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ABSTRACT

The pale-green barley mutant xan-h.chli-1 has a HyCHLI subunit of Mg-chelatase with an Arg-to-Lys substitution at position 298
and exhibits a unique cold-sensitive phenotype. Under winter field conditions, xan-h.chli-1 plants fail to survive, whereas they
thrive under spring or greenhouse conditions. Controlled experiments show a specific cold-induced chlorosis gradient along leaf
blades of the mutant that was not observed in other pale-green mutants with either altered chlorophyll biosynthesis, such as chlo-
rina-f2.101 and chlorina.111, or defects in photosystem antenna protein assembly, such as husi. Photosynthetic function in young
leaf tissues was restored when exposed to optimal temperatures, emphasizing the reversibility of this cold stress. Molecular dy-
namics simulations revealed a temperature-dependent disruption of the interaction of ATP with Lys298 in the HvCHLI subunit,
which correlates with the observed cold sensitivity. Transcriptomic analyses revealed distinct gene expression patterns under
cold stress in xan-h.chli-1 leaves, which were characterized by marked inactivation of genes related to pigment biosynthesis,
photosynthesis, cell-wall formation, and remodeling. These findings highlight the role of the xan-h.chli-I mutation in conferring
cold sensitivity and offer new insights into molecular strategies for introducing the pale-green trait into modern crop varieties.

1 | Introduction traits have often been overlooked despite their considerable
potential to enhance both crop productivity and resilience to
Although plant architecture and grain yield have been exten- changing climatic conditions (Long et al. 2015). In this context,

sively studied in modern breeding programs, photosynthetic the solar energy conversion efficiency index (ECE)—which
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reflects the proportion of absorbed solar radiation that is con-
verted into biomass—is one of the key parameters. Indeed, the
total biomass production of crops is closely linked to the ECE,
which in turn depends on the photosynthetic efficiency at the
canopy level (Slattery and Ort 2020). However, in many crops,
ECE remains below 50% of its theoretical maximum (Slattery
and Ort 2020). This is because, in natural ecosystems, plants
must compete with other species for light, often accumulating
high amounts of chlorophyll and thylakoid-localized antenna
proteins that are higher than necessary for optimal photosyn-
thetic performance (Canham et al. 1994). In fact, the photo-
synthetic apparatus in C3 plant canopies becomes saturated
at approximately 25% of the maximum solar flux (Jansson
et al. 2010). Furthermore, in cultivated environments such as
monocultures, intra-species competition for nutrients can be
detrimental, suggesting that cultivars with reduced chlorophyll
content could have productive advantages in these systems.
Hence, the reduction of leaf chlorophyll content has been pro-
posed as a strategy for improving canopy light penetration and
photosynthetic efficiency in densely planted crops by alleviating
photo-oxidative damage caused by high light intensity and ulti-
mately enhancing biomass production (Melis 2009). In addition,
the reduced content of chlorophyll and chlorophyll-binding pro-
teins is hypothesized to increase the efficiency of nitrogen use in
crops (Walker et al. 2017; Sakowska et al. 2018).

In accordance with these ideas, pale-green crops can be devel-
oped by manipulating various biological processes, including the
biogenesis and accumulation of antenna proteins—an approach
known as truncated light-harvesting antennae (TLA; Kirst
et al. 2017) - as well as pigment biosynthesis (Cutolo et al. 2023).
For example, a pale-green tobacco line with reduced expres-
sion of the cpSRP43 gene exhibited increased photosynthetic
efficiency and enhanced biomass accumulation when grown
at high density under greenhouse conditions (Kirst et al. 2018).
The cpSRP43 gene encodes the 43kDa component of the chlo-
roplast signal recognition particle pathway, which is crucial for
the post-translational targeting of light-harvesting complex pro-
teins to the thylakoid membranes. Conversely, manipulation of
the tetrapyrrole biosynthesis pathway can lead to undesirable
pleiotropic effects, as seen in the pale-green soybean mutants
MinnGold and YI11yll, both of which have mutations in the
Mg-chelatase I subunit (ChlIla). In each of these mutants, the
plant growth rate is reduced (Sakowska et al. 2018; Campbell
et al. 2015), where MinnGold showed a 26% decrease in biomass
production under field conditions, most likely due to decreased
chlorophyll accumulation causing slower NPQ relaxation after
sudden transitions from high to low light intensities. Reduced
chlorophyll content may also affect the plant's ability to adapt
to environmental stresses, as chloroplasts are major sensors of
environmental changes and play a key role in cellular stress re-
sponses in plants (Ferndndez and Strand 2008). Furthermore,
mutants with defects in the chlorophyll biosynthesis pathway
can be more sensitive to high light, as observed in several wheat
mutants (Triticum aestivum L.), characterized by a reduced
ability to regulate electron poise during a fast rise in irradiance
(Falbel et al. 1996; Ferroni et al. 2020).

In this study, we further characterized the pale-green barley
mutant line xan-h.chli-1, in which a single point mutation in the
Xan-h locus encoding the Mg-chelatase subunit HYCHLI results

in an Arg-to-Lys substitution at position 298 (Arg298Lys; Persello
et al. 2024). Mg-chelatase is a multimeric complex (comprised
of HVCHLI, HvCHLD, HvCHLH, and the regulatory subunit
HvGun4) that is responsible for inserting Mg?* into protopor-
phyrin IX and marks the first step in the chlorophyll biosynthe-
sis pathway. Under controlled growth conditions, mutant plants
show reduced accumulation of antenna and photosystem core
subunits, along with a decrease in photosystem II (PSII) yield
under moderate light intensities relative to the wild type, but
exhibit consistently higher PSII yield at high light intensities.
Moreover, the reduced chlorophyll content in leaves is linked to
a stable decrease in the daily transpiration rate, together with
slight decreases in total biomass accumulation and water-use effi-
ciency—traits reminiscent of wild barley accessions and landraces
that have adapted to arid climates (Persello et al. 2024). Notably,
the xan-h.chli-1 mutant exhibits a cold-sensitive phenotype under
both field and low-temperature growth conditions, which results
in impaired chlorophyll accumulation and altered chloroplast ul-
trastructure. Here, we provide a detailed characterization of the
cold-sensitive phenotype observed in xan-h.chli-1 mutant plants
after prolonged cold exposure and present a model that explains
the molecular mechanism underlying this phenotype.

2 | Materials and Methods

2.1 | Nucleotide and Amino-Acid Sequence
Analysis

The following genome sequences of Xan-h were obtained
from the ENSAMBLE-Plant database: “MorexV3 pseudomole-
cules assembly”: HvCHLI, (HORVUMOREX.r3.7HG0738240),
HvCHLD (HORVU.MOREX.r3.5HG0524250), HvCHLH (HORV
U.MOREX.r3.2HG0117630), HvGun4 (HORVU.MOREX.r3.4HG
0343310), HvSCA3 (HORVU.MOREX.r3.7HG0742200), HvWR
KY40 (HORVU.MOREX.r3.6HG0568570), HHSFA4A (HORVU.MO
REX.r3.1HG0082040), HWLOX2 (HORVU.MOREX.r3.7HG0679840),
HvActin7 (HORVU.MOREX.r3.1HG0003140), HvcpSRP43 (HOR
VU.MOREX.r3.4HG0409840), Hv-CAO (HORVU.MOREX.r3.3H
(G0324440), HVFLOT3 (HORVU.MOREX.r3.6HG0567430), HvCA
T1 (HORVU.MOREX.r3.6HG0545480) and HvCRD1 (HORVU.MO
REX.r3.3HG0257850; plants.ensembl.org/index.html). The amino-
acid sequences were obtained from the UniProtKB (https://www.
uniprot.org/help/uniprotkb) and ENSAMBLE-Plant databases.

2.2 | Plant Material

Mutant lines used in this work are listed in Table SI.
The xan-h.chli-1/xan-h.chli-1 line was obtained by
backcrossing TM2490 (mutated in the Xan-h gene,
HORVU.MOREX.r3.7HG0738240) with the barley cv. Morex
(BC,F,). TM2490 was identified among the M4 generation of
the chemically mutagenized TILLMore population (Talame
et al. 2008) in the cv. Morex background. The BC,F, segregating
population was obtained by manually crossing the xan-h.chli-1/
xan-h.chli-1 line with the elite cv. RGT-Planet. The T-DNA
Express database (signal.salk.edu/cgi-bin/tdnaexpress) was
used to identify the Atchlil/Atchlil T-DNA insertion mutant
(SAIL 230 DI11), which is characterized by a seedling-lethal phe-
notype (Persello et al. 2024), while the homozygous line cs/cs was
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provided by Professor Tatsuru Masuda (Kobayashi et al. 2008).
The transgenic Arabidopsis lines Atchlil/Atchlil+35S::Xan-h
and Atchlil/Atchlil+35S::xan-h.chli-1 were generated as previ-
ously reported (Persello et al. 2024).

2.3 | Plant Growth Conditions

Barley (Hordeum vulgare) plants were cultivated under con-
trolled greenhouse conditions (200 umol photons m~2s~! for 16
and 8h dark) on acid soil (Vigor plant-growth medium, based
on Irish and Baltic peats, pH 6.0) supplemented with Osmocote
fertilizer. Temperatures were set to 22°C during the day and
16°C at night, with a relative humidity of 30%. The experimen-
tal fields were hosted by the Botanical Garden “Citta Studi” at
the University of Milan (45°28'32.2"N—9°14'05.0 'E). Seeds were
sown at a density of 100 seeds per row in March and November
of the years 2022 and 2023. Arabidopsis Columbia-0 (Col-0) and
mutant lines were grown on soil (acid sphagnum peat, Atami Bio-
Gromix; pot volume 0.5L) in a climate chamber (Percival CLF
AR-66L; 150 umol photons m~2s~! for 16h, and 8h dark, 22°C
and a relative humidity of 60%) in the Department of Biosciences
at the University of Milan (45°28’32.2"”"N—9°14'05.0"E).

