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ARTICLE INFO ABSTRACT
Keywords: This study aimed to elucidate heat resistance in Lupinus angustifolius L. using gas exchange and chlorophyll
Climate change fluorescence methods and to examine relationships between photosynthesis, yield, and grain nutritional

Abiotic stress
Thermal tolerance
Lupinus angustifolius

composition. For this we exploited six contrasting varieties: ‘Iris’, ‘Jenabillup’, ‘Mandelup’, ‘Mirabor’, ‘Prima-
bella’ and ‘Primadonna’ selected based on physiological, yield, and grain nutritional performance. Plants were
Gas exchange subjected to three day/night temperature regimes (23/18 °C, 30/25 °C, and 38/33 °C) for five days during one of
Chlorophyll fluorescence two reproductive stages: flower spike emergence and grain filling. At the flower spike emergence, the 38/33 °C
Grain protein decreased the photosynthetic CO5 assimilation (A,) in all varieties, with notable differences observed among
them. ‘Mandelup’, ‘Iris’, and ‘Jenabillup’ maintained the highest A,. At grain filling, the effects of 38/33 °C were
more pronounced, resulting in a greater reduction in A,. Notably, ‘Primabella’ and ‘Primadonna’ exhibited the
most substantial decrease in A,. The investigation of chlorophyll quenching parameters revealed significant
impacts of temperature treatments on the maximum quantum efficiency of PSII (F,/F;,), with notable varietal
distinctions particularly during the grain filling stage. We found strong correlations between photosynthetic
parameters and yield traits, as well as grain nutritional composition. These relationships were also strongly
dependent on stage of development at which the heat stress was imposed, which underlines the critical
importance of timing in phenotyping. Our findings provide a foundation for future molecular, metabolomic, and
physiological studies on heat tolerance in lupins and promote adoption of heat-tolerant varieties in European
cropping systems in the face of worsening effects of climate change and increased demand for plant protein.

1. Introduction a major contributor to yield losses (Fahad et al., 2017; Zhongming et al.,
2022). This exacerbates global food insecurity, currently affecting more

Climate change, accompanied by increasing frequency of heatwaves, than 820 million people (Willett et al., 2019), and the situation is ex-
poses a significant challenge to the global crop production. Heat stress is pected to worsen as the average global temperature rises (Zhongming

Abbreviations: Amax, maximum net assimilation rate at light saturation; A,, net CO, assimilation rate; A,/C;, intercellular CO, response curve of photosynthesis;
A,/Q, light response curve; C,, atmospheric CO, concentration; E, transpiration rates; ETR, electron transport rate; F,/F,,, maximum quantum efficiency of PSII; g;,
stomatal conductance; J,qx, maximum RuBP regeneration rate; LCP, light compensation point; NPQ, non-photochemical fluorescence quenching; PETC, photo-
synthetic electron transport chain; PPFD, photosynthetic photon flux density; P,, photorespiration rate; q;, fraction of open PSII centres; qy, coefficient of non-
photochemical fluorescence quenching; qp, coefficient of photochemical fluorescence quenching; Rea, Rubisco activase; Ry, dark respiration rate; RH, relative
humidity; ROS, reactive oxygen species; TGW, thousand grain weight; V¢max, maximum rate of carboxylation; VPD, vapor pressure deficit; WUE;, intrinsic water use
efficiency; WUEqs, Instantaneous water use efficiency; Y-NO, quantum yield of non-photochemical energy conversion in PSII other than that caused by down-
regulation of the light-harvesting function; Y-NPQ, quantum yield of non-photochemical energy conversion in PSII due to down-regulation of the light-harvesting
function; Yc¢qrp, carbohydrate yield; Yp,o, protein yield; o, apparent quantum yield of CO, assimilation; 0, curve convexity; AT, leaf cooling.
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et al., 2022).

Legumes, known for their high grain protein content
(Bennetau-Pelissero, 2019), are considered a cornerstone of sustainable
diets (Willett et al., 2019; Ferreira et al., 2021). However, despite Eu-
ropean yields being among the world’s highest (Lucas et al., 2015),
Lupinus spp. have until now made only minor contributions to the total
European legume yields due to their limited cropping area. In recent
times, lupins have gained increased attention because of their high
protein (30-44 %) and essential amino acids content (Frick et al., 2018;
Bennetau-Pelissero, 2019; Sarkar et al., 2021), as well as advancement
of varieties with restricted branching allowing for a more uniform yield
(Vishnyakova et al., 2021). As a comparison, the protein content reaches
8-10 % in rice, 8-20 % in wheat, and 40-41 % in the currently domi-
nating protein crop — soybean (Chen et al., 2023; Zhang et al., 2024). As
lupins can obtain atmospheric nitrogen through Rhizobium bacteria,
thereby reducing the reliance on inorganic fertilizers and promoting soil
fertility, they are crucial for sustainable agriculture and reducing the
greenhouse gas emissions from agriculture (Zhongming et al., 2022).

One of the earliest biochemical limitations to carbon assimilation
during heat stress is the reduced activation of Rubisco, the key COo-
fixing enzyme, due to impaired function of its activator, Rubisco acti-
vase (Rca) (Crafts-Brandner and Law, 2000; Scafaro et al., 2023).
Elevated temperatures also decrease the CO specificity of Rubisco and
alter the Og/co2 solubility ratio within the cell, which enhances the
enzyme’s oxygenase activity and thereby increases photorespiration
(Jordan and Ogren, 1984; Dusenge et al., 2019). This downregulation of
Rubisco activity can, in turn, limit the regeneration of NADP™, the ter-
minal electron acceptor in the photosynthetic electron transport chain
(PETQ), leading to its over-reduction (Moore et al., 2021; de Souza et al.,
2024). As a result, less absorbed light energy is used for carbon fixation,
so excess excitation energy accumulates. To dissipate this excess energy
under stress, plants typically enhance non-photochemical quenching
(NPQ) mechanisms (Chauhan et al., 2023). However, high excitation
pressure may still cause oxidative damage to nearby membranes, pig-
ments, and proteins such as the D1 protein of photosystem II (PSII),
resulting in PSII inactivation (Ahammed et al., 2018). Furthermore,
when the PETC becomes overly reduced—particularly due to accumu-
lation of reduced plastoquinone—charge recombination in PSII may
lead to the formation of singlet oxygen, a highly reactive species that
exacerbates oxidative stress (Mathur et al., 2014). The imbalance be-
tween reactive oxygen species (ROS) generation and detoxification
disrupts thylakoid membrane integrity, hampers D1 repair, and reduces
photosynthetic efficiency parameters such as electron transport rate
(ETR), PSII maximum quantum efficiency (F,/F,,), and the proportion of
open PSII centres (q;) (Demidchik, 2015; Murchie and Lawson, 2013;
Ahammed et al., 2018). Moreover, because ATP synthesis depends on
the proton gradient across the thylakoid membrane, any reduction in
ETR directly limits ATP production.

