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Abstract The direction of science is often driven by contemporary theory, and
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2 C. Korner

technical opportunities contributed strongly towards what is held as a contemporary,
widely accepted theory. However, the presumed causality may become reverted, if
one accounts for those less explored questions, for which tools are missing. Here, I
will reflect on decades of research experience in empirical plant sciences, mainly
plant water relations, plant carbon relations and biogeography, during which some
mainstream paradigms became challenged. Scientific theory passes through waves
and cycles and is even linked to fashion. Insight that seemed established at one time
may become outdated by novel concepts facilitated by novel methods, and as time
progresses, old concepts may find a revival. In the following chapter, I will illustrate
such shifts in awareness and misleading paradigms that were driven by the contem-
porary availability of methods rather than stringent logics. Examples include plant
responses to drought stress; the drivers of plant growth in general, as well as in the
context of rising atmospheric CO, concentrations; and how physiological plant
ecology can contribute to resolving biogeographical questions such as range limits
of plant species and plant life forms. My résumé is that explanations of plant
responses to the environment are predominantly below ground and require an
understanding of developmental and meristematic processes, whereas available
tools often lead to attempts at above-ground answers based on primary metabolism
(e.g. photosynthesis). Further, well-understood processes at the organ (leaf) level are
losing relevance at the community or ecosystem level, where much less understood
mechanisms come into action (e.g. stand density control). While the availability of
certain convenient methods can open new research arenas, it may also narrow the
scope and may direct theory development towards easily measurable parameters and
processes.

Keywords CO,, Drought, Elevation, Growth, Hydraulics, Limitation, Low
temperature, Meristems, Nutrients, Photosynthesis, Productivity, Stomata, Water
potential, Xylem

1 Prologue

My parents took us, my brother and me, to wild places, such as unspoiled lakeshores
or Mediterranean sand dunes where we camped for 3 weeks away from civilization.
This was in the 1950s. I had my own garden plot when I was 7, but we never could
afford a car with the post-war income my father earned as a community engineer in
Salzburg (Austria) and my mother as a freelance professional photographer. I
decided to become a biologist at 10. At that age, I entered the 8-year science-oriented
gymnasium, with subject-specific teachers, some of whom stayed with class for all
8 years till final exams. One of them was my biology teacher. For a 10-year-old, it
was almost unbelievable that talking about plants and animals can be a profession.
No question, this was going to become my job. After graduation and founding a
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family in Innsbruck, my school teacher career became very brief, however. Walter
Larcher, my later doctor father, felt I should better teach undergraduates at the
University, and he offered me a job which also paid me through my PhD years
from 1973 to 1977, a rather fortunate situation, because in those days, doctoral
students were not paid and project money was scarce, a situation explained so well
by Erwin Beck in his reflections (Beck 2016).

My graduation project in 1972 had already paved the path towards empirical plant
biology. I was given the task to develop and test a so-called leaf diffusion porometer.
Today an indispensable instrument to assess plant-water relations (specifically, the
degree of stomatal opening in leaves), there was no trustworthy technical solution on
the market in the early 1970s. The mechanical, electronic and aerodynamic chal-
lenges were substantial. It so happened that W. Larcher had just employed the young
physicist Alexander Cernusca to establish environmental physics at Botany. In the
post-war years, his father built the first automatic, biometeorological station for the
federal high-elevation forest research group that was based in Innsbruck as well
(Aulitzky 1961). They worked on treeline questions, a field I wrote a book on, many
years later (Korner 2012). Growing up, academically, door to door with a physicist
with such interests and skills (e.g. Cernusca 1976), helped me in developing this
porometer but also exposed me to micrometeorology and physical solutions to plant
science questions, which shaped my thinking till today. With a brand-new design of
an electronic humidity sensor made in Switzerland (the country that should later
become my academic home), my instrument not only worked very well (Korner and
Cernusca 1976) but also made it a hot seller by the then German company Walz.
They produced a semi-automatic version and sold 14 instruments in 2 years, before
LI-COR stepped in with their null-balance porometer around 1978. I was proud that
LI-COR adopted my absolute calibration routine with capillary evaporimeters, the
readings of which revealed the amount of vapour that entered the chamber per unit of
time and caused the humidity sensor to produce a signal as if a leaf were releasing
vapour to the chamber. With these experiences, [ was set to become an experimental
plant biologist or physiological ecologist.

In the late 1960s, Botany at Innsbruck had joined the International Biological
Program, IBP, that aimed at assessing the biological productivity of terrestrial
ecosystems and explaining its main drivers. The Innsbruck team led by
W. Larcher belonged to the so-called ‘“Tundra-Biome’ module, contributing to alpine
heath productivity and its climatic drivers and carbon, nutrient and water relations
(Larcher 1977). I became the ‘water man’ and learned to appreciate the added value
of multi-thematic approaches and international comparisons and cooperation. So,
my second academic heritage from those years was the comparative approach in
field-oriented plant sciences.

I was very fortunate that I could meet in person, both pioneers of comparative
physiological ecology, Otto Stocker (Darmstadt; Liittge 1979; see Stocker 1956,
1976 as examples) and Arthur Pisek (Innsbruck; Larcher 1975). I believe my entire
work was in their tradition that was so elegantly developed into the modern era by
Walter Larcher, a student of Pisek (see Larcher 2003). I still remember the occasion
when I explained my porometer to the ca. 80-year-old Arthur Pisek who had already
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played with the idea to measure directly what he was exploring indirectly (Pisek
etal. 1970). His way of a comparative, ecophysiological characterization of as broad
as possible a spectrum of species belonging to a specific habitat type was novel but
also timeless and guided much of my alpine research (examples in Pisek and
Cartellieri 1934, Pisek 1960, Pisek et al. 1973). When I decided to work with
W. Larcher, it was for this conceptual framework that always aimed at the ‘big
picture’, the overarching pattern. Species always differ, and these differences matter
and need to be accounted for. In a modern phrase, this would be addressed as
functional biodiversity research, the third legacy from that period.

And then, in 1989, it happened that I was offered a full professorship at the
University of Basel, Switzerland. My inauguration lecture at Botany in 1990 was
entitled ‘The Art of Asking Small Questions’, meaning that very elaborate methods
may consume so much time and energy that the work becomes restricted to one
species or even one genotype. Hence, to cover diversity and obtain a big sample and
eventually arrive at a ‘big picture’, the challenge is rather to ask cleverly designed
‘small questions’ tied to simple but meaningful traits that can be explored in many
species and locations (discussion in Korner 2018a). Leaving Austria, I brought with
me the history of 100 years of alpine research in Innsbruck, mostly published in
German, which, I felt, deserves wider visibility, complemented by more recent data
and insights I took from travelling many other mountain regions during the 1980s. In
1995, 1 decided to wrap this up in what became Alpine Plant Life (Korer 1999a,
2003a, 2021). I started my professional life in Basel with a sense for
multidisciplinary work, a reasonable foundation in environmental physics, and an
open mind for new methods and alternative explanations of plant responses to the
environment. The following four sections summarize ideas I gained over almost half
a century of empirical work with plants (see Korner 2018a).

2 Plant-Water Relations Revisited

As water moves from the soil to the atmosphere through a plant, it passes through a
series of resistors. In analogy to Ohm’s law, the drivers, resistors and resulting fluxes
can be identified and measured (including the variable stomatal diffusive resistance
as defined by Gaastra 1959; see also Cowan 1965). My porometer permitted to
quantify and monitor the diffusive resistance of the leaf epidermis (or the reciprocal,
the leaf diffusive conductance, g) — a tool and new concepts for leaf gas exchange
that emerged in these days that shaped my early approaches to plant-water relations.

2.1 Stomatal Conductance Correlates with Photosynthesis

In the 1970s, it was still possible to know almost everything about a subject. Within a
very short period of time, porometers had produced hundreds of data sets from
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Fig. 1 Maximum leaf diffusive conductance (g) and maximum rate of net photosynthesis (A) of
leaves of C3 plants correlate linearly across the major plant functional types across the globe
(Korner et al. 1979). I succulents, 2 evergreen conifers, 3 deciduous woody plants, 4 herbs from
shaded habitats, 5 evergreen broadleaved wood plants, 6 desert and steppe shrubs, 7 deciduous
orchard trees, 8§ wild-growing graminoids, 9 cultivated C3 grasses, /0 cultivated C4 grasses (not
shown; g similar to 11, but A twice as high), /1 herbaceous crop plants, /2 wild herbs from open
habitats, /3 plants from aquatic habitats and swamps

around the globe. How do they compare? What are the patterns across the plant
kingdom? While IBP was clearly after ‘big global patterns’, my stomata world was
ready for a search for big patterns as well. Indeed, maximum stomatal conductance
turned out to correlate linearly with the maximum rate of photosynthesis (then called
photosynthetic capacity) across plant life forms (Fig. 1; Korner et al. 1979). So, the
conductance for gas diffusion turned out to be tightly associated with the capacity of
the mesophyll to absorb CO,. The regression shown in Fig. 1 was strongly driven by
plant functional groups with low and high extremes of g,,,x. Years later, a closer look
at the central range of the regression, where almost all tree taxa are nested, revealed a
surprisingly narrow range of maximum leaf diffusive conductance, averaging at
218 + 24 mmol m 2 s~ across all 151 taxa examined from different climatic
regions (expressed in the molar units that became more popular since then; Korner
1994). While still allowing for some interspecific variation, such a unifying number
is rare in plant ecology. What made the variation to condense was the application of a
common projected leaf area reference, even when leaves had a strong three-
dimensional shape such as in some conifer needles.

The 1979 Photosynthetica paper took more than a year to become printed after
acceptance. By pure coincidence, the mechanism of this interrelationship shown in
Fig. 1 was explained by a group in Canberra at the Australian National University in
a paper by Wong et al. (1979) that appeared at the same time. Both studies illustrate
that plants optimize the gain in C for the unavoidable loss of water, solving the
eternal compromise between ‘hunger and thirst’ in plants. Known for authorities like
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Ralph Slatyer, Barry Osmond, Ian Cowan and Graham Farquhar, this was the place
to go for a postdoc. The time in Canberra became most influential in several respects.

I started in Canberra, by testing stomatal response theories along an elevation
gradient in the Australian Snowy Mountains. Although the idea that stomata should
respond to evaporative forcing (ambient humidity) in a way that minimizes water
loss for a given amount of carbon captured was around for several years (Cowan and
Troughton 1971, Lange et al. 1971, Schulze et al. 1972), the field evidence was still
scarce. Eucalyptus in Australia and Nothofagus in New Zealand should be ideal
objects to test this hypothesis in regions with contrasting humidity. Indeed, both taxa
exhibited a clear-cut stomatal response to ambient humidity that could not be
explained by drought stress (critically reduced leaf water potential as assessed with
a pressure chamber; Korner and Cochrane 1985, Korner et al. 1986). Once a
threshold of vapour pressure deficit (vpd) was passed, g declined almost linearly.
For Eucalyptus pauciflora in a dry atmosphere, the vpd threshold for stomatal
control of transpiration was twice as high (c. 15 hPa) as for Nothofagus menziesii
in a humid environment (c. 8 hPa). So, stomata clearly control vapour flux even in
well-watered trees, and there was adaptation to the regional climate. Later it was
shown that such vpd responses also relate to both photosynthetic capacity and xylem
hydraulics (Franks and Farquhar 1999).

2.2 Transpiration Drives Shoot Water Potential

A second observation during this field work with Eucalyptus pauciflora in the
Snowy Mountains made me rethink the contemporary plant-water relations con-
cepts. Counter to widely held assumptions, leaf water potentials became reduced as
the rate of transpiration rose, as long as soil moisture was not severely limiting
(pushing leaf water potential beyond a critical threshold). The popular view was (and
still often is) that a declining leaf water potential should affect stomata and these
should reduce flux. In reality, vpd and g jointly determine transpiration, with the
inevitable consequence that the leaf water potential must fall across the given
hydraulic resistances as long as the water tension remains subcritical for stomatal
action (for most trees less than —1.6 to —1.8 MPa). Except when the water potential
falls below such thresholds (when deep roots fail to reach adequate soil moisture),
leaf water potential is a result of transpiration and not the other way round (Fig. 2; for
an early account see Landsberg et al. 1975). At any point in the hydraulic capillary
continuum from the root cortex to the leaf mesophyll, the drop in water potential is
the consequence of a flux across resistors, with the atmospheric evaporative forcing
‘pulling’ the inelastic water capillaries across all these resistors. This hierarchy of
causalities is still not widely appreciated.
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Fig. 2 Unless soils are Transpiration rate (mmol m2 s™)
severely dehydrated, the rate
of transpiration determines
the reduction of shoot water
potential (not the other way
round). A conceptual
diagram based on works by
Korner and Cochrane 1985,
published in a standard
textbook. PD pre-dawn leaf
water potential (Korner
2013a)

Leaf water potential (MPa)

2.3 A Water/Carbon Relations Proxy: Stable Carbon Isotope
Discrimination

For me as the ‘water man’ from Innsbruck, the time in Canberra (1980/1981 and
1989) opened an arena of new topics: stable carbon isotopes in plants (thanks to
Graham Farquhar) and plant nutrient relations and plant carbohydrate storage
(thanks to Suan Chin Wong). They had a new mass-spectrometer lab there, the
CSIRO Department of Forestry next door had an automated nutrient analysis
facility, and Chin Wong developed a new enzymatic assay for non-structural
carbohydrates in plants (see Sects. 3.2.1 and 4.2). With new tools and new para-
digms in sight, my attention gradually moved away from stomata and water poten-
tial. Having worked in the Tyrolean Alps, the Great Caucasus, the Andes, the
Australian Alps and the mountains of New Zealand and Papua New Guinea, lots
of samples waited to become ground and analysed for global patterns related to
elevation, complementing measured stomatal and mesophyll properties.

And the global patterns did emerge: provided a large enough sample of species
was collected and elevation-related drought was avoided (drought is not an intrinsic
feature of mountains), stable carbon isotope discrimination declines with elevation
globally. Hence, the photosynthetic efficiency in capturing CO, increases relative to
constraints by stomatal diffusion (Korner et al. 1988, 1991). This is a clear-cut proof
that atmospheric pressure and, thus, the partial pressures of CO, and O, were the
main drivers, confirmed many years later from exploring the Basel herbarium for a
large set of congeneric samples from contrasting elevations and latitudes (Zhu et al.
2010). So, high-elevation plants cope extremely well with reduced CO, partial
pressure, as photosynthetic gas exchange studies confirmed in the high Alps (Korner
and Diemer 1987, see Sect. 3). An increased photosynthetic efficiency goes hand in
hand with higher leaf nutrient concentrations in high-elevation plants (Korner 1989).
With an on average thicker leaf mesophyll, a higher stomatal density is required
(when compared in congeneric species from different elevations; Korner et al.
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1989a, b). Thus, water relations and carbon relations remain connected at leaf level
as one moves to high elevations.

2.4 When Leaf-Level Processes Become Overruled by
Stand-Level Adjustments

It is widely held that plant life on land became vigorous, once stomata were
‘invented’. Their control of water loss seems like the ultimate solution for plants
to cope with periodic water shortage. Yet, from an investment and amortization
perspective, this could mean shutting down an expensive machinery (leaves) for
much of the time when water falls short. From a ‘management perspective’, it would
be more efficient to install less of that machinery (foliage) per unit land area but keep
it running for most of the time. Most physiological plant ecologists do not like this
sort of reasoning because there is little to measure with fancy equipment. Hence, the
fundamental role of leaf area per unit land area (LAI) or plant spacing
(e.g. Whitehead et al. 1984), leaf area per total plant mass (LAR), and the role of
rooting depth (e.g. Jackson et al. 1996; our own works in Aleppo pine in Sarris et al.
2013) tend to become neglected. Reduced stand density and LAI and higher
investment in roots and species replacement towards specialist taxa are by far the
most important long-term biological responses to water shortage (Korner 2013a),
with stomata meeting a sort of fire brigade function for rapid intervention.
Researchers have repeatedly been surprised that plants keep transpiring and even
growing under severe drought as a result of such stand-level adjustments. A good
example is Festuca orthophylla, the dominant species in the Bolivian Altiplano, at
4,250 m elevation with annual precipitation of c. 300 mm confined to a few months,
with hot days and freezing nights during most of the year. We found that these
tussocks keep tillering and expanding leaves throughout the long dry season
(Monteiro et al. 2011; Monteiro and Korner 2013). The explanation is plant density
control (Fig. 3). The root spheres of these tall grass tussocks cover land six times
larger than the tussock itself (or clusters of fragmented tussocks), and they do not
overlap among neighbours, with the consequence that the water available per unit of
tussock area exceeds 1,500 mm, sufficient to make a year-long living. Note the
sandy substrate (and, thus, a lack of a capillary continuum) prevents deep moisture
from becoming exhausted by evaporation from bare soil. An entirely different
strategy is adopted by perennial forbs scattered among these tussocks: tiny leaf
rosettes, firmly attached to or even sunken into the ground, resting on huge below-
ground structures such as tap roots (Patty et al. 2010). So there are different solutions
to the same problem with spacing and plant architecture as the dominant factors.
Plant-water relations came a bit out of fashion in the late 1980s till the early
2000s, with most questions seemingly resolved. As a consequence, most young
researchers nowadays had never heard about pressure-volume curves (Korner and
Cochrane 1985). Simple diffusion porometers almost disappeared from the market
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Fig. 3 Wide plant spacing or other ways of reducing leaf area per unit land area is the most
important long-term adjustment to drought. Once land cover is tuned to moisture availability,
stomatal responses play a minor role. The photograph shows the exploration of the size of the
root sphere of tall grass tussocks in the Bolivian Altiplano at 4,250 m asl

and gave place to more abundant and sophisticated CO, gas exchange equipment
that delivered leaf diffusive conductance as a by-product (see the carbon chapter for
the consequences). The use of pressure chambers became largely reduced to student
courses. Only a few faculties globally had staff that was able to teach basics in plant-
water relations, and only a hand full of labs maintained research in this field, largely
on xylem hydraulics.

2.5 Hydraulic Failure in Trees: Cause or By-Product of Tree
Mortality?

Big drought waves in the south-western USA and clever instrumentation suddenly
changed the mood, and plant-water relations came back to front stage via plant
hydraulics. About 90% of all papers that employ the phrase ‘hydraulic failure’
appeared in the last decade (e.g. McDowell 2011, Anderegg et al. 2012, Choat
etal. 2012, Urli et al. 2013). Trees are considered dying, because their stem conduits
could not meet the demand by foliage. Attracted by those aspects of the soil-plant-
atmosphere continuum that can be easily measured (xylem conductivity, fraction of
embolized xylem), other aspects that were considered key to plant survival under
drought in the early half of the last century received less attention (e.g. tissue
dehydration tolerance). While trees that have lost their conduits’ integrity by
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xylem embolism are likely to enter problems when it comes to recovery as moisture
returns, the currently often implied chain of causalities is quite incomplete (Korner
2019). Trees build stems largely to compete with their neighbours (and, in doing so,
manage to resist an hurricane), using the same structures for stability that can also
serve water transport. Given the dominant mechanical demand, circumstantial and
direct evidence obtained since nearly 50 years ago indicates that the conduit sys-
tems’ capacity is way oversized. Not surprisingly, most of the conductive rings are
taken out of function after a few years, resulting in a narrow, conducting sapwood. In
ring-porous oaks, all rings but the last one are deactivated.

Why would evolution select for such narrow, conducting sapwood fractions if
conductive capacity was likely to become an existential limitation under drought?
People have done ‘cruel’ things to small stems, cutting them in half, even crosswise
(e.g. Mackay and Weatherley 1973), with no effect on leaf transpiration. I got
involved in the latest of such attempts, although the biggest in scale ever: we cut
30—40-m-tall trunks in situ in half and observed canopy responses from the gondola
of a crane (see Fig. 7): no effect on transpiring leaves under bright summer weather
when fluxes peak (Dietrich et al. 2018). While one can question the dummy nature of
a cut compared to widespread embolism, it seems obvious that drought is the most
unlikely of all conditions during which the capacity of a piping system can become
exhausted, when that system can supply crowns at maximum transpiration with only
part of it being intact. We found flux rates to double in intact xylem near the edge of
the cut (indicating spare conductive capacity), like water flow in a creek narrowed by
the walls of a lock. Once stomata are closed in response to a severe drought, the flux
will approach zero. As I explained in this recent comment (Korner 2019), xylem
embolism is better viewed as a by-product, not the cause of mortality, when roots fail
to supply water, once the soil-root capillary continuum became interrupted. That
debate will continue, but inevitably, the focus has to turn to roots at one end and
dehydration tolerance at the other end (leaves and shoots) within the soil-plant-
atmosphere continuum.

How does water get through roots? An interesting question as posed by Steudle
and Peterson (1998). And how does water get to the root, when the soil passes
through critical dehydration? And why did evolution retain tracheids, after the far
more efficient vessels had been ‘invented’? And why are some trees dying from
severe drought with hardly any embolism and others do well after drought with a lot
of embolism (Johnson et al. 2018)? The likely explanation is that all this has little to
do with hydraulic failure of the stem xylem as such but with the roots’ failure to
obtain water. When drought tolerance was discussed in the early part of the last
century, this was a question of how much tissue dehydration is tolerable. The stem’s
xylem as such was never considered the bottleneck when people started to quantify
the segments of the soil-plant-atmosphere continuum (SPAC; see, e.g. Jarvis 1975,
Jackson et al. 2000). A xylem that becomes embolized because the roots fail to
replenish crown water loss represents a water reservoir to the tree (with tension
relaxed in the broken capillary system), a finite source of apoplastic water for
attached parenchyma, from the paratracheal one to that in the mesophyll. How
long does that reservoir last under minimum transpiration in order to survive
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(Cermadk et al. 2007)? How much can a tree reduce such minimum losses compared
to its apoplastic stores? What is the role of minor conduits and tracheids for
facilitating recovery, when most vessels became dysfunctional? And what is the
role of roots in protecting trees from critical dehydration? In my view these are the
decisive questions. Stem hydraulics received so much attention in the drought
mortality debate because their conductivity had been quantified, and not because
they explain mortality. Tools shape paradigms. There is no question that water flux
in xylem is still full of unknowns and is a most fascinating research area
(e.g. Meinzer et al. 1999, Tyree 2003, Holbrook and Zwieniecki 2005, Mayr and
Sperry 2010), but roots are the weakest link between soil and foliage (Jackson et al.
2000), though much harder to study.

3 Plant Carbon Relations in a Source-Sink Context

Since De Saussure (1804) discovered that plants ‘eat air’, it fascinated plant scien-
tists but also the broad public how they do it, and it soon became obvious that the
process of CO, assimilation is central to life on earth. And so it was to my early
career.

3.1 Photosynthesis Under Low CO, Partial Pressure

If anywhere, I felt, CO, assimilation should limit plant growth in ‘thin’, high-altitude
air and in cold places. Thus, high-elevation photosynthesis needs to be understood in
a broad range of species. With water-cooled triple-walled glass cylinders placed in
situ over the dominant alpine sedge species in the Alps (Fig. 4), it became clear that
the rate of net photosynthesis at 2,300 m elevation is largely light limited, with
temperature playing a minor role because of perfect thermal acclimation (Korner
1982). The reference for this judgement was a fully illuminated, horizontal leaf’s
capacity to absorb CO, at optimum temperature. Clouds, suboptimal leaf angles and
mutual shading in the canopy almost halved potential seasonal assimilation and,
thus, presumably also growth. This work was entirely driven by my then assumption
that growth in alpine plants (or plants in general) is photosynthesis driven and thus
carbon limited. Later works proved this assumption to be wrong.

With a substantial Austrian Science Foundation grant, I could buy the then most
advanced technology to study leaf photosynthesis and its response functions to light,
temperature and CO, concentration in situ. Testing high alpine plants’ photosyn-
thetic response to elevated CO, was particularly tempting given the intrinsically low
partial pressure of CO, at high elevation and the ongoing atmospheric CO, enrich-
ment (Korner 1992). This battery and mass-flow controller-operated system worked
fast enough, so that it was possible to study replicated response functions of net
photosynthesis in 12 pairs of congeneric species at 2,600 and 600 m elevation during
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Fig. 4 In situ studies of alpine plant photosynthesis with a three-walled air-conditioned glass
chamber mounted to Carex curvula tillers (Korner 1982). F fan, W water jacket, H holder,
T temperature and humidity sensor, P plastic silicon rubber, C rhizome system

the short alpine summer. The outcome was expected to explain why alpine plants are
so small and grow so little compared to their low elevation relatives and how much
these high-elevation plants might profit from future atmospheric CO, enrichment.

Alpine species turned out to absorb CO, far more efficiently than congeneric
low-elevation species (in line with the carbon isotope data from around the globe,
see Sect. 2). By this efficiency, they not only neutralize the 20% diminished partial
pressure of CO, at the 2,600 m test site near Innsbruck compared to the valley floor
(600 m) but also exhibited higher maximum rates of assimilation (Korner and
Diemer 1987). Hence, there was no evidence that these plants faced unit leaf area-
based carbon constraints of growth any greater than low-elevation species
do. Elevating CO, supply caused rates of photosynthesis to strongly increase.
When artificially grown under elevated CO, in full sunlight, these alpine species
retained this high carbon capturing capacity (Korner and Diemer 1994). However,
time was not yet mature to question the carbon limitation paradigm that drove all this
leaf gas exchange research.

3.2 Effects of Elevated CO; on Plants and Ecosystems

Through my move to Basel, the CO, enrichment experiments with alpine plants
discussed above became interrupted. Meetings with the small but growing research
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community that had an interest in exploring plant responses to elevated CO, at
ITASA (Laxenburg near Vienna), Woods Hole (USA) and Lunteren (Netherlands)
made it clear that we do need realistic ecosystem-level experiments in this field. The
conference dinner of the Lunteren meeting in the artificial jungle at Het Heijderbos
was a key experience: during the train ride back to Basel, I designed an experiment
with tropical model ecosystems that capitalized on the brand-new experimental
greenhouse at the Institute of Botany in Basel.

3.2.1 Tropical Forests

We built four highly diverse, humid tropical plant communities composed of
15 species each, with understory, shrub, tree and liana taxa, planted as small clonal
propagules, provided by the Basel tropical greenhouse staff. These complex but
exactly replicated communities in a split-plot design were grown on a low-fertility,
leaf litter compost-sand mixture. The communities were rapidly filling the 17 m’
air-conditioned containments that either received elevated or ambient CO,. Hot and
humid conditions caused plants to grow so vigorously that the taller life forms
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Fig. 5 Model jungles composed of 15 humid tropical species belonging to different plant func-
tional groups and exposed to contrasting CO, supply reveal no CO, ‘fertilization’ effect on biomass
production, but enhanced soil CO, release and nutrient leaching. Elevated CO, concentrations
caused non-structural carbohydrate concentrations in leaves (shown here) to rise dramatically
(except for monocots in the understory at 1-2% sunlight), while leaf area index levelled off at
7 (Komer and Arnone 1992)
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pushed the roof after 3 months (Fig. 5). The expected CO, fertilization effect on
biomass production was not found. In what became my first paper in Science
magazine (Korner and Arnone 1992), we showed massive starch accumulation in
the upper canopy, higher root mass, much higher soil CO, release and increased
nutrient leaching through a lysimeter drainage to the basement of the building.
Counter to expectation, LAI levelled off slightly lower under elevated CO,. In
retrospective, this makes sense, given the overabundance of photoassimilates.

These works found a continuation at the Smithsonian Tropical Research Institute
(STRI) in Panama under a Mellon Foundation grant in cooperation with Klaus
Winter. We grew seedlings of tropical trees and shrubs in situ under elevated and
ambient CO, concentrations in very deep forest shade on Barro Colorado Island in
order to test the hypothesis that low light is the most likely condition to induce a CO,
fertilization effect. Why? Because elevated CO, shifts the light compensation point
of photosynthesis, and these plants grew right at the light compensation point, so that
the CO, concentration became decisive for whether they can grow at all (Fig. 4.1 in
Liittge 2008). And indeed, providing those seedlings with extra CO, induced a very
strong growth stimulation at otherwise very small absolute growth rates (Wiirth et al.
1998a). Such deep-shade responses to elevated CO, may decide upon later forest
structure. Should liana seedlings take a similar advantage, the likelihood of lianas
reaching the canopy top would rise. And lianas grown from Yucatan seed sources in
deep shade on original forest soil we shipped in from the site of origin to Basel did
indeed exhibit exceptional CO, responses (in part more than doubling biomass;
Granados and Korner 2002). Remarkably the biomass effect from pre-industrial to
then ambient CO, concentrations was much bigger than that from ambient to similar
CO; increases in the future. More aggressive lianas would enhance tree turnover and
reduce forest carbon stocks (Korner 20044, b), and indeed tropical lianas have been
observed to become more aggressive in recent decades (Phillips et al. 2002, 2004).
Thus, a biodiversity effect exerted by a CO,-enhanced liana growth can shorten the
mean residence time of C in the biggest biological carbon reservoir and, thus, reduce
its contribution to the global biomass C stock.

Experiments conducted in a temperate zone forest confirmed the CO, x shade
interaction. When light is reduced to very low levels, elevated CO, causes a
significant relative stimulation of growth of seedlings (Hittenschwiler and Korner
2000) and lianas (Zotz et al. 2006) irrespective of nutrition, yet again, at otherwise
very low absolute rates of growth.

How will a fully sunlit tropical forest canopy respond to rising CO, concentra-
tions? Still today, this remains a field of speculation, because it is very hard to
estimate or model sink control of carbon capture in late successional forests. Scaling
from tree or plot level to net biome responses entails other problems related to stand
dynamics (e.g. Philipps et al. 2004; Brienen et al. 2015), which determine the carbon
stock: faster growth commonly reduces the mean residence time of carbon, that is,
tree longevity (Korner 2017, Biintgen et al. 2019). Whatever the long-term carbon
sink capacity of a tropical forest is, one would expect that individual leaves in the
canopy, artificially exposed to elevated CO,, would never show any C-overflow
symptoms (that means an accumulation of non-structural carbohydrates, NSC).
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Fig. 6 Providing 12 cm? leaf sections at the top of a humid tropical forest in Panama with extra
CO, derived from soil: isotopic labelling confined to exposed leaf tissue, carbohydrate accumula-
tion despite a near to infinite carbon sink of such tall trees compared to a small leaf section and no
stomatal response to elevated CO, (Korner and Wiirth 1996; Wiirth et al. 1998b)

Huge trees would always permit dissipating extra C obtained by a single leaf. It
seemed worth testing this hypothesis in order to obtain at least a hint at top canopy C
relations in the light of rising CO,.

At the Smithsonian crane site near Panama City, we trapped CO, released from
the soil under 4 m? of black plastic foil on the ground. Inevitably that CO, carries a
stable carbon isotope signal ca. 20 permille more negative than in free-air CO,. We
then pumped this isotopically labelled CO, to a manifold box in the 40-50 m tall
forest canopy. From the crane’s gondola, we attached small transparent plastic cups
to the underside of big leaves and connected these to the manifold box so that the
cups became continuously flushed with extra CO, from soil (Fig. 6). After a week
only, leaf tissue attached to the cup was packed with extra NSC compared to controls
(Wiirth et al. 1998b), very similar to what we observed in our greenhouse jungles in
Basel. Leaf sections under the cup carried a clear carbon isotope signal reflecting the
soil-derived CO,. These data demonstrate that NSC accumulates in foliage in
response to elevated CO, irrespective of source-sink relationships. Neither NSC
nor the '*C signal was dissipated within a given leaf blade but remained confined to
the exposed leaf section. Another surprising observation was that stomatal conduc-
tance was not reduced in leaf sections exposed to elevated CO,, challenging a
common hypothesis. With this rather simple and cheap experimental system, we
could demonstrate across different tropical tree species that NSC accumulation is an
intrinsic response to elevated CO,, irrespective of sink capacity. While we do need
entire forest CO, enrichment experiments, such small-scale studies can illuminate
basic questions for this largest of all biological C reservoirs on earth (for a review see
Korner 2009).
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3.2.2 Alpine Vegetation

Established at my new post in Basel, I received a substantial grant by the Swiss
Science Foundation for the first in situ CO, enrichment experiment in alpine
grassland, using a special design of open top chambers with an excentric air release
collar (1992-1995). After four seasons in a high-CO, environment at 2,500 m asl,
either with or without mineral fertilizer addition, the productivity of this grassland
remained unresponsive to elevated CO,, but a relatively low dose of NPK fertilizer
(40 kg ha'a™") alone almost doubled above-ground biomass (Schéppi and Korner
1996; Korner et al. 1997).

At that point, the carbon limitation hypothesis was falsified for fully illuminated
vegetation, both in a vigorously growing humid tropical model jungle and a slow
growing alpine test system. The results for the alpine one were confirmed later in a
free-air CO, enrichment (FACE) experiment, with glacier forefield vegetation, in
which elevated CO, even exerted negative effects on plant biomass (Inauen et al.
2012), which we attributed to competitive inhibition of nutrient availability by an
exudate-driven microbial community. In a recent experiment, we tested the gradual
effect of shading from no shade to half of sunlight for three seasons in the same type
of late successional grassland, which had no effect on bulk above-ground biomass
(but at maximum shade below-ground biomass became measurably reduced after
3 years), underlining that photosynthesis was not constraining above-ground bio-
mass production (Mohl et al. 2020). These results suggest that alpine vegetation is
not carbon limited as I was assuming when studying high-elevation gas exchange in
my early career (see Sect. 3.1). Whether the similar results obtained with the tropical
model ecosystem reflect real-world responses awaits to be explored in large-scale in
situ experiments.