2.4 | Barley and Arabidopsis Cold Stress
and Recovery

Cold stress was induced in barley by growing seedlings for the
first 14 days under optimal greenhouse conditions, followed by
25days at 4°C under 100 umol photons m~2s~! for 16 h light and
8h dark. Recovery from cold stress was induced by returning
the cold-adapted plants to optimal greenhouse conditions for
5days. Arabidopsis seedlings were grown for 16 days under con-
trolled climate-chamber conditions (22°C) and then exposed to
cold stress for 50days at 4°C. Recovery was induced by trans-
ferring the cold-adapted Arabidopsis plants back to 22°C under
growth-chamber conditions for 5days.

2.5 | Barley High-Light Stress and Recovery

High-light conditions were obtained by growing barley plants
for 14days at 1000 umol photons m~2s~! and control plants were
grown in low light at 150 umol photons m~2s~1. Recovery was in-
duced by transferring plants from high to low light levels for 5days.

2.6 | Immunoblot Analysis

Thylakoids and total protein extracts were prepared from equal
amounts of barley leaves (fresh weight) as described previously
(Bassi and Simpson 1987). Protein extracts were fractionated
on denaturing 12% (w/v) polyacrylamide gels in the presence of
Tris-glycine SDS (Schégger and von Jagow 1987) and transferred
to polyvinylidene-difluoride (PVDF) membranes (IThnatowicz
et al. 2004). Signals were detected by enhanced chemilumines-
cence (GE Healthcare).

HvLhcal (ASO1 005), HvLhcbl (AS01 004), HvPsaD (AS09461),
HvPsbO (AS05092), HvH3 (AS10710) and HvB — ATP (AS164058)

were obtained from Agrisera. Antibodies were raised against
HvCHLI, HvCHLD, and HYCHLH as previously described (Lake
et al. 2004). The HvGun4-specific antibody was kindly provided
by Professor Mats Hansson (Lund University, Sweden). For rel-
ative quantification, 100%, 50%, and 25% dilutions of Xan-h or
Col-0 protein extracts were loaded. One filter representative
of three biological replicates is shown for each immunoblot.
Protein extracts were normalized based on leaf fresh weight.

2.7 | Analysis of Chlorophyll, Tetrapyrrole
Precursors, and 5-Aminolevulinic Acid

Total leaf chlorophyll content was measured in vivo using
the SPAD-502 chlorophyll meter (Konica-Minolta) on a mini-
mum of six plants for each genotype and condition. Leaf ma-
terial was harvested, weighed (25-30mg), and homogenized
in liquid nitrogen using a Ball Mill (Retsch). Chlorophyll a,
Chlorophyll b, and tetrapyrrole intermediates were extracted
in frozen leaf powder using pre-cooled basic acetone (acetone:
0.2M NH,OH; 9:1, v/v). Samples were incubated for 20min at
—20°C and centrifuged for 30min (4°C, 16100 xg). After centrif-
ugation (12,000 Xg, 15min, and 4°C) the clear supernatant was
analyzed by high-performance liquid chromatography (HPLC)
using the 1260 Infinity II Prime LC system (Agilent) HPLC as
previously described in Czarnecki and Grimm (2012) with small
modifications.

For analysis of the 5-aminolevulinic acid (ALA), leaves were
cut in the lower, middle, and upper parts, placed vertically
into a small beaker filled with 50mM Tris-HCI buffer (pH 7.2)
containing 40mM levulinic acid, and incubated for 4h in the
light (120 umol photons m~2s71; 22°C) under constant airflow.
The ALA content was determined as previously described
(Mauzerall and Granick 1956) and normalized to fresh weight.

2.8 | Chlorophyll Fluorescence Measurements

An imaging chlorophyll fluorometer (Imaging PAM; Walz) was
used for the in vivo imaging of Chl a fluorescence on four in-
dependent leaves for each genotype/condition. Dark-adapted
plants were exposed to the blue measuring beam (1 Hz, inten-
sity 4) and a saturating light flash (intensity 10) was used to
determine the maximum quantum photosynthetic yield (Fv/
Fm) values. A 5-min exposure to actinic light (56 umol photons
m~2s7! for A. thaliana plants and 90 umol photons m=2s-! for
barley leaves) was applied to calculate the effective quantum
yields of PSII (Y[II]). The Handy PEA fluorometer (Hansatech
Instruments Ltd.) was used to measure Fv/Fm and Y(II) values
in barley plants grown under field conditions.

2.9 | Spin Trapping ROS Detection

Intact chloroplasts were isolated from the second leaf of Xan-
h and xan-h.chli-1 plants grown for the first 14days under op-
timal greenhouse conditions, followed by 10days at 4°C under
100 umol photons m~2s! for 16 light and 8 h dark. Chloroplasts
were isolated through blending in 0.33M sorbitol, 1 mM EDTA,
1mM MgCl,, 50mM KCl, and 25 mM MES pH = 6.1, followed by
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washing in 0.33M sorbitol, 1mM EDTA, 1mM MgClZ, 50mM
KCl, and 25mM HEPES pH=6.7, and resuspension in 0.33M
sorbitol, 1mM EDTA, 1mM MgClz, 50mM KCI, and 25mM
HEPES pH=7.6.

To detect 0,*~/H,0,~derived hydroxyl radicals in illuminated
thylakoids, the spin trap a-(4-pyridyl-1-oxide)-N-tert-butylnitron
(4-POBN) was used. The addition of 50uM Fe-EDTA generated
*OH from H,0, via the so-called Fenton reaction. Ethanol 4%
was added to allow the reaction between the spin trap and
H,0,-derived hydroxyl radicals. Samples were illuminated for
2min with white light (500 umol quanta m~2s~!) in the presence
of 50mM 4-POBN, 4% ethanol, 50uM Fe-EDTA, and buffer
(25mM HEPES, pH7.5, 5mM MgCl,, 0.3 M sorbitol).

2.10 | Transmission Electron Microscopy (TEM)

TEM analyses were performed as described previously (Tadini
et al. 2020). Sections (2 X 3mm) of the apical, middle, and basal
second-leaf sections of Xan-h and xan-h.chli-1 barley plants were
manually dissected and fixed under vacuum in 2.5% (w/v) glu-
taraldehyde and 0.1 M sodium cacodylate buffer. Samples were
washed several times with water and counterstained with 0.5%
uranyl acetate (w/v) overnight at 4°C. Tissues were then dehy-
drated in increasing concentrations of ethanol (70%, 80%, 90%,
100% v/v) and permeated twice with 100% (v/v) propylene oxide.
The samples were first infiltrated with a 1:2 mixture of Epon-
Araldite and propylene oxide for 2h, then with Epon-Araldite
and propylene oxide (1:1) for 1h and left in a 2:1 mixture of
Epon-Araldite and propylene oxide overnight at room tempera-
ture. Epon-Araldite resin was prepared by mixing Embed 812,
Araldite 502, dodecenylsuccinic anhydride (DDSA) and Epon
Accelerator DMP-30 according to the manufacturer's specifica-
tions. Ultra-thin sections (70 nm) were cut with a diamond knife
(Ultra 45°, DIATOME) and collected on copper grids (G300-Cu,
Electron Microscopy Sciences). Samples were observed by trans-
mission electron microscopy (Talos L120C, Thermo Fisher
Scientific) at 120kV. Images were acquired with a digital camera
(Ceta CMOS Camera, Thermo Fisher Scientific).

2.11 | Molecular Dynamics Simulations
of Wild-Type and Mutant (Arg298Lys) HvCHLI
Models at 4°C and 22°C

Molecular dynamics (MD) simulations were performed using
the models predicted in our previous work (Persello et al. 2024).
Briefly, the homo-hexameric ring model of the barley HYCHLI
ATPase subunit of Mg-chelatase was determined using version
3 of AlphaFold2 Multimer from DeepMind (Evans et al. 2022).
The predicted model was refined using the Protein Preparation
Wizard from the Schrédinger Maestro suite (version 13.7.125, re-
lease 2023-3; Madhavi Sastry et al. 2013). The Residue Scanning
and Mutation module from the same suite was used to replace
Arg298 with lysine (Arg298Lys; Beard et al. 2013). The FoldSeek
web server was used to perform structural similarity analysis
against the RCSB PDB100 database (Van Kempen et al. 2024;
Berman et al. 2000). The hexameric structure of the chaper-
one Heat Shock Locus U (HSLU, PDB ID: 1DOO0) from E. coli,
solved by X-ray crystallography, was selected on the basis of

the presence of a magnesium ion and ATP in the binding cleft
(Bochtler et al. 2000). The high degree of homology between the
ATP-binding domain of the chaperone HSLU and the HvCHLI
ATPase subunit allowed the distances between the magnesium
ion, the ATP molecule, and the conserved residues in both pro-
teins to be inferred. This information was used to introduce the
magnesium ion into the predicted model, which enabled the
ATP molecule to be docked into the binding cleft. The docking
process was performed on both the wild-type Xan-h and the mu-
tant xan-h.chli-1 (Arg298Lys) models using GlideXP (Friesner
et al. 2006). For each model, the most representative pose—in
terms of the docking score—was deposited in ModelArchive,
hosted by the Swiss Institute of Bioinformatics, with the ac-
cession codes ma-xoqwu (Xan-h) and ma-tvik6 (xan-h.chli-1;
Schwede et al. 2009). These two models were subsequently used
to perform MD simulations. As our interest was focused on the
interaction between residues Arg/Lys298 and the ATP molecule,
only the HYCHLI dimer defining the cleft (into which the mag-
nesium ion was positioned and ATP was docked) was retained,
while the other four monomers were removed from the models.
To prevent the dimer from losing its original fold, positional re-
straints were applied to the backbone of residues at the monomer-
monomer interaction interface (excluding the interface to which
ATP was docked) throughout all preparation and production
steps. Specifically, for chain A (where the Arg/Lys298 residue
protrudes toward the ATP in the model), the restrained residues
encompass Glyl51 to Vall66, Asp225 to Phe255, and Leu313 to
Phe412. For chain B, the residues involved in the positional re-
straints extend from Leul29 to Gly213, Val282 to Asp336, and
Val379 to Phe412 (Figure S5A).