Heat-tolerance, defined as the ability to produce economic yield
under supraoptimal temperatures (Sato et al., 2024), is critical for future
food security. Physiological phenotyping for climate stress tolerance is
an established method for identifying and describing climate-resistant
varieties (Abdelhakim et al., 2022b; Moore et al., 2021; Rosenqvist,
2022). Yet, phenotyping studies are often constrained by a lack of
integration with yield-related traits and grain quality metrics, which are
essential for translating stress responses into meaningful outcomes for
crop production. Improved knowledge on heat resistance and its un-
derpinning mechanisms, particularly how these relate to yield perfor-
mance and grain nutritional composition in lupins, could promote its use
in European cropping systems as the climate stresses intensify. Plants
can acclimate to elevated temperatures through intricate resistance
mechanisms. Under heat stress conditions with adequate water supply,
the transpiration (E), controlled by the stomata, plays a key role in
varietal response. Varieties with high E can substantially reduce leaf
temperature, allowing the photosynthetic apparatus to operate closer to
its temperature optimum as opposed to varieties with lower
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transpiration rates. Therefore, the ability of the different varieties to
sustain high leaf cooling (AT) under heat stress can serve as one of key
traits for distinguishing heat-tolerant and heat-sensitive varieties in both
leguminous and non-leguminous crops. (Mahalingam, 2014). For
example, heat resistant common bean cultivars showed high stomatal
conductance (gs) and leaf cooling in response to elevated temperatures
(Deva et al., 2020). In non-leguminous crops, Poudyal et al. (2018)
measured the F,/F,, response of 28 tomato genotypes to heat stress and
found a significant genotypic variability, with the resistant varieties also
showing stronger stomatal response, leaf cooling, CO5 assimilation rate
(Ap), and maintaining the yield under field conditions with natural heat
wave, underlining the robustness of this methodology (Poudyal et al.,
2018; Sharma et al., 2015). Zhou et al. (2018) used F,/F,, measurements
in phenotyping 127 faba bean varieties, successfully distinguishing be-
tween resistant and sensitive lines. Ibrahim (2011) measured the
membrane thermostability and canopy temperature of 45 chickpea,
lentil, and faba bean genotypes grown in the field, with both parameters
showing significant genotypic variability. Thus, various physiological
parameters can be employed in search for heat stress resistance across a
diverse range of plants.

In this study, we selected six L. angustifolius varieties based on prior
screening for contrasting physiological responses to heat stress and grain
nutritional characteristics. These included differences in PSII efficiency,
grain protein content, and quinolizidine alkaloid levels, as well as
geographic origin, with both Australian and European lines represented.
This study’s objective is to derive better understanding of lupin’s
physiological response to heat stress and elucidate its resistance mech-
anisms through a combination of gas exchange and chlorophyll fluo-
rescence methodologies. Additionally, we aim to investigate how heat
stress during specific reproductive stages influences both photosynthetic
physiology, grain yield components, and the grain nutritional compo-
sition. This leads us to our primary hypothesis, that heat tolerant vari-
eties will maintain higher levels of photosynthetic parameters, such as
A, and F,/F,,;,. We hypothesize, that AT plays a key role in maintenance
of said parameters. Lastly, we expect significant positive relationships of
the photosynthetic parameters with yield related parameters. Illumi-
nation of these relationships will contribute to development of robust
interdisciplinary heat-stress tolerance screening protocols for this crop.
Notably, this study represents the first comprehensive physiological
examination of varietal performance under varying stages of develop-
ment in response to heat stress for this species.

2. Materials & methods
2.1. Plant material and cultivation environment

Based on previous pilot studies, six varieties of L. angustifolius with
normal and restricted branching patterns were selected, including: ‘Iris’,
‘Jenabillup’, ‘Mandelup’, ‘Mirabor’, ‘Primabella’ and ‘Primadonna’. A
preliminary heat stress screening of 25 varieties revealed that ‘Mirabor’
and ‘Iris’ maintained the highest PSII efficiency (F,/Fp,), whereas ‘Pri-
madonna’ exhibited the lowest. Furthermore, the results from Roman
et al. (2023) indicate high protein content in both ‘Mirabor’ and ‘Pri-
madonna’, but substantial differences in quinolizidine alkaloid content.
The geographic origin of the varieties, with ‘Jenabillup’ and ‘Mandelup’
sourced from Australia and the rest from Europe, was also considered to
ensure broader representation. Four seeds were sown in 3 L pots filled
with peat substrate (Pinstrup 2, Pindstrup Mosebrug, Ryomgaard,
Denmark), with six pots per variety and treatment. To facilitate nodu-
lation each seed was coated with LEGUMEFIX (LEGUME technology,
Nottinghamshire, United Kingdom) before sowing. The plants were
grown in a greenhouse at Aarhus University, Department of Food Sci-
ence, with temperature settings 20/18 °C (day/night), 50 % relative
humidity (RH), daily irrigation with full nutrient solution (pH = 6.3; EC
=2.86 mS cm™ 1), 16-h photoperiod, with natural light supplemented by
LED lamps (FL300 Grow, Senmatic, Sgndersg, Denmark) when the
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photosynthetic photon flux density (PPFD) decreased bellow 150 pmol
m~2 s~ L. The greenhouse climate was regulated with LCC4 (Senmatic
A/S, Spendersp, Denmark) based on inputs from a thermometer (PT100,
RS Pro, GB), a humidity sensor (HMP60, Vaisala, Finland), and a
quantum sensor (Li-Cor, United Kingdom). After three weeks, one plant
per pot was selected and kept and finally, from the six pots, four were
used as experimental replicates. This selection procedure was based on
experience with a frequent abnormal plant development during the pilot
studies.

2.2. Temperature treatments and stages of reproductive development

Plants were exposed to three temperature treatments: 23/18 °C
(CT23; VPD 1.3/0.9 kPa), 30/25 °C (HS30; VPD 2.4/1.7 kPa), 38/33 °C
(HS38; VPD 3.7/2.7 kPa), for five days during one of two reproductive
stages of development: flower spike emergence (early reproductive
development), and grain filling (late reproductive development). Each
temperature treatment was simulated in a separate climate chamber
(Photon System Instruments, Drasov, Czech Republic). Plants were
irrigated daily with a full nutrient solution, PPFD was maintained at 300
pmol m~2 s}, and photoperiod at 16 h. The transition from night to day
temperatures was achieved with a 1-h temperature ramp beginning at
06:00. This was followed by 14 h at a steady treatment temperature,
after which another 1-h ramp facilitated the transition back to night
temperatures. Before the start of each temperature treatment, the plants
were placed in a control chamber for a two-day acclimation period and
subsequently transferred into another chamber with a corresponding
temperature treatment and randomized. The measurements and tissue
collection for further analyses were conducted on the last day of
treatment.

2.3. Gas exchange measurements

The gas exchange measurements were conducted on biological rep-
licates from control and heat stress treatments, using a portable gas
exchange and fluorescence system GFS-3000 with an integrated LED
array and PAM-Fluorometer 3056-FL (Walz, Effeltrich, Germany). The
light response curve (A,/Q) was constructed by reaching a steady state
of A, at a set of PPFD levels, as defined in Rosenqvist (2022), starting at
1000 pmol m2s During the A,/Q curve, the atmospheric CO3 con-
centration (C,) was maintained at 400 ppm. The intercellular CO5
response curve of photosynthesis (A;/C;) was designed to reach a steady
state of A, at a set of CO;, levels, as defined in Rosenqvist (2022), starting
at 400 ppm. The PPFD was maintained at 1500 pmol m~2s~* throughout
the A,/C; response. A,,/Q and A,,/C; curves were measured on 12-16 and
10-16 biological replicates, respectively, with snapshots at 1500 pmol
m~2 s PPFD extracted from the A,/Q curves for comparison. During
both A,,/Q, and A,/C; curve measurements, the cuvette temperature and
RH was set according to treatment: for CT23, the cuvette temperature
was set to 23 °C (55 % RH, VPD = 14.9 + 0.13 Pa/kPa), for HS30 to
30 °C (45 % RH, VPD = 20.4 + 0.19 Pa/kPa), and for HS38 to 38 °C (45
% RH, VPD = 29.4 + 0.48 Pa/kPa). During the measurements of heat
stressed plants, the room temperature was increased to 30 °C, and a heat
cable was used to prevent water condensation in the cuvette tubing. The
following parameters were derived from A,/Q and A,/C; curves with the
functionality from photosynthesis (version 2.1.4) and plantecophys
(version 1.4-6) R packages (version 4.2.2, R Core Team, Vienna,
Austria): maximum net assimilation rate at light saturation (Apay),
apparent quantum yield of CO2 assimilation (), dark respiration rate
(Ryg), light compensation point (LCP), curve convexity (), maximum
rate of carboxylation (V¢max), and maximum RuBP regeneration rate
(Jmax)- Instantaneous (WUEjqy) and intrinsic water use efficiency (WUE;)
was calculated by dividing A, by g, and E, respectively, at PPFD 1500
pmol m~2s! (Hatfield and Dold, 2019). The photorespiration rate (P,)
was estimated for all treatments according to Valentini et al. (1995) and
de Souza et al. (2024) as:
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P,=1/12[ETR — 4(A, + R4/ 2)].
The AT was calculated with the equation

AT= Tleaf - Tcuw

where Tjy is the leaf temperature, T, the cuvette temperature, and
negative values indicate leaf cooling.

