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Temperature fundamentally impacts plants growth and physiology. However, the mechanisms 

by which plants sense and response to environmental changes remain unclear due to the lack of 15 

effective methods for measuring internal plant temperatures. Here, by combining lab-made 

nanothermometric probes with time-gated imaging technique, we accurately detected the change 

in internal plant temperature in response to environmental temperature variations. We discovered 

a multilevel temperature regulation mechanism during the process by which plants establish 

thermal homeostasis. In Nicotiana benthamiana leaves, when environment temperature changes 20 

from approximately 24°C to 45°C, the maximum of internal plant temperature change is only 

approximately 10°C near cell wall, and less than 7°C in cytoplasm, while remaining nearly 

constant in chloroplasts (ΔTchl ≈ 1°C). Similar compartment-specific thermal regulation was 

observed in Arabidopsis thaliana and tomato, indicating that hierarchical regulation represents a 

conserved strategy for maintaining internal temperature stability in plants. Together, these findings 25 

provide direct evidence for multiscale thermal homeostasis in plants and establish a framework for 

understanding how cellular and subcellular organization contributes to temperature regulation. 

Main 

As sessile organisms, plants are generally exposed to fluctuating environmental conditions, 
among which temperature stress is particularly prominent1. Under severe conditions, it may even 30 

lead to plant mortality2,3. Historically, plants were deemed poikilothermic, incapable of regulating 
their own body temperature and instead relying on enhanced tolerance to adapt to environmental 
changes4,5. However, empirical evidence suggests that they can not only perceive ambient 
temperature fluctuations but also adapt to external changes through self-regulation6. Plants can 
accurately perceive environmental temperature, even responding strongly to minute changes7. For 35 

instance, a 1°C increase from 32°C to 33°C can strongly inhibit lettuce seed germination8. In 
addition, many plants can thermoregulate to maintain relatively stable tissue temperatures in the 

face of variable environmental temperatures. Some use variation in leaf functional traits to 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/nicotiana-benthamiana
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thermoregulate and avoid unfavorable temperature extremes9. Others create metabolic heat to 

thermoregulate and attract pollinators or increase growth rates10. 

Despite this diverse and scattered literature, the implications of thermoregulation have been 
difficult to implement. Many studies in physiology, ecology, and climate science still regard plants 
as poikilotherms, with temperatures that are determined solely by the environment11. A. Savvides 5 

et al demonstrated a limited homeothermy of apical bud meristems using thermocouples12. 

Michaletz et al used a cellulose δ18O model parameterized with data for climate and wood 

cellulose δ18O to estimate the leaf temperatures, supporting limited homeothermy in leaves across 

temperature and climate gradients11,13, however, it is questioned as lack of the direct measurement 

of internal leaf temperature. 10 

The existing plant temperature (Tplant) measurement technologies are very limited, thermocouple 
is invasive and its difficult for measuring the temperature of thin leaves. The infrared thermography 
mainly measures the surface temperature of plant bodies and is greatly affected by the environment 
and range14,15. Fluorescent probes typically rely on their temperature-dependent luminescent 
properties for in vivo temperature measurement, offering the benefits of non-invasive and sub-15 

micrometer scale16-18. However, conventional fluorescent probes are not suitable for detecting the 
Tplant due to the inherent barrier effects of cell walls19, the interference of the complex and dynamic 
biochemical environment within plant tissues20, especially when air temperature (Tair) changes21, 
and as well as background noise from autofluorescence22. 

Here, using lab-made nano-thermal sensors and time-gated imaging technology, we have 20 

achieved, for the first time, the reliable and accurate measurement of subcellular-level temperature 
response within plants. Our findings reveal that the internal temperature is significantly different 
from the ambient temperature. We discovered a multilevel temperature regulation system where 
plants exhibit two-phase responses to temperature stress: an initial response phase and a steady-
state phase. Within N.benthamiana leaves, upon a change in Tair of approximately 20°C (increased 25 

to 45°C from 24°C or decreased to 5°C from 24°C), the homeostasis of internal plant temperature 
was reestablished with a thermal gradient, decreasing progressively from the cell wall (ΔTcw ≈ 
10°C) to the cytoplasm (ΔTcyt ≈ 7°C), while remaining nearly constant in chloroplasts (ΔTchl ≈ 
1°C). This thermoregulation was consistent across N.benthamiana, Arabidopsis, and tomato, 
demonstrating plants’ universal capability to maintain thermal homeostasis through sophisticated 30 

regulation. These results uncover active, compartment-specific thermal homeostasis in plants, 
challenging the classical view of poikilothermy and providing a framework for understanding 
metabolic stability under fluctuating temperatures. 

Results 

Construction of an internal temperature detection system for plants 35 

To investigate how plants regulate their internal temperature, we developed a non-invasive 

approach for real-time temperature monitoring at subcellular resolution based on the long lifetime 

nano-thermal sensors (p-AuNPs) and time gated imaging system, as shown in the Fig.1.  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/pollinator
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/poikilotherm
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/meristem
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Fig.1 | A schematic diagram of plants temperature detection. a, The dependence of photoluminescence 
(PL) from p-AuNP@HTT on temperature ranging from 5℃ to 60℃. The fluorescence intensity changes 
linearly with temperature, decreasing by 1.22% for every 1°C increase in temperature. b, The fluorescence 
lifetime of p-AuNPs at 25℃. c, T photostability of p-AuNPs determined by a time-gated imaging system, 5 

with a time delay of 100 ns (λexcitation = 405 nm). d, The relative PL intensity of p-AuNPs vs pH values. e, 
The relative PL intensity of p-AuNPs vs Ca2+ concentration. f, The relative PL intensity of p-AuNPs vs 
H2O2 concentration. The error bars represent the standard deviations obtained from three parallel 
experiments. g, Schematic diagram of measurement of the internal temperature of plants. The detection 
system mainly consists of the following modules: a ICCD for fluorescence signal acquisition, temperature 10 
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control unit, x/y/z position control system, and an excitation light source of 405 nm pulse laser. By using 
time-gated technology and long lifetime p-AuNPs, the autofluorescence of leaves and excitation 
background noise can be effectively removed, enabling accurate detection of the internal temperature of 
plants. 