The wild-type and the mutant HvCHLI dimers were prepared
using CHARMM-GUI and the CHARMM36m force field (Jo
et al. 2008; Brooks et al. 2009; Lee et al. 2016). Three indepen-
dent MD simulations were conducted for each system at two
temperatures: 4°C (277.15K) and 22°C (295.15K). The simula-
tion workflow, performed with GROMACS version 2024.2, con-
sisted of three stages: energy minimization, equilibration, and
production (Van Der Spoel et al. 2005). The energy minimiza-
tion step was performed using the steepest descent algorithm
for a maximum of 5000 steps, with a convergence criterion of
500kJ~1/mol/~*nm™! for the force. Positional restraints were
applied with force constants of 800kJ/mol/nm? for the back-
bone, 40kJ/mol/nm? for the side chains, and 1000kJ/mol/nm?
for the backbone of the monomer-monomer interface. A cut-off
of 1.2nm was applied for both short-range van der Waals and
Coulomb interactions, while the Particle Mesh Ewald (PME)
method was used for long-range electrostatics (Petersen 1995).
All bonds involving hydrogen atoms were constrained using the
LINCS algorithm (Hess et al. 1997). The equilibration phase con-
sisted of running a 100-ns MD simulation with a 2-fs time step.
Positional restraints were applied with force constants of 400kJ/
mol/nm? for the backbone, 40kJ/mol/nm? for the side chains,
and 800kJ/mol/nm? for the backbone of the monomer-monomer
interface. Temperature coupling was maintained using the
velocity-rescale (v-rescale) algorithm (Bussi et al. 2007) with
separate coupling groups for the solute and solvent. The refer-
ence temperature was set to 277.15 or 295.15K for both groups,
with a velocity relaxation constant of 0.2 ps. Pressure coupling
was applied using a semi-isotropic stochastic cell rescaling (c-
rescale) barostat (Bernetti and Bussi 2020) with a time constant

4 of 20

Physiologia Plantarum, 2025

35S SUOWILLOD aAITES1D 8 (qedl|dde auyy Ag pausenob are sapie O ‘esn Jo sa|ni 10) ARiqi]auluQ AS|IAA UO (SUO I PUOD-PUE-SWLB)/WD A3 1M AReiq 1 BU|UO//:SANY) SUOIIPUOD pue SLWd | U1 89S *[5Z02/80/90] Uo Arld 1T auljuQ A1 elelBuelyd0D A tey0, 1dd/TTTT 0T/10p/wod A8 |1m ARelq 1 pul|uo//:Sdny wouy pepeojumod ‘v ‘5202 ‘YSOE66ET



of 0.5ps, a reference pressure of 1bar, and a compressibility of
4.5x1073bar"!. Production MD simulations were performed
for 2us with a 2-fs time step, using the v-rescale thermostat
and the c-rescale barostat with the same settings as used for the
equilibration phase. Positional restraints with force constants
of 700kJ/mol/nm? were applied exclusively to the backbone at
the monomer-monomer interface. The PME method was used to
calculate long-range electrostatic interactions. The LINCS algo-
rithm was employed to constrain all bonds involving hydrogen
atoms. Simulations were performed under periodic boundary
conditions in the NPT ensemble.

In all, 24 us of simulation trajectories were collected, each com-
prised of three replicates of 2us-that is, 6us at 277.15K and
6us at 295.15K for both the wild-type HYCHLI dimer and the
mutant dimer. The simulations were visually inspected using
Visual Molecular Dynamics (VMD) version 1.9.3 (Humphrey
et al. 1996). The same tool was used to evaluate possible in-
teractions between Arg/Lys298 and ATP, focusing on the ATP
atoms N1, N3, N7, 02/, 03, and 04’ (Figure S5B). The main
interactions identified with VMD were further analyzed with
PLUMED? version 2.10 (Tribello et al. 2014). Specifically, for
each frame of each wild-type HYCHLI dimer trajectory, the
distances between the three nitrogen atoms (NE, NH1, NH2)
connected to the carbon atom (CZ) at the tip of the arginine side-
chain and the nitrogen atom N3 of the adenine ring of ATP were
calculated. The same calculations were performed between the
nitrogen atoms of the arginine side-chain and the oxygen atom
of the ATP ribose ring (O4"). These distances were then used to
assess the formation of hydrogen bonds between these moieties.
An additional set of distances was calculated between the center
of mass of carbon atoms C4 and C5 of the ATP adenine group
(used as a proxy for the two aromatic rings) and the CZ atom
of the arginine side-chain. This latter distance was analyzed to
evaluate the cation-r interactions between ATP and the arginine
side-chain. For the mutant dimer, distances were calculated for
each frame of the trajectory between the nitrogen atom (NZ) at
the tip of the lysine side-chain and the nitrogen N3 of the ade-
nine ring of ATP. Similar calculations were performed between
NZ and the O4’ atom of the ATP ribose ring. As for the wild
type, an additional set of distances was calculated between the
centers of mass of carbon atoms C4 and C5 of the ATP adenine
group and the NZ atom of lysine; this allowed us to evaluate cat-
ion-7 interactions between ATP and the lysine side-chain. All
atom-atom distance plots were generated using custom Python
3 scripts based on the matplotlib, pandas, and numpy libraries
(Van Rossum and Drake 2009; Hunter 2007; McKinney 2010;
Harris et al. 2020). The atomic nomenclature used is based on
the CHARMM force field (Figure S5). Relevant input files and
trajectories are available on Zenodo (2013) under DOTI: https://
doi.org/10.5281/zenodo.14680350.

2.12 | RNA Extraction, cDNA Synthesis
and RT-qPCR Expression Analysis

Total RNA was extracted from barley leaves as described in
Verwoerd et al. 1989. For each sample, 1ug of total RNA was
retrotranscribed to cDNA using the iScript gDNA Clear cDNA
Synthesis Kit (Bio-Rad), following the manufacturer's proce-
dures. The cDNA obtained was diluted 1:10. The quantitative

Real-Time PCR was set in a final volume of 12uL adding 6 uL
of SYBR master mix (Bio-Rad), 5.2uL of cDNA, and 0.5uL of
each primer (10mM). The RT-qPCR run was carried out using
a CFX96 Real-Time system (Bio-Rad). The HvActin7 gene was
used as an internal control. Data from three biological and tech-
nical replicates were analyzed with the software Bio-Rad CFX
Maestro.

2.13 | RNA-Seq for Differential Gene Expression
Analyses

For quantitative transcriptome analyses, total RNA was isolated
from the middle leaf section of second-leaf samples that had
been grown under controlled greenhouse conditions for 14 days
and were then shifted to 4°C for a further 25days, together with
control plants grown for 14days under greenhouse conditions.
Samples were obtained from five biological replicates, each com-
posed by five plants of Xan-h and xan-h.chli-1 under both con-
ditions. Differential gene expression analysis was performed in
R using the DESeq2 package (Love et al. 2014). The biological
replicates that fell outside the clusters in principal component
analysis (PCA) were not considered during this analysis, but at
least three replicates per condition were retained. Differentially
expressed genes were filtered for a logFC > 10.5] and an adjusted
p-value <0.05. Differential expression analysis was performed
by comparing xan-h.chli-1 to Xan-h, both under cold-stress in-
duction (xan-h.chli-1 4°C vs. Xan-h 4°C), Xan-h under cold stress
to Xan-h under optimal greenhouse conditions (Xan-h 4°C vs.
Xan-h 22°C) and xan-h.chli-1 under cold stress to xan-h.chli-1
optimal greenhouse conditions (xan-h.chli-1 4°C vs. xan-h.chli-1
22°C). For both Xan-h 4°C versus Xan-h 22°C and xan-h.chli-
1 4°C versus xan-h.chli-1 22°C, only those genes found to be
differentially expressed specifically in these comparisons were
retained. An in-house built script, based on the Monocot Plaza
v4.5 (https://bioinformatics.psb.ugent.be/plaza/versions/plaza_
v4_5_monocots/) database and the ncbi-blast-2.14.0+ tool (ftp.
ncbi.nlm.nih.gov/blast/executables/blast+/LATEST/), was
used to identify the orthologous Arabidopsis genes. Subcellular
localization was predicted with SUBAS5 (suba.live/index.html).
Biological Process Gene Ontology (GO) term enrichment was
performed with the R package gprofiler2 (Kolberg et al. 2020)
by filtering for more than 10 genes associated to the GO term
and an FDR <0.01. Subcellular protein localization and chloro-
plast transit peptide (cTP) predictions were identified by TargetP
(shttps://services.healthtech.dtu.dk/ services/TargetP-2.0/).

3 | Results

3.1 | The xan-h.chli-1 Mutant Exhibits a Distinct
Cold-Sensitive Phenotype

The pale-green barley line xan-h.chli-1 was previously identi-
fied as the only viable mutant available at the essential Xan-
h locus, which codes for subunit I of Mg-chelatase (Persello
et al. 2024). To investigate its physiological performance and
evaluate plant productivity under field conditions, wild-type
Xan-h control plants (cv. Morex) and xan-h.chli-1 mutant plants
were sown in November 2022 and 2023 at the Botanical Garden
“Citta Studi” in Milan (Italy). Two independent field trials were
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conducted, which also included the pale-green mutant husl,
defective in the chloroplast signal recognition particle 43kDa
(HvcpSRP43) and its corresponding control, HUSI (Rotasperti
et al. 2022). In the second winter trial, the segregating F2

(A)