A 2.4 cm? leaf area adapter was used; however, the area of each
measured leaflet section was individually determined for each replicate.
This procedure was put in place due to the leaflet area always falling
below the lowest available GFS cuvette area. This determination was
made through a custom-made MATLAB (R2022B) image segmentation
script and a standardized leaf imaging-station. More details on the
validation method are provided in the Supplementary Materials section
(Table S. 5).

2.4. Chlorophyll fluorescence quenching

Chlorophyll a fluorescence quenching parameters were determined
using a Portable Chlorophyll Fluorometer PAM-2500 (Walz, Effeltrich,
Germany), and an automated protocol optimized for lupins in the
PamWin-3 software. In total 14-16 biological replicates were measured.
Following parameters were quantified: effective photochemical quan-
tum yield of PSII (F4/F,), quantum yield of non-photochemical energy
conversion in PSII due to down-regulation of the light-harvesting func-
tion (Y-NPQ), quantum yield of non-photochemical energy conversion
in PSII other than that caused by down-regulation of the light-harvesting
function (Y-NO), non-photochemical fluorescence quenching (NPQ),
coefficient of non-photochemical fluorescence quenching (qn), coeffi-
cient of photochemical fluorescence quenching (qp), fraction of open
PSII centres (qr), ETR, and F,/Fp, (Maxwell and Johnson, 2000; Murchie
and Lawson, 2013).

2.5. Yield components

Upon senescence, pods from all individual replicates were harvested
separately and later pooled according to the corresponding batches. The
batch from each treatment combination contained 3-4 biological rep-
licates. With a total of four batches for each individual treatment, the
final pooled replicate count per treatment was four. Pooling was done to
enable standardized processing using an automated image analysis
platform, while also reducing the labour required for individually
handling large numbers of plants. The pooled samples were analysed
separately for TGW, grain count, and yield using an automated image
segmentation MARVIN ProLine platform (MARVITECH, Wittenburg,
Germany). Parameters grain count and grain yield were standardized
according to the number of biological replicates per pooled sample.

2.6. Proximal nutritional analysis

The nutritional composition of the pooled grain samples collected
from plants treated at grain filling was further analysed (n = 4). Before
milling, grains were dried in a freeze-dryer for a period of three days,
followed by milling at a size of 500 pm using a Miller at a speed of 6000
rpm. The powder was collected and stored at 4 °C.

The nitrogen content of the powders was determined using the
dumas combustion analysis method with the equipment DUMATHERM
(Gerhardt, Konigswinter, Germany). All samples were prepared by
weighing 15 mg of powder in DumaFoil and recording the exact weight.
A nitrogen to protein conversion factor of 5.7 was applied. Tris
(hydroxymethyl)aminomethane (THAM) was used as a standard for
calibration.

A Folch procedure adapted from Keuleyan et al. (2023), was carried
out to perform the lipid extraction. 100 mg of powder was hydrated in
600 pL phosphate buffer (pH 7, 0.01 M) overnight at 4 °C under
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magnetic stirring. The precise weight of powder was recorded (P0). The
next morning, 5 mL of chloroform/methanol extraction solvent (2:1 v/v)
were added to the hydrated powders. After stirring the mixture for 1 h, a
filtration under vacuum to retrieve the liquid phase was performed. To
limit the loss of products, the powder was washed with 4 mL of
extraction solvent and filtrated again. This procedure was repeated
twice. The obtained filtrate was then transferred into a tube with 3.5 mL
of NaCl (0.73 % w/v), mixed, and centrifuged at 4 °C, 1000 g for 10 min.
The bottom organic phase was then collected in small beakers using
Pasteur pipettes. After addition of anhydrous sodium sulphate and
vacuum filtration, the filtrate was recovered in an empty weighed glass
tube (W0) and the solvent was evaporated under Speed vacuum evap-
orator Genevac EZ-2 Elite (Genevac Ltd, Ipswich, UK) at 38 °C. The glass
tubes were then weighed once they were at room temperature (W1). The
lipids contents were then quantified by the following formula:

100 x (Wl — Wo)

Amount of lipid (%) = P
0

Moisture and ashes were quantified using a muffle furnace (Naber-
therm GmbH, Bremen, Germany). About 1 g of powder was weighed in
porcelain crucible and dried at 105 °C for 3 h. Subsequently the crucibles
were weighed, then put in a muffle furnace for 30 min and weighted
again. The procedure was repeated until the weigh obtained was con-
stant between two measurements. The dry powder was then let to
carbonize at 550 °C for 5 h. The determination of ash content was done
after weighing the remaining minerals left in the crucible after cooling
down. For quantification of ash and moisture content see Supplementary
Materials. After the quantification of proteins, lipids, moisture and
minerals, the remaining percentage left in the powder to reach 100 %
was considered as carbohydrate.

Lastly, protein and carbohydrate yields were calculated according to
the following equation:

Ycomponent = Ygrain X Ccomponent

where:

® Yeomponent = Yield of the specific grain nutritional component (pro-
tein, carbohydrate) per plant (g).

® Yjiane = Total grain yield per plant (g).

¢ Cecomponent = Content of the specific component in the grain (g per g of
grain powder), representing its proportion in the grain mass.

2.6.1. Statistical analysis

All analyses were conducted in RStudio (R version 4.2.2). Prior to
ANOVA, assumptions of normality and homoscedasticity were assessed.
Parameters including Ap, Amax, R4, grain yield, grain count, TGW, pro-
tein, carbohydrates, lipids, ash, and moisture met these assumptions and
were analysed using Gaussian models.

Parameters such as E, C;, ETR, LCP, Jnax, Vemax, TGW, grain count,
and yield were analysed using Gamma models (due to assumptions of
normality and homoscedasticity not being met). Distribution fit was
confirmed using internal R diagnostics. One-, two-, and three-way
ANOVA was applied as appropriate.

Traits not meeting parametric assumptions (AT, gs, Py, F,/Fp, NPQ,
and qp) were analysed using the Kruskal-Wallis test via the kruskal()
function from the agricolae package (v1.3-7). Post-hoc tests for para-
metric and Gamma-distributed variables were performed with posthoc()
from the postHoc package (v0.1.3).

Principal component analysis (PCA) was performed on batch-
averaged data (variety x temperature x developmental stage),
including physiological traits, yield components, and grain nutritional
parameters. Data were centred and scaled using scale(), and PCA was
conducted with prcomp() and visualized using autoplot() from ggplot2
(v3.5.1). Pairwise correlations among selected traits within each
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temperature treatment and stage (flowering, grain filling) were
computed with cor() and visualized using corrplot() (corrplot v0.95).
Significance was tested with cor.mtest() (a < 0.05).

3. Results

3.1. Developmental stage modifies varietal CO2 assimilation response to
severe heat stress

As expected, temperature treatments showed strong effect on A, (p <
0.0001). During flower spike emergence, HS30 had limited impact on A,
compared to control (CT23), except for ‘Primabella’, which showed a
significant reduction (—12 %; Fig. 1A). As anticipated, HS38 reduced A,
in all varieties, with notable differences observed among them (p <
0.0001). ‘Mandelup’, ‘Iris’, and ‘Jenabillup’, maintained a significantly
higher A, relative to ‘Mirabor’ and ‘Primadonna’ (Fig. 1A and Table S1).
These responses were significantly modified by the stage of development
(p < 0.0001).

During grain filling, the effect of HS38 was more pronounced,
resulting in a greater reduction in A, in all varieties compared to flower
spike emergence. Notably, ‘Primabella’ and ‘Primadonna’ showed the
most substantial decrease in A, (56 % and 62 %, respectively), con-
trasting with the relatively better performance of ‘Mirabor’, ‘Iris’, and
‘Jenabillup’ (Fig. 1A and Table S1). The reduction of A, in response to
HS38 was mirrored by a significant increase in C;. While no notable
differences in C; between varieties were detected at flower spike emer-
gence, significant variability was observed across all temperature
treatments during grain filling (Table S1). ‘Primabella’ and ‘Prima-
donna’ showed the highest C; values in all temperature treatments, while
the lowest values were consistently recorded for ‘Mirabor’, ‘Iris’, and
‘Jenabillup’ (Figs. 1B, 2A and 2B).

