* and Tao Zhou'*

State Key Laboratory of Southwestern Chinese Medicine Resources, Chengdu University of
Traditional Chinese Medicine, Chengdu, Sichuan, China, ?College of Pharmacy, Chengdu University of
Traditional Chinese Medicine, Chengdu, Sichuan, China, *Department of Pharmacy, Zigong Hospital
of Traditional Chinese Medicine, Zigong, Sichuan, China

The mechanisms by which low light modulates source-sink dynamics, affecting
starch synthesis and formation of underground storage organs in geophyte, remain
unclear. In this study, a two-year field experiment was conducted under natural light
(NL) and low light (LL, 50% of NL intensity) conditions. LL resulted in a 23.66% and
21.23% reduction in corm yield in 2023 and 2024, respectively. Saffron plants under
LL had larger, longer leaves with a higher proportion of dry weight (DW) compared to
those under NL. Despite the marked inhibition of photosynthetic capacity, initial DW,
sucrose and glucose concentrations in leaves were comparable to those under NL.
Carbohydrate analysis revealed that starch concentration in the mother corms under
LL decreased by 18.00% relative to NL, while sucrose and glucose concentrations
increased by 28.44% and 68.44%, respectively. At the corm expansion stage, sucrose
concentration in leaves and daughter corms under LL conditions was 17.32% and
54.08% higher than under NL, but glucose and starch concentrations in daughter
corms were 22.08% and 10.22% lower, respectively. Additionally, the activity of
invertase (INV), sucrose synthase in the decomposition direction (SUS) and ADP-
glucose pyrophosphorylase (AGPase) in daughter corms were reduced under LL. LL
also affected phytohormones concentrations, with increased levels of indole-3-
acetic acid (IAA) and gibberellin (GA;) in LL leaves and daughter corms, and
decreased abscisic acid (ABA) levels. Transcriptome and quantitative PCR analyses
showed that LL upregulated the expression of genes involved in glycolysis and the
tricarboxylic acid cycle in leaves, while downregulating CsSUS, CsINV1, CsAGPS],
CsZEP, and CsNCED, which are key to sucrose hydrolysis, starch synthesis, and ABA
biosynthesis. Exogenous GAsz application further inhibited SUS, INV and AGPase
activities in daughter corms, indicating that high GA concentrations impair
carbohydrate metabolism in these organs. In conclusion, LL decreases saffron
corm yield by promoting the allocation of reserves from mother corms to leaves
at the seedling stage. By the period of the daughter corms enlargement, elevated
GA; and IAA levels and reduced ABA concentration promote leaf growth while
inhibiting carbohydrate metabolism in daughter corms, thereby reducing sucrose
transport from leaves to daughter corms and suppressing corm yield formation.
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Introduction

Efficient biomass allocation between aboveground and
belowground organs is essential for the growth and yield formation
of geophytes (Rizzalli et al., 2002; Saldana Villota et al., 2015). Light
intensity not only influences biomass distribution but also affects the
transport of assimilates between tissues. However, the mechanisms by
which light impacts these processes and yield formation in geophytes
remain unclear (Smith and Stitt, 2007). This knowledge gap is
particularly significant for saffron (Crocus sativus L.), a geophyte
cultivated for its valuable stigmas. In regions with reduced sunlight,
saffron cultivation often leads to corm shrinkage and yield decline.

Saffron reproduces asexually through corms, and its stigmas-often
referred to as “plant gold”-are highly valued not only in medicine, for
treating cardiovascular, digestive, and neurodegenerative diseases
(Tavakkol-Afshari et al., 2008; Finley and Gao, 2017), but also in
dyeing, gastronomy, and perfumery (Mzabri et al.,, 2019). Iran is the
primary center for saffron cultivation, with the majority of production
exported to European and Asian markets (Gresta et al, 2009
Shokrpour, 2019; Cardone et al., 2021). In recent years, South and
East Asia, particularly China and Japan, have increased saffron
cultivation to meet rising market demand (Wang et al, 2021;
Kumar et al,, 2022). Compared to traditional cultivation areas, these
emerging regions experience significantly fewer annual sunshine
hours, resulting in insufficient solar radiation and frequent corm
shrinkage. Increasing atmospheric aerosol concentrations due to
industrial activities have further diminished solar radiation
(Khodakarami and Ghobadi, 2016). This trend, especially in
developing regions, is expected to continue (Liang and Xia, 2005;
Yang et al, 2016). In China, reduced light has already decreased maize
(Zea mays L.) biomass by 19.7% and yield by 20.6%, while wheat
(Triticum aestivum L.) yield has decreased by 5.2% (Chen et al., 2013;
Zhao et al,, 2020). Understanding how low light affects crop growth
and yield, as well as developing improved varieties and cultivation
strategies, is essential for mitigating these effects.

Under low light, source (energy producing or supplying organs)
capacity often fails to meet sink (energy acquiring or consuming
organs) demand, reducing crop yields, as seen with saftron (Renau-
Morata et al., 2012; Smith et al., 2018; Paradiso et al., 2019).
Furthermore, the transport of photosynthates between organs is
disrupted, further reducing yield. During seedling establishment,
low light increases the preferential allocation of carbohydrates to
stems and leaves, promoting aboveground growth to enhance light
capture (Kitajima, 1994; Poorter et al., 2012; Perrin and Mitchell,
2013). Several studies have shown that, under low light, soluble
sugar concentrations in stems or stem-like organs increase
significantly (Koch, 1996; van Doorn, 2008). This preferential
allocation of carbohydrates to aboveground parts reduce the
energy available for other organs, causing uneven growth. In
geophytes like saffron, corms act as energy storage organs,
providing the initial energy for leaf development and early
daughter corm formation (Sheikh et al, 2022). Field studies have
shown that the size of the mother corm is proportional to
morphological indicators of growth, such as leaf length, width,
and thickness (Cardone et al.,, 2021). The mother corm contributes
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10-20% of the total biomass to daughter corms (Lundmark et al,
2009; Renau-Morata et al.,, 2012; Ahrazem et al., 2015).
Consequently, low light may disrupt carbohydrate distribution in
the mother corm, affecting daughter corm yield formation.