3.2.3 Temperate Forests

How could it be that providing photosynthesis with more CO, stimulated its rate per
unit leaf area instantaneously but had no effect on growth and biomass accumula-
tion? Were experimental conditions prohibitive for growth in these specific cases?
And if so, where did all the extra carbon go? Whatever the explanation, it was clear
that larger-scale and more realistic experiments were needed, performed in the field,
without interfering with the nutrient cycle, no soil disturbance, no enclosures and
preferentially with forest trees, given so many hopes are tied to their ability to
capture more carbon in a CO,-rich future. A site was to be found with as many as
possible tree species with adult individuals in a small area that could be surveyed
from a huge building crane at the level of tree crowns 30—40 m above ground. After
spending 1-2 tons per day of industrial CO,, cleaned to food quality and released in
the forest canopy for eight seasons, using a free-air CO, release system, the growth
response of the exposed deciduous trees was zero (Korner et al. 2005, Bader et al.
2013). There was a clear isotopic fingerprint of the added CO, in tree rings,
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Fig. 7 Mature, 36-m-tall Picea abies trees take no growth advantage from five seasons of canopy-
scale CO, enrichment. The diagram shows standardized tree ring responses for three heights(Klein
et al. 2016b). The canopy crane operated for 20 years near Basel facilitated a large number of
research works in mature forest trees

confirming efficient CO, enrichment (Keel et al. 2006), and per unit leaf area
photosynthesis remained stimulated (though somewhat downregulated) by year
8 (Bader et al. 2010).

We repeated the same treatment for 5 years in 36-m-tall spruce trees, with the
same result (Klein et al. 2016a; Fig. 7). Other research groups working with test
forests under steady state (closed canopy, constant leaf and root turnover) arrived at
the same answer (boreal forest, Sigurdsson et al. 2013; temperate forest, Norby et al.
2010; eucalypt forest, Ellsworth et al. 2017), all lining up with the observation that
evergreen oaks growing for 30 years around natural CO, springs in Tuscany took
advantage from elevated CO, when they were young, after coppicing, but the signal
disappeared at canopy closure (Héttenschwiler et al. 1997). The fate of extra C was
suspected to dissipate through a myriad of metabolic leaks, most likely associated
with phloem transport and processes in the rhizosphere, each too small to produce a
measurable signal, but summing up to a substantial C release (Mildner et al. 2014,
Klein et al. 2016b). Very recently that view had been supported by data collected at
the Australian Eucalyptus FACE experiment (Jiang et al. 2020).

An exciting by-product of the experiment with tall spruce trees at the Swiss
Canopy Crane site was the observation that the stable carbon isotope signal applied
to the tree crowns with CO, derived from fossil fuel could be traced to roots and
stems of neighbouring beech and other tree species, indicating substantial below-
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ground interspecific carbon transfer (Klein et al. 2016b). We could show that these
mature forest trees share a large number of common ectomycorrhiza taxa, of which
the recently discovered, phylogenetically very old Basidiomycota genus Sebacina
plays a key role for C trafficking (Rog et al. 2020).

3.2.4 Summary of Elevated CO, Research

Taken together, none of these experiments provided evidence that carbon was a
growth-limiting resource at contemporary CO, concentrations and in full sunlight.
While climatic conditions varied extremely across these experiments, the remaining
common denominator was that the closed nutrient cycle in these test systems did not
facilitate enhanced carbon incorporation. When the nutrient cycle was opened in
experiments with trees, either by growing saplings in potting mixtures, disturbing the
ground, starting with spaced saplings in fertile soils, applying horticultural condi-
tions or allowing the system to recover from a shoot to root imbalance due to recent
disturbances, this opens a short-term window for a so-called CO, fertilization effect
(Korner 2006b).

However, in the long run, soil nutrient limitation is almost inevitable, but it is
unlikely that nitrogen supply alone sets the ultimate limit for several reasons. Most
importantly, the nitrogen cycle is, in principle, open, with the size of the cycling
N-pool adjusting over the years to the availability of other nutrients (e.g. P
depending on weathering but, for instance, also Mo if one considers N, fixation;
Barron et al. 2009; Wurzburger et al. 2012). Not surprisingly growth and produc-
tivity of tropical forests were not found N limited in these and related works. In
addition, the forest test site in Switzerland that showed no growth stimulation by
elevated CO, received substantial rates of anthropogenic N deposition since the
1970s with peaks close to 50 kg N'ha~' a~' in the test region and rates coming down
during the last decades to 20-25 kg N ha' a~!, with P, Mg or K more likely
candidates for the next limiting resource, similar to what has been concluded for the
Australian Eucalyptus FACE, cited above. Accordingly, N/P ratios in tree foliage
widened critically in central Europe in recent years (Braun et al. 2010). So, the issue
is far more complex and cannot be reduced to N limitation. The only experiment so
far that tested growth responses to elevated CO, on two different soil types on which
the test species Fagus sylvatica and Picea abies co-occur naturally ended with a
surprise: the patterns observed on calcareous soil was the opposite to the pattern on
the siliceous soil (Spinnler et al. 2002). Admittedly, these saplings grew on dug-out
soils in large open-top chambers, facilitating vigorous growth and, thus, a CO,-
fertilization effect. Yet, had we employed only one of these soil types, we had
written two entirely different publications (Fagus ‘winning’ over Picea on calcare-
ous soil and vice versa on the acidic soil). Quite clearly, soils rule tree responses to
elevated CO,, and responses of young saplings cannot be extrapolated to adult trees.

In summary, these results suggest that we are living in a CO,-saturated world,
with a growth stimulation by CO, via photosynthesis restricted to fertile locations
and, perhaps, to fresh clearings and young plantations. It is not even clear whether



Tools Shape Paradigms of Plant-Environment Interactions 19

naturally formed forest gaps during the earliest infilling period will facilitate a
positive CO, effect, because the root spheres of the surrounding trees will consume
any extra nutrients. The only other situation under which a rising CO, concentration
is likely to be effective on plant growth under natural conditions is deep shade.

In contrast to CO, and N, both theoretically infinitely available, only depending
in rates of fixation, all other minerals required to make a living (18 other than C,
H, O, and N for plants; Elser et al. 2010) are finite per unit land area (disregarding
minute dust deposition). These other mineral nutrients are derived from weathering,
and their plant-available fraction in soils is heavily competed for by plants and
microorganism ever since. Could a CO,-rich atmosphere affect soil nutrient acqui-
sition and release more nutrients from the soil matrix (Koérner and Arnone 1992;
Schleppi et al. 2012; Hungate et al. 2013)? And if so, how long could that be
sustained? Open questions. The most plausible explanation why vegetation that
arrived at steady-state canopy and root dynamics did not show enhanced growth in
response to elevated CO, concentrations is the finite mineral nutrient capital per unit
land area. When soils were disturbed (and thus activated) or when CO, was applied
to initially well-spaced plantlets (space as a surrogate for extra nutrients; e.g.
Talhelm et al. 2014), elevated CO, concentration was found to stimulate young
tree growth (Korner 2006b). So, the rate of nutrient addition (sensu Ingestad 1982)
defines the rate at which a plant can incorporate C. From bacteria to elephants, from
daisy to giant sequoia, it requires chemical elements other than C in a proportional
quantity to build an organism. Why should there be left-over soil mineral resources
that could support enhanced CO, capture in a CO,-enriched world?

3.3 When Elevated CO- Acts via Plant-Water Relations

CO; enrichment was found to reduce stomatal conductance in many (though not all)
species (first observed by Darwin 1898, the son of Charles Darwin). This effect
could slow water consumption by plants and, thus, prolong periods of high soil
moisture and nutrient availability. In seminatural, periodically dry grassland, this
moisture-saving effect is the most likely explanation for a CO,-driven stimulation of
productivity (long-grass prairie, Owensby et al. 1994; temperate calcareous grass-
land, Niklaus et al. 1998; Niklaus and Korner 2004; grassland in Tasmania,
Hovenden et al. 2014; desert annual grassland, Griinzweig and Korner 2001; for a
summary and short-grass prairie data, see Morgan et al. 2004). The fundamental
problem with interpreting such results is twofold: First, the exposed grassland
patches are islands in an otherwise untreated landscape (Leuzinger et al. 2015).
Would all vegetation respond that way, the atmosphere would receive less water
vapour, and thus, evaporative forcing would rise. Second, reduced transpiration
causes leaves to warm, which in turn stimulates transpiration. The island effect
puts a question mark on any water-driven CO, effect on growth. In his PhD
works, Matthias Volk showed that such CO, effects on growth can be produced
under ambient CO, by simulating the moisture dynamics otherwise produced by
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elevated CO, (Volk et al. 2000). Thus, projections based on water-driven CO,
effects rest on assumptions regarding the future climate (precipitation, humidity).
And such climatic effects depend on the patterns (spacing) of rainfall events in both
grassland and forests (Bachman et al. 2010; Leuzinger and Korner 2010). Thus
secondly, it is very important to separate potential photosynthesis-driven and
stomata-driven CO, effects. Finally, all projects that involved more than one species
reported species-specific effects; hence, species differ in their responses to elevated
CO, in all climatic zones explored but also to available soil moisture (different
rooting depths), strongly arguing against mono-specific test systems.

4 Growth Controls Photosynthesis

So, what is it that controls plant growth? When I went to school, it was self-evident
that growth follows photosynthesis. The more a plant photosynthesizes, the faster it
will grow, and the more biomass will accumulate. In a way that assumption is still
correct, except for the implied hierarchy of the causalities. The uptake of carbon and
the investment of carbon cannot be decoupled in the long run, so a measure of either
one reflects the other. This is the place were manipulative experiments (see Sect. 3)
and plant nutrient stoichiometry come into play. Since the role of plant nutrition is so
intimately connected to carbon relations, it was discussed in Sect. 3.2.4. Here, I will
focus on water and temperature constraints.

4.1 Water Shortage Affects Meristems, Long Before It Affects
Stomata and Photosynthesis

The experiences from CO, enrichment research can be extended to other growth
determining factors. Water shortage was long believed to affect carbon uptake via
stomata. Under drought stress, stomata may close and, thus, limit CO, assimilation, a
textbook classic, not supported by evidence. For half a century, it is known that for
building a cell, it requires a machinery that synthesizes cell wall components and a
finely tuned osmotic system that controls cell size enlargement. As discovered and
explained by John Boyer (see Fig. 9 in his 2017 contribution to this series of essays),
this delicate process is far more sensitive to water shortage than is leaf gas exchange
through stomata. Drought stress affects cell production (meristematic activity) long
before it affects leaf gas exchange (Muller et al. 2011). This explains why drought-
stressed plants accumulate non-structural carbohydrates (mostly starch) rather than
suffering from assimilate shortage (Korner 2003b). At the scale of a tropical forest
represented by 15 adult tree species in Panama, my PhD student Mirjam Wiirth
evidenced that periods with ample rain enhanced growth and reduced carbohydrate
stores, and dry periods caused carbohydrates to accumulate from tip to toe (Fig. 8),
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the opposite of the classical paradigm that assumes that drought causes plants to
starve. Drought prevents plants from investing photoassimilates into structures.

4.2 Low Temperature Limits Growth Before It Limits
Photosynthesis

A similar story applies to low temperature (for a review see Korner 2006a). Since
low temperature can reduce the rate of net photosynthesis, it is commonly held that
plants suffer from carbon shortage when it gets cold and, thus, grow slow. The
causality is the opposite. While cold-adapted plants photosynthesize till they freeze
(with c. 30% of full capacity at 0°C; dating back to works already summarized by
Pisek et al. 1973), plants do not grow at 0°C (Nagelmiiller et al. 2017). In fact, there
is hardly any growth below 5°C (Alvarez-Uria and Korner 2007; Rossi et al. 2007,
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Fig. 9 A scheme of the temperature response of net photosynthesis in cold-adapted plants (source
activity, mean response for many alpine species) and the corresponding cell duplication rate or
mitotic rate (sink activity, data from the literature from various sources). Note that low temperatures
constrain cell production far more than CO, assimilation (simplified from Korner 2003a)

Schenker et al. 2014; Nagelmiiller et al. 2016), a temperature at which net photo-
synthesis of leaves reaches 50-60% of maximum rates (Fig. 9; Korner 2003b,
Korner 2015). This means low temperatures affect cell production (meristematic
activity) long before carbon capture declines. Not surprisingly, trees at the
low-temperature, high-elevation treeline contain more non-structural carbohydrates
than trees at lower elevation, as Giinter Hoch evidenced in his PhD (Hoch and
Korner 2003) and confirmed later for 13 locations around the globe (Hoch and
Korner 2012).

Nutrient availability, water shortage and low temperature all affect growth (mer-
istems) long before these limitations affect photosynthesis (Korner 2015). This leads
to a paradigm of plant growth in which demand for C controls CO, assimilation,
instead of assimilate supply controlling investment. Trying to understand alpine
plant life (Korner 2003a, 2021), alpine treelines (Korner 2012) and the consequences
of elevated CO, on plant growth and productivity, these observations are drawing a
picture in which C sink activity controls much of the terrestrial biosphere’s C cycle.
The rate of photosynthesis (source activity) is tracking growth and, thus, supplies
assimilates on demand set by meristems, which operate under direct nutrient,
moisture and temperature control (Korner 2003a, b, 2015). Textbooks deserve
substantial adjustments in this respect! A research focus away from gas exchange
towards meristem functioning is needed. When we ask ourselves what is really basic
in plant growth control, most scientists, including myself, would have mentioned
photosynthesis and respiration some 30 years ago, with the insight that building a
cell undergoes more basic constraints in a real-world context still not a very
popular view.
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4.3 Why Growth and Productivity Rather than Temperature
Drive Respiration

Here, I add a brief comment on mitochondrial respiration. Most commonly consid-
ered a burden to a plant, a similar change in paradigm is required as for the role of
photosynthesis. Plants do not respire for ‘fun’; hence, they do not execute the
inevitable temperature response captured by an Arrhenius plot, but they can be
expected (in the long run) to respire in response to a demand for ATP, NAD(P)H
and reactive oxygen species (ROS) and other energy equivalents (simply addressed
as ‘ATP demand’ here). A major ATP demand is created by growth (‘growth
respiration’), the energy required to build structures and reserves. Active nutrient
uptake induces another demand for ATP, as does maintaining the cellular machinery.
As a consequence, dark respiration is best considered the result of plant vigour
(Reich et al. 1998, O’Leary et al. 2019), whatever drives it. When plants are grown
under conditions in which carbon is the only limiting resource (the majority of
examples taken from laboratory experiments conducted with plants receiving ample
water and nutrients and grow under optimal temperature conditions), carbohydrate
supply sets the rate of growth and thus respiration. In a natural setting, where
nutrients, soil moisture or temperature are directly constraining meristem activity,
respiration is driven by sink activity (demand control). At ecosystem scale and over
long periods of time, respiration is not driven by temperature, as many models still
assume, but by the productivity of the ecosystem. Should a higher temperature
(or whatever other environmental stimulation) facilitate a higher productivity,
there is more biomass to be built and more substrate to be recycled (Raich and
Nadelhoffer 1989). So in essence, net primary production (NPP) is controlling
respiration and not the other way round. Riccarda Caprez illustrated this in her
PhD project in the Swiss Alps by comparing NPP and respiration across an elevation
gradient (Caprez et al. 2012).

4.4 Why Are Bonsais Small?

I am closing this section with a few words on bonsais. They are forced to slow
growth and dwarfed stature by withholding resources, perhaps a model that also
helps understanding small plant size in harsh mountain environments (but see Sect.
5.2). What is it that ultimately causes bonsais to be so small? Do they produce
smaller cells or a smaller number of cells in response to the severe shortage of
resources? I set out exploring this, when bonsais became available at the Innsbruck
Botanical Garden for which the mother trees were known. So, together with my ever
so helpful and dedicated assistant Susanna Riedl, we looked into the anatomy of
bonsais and their mother tree, and the project profited greatly from discussions with
Pete John, a developmental biologist I learned to know in Canberra. In short, the
30-50 times smaller leaves of bonsais (compared to leaves of the mother trees) have
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cells as large or even larger than the leaves of their mother trees, but they have
smaller numbers of cells (Korner et al. 1989a). From this we learn (perhaps a
triviality in retrospective) that it is the cell cycle and associated cell differentiation
that control growth and plant size, and not the size of cells, a most conservative trait,
for several hydraulic, mechanic and genomic reasons.

S Applying Physiological Plant Ecology to Plant
Biogeography

As we aim at understanding plant performance from the first principle, it is not an
easy task to define a starting point in terms of both the processes considered basic
and the phenomena to be explained. Should we aim at explaining growth, stress
survival, plant reproduction or plant distribution? Aren’t the four interrelated?
Growth and stress resistance coming first, successful reproduction second and
range filling, as a consequence, last? When [ started my career, carbon assimilation
was considered central in explaining plant performance. A common outcome of such
physiological ecology studies was that plants are amazingly well adjusted to the
environment they inhabit. If they wouldn’t, we would not find plants for study. Yet,
at one point, a species reaches its natural range limit. Finding out what the ultimate
constraints are at the edge of their fundamental niche is the most fruitful application
of physiological ecology. Once resolved, such range limits can be predicted.

5.1 Explaining the Low Temperature Range Limit of Tree
Species

When the European Research Council (ERC) granted me an advanced grant during
my last 5 years as professor of the University of Basel, my team was expected to
answer where, why and how dominant European tree species reach their low
temperature range limit (species of beech, oak, ash, cherry and others; Korner
et al. 2016). With three PhD students and three postdoctoral researchers involved,
we did arrive at functional explanations for these range limits — to my knowledge
among the few in any plant species, which sounds like a paradox, given these are the
most fundamental questions plant ecologists could ask. This project combined
biogeography, micrometeorology, reproductive biology, stress physiology, devel-
opmental biology (phenology), a study of growth and related physiological traits as
well as exploring genotypic versus phenotypic components of adjustments (Fig. 10).
Each of these research fields alone could not have expected to come up with a
conclusive answer.

We identified the undisturbed, low temperature range limits of seven dominant
deciduous species, both in the Alps and in polar regions, with highest elevation and
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Fig. 10 Research fields to be covered in an attempt at explaining the low temperature edge of the
fundamental niche of deciduous tree species in Europe (Korner et al. 2016)

latitude limits as proxies of the edge of the fundamental niche (Randin et al. 2013).
We assessed the on-site temperature regime by installing hundred data loggers in the
Alps and Sweden, the tops of tree crowns included, linked the data to long-term
weather records (low temperature extremes in particular) and, thus, hindcasted the
most likely return rates of extremes (Kollas et al. 2014a, b). We explored viability of
seeds collected at the range limit and found neither seed nor viability limitation
(Kollas et al. 2012). The safety margins against freezing damage were found
narrowest at flushing in spring (Lenz et al. 2013) and were closely correlated with
the species-specific flushing date (Fig. 11; Lenz et al. 2013, 2016), which was
controlled by genotypic requirements of heat sums and, depending on species, by
photoperiod (Basler and Koérner 2012, 2014). There was no indication that any of
these range limits were associated with insufficient growth or carbohydrate storage
(Lenz et al. 2014). When transplanted, even beyond the current adult range limit,
species largely retained part of their phenology controls and revealed less phenotypic
plasticity the higher the elevational origin of the seed family (Vitasse et al. 2013,
2014). With the same conceptual approach, we (research partners and students of the
Botany Institute of the Chinese Academy of Sciences in Kunming, China) are
currently exploring the range limit of broadleaved evergreen oaks at 4,270 m
elevation in the Baima Snow Mountains of N-Yunnan only 100 m below the local
conifer treeline. Again we find a fine-tuned flushing phenology that prevents freez-
ing damage but critically constrains the remaining season length (Yang et al. 2020).
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We concluded that the low temperature range limits of these tree species (includ-
ing the oaks in China) are not related to their carbon relations (water availability is
not an issue in these cases), but reflect the finely tuned interplay between three
factors: the timing of spring flushing (phenology), freezing tolerance at and after
flushing and, as a trade-off of the flushing date, the duration of the remaining season
and, thus, the life history-associated requirements for shoot and fruit maturation in
order to survive the next winter. Through these works, phenology — often just
regarded a biological thermometer — revealed a decisive role in setting a species
range limit through the adjustment of time of bud break with regard to the inherent
freezing tolerance of a species. The results underline the importance of photoperiod
control (in interaction with concurrent temperatures) for securing plants against the
curiosities of spring weather by preventing them from simply tracking rising spring
temperatures. These findings also explain the declining temperature sensitivity of
spring phenology as warm climatic conditions occur earlier in the year in the course
of climatic warming. Photoperiod also controls the timely transition to autumnal
senescence of foliage and hardening of perennial tissues in order to arrive at
sufficient freezing tolerance, before the advent of low temperature extremes (Korner
and Basler 2010).
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5.2 The Alpine Treeline: A Unique Biogeographic
Delineation

The fact that growth is far more constrained by low temperature than is CO,
assimilation is the currently best explanation of the climatic treeline globally. The
treeline very closely follows a ca. 6°C isotherm of seasonal mean temperature across
latitudes (Korner and Paulsen 2004, Paulsen and Korner 2014), an idea first coined
by Alexander von Humboldt (Korner and Spehn 2019). The reason why trees reach a
thermal limit beyond which alpine taxa flourish is related to aerodynamics. By their
architecture (erect stature), trees can hardly decouple from ambient air temperature
(Korner 2007a, 2012; Fig. 12), while low-stature alpine vegetation ‘engineers’ its
own microclimate by pronounced aerodynamic constraints to heat exchange close to
the ground, arriving at far warmer conditions than reported by a weather station
(Scherrer and Korner 2009, 2011; Korner and Hiltbrunner 2018). It is the thermal
limitation of meristematic activity and neither CO, uptake, stress tolerance nor
moisture or nutrient availability that control the treeline, although the latter two
can pose substantial additional growth limitations, but hardly affect the elevational
position of the treeline (for drought effects see Hoch and Ko&rner 2005). So,
bioclimatology and the biology of the growth process itself hold the best explanation
for this most prominent biogeographic delineation that permitted quantifying the
global land area above the treeline, the alpine life zone that accounts for 3.6 Mio km?
or 2.6% of the land outside Antarctica (Korner et al. 2011, 2017). The position of the
high elevation and arctic treeline isotherm can now be predicted for any point on
earth, with the main technical limitation, the quality of climatic data obtained from
climate data bases (Paulsen and Korner 2014). For unknown reasons, the model fails
in Mediterranean mountains; a regional lack of suitable tree taxa may be one
explanation. The great advantage of that tool is that the potential treeline position

Fig. 12 A thermal image
illustrating that trees operate
much closer to ambient air
temperature than low-stature
alpine grassland. This is the
aerodynamic reason why
there is a treeline. Note, this
is not a photograph, but an
assemblage of 76,800 point-
temperature records
converted to a color scale
(adapted from Korner
2007a, b)
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can even be predicted for places, where forests have been destructed (Noroozi and
Komer 2018). So, the treeline is a potential bioclimatic life form boundary,
irrespective of whether trees have been cut or burned locally or became eradicated
by avalanches or storms and, thus, are absent from treeline (Korner 2020a).

5.3 Alpine Plant Life

Although trying to understand alpine plant life was a central task of my entire career
(Korner 1999a, 2003a), we started too late to ask similar questions as discussed
above; hence the range limits of alpine taxa still await exploration. Embedded in
traditional thinking, research confirmed that these plants are not carbon limited, and
freezing damage is an issue during the growing season only, but safety margins are
wide and habitat specific (Larcher et al. 2010; Taschler and Neuner 2004), except for
inflorescences (Ladinig et al. 2013), thus pushing selection towards a clonal life
strategy. In the temperate zone, growth of alpine plants is primarily constrained by
the length of the growing season. To complete their seasonal life cycle, they employ
large below-ground reserves, rapid flushing, adjusted flowering phenology and
photoperiod-controlled senescence before the onset of late-season freezing. Produc-
tivity of closed alpine vegetation expressed per day of growing season and unit land
area is not inferior to any other humid environment, so the duration of the period
suitable for growth is the main explanation for low biomass and productivity (Korner
2021). The small size of high alpine plant species does not reflect a climate- or
nutrient-enforced dwarfing, but these plants are ‘small by design’ and, thus, capital-
ize on the aerodynamically sheltered and warm climate near the ground (Korner et al.
1989b; ‘solar heating’; Korner and Hiltbrunner 2018).

Only recently, we could illustrate the way in which a ‘classical’ snow bed species
(Soldanella pusilla) copes with one of the most extreme types of habitat in terms of
short season length (Korner et al. 2019): bi-seasonal (‘evergreen’) foliage, closely
attached to the ground (thus trapping heat once out of snow) and growing an entire
inflorescence (including the stalk) under metres of snow at 0°C, initiated by an
internal clock in January, to be ready at snow melt. In addition, this species is filling
its tissues up to almost half of dry matter with storage reserves with the biggest
fraction represented by the tetrasaccharide stachyose, thus avoiding a too high
osmotic pressure while otherwise being readily available for metabolism. These
reserves suffice for 2 years should snow not disappear in a year. Presumed lignifi-
cation constraints during growth at 0°C are confined to non-essential tissues (scle-
renchyma) but, surprisingly, not to vessels. While plants cannot grow below 0°C and
growth becomes extremely slow at temperatures below 5°C (see Sect. 4), photosyn-
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thesis would reach high rates at such low temperatures once plants become released
from snow (Sect. 3).

5.4 Experiments by Nature

Counter to expectation, alpine plant species richness is higher than one would expect
from alpine land area, despite the environmental constraints, and it is far higher than
biodiversity in the arctic life zone although the arctic land area is roughly twice as
large as the alpine one (Chapin and Korner 1994, Korner et al. 2011). Topographic
diversity and microclimatic diversity strongly contribute to this phenomenon
(Korner 2002, 20044, b, 2008). Mountains in general are hot spots of biodiversity,
given the contrasting climates that become compressed over a narrow geographical
range. These quasi-‘experiments by nature’ offer great opportunities for research
(Korner 2000, 2007b, 2020b, 2021). Yet, in contrast to the Arctic, the research
community that could assess and explain mountain diversity is so fragmented as
mountains are. So, in the aftermath of the Rio conference, the Global Mountain
Biodiversity Assessment (GMBA) network was founded in 2000, and I had the
pleasure to run it together with Eva Spehn till my retirement and edit several volumes
that assembled researchers and data from different geographical regions (Korner and
Spehn 2002, Spehn et al. 2006). These initiatives led to the mountain chapter of the
Millennium Ecosystem Assessment report (Korner and Ohsawa 2005), a résumé of
the state and risks of the world’s mountain systems.

Counter to common belief, I consider mountain biota the least vulnerable com-
pared to other biomes with respect to climatic warming, because nowhere else do
organisms find alternative microclimates at such close proximity than on mountains.
In addition to their high diversity and often retained naturalness, this is one extra
reason to protect mountain ecosystems and monitor their long-term fate. This is a
field of research I became strongly involved recently at several sites in the Austrian,
Italian and Swiss Alps (Korner 2018b). These highly standardized, multidisciplinary
monitoring activities took great advantage from experiences gained at the ideal
facilities at the Furkapass research station (www.alpfor.ch), 300 m above treeline
in the Swiss Alps (see Sect. 6). Together with Erika Hiltbrunner, who runs this
station, we assembled 47 experts to assess the organismic inventory of this alpine
biome and arrived at 2,100 named taxa, with many new discoveries in what many
people consider a barren and biologically near-to-empty terrain (Hiltbrunner and
Korner 2018). The mosaics of different life conditions in the treeless alpine belt
permit studying plant responses to climatic contrasts over a few metres that would
otherwise occur over kilometres of elevation or more than thousand kilometres of
latitude (Fig. 13). From such works at sharp snow-melt gradients, it became clear
that monitoring long-term changes in these slowly responding and patchy alpine
biota requires a permanent plot approach, with contrasting groups of organismic taxa
and abiotic conditions assessed repeatedly over time following a strict protocol.
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Fig. 13 The diversity of microhabitats (in this example by contrasting snow duration) in alpine
landscapes permits species with different climatic preferences to co-exist at close proximity — an
ideal setting to test climate change effects (Furkapass, Swiss Alps, 2,450 m asl)

These ‘experiments by nature’ permit identifying species range limits and their
potential shifts within a few metres.

5.5 The Cold Edge of Plant Life

The ultimate edge of angiosperm life as it gets very cold is neither found in the Arctic
or Antarctic, nor at the highest locations were angiosperms have been found so far
(around 6,000-6,300 m in the Himalayas; Korner 2003a; Klimes and Dolezal 2010),
but — as far as it is known until now, in Switzerland. Old mountaineer reports about
plant life at the summit of the Dom, which caused me to have a closer look. With one
of my three daughters, her husband and a mountain guide, we climbed the 4,545 m
summit in 2008; got enveloped in fog once we reached the top, just in time to bury
data loggers in — what a surprise — massive moss cushions on a rock at the summit,
amidst a world of ice and snow; and descended. Well instructed, the guide went back
next summer, could recover one of the data loggers and identified five, more than
hand size, cushions of Saxifraga oppositifolia a few metres downslope at 4,505 m on
a little rock terrace that we could not reach for the dense fog at our first visit. The
temperatures recorded up there, in what were comparatively good summers, identify
this location as the coldest place on earth where an angiosperm was found so far
(Korner 2011). And these plants were not alone: several species of fungi, including
mycorrhizal fungi, Collembola and mites, occupied these ‘islands in the sky’ (Oehl
and Korner 2014) — the cold edge of higher plant life.
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6 Some Lessons Learned from Almost Half a Century
of Research and Teaching

Maybe there are two main lessons that outweigh any other: One is the immense
diversity of solutions plants have evolved for the same ‘problem’. Not even the
harshest locations on earth have selected plants with one unique solution for life.
Second, available methods and mainstream reasoning can bias our research efforts as
well as the emerging paradigms. These were the messages of what I considered a
humble little paper that made it to one of the 100 considered most influential papers
published by the British Ecological Society journals (Korner 1991; see Ulo
Niinemets in Grubb and Whittaker 2013). Accounting for biological variation as
well as selecting questions, rather than the availability of methods, requires a theory-
based identification of traits that matter. Yet, many traits considered functional
(sensu ‘important’) are often selected for convenience (Korner 2018a). My impres-
sion is that the recent functional traits euphoria is at a decline and plant functional
groups (except for the most trivial ones such as trees and grasses) have not met
expectations (for an early account, see Korner 1993). 1 expect response traits
(dynamic traits) to become more successful (see the discussion in Korner 2018a),
and the keystone species concept also appears to be more promising. After all,
species matter.

Embedded in these overarching lessons, there are more subtle ones. One of these
is perhaps that one has to go through certain practical experiences for later departing
to new grounds with confidence. Had I not gone through all the details of plant gas
exchange work myself, I am not sure if I had given up with the carbon centric view at
the plant world. Another lesson is the often neglected dominance of structure over
processes. It seems to be more rewarding, particularly to young researchers, to view
a digital display, rather than to use a spade or a root sieve, with the latter ones often
holding the answer (Fig. 3). A third lesson is that theory and potentially also
mathematical models should play a bigger role in designing and/or interpreting
experimental research. Had modellers applied humble logics early on, they should
have spotted the black boxes experimentalists bypassed for the lack of tools to tackle
these unresolved questions. As an example, it should have been clear upfront that
soil mineral nutrients are finite and plant life is governed by nutrient stoichiometry so
that, inevitably, the nutrient cycle drives the carbon cycle and not the other way
round (one of the reasons why carbon cycle models fail; e.g. Huntzinger et al. 2017).
It is hard to believe that people with a strong theoretical backing permitted exper-
imentalists to confuse fluxes of carbon (e.g. rates of growth) with pool sizes of
carbon (storage) as still happens almost weekly in the international literature (Korner
2017, Biintgen et al. 2019). It is far more difficult to study, explain and model mean
residence time of carbon in an ecosystem (which sets the pool size) or stochastic
outbursts of carbon in case of disturbance, than to quantify the influx of carbon and
its biochemistry (Korner 2003c). In a steady state, input-output models cannot arrive
at carbon pool size, just as in an overflowing bathtub; the flux across the tub is not
telling with regard to the tub’s volume (Korner 2017). For a review of such concepts
that developed in our Basel Botany lab see Leuzinger and Hittenschwiler (2013).



32 C. Korner

Another set of messages I took, particularly from working in mountains, is that
what we believe is harsh by physical experience is also harsh or ‘stressing’ for native
plants (Korner 1999b, 2003d). Over decades, people have commented on the severe
limitations of arctic and alpine plants by low temperature, and now we are told that
warming puts these plants at risk. Either one or both of these notions must be wrong.
In reality, cold environments are dominated by low-stature plants, with the actual
temperatures experienced, controlled by aerodynamic restrictions of heat exchange
and entirely misrepresented by weather stations. Mosaics of seasonal thermal life
conditions can vary by more than twice the worst [IPCC warming scenarios over a
few metres distance in such environments (Scherrer and Korer 2009, 2011). Even
within a single inflorescence, temperatures may increase by 10 K from the edge of
petals to the ovaries under full sun (Dietrich and Korner 2014). It is very unfortunate
that biologists do not receive even the most basic training in meteorology and
micrometeorology. Further, life under snow has been poorly examined but may
hold surprising answers as was shown for the Soldanella case in Sect. 5.3.

