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Abstract
Main conclusion  The study uncovers how Agastache rugosa coordinates carbon fixation, redox balance, and ATP 
homeostasis via distinct metabolic strategies optimized for different light and nutrient conditions.

Abstract  This study explores the metabolic adaptations of Agastache rugosa (Fisch. & C.A.Mey.) Kuntze in varying light 
and nutrient conditions, focusing on the coordination between photosynthetic and respiratory pathways. Plants were grown 
under two light levels (high light, 0% shade; low-light, 50% shade) and four nutrient treatments (NPK1, 40 mg kg−1; NPK2, 
80 mg kg−1; NPK3, 120 mg kg−1; NPK4, 160 mg kg−1) and key metabolic parameters were analyzed. High-light plants had 
peak carbonic anhydrase activity (5.17 ± 0.26 U g−1 FW) at NPK2, optimizing carbon fixation and redox balance with 20.6% 
and 12.8% higher NADP+/NADPH and NAD+/NADH ratios, each. Low-light plants upregulated PEPC (+110%), and PEPCK 
(+34%) at NPK4, displaying enhanced anaplerotic carbon fixation. Despite lower respiratory activity, (NADH–UQ, −50%; 
COX, −46%), plants under low-light had tenfold higher ATP at NPK3 through reduced consumption. Principal component 
and hierarchical cluster analyses (> 60% similarity) revealed distinct metabolic strategies between light treatments. Strong 
correlations among photosynthetic, respiratory, and redox parameters (r > 0.7, P < 0.001) indicated metabolic integration via 
shared regulatory networks. Our findings reveal the metabolic plasticity of A. rugosa, offering insights into plant adaptation 
with implications for cultivation. Moreover, multivariate analyses unveiled complex regulatory networks coordinating energy 
metabolism, highlighting the metabolic reprogramming employed by A. rugosa to maintain energetic and redox balance 
under dynamic environmental conditions.

Keywords  Anaplerotic pathways · Electron transport chain · Mitochondrial respiration · NADPH/NADP+ ratio · Plant 
adaptation

Abbreviations
CA	� Carbonic anhydrase
COX	� Cytochrome c oxidase
HL	� High light

LL	� Low light
NADH–UQ	� NADH–ubiquinone oxidoreductase
PCA	� Principal component analysis
PDC	� Pyruvate dehydrogenase complex
PEPC	� Phosphoenolpyruvate carboxylase
PEPCK	� Phosphoenolpyruvate carboxykinase

Introduction

Plants continuously adapt their metabolism to optimize their 
growth and survival under different environmental condi-
tions (Weng et al. 2021; Zandalinas et al. 2022). The interac-
tion between light and nutrient availability represents one of 
the most fundamental challenges in plant adaptation, requir-
ing distinct metabolic reprogramming to maintain cellular 
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homeostasis and energy balance (Scheibe 2019; Artins and 
Caldana 2022). This metabolic plasticity involves coordi-
nated changes across multiple pathways, including photo-
synthetic carbon fixation, respiratory metabolism, and cel-
lular redox systems (Suzuki et al. 2012; Shen et al. 2016). 
Recent advances in understanding plant metabolic networks 
have shown that these adaptations extend far beyond sim-
ple adjustments in individual pathways, encompassing 
complex regulatory networks that integrate environmental 
signals with cellular metabolism (Cardoso et al. 2023; Li 
et al. 2024). The cellular response to changing light condi-
tions, in particular, requires precise coordination between 
photosynthetic and respiratory pathway components, involv-
ing feedback mechanisms that modulate electron transport 
chains, alter carbon fixation capacity, and maintain optimal 
energy status via both transcriptional and post-translational 
regulation (He et al. 2023; Gollan et al. 2023). However, our 
understanding of how these integrative networks operate in 
non-model plant species remains limited.

The relationship between light and nutrient use is a 
critical nexus in plant metabolism, especially involving 
carbon and nitrogen metabolism (Nunes-Nesi et al. 2010; 
Sathee et  al. 2024). Under different light conditions, 
plants must balance their investment in photosynthetic 
machinery with the maintenance of other essential metabolic 
processes (Jänkänpää et al. 2012; Dahal et al. 2016). This 
balance is crucial when considering the allocation of 
nutrients, particularly nitrogen, which is required for both, 
photosynthetic proteins and other metabolic enzymes 
(Shi et al. 2015; Ghimire et al. 2017). The modulation of 
carbon fixation pathways in response to light availability 
involves the coordination of key photosynthetic enzymes and 
supporting metabolic networks, including anaplerotic carbon 
fixation and respiratory chain components (Lawson et al. 
2022; Wieloch et al. 2022). Recent research has highlighted 
the importance of understanding how plants integrate these 
various metabolic pathways for maintaining optimal growth 
in different environmental conditions (Rymen and Sugimoto 
2012; Zandalinas et al. 2022). Moreover, the regulation of 
cellular redox status, particularly through the management 
of NAD(P)+/NAD(P)H ratios, emerges as a critical control 
point in this metabolic orchestration, affecting both energy 
metabolism and carbon fixation capacity (Lim et al. 2020).

A growing body of research suggests that plant metabolic 
adaptation to light and nutrient gradients involves intricate 
regulatory mechanisms that extend beyond traditional 
models of photosynthetic acclimation (Balcke et  al. 
2024; Gao et al. 2024). These adaptations might include 
unpredicted metabolic configurations and the coordinated 
regulation of divergent pathways (Fang et  al. 2019; 
VanWallendael et  al. 2019). An intriguing aspect of 
this metabolic plasticity is the integration of respiratory 
chain components with photosynthetic electron transport 

mediated via shared substrate pools and metabolite shuttles 
(Bräutigam et  al. 2009; Schertl and Braun 2014). This 
encompasses feedback mechanisms between mitochondrial 
and chloroplastic operations, where fluctuations in electron 
transport capacity in one organelle can trigger compensatory 
responses in the other (Alber and Vanlerberghe 2021). 
Understanding these complex interactions requires careful 
consideration of direct enzymatic regulations and broader 
cellular signaling networks (Wang et al. 2020; Corti et al. 
2023). The orchestration of these responses involves 
complex regulatory networks that can alter metabolic fluxes 
according to environmental conditions (Herrmann et al. 
2019), determining the plant’s ability to sustain growth and 
development under varying light and nutrient regimes.

Agastache rugosa (Fisch. & C.A.Mey.) Kuntze, an 
economically important Lamiaceae herb native to East 
Asia, provides a fascinating system to investigate metabolic 
adaptation. A. rugosa inhabits a wide ecological range, 
suggesting a remarkable capacity for physiological plasticity 
(Bielecka et al. 2019; Fonseca de Lima et al. 2021). A. 
rugosa also produces diverse secondary metabolites with 
valuable medicinal properties and commercial applications 
(Yamani et al. 2014; Anand et al. 2018; Kim 2020; Lee et al. 
2020; Hou et al. 2022). While earlier works have explored 
its secondary metabolism and essential oil production 
(Zielińska et al. 2016; An et al. 2018; Anand et al. 2018), 
the underlying mechanisms of primary metabolic regulation 
remain poorly understood. As a non-model species, A. 
rugosa offers the prospect of testing the generality of plant 
metabolic regulation paradigms and potentially uncover 
distinctive strategies. Here, we examined the interactive 
effects of light and nutrient conditions on key parameters 
of photosynthetic and respiratory metabolism in A. rugosa, 
to elucidate novel aspects of metabolic integration. We 
hypothesized that A. rugosa employs distinct metabolic 
configurations under varying light and nutrient levels 
that involve: (1) differential regulation of carbon fixation 
pathways; (2) compensatory adjustments in respiratory 
metabolism; and (3) changes in cellular redox balance. 
By using a combination of physiological and biochemical 
approaches, including multivariate statistical analysis, 
we sought to expand the current understanding of plant 
metabolic adaptation and unveil new dimensions of plasticity 
that could further basic and applied research.