(D)

population (BC,F,), obtained by backcrossing xan-h.chli-1 with
cv. RGT-Planet, was also included, and the wild-type RGT-
Planet served as the control. Notably, xan-h.chli-1 plants and
their homozygous mutant siblings (xan-h.chli-1/xan-h.chli-1)
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FIGURE1 | Cold-sensitive phenotypes of the xan-h.chli-1 mutant grown either in the field or under controlled growth-chamber conditions (14 days
at 22°C, 25days at 4°C). (A) xan-h.chli-1 and husl mutant plants, together with Xan-h and HUSI wild-type controls, were grown in the field during
the winter season 2023-2024 in rows of 80 seeds each genotype. The BC,F, generation of xan-h.chli-1 was also backcrossed with the elite cultivar
RGT-Planet and included in the field trial, together with the wild-type RGT-Planet as a control. Cold-sensitive lethal phenotypes of barley seedlings
were photographed at the two-leaf stage (upper panel) and the tillering stage (lower panel), 32 and 102 days after sowing (DAS), respectively. The im-
ages shown were taken on 24/01/2024 (see also Figure S1) and 08/03/2024. The xan-h.chli-1 plants did not survive the winter season, as shown by the
absence of plants in the third row in the bottom panel. The same cold-induced xan-h.chli-1 lethal phenotype was observed in the winter season 2022-
2023. Scale bar: 5cm. (B) Measurements of total leaf chlorophyll content and the photosynthetic parameters Y(II) and Fv/Fm of Xan-h and xan-h.
chli-1 plants at the second-leaf stage. The data were obtained with the SPAD-502 chlorophyll meter and the Handy PEA fluorometer, respectively,
in barley plants grown in winter (15/01/2023; 07/01/2024) and spring (12/04/2023; 14/04/2024) field conditions. Nine plants per genotype/condition
were analysed. (C) Visible phenotypes of leaves from xan-h.chli-1, husl (Hvepsrp43), chlorina-f2.101 (Hvcao) and chlorina.111 (Hverdl) mutant plants
were compared with those obtained for Xan-h, HUSI and Bonus control plants that had been adapted to cold-stress conditions. Basal, Middle and
Apical sections are shown. Scale bar: 2cm. (D) Comparisons of total chlorophyll contents of second leaves of xan-h.chli-1 and Xan-h control plants
that had been exposed to cold stress or grown under optimal greenhouse conditions. Six/eight plants per genotype/condition were analysed. Student's

t-test was performed to determine the significance of the observed differences (***p <0.001, **p <0.01, *p <0.05).

within the BC,F, population displayed pronounced sensitiv-
ity to winter conditions immediately after germination, which
ultimately led to the death of the seedlings (Figure 1A and
Figure S1). This winter-induced lethality was associated with
a dramatic reduction in leaf chlorophyll content, as evidenced
by a yellow-leaf phenotype and significantly reduced photo-
synthetic efficiency of xan-h.chli-1 (Figure 1B). Photosynthetic
performance was measured as the maximum quantum yield
of PSII (Fv/Fm) and the effective quantum yield of PSII (Y[II];
Figure 1B). In contrast to these findings, wild-type-like siblings
within the BC,F, segregating population, along with all other
genotypes grown under the same field conditions, were able to
withstand winter and complete their life cycles. Interestingly,
the lethality of xan-h.chli-1 plants was strictly linked to winter
conditions. No such mortality was observed during spring field
trials, conducted with the same set of plants sown in March
2022 and 2023, or under optimal greenhouse conditions. These
findings suggest that the winter-induced lethal phenotype may
result from an exacerbated sensitivity to cold temperatures
(Figure 1B, Figure S1).

To further investigate this phenotypic feature, Xan-h and
xan-h.chli-1 plants were grown under greenhouse conditions for
14days and subsequently exposed to 4°C for 25days to induce
cold stress. To determine whether cold sensitivity is a common
characteristic of the pale-green trait in barley, additional mutant
lines with defects in various steps of chlorophyll biosynthesis
or antenna protein biogenesis were included as controls. These
lines included chlorina-f2.101 and chlorina.111, impaired in
chlorophyllide-a oxygenase (Hvcao) and the catalytic compo-
nent of the MgProto monomethyl ester (MgProtoME) cyclase
complex (HvcrdI), respectively (Bossmann et al. 1997; Simpson
et al. 1985), as well as husl (Rotasperti et al. 2022; Table S1).

As expected, exposure to cold stress led to a general reduction
in growth rate across all plant lines. However, only in the case
of xan-h.chli-1, a distinct gradient of chlorosis was observed in
younger leaf tissues upon cold exposure (Figure 1C). Both the
cold-exposed pale-green mutants (husl, chlorina-f2.101, and
chlorina.111) and the wild-type control lines Xan-h, HUSI, and
Bonus retained relatively uniform leaf pigmentation. Specifically,
in xan-h.chli-1, three distinct phenotypic sections could be iden-
tified in the second leaf based on chlorophyll content compared

to wild-type Xan-h controls (Figure 1C,D): (i) a severely chlorotic
basal section in the proximal area of the emerging leaf, (ii) an in-
termediate chlorotic phenotype in the middle section, and (iii) a
milder pale-green coloration in the apical section, similar to that
of xan-h.chli-1 leaves grown under optimal greenhouse condi-
tions (Persello et al. 2024). Interestingly, this leaf chlorosis pheno-
type was absent both in adult xan-h.chli-1 plants exposed to high
light intensities under spring/summer field conditions (Figure S1)
and in seedlings grown under controlled high-light and optimal
temperature conditions (Figure S2). Under such conditions,
xan-h.chli-1 second leaves exhibited higher photosynthetic ef-
ficiency compared to Xan-h, as previously reported (Persello
et al. 2024). Collectively, these observations suggest that the cold-
sensitive phenotype specifically observed in the xan-h.chli-1 mu-
tant is associated with the amino-acid substitution Arg298Lys in
the HVCHLI subunit of Mg-chelatase and is not a general phe-
nomenon associated with reduced chlorophyll content as such.

This finding was further validated by growing Arabidopsis thali-
ana Atchlil knockout mutants transformed with the barley Xan-
h and xan-h.chli-1 allelic variants (Atchlil/Atchlil+35S::Xan-h
and Atchlil/Atchlil+35S::xan-h.chli-1, respectively; Persello
et al. 2024) at 4°C under controlled conditions. Both Arabidopsis
Col-0 and Atchlil/Atchlil+35S::Xan-h plants exhibited a
wild-type, cold-tolerant phenotype, while the photosynthetic
performance of Atchlil/Atchlil+35S::xan-h.chli-1 leaves was sig-
nificantly reduced after prolonged cold exposure (Figure S3A),
mimicking the response observed in the xan-h.chli-1 barley
mutant. Interestingly, the Arabidopsis mutant line cs/cs, which
carries a modified CHLI subunit that leads to an extended C-
terminal region (Kobayashi et al. 2008; Koncz et al. 1990) ex-
hibited little to no sensitivity to cold treatment (Figure S3A,B),
despite the fact that the CHLI protein in cs/cs leaves accumu-
lates to a significantly lower extent than that found in Atchlil/
Atchlil+35S::xan-h.chli-1 plants (Figure S3C).

3.2 | Recovery of the xan-h.chli-1 Cold-Sensitive
Phenotype in Young Developing Tissues Under
Optimal Temperature Conditions

The gradual decrease in chlorophyll levels observed under in-
duced cold-stress over the entire length of growing xan-h.chli-1
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FIGURE 2 | Effects of cold stress without (14 days at 22°C, 25days at 4°C) and with a recovery period (14 days at 22°C, 25days at 4°C, and 5days
at 22°C) on the photosynthetic performance of barley and A. thaliana plants homozygous for xan-h.chli-1, together with control plants. (A) Visible
phenotype (bright field illumination, BF) of barley xan-h.chli-1 leaves compared to those of Xan-h after 14 days under greenhouse control conditions,
together with PSII photosynthetic parameters Fv/Fm and Y(II). (B) Visible phenotypes and PSII photosynthetic performance of Atchlil/Atchlil
plants that had been transformed with Xan-h and xan-h.chli-1 coding sequences, and the corresponding controls Col-0 and cs/cs genotypes under
control conditions. (C) Visible phenotypes of Xan-h and xan-h.chli-1 leaves grown under induced cold-stress conditions, together with PSII photo-
synthetic parameters Fv/Fm and Y(II). (D) Arabidopsis plants as in (B) following exposure to cold stress, together with PSII photosynthetic param-
eter Y(II). (E) Visible phenotypes and PSII photosynthetic parameters of Xan-h and xan-h.chli-1 upon recovery from cold conditions, together with
PSII photosynthetic parameters Fv/Fm and Y(II). (F) Arabidopsis plants as in (B) and (D) following recovery from exposure to cold, together with
PSII photosynthetic parameter Y(II). The photosynthetic parameters Fv/Fm and Y(II) are presented in false-colour images, representing average
values obtained from three independent leaves per rosette. A total of 10 plants per genotype were analysed. The colour scale is shown below the im-
ages, with violet corresponding to 1 and red to 0. Scale bar: 2cm. Student's t-test was performed to show the significance of the observed differences
(***p <0.001, **p <0.01, *p <0.05).
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leaves correlates with a significant decline in photosynthetic
performance, as indicated by reduced Fv/Fm and Y(II) values
relative to control conditions (Figure 2A,C). Notably, in the
basal leaf section of cold-stressed mutants, chlorophyll fluo-
rescence was undetectable, and PSII activity (Fv/Fm and Y[II])
was absent. Conversely, the middle and apical sections dis-
played higher PSII performance than controls, in accordance
with observations made under optimal growth conditions
(Persello et al. 2024). To assess recovery, cold-adapted plants
were returned to optimal greenhouse conditions, and photo-
synthetic efficiency was re-evaluated after 5days (Figure 2E).
During this cold-stress recovery phase, xan-h.chli-1 plants re-
generated photosynthetically functional tissues. Specifically,
the basal and middle leaf sections exhibited Fv/Fm and Y(II)
values that exceeded those seen in the Xan-h control and re-
sembled plants grown under optimal conditions. However, the
yellow apical section of xan-h.chli-1 leaves showed visible dete-
rioration, with photosynthetic efficiency parameters no longer
detectable.

Similar patterns were observed in transformed Arabidopsis
Atchlil/Atchlil+35S::xan-h.chli-1 lines subjected to cold treat-
ment in respect to Col-0 and the cs/cs mutant, in which the
AtCHLII fusion protein is seven amino acids longer than its
wild-type counterpart (Koncz et al. 1990) and accumulates to
much lower levels than does the barley xan-h.chli-1 variant
(Figure S3). While Col-0, cs/cs, and Atchlil/Atchlil+35S::Xan-h
lines exhibited a comparable reduction in photosynthetic param-
eters, Y(IT) values were severely reduced in cold-exposed Atchlil/
Atchlil+35S::xan-h.chli-1 plants (Figure 2B,D). However, upon
renewed exposure to optimal growth temperatures, all plant
lines exhibited a general recovery of photosynthetic functional-
ity (Figure 2F). This recovery suggests that the defects induced
by transient low-temperature exposure in plants carrying the
xan-h.chli-1-coding sequence can be mitigated, at least in young,
developing leaf tissues (Figure 2E,F).