Among the practical lessons, one certainly is the imperative of hands-on biology
in the field (Korner 2020b). A greenhouse can help at times, and a well-controlled
phytotron may be indispensable to clarify certain issues, but these can never
substitute field data. Quite often logistics, work conditions or the desire to ‘control’
things lend towards escaping to artificial environments. While natural climatic
conditions might be approximated by sophisticated technology, that of soil condi-
tions cannot. This is where well-equipped field stations can play a central role. Over
the last two decades, the Alpine Research and Education station Furka (www.
alpfor.ch), at the Swiss Furkapass at 2,440 m asl, facilitated around 11 PhD and
36 MSc projects, all profiting from the fact that alpine nature is at the doorstep
(Fig. 14).

Over my 48 years of academic teaching, I may have given full-term courses to
5,000 students, and many others attended excursions and graduate schools. I guess,
I guided some 30 students to a doctoral degree and perhaps around 100 to graduation
(MSc). I do not have any statistics on this. Over the last 15 years, I also gave courses
in Georgia (Illia University, Tbilisi), in China (Kunming Institute of Botany of the
Chinese Academy of Sciences), in Chile (Katalapi graduate summer school near
Puerto Mont), in Brazil (University of Campinas, near Sao Paulo), twice in Svalbard
(UNIS, Longyearbyen) and annually in the Swiss Alps at the Furka station. As with
scientific research, which is not just collecting data but condensing knowledge, the
task of academic teaching, in my view, is to deliver a message and concepts, a well-
thought distillate of the immense body of knowledge, very different from a review.
This was also my philosophy when I wrote the textbooks Alpine Plant Life (Geor-
gian and Chinese translations), Alpine Treelines (Chinese translation) and the four
plant ecology chapters of Strasburger’s Plant Sciences (translated from German to
Russian, Italian and English): drawing lines of reasoning, showing overarching
patterns, coining paradigms or questioning them. Although immensely time-
consuming, it is very educating to write a textbook.

Any lessons from my academic teaching? Why keep lecturing at times of
Wikipedia and electronic textbooks? I think the most important added value in
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Fig. 14 When the field is the lab, it requires appropriate infrastructure. The research station
ALPFOR at Furkapass, Swiss Alps, 2,430 m asl permits field studies almost at the doorstep in
the core of the alpine belt of the Alps

face-to-face teaching is that facts can be loaded with life. Another one is bridging
across disciplines. A third one for classroom teaching is less is more. | warn young
academic teachers against bringing more information to the classroom than their
own brain can keep (except for some complex diagrams). And I encourage them to
show feelings about the subject they teach (a friendly comment by Héttenschwiler
and Arnone 2013). This is considered emotional. Yes it is. Learning is also tied to
emotions, just as creative science is not so far apart from arts, as many think.
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Abstract Coffee is cultivated in more than 70 countries of the intertropical belt
where it has important economic, social and environmental impacts. As for many
other crops, the development of molecular biology technics allowed to launch
research projects for coffee analyzing gene expression. In the 90s decade, the first
expression studies were performed by Northern-blot or PCR, and focused on genes
coding enzymes of the main compounds (e.g., storage proteins, sugars, complex
polysaccharides, caffeine and chlorogenic acids) found in green beans. Few years
after, the development of 454 pyrosequencing technics generated expressed
sequence tags (ESTs) obviously from beans but also from other organs (e.g., leaves
and roots) of the two main cultivated coffee species, Coffea arabica and C.
canephora. Together with the use of real-time quantitative PCR, these ESTs signif-
icantly raised the number of coffee gene expression studies leading to the identifi-
cation of (1) key genes of biochemical pathways, (2) candidate genes involved in
biotic and abiotic stresses as well as (3) molecular markers essential to assess the
genetic diversity of the Coffea genus, for example. The development of more recent
[lumina sequencing technology now allows large-scale transcriptome analysis in
coffee plants and opens the way to analyze the effects on gene expression of complex
biological processes like genotype and environment interactions, heterosis and gene
regulation in polypoid context like in C. arabica. The aim of the present review is to
make an extensive list of coffee genes studied and also to perform an inventory of
large-scale sequencing (RNAseq) projects already done or on-going.

1 Introduction: Once Upon a Time — The Story of Gene
Expression in Coffee Plants

Despite the economic importance of coffee in international market, the knowledge
about coffee molecular biology, and particularly regarding gene cloning and expres-
sion, can be considered as relatively recent. The first coffee genes described in the
literature correspond to the complementary DNA (cDNA) sequences of a-galacto-
sidase (Zhu and Goldstein 1994) and metallothionein I-like protein (Moisyadi and
Stiles 1995), the first being a Short Communication in Gene and the second, a Plant
Gene Register in Plant Physiology. Both articles only reported the cloning of these
cDNAs without analyzing the expression of corresponding genes in coffee tissues.

This was the situation when I just arrived in Nestlé-Tours Research and Devel-
opment Centre to initiate a project aiming to identify genes involved in coffee cup
quality. Based on all the researches describing the importance of storage proteins
(particularly in cereals) in the quality of final products, our interest was logically
focused first to characterize these proteins in coffee fruits. Then in 1999, we reported
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the first article describing the expression of cspl (coffee storage protein) gene
coding the 11S proteins accumulated during bean development (Rogers et al.
1999a). At that time, gene expression studies were always performed by Northern
blot experiments requiring both high quantities of total RNAs and the preliminary
cloning of studied genes in order to synthetize their corresponding radio-labelled
DNA probes. This situation persisted until the beginning of the 2000s, and in 2004,
there were only 1,570 nucleotide sequences and 115 proteins from coffee deposited
in GenBank/EMBL databases.

Few years after, with the development of high-throughput sequencing techniques,
the first coffee EST (“expressed sequence tag”) sequencing projects were realized,
and in 2016 there were 35,153; 25,574; and 25,574 unigenes available in public
databases for Coffea arabica, Coffea canephora, and Coffea eugenioides, respec-
tively. Then, the development of real-time quantitative PCR (RT-qPCR) technology
significantly accelerated the number of coffee gene expression studies. The access to
these ESTs also permitted to set up a 15 K microarray (“PUCECAFE”) DNA chip
which was used to perform the first large-scale expression analyses aiming to
understand transcription networks in flowers, mature beans, and leaves of
C. canephora, C. eugenioides, and C. arabica (Privat et al. 2011). The same chip
was also used to analyze the leaf expression of homeologous genes in response to
changing temperature between C. arabica and its two ancestral parents,
C. canephora and C. eugenioides (Bardil et al. 2011).

Soon after came the next-generation Illumina RNA sequencing (RNAseq)
method enabling to perform expression analyses of thousands of genes by in silico
approaches. The first article using such techniques was published by Combes et al.
(2013) who studied the transcriptome in leaves of C. arabica submitted to warm and
cold conditions suitable to C. canephora and C. eugenioides, respectively. Since this
work, numerous other RNAseq studies were published, and many others are actually
ongoing. Using all these data, it is now possible to generate reference transcriptomes
which should help us to identify candidate genes (CGs) correlated with agronomic
and quality traits in coffee.

2 Coffee Gene Expression

2.1 Reference Genes for qPCR Experiments

Since the development of EST sequencing projects (for reviews, see Lashermes et al.
2008; de Kochko et al. 2010, 2017; and Tran et al. 2016), RT-qPCR experiments,
using either SYBR Green fluorochrome or specific TagMan probes, are nowadays
used in routine to study coffee gene expression. In order to quantify the expression
levels, these experiments require the use of endogenous reference genes (as internal
controls) which must be previously validated for particular tissues (Bustin 2002;
Bustin et al. 2009). In that sense, several articles were published to identify the best
reference genes to be used in different coffee tissues and growth conditions.
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The first were published in 2009 showing that GAPDH (coding the glyceralde-
hyde 3-phosphate dehydrogenase) and UBQ10 (coding ubiquitin) were stable refer-
ence genes for normalization of qPCR experiments in different tissues of C. arabica,
particularly in leaves and roots under drought stress (Barsalobres-Cavallari et al.
2009; Cruz et al. 2009). These two genes are also the most suitable for data
normalization when analyzing multiple or single stresses in leaves of C. arabica
and C. canephora (Goulao et al. 2012). In another study, Fernandes-Brum et al.
(2017a) showed that the most stable reference genes were AP47 (coding the clathrin
adaptor protein medium subunit), UBQ, (ubiquitin 60S), RPL39 (ribosomal protein
L39), and EFla (elongation factor 1-alpha) in all tissues of C. arabica, while
GAPDH and UBQ, together with ADH2 (class III alcohol dehydrogenase) and
ACT (p-actin), were the most stable for all tissues of C. canephora.

When analyzing the caffeine biosynthetic pathway, Sreedharan et al. (2018)
showed that GAPDH and UBQ were the reference genes presenting the lowest
variability in leaves and developing endosperm of C. canephora between control
samples and treatments with salicylic acid (SA), methyl jasmonate (MeJA), light
exposure, and PEG, which permitted the quantification of xanthosine
methyltransferase (NMT) coding genes. In fact, UBQ was commonly used as a
reference gene to normalize expression studies during bean development (Salmona
et al. 2008; Joét et al. 2009, 2010, 2014; Cotta et al. 2014; Dussert et al. 2018) as well
as in other coffee tissues, such as leaves and flower buds (Marraccini et al. 2011,
2012; Vieira et al. 2013; Mofatto et al. 2016). Even though several studies reported
that RPL39 was not the most accurate reference (Cruz et al. 2009; de Carvalho et al.
2013), this gene was also used as a reference to compare expression profiles of
several genes in developing beans and also in different organs such as leaves, stems,
branches, roots, and flowers (Lepelley et al. 2007, 2012a, b; Pré et al. 2008; Privat
et al. 2008; Simkin et al. 2006, 2008; Bottcher et al. 2011).

On the other hand, GAPDH and UBQ appeared to be the less stable reference
genes for transcript normalization in C. arabica hypocotyls inoculated with
Colletotrichum kahawae (causing the coffee berry disease (CBD)), for which the
use of IDE (coding insulin degrading enzyme) and f-Tub9 (coding f-tubulin)
(Figueiredo et al. 2013) as references is recommended. In another study, de Carvalho
et al. (2013) showed that GAPDH together with MDH (coding malate dehydroge-
nase) and EFla can be used as reference genes in leaves and roots of C. arabica
subjected to N-starvation and heat stress, while UBQI0 was the most suitable
reference for salt stress treatments. Using RefFinder, a web-based tool integrating
geNorm, NormFinder, and BestKeeper programs (Xie et al. 2012), Martins et al.
(2017) showed that MDH (malate dehydrogenase) presented the highest mRNA
stability to study leaf gene expression in both C. arabica and C. canephora species
subjected to single or multiple abiotic stresses such as elevated temperature and CO,
concentration ([CO,]). In another work, Freitas et al. (2017) showed that the 24§
(ribosomal protein 24S) and PP2A (protein phosphatase 2A) genes were the most
suitable references to study expression in embryogenic and non-embryogenic calli,
embryogenic cell suspensions, and somatic embryos at different developmental
stages in C. arabica.
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2.2 Gene Expression in Coffee Species

At the time of writing this review (I apologize if I forgot mentioning some studies),
the number of genes for which expression studies have been carried out individually
was around 700. Most of these studies were performed by RT-qPCR using specific
primer pairs designed against coffee ESTs generated by sequencing projects. In a
chronological order, the first project was the Nestlé and Cornell initiative which
generated around 63,000 ESTs from six cDNA libraries from fruits and leaves
(at different developmental stages) of C. canephora clones of the Indonesian Coffee
and Cocoa Research Institute (ICCRI) (Lin et al. 2005). Next was the IRD project
which led more than 10,400 ESTs also from fruits and leaves of C. canephora
(Poncet et al. 2006). Finally, the “Brazilian Coffee Genome” Project (BCGP),
coordinated by the UNICAMP [University of Campinas] and the Embrapa [Empresa
Brasileira de Pesquisa Agropecudria]), produced more than 200,000 ESTs (Vieira
et al. 2006; Mondego et al. 2011) from C. arabica (=187,000), from C. canephora
(=15,500), and also from C. racemosa (~10,500). In order to identify the maximum
of genes, this project used 43 cDNA libraries; most of them were built from
transcripts extracted from fruits and leaves at different developmental stages but
also from different plant organs (flowers, roots) and tissues (calli, cell suspensions,
etc.) subjected to various biotic (e.g., roots infected with nematodes, stems infected
with Xylella spp., leaves infected with miner Leucoptera coffeella and rust fungus
Hemileia vastatrix) and abiotic (e.g., suspension cells treated with NaCl and
chemicals such as acibenzolar-S-methyl and brassinosteroids) stresses.

As reported in Tables 1, 2, and 3, most of these expression studies were
performed in C. arabica (n = 550 genes) and C. canephora (n =~ 100 genes), with
a repartition reflecting quite well the importance of C. arabica (59%) and
C. canephora (41%) species in the worldwide coffee production (ICO 2020).
These expression studies were more limited in other coffee species such as in
C. racemosa (n = 25), C. eugenioides (n = 18), and C. liberica (n = 5). For
70 genes, expression analyses were performed on both C. arabica and
C. canephora species. However, a limited number of studies (described in Sect.
2.3) analyzed gene expression simultaneously in C. arabica, C. canephora, and
C. eugenioides using specific primers and qPCR for each homeolog in each species.
Several articles also reported in silico gene expression profiles which were not
confirmed by RT-qPCR (Table 4).

2.3 Coffee Gene Expression in C. arabica: A Tricky Case

Before discussing gene expression in coffee, it is important to remember that
C. arabica (2n = 4x = 44) is an allotetraploid coffee species derived from a natural
hybridization event between the two diploid (2n = 2x = 22) species C. canephora
and C. eugenioides (Lashermes et al. 1999) which occurred approximately



P. Marraccini

48

(0107) & 10 Jowery ©) pd Os| 6L880TLT0 INX 101
(L00?) e 30 JOIhg ©) pd Os| 6L880TLTO INX 101
(9007) e 30 Jewes ©) pd Os| 6L880TLTO INX 101 aseA| 9yen100s]
(9007) WIOBLIRIAL puE 01se) 2 e} LA Os 6£861SIV 111SED
(£00?) "Te 10 J0qeD) o) LA N 6£861SIV 11NSeD [ J03oe} UOnENIUI ONOATeYNg
(9007) 'Te 10 JOSIUUIH | oD/eD | LA/AM 0s 196£££0d IVHT0D | surdjold juepunge dIULS0AIqUIS e ]
(T107) T8 10 0Bde) e) | lA/ad N T80E98NI PHINED 3SeIR)SIAYIOW UNdIJ
(0102) Te 3 Hysuizpng )| LA/Ag N £00vEr0D EVAXHED
(0107) 'T& 10 D{suizpng e) | 1A/ad N 2007€70D TVAXdeD
(0107) 'Te 10 Bysuizpng e) | 1A/ad N 100v£70D IVdXdaed uisuedxyg
1A/DY
(eZ107) T8 10 KoyodoT D /ag 0 88505641 ¥IdDD
L1A/D9
(e2100) 'Te 10 Koyjodo] 2e) /ad 0 L8S0OS6AS €1dD%D
LA/OY
(82107) Te 10 Aofedo] Ee) /ad 0 9850S64f 7DD
1A/DY
(82T107) Te 30 Afeda] Re) /ad o} $850S6AS 11dD2D Joyquyur aseursjord surIsL)
L1A/Dd
(T107) e NRIqY | D7D /ag 0 LIS6TENS €2dOed
(®2100) LA/O9 1650S64[
Te 30 A9][doT (ZT10T) T8 10 ndIqy | 9D/eD /ad 0 /0650561 $dD2D
(®Z100) LA/DOD
Te 39 AS[12doT H(T107) ‘[e 1 nRIqY | 9D/ED /ad 0 6850564l 1dD%D aseurdjoid suIs)s)
(2102) Te 30 naIqy ©) ad 0 0TS61ENT 7dved aseurajord onredsy
(9007) 1UIABLIRIAL pue 0nse)) o )| LA/Ad Os|  0LSS03€0%D 1dSOeD
(8107) "Te 30 Wassn( £(9007) ‘[e 1 ubywis | 2D/) | LA/A4 O| 0LSS037€0D 1dSOeD
(6661) "T¢ 33 IUIJLLIRIN L) ag N 9L69TA 1dSD®D urajoxd o3eI0)s ST
Juautdojaaap uvag
SQOURIRJY _ saroadg _ sonssi], | uorssardxg _ sIaquInu Quan) Qureu duan) uonoung

[0A9] Teuondriosuen ay) 18 paIpn)s souas 29JJ0o Jo ISIT T JqeL



(o))
<

Gene Expression in Coffee

(panunuoo)
(8000) e IRALY | DD | 1A 0 0159280d ISS
(88007) "[& 10 [SWOIH o) ad N SLILONY SNsH
(48002 ‘9007) ‘T& 12 [oWOIDH )| LA/Q4 N SLILONY 78nsed T 9seyjuLs asorong
(8007) e R IRALd | ODED | T/Ad o} TIErE80d 7SS
(28007) [e 10 [SWOIRD D ad O/N YL9LSONY 1SNSD
(¥102)
“Te 32 3201 £(4800T ‘900T) [E ¥° [FWOIDH )| LA/Q4d O/N YL9LSONY 1SNSED [ dseyyuAks dsorong
(1107) 'Te 30 oparon3ry o) ad 0s 0££€870OH renged aseprsooe[en-¢
($102) T8 1 1R0[ (SO0T) "Te 39 LI ®) adg O/N TI6LLSIV "TVOD
($100) "Te 19 1201 £(S00T) '[8 10 [UIDIRLIBIA ©) ad O/N T16LLSIY 'TVOED ASEPISOIOB[EH-0
(¥102) Te 12 120f %(8007) 'T& 30 91d ke adg o} TIe91LNd 119D
(¥102) Te 32 3120f X(8007) 'T& 10 91d D ad o} 19609LN4 LLX%D 9SBIYSUBL[KSOIK[D)
(¥102) Te 32 31201 (8007) 'Te 32 91d D ad o} €1€91LNd TLOWDD
(¥102) e 32 3201 £(8007) [ 3R 91d |  9D/RD adg 0 L1189$NH LLOWOEBD |  SSBIJSUBI[ASOJOR[ES UBUUBWONOE[ED)
(¥102) Te 3 3120f (8007) T8 310 91d D ag 0 11€91.04 TSUBINOD
(8100) 'Te 30 Massng 0vCr08 90D
{(#102) Te 321201 ((8007) e R 21d | 9D/8D adg o} /S1189sNH [SUBINOD SSBUJUAS UBUUBA]
(1007) "Te 30 1uodeLIRN ') SO N 9668LTV quey
(100T) Te 10 1urdeLR o] SO N S0EL6TIvV Vuey aseueuuewW-(-opuy
saprLipy2ovskjod/si3ng
¥HOTLSNI
JEPOTLSNI
(1102) Te 10 ysurg ey | T/ad O/N JTHOTLSNI doded asepndadosi|o [£[o1d
adg
(600T) 'Te 30 dsyepuerg e} e N 00TTL61d TIIED u1j01d YI]-0SEIONPAI SUOABHOS]
(€£107) Te 10 sojueg )| Ppd/SD O| 066+03 02D €gdd 9SEPIX0Io
(€£107) Te 10 sojueg )| Ppd/SO O| 085003 012D €LVD ase[ere)




P. Marraccini

50

(S107) Te 10 sojueg sop ke 1 O/N 817L6Y0OD 1S10D)
(BL10T) 'T& 10 OJOUWBA] vy | 1ad O| 0STSIZ 119D rSione)
(eL107) LA 0S€6€37 209D
“Te 30 OjowreA] (] [(T) ‘[¢ 19 sojueg sop ey | /1/ad O/N /61TL6VOD £S[one)
(eL10T) LA 0S¥003€0°D
‘[e 30 OjowreA] (1 [(7) ‘[e 19 sojueg sop ey | /1/ad O/N 10TTL6YOD TS[one)
(1107) Te 10 sojueg sop ed|  LA/T N 812L6Y0OD 1S[0He) aseyiuAs jounoe[en
($100) 'Te 10 oy[eAre) op ke T O/N 0S67S9LD ALAPD
(¥100) 'Te 10 oy[eAre) op Re) 1 O/N YT6STrMD ALNED 9SBUS0IPAYRP [OIUUBIA
($107) T8 10 OyeAIRD) 9P R} 1 O/N STS889AA INdPD
(#100) Te 10 oy[eAIe]) 9p 2D 1 O/N 01260L1D INd®D aserowost asouuewoydsoyd
($107) Te 10 Oy[eAIe]) 9p 2] T O/N 60S6¥91D AdINDD
($102) T8 10 oy[eAIe)) 9p ke 1 O/N L9888V MD Ad9NED
(T10T) 'Te 10 TUIOdRLIRIA Be) 1 O/N PELIYILO AdINOD
(€100) 'Te 10 dma1g €D 1 0 PEL8FILO AdINED asejonpar djeydsoyd-g-osouuey
sjo8joq
(00V) eseprxo
(S00T) 'Te 32 eIra1d e) | 1A/ad N $1L989031 00VveD | @e[Axoqres-1-suedordophdouruy-|
(8007) 'Te 10 JeAld 2D 1 0 €1e7€80d 1dS2D asejeydsoyd osorong
(8007) 'T& 10 JeAld 2D 1 0 ¥€2TH80d TSdS2D
(8007) Te 10 JeAlId 2] T 0 12€r€80d 1SdS2D asseypuks eydsoyd asorong
(8007) Te 10 JeAlId ke T 0 0zTEre80d YIAUIOD
(8007) [e 10 JeAlId ke 1 o} 61€v£80d €IAUIDD
(8000) 'T& 10 YeALd 2D 1 0 81£7€80A TIAUPD
(8007) 'T& 10 JeAld D 1 o} LTEF€80A TIAUD JIONQIYUT SSBLIdAU]
(8007) 'TeI0 AL | OD/RD |  1/Ad 0 SeTTy80d YANIOD
(8007) Te 1@ 1eALd | 9D/eD Tagd 0 91€¥£80d E€ANIPD
(8007) TeI0IRAL | OD/RD | 1/Ad 0 SIepes8dA TANIPD
(8007) Te10 AL | OD/RD | VAL 0 71£7£80d TANI®D 9SELIOAU]
S0UQIRJoy | soroadg | sonssiy, | uorssaidxg sPquINu dUAD) Eliiidigelitly) uonodung

(ponunuod) 7 JqelL



—
v

Gene Expression in Coffee

(ponunuoo)

(010T ‘8007) '[e 10 UNwIS | 907D | LA/AL 0 Svreecha XOLd2D 9SEPIXO [eUTULIS) PUSE[]
(010T ‘8007) '[e 10 UNwIS | 9D/eD | LA/AL 0 081.,5£0d Nevase) ASBINIESAP SUJOIE)-Z
(010T ‘8007) '[e 0 UwIS | 9D/ | LA/AL 0 6L1L5€0A Netee) aseInJesap aua0JAyd
(010T ‘8007) ‘[e 0 uywiIS | 9D/eD | LA/AL 0 $91,510A ASdD aserpuhs oue0)kyd
&voyand donayudsolq prouajoan))
(£007) "Te 10 Koqrodor] %D | La/ad 0 €E6ESTAH | TLINOVODDID | dSEIJSUBNIAYIRW O-¢ VO)-A0a%Fe)
(L00T) 'Te 10 Aaqrader] )| 1a/ad 0 7e6EsT14d THEDYD ase[Ax0IpAy-¢ aperewno)-d
asergjsuen [KowreuurdAxoIpAy eumnb
(L007) 'Te 10 Koqredor] %) | I1A/ad 0 YS6LETAA LOHOD |  /elewIys yo)-[AoureutroAxo1pAH
JSeIgJSuRI) [AOWERUUIIAX0IPAY
(QZ10T “L00T) ‘Te 10 Kayado] 2D | 1A/ad 0 1€6€STAA LOH) sjeuinb yo)-[AowreuurdAxo1pAH
s152YJuds prov 21U230.405Y))
(qz107) Te 30 Aoodar] 20| La/ad 0 17S760d €IVdOD
(QZ102) T8 19 A9[1edo] D | LA/ad 0 0¥SP60dV TIVdD
(Qz107) T8 3 A9[1ado] )| LA/ad 0 998ZENVY 1'TVdoD aseA[ eruowrwre suruee[Ausyd
Aomygpd Ty d
(QLT0T) 'Te 10 0JOUIBAT o) T O| 00EIT3 409D | STVILAADED uone[Axo1pAy seuadiojouoiy
(4L107) Te 10 ojoueA] e} 1 O| 0IL£057 019D | €VIOLAAD®RD 9SEPIXO duAINEN-Jug
(4L107) Te 10 ojoueA] e} 1 O| 009013 #0°D TOT8dADED sisaypuksolq auadiojowoy
(qL100) "Te 10 oj0wreA] o] 1 O| 0L§£05701°D IV¥LdADED Kemyped aseuadAxodry
(4L107) Te 10 OJoweA[ e} 1 O| 01¥9¢3 20°D ¥O9LdADED stsaypuAsolq prouadiajouoiy
(4L107) Te 10 ojourea] o) 1 O| 019813710 19¥6dA08D wsIoqeled proe druowsef
(AL107) Te 10 ojouwreA] e} 1 O| 068803 609D | SIVZLAADI®RD SISayIuAsoIq ouadroyy,
SOStd NSQ.:\\UQ&AU
(1107) 'Te 30 DISLL €D | J/1ad N 1L907SOH [IDNHED asejonpor
(1107) 'Te 10 DISLL e) | J4/1/ad N 0L907SOH [IDNHED VoD-[Arem[SAypow-¢-AX0IPAH-¢
s1saygudsorq (YAQ) prouaadosy
(e£107) e @ ooweAl | ®D | ad O] 0ess13750 | 1S¥eD aseyus asoutygey




P. Marraccini

52

(6107) ‘Te 10 sodwre)-moag | 9)/e) 1 O| 07eeed 0% VSXOT ¢ aseuaiAxodif-§6 deafour]
onserdoroyo
(6100) "Te 10 sodwe)-modg | 2D/e) 1 0 09L0€800°D £X0O1 ‘[-¢ oseuasAxodr[-S¢ | oreaoury
(¥100) 'Te 10 enoD Be) adg 0 TTBETEOH €dLTD
(9107) 'Te 30 ONEJOIL ($10T) ‘Te 32 BNOD e) | dd/ad 0 1+L800OH *€dLTeD
(91027) 'Te 32 ONEJOI {(F10T) ‘& 32 BNOD v) | dd/ad 0 0vL800DOH *CdLTeD (dLTSU)
(9107) 'Te 32 ONBJOI {(F10T) ‘e 32 BNOD e) | dd/ad o} 6£L800OH «1dLTeD ursjo1d 1aysuex) prdif doyroads-uoN
(8107) 'Te 12 Wassn( (9007) ‘Te 3o umwiIs | 9D/eD | LA/AL 0 9LTIY8AV 1-01S$%D UIS03[013)§
(8107) 'Te 19 Wassnq {(9007) T8 10 uMuwiIs | 9D/eD | LA/AL Os SLTIY8AV S-HT10D
(8107) "Te 10 13ssN( (900¢T) 'Te 1o uwiIs | 9D/eD | LA/ 0s YLTIY8AY -H109D
(8107) 'Te 12 13ssN( (9007) ‘T8 1o UwiIS | 9D/eD | LA/AL 0s CLTIY8AV ¢-HT0%D
(8107) 'Te 32 13ssn( (9007) 'Te 3o uwiIS | 9D/eD | LA/AL 0s TLTIY8AY THTI0%D
0SL037209D
(8107) 'Te 10 13sSN( (900¢7) 'Te 1o umwiIs | 9D/eD | LA/AL 0s /V808T6AY [-A108D ursos[Q
spidry
(#102) 'Te 10 ounzijy e) | d/1/ad Os €r8YS0aV TS31D
(¥100) 'Te 30 ounziy v) | J/1/ad Os 8rsodVy 1S31D aserpuks QUI[UOSIL],
UIj]2UOS1L]
(LT0T) 'Te 10 dUNOIYL, {(STOT) ‘T8 12 BISOD 2e) 74 0 L9T1LSTOA €AADND
(010T ‘8007) ‘[e o UywiIS | 9D/eD | LA/AL 0 L9T1LSTOA €AADNED aseuagAxoIp proudjoresfxode-s1y-6
(010T ‘8007) 'Te 1o UwIS | °9D/eD | LA/AL o} 891.510d 191490 Aqruey urquqry
(010T ‘8002) '[e o uwIS | 9D/eD | LA/AdL 0 0L1LSTOA 1adoed | 9SEUSSAXOIP 95eABI[O PIOUSJOIE)
(010T ‘8007) ‘Te 1 upwis | 2D/eD | LA/Ad o} 89Lr£70A AAALD aseprxode-op uryiUEXe[OIA
(010T '8007) 'Te 1 UDWIS | 9D/ED | LA/AHL 0 LLTLSEOA ddz°0 aseprxode uryjuexesy
(010T ‘8007) Te o UwIS | 9D/eD | LA/AL 0 691,510 g-4LADED ase[Ax0IpAy duajore)-q
(010T ‘8007) ‘Te o UWIS | 9D/ED | LA/AdL o} 8L1.5¢0d q-XDTD 3se[049-9 auadooA]
SQ0UQIoJoy | soroadg | sonssiy, | uorssardxg sIaquInu Quan) QuIeu duan) uonoung

(Ponunuod) | AqeL,



53

Gene Expression in Coffee

(panunuoo)
(T107) ‘Te 10 OULIARS | 9D/8D IA 0 €08SOLNT Xqded oseprxoiad [T sse[D
PO
(0107) Te ¥ oyeunyod | /2D/eD 1 o} 80L88S4D [-p1goeD AL SSe[ dseuniy)
PO
(0107) Te ¥ oyeumyiog | /o078 1 o} 05168540 -€yoe) 11 SSE[O aseuniy)
PO
(0107) Te 1 ojeumod | /oD/ED 1 o} L1988S4D [-g1yoe) III SSB[D 9seuniy)
PO
(0107) Te ¥ oyeunyod | /oD/eD 1 0 9091€LLO AVHA®D 9SBIONPAI 3}BGIOSBOIPAYS
PO
(0107) Te ¥ ojeunyiog | /oD/eD 1 o} 96+070LO pa¥ned 3SBJONPAI SUOIYIEIN[D
PO
(0107) Te 1 ojeunyod | /oD/ED 1 o} 6£88854D LLINED ] ursuoIyIO[[eISIN
(L107) 'Te 39 esoqreq o) 1 0 059203900 1ZLNED [ urajoid SYI[-UISUOIIO[[BRIN
66160Ld(
(2107) eaxyezzely pue sojues )| SO/I/d 0/08 1096£££0d ¢HA®ED
(2107) easyezzely pue sojues o) 74 0/08 686£2€0d THA®D
96160Ldl
(2107) eaoyezzely pue sojues )| SO/1/d 0/08 /S6160Ldl [HA®D
(0107) Te 10 Jowery] o) pd 0/08 196£££0d ¢HA®ED
(9007) "Te 10 JoSIuuIy 5e) ad 0/08 096£££0d €HA™D
(9007) T8 19 Jo3uury 2D adg 0/08 686£7€0d THA2D
(L102) 886£7€0d
[e 39 sunory, {(900¢) ‘e 39 195Uy | T1ad 0/08 /L86£7€0d THa»D unpAysg
h,&«\,h ﬁ:ﬁ :ECPS;Q NNNU
(6107) Te 30 sodwe)-11300S | 9D/eD 1 o} 0079032020 €av4d | onsedoIo[yo dseinjesap proe Aney ¢-©
oﬂmEQOHOEo .m
(6107) Te 30 sodwe)-13005 | 9D/eD) 1 o} 085€03€0°D 45X01 aseuddAxod[-G6 spedfour]




P. Marraccini

54

PO

(1102) 'Te 10 sojues-eisned | /9D/eD T o) €104 (gesd) 1d4eD junqns | wIs£sojoyd
PO

(1102) 'Te 10 sojueS-eisned | /9D/eD T 0 61669YMD (v1ed) pdoeD J dworyoo1k)

8] Josinoard

(17107) 'Te 10 sojueg-eisned | /9D/eD T 0 $9888S4D eO1IIdeD spndadAjod ey 01 11 waisAsojoyq

PO urajord

(1102) 'Te 10 soyueg-eisned | /9D/eD T 0 1870¢TOH ¢edoed ey ¢ Sutpuig-q/-e [[Kydoro[y)
PO

(1107) 'Te 10 sojues-visneq | /5/e) g 0 95€0101LD ¥2dOeD | ¥edD ureroxd Surpuiq-q/-e [iAydoofy)
D

(11027) "Te 30 TUIDJRIIRIAL | /9D/ED 1 0 THT8TLId = [ SOLAD
(€£007) ‘Te 30 TUIOOBLIBIA ®D T N 9C861VI[V 1SOgded jiunqgns [[ews oosIqny|
s152Y1ULS010Y J
(8T0T °L107) T2 19 SAATY | 9D/eD A1 0 0€¥€03 20D argadaaed

