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SUMMARY

Acclimation is the capacity to adapt to environmental changes within the lifetime of an individual. This abil-
ity allows plants to cope with the continuous variation in ambient conditions to which they are exposed as
sessile organisms. Because environmental changes and extremes are becoming even more pronounced due
to the current period of climate change, enhancing the efficacy of plant acclimation is a promising strategy
for mitigating the consequences of global warming on crop yields. At the cellular level, the chloroplast plays
a central role in many acclimation responses, acting both as a sensor of environmental change and as a tar-
get of cellular acclimation responses. In this Perspective article, we outline the activities of the Green Hub
consortium funded by the German Science Foundation. The main aim of this research collaboration is to
understand and strategically modify the cellular networks that mediate plant acclimation to adverse envi-
ronments, employing Arabidopsis, tobacco (Nicotiana tabacum) and Chlamydomonas as model organisms.
These efforts will contribute to ‘smart breeding’ methods designed to create crop plants with improved
acclimation properties. To this end, the model oilseed crop Camelina sativa is being used to test modulators
of acclimation for their potential to enhance crop yield under adverse environmental conditions. Here we
highlight the current state of research on the role of gene expression, metabolism and signalling in
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acclimation, with a focus on chloroplast-related processes. In addition, further approaches to uncovering
acclimation mechanisms derived from systems and computational biology, as well as adaptive laboratory
evolution with photosynthetic microbes, are highlighted.

Keywords: acclimation, Arabidopsis, Chlamydomonas, Camelina, Tobacco, gene expression, signalling,
metabolism, systems biology, adaptive laboratory evolution.

INTRODUCTION of various acclimation responses (Crosatti et al., 2013).

Hence, the organelle can be considered to be the ‘hub of

In this Perspective article, we outline the activities of the
Green Hub consortium funded by the German Science
Foundation (DFG) as Transregional Collaborative Research
Center 175 (TR175). The consortium was launched in 2016,
and received funding for an additional 4 years in the spring
of 2020. The collaboration currently comprises 20 research
groups based in Munich, Berlin, Kaiserslautern and Golm,
Germany, whose members are well acquainted with the
metabolic, genetic and cell biological functions of chloro-
plasts and their interactions with other cell compartments.
The aim of the Green Hub consortium is to understand and
where possible reconfigure the cellular networks that
mediate acclimation processes in plants with a view to
increasing their efficacy. A long-term goal is to contribute
to ‘smart breeding’ methods devoted to the creation of
crop plants with improved acclimation properties.
Acclimation is the capacity to adapt rapidly at the physi-
ological level to changes in the environment within the life-
time of an individual and involves changes in the
expression of the genome, in contrast to adaptation, which
involves heritable changes in a population and so changes
to the genome. Plant acclimation is a consequence of the
sessile lifestyle of land plants, which compels them to con-
front in situ a dynamic environment, in which many critical
parameters are subject to rapid fluctuation. Frequent varia-
tions in ambient conditions have forced plants to develop
uniquely flexible metabolic and genetic responses in order
to maintain cellular function in the face of environmental
instability. Chloroplasts play a central role in many accli-
mation responses (for review, see Crosatti et al., 2013;
Foyer, 2018; Liebthal et al., 2018; Manavski et al., 2018;
Yang et al., 2019; Morales and Kaiser, 2020). Therefore, the
consortium focuses on acclimation processes that involve
this organelle. Photosynthesis is the key process in chloro-
plasts and has a central position in various metabolic
transformations and signalling pathways. However, photo-
synthetic reactions are also very sensitive to changes in
incident light, environmental temperature and water sup-
ply. This makes photosynthesis (and the chloroplast as a
whole) a cellular sensor, which triggers various acclimation
responses in the plant cell (Brautigam et al, 2009;
Pfannschmidt and Yang, 2012; Exposito-Rodriguez et al.,
2017; Havaux, 2020). Owing to its vital significance for
plant metabolism, the chloroplast is also a primary target

acclimation’.

Table 1 Key issues being explored by the Green Hub consortium

Feature

Description/comment

Environmental conditions

Temperature
Light

Water availability
Metal deficiency

Organisms

Arabidopsis
thaliana

Tobacco

Chlamydomonas
reinhardtii

Camelina sativa

Synechocystis PCC
6803

Acclimation levels

RA1: Gene
Expression

RA2: Metabolism

RA3: Signalling

RA4:
Computational
Biology

Further approaches
Systems biology

ALE

Cold and heat

High light and fluctuating light
Drought

Deficiency in copper and/or iron

Main workhorse of the consortium

Predominantly used in RA1 (Gene
Expression) because of its accessibility to
plastid transformation

Used in RA1 and RA3 (Gene Expression and
Signalling), as well as in systems biology
and ALE experiments

Used as model crop to test impact of
modulators on acclimation capacity of
crops

Used in ALE experiments

Focus on quantifying and modelling gene
expression in chloroplasts

Focus on chloroplast metabolism and its
links to other compartments

Focus on retrograde signalling

Focus on bioinformatics, statistics and
mathematical modelling to foster
functional data integration

In addition to proteomics, metabolomics
and RNA-Seq also more sophisticated
approaches like Gro-, ChIP- and Ribo-Seq
are used

Mutations underlying adaptation of
photosynthetic microbes to the
environmental conditions studied by the
consortium will be tested for their capacity
to enhance acclimation in plants

RA, research area (of the consortium); ALE, adaptive laboratory
evolution; modulators, cellular components (e.g. proteins or
metabolites) that are central to acclimation and impair it when
they fail to function.
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Table 2 Selection of modulators of acclimation identified by and/or worked on in the Green Hub consortium. Only proteins that show a
mutant growth phenotype (relative to the wild type) under acclimation-relevant growth conditions are listed. The acclimation-relevant
growth conditions considered here are heat, cold, high light (HL), fluctuating light (FL), drought, salt, flagellin treatment and metal stress

(e.g. cadmium)

Gene/ Accession
metabolite code

Molecular function

Acclimation condition

Reference (from the consortium)

RA1: Gene Expression

CP29A At3g53460 RNA-binding protein Cold Kupsch et al., 2012
CP31A At4g24770 RNA-binding protein Cold Kupsch et al., 2012; Lenzen et al., 2020
RA2: Metabolism
NTRC At2g41680 NADPH-dependent FL Thormahlen et al., 2017, Hou et al., 2019
thioredoxin reductase 3
NTT At1g80300 ATP importer Cold Trentmann et al., 2020
MEX1 At5g17520 Maltose transporter Cold Trentmann et al., 2020
JASSY At1g70480 OPDA (jasmonate precursor) Cold Guan et al., 2019
transporter
PGR5 At2g05620 Thylakoid proteins involved in  FL DalCorso et al., 2008, Suorsa et al., 2016;
PGRL1 At4g22890/ cyclic electron flow Dann and Leister, 2019
At4g11960
pSuT At5g59250 Plastidial sugar transporter Cold Patzke et al., 2019
Fumarate — Photosynthate storage in Simultaneous copper and Garcia-Molina et al., 2020b
Brassicaceae iron deficiency
RA3: Signalling
FBN6 At5g19940 Affects sulphate metabolism HL, cadmium Lee et al., 2020
FC1 At5g26030 Heme synthesis Salt Fan et al., 2019
FC2 At2g30390 Heme synthesis Salt, flagellin Scharfenberg et al., 2015
GUN1 At2g31400 PPR-SMR protein Cold Marino et al., 2019
PP7L At5g10900 Involved in transposable HL, drought Xu et al., 2019
element silencing, located in
cytosol and nucleus
VEN4 At5g40270 dGTP catabolism in the Cold, salt Xu et al., 2020b
nucleus
VIPP1 Cre13.g583550  Coping together with VIPP2 HL Nordhues et al., 2012; Theis et al., 2020

with lipid packing stress at
chloroplast membranes

PPR-SMR, pentatricopeptide repeat-small MutS-related; OPDA, 12-oxo-phytodienoic acid.