The temperature-sensitive nanoprobes, polymer-encapsulated photoluminescent gold 5 

nanoparticles (p-AuNPs) was prepared through a two-step process: photochemical synthesis of L-

AuNP@HTT followed by PMMA-co-MMA coating for enhanced stability. As shown in Fig. 1a, 

these nanoprobes exhibit excellent temperature-dependence in the range from 5°C to 60°C, 

remarkable stability across physiologically relevant conditions, maintaining consistent 

photoluminescence intensity over a wide pH (pH = 5.0-10.0) and H₂O₂ concentration range (Fig. 10 

1d, 1f), and under varying ionic conditions including Ca2+ (0-10-2 mol/L) (Fig. 1e), K+, Na+, and 

Mg2+ (Fig. S2). This exceptional stability ensures reliable temperature measurements against 

dynamic fluctuations in the plant’s complex and intricate biochemical environment. Moreover, 
these p-AuNPs exhibit a long luminescence lifetime (~1000 ns) (Fig. 1b), far exceeding the typical 

plant autofluorescence (< 20 ns23), which allows effective suppression of background signals and 15 

ensures accurate detection of the temperature-sensitive probe. When combined with time-gated 

imaging24,25, this feature is crucial for reliable internal plant temperatures (Tplant) measurements 

(see Methods for details). 

The AuNPs were infiltrated into plant leaves through the abaxial surface of the leaf with a 

needleless syringe, and cultured in the temperature-controlled chamber for 5-6 hours, which 20 

ensures the sensors were delivered and stably labelled to the leaf tissues. Multiple plant species, 

including N.benthamiana, Arabidopsis, and tomato were employed in this study. The p-AuNPs 

were not only distributed in the veins, stomas, the cell walls of leaf cells, but also in the chloroplasts 

of guard cells and cytoplasm (Fig. S5). The widespread distribution of the nanoparticles and their 

ability to enter cells enable simultaneous monitoring of temperature responses across different 25 

plant compartments at subcellular resolution. 

A detection area far from the infiltration site was selected to ensure the signals are sent from 

those sensors inside the leaf. A 405 nm picosecond laser was used as excitation source, and the 

fluorescence signals were collected using a time-gated intensified CCD (ICCD). With a 100 ns 

gate delay, the leaf autofluorescence could be eliminated, as shown in Figure S6. Air temperature 30 

was monitored with a mini thermocouple located near the detection spot, and a position control 

system was designed to prevent the shift of sample caused by the change of temperature. 

Temperature response and regulation in N.benthamiana leaves  

We systematically examined temperature dynamics within N.benthamiana leaves under both 

cold and heat stress. As a baseline, ambient temperature was first maintained constant at 24°C for 35 

approximately 200 seconds (Fig. 2a, 2c). During this period, both the air temperature (black 

diamonds) and the relative photoluminescence intensity of p-AuNPs (blue and red lines) remained 

stable, confirming the reliability of our detection system. 

Under the cold stress, when air temperature was subsequently decreased from 24°C to 5°C, we 
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observed a distinct two-stage response in leaf internal temperature. During the initial stage, the 

photoluminescence intensity increased linearly as air temperature dropped from 24°C to 

approximately 13°C (Fig. 2b), indicating a corresponding decline in leaf temperature. The decrease 

of temperature of the cell wall (Tcw ≈ 5°C) is much less than that of air temperature (Tair ≈ 12°C), 

suggesting a corresponding regulation in leaf was triggered. We named this stage as the response 5 

phase (RP). Notably, when air temperature furthering cooling below 13°C, the photoluminescence 

intensity plateaued despite ongoing environmental cooling, which indicates the internal 

temperature has reached a steady-state phase (SSP) after regulation in RP.  

 
Fig.2 | Temperature response and regulation in N.benthamiana leaves. a, Temperature change (ΔT) in 10 

the cell wall of N.benthamiana leaves and ambient temperature variation over time under cold stress. b, The 
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change of leaf temperature vs air temperature during cold stress. Two phases, the response phase (RP) and 
the steady-state phase (SSP) could be observed. During RP, the internal leaf temperature changes with 
environmental temperature, whereas during SSP, the internal leaf temperature tends to be stabilized despite 
changing environmental temperature. c, Temperature change (ΔT) in the cell wall of N.benthamiana leaves 
and ambient temperature variation over time under heat stress. d, The leaf temperature change vs air 5 

temperature during heat stress. Similarly, two distinctly different phases (RP and SSP) could be observed. 
The temperature threshold (TTH) at transition points between RP and SSP was indicated with a green circle. 
e, Comparison of TTH under cold and heat stress. It was 13.4 ± 1.2°C under cold stress and 37.2°C ± 1.9°C 
under heat stress. f, Comparison of RP time (tRP) between cold and heat stress (218 ± 21 s for cold stress; 
201 ± 17 s for heat stress); g, Comparison of TTH under different heating rates (37.2 ± 1.9°C for 0.05℃/s 10 

and 44.7 ± 1.9°C for 0.08℃/s). h, Comparison of RP under different heating rates (201 ± 17 s for 0.05℃/s; 
208 ± 23 s for 0.08℃/s). The symbols ΔTcw represent the temperature of cell wall. Two-tailed Student's t-
test for comparison. n = 10. ****p < 0.0001; n.s.: no significant difference. 

A parallel pattern was observed during heat stress experiments. After an initial constant 

temperature period at approximately 24°C, increasing air temperature induced a similar two-phase 15 

response (Fig. 2c). During the RP, leaf temperature increased linearly with air temperature until 

reaching approximately 37°C, at which point it enter the SSP and maintained stable internal 

temperature despite continued environmental heating (Fig. 2d). The increase of temperature inside 

plant is also much less than that of air temperature. The two SSP stages of cooling and heating 

proved the plants were capable of maintaining thermostatic to some extent under temperature stress. 20 

The temperature threshold (TTH) at transition points between RP and SSP occurred at 13.4°C ± 

1.2°C under cold stress and 37.2°C ± 1.9°C under heat stress (Fig. 2e), the duration of the RP (tRP) 

phase was approximately 200 seconds under both cold and heat conditions (Fig. 2f). To investigate 

whether this temporal parameter represents an inherent property of the temperature regulation 

system, we examined the responses under different heating rates. Increasing the average heating 25 

rate from 0.05°C s-1 to 0.08°C s-1 under the same overall temperature change (ΔTair = 23°C, from 

24°C to 47°C), we observed no significant difference in tRP (Fig. 2g, h). However, the faster heating 

rate resulted in a higher stabilization temperature (TTH = 44.7°C), suggesting that while the 

temporal dynamics of temperature regulation are conserved, the absolute temperature thresholds 

of SSP can be modulated by the rate of environmental temperature change. 30 

We examined temperature responses in N.benthamiana leaf grinding solution. Notably, under 

identical temperature stress conditions, no SSP was observed in the leaf grinding solution (fig. S8), 

instead, the temperature of the grinding solution changed proportionally with environmental 

temperature. The lack of temperature stabilization in disrupted tissue indicates that thermal 

homeostasis may depends on coordinated regulation within intact cells or tissues, rather than on 35 

isolated cellular components. 