Carbohydrate distribution between organs is influenced by the
source-sink relationship, organ energy demand, and surplus carbon
release (Smith and Stitt, 2007; Smith et al., 2018). Low light reduces
the activity of energy metabolism enzymes in sink organs,
decreasing energy demand and reducing carbohydrate allocation.
The impact of low light on carbohydrate distribution varies by
species and growth stage. For example, in lentil (Lens culinaris L.),
low light increases carbohydrate allocation to roots to enhance
nutrient uptake (Vollsnes et al., 2012). In rice (Oryza sativa L.), low
light increases carbohydrate retention in leaves to sustain
photosynthesis (Xu et al., 2006). In wheat, low light increases
carbohydrate allocation to shoots during the vegetative stage but
shifts allocation to grains during the reproductive stage to ensure
successful reproduction (Dong et al., 2014; Olszewski et al., 2014).
In Iran, saffron leaf expansion begins after transplanting and
continues before the rapid enlargement phase of daughter corms,
with 60 days overlap between leaf and daughter corm enlargement
(Fallahi and Mahmoodi, 2018). Once leaf DW and length stabilize,
biomass shifts from leaves to the daughter corm, which then serve
as the primary sink organ, continuing to expand through
photosynthesis and remobilized photo-assimilates (Behdani and
Fallahi, 2015; Fallahi and Mahmoodi, 2018). Plants under low light
condition may alter the extension of the leaf expansion period
(Kikuzawa, 1995; Franklin, 2008; Xu et al., 2021a). Studying
carbohydrate distribution patterns between leaves and daughter
corms helps us to understand the mechanisms by which low light
affects daughter corm yield formation.

The enlargement of underground stems is typically accompanied
by starch accumulation (Yu et al., 2015; Dong et al., 2021; Zierer et al,,
2021). Starch synthesis is influenced by substrate concentration and
the activity of related metabolic enzymes. Sucrose concentration and
the catalytic efficiency of starch-synthesizing enzymes significantly
impact starch synthesis and underground stem development
(Hawker et al., 1979; Sharma and Deswal, 2021; Fang et al., 2022).
In saffron corms, starch accumulation correlated positively with the
activity of AGPase and SUS, and the trends of the three over time
were consistent (Pallotti et al., 2024). In rice, low light reduces
AGPase and SUS activities by 39.52% and 20.62%, respectively,
resulting in a 39.4% reduction in grain weight (Li et al., 2022). The
expression of AGPase and SUS genes is light-dependent, low light
downregulating these genes and reducing enzyme synthesis
(Gregoriou et al, 2007; Li et al, 2022). Low light may also
indirectly influence enzyme activity by altering endogenous
phytohormone concentrations. In Lycoris radiata and gladiolus
(Gladiolus hybridus), GA; inhibits SUS and AGPase activities by
downregulating genes expression, adversely affecting starch
accumulation and bulb development. In contrast, ABA promotes
starch accumulation (Li et al., 2021; Xu et al., 2021b). Under short-
term shading, plants increase GA concentration to enhance shade
avoidance responses (SAR), but prolonged shading typically reduces
GA concentrations in aboveground tissues. For example, after 15 days
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of shading, soybean (Glycine max (L.) Merr.) seedlings exhibited a
57.8% reduction in GA,; concentration in stems compared to those
under natural light (Yang et al, 2018). However, in underground
organs, GAs concentration may remain higher under long-term
shading conditions than under natural light. Research on sweet
potatoes (Ipomoea batatas (L.) lam) showed that root GA;
concentration was significantly higher than under natural light,
while GA; concentrations in leaves were lower (Wang et al., 2014).

The primary objective of this study was to examine
carbohydrate distribution patterns between mother corms, leaves,
and daughter corms under low light conditions, and their impact on
daughter corm yield formation. The field experiments were
conducted from 2022 to 2024 with two treatments: NL and LL. A
comprehensive analysis of morphological, physiological, and
biochemical aspects was performed from the seedling stage to the
enlargement of the daughter corm. We hypothesized that low light:
1) promotes the allocation of stored carbohydrates from mother
corms to leaves, thereby reducing carbohydrate flow to daughter
corms; 2) extends the leaf growth period, retaining more
carbohydrates in leaves and reducing sink strength in daughter
corms by suppressing starch synthesis enzyme activity. These
factors likely inhibit carbohydrate transport from leaves to corms,
reducing daughter corm vyield.

Materials and methods
Plant materials

The corms used in this study were sourced from Jiande,
Zhejiang, one of China major saffron production bases. To ensure
plant uniformity, corms weighing 20~25 g plant™ were selected for
the experiment.

Site description

Two field experiments were conducted from November 2022 to
April 2023 in Pengzhou City (31.19°60°’N, 103.75°00’E) and from
December 2023 to April 2024 in Chongzhou City (30.56°60°'N,
103.64°00’E), both located in Sichuan, China. The soil at both sites
is classified as Ochric Aquic Cambosol. Although the climatic
conditions were similar at the two locations, Pengzhou
experienced lower total solar radiation and average temperatures
compared to Chongzhou. The daily sunshine duration, average air
temperature, and precipitation during the plant growth period are
provided in Supplementary Figure S1.

The chemical properties of soil in 0~20 cm layer at Chongzhou
site were as follows: pH (1:2.5, soil: water) 6.4, organic matter 20.3 g
kg, total N 2.0 g kg !, available N 125 mg kg !, Olsen-P 17.0 mg kg™,
exchangeable K 124 mg kg™, and cation exchange capacity 22.4 cmol
kg, In Pengzhou site, the corresponding values were: pH (1:2.5, soil:
water) 6.7, organic matter 23.1 g kg, total N 2.2 g kg™, available N
125 mg kg, Olsen-P 16.0 mg kg ', exchangeable K 110 mg kg, and
cation exchange capacity 22.0 cmol kg™
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Experimental design

The field experiment was arranged in a randomized block
design with three replicates. Two light intensity treatments were
applied: NL and LL. Previous studies indicated that saffron exhibits
a strong SAR when grown under light intensity below 50% of NL in
this region, which led to the establishment of the 50% NL intensity
treatment using shade cloth. The shade cloth was supported by a
stainless-steel framework (20x5x2 m?). Temperature sensors,
positioned 30 cm above the ground, monitored the temperature
inside the shaded area, and if a temperature difference between
inside and outside was detected, a fan was used to ensure proper
airflow and cooling. Each plot measured 1.5x5 m? with a 0.5 m
buffer between plots. Row spacing was 15 cm, and the plant density
was 45 corms m”. Pre-sowing basal fertilizers included 50 kg N
ha™! (urea), 160 kg P,Os5 ha™! (triple superphosphate), and 100 kg
K,O ha™' (potassium chloride). Additional nitrogen was applied

with irrigation at rates of 50 kg N ha™'

in December and January,
and 100 kg N ha™' in February. All plots were manually weeded
monthly and irrigated reasonably according to the precipitation of
the month during the growth period.