3.3 | Cold Stress Induces Alterations in
Chloroplast Ultrastructure in xan-h.chli-1 Leaves

Plastid ultrastructure was analyzed using transmission elec-
tron microscopy in the leaves of Xan-h and xan-h.chli-1 plants
exposed to cold stress conditions (Figure 3). The leaf blade of
Xan-h primarily displayed fully developed chloroplasts with
well-formed thylakoids, similar to those observed under op-
timal growth conditions (Figure 3A; Persello et al. 2024). In
contrast to this finding, the xan-h.chli-1 leaf blade exhibited
plastids with varying shapes and alterations in thylakoid mem-
brane organization (Figure 3B). Specifically, the basal section
of xan-h.chli-1 leaves contained proplastid-like organelles
characterized by thylakoids lacking grana stacks and regions of
low electron density resembling plastid nucleoids (Krupinska
et al. 2014). In the middle section, young, developing chloro-
plasts with few grana stacks and minimal starch accumulation
were observed. The apical section of xan-h.chli-1 leaves under
cold stress contained two types of plastids: (i) mature chloro-
plasts with reduced grana stacks and limited starch accumu-
lation, together with (ii) burst chloroplasts marked by swollen
thylakoid membranes and loss of plastid envelope integrity
(Figure 3B).

The organization of plastid thylakoid membranes closely cor-
related with the assembly of the photosynthetic machinery
within thylakoids. In the basal and middle sections of xan-h.chli-
1leaves, the levels of subunits of the thylakoid protein complexes
were significantly reduced relative to the control (Figure 3C,D).
These include antenna proteins of photosystem I (PSI; HvLhcal)
and PSII (HvLhcbl), the beta subunit of ATP synthase (Hv{-
ATP), the HvPsbO subunit of the oxygen-evolving complex, and
the HvPsaD subunit of the PSI core. In the apical section, how-
ever, the levels of these subunits were higher and could reach
concentrations between those of the control and mutant leaves
(Figure 3E; Persello et al. 2024). Specifically, with regard to Mg-
chelatase subunits, the accumulation of HYCHLH and HvGun4
was higher in mutant chloroplasts than in the control across all
three sections of the cold-adapted leaf. Conversely, relative to
Xan-h, HWCHLI and HvCHLD levels progressively decreased
from the basal to the apical sections of xan-h.chli-1 leaves
(Figure 3C-E).

To further explore the developmental and physiological charac-
teristics of plastids in different sections of the xan-h.chli-1 leaf
blade, RT-qPCR was performed on marker genes associated with
proplastid-containing tissues, such as Hv'SCA3 and HYWRKY40
(Van Aken et al. 2013; Liu et al. 2013; Hricova et al. 2006;
Emanuel et al. 2004), as well as stress-related genes (HVHSFA4A
and HvLOX2; Pérez-Salamoé et al. 2014; Bell et al. 1995), in-
cluding two ROS-scavenger-encoding genes (HVFLOT3 and
HvCATI; Junkova et al. 2018; Méndez-Gomez et al. 2024;
Xing et al. 2008), across the three leaf sections (Figure S4A).
HvSCA3 and HvWRKY40 exhibited similar expression pat-
terns in xan-h.chli-1, with higher overall expression compared
to Xan-h across all leaf sections. HYHSFA4A and HvLOX2 were
more highly expressed in the middle and apical sections, while
HvFLOT3 showed a similar pattern to HvSCA3 and HYWRKY40.
Notably, relative to Xan-h, HvCATI expression was predomi-
nantly observed in the apical section of xan-h.chli-1. These find-
ings indicate that in xan-h.chli-1, the basal section of the leaf
primarily contains proplastids or juvenile chloroplasts.

Along the chlorophyll gradient, chloroplasts differentiate
under suboptimal conditions, particularly in the apical sec-
tion. Nevertheless, ROS accumulation measured over the
whole leaves was lower in xan-h.chli-1 samples than in Xan-h
after 10 days at 4°C (Figure S4B,C). Comparison of chlorophyll
and intermediates of the tetrapyrrole biosynthetic pathway
between wild-type Xan-h and xan-h.chli-1 plants grown either
in control conditions (14 days at 22°C) or induced cold condi-
tions (14 days at 22°C and then 25days at 4°C) revealed gen-
erally reduced contents of leaf pigments and their metabolic
precursors in both lines after cold treatment (Figure 4A-G).
Moreover, xan-h.chli-1 leaves showed a marked reduction in
the accumulation of chlorophyll biosynthetic intermediates in
comparison to Xan-h. Protoporphyrin IX steady-state levels
are reduced compared to wild type, while Mg-protoporphyrin
IX, Mg-protoporphyrin IX monomethyl ester, and protochlo-
rophyllide a levels of the mutant are close to the detection limit
in all three leaf sections compared to Xan-h (Figure 4A-G)
Interestingly, the steady-state concentrations of chlorophyl-
lide a gradually increased from the basal to the apical region
of xan-h.chli-1 leaves, with a steeper increase in accumulating
chlorophyllide after cold treatment. It can be speculated that
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FIGURE 3 | Structural and biochemical characterization of plastid development in xan-h.chli-1 and Xan-h plants that had been exposed to cold-
stress conditions (14 days at 22°C, 25days at 4°C). (A-B) Representative TEM micrographs (30 micrographs for each section have been collected)
showing chloroplast ultrastructure in basal, middle and apical sections of second leaves of Xan-h (A) and xan-h.chli-1 (B) plants. S, starch gran-
ule; arrowheads, thylakoid grana stacks; asterisk, plastid nucleoids; Scale bar=1 um for TEM images and scale bar =2cm for leaf immages. (C-E)
Immunoblot analyses of plastid-located proteins from Xan-h and xan-h.chli-1 basal (C), middle (D) and apical leaf (E) sections developed under cold
stress conditions. Protein extracts were probed with antibodies specific for thylakoid electron transport chain subunits (Hv3-ATP, HvPsaD, HvPsbO,
HvLhcal and HvLhcbl) and Mg-chelatase subunits (HvCHLI, HvCHLD, HvCHLH, HvGun4). Immunoblots on the barley histone H3 protein were
used as loading control. One of three biological replicates is shown. The percentage values next to each immunoblot indicate the relative protein
abundance in xan-h.chli-1 leaf samples, expressed as a percentage of the control (Xan-h), which is set to 100%.
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FIGURE 4 | Chlorophyll intermediate and ALA synthesis rate analysis under control (22°C) and cold (4°C) conditions. (A-G) Steady state lev-
els of chlorophyll intermediates such as protoporphyrin IX (A), protochlorophyllide a (B), Mg-protoporphyrin IX (C), chlorophyllide a (D), Mg-
protoporphyrin IX monomethylester (E), chlorophyll a (F) and chlorophyll b (G) in the three sections of the second leaf of xan-h.chli-1 and Xan-h.
The leaf samples were harvested from seedlings, which grew 14days at 22°C (control condition) and then 25days at 4°C (cold stress condition). (H)
Analysis of the 5-aminolevulinic acid (ALA) synthesis rate from Xan-h and xan-h.chli-1 seedlings grown for 1 week at 22°C (control condition) or for

1week at 22°C and then transferred to 4°C for another week (cold stress condition). Values are the average of five biological replicates. Letters indicate

Anova classification based on Tukey's HSD test (Tukey's p-value <0.05).

chlorophyllide in older cells may not only be an intermediate
of chlorophyll synthesis but also of the chlorophyll recycling
pathway, which is emphasized by the light green phenotype
(Lin et al. 2022). However, it currently remains unclear why
chlorophyllide accumulation appears to be increased during
cold treatment (Lin et al. 2022). The extremely low steady-state
concentrations of Mg-porphyrins and protochlorophyllide a
downstream of the Mg-chelatase are explained by an impaired
enzymatic chelate reaction. Since lower levels of protoporphy-
rin IX were also detected in xan-h.chli-1 despite the mutation
in HvCHLI and an expected reduced Mg-chelatase activity, it

is hypothesized that the rate-limiting step of 5-aminolevulinic
acid (ALA) is feedback-controlled. The in vivo analysis of
ALA synthesis rates across the three leaf sections reveals that
the oldest section (the apical part) of wild-type leaves exhibits
the highest ALA synthesis rate (Figure 4H). Following cold
treatment, ALA synthesis in the wild type is reduced overall
but still shows a gradual increase from the base to the tip of
the leaf. In contrast, the baseline ALA synthesis rate in the
mutant is significantly lower than in the wild type, suggesting
a previously uncharacterized feedback effect of the impaired
Mg-chelatase on the enzymes involved in ALA biosynthesis.
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Notably, this already reduced ALA synthesis capacity in
the mutant does not decline further under cold conditions
(Figure 4H).

The in vivo analysis of the three leaf sections of the ALA syn-
thesis rate reveals that in the relatively young leaves, never-
theless, the older third part of the wild type leaves (the apical
section) has the highest ALA synthesis rate. The ALA synthe-
sis is reduced after cold treatment in the wild type, but still
gradually increases toward the leaf tip. The control synthesis
rate of the mutant is significantly reduced compared to the
wild type. This suggests an as yet unknown feedback effect
of the impaired Mg-chelatase due to the xan-h.chli-1 mutation
on the enzymes of ALA synthesis. However, the lower ALA
synthesis capacity of the mutant is no longer reduced in the
cold (Figure 4H).

3.4 | Molecular Dynamics Simulations Reveal
Temperature-Dependent Interactions Between
Lys298 and ATP

To further investigate the cold-sensitive phenotype of
xan-h.chli-1 plants, molecular dynamics (MD) simulations
were performed with the predicted models of wild-type
HvCHLI and its mutant variant (Arg298Lys) as starting con-
formations. Simulations were conducted under two tempera-
ture conditions, 4°C (277.15K) and 22°C (295.15K). To explore
the molecular mechanisms underlying the Arg-to-Lys substi-
tution, MD simulations focused on a single HYCHLI dimer for
both the wild-type and mutant variants. The dimer interface
forms the ATP-binding cavity, with the Arg/Lys298 side-chain
extending toward the nucleotide. To maintain the dimer in
its hexameric ring conformation, positional restraints were
applied as described in the Materials and Methods section
(Figure S5A). Each system was simulated in triplicate for 2 us
at both temperatures, resulting in a total simulation time of
24 us.