3.2. The stomatal response to severe heat stress is dependent on
developmental stage

There was a notable difference in the stomatal response to the tem-
perature treatments between the two developmental stages (p < 0.0001;
Fig. 1C). During flower spike emergence, the g; was unaffected under
HS30, but increased sharply in response to the HS38 (47 % on average).
However, this response was nearly absent at grain filling. While ‘Mir-
abor’ and ‘Primadonna’ exhibited a limited yet significant increase in g
in response to both HS30 and HS38 relative to CT23, no significant
changes were detected in the other tested varieties (Fig. 1C). Given the
close relationship with g;, similar patterns were observed in E, with a
slight increase in response to HS30 and a sharp increase in response to
HS38 (159 % on average). Although this response was less pronounced
during grain filling, the general pattern persisted. Notably, ‘Primabella’
showed significantly lower E relative to the rest of the tested varieties
(Fig. 1D).

The differential stomatal response, and therefore E, across develop-
mental stages further translated into similar patterns in AT (Fig. 2G and
H; R% = 0.94 for AT vs. E, data not shown). No differences were detected
in AT between varieties at flower spike emergence; however, a more
variety-dependent response was evident at grain filling. ‘Primadonna’
and ‘Mandelup’ were most efficient at cooling their leaves, while ‘Pri-
mabella’ showed the lowest AT (Fig. 2G and H).

3.3. Variety dependent sensitivity of dark reactions under heat stress

To gain deeper insights into the impact of heat stress on the photo-
synthetic performance, the V pq, and Jyq, parameters were derived from
Ap/C; response curves. These parameters were normalized to 25 °C,
allowing an examination of dark reaction levels, without the con-
founding effect of temperature. Both HS30 and HS38 significantly
reduced V gy relative to CT23 in both developmental stages (Fig. 3A).
At flower spike emergence, the Vi pq, decreased with increasing
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Fig. 1. Leaf gas exchange measurements at 1500 pmol m~2s ! PPFD. A) Net photosynthetic assimilation rate (A,), B) Stomatal conductance (g;), C) Intercellular CO,
(Cy), D) Transpiration rate (E). The temperature treatments CT23, HS30, and HS38 are indicated in colour as light blue, yellow, and red, respectively. The data show
means =+ standard error (SE) (n = 11-16). The compact letter display indicates differences between treatments within variety and stage of development. For dif-
ferences between varieties within treatments and developmental stages, please refer to supplementary materials. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

s0f- A) - C)

[ I m

)

£

o

=

»

T,

o~ =

N o
)
£
3
£
2

3 )

< S

5

=

=

@

1 1 1 1 1 1 1 1 ._ 1 1 1 1 1 L 1 1 1 1 1 1 1 1 1 1 1 1 o 1 o 1 . 1 . 1 4 1
200 250 300 350 100 200 300 250 500 750 1000 12505 -4 -3 -2 -1 0 1
C, (ppm) ETR (umol m?s™) g, (mmol m?s™) AT (°C)

Fig. 2. Relationships between the net CO, assimilation rate (A,) and A, B) intercellular CO, concentration (C;); C, D) electron transport rate (ETR); E, F) stomatal
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(Iris), @ (Jenabillup). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Parameters derived from A,,/C; curves normalized to 25 °C; A) maximum carboxylation rate of RuBP by Rubisco (V¢max), B) maximum RuBP regeneration rate
(Jmax); The temperature treatments CT23, HS30, and HS38 are indicated in colour as blue, yellow, and red, respectively. The data show means + SE (n = 10-16). The
compact letter display indicates differences between treatments within variety and stage of development. For differences between varieties within treatments and
developmental stages, please refer to supplementary materials. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

temperature without a significant genotypic variation (—25 %, —54 %
for HS30, HS38, respectively). However, distinct varietal responses in
Vemax emerged at grain filling (p < 0.0001). Notably, ‘Primabella’ and
‘Primadonna’ displayed the lowest V pqy values under CT23 conditions
compared to other varieties (<143 pmol m 2 s’l; Table S2). This trend
continued under both HS30 and HS38 conditions, where V nqx values for
‘Primabella’ and ‘Primadonna’ further declined by 72 % and 79 %,
respectively, under HS38. ‘Mirabor’ and ‘Iris’ were most capable at
maintaining their V nq potentials (Fig. 3A).

Comparable trends, though with notable exceptions, were observed
in the Jyqx response. At flower spike emergence, ‘Jenabillup’ was the
only variety capable of maintaining Jmec at CT23 levels in both heat
treatments (Fig. 3B). Additionally, ‘Primadonna’ and ‘Iris’ maintained
the control Jmqy level at HS30, with significant reductions at HS38 (p <
0.0001). At grain filling, the control Jpg, of ‘Primabella’ and ‘Prima-
donna’ was significantly lower than the other varieties, with the same
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pattern persisting across all temperature treatments (Table S2). ‘Mir-
abor’ and ‘Iris’ showed the lowest relative reductions of Jy;q, at HS38,
amounting to 33 % and 29 % respectively. (Fig. 3B).

3.4. Genotypic variation in photorespiration response to heat stress,
modulated by developmental stage

To gain a better understanding about the Rubisco activity under the
tested temperature treatments, the P, was estimated according to Val-
entini et al. (1995). Strong effects of treatment (p < 0.0001) and variety
(p < 0.0001) were found. The temperature treatments had no effect on P,
in ‘Primabella’ and ‘Primadonna’ during flower spike emergence. In
contrast, other varieties exhibited a slight reduction in P, at HS30, and a
significant increase at HS38 (15 % on average; Fig. 4). During grain
filling, the control P, in ‘Primabella’ and ‘Primadonna’ was significantly
lower than the other varieties (Table S2). ‘Primadonna’ exhibited a
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Fig. 4. Rates of photorespiration (P,), estimated according to Valentini et al., (1995). Lowercase letters indicate differences between treatments within variety. For
differences between varieties within treatments please refer to supplementary materials (n = 11-16).
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significant reduction in P, in response to HS38 (—36 %), whereas the
remaining varieties maintained P, at control levels.

3.5. VARIETY-DEPENDENT responses of light reactions under heat stress

To gain further insight into the limitations in the photosynthetic
assimilation associated with the light reactions, chlorophyll fluores-
cence quenching parameters were quantified. The analysis revealed
significant impacts of temperature treatments (p < 0.0001) on F,/Fy,
with notable varietal distinctions (p < 0.0001), particularly during the
grain filling stage (Fig. 5A). At flower spike emergence, only ‘Prima-
bella’ showed a significant reduction in F,/F, in response to HS30, while
HS38 caused a modest but significant reduction in all varieties. At grain
filling, ‘Mirabor’ was the only variety capable of maintaining F,/F,, at
control levels under HS30. The HS38 caused a significant reduction in
F,/Fn, however, to a differing extent depending on variety (Fig. 5A).
‘Mirabor’, ‘Iris’, and ‘Jenabillup’ were the most capable at maintaining
their F,/F,, (>0.74), while ‘Primabella’ and ‘Primadonna’ showed the
lowest values (0.61, 0.51, respectively). The disruption of PETC by the
stress treatments, as indicated by F,/Fy,, is also seen in its capacity for
electron transport. At flower spike emergence, ‘Mandelup’, ‘Iris’, and
‘Jenabillup’ could maintain their CT23 ETR under both HS30 and HS38,
while a modest but significant reduction was observed in the other va-
rieties (Fig. 5). At grain filling, ‘Primabella’ and ‘Primadonna’ showed
the lowest ETR, together with the highest NPQ (>0.92) at CT23 relative
to the rest of the varieties (Table S3). The HS38 caused a significant ETR
reduction in all varieties, but ‘Mirabor’, ‘Iris’, and ‘Jenabillup’ showed
the best ability to maintain their PETC (Fig. 5B).