Additionally, we discovered that leaf developmental stage significantly influenced thermal 

regulation capacity. Under the same temperature stress conditions, 2-week-old leaves 

demonstrated faster adaptation to temperature changes, reaching internal temperature stability 

more rapidly than 4-week-old leaves (Fig. S9). This suggests that plants at different growth stages 40 

have different regulate abilities to temperature stress. 
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Multi-level temperature regulation within N.benthamiana leaves  

The p-AuNPs were distributed across different cell compartments in the N.benthamiana leaves, 

including the cell wall, cytoplasm, and chloroplasts (Fig. S5). When comparing temperature 

variations across these compartments in response to air temperature changes (ΔTair), we discovered 

a striking gradient of temperature regulation (Fig. 3). The measured temperature responses of 5 

different cellular compartments showed distinct patterns when plotted against ΔTair. All 

compartments exhibited temperature changes that significantly deviated from the theoretical 1:1 

line (dotted line), which would represent passive temperature following caused by thermal 

conduction without regulation. The deviation increased progressively from the cell wall to the 

chloroplasts, with the chloroplasts (green lines) showing the smallest response to air temperature 10 

changes, followed by the cytoplasm (yellow lines), the cell wall (blue lines), and the stomata (red 

lines), which exhibited the largest response. 

During cold stress (ΔTair ≈ 20°C, from 24°C to 5°C), chloroplasts maintained remarkably stable 

temperature, changing by only 1.3°C (ΔTchl). The cytoplasm showed moderate temperature 

variation (ΔTcyt = 3.7°C), while the cell wall exhibited larger changes (ΔTcw = 7.1°C). Notably, 15 

even the stomata, which are directly exposed to external air, showed regulated temperature changes 

(ΔTstoma = 9.0°C), significantly lower than the air temperature change (Fig. 3b, d). 

Similarly, under heat stress (ΔTair ≈ 20°C, from 24°C to 45°C), we observed a consistent 

hierarchy of differential regulation: chloroplasts temperature increased by only 0.2°C, cytoplasmic 

temperature by 6.9°C, and cell wall temperature by 9.2°C, while stomatal temperature showed the 20 

largest change of 15.0°C (Fig. 3a, c). 

This pattern (ΔTair > ΔTstoma > ΔTcw > ΔTcyt > ΔTchl) demonstrates a sophisticated multi-level 

temperature regulation system within plants. Under heat stress, the first level of regulation occurs 

outside the cell, where stands a temperature difference of approximately 12°C from the external 

environment (ΔTcw = 9.3°C vs ΔTair ≈ 20°C). The signal sent from the p-AuNPs labelled on the 25 

cell wall likely represents the temperature of micro environment outside the cell, which could be 

modulated by the evaporative cooling effect. The transpiration provides initial temperature 

buffering through water evaporation. This is consistent with that the approximately 7°C difference 

between stomata (ΔTstoma = 15.0°C) and air temperature changes (ΔTair ≈ 20°C), considering the 

stomata are directly exposed to the air. The second level regulation originate from the 2.6°C 30 

difference between the temperature change of the cell wall and cytoplasm (ΔTcw - ΔTcyt). This is 

likely mediated by the transmembrane regulation together with the dynamic biochemical processes 

in cytoplasm. This serves as a thermal barrier with its complex matrix structure. The third level 

regulation exists between cytoplasm and organelles, especially for chloroplasts. It stands a 

remarkable 6.7°C temperature difference between the cytoplasm and chloroplast. The regulation 35 

ensures the chloroplasts maintaining the most stable temperature, protecting these essential 

photosynthetic organelles from thermal fluctuations. 
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Fig.3 | Multi-level temperature regulation within N.benthamiana leaves reveals subcellular thermal 

gradients. a-b, Typical response curves of temperature changes in stomata (stoma: red line), cell wall (cw: 

blue line), cytoplasm (cyt: yellow line) and guard cell chloroplasts (chl: green line) as a function of air 

temperature change under heat stress (a) and cold stress (b) The dashed diagonal line has a slope of 1:1, 5 

representing the temperature response of poikilothermic organisms with no thermoregulation ability. Air 

temperature change (ΔTair) is defined as T0 – Ti; temperature change in different cellular compartments 

(ΔTleaf) is calculated as (I0 – Ii) × 100 / 1.23. c, Comparison of ΔT among different plant cellular 

compartments vs ΔTair during heat stress (ΔTair ≈ 20℃, ΔTstoma = 15.0 ± 2.4℃, ΔTcw = 9.3 ±3 .1℃, ΔTcyt = 

6.9 ± 2.2℃, ΔTchl = 0.2 ± 1.5℃). d, Comparison of ΔT among different compartments vs ΔTair during cold 10 

stress (ΔTair ≈ 20℃, ΔTstoma = 9.0 ± 2.8℃, ΔTcw = 7.1 ± 3.4℃, ΔTcyt = 3.7 ± 2.4℃, ΔTchl = 1.3 ± 1.9℃). 

Temperature changes in different compartments show a gradient distribution from outer to inner layers 

(ΔTair > ΔTstoma > ΔTcw >ΔTcyt > ΔTchl). Different lowercase letters indicate significant differences 

(p < 0.05, one-way analysis of variance with Tukey’s post hoc test). 

Thermoregulation among different plant species  15 

We extended our study to Arabidopsis and tomato, comparing their responses with those of 

N.benthamiana. All three species exhibited the characteristic two-phase temperature response 

pattern (RP and SSP phases) under both cold and heat stress conditions, as shown in Fig. 4a and 

4b. All three species demonstrated comparable temperature regulation efficiency, with internal 
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temperature changes significantly smaller than environmental variations (Fig S10-11). These 

results revealed that these temperature regulation patterns represent a conserved feature across 

diverse plant species. 

Under cold stress, the RP duration (tRP) to reach steady state was 218.2 ± 21.4 seconds for 

N.benthamiana, 209.2 ± 29.4 seconds for Arabidopsis, and 242.5 ± 25.1 seconds for tomato (Fig. 5 

4b). And tRP for each specie keep constant under various temperature change rate. The temperature 

point TTH at which leaves transitioned from RP to SSP phase was 13.4 ± 1.2°C for N.benthamiana, 

15.1 ± 1.6°C for Arabidopsis, and 13.0 ± 1.6°C for tomato at the same temperature decrease rate 

of 0.025°C s-1 (Fig. 4c). The difference of tRP among species may reflects their genetic variations 

of the capability responding to the air temperature change. 10 

Similarly, under heat stress, tRP also displayed difference across species: 213.2 ± 22.8 seconds 

for N.benthamiana, 187.9 ± 19.3 seconds for Arabidopsis, and 194.9 ± 20.2 seconds for tomato 

(Fig. 4e). Species-specific transition points TTH were observed at 44.7 ± 1.9°C for N.benthamiana, 

41.0 ± 2.1°C for Arabidopsis, and 40.2 ± 2.7°C for tomato (Fig. 4d) under a heating rate of 0.08°C/s.  