The trajectories were analyzed using Visual Molecular
Dynamics (VMD; Humphrey et al. 1996) to identify key inter-
actions between ATP and the Arg/Lys298 side-chain. Hydrogen
bonds were observed between these residues and either the N3
atom of the adenine ring or the O4’ atom of the ribose ring. In
addition, simulations revealed the possibility of cation-m in-
teractions between the aromatic adenine ring of ATP and the
positively charged Arg/Lys298 side chain. A comprehensive
analysis of all simulation frames was conducted using PLUMED
(Tribello et al. 2014), focusing on the distances between the Arg/
Lys298 side-chain and atoms in ATP that had been identified
during visual inspection.

Regardless of the temperature, the NE, NH1, and NH2 atoms
of the Arg298 side-chain remained sufficiently close to the N3
atom (Figure 5, Figures S6A, S7A) or the O4’ atom (Figure 5,
Figures S6B, S7B) of ATP to establish hydrogen bonds. Arg298
was also capable of engaging in cation-m interactions with the
adenine ring at both temperatures (Figure 5, Figure S10A). In
contrast to these findings, while Lys298 formed similar hydro-
gen bonds and cation-m interactions at 22°C, these interactions
were less frequent and less stable relative to those established

by Arg298 (see also Persello et al. 2024). Specifically, at 22°C,
the NZ atom of Lys298 could establish hydrogen bonds with
the N3 atom (Figure 5, Figure S9A) or the O4’ atom (Figure 5,
Figure S9B) of ATP and engage in cation-m interactions with
the adenine ring (Figure 5, Figure S10B). Notably, at 4°C, no
interactions between Lys298 and ATP were observed (Figure 5,
Figures S8, S10B).

3.5 | Transcriptomic Analysis Highlights
the Increased Sensitivity of xan-h.chli-1 Leaves to
Low Temperatures

The middle leaf section of xan-h.chli-1 represents an intermedi-
ate physiological and chloroplast differentiation stage between
the basal and apical sections. This section was characterized
by moderate chlorophyll accumulation, thylakoid protein lev-
els, photosynthetic performance, and plastid differentiation
(Figures 1-4). To investigate the long-term effects of cold ex-
posure on nuclear gene expression and to dissect the molecular
mechanisms underlying plant tolerance and sensitivity, tran-
scriptomic analyses were performed on the middle section of
the second leaves from Xan-h and xan-h.chli-1 plants exposed
to cold stress (4°C for 25days under long-day conditions). The
results were compared to transcriptomic data from Xan-h and
xan-h.chli-1 plants grown under optimal greenhouse conditions
(22°C; Persello et al. 2024).

Principal component analysis (PCA) revealed distinct clustering
for each genotype and condition, forming four separate groups
(Figure 6A). Notably, Xan-h and xan-h chli-1 clusters at 4°C di-
verged more with respect to the control clusters, indicating that
the response to the cold treatment was markedly different in the
two genotypes (Figure 6A). Three key comparisons were con-
ducted: (1) xan-h.chli-1 under cold stress vs. Xan-h under cold
stress (xan-h.chli-1 4°C vs. Xan-h 4°C), (2) Xan-h under cold
stress vs. Xan-h under optimal conditions (Xan-h 4°C vs. Xan-
h 22°C), and (3) xan-h.chli-1 under cold stress vs. xan-h.chli-1
under optimal conditions (xan-h.chli-1 4°C vs. xan-h.chli-1
22°C). Differentially expressed genes (DEGs) were identified
based on log-fold change (logFC>10.5]) and adjusted p-value
(padj <0.05; Figure 6B). Protein localization prediction of A.
thaliana homologs of the DEGs, along with Biological Process
Gene Ontology (GO) enrichment analysis, was also performed
(Table S2).

The xan-h.chli-1 4°C vs. Xan-h 4°C comparison identified 3457
up-regulated and 3502 down-regulated genes in xan-h.chli-1
relative to Xan-h (Figure 6B). Most upregulated genes were
predicted to be active in the nucleus (664), plasma membrane
(637), and cytosol (528), with only 155 localized to the chloro-
plast (Figure 6C). Conversely, a large fraction of down-regulated
genes (580) was predicted to function in the chloroplast
(Figure 6D), aligning with the observed chloroplast impair-
ments in xan-h.chli-1 under cold stress. Enriched GO terms for
up-regulated genes included stress-related categories like “re-
sponse to oxygen-containing compounds” (131), “response to
cold” (30), and “programmed cell death” (23) and membrane
re-organization (Figure 6E). Down-regulated terms were pri-
marily associated with chloroplast organization, photosynthe-
sis and tetrapyrrole biosynthesis including genes encoding all
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FIGURE 5 | Main interactions between Arg/Lys298 and ATP at 4°C and 22°C in molecular dynamics simulations. The frames are representa-
tive of the interactions observed during MD simulations between Arg298 or Lys298 and ATP at two different temperatures: 4°C (277.15K) and 22°C
(295.15K). No interactions between Lys298 and ATP were observed at 4°C. Arg298 and Lys298 (chain A) are shown as sticks with carbon (C) atoms
in light grey, oxygen (O) atoms in red, and nitrogen (N) atoms in blue. The ATP molecule, with a net charge state of —4, is represented by sticks with C
atoms in light grey, O atoms in red, N atoms in blue and phosphorus (P) atoms in orange. The hydrogen bonds between the side-chains of Arg/Lys298

and ATP (atoms N3 or O4’) are shown as yellow dashed lines. The cation-7 interactions between the side-chains of Arg/Lys298 and the adenine ring

of ATP are shown as green dashed lines. The hydrogen atoms of Arg/Lys298 and ATP and the magnesium ion interacting with ATP are not shown.

four Mg-chelatase subunits (HvCHLI, HyCHLD, HvCHLH, and
HvGun4; Figure 6F). Another large fraction of the enriched
down-regulated GO categories was involved in the cell wall
formation and shaping like “cell wall organization” (75), “poly-
saccharide metabolic process” (86), and “lignin metabolic pro-
cess” (12).

In addition, the Xan-h 4°C vs. Xan-h 22°C comparison identi-
fied 194 unique up-regulated genes localized primarily to the
nucleus, and a comparable number resides in the chloroplast
(Figure S11A,B). In contrast, the xan-h.chli-1 4°C vs. xan-h.chli-
122°C comparison (Figure S11C,D) reflects the xan-h.chli-1 4°C

vs. Xan-h 4°C pattern, with most up-regulated genes active in
the nucleus (670) and only 81 in the chloroplast (Figure S11C-F).

These findings indicate that the impaired chloroplast develop-
ment due to the marked reduction of chlorophyll biosynthesis
under cold conditions leads to a general down-regulation of
chloroplast-related genes. The associated reduction in chlo-
roplast activities is most probably responsible for the down-
regulation of genes involved in polysaccharide-, cell wall-,
lignin-, pectin-, and hemicellulose-metabolism (Hori et al. 2020;
Le Gall et al. 2015) and for triggering stress-related adaptive
responses.
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FIGURE 6 | Transcriptomic and gene ontology (GO) enrichment analysis of xan-h.chli-1 and Xan-hsecond leaves under induced cold stress
(14days at 22°C, 25days at 4°C) and control conditions (14 days at 22°C). Five biological replicates for each genotype/condition were analysed, a
xan-h.chli-1 replicate at 4°C was excluded from the analysis. (A) Principal component analysis (PCA) of the RNA-Seq data. (B) Volcano plot showing
the differentially expressed genes (DEGs) in the middle leaf section of xan-h.chli-1 mutant plants under cold conditions compared to Xan-h under cold
conditions (xan-h.chli-1 4°C vs. Xan-h 4°C) after filtering (padj <0.05 and logFC > 10.5l). (C, D) Predicted subcellular localization of the barley xan-h.
chli-14°C vs. Xan-h 4°C DEGs homologs in A. thaliana for the up- (C) and down-regulated genes (D). (E, F) A set of representative enriched (p <0.01,
number of genes > 10) biological process GO terms for the up and down regulated DEGs in the xan-h.chli-1 4°C versus Xan-h 4°C comparison. The

complete list is provided in Table S2.

4 | Discussion

Although often overlooked in breeding programs, traits associ-
ated with photosynthetic efficiency have significant potential to
enhance crop productivity and resilience (Croce et al. 2024). The
reduction of leaf chlorophyll levels has been proposed to boost
the efficiency of solar energy conversion (ECE) and improve
biomass production, facilitating light absorption throughout the
canopy (Cutolo et al. 2023). However, not all pale-green mutants
exhibit comparable behavior under field conditions, as optimal

chlorophyll levels vary across environments and latitudes (Li
et al. 2018). While a strongly reduced amount of chlorophyll is
obviously difficult for the plant's metabolism to tolerate, changes
in chlorophyll synthesis can trigger a wide range of pleiotropic
effects (Woodson et al. 2015; Lee et al. 2003; Kim et al. 2023;
Pospisil 2016). Disruptions in the tetrapyrrole biosynthesis
pathway can lead to cytotoxic accumulation of chlorophyll and
heme precursors, which are highly reactive under light condi-
tions, especially in their free forms, leading to leaf necrotic phe-
notypes (Woodson et al. 2015; Lee et al. 2003; Kim et al. 2023;
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Pospisil 2016). This is observed when a disrupted enzymatic step
of porphyrin synthesis within the chlorophyll metabolic path-
way leads to an accumulation of the catalytic substrate.