(L107) 'Te 30 dunory, {(€107) i uroxd Sur

e 39 BIAIA H(T10T) ‘T8 19 TUIOdRIIRIA D T 0 0€¥€08 20D d1999aoD | -puIq-judwa-aatsuodsar-uonespAysq

1 d010V4d

(L107) "Te 30 dunory, D T 0 99967001 1AV.LVOD DNILVALLDYV euelfey) sisdopiqery

Qua3 HNJ

(L107) 'Te 30 aunory], D T 0 9996700 THANYD | ¥OT0D MOTIHA-NON stsdopiqery

(L107) 'Te 30 aunory], D 1 0 $996¥0NA 7d9VoD | zddV 10oey uonduosuen sisdopiqery

(L107) "Te 30 dunory, D T 0 601869131 COTANDD Joyoey uonduosuen gAN

06 urjoxd

(L107) 'Te 30 aunory], D T 0 799670 06dSH?D Sooys-Jeay wnnonar srwsejdopug

SQ0UQIQJOY | soroadg | sonssiy, | uorssaxdxyg sIoquINU AUID) JWeU JUdD) uonoun,j

(Ponunuod) | AqeL,



Gene Expression in Coffee

(penunuoo)

ISBISULN[AYIoW-N

(S100) e 19 sto1dd | 9D/8D Tad 0 9088L6XT LINXA2D ouruUEX[AOuI(-L ¢
(S100) ‘e 19 sto_g | 9D/8D Tad 0 LOS8LOXT LLINXINOD | SEIRJSUBN[AYIW-N dunyuex[AoN-L
(ST00) e 19 stoT_g | 9D/BD Tad 0 60S8L6XT LLINXD oseIojsuen AU SUISOYIUEY
(9000)
‘Te 39 OISO 1(q “BEOOT) T8 10 OUNZIA ®D | LA/dd 0s ¥S00CCdV SN OSEUJUAS QUIUOIIA
(9000)
Te 30 01ysOY 1(q “BEOOT) TB 10 ounzIjy D | 1A/dd 0s 669709V [SIXwD QUISOYIUEX[AYIIN-L
(9002)
Te 39 01YsOY 1(q “BEOOT) TE 10 OUNZIN BD | LA/A4 OS/N 1781509V TSLD | oseropsuenAoW-N Quruex[AmaN-L
(9002) aseraysuenAyrow-N
Te 39 OISO 1(q “BEOOT) T8 10 OUNZIN ®D | LA/d9 0s S1¥9804dV LSDD ouryuUEX[AOWI(-L ¢
(9000)
‘Te 39 01IYysoy :(q ‘BEOOT) e 19 OUnZI ®D | LA/dd 0s PI¥980AYV | (9SD1D) 1SDD | 9serajsuenjAyldow-N dunuex[KAoN-L
JseIoJSuen[AyIou- N
(£007) Te 30 tnjon D ad/1 0s SCIv804dvV LLNXA®D sunpuex[Ayewiq-L ¢
(€002) 'Te 10 tngon L) adr’1 0s 9CI¥809V CLINXINED
(€002) ‘Te 10 njon L) adr1 0s 6L8709dV LLINXIAED | 9SBIRJSuen[AYIdwW-N dulyuex[AoN-L
(€007) 'Te 10 tnjony e |  ad/1 0s €6L8V0dV LLIAX®D aseIaIsuRnAYIow-N
(€007) 'Te 10 njony €D adr1 0s SeL6c0dyv I'TLIN®D suruex[Ayowt(q-£ ¢
(L100) Te 10 rewny (STOT)
Teypuro pue rewmny (([007) ‘e 10 emesQ ®D | IAS/d 0s 6,870V LLNXINEBD | oserojsuenjAyaw-N aurguex[AmoN-L
(L100) Te 10 Tewny {(ST0T)
Teypurio pue rewny (([007) ‘e 10 emeSQ D | IASHA 0s £6L3704V £TLINED
(L107) "Te 10 Tewny {(S10T)
Teypury pue rewmny {([007) Te 10 emesQ BD | TIAS/A 0s L8709V CTTLNBD
(L102) ‘Te 12 rewny| (S1027) aserrysuenAyrow-N
Teypurn pue rewmny (([007) e 10 emesQ ®D | IAS/d 0s SeL6c0dy I'TLINED ouIUEX[AOUWI(-L ¢

auaffv)




P. Marraccini

56

qs/ad

(6100) 'Te 10 BIRIA €D /14 0 06£¥13 009D S~ TIAPD
as/ad
(6107) Te 10 BIIA o) /1A 0 0v9¥18-60°D 7~ TIA9D
as/ad
(6107) Te 30 BIDIA eD /1A 0 0¥SS03™ 709D %€ TIA9D
as/ad
(6107) "Te 39 BIIA eD /1 0 06L£03€0°D Pragt.cee)
as/ad
(6100) 'Te 10 BIIOTA o) /14 0 0¥8S18 109D #1-TIA9D
. 1 M-V AIOIYA
(8107) Te 30 ojoireg eD | /d/a/Ad 0O SeeS8OH Y TIAeD
1 D SNDOT ONIYIMOT
(6107) Te 19 BIIA (T107) Te 10 ooueg eD | /474 0 $€€SHSOH O1deD
. EVILVTIVdAAS
(0T07) Te 19 BIATQ 9P e | TId 0 078597ND 18D
) CVIVIAdY
(0102) Te 19 BIRAIQ 9p eD 14/ 0 L8TTEEND [qele}
. SNONVOHV
(0107) Te 19 BIATQ 9P e | 1A 0 1872€€ND €0D8D
SULIMO]]
(60027) "Te 10 JnreA e ag 0/0s 19809V 1SDD aseyiuLs aurdgge)
(6002) 'Te 10 Jnen o) ag 0/0s #8509V S1D ASBYIUAS QUIOIQOAY],
(60027) Te 30 JneN eD ad O/0s 669709V 1SIXwW) aseypuhs sursoyueX[AYIN-L
asergjsuenAyiow-N
(S100) 'Te ¥ stoued | 9D/eD T/ad 0 TOLLLSIA CLINXA®eD suryiuexAyeund-L°¢
(S107) 'Te 10 sto1d | 9D/eD T/ad o) TISSL6XI TLINXINED
(ST07) Te 1 stomed | 9D/eD Tag o) T1S8L6XI LLINXIN®D | oseldjsuenjAyiow-N sunpuex[AyioN-L
(ST07) Te 10 sodd | 9D/eD Tag 0O SIS8L6XT CLINX®D
(S100) 'Te 10 stoued | 9D/eD Tad 0 $1S8L6XT ILIAX®D SseIofSUBH[AYIOW duIsoyuey
S0UQIoJoy | soroadg | sonssiy, | uorssardxyg sIquINu QUAD) Qwel AUAD) uonoung

(ponunuoo) 1 dlqe,



57

Gene Expression in Coffee

(panunuoo)

(ST0T) 'Te 30 ISsnIuIy o) 74 0 ILTYSON'T 1 1d1deD
(ST0?) "Te 30 IsSnIuIA
(€10T) BIJRZZEIN PUE SOJUES SOP e} 74 0/0s OLTHSON'T T'edideD
(STOT) 'Te 30 ISSnIUIy
(€107) BIJRZZEIA PUE SOJUES SOP e} 74 0/0s 69THSOIN'T [‘zdIdeD unodenby
1odsupay 123
(6107) Te 10 opuIg | (swds O| 019903 L0%D 91'¢HOED
(6102) Te 30 opuid | (swas O| 0v6TIZ S09D SI'¢HO®D
(6102) Te 10 opuid )| (S@as O| 0v950350°D €I'¢HOBD
(6107) 'Te 10 opuIg | (S@as O| 079023 10°D 6'¢HO®D usjord ¢ USSEH USYOIRID
(6107) 'Te 10 Teqodsg-euEIuMQ | (swas O| 06LLIT 109D | TIVVI/XYD
(6107) 'Te 10 Teqodsg-euEIUMY | (swds O| 0L9Y037 €000 | LVVI/XNYOD |  Ioje[n3al pIoe ONAde-¢-[0pul/uIxny
(6107) 'Te 30 Ieqodsg-euEUMY | (s@Eas O| 0S6£057909D STAAVOD
(6107) 'Te 10 Ieqodsg-eurjuIN) | (s@as O| 0££9137809D 619VD
(6100) ' 10 Teqodsg-eueiumQ) )| (S@as O| 0vL803 60°0 91AVD
(610T) ' 10 Teqodsg-eueiumQ )| (S@as O| 006103 019D SHIAVOD (1Y) Jo1oey asuodsar urxny
(LOOT) 'Te 10 ZS[EZUOD-ZIPE[EA e} as 0s TT996HIV vIADeD v 2dA&y oseuny juopuadap-urL)
T/9/SD
(8107) 'Te 10 [enOSEd-Z219d ASa) [ oseuny
((ST0T) Te 10 SAWOY, {(¥107) '[e 1 BALIS | 9D/ED as O| 0919037 019D ISYAS | oN1-103dadar s1souagoAIquus olewog
¥XOdOdIWOH
_ ALV TTI-TIHOSNM
(£102) Te 10 UBD-OIN D | (sQEas O/0s|  00L¥03~ 019D FXOMOD
(€107) T 10 uBD-0IN D | (SQHas O/0s | 0££003- 609D [lelEgte) INOQHTALOD AdVAT
(6102) Te 30 opuId (ST0T) & 10 SALIOL,
{(ST102) T8 19 BATIS (€107) T8 10 UBD-OIN | 9D/8D | (SQA)ES 0 SOSTISAV S HEENEL0) Jopoey uonduosuen SYI-Jd/cdV
(6107) 'Te 32 ould (S10T) e 19 SALOL,
{(ST0T) Te 1 BA[IS {(€T0T) Te 10 UBD-0IN | 9D/8D | (SAHS O| 020¥03 609D Ngd Sudg YI-INOOI AdVe

(4S) s1saua3oliquia do1puIog




D

= (8007) Te 1@ 1012d | /2D/8D T 0 8655££0A *ATAMIMED
,m 5
g (8000) Te 101010 | /OD/ED ! 0 6655££0d *CLAAMED
= (9002) ‘T2 30 ysouen vD 1 o) YLO6ELLOD 1AIMED Jojoey uonduosuen XYM
A (0200) T8 30
SIuRIg-oua[01IN0)) {(9007) [ 12 Yysouen ®) 1 O 9L6€LLOD TIANBD Q0UB)SISAI ASLASIP OY109dS-90BI-UON
(9002) 'Te 12 ysouen D T 0 £616854D 111ded uonoduny umouyun urejoid
(q1D) ssaais onoirg
(17107) 'Te 30 umbsy | 9D/e) T/S/d 0Os €I6LYSNA PI12D (31°T1e PTVD) 9SeNY-S 2AneIng
(17107) Te 39 wmbsy | 9D/eD 1/Sid 0Os CI6LYSNA J13D (o911 9TVD) 9SENY-S 2AnEINg
(1102) 'Te 30 umbsy | 9)/e) 1/S/d 0s IT6LYSNA q120 (a1R11E q1 VD) 9seNY-S daneng
(1102) 'Te 30 umbsy | 9D/e) 1/S/d 0s 0T6LYSNA B[2D (319118 BTVD) 9SENY-S 2A1RINg
(1102) 'Te 10 umbsy | 9D/e) 1/S/d 0s 616LVSNA eled (S1o11e BTYV) 9SENY-S 2AnEINg
sasoNYy Snpqupduiooul-fjog
(0107) 'Te 32 9[IqON D ad 0 86L1CYZH cdddeD
(1102) T 12 oyonog «(0107) e 32 d[IqON ®D ad 0 0881001D [2:CELe]
(1102) "Te 30 1oyonog (0102) T8 12 dIqON D ad 0 #86£160D [R:CELN] UnLLISg
(0102) 'Te 12 3[IQON D ad 0 s6LlcyZd oIdIed ¢ oseuny [oynsout [Apneydsoyd
(0102) 'Te 12 9[IqON D ad 0 S6LICTYZA 131d1ed [ oseuny [oynsout [Apneydsoyd
(0102) 'Te 30 S[IqON D ad 0 £€86801N1D ISdINED asepuAs deydsoyd-1 [opsour-oA
s152Yufs01q UYLLIf puv 2IIKYJ
(ST0Q) 'Te 32 IssnIuIA D 7 0 LLTYSON'T € 1dLLBD
(ST0T) "Te 19 1SSnIUTA
((€107) eIoJezzeN pue sojues sop D /4 0/0s 9LTYSIOIN'T ' 1dI1LeD
(ST0T) 'Te 30 IssnIuIA D /4 0 SLIVSON'T [ 1dLLeD
(ST0T) "Te 10 ISSnIUTA D 17 0 VLIVSON'T 1-7dILeD
(ST0T) "Te 10 TSsnIUTA D 17 0 ELIYSIN'T [vdILBD
(ST0T) "Te 10 TSsnIUTA
® :(€107) vlojezze]\ pue sojues sop D 74 /08 CLIVSON'T C-1d1d®D
S0UQIQJOY | Soroadg | sonssiy, | uorssaidxyg SIqUINU AUAD) JWeU QUD) uonoun

(ponunuoo) T dqqe],



[N
v

Gene Expression in Coffee

(ponunuoo)

(€107) 'Te 10 ozzeg €D k! 0 s LHIS60) SO asequks apent)

(€107) 'Te 10 ozzeg €D d 0 s LYSTHO LVD OSE[EIRD)

(€100) T8 10 ozzeg €D d 0 #%:5€C180 dos asejnwsIp dprxoradng

(€100) 'Te 9 ozzeg ©D b 0 ##579STHO Xdv asepixoiad ajeqi00sy

(a8107) Te w oyrewey | 97D 1 0 89.%€20A CHAA oseprxodo-ap UrpUexe[orA

(a8107) Te w oyrewey | 9D/ 1 0 SEVET00L ¥Xd| (¥XOd) eseprxorad [If sse[d aaneIng

(XdVs$)

(a8107) ‘Te 10 oyrewrey | 9D/eD 1 0 I#7€1001 SHIXdV aseprxorad ajeqroose onewong

(Xdvw) ssep

(q8102) ‘Te 9 oyfewrey | 9D/eD 1 0 6£¥€100 wxXdv -1xo1ad 2)eqI00SE PUNOQ-SUBIQUIDIN

(Xdv0) asep

(A8107) Te w oyrewey | 97D 1 0 8EVE100( OXdV -Ixo1ad 97eqQI0ISE O1[0S0IAD PATIEING
(L10T) T8 12 BAJIS-S9ZaUSIN D 1 0 pu 814VID
(L107) T8 19 BAJIS-SIZAUSIN D 1 0 pu d6cdd>D

(LT0Q) ‘T8 10 BAJIS-SOZOUQIN o) 8| o) pu ZTAID | ssems uonerpAyep o3 Surpuodsar auan)

§S2.438 011019y

(€10T) 'Te 32 oparenst{ €D H 0 #x£01685dD ordd 01 urojord pajefar-sisouasoried

(€£107) 'Te 10 oparan3Ly €D H 0 #4[816854D AT oseury oyI[-101deoay

(ago) ssaus onoig

(S007) ‘Te 12 03apuoy €D ad/d VIN LTOVYID 14498 6¢ urajoxd snjoawoy pajefar- 114

(S00?) ‘Te 12 03apuoy €D q40/1 VIN STOV8YD 6XVIeD ToTUBYOXD WINIO[ED dANEIN]

(5002) ‘& 10 03apuo ®D | dD/A/T VIN 9TOV8YD HVSdeD [ wasAsoloyq

G7DOdS xordwoo

(S00T) Te 32 0Fpuoy BD | dD/TA VIN VO8O §zodseD | esepnded [euSts [ewrosoxomur [qeqoid

(S00T) Te 32 0apuoy €D LA/T VIN £Cor8YID 8ddeD 8-dd °seuniyo Iij sse[)

(W1D) ssa.is onorg

(0202) T8 10 yeadar oLt

SIuRIg-OudoNNOD H(€107) ‘T8 12 BloIQ €D 1 0 8600€0LD AAT-SANED | -ouronof 1s SUIPUIQ-9pHo[dNU duas Y




P. Marraccini

60

0THY18 109D

(0202) 'Te 10 eqeg o) 1 0 /€890SYMD SsveD asejayuAks duideredsy
0v0T18 009D
(0207) T8 10 eqeg e} 1 0 /99€L891O ANED 9SBIONPAI AERDIN
06Z€18 L0
(0207) 'Te 10 eqeg e} 1 0 /6638664D [4N9158) aselapuis sureIn(3 puse(q
062€18 L0%D
(0202) T8 10 eqeg o) 1 0 /802S8YMD 1SOeD aseloyuAs surwen|3 o1osoIk)
0LLST3 $0°D
(610T ‘L107) "¢ 32 sojues sop 0] d 0/08 /10S€691D OLINED
085803 90°D
(610T “L10T) 'Te 10 Sojues SOp e} d 0/0s /ISLTYYMD QLINED
0T09€8 20D
(610T ‘L107) "¢ 3 sojues sop ) d 0/0s /1SS6LYMD AR NL0)
09€618 L0D
(610T ‘L107) T8 13 solues Sop e} d 0/0s /9%2€891D OLINVED
Or1¥13 109D
(610T ‘L107) e 32 sojues sop e} d 0/0s /6£9E€8YMD qLINVED
018903 €0°D
(610T “L107) '[& 12 Sojues SOp e} q 0/0s /S60ELYAMD BLINVED SI0p0dsURY) WNIUOWWE PUE JJENIN
uisijogniaul pun ta%:c&.z
(0T0T) "Te 10 BZOPUIN-ZI[gZUOL) o) o) o} 0LTY18109D $O1d O osedijoydsoyq
(0T0T) "Te 19 BZOPUSN-Z3[gZU0D) o) o) 0 0£€5903202D €0'1d €D asedijoydsoyd
(0T0T) "Te 19 BZOPUSN-Z[gZU00D) ®) SO 0 0T£103902D 01d 70 dsedijoydsoyd
(0T0T) "Te 19 BZOPUSIN-Z[gZU0D) %) SO 0 0159052020 1D71d 1D asedijoydsoyq
(€100) Te 10 ozzeq o) d 0 #xPN6S60 [LOW Jopodsuen SN
(€£107) Te 10 ozzeg o) d o} #4xLVAT60 d1o urdjoxd ayI[-uruRn
(€107) Te 10 ozzeg o) d 0 #£+90dZ60 HAW 9SeUA30IPAYIP SJe[BIA
SQ0UQIoJoy | soroadg | sonssiy, | uorssardxg sIaquInu Quan) QuIeu duan) uonoung

(Ponunuod) | AqeL,



61

Gene Expression in Coffee

1010q A110q 99JJ00 ‘gg)) ‘ISNI Jeo[ 991J00 YT ‘TOUIW Jed[ 99JJ0d 7)) "(/S10101dTun mma//:sdny)
UQAIS a18 $9p0d LOUJIN{ ‘SIOqUINU UOISSIOIE OIA[ONU JO 9OUISAR Y} UL (4 44) TRNIRD "AD DIIGDAD *) UL S30[0dWOY )P pue 2)v)) sisA[eue uorssardx
() "A[oAnoadsar ‘¢ pue g So[qe], Ul paquosap a1 s3o9fo1d basy N Jo owrely oy ur Jo soua3 a1ouwr 10§ pawrioyrad sarpnys uorssardxy ‘sromop Sunok g4 ‘senssn
SNOLIBA JA “(S93E1S JUQIQJJIP JB) SISQUAZ0AIqUI ONBWOS (§(7)FS ‘SISOUIS0AIqUId dNBWIOS S ‘WR)S J§ ‘UdWe)s § ‘sjool y ‘spnq didonoide(d g4 ‘msid g ‘soaed] 7
‘1£1000dAY g7 ‘spass Juneuruiiagd g0 ‘sueaq uaaId go ‘sTomop 4 ‘uorsuadsns [[00 §) ‘ssaoo1d JurAIp ropun ueaq pg ‘(seSels Juarajyip) justudo[orsp Iopun ueaq
g :senssi], ¥YDd-L¥ 2aneuenbrwas Js ‘(YDOdb-LY) YD 2anemuenb awm-[ear & 0[q WIAYLON N :pasn sanbruyod) uorssardxg “(ousorouagdjos//:sdny
“yx) JMOMION SOTWIOUAD) "TOS Y} 0} JO (/F10°owouas-003J09//:d11Y) Swouas aouaIeja1 nLoydaund ) JO SOWeU uag oy} 0) pue (A0S YIu WU Iqou" mmm//:sdny)
SIOQUINU UOISSAIOR JUBGUAD) 0} puodsoliod sIoquunu dy) :SI0qUINU QUIL) "DSOU2IDL *) A7) Sap101adna =) a7 ‘124a0map *) ‘pD ‘vioydound *) 0 a1gvin
vaffo) ‘v) :serads 9930 *seudS Jo Joquinu (] > u) PAIWI[ € JO SAIPMIS uoIssardxo SUIGLISIP SO[ONIE UT PIQLIOSIP IoM ISI[ SIY) UI PAUONUAW SAUAT Y],

(Q6107) 'Te 32 mNIuoJ, e} 1 O| 09908 012D EVSIoD uonepeIsop Yorels
(Q6107) 'Te 32 mNIUoJ, e} 1 O| 058903 602D 4190420 sisayuAsolq [[Kydoropy)
(0202
Te 30 1op1aIg {(q6107) ‘T8 30 mNIuog, e} 1 O| 0L£TIT 60D V14042 sisapuisolq [[Kydoropy)
(0202
Te 30 1op1aIg (9610T) ‘T8 32 MNIUOL, o) 1 O| 06¥SIZTT119D 1AMDD uonepeIsop yores
(0202) OWHLAYIV
[e 30 1op1aIg {(q6107) ‘T8 30 WNIUoL, ®) 1 O| 0910287909 “XNTPD | e3uESID — J0JR[NSAI YO0[O UBIPEIIL)
(0202) 'Te 10 JopraIg (9610T) Be)
‘e 30 MuIuo, ((S10T) T8 10 puensag | AD/eD 1 O| 0LTSIS01°D| VALNVOIDOD |  edjuedIO — 105g[ngal 300[0 URIpeoIl)
(0207) 'Te 12 1opIRIG X(q6107) D 1£1000d£y pares
‘e 39 MNoL, ((S107) T8 W puensdg | D) 1 O| 0666£3 202D AHTPD |  -UOJ 91e[ — JOJE[NTaI JOO[d URIPEIIL)
(0202) 5o)
Te 30 JopraIg (S107) B W puensdg | 2D/eD 1 O| 066¥I3 409D 1201 [ uoissaxdxd gy Jo Surwr],
)
(S107) Te 3 pueniag | /2D/eD 1 O| 0T8008 202D cyud (¢ urayo1d you-aurjord) usyord L7
D
(S107) Te 3 puenieg | /2D/eD 1 o} 0€0€18790°D 1LZ Aquwey urdjoxd adnproz

Y2072 uv1p2I)



https://www.ncbi.nlm.nih.gov
http://coffee-genome.org/
https://solgenomics.net/
https://www.uniprot.org/

62 P. Marraccini

Table 2 List of coffee genes studied at the transcriptional level

Topic N Techniques | Tissues | Species | References
Coffee fruit development 111 |Q BD Ca Salmona et al. (2008)
137 |Q BD Ca Joét et al. (2009, 2012)
26 |Q BD Ca Joét et al. (2014)
28 |sQ BD Ca Gaspari-Pezzopane
et al. (2012)
10 |Q BD Ca Sagio et al. (2014)
Genetic resources 10 |Q B/L Ce Yuyama et al. (2016)
Flowering (MADS box) 18 |Q F Ca de Oliveira et al. (2014)
Somatic embryogenesis 17 |1Q L Cc Pérez-Pascual et al.
(2018)
19 |Q SE Ca de Oliveira et al. (2019)
(DS)
DREB-like genes 31 |1Q L/R Ca/Cc | Torres et al. (2019)
Abiotic stress (drought) 49 |N(8)/Q#41) |L Cc Marraccini et al. (2012)
35 1Q L Cc Vieira et al. (2013)
48 |Q L Ca Nguyen Dinh et al.
(2016)*
Abiotic stress (cold) 19 |Q L Cc Dong et al. (2019b)
Abiotic stress (heat stress/ 12 |1 Q L Cc Martins et al. (2016)
high CO2)
Abiotic stress (T°C) 23 |Q BD Ca Joét et al. (2014)
Biotic stress (CLM) 23 |1Q L Ca/Cr Cardoso et al. (2014)
Biotic stress (CBD) 14 |Q H Ca Diniz et al. (2017)
Biotic stress (CLR/NEM/ 18 |Q L Ca Ramiro et al. (2010)
JA) 21 |Q L Ca Diola et al. (2013)
Photosynthesis 8 |1Q L Ca Avila et al. (2020)

The genes mentioned in this list were described in articles reporting expression studies of a number
of genes >8. The legend is identical to that of Table 1. The reader needs to access to the articles to
know what genes were studied

“RT-qPCR study performed to analyze tRNA splicing and gene expression of chloroplast genes

10,000-50,000 years ago (Cenci et al. 2012). Consequently, the transcriptome of
C. arabica is a mixture of transcripts expressed from homeologous genes harbored
by its two sub-genomes, respectively, namely, CaCc (also referred as C%) for
C. canephora sub-genome and CaCe (also referred as E*) for C. eugenioides
sub-genome.

In the first attempt to analyze gene expression contributions of each sub-genome
in C. arabica, Vidal et al. (2010) used qPCR coupled with allele-specific combina-
tion TagMAMA-based method (Li et al. 2004) and developed a pipeline to find SNP
(single nucleotide polymorphism) haplotypes of CaCc and CaCe homeologs in the
ESTs of the BCGP. Of the 2069 contigs studied, these authors observed a biased
expression for 22% of them, with 10% overexpressing CaCc homeologs and 12%
overexpressing CaCe homeologs, therefore showing that the two sub-genomes do
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Table 4 Expression studies performed in silico (without checking gene expression by RT-qPCR)

Topic

Genes

References

Genetic resources

Several genes

Mondego et al. (2011)

Several genes

Combes et al. (2012)

Abiotic stress

Several genes expressed under
drought

Vinecky et al. (2012)

Several genes expressed under
drought

Marraccini et al. (2012)*

Drought memory genes

de Freitas Guedes et al.
(2018)

Biotic stress

NBS-LRR and others

Alvarenga et al. (2010)

Genes of SA, JA, and ET pathway

Diniz et al. (2017)

Bean development

LEA and other genes (bean and other
tissues)

Dussert et al. (2018)**

Flowering development

MADS box

de Oliveira et al. (2010)

Photosynthesis

Photosynthetic genes

Bang and Huyen (2015)

Caffeine transport (purine
permease)

Purine permeases

Kakegawa et al. (2019)

Diterpene biosynthesis

Several genes

Sant’Ana et al. (2018)

(*) and (¥*): studies also cited in Tables 2 and 3, respectively

not contribute equally to the transcriptome of C. arabica. By analyzing gene
ontology (GO), these authors also proposed that the CaCe sub-genome expressed
genes of proteins involved in basal biological processes (such as those related to
photosynthesis, carbohydrate metabolic processes, aerobic respiration, and phos-
phorylation). On the other hand, the CaCc sub-genome contributed to adjust Arabica
expression (e.g., to biotic and abiotic stresses) through the expression of genes of
regulatory proteins such as those related to hormone stimuli (mainly auxin), GTP
signal transduction, translation, and ribosome biogenesis proteasome activity.

The 15 K “PUCECAFE” microarray (Privat et al. 2011) was also used to perform
genome-wide expression study in order to analyze the effects of warm and cold
temperatures on leaf gene expression of C. arabica and those of its two ancestral
parents (C. canephora and C. eugenioides) (Bardil et al. 2011). Even though this
global gene expression analysis did not allow determining the relative contributions
of homeologs to the C. arabica leaf transcriptome, it revealed the existence of
transcription profile divergences between the allopolyploid and its parental species
that were greatly affected by growth temperature. Two other “in silico”” analyses that
studied the effects of warm vs. cold temperature in C. arabica were performed. The
first one used SNP ratio quantification to monitor the relative expression of
13 homeologous gene pairs in five organs (cotyledons, young leaves, leaves,
stems, and roots) in addition of warm/cold temperatures (Combes et al. 2012). No
case of gene silencing or organ-specific silencing was detected, but 10 out of
13 sampled genes showed biased expression: 4 genes toward CaCe, 4 genes toward
CaCc, and 2 genes toward CaCe or CaCc depending on the organ considered. In the
second study, the effects of warm/cold temperatures on C. arabica leaf
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transcriptome were analyzed by RNA sequencing (Combes et al. 2013). The relative
homeologous gene expression, assessed in 9,959 and 10,628 pairs of homeologs in
warm and cold growing conditions, respectively, revealed that 65% of these genes
had an equivalent expression level, while the rest (35%) showed biased
homeologous expression. Although the warm and cold conditions were suitable
for C. canephora or C. eugenioides parental species, respectively, neither
sub-genome appeared preferentially expressed to compose the final transcriptome
of C. arabica.

Because CaCc and CaCe sub-genomes of C. arabica have low sequence diver-
gence (with an average difference for genes of only 1.3%) (Cenci et al. 2012), we can
conclude that all the studies analyzing gene expression in C. arabica by “wet lab”
approaches (e.g., Northern blot experiments for the most ancient and even RT-qPCR
using primer pairs probably designed in highly conserved cDNA regions) quantify
the transcripts expressed by both CaCc and CaCe sub-genomes.

However, few studies succeed in discriminating specifically the expression of
CaCc and CaCe homeologs in C. arabica. All of them (described below) used the
presence of SNPs or the small insertions and deletions (INDELs), for example,
present in the 3’ and 5’ untranslated regions (UTRs), to design CaCc and CaCe
primer pairs which permitted to identify homeologous differential expression (HDE)
by qPCR. The first one concerned the expression of the CaWRKYIa (CaCc) and
CaWRKY1I1b (CaCe) genes in C. arabica (Petitot et al. 2008, 2013) coding transcrip-
tion factors known to be associated with plant defense responses to biotic and abiotic
stresses (reviewed in Ulker and Somssich 2004; Eulgem 2006). In this species, both
homeologs were concomitantly expressed in leaves and roots under all treatments
(salicylic acid and infection by leaf rust [H. vastatrix] and root-knot nematode
(RKN) Meloidogyne exigua), suggesting that they undergo the same transcriptional
control.

A different situation was observed in C. arabica for the RBCSI gene with the
predominant expression of the homeolog CaCe (over the CaCc homeolog) in the
leaves of non-introgressed (“pure”) cultivars such as Typica, Bourbon, and Catuai
(Marraccini et al. 2011), suggesting that specific suppression of RBCSI CaCc
expression occurred during the evolutionary processes that generated the
C. arabica species. This situation fits with the concept of genome dominance
(or genome expression dominance) for which the total expression of homeologs of
a given gene in an allopolyploid is statistically the same as only one of the parents
(Grover et al. 2012). However, RBCS1 CaCe and CaCc homeologs were
co-expressed (with the same order of magnitude) in the leaves of C. arabica
Timor hybrid HT832/2 used to create the IAPARS9; Tupi and Obaba cultivars of
C. arabica, for example; as well as in Icatd which comes from a cross between
C. canephora and C. arabica Bourbon. For all these “introgressed” Arabica culti-
vars, CaCc expression was always higher than CaCe. The existence of a bias in favor
of CaCc homeologs suggests that one (or several) genetic factor of C. canephora
species was introgressed in C. arabica together with the HAT (hybrid of Timor, a
spontaneous hybrid between C. arabica and C. canephora) genes conferring resis-
tance to leaf rust and activated (or unrepressed) the CaCc sub-genome.
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In a work analyzing the effects of abiotic stress on the expression of genes of the
mannitol biosynthesis pathway, de Carvalho et al. (2014) reported that the CaCc
homeologs of CaM6PR (coding mannose-6-phosphate reductase), CaPMI (coding
phosphomannose isomerase), and CaMTD (coding the NAD+-dependent mannitol
dehydrogenase, oxidizing mannitol to produce mannose) were also highly expressed
in leaves of C. arabica IAPARS9Y subjected to drought, high salinity, and heat-shock
stress.

HDE was also observed when analyzing expression of nsLTP (encoding
non-specific lipid transfer proteins) genes in the separated tissue of developing
beans (Cotta et al. 2014). More precisely, transcripts of CaLTP3 (CaCc) homeolog
were detected at different stages of pericarp development, while CaLTP1/2 (CaCe)
homeologs were weakly expressed in this tissue. However, both CaLTP homeologs
were highly expressed during the first stages of endosperm development. In another
study, we also reported the high expression of CaCc and CaCe homeologs of CaLTP
genes in the plagiotropic buds of the drought-tolerant cultivar “IAPARS9” subjected
to water limitation but not in those of the drought-susceptible cultivar “Rubi”
(Mofatto et al. 2016). This could be related to the thicker cuticle observed on the
abaxial leaf surface in IAPARS59 compared to Rubi.