These transition temperatures correspond well with known physiological thresholds for 15 

photosynthetic function, suggesting coordination between temperature regulation and metabolic 

requirements. All species exhibited robust temperature regulation, maintaining internal 

temperature changes substantially below air temperature variations (Fig. 4h), consistent with 

previous observations of leaf temperature decoupling from air temperature23. 

These findings suggest that the capacity for temperature homeostasis is widely conserved across 20 

diverse plant species. When air temperature changed by approximately 20°C during cold stress, 

internal temperature changes were limited to ΔTN.benth = 5.4 ± 1.4°C, ΔTtomato = 4.8 ± 1.3°C, and 

ΔTArabidopsis = 4.1 ± 1.6°C. Under heat stress (ΔTair ≈ 25°C), similar regulation was observed: 

ΔTN.benth = 10.6 ± 2.6°C, ΔTtomato = 9.7 ± 1.8°C, and ΔTArabidopsis = 8.4 ± 2.3°C. This regulated 

response aligns with theoretical predictions of leaf energy balance11,24 and supports the concept 25 

that plants actively maintain their temperature within optimal ranges for physiological 

processes25,26. The consistency of these responses across species suggests that temperature 

homeostasis represents a fundamental adaptation in plant biology, likely emerging early in plant 

evolution to enable stable performance under varying environmental conditions24. 
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Fig.4 | Comparative analysis of temperature regulation across three plant species under cold and heat 
stress. a, The typical curves of ΔTleaf and ΔTair as a function of time in leaves of three plant species under 
cold stress. b, The typical curves of ΔTleaf and ΔTair as a function of time under heat stress. The black dots 
indicate the air temperature measured by a thermocouple sensor, the blue line indicates the ΔT in 5 

N.benthamiana leaves (ΔTN), the yellow line indicates the ΔT of tomato leaves (ΔTT), and the green line 
indicates the ΔT of Arabidopsis leaves (ΔTA). tRP is the durations of the RP phase. c, Comparison of the tRP 
in three plant species under cold stress (tRPN: 218.2 ± 21.4 s, tRPT: 242.5 ± 25.1 s, tRPA: 209.2 ± 29.4 s). d, 



Submitted Manuscript: Confidential 

Template revised July 2024 

11 

 

Comparison of the temperature threshold (TTH) at transition points between RP and SSP phases occurred 
under the cold stress in three plant species (TTHN = 13.4 ± 1.2°C, TTHT = 13.0 ± 1.6°C, TTHA = 15.1 ± 1.6°C). 
e, The comparison of ΔT in different plants leaves under cold stress (ΔTair ≈ 20°C, ΔTN = 5.4 ± 1.4°C, ΔTT 

= 4.8 ± 1.3°C, ΔTA = 4.1 ± 1.6°C). f, Comparison of the tRP in different plants under heat stress (tRPN: 213.2 
± 22.8 s, tRPT: 197.9 ± 20.2 s, tRPA: 187.9 ± 19.3 s). g, Comparison of the temperature threshold (TTH) at 5 

transition points between RP and SSP phases occurred under the heat stress in three plant species (TTHN = 
44.7 ± 1.9°C, TTHT = 40.2 ± 2.7°C, TTHA = 41.0 ± 2.1°C). h, The comparison of ΔT in different plants leaves 
under heat stress (ΔTair ≈ 25°C, ΔTN = 10.6 ± 2.6°C, ΔTT = 9.7 ± 1.8°C, ΔTA = 8.4 ± 2.3°C). n = 10; Different 
lowercase letters indicate significant differences (p < 0.05, one-way analysis of variance with Tukey’s post 
hoc test). 10 

Water channel regulation model and simulation  

When plants encounter environmental temperature stress, they can trigger a series of regulatory 

mechanisms to adapt to temperature fluctuations. Generally, the plant temperature regulation 

mechanisms can be categorized into passive and active regulation. Passive regulation primarily 

involves temperature receptors that activate signaling pathways to enhance the plant’s tolerance to 15 

external temperature changes, thereby promoting acclimation processes such as cold- or heat-

induced morphogenesis (thermomorphogenesis)27,28. This is typically a slow and prolonged 

process. Active regulation, on the other hand, primarily involves transpiration and the intensity of 

life processes (such as photosynthesis and metabolic processes) to control heat exchange and 

generation. As one of the most important organs in plants, leaves play a very important role in 20 

regulating plant temperature. Traditionally, due to the thinness of leaves, they are often treated as 

thermally homogeneous bodies, assuming that the temperature is uniform throughout the interior 

and equal to the surface temperature9,24. However, our experimental results reveal for the first time 

that temperature distribution varies significantly across different parts within a plant leaf, 

suggesting the existence of a complex mechanism for temperature regulation. 25 

In plant leaves, water is the most abundant substance and possesses the highest heat capacity29. 

Consequently, the change of water plays a crucial role in regulating temperature inside plant leaf 

across different regions30. Due to the presence of biological membranes, water in the leaf is 

compartmentalized into distinct units, such as the apoplast, cytoplasm, and various organelles. 

Heat exchange between these units occurs primarily through thermal conduction, thermal 30 

convection, and phase transitions (e.g., latent heat in transpiration). Water flows between these 

units through specific channels and is regulated by thermal sensing systems, thereby facilitating 

heat exchange and temperature control31. Besides thermal conduction, the apoplast dissipates heat 

via transpiration through stomata32; Water exchange between the intracellular and extracellular 

environments occurs via aquaporins on the plasma membrane, while exchange between organelles 35 

and the cytoplasm occurs through channels on the organelle membranes31. Due to metabolic heat 

generation and varying pathways of heat diffusion, temperature differences arise among these parts. 

When the ambient temperature is constant, water exchange between different units leads to a 

dynamic equilibrium of heat, achieving thermal homeostasis. We propose a water-channel model 

for temperature regulation, as shown in Figure 5a, which includes transpiration channels, plasma 40 



Submitted Manuscript: Confidential 

Template revised July 2024 

12 

 

membrane water channels, and organelle membrane water channels.  

 
Fig.5 | Schematic model of multilevel thermoregulation in plant cells. a, b, and c indicate schematic 

models of multiple water channels in a plant leaf and the regulations of the channels. Under temperature 

stress, the thermal sensors (HSFA1b) rapidly activate modulation system (OST1) and adjust the stomatal 5 

opening and closing, regulate leaf transpiration; and activate the aquaporin PIP2;1, thereby modulate water 

permeability of membrane. The symbols Tair, Tstoma, Tcw, Tcyt and Tchl represent the temperature of air, 

stomata, cell wall, cytoplasm, and chloroplast respectively; d, The solid curves show the simulation results 

of temperature changes according to equation 1, 2, and 3, which are well consistent with our experimental 

data shown in Fig.3; e, The simulation results when the water channels on membrane are blocked, which 10 

indicates the internal temperature gradients are eliminated. 