In this study, we investigated the pale-green barley mutant
xan-h.chli-1, previously isolated and characterized under green-
house and spring field conditions (Persello et al. 2024), under cold
conditions. While several pale-green mutants in Arabidopsis
and barley, such as cs/cs, chlorina-f2.101, chlorina.111, and husl,
did not exhibit cold sensitivity, the xan-h.chli-1 allele showed a
unique susceptibility, leading to lethality under winter field con-
ditions, supporting the notion that the severity of the xan-h.chli-
1 mutation is responsible for additional physiological effects
(Figure 1, Figure S1). Cold conditions intensified the chlorosis
pattern along the second leaf blade of xan-h.chli-1 (Figures 2,
3), amplifying the gradient of chloroplast accumulation typi-
cally observed across monocot leaf blades (Smillie et al. 1978;
Pogson et al. 2015; Nelissen et al. 2016; Loudya et al. 2021).
Basal (younger) regions of xan-h.chli-1 leaves contained non-
photosynthetic, undifferentiated proplastid-like organelles,
characterized by simple membrane structures, large nucle-
oids, and carrying high levels of proplastid-specific Nuclear
Encoded RNA Polymerase (HvSCA3) transcripts. Interestingly,
the Oxygen Evolving Complex subunit PsbO, recently proposed
as a chloroplast pioneer protein in the transition from proplas-
tids to chloroplasts (Jeran et al. 2025; Di Silvestre et al. 2025),
was the only thylakoid electron transport chain subunit found
to accumulate (Figure 3, Figure S4). Conversely, apical regions
displayed a heterogeneous chloroplast population, including
both wild-type-like and structurally compromised or bursting
forms. These apical sections also exhibited increased expression
of stress-responsive genes (Figure 3, Figure S4).

Despite this transcriptional stress response, measurement of
total ROS accumulation on whole leaves of plants grown for
10days under cold conditions revealed lower levels in xan-
h.chli-1 compared to Xan-h, resulting in lower leaf chlorophyll
content and a lower amount of leaf chlorophyll intermediates
(Figure 4). These findings are in line with the observations that
mutants altered in the Mg-chelatase activity generally show a
reduction in tetrapyrrole biosynthesis, likely triggered by feed-
back regulatory mechanisms active in plants, aimed at reducing
ALA accumulation but absent in algae (Brzezowski et al. 2016).
Similar observations have also been reported in mutants and an-
tisense RNA inactivation for uroporphyrinogen I1I decarboxylase
(UROD), coproporphyrinogen III oxidase (CPOX), protoporphy-
rinogen oxidase (PPOX) and Mg-protoporphyrin IX monomethyl
ester cyclase (MgPME) genes (Mochizuki et al. 2010; Czarnecki
and Grimm 2012; Brzezowski et al. 2015; Wang et al. 2022).
Intriguingly, the chlorosis gradient observed throughout the
xan-h.chli-1 leaf blade was partially reversible. Upon returning
to greenhouse growth conditions, the basal and middle sections
of xan-h.chli-1 leaves recovered the photosynthetic capacity
and developed fully functional chloroplasts. On the contrary,
photosynthetic efficiency in the apical leaf sections dramati-
cally dropped (Figure 2), most probably as a consequence of the
marked increase of chlorophyllide a levels in the xan-h.chli-1
apical leaf section. Taken together, these leaf phenotypes indi-
cate that proplastid-to-chloroplast differentiation was delayed
in the mutant upon prolonged growth at 4°C. However, it was
able to re-initiate chloroplast biogenesis when the temperature

was raised to control conditions. Instead, already differentiated
chloroplasts carrying an increased amount of chlorophyllide a
were damaged in cold conditions and could not recover if shifted
to physiological temperatures.

The observed cold-conditional phenotype was supported by MD
simulations, employed to probe the temperature-dependent in-
teractions of Arg298 and Lys298 with ATP within the HYCHLI
binding cleft (Figure 5, Figures S5-S10). Although the analysis
relied on predicted models and out-of-equilibrium simulations,
the observations provide valuable insights into the molecular
basis of temperature-dependent functionality. The simulations
revealed a high degree of conformational flexibility in the ad-
enine ring of ATP throughout the trajectories, suggesting that
the ATP binding pocket may not have reached an equilibrium
state. Given that the initial ATP conformation was determined
via docking, this pronounced dynamic behavior likely reflects
incomplete stabilization of ATP within the binding pocket under
the simulated conditions. Nevertheless, the results demonstrate
that the Arg-to-Lys substitution at position 298 introduces
temperature-dependent interaction profiles that may underline
the reduced functionality of the mutant protein at low tempera-
tures (Figure 5). Mechanistically, MD simulations suggest that
the side-chain geometry and chemical properties of arginine en-
able robust ATP binding across a range of temperatures. In con-
trast, the lysine substitution disrupts this compatibility under
cold conditions, most probably due to the reduced ability of the
Lys298 side-chain to maintain favorable contacts with the ade-
nine ring and ribose moieties at 4°C.

To study the prolonged cold exposition effects on xan-h.chli-1,
analysis of the gene networks was performed on the middle leaf
section of Xan-h and xan-h.chli-1 plants (Figure 6, Table S2).

Due to the impaired proplastid-to-chloroplast differentiation rate
(Figure 3), cold-exposed xan-h.chli-1 displayed a broad down-
regulation of plastid-related genes, as indicated by large number
of down-regulated nuclear genes encoding plastid-targeted pro-
teins in the transcriptomic analyses (Figure 6). Gene Ontology
(GO) enrichment analysis further revealed significant suppres-
sion of pathways related to tetrapyrrole biosynthesis, photosyn-
thetic light and dark reactions, and plastid organization. It is
widely documented that cold responses involve extensive met-
abolic and molecular reprogramming across multiple cellular
pathways, including those related to carbohydrates, cell walls,
lipids, amino acids, and antioxidants, to facilitate the production
of cryoprotective and osmoprotective compounds. Therefore,
adaptation to cold environments requires metabolically active
chloroplasts (Kidokoro et al. 2022; Hori et al. 2020; Dabravolski
and Isayenkov 2023; Le Gall et al. 2015; Taylor et al. 2009). The
broad down-regulation, in xan-h.chli-1, of cell wall-related path-
ways, like “cell wall organization or biogenesis” (61), “pectin
metabolic process” (25) and “lignin metabolic process” (12), sug-
gest an altered cold adaptation response. Accordingly, the down-
regulation of 75 genes belonging to the GO term “response to
cold” (G0O:0009409) was observed, while 30 genes from the
same category showed up-regulation as possible compensatory
mechanism.

On the other hand, among the few up-regulated plastid-
localized genes in the “response to cold” GO category was
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ELIPI (Early Light-Induced Protein 1). This gene encodes a pro-
tein that prevents excessive accumulation of free chlorophyll
by inhibiting the entire chlorophyll biosynthesis pathway, in-
cluding 5-aminolevulinate synthesis and Mg-chelatase (Hutin
et al. 2003).

The reversible cold-sensitive phenotype (chlorosis and lethal-
ity) is likely related to the inactivation of the Mg-chelatase at
4°C, caused by the Arg-to-Lys substitution in HvCHLI. In this
scenario, the Mg-chelatase in xan-h.chli-1 cold-exposed plants
is not capable of exerting chlorophyll synthesis and supporting
chloroplast differentiation. Unlike other mutants in tetrapyrrole
biosynthesis regulation that accumulate photosensitizing reac-
tive intermediates (Hou et al. 2021; Rai et al. 2025), alterations
in Mg-chelatase activity trigger a negative regulation aimed at
decreasing ALA synthesis, thus reducing tetrapyrrole inter-
mediates accumulation (Papenbrock et al. 2000; Brzezowski
et al. 2016). In line with this, the entire tetrapyrrole pathway
was decreased in cold-exposed xan-h.chli-1 (Figures 4 and 6).
The hampered chlorophyll synthesis led to a stop of chloro-
plast development in xan-h.chli-1, determining the observed
non-photosynthetic chlorotic phenotype in younger tissues.
Conversely, the fully mature and photosynthetically active chlo-
roplasts, characterized by a higher content of chlorophyllide a in
the apical leaf sections, accumulated damage leading to burst-
ing upon prolonged cold exposition and bleaching when trans-
ferred back at 22°C (Figure 2).
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Figure S1: Weather conditions (values
of light levels and air temperatures measured every 11 min) recorded in
the Botanical Garden “Citt'a Studi” of the University of Milan
(45°28’32.2""N—9°14'05.0”E) during two independent growing sea-
sons—November 2022 to July 2023 and November 2023 to July 2024.
(A, B) Light levels (in umol photons m=2s-!) measured between
November and July 2022-2023 (A) and 2023-2024 (B). (C, D) Air tem-
peratures (°C) measured between November and July 2022-2023 (C)
and 2023-2024 (D). The dots and arrowheads indicate the dates on
which (i) the plants shown in Figure 1A were photographed and (ii)
those on which field measurements of plants at the second leaf stage,
sown either in winter or spring seasons (see Figure 1B), were taken, re-
spectively. Figure S2: Effects of high-light (HL) (i) growing conditions
and (ii) recovery on the photosynthetic parameters Fv/Fm, Y(II) and the
leaf chlorophyll contents of mutant and control barley plants. (A)
Comparison of visible phenotype (bright field illumination, BF), total
chlorophyll content (SPAD) and PSII photosynthetic parameters be-
tween xan-h.chli-1 and Xan-h leaves under control conditions (14 days at
150umol photons m~2s7!). (B) Corresponding values for Xan-h and
xan-h.chli-1 leaves grown for 14days under high-light conditions
(1000 umol photons m~2s71). (C) Data obtained upon recovery from HL
stress recovery (14 at 1000 umol photons m~2s~! and 5days at 150 umol
photons m~2s71). The photosynthetic Fv/Fm and Y(II) parameters are
displayed in false colors; the color scale is shown below the images; vio-
let corresponds to 1 and red to 0. Scale bar=2cm. Student's ¢-test was
performed to show the significance of the observed differences (***
p<0.001, ** p<0.01, * p<0.05). Figure S3: Visible phenotypes of A.
thaliana control and mutant plants grown under induced cold stress
and under optimal growth chamber conditions. (A) Visible phenotypes
of Atchlil/Atchlil plants transformed with Xan-h and xan-h.chli-1 cod-
ing sequences, and the controls Col-0 and cs/cs genotypes after 7 days (7
DAS) under control growth conditions (22°C) and after 100days (107
DAS) of exposure to cold (4°C) growth conditions. (B) PSII photosyn-
thetic parameters obtained after 7days (7 DAS) under control condi-
tions (22°C) and after 100days (107 DAS) under cold (4°C) conditions.
(C) Immunoblot analyses of plastid-located Mg-chelatase subunits
(AtCHLI, AtCHLD, AtGUN4) extracted from Atchlil/Atchlil plants that
had been transformed with Xan-h and xan-h.chli-1 coding sequences,
and the Col-0 and cs/cs controls. Plants were grown for 16 days under
control conditions. A portion of an SDS-PA gel stained with Coomassie
Brilliant Blue (CBB), containing the heavy chain of the ribulose bisphos-
phate carboxylase/oxygenase (AtRbcL) is shown as a loading control.
Scale bar =1cm. Student's t-test was performed to show the significance
of the observed differences (*** p <0.001, ** p<0.01, * p <0.05). Figure
S4: Differential gene expression analysis performed on xan-h.chli-I and
Xan-h leaf sections under induced cold stress conditions. (A) Relative
levels of marker genes known to be up-regulated in proplastid-
containing tissues (HvSCA3; HYWRKY40), stress-related marker genes
(HvHSFA4A; HvLOX2) and ROS-related marker genes (HvFLOT3;
HvCAT1I) was monitored by RT-qPCR (see also Materials and methods)