The three environmental variables chosen by our con-
sortium - light, temperature and water availability — repre-
sent omnipresent external challenges with major impacts
on plant performance and productivity (see Table 1).
Accordingly, fast, precise and efficient responses are
required to enable plants to become acclimated to these
stimuli. To reduce the biological and experimental com-
plexity to a manageable level, we focused in the first fund-
ing period (2016-2020) on changes that affected a single
environmental parameter at a time, but we have now
moved on to consider more complex conditions in which
multiple parameters are changing. Acclimation mecha-
nisms act on timescales that vary from minutes to days
and on processes ranging from gene regulation to meta-
bolic reactions, and they ultimately involve all cellular
compartments. This diversity of acclimation processes
depends on a multiplicity of steps and mechanisms, and
therefore the Green Hub consortium works on three major
aspects of acclimation: (1) gene expression, (2) metabolism
and (3) signalling. These three Research Areas (RAs) are
complemented by the RA ‘Computational Biology’ that

© 2020 The Authors.

focuses on applying mathematics and informatics to anal-
yse and structure data and by additional projects that focus
(i) on systems biology approaches and (ii) on adaptive lab-
oratory evolution (ALE) experiments using photosynthetic
microbes as models (Table 1).

The diversity of levels on which acclimation processes
operate is reflected in a plethora of underlying mecha-
nisms, each of which includes steps that are central to
acclimation and impair it when they fail to function. We
refer to such steps — which may concern a specific protein
or metabolite, or a transcriptional master switch that regu-
lates batteries of genes relevant to acclimation — as ‘modu-
lators’. A list of representative modulators worked on or
identified by the consortium can be found in Table 2. One
important question that presents itself is whether such
modulators can be used to enhance the abilities of crop
plants to acclimate to challenging environments. Disap-
pointingly, simple genetic manipulations using gain-of-
function (overexpression) or loss-of-function (knockdown
or knockout) approaches have generally failed to generate
stress-resistant plants without marked trade-offs (see also
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Concluding Remarks below). This strongly suggests that
trial-and-error experiments are unlikely to sustainably
improve plant performance. Hence, in order to improve
plant acclimation with minimum trade-offs, a deep under-
standing of the function of modulators and their involve-
ment in multiple cellular networks is required. The
consortium therefore makes extensive use of systems biol-
ogy and quantitative approaches to gain a comprehensive
picture of cellular networks, and also plans to employ com-
plementary ALE approaches with photosynthetic microbes
to identify changes in protein sequence and function that
have an impact on acclimation.

To ensure a high level of synergy between the various
projects, at the beginning of the collaboration we chose to
study only three different model systems — a representative
green alga (Chlamydomonas reinhardtii) and two species
of flowering plants (Arabidopsis thaliana and tobacco
[Nicotiana tabacum]) (Table 1). Each system possesses
specific advantages with respect to the focus of individual
projects: A. thaliana is a superior system for genetic
screens; C. reinhardtii (the ‘green yeast’) offers the advan-
tages of a unicellular organism, is amenable to ALE experi-
ments and represents the best-studied photoautotrophic
system for acclimation to high light and increased tempera-
ture at the systems biology level (e.g. Hemme et al., 2014;
Mettler et al., 2014); and tobacco is a model system for plas-
tid transformation (e.g. Fuentes et al., 2018). In the current
funding period (2020-2024), we will also employ Camelina
sativa (also known as gold of pleasure, false flax, wild flax,
linseed dodder, German sesame or Siberian oilseed), which
is closely related to A. thaliana, is accessible to efficient
transformation technology and represents an oilseed plant
that serves as both model system and commercial crop
(Bansal and Durrett, 2016; Malik et al., 2018). Moreover, the
consortium uses standardised conditions for light, tempera-
ture and drought treatments, and grows organisms in only
one location for large-scale quantitative biology measure-
ments (transcriptomics, metabolomics, proteomics) in
order to exclude unnecessary experimental noise.

In the following we shortly summarise the state of the
art and the progress made by the consortium in the three
RAs, and describe the further approaches (Table 1) that we
are now employing or currently establishing.

RA1. GENE EXPRESSION: ACCLIMATION OF
CHLOROPLAST TRANSLATION TO TEMPERATURE AND
MORE

Most of the genes in the chloroplast genome encode essen-
tial components of either the photosynthetic (PS) machinery
or the plastid gene expression (PGE) system. The PGE appa-
ratus, including the constituents of the major RNA poly-
merase and the ribosome and a set of RNases, is of bacterial
origin, but there are also eukaryotic add-ons, many of which
have a profound impact on gene regulation (Barkan, 2011).

In this RA, we focus on the quantification of chloroplast-
based genetic readouts and the characterisation of regula-
tory circuits during acclimation-associated adjustments. The
tight and predominantly post-transcriptional regulation of
PGE allows plant cells to quickly respond to sudden environ-
mental changes, to adjust the composition of the PS machin-
ery and to rapidly replace damaged proteins. Thus, PGE has
been recognised as a major target of homeostatic adjust-
ments during acclimation (Stitt and Hurry, 2002; Pfannsch-
midt and Yang, 2012; Crosatti et al., 2013).

Plastid gene expression and acclimation: general remarks

Conceptually, PGE has two major roles in acclimation. It (i)
generates signals that coordinate chloroplast activity with
gene expression in the nucleus (retrograde signalling; cov-
ered by the RA Signalling, see below), and it (ii) senses
and can be affected by environmental perturbations. For
example, changing temperatures have a direct effect on
the folding of chloroplast RNAs, as well as on the catalytic
activities of key enzymes in gene expression, e.g. RNA
polymerases, ribosomes and RNases. Unless actively
opposed, this inevitably leads to changes in RNA produc-
tion, RNA stability and translation efficiency. Appropriate
responses to temperature shifts are essential to ensure the
timely and appropriately balanced production of plastid-
encoded proteins, e.g. to maintain the correct stoichiome-
try of the subunits in photosynthetic complexes. We are
pursuing a two-pronged approach to understand acclima-
tion responses of PGE. As a means of uncovering decisive
regulatory steps and/or regulatory factors in PGE during
acclimation, we have performed plastome-wide kinetic
analyses of various steps in PGE. These experiments were
designed to cover various stages of acclimation, including
short- and medium-term responses. It was surprising to
see that, apart from the known light-induced upregulation
of psbA translation, PGE was only mildly affected during
acclimation to higher or lower light intensities (Schuster
et al., 2020). Further kinetic analyses focusing on tempera-
ture changes are ongoing, and point to a far more impor-
tant role of PGE during acclimation to heat and cold.