The water in the apoplast is freely mobile, so its temperature can be considered equivalent to 

the cell wall temperature (Tcw). Its temperature variation is regulated primarily through heat 
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changes via three pathways: thermal conduction between the leaf surface and the apoplast; the 

latent heat of vaporization as water in the apoplast vaporizes and transpires through stomata; and 

heat exchange across the plasma membrane (including heat conduction and transmembrane 

transport of water with different temperatures). When the ambient temperature is constant, the heat 

exchange reaches a dynamic equilibrium, and the apoplastic temperature remains constant, as 5 

shown in the initial phase of Figure 3. Conversely, when the environment changes steadily, thermal 

sensors in the leaf (e.g., HSFA1b) are activated. These regulate stomatal conductance by 

modulating OST1 expression to control leaf transpiration and activate aquaporin PIP2;1 to 

modulate plasma membrane permeability, thereby regulating water exchange and heat transfer 

between the apoplast and cells31,33. When this adjustment counteracts the internal temperature 10 

changes induced by environmental fluctuations, heat exchange reaches a new equilibrium, and the 

apoplastic temperature achieves a new steady state, as depicted in Figure 3. The apoplast accounts 

for most of water transport and plays a dominant role in regulating internal leaf temperature, 

providing a relatively stable microenvironment for leaf cells. The temperature variation in the 

apoplast can be expressed by Equation 1, and the details of the theoretical simulation are provided 15 

in the Supplementary Materials (S12). 𝐶 ௗ்ೌ ೛೚ௗ௧ = ௦−௔௣௢ܪ +  ௔௣௢−௖௬௧                                                                                             (1)ܪ

Where ܪ௦−௔௣௢ = ℎܣ௦−௔௣௢ ( ௦ܶ − ௔ܶ௣௢) − ܳ௧ is the heat exchange between apoplast and leaf 

surface, the first term ℎܣ௦−௔௣௢ ( ௦ܶ − ௔ܶ௣௢) indicates the thermal conduction between apoplast and 

leaf surface, and second term Qt is the latent of transpiration; ܪ௔௣௢−௖௬௧ = ℎܣ௔௣௢−௖௬௧ ( ௔ܶ௣௢ −20 ௖ܶ௬௧) − ܳ௔௣௢−௖௬௧ is the heat exchange between apoplast and cytoplasm, the first term is thermal 

conduction, and second one is thermal convection via water channels on plasma membrane. 

The apoplast provides a microenvironment for the cells. The establishment of its thermal 

homeostasis lays the foundation for the thermal homeostasis of the cytoplasm and organelles. The 

temperature variation of the cytoplasm is determined by heat transfer across the cell boundary, 25 

convective water flow across the plasma membrane, energy exchange between the cytoplasm and 

subcellular units (such as nucleus and organelles), and heat generated by intracellular life activities 

(including metabolic heat release, work done by transport and synthesis, and phase changes of 

matter). The heat variation is described by Equation 2. To simplify the model, Equation 2 equates 

the nucleus and various organelles besides chloroplasts to a single equivalent heat source. 30 𝐶௖௬௧ ௗ ೎்೤೟ௗ௧ = ௔௣௢−௖௬௧ܪ  + ௖௬௧ܩ +  ௖௬௧−௢௥௚                                                                        (2)ܪ

Here ܩ௖௬௧  is heat generation in cytoplasm caused by life activities, and ܪ௖௬௧−௢௥௚ =ℎܣ௖௬−௖ℎ௟( ௖ܶ௬௧ − ௖ܶℎ௟) − ܳ௖ℎ௟ + ℎܣ௖௬−௢௧ℎ௘௥( ௖ܶ௬௧ − ௢ܶ௧ℎ௘௥) − ܳ௢௧ℎ௘௥  is the heat exchange 

between cytoplasm and organelles (including chloroplasts and others). First term indicates thermal 

conduction, second term ܳ௖ℎ௟ indicates the heat convection between cytoplasm and chloroplasts.  35 
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Similarly, the heat and temperature within organelles, such as chloroplasts, are described by 

Equation 3. 𝐶௖ℎ௟ ௗ்೎ℎ೗ௗ௧ = ℎܣ௖௬௧−௖ℎ௟( ௖ܶ௬௧ − ௖ܶℎ௟) − ܳ௖ℎ௟ +  ௖ℎ௟                                                          (3)ܩ

Here ܩ௖ℎ௟ is the heat generation caused by life activities in chloroplasts. 

The results of the theoretical simulation are shown in Figures 5d and 5e.  5 

The results of the theoretical simulation are shown in Figures 5d and 5e. Fig. 5d demonstrates 

that the water channel model fits the experimental results well. Interestingly, when the ambient 

temperature is at the initial level (≈ 24°C), the simulation indicates that the initial temperatures at 

the stomata, apoplast, cytoplasm, and chloroplasts are 24.1℃, 24.2℃, 26.7℃, and 35.9℃ 

respectively, specifically following the order of Tcw0 Tcyt0 Tchl0, Tsto0 ≈ Ts0. These results suggest 10 

that plants exhibit a temperature gradient internally, where the intracellular temperature is higher 

than the extracellular temperature; notably, the temperature of chloroplasts can reach 

approximately 37°C. 

When the ambient temperature rises, the apoplastic temperature increases accordingly. 

However it begins to maintain a constant temperature of 37.2°C. Even when the ambient 15 

temperature is as high as 45°C, the plant leaf can maintain the apoplast at a relative lower level 

through transpiration, thereby providing a suitable microenvironment for cellular activities. 

Although the intracellular temperature also rises correspondingly, the overall gradient distribution 

remains unchanged. Heat generated by life activities within the cell is consistently dissipated via 

the apoplastic transpiration pathway. The critical cellular sites, such as chloroplasts, can still 20 

maintain the conditions necessary for life activities. 

The results in Figure 5e further reveal that water channels on the plasma membrane and 

organelle membranes are crucial for maintaining the temperature gradient within the cell. When 

these membrane channels are disabled (setting their conductance to zero), although thermal 

conduction between different parts of the leaf persists, the internal temperature gradient disappears, 25 

and the temperatures of all intracellular components converge with the apoplastic temperature. 

This indicates that water channels on biological membranes are essential and indispensable for 

maintaining the thermal environment required for intracellular life activities. 