In a more recent study, Vieira et al. (2019) analyzed the expression of five FRI
GIDA-like (FRL) genes in flowers, beans, and somatic embryos of C. arabica. As
previously reported (Combes et al. 2013), gene silencing was not detected for
CaFRL genes, both CaCc and CaCe homeologs being expressed in all tissues
analyzed. However, HDE was observed, for example, during early stages of flower
development with a bias toward the expression of CaCc homeolog of CaFRL2,
while a bias toward a CaCc homeolog CaFRL4 was noticed in the latter stages of
endosperm development. However, for this latter gene, a bias toward the
overexpression of CaCe homeolog was observed in somatic embryos. This homeo-
stasis of gene expression observed in the allopolyploid C. arabica could explain why
this species had a greater phenotypic plasticity compared to its C. canephora parent
(Bardil et al. 2011; Bertrand et al. 2015).

3 Gene Expression in Coffee Tissues

3.1 Beans

Several thousands of bean cDNAs were generated in the frame of the first coffee EST
sequencing projects. For example, the Nestlé and Cornell project used three fruit
libraries of C. canephora realized at early (whole cherries, 18-22 WAP), middle
(endosperm and perisperm, 30 WAP [weeks after pollination]), and late (endosperm
and perisperm, 42—46 WAP) stages of fruit development, leading to 9,843; 10,077,
and 9,096 ESTs, respectively (Lin et al. 2005). On the other hand, the IRD and C
ENICAFE sequencing projects also generated, respectively, more than 5,800 ESTs
from C. canephora and 9,500 ESTs from C. arabica but without mentioning the fruit
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developmental stage (Poncet et al. 2006; Montoya et al. 2007), while the BCGP
project produced 14,779 ESTs from 2 fruit libraries (FR1 and FR2) of C. arabica
and 15,162 from 2 libraries (FR4 and FV2) of C. racemosa (Vieira et al. 2006;
Mondego et al. 2011).

Regarding the 700 genes reported in Tables 1, 2, and 3, most expression studies
were performed in developing coffee beans in which it is not a surprise if we
consider that the analysis of its transcriptome is absolutely required to understand
the basis of genetic and environmental variations in coffee quality. The time between
anthesis and full ripening varies between C. arabica (from 6 to 8 months) and
C. canephora (from 9 to 11 months), and it is usually referred to as days (or weeks)
after anthesis (DAA), flowering (DAF), or pollination (DAP) (De Castro and
Marraccini 2006). The different stages of developing coffee cherries are mainly
defined on its size and also in accordance to the changes of exocarp (pulp) color
occurring during the latest maturation steps (Pezzopane et al. 2003; Morais et al.
2008; Gaspari-Pezzopane et al. 2012; Vieira et al. 2019).

Considering the bean and its own tissues, it is now very well known that some
important changes occur during its development. Soon after fecundation and up to
mid-development (e.g., 90-120 DAF for C. arabica), the bean is mainly constituted
of perisperm (maternal) which is thereafter progressively replaced by the endosperm
which hardens as it ripens during the maturation phase (Fig. 1). For a practical point
of view, most of the gene expression studies performed during bean development
(referred to as BD in Tables 1, 2, and 3) analyzed the bean as a whole without
extracting RNA from separated perisperm and endosperm issues. If it is true to
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consider that perisperm represents the main tissue in the earliest stages of develop-
ment (up to 90 DAF), this is no more the case after, when it is reduced to the fine
silver skin membrane surrounding the bean. Several works analyzed expression in
separated perisperm and endosperm tissues like those studying expansins and
HMGRs (human 3-hydroxy-3-methyglutaryl-CoA reductase) (Budzinski et al.
2010) or enzymes of the mevalonic acid (MVA) pathway involved in the biosyn-
thesis of cafestol and kahweol diterpenes (Tiski et al. 2011).

In 2008, Salmona et al. performed a transcriptomic approach combining targeted
cDNA arrays, containing 266 selected candidate gene sequences and RT-qPCR on a
large subset of 111 genes to decipher the transcriptional networks during the
C. arabica bean development. This study was the first dividing coffee bean devel-
opment in seven stages (ST1 0-60 DAF, small fruit with aqueous perisperm; ST2
60-90 DAF, perisperm surrounding a very small liquid endosperm; ST3 90-120
DAF, aqueous endosperm growing and replacing the perisperm; ST4 120-150 DAF,
soft milky endosperm; ST5 150-210 DAF, hard white endosperm with green
pericarp; ST6 210-240 DAF, ripening cherries with pericarp turning to yellow;
ST7 > 240 DAF, mature cherries with red pericarp) (Fig. 1). Few years later, the
same research group completed this study by combining gene expression and
metabolite profiles (analyzed by high-performance liquid chromatography) in
order to identify the key metabolic pathways of coffee bean development (Jo&t
et al. 2009, 2010, 2012).

Regarding sucrose metabolism, Geromel et al. (2006, 2008b) reported high
expression of CaSUS1, coding the sucrose synthase isoform 1, at the earlier stages
of endosperm development (ST4), and high expression of CaSUS2 (sucrose synthase
isoform 2) at the later stages of endosperm development (ST6-7) but also in the
perisperm at 205 DAF (Joét et al. 2009). Even restricted at a fine membrane
surrounding the endosperm, the high SUS2 expression detected at that time in the
perisperm could contribute to the peak of sucrose detected at the latest development
stages in both pericarp and endosperm tissues (Rogers et al. 1999b).

Together with other studies, the genes involved in the most important biochem-
ical pathways were now studied like those involved in sucrose (Geromel et al. 2006,
2008b; Privat et al. 2008; Joét et al. 2014), raffinose (dos Santos et al. 2011, 2015;
Ivamoto et al. 2017a) metabolism, polysaccharide synthesis such as galactomannans
(Marraccini et al. 2005; Pré et al. 2008; Joét et al. 2014; Dussert et al. 2018), lipid
synthesis and transport (Simkin et al. 2006; Cotta et al. 2014; Dussert et al. 2018),
caffeine (Ogawa et al. 2001; Uefuji et al. 2003; Mizuno et al. 2003a, b; Koshiro et al.
2006; Perrois et al. 2015; Maluf et al. 2009; Kumar and Giridhar 2015; Kumar et al.
2017), chlorogenic acids (CGAs) (Lepelley et al. 2007, 2012b), carotenoids (Simkin
et al. 2010), trigonellines (Mizuno et al. 2014), storage proteins (Marraccini et al.
1999; Simkin et al. 2006; Dussert et al. 2018), and dehydrins and LEAs (Hinniger
et al. 2006) (Table 1). Altogether, these studies revealed the existence of several
phases during coffee bean development. The first one (perisperm-specific) is char-
acterized by the synthesis of CGA occurring early in the perisperm and accumulation
of chitinases, as also confirmed by 2D gel electrophoresis and protein sequencing
(De Castro and Marraccini 2006; Alves et al. 2016). More recently, Ivamoto et al.
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(2017a) performed the first large-scale transcriptome analysis of C. arabica beans
during initial (from 30 to 150 DAF) developmental stages, showing the predominant
expression of genes of catalytic protein, kinases, cytochrome P450, and binding site
domains in the perisperm, for example. The second phase (between ST3 and ST6) is
characterized by the activation of cell wall polysaccharide (mainly galactomannans
and arabinogalactans) biosynthetic machinery and the synthesis of storage proteins
(Marraccini et al. 1999; Pré et al. 2008; Joét et al. 2014; Dussert et al. 2018) (Fig. 1).
The third phase concerns the metabolic rerouting of CGA characterized by the HCT1
expression peak during the latest stages of seed development and the synthesis,
storage, and exports of fatty acids requiring oleosins and LTPs (lipid transfer pro-
teins). Finally, the last (endosperm-specific) stage is characterized by the sucrose
synthesis and accumulation and dehydration of beans. These steps were recently
confirmed by the recent long-read sequencing full-length (LRS) coffee bean
transcriptome (Cheng et al. 2018). In that case, the last steps of coffee bean
development were characterized by the drastic drop of chitinase transcripts and the
great upregulation of genes coding late embryogenesis abundant (LEA) proteins,
heat-shock proteins (HSPs), and ROS (reactive oxygen species) scavenging (e.g.,
superoxide dismutases, catalases, glutathione reductases, glutaredoxins, and gluta-
thione peroxidases) and antioxidant (e.g., dehydroascorbate reductases, glutathione
reductases, monodehydroascorbate reductases, and thioredoxins) enzymes, for
example (Dussert et al. 2018).

The regulation of gene expression during coffee bean development should impli-
cate specific transcription factors (TFs). In a recent study, Dong et al. (2019a)
identified 63 NAC-like genes in the reference genome of C. canephora, coding
TFs well-known to play important functions in plant development and stress regu-
lations (Puranik et al. 2012). After FPKM (Fragments Per Kilobase of transcript per
Million mapped reads) treatment of RNAseq data generated at different stages of
fruit development, these authors identified 54 CcNAC genes with DEG (differen-
tially expressed gene) profiles during the bean development which were verified by
qPCR for 10 of them. This led to classify the CcNAC genes with continuous
upregulated expression as positive regulator of bean development, while those
showing downregulated expression were considered as negatively correlated with
bean development.

In addition to the gene expression studies performed during coffee bean devel-
opment, several works also analyzed gene expression in beans during drying (Bytof
et al. 2007; Kramer et al. 2010; Santos et al. 2013; Selmar et al. 2006) and
germination (da Silva et al. 2019; Lepelley et al. 2012a; Marraccini et al. 2001;
Santos et al. 2013) processes.

3.2 Leaves

In the frame of the Nestlé/Cornell (Lin et al. 2005) and IRD (Poncet et al. 2006)
sequencing projects, 8,942 and 4,606 ESTs were generated from C. canephora
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leaves, respectively, while 12,024 ESTs were also sequenced from C. arabica leaves
by CENICAFE (Montoya et al. 2007). On the other hand, the BCGP produced
26,931 ESTs from 4 leaf libraries (LV4, LVS5, young leaves from orthotropic
branches, and LV8, LV9, mature leaves from plagiotropic branches) of
C. arabica, as well as 5,567 ESTs of C. arabica leaves infected with leaf miner
and leaf rust (RM1 library), and 13,111 ESTs from 2 leaf libraries (SH1 and SH3) of
C. canephora plants grown under water deficit (Vieira et al. 2006; Mondego et al.
2011; Vinecky et al. 2012). In this project, leaf ESTs were also generated in the SS1
(960 ESTs), SH2 (7,368 ESTs), and AR1-LP1 (5,664 ESTs) cDNA libraries from
tissue pools of C. arabica plantlets well-watered, drought-stressed, and treated with
arachidonic acid, respectively. Since these studies, numerous projects aiming to
study the effects of biotic and abiotic stresses in leaves by RNAseq were performed
(see Sects. 4 and 5).

In coffee, leaves are important organs not only as source organs performing
photosynthesis and sugar biosynthesis (Campa et al. 2004) but also because they
synthesize many other biochemical compounds such as caffeine (Frischknecht et al.
1986; Ashihara et al. 1996; Zheng and Ashihara 2004; Ashihara 2006), chlorogenic
acids (CGAs) (Ky et al. 2001; Bertrand et al. 2003; Campa et al. 2017), and
trigonelline (Zheng et al. 2004; Zheng and Ashihara 2004) which are further
exported to beans and involved in the final cup quality (Leroy et al. 2006).

From the data of Tables 1, 2, and 3, leaf expression studies were reported for more
than 400 genes. The first published concerned the three methyltransferases of the
caffeine pathway encoded by the XMT (xanthosine N-methyltransferase), MXMT
(7-methylxanthine-N-methyltransferase or theobromine synthase), and DXMT
(3,7-dimethylxanthine-N-methyltranferase or caffeine synthase) genes (Ogawa
et al. 2001; Uefuji et al. 2003; Mizuno et al. 2003a, b). These studies, initially
performed by semiquantitative PCR, were further completed by RT-qPCR to better
specify the expression of CaXMTI, CaMXMTI1, and CaDXMT?2 genes (belonging to
the C. canephora sub-genome) and CaXMT2, CaMXMT2, and CaDXMT] (belong-
ing to the C. eugenioides sub-genome) in young and mature leaves of C. arabica and
C. canephora (Perrois et al. 2015).

Numerous other studies also detailed the leaf expression profiles of genes of
photosynthesis (Marraccini et al. 2003, 2011), sugar metabolism (Privat et al. 2008),
and the biosynthetic pathways of carotenoids (Simkin et al. 2008), trigonelline
(Mizuno et al. 2014), CGAs (Lepelley et al. 2007, 2012b), and diterpenes (Ivamoto
et al. 2017b), for example.

3.3 Roots

More than 12,000 root ESTs were produced in the frame of the BCGP from
4 libraries (RT3, roots; NS1, root infected by nematodes; RTS5, roots treated with
acibenzolar-S-methyl — a systemic acquired resistance [SAR] inducer; and RTS,
roots stressed with aluminum) of C. arabica (Vieira et al. 2006; Mondego et al.
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2011). In 2006, 1,587 ESTs were produced from embryonic roots of two C. arabica
cultivars (De Nardi et al. 2006). Among them, 1,506 sequences were used to set up a
cDNA microarray which led to the identification of 139 genes differentially
expressed in response to induced SAR. In the frame of PhD thesis of T.S. Costa
(2014), 25,574 cDNA sequences were generated from roots of drought-susceptible
and drought-tolerant clones of C. canephora Conilon submitted to water limitation.
Even though these data were not deposited in public databases, this study permitted
to identify several genes with upregulated expression under drought (see Sect. 5.1).
In a more recent RNAseq study, dos Santos et al. (2019) obtained 34,654 assembled
contigs from N-starved roots of C. arabica and identified three AMT (coding specific
transporters of ammonium) and three NRT (coding nitrate transporters) for which in
silico gene expression profiles (dos Santos et al. 2017) were validated by RT-qPCR
(dos Santos et al. 2019). Expression profiles in roots were also reported for genes of
sugar (Geromel et al. 2006) and caffeine (Ogawa et al. 2001) biosynthetic pathways.

3.4 Flowers

Compared to fruits, leaves, and roots, the studies analyzing gene expression in
flowers are very limited. In terms of genetic resources, the BCGP generated
23,036 ESTs from 3 cDNA libraries (FB1, FB2, and FB4) of flowers in different
developmental stages and 14,779 ESTs from 2 libraries (FR1 and FR2)
corresponding to a mixture of transcripts extracted from flower buds and fruits at
different developmental stages (Vieira et al. 2006; Mondego et al. 2011). The CE
NICAFE research group also reported the production of 8,707 EST sequences from
flowers of C. arabica (cv. Caturra), but these data were neither released in public
databases. In a recent RNAseq study, [vamoto et al. (2017a) identified several genes
that were exclusively expressed in flowers such as those coding a FASCICLIN-like
arabinogalactan protein precursor (FLA3, a protein with InterPro FAS1 Domain
IPR000782) and a pectin esterase inhibitor (InterPro Domain IPR006501).

The studies of Asquini et al. (2011) and Nowak et al. (2011), aiming to charac-
terize S-RNase genes and to analyze their expression in pistils (at pre- and post-
anthesis stages) and stamens of C. arabica and C. canephora flowers, were also
worth noting.

Other studies characterized the genes of C. arabica coding MADS-box TFs
(involved in the floral organ identity) and also checked the expression of FLOWE
RING LOCUS C (FLC), AGAMOUS, APETALA3, and SEPALLATA3 (de Oliveira
et al. 2010, 2014). In a more recent study, Vieira et al. (2019) analyzed the
expression of five FRIGIDA-like (FRL) genes, coding key proteins that regulate
flowering by activating FLC (Wang et al. 2006). In that case, these authors used the
qPCR TagMAMA-based method (Li et al. 2004) to identify the expression of CaCc
and CaCe homeologs of FRL genes in C. arabica flowers at different development
stages (see also Sects. 2.3 and 3.5). Altogether, these results should help us to
understand the genetic determinisms controlling the gametophytic self-
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incompatibility system of C. canephora (Berthaud 1980; Lashermes et al. 1996;
Moraes et al. 2018) and coffee male sterility (Mazzafera et al. 1990; Toniutti et al.
2019a).

3.5 Somatic Embryogenesis

In coffee, the somatic embryogenesis (SE) is important particularly to propagate elite
clones of C. canephora and F1 hybrids of C. arabica that could not be spread by
seeds (Etienne et al. 2018; Bertrand et al. 2019; Georget et al. 2019). This is
the reason why several laboratories are working to identify the genes controlling
the main phases and key developmental switches of coffee SE. This also explains the
important number (12) of cDNA libraries from suspension cells, calli (primary,
embryogenic, and non-embryogenic), and embryos performed in the frame of the
BCGP, which generated more than 65,000 ESTs (Vieira et al. 2006; Mondego et al.
2011).

Among these genes, it was reported that the expression of CcLECI (LEAFY C
OTYLEDON 1, a key regulator for embryogenesis) and CcBBMI (BABY BOOM
1, a AP2/ERF TF associated with cell proliferation) was only observed after SE
induction in C. canephora, whereas CcWOX4 (WUSCHEL-RELATED HOMEO
BOX4, a plant regulator of embryogenic patterning and stem cell maintenance)
expression decreased during embryo maturation (Nic-Can et al. 2013). The expres-
sion of BBM and SERK] (somatic embryogenesis receptor-like kinase 1, a positive
regulator of SE activating the YUCCA [flavin-containing monooxygenase]-depen-
dent auxin biosynthesis) genes could also constitute a good parameter for evaluating
the development and quality of C. arabica (Silva et al. 2014, 2015; Torres et al.
2015) and C. canephora (Pérez-Pascual et al. 2018) embryogenic cell suspensions.
The fact that expression of FLC and FRL (especially that of CaFRL-3, CaFRL-4, and
CaFRL-5) genes, initially reported as regulators of flowering development, was also
observed in both zygotic and somatic embryos of C. arabica (Vieira et al. 2019)
clearly indicates that both embryogenesis processes share common developmental
pathways.

In order to better understand the transcriptomic changes occurring during SE
process, Quintana-Escobar et al. (2019) recently performed the first RNAseq study
analyzing different stages of SE induction in C. canephora. Among the genes
differentially expressed, these authors identified eight ARF' (auxin response factors)
as well as seven Aux/IAA (auxin/indole-3-acetic acid regulators) and confirmed that
CcARFI8 and CcARF5 genes were highly expressed after 21 days of the SE
induction. In another recent study, Pinto et al. (2019) characterized 17 GH3 genes
from C. canephora (encoding the Gretchen Hagen 3 already reported to be key
proteins controlling somatic embryogenesis induction through auxin) and analyzed
their expression profiles in cells with contrasting embryogenic potential in
C. arabica, showing that CaGH3.15 was correlated with CaBBM, a C. arabica
ortholog of a major somatic embryogenesis regulator (Silva et al. 2015). Altogether,
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these genes could be useful as markers to follow the SE stage converting somatic to
embryogenic cells.

4 Coffee Gene Expression in Response to Biotic Stress

Recent modeling studies have delivered warnings on the threat of climate change
(CC) by increasing attacks by pests and pathogens (Avelino et al. 2004, 2015; Ghini
et al. 2008, 2011, 2015; Jaramillo et al. 2011; Kutywayo et al. 2013; Magrach and
Ghazoul 2015). For both C. canephora and C. arabica, the main pests and diseases
are (1) the leaf rust caused by the fungus H. vastatrix, (2) the leaf miner Leucoptera
coffeella (Guérin-Meéneville), (3) the root attacks caused by nematodes, (4) the fruit
damages caused by the borer Hypothenemus hampei, and (5) the coffee berry disease
(CBD) caused by the hemibiotrophic fungus Colletotrichum kahawae which is a
major constraint of C. arabica coffee production in Africa (van der Vossen and
Walyaro 2009).

Regarding the coffee genetic diversity, most of C. canephora are resistant to
coffee leaf rust (CLR), while “pure” (non-introgressed) C. arabica are susceptible.
However, Catimor and Sarchimor cultivars of C. arabica introgressed with the HAT
are considered as totally or partially resistant to CLR (Eskes and Leroy 2004).
Natural resistances to coffee berry borer (CBB) and coffee leaf miner (CLM) are
rather limited in both C. canephora and C. arabica species. However, natural
resistance to the CLM can be found in several wild coffee diploid species, such as
in C. racemosa (Guerreiro-Filho et al. 1999; Guerreiro-Filho 2006), and has been
introgressed into C. arabica to generate new cultivars (e.g., Siriema) resistant to
CLR (Matiello et al. 2015). Regarding nematodes, a large genetic diversity exists
particularly in diploid species (e.g., C. canephora, C. liberica, and C. congensis) but
less in C. arabica, regarding the variation in resistance particularly to the root-knot
Meloidogyne spp. from high susceptibility to near immunity as it is the case of the
clone 14 of C. canephora Conilon (Lima et al. 2014, 2015). Information about
genetic resistance to coffee berry borer (CBB) is very limited for both C. arabica and
C. canephora species. However, Romero and Cortina (2004, 2007) reported a
reduction of CBB growth rate when H. hampei is fed with C. liberica fruits. In
another study, Sera et al. (2010) showed that C. kapakata, Psilanthus bengalensis,
C. eugenioides, as well as genotypes introgressed with C. eugenioides were CBB
resistant. In that case, the CBBX of C. eugenioides and C. kapakata was observed at
the pericarp level (but not in the bean), while P. bengalensis presented CBB® in both
tissues. In addition to be CLRR, some C. arabica coming from HdT, but also the F1
hybrid cultivar Ruiru 11, were also reported as CBD® (Omondi et al. 2004, Walyaro
1983; Van der Vossen 1985). This genetic diversity observed in the Coffea genus
regarding these different abiotic stresses could be used to identify the genes control-
ling these resistances and to initiate new breeding programs aiming to create new
hybrids better resistant to pests and diseases.
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On the other hand, the BCGP produced more than 5,000 ESTs of C. arabica from
RMI1 (leaves infected with CLM and CLR) and NS1 (roots infected with nematodes)
(Vieira et al. 2006; Mondego et al. 201 1. In a recent study, genes coding for the LOX
(lipoxygenase), AOS (allene oxide synthase), AOC (allene oxide cyclase), and OPR
(12-oxo-phytodienoic acid reductase) enzymes involved in the production of
jasmonic acid (JA), one of the key plant hormones involved in plant defense against
insect pests, were identified in C. canephora by bioinformatic approaches (Bharathi
and Sreenath 2017) but without confirming gene expression of this pathway in
infested coffee plants.

4.1 Coffee Leaf Rust (CLR)

In 2004, Fernandez et al. used suppression subtractive hybridization (SSH) method
and semiquantitative RT-PCR to identify C. arabica L. genes involved in the
specific hypersensitive reaction (HR) upon infection by H. vastatrix. Among the
genes showing HR upregulation were those coding for receptor kinases, AP2
domain and WRKY TFs, cytochromes P450, heat-shock 70 proteins, several
glucosyltransferases, and NDR1, for example. Other studies showed that SA and
MeJA treatments markedly upregulated the expression of CaNDRI (coding a non-
race-specific disease resistance protein well-known to be involved in resistance
signalization pathway in Arabidopsis thaliana) and CaWRKY1 genes, suggesting a
key role of their corresponding proteins in the molecular resistance responses of
coffee to H. vastatrix (Ganesh et al. 2006; Cacas et al. 2011; Petitot et al. 2008,
2013). This was confirmed by Ramiro et al. (2010) who showed that in addition to
CaWRKYI, expression of CaWRKY3, CaWRKYI17, CaWRKY19/20/21, and
CaWRKY22 genes was also highly upregulated upon CLR. Although a significant
correlation was also observed between WRKY expression profiles after MeJA and
rust treatments, expression of coffee genes involved in JA biosynthesis, including
allene oxide synthase (CaAOS) and lipoxygenase (Ca9-LOX and Cal3-LOX), did
not support the involvement of JA in the early coffee resistance responses to CLR.

The first valuable EST dataset from C. arabica CIFC 147/1 (CLR resistant)
infected by leaf rust was produced by Fernandez et al. (2012) who identified
205,089 ESTs and 13,951 contigs from coffee together with 57,332 ESTs and
6,763 contigs from H. vastatrix. Among the most abundant coffee genes expressed
in rust-infected leaves were those coding for several pathogenesis-related
(thaumatin-like) proteins and enzymes of carbohydrate, amino acid, and lipid trans-
port/metabolism. Florez et al. (2017) also used the C. arabica cultivars Caturra (CLR
susceptible) and HAT CIFC 832/1 (CLR resistant) to generate 43,159 contigs which
were assembled using as a reference the genome of C. canephora (Denoeud et al.
2014). Among DEG profiles identified by RT-qPCR were genes coding for a
putative disease resistance protein RGA1, putative disease resistance response
(dirigent-like protein) family protein, and Premnaspiridione oxygenase with higher
expression at early stage of rust infection in the resistant cultivar plant than in the
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susceptible genotype. In addition, expression of several TFs (putative basic helix-
loop-helix bHLH DNA-binding superfamily protein and ethylene-responsive tran-
scription factor 1B) was detected earlier in HAT than in Caturra, suggesting that they
may be involved in the defense mechanisms of the CLR® cultivar. In a more recent
study, Echeverria-Beirute et al. (2019) performed RNAseq approach to study the
effects of CLR and fruit thinning in leaves of susceptible cultivars red Catuai
(Caturra x Mundo Novo) and F1 hybrid H3 (Caturra x Ethiopian 531) of
C. arabica. Using regression and prediction statistical models, these authors identi-
fied 460 DEGs between the inbred and the F1 hybrid. Among them, the expression
of PR (pathogenesis-related) genes was upregulated in Catuai, while those coding
proteins involved in homoeostasis increased in the F1 hybrid. Even though these
results were not confirmed by RT-qPCR, they validate the hypothesis of lower
impact of CLR in F1 hybrids (Echeverria-Beirute et al. 2018) due to their physio-
logical status, which itself depends on their genetic background, plant vigor, agro-
nomic conditions, and environmental factors (Toniutti et al. 2017, 2019b).

4.2 Coffee Leaf Miner (CLM)

Although the defense mechanisms to leaf miner are not well understood, previous
genetic analyses suggested that this resistance was dominant and controlled by a
limited number of genes (Guerreiro-Filho et al. 1999). The first attempt to identify
these genes was performed by SSH method coupled with the screening of DNA
macroarrays to study gene expression in the leaves of the CLM-susceptible (CLM®:
red Catuai) and CLM-resistant cultivar (CLM® corresponding to a backcross of
[C. racemosa x C. arabica x C. arabical) infested by L. coffeella (Mondego et al.
2005). From the 1,500 ESTs spotted on the array, upregulated expression upon CLM
infestation was observed for several ESTs coding proteins previously reported to be
related to plant defense and biotic stress and similar to the phospholipase D, the
lipoxygenase LOX3, the late embryogenesis abundant protein 1 (LEA1), the acid
phosphatase vegetative storage protein (VSP), and the lipid transfer protein/trypsin
inhibitor/seed storage domain, for example. For CaPRS8 (class III chitinase),
CaSPC25 (signal peptidase complex subunit), CaPSAH (photosystem I), CaCAX9
(a putative calcium exchanger), and CaBEL (BELI1-related homeotic protein 29)
genes, their upregulated expression upon CLM infestation suggested that they play a
key role in coffee defense mechanisms against L. coffeella.

In a more recent study, Cardoso et al. (2014) used a 135 K microarray
(NimbleGen) based on the 33,000 genes identified in the frame of the BCGP, to
identify DEG genes in CLM® and CLMRX cultivars of C. arabica at three stages (T0,
non-infected/control; T1, egg hatching, and T2, egg eclosion) of interaction with
L. coffeella. Even though previous studies reported that caffeine has no effect on leaf
miner survival rates (Guerreiro-Filho and Mazzafera 2000; Magalhaes et al. 2010),
high upregulated expression of a putative caffeine synthase gene was reported at
both TO and T2 in CLM® leaves compared to CLM® ones. In the same study,
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expression profiles of genes involved in plant response pathways to herbivory
attacks (e.g., linoleic acid cycle, phenylpropanoid synthesis, and apoptosis), as
well as JA (e.g., coding lipoxygenase and enoyl-CoA hydratase) and flavonoids
(e.g., coding chalcone synthase and flavanone 3-hydroxylase-like) biosynthesis,
were also upregulated in CLM® plants even in the absence (at TO) of leaf miner
infestation, indicating that defense was already built up in these plants prior to
infection, as a priming mechanism.

4.3 Nematodes (NEM)

Despite the important damages caused by nematodes, there are a limited number of
studies analyzing the coffee gene responses to these pathogens. When studying
WRKY genes coding transcription factors regulating plant responses to biotic
stresses, Ramiro et al. (2010) reported that expression of CaWRKY6, CaWRKY11,
CaWRKYI12, CaWRKY13/14, CaWRKY15, and CaWRKY17 genes was upregulated
in roots of C. arabica cv. IAPARS9 infected by the RKN Meloidogyne exigua. In
another work, Severino et al. (2012) reported upregulated expression of CaPRX
(encoding a putative class III peroxidase) in roots inoculated with RKN
M. paranaensis but with significant difference between susceptible (C. arabica
cv. Catuai) and resistant (C. canephora cv. Robusta) plants. The nematode-resistant
(NEMR®) clone 14 of C. canephora Conilon (Lima et al. 2014, 2015) was also used to
investigate gene expression in roots at regular days after infestation (4, 8, 12, 20,
32, and 45 DAI) by the root-knot M. paranaensis (Lima 2015). The RNAseq data
(not yet publicly available) showed higher expression levels of several PR
(pathogenesis-related) genes, such as those coding class III chitinase and
NBS-LRR proteins, in infected roots of NEMR clone 14 than in those of NEM®
clone 22. In addition, the peak of NBS-LRR transcripts was detected at 8 and 20 DAI
for the clones 14 and 22, respectively, suggesting earlier expression of this gene in
NEMR than in NEM® coffee clones (Valeriano et al. 2019). RT-qPCR experiments
also showed that expression of CcCPII (coding a cysteine proteinase inhibitor) was
higher in roots of clone 14 than in those of 22, with or without nematode infestation,
suggesting that the this protein, also highly expressed in coffee beans under devel-
opment and germination (Lepelley et al. 2012a), could also play a key role in
controlling nematode development. In that sense, CPIs have already been reported
to inhibit proteinases in the digestive tracts, therefore reducing the destructive effects
of herbivorous insects (Benchabane et al. 2010; Schluter et al. 2010), and to increase
tolerance to nematodes as well as to fungal and bacterial pathogens in transgenic
plants (Urwin et al. 2003; Martinez et al. 2005).
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4.4 Coffee Berry Borer (CBB)

Considering that C. arabica fruits are more susceptible to CBB than those of
C. liberica, Idarraga et al. (2012) constructed cDNA libraries from fruits for these
two species infested with H. hampei and generated 3,634 singletons and 1,454
contigs. In silico analyses revealed that infested C. arabica berries displayed a
higher number of DEG genes coding proteins involved in general stress responses,
while genes coding proteins involved in insect defense were overexpressed in
C. liberica. For some of these genes, expression profiles in infested cherries were
checked by RT-qPCR. Interestingly, expression levels of genes coding a hevein-like
protein, an isoprene synthase, a SA carboxyl methyltransferase, and a patatin-like
protein appeared much more upregulated in C. liberica than in C. arabica. The
upregulation of these genes was already reported in other plants in response to insect
herbivory and JA treatments (Kiba et al. 2003; Reymond et al. 2000; Falco et al.
2001), suggesting that they could be involved in the partial resistance to CBB in
C. liberica.

4.5 Coffee Berry Disease (CBD)

Cytological and biochemical studies revealed that coffee resistance to C. kahawae is
characterized by restricted fungal growth associated with several host responses,
such as hypersensitive-like cell death (HR), callose deposition, accumulation of
phenolic compounds, lignification of host cell walls, and increased activity of
oxidative and peroxidase enzymes (Silva et al. 2006; Gichuru 1997, 2007; Loureiro
et al. 2012).

The first study analyzing gene expression in response to C. kahawae was
performed by Figueiredo et al. (2013) in hypocotyls of C. arabica cultivars Catimor
88 (HAT derivative CBDR) and Caturra CIFC 19/1 (CBDS). These authors showed
that expression levels of RLK (coding a receptor-like kinase) and PRI0 (coding a
pathogenesis-related protein 10) genes were higher in Catimor than in CBD-infected
Caturra. Interestingly, upregulated expression of these two genes was also reported
during coffee infection with H. vastatrix (Fernandez et al. 2004). In order to
understand the molecular mechanisms involved in coffee resistance to
C. kahawae, Diniz et al. (2017) evaluate the expression of genes involved in SA,
JA, and ethylene (ET) pathways in the same cultivars. From the 14 genes studied by
RT-qPCR, these authors showed the involvement of JA and ET phytohormones
rather than SA in this pathosystem. Regarding the ET pathway, the strong activation
of ERF1 gene (coding for ET receptor) at the beginning of the necrotrophic phase
suggests the involvement of ethylene in tissue senescence.
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4.6 Gene Expression in Response to Other Pests and Diseases

Of the two commercially cultivated coffee species, C. arabica and C. canephora are
considered as susceptible and resistant, respectively, to the insect pest Xylotrechus
quadripes known as coffee white stem borer (CWSB). Using SSH approach,
Bharathi et al. (2017) identified 265 unigenes overexpressed in C. canephora bark
tissues upon CWSB larval infestation, many of them coding putative pectin-
degrading enzymes like a pectate lyase (Cc07_g00190"), three polygalacturonases
(Cc03_g15700, Cc03_gl5740, and Cc03_gI5840), and a pectinacetylesterase
(Cc08_g04630). By RT-qPCR, these authors also showed that the expression of
Cc07_g00190 was strongly induced at 72 h after CWSB infestation. The possible
role of this pectinolytic enzyme in the production of oligogalacturonides was
proposed, which could act as elicitors involved in defense responses of
C. canephora to CWSB (Bharathi and Sreenath 2017).