Materials and methods

Seed preparation and germination

Seeds of Agastache rugosa were obtained from WHT 
Wellgrow Seeds (Kota Damansara, Selangor, Malaysia) 
and underwent surface sterilization via sequential soaking in 
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70% ethanol for 1 min followed by 5% sodium hypochlorite 
solution for 10 min, with three subsequent rinses using 
sterile distilled water. The sterilized seeds were sown in 
200-cell seedling trays containing an equal-parts mixture of 
blonde peat and perlite. Environmental conditions during the 
initial growth phase were maintained using white fluorescent 
lighting on a 16/8 h light/dark cycle, with the temperature 
ranging from 20 to 25 °C and relative humidity at 50–70%. 
The growing medium moisture was monitored to prevent 
waterlogging while ensuring adequate water availability 
through capillary matting.

Polytunnels setup and environmental monitoring

The experimental site consisted of two north–south oriented 
polytunnels, each measuring 10 m × 6 m × 2 m, located 
at Farm 10, Universiti Putra Malaysia. These structures 
featured 1.5 m high end walls and side walls, covered 
with a single layer of transparent polyethylene film (280 
μm thickness). The end walls remained open during the 
experiment, while side walls were maintained in a rolled-
down position. One tunnel was modified with external 50% 
black shade netting on the roof to create differential light 
environments (Suppl. Fig. S1). Environmental monitoring 
was conducted using a LI-189 light meter (LI-COR, 
Lincoln, NE, USA) for photosynthetic photon flux density 
measurements (PPFD), while data loggers recorded air 
temperature (TAir), and relative humidity (RH) during 
daylight hours (Suppl. Fig. S2). High-light treatment (0% 
shade) maintained peak PPFD values of around 1500–1700 
μmol m−2 s−1 during midday, while the low-light treatment 
(50% shade) reached maximum values of approximately 
700–800 μmol m−2 s−1. This represents an approximately 
50% reduction in light intensity, consistent with the shade 
netting specifications.

Experimental design and treatments

The experiment employed uniform six-week-old seedlings 
displaying 4–5 true leaves, which were transplanted into 
black polythene containers (15 cm diameter × 25 cm height) 
filled with 3.5 kg of 3:2:1 potting mix. The containers 
were laid out with 30 cm spacing between plants to ensure 
adequate growth space and minimize mutual shading. The 
experimental design incorporated four nutrient levels using 
NPK 16:16:16 compound fertilizer (YaraMila, Oslo, Nor-
way); low (NPK1, 40 mg kg−1, 1.26 g), moderate (NPK2, 
80 mg kg−1, 2.52 g), high (NPK3, 120 mg kg−1, 3.78 g), and 
very high (NPK4, 160 mg kg−1, 5.04 g), nested under two 
light regimes; high-light (HL, 0% shade) and low-light (LL, 
50% shade). Nutrient levels were arranged in a randomized 
complete block design with four replications to account for 

potential environmental gradients within the polytunnels and 
ensure statistical validity of the results.

Fertilizer applications were split across many intervals 
to optimize nutrient availability throughout the growth 
period. The initial application occurred at transplanting, 
with subsequent applications at 6, 13, 27, 41, 55, and 69 
days after transplanting. The fertilizer was applied in 5 cm 
deep holes adjacent to the plants to ensure proper placement 
and accessibility to the root zone. Irrigation was managed 
using a drip system operating at a flow rate of 20 mL min−1, 
with scheduled applications twice daily at 08:00 and 17:00 h 
for 15 min durations. The irrigation frequency was adjusted 
based on prevailing weather conditions and plant growth 
stage to maintain optimal soil moisture levels.

Fresh sample preparation

Fresh leaf samples (the third or the fourth from the apex) 
were harvested in the morning at 84 days after transplanting, 
flash frozen with liquid nitrogen and placed into prelabeled 
ziplock bags, and immediately transported to the laboratory 
in a cooler with ice packs. Samples were further ground 
with liquid nitrogen using precooled mini porcelain mortars 
and pestles. Powdered samples were transferred into 50 mL 
falcon tubes and stored in a −80 °C ultra-low temperature 
freezer until use (MDF-U55 V-PE, Panasonic).

Carbonic anhydrase

Carbonic anhydrase (CA, EC 4.2.1.1) activity was 
determined using the titration method (Wilbur and Anderson 
1948; Tiwari et al. 2006) with some modifications. Frozen 
samples were weighed into 2 mL microtubes at 0.25 g each 
and homogenized with 1 mL of ice-cold extraction buffer 
(0.5 mM EDTA, 10 mM dithiothreitol (DTT) and 10% 
glycerol in 50 mM HEPES–NaOH pH 7.5). Homogenates 
were centrifuged at 4 °C for 10 min at 8000 g. Next, 3 mL of 
of ice-cold titration buffer (0.5 mM EDTA, 10 mM of DTT, 
10% glycerol, and 20 ppm bromothymol blue in 50 mM 
HEPES–NaOH pH 8.3) and 200 µL of ice-cold deionized 
water were pipetted into 10 mL glass vials and vortexed for 
10 s. Then, 2 mL of ice-cold CO2 water (F&N Ice Mountain 
sparkling water) was pipetted to the mix. This commercial 
sparkling water was used as a standardized source of 
CO2-saturated water, equivalent to the laboratory-prepared 
CO2-saturated water described by Tiwari et al. (2006). The 
sparkling water was kept ice-cold throughout the experiment 
to maintain stable CO2 concentration, and preliminary tests 
confirmed that the CO2 content was comparable to freshly 
prepared CO2-saturated water. The time required (Tblank) for 
the color to change from blue to yellow was recorded. The 
same procedure was repeated for plant extracts. In place of 
water, the enzyme extract was added. Ice-cold CO2 water 
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was pipetted at 2 mL to start the reaction. The time required 
(Tsample) for the color to change from blue to yellow was 
recorded. CA activity was expressed as units of CA per gram 
tissue fresh weight (U g−1 FW) following the equation:

where Tblank is the time required for blank pH to change color 
in min, Tsample is the time required for sample pH to change 
color in min, and FW is the fresh weight of sample in g.

Phosphoenolpyruvate carboxylase

Phosphoenolpyruvate carboxylase (PEPC, EC 4.1.1.31) 
activity was determined using an assay kit (Solarbio Science 
and Technology Co., Ltd., Beijing, China) by following the 
manufacturer’s protocols. Frozen samples were weighed into 
2 mL microtubes at 0.1 g each, homogenized with 1 mL of 
ice-cold extract solution, and centrifuged at 4 °C for 20 min 
at 8000 g. The supernatants were aliquoted into fresh 2 mL 
microtubes. Briefly, the assay protocols were as follows: For 
the test tubes, 20 µL of sample supernatants were added 
with 90 µL of Reagent I and 90 µL of working solution. 
The working solution was first prepared by combining 
Reagents II, III, IV, V, VI, and VII (15:15:15:15:19:19, by 
vol.). For blank tube, 90 µL of Reagent I was added with 20 
µL of distilled water. The mixtures were vortexed. The first 
absorbance was read at 340 nm. The samples and blank were 
immediately incubated at 30 °C in a water bath for 5 min. 
The second absorbance was taken at 310 nm. PEPC activity 
was determined by measuring the formation of NADH 
using the extinction coefficient at 6220 L mol−1 cm−1, and 
expressed as units per gram tissue fresh weight (U g−1 FW).

Phosphonenolpyruvate carboxykinase

Phosphonenolpyruvate carboxykinase (PEPCK, EC 
4.1.1.32) activity was determined by using an assay kit 
(Solarbio Science and Technology Co., Ltd., Beijing, China) 
based on the manufacturer’s protocols. Frozen samples were 
weighed into 2 mL microtubes at 0.1 g each, homogenized 
with 1 mL of ice-cold extract solution, and centrifuged at 
4 °C for 20 min at 8000 g. The supernatants were added into 
fresh 2 mL microtubes. Briefly, the assay protocols were as 
follows: For the test tubes, 50 µL of sample supernatants 
were added with 50 µL of Reagent V and 900 µL of working 
solution. Working solution was first prepared by combining 
Reagents II, III, and IV (7:1:1, by vol.). For blank tube, 50 
µL of Reagent V was added with 50 µL of distilled water 
and 900 µL of working solution. The mixtures were vortexed 
quickly after adding Reagent V. The first absorbance was 
read at 340 nm for 10 s. The second absorbance was taken 

CA
(

U g−1 FW
)

=
[(

Tblank∕Tsample
)

− 1 × 10
]

∕FW

at 70 s. PEPCK activity was determined by measuring the 
consumption of NADH using the extinction coefficient at 
6220 L mol−1 cm−1, and expressed as units per gram tissue 
fresh weight (U g−1 FW).