3.6. Varieties better at maintaining photosynthesis under heat stress
outperform in yield

The yield performance was examined across three parameters: yield,
grain count, and TGW. The effect of heat stress was again very depen-
dent on the stage of development. While the heat stress showed no effect
on any of the yield related parameters at flower spike emergence, a
variety-dependent response was evident at grain filling (Table 1).
Generally, ‘Primabella’ and ‘Primadonna’ performed poorly across all
treatments relative to the rest of the varieties (Table 1). HS38 caused a
significant reduction in TGW for ‘Primadonna’ and ‘Mandelup’ (—26 %
and —12 %, respectively). It also led to a marked decrease in grain count
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in ‘Primabella’ (—30 %) and lowered the yield in ‘Primadonna’ (—37 %).

In contrast with the plants exposed to heat stress at flower spike
emergence (Fig. 6A, B, and 6C), a strong positive relationship between
physiological and yield performance parameters was found in plants
treated at grain filling (Fig. 6D, E, and 6F). The physiological parameters
of ‘Primabella’ and ‘Primadonna’ were negatively affected by elevated
temperature, while also performing poorly in terms of yield parameters.
Under CT23, measured at grain filling, significant positive relationships
between yield and regulated energy dissipation parameters [NPQ, qn, Y
(NPQ)], Fq’/Fm’ and q; were found. Under mild and severe heat stress,
significant negative relationships between TGW, grain count, and yield
with Y(NPQ) and Y(NO) remained. Additionally, strong positive re-
lationships were found between these yield parameters and parameters
of dark reactions of photosynthesis (Vcmax, Jmaxs An, Pr), and parameters
of absorbed energy transfer and utilization (ETR, F,/Fp,, q).

3.7. Contrasting shift in grain nutritional composition under heat stress in
sensitive and tolerant varieties

To gain a deeper understanding of yield performance, a proximal
nutritional analysis was performed on grains of four varieties with
contrasting physiological responses to heat stress: ‘Mirabor’, ‘Prima-
bella’, ‘Primadonna’, and ‘Iris’ (Table 2). HS38 significantly affected
grain protein (p < 0.01), lipid (p < 0.0001), carbohydrate (p < 0.01), ash
(p < 0.01), and moisture content (p < 0.001). ‘Primabella’ and ‘Prima-
donna’, which underperformed across several physiological and yield
parameters, exhibited a notable increase in grain protein content (17 %
and 21 %, respectively) alongside a reduction in carbohydrates (—7 %
and —16 %, respectively). In contrast, no significant changes in these
components were observed in ‘Mirabor’, while ‘Iris’ showed a marked
decrease in carbohydrate content (—13 %) with a concurrent increase in
grain lipid content under HS38 (41 %). Lastly, both ‘Mirabor’ and ‘Pri-
madonna’ had a rise in grain ash content in response to heat stress.

To further investigate the effects of heat stress on yields of specific
grain nutritional components, we have calculated protein and carbo-
hydrate yields (Yprot, Ycarh, respectively). We have found no effect of
heat stress on the Yp, in any of the tested varieties, while a significant
reduction in Ycqp was detected in ‘Primabella’ and ‘Primadonna’
(Table S4).

A strong relationship between grain nutritional components and
physiological parameters under the severe heat stress at grain filling was
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Fig. 5. Chlorophyll fluorescence quenching parameters measured at 1500 pmol m~2 s~! PPFD; A) Maximum quantum efficiency of PSII (F,/F,) on dark-adapted

leaves, and B) Electron transport rate (ETR). The temperature treatments CT23, HS30, and HS38 are indicated in colour as blue, yellow, and red, respectively.
The data show are means + SE (n = 10-16). The compact letter display indicates differences between treatments within variety and stage of development. For
differences between varieties within treatments please refer to supplementary materials. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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Table 1
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Yield related parameters: thousand grain weight (TGW), grain count, and yield, shown as means + SE. The three temperature treatments indicated as C23 (control),
HS30 (mild heat stress), and HS38 (severe heat stress). Uppercase letters indicate significant differences between varieties within treatments; lowercase letters indicate

differences between treatments within varieties.

Grain Filling

TGW (g)

Grains

Yield

(n plant™1)

(g plant™1)

Variety Treatment Flower-spike emergence
TGW (g) Grains Yield
(n plant™1) (g plant™1)
Mirabor CT23 106.65 + 2.48 A2 217.81 + 41.08 42 23.22 +1.0842
HS30 105.75 + 5.85 A 2 245.67 + 22,5542 26.15 +1.47 42
HS38 100.28 + 7.74 42 174.31 £ 18.68 A2 17.62 + 15142
Primabella CT23 57.01 + 4.49 €2 126.13 £ 23.37 B2 7.48 £0.83¢%
HS30 65.45 + 8.53 B2 141.81 & 28.99 A 2 10.32 +1.2942
HS38 69.41 +3.158¢ 171.63 £ 36522 12.11 £ 0.86 A2
Primadonna CT23 74.29 + 6.76 B2 143.31 £ 10.96 AB 2 10.64 + 0.86 B¢ 2
HS30 87.35 + 2,99 AB2 138.19 + 11.84° 12.14 + 0.69 42
HS38 84.96 + 5.42 B2 151.19 £ 20.0" 2 13.21 +1.2742
Mandelup CT23 97.38 +3.3222 126.75 + 13.54 82 12.41 + 0.79 ABC¢ 2
HS30 93.81 +9.78 AB 2 180.94 + 19.58 A 2 16.11 + 0.49 42
HS38 99.27 +£11.342 161.81 £ 11.7342 15.56 + 0.77 A2
Iris CT23 101.46 + 2.16 42 175.56 + 13.71 AB 2 17.77 + 0.47 AB 2
HS30 92.41 +10.16 #B 2 146.13 £ 21.47 A2 14.4 £+ 16722
HS38 106.39 + 4.67 A2 188.88 £ 22.34 A2 20.29 +1.2942
Jenabillup CT23 105.53 + 3.254 2 157.06 + 11.65 AB 2 16.62 + 0.81 ABa
HS30 107.66 + 8.6 A2 165.56 = 8.194 2 18.11 +1.96 A2
HS38 99.04 +11.35 42 180.25 + 16.35 A 2 18.65 + 2.31 A2

107.44 + 2,18 AB2
106.59 + 2.24 42
116.05 + 4.58 42
66.58 + 3.51 €2
65.79 £1.93¢2
70.43 + 2.69B €2
92.03 + 3.57 B
80.35 + 2.35 P
67.23 £257°¢¢
105.48 + 6.46 AB 2P
110.17 £ 2.38 A2
89.7 +7.16 B P
106.07 + 3.5 AB 2
107.63 £ 1.76 42
95.83 + 14.42 4%
117.35 £ 6.36 42
109.04 +3.5542
106.98 +7.98 42

192.81 +£53.242
233.31 + 51.68 A °
235.63 4+ 27.324 2
234.63 + 13.494 2
185.94 + 30.78 A 2
168.85 + 13.62 4P
158.56 + 15.25 4 2
148.17 £11.97 A2
138.38 £19.37 A2
182.88 £ 15.14 42
219.75 + 11.16 A2
242.06 + 21.59 42
226.94 + 31.36 22
233.06 + 24.24 42
240.02 + 23.2342
216.06 + 7.83 2
188.08 + 37.56" 2
239.94 + 29.56"

20.86 +1.254 %2
2499 +1.2142
27.36 £ 1.36 42
15.61 + 0.63 42
12.29 + 0.6B ¢
11.95 + 0.6B €2
14.65 + 0.79 42
11.92 + 0.53 ¢
9.32+0.49¢P
19.58 + 1.48 42
24.24 +0.76 A2
22.28 +1.70 2B 2
23.82+0.9442
25.1+0.744°2
22.9 +2.28AB3
25.34 +1.27A2
20.26 + 1.09%B 2
26.63 + 2.35% 2

found. For example, the grain protein contents showed a significant
negative correlation with Ve and ETR, as well as a strong positive
correlation with NPQ. However, grain lipid contents showed significant
positive correlation with Ap, Vemax, and Jmex (data not shown).