Molecular components that mediate acclimation of plastid
gene expression

As a complement to such global and primarily descriptive
efforts, this RA encompasses the identification of the
molecular components that mediate acclimation of PGE.
Obviously, responses of PGE and PGE-activated signalling
require hard-wiring between signal receptors and gene
expression readouts, i.e. modulators of PGE must translate
acclimation signals into changes at the level of gene
expression, which we aim to identify and characterise. His-
torically, transcription has been regarded as crucial for the
regulation of PGE. Transcriptional activity indeed responds
to diverse signals, e.g. to altered redox conditions in the

© 2020 The Authors.
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Figure 1. Acclimation-relevant components of plastid gene expression that are under investigation by the Green Hub consortium.

(1) RNA-binding proteins protect chloroplast mRNAs from degradation during cold acclimation (Kupsch et al., 2012; Lenzen et al., 2020). (2) PPR proteins protect
RNAs from exonucleolytic degradation by binding to single-stranded UTR regions and hence facilitate the translation of their target mMRNAs and the maturation
of their target rRNAs (Wu et al., 2016; Rojas et al., 2018). (3) In the cold, UTRs are more likely to be inaccessible due to folding. Thus, specific mechanisms are
expected to remove such structures, as exemplified by the ternary PrfB3 complex (Jiang et al., 2019a). (4) Chloroplast-encoded components of the ribosome are
differentially expressed in the cold to support ribosome biogenesis at low temperatures (Fleischmann et al., 2011). (5) The moonlighting protein DLA2 connects
fatty acid metabolism to the translation of selected mRNAs during acclimation (Bohne et al., 2013; Bohne and Nickelsen, 2017). (6) Post-translational processes
mediated by chaperones like TIG1 adapt protein production to changing environmental conditions (Rohr et al., 2019; Ries et al., 2020).

chloroplast (Pfannschmidt et al., 1999), but it is expected to
be of importance primarily for long-term changes in PGE.
Therefore, transcription changes should be detectable dur-
ing the intervals we have focused on (up to 4 days),
together with post-transcriptional regulation that is likely
to be dominant (Gruissem et al., 1988; Zoschke and Bock,
2018). Three projects focus on RNA processing and stabil-
ity, while three others analyse translational and post-trans-
lational processes. There is plenty of evidence for the
adjustment of RNA levels in chloroplasts during acclima-
tion to various environmental changes (Mentzen and Wur-
tele, 2008; Cho et al., 2009; Castandet et al, 2016) and,
given the limited impact of transcriptional regulation on
RNA levels (Eberhard et al., 2002; Udy et al., 2012), it is
generally assumed that changing RNA levels reflect alter-
ations in RNA turnover (Deng et al., 1989; Germain et al.,
2013; Manavski et al, 2018). Indeed, there is direct evi-
dence that chloroplast mRNA half-lives respond to chang-
ing environmental conditions (Klaff and Gruissem, 1991;
Germain et al., 2013). We hypothesise that RNA stability
and processing play an important role in chloroplast gene
regulation, likely mediated by nucleus-encoded factors. A
plethora of RNA-binding proteins (RBPs) are imported
post-translationally into the chloroplast and modulate all
aspects of gene expression, including RNA stability

© 2020 The Authors.

(Barkan, 2011). A surprisingly large number of these RBPs
have been shown to be important during exposure to cold
(e.g. Wang et al., 2016; Nawaz and Kang, 2017; Paieri et al.,
2018; Pulido et al., 2018). Promising candidates for the
adjustment of RNA metabolism are, for example, the RNA
recognition motif proteins CP29A and CP31A (Table 2),
which are required for the accumulation of multiple chloro-
plast mRNAs in the cold and for cold resistance in A. thali-
ana (process 1 in Figure 1) (Kupsch et al, 2012). A
metabolic labelling approach was established recently
(Szabo et al., 2020) that allows one to quantitatively mea-
sure changes in the stability of RNAs during acclimation in
wild type (WT) and cp29a/cp31a mutants on a genome-
wide scale. More specific stabilisers of RNAs can be found
in the pentatricopeptide repeat (PPR) protein family (Bar-
kan and Small, 2014; Manavski et al., 2018). This family
includes PGR3 and SOT1, which are required for the
expression and stability of ribosomal proteins and rRNA,
respectively (Wu et al., 2016; Rojas et al., 2018). PPR pro-
teins generally prefer single-stranded to double-stranded
RNAs (Prikryl et al., 2011). How they work at low tempera-
tures, which stabilise many detrimental RNA structures
and thus become an obstacle for RNA target binding, is
another topic that is being investigated in this RA (process
2 in Figure 1). In addition to PPR proteins, HCF145, which

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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targets the 5’ UTR of the psaA mRNA and thus prevents its
decay (Manavski et al., 2015), is another transcript-specific
binding protein and potential modulator of acclimation
with a function in RNA stability. Likewise, PrfB3, a protein
that exhibits RNA chaperone activity, is specifically
required for the regulation of petB mRNA stability, acting
as part of a ternary complex that includes the PPR protein
CRP1 and the S1-domain-containing BSF protein (process
3 in Figure 1) (Jiang et al., 2019a). Strikingly, HCF145, the
PrfB3 complex and PGR3 all serve to link mRNA stability to
translation, since they are all required for the recruitment
of ribosomes to their target MRNAs. Interestingly, expres-
sion and RNA binding of PrfB3 and HCF145 are highly
dependent on environmental conditions (Stoppel et al.,
2011). An impact of external signals on chloroplast transla-
tion has been suggested earlier, in particular in response
to light and redox changes (Marin-Navarro et al., 2007). For
example, redox changes of regulatory proteins have been
hypothesised to impact the translation of particularly the
psbA mRNA in Chlamydomonas, which is mediated by pH-
dependent reduction of cysteine residues in the protein
RB47 or by light-dependent changes in the ATP/ADP ratio
(for an overview, see Barnes and Mayfield, 2003). However,
several aspects of this model are under debate (Zerges and
Hauser, 2009; Nickelsen et al., 2014). In general, translation
has come to be recognised in recent years as the dominant
target of chloroplast gene regulation, at least on short-to-
medium timescales in several species (Trosch et al., 2018;
Zoschke and Bock, 2018). Therefore, this RA has devoted
much effort to resolving the mechanism of translational
regulation mediated by the aforementioned factors during
acclimation. Key methods for assessing translation are pro-
teomic analyses of active chloroplast ribosomes and
chloroplast ribosome profiling, using protocols recently
developed for different species (Zoschke et al, 2013;
Trosch et al., 2018; Westrich et al., 2020). Such methods
are instrumental in testing hypotheses on the role of speci-
fic factors, such as HCF145 or the PrfB3 complex, in trans-
lational regulation during acclimation, in particular
temperature acclimation. As well as analysing the roles of
such specialised factors in translation initiation, we are
studying how ribosome production itself becomes accli-
mated to cold. This includes the characterisation of the
already mentioned PGR3 protein, but also an analysis of
the role of the chloroplast-encoded ribosomal protein S15
(process 4 in Figure 1; Table 2), which was previously
demonstrated to be required for cold resistance in tobacco
(Fleischmann et al, 2011). In addition, an exciting link
between translation and carbon metabolism is being pur-
sued by studying dihydrolipoamide acetyltransferase
(DLA2). DLA2 acts as a subunit of the chloroplast pyruvate
dehydrogenase complex, which provides acetyl-CoA for
fatty acid synthesis. But it is also involved — in a light accli-
mation-dependent manner - in the synthesis of the

chloroplast-encoded D1 protein, a core subunit of photo-
system Il (process 5 in Figure 1) (Bohne et al., 2013; Bohne
and Nickelsen, 2017). Hence, the moonlighting activity of
DLA2 potentially links chloroplast lipid and protein synthe-
sis during the early steps of light-driven thylakoid mem-
brane biogenesis (Bohne and Nickelsen, 2017). Finally,
processes downstream of translation could be relevant for
acclimation as well. A case in point is trigger factor 1
(TIG1), which initiates protein homeostasis in plastids and
is required for normal dark-to-light adaptation and energy
homeostasis (process 6 in Figure 1) (Rohr et al., 2019).
TIG1 is a co-translationally acting molecular chaperone of
a whole cascade of plastid chaperones dedicated to de
novo folding and proteostasis under changing environ-
ments (Ries et al., 2020).