Discussion  

It is generally believed that the enhanced adaptation resulting from thermomorphogenesis is the 30 

primary pathway when plants face temperature stress. For instance, at air temperatures of 25-30°C, 

phytochrome B (phyB) in Arabidopsis seedlings undergoes a conformational shift within the 

nucleus, transitioning from the biologically active Pfr:Pfr homodimer to the inactive Pr:Pr form. 

This temperature-dependent inactivation of phyB reduces its activity, suppresses the release of 

PIF4, and consequently promotes thermomorphogenesis34. TWA1 accumulates in nuclear 35 

subcompartments via phase separation, interacts with transcription factors JAM2 and TPL to form 

a repressor complex, and suppresses the expression of target genes35. the 5′UTR of PIF7 mRNA 

undergoes structural rearrangements that enhance PIF7 translation, which subsequently activates 
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downstream heat stress-responsive genes36. Collectively, these molecular sensors transduce 

thermal cues into coordinated biochemical responses, orchestrating multiple strategies to cope with 

temperature stress. 

For a single leaf, the energy balance follows the law of conservation of energy, and can be 

expressed as Penman-Monteith equation37,38. It elucidates the dynamics of leaf surface temperature 5 

in response to environmental fluctuations, where the leaf was treated as heat homogeneous. Our 

work presents the first high-precision measurements of internal leaf temperature dynamics in 

plants, directly demonstrating active internal thermoregulation and the establishment of thermal 

homeostasis in plants. When plants are subjected to ambient temperature stress, their internal 

temperature is not as severe as one might expect. In fact, some critical regions even maintain a 10 

appropriate temperature consistently. When external temperatures fluctuate, whether increasing or 

decreasing, plants can maintain a stable internal temperature after a certain adjustment period. As 

shown in Figures 2 and 3, when ambient temperatures exceed specific thresholds (Tair > TTH = 

37°C or Tair < TTH = 13°C), the internal temperature of the plant stabilizes and no longer changes 

with external variations. In other words, within a certain environmental range, plants exhibit 15 

thermostatic behavior. When environmental temperatures shift between 5°C and 45°C, the 

maximum internal temperature variation in plants is only 16.3°C, while the temperature change 

within chloroplasts is even smaller, less than 1.5°C. These results highlight not only exceptional 

thermal tolerance but also robust self-regulatory capacity, allowing plants to buffer vital organelles 

against rapid and extreme environmental changes, providing a new framework for understanding 20 

plant responses to temperature stress, what is supposed as water channel model. 

The results of simulation show the temperatures at different locations within the plant leaf are 

different when plants live in a stable environment (24℃), and presents a gradient as Tcw0  Tcyt0  

Tchl0, Tsto0  ≈ Tleaf. When ambient temperature changes, it activates temperature sensors inside plant, 

triggering multi-tiered active regulatory responses, such as adjusting stomatal conductance, 25 

regulate the aquaporin activity and plasma membrane permeability to modulate heat exchange, 

and potentially tuning metabolic activity to alter internal heat production39-41. These coordinated 

adjustments dampen, and eventually counteract, internal temperature fluctuations, ultimately re-

establishing a new thermal equilibrium state. 

Taking heat stress in Arabidopsis as an example, during the initial warming phase, rising Tair 30 

reduces outward (or increases inward) heat conduction efficiency, causing Tcw to increase. This 

rise activates temperature sensors such as HSFA1b, initiating internal regulatory programs—
Under heat stress, the heat shock transcription factor HSFA1b is rapidly activated and translocated 

into the nucleus, where it directly binds to the promoter of OST1 and strongly induces its 

expression. As a central kinase, OST1 phosphorylates and activates downstream anion channels 35 

(SLAC1) in guard cells, and adjust the stomatal opening42-44. Under heat stress, increased stomatal 

aperture dramatically enhances leaf transpiration, which effectively lowers apoplastic temperature 

(Tcw). Because this regulatory response builds gradually, internal temperature initially rises with 

ambient temperature, so called RP phase in Fig.2b and 2d. A new thermal steady state i.e., SSP, is 
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established when heat accumulation from the environment equals heat loss via enhanced 

transpiration. Transpiration plays a crucial role in mitigating internal temperature fluctuations, 

buffering most of the external temperature variations. For instance, when ambient temperatures 

increase from approximately 24°C to 45°C, the temperature of apoplast changes by only 9.2°C, 

meaning nearly 13°C of the potential temperature increase is offset by this active regulatory 5 

process. This provides the cells with a relatively stable microenvironment for life processes, even 

under the extreme air temperature. Compared to the plant’s thermomorphogenic process, this 

thermoregulatory response is rapid. The stomatal aperture significantly increases within 2~4 

minutes42-44, consistent with our measured RP duration (tRP ≈ 3 minutes). Different crop species 
exhibit variations in stomatal dynamics, and these differences in tRP may serve as indicators of 10 

temperature adaptation capacity among plant species, as shown in Figure 4. 

The change of temperature inside cytoplasm (ΔTcyt) is largely determined by the thermal 

gradient between the extracellular compartment and the cytoplasm (ΔTcw→ΔTcyt). Transpiration 

substantially attenuates heat stress from air temperature owing to the strong buffering effect, 

provides relative stable external microenvironment surrounding the cytoplasm. The influence on 15 

the cytoplasm caused by temperature change ΔTcw is further diminished through several 

coordinated mechanisms, mainly by the heat exchange via water channels. 

Under high temperature conditions, the influx of Ca²⁺ and other solutes may increase cellular 
osmotic pressure45,46, which could potentially enable OST1 to activate the aquaporin PIP2;1, 

thereby enhancing the cell’s capacity for osmotic water uptake and further contributing to the 20 

maintenance of intracellular thermal homeostasis31,33
. Diacylglycerol kinase 7 (DGK7) responds 

to heat at the plasma membrane by sensing the accumulation of DAG, lay the foundation for 

temperature homeostasis in the cytoplasm. Within 10–60 min of heat stress, fatty acid desaturases 

are strongly upregulated, markedly increasing the proportion of tri-unsaturated fatty acids in both 

plasma and organelle membranes. This shift increases the membrane fluidity and facilitated the 25 

exchange of substances and thermal energy at different temperatures between the inside and 

outside of the cell, and organelles47. 

Most strikingly, chloroplasts-highly thermosensitive yet essential organelles-maintain 

remarkably stable temperatures even under drastic environmental fluctuations, typically within 

1.5 °C despite 40 °C changes in air temperature. Because chloroplast enzymes are exquisitely 30 

temperature-sensitive, this thermal homeostasis is crucial for sustaining physiological activity. 