5 Coffee Gene Expression in Response to Abiotic Stress

Several models predicted that CC will have strong negative impacts on both
C. canephora and C. arabica species at environmental, economic, and social levels
(Assad et al. 2004; Bunn et al. 2015a, b; Ovalle-Rivera et al. 2015; Davis et al. 2012,
2019; Moat et al. 2017, 2019). Drought and high air temperatures are undoubtedly
the major threats to coffee production, forecasted by potential climate changes
(IPCC 2013). Drought is a limiting factor that affects flowering and yield of coffee
(DaMatta and Ramalho 2006), as well as bean development and biochemical
composition and consequently the final cup quality (Silva et al. 2005; Vinecky
et al. 2017). Increased [CO,] in air is also a key factor for coffee plant acclimation
to high temperature; strengthening the photosynthetic pathway, metabolism, and
antioxidant protection; and modifying gene transcription and mineral balance
(Ramalho et al. 2013; Martins et al. 2014, 2016; Ghini et al. 2015; Rodrigues
et al. 2016). In this context, understanding the genetic determinism of coffee’s
adaptation to abiotic stress has become essential for creating new varieties (Cheserek
and Gichimu 2012).

5.1 Drought

The first study analyzing the effects of drought stress was performed by Simkin et al.
(2008), who reported the gene expression profiles of the carotenoid biosynthesis
pathway in leaf, branch, and flower tissues of C. arabica subjected to water

!Gene names found in the Coffee Genome Hub (http://coffee-genome.org/)
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withdrawal. In this work, it was shown that the transcript levels of PTOX, CRTR-B,
NCED3, CCD1, and FIBI increased under drought, suggesting that drought favored
the synthesis of xanthophylls implicated in the adaptation of plastids to changing
environmental conditions by preventing photooxidative damage of the photosyn-
thetic apparatus. On the other hand, drought was reported to decrease the RBCS/
gene expression in both C. arabica and C. canephora species (Marraccini et al.
2011, 2012). However, this reduction was not accompanied by a decrease of RBCS|1
protein in the leaves of C. canephora under water withdrawal. In the same work, it
was also shown that the transcriptional contribution of each RBCSI homeolog may
be affected by drought in C. arabica cultivars (Marraccini et al. 2011). In
C. canephora, and whatever the clone studied, drought was also shown to
downregulate the leaf expression of many genes related to photosynthesis such as
CcCABI (coding chlorophyll a-/b-binding proteins), CcCAI (coding for the carbonic
anhydrase supplying CO, for Rubisco), as well as expression of CcPSBO, CcPSBP,
and CcPSBQ genes coding proteins of the PSII oxygen-evolving complex
(Marraccini et al. 2012; Vieira et al. 2013).

On the other hand, drought stress significantly upregulated the expression of
genes coding proteins involved in maintenance, reinforcement, and protection
during the dehydration-rehydration process such as dehydrins and glycin-rich and
heat-shock proteins in C. canephora (Marraccini et al. 2012; Vieira et al. 2013) and
C. arabica (Santos and Mazzafera 2012; Mofatto et al. 2016). Drought stress was
also shown to increase expression of some PIP (plasma membrane intrinsic proteins)
genes in the leaves and roots of different coffee species, suggesting the involvement
of these aquaporins in controlling the water status in coffee plants (dos Santos and
Mazzafera 2013; Miniussi et al. 2015).

In coffee, like in many other plants, drought stress was also reported to affect the
metabolic pathways involved in the synthesis of many solutes such as sugars of the
raffinose family oligosaccharides (RFOs) (e.g., trehalose, raffinose, and stachyose),
already described to be involved in osmoprotection against abiotic stresses in plants
(Kerepesi and Galiba 2000). The upregulated expression of CaGolS2 and CaGolS3
genes coding galactinol synthases explained the increase of raffinose and stachyose
contents also observed in leaves of C. arabica cv. IAPARS9 plants submitted to
severe water deficit (dos Santos et al. 2011). In C. canephora Conilon, water
limitation also increased CcGolS1 gene expression in leaves of the drought-tolerant
(D7) clone 14 but decreased the expression of the same gene in leaves of the drought-
susceptible (DS) clone 109A (dos Santos et al. 2015). Drought was also shown to
upregulate the expression of M6PR gene coding the mannose-6-phosphate reductase
in leaves of both C. canephora (Marraccini et al. 2012) and C. arabica (Freire et al.
2013). In C. arabica cv. IAPARS9, the increased expression of CaPMI (mannitol
synthesis) and decreased CaMTD (controlling mannitol degradation) expression
under drought were correlated with high mannitol levels detected in leaves under
drought conditions (de Carvalho et al. 2014).

Drought also increased the expression of regulatory genes CcRD29, CcRD26, and
CcDREBID coding a RD29-like protein, a NAC-RD26-like TF, and an AP2/ERF
DREB-like TF, respectively, in DT (14, 73, and 120) and DS (22) clones of
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C. canephora Conilon (Marraccini et al. 2012; Vieira et al. 2013). Even though these
studies highlighted the existence of different mechanisms among the D clones of
C. canephora regarding water deficit, they also showed that CcDREBID expression
was always higher in leaves of D' clones (particularly in clone 14) than in those of
DS clone 22 under water withdrawal (Fig. 2). Upregulated expression of the
CcDREBID was also reported in leaves of C. canephora and C. arabica subjected
to low relative humidity (Thioune et al. 2017; Alves et al. 2018). A study of
CcDREBID promoter regions in the D' clone 14 and D® clone 22 revealed the
existence of several haplotypes diverging by several SNPs and insertions/deletions
(Alves et al. 2017). A functional analysis of these promoters in transgenic plants of
C. arabica var. Caturra showed that haplotype HP16 (found in the D” clone 14) was
able to drive the expression of the uidA reporter gene under water deficit in leaf
mesophyll and guard cells more strongly and earlier than the HP15 (present in both
clones) and HP17 (only present in D’ clone 22) haplotypes (Alves et al. 2017). In a
more recent work aiming to study the expression of DREB-like genes regarding
various abiotic stresses (Torres et al. 2019), drought (mimicked by water limitation)
was shown to upregulate expression of CcDREBIB, CcRAP2.4, CcERFO027,
CcDREBID, and CcTINY mainly in leaves of C. canephora D' clones, while
drought (mimicked by low humidity) upregulated the expression of CaERFO053,
CaRAP2.4, CaERF017, CaERFO027, CaDREBID, and CaDREB2A.I in leaves of
C. arabica. On the other hand, expression of CcDREB2F, CcERF0I6, and
CcRAP2.4 genes was greatly upregulated under drought specifically in the roots of
DS clone 22 (Fig. 2), which could help this clone to compensate its low efficiency in
controlling stomatal closure and high reduction of net CO, assimilation (A) observed
upon drought acclimation (Marraccini et al. 2012).

M.G. Cotta (2017) also analyzed the expression profiles of genes coding the
PYR/PYL/RCAR-SnRK2-PP2C proteins known to be involved in the first steps of
ABA perception and signal transduction in plants (Klingler et al. 2010), in leaves,
and in roots of DT (14,73, and 120) and DS (22) clones of C. canephora subjected to
drought. In leaves, drought downregulated the expression of CcPYRI, CcPYL2, and
CcPYILA genes (coding ABA receptors) and upregulated the expression of CcAHG?2
and CcHAB (coding PP2C phosphatases functioning as negative regulators of ABA
pathway) in D" clones. However, expression of SnRK2 genes (coding protein
kinases functioning as positive regulators of this pathway) was poorly affected by
drought conditions. On the other hand, drought upregulated the expression of PP2C
(e.g., CcABII, CcABI2, CcAHG3) and SnRK2 (e.g., SnRK2.2, SnRK2.6, and
SnRK2.7) genes mainly in roots of C. canephora D" clone 120. CcPYLSb was the
gene most expressed in drought-stressed roots, particularly in D' clones 73 and
120, while expression of CaPYL8a was upregulated by drought mainly in leaves of
C. arabica D" accession (Santos et al. 2019).

In C. canephora, Menezes-Silva et al. (2017) reported that coffee plants exposed
to multiple drought events tended to display a higher expression of the RD29B and
RD22 genes which could be involved in acclimation to repeated drought events.
Recently, de Freitas Guedes et al. (2018) performed an RNAseq study to analyze the
effects of multiple drought stress on gene expression in leaves of the D" clone
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Fig.2 Gene expression profiles of DREB-like genes in leaves and roots of D (14, 73, and 120) and
DS (22) clones of C. canephora Conilon subjected (NI not irrigated, black isobars) or not
(I irrigated, white isobars) to water limitation. The DT and D3 clones are separated by a vertically
dotted line. Gene names are indicated in the histograms. Expression values corresponding to the
mean of three biological and technical replications (=SD) are expressed in fold change relative to
the expression level of the sample 22I as the reference sample (relative expression = 1). Transcript
abundances were normalized using the expression of the CcUBQ10 (Barsalobres-Cavallari et al.
2009) as the endogenous control. Treatments sharing the same letter are not significantly different.
Data adapted from Torres et al. (2019)

120 and D® clone 109 of C. canephora. Among the 22,764 genes generated, these
authors identified 49 genes in the D* clone (e.g., coding a MYB-like proteins or for
defense-related proteins containing LRR and kinase domains), which could be
involved in stress “memory.”
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As previously mentioned, Costa (2014) analyzed the expression profiles of
several genes in roots of D° and DT clones of C. canephora Conilon submitted to
water limitation. Among the identified DEGs, it is worth noting that upregulated
expression was specifically observed under drought in roots of the D" clone 14 for
the CcMJE] (coding a protein involved in MeJA metabolism), CcNCED3 (encoding
a rate-limiting protein involved in the synthesis of abscisic acid), CcPAPI (coding a
putative protein containing the acid phosphatase domain TIGR01675 characterizing
vegetative storage proteins (VSPs)), CcPRXI (coding for a putative peroxidase), and
CcclXIP (coding a chitinase-like xylanase inhibitor protein), as well as CcM6PR,
CcGOLS3b, and CcLTP4 (involved in RFOs and lipid biosynthesis pathways) genes.
More recently, Vasconcelos et al. (2011) reported that the protein expressed from the
CaclXIP cDNA (originally identified as a class III chitinase encoding gene from
C. arabica) functioned as a chitinase-like xylanase inhibitor protein (cIXIP) of
fungal xylanases. Altogether, these responses suggest the existence of cross talk
between abiotic and biotic pathways in roots of D' clone 14 which could explain its
drought tolerance and resistance to several species of RKN of Meloidogyne spp. (see
Sect. 4.3).

It is also worth noting that expression of many genes cited in this section (e.g.,
coding dehydrins, enzymes of carotenoid and RFO pathways, and other proteins
involved in stabilization of membranes and proteins) was also studied during the last
stages of coffee bean development (Hinniger et al. 2006; Simkin et al. 2010; Ivamoto
et al. 2017a; Dussert et al. 2018), characterized by the intense dehydration of
endosperm (De Castro and Marraccini 2006; Eira et al. 2006).

5.2 High Temperature

The study of Bardil et al. (2011) was the first to analyze the effects of low (LT, day
26°C/night 22°C) and high (HT, day 30°C/night 26°C) temperature on homeologous
genes expressed in leaves of C. arabica and in those of its two ancestral parents,
C. canephora and C. eugenioides. Among the 15 K unigenes analyzed, around 50%
appeared differentially expressed (with 25% upregulated) at low temperature
between C. arabica, C. canephora, and C. eugenioides. Similar proportions were
found at high temperature when comparing the transcriptome of
C. arabica vs. C. eugenioides and C. canephora vs. C. eugenioides. However,
only 8.9% of transcriptome divergence was observed when comparing
C. arabica vs. C. canephora. In terms of expression patterns observed in
C. arabica, the number of genes with “C. canephora-like dominance” increased
from 8-14% under LT (in the Java and T18141 cultivars) to 21-26% under HT
conditions. In that case, it was worth noting that transcription profiles of T18141
(a cultivar recently introgressed with C. canephora genome) were more similar to
that of C. canephora than that of the “pure” (non-introgressed recently) Java
cultivar. Altogether, these results indicate that C. arabica mainly expressed genes
from its CaCc sub-genome under hot temperatures.
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In another work, Bertrand et al. (2015) analyzed gene expression profiles in
leaves of C. arabica, C. eugenioides, and C. canephora (cv. Nemaya) exposed to
four thermal regimes (TRs: 18—14, 23-19, 28-24, and 33-29°C). Under hot tem-
peratures, upregulated expression in C. arabica was observed for several genes like
Ccl0_g00570 coding a catalase (CAT3) (when compared to C. canephora) and
Cc06_gl11950 coding a photosystem II subunit X (when compared to
C. eugenioides). On the other hand, expression profiles of Cc05_g04680 coding a
L-ascorbate oxidase homolog and those of photosynthetic genes coding light-
harvesting complex (LHCII: Cc04_g16410) and chlorophyll a-b-binding protein
(CAB: Ccl0_g00140, Cc05_gI12720, Cc09_g09020, Cc05_g09650, and
Cc09_g09030), or for respiration-like genes Ccl0_g00410, Cc02_g25840, and
Cc07_g00550 (coding a chloroplast glyceraldehyde-3-phosphate dehydrogenase, a
chloroplast ribose-phosphate pyrophosphokinase, and a Rubisco methyltransferase,
respectively), were strongly downregulated in C. arabica compared with its two
parents.

In leaves of C. arabica, heat-shock conditions also upregulated the expression
of CaGolS1, CaGolS2, CaGolS3, CaPMI, CaMTD, and CaERF0I4 and
downregulated expression of CaM6PR (dos Santos et al. 2011; de Carvalho et al.
2014; Torres et al. 2019). The interactions of high temperature and high [CO,] on
expression profiles of gene coding protective and antioxidant proteins were also
studied by Martins et al. (2016) and Scotti-Campos et al. (2019) (see Sect. 5.4
below).

5.3 Cold Stress

The first studies to analyze the effects of cold stress on coffee gene expression were
realized by Fortunato et al. (2010) and Batista-Santos et al. (2011) who subjected
several cultivars and hybrids of C. canephora, C. arabica, and C. dewevrei to
gradual cold treatments. These authors showed that upregulation of CaGRed and
CaDHAR genes (coding a glutathione reductase (GR) and dehydroascorbate reduc-
tase, respectively) and of CaCP22, CaPlI, and CaCytf (coding proteins involved in
PSII, PSI, and Cytb6/f complex, respectively) could explain the ability of Icatu
(C. arabica x C. canephora) cultivar to better support cold stress by reinforcing its
antioxidative capabilities and maintaining efficient thylakoid functioning.

In their analysis of gene expression profiles in leaves of C. arabica,
C. eugenioides, and C. canephora (cv. Nemaya) exposed to different thermal
regimes, Bertrand et al. (2015) also reported upregulated expression profiles under
cold stress in C. arabica for Cc07_gI15610 gene coding a L-ascorbate oxidase, for
genes involved in respiration (e.g., Cc02_g08980, Cc00_g15710, and Cc02_g06960
coding a phosphoenolpyruvate carboxylase kinase, a ribulose bisphosphate carbox-
ylase small chain, and a sedoheptulose-1,7-bisphosphatase, respectively), and also
for genes of photosynthesis (e.g., Cc02_g28520, Cc05_g15930, Cc07_g10820, and
Cc06_g19130 coding a ferredoxin-nitrite reductase, a photosystem II 10 kDa
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polypeptide, a ferredoxin-NADP reductase, and a ferredoxin-dependent glutamate
synthase, respectively). On the other hand, overexpression of Cc05_g10250,
Cc00_g35890, and Cc05_gI0310 genes (coding polyphenol oxidases) was seen in
C. canephora under low temperatures. For the LHY (late elongated hypocotyl,
Cc02_g39990) gene involved in circadian cycle, RT-qPCR experiments confirmed
in silico data, showing the highest expression under low than high temperatures
particularly in leaves of C. canephora.

More recently, two studies investigated the effects of cold stress on the leaf gene
expression in C. canephora. In the first one, Dong et al. (2019a) performed gene
expression analyses in leaves of C. canephora plants subjected to cold stress
(C1 (7 days at day 13°C/night 8°C) followed by C2 (3 days at day 4°C/night
4°C)) but also in fruits at different stages of development. For the 38 CcNAC
genes analyzed by qPCR in cold-stressed leaves, expression was (1) upregulated
upon C1 and C2 treatments for 4 genes, (2) downregulated upon C1 (but not C2) for
10 genes, (3) upregulated upon C2 (but not C1) for 7 genes, and (4) downregulated
upon both cold treatments for 17 genes. In the second work, the same authors
characterized 49 CcWRKY genes from the reference genome of C. canephora and
analyzed their expression profiles by qPCR for 45 of them in cold-stressed leaves as
reported in the previous study (Dong et al. 2019b). This led to identify 14 CcWRKY
genes with expression induced during the cold acclimation stage (upon C1 and C2
treatments), 17 genes upregulated by cold treatment (C2 but not Cl), and
12 downregulated by both cold stress treatments. Among the 14,513 putative target
genes of CcWRKY identified in C. canephora by a genome-wide analysis, 235 were
categorized into response to the cold process, including carbohydrate metabolic,
lipid metabolic, and photosynthesis process-related genes. Like in many other plants,
these observations clearly highlight the vital regulatory role played by WRKY TFs
in various developmental and physiological processes (such as seed development)
but also in a range of abiotic stress (like cold, heat, drought, as well as salinity) and
biotic stress (Rushton et al. 2010).

In a more recent work, Ramalho et al. (2018a) analyzed the impacts of single and
combined exposure to drought and cold stress in C. arabica cv. Icatu, C. canephora
cv. Apoati, and the hybrid C. arabica cv. Obata. At the physiological level, the Icatu
cultivar showed a lower impact upon exposure to cold and drought stress, charac-
terized by a reduced lipoperoxidation under stress interaction, for example. At the
molecular level, simultaneous exposure of Icatu to both stresses increases the
expression of genes coding ascorbate peroxidase (APX) involved in H,O, removal
(e.g., APXc [cytosolic] and APXt+s [stromatic]) and consequently total APX enzy-
matic activity. To a lesser extent, this situation was also observed in C. canephora,
while Obata was the less responsive genotype considering the studied genes.
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5.4 CO, Concentration

The research group of J.C. Ramalho (Lisbon University, Portugal) published several
articles studying the effects of elevated [CO,] on coffee. They demonstrated that
elevated [CO,] mitigated the impact of heat on coffee physiology (Rodrigues et al.
2016) and also contributed to preserve the bean quality (Ramalho et al. 2018b). In a
study aiming to analyze the interactions of elevated [CO,] and high temperature on
protective response mechanisms in coffee, Martins et al. (2016) showed that the
maintenance (or increase) of the pools of several protective molecules (e.g.,
neoxanthin, lutein, carotenes, a-tocopherol, heat-shock proteins HSP70, and raffi-
nose), activities of antioxidant enzymes (e.g., superoxide dismutase, APX, GR, and
catalase [CAT]), and the upregulated expression of ELIP (coding chloroplast early
light-induced protein) and Chap20 (coding chloroplast 20 kDa chaperonin) genes
were correlated with heat tolerance (up to day 37°C/night 30°C) at 380 and 700 pL.
CO, L™ forboth C. arabica L. cvs. Icatu and IPR108 and C. canephora cv. Conilon
clone 153. These authors also showed that upregulated expression of genes related to
protective (ELIPS, HSP70, Chap20, and Chap60) and antioxidant (CAT, APXc,
APXt+s) proteins was largely driven by temperature, while enhanced [CO,] pro-
moted a greater upregulation of these genes mainly in C. canephora CL153 and
C. arabica Icatu. In the more recent study analyzing the expression of genes related
to lipid metabolism under elevated [CO,], heat, and their interaction, Scotti-Campos
et al. (2019) showed that the strong remodeling (unsaturation degree) of membrane
lipids observed during the heat shock (from day 37°C/night 30°C to day 42°C/night
34°C) of plants grown under high [CO,], coordinated with FAD3 (coding for fatty
acid desaturase) downregulation in C. arabica and upregulation of lipoxygenase-
coding genes LOX5A (in CL153 and Icatu) and LOX5B (in Icatu), could contribute to
long-term acclimation of coffee chloroplast membranes to climate changes.

5.5 Salt Stress

In leaves of C. arabica cv. IAPARS9, upregulated expression of galactinol synthase
genes CaGolS2 and CaGolS3 was observed after irrigation with 150 mM NaCl (dos
Santos et al. 2011). In the same cultivar, salt stress upregulated the expression of
CaM6PR and CaPMI genes and markedly downregulated that of CaMTD
(de Carvalho et al. 2014). In parallel, leaf mannitol contents increased gradually to
reach a peak after 12 days of salt stress imposition. However, this content was lower
than in leaves of plants under water deprivation, indicating that coffee plants have
different responses to drought and salinity.

The effects of salt stress in leaves were recently studied by RNAseq in leaves of
C. arabica seedlings irrigated with normal water (control, ECw [electrical conduc-
tivity] = 0.2 dS.m™") or with deep sea water (salt treatment, ECw = 2.3 dS.m™")
(Haile and Kang 2018). From the 19,581 genes aligned on the reference genome of
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C. canephora, in silico analyses identified 611 genes presenting significant DEG
profiles between the control and salt treatment. Among the most expressed
upregulated genes were Cc00_g13890, Cc04_g05080, and Cc08_gl11060, coding
for WRKY TFs; Cc06_g01240 coding a putative trihelix TF GT-3a already reported
in controlling the developmental process and response to abiotic and biotic stress
(Park et al. 2004; Wang et al. 2016); and Ccl0_g04710 coding the putative ethylene-
responsive (ERFO11) TF. On the other hand, salt stress also downregulated the
expression of Cc05_gl16570 (coding a putative MYB family transcription factor
APL), Cc02_g17440 and Cc07_g03240 (both coding putative bHLH TFs), and
Cc02_g10740 and Cc06_g21410 (coding putative transcription elongation factor
SPT of RNA polymerase II). However, the DEG expression profiles of these
TF-encoding genes were not verified in vivo by qPCR experiments.

5.6 Wounding

WRKY and NDR genes were previously reported as playing key roles in the molec-
ular resistance responses of coffee to H. vastatrix (see Sects. 2.3 and 4.1). In the first
study, Ganesh et al. (2006) reported upregulated expression of CaNDR1, CaWRKY1
(see Sect. 4.1), and CaR111 (coding a putative protein of unknown function) genes
in leaves of C. arabica wounded by performing transversal cuts with scissors. Few
years after, Petitot et al. (2008, 2013) showed that expression of both CaWRKYla
(CaCc) and CaWRKY1b (CaCe) homeologs was upregulated in wounded leaves of
C. arabica (see Sect. 7). In parallel, wounding also markedly upregulated expression
of CaWRKY1a and CaWRKY1b genes in leaves of C. canephora and C. eugenioides,
respectively, confirming that both genes were functional. In addition to CaWRKY 1,
Ramiro et al. (2010) also showed that CaWRKY19/20/21 genes, as well as
CaWRKY15 and CaWRKY17, were also highly induced by wounding. In another
work, Brandalise et al. (2009) showed that expression of CalRL, coding an isofla-
vone reductase-like protein, was induced in leaves of C. arabica submitted to a
mechanical injury, leading to further study the promoter of this gene (see Sect. 8).

6 Gene Expression in F1 Hybrids of C. arabica

In the context, the creation of new coffee varieties better adapted to biotic and abiotic
stresses to low levels of inputs and to CC is now one of the challenges of several
coffee research institutes (van der Vossen et al. 2015; Bertrand et al. 2019).

In C. arabica, it is possible to create and select in a relatively short time (e.g.,
around 8 years against 25 years for conventional breeding programs) new F1 hybrid
varieties with increased production (e.g., under agroforestry) and also improved
aromatic quality without increasing fertilizer quantities (Bertrand et al. 2006, 2011),
by crossing pure commercial line varieties with phylogenetically distant plants
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Table 5 List of experiments (and related RNAseq analyses) planned in the frame of the BREED
CAFS project (see www.breedcafs.eu)

Trial number Place Condition Experiment

1 Univ. of Lisbon Phytotron Drought/[CO5]

2 Univ. of Lisbon Phytotron Heterosis/[CO5]

3 Cirad Phytotron Nitrogen/light/[CO,]

4 Cirad Phytotron Heterosis/T°C

5 Univ. of Copenhagen Greenhouse Heterosis/shade

6 Cirad Greenhouse Heterosis/N-depletion

7 Cirad Phytotron Shade/nitrogen/T°C/rust
8 Cirad Greenhouse Drought/heterosis

9 Cirad Greenhouse Circadian clock

10 Cirad Greenhouse Heterosis/circadian clock
11 Cirad Phytotron Grafting/T°C

12 Cirad Rhizoscope Grafting/nitrogen

13 Costa Rica Field Grafting/elevation/shade
14 Nicaragua Nicaragua Heterosis/shade

15 Nicaragua Nicaragua 25 best cultivars

16 Nicaragua Nursery Heterosis/T°C

17 Vietnam Field Drought/AFS

18 Salvador Field F1 hybrids/parents

19 Nicaragua Field Maternal effect

20 Nicaragua Nursery Genomic selection

corresponding to wild individuals from Ethiopia and Sudan, for example (Van der
Vossen et al. 2015). The objective of the H2020 BREEDCAFS? (BREEDing Coffee
for Agroforestry Systems) project, supported by the EU (2017-2021), is to identify
robust markers (allelic, molecular, epigenetic) that could be used as early predictors
to speed up future C. arabica breeding programs aiming to create new F1 hybrids
with increased resistance and greater resilience to climate change in agroforestry
systems (Bertrand et al. 2019). This project intends to compare the leaf
transcriptomic profiles in F1 hybrids and cultivated varieties (and/or hybrids to
their two parents) upon different abiotic stresses either performed in phytotrons
and greenhouses (e.g., in order to test the effects of temperature, light, drought,
CO,, and N,) or in field trials (or in networks of “demoplots” in farms). The
numerous RNAseq studies planned to be perform within the framework of this
project (Table 5) should also help us to better understand why the pure line varieties
are less adapted to environmental constraints than F1 hybrids. For example, Toniutti
et al. (2019b) showed that hybrid vigor (heterosis) could be explained by the
modification of leaf expression profiles of several genes involved in the circadian
clock (e.g., LHY and GIGANTEA), the chlorophyll synthesis (e.g., PORIA and

2www.breedcafs.cu.
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PORIB), and starch degradation (e.g., CcGWDI and CclISA3) in leaves of the
C. arabica F1 hybrid GPFA124 compared to those of the inbred Caturra line. In
the same work, upregulated expression of chloroplast genes in the C. arabica
GPFA 124 was also reported (see Sect. 7).

7 Expression of Chloroplast Genes

The chloroplast genome of C. arabica consists of 155,189 base pairs encoding
130 genes with 18 intron-containing genes (Samson et al. 2007). In a pioneer
work, Dinh et al. (2016) analyzed the effects of drought, cold, or combined drought
and heat stresses on intron splicing and expression patterns of 48 chloroplast genes
from C. arabica. By RT-qPCR, these authors showed that the transcript levels of
chloroplast mRNAs were globally decreased in seedlings submitted to drought or
cold treatments. For example, expression of rbcL (coding the large subunit of
Rubisco) and psaA and psaB (coding photosystem I proteins) was significantly
reduced in C. arabica under cold stress conditions but not under drought. Regarding
intron-containing genes, it was also shown that the splicing efficiencies of #rnG,
trnK, and trnA genes increased upon drought, combined drought and heat, or cold
stress treatments, while these efficiencies decreased for frnL under these stresses. On
the other hand, the splicing efficiencies of mRNA genes rpsi6, atpF, petB, and rpl2
were decreased upon drought but increased upon cold stress treatment.

Overexpression of CaPsbB gene (coding the photosystem II CP47 chlorophyll
apoproteins) was also reported, either by in silico (Vieira et al. 2006; Mondego et al.
2011; Vinecky et al. 2012) or by in vivo (Mofatto et al. 2016) analyses, in leaves of
drought-stressed coffee plants but also in those infected by H. vastatrix (Fernandez
et al. 2012).

In addition to the circadian genes (see Sect. 6), Toniutti et al. (2019b) also
reported increased photosynthetic electron transport efficiency in the C. arabica
hybrid GPFA124 probably explained by higher expression of chloroplast genes
CaPsbA and CaPsbD (coding the D1 and D2 proteins of PSII, respectively);
CaPetA, CaPetD, and CaPetB (coding proteins of the cytB6/f complex); and
CaPsaA, CaPsaB, and CaPsaJ (coding proteins of PSI), in this hybrid compared
to the C. arabica cv. Caturra.

8 Coffee Promoters

The expression studies previously detailed also led to the identification of coffee
promoters (De Almeida et al. 2008). For several of them, they were functionally
characterized using the uidA (coding the f-glucuronidase) as the reporter gene by
transgenic approaches either in Nicotiana tabacum or in Coffea sp. The first pro-
moter was cloned from the CaCSPI gene of C. arabica coding for the 11S seed
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storage protein and was shown to function as a bean (endosperm)-specific promoter
in transgenic tobacco plants (Marraccini et al. 1999). A similar result was also
observed for the shorter and medium promoter fragments of the CaLTP gene coding
non-specific lipid transfer proteins (Cotta et al. 2014). Leaf-specific expression was
also reported for CaRBCSI and CcMXMT1 coffee promoters in transgenic tobacco
(Marraccini et al. 2003; Satyanarayana et al. 2005). The SERK! (somatic embryo-
genesis receptor-like kinase 1) promoter from C. canephora was also shown to drive
the uidA expression in different embryo structures such as globular, heart, torpedo,
and cotyledonal embryos present at 60 days after embryogenic induction (Jiménez-
Guillen et al. 2018). Regarding abiotic stress, Brandalise et al. (2009) showed that
the promoter of CalRL was induced by wounded leaves of N. fabacum. In 2016,
Nobres et al. analyzed the promoter function of the CaHB12 from C. arabica, a gene
coding member of the homeodomain-leucine zipper I subfamily (HD-Zip) and
conferring greater tolerance to drought stress when overexpressed in Arabidopsis
(Alves-Ferreira et al. 2012). The study of transgenic A. thaliana plants bearing
pCaHBI2::GUS constructs showed that this promoter was expressed in leaves
during drought and in roots after polyethylene glycol or mannitol treatments. On
the other hand, the different haplotypes of the CcDREBID promoter from
C. canephora were shown to be upregulated by different abiotic stresses in the
leaves of C. arabica (see Sect. 5.1) and N. tabacum transgenic plants (Alves et al.
2017, 2018; de Aquino et al. 2018). Regarding biotic stress, Petitot et al. (2013)
analyzed the promoter activities of CaWRKYla (named pW1la) and CaWRKYIb
(named pW1b) homeologous genes, previously identified to be induced by CLR
infestation in the C. arabica leaves (see Sects. 2.3, 4.1, and 5.6), in transient
assays of N. benthamiana leaves, and in stable transgenic plants of C. arabica.
These authors also showed increased activities of both promoters in leaves of
tobacco treated with SA or in those of coffee infected with CLR, as well as
increased activities of pW1la upon wounding. The other coffee promoters already
described in the literature but without being tested in transgenic plants are cited in
Table 6.