3.8. PCA reveals distinct phenotypic responses to heat stress at different
developmental stages

Furthermore, a PCA was performed to more holistically evaluate the
driving factors of treatment- and variety-dependent responses of plants
at the two developmental stages. In plants treated at flower spike
emergence, the PC1 and PC2 explained 47.06 % and 13.78 % of the
variability, respectively (Fig. 7A) and we primarily observed a separa-
tion along the PC1. This separation was driven by changes in plant water
relations (g, E, AT) and carbon balance parameters (Rq4, LCP, C;) under
severe heat stress, while control plants showed higher photoprotective
and photosynthetic parameters, including regulated energy dissipation
[Y(NPQ), NPQ, qn1, photosynthetic performance (e.g., F,/Fn, An, Amaxs
Vemax, ETR, 6, @), and water-use efficiency (WUE;, WUEjeq). While PC2
captured variation in yield-related traits and certain fluorescence pa-
rameters, it did not result in distinct clustering.

In plants treated at grain filling, the PC1 and PC2 explained 48 % and
19.66 % of the variability, respectively (Fig. 7B). Similarly to flower
spike emergence, we observed a treatment-dependent separation along
the PC1, driven by plant water relations (E, AT), carbon balance pa-
rameters (C;, LCP), and nutritional components (ash, protein) under the
severe heat stress; while the control differs in water-use efficiency pa-
rameters (WUE;, WUEq), and photosynthetic performance including
the parameters of light (F,/Fm, F¢/Fy, 6, ETR) and dark (Vemaxs Jmaxs
Amax, Ap) reactions of photosynthesis, yield and nutritional composition
related parameters (carbohydrates and moisture). In contrast to the
response at flower spike emergence, a clear variety-dependent separa-
tion along PC2 was seen at grain filling (Fig. 7B) under both control and
heat stress conditions. The separation of heat-tolerant and sensitive
clusters was driven by differences in regulated energy dissipation [Y
(NPQ), NPQ, qn], plant water relations (gs, E, AT), carbon balance (Rq4,
LCP) and nutritional parameters (such as grain lipid content).

4. Discussion

This study provides novel insights into the physiological and

agronomic responses of L. angustifolius to short-term heat stress imposed
at two critical reproductive stages. By integrating gas exchange, chlo-
rophyll fluorescence, yield traits, and grain nutritional composition, we
demonstrated that both the developmental stage at which heat occurred
and varietal differences significantly influenced the degree of stress
sensitivity. Notably, photosynthetic traits such as net CO, assimilation
and PSII efficiency were strongly correlated with yield performance and
grain quality under heat stress, emphasizing their potential as robust
selection criteria in breeding programs. While physiological phenotyp-
ing is widely used to identify stress-tolerant genotypes, such approaches
rarely account for the effects of stress on grain nutritional qual-
ity—despite its critical role in determining the overall value and adop-
tion potential of novel legume crops. Our findings address this gap and
underscore the importance of integrating physiological and grain
nutritional traits when evaluating varietal performance under climate
stress.

4.1. Heat induced Rubisco limitation suppresses net photosynthesis at
flower spike emergence

Temperatures above the physiological optimum are known to reduce
the A, (Mathur et al., 2014; Ahmad et al., 2025). In this experiment a
heat stress at flower spike emergence caused a reduction in A, with a
concurrent accumulation of the intercellular CO5 in all tested lupin va-
rieties (Figs. 1 and 2). This aligns with results from Akula et al. (2024),
Abdelhakim et al. (2022a), Chovancek et al. (2019) on wheat, as well as
Carmo-Silva and Salvucci (2012) on legumes. This indicates reduced
rates of RuBP carboxylation by the Rubisco enzyme, as evidenced by the
reduction in the standardized V pqe (Fig. 3). Similar response was
documented by Sommer et al. (2024), experimenting on wheat. On the
other hand, the P, at HS38 was significantly higher relative to HS30 in
the heat tolerant varieties, while the susceptible ‘Primabella’ and ‘Pri-
madonna’ showed control levels (Fig. 4). We concluded that this is
caused by reduction of CO5 solubility, and increased Rubisco specificity
towards Oy at high temperatures (Jordan and Ogren, 1984; Dusenge
et al., 2019).

4.2. Electron transport chain stability during heat stress is supported by
photorespiration

Photorespiration supports electron transport in the thylakoid
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given relationship below a < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

membrane by consuming excess reducing power and energy (NADPH,
ATP), thereby preventing accumulation and allowing the light-
dependent reactions to proceed efficiently (Bauwe, 2023; de Souza
et al., 2024; Eisenhut et al., 2019; Voss et al., 2013). This contributes to
the prevention of the PETC over-reduction, and thus photoinhibition as
evidenced by biologically insignificant reductions in F,/Fp, in all vari-
eties. This agrees with our results, where ETR was maintained at control
levels in ‘Mandelup’, ‘Iris’, and ‘Jenabillup’, while a modest reduction

was observed in the other varieties (Fig. 5).

Beyond its photoprotective role, photorespiration functions as a
crucial redox valve under stress, helping to dissipate excess electrons
and avoid ROS build-up—particularly under conditions where CO; fix-
ation is impaired, such as heat or drought stress (Voss et al., 2013;
Wingler et al., 2000). The process not only consumes ATP and NADPH
but also helps stabilize chloroplast redox balance and interacts dynam-
ically with mitochondrial and peroxisomal metabolism (Eisenhut et al.,
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Table 2
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Proximal nutritional analysis of Lupin grains exposed to control temperatures and severe heat stress at grain filling expressed in g per 100 g of grain powder. The
uppercase letters indicate differences between varieties within treatments, while */ns indicates the effect of treatment within variety.

Variety Treatment Protein Carbohydrates Lipids Ash Moisture
Mirabor CT23 25.34+0.4A0 59.4 + 0.4 A 7.6 £ 0340 4.4 + 0.05 A+ 3.24 0.5
HS38 28.7 £1.5% 570+ 1.64 7.3+058 5.1 +0.04 4 1.8+034
Primabella CT23 25.3 + 0.5 A 61.4 + 0.3 A 6.8 + 0.3 4B s 48+ 0140 1.8+0258m
HS38 30.6 + 0.8 AP 57.3+1.04 65+0.1° 524014 0.5+0.3%
Primadonna CT23 28.0+1.04% 59.3 + 0.8 A* 5.8 +0.258m 5.0 + 0.1 A* 1.9+0158*
HS38 35.4+0.44 50.8 £ 0.5 6.9+06" 57+014 1.3+0.348
Iris CT23 27.7 £1.24™ 60.8 4+ 1.5 A« 5.8+0.38+ 46+0140 1.1+0158m™
HS38 30.3 £ 1.8 48 53.7 £ 1.6 AB 9.9+0.7% 52+024 0.9+ 0548
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Fig. 7. Principial component analysis of gas exchange, chlorophyll fluorescence, yield components, and grain nutritional composition parameters, in response to
control and severe heat stress; separately for: A) plants treated at flower spike emergence, and B) grain filling.

2019). Additionally, the production of Hapy during glycolate oxidation
in peroxisomes may serve as a signalling intermediate in
redox-regulated stress responses (Voss et al., 2013). This buffering ca-
pacity may explain the maintenance of RuBP regeneration rates under
heat stress, with a notable case in ‘Jenabillup’, where J;,;q, remained
stable (Fig. 3).

Thus, while the dark reactions appear more vulnerable to heat
stress—as shown in the decline of Vi uge and Jmge in most varieties
(Crafts-Brandner and Law, 2000; Scafaro et al., 2023)—photorespiration
helps protect the photosynthetic apparatus by alleviating redox imbal-
ances. This aligns with recent perspectives that frame photorespiration
not as wasteful, but as an integral, dynamic component of stress resil-
ience and photosynthetic optimization under fluctuating environments
(Bauwe, 2023; Timm and Hagemann, 2020).