Physiological and biochemical indicators such as plant
phenotype, yield, leaf photosynthetic intensity, carbohydrate
concentration and related metabolic enzyme activity, and
phytohormone levels were measured. In March 2023,
transcriptome analysis was performed on leaf and daughter corm
samples to examine gene expression patterns linked to carbohydrate
metabolism and hormone regulation.

In March 2024, an exogenous phytohormone application
experiment was conducted under the NL treatment to assess the
role of GA and the GA to ABA ratio on carbohydrate metabolism
enzyme activity in daughter corms. This experiment followed a
completely randomized design with four treatments: sterile water
(control), 25 UM, 50 uM, and 100 uM gibberellin (GA;, Sigma),
each with three replicates of 3 corms. The concentrations and
methods for each treatment were based on our previous study
(Zhou et al., 2024). Each plant was sprayed with 20 mL of GA;
solution, with a second application the following day. Fresh
daughter corm samples were collected one week later to measure
enzyme activity.

Plant sampling

After completing bud development and flowering indoors,
saffron plants were transplanted to the field on 1 November, 2022
and 5 December, 2023. Sample collection began 30 days after
transplanting and continued monthly thereafter until March. The
plants were divided into leaves, mother corms, and daughter corms,
with three plants frozen in liquid nitrogen and stored at -80°C for
enzyme activity and phytohormones analysis. Leaves and corms
were separated from the rest of the three plants, after measuring the
morphology of the leaves, the leaves and corms were dried at 80°C
and ground for further carbohydrate concentration analysis. In the
experimental area, saffron is cultivated until harvest in April. Corm
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development begins in January and accelerates rapidly in March;
thus, many of our observational measurements were collected
during March.

Determination of leaf morphology

To assess the effect of light intensity on plant growth, leaf
morphological was recorded regularly after transplanting the plants
into the field. After separating the leaves, their length was measured
with a tape measure. A small segment (approximately 5 mm long)
was cut from the intersection with the leaf sheath using a sharp
surgical knife, immediately stored in FAA fixative solution, and later
examined using a T-type microscope to measure thickness and width.
Over 30 leaf segments were observed for each replicate. Leaf area was
calculated using the following formula (Sepaskhah et al., 2013):

A=09xLxWx0.1

(A, leaf area, cm?. L, leaf length, cm. W, leaf width, mm. 0.9, leaf
area index.)

Calculation of DW of each organ and yield
of daughter corms

After drying the leaves and corms at 80 °C to a constant weight,
they were weighed using a balance to obtain DW. At the end of the
vegetative growth in April, the daughter corms were dug up and
categorized into four grades, < 8.0 g, 8.0-15.0 g, 15.0-25.0 g, and >
25 g (Zhou et al,, 2022). The number and weight of daughter corms
in each grade were measured, and the total yield was calculated by
summing the weights of all four grades. Yield per unit area (g m?)
was calculated based on a combination of the average weight (g) per
corm per plot and the number of plants per unit area (m?).

Determination of leaf photosynthetic
parameters and chlorophyll concentration

The net photosynthetic rate of leaves was measured using the
Li-6400 photosynthesis system (Li-COR, Lincoln, NE, USA) once a
month from December 2022 to March 2023, between 10:00 and
12:00 on sunny days. Three leaves were selected, and measurements
were taken about 5 ¢cm above the membranous sheath. The
photosynthetic photon flux density was set at 1000 umol m™> 5™,
with a CO, flow rate of 440 pmol mol ™" and a chamber temperature
was 20°C (Zhou et al., 2022). Chlorophyll fluorescence was
measured using the MINI-PAM-II Portable Fluorometer (Walz,
Effeltrich, Germany) in March 2024, following the procedure
described by (Ke et al., 2023).

Photosynthesis light-response curves were measured using the
Li-6800 (Li-COR, Lincoln, NE, USA). Measurements were made
in the field in March, 2024. The measurements were taken
between 10:00 and 12:00 on sunny days, following a 20- min
light induction with photosynthetically active radiation (PAR) of
1600 pwmol m™2 s! for NL and 1200 umol m™> s™' for LL
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conditions (Gao et al., 2022). For each PAR level (ranging from

2400 umol m % s™* to 0 umol m % s~* for NL and from 1600 pmol
2

m? s to0umol m

s ! for LL), the measurement time was
controlled to 180 s. Light-response parameters were automatically
recorded by the instrument, the photosynthetic parameters such
as the light compensation point, light saturation point, maximum
net photosynthetic rate, dark respiration, and initial quantum
efficiency were fitted using a modified right-angle hyperbolic
model in photosynthetic version 4.1.1.

Fresh leaf samples were ground in liquid nitrogen, and 0.1 g of
powder was extracted in 10 mL of 80% (v/v) aqueous acetone at
25°C in the dark for 48 h. Absorbance was measured using a
spectrophotometer (UV-1900, China) at 645 nm, and 663 nm.
Chlorophyll concentrations were calculated using the following
formulas (Arnon, 1949; Porra et al., 1989):

Chlorophyll a (Chl a)

=(12.7 x A 663 — 2.69 x A 645) x V(1000 x W)~

Chlorophyll b (Chl b)
=(22.9 x A 645 — 4.68 x A 645) x V (1000 x W)~

(V, total volume of extract, mL. W, Leaf fresh weight, g.)

Determination of enzyme activities
associated with carbohydrate metabolism

After grinding the samples in liquid nitrogen, biochemical
indicators in leaves and mother corms were measured using assay
kits from Solarbio Life Sciences (Beijing, China) including sucrose
synthase in the synthesis direction (SS), sucrose phosphate synthase
(SPS), Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco)
and o-amylase (Chen et al., 2022a; Yu et al., 2022; Liu et al., 2023).
The activities of INV, SUS and AGPase in daughter corms were
measured using ELISA kits from Fantaibio Sciences (Shanghai,
China), following extraction with phosphate buffer (Ge et al,
2024). Enzyme activities were determined using respective assay
kits, with spectrophotometric readings taken on a microplate reader
(ID 5, Molecular DEVICES, USA).

Determination of sugars and starch

The dried samples were ground, and 40 mg of powder was
placed in 10 mL centrifuge tubes, followed by the addition of 5 mL
of 80% (v/v) ethanol. The tubes were incubated in a water bath at
80°C for 10 min and then centrifuged at 4500 r for 10 min at 4°C.
This extraction process was repeated twice, and the supernatants
were combined. The sucrose and glucose were analyzed using
equipment and chromatographic conditions as described in
(Zhou et al., 2022).