Pyruvate dehydrogenase complex

Pyruvate dehydrogenase complex (PDC) activity 
was determined using the spectrometric method with 
modifications (Thiellement 2010; Huang et  al. 2015). 
Briefly, frozen samples were weighed into 15 mL falcon 
tubes at 0.5 g each, and homogenized with 10 mL of ice-
cold homogenization buffer (0.4 M mannitol, 5 mM EGTA, 
10 mM L–cysteine, 0.5% BSA, and 1% PVP-40 in 50 
mM sodium pyrophosphate–KOH pH 7.8). Homogenates 
were filtered through two layers of nonwoven gauze, with 
a gentle hand pressure being applied in order to increase 
the final crude mitochondrial yield. The filtrates were then 
centrifuged at 4 °C for 5 min at 1500 g. The supernatants 
containing mitochondrial suspensions were transferred into 
fresh 15 mL falcon tubes and centrifuged at 4 °C for 15 
min at 18,000 g; the resulting supernatants were discarded. 
Pellets were resuspended in 2 mL of resuspending buffer 
(0.3 M mannitol and 0.1% BSA in 10 mM TES–KOH 
pH 7.2) by gently swirling the tubes. After discarding the 
supernatants, the pellets were washed again with 2 mL of 
resuspending buffer. This step was repeated three times. 
After the final washing, the pellets were resuspended in 300 
μL of resuspending buffer and stored under −80 °C until 
analyses. For the PDC assay, 980 µL of reaction medium 
(0.2% Triton X-100, 1 mM β–NAD+, 1 mM MgCl2, 0.2 mM 
thiamine pyrophosphate, 0.12 mM lithium–CoA, 2 mM 
L–cysteine, and 1 mM sodium pyruvate in 50 mM sodium 
TES–NaOH pH 7.6) was pipetted into 2 mL microtubes 
and added with 20 µL of mitochondrial suspensions. The 
mixtures were vortexed and incubated at 35 °C in a water 
bath for 3 min. Absorbance was read at 340 nm before and 
after incubation. PDC activity was determined by measuring 
the formation of NADH using the extinction coefficient at 
6220 L mol−1 cm−1, and expressed as picokatal per gram 
tissue fresh weight (pkatal g−1 FW). One unit of activity 
(katal) is defined as the amount of PDC catalyzing the 
formation of 1 mol NADH in 1 s.

NADH–UQ oxidoreductase

NADH–ubiquinone oxidoreductase (NADH–UQ, EC 
1.6.5.3) activity was determined using the spectrometric 
method with modifications (Thiellement 2010; Huang et al. 
2015). Briefly, 980 µL of reaction medium (50 mM sodium 
chloride, 0.2 mM NADH, and 1 mM ferricyanide in 50 mM 
Tris–HCL pH 7.2) and 20 µL of the prepared mitochondrial 
suspensions were pipetted into 2 mL microtubes. After 
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vortexing and incubating at 35 °C in a water bath for 3 min, 
absorbance was read at 420 nm before and after incubation. 
NADH:UQ activity was determined by measuring NADH 
reduction of ferricyanide using the extinction coefficient 
at 0.00103 L mol−1 cm−1, and expressed as millikatals per 
gram tissue fresh weight (mkatal/g FW). One unit of activity 
(katal) is defined as the amount of NADH catalyzing the 
reduction of 1 mol ferricyanide in 1 s.

Cytochrome c oxidase

Cytochrome c oxidase (COX, EC 7.1.1.9) activity 
was determined using the spectrometric method with 
modifications (Thiellement 2010; Huang et  al. 2015). 
Briefly, 980 µL of reaction medium (0.05 mM reduced 
cytochrome c in 21 mM potassium phosphate buffer pH 7.4) 
and 20 µL of the mitochondrial suspensions were pipetted 
into 2 mL microtubes. After vortexing and incubating at 35 
°C in a water bath for 3 min, absorbance was read at 550 nm 
before and after incubation. COX activity was determined 
by measuring cytochrome c oxidation using the extinction 
coefficient at 28 L mol−1 cm−1, and expressed as nanokatals 
per gram tissue fresh weight (nkatal/g FW). One unit of 
activity (katal) is defined as the amount of cytochrome c 
oxidase oxidizing 1 mol of cytochrome c in 1 s.

NADP+/NADPH

Nicotinamide adenine dinucleotide phosphate (NADP+) 
and the reduced NADP+ (NADPH) contents, and their ratio 
were determined using the Coenzyme II NADP(H) assay 
kit (Solarbio Science and Technology Co., Ltd., Beijing, 
China) following the manufacturer’s protocols. To extract 
NADP+, frozen samples were weighed into 2 mL microtubes 
at 0.1 g each and homogenized with 1 mL of acid extract 
solution. The homogenates were incubated in a water bath 
at 95 °C for 5 min, left to cool, and then centrifuged for 
10 min at 10,000 g. The supernatants were aliquoted into 
fresh 2 mL microtubes at 500 µL each and pipetted with 
equal volume of alkaline extract solution. After vortexing 
and centrifuging for 10 min at 10,000 g, the supernatants 
were transferred into 2 mL microtubes. To extract NADPH, 
frozen samples were weighed into 2 mL microtubes at 0.1 
g each and homogenized with 1 mL of alkaline extract 
solution. The homogenates were incubated in a water bath 
at 95 °C for 5 min, left to cool, and centrifuged for 10 min at 
10,000 g. The supernatants were aliquoted into fresh 2 mL 
microtubes at 500 µL each and pipetted with equal volume 
of acid extract solution. After vortexing and centrifuging for 
10 min at 10,000 g, the supernatants were transferred into 
fresh 2 mL microtubes.

Briefly, the assay protocols were as follows: For the test 
tubes, 50 µL of sample supernatants were pipetted. For the 

control tubes, 50 µL of sample supernatants were pipetted 
with 500 µL of Reagent VI. The mixtures were pipetted 
with 250 µL of Reagent I, 75 µL of Reagent II, 75 µL of 
Reagent III, 75 µL of Reagent IV, and 35 µL of Reagent 
V. The mixtures were vortexed and incubated for 20 min 
at room temperature (20–25 °C) in the dark. Next, 500 µL 
of Reagent VI was pipetted to the test tubes. The mixtures 
were vortexed, left to stand for 5 min, and centrifuged for 
5 min at 20,000 g. After discarding the supernatants, the 
pellets were suspended in 1 mL of Reagent VII. Absorbance 
was read at 570 nm. NADP+ and NADPH contents were 
expressed as nanomoles per gram tissue fresh weight (nmol 
g−1 FW), while their ratios were calculated by dividing the 
obtained values.

NAD+/NADH

Nicotinamide adenine dinucleotide (NAD+) and the 
reduced NAD+ (NADH) contents, and their ratio were 
determined using the NAD(H) assay kit (Solarbio Science 
and Technology Co., Ltd., Beijing, China) according to 
the manufacturer’s protocols. To extract NAD+, frozen 
samples were weighed into 2 mL microtubes at 0.1 g each 
and homogenized with 0.5 mL of ice-cold acid extract 
solution. The mixtures were boiled for 5 min and left to 
cool. The homogenates were centrifuged at 4 °C for 10 min 
at 10,000 g. The supernatants were aliquoted into fresh 2 mL 
microtubes at 200 µL each and pipetted with equal volume 
of ice-cold alkaline extract solution. The mixtures were 
vortexed and centrifuged at 4 °C for 10 min at 10,000 g. The 
supernatants were transferred into fresh 2 mL microtubes. 
For NADH extraction, frozen samples were weighed into 
2 mL microtubes at 0.1 g each and homogenized with 0.5 
mL of ice-cold alkaline extract solution. The mixtures were 
boiled for 5 min and left to cool. The homogenates were then 
centrifuged at 4 °C for 10 min at 10,000 g. The supernatants 
were aliquoted into fresh 2 mL microtubes at 200 µL each 
and added with equal volume of ice-cold acid extract 
solution. The mixtures were vortexed and centrifuged at 4 °C 
for 10 min at 10,000 g. The supernatants were transferred 
into fresh 2 mL microtubes.