In summary, translational regulation, with a special
emphasis on temperature acclimation, is the primary focus
of the RA Gene Expression, combining candidate gene
approaches with whole-transcriptome kinetic analyses to
identify key modulators of and steps in chloroplast gene
regulation. These approaches are tightly linked to sig-
nalling studies and metabolite analyses, which are in the
focus of RA2 and RA3.

RA2. METABOLISM: METABOLIC CHANGES THAT
PROMOTE ACCLIMATION TO ABIOTIC CHALLENGES

Chloroplasts are the metabolic powerhouses of the green
plant cell. This organelle harbours the machineries
required for (i) photosynthesis, (ii) production of fatty acids
and aromatic amino acids and (iii) isoprenoid and tetrapyr-
role synthesis, and provides energy and the reducing
power required for the assimilation of nitrogen and sul-
phate (Finkemeier and Leister, 2010). Therefore, changes in
light intensity, temperature, nutrient availability or water
status that impact chloroplast metabolism directly alter the
metabolism of the whole plant.

Multilayer control of photosynthesis contributes to
acclimation to abiotic stimuli

To cope with excessive excitation energy, photoautotrophs
can enhance metabolic sink capacity or induce photopro-
tective mechanisms (reviewed in Demming-Adams et al.,
2014; Huner et. al., 2016). Given that photosynthetic cyclic
electron flow (CEF) fulfils a critical role in the acclimation
of plants to fluctuating light conditions — as demonstrated
by the lethal phenotype of plants devoid of the CEF
component PGR5 (Tikkanen et al, 2010; Suorsa et al.,
2012) — we aimed in the RA Metabolism to understand the
molecular details of PGR5-dependent CEF and its interplay
with acclimation to altered light conditions (process 1 in
Figure 2). CEF allows for the production of extra ATP and
regulates, in conjunction with the ‘malate valve’, the ATP/
NADPH ratio according to specific stromal demands (Shi-
kanai, 2007; Selinski and Scheibe, 2019). In higher plants,
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Figure 2. Acclimation-relevant pathways in chloroplast metabolism that are being studied by the Green Hub consortium.

(1) PGR5-dependent cyclic electron flow is a process that can be traced back to cyanobacteria, and becomes crucial under fluctuating light intensities (Suorsa
et al., 2016; Dann and Leister, 2019). (2) Chloroplast redox state and carbon assimilation are tightly interconnected during responses to alterations in light inten-
sity and temperature (Geigenberger and Stitt, 1991; Thormahlen et al., 2015; Geigenberger et al., 2017; Ojeda et al., 2017; Thormahlen et al., 2017). (3) Ascorbate
and thiamine are involved in the control of photosynthetic efficiency and coordinate acclimation-associated responses between chloroplasts and mitochondria
(de Souza Chaves et al., 2019; Rosado-Souza et al., 2019; Feitosa-Araujo et al., 2020; Obata et al., 2020; Rosado-Souza et al., 2020). (4) Enzymes involved in
nucleotide biosynthesis/salvage perform moonlighting functions and contribute to the coordination of nuclear and organellar gene expression (Mohlmann
et al., 1994; Ohler et al., 2019; Schmid et al., 2019). (5) Cold-induced modulation of stromal sugar levels contributes to freezing tolerance (Nagele and Heyer,
2013; Weiszmann et al., 2018; Patzke et al., 2019). (6) Transport processes across the inner membrane of the chloroplast envelope are adjusted in response to
low temperatures (Guan et al., 2019; Trentmann et al., 2020). (7) Fine-tuning of chloroplast protein import contributes to effective plant development and accli-

mation (Lamberti et al., 2011; Eisa et al., 2019a; Eisa et al., 2019b).

CEF depends upon the physical interaction of the proteins
PGRL1 and PGR5 (DalCorso et al., 2008) (Table 2), and the
consortium aims to identify further components involved
in PGR5-dependent CEF. The evolutionary origin of CEF
probably goes back to cyanobacteria, and we have used
the cyanobacterium Synechocystis PCC6803 (in the follow-
ing ‘Synechocystis’) as an experimental test-bed for plant
CEF components (Dann and Leister, 2019).

Effective acclimation to low temperatures or high light
intensities requires that photosynthetic sugar synthesis, as
well as partitioning of photoassimilate between starch and
sucrose, is maintained (Wanner and Junttila, 1999; Mettler
et al., 2014; McCormick and Kruger, 2015). In fact, redox
activation of its core enzymes is mandatory for the Calvin-
Benson cycle (CBC) and is achieved via two thioredoxin
(Trx)-dependent systems (Knuesting and Scheibe, 2018).
The ferredoxin (Fd)-Trx system, consisting of various Trx
isoforms, depends on photo-reduced Fd and thus on light,
while the NADPH-dependent Trx reductase C (NTRC)
(Table 2) system, comprising an NTR domain tethered to a
Trx domain, depends on NADPH and may therefore be
linked to stromal metabolism (Geigenberger et al., 2017)
(process 2 in Figure 2). Although the Fd-Trx and NTRC sys-
tems interact to jointly regulate CBC activity (Thormahlen

© 2020 The Authors.

et al., 2015) and are important for acclimation to fluctuat-
ing light intensities (Thormahlen et al., 2017), both systems
exhibit specific features. For instance, NTRC does not
directly activate the CBC core enzyme FBPase (Ojeda et al.,
2017), while independent trxm1m2 mutants show lower
photosynthetic efficiency in high light, but higher photo-
synthetic efficiency in low light (Thormahlen et al., 2017).
The latter result suggests that the NADP-malate dehydro-
genase involved in export of excess reductive power from
the chloroplast via the malate valve is the main target of
Trxs m1 and m2 in acclimation to fluctuating light
(Thormahlen et al., 2017). Interestingly, NADP-MDH inser-
tion mutants showed wild-type growth behaviour in con-
stant light (Hebbelmann et al., 2012), but increased ROS
(H,0,) levels in high light conditions (Heyno et al., 2014).
Thus, the precise functions of the Fd-Trx and NTRC sys-
tems, as well as the physiological role of their interaction,
deserve further analysis.