The residue after sugar extraction was used for starch analysis.
The precipitate was washed twice with deionized water and then
gelatinized for 10 min at 100 °C. After cooling, 0.5 mL of 9.2 mol L™

frontiersin.org


https://doi.org/10.3389/fpls.2025.1544054
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Yang et al.

perchloric acid was added to extract for 15 min, and the supernatant
was collected after centrifuging at 5000 r for 10 min after the volume
was fixed to 2 mL in deionized water. The remaining residue was
extracted repeated once with 4.6 mol L™ perchloric acid, the
combined supernatant was determined using the anthrone
method (Setter et al., 1994).

Observation of starch morphology
in corms

Dried corms were cut vertically from the center and broken by
hand to obtain natural cross-sections, which were cut into 1 mm
thick samples. The samples were placed on copper conductive tape
with the cross-section facing up and secured with double-sided
adhesive tape. A thin layer of gold was sprayed on the samples using
an CSC metal jonizer (Cressington 108AUTO, GBR). The samples
were then observed and photographed under a scanning electron
microscope (EVO MA/LS, ZEISS, Germany) (Zhou et al., 2022).

Measurement of ABA, IAA and GA

The fresh samples were ground into powder in liquid nitrogen
and then freeze-dried, following the extraction and detection
procedure described by (Zhou et al, 2024). ABA, IAA and GA
were detected by MetWare (http://www.metware.cn/) using the AB
Sciex ATRAP 6500 LC-MS/MS platform.

RNA isolation, sequencing and
data analysis

Saffron leaves and daughter corms were collected, labeled, and
stored in a -80°C freezer. Total RNA was extracted using Trizol
reagent, and RNA quantity was analyzed using a Bioanalyzer 2100
and RNA 6000 Nano LabChip Kit (Agilent, CA, USA, 5067-1511).
RNA libraries were constructed using the Tlumina® TruSeq' " RNA
Sample Preparation Kit (Vennapusa et al., 2020). All samples were
sequenced using the Illumina NovaSeq 6000 sequencer by LC-Bio
(Hangzhou, China).

The reads were trimmed using Cutadapt version 1.9 and verified
using FastQC version 0.10.1. Clean reads were assembled de novo
using Trinity version 2.15, and expression level were quantified
using Salmon (Grabherr et al, 2011; Patro et al, 2017).
Differentially expressed genes (DEGs) were selected based on a
log, (fold change) >1 or log, (fold change) <-1 and a p-value < 0.05
using the R package edgeR version 3.40.2 (Robinson et al., 2010).

Functional annotation was performed by aligning genes to the
non-redundant (Nr) protein database (http://www.ncbinlm.nih.gov/),
Gene ontology (GO) (http://www.geneontology.org), SwissProt
(http://www.expasy.ch/sprot/), Kyoto Encyclopedia of Genes and
Genomes (KEGG) (http://www.genome.jp/kegg/) and eggNOG
(http://eggnogdb.embl.de/) databases using DIAMOND version
2.0.15 (Buchfink et al, 2015). KEGG pathway enrichment was
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analyzed using KOBAS software version 2.0 (Xie et al, 2011).
Heat maps were generated using the OmicStudio tools at https://
www.omicstudio.cn/tool.

Raw Illumina sequence data were deposited in the Short Read
Archive of the NCBI database (Biosample accession numbers are
from SAMN44442459 to SAMN44442470).

gRT-PCR validation

RNA from saffron leaves and daughter corms was extracted and
reverse transcribed using the PrimeScriptTM RT Kit (TaKaRa,
Japan). PCR was performed using SYBR Green-based assay on a
Real Time PCR System (CFX96TM Optics module, USA).
Transcription levels were normalized using CsACT as the
reference gene (Zhou et al, 2020). Primers used are listed in
Supplementary Table SI, and gene expression was calculated
using the 2"**“" method (Taski-Ajdukovic et al., 2012).

Statistical analysis

Data on length, DW, yield, carbohydrate, phytohormone
concentration, biochemical indicators, and gene expression level
(after calculating TPM-Transcripts Per Kilobase of exon model per
Million mapped reads) were determined using Student’s t-tests after
homogeneity of variances was assessed with F-tests using SPSS
statistical software package (Version 24.0, SPSS Institute Inc., USA).
Enzyme activities in daughter corms after exogenous treatments
were analyzed using one-way ANOVA, with significant differences
separated by the LSD test at the level of p < 0.05. The figures were
drawn using Origin 2023b (Origin, USA).

Results

LL increases leaf DW proportion and
reduces corm yield

From December to March of the following year, the DW of
leaves and corms was measured monthly. As the plants developed,
the DW of the mother corm steadily decreased, while the DW of
leaves and daughter corms progressively increased (Figure 1).
Under LL conditions, mother corm DW was consistently lower
than under NL (Figures 1A, D). In December 2022, there was no
significant difference in leaf DW between LL and NL conditions.
However, after December, the leaf DW under LL conditions was
significantly lower than under LL (Figures 1B, E). Similarly, the DW
of daughter corms was consistently lower under LL conditions
compared to NL, starting from their initial formation
(Figures 1C, F).

The ratio of leaf to mother corm DW continuously increased
throughout the growing period, while the ratio of leaf to daughter
corm DW decreased. Notably, the proportion of leaf DW relative to
both mother and daughter corms was significantly higher under LL
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compared to NL (Figures 1G-J). These findings indicate that under
LL, a greater proportion of biomass is allocated to the leaves at the

expense of daughter corm development.

Daughter corm yield under LL was significantly lower than
under NL conditions (Figure 2A). Additionally, individual

FIGURE 1

DW of mother corm (g plant™)

DW of mother corm (g plant™)

The ratio of leaf to mother corm DW  The ratio of leaf to mother corm DW

10.3389/fpls.2025.1544054

corm weights revealed that LL conditions altered the size
distribution of corms. The proportion of small corms (<8 g)

increased under LL, particularly during the 2022~2023 period,
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while no large corms (=25 g) were produced in either year
(Figures 2B, C).

Effect of LL on the dry weight (DW) of organs (A—F), ratio of leaf to mother corm DW (G, 1) and ratio of leaf to daughter corm DW (H, J). The
experiments conducted in 2022~2023 (A-C, G, H) and 2023~2024 (D-F, I, J), and the plants were grown under low light intensity (LL) and natural
light intensity (NL). Samples were manipulated monthly since December in 2022 and January in 2024. All data were the mean of three replicates.

The shadow besides the line in the figure was the range of standard deviation. Significant differences between LL and NL treatments were

determined using Student's t-test, *p < 0.05, **p < 0.01, ***p < 0.001.
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added together to calculate the total yield. All data were the mean of three replicates. Significant differences between LL and NL treatments were

determined using Student's t-test, *p < 0.05, **p < 0.01.