Briefly, the assay protocols were as follows: For the test 
tubes, 50 µL of sample supernatants were pipetted. For the 
control tubes, 50 µL of sample supernatants were pipetted 
with 500 µL of Reagent VI. For the standard tubes, 50 µL 
of NAD or NADH standards were pipetted. For the blank 
tube, 50 µL of distilled tube was pipetted. The mixtures 
were pipetted with 250 µL of Reagent I, 75 µL of Reagent 
II, 75 µL of Reagent III, 75 µL of Reagent IV, and 35 µL of 
Reagent V. The mixtures were vortexed and incubated for 
20 min at room temperature (20–25 °C) in the dark. Next, 
500 µL of Reagent VI was pipetted to the test, standard, 



	 Planta (2025) 261:133133  Page 6 of 18

and blank tubes. The mixtures were vortexed, left to stand 
for 5 min, and then centrifuged for 5 min at 20,000 g. After 
discarding the supernatants, the pellets were resuspended 
in 1 mL of Reagent VII. Absorbance was read at 570 nm. 
NAD+ and NADH contents were expressed as nanomoles 
per gram tissue fresh weight (nmol g−1 FW), while their 
ratios were calculated by dividing the obtained values.

Adenosine triphosphate

Adenosine triphosphate (ATP) content was determined 
using an assay kit (Solarbio Science and Technology Co., 
Ltd., Beijing, China) following the manufacturer’s 
protocols. Frozen samples were weighed into 2 mL 
microtubes at 0.1 g each, and homogenized with 
1  mL of ice-cold extract solution. The homogenates 
were centrifuged at 4  °C for 10 min at 10,000 g. The 
supernatants were transferred into fresh 2 mL microtubes, 
pipetted with 500 µL chloroform, and vortexed. Samples 
were centrifuged at 4 °C for 3 min at 10,000 g. Briefly, 
the assay protocols were as follows: For the test tubes, 
100 µL of sample supernatants were pipetted with 640 
µL of Reagent I and 260 µL of working solution. The 
working solution was prepared by combining Reagents 
II, III, IV, V, and VI (1:1:0.1:0.4:0.1, by vol.). For the 
standard tubes, 100 µL of standard solution was pipetted 
with 640 µL of Reagent I and 260 µL of the working 
solution. The 10 µmol mL−1 standard solution was first 
diluted to 0.625 µmol mL−1 with distilled water. The 
mixtures were vortexed and incubated for 3 min at room 
temperature (20–25 °C). Absorbance was read at 340 nm 
before and after incubation. ATP content was expressed as 
micromoles per gram tissue fresh weight (µmol g−1 FW).

Statistical analysis

Data were analyzed using SAS® version 9.4 by the 
general linear model (PROC GLM). Wherever necessary, 
data was transformed before analysis through Box-Cox 
transformations to ensure the normality of residuals was 
satisfied. A combined analysis of variance (ANOVA) was 
performed for the four nutrient levels nested under light 
treatments (Bowley 1999; Moore and Dixon 2015). The 
ANOVA of the combined analysis considered the fixed 
effects for light, replication, nutrient, and interaction between 
light and nutrient. The means of significant main effects and 
interactions (P < 0.05) were separated with least significant 
difference (LSD) posthoc test (Vargas et  al. 2015). For 
multivariate analyses, data were standardized to zero mean 
and unit variance. We further used Pearson’s correlation 
test, principal component analysis (PCA), and hierarchical 

cluster analysis (HCA) to explore the relationship among 
variables and group them based on their similarities. For 
HCA, we used the furthest neighbor (complete linkage) 
clustering method with correlation distance to identify 
relationships between metabolic parameters. Graphs, 
heatmap, dendrogram, and PCA biplot were made using 
OriginPro® 2024b.

Results

Carbon fixation

Interaction effect (P < 0.05) was observed between light 
and nutrient levels on carbonic anhydrase (CA) activity in 
A. rugosa (Fig. 1). CA activity exhibited a distinct peak 
under HL–NPK2 (5.17 ± 0.26 U g−1 FW), while consist-
ently lower activities were observed under low-light levels 
across all nutrient treatments. The response to nutrient lev-
els followed a clear pattern, where low (NPK1) and higher 
nutrients (NPK3 and NPK4) led to significant decreases in 
CA activity, regardless of light conditions. This trend was 
particularly drastic in the low-light treatment, culminating 
in the lowest observed CA activity under LL–NPK4 (0.51 
± 0.05 U g−1 FW), representing a substantial 90.1% reduc-
tion from the peak activity.

Fig. 1   Changes in carbonic anhydrase (CA) activity in A. rugosa 
under different light and nutrient levels. HL high-light (0% shade), 
LL low-light (50% shade), NPK1 low-nutrient (40 mg kg−1), NPK2 
moderate-nutrient (80 mg kg−1), NPK3 high-nutrient (120 mg kg−1), 
NPK4 very high-nutrient (160 mg kg−1). Mean values ± SD (n = 4). 
Different letter(s) above bars indicate significant differences accord-
ing to LSD (least significant difference)
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Anaplerotic metabolism

Light and nutrient showed significant interaction effects (P < 
0.05) on PEPC and PEPCK activities in A. rugosa under 
different light and nutrient levels (Fig. 2). PEPC activity 
in high-light adapted plants exhibited progressive increases 
with nutrient levels, from NPK1 (130.72 ± 7.49 U g−1 FW) 
to NPK4 (492.74 ± 39.32 U g−1 FW; 276.9% increase). 
The low-light treatment resulted in elevated PEPC activi-
ties across nutrient levels, with NPK2 (258.41 ± 24.96 U 
g−1 FW) and NPK4 (691.67 ± 46.08 U g−1 FW; averaging 
110.7% increase) showing the minimum and maximum 
values, respectively (Fig. 2A). PEPCK activity displayed 
distinct responses under different light conditions. At high-
light levels, PEPCK activity increased from NPK1 (1064.98 
± 17.57 U g−1 FW) through NPK2 (1477.53 ± 60.62 U g⁻1 
FW; 38.7% increase) and NPK3 (1475.97 ± 79.17 U g−1 
FW; 38.6% increase), reaching its peak at NPK4 (2124.49 
± 115.69 U g−1 FW; 99.5% increase). Low-light treatments 
maintained higher PEPCK activities throughout all nutrient 
levels, beginning at NPK1 (1768.20 ± 55.52 U g−1 FW) and 
showing consistently elevated values across NPK2–NPK4 
treatments (averaging 2369.84 ± 197.30 U g−1 FW; 34.3% 
increase) (Fig. 2B).

Mitochondrial metabolic processes

Interaction and independent effects (P < 0.05) were observed 
between light and nutrient levels on mitochondrial metabolic 
processes in A. rugosa (Fig. 3). PDC activity under high-
light conditions showed a decreasing trend with increas-
ing nutrient levels, declining from NPK1 (251.79 ± 40.12 
nkatal g−1 FW) through NPK2 (147.55 ± 13.23 nkatal g−1 

FW; 41.4% decrease), NPK3 (76.37 ± 3.89 nkatal g−1 FW; 
69.7% decrease) to NPK4 (74.13 ± 3.93 nkatal g−1 FW; 
70.6% decrease). Low-light levels consistently exhibited 
lower PDC activities, ranging from NPK1 (72.17 ± 4.10 
nkatal g−1 FW) to NPK4 (43.41 ± 2.65 nkatal g−1 FW; 
39.9% decrease) (Fig. 3A). NADH–UQ activity demon-
strated different patterns between light treatments across 
nutrient levels. Under high-light conditions, values ranged 
from NPK1 (1.13 ± 0.08 mkatal g−1 FW) to NPK4 (1.21 
± 0.07 mkatal g−1 FW; 7.1% increase), with peaks observed 
at NPK2 and NPK3. Low-light conditions showed a dif-
ferent pattern, with activity decreasing from NPK1 (1.11 
± 0.10 mkatal g−1 FW) to NPK4 (0.55 ± 0.05 mkatal g−1 
FW; 50.5% decrease). Both light treatments showed similar 
NADH–UQ activity at NPK1, but increasingly diverged as 
nutrient levels increased, with significant reduction in activ-
ity observed at NPK4 under low-light conditions (Fig. 3B). 
COX activity showed marked differences between light con-
ditions (HL: 60.30 ± 12.37 nkatal g−1 FW; LL: 32.34 ± 7.36 
nkatal g−1 FW; 46.4% decrease) (Fig. 3C). Across nutrient 
levels, COX activity increased from NPK1 (43.72 ± 15.17 
nkatal g−1 FW) through NPK2 (52.08 ± 14.98 nkatal g−1 
FW; 19.1% increase) and NPK3 (55.99 ± 19.07 nkatal g−1 
FW; 28.1% increase), followed by a significant decline in 
NPK4 (32.49 ± 11.17 nkatal g−1 FW; 25.7% decrease from 
NPK1) (Fig. 3D).