9 Coffee Small RNA (sRNA)

Using small (20 =+ 26 nt) homologous sequences, small RNAs (sSRNA) are known to
play important roles by silencing pathways at the transcriptional or translational
levels. Plant SRNAs are classified as (1) microRNAs (miRNAs) which are derived
from self-complementary hairpin structures and (2) small interfering RNAs
(siRNAs) which are derived from double-stranded RNA (dsRNA) or hairpin pre-
cursors (Borges and Martienssen 2015). The core mechanism of SRNA production
requires the endonuclease activity of DICER-LIKE 1 (DCL1) and ARGONAUTE
(AGO) proteins as effectors of silencing, while siRNA biogenesis involves action of
RNA-dependent RNA polymerase (RDR), Pol IV, and Pol V. With the release of the
C. canephora genome (Denoeud et al. 2014), sSRNAs were now identified.
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Table 6 List of coffee promoters already described in the literature

Gene Function Tissue specificity Validation | References
CaCSP1 118 storage protein Endosperm Nt Marraccini et al.
(1999)
Nd nd Acuifia et al.
(1999)
CaRBCSI | Rubisco small subunit Leaf Nt Marraccini et al.
(2003)
CaSUII Translation initiation factor | Nd nd Gaborit et al.
SUIl (2003)
CcMXMTI | N-methyltransferase Leaf Nt Satyanarayana
et al. (2005)
CcOLE-1 Oleosin Nd nd Simkin et al.
(2006)
CcDH2a Dehydrin Nd nd Hinniger et al.
(2006)
CalRL Isoflavone reductase-like Leaf (wounding) Nt Brandalise et al.
protein (2009)
CaWRKYI | Transcription factor Leaf (wounding, Nb/Ca Petitot et al.
CLR, SA) (2013)
CalLTP Non-specific lipid transfer | Endosperm Nt Cotta et al.
proteins (2014)
CaHBI12 Homeodomain-leucine zip- | Leaf, root (drought, | Az Nobres et al.
per I subfamily PEG, mannitol) (2016)
CcDREBID | Dehydration-responsive Leaf Ca Alves et al.
element-binding TF (2017, 2018)
Leaf (dehydration, Nt de Aquino et al.
HS, cold) (2018)
CcSERKI | Somatic embryogenesis SE(DS) Cc Jiménez-Guillen
receptor-like kinase 1 et al. (2018)

CLR coftee leaf rust, SE(DS) somatic embryogenesis (at different stages), HS heat shock. The gene
names, with their function and tissue-specific expression, are indicated. The transgenic plants used
to validate the promoters are also indicated (At, Arabidopsis thaliana; Ca, Coffea arabica; Cc,
Coffea canephora; Nb, Nicotiana benthamiana; Nt, Nicotiana tabacum). nd not determined

One of the first attempts to study coffee miRNAs was performed by
Nellikunnumal and Chandrashekar (2012) who identified 18 miRNAs, belonging
to 12 families, from C. canephora ESTs by computational approaches. By RT-PCR,
these authors showed that expression was detected for seven families (viz., mirl56,
mirl69, mirl72, mir319, mir393, mir395, and mir396) in C. canephora leaves. By
the same computational approach, Rebijith et al. (2013), Loss-Morais et al. (2014),
and Devi et al. (2016) also identified miRNAs in C. arabica and C. canephora,
showing that the majority of their potential targets corresponded to mRNA coding
proteins involved in transcriptional regulation and signal transduction pathways. In
another study, Akter et al. (2014) identified a potential miRNA (named mir393) from
C. arabica ESTs and also showed that this sequence had as potential targets several
genes coding transcription factors (e.g., bHLH7 and WRKY TFs) or proteins



Gene Expression in Coffee 93

involved in auxin signaling pathway and plant defense responses (e.g., auxin
signaling F-box 2 and auxin transporter protein 1). Using a specific pipeline to
search for miRNA homologs on expressed sequence tag (EST) and genome survey
sequence (GSS) coffee databases, Chaves et al. (2015) identified 36 microRNAs and
a total of 616 and 362 potential target genes for C. arabica and C. canephora,
respectively. Using a stem-loop RT-PCR assay, these authors also detected a higher
amount of miRNAs (miRNAs 171, 172, 390, and 167) in leaves of C. arabica than
in those of C. canephora, suggesting a possible role of SRNA in regulating
C. arabica transcriptome.

Fernandes-Brum et al. (2017b) identified 11 AGO proteins, nine DCL-like pro-
teins, eight RDR proteins, and 48 other proteins implicated in the SRNA pathways.
These authors also identified (1) 235 miRNA precursors producing 317 mature
miRNAs belonging to 113 MIR families and (2) 2239 putative C. canephora
miRNA targets in different pathways. In another study, Bibi et al. (2017) also
identified potential miRNAs potentially targeting 150 genes coding transcription
factors but also proteins involved in multiple biological and metabolic processes,
hypothetical proteins, signal transduction, transporters, growth and development,
stress-related processes, structural constituents, and disease-related processes, for
example.

In the study analyzing coffee memory to multiple drought exposures, de Freitas
Guedes et al. (2018) also reported upregulated expression of mir398 and mir408 by
the drought cycles in C. canephora. In addition to drought, these genes were also
reported to be regulated in other plants by ABA, heat, UV, and also biotic stress
events (Zhu et al. 2011; Khraiwesh et al. 2012; Guan et al. 2013). Interestingly,
transgenic chickpea plants overexpressing mir408 were shown to be tolerant to
several stresses including drought (Hajyzadeh et al. 2015; Ma et al. 2015). In the
recent study, dos Santos et al. (2019) analyzed the transcriptome in N-starved roots
of C. arabica and also identified 86 microRNA families targeting 253 genes.
RT-qPCR assays showed that expression profiles of mirl69, mirl71, mirl67,
mir393, and mir858 were upregulated in roots after N-starvation, while mircarl
was downregulated after prolonged N-restriction. Altogether, these results highlight
the role that might play sSRNA in modulating the expression of genes involved in the
adaptive responses of coffee plants to environmental factors.

10 Conclusions

Like many other crops, gene identification and characterization are of fundamental
biological interest in coffee to understand the transcription networks involved in
important agronomic traits and further to identify SNPs that can serve as markers of
specific phenotypes to better drive future breeding programs. In that way, the high
number of large-scale expression analyses, together with the recent access to long-
read sequencing of transcripts (Cheng et al. 2017), to reference transcriptomes
(Yuyama et al. 2016; Cheng et al. 2018), and to reference genomes of
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C. canephora (Denoeud et al. 2014) and C. arabica (de Kochko et al. 2015, 2017;
Gaitan et al. 2015; Morgante et al. 2015; Yepes et al. 2016), now opens the way to
identify SNPs associated with bean biochemical compound content (Tran et al.
2018) and adaptation to environmental factors (de Aquino et al. 2019) and to initiate
marker-assisted selection (Alkimim et al. 2017) and genome-wide association stud-
ies (Andrade 2018; Sant’Ana et al. (2018); Carneiro et al. 2019). Together with the
help of CRISPR/Cas9 technology (Breitler et al. 2018), it is now possible to greatly
shorten the time required to create new coffee varieties with improved agronomic
traits under CC.
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Abstract A proper development of the male and female germlines is key to the
reproductive success of plants. As a result of the development of the male and female
germlines the male (pollen) and female (embryo sac) gametophytes will be pro-
duced. After pollination, pollen—pistil interaction, fertilization, embryogenesis, and
finally, the formation of the persistent propagule — the seed will take place. During
reproductive cell development in angiosperms, male and female germlines develop
inside the sporophytic tissues. The male germline develops in the anther surrounded
by the tapetum whereas the female germline initiates in the nucellus composed of a
single or several layers of somatic cells of the ovule. Initially, the cells that will
remain somatic and those that will develop in the germlines are morphologically
identical. But, later on, cell differentiation starts with the transition from somatic to
reproductive fate and remarkable differences arise during germline development and
mainly after meiosis. Such differences are also observed in the somatic cells that
surround the germline and are closely linked to the crosstalk between the sporophyte
tissues and the germline, a key process for the formation of the male and female
gametes.
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1 Introduction

Alternation of generations between multicellular gametophytes and sporophytes is
present in all land plants (Hofmesiter 1851). However, along the evolutionary line,
the gametophytic phase gets reduced in terms of both size and lifespan compared to
the sporophytic phase (Heslop-Harrison 1979). Thus, while in bryophytes the
gametophytic generation is the most prominent phase and the sporophyte is nutri-
tionally dependent on the gametophyte (Maciel-Silva and Porto 2014), this reduction
reaches its extreme in seed plants and, especially, in angiosperms, in which the
gametophytic generation develops, and spends most of its life, enclosed within the
tissues of the sporophyte. In flowering plants, the mature male gametophyte (pollen)
is reduced to three cells, the vegetative cell and the two sperm cells, whereas the
female gametophyte (embryo sac) is generally formed by seven cells (two synergid
cells, the egg cell, the central cell and three antipodal cells embedded in the
sporophytic tissues of the ovule). The formation of the male and the female game-
tophytes is an essential process for the success of double fertilization and the
resulting fruit set in plants. After pollen germination on the stigma, the pollen tube
elongates and delivers a pair of sperm cells to the female gametes in the embryo sac
in which one sperm cell fertilizes the egg cell, forming the zygote, whereas the other
sperm cell fuses with the two polar nuclei, forming a triploid cell that gives raise to
the endosperm. This pollen mitosis II can occur during pollen development, releas-
ing tricellular pollen at anther dehiscence, or after anthesis, releasing bicellular
pollen. In the latter case, the generative cell divides mitotically in the pollen tube
after pollen germination on the stigma.

Gametophytic development is a highly conserved process in angiosperms. In the
early developmental stages, during sporogenesis in the micro and macrosporangia, a
somatic cell becomes a reproductive cell that develops to be either the microspore
mother cell (MiMC) or the megaspore mother cell (MeMC) that will undergo
meiosis. Later on, the microspore in the anther and the functional megaspore in
the ovule develop through several rounds of mitosis during gametogenesis to form
the male and female gametes, respectively. Concomitantly, somatic cells develop
surrounding the germline, and a selective communication takes place between the
sporophytic and gametophytic tissues. Although the cells that will produce the two
lineages are initially similar, after the transition from somatic to germline identity in
the anther and the ovule, remarkable differences arise during germline development
and mainly after meiosis. They are reflected not only by cellular changes, but also by
molecular and genetic regulation. In the anther, the communication between the
male germline and the somatic cells is generally regulated by tapetum degeneration.
Meanwhile, the crosstalk between the female germline and the neighbouring somatic
cells shows a more direct cell—cell contact in the ovule.
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2 Microsporogenesis and Microgametogenesis

The male reproductive organ of the flowers is the stamen, formed by the anther at the
top and the filament that provides the vascular bundles. In the early flower develop-
mental stages, the primordial stamen is formed by an epidermis and a mass of
meristematic cells. Generally, four anther lobes which will become the
microsporangia arise during anther development, in each of which a hypodermal
archesporial cell divides periclinally to give rise to an outer primary parietal cell and
an inner primary sporogenous cell. While the primary parietal cell divides mitoti-
cally to produce the somatic cell layers of the anther wall, such as the tapetum,
endothecium, and epidermis, the mitosis of the primary sporogenous cell results in
MiMCs (McCormick 1993). Following the formation of the MiMCs, the male
germline develops within the anther in a highly conserved process in angiosperms
(Goémez et al. 2015; McCormick 1993). MiMCs increase in size and undergo two
meiotic divisions to form a tetrad of haploid microspores. The unicellular micro-
spores experience an asymmetric mitotic division (pollen mitosis I) that results in a
bicellular pollen with a large vegetative cell that hosts a smaller generative cell. The
generative cell undergoes a second mitotic division (pollen mitosis II) producing two
sperm cells that will be involved in the characteristic double fertilization process of
angiosperms.

The somatic cells that develop surrounding the male germline are organized in
different layers. The tapetum is the cell layer that is in direct contact with the MiMC
and, consequently, shows an essential crosstalk with the male germline during
gametophyte development. There is a high diversity of tapetum types in angiosperms
that is even more diverse when tapetum degeneration starts. The different tapetum
types can be generally grouped into two categories: secretory (also known as
parietal, glandular or cellular) and amoeboid (also known as invasive or “genuine”
periplasmodial) (Pacini et al. 1985). The main difference between both types of
tapetum is related to the amount of locular fluid, which is abundant in the secretory
tapetum but is very reduced or even absent in the ameboid tapetum. This is directly
related to the cell-cell communication between the tapetum and the male germline,
through the locular fluid in the secretory tapetum or showing a more direct cell to cell
contact in the ameboid tapetum (Pacini 1990; Pacini et al. 1985). The secretory
tapetum found in 175 families is the most common in flowering plants and it is
believed to be the most primitive (Franchi and Pacini 1993; Pacini et al. 1985). It is
present in the model plant Arabidopsis thaliana (Quilichini et al. 2014) and impor-
tant crops such as Oryza sativa, rice (Raghavan 1988) or Solanum lycopersicum,
tomato (Polowick and Sawhney 1993). The parietal tapetum has only been observed
in 32 families of flowering plants (Pacini et al. 1985).

The differentiation of the tapetum is observed after the transition from the somatic
cells to the male germinal cells and is concomitant with the increase in size of the
MiMC. Thus, the role of the tapetum at these early developmental stages is mainly
involved in male germline development, rather than in male germline identity. To
this end, the tapetum provides nutrients, regulatory molecules, and components of
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the pollen cell wall (Franchi and Pacini 1993). A critical step for male germline
development is the meiosis, during which a selective cell-cell communication
between the MiMC and the tapetum takes place. Indeed, after the increase in size
of the MiMC and just before meiosis, abundant amounts of callose, a §-1,4 glucan
that acts as a molecular filter (Tucker et al. 2001), accumulate around the MiMC and
this presence continues until the release of the four microspores (Blackmore et al.
2007). Other components such as cellulose, pectins, and arabinogalactan proteins
have also been observed in this special cell wall (Lora and Hormaza 2018). This
special cell wall limits the deposition of molecules on the MiMC/microspore wall
and this is more evident at the future aperture sites of the microspores in which a
higher amount of callose prevents the formation of the pollen cell wall showing a
thinner wall (Albert et al. 2011).

As aresult of all these processes a pollen grain is formed. The pollen grain wall is
composed of an inner pectin-cellulosic layer named intine and an outer layer named
exine. Sporopollenin, a chemically very stable mixture of biopolymers, is the main
component of the exine and is essential for the species-specific ornamentation of the
exine. During meiosis, the formation of the intine starts, together with the deposition
of the sporopollenin precursor (Blackmore et al. 2007). The formation of the exine is
completed during pollen development in which the role of the tapetum is more
crucial than its role on the formation of the intine (Lora and Hormaza 2018).

The crosstalk between the tapetum and the MiMC/microspore is also involved in
the release of the resulting four sibling microspores and the consequent dispersal of
pollen after anther dehiscence. While most of the angiosperms release single pollen
grains, some species release pollen grains in groups, mostly in groups of four pollen
grains (Harder and Johnson 2008; Walker and Doyle 1975). Studies in several
species of Annona show a delay in tapetum degeneration that results in holding
the four sibling microspores very close to each other in the tapetal chamber and,
additionally, the digestion of the special cell wall composed of callose and cellulose
is delayed at the aperture site. Therefore, the combination of both features allows cell
wall connections among the four sibling microspores that result in the formation of
microspore tetrads (Lora et al. 2009, 2014). Thus, while the special cell wall around
the MiMC/microspores holds a strict cell-cell communication between the sporo-
phyte tissue (the tapetum) and the male germline, after meiosis the communication
restriction is less strict. This results in a more important role of the tapetum during
the rest of the male germline development process, the microgametogenesis.

Concomitant to tapetum degeneration, the unicellular microspores increase in
size. The carbohydrates released from the tapetum degeneration are absorbed by the
microspores (Clement and Audran 1995; Pacini et al. 2006) that use them as energy
resources for metabolism or to develop the microspore/pollen cell wall (Pacini and
Franchi 1988). Indeed, degeneration of tapetal cells induced by programmed cell
death appears to be well coordinated with pollen cell wall development (Shi et al.
2015). It is during this phase when the major development of the microspore/pollen
cell wall in species with secretory tapetum (Echlin 1971) such as in Annona (Lora
et al. 2009, 2014) is also observed. During this increase of size, the microspore
shows vacuolization and the nucleus migrates before the first haploid mitosis. Thus,
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the unicellular microspore becomes the bicellular pollen grain. After meiosis, the
male germline can generally undergo one or two waves of amylogenesis-amylolysis.
In some species, amylogenesis occurs during microspore development and its
degradation after meiosis. However, in other species, amylogenesis-amylolysis
occurs during microspore development and can also be observed after the first
haploid mitosis, during pollen development (Pacini et al. 2006; Pacini and Franchi
1988). The role of carbohydrates is highly related to the internal turgor pressure that
is even more crucial at anther dehiscence when the pollen grain is exposed to the
environment. Thus, we can find partially dehydrated or hydrated pollen at anther
dehiscence, a trait that is also closely related to pollen viability and longevity (Nepi
et al. 2001).

3 Megasporogenesis and Megagametogenesis

The female reproductive organ is the pistil that can be formed by one or several
carpels. The carpel can be divided in three different parts, the stigma, the style, and
the ovary. The stigma is the landing place of the pollen grain. The style connects the
stigma to the ovary and provides ample opportunity for pollen competition and
selection. The ovary contains one or more ovules that will be the place where the
female germline will develop (Lora et al. 2016; Maheshwari 1950).

The formation of the female germline derives directly from somatic cells and is
surrounded by the diploid generation of the ovule, the female sporophyte. The
sporophytic tissue of the ovule consists of the proximal funiculus, the central chalaza
and the distal nucellus usually surrounded by two integuments. The transition of
somatic to reproductive cells takes place within the nucellus. These somatic cells
expand and are ambiguously termed as archesporial cells. The archesporial cell
becomes the MeMC that develops surrounded by a variable number of nucellar
cell layers producing two main types of ovules. In tenuinucellate ovules, such as the
ovules of the model plant Arabidopsis thaliana (Bajon et al. 1999), a single, or
sometimes even none, epidermal cell is present, whereas in crassinucellate ovules
the nucellus can consist of two or more cell layers. While tenuinucellate ovules are
mainly found in evolutionary divergent angiosperms, crassinucellate ovules are
usually observed in early divergent angiosperms and can be considered as the
ancestral ovule type in angiosperms (Lora et al. 2017; Sporne 1969).

The MeMC undergoes meiosis and, in contrast to the situation in the anther in
which the four meiotic products eventually become pollen grains, in the ovule,
generally, only the functional megaspore continues its development to become the
embryo sac during megagametogenesis. Although usually only one MeMC is
observed in each ovule of angiosperms, multiple MeMCs have been reported in
some cases, such as in Trimenia moorei, a species that belongs to the early divergent
angiosperm clade Austrobaileyales (Bachelier and Friedman 2011). This feature,
although not generally reported in most gymnosperms, can also be observed in
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Gnetum that shows up to 12 female gametophytes; some of them degenerate and
only about five female gametophytes divide meiotically (Takaso and Bouman 1986).

During megasporogenesis and megagametogenesis, the female germline is
surrounded by somatic nucellar cells. Generally, in contrast to the fate of the tapetum
of the anther, the nucellus does not degenerate, but, in some species such as some
monocots (Rudall 1997) or Arabidopsis (Schneitz et al. 1995), part of the nucellus
undergoes degeneration at anthesis. Concomitantly, studies in the tenuinucellate
ovule of Arabidopsis show that the innermost cell layer of the inner integument
differentiates in the endothelium (Schneitz et al. 1995) that is also referred to as
integumentary tapetum because of its tissue origin and presumed functional simi-
larities with the tapetum of the anther (Kapil and Tiwari 1978). Integumentary
tapetum has been generally observed in tenuinucellate ovules, but it has also been
observed in some crassinucellate ovules (Kapil and Tiwari 1978). Although it has
been considered as relatively evolutionary derived feature of seed development,
recent fossil analyses indicate that the endothelium could be an ancient feature in
angiosperm seed development (Friis et al. 2019).

Thus, during female germline development, a direct contact between the female
germline and the nucellus occurs. The MeMC is surrounded by callose during
meiosis, although its presence is not so conspicuous as in male meiosis. Callose is
also present in the cell plates that divide the four megaspores (Rodkiewicz 1970) of
which usually three will degenerate. Similarly, there is an intense crosstalk between
the female germline and the neighbouring nucellar cells during meiosis. Evidence of
this communication can be observed in aposporous species with anomalous
crosstalk. In apospory, a somatic cell adjacent to the functional megaspore that is
called the aposporous initial (AI) cell adopts a megaspore fate and undergoes
megagametogenesis but without going through meiosis. Thus, while callose is
observed around the MeMC/meiotic products, it is not observed around the Al in
the aposporous Hieracium (Tucker et al. 2001), Poa pratensis and Pennisetum (Peel
etal. 1997) and, interestingly, callose is not observed around the MeMC that fails to
complete meiosis in diplosporous Elymus rectisetus (Carman et al. 1991).

4 Cell Wall Composition of the Germline Cells

In addition to the deposition of callose around the female and male germline cells
during meiosis, cell wall components of the germline cells start to differentiate
among the neighbouring cells. The main components of the cell wall such as poly-
saccharides, glycoproteins, and phenolic compounds are key components of the
crosstalk between germline cells and the neighbouring somatic cells (Tucker and
Koltunow 2014). Specific wall polymers such as pectins (methyl-esterified and
unesterified, detected using the monoclonal antibody JIMS and JIM7, respectively),
arabinogalactan proteins (detected using the monoclonal antibody JIM8 and JIM13),
and extensins (detected using the monoclonal antibody JIM11) have been observed
in the cell wall of the female germline of Annona cherimola (cherimoya) (Fig. 1) and
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Fig.1 The formation of the female and male germline in Annona cherimola. (a) Ovule primordium
showing dense PAS reagent-positive cytoplasm and undifferentiated cells. (b) Ovule primordium
showing a weak signal of unesterified signal detected by the antibody JIMS5 that was observed
mainly in the ovary walls. (c—d) The megaspore mother cell (red asterisk) was marked by antibodies
against unesterified (c) and methyl-esterified (d) pectins. (e) Early stage of anther development
showing a microsporogenous tissue with dense PAS reagent-positive cytoplasm with
undifferentiated cells. (f-g) The microspore-mother-cell (white asterisks) was marked by antibodies
against unesterified (f) and methyl-esterified (g) pectins. Bars (a—b, e-g) 20 pum; (c—d) 12.5 pm

Persea americana (avocado) (Lora et al. 2017). In those cases, the MeMC is
surrounded by several somatic cell layers in crassinucellate ovules. The cell wall
of the MeMC was not differently observed in the tenuinucellate ovules of
Arabidopsis (Lora et al. 2017) but, recently, AGPs in the MeMC wall have been
reported in the tenuinucellate ovules of Hieracium species (Juranic et al. 2018). Later
on, during megagametogenesis, the cell wall of the functional megaspore has also
been shown to be marked by pectins, AGPs, and extensins in A. cherimola and
P. americana (Lora et al. 2017), and AGPs in Arabidopsis (Coimbra et al. 2007).
Indeed, AGPs have also been observed in the cell wall of the functional AI (FAI) cell
and the functional megaspore in Hieracium, constituting a similar molecular marker
that reflects a functional megaspore-like fate (Juranic et al. 2018). Similarly, AGPs
were observed in the apomictic female gametophyte of the facultative apomictic
strawberry (Leszczuk and Szczuka 2018).

In the anther, the MiMC wall also develops differently and it is clearly marked by
AGPs in Arabidopsis thaliana (Coimbra et al. 2007) and Quercus suber (Costa et al.
2015). Additionally, methyl-esterified and unesterified pectins were also observed in
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the MiMC wall of Mangifera indica, mango (Lora and Hormaza 2018) and in
different Annona species (Fig. 1) (Lora et al. 2009, 2014). It seems, therefore,
clear that the compositional changes of the cell wall of the male and female
reproductive cells clearly differentiate the germline from the neighbouring somatic
cells. This is even more evident after the meiosis of the MiMC. First, in the formation
of the inner layer, the intine, showing pectins, cellulose, AGPs and extensins that
continues during the development of the pollen. Second, in the formation of the
exine.

S Phytohormones During Pollen and Ovule Development

Cell wall biosynthesis has long been related to phytohormones (Lehman and
Sanguinet 2019). Indeed, auxin can induce cell division or cell expansion (Perrot-
Rechenmann 2010) and it has been observed in the tapetum and pollen grains (Feng
et al. 2006). In the young anther, high auxin-dependent GUS expression was
reported in the tapetum before it was observed in the developing pollen grains
(Aloni et al. 2006) and it has been suggested to play a major role in pollen maturation
and anther dehiscence (Cecchetti et al. 2008). Recently, high auxin levels have been
observed in the middle layer of the tapetum, showing a role on pollen maturation,
anther dehiscence, and filament elongation (Cecchetti et al. 2017).

In the ovule, during megasporogenesis, adjacent cells are initially identical in the
nucellus, but are situated in different microenvironments and adopt specific fates in
response to positional signals. The female germline shows a central position during
this process (Lora et al. 2017). Auxin and cytokinin phytohormones may result in
key positional signals that polarize megasporogenesis, inducing the changes of cell
wall composition that are needed for cell expansion of the MeMC. Indeed, during
gynoecium development, auxin and cytokinin distribution are complementary to
each other; thus, while auxin is found distally, cytokinin distribution is proximal
(close to the chalaza) (Marsch-Martinez et al. 2012; Schaller et al. 2015). Similarly,
distal auxin and proximal cytokinin distribution polarize the ovule primordia devel-
opment. There are several lines of evidence that reveal the role of cytokinin and
auxin on the formation of the ovule primordium. The number of ovule primordia is
reduced by inhibition of the regulator of polar auxin transport Pin-formed 1 (PINI)
(Okada et al. 1991) or by mutation of a cytokinin receptor gene (Kinoshita-
Tsujimura and Kakimoto 2011; Riefler et al. 2006). On the contrary, the number
of ovule primordia increases in mutants in which the cytokinin oxidase/dehydroge-
nase enzyme is deactivated (Bartrina et al. 2011). Moreover, the relationship
between cytokinin and auxin formation in ovule primordia was reported by
Bencivenga et al. (2012) showing the control of PINI expression by cytokinin.
The polarized accumulation of both phytohormones continues later during
megagametogenesis (Lora et al. 2019b; Zurcher et al. 2013).

Distal maximum auxin distribution during ovule development has also been
reported in the eudicot Hieracium (Tucker et al. 2012b), in the monocot maize
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(Forestan et al. 2012; Lituiev et al. 2013) and in the early divergent angiosperms
A. cherimola and P. americana (Lora et al. 2017). These studies suggest a conserved
microenvironment, in terms of phytohormones, around the female germline in
flowering plants. Furthermore, it should be taken into account that maize, cherimoya,
and avocado show crassinucellate ovules compared to the tenuinucellate ovules of
Arabidopsis and Hieracium, and, despite the differences in the number of cell layers
around the female germline, both types of ovules show a similar maximum distal
auxin distribution. In addition to the polarized distribution of the phytohormones
along the proximal-distal axis in the nucellus, MeMC also shows a polarized
distribution of the organelles in Arabidopsis (Bajon et al. 1999). This polarization
has also been observed in Pisum sativum and continues in the four meiotic products
in which the functional megaspore incorporates most of the plastids and mitochon-
drias (Medina et al. 1981). Moreover, the functional megaspore is generally placed
in the chalazal pole that continues its development during megagametogenesis
(Maheshwari 1950).

6 Breaking the Crosstalk Between the Sporophyte
and the Germline

Crosstalk between sporophyte and gametophyte has also clearly been demonstrated
in mutants, mostly from the model plant Arabidopsis and the monocots rice and
maize. Generally, most of the sporophytic mutants affecting reproduction are also
defective in germline development by breaking the crosstalk between the sporo-
phytic tissues and the germline.

During meiosis, mutations that alter the dissolution rate of the MiMC wall causes
anomalies in the microspore division that result in the release of pollen in tetrads
after anther dehiscence such as in guartet mutants (Francis et al. 2006; Preuss et al.
1994; Rhee et al. 2003). Similarly, microspores release and pollen development were
affected in the mutants of callose synthase genes (Enns et al. 2005). Mutations in
genes involved in tapetum development, such as MS1 (Wilson et al. 2001), AMS
(Sorensen et al. 2003; Xu et al. 2010), DYT! (Zhang et al. 2006), TDF'1 (Zhu et al.
2008), and MS188 (Zhang et al. 2007) which follow the same genetic pathway (Zhu
et al. 2011), cause male sterility, reflecting the role of the tapetum on pollen
development. MSI gene of Arabidopsis has a key role on primexine and exine
pattern formation (Ariizumi et al. 2005), AMS is involved in sporopollenin biosyn-
thesis and the secretion of materials for pollen wall patterning (Xu et al. 2014) and
MS188 is also required for callose dissolution and exine formation (Zhang et al.
2007). The mutation of DYTI causes anomalous tapetal cells and lower amount of
callose deposition with incomplete meiotic cytokinesis (Zhang et al. 2006). TDF1 is
also involved in tapetum development and its mutation shows irregular division and
dysfunction of the tapetum (Zhu et al. 2008).
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In the ovule, most of the mutations that affect the sporophytic tissues show
anomalies on integument development (Gasser et al. 1998; Kelley and Gasser
2009). Arabidopsis ovule mutants that lack integuments, such as aintegument
(Elliott et al. 1996) and wuchel (Gross-Hardt et al. 2002), result in the lack of
embryo sac development. Embryo sacs are also missing in the Arabidopsis inner
no outer (ino) mutant (Baker et al. 1997; Gaiser et al. 1995; Lora et al. 2019a), but
the disruption of an Annona ortholog of INO showed 87% of normal embryo sacs
(Lora et al. 2011). The ovules of both ino mutants are orthotropous and unitegmic
with a single inner integument, while the outer integument is missing (Baker et al.
1997; Gaiser et al. 1995; Lora et al. 2011). However, while, the female germline
develops surrounded by 2-3 nucellar layers in Annona, it is only surrounded by one
nucellar layer in Arabidopsis. The nucellus is not apparently affected in both ino
mutants and, as consequence, the Annona female germline develops in a more
protective environment (Lora et al. 2019a).

7 Similarities Between Male and Female Germline
Development

As mentioned above, the development of the male and female germlines follows
quite different processes, and this is also shown in their differential genetic and
molecular regulation. Indeed, there are very few genes involved in both develop-
mental process. However, the somatic cells are initially, at least morphologically,
identical, before the transition from somatic to reproductive cell fate. Therefore, it is
expected that similar genes could be found at least in the early stages during the
sporogenesis in the anther and the ovule.

One of the earliest genes that showed a role in both male and female sporogenous
cell differentiation was Arabidopsis NOZZLE/SPOROCYTELESS (NZZ/SPL)
(Schiefthaler et al. 1999; Yang et al. 1999). The female and male sporogenesis of
nzz/spl mutants are blocked and the selected somatic cells are unable to differentiate
into microsporocytes or megasporocytes; in addition, the surrounding cells are also
affected, the anther wall development is blocked and the nucellus forms a finger-like
structure. The NZZ/SPL gene encodes a nuclear protein related to MADS box
transcription factors that is expressed mainly in the germline during sporogenesis
(Schiefthaler et al. 1999; Yang et al. 1999). Conversely, the mutation of the EXTRA
SPOROGENOUS CELL/ EXCESS MICROSPOROCYTE] (EXS/EMS]I) gene, which
encodes a putative LRR-RPK protein and is expressed first in the anther primordia
and later more strongly in the tapetum that in the microsporocyte, results in an excess
of microsporocytes in Arabidopsis (Canales et al. 2002; Zhao et al. 2002). Similarly,
the putative small secreted protein TAPETUM DETERMINANT1 (TPD1) of
Arabidopsis is required for tapetal cell differentiation and development, and #pd1
mutants generate an excessive number of microsporocytes instead of tapetum cells
that are absent in the anther (Yang et al. 2003). Moreover, the ectopic expression of
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TPD] increases the number of cells in the carpel dependent on EXS/EMSI (Yang
et al. 2005). TPD1 and EXS/EMSI1 can physically interact in vivo and in vitro (Jia
et al. 2008). The double mutant somatic embryogenesis receptor-like kinasel (serkl)
serk2 also produces an increase in the number of microsporocytes and SERK/ and
SERK?2 are also expressed in the locules of the anther (Albrecht et al. 2005;
Colcombet et al. 2005).

Interestingly, while exs/emsI and tpdl mutants do not show effects on megaspo-
rogenesis, the mutation of MSP1, an ortholog to the Arabidopsis EXS/EMS1 gene,
generates extra male and female sporocytes in rice (Nonomura et al. 2003). The
TPDI  like gene of rice TAPETUM  DETERMINANTI/MULTIPLE
ARQUESPORIAL CELL2 (OsTLDIA/MIL2) binds to MSPI in yeast and both are
co-expressed in somatic cells surrounding the MiMC and MeMC but results in RNA
interference against OSTLD1A phenocopies mspl only in the anther (Hong et al.
2012; Zhao et al. 2008). Another TPD] like gene, OsTLD1B, also co-expresses with
TPDI but only in the anther (Zhao et al. 2008). Although the protein pairs
Arabidopsis (EXS/EMSI-TPDI) and rice (MSPI-OsTLDIA/MIL2) show similari-
ties, their discrepancies suggest differences in some aspects during microsporagium
development (Hong et al. 2012) and reflects phylogenetic divergence. Similar
protein pairs could also be present in maize, in which the multiple archesporial
cell 1 (macl) also shows an increased number of archesporial cells (Sheridan et al.
1996, 1999). This gene was later reported as an ortholog of rice TDLIA (Wang et al.
2012) and transcriptome profiling of maize anthers revealed a ZmMSPI homologous
to the rice MSPI gene (Ma et al. 2007).