LL alters leaf morphology and suppresses
photosynthetic capacity

Under LL conditions, saffron leaves exhibited a marked SAR, with
their length and area being significantly greater than those under NL at
all sampling times (Figures 3A, D, E, H). However, despite their
increased size, leaves under LL were narrower and thinner compared
to those under NL, with these differences becoming more pronounced
during the 2023~2024 growing season (Figures 3B, C, F, G).

Further analysis focused on the impact of LL on leaf
photosynthetic characteristics. The net photosynthetic rate and
Rubisco enzyme activity in leaves under LL were significantly
lower than those under NL (Figures 4A, B). Total chlorophyll
concentration increased under LL, yet the ratio of chlorophyll a

to b decreased, suggesting an adjustment in the light-harvesting
complex (Figures 4A, B). Additionally, the light response curve
indicated that LL significantly reduced both the maximum net
photosynthetic rate and the light saturation point, though it did
not affect the dark respiration rate (Supplementary Figure 52).

LL accelerates carbohydrate metabolism in
mother corms and inhibits starch synthesis
in daughter corm

The starch concentration in mother corms under LL was lower
than under NL at all sampling times (Figure 5A; Supplementary Figure
S4A). The a-Amylase exhibited significantly higher activity in mother
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Effect of LL on length (A, E), width (B, F), thickness (C, G), and area (D, H) of leaves. The experiments conducted in 2022~2023 (A-D) and
2023~2024 (E-H), and the plants were grown under low light intensity (LL) and natural light intensity (NL). Samples were manipulated monthly since
December in 2022 and January in 2024. All data were the mean of three replicates. Significant differences between LL and NL treatments were

determined using Student's t-test, *p < 0.05, **p < 0.01, ***p < 0.001.
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Effect of LL on net photosynthetic rate (A), Rubisco activity (B), total chlorophyll concentration (C) and ratio of chlorophyll a to b (D). The experiments
conducted in 2022~2023, and the plants were grown under low light intensity (LL) and natural light intensity (NL). Samples were manipulated monthly from
December to March of the following year. All data were the mean of three replicates. The shadow besides the line in the figure was the range of standard
deviation. Significant differences between LL and NL treatments were determined using Student's t-test, *p < 0.05, **p < 0.01, ***p < 0.001.

corms under LL conditions (Figure 5D). Scanning electron microscopy
revealed that starch granules were stored in parenchyma cells, but
under LL, the number of empty cell cavities per unit area was
significantly higher than under NL (Figures 5E, F). Additionally,
starch granules in corms under NL were larger and more numerous,
whereas granules appeared ruptured under LL (Figures 5G, H). These
findings suggest that LL accelerates starch degradation in
mother corms.

In March, soluble sugar concentrations in the leaves under NL
were higher than those under LL (Figures 6A, B; Supplementary
Figure S5). Glucose concentrations were consistently higher in NL
than in LL, and except for March, sucrose concentrations followed a
similar trend. The activities of SPS and SS mirrored these changes in
sucrose concentration (Figures 6C, D).

During daughter corm development, the concentrations of
sucrose and glucose gradually increased. By March, the sucrose
concentration in daughter corms under LL exceeded that under NL,
but both glucose and starch concentrations were lower (Figures 7A-
C; Supplementary Figure S6). The activities of enzymes involved in
sucrose hydrolysis, such as INV and SUS, were significantly lower
under LL (Figures 7D, E). Similarly, AGPase activity of was also
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inhibited under LL (Figure 7F). These results indicate that under
low light conditions, sucrose utilization in daughter corms is
insufficient, leading to a decrease in glucose, the precursor for
starch synthesis, and thereby impairing starch accumulation.

LL increases IAA and GA; concentrations
and decreases ABA concentration

Endogenous phytohormones play a key role in regulating plant
growth and development. In March, the concentrations of GA; and
TAA were significantly higher in both leaves and daughter corms under
LL compared to NL, while the concentration of ABA was lower under
LL (Figures 8A, B). Consequently, the GA; to ABA ratio in daughter
corms under LL was markedly higher than that under NL, which may
be related to the altered carbohydrate metabolism observed under LL
(Figure 8C). We examined bioactive GAs (GA;, GA3, GA,, and GA,)
in leaves and daughter corms. Apart from GA;, no significant
differences were detected in other GAs in leaves and daughter corms,
indicating GA; might play a crucial role during the rapid enlargement
phase of daughter corms (Supplementary Table 52).
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FIGURE 5

Effect of LL on carbohydrates concentration (mg g™) and activity of a.-Amylase (D) in the mother corm. The experiments conducted in 2022~2023,
and the plants were grown under low light intensity (LL) and natural light intensity (NL). Samples were manipulated monthly from December to
March of the following year. All data were the mean of three replicates. The shadow besides the line in the figure was the range of standard
deviation. Significant differences between low light LL and NL treatments were determined using Student's t-test, *p < 0.05, **p < 0.01, ***p < 0.001.
(C—F), The morphology of the starch in the mother corm in December was shown in the images taken by scanning electron microscopy. (A) starch.
(B) sucrose. (C) glucose. (E) starch granules in mother corm in LL (100X magnification). (F) starch granules in mother corm in NL (100x
magnification). (G) starch granules in mother corm in LL (500x magnification). (H) starch granules in mother corm in NL (500X magnification). The
black holes in the images represent the degradation of starch.
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FIGURE 6

Effect of LL on the concentration of sucrose (mg g% (A) and glucose (mg g™) (B) and activity of SPS (C) and SS (D) in leaves. The experiments
conducted in 2022~2023, and the plants were grown under low light intensity (LL) and natural light intensity (NL). Samples were manipulated
monthly from December to March of the following year. All data were the mean of three replicates. The shadow besides the line in the figure was
the range of standard deviation. SPS, Sucrose phosphate synthase. SS, Sucrose synthase in the synthetic direction. Significant differences between LL
and NL treatments were determined using Student’s t-test, *p < 0.05, **p < 0.01, ***p < 0.001.
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Effect of LL on carbohydrates concentration (mg g™) and activity of INV (D), SUS (E) and AGPase (F) in daughter corms. The experiments conducted
in 2022~2023, and the plants were grown under low light intensity (LL) and natural light intensity (NL). Samples were manipulated monthly from
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synthase in the decomposition direction. AGPase, ADP-glucose pyrophosphorylase. Significant differences between LL and NL treatments were

determined using Student's t-test, **p < 0.01, ***p < 0.001.