Redox balance

Light and nutrient showed interaction and independent 
effects (P < 0.05) on redox balance status in A. rugosa 
(Fig. 4). NADP⁺ contents differed between light treatments, 
with high-light conditions yielding higher levels (292.18 

Fig. 2   Changes in cytosolic metabolic processes in A. rugosa under 
different light and nutrient levels. A Phosphoenolpyruvate carboxy-
lase (PEPC). B Phosphoenolpyruvate carboxykinase (PEPCK). HL 
high-light (0% shade), LL low-light (50% shade), NPK1 low-nutrient 
(40 mg kg−1), NPK2 moderate-nutrient (80 mg kg−1), NPK3 high-

nutrient (120 mg kg−1), NPK4 very high-nutrient (160 mg kg−1). 
Mean values ± SD (n = 4). Different letter(s) above bars indicate sig-
nificant differences according to LSD (least significant difference)
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± 9.36 nmol g−1 FW) compared to low-light (235.80 ± 14.69 
nmol g−1 FW; 19.3% decrease) (Fig. 4A). NADP⁺ contents 
remained relatively consistent across NPK1 through NPK3 
treatments (~ 260 ± 25 nmol g−1 FW) but exhibited a sig-
nificant decline in NPK4 (255.25 ± 40.03 nmol g−1 FW; 5% 
decrease) (Fig. 4B). NADP⁺/NADPH ratio displayed mark-
edly higher values under high-light conditions (1.07 ± 0.05) 
compared to low-light (0.85 ± 0.05; 20.6% decrease), indi-
cating substantial differences in the redox state between 
light treatments (Fig. 4C). Notably, light and nutrient did 
not affect (P > 0.05) NADPH content in A. rugosa (Table 1). 
NAD⁺ content exhibited a nutrient-dependent reduction from 
NPK1 (2.83 ± 0.22 nmol g−1 FW) to NPK4 (2.43 ± 0.14 
nmol g−1 FW; 14.1% decrease) (Fig. 4D), while NADH con-
tent showed significant differences between light treatments 
(HL: 3.51 ± 0.17 nmol g−1 FW; LL: 3.17 ± 0.18 nmol g−1 
FW; 9.7% decrease) (Fig. 4E). The NAD⁺/NADH ratio was 
higher under high-light conditions (0.86 ± 0.10) compared 
to low-light levels (0.75 ± 0.06; 12.8% decrease) (Fig. 4F), 
with an overall decline across nutrient treatments from 
NPK1 (0.84 ± 0.07) to NPK4 (0.74 ± 0.07; 11.9% decrease) 
(Fig. 4G). 

ATP homeostasis

Light and nutrient demonstrated significant interaction 
effects (P < 0.05) on ATP accumulation in A. rugosa under 
different light and nutrient levels (Fig. 5). Under high-light 
conditions, ATP levels remained consistently low across all 
nutrient treatments (NPK1: 1.45 ± 0.09; NPK2: 1.77 ± 0.06; 
NPK3: 1.27 ± 0.11; NPK4: 1.24 ± 0.10 nmol g−1 FW), dem-
onstrating no significant variations. In contrast, low-light 
plants exhibited markedly higher ATP concentrations with 
significant nutrient-dependent variations. The highest ATP 
content in low-light plants was observed in NPK3 (12.88 
± 0.84 nmol g−1 FW), followed by NPK1 (11.61 ± 0.85 
nmol g−1 FW; 9.9% decrease), while NPK2 showed sub-
stantially lower concentrations (7.02 ± 0.49 nmol g−1 FW; 
45.5% decrease from peak). The lowest ATP content in low-
light conditions was recorded in NPK4 (4.61 ± 0.13 nmol 
g−1 FW), indicating a 64.2% decrease from the peak value 
observed in NPK3. The difference between high-light and 
low-light conditions was most pronounced at NPK3, where 
low-light ATP contents were 90.1% higher than the corre-
sponding high-light treatment.

Fig. 3   Changes in mitochon-
drial metabolic processes in 
A. rugosa under different light 
and nutrient levels. A Pyruvate 
dehydrogenase complex (PDC). 
B NADH–ubiquinone oxidore-
ductase (NADH–UQ). C, D 
Cytochrome c oxidase (COX). 
HL high-light (0% shade), LL 
low-light (50% shade), NPK 
low-nutrient (40 mg kg−1), 
NPK2 moderate-nutrient (80 mg 
kg−1), NPK3 high-nutrient (120 
mg kg−1), NPK4 very high-
nutrient (160 mg kg−1). Mean 
values ± SD (n = 4). Different 
letter(s) above bars indicate 
significant differences according 
to LSD (least significant differ-
ence)
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Fig. 4   Changes in redox bal-
ance status in A. rugosa under 
different light and nutrient 
levels. A, B Nicotinamide 
adenine dinucleotide phos-
phate (NADP+). C NADP+ to 
reduced NADP+ ratio (NADP+/
NADPH). D Nicotinamide 
adenine dinucleotide (NAD+). E 
Reduced nicotinamide adenine 
dinucleotide (NADH). F, G 
NAD+ to reduced NAD+ ratio 
(NAD+/NADH). HL high-light 
(0% shade), LL low-light (50% 
shade), NPK low-nutrient (40 
mg kg−1), NPK2 moderate-
nutrient (80 mg kg−1), NPK3 
high-nutrient (120 mg kg−1), 
NPK4 very high-nutrient (160 
mg kg−1), Mean ± SD (n = 4). 
Different letter(s) above bars 
indicate significant differences 
according to LSD (least signifi-
cant difference)
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Correlations among measured traits

The heatmap reveals complex relationships between meta-
bolic traits in A. rugosa under varying light and nutrient 
levels (Fig. 6). The highest positive correlation was observed 
between NADP+ and NADP+/NADPH (r = 0.96, P < 0.001), 

while both showed strong positive correlations with COX (r 
= 0.81 and 0.74, respectively, P < 0.001) and moderate nega-
tive correlations with ATP (r = −0.67 and −0.69, respec-
tively, P < 0.001). PDC showed strong negative correlations 
with PEPCK (r = −0.81, P < 0.001), while showing positive 
correlations with NADP+ (r = 0.64, P < 0.001), and NADP+/
NADPH (r = 0.65, P < 0.001). The NAD+/NADH ratio 
demonstrated significant positive correlations with NAD+ 
(r = 0.79, P < 0.001), CA (r = 0.76, P < 0.001), and PDC 
(r = 0.63, P < 0.001). PEPCK showed strong positive cor-
relations with PEPC (r = 0.71, P < 0.001), while negatively 
correlating with COX (r = −0.71, P < 0.001) and NADP+ 
(r = −0.67, P < 0.001). NADH–UQ demonstrated moderate 
positive correlations with COX (r = 0.68, P < 0.001) and 
NADP+ (r = 0.58, P < 0.001), while ATP showed largely 
negative correlations with most traits, with the strongest 
observed with NADP+/NADPH (r = −0.69, P < 0.001) and 
NADP+ (r = −0.67, P < 0.001), and moderate positive cor-
relation with NADH (r = 0.55, P < 0.01).