4.3. Leaf cooling protects the photosynthetic apparatus at flower spike
emergence despite biochemical constraints induced by heat stress

Plants often increase stomatal conductance in response to heat stress
as a cooling mechanism, a pattern observed in previous studies (Deva
et al., 2020; Chen et al., 2025; Diao et al., 2024; Urban et al., 2017; Devi
et al., 2023). In our experiment, the stomatal conductance and tran-
spiration remained high under the HS38 relative to control in all vari-
eties as seen in Fig. 1 (Urban et al., 2017; Sharma et al., 2015; Chen

10

et al., 2025). Thus, it can be asserted that, despite the reduced V pqx and
higher Ry, the intercellular CO2 did not reach sufficiently high levels to
induce reduction in g (Engineer et al., 2016). This resulted in significant
AT (Fig. 2), further mitigating the effects of heat stress by maintaining
the photosynthetic apparatus closer to its thermal optimum (Deva et al.,
2020; Poudyal et al., 2018; Sharma et al., 2015).

4.4. Grain filling heat stress triggers contrasting photosynthetic losses
across varieties, buffered by photorespiration

Interestingly, at grain filling the heat stress elicited a markedly
different physiological response compared to flower spike emergence,
with significant varietal differences. Both mild and severe heat stress
induced an overall reduction in Rubisco activity, attributed to high rates
of inactivation of Rca (Carmo-Silva and Salvucci, 2012; Khanzada et al.,
2025). ‘Primabella’ and ‘Primadonna’ showed the highest reduction in
Rubisco activity, with a concurrent highest C; (Figs. 1 and 4). Thus, the
insufficient cycling of substrates for the light dependent reactions likely
led to a gradual over-reduction of PETC and photoinhibition, as seen by
the significant reductions in ETR and F,/Fp, (Fig. 5). On the other hand,
‘Mirabor’, ‘Iris’, and ‘Jenabillup’ maintained higher levels in photo-
synthetic parameters of light (ETR, F,/Fp) and dark reactions (A, Py,
Vemax)- Interestingly, similar findings were reported by Akula et al.
(2024), who observed significant effects of developmental stage, with
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more pronounced varietal differences at later stages (anthesis)
compared to earlier stages (stem elongation), as evidenced by distinct
cluster separation in the PCA analysis. In all varieties, the percentage
reduction in metabolic activity under HS38 relative to CT23 followed
the pattern: A, (23-62 %) > ETR (9-45 %) > P, (0-34 %). This suggests
that P, plays a crucial role in maintaining electron transport when A, is
significantly inhibited.

4.5. Heat stress-induced stomatal adjustments at grain filling reflect
Rubisco decline and cooling efforts, with a shift in water allocation toward
developing grains

Our results showed a clear divergence in stomatal conductance re-
sponses to heat stress across developmental stages, with a marked lack of
stomatal response at grain filling compared to flower spike emergence
(Fig. 1). A modest yet statistically significant increase in g5 under heat
was observed only in ‘Mirabor’ and ‘Primadonna’, while the remaining
varieties maintained g; at control levels. This response may be linked to
a general decline in Rubisco activity under heat, accompanied by a rise
in intercellular CO3 concentration (C;), which signals downregulation of
gs to align CO, supply with reduced assimilation capacity (Carmo-Silva
and Salvucci, 2012). This was reflected in lower transpiration and AT
across all varieties, potentially exacerbating thermal stress (Fig. 2).

These findings align with previous research suggesting that stomatal
behaviour may shift depending on developmental stage and carbon
economy (Akula et al., 2024). During flower spike emergence, plants
appeared to prioritize carbon gain over water conservation, maintaining
photosynthesis to support developing reproductive tissues and the
accumulation of carbon reserves needed for grain filling. At this stage,
mechanisms like transpirational leaf cooling are clearly favoured to
protect photosynthetic function and avoid premature leaf loss. In
contrast, during grain filling, the role of leaves shifts to serving primarily
as sources for assimilate translocation. Here, the plant exhibits reduced
stomatal conductance under heat stress, reflecting a strategy to conserve
water. Excess water loss at this stage could increase phloem sap vis-
cosity, elevate hydraulic resistance and impair assimilate flow toward
developing grains—ultimately compromising reproductive success
(Woodruff, 2014; Stanfield and Bartlett, 2022). Thus, stomatal regula-
tion may prioritize maintaining phloem function over photosynthetic
performance. This interpretation supports and potentially extends the
framework proposed by (Blonder et al., 2023), who posits that leaves are
shed when the water cost of thermal protection outweighs the carbon
benefit of retention. Our findings suggest that not only the possibility,
but perhaps the necessity of future carbon gain determines stomatal
behaviour—critical at early reproductive stages but deprioritized at
grain filling when efficient carbon translocation becomes paramount at
the expense of leaf tissue temperature (Sarto et al., 2017). By demon-
strating that developmental stage plays a critical role in determining
whether stomata prioritize heat avoidance or resource allocation, our
work addresses an important gap in the understanding of stomatal
behaviour in hot environments.

4.6. VARIETY-DEPENDENT Yyield responses to grain filling heat stress
align with photosynthetic decline

Heat stress at reproductive development can reduce the grain legume
yields through a variety of interconnected mechanisms. These are
associated with photosynthetic assimilation, assimilate translocation
and partitioning, which affects reproductive organ development, as well
as the activity of enzymes involved in carbohydrate and protein
biosynthesis in grains (Boyer and McLaughlin, 2007; Sita et al., 2017,
2018; Sumesh et al., 2008). Yield losses of legumes exposed to heat stress
during anthesis depend on the species and intensity of the stress. These
can range from 10 % in chickpea at 26 °C, to 90 % yield reduction in
peanut at 44 °C day temperatures (Farooq et al., 2017). In an experiment
conducted by Jansen et al. (2009), lupins grown at 20 °C until anthesis
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were exposed to 30 °C for one month, which resulted in a failure to set
pods. Additionally, three lupin varieties were exposed to temperatures
of 30/16 °C from flowering until pod ripening in a chamber experiment.
This resulted in extreme reductions in pods per plant, grains per plant,
and overall yield. The minimum reductions observed were 56 %, 81 %,
and 92 %, in respective parameter, in ‘Probor’. In our experiment, the
plants exposed to heat stress at flower spike emergence begun flowering
during the five days of temperature treatment. However, in contrast
with majority of the literature we did not find a significant effect of heat
stress on any of the measured yield parameters (Table 1).

Leaf photosynthesis rate and leaf carbohydrate contents are closely
related (Proietti et al., 2023; Zhou et al., 2017). A reduction in leaf
photosynthesis can lead to a gradual depletion of leaf carbohydrate re-
serves and reduced sucrose translocation towards the reproductive or-
gans (Boyer and McLaughlin, 2007; Sita et al., 2017). Furthermore, a
reduction of glucose and starch contents in developing reproductive
organs has been linked to decreasing photosynthetic assimilation under
abiotic stress (Boyer and McLaughlin, 2007). Plants can cope with
short-term disruptions of photoassimilation through utilization of car-
bon reserves from roots and stems. These reserves can become critical
especially during the short-term heat stress, when the photosynthetic
assimilation are limited, and Ry increases significantly (Boyer and
McLaughlin, 2007; Sita et al., 2017; Farooq et al., 2017; Taria et al.,
2025). In line with this, the absence of a measurable yield impact during
heat stress at flower spike emergence in our study may suggest that
L. angustifolius is capable of buffering short-term stress through effective
use of internal carbon reserves. Heat stress at anthesis primarily limits
the yield by disrupting pod and seed set, which could partly explain the
absence of the temperature effect on TGW in this experiment. However,
this does not explain the absence of temperature effect on grain count
(Table 1). Physiological data measured at flower spike emergence
indicate a limited effect of heat stress on light-dependent processes of
photosynthesis, and a modest effect on A, allowed by maintaining
Rubisco activity through P, and AT. Thus, it is possible that the five days
of heat stress were not sufficient to trigger a shortage of
photo-assimilates for translocation towards reproductive organs, with
the possibility of further mitigation through utilization of carbohydrate
reserves from roots and stem (Boyer and McLaughlin, 2007; Chaves
et al., 2002). Heat stress at grain filling reduces yields through disrup-
tion of transport of carbohydrates and biochemical processes involved in
synthesis of starch, protein, and lipids (Sita et al., 2017). Additionally,
heat stress can disrupt the source-sink relationship by reducing the
source strength by inhibiting photoassimilation and directing more
photoassimilates towards acclimatory metabolic adjustment (Plaut
et al., 2004; Sehgal et al., 2018). These are possible explanations for the
observed reduction in grain count, TGW, and yield in the heat sensitive
‘Primabella’, and ‘Primadonna’, as these varieties also experienced sig-
nificant disruption of light- and dark-dependent processes of photo-
synthesis, leading to possible source limitations as a result of reduced
carbon reserves (Figs. 1 and 2).