Although the precise mechanisms remain unclear, their deep cellular localization buffers incoming 

heat through the surrounding cytoplasm, while active responses-including rapid Ca²⁺-mediated 

solute influx that enhances aquaporin-driven water permeability, preserving chloroplast function 

within a narrow thermal range. 35 

Under heat stress, plants rapidly activate a negative-feedback thermal regulation loop in which 

heat perception triggers stomatal opening, aquaporin activation, membrane lipid remodeling, and 

the induction of heat-shock proteins. These coordinated responses enhance transpiration, increase 

membrane water permeability and fluidity, collectively leading to leaf cooling and mitigation of 

heat damage. This feedback mechanism allows plants to rapidly counteract transient high-40 
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temperature stress, stabilizing leaf temperature and protecting temperature-sensitive physiological 

processes, such as photosynthesis. 

In conclusion, our findings provide direct evidence that plants maintain thermal homeostasis 

through multiscale, hierarchical temperature regulation. This work establishes a conceptual 

framework linking cellular and subcellular organization to temperature control and has important 5 

implications for understanding plant adaptation to climate change, as well as for developing 

thermally resilient crops. The discovery of active, multi-tiered temperature regulation at 

subcellular scales reveals an unexpected level of plant homeostatic sophistication and challenges 

traditional views of plant thermal adaptation. 

Methods 10 

Photochemical synthesis of L-AuNP@HTT 

Typically, HAuCl4 (10 mM, 1.0 mL) ethanol solution and NaOH ethanol solution (0.2 M, 200 µL) 

were mixed with HTT solution (20 µM, 4.82 mg in 9.0 mL trichloromethane). After stirring the 

mixture for 15 min at 25°C, the reaction system was irradiated with an 8-W 390-nm lamp for 60 

h. Then, the reaction mixture was converted into cold ethanol quickly and kept in the refrigerator 15 

(4°C) until no further pale green precipitate formed. This precipitate was carefully collected by 

centrifugation at 4000 rpm for 15 min and washed three times with anhydrous ethanol. The final 

product of L-AuNP@HTT was dried in a vacuum oven for further studies48. 

The synthesis of p-AuNPs via polymer encapsulation of L-AuNP@HTT 

One milliliter PMMA-co-MAA copolymer (1:0.016 (methyl methacrylate: methacrylic acid), 20 

average Mw ~ 34,000 by GPC, average Mn ~ 15,000 by GPC) solution in tetrahydrofuran (THF, 
1.0 mg mL−1) and 1.0 mL L-AuNP@HTT solution in tetrahydrofuran (1.0 mg mL−1) were first 

mixed and then added slowly into a 20 mL ultrapure water under stirring at 37°C, drop by drop. 

The mixture was then stirred for about 10 min, yielding a transparent colloidal solution. The 

tetrahydrofuran was removed by the vacuum rotary evaporation at 45°C, and the precipitate was 25 

obtained by centrifugation. The prepared nanoparticles (namely p-AuNPs) could be well dispersed 

in water48. 

Characterization of p-AuNP@HTT. 

The morphology of p-AuNPs was characterized by transmission electron microscopy (TEM, JEM-

2100F). Particle diameters were measured for at least 200 individual particles using ImageJ 30 

software, and the mean core size and polydispersity index were determined by Gaussian fitting of 

the size distribution histogram. 

Optical properties of p-AuNs (80 μg/mL, 3 mL) were measured in a quartz cuvette at 25°C using 

an F-4500 spectrophotometer, with ultrapure water as the blank reference. UV–vis absorption 

spectra were recorded over 200–800 nm at 1 nm resolution. For fluorescence measurements, the 35 

emission spectrum was acquired from 430 to 750 nm under 405 nm excitation, and the excitation 

spectrum was recorded from 300 to 500 nm with a fixed emission wavelength of 529 nm. 

Fluorescence lifetime measurements were performed on a DeltaFlex time-correlated single-photon 

counting spectrometer. Samples (80 μg/mL) were excited at 405 nm at 25.0 ± 0.1°C, and data were 
collected until the peak channel count reached 104. Raw decay data were corrected using Fluoracle 40 

software and fitted in Origin 2025 to a three-exponential decay model: I(t) = B1exp(−t/τ1) + 
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B2exp(−t/τ2) + B3exp(−t/τ3), where Bn and τn are the amplitude and lifetime of each component, 

respectively. The intensity-weighted average lifetime was calculated as ⟨τ⟩ = (ΣBnτn²)/(ΣBnτn). 

Goodness of fit was assessed by χ² < 1.2 and the distribution of weighted residuals. 
Temperature-dependent fluorescence was measured using an FLS980 fluorescence spectrometer 

equipped with a circulating thermostat (accuracy: ± 0.1°C). A linear temperature gradient from 0 5 

to 60°C was applied in 5°C increments; each temperature point was equilibrated for 10 min prior 

to spectral acquisition. Emission spectra (450–700 nm) were recorded under 405 nm excitation, 

and the peak fluorescence intensity was plotted as a function of temperature. 

Photostability was evaluated using a custom-built time-gated imaging system. p-AuNPs (80 

μg/mL, 3 mL) was excited by an OBIS LX 405 nm pulsed laser. Fluorescence intensity was 10 

recorded continuously for 1200 s at 1 s intervals using an ICCD camera (PI MAX4) with a delay 

time of 100 ns and a gate width of 60 ns. 

The effect of pH on fluorescence intensity was assessed by adjusting p-AuNPs solutions to pH 5.0 

– 10.049-51using phosphate buffers of appropriate pH, with actual pH values confirmed by a 

calibrated pH meter. Emission peak fluorescence intensities were measured using an F-4500 15 

spectrophotometer (λₑₓ = 405 nm). 

The influence of physiologically relevant ions on probe fluorescence was examined by adding 

CaCl2, MgCl2, NaCl, or KCl stock solutions to p-AuNPs to achieve a series of ion concentrations 

spanning the physiological range in plants16,52-54. Emission spectra (450–650 nm) were recorded 

at each concentration using an F-4500 spectrophotometer (λex = 405 nm), and peak fluorescence 20 

intensities were compared to untreated controls. 

The stability of p-AuNPs fluorescence in the presence of hydrogen peroxide was examined over 

the physiologically relevant concentration range. H2O2 stock solution was added to p-AuNPs55 (80 

μg mL-1) to achieve final concentrations of 0-10−1 mol L-1. Emission spectra (450–650 nm) were 

recorded using an F-4500 spectrophotometer (λex = 405 nm), and peak fluorescence intensities were 25 

compared to the untreated control. 

Phytotoxicity of p-AuNPs was evaluated in approximately 4-week-old tobacco plants. Using a 1 

mL syringe, 20 μL of p-AuNPs (80 μg mL-1) or 20 μL of ddH2O (control) was infiltrated into the 

abaxial surface of separate leaves, and injection sites were marked. Leaf morphology was recorded 

at 0 h, 1 h, and 7 days post-infiltration to assess any signs of phytotoxicity. 30 

Time-gated imaging system. 