on RNA extracted from plants grown initially for 14 days at 22°C and
then for 25days at 4°C. (B, C) Light-induced hydroxyl radical formation
in thylakoid membranes isolated from the second leaf of Xan-h and
xan-h.chli-1 plants exposed to cold stress (14 days at 22°C and then for
25days at 4°C). Generation of hydroxyl radicals originating from 0,/
H,0, was detected by spin trapping with 4-POBN as a spin trap. Typical
EPR spectra of the 4-POBN/a-hydroxyethyl adduct are shown (B). (C)
Differences in EPR signal sizes reported as average values (n=8, 2
thylakoid preparations). Letters indicate ANOVA classification based
on Tukey's HSD test (Tukey's p-value <0.05). Figure S5. Dimer of wild-
type and mutant (Arg298Lys) HvCHLI used for molecular dynamics
simulations, the model of ATP*-, Arg, and Lys with CHARMM force-
field atom names. (A) Left panel: Representative hexameric ring model
of wild-type and mutant HvCHLI. Only the dimer containing ATP and a
magnesium ion (not shown) was used, with chain A colored in light grey
and chain B colored in blue. Right panel: Representative dimer model of
wild-type and mutant HvCHLI. To preserve the original dimeric fold,
positional restraints were applied during the simulations to the back-
bone of the following residues: Glyl51-Vall66, Asp225-Phe255, and
Leu313-Phe412 in chain A; Leul29-Gly213, Val282-Asp336, and
Val379-Phe412 in chain B. Regions with positional restraints are shown
in yellow. Models are represented in cartoon form, with chain A colored
in light grey and chain B colored in blue. (B) The model of ATP with the
center of mass of the C4 and C5 atoms was used to approximate the
center of the adenine group of ATP. (C) The model of Arg298 in the
dimer of the wild-type version of HYCHLI. (D) The model of Lys298 in
the dimer of the mutant version of HYCHLI. All models are represented
in stick forms, with carbon atoms in light grey and nitrogen atoms in
blue; hydrogen atoms are not shown. The atoms involved in the analysis
are indicated and labeled according to the CHARMM force-field con-
ventions. Figure S6: Analysis of the distance between ATP and the
Arg298 side chain in the wild-type system at 4°C (277.15K), which was
used to evaluate possible hydrogen-bond formation during MD simula-
tions. (A) Distances between the NE (light blue), NH1 (blue), and NH2
(purple) atoms of Arg298 and the N3 atom of the ATP adenine ring.
Each plot (top, middle and bottom) corresponds to an independent 2-us
MD simulation. Each frame is printed with a stride of 100 ps. The grey
shaded area, bounded by the dashed lines at 2.2A and 3.8 A, indicates
the range where hydrogen bond formation is possible. (B) Distances be-
tween the NE (light blue), NH1 (blue), and NH2 (purple) atoms of
Arg298 and the O4’ atom of the ATP ribose ring. Each plot (top, middle
and bottom) corresponds to an independent 2us MD simulation. Each
frame is printed with a stride of 100 ps. The grey shaded area, bounded
by the dashed lines at 2.2 and 3.8 A, indicates the range where hydrogen
bond formation is possible. Figure S7: Distance analysis between ATP
and the Arg298 side chain in the wt system at 22°C (295.15K) to evalu-
ate possible hydrogen bond formation during MD simulations. (A)
Distances between the NE (light yellow), NH1 (brown), and NH2 (or-
ange) atoms of Arg298 and the N3 atom of the ATP adenine ring. Each
plot (top, middle and bottom) corresponds to an independent 2-us MD
simulation. Each frame is printed with a stride of 100ps. The grey
shaded area, bounded by the dashed lines at 2.2 and 3.8 A, indicates the
range where hydrogen bond formation is possible. (B) Distances be-
tween the NE (light yellow), NH1 (brown), and NH2 (orange) atoms of
Arg298 and the O4’ atom of the ATP ribose ring. Each plot (top, middle
and bottom) corresponds to an independent 2-us MD simulation. Each
frame is printed with a stride of 100 ps. The grey shaded area, bounded
by the dashed lines at 2.2 and 3.8 A, indicates the range where hydrogen
bond formation is possible. Figure S8: Distance analysis between ATP
and the Lys298 side chain in the mutant (Arg298Lys) system at 4°C
(277.15K) to evaluate possible hydrogen bond formation during MD
simulations. (A) The distances between the NZ atom of Lys298 and the
N3 atom of the ATP adenine ring are shown in light blue. Each plot (top,
middle and bottom) corresponds to an independent 2-us MD simula-
tion. Each frame is printed with a stride of 100 ps. The grey shaded area,
bounded by the dashed lines at 2.2 and 3.8 A, indicates the range where
hydrogen bond formation is possible. (B) The distances between the NZ
atom of Lys298 and the O4’ atom of the ATP ribose ring are shown in
light blue. Each plot (top, middle and bottom) corresponds to an
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independent 2-us MD simulation. Each frame is printed with a stride of
100ps. The grey shaded area, bounded by the dashed lines at 2.2 and
3.8A, indicates the range where hydrogen bond formation is possible.
Figure S9: Distance analysis between ATP and the Lys298 side chain in
the mutant (Arg298Lys) system at 22°C (295.15K) to evaluate possible
hydrogen bond formation during MD simulations. (A) The distances
between the NZ atom of Lys298 and the N3 atom of the ATP adenine
ring are shown in orange. Each plot (top, middle and bottom) corre-
sponds to an independent 2-us MD simulation. Each frame is printed
with a stride of 100ps. The grey shaded area, bounded by the dashed
lines at 2.2 and 3.8 A, indicates the range where hydrogen bond forma-
tion is possible. (B) The distances between the NZ atom of Lys298 and
the O4’ atom of the ATP ribose ring are shown in orange. Each plot (top,
middle and bottom) corresponds to an independent 2 us MD simulation.
Each frame is printed with a stride of 100ps. The grey shaded area,
bounded by the dashed lines at 2.2 and 3.8 A, indicates the range where
hydrogen bond formation is possible. Figure S10: Distance analysis be-
tween ATP and the Arg298/Lys298 side chain at 4°C (277.15K) and
22°C (295.15K) to evaluate possible cation-7 interactions during MD
simulations. (A) Distances between the CZ atom of Arg298 and the cen-
ter of mass of atoms C4 and C5 of the ATP adenine group at 4°C
(277.15K) and at 22°C (295.15K). Each panel (top, middle and bottom)
corresponds to an independent 2us MD simulation at 4°C (light blue)
and at 22°C (orange). Each frame is printed with a stride of 100 ps. The
grey-shaded area, fading to 6 A, indicates the range where cation-7 in-
teractions are possible. (B) Distances between the NZ atom of Lys298
and the center of mass of atoms C4 and C5 of the ATP adenine group at
4°C (277.15K) and at 22°C (295.15K). Each panel (top, middle and bot-
tom) corresponds to an independent 2pus MD simulation at 4°C (light
blue) and at 22°C (orange). Each frame is printed with a stride of 100 ps.
The grey-shaded area, fading to 6 A, indicates the range where cation-7
interactions are possible. Figure S11: Transcriptomics and gene ontol-
ogy (GO) enrichment analyses of Xan-h and xan-h.chli-I middle leaf
sections under induced cold stress and control conditions. (A) Volcano
plot showing the differentially expressed genes (DEGs) in the middle
leaf section of Xan-h plants under induced cold stress conditions com-
pared to Xan-h under greenhouse conditions (Xan-h 4°C vs. Xan-h
22°C) after filtering (padj <0.05 and logFC > 10.5l). (B) Predicted subcel-
lular localization of the up-regulated barley Xan-h 4°C versus Xan-h
22°C DEGs homologs in A. thaliana. Only the genes up-regulated spe-
cifically in the Xan-h 4°C versus Xan-h 22°C comparison were selected.
(C) Volcano plot showing the differentially expressed genes (DEGs) in
the middle leaf section of xan-h.chli-1 plants under induced cold stress
conditions compared to xan-h.chli-1 under greenhouse conditions
(xan-h.chli-1 4°C vs. xan-h.chli-1 22°C) after filtering (padj <0.05 and
logFC>10.5l). (D) Predicted subcellular localization of the up-regulated
barley xan-h.chli-1 4°C vs. xan-h.chli-1 22°C DEGs homologs in A. thali-
ana. Only the genes up-regulated specifically in the xan-h.chli-1 4°C vs.
xan-h.chli-1 22°C comparison were selected. (E, F) Enriched (p <0.01,
no of genes > 10) biological process GO terms for the up-regulated DEGs
in the (Xan-h 4°C vs. Xan-h 22°C; E) and xan-h.chli-1 4°C vs. xan-h.chli-
1 22°C (F) comparisons. A set of representative terms is shown.
Table S1: List of DNA primers and plant mutant lines used in this work.
Table S2: Differentially expressed genes in the xan-h.chli-1 under in-
duced cold stress conditions vs. Xan-h under induced cold stress condi-
tions (xan-h.chli-1 4°C vs. Xan-h 4°C). GO analysis and differentially
expressed genes belonging to the GO term “response to cold”
(G0:0009409) in the xan-h.chli-1 4°C versus Xan-h 4°C. The table indi-
cates both the MorexV3 gene IDs (morexV3_id) and the A. thaliana ho-
mologous genes (plaza_arath_ortho_id).
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