4.7. Heat stress at grain filling modulates carbohydrate and protein
accumulation differently across varieties

The effect of heat stress on yield can be further elucidated by
examining its effect on the grain nutritional components. Since starch
constitutes a significant portion of seed weight, disruption in its accu-
mulation is the primary factor contributing to yield loss under heat stress
(Sita et al., 2017; Yang et al., 2004; Sumesh et al., 2008). The vast
majority of studies on heat stress report significant reductions in grain
carbohydrate contents (Sarkar et al., 2021; Farooq et al., 2018; Ben
Mariem et al., 2021). Carbohydrate accumulation can be inhibited
through reduced photosynthate supply, translocation, as well as dena-
turation of enzymes involved in their synthesis, such as soluble and
granule bound starch synthase (Sumesh et al., 2008; Zhou et al., 2017).
Our results partially support this, as we see reduced carbohydrate
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contents under heat stress in varieties ‘Primabella’ and ‘Primadonna’,
which also showed marked reductions across a range of photosynthetic
parameters, including A,, thus the photoasimilate supply could have
become limiting (Figs. 1 and 3). An interesting exception is ‘Iris’, where
a slight reduction in carbohydrate content, with a concurrent increase in
lipids content was observed (Table 2).

The effects of heat stress on grain protein content appear highly
dependent on species and stress intensity, as an increase, decrease, and
no effect of heat stress has been reported (Rotundo and Westgate, 2009;
Farooq et al., 2018; Sarkar et al., 2021). In this experiment, the protein
yields per plant did not change in response to heat stress (Table S4),
while protein contents per grain increased significantly in the two heat
sensitive varieties (Table 2). This could indicate a higher thermal
tolerance of grain protein synthesis pathway relative to that of carbo-
hydrates. This was seen in maize under heat stress during grain filling,
where grain weight and starch deposition was suppressed due to de-
creases in enzyme activities involved in starch synthesis, while the
protein content increased due to increased activity of glutamate syn-
thase (Yang et al., 2018). Alternatively, the protein biosynthesis could
be prioritized at the expense of carbohydrates under heat stress, leading
to hydrolyzation of grain starch, with products directed towards
increased requirement for mitochondrial respiration, and a proportional
increase in grain protein content as a result. Overall, the increase in
grain protein concentration did not translate into higher total protein
yield per plant, underscoring a key trade-off between grain composition
and overall nutritional output under stress.

4.8. Future perspectives

This study highlights the importance of considering both the devel-
opmental stage and variety in breeding programs aimed at improving
heat tolerance in L. angustifolius. The findings suggest that varietal dif-
ferences in photosynthetic responses and yield losses under heat stress
could be leveraged for climate-smart breeding strategies (Ahmad et al.,
2023; Pixley et al., 2023; Raza et al., 2024). Future research should focus
on the identification of genetic markers associated with heat tolerance,
which could facilitate the development of heat-resistant varieties
through marker-assisted selection. As outlined by Raza et al. (2024),
utilizing physiological mechanisms for QTL identification and gene
discovery has been crucial for improvement of crops such as sorghum,
wheat, barley, and groundnut (Borrell et al., 2014; Williams et al., 2022;
Vadez and Ratnakumar, 2016; Vadez et al., 2012). Additionally, inte-
grating genomic and phenotypic data could further enhance the un-
derstanding of heat stress resilience mechanisms, guiding breeding
programs toward more targeted approaches (Sharma et al.,, 2017).
Agronomic practices can be refined to mitigate the heat stress, such as
optimizing irrigation schedules for improved leaf cooling (Luan and
Vico, 2021; Siebert et al., 2017). Moreover, investigating the role of
metabolites in heat tolerance could open new avenues for improving the
nutritional quality of heat-stressed crops. This is especially true for lu-
pins, that show a significant increase in toxic grain quinolizidine alka-
loids content in response to abiotic stress (Jansen et al., 2009; Frick
etal., 2018). Long-term integrative omics studies exploring the temporal
effects of combined heat stress and other abiotic stresses, such as
drought, could provide a more comprehensive understanding of how L.
angustifolius adapts to changing climate conditions as well as the rele-
vance of stress priming in multiple concurrent stress episodes in this
crop (Liu et al., 2022; Tugizimana et al., 2018; Provera et al., 2024).

5. Conclusion

In conclusion, the heat stress response of lupin varieties varied
significantly across developmental stages. At flower spike emergence,
the maintenance of ETR and Rubisco activity through increased P, and
AT helped mitigate the effects of elevated temperatures on photosyn-
thesis and yield. The absence of measurable yield reduction during this

12

Plant Physiology and Biochemistry 229 (2025) 110325

stage suggests that L. angustifolius may buffer short-term heat stress
through physiological adjustments and possible mobilization of internal
carbon reserves. However, at grain filling, varietal differences became
more pronounced. ‘Mirabor’, ‘Iris’, and ‘Jenabillup’ exhibited superior
heat tolerance, maintaining both light-dependent (F,/F,, ETR) and dark
reactions (Vemax, Jmax), Whereas ‘Primabella’ and ‘Primadonna’ showed
markedly reduced photosynthetic capacity under severe heat stress.
These differences extended to yield and grain composition. The
observed differences in photosynthetic parameters were mirrored in the
yield performance. Varieties that maintained photosynthetic function
during grain filling, such as ‘Mirabor’, ‘Iris’, and ‘Jenabillup’, also pre-
served yield-related traits, including yield, grain count and TGW,
whereas ‘Primabella’ and ‘Primadonna’ exhibited significant declines.
These patterns extended to grain nutritional composition. ‘Primabella’
and ‘Primadonna’, which showed the greatest reductions in gas ex-
change (An, Vemaxs Jmaxs Pr» Rg) and chlorophyll fluorescence (F,/Fp),
also display a marked decrease in grain carbohydrate content, coupled
with an increase in protein levels. In contrast, the more heat-tolerant
‘Mirabor’ and ‘Jenabillup’, showed no significant changes in grain
composition. These findings underscore the critical role of interdisci-
plinary phenotyping in breeding for heat tolerance, particularly during
grain filling, where differences in photosynthetic function are associated
with variations in yield and grain quality. By identifying key physio-
logical traits linked to heat tolerance, this work provides a foundation
for future physiological, metabolomic, and molecular studies supporting
the development of resilient lupins.

Beyond breeding, the adoption of heat-tolerant L. angustifolius vari-
eties offers potential agronomic and economic benefits for European
cropping systems. As a legume capable of biological nitrogen fixation,
lupin can reduce fertilizer use and support crop diversification,
contributing to soil health and sustainability. Its high protein content
also aligns with Europe’s goal of reducing dependence on imported soy
and strengthening plant-based protein self-sufficiency. Economically,
heat-resilient varieties may help stabilize yields and reduce risk under
increasing heat stress, while preserving grain quality for food and feed
markets. Together, these traits suggest that lupin could become a more
cost-effective and climate-resilient protein crop, with potential for
broader integration into sustainable European agriculture, particularly
if heat-tolerant, high-performing varieties are made available and pro-
moted through targeted breeding and policy support.
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