Principal component analysis of selected traits

Principal component analysis (PCA) of metabolic traits in 
A. rugosa exposed to different light and nutrient conditions 
accounted for 71.2% of total variance, with Dim1 explaining 
55.5% and Dim2 accounting for 15.7% (Fig. 7). The vectors 
CA, PDC and NAD+/NADH showed strong positive load-
ings on Dim1 with acute angles between them (< 45°), clus-
tering primarily with high-light treatments (HL–NPK1–4). 
NADP+, NADP+/NADPH, and COX also loaded positively 
on Dim1 but with broader angles (60–75°) relative to the first 
group. PEPC, and PEPCK displayed strong negative load-
ings on both dimensions, with almost parallel vector angles 
(< 30°) associating with low-light treatments (LL–NPK1–4). 
Meanwhile, NADH and ATP showed strong positive load-
ings on Dim2 and nearly perpendicular angles (80–90°) to 
the Dim1 vectors. NADH–UQ demonstrated moderate nega-
tive loading on Dim2. The scatter plot also revealed distinct 
treatment groupings: HL–NPK1 and HL–NPK2 samples 
clustered in the positive region of Dim1, HL–NPK3 and 
HL–NPK4 samples grouped in the negative region of Dim2, 
while LL–NPK1 and LL–NPK2 samples located in the posi-
tive region of Dim2. LL–NPK3 and LL–NPK4 samples were 
distributed across the negative regions of both dimensions.

Cluster analysis of selected traits

Hierarchical clustering analysis (HCA) of metabolic traits in 
A. rugosa first bifurcated at > 50% similarity into two major 
clusters representing distinct light-dependent responses 
(Fig. 8). The first major branch encompassed traits predomi-
nantly associated with high-light treatments, including PDC, 
CA, NAD+, NAD+/NADH, NADP+, NADP+/NADPH, 

Table 1   Independent effects of light and nutrient on reduced nicoti-
namide adenine dinucleotide phosphate (NADPH) concentrations in 
A. rugosa 

Mean values ± SD (n = 4). Means within the same column followed 
by the different letter(s) were significantly different according to LSD 
(least significant difference)
HL high-light (0% shade), LL low-light (50% shade), NPK1 low-
nutrient (40 mg kg−1), NPK2 moderate-nutrient (80 mg kg−1), NPK3 
high-nutrient (120 mg kg−1), NPK4 very high-nutrient (160 mg kg−1), 
NS not significant

Treatments NADPH (nmol g−1 FW)

Light HL 272.81 ± 6.01a

LL 276.23 ± 13.09a

Nutrient NPK1 274.88 ± 7.06a

NPK2 276.69 ± 3.83a

NPK3 277.26 ± 6.82a

NPK4 269.25 ± 17.36a

F value Light (L) NS
Nutrient (N) NS
L x N NS

Fig. 5   Changes in adenosine triphosphate (ATP) production and utili-
zation in A. rugosa under different light and nutrient levels. HL high-
light (0% shade), LL low-light (50% shade), NPK1 low-nutrient (40 
mg kg−1), NPK2 moderate-nutrient (80 mg kg−1), NPK3 high-nutrient 
(120 mg kg−1), NPK4 very high-nutrient (160 mg kg−1), Mean ± SD 
(n = 4). Different letter(s) above bars indicate significant differences 
according to LSD (least significant difference)
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Fig. 6   Heatmap showing 
correlations between selected 
traits connected to metabolic 
reprogramming in A. rugosa 
at different light and nutrient 
levels. CA carbonic anhydrase, 
PEPC phosphoenolpyruvate 
carboxylase, PEPCK phospho-
enolpyruvate carboxykinase, 
PDC pyruvate dehydroge-
nase complex, NADH–UQ 
NADH–ubiquinone oxidore-
ductase, COX cytochrome c 
oxidase, NADP+ nicotinamide 
adenine dinucleotide phosphate, 
NADPH reduced nicotinamide 
adenine dinucleotide phosphate, 
NAD+ nicotinamide adenine 
dinucleotide, NADH reduced 
nicotinamide adenine dinucleo-
tide, ATP adenosine triphos-
phate (∗∗∗P < 0.001; ∗∗P < 
0.01; ∗P < 0.05)

Fig. 7   Principal component analysis biplot showing the relation-
ship among selected traits related to metabolic reprogramming in A. 
rugosa under different light and nutrient levels. HL high-light (0% 
shade), LL low-light (50% shade), NPK low-nutrient (40 mg kg−1), 
NPK2 moderate-nutrient (80 mg kg−1), NPK3 high-nutrient (120 mg 
kg−1), NPK4 very high-nutrient (160 mg kg−1), CA carbonic anhy-
drase, PEPC phosphoenolpyruvate carboxylase, PEPCK phospho-

enolpyruvate carboxykinase, PDC pyruvate dehydrogenase complex, 
NADH–UQ NADH–ubiquinone oxidoreductase, COX cytochrome 
c oxidase, NADP+ nicotinamide adenine dinucleotide phosphate, 
NADPH reduced nicotinamide adenine dinucleotide phosphate, NAD+ 
nicotinamide adenine dinucleotide, NADH reduced nicotinamide ade-
nine dinucleotide, ATP adenosine triphosphate
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COX, and NADH–UQ, which further subdivided (> 70% 
similarity). Within this high-light branch, PDC, CA, NAD+, 
and NAD+/NADH ratio formed a tight cluster (> 60% simi-
larity) showing positive loadings on the PCA biplot Dim1, 
while NADP+, NADP+/NADPH, COX, and NADH–UQ 
grouped separately with negative loadings on Dim2. The 
second major branch comprised traits associated with low-
light levels, segregating into two distinct clusters (> 75% 
similarity), one containing PEPC, and PEPCK (~ 80% sim-
ilarity) displaying strong negative loadings on both PCA 
dimensions, and another comprising NADH and ATP (~ 
79% similarity) showing strong positive loadings on Dim2. 
This hierarchical organization was distinctly supported 
by the PCA biplot, where the spatial distribution of traits 
reflected their physiological relations in different light condi-
tions, with clear separation between high-light and low-light 
metabolic responses.

Discussion

The metabolic reprogramming observed in A. rugosa under 
varying light and nutrient conditions uncovers a remarkable 
capacity for physiological plasticity that challenges several 
conventional paradigms of plant responses to environmental 
factors. The most striking finding was the distinct metabolic 
strategies employed by A. rugosa under high-light versus 
low-light conditions. Rather than simply downregulating 
photosynthesis under light limitation as might be expected, 
low-light adapted plants showed a compensatory mechanism 
involving the coordinated upregulation of key enzymes 
across multiple carbon fixation pathways.

Under high-light conditions, A. rugosa showed a con-
trasting suite of metabolic adaptations geared towards 
optimizing photosynthetic efficiency and sustaining redox 
homeostasis. High-light plants demonstrated significant 
enhancements in carbonic anhydrase (CA) activity compared 
to low-light plants. This light-dependent enhancement of 
CA activity aligns with findings by Burnell et al. (1990), 
who reported that CA activity in maize leaves increased by 
over 100-fold in illuminated leaves and decreased in leaves 
placed in darkness. CA enables the interconversion of CO2 
and HCO3

−, effectively increasing the concentration of CO2 
around Rubisco active sites (DiMario et al. 2017). Notably, 
our study represents the first report examining CA activity 
under interactive effects of both light regimes and varying 
NPK nutrient levels, revealing distinct response patterns not 
previously documented. CA activity peaked under high-light 
and moderate-nutrient treatment (HL–NPK2, 5.17 ± 0.26 U 
g−1 FW), indicating an ideal balance point where the benefits 
of higher CO2 supply are maximized without unduly sacri-
ficing nitrogen resources that could otherwise be allocated 
to the photosynthetic machinery. Interestingly, CA activity 
at low-nutrient levels (HL–NPK1) remained higher than at 
high-nutrient levels (HL–NPK3 and HL–NPK4), suggesting 
a non-linear response to nutrient availability. Under nutrient 
limitation, A. rugosa appears to prioritize carbon acquisi-
tion mechanisms, including maintaining relatively high CA 
activity, to compensate for restricted growth potential (Stitt 
and Krapp 1999; Trugman and Anderegg 2025), while under 
nutrient abundance, the plant diverts resources away from 
carbon acquisition towards nitrogen assimilation and growth 
processes (Nunes-Nesi et al. 2010). While previous stud-
ies have shown CA activity was reduced in plants grown 
under declining nitrogen availability (Burnell et al. 1990; 
Mohammad et al. 1998), our results reveal a more complex 
relationship where both insufficient and excessive nutri-
ent conditions diminish CA activity in A. rugosa, with an 
optimal response at moderate NPK levels. Furthermore, the 
concurrent maintenance of a more oxidized cellular redox 
state at high-light and moderate-nutrient levels may create a 