A schematic of the installations used for time-gated imaging experiments is shown in fig. 1g. The 
images were obtained with an objective (20×, L-Plan, NA 0.40, SHPQYQ) passed through an 
optical long-pass filter (GCC-300114, Daheng Optics), and an intensified CCD detector (ICCD) 
(PI-MAX4, Princeton Instruments). And a laser of 405 nm (OBIS 405 LX, Coherent) with a 35 

repetition rate of 500 k Hz was used as an excitation source. The gating parameters were controlled 
with a digital delay generator (DG535, Stanford Research Systems) via a GPIB interface. To obtain 
the best image focus during imaging scanning, auto focusing was carried out by using precision 
electronically controlled translation table (GCD-202050M, Daheng Optics). Custom LabView 
software (National Instruments) was developed in-house for complete instrumental control and 40 

data collection. A minimal gate of 100 ns was used for most applications. 
The scheme of plants temperature detection was shown in figure 1. p-AuNP@HTT were used as 
nanothermometers for subsequent experiments. Three plants, N.benthamiana, and Arabidopsis 
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were utilized in our system. All experiments were performed on the intact leaves of 4-week-old 
plants, with the plants incubated in the growth chamber. The p-AuNPs aqueous solution were 
administered into the 3rd or 4th leaf of the plant by pressing a 1-mL needleless syringe onto the 
abaxial side of the leaves, 20-50 μL (80 μg mL-1) for each leaf. Then, by using the TGI system, the 
PL signal from these p-AuNPs probes could be acquired. Meanwhile, the autofluorescence from 5 

the leaves and the excitation background noise were effectively eliminated. Based on the 
temperature-dependent intensity of these p-AuNPs, the relative temperature changes in leaf (∆Tleaf) 
could be detected. 
In a typical TGI system, a pulsed light source (OBIS 405 LX, Coherent, with a repetition rate of 
500k Hz) was used to excite the target p-AuNPs probe. As shown in fig. S6, while exciting the 10 

desired long-lived luminescence signals of p-AuNPs, undesired short-lived luminescence signals 
of the autofluorescence from the bio-sample matrix are also induced. To remove this interference, 
the detector was kept off for a period of time (TG delay). Then the detection was turned on after a 
brief delay once the undesired signals have nearly disappeared. It can be turned off when the 
desired signals are mostly collected. The process described above is typically repeated multiple 15 

times to collect more desired signals from the target probe. This can greatly increase the signal-to-
noise ratio (SNR)56. In particular, it is important to consider the different photostability of 
autofluorescence and target fluorescence signals in practical applications. High photostability is 
desirable for target probes as they are more resistant to photobleaching57. The TGI technique, 
combined with long-lived and temperature-sensitive photoluminescence probes, offers a novel 20 

approach to effectively eliminate the interference of background noise from autofluorescence and 
thus make possible for reliable study of plant thermoregulation. 
As shown in fig. S6, when the time delay was set to 0 ns, the autofluorescence of the leaves and 
the signals of p-AuNPs could not be distinguished. For comparison, when the time delay was set 
to 100 ns, the autofluorescence could be completely removed, and only the signal of p-AuNPs 25 

within the leaves could be accurately obtained. Then, we changed the temperature around the plant 
and at the same time recorded the fluorescence intensity of the p-AuNPs in the leaves as a function 
of temperature in real time to resolve the response of the internal temperature of the plant to the 
air temperature. 

Plant materials and growth conditions. 30 

Nicotiana benthamiana was used as the wild type. Surface-sterilized seeds were germinated on 
half-strength Murashige and Skoog medium. The seeds were kept at 4°C for 2 days and then 
transferred to a greenhouse under long-day conditions (16 hours light, 8 hours dark, and constant 
22°C). Seedlings were transferred to soil 7 days after plating. Plants were grown at 22°C with a 
16/8-h light/dark cycle. 35 

Arabidopsis thaliana was grown under conditions as described in Arabidopsis ecotype Columbia 
(Col-0) was used as the wild type. Seeds were surface-sterilized for 12 min in 10% kitchen bleach. 
After washing five times with sterile water, seeds were plated on 1/2 Murashige and Skoog (MS) 
medium. The plates were stratified at 4°C for 2 d in the dark and were then transferred to a growth 
chamber at 22°C with a 16-h light/8-h dark photoperiod (light intensity, 120 µmol photons m-2 s-

40 
1). 
Tomato (S. lycopersicum 'Ailsa Craig') seeds were germinated on wet filter paper and transferred 
to the aperture disc filled with a mixture of peat: vermiculite (2:1, v/v). The seedlings were grown 
under a 16-h light/8-h dark photoperiod with the temperature of 26°C in phytotron. 



Submitted Manuscript: Confidential 

Template revised July 2024 

20 

 

All experiments were performed on the intact leaves of 4-week-old plants, with the plants 
incubated in the growth chamber until the time of data collection. Young leaves (N.benthamiana: 
approximately 2 cm × 3 cm in size; Arabidopsis: approximately 1 cm × 2 cm in size; Tomato: 
approximately 1 cm × 1.5 cm in size) were infiltrated using a 1-mL needleless syringe on the 
abaxial side of the leaves. 5 

Temperature calibration and conversion from p-AuNP fluorescence intensity. 

To convert the fluorescence intensity of p-AuNPs to internal leaf temperature, we first established 

the temperature-dependent fluorescence response of the probes in planta. The relative change in 

fluorescence intensity (ΔI) of p-AuNPs infiltrated into plants leaves was measured as a function 

of ambient temperature under controlled conditions. ΔI was calculated as the relative intensity 10 

change using the equation: 

ΔI (relative intensity, %) = (I – I₀) / I₀ × 100%                            (1) 

where I is the fluorescence intensity at a given temperature and I₀ is the reference intensity 

measured at the initial temperature (typically 24°C). 

The temperature sensitivity of p-AuNP fluorescence in leaf tissues exhibited a linear relationship 15 

over the tested range, described by the calibration equation: 

y = –1.22 x + 104.41 (R² = 0.993)                           (2) 

where y represents the relative fluorescence intensity (%) and x is the temperature (°C). This linear 

fit was derived from averaged measurements across multiple independent infiltrations and 

temperature ramps (see Fig. 1a). 20 

The relative temperature change (ΔT) in the leaf was then calculated from the observed relative 

change in fluorescence intensity (I, %) using the inverse relationship: 

ΔT (°C) = ΔI / 1.22                           (3) 

This sensitivity factor (1.22 % per °C) corresponds to the absolute value of the slope from the 

calibration equation. All fluorescence intensities were background-corrected using time-gated 25 

imaging to eliminate autofluorescence contributions, as described above.  
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