Mitochondrion-chloroplast interactions are involved in
many biological processes, including acclimation. We pro-
vided evidence for the notion that acclimation-related mito-
chondrion-chloroplast interaction may be mediated by
three factors, namely the essential redox components
NAD", ascorbate and vitamin B; (thiamine) (process 3 in
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Figure 2). Transporters that mediate NAD® import into
mitochondria and chloroplasts were identified over 10
years ago (Palmieri et al., 2009), and A. thaliana mutants
deficient in the expression of either of the two NAD" trans-
porters NDT1 and NDT2 displayed largely similar pheno-
types, and — unexpectedly — both carriers were localised to
mitochondria (de Souza Chaves et al., 2019; Feitosa-Araujo
et al., 2020). The phenotypes of both mutants include plas-
tid-mediated effects on photosynthesis but a proven link to
acclimation is currently lacking. Another longstanding
hypothesis from our own work is that ascorbate serves to
coordinate photosynthetic and respiratory ATP production.
This is based on the observation that downregulation of
respiration results in an enhancement of ascorbate accu-
mulation, since the terminal enzyme in its biosynthesis, L-
GLDH, steps in to act as an alternative electron donor to
the mitochondrial electron transport chain and to cause a
25% increase in the rate of photosynthesis (Rosado-Souza
et al., 2020). This observation was initially made in trans-
genic plants compromised in the expression of the TCA
cycle enzyme malate dehydrogenase and these plants
were characterised by upregulated expression of genes
associated with photosynthesis (Nunes-Nesi et al., 2005).
In the same study, loading of leaves with ascorbate also
resulted in an elevated rate of photosynthesis. This study
showed that the reduction of ATP production in mitochon-
dria resulted in its upregulation in the plastid; however,
the route by which ascorbate biosynthesis elevates the rate
of photosynthesis remains elusive. A further vitamin link-
ing both organelles is thiamine, which regulates the rate of
both photosynthesis and respiration, and clearly plays a
role in day length acclimation in Arabidopsis, with thic
mutants deficient in thiamine production being compro-
mised in their acclimation to this condition (Rosado-Souza
et al., 2019).

Other nucleotides play an overwhelmingly important
role in plant energy metabolism and also serve as signal
molecules that regulate gene expression and develop-
ment (Roux and Steinebrunner, 2007; Rieder and Neu-
haus, 2011; Mohlmann et al., 2014). Recently, we have
obtained striking evidence for an interplay between
chloroplastic nucleotide metabolism and the establish-
ment of photosynthesis. This interplay is triggered by the
stromal proteins uracil phosphoribosyl transferase (UPP)
and (plastidic) UMP kinase (PUMPKIN) since both
enzymes exhibit moonlighting functions. For example,
apart from its catalytic activity, UPP is involved in chloro-
plast biogenesis and affects the expression of photosyn-
thesis-associated nuclear genes (Ohler et al., 2019), while
PUMPKIN associates with plastid transcripts and its loss-
of-function mutants exhibit altered PGE (Schmid et al.,
2019) (process 4 in Figure 2). These findings represent
the starting point for further analysis of the interaction
between PGE and nucleotide metabolism.

Transport processes across the chloroplast envelope are
critical for acclimation efficiency

The compartmentation of solutes that act either as protec-
tive compounds or as signal molecules is key to the devel-
opment of high tolerance against unfavourable
environmental conditions (Nagele and Heyer, 2013,
Hedrich et al., 2015, Weiszmann et al., 2018, Vu et al., 2020)
(process 5 in Figure 2). In the case of chloroplasts, the
stroma is separated from the cytosol by an envelope con-
sisting of an inner and an outer membrane. The inner
envelope membrane harbours classical solute transporters,
while the outer membrane contains pore-forming chan-
nels. Interestingly, both membranes exert control over the
metabolite flux across the envelope system (Pottosin and
Shabala, 2016).

It has long been known that sugars perform important
functions in tolerance to cold and freezing temperatures
(Wanner and Junttila, 1999; Pommerrenig et al., 2018), and
the set of sugar transporters in the chloroplast envelope
comprises pSuT, pGlt and MEX1 (Weber et al., 2000; Niit-
tyla et al., 2004; Patzke et al., 2019) (Table 2). While pGlt
and MEX1 are involved in export of the starch degradation
products glucose and maltose, pSuT acts as a sucrose
exporter during exposure to cold and contributes to the
induction of flowering (Patzke et al, 2019). During cold
acclimation, amounts of the MEX1 transporter decrease,
whereas the level of the envelope-located ATP importer
NTT1 increases (Trentmann et al., 2020) (Table 2; process 6
in Figure 2). Lower levels of MEX1 result in a cold-associ-
ated accumulation of maltose in the stroma, where this
sugar might contribute to the protection of the delicate thy-
lakoid-located proteins against frost (Nagler et al., 2015).
The increased capacity for ATP import into chloroplasts
under cold conditions is expected to support the mainte-
nance of energy-consuming reactions (Reinhold et al.,
2007) in order to promote cold acclimation (Trentmann
et al., 2020).

Jasmonates (JAs) fulfil an important function in various
cellular responses, including reactions to biotic and abiotic
stress stimuli, such as cold stress (Hu et al., 2013; Ahmad
et al., 2016). In the outer envelope, a channel-forming pro-
tein named JASSY (Table 2; process 6 in Figure 2), which
is able to export the JA precursor 12-oxophytodienoic acid
(OPDA), has been identified by members of our consor-
tium (Guan et al., 2019). Remarkably, JASSY is a modula-
tor of cold acclimation (Guan et al., 2019). To date nothing
is known about how OPDA crosses the inner envelope.
However, we expect specific transporters to be involved in
this, which are to be identified in future studies.

The chloroplast envelope is not only a barrier to the free
exchange of metabolic substrates, it also controls the
import of precursor proteins from the cytosol (Bolter and
Soll, 2016). The efficiency of protein uptake is influenced
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by phosphorylation of the precursor proteins, mediated by
the cytosolic protein kinases STY8, 17 and 46 (Lamberti
et al., 2011). Our consortium recently showed that S-
adenosyl methionine and isoleucine — both of which are
synthesised in the chloroplast — bind to the highly con-
served STY-specific aspartate kinase-chorismate mutase—
tyrA domain, which leads to the inhibition of kinase activity
(Eisa et al., 2019a). In addition, rates of precursor protein
import are reduced under high light conditions owing to a
decrease in the expression of the STY kinase genes (Eisa
et al, 2019b). In summary, the regulation of chloroplast
protein import by phosphorylation of precursor proteins is
an interesting but incompletely understood facet of meta-
bolic acclimation to challenging stimuli (process 7 in Fig-
ure 2).

RA3. SIGNALLING: COORDINATION OF DIFFERENT
ACCLIMATION RESPONSES

In the RA Signalling we focus on signalling pathways that
operate in, derive from or have an impact on chloroplasts.
We are especially interested in the quantitative characteri-
sation of these pathways. Our goal is to identify proteins
or metabolites that transfer information between compart-
ments and likewise modulate signals. In this context, we
hypothesise that modification of the activity of these mod-
ulators has the potential to alter the acclimation capacity of
plants. Following the perception of an environmental cue
by proteins or pathways with receptor function in the
chloroplast, signals are produced and conveyed to the
nucleus, which serve to adjust the transcription of stimu-
lus-specific genes and, in turn, allow for the complex meta-
bolic reprogramming needed to cope with the changed
environment.

The techniques employed to accomplish our goals
include the mining of public databases in order to identify
co-regulated factors (guilt-by-association approaches),
genetic screens, environmental perturbation experiments
combined with ‘omics’ technologies (transcriptomics, pro-
teomics and metabolomics) and the analysis of molecular
and gene regulatory networks. For example, FIBRILLING
(FBNB) (Table 2) was identified as a factor involved in high
light acclimation and cadmium tolerance via a guilt-by-as-
sociation approach (Lee et al., 2020). Moreover, a screen
for mutants that can cope better than WT with lincomycin,
an inhibitor of organellar translation, revealed that a distur-
bance in the secondary cell wall promotes early chloroplast
development (Xu et al., 2020a). Another screen identified
SAFEGUARD1 (SAFE1), which suppresses singlet oxygen-
induced stress responses by protecting grana margins
(Wang et al., 2020).