Exogenous GAz application inhibits starch
synthase activities in daughter corms

To investigate the regulatory effects of phytohormones on
starch synthesis, plants grown under NL conditions in March
2024 were treated with GAj, and the activities of starch synthesis-
related enzymes in daughter corms were measured. GA; application
resulted in decreased activities of INV, SUS and AGPase compared
to controls. The degree of inhibition was dose-dependent: the
higher the GA; concentration, the greater the inhibitory effect on
enzyme activities (Figure 9).

RNA-seq reveals differential carbohydrate
metabolism pathways in leaves and
daughter corms under LL

March is a critical period for corm development, during which
significant differences in carbohydrate concentration and enzyme
activity were observed between the two light treatments. RNA-seq
analysis of leaves and daughter corms in March revealed 6,667
differentially expressed genes (DEGs) in leaves, with 3,318
upregulated and 3,349 downregulated under LL compared to NL. In
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Effect of LL on the concentration of endogenous phytohormones in leaves (A) and daughter corms (B), and ratio of GA; to ABA in daughter corms
(C). The experiments conducted in 2022~2023, and the plants were grown under low light intensity (LL) and natural light intensity (NL). Samples
were manipulated in March of the following year. All data were the mean of three replicates. GA, Gibberellin. ABA, Abscisic acid. IAA, Indole-3-acetic
acid (Auxin). Significant differences between LL and NL treatments were determined using Student’s t-test, * p < 0.05, **p < 0.01, ***p < 0.001.
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The effect of exogenous GA3 on the activity of INV (A), SUS (B) and AGPase (C) in daughter corms. The experiment conducted in March, 2024. The
plants were grown under natural light intensity (NL). Samples were manipulated one week after GAs application. All data were the mean of three
replicates. CK, 25, 50, 100 represent GAz (UM) application level in control and treatments. INV, Invertase. SUS, Sucrose synthase in the
decomposition direction. AGPase, ADP-glucose pyrophosphorylase. Significant differences between LL and NL treatments were determined using
One-way ANOVA with significant differences separated by the LSD test at the level of p < 0.05. Lowercase letters represent significant differences

among means were separated according to LSD at the level of p < 0.05.

daughter corms, 2,301 DEGs were identified, with 1,050 upregulated
and 1,251 downregulated under LL (Supplementary Figure S7).

KEGG enrichment analysis revealed 134 and 113 pathways in
leaves and daughter corms, respectively, with the top 20 pathways
with the lowest p-values shown in Figure 10. Many DEGs were
involved in carbohydrate metabolism, including starch and sucrose
metabolism, glycolysis, and other pathways (Figures 10A, B). These
results suggest that under shading conditions, the expression of
carbohydrate metabolic-related genes is more active in leaves than
in daughter corms. Relevant DEGs are listed in Supplementary
Tables S3-S5.

Carbohydrate metabolism pathway are
activated in leaves and inhibited in
daughter corms under LL

Glycolysis, a central pathway for sucrose metabolism and
respiration, was significantly upregulated in leaves under LL. A total
of 64 DEGs were identified in this pathway, 30 of which were
upregulated (Figure 11A). Key genes in this pathway, such as CsHk!I
(TRINITY_DN22001_c0_gl), CsPFK2 (TRINITY_DN95791_c0_g1),
and CsPK (TRINITY_DN30320_c0_gl1), exhibited significant
upregulation. Additionally, in the starch and sucrose metabolism
pathways, key sucrose hydrolysis enzyme genes, such as CsINVI
(TRINITY_DN27671_c0_gl) and CsSUS (TRINITY_
DN29504_c0_gl), also showed varying degrees of upregulation
(Figure 11B). This indicates that low light activates sugar metabolism
pathways in leaves, accelerating sucrose breakdown.

In daughter corms, 44 DEGs related to starch and sucrose
metabolism were identified, 33 were downregulated under LL
(Figure 11C). Unlike in leaves, sucrose hydrolysis enzyme genes,
such as CsSUS (TRINITY_DN7592_c0_gl), were downregulated in
daughter corms. Interestingly, genes involved in starch synthesis,
such as CsAGPSI (TRINITY_DN41516_c0_gl) and CsSSI
(TRINITY_DN116517_c0_g2), were upregulated under LL, which
was inconsistent with enzyme activity measurements.
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Validation of key gene expression in the
carbohydrate metabolism pathway

To validate the transcriptome data, key DEGs involved in
carbohydrate metabolism pathway were selected for qRT-PCR
analysis, including CsINVI (TRINITY_DN47882_c0_gl), CsHKI
(TRINITY_DN22001_c0_g1), CsPK (TRINITY_DN1247_c0_gl),
CsPFK (TRINITY_DN95791_c0_g1), CsSUS (TRINITY_
DN14955_c0_gl) and CsAGPSI (TRINITY_DN41516_c0_gl)
(Figure 12). The results showed that CsINVI, CsHKI, CsPK and
CsPFK were upregulated in leaves under LL, while the expression of
CsSUS and CsAGPS1 were downregulated in daughter corms under LL.
These results were consistent with the transcriptome data.

Discussion

LL reduces carbohydrate transport from
mother corm to daughter corms

The efficient transport of carbohydrates from storage organs to
developing organs is a critical factor in determining plant growth
and productivity (De Vries et al., 1983; Aguirre et al., 2018). Under
LL conditions, our study indicates that carbohydrate allocation in
saffron shifts, favoring leaves over developing daughter corms. This
shift likely arises from the increased energy demands of expanding
leaves in reduced light, prioritizing aboveground growth.

Storage organs such as seeds, roots, and corms serve as primary
sources during the transition from heterotrophic to autotrophic
growth (Chiariello et al., 1989; Kidson and Westoby, 2000;
Frankova et al,, 2003). This energy allocation supports the
establishment of leaf morphology and photosynthetic capacity,
facilitating the transition from heterotrophic to autotrophic states.
In low light conditions, diminished photosynthetic capacity
prolongs reliance on stored carbohydrates (Turgeon, 1989; Krapp
and Stitt, 1995; Smith and Stitt, 2007), leading to increased energy
allocation to leaves (Poorter and Nagel, 2000; Paul and Foyer, 2001).
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FIGURE 10
KEGG enrichment analysis in leaves (A) and daughter corms (B). The experiments conducted in 2022~2023, and the plants were grown under low
light intensity (LL) and natural light intensity (NL). Samples were manipulated in March of the following year. All data were the mean of three
replicates. With a threshold of p < 0.05, the 20 most significantly enriched pathways were selected.