Fig. 8   Cluster analysis of selected traits related to metabolic repro-
gramming in A. rugosa under different light and nutrient levels. 
CA carbonic anhydrase, PEPC phosphoenolpyruvate carboxylase, 
PEPCK phosphoenolpyruvate carboxykinase, PDC pyruvate dehy-
drogenase complex, NADH–UQ NADH–ubiquinone oxidoreductase, 
COX cytochrome c oxidase, NADP+ nicotinamide adenine dinucleo-
tide phosphate, NADPH reduced nicotinamide adenine dinucleotide 
phosphate, NAD+ nicotinamide adenine dinucleotide, NADH reduced 
nicotinamide adenine dinucleotide, ATP adenosine triphosphate. The 
traits connected to the circular lines indicate that they have high simi-
larity and are aggregated. The colored lines represent the four groups 
of clustering analysis results. Different colors are only used to better 
distinguish the four groups
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favorable biochemical environment for CA function, poten-
tially through thiol-based regulatory mechanisms (Dreyer 
et al. 2020). This redox-mediated enhancement of carbon 
acquisition may represent a key example of how A. rugosa 
integrates environmental sensing with metabolic regulation, 
establishing direct molecular links between light perception, 
nutrient utilization, and oxidation state of key cofactors that 
ultimately determine enzymatic efficiency.

Our findings on the coordinated upregulation of PEPC 
and PEPCK under low-light conditions complement recent 
isotopic studies by Wieloch et al. (2022), who reported 
approximately 10% of glucose–6–phosphate entering the 
starch biosynthesis pathway was diverted into anaplerotic 
pathways under low CO2 (180 ppm) conditions. While our 
experimental setup differs in that we examined interactive 
effects of light and nutrient availability rather than manipu-
lating CO2 concentration alone, both studies highlight the 
importance of anaplerotic carbon fixation as an adaptive 
mechanism when photosynthesis is constrained by environ-
mental factors. This metabolic response is particularly sig-
nificant for C3 plants like A. rugosa, as it represents a novel 
adaptation strategy that challenges conventional understand-
ing of C3 photosynthetic metabolism. Intriguingly, this coor-
dinated enhancement of PEPC and PEPCK resembles a par-
tial engagement of C4-like biochemistry (Vidal et al. 2004; 
Bailey et al. 2007) within a C3 framework, suggesting that 
the evolutionary distinction between C3 and C4 metabolism 
may represent more of a continuum than previously recog-
nized. The substantial increases we observed in both PEPC 
(110.7% higher) and PEPCK (34.3% higher) activities under 
low-light conditions were further modulated by nutrient 
availability, with the highest activities observed at the high-
est nutrient level (NPK4). This nutrient-dependent enhance-
ment under low light suggests that A. rugosa can capitalize 
on available nitrogen resources to upregulate alternative 
carbon fixation pathways when Rubisco-mediated fixation 
is light-limited. Conversely, under high-light conditions, 
these enzyme activities showed different nutrient response 
patterns, with PEPC gradually increasing with nutrient lev-
els while PEPCK increased most dramatically at the high-
est nutrient level. This complex interplay between light and 
nutrient availability in regulating anaplerotic pathways sug-
gests a sophisticated metabolic integration system that opti-
mizes carbon acquisition strategies based on the prevailing 
environmental constraints. While our enzyme activity meas-
urements do not allow us to directly quantify the percentage 
of carbon diverted through these pathways as Wieloch et al. 
(2022) did with their isotopic approach, the magnitude of 
the changes we observed and their responsiveness to both 
light and nutrient gradients suggests this represents a sub-
stantial and environmentally tuned metabolic investment for 
C3 plants adapting to heterogeneous conditions.

A particularly revealing aspect of our study concerns 
the differential regulation of mitochondrial metabolism 
observed across light treatments. High-light plants 
exhibited substantially higher PDC activity than in low-light 
conditions, with a notable decreasing trend as nutrient levels 
increased. This pattern implies a strategic reallocation of 
carbon resources under varying nutrient availability (Plaxton 
and Podestá 2006; Tcherkez et al. 2012). The PDC activity 
in high-light conditions was elevated at lower nutrient levels, 
decreasing by 70.6% at the highest nutrient level, indicating 
a complex interplay between carbon substrate availability 
and nitrogen allocation (Smith and Stitt 2007). Our findings 
contrast with previous studies on Arabidopsis, where PDC 
activity increased under higher nutrient conditions (Dahal 
and Vanlerberghe 2018). The respiratory chain component 
NADH–UQ showed divergent response patterns between 
light regimes as nutrient levels increased. While high-
light plants maintained or slightly increased NADH–UQ 
activity across nutrient levels, low-light plants exhibited 
a progressive decline in activity, culminating in a 50.5% 
reduction at LL–NPK4. This divergence in respiratory 
electron transport suggests a fundamental shift in energy 
metabolism strategy (Rasmusson et  al. 2008), aligning 
with recent theoretical work by Gu (2023) demonstrating 
how electron transport chain optimization is critical for 
sustainable improvement of photosynthesis under varying 
environmental conditions. COX activity similarly showed 
marked differences between light regimes, with high-light 
plants maintaining significantly higher respiratory capacity. 
Previous studies by Florez-Sarasa et al. (2016) reported 
similar light-dependent regulation of COX activity in 
Arabidopsis, although with less pronounced differences. 
These patterns of respiratory enzyme regulation highlight 
the plant’s capacity to fine-tune energy-generating pathways 
as per environmental limits (Schwarzländer and Finkemeier 
2013; O’Leary et al. 2020).

Our investigation of cellular redox balance reveals 
critical insights into how A. rugosa maintains metabolic 
homeostasis under varying environmental conditions. 
The pronounced differences in NADP+/NADPH and 
NAD+/NADH ratios between high-light and low-light 
conditions highlight the fundamental role of redox status 
in coordinating energy metabolism. High-light adapted 
plants maintained significantly more oxidized states of both 
pyridine nucleotide pools compared to low-light plants, with 
20.6% higher NADP+/NADPH and 12.8% higher NAD+/
NADH ratios. While Foyer and Noctor (2016) established 
that redox homeostasis serves as an integration point linking 
photosynthetic electron transport with carbon assimilation, 
our study uniquely demonstrates the concurrent regulation of 
both NADP+/NADPH and NAD+/NADH pools in response 
to combined light and nutrient gradients—a relationship 
not previously characterized in non-model species like A. 
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rugosa. Unlike previous studies that reported substantial 
fluctuations in both oxidized and reduced forms (Hachiya 
and Noguchi 2011), we observed remarkable stability in 
NADPH levels despite significant variations in NADP+ 
content across treatments. This unprecedented stability 
suggests A. rugosa employs specialized mechanisms 
to maintain reducing power for biosynthetic processes 
regardless of environmental perturbations. Moreover, 
the nutrient-dependent decrease in NAD+ content we 
observed at higher NPK levels differs from observations 
in mitochondrial complex I mutants in Arabidopsis, 
which typically show increased NAD pools associated 
with nitrogen metabolite accumulation (Rasmusson 
et al. 2020). This difference indicates a species-specific 
strategy in A. rugosa involving the potential redirection 
of nitrogen resources from NAD biosynthesis toward 
other metabolic priorities at higher nutrient levels. The 
strong correlations between redox ratios and key metabolic 
enzymes, particularly between NADP+/NADPH and COX 
(r = 0.74), and NAD+/NADH and CA (r = 0.76) reveal novel 
regulatory networks not previously documented. Our results 
hint at a potential redox-based mechanism regulating these 
key enzymes, supported for example by the work of Dreyer 
et al. (2020). Their study confirmed the susceptibility of CA 
to oxidative deactivation, likely through the formation of 
intramolecular disulfide bridges. While Igamberdiev and 
Gardeström (2003) observed redox-dependent regulation 
of other specific enzymes, our comprehensive correlation 
analysis uncovers a more extensive regulatory network 
integrating carbon fixation, respiratory chain components, 
and redox systems that appears to be distinctive to the 
adaptation strategy of A. rugosa.