GUN signalling

Chloroplast-derived retrograde signals have been classi-
fied into those originating from developed chloroplasts

© 2020 The Authors.
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in fully expanded leaves in response to changing envi-
ronmental conditions (operational control) and those
that are activated during chloroplast and photosystem
biogenesis (biogenic control, young seedlings) (Pogson
et al., 2008). The genomes uncoupled (gun) mutants, in
which the expression of nuclear genes involved in pho-
tosynthesis is uncoupled from the developmental state
of the chloroplast (Susek et al., 1993), are the most
extensively studied mutants in the biogenic control
pathway. However, more than 25 years after their iden-
tification, the precise role of GUN proteins in the trans-
mission of information from chloroplasts to the nucleus
is far from understood. While GUN2-GUNG6 are involved
in tetrapyrrole biosynthesis, GUN1 is involved in PGE
and is an integrator of diverse chloroplast signals
(Kleine and Leister, 2016; Tadini et al, 2016; Marino
et al., 2019; Richter et al., 2020). Work by our consor-
tium has contributed to a better understanding of the
relationship between the gun and acclimation pathways
and hints at entangled biogenic and operational control
mechanisms. At the metabolic level, the comprehensive
dissection of the physiological impact of GUN4 phos-
phorylation on plant tetrapyrrole biosynthesis and intra-
cellular signalling during acclimation revealed a
functional impact of protein phosphorylation on the
control of chlorophyll biosynthesis (Richter et al., 2016).
Moreover, the cytosolic flavonoid biosynthesis pathway
was identified as a target for the GUN signalling path-
way (Richter et al., 2020). Activation of flavonoid
biosynthesis is a major trait of plants growing in high
light or at low temperatures. It results in the accumula-
tion of large amounts of anthocyanins, and is therefore
crucial for plant acclimation. Although a lack of GUN1
provokes only very subtle phenotypes under normal
growth conditions, the integrator function of GUN1 has
mobilised many researchers to decipher its function,
and an alleged breakthrough postulated the transcrip-
tion factor ABSCISIC ACID-INSENSITIVE4 (ABI4) as an
essential downstream component of GUN1-dependent
signalling (Koussevitzky et al, 2007). We teamed up
with groups from the UK and Japan to demonstrate
that ABI4 is not involved in this signalling pathway
(Kacprzak et al., 2019). Instead, using a guilt-by-associa-
tion approach, we identified overexpressors of the
Golden2-like transcription factors GLK1 and GLK2 as
gun mutants (Leister and Kleine, 2016) (Figure 3). This
is compatible with the finding that GLK1 is regulated
antagonistically by retrograde and phytochrome sig-
nalling pathways (Martin et al., 2016). Moreover, we
demonstrated that GUN1 function becomes critical
when chloroplast protein homeostasis (proteostasis) is
perturbed by low temperatures (Table 2), decreased
rates of protein synthesis or degradation of chloroplast
proteins (Marino et al., 2019).
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Figure 3. Overview of signalling pathways that are being investigated by the Green Hub consortium.
Temperature, drought, fluctuating light and high light levels (symbolised at the top) are at least partially sensed by the chloroplast (left side). Messenger mole-
cules, the nature of which is largely elusive (symbolised by the question mark), convey information on the physiological state of the chloroplast to the nucleus,

which results in altered nuclear gene expression.

ALA, 5-aminolevulinic acid; cpUMPR, chloroplast unfolded membrane protein response, DEG1C, DEGRADATION PROTEASE 1C; FB, flavonoid biosynthesis;
FC1, FERROCHELATASE 1; GUN1, GENOMES UNCOUPLED 1; GLK1/2, GOLDEN2-LIKE 1/2; HSP22E/F, HEAT SHOCK PROTEIN E/F; PGE, plastid gene expression;
PP7L, PROTEIN PHOSPHATASE 7; Proto IX, protoporphyrin IX; VIPP1/2, vesicle-inducing protein in plastids 1/2.

Other types of signalling

Recently published work indicates that retrograde sig-
nalling modulates nuclear gene expression not only by
triggering differential transcript accumulation, but also by
altering splicing patterns (Petrillo et al, 2014), read-
through events (Crisp et al., 2018) and microRNA biogene-
sis (Fang et al., 2019). Accordingly, our consortium has
identified specific small RNAs (sRNAs) that respond to
GUN signals (Habermann et al., 2020) or exposure to cold
(Tiwari et al., 2020), and we have constructed a cold-speci-
fic miRNA and transcription factor-dependent gene regula-
tory network.

It turns out that biogenic and operational/acclimation
pathways are intertwined and merge with established
intracellular pathways, such as those involving MAP
kinases (Vogel et al, 2014) or light signalling pathways
(Jiang et al., 2019b). Indeed, characterisation of the pro-
tein phosphatase 7-like (pp7l) mutant, in which PGE is
disturbed, strongly suggests an association of PP7L with
light signalling pathways. Strikingly, PP7L is an extra-
chloroplastic protein (Figure 3) and functions in chloro-
plast development and acclimation responses to various

adverse growth conditions, including cold and high light
(Xu et al., 2019; Xu et al., 2020b) (Table 2). Further inves-
tigations of the interplay between photoreceptor and ret-
rograde signalling pathways have used phyB-9 seedlings
as a control. During these experiments, we and others
detected a second mutation in the phyB-9 line, which
was mapped to VENOSA4 (VEN4) (Yoshida et al., 2018).
A more detailed characterisation of the ven4 mutant
revealed that lack of VEN4 reduces chloroplast transla-
tional capacity (Xu et al., 2020b). Moreover, VEN4, like
PP7L, is a nuclear protein, and VEN4 is involved in cold
and salt stress tolerance (Table 2).

Stressed Arabidopsis chloroplasts can also signal to the
nucleus via the endoplasmic reticulum (ER) through the
unfolded protein response (UPR) (Walley et al., 2015), or
the UPR-like response, during which chloroplast proteins
engaged in protein quality control accumulate (Dogra
et al., 2019). We have recently unravelled a chloroplast
unfolded membrane protein response in C. reinhardtii
which involves chloroplast vesicle-inducing protein in plas-
tids 1 (VIPP1) and VIPP2, together with the small heat
shock proteins HSP22E and F (Theis et al., 2020). In chloro-
plasts challenged with high light or H,0,, VIPP2, VIPP1
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(Table 2) and HSP22E/F bind to chloroplast membranes
presumably suffering from lipid packing stress caused by
accumulation of misfolded proteins (Figure 3). At the same
time, VIPP2 modulates a retrograde signal for the expres-
sion of the HSP22E/F genes, in which the cytosolic Mutant
affected in chloroplast-to-nucleus retrograde signalling 1
(Mars1) kinase is involved (Perlaza et al., 2019). The stro-
mal protease DEG1C likely participates with VIPP1/2 and
HSP22E/F in the removal of misfolded proteins from
chloroplast membranes, as deglc mutants accumulated
the protease FtsH, ROS scavengers and other proteins
involved in high light acclimation under ambient condi-
tions (Theis et al., 2019).