This is reflected in the higher ratio of leaf to mother corm DW  photosynthetic capacity under LL, with decreases in PSII operating
observed under LL (Figures 1G, 1), aligning with findings in other
species where shoot-to-root ratios increase under low light (Poorter

and Nagel, 2000). Photosynthetic analysis confirmed reduced leaf

efficiency, electron transfer rate and photochemical quenching
coefficient (Figure 4A; Supplementary Figure S3). Despite reduced
photosynthetic efficiency, no significant differences in leaf DW or
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Effect of LL on gene expression of glycolysis (A) and starch and sucrose metabolism pathway in leaves (B) and sucrose metabolism pathway in

daughter corms (C). The experiments conducted in 2022~2023, and the plants were grown under low light intensity (LL) and natural light intensity
(NL). Samples were manipulated in March of the following year. All data were the mean of three replicates. The expression levels of the genes have
been normalized to TPM values.
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Key gene expression in daughter corms and leaves. The experiments conducted in 2022~2023, and the plants were grown under low light intensity
(LL) and natural light intensity (NL). Gene expression was determined using qPCR. Left y-axis represents the relative expression level of genes, right
y-axis represents the gene expression level normalized using TPM method. All data were the mean of three replicates. Significant differences in PCR
data between LL and NL treatments were determined using Student's t-test, *p < 0.05, **p < 0.01, ***p < 0.001, black represents the qPCR results,

red represents the normalized TPM values of gene expression levels

soluble sugar concentrations were noted one month after
transplanting, indicating that mother corms sufficiently supplied
carbohydrates to leaves (Figures 1B, E, 4A, 6A, B; Supplementary
Figure S5). Saffron leaf development typically lasts for 3 to 4
months, with energy derived from both photosynthesis and
reserves stored in the mother corm (Fallahi and Mahmoodi, 2018;
Koocheki and Seyyedi, 2019; Jose-Santhi et al., 2024). When
photosynthesis is inhibited, the leaves become increasingly
dependent on carbohydrates supplied by the mother corm.

Furthermore, under LL, mother corm starch concentration
declined markedly, accompanied by increased activity of starch-
degrading enzymes such as o-Amylase (Figures 5A, D;
Supplementary Figure S4A). This suggests accelerated starch
breakdown in the mother corm to meet the energy needs of
expanding leaves. Although the specific proportion of
carbohydrates transferred from mother to daughter corms under
LL was not measured, the increased carbohydrate allocation to
leaves and reduced daughter corm yield indicate diminished
transport to daughter corms, contributing to lower yields
(Figure 13). This outcome is consistent with findings in other in
other bulbous crops, where environmental stressors lead to
imbalanced energy redistribution and reduced offspring yield
(Chawdhry and Sagar, 1973; Verdaguer et al., 2010).
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LL inhibits energy metabolism in daughter
corms and carbohydrate transport
from leaves

Plants exposed to low light typically display a SAR, allocating
more photosynthates to aboveground organs (Givnish, 1988;
Niinemets, 2007). However, the specific mechanisms reducing
carbohydrate allocation to underground organs under LL remain
unclear. According to the pressure-flow model, the transport
carbohydrates between source and sink organs depends on their
relative strength (Lemoine et al, 2013). During the grain-filling
period in crops like rice and wheat, low light weakens the
carbohydrate metabolic capacity in grains, reducing sink strength
and the total carbohydrate transported from source to sink
(Schnyder, 1993; Li et al., 2022; Panda et al., 2023).

In this study, saffron leaves under LL exhibited elongation,
thinning and reduced photosynthetic capacity (Figures 3, 4, 6),
consistent with SAR observed in other species (Gregoriou et al,
2007; Yao et al,, 2017). However, sucrose concentration in daughter
corms was higher under LL than under NL during daughter corm
enlargement (Figure 7A; Supplementary Figure S6A). Sucrose, the
primary form of carbohydrate transport, is hydrolyzed to glucose in
the corm and catalyzed by enzymes to synthesize starch (Quick and
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The proposed model for how low light decreases saffron daughter corm yield. At seedling stage, low light reduces the photosynthetic capacity of
leaves, accelerating the breakdown of starch into sucrose in mother corms to support leaf growth. This decreases the proportion of carbohydrates
allocated to daughter corms, ultimately reducing yield. The dashed line represents the virtual daughter corm that has not yet formed at the seedling
stage. During daughter corm enlargement stage, leaves maintain vigorous respiratory metabolism to sustain growth. Concurrently, low light
upregulates GA; concentration and downregulates ABA concentration in daughter corms, inhibiting sucrose hydrolysis and starch synthesis, thereby
weakening sink intensity. The combined effects of vigorous leaf growth and weakened daughter corm sink strength inhibit sucrose transport from
leaves to daughter corms, reducing corm yield. Brown arrows, the amount of carbon flow. T-shaped arrows, the inhibiting effect. Balance scale, the
relative sucrose concentration under different light conditions, the side with higher concentration tilts upward, and the side with lower concentration
tilts downward. Smile symbol, natural light condition. Sad face symbol, low light condition. GA;, Gibberellin 1. ABA, Abscisic acid. Ph, Photosynthesis.
INV, Invertase. SUS, Sucrose synthase in the decomposition direction. AGP, ADP-glucose pyrophosphorylase.

Schaffer, 2017; Ma et al., 2021). Despite higher sucrose levels, both
starch concentration and corm yield decreased under LL (Figures 2,
7C; Supplementary Figures S6B, C). Under LL, sucrose accumulated
in daughter corms, while glucose concentration was lower than under
NL (Figures 7A, B). The activities of key enzymes involved in sucrose
hydrolysis and starch synthesis—SUS and INV, were also inhibited
under LL (Figures 7D, E). Transcriptional analysis revealed a
significant downregulation of genes associated with sucrose and
starch metabolism, including a 56.63% reduction in SUS gene
expression (Figures 11C, 12). These results indicate that LL inhibits
carbohydrate metabolism in saffron daughter corms. There is an
observed inconsistency between the enzymatic activities and
encoding gene transcript levels of AGPase in daughter corms under
LL (Figures 7F, 12). AGPase activity is regulated by a variety of
mechanisms, including transcriptional regulation (Mangelsen et al,
2010), allosteric interactions (Geigenberger, 2003), and protein
phosphorylation (Yu et al, 2023a). In starch-storing tissues, the
enzyme activity of AGPase has been found to correlate positively
with the phosphorylation of its subunits (Ferrero et al., 2020; Yu et al,,
2023b). Further studies are required to understand the discrepancy
between AGPase enzymatic activity and the expression of its
encoding genes in saffron corms.