Another key finding was the capacity of low-light plants 
to accumulate higher ATP levels despite reductions in respir-
atory activity. Compared to high-light, low-light plants had 
50% lower NADH–UQ and 46% lower COX activities, sug-
gesting a restricted flow of electrons via the mitochondrial 
transport chain. However, low-light plants had drastically 
higher ATP levels, reaching a maximum (12.88 ± 0.84 nmol 
g−1 FW), under high-nutrient levels (LL–NPK3) that was 
tenfold greater than the corresponding high-light treatment. 
This finding aligns with observations by Bellasio and Grif-
fiths (2014), who reported that maize leaves re-acclimated 
to low light sustained substantially higher ATP levels than 
high-light adapted plants under low irradiance. However, it 
contrasts with earlier work by Prinsley et al. (1986), who 
found in spinach that ATP/ADP ratios decreased immedi-
ately following a decrease in irradiance and only slowly 
recovered to a new steady state. This paradoxical situation of 
greater ATP accumulation under lower respiratory flux can 
be rationalized by considering the dynamic balance between 
ATP synthesis and utilization. The elevated ATP levels in 
low-light plants likely reflect a decrease in consumption of 

this energy currency rather than an increase in production. 
Under light limitation, plants may actively downregulate 
ATP-intensive metabolic processes to conserve resources 
(Rott et al. 2011; Wang et al. 2021; Smith et al. 2024) lead-
ing to a net increase in steady-state ATP pool. This inter-
pretation is supported by the strong negative correlations 
observed between ATP levels and markers of oxidative 
metabolism like NADP+ (r = −0.67, P < 0.001). The clus-
tering of ATP and NADH within the low-light associated 
group, along with their moderate positive correlation (r 
= 0.55, P < 0.01), demonstrates the functional link between 
these two metabolites. NADH serves as an electron donor for 
mitochondrial ATP synthesis (Schertl and Braun 2014), and 
the accumulation of both compounds under low-light may 
reflect a coordinated response to maintain energy balance 
when photosynthetic output is reduced (Fig. 9).

Multivariate statistical techniques, including principal 
component analysis (PCA) and hierarchical cluster 
analysis (HCA), uncovered surprising patterns of 
metabolic organization that transcended simple univariate 
relationships and demonstrated the complex interplay 
between light and nutrient conditions. PCA effectively 
partitioned light-dependent metabolic states along the first 
principal component (Dim1), which explained 55.5% of total 
variance, while nutrient-dependent responses were captured 
by the second principal component (Dim2), accounting for 
15.7% of variance. This highlights the overriding impact 
of light as a key determinant of metabolic phenotype 
with nutrient availability playing a secondary but crucial 
role in modulating these responses. HCA reinforced this 
interpretation, with high-light associated traits like PDC and 
cellular redox ratios exhibiting over 70% similarity in their 
clustering patterns across nutrient levels. These variables 
formed a distinct cluster from the low-light groupings of 
PEPC, PEPCK, ATP, and NADH, also showing a similarity 
threshold exceeding 75% across nutrient levels. This 
robust separation underscores the divergent metabolic 
strategies of A. rugosa under different light regimes, while 
also emphasizing the modulatory influence of nutrient 
availability within each light environment.

While most traits that showed strong pairwise 
correlations were also clustered together, there were a 
few notable exceptions. For instance, despite significant 
positive correlations between PDC and the NADP+/NADPH 
ratio (r = 0.65, P < 0.001), these traits did not develop a 
unified cluster. PDC was part of the high-light associated 
cluster, while NADP+/NADPH grouped with other redox-
related parameters in a separate cluster. Similarly, NADH 
exhibited a moderately strong positive correlation with ATP 
(r = 0.55, P < 0.01), but these traits were part of distinct 
low-light associated clusters. NADH clustered with ATP 
in one subgroup, while PEPC, and PEPCK formed another 
closely related branch. In this case, while PDC shows 
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positive associations with NADP+/NADPH, its overall 
pattern of light- and nutrient-dependent changes is more 
like other high-light associated traits like CA and NAD+/
NADH. As a result, it clusters with these variables despite 
some strong pairwise correlations with traits in other 
groups. These nuances in clustering patterns highlight the 
complex, multidimensional nature of metabolic responses 
to environmental factors.

Several important considerations should be noted when 
interpreting these results. While our use of polytunnels with 
shade netting provided realistic light conditions, the meas-
urements represent specific time points in the growing sea-
son and may not fully capture seasonal variations in these 
metabolic adaptations. Our analysis also focused on leaf tis-
sue, and the response patterns might differ in other organs. 
The interaction between light and temperature in polytunnel 
environments could also affect some of the observed meta-
bolic responses. A key limitation in comparison to studies 
like Wieloch et al. (2022) is our reliance on enzyme activity 
measurements rather than direct carbon flux quantification 
through isotopic labeling. While elevated PEPC and PEPCK 
activities strongly suggest increased carbon flow through 
anaplerotic pathways, we cannot precisely determine what 

percentage of fixed carbon is diverted through these alterna-
tive routes. Additionally, although our low-light treatment 
produced significant metabolic reprogramming, it still pro-
vided relatively high PPFD (700–800 μmol m⁻2 s⁻1) com-
pared to deep shade environments, and more extreme light 
limitation might trigger even more pronounced responses. 
Future studies incorporating seasonal time-course measure-
ments, tissue-specific analyses, and isotopic labeling tech-
niques could help address these limitations.

This study opens several promising avenues for future 
research. The strong coordination between PEPC and 
PEPCK activities suggests the existence of shared regulatory 
mechanisms that warrant research at the transcriptional and 
post-translational levels. Identification of transcription 
factors and signaling components mediating this response 
could provide valuable insights into metabolic adaptation 
mechanisms. In addition, the paradoxical accumulation of 
ATP in low-light conditions raises intriguing questions about 
energy-sensing pathways and their regulation. Investigating 
the function of known energy sensors like SnRK1 and 
TOR kinases in this context could reveal novel regulatory 
circuits. Thus, the potential contribution of these metabolic 
adaptations to the secondary metabolism and medicinal 

Fig. 9   Schematic diagram illus-
trating the metabolic reprogram-
ming in A. rugosa under dif-
ferent light and nutrient levels. 
Dashed line indicates potential 
metabolic integration achieved 
via shared substrate pools, 
coordinated enzyme regulation 
and redox balance maintenance. 
HL high light, LL low light, 
CA carbonic anhydrase, PEPC 
phosphoenolpyruvate carboxy-
lase, PEPCK phosphoenolpyru-
vate carboxykinase, PDC pyru-
vate dehydrogenase complex, 
NADH–UQ NADH–ubiqui-
none oxidoreductase, COX 
cytochrome c oxidase, NADP+ 
nicotinamide adenine dinu-
cleotide phosphate, NADPH 
reduced nicotinamide adenine 
dinucleotide phosphate, NAD+ 
nicotinamide adenine dinucleo-
tide, NADH reduced nicotina-
mide adenine dinucleotide, ATP 
adenosine triphosphate
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properties of A. rugosa remains a significant area for future 
exploration, particularly given this species’ economic 
importance.

Conclusion

Our study demonstrates the intr icate metabolic 
reprogramming employed by A. rugosa to maintain 
energetic and redox balance under dynamic light and 
nutrient environments. The clear divergence in strategies 
between high-light and low-light adapted plants, shown 
by the contrasting regulation of carbon fixation pathways 
and differential management of ATP and redox status, 
underscores the impact of light on shaping metabolic 
phenotypes. The unexpected synergistic upregulation of 
PEPC and PEPCK under low-light and the capacity to 
maintain higher ATP levels despite reduced respiratory 
activity provide compelling evidence for the existence 
of complex regulatory networks coordinating energy 
metabolism across cellular compartments. Also, the 
identification of optimal nutrient for achieving peak 
metabolic performance, like the moderate-nutrient treatment 
(NPK2, 80 mg kg−1) under high-light levels that maximized 
carbonic anhydrase activity and redox balance, highlights 
the critical role of nutrient availability in fine-tuning 
these metabolic adaptations. These findings challenge 
conventional models of plant metabolic responses and pave 
the way for future studies into the molecular mechanisms of 
this remarkable metabolic plasticity in A. rugosa, while also 
offering valuable insights for optimizing the cultivation of 
this economically important herb.
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