Signalling: outlook

In summary, the results obtained in the RA Signalling cor-
roborate the current view that the various chloroplast sig-
nalling and acclimation pathways do not operate
independently, but are at least partially intertwined, and
might exploit modules of nucleocytoplasmic pathways.
Consequently, during the second funding period we will
extend our field of view to the nucleocytoplasmic compart-
ment (Figure 3) — which is not only the target of chloro-
plast signals, but is also in constant communication with
the chloroplast. Here, the integration of chloroplast-derived
signals with other environmental signalling mechanisms is
of special interest, as is the elucidation of the response net-
works emanating from the nucleus. Another intriguing
question concerns the molecules that transmit plastid-
derived signals through the cytosol to the nucleus. Based
on studies with gun mutants, heme is one promising can-
didate (Terry and Smith, 2013). Heme is synthesised in
plastids by two functionally distinct ferrochelatase iso-
forms, FC1 and FC2, and overexpression of FC1 results in a
gun phenotype (Woodson et al., 2011; Page et al., 2020).
Moreover, previous reports have revealed temperature-,
osmosis- and light stress-induced increases in the expres-
sion and/or activity of FC1 (Singh et al., 2002; Mohanty
et al., 2006; Nagai et al., 2007; Scharfenberg et al., 2015;
Zhao et al., 2017; Fan et al., 2019). Indeed, FC1 (Zhao et al.,
2017; Fan et al., 2019) and FC2 (Scharfenberg et al., 2015)
are involved in the response to salt stress (Table 2). There-
fore, we will further investigate the possible contributions
of FC1 and FC2 to other stress responses. Moreover, it will
be interesting and challenging to determine the amounts
of heme delivered to the cytosol and other cellular com-
partments, as well as the low levels of free and regulatory
heme potentially needed for retrograde signalling.

With the aid of the expertise of the whole consortium,
we will continue to identify and characterise signalling
pathways and molecules, with the ultimate aim of under-
standing entire signalling networks that underpin acclima-
tion. This will put us in a position, in the long term, to
modify acclimation in a targeted manner.

© 2020 The Authors.
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MATHEMATICAL MODELLING OF ACCLIMATION (RA4)
AND SYSTEMS BIOLOGY

Owing to its intricacy, the study of plant acclimation needs
sophisticated theoretical and quantitative methods to
reveal regulatory elements, network properties and rele-
vant signalling cascades. The intertwined and nested struc-
ture of plant metabolism comprises regulatory elements
like feedback inhibitory loops, feed-forward activating
loops and control circuits that link chloroplast metabolism
with signalling, gene expression and photosynthesis (Fig-
ure 4). The multidimensional character of high-throughput
experimental data, together with this nested metabolic net-
work structure, frequently prevents intuitive interpretation
of biochemical and physiological processes (Schaber et al.,
2009). Hence, over the last decade, the development, appli-
cation and optimisation of methods for data-driven explo-
ration of biomolecular systems has become a fast-growing
research area, which is frequently combined with omics
approaches (see e.g. Topfer et al., 2013). Artificial intelli-
gence routines and algorithms, together with methods
from the fields of control theory and mathematical mod-
elling, promise to reveal fundamental principles of meta-
bolic regulation in biological networks (Zampieri et al.,
2019).

The groups devoted to the RA Computational Biology
develop routines from the fields of bioinformatics, statis-
tics and mathematical modelling to integrate high-dimen-
sional functional data from the other three RAs. The aim is
to formalise hypotheses relating to the nature, dynamics
and internal logic of chloroplast-related acclimation pro-
cesses so as to enable reliable prediction of its outcomes
and regulatory key nodes. In a recent approach, the
consortium systematically monitored the dynamics of tran-
script and metabolite levels during acclimation and de-ac-
climation to a changing temperature and light regime
(Garcia-Molina et al., 2020a). Dynamics were experimen-
tally resolved across 11 different time points and a combi-
nation of surprisal and conditional network analyses
identified ribosomes as conserved hubs for the control of
acclimation and de-acclimation responses to changing abi-
otic factors. Statistical methods for enrichment analysis of
gene ontologies enabled the identification of this central
control hub. In a more specifically targeted experiment to
identify modulators of acclimation to metal ion deficiency,
the metabolite fumarate was identified as a modulator of
acclimation (Table 2) (Garcia-Molina et al, 2020b).
Although useful for studying experimental large-scale data,
theoretical concepts of enrichment analysis are typically
based on a purely statistical context, which frequently
complicates its biological interpretation. Therefore, we re-
designed statistical enrichment analysis with a particular
focus on its application to biological networks, and devel-
oped what we call Thermodynamically Motivated
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Enrichment Analysis, which accounts for energetic states
and dynamics within a biological system (Schneider et al.,
2020). This methodology allows the unbiased functional
description of thermodynamic constraints in a biochemical
reaction network. This makes it possible to reduce the
results of large-scale enrichment analysis to a set of bio-
chemically feasible and physiologically most relevant
terms.

In addition to its multidimensionality, the non-linearity
of metabolic reprogramming during acclimation makes the
interpretation of experimental findings and the develop-
ment of predictive mathematical models of plant metabo-
lism difficult (Firtauer and Nagele, 2020). This non-linear
system behaviour is attributable to non-linear enzyme
kinetics and the interlinked circuits that control transcrip-
tional, translational and metabolic processes. Further non-
linearity arises from thermodynamic constraints on
enzymes, metabolite transporters and transcription factors
during acclimation to a changing temperature regime.
Recently, we studied non-linear system behaviour in a bio-
chemical network focusing on simple network motifs com-
prising linear and cyclic reaction sequences (Adler and
Klipp, 2020). This analysis revealed reversible fluxes within
a linear reaction sequence as a mechanism for temperature
compensation within a biochemical reaction network. Fur-
thermore, the design and simulation of a simple network
indicated that branch points of metabolic networks repre-
sent potential control points, which redirect metabolic
fluxes in a temperature-dependent manner and can also
link pathways located in different subcellular compart-
ments. We recently employed quantitative kinetic

modelling to analyse invertase-driven hydrolytic sucrose
cleavage, and found it to be differentially shunted between
cytosol and vacuole during cold exposure of freezing-sen-
sitive and -tolerant Arabidopsis accessions (Weiszmann
et al., 2018). Invertases are inhibited by their reaction prod-
ucts, i.e. glucose and fructose; thus, in order to study com-
partment-specific  reaction rates, multiple kinetic
parameters, e.g. substrate affinity (Ky) and inhibitory con-
stants (K;), must be estimated together with subcellular
metabolite concentrations. Such time-dynamic regulatory
interactions frequently prevent the intuitive prediction of
system behaviour, and in our study a computational model
was required for quantitative simulation, although the
model comprised only eight reactions (Weiszmann et al.,
2018), which represents <1% of reactions of a genome-
scale model of A. thaliana's leaf metabolism (Mintz-Oron
et al., 2012). Thus, expanding metabolic networks to cen-
tral primary metabolism and its interface with stress-in-
duced secondary metabolism is an experimentally
laborious and theoretically challenging task, which needs a
tightly linked research platform to bring together analytical
techniques and methodologies, both in theory and in prac-
tice. Based on the solid data basis on acclimation and its
kinetics generated during the first funding period of our
consortium, analysis of metabolism will now be expanded
to the subcellular level. Kinetic modelling, together with
network analysis and time-series statistics, will be applied
to identify signalling cascades and quantify metabolic reg-
ulation of chloroplast metabolism, signalling and gene
expression in plant acclimation. By combining experimen-
tal techniques for subcellular fractionation with omics
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techniques, we will further deepen our understanding of
the metabolic pathways, transport processes and sig-
nalling cascades that affect the chloroplast and connect it
to the cytosol, nucleus and other compartments. Moreover,
it will promote the integration into metabolic networks of
information emerging from signalling cascades, derived by
interaction network mapping (Habermann et al., 2020).
Integrating signalling processes into metabolic reprogram-
ming is of particular interest for chloroplast-related
research due to the significant impact of retrograde sig-
nalling on acclimation (Leister, 2019; Marino et al., 2019)
and adaptation (Zhao et al, 2019). Finally, with its
research-driven acquisition of contextualised data for plant
biology and its close collaboration with the National
Research Data Infrastructure (NFDI), the Green Hub consor-
tium brings together multiple future-oriented interdisci-
plinary research areas.