The ratio of carbohydrate concentration between organs can
serve as an indicator of the distribution of carbohydrate among
organs (Friend et al., 1994; He et al., 2020; Zhou et al., 2021). For
example, under low light conditions, the ratio of leaves to roots
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sucrose in soybean is significantly higher than under natural light
conditions, indicating that a higher proportion of sucrose is
retained in the leaves rather than transported to the roots (Feng
et al.,, 2018; Zhou et al., 2019). Our data are consistent with this
observation, the ratio of leaf to corm sucrose under LL was higher
than under NL. These results demonstrated that LL reduces the
ability of saffron daughter corms to metabolize sucrose, inhibiting
carbohydrate transport from leaves and resulting in insufficient
substrate for starch synthesis, thus reducing corm yield.

During saffron corm rapid enlargement period, more
carbohydrates were kept in leaves under LL than NL (Figures 1G-J).
Unlike many annual plants that prioritize reproductive organs under
low light (McMaster et al., 1987; Li et al., 2010; Dong et al., 2014; Keller
etal, 2021; Liang et al., 2023), and differing from saffron plants grown
in Iran, where leaf biomass gradually decreases as daughter corms
expand and the timing of leaf development and corm rapid
enlargement does not overlap (Renau-Morata et al., 2012; Behdani
and Fallahi, 2015; Fallahi and Mahmoodi, 2018). Here, Saffron leaves
did not undergo premature senescence and instead maintained active
growth under LL (Figures 1B, E, 3). The higher auxin concentration
observed in LL-treated leaves, alongside upregulation of genes related
to respiratory metabolism, suggests that leaves continued acting as a
significant carbohydrate sinks (Figure 8A; Supplementary Figure S8)
(Goren-Saglam et al, 2020; Tivendale and Millar, 2022). Possible
explanations for the distinct response of saffron leaves to LL,
compared to annual plants during their reproductive phase, are: 1)
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Although the corm is a reproductive organ, it is not a seed-producing
organ, which may alter the plant’s resource allocation strategy. 2) The
strength of the sink signal regulating leaf growth, particularly in terms
of energy demand signals (Marcelis et al., 2004; McCormick et al,
2009), may be insufficient, leading to a prolonged leaf development
phase (Figure 13). Before leaf morphogenesis is complete, the
aboveground part is the plant’s growth center, resulting in more
carbohydrates being allocated to the growth center (Smith and Stitt,
2007). The unique growth and development pattern of saffron, where
leaf morphogenesis overlaps with the development of daughter corms,
leads to reduced carbohydrate allocation to daughter corms under LL
conditions. This prolonged developmental overlap between leaves and
daughter corms likely delayed the transition of leaves from sink to
source, prolonging competition for carbohydrates and contributing to
reduced carbohydrate allocation to daughter corms and lower
yields (Figure 13).

LL modulates carbohydrate metabolism
enzymes via GAs and ABA

Our study revealed that LL conditions significantly alter the
balance between GAs and ABA in saffron daughter corms,
inhibiting the activity of key carbohydrate metabolism enzymes.
Plant phytohormones like GAs and ABA play crucial roles in
carbohydrate metabolism during underground organ expansion
(Chen et al., 2022b). ABA positively affects tuber formation by
counteracting the effects of GAs. For instance, during potato
(Solanum tuberosum L.) tuber enlargement, an increase in ABA
concentration and a decrease in GAs concentration are observed,
and the use of the GAs inhibitor tetcyclacis can prevent tuber death
in ABA-deficient droopy potato mutants (Vreugdenhil et al., 1994;
Xuetal, 1998). In gladiolus, GA; and ABA antagonistically regulate
starch synthesis, with GAj; inhibiting corm development by
reducing the expression of GhSUS (Li et al., 2021).

In March, the concentration of GA; in daughter corms was higher
under LL (Figure 8), consistent with results from sweet potato research
and our previous results in saffron, where root GA; concentration was
significantly higher after 40 days of 40% shade compared to natural
light conditions (Wang et al., 2014; Zhou et al., 2024). However, LL
reduced the ABA biosynthesis, resulting in increases in the ratio of
GA,; to ABA (Figure 8). The activities of SUS, INV, and AGPase in
corms were lower under LL (Figures 7D-F). Based on these results, we
hypothesis that LL upregulates the endogenous ratio of GA; to ABA in
saffron daughter corms, thereby inhibiting the activity of enzymes
involved in carbohydrate metabolism (Figure 13).

Exogenous GAj; application inhibited SUS, INV, and AGPase
enzyme activity (Figure 9), consistent with results reported in potato
and gladiolus (Wang et al., 2014; Li et al., 2021). Further, the gene
transcription analysis also supported the phytohormone quantification
data (Figure 11). Specifically, the rate-limiting enzymes for ABA
synthesis, CsZEPs and CsNCED, were downregulated by 1.56-1.63
fold and 1.11 fold under LL, respectively (Supplementary Figure S9;
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Supplementary Table S6), this is consistent with the results reported in
tomato (Lycopersicon esculentum cv. Ailsa Craig) and barley (Hordeum
vulgare L.) that low light may decrease ABA concentration by
inhibiting carotenoid synthesis (Thompson et al, 2000; Rikiishi
et al, 2015). These results confirmed that during the expansion stage
of saffron daughter corms, LL inhibits ABA synthesis, increases the
concentration ratio of GA; to ABA, and decreases the activity of
carbohydrate metabolism enzymes, ultimately adversely affecting
starch synthesis and corm formation (Figure 13). Although our
study elucidates the role of hormonal regulation in response to low
light, further research is needed to fully understand the molecular
mechanisms involved in light-mediated regulation of starch synthesis
in saffron corms.

Conclusion

This study provides insights into the effects of LL conditions on
carbohydrate allocation and metabolism in saffron corms. Under LL,
saffron displayed altered carbohydrate distribution, prioritizing leaf
growth over the development of daughter corms. This shift was
associated with decreased photosynthetic efficiency and increased
reliance on stored carbohydrates from mother corms, ultimately
reducing the yield of daughter corms. Furthermore, LL conditions
inhibited key enzymes involved in carbohydrate metabolism in
daughter corms, such as SUS and INV, and disrupted the hormonal
balance of GAs and ABA, which are crucial for regulating starch
synthesis. This metabolic bottleneck in daughter corms resulted in
reduced carbohydrate transport from the leaves, exacerbating the
decline in corm biomass and yield. The diminished sink strength in
daughter corms under LL conditions illustrates how limited
carbohydrate metabolism can disrupt the source-sink relationship,
hampering the allocation of resources necessary for proper corm
development. These findings extend our understanding of how light
availability influences carbohydrate allocation strategies in geophytic
plants and emphasize the importance of metabolic activity in regulating
source-sink dynamics. Understanding these responses is vital not only
for optimizing agricultural practices but also for predicting plant
performance under fluctuating environmental conditions.
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