ACCLIMATION MEETS ADAPTIVE LABORATORY
EVOLUTION

While acclimation refers to short-term physiological adjust-
ments activated by organisms in response to altered envi-
ronments, adaptation refers to genetic changes that allow
organisms to cope more efficiently with their environments
by enhancing their evolutionary fitness. For flowering
plants, acclimation and adaptation ensues on very different
timescales, with acclimation encompassing up to weeks,
but adaptation occurring over many generations and usu-
ally requiring between millennia and millions of years.

Microbes have short generation times, which allows
one to follow adaptation in real-time (over weeks to
months) in the laboratory, using ALE experiments. ALE
has been used to introduce and optimise various traits
into model microbes, like Escherichia coli or yeast, but
this approach has not yet been extensively exploited for
photoautotrophic microbes (reviewed in Leister, 2018).
Clearly, the power and potential of the ALE approach in
microbes is that it provides a concept that is in principle
capable of coping with the speed of ongoing climate
change, which outpaces the evolution rate of long-living
flowering plants.

The model cyanobacterium Synechocystis is, like algae
and plants, capable of oxygenic photosynthesis, but it is
much more amenable to genetic engineering and its gen-
ome can be sequenced much faster. In fact, Synechocystis
has been subjected to ALE experiments to enhance its tol-
erance against heat and to identify the underlying genetic
changes (Tillich et al., 2012; Tillich et al., 2014). Other ALE
experiments with Synechocystis have included its adapta-
tion to low pH, increased butanol concentrations or the
presence of toxic amino acids (reviewed in Leister, 2018).
Synechocystis is a unicellular freshwater cyanobacterium
that is typically cultivated at low light intensities (50 umol
photons m~2 s7"), and ALE experiments in our consortium
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are intended to generate strains capable of growing in
extreme light conditions.

A more ambitious target organism for ALE experiments
on photosynthetic functions is the green alga C. reinhardtii,
which is technically more challenging because of its com-
plex eukaryotic genome. Nevertheless, its closer related-
ness to plants (compared to cyanobacteria) makes it the
optimal ALE system for identifying mutations in proteins
that might also be functional in flowering plants. Proof-of-
principle for the utility of C. reinhardtii in ALE experiments
with relevance for acclimation has been provided by the
identification of a mutation in this species that is associ-
ated with enhanced tolerance to high light (Schierenbeck
et al., 2015).

Moreover, relative to the fundamental concept in our
consortium - first identify key factors by system-wide anal-
yses, then modify key factors and check for potentially
beneficial effects on acclimation - this process is reversed
in ALE approaches. During ALE, the desired trait is gener-
ated first and subsequently the genetic alteration responsi-
ble is identified. A further advantage is that the ALE
approach can identify amino acid substitutions with high
functional impact, which might represent dominant muta-
tions. This is highly promising and complementary to the
classical approaches which usually only alter gene dosage
by altering their expression through knockout or overex-
pression. Whether ALE-identified protein changes in
cyanobacteria like Synechocystis or green algae like C.
reinhardtii that confer adaptation can also enhance accli-
mation in flowering plants — and especially crops — remains
to be seen and makes ALE a high-risk/high-gain approach
for enhancing acclimation in plants.

CONCLUDING REMARKS: THE BIOTECHNOLOGICAL
OUTLOOK

Second-generation transgenic crops with enhanced capac-
ity to acclimate to adverse environmental conditions -
especially drought — might provide the backbone for a
‘Second Green Revolution’ (Chan et al., 2020). However,
lines with a demonstrably improved acclimation capacity
under field conditions are virtually absent from the scien-
tific literature (Araus et al., 2019), largely because candi-
dates tested in model organisms under laboratory
conditions have failed to live up to their promise (‘lab-
to-field mishaps’) (Chan et al., 2020). For instance, overex-
pression of three photoprotective proteins violaxanthin
de-epoxidase, PsbS and the zeaxanthin epoxidase in paral-
lel in the so-called VPZ lines has been reported to result in
increased photoprotection and biomass accumulation in
tobacco (Kromdijk et al., 2016), but this positive growth
effect could not be reproduced in A. thaliana by our con-
sortium (Garcia-Molina and Leister, 2020). On the contrary,
the Arabidopsis VPZ lines underperformed relative to wild-
type plants under conditions of illumination that mimicked
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natural light (Garcia-Molina and Leister, 2020), which
implies that interspecific diversity of acclimation mecha-
nisms and their interplay with other cellular functions
might well prevent the general use of this particular set of
modifications in (crop) plants. This finding underlines the
need to test such approaches in ‘real’ crops. Quantifying
biomass accumulation in field-grown tobacco plants can-
not substitute for a rigorous study of transgenic food crop
plants. For this reason, our consortium has now included
C. sativa in its experimental pipeline as a model crop in
which to test the effects of the most promising modula-
tors.

One instance of an apparent ‘lab-to-field success’ is a
transgenic wheat (Triticum aestivum L.) that expresses the
sunflower (Helianthus annuus) transcription factor HaHB4,
which clearly outstrips the wild type in terms of yield in the
field (Gonzalez et al., 2019). Because overexpression of
HaHB4 confers drought tolerance not only in wheat but also
in Arabidopsis (Dezar et al., 2005), this example highlights
several issues that are important for our consortium'’s strat-
egy. First, single factors can indeed enhance acclimation,
which corroborates our ‘modulator’ concept. Second, these
factors also function in model plants like Arabidopsis, our
current workhorse plant. Third, how overexpression of
HaHB4 enhances crop yield remains unclear (Gonzalez
et al., 2019) and the question requires further in-depth stud-
ies, for which a model species like Arabidopsis is well sui-
ted. This situation is reminiscent of the original Green
Revolution in the 1960s and 1970s, insofar as the molecular
mechanisms of the decisive mutations involved were char-
acterised only decades later (e.g. Peng et al., 1999).

Consequently, searching for key players in acclimation
(our ‘modulators’) and testing their efficacy in a model
crop like C. sativa is a promising approach to the discovery
of additional candidates for ‘lab-to-field successes’. Our
ALE approach is clearly riskier, given the evolutionary dis-
tance between the photosynthetic microbes used in this
approach and the ultimate target — crop plants. But
because the ALE approach might identify adaptations that
are attributable to amino acid substitutions in key proteins
rather than changes in the dosage of endogenous genes
(which was the starting point for the HaHB4 approach),
results obtained by ALE might identify very different start-
ing points for enhancement of acclimation compared to
conventional approaches.
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