In the ovule, the multiple-MMC trait is also present in cell cycle mutants of
Arabidopsis (Cao et al. 2018; Yao et al. 2018; Zhao et al. 2017) and mutations that
cause epigenetic changes (Olmedo-Monfil et al. 2010; Schmidt et al. 2011) (see
recent reviews on molecular and genetic regulation of female germline fate in Lora
et al. 2019b; Pinto et al. 2019). The data from several epigenetic mutants suggest an
epigenetic control on the neighbouring somatic cells of the MeMC that limits their
cell expansion (Armenta-Medina et al. 2011; Lora et al. 2019b). One example is the
argonaute9 (ago9) mutant of Arabidopsis, which appears to be defective in small-
RNA related to crosstalk between the nucellar and germline cells (Olmedo-Monfil
et al. 2010). A semi-dominant insertion in another argonaute, AGO5-4, that is also
expressed around the MMC, produces a normal MeMC but, subsequently, fails to
produce a gametophyte due to defects in the nucellus (Tucker et al. 2012a). Another
study related to the disruption of crosstalk between the MMC and the neighbouring
somatic cells was reported in wuschel (wus) ovule (Gross-Hardt et al. 2002),
windhosel-windhose2 (wihlwih2) and tornado (trn) mutants (Lieber et al. 2011).
NZZ/SPL promotes the expression of the homeobox gene WUS in the nucellus,
which in turn upregulates the expression of the small peptides WIH1 and WIH2
(Lieber et al. 2011). The homeobox gene WUS was wholly identified as a stem cell
regulator in the shoot and floral meristems (Laux et al. 1996). WIH1/2 genes act
downstream of WUSCHEL, and double mutants of both genes show defective
megasporogenesis in which around 30% ovules fail to produce an MeMC. A similar
phenotype was also observed in #rnl and trn2 (Lieber et al. 2011).
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8 Conclusion

The crosstalk between the germline and the neighbouring somatic cells is essential to
the success of pollen and ovule development in angiosperms. In both processes, a
key event is the meiosis, which shows restricted somatic-germline cell communica-
tion by deposition of callose. During gametogenesis, the cell walls of the male and
female germline are clearly differentiated. In the pollen, the crosstalk between the
pollen and the tapetum is key for the formation of the pollen cell wall. In this sense,
the role of the male sporophyte is essential for pollination and subsequent pollen—
pistil interaction that, in some species, is involved in the pollen-stigma-recognition
in sporophytic self-incompatibility. In the ovule, the genetic and the epigenetic
regulation of the female germline development suggests an essential cell-cell com-
munication between the female germline and the neighbouring nucellar cells that
results in the cell expansion only in the MeMC. Meanwhile, the cell expansion is
apparently inhibited in the nucellar cells.
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Abstract Plants in the tropics frequently experience stressful environmental condi-
tions such as excessive sunlight including solar ultraviolet (UV) radiation or high
leaf temperatures. In view of progressing climate change, the combination of various
stress factors, particularly during extreme drought periods and heat waves, may
cause damage to the photosynthetic system followed by cell death in leaves,
resulting in reduction of total photosynthetic productivity. The present article
reviews a series of investigations on tropical forest species in Panama. Recording
of chlorophyll a (Chl a) fluorescence parameters served as a versatile method to
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assess the degree of damage and acclimation in chloroplasts. Analysis of chloroplast
pigments and antioxidative cell constituents provided valuable information on the
acclimation state of leaves. The studies indicate that tropical plants are capable of
adjusting to potentially harmful conditions in their respective habitats. One impor-
tant way of protecting photosystem II is the operation of the violaxanthin cycle and,
in certain species, the lutein epoxide cycle. Responses to excess solar radiation in
young and mature canopy sun leaves, in leaves of plants growing in treefall gaps and
understory of the tropical forest are highlighted. The response of photosystem I to
excessive visible light, as well as damaging and acclimatory processes induced by
solar UV radiation in photosystems I and II, has been investigated. A reassessed
method of Chl a fluorescence measurements was used to determine the limits of heat
tolerance in sun and shade leaves of Cjz species and in sun leaves of species
exhibiting crassulacean acid metabolism (CAM).

Keywords Climate change, Heat tolerance, Lutein epoxide cycle, Photoinhibition,
Photoprotection, Tropical forest, UV radiation, Violaxanthin cycle

1 Introduction: Stress Imposed by Climate Conditions
on Plants in the Humid Tropics

In the humid tropics, especially the humid, seasonally dry tropics, plants have to
cope with various stressors such as intense solar radiation of both visible and
ultraviolet (UV-A and UV-B) light and high leaf temperatures. Under clear sky in
fully sun-exposed leaves, visible light can be highly in excess of saturating photo-
synthetic CO, assimilation and may cause overheating of leaves. When
photoprotection is insufficient, visible and UV light might cause damage to the
photosynthetic system. Shade leaves, representing the vast majority of leaves in the
forest (Clark et al. 2008), need to optimize photosynthesis under conditions of
limiting and fluctuating light.

Due to global climate change, besides rising mean land surface temperature, the
number and intensity of extreme weather events such as severe heat waves are on the
increase (IPCC 2014). More frequent and more intense drought periods combined
with extreme heat have been termed “global change-type droughts” (see Choat et al.
2018) which markedly enhance evapotranspiration. Limited water supply and high
leaf-air vapor pressure gradients can result in stomatal closure, minimizing transpi-
rational cooling and restricting CO, flux into leaves (see Boyer 2017). Diminished
CO,; flux into leaves and increased leaf temperatures enhance photorespiration,
leading to diminished carbon gain (Muraoka et al. 2000; Franco and Liittge 2002;
Demmig-Adams 1998; Takahashi and Badger 2011). Thus, under water stress, light
energy absorbed by photosynthetic pigments becomes even more excessive causing
photoinhibition of photosystem II (PSII). In situ, typical responses to such stress
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conditions include “midday depressions” of net CO, uptake (see Zotz et al. 1995 and
Krause et al. 2006 for tropical plants). If cooling by ventilation is insufficient, leaves
with closed stomata may experience tissue temperatures near the upper limit above
which irreversible damage occurs. Drought combined with heat is regarded the
major cause of forest decline and tree mortality (see Choat et al. 2018). For instance,
in 2005 after a particularly intense drought period in the southern Amazon rain
forest, increased tree mortality and a significant decrease in standing biomass was
observed (Phillips et al. 2009). In 2015/2016 during a long-lasting drought com-
bined with extreme heat in tropical northern Australia, an extensive dieback of
mangroves occurred (Duke et al. 2017).

Plants have developed strategies to counteract adverse effects of stressful climatic
conditions on the photosynthetic system (see Liittge 2008; Yu et al. 2020). In the
present review, a range of studies carried out at the Smithsonian Tropical Research
Institute in Panama are discussed, dealing with processes of damage, protection, and
acclimation in sun and shade leaves of tropical plants under potentially damaging
solar radiation. Additionally, studies on leaf heat tolerance limits are reviewed.

2 Protection of Photosystem II Against Destructive Effects
of Visible Light

2.1 Chlorophyll a Fluorescence as Indicator of Protective
and Damaging Processes in Photosystem I

In the photosynthetic electron transport system, PSII responds most sensitively to the
impact of environmental stress. In studies on leaves of tropical plants reviewed here,
analysis of chlorophyll (Chl) a) fluorescence emission was used as a powerful
noninvasive method to detect processes of protection and damage of PSII (see
Krause and Jahns 2003, 2004; Wilson and Ruban 2019). Fluorescence is emitted
predominantly by Chl a of the PSII light-harvesting pigment system, representing a
very minor part of total absorbed photon energy. Development of the pulse-
amplitude modulated technique to record Chl a fluorescence (Schreiber 1986;
Schreiber et al. 1986) made it possible to routinely analyze fluorescence in vivo
under sunlight or artificial white actinic light. In the absence of actinic light after dark
adaptation of leaves, the low-intensity modulated “measuring light” induces a
minimal basic fluorescence level, Fy, related to the state of PSII with fully oxidized
04, the primary quinone-type electron acceptor in the PSII reaction center. Part of F|,
is contributed by photosystem I (PSI). A superimposed saturating non-modulated
light pulse causes full reduction of Q4 and a concomitant fluorescence rise from F, to
maximum fluorescence emission, F,,. The fluorescence increment above F is
termed variable fluorescence, F,. Reoxidation of Q4 via electron transport to PSI
lowers F, by means of “photochemical quenching,” qP.
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According to the model by Butler (1978), the ratio F,/F,,, determined after dark
adaptation of leaves, represents the potential quantum yield of the photochemical
reaction in PSIIL. In non-stressed leaves of a large number of C5 species, F,/F,, was
close to 0.83 (Bjorkman and Demmig 1987). Decline of F,/F,, under stress condi-
tions indicates thermal dissipation of excessively absorbed light energy in PSIL, i.e.,
“nonphotochemical fluorescence quenching,” qN, also termed NPQ (Horton et al.
1996; Demmig-Adams 1998; Krause and Jahns 2004).

Nonphotochemical quenching may consist of several components (see Krause
and Jahns 2003, 2004; Jahns and Holzwarth 2012; Malnoé 2018). When under
excess light, a high proton gradient (ApH) is built up across the thylakoid membrane
of chloroplasts, and an intrathylakoid pH below 6 activates violaxanthin
(Vx) de-epoxidase and the PSII protein PsbS (Li et al. 2004; Correa Galvis et al.
2016; Sacharz et al. 2017; Kaiser et al. 2019). In the violaxanthin cycle, located in
the Chl a and b binding light-harvesting complexes (see Jahns et al. 2009), the
diepoxide Vx is de-epoxidized in two steps via antheraxanthin (Ax) to zeaxanthin
(Zx). A role of the violaxanthin cycle in thermal dissipation of excess energy was
first postulated by Demmig et al. (1987). The ApH together with PsbS protein, Zx,
and probably also Ax induce “energy-dependent quenching,” qE. This gN compo-
nent is built up rapidly under light stress and relaxes in dark or low light with a half-
time of a few seconds. Thus qE appears to be important for protection of PSII under
strong and rapidly fluctuating light.

The remaining “photoinhibitory fluorescence quenching,” gl, consists of two
components. The more rapidly relaxing component (1-2 h) is related to Zx (and
Ax). Relaxation is correlated with epoxidation of Zx which has remained after decay
of the ApH (Thiele et al. 1998). This type of gl has also been termed qZ (Nilkens
et al. 2010). An antioxidative function of Zx in the thylakoid membrane, particularly
in lipid protection, in addition to its role in N has been proposed (Havaux et al.
2007; Johnson et al. 2007; Jahns and Holzwarth 2012; Kress and Jahns 2017). The
second component of gl is related to inactivation of the D1 protein in the PSII
reaction center. This qI component develops slowly within hours; time and extent
depend on the intensity of high-light stress and acclimation state of leaves. In low
light, slow recovery from D1-dependent I is based on degradation of inactive D1
protein and its replacement by newly synthesized D1 protein (Aro et al. 1993a,b;
Leitsch et al. 1994). In the literature, these processes have been originally regarded
as “damage” and “repair” of PSII. However, it appears that in PSII units containing
inactivated D1 protein, excitation energy is efficiently dissipated as heat, thus
preventing photo-oxidative damage to PSIIL.

A further component of qN is caused by excitation energy transfer from PSII to
PSI (qT) (Allen 2003). Such energy equilibration between the two photosystems is
of importance under low and fluctuating light, i.e., in shade leaves, but does not play
a major role in sun leaves stressed by excessive light.

Our studies have shown that F\/F,,, i.e., potential efficiency of PSIIL, is a highly
suitable fluorescence parameter to reveal stress impacts on the photosynthetic system
in tropical plant species. F/F,, was determined after a 10 min dark period following
exposure to high-light stress. This means the ApH together with qE was reversed
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during the dark period, but the two more slowly relaxing components of gN were
still present.

2.2 Function of the Violaxanthin Cycle in Acclimation
and Photoprotection of Tropical Plants

2.2.1 Young and Mature Sun Leaves of Trees

Photoinhibition was examined on sun leaves of potted saplings of Calophyllum
longifolium Willd. (Calophyllaceae), Ficus insipida Willd. (Moraceae), and
Swietenia macrophylla King (Meliaceae) grown outdoors and additionally on can-
opy sun leaves of mature trees of Anacardium excelsum (Bertero ex Kunth) Skeels
(Anacardiaceae), Antirhea trichantha (Griseb.) Hemsl. (synonym of Pittoniotis
trichantha Griseb.) (Rubiaceae), and Castilla elastica Cerv. (Moraceae) growing
in a humid, semideciduous, seasonally dry forest near Panama City, where leaves
were accessed by means of a construction crane. During measurements, maximum
photosynthetically active radiation (PAR) was ~2,300 pmol photons m s ™', Addi-
tionally, detached canopy leaves of mature trees were studied under controlled light
and temperature conditions (Krause et al. 1995; Thiele et al. 1996, 1997). Exposure
to full sunlight in situ caused pronounced photoinhibition indicated by decline in F,/
F,,. Remarkably, young leaves exhibited a substantially faster and stronger decline
in F/F,, than mature leaves. Reduction of incident light by passing clouds induced
fast transient recovery of F\/F,,. Gradual decline of light flux toward sunset led to
restoration of high F,/F,, ratios.

Based on leaf area, the young leaves studied contained about 50% less Chl a+b
than mature ones, but Chl a/Chl b ratios were not different between the two leaf
types. This means young leaves contained fewer photosynthetic units per unit leaf
area but well-developed antenna systems. Light absorbance (~80%) was only
slightly reduced compared to mature leaves, whereas rates of net CO, assimilation
and PSII-driven electron transport, calculated from fluorescence data according to
Krall and Edwards (1992), were much lower in young than mature leaves. Thus,
under high light young leaves have to endure substantially higher excessive excita-
tion of the light-harvesting system, which explains the increased photoinhibition.

Besides Chl, carotenoids were analyzed after controlled high-light pretreatment
of detached canopy leaves. Based on Chl a+b, young leaves possessed a larger pool
size of violaxanthin-cycle pigments than mature leaves; for instance, contents of
Vx + Ax + Zx in young leaves of A. excelsum were ~160 and in mature leaves
~80 mmol mol ' Chl a+b (Thiele et al. 1997). Under excessive light young leaves
exhibited higher levels of Zx (and Zx + Ax). This indicates that the violaxanthin
cycle provided enforced protection to the more severely stressed young leaves. The
epoxidation state, calculated from pigment contents as (VX + 0.5Ax)/(VX + AX + Zx),
was similar in both leaf types, i.e., 0.9 in the dark and between ~0.2 and ~0.3 under
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high light, showing high activity of the violaxanthin cycle (Krause et al. 1995; cf
Koniger et al. 1995).

Following high-light treatment, detached leaves exhibited two distinct phases of
F/F,, recovery in low light. In young and mature leaves of A. excelsum and
C. elastica, two species characteristic of secondary forest, the fast phase, lasting
~1 h (half time ~30 min), was closely correlated with epoxidation of Zx to Ax and
Vx. Correlation coefficients between rise of F,/F,, and conversion of Zx were
between —0.95 and —1.00 (Thiele et al. 1996). In leaves of A. excelsum treated
with dithiothreitol (DDT) that blocks Zx formation, the fast recovery phase was
absent. This shows the fast phase reflects relaxation of Zx-dependent ¢l (i.e., qZ).

Under low light, fast recovery of F,/F,, was followed by a slow phase lasting
several hours. Upon treatment with streptomycin (SM) to prevent chloroplast-
encoded protein synthesis, the slow phase was absent and only the fast recovery
phase remained. Quantification of the D1 protein (Thiele et al. 1996) indicated that
the slow phase of F,/F,, recovery is related to degradation of inactivated D1 protein
and its de novo biosynthesis and replacement into PSIIL. In mature leaves incubated
with SM after high-light treatment, a substantial proportion of D1 protein was
degraded. In contrast, young leaves exhibited only marginal D1 degradation. Obvi-
ously, in the young, still developing leaves, enforced photoprotection by means of
high Zx formation largely prevents costly D1 protein turnover (Thiele et al. 1997).

Parallel studies with spinach, Spinacia oleracea L. (Amaranthaceae), an annual
species of temperate regions, supported the view that by means of high violaxanthin-
cycle activity, PSII is stabilized and D1 inactivation minimized (Thiele et al. 1996).
Our results are in agreement with those of Demmig-Adams et al. (1995) showing
that high-light acclimation of leaves diminishes photoinactivation of the D1 protein.
However, the observation of considerable D1 degradation in mature canopy leaves
(Thiele et al. 1996) is not consistent with the suggestion by Demmig-Adams et al.
(1995) that in fully acclimated leaves D1 inactivation is negligible.

Experiments to reveal a possible reduction of whole-plant biomass accumulation
due to high-light stress were performed with tree seedlings of two species,
C. longifolium, a common late-successional tree of Panamanian lowland and lower
montane forests, and Tectona grandis L.f. (Verbenaceae), a pioneer species origi-
nating in Southeast Asia (Krause et al. 2006). In three parallel long-term experi-
ments, the seedlings were grown under automatic neutral shading that reduced
visible and UV light by ~50% whenever PAR surpassed 1,000, 1,200, or
1,600 pmol mZs!, respectively. Photoinhibition (i.e., decline in F,/F,,) was
studied in relatively young but fully expanded leaves. Plants shaded above 1,000
or 1,200 pmol photons m 2 s~ ' exhibited considerably less photoinhibition than
leaves of control plants grown permanently under full solar radiation. This effect was
more pronounced in leaves of C. longifolium than in the pioneer 7. grandis (teak),
the latter showing generally less pronounced F,/F,, decline. Characteristic midday
depression of CO, assimilation (recorded with C. longifolium) was absent under
partial shade. No significant loss of biomass accumulation was found in seedlings
grown under full solar radiation. Leaves of these seedlings contained larger pool
sizes of violaxanthin-cycle pigments; around midday substantially higher Zx levels
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were present. The content of a-tocopherol in C. longifolium was ~20% higher under
full sun than shading above 1,200 pmol photons m~> s~'. Tocopherols are well-
known antioxidants present in the thylakoid membrane and envelope of chloroplasts
(Fryer 1992; Garcia-Plazaola et al. 2004; Havaux et al. 2005).

These results were confirmed by a study (Krause et al. 2012) on shade-tolerant
seedlings of an understory/forest gap species, Piper reticulatum L. (Piperaceae), and
two shade-tolerant late-successional tree species, Tetragastris panamensis (Engl.)
Kuntze (Burseraceae) and Virola surinamensis (Rol. ex Rottb.) Warb.
(Myristicaceae). Growth under unshaded conditions did not affect biomass accumu-
lation. In contrast to these three species, the late-successional tree Ormosia
macrocalyx Ducke (Fabaceae) exhibited a significant reduction in relative growth
rate under full sunlight as compared to growth under ~50% neutral shade (applied
whenever ambient PAR exceeded 1,200 pmol m ™2 s~ '); during a 4-month growth
period under full sun, total biomass was reduced by ~27%. O. macrocalyx showed
similar acclimatory responses of the violaxanthin cycle as the other tested species,
but leaf extracts indicated substantially less UV protection, both in the UV-B and
UV-A spectral region, than observed in leaves of 7. panamensis and in mature
canopy sun leaves of several other species (Krause et al. 2003a; see Sect. 4.2).
Whereas leaves of T. panamensis showed highly increased a-tocopherol contents
under full sunlight, tocopherol levels (f- and y-tocopherol) were extremely low in
0. macrocalyx.

In several but not all tested species, further acclimatory responses of the photo-
synthetic pigment system to full sunlight exposure included the reduction of
a-carotene and increase in P-carotene and lutein contents of leaves. This was not
observed in O. macrocalyx. It has been suggested that a-carotene which is present at
high levels in shade leaves contributes to light harvesting (Krause et al. 2001;
Matsubara et al. 2009), whereas p-carotene supports photoprotection by quenching
excited triplet-state Chl a (3Chl a*) and singlet-state dioxygen (*0,*) in the core
antennae (Edge et al. 1997; Scheer 2003). Lutein may act as an antioxidant by means
of *Chl a* quenching. Moreover, lutein possibly promotes qE as a quencher of
singlet-state excited Chl a ("Chl a*) (Jahns and Holzwarth 2012).

As expected, seedling growth of Psychotria marginata Sw. (Rubiaceae), a highly
shade-tolerant understory species, was strongly reduced under full sunlight. Total
biomass after 6.8 months was ~58% lower, compared with plants cultivated at 40%
of ambient PAR (Krause et al. 2012). Nevertheless, a number of individuals were
capable of acclimatory responses, demonstrated by increases of violaxanthin-cycle
pigments, as well as increases in p-carotene and decreases in a-carotene levels.

These results show that in most species tested, sun leaves are well protected from
adverse effects of highly excessive sunlight. The violaxanthin cycle plays a major
role in protection, aided by various antioxidative activities. No experimental evi-
dence was gathered that midday depressions of CO, assimilation and the metabolic
costs of acclimation would reduce biomass accumulation.
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2.2.2 Plants Growing in Treefall Gaps

In the moist tropical lowland forest on Barro Colorado Island (Gatin Lake, Panama),
photoinhibition was investigated in small natural treefall gaps of 60-90 m* (Krause
and Winter 1996). Special light conditions prevail in such gaps. During most of the
daytime, PAR is low, usually below 100 pmol m~2 s, except for brief, 1-2 h
periods of direct sun exposure of the gap floor, when under clear sky PAR suddenly
rises to 1,700-1,800 pmol m~* s~ '. Changes in F,/F,, induced by such high-light
exposure were monitored in situ in nine species. In all cases, an immediate decline in
F\/F,, ensued, indicating photoinhibition that was reversible upon return to low light.
Recovery of F,/F,, occurred in two phases. The fast phase (~1 h) started after the end
of the high-light period and represented the major part of F,/F,, increase. The
following slow phase proceeded until sunset. These in situ observations of recovery
confirmed the results obtained in the laboratory with detached canopy sun leaves
(see Sect. 2.2.1). The similarity in response of nine species of different taxa and life
forms to high-light periods indicates a general acclimation to gap conditions.

In mature leaves of eight species growing in three different gaps, photosynthetic
pigment contents were determined (Thiele et al. 1998). Leaves were collected during
the diurnal course and, after F,/F,, recording, used for pigment analysis. Consistent
with data by Koniger et al. (1995), the pool size of violaxanthin-cycle pigments
(Vx + Ax + Zx) was on average considerably lower in gap leaves than in canopy sun
leaves (c.f. Thiele et al. 1997).

A striking result was that leaves of all gap plants tested exhibited a close
correlation between changes in F,/F,, and content of Zx, both during the high-
light period and during the following fast recovery phase under low light. Highest
correlation coefficients (between —0.90 and —0.99) were found between decline of
F,/F,, and increasing content of Zx under high light. Correlation coefficients
between fast recovery of F,/F,, and Zx epoxidation in the shade were only slightly
lower (between —0.66 and —0.99). Overall, there was no clear correlation between
slow F,/F,, recovery and Zx. The data show that the fast recovery phase represents
reversion of Zx-dependent photoinhibition (qZ), whereas the small slow phase
probably indicates “repair” of PSII by means of D1 protein degradation and
resynthesis. Apparently, under gap conditions, gross D1 protein inactivation does
not occur, whereby demand for de novo biosynthesis is reduced.

It has been suggested that treefall gaps are important to maintain species diversity
in the tropical forests (Yavitt et al. 1995). Typically, treefall gaps are first inhabited
by pioneer species that germinate after gap formation, followed by late-successional
species that may have been present as seedlings in the forest understory already
before gap formation. In a model study using potted plants in artificial gaps (Krause
et al. 2001), responses to light conditions of three pioneer and three late-successional
tree species were determined during dry season. The simulated narrow, medium, and
wide gaps allowed 0.5, 1.5, and 3 h, respectively, of daily direct sun exposure under
clear sky. After cultivation of seedlings for 2 months, photosynthetic pigments were
analyzed in leaf discs collected during the course of the day.
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Interestingly, in leaves of pioneer species, high light exposure caused consider-
ably less decline in F,/F,, than in late-successional species. Recovery in pioneer
species was completed in the late afternoon, reaching F,/F,, morning vales of 0.8,
independent of gap width. In late-successional species, recovery of F,/F,, following
the high-light period tended to be incomplete at sunset. The pool size of
violaxanthin-cycle pigments (based on Chl a+b) and contents of UV-B absorbing
substances (based on leaf area) strongly increased with gap size, but surprisingly did
not differ significantly between the two life forms. Also the contents of Zx and Ax
accumulating under high light depended on gap size and were similar in pioneer and
late-successional species.

The reasons for reduced photoinhibition in pioneer species are not yet fully
clarified, but might partly be explained by structural adjustment of the light-
harvesting complex of PSII. In contrast to late-successional species, pioneer species
reached Chl a/b ratios above 3.0 in wide gaps, and levels of B-carotene (based on Chl
a+b) strongly increased with gap width, whereas levels of a-carotene decreased.
Increased Chl a/b ratios indicate a reduced number of peripheral light-harvesting,
Chl a+b binding complexes (Anderson and Osmond 1987), i.e., decreased ratios of
these complexes to Chl a binding core complexes of PSII. The smaller size of the
light-harvesting antenna system diminishes high-light stress. Higher maximum rates
of CO, assimilation in pioneer species might contribute to reduced photoinhibition.

A special high-light response was observed in the late-successional species
Quararibea asterolepis Pittier (Malvaceae — Bombacoideae). Leaves tilted toward
the stem that reduced light exposure. In low light the original leaf position was
restored. A similar effect had been noticed with the shrub Psychotria limonensis
Krause (Rubiaceae) in a natural gap (Krause and Winter 1996). Leaves wilted upon
exposure to high light and regained turgescence in the shade.

2.3 The Lutein Epoxide Cycle in Tropical Plants

Besides the ubiquitous violaxanthin cycle, the lutein epoxide cycle operates in
certain taxa that are not phylogenetically closely related, as has been documented
in a number of species of tropical and temperate climate. According to a study of
Inga sapindoides Willd. (Fabaceae), the lutein epoxide cycle is located in the
antennae of both PSII and PSI, but the major pool of lutein epoxide (Lx) can be
found in the light-harvesting complexes of PSII (Matsubara et al. 2007). The lutein
epoxide cycle is catalyzed by the enzymes of the violaxanthin cycle, namely,
violaxanthin de-epoxidase and zeaxanthin epoxidase (Matsubara et al. 2001;
Garcia-Plazaola et al. 2007). In contrast to the f,f-carotenoids Zx, Ax, and Vx
with two B-rings at the end of the phytoene chain, the P,e-carotenoid lutein has
only one B-ring that can be epoxidized to Lx. In leaves exhibiting high levels of Lx in
the shade, Lx is de-epoxidized to lutein under high light in parallel with
de-epoxidation of Vx to Ax and Zx. Reconversion of lutein to Lx occurs under
low light or in the dark, but proceeds considerably slower than epoxidation of Zx via
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Ax to Vx in the violaxanthin cycle (Matsubara et al. 2001, 2005; Snyder et al. 2005;
Esteban et al. 2007).

In the neotropical genus Inga, shade leaves of nine tested species possessed large
Lx pool sizes, between 18 and 38 mmol mol ! Chl a+b (Matsubara et al. 2008). Sun
leaves had very low Lx levels. When sun-acclimated seedlings of 1. marginata
Willd. were transferred into deep shade, leaf Lx content gradually increased within
4 days from <5 to >15 mmol mol~! Chl a+b, while the lutein content decreased.
Noticeably, the decrease of lutein was significantly stronger than the increase of
Lx. Apparently, part of the lutein was degraded concomitant with lutein epoxidation.

By analyzing fast Chl a fluorescence induction (Strasser et al. 1995), the function
of Lx in leaves of cultivated I marginata seedlings could be partly clarified
(Matsubara et al. 2008). Shade-acclimated leaves containing ~20 mmol Lx mol !
Chl a+b were exposed briefly to high light that de-epoxidized Lx and Vx by ~50%.
Upon returning to shaded conditions for 1 day, Lx levels remained relatively stable,
while Vx levels were restored by epoxidation of Zx and Ax. Fluorescence induction
was recorded in two epoxidation states: (1) when Lx pool size was high before high-
light exposure and (2) when Lx pool size was reduced by ~50% 1 day later. Levels of
Vx were identical under both conditions. Fluorescence rise in the first phase of
induction (O-J), indicating the reduction kinetics of Q,4, was significantly faster in
leaves with high compared to low Lx content. This result suggests a light-harvesting
function of Lx. F,/F,, ratios did not differ between both states, i.e., at decreased Lx
content, there was no photoinhibition (ql) that would lower the potential efficiency
of PSII. This conclusion was supported by two independent observations:

1. In the state of high Lx content, fast nonphotochemical (ApH-dependent) fluores-
cence quenching, qE, was diminished compared to the state of low Lx content.

2. The light compensation point of net photosynthetic CO, assimilation was lower
in the state of high Lx level.

Apparently increased light-harvesting capacity mediated by Lx is diminishing
thermal dissipation of excitation energy in PSII, thereby promoting CO, assimilation
in limiting light. Thus the presence of Lx might be beneficial for light harvesting
under deep shade. On the other hand, under excessive solar radiation, lutein may
exert an antioxidative function and promote ApH-dependent fluorescence
quenching, qE (see Sect. 2.2.1). Results of a diurnal time-course experiment in
situ with a mature tree of Inga spectabilis (Vahl) Willd. (Fabaceae) were consistent
with observations on cultivated Inga seedlings. Lx pool sizes were high
(~20 mmol mol ! Chl a+b) in shade leaves and low (<5 mmol mol ' Chl a+b) in
sun leaves. Changes in Lx content during the day were negligible in both leaf types,
but in sun leaves violaxanthin-cycle pigments exhibited marked turnover correlated
with changes in F,/F,,,.

Surprisingly, in dark-adapted leaves of V. surinamensis, extraordinarily high Lx
pool sizes (~62 mmol mol~!' Chl a+b) were found both in sun and shade leaves.
Such high levels were never reported before. Similarly, two other Virola species,
V. elongata (Benth.) Warb. and V. sebifera Aubl., exhibited high Lx pool sizes in
both leaf types, as revealed by a broad survey of photosynthetic pigments in leaves
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of 86 neotropical species of various life forms and habitats from 64 families
(Matsubara et al. 2009). In the species Otoba novogranatensis Moldenke
(Myristicaceae), an intermediate Lx content was detected (~10 mmol mol ! Chl a
+b in sun and ~25 mmol mol~' Chl a+b in shade leaves). In potted seedlings of
V. surinamensis grown at four different intensities (100%, 70%, 40%, and 12%) of
natural PAR (Krause et al. 2012), no distinct differences in Lx contents were
observed in samples collected at pre-dawn, but levels of violaxanthin-cycle pig-
ments, lutein, and B-carotene had decreased in response to lowered PAR, whereas
a-carotene levels had increased. Generally, low a/fB-carotene ratios and high levels
of p-carotene were found in sun leaves of tropical plants (Matsubara et al. 2009).
These results are in agreement with the supposed function of Lx in light harvesting
under limiting light and of Zx, Ax, lutein, and p-carotene in photoprotection under
excessive solar radiation.

In contrast to Inga, a diel course of the Lx cycle was discovered in situ in sun
leaves of a mature tree of V. elongata growing in the primary, moist lowland forest of
San Lorenzo National Park close to Colén/Panama (Matsubara et al. 2009). Lx and
Vx were de-epoxidized in parallel, as PAR rose from morning to midday up to
~2,000 pmol m 2 s~'. No clear turnover of Lx and Vx was seen in shade leaves.
Upon dark adaptation of sun leaves, restoration of Lx was slower than that of Vx, but
in the following morning, both pigments were found to be fully restored (Fig. 1).
Diel operation of the Lx cycle was also observed in sun-acclimated cultivated
seedlings of V. surinamensis and Virola multiflora (Standl.) A.C.Sm. (Matsubara
et al. unpublished).

In the survey of 86 species by Matsubara et al. (2009), pool sizes of Lx >10 mmol
mol ' Chl a+b were found in shade leaves or both shade and sun leaves of only
7 species; 12 further species contained 5-10 mmol Lx mol~' Chl a+b in shade
leaves. Similar to Inga, two further Fabaceae species tested, Albizia guachapele
(Kunth) Dugand and Dalbergia monetaria L.f., contained much lower Lx in sun
than in shade leaves. Moreover, the lutein epoxide cycle is operating in Lauraceae, a
family with tropical and subtropical species (Esteban et al. 2007, 2008; Forster et al.
2009), e.g., in the tropical tree Persea americana Mill. (avocado).

So far, only in Virola species the Lx pool size has been found to be extremely
high in both sun and shade leaves, and only in sun leaves of this genus, operation of
the Lx cycle in a diel fashion has been observed. Overall, Lx accumulation in shade
leaves appears to be widespread among tropical plants and is particularly frequent in
certain families such as Fabaceae, Myristicaceae, and Lauraceae. Obviously, Lx
exerts a light-harvesting function under low light, whereas lutein formed by
de-epoxiation of Lx under high light is supposed to participate in photoprotection.
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Fig. 1 Diel changes in 2500
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3 Photoinhibition of Photosystem I

Electrons are transferred from PSII via the electron transport chain to plastocyanin
that donates an electron to cation radical P700*, a Chl a dimer, in the reaction center
complex of photosystem I (PSI). Light is absorbed by PSI preferentially in the long-
wavelength range around 700 nm. From excited P700 an electron is transmitted via
the PSI electron transport system, comprising two Chl a binding proteins,
phylloquinone, and three iron sulfur centers, to the PSI electron acceptor ferredoxin
(Amunts et al. 2007; Kozuleva and Ivanov 2016).

It has been assumed that under high-light stress, PSI is scarcely affected com-
pared to PSII. However, substantial PSI photoinhibition has been observed under
specific stress conditions, e.g., under high light at low (above freezing) temperatures
in leaves of chilling-sensitive and chilling-tolerant plants (Havaux and Davaud
1994; Terashima et al. 1994; Tjus et al. 1998; Barth and Krause 1999; Teicher
et al. 2000). Presumably, when the electron transport system beyond PSI is saturated,
electrons are transferred to molecular oxygen forming superoxide radicals (O, ") that
can be transformed to other reactive oxygen species (ROS) damaging iron sulfur
centers and proteins A and B in PSI (Teicher et al. 2000; Sonoike 2011). Insufficient
turnover rates of ROS (Asada 1999) or generally low antioxidative activities may
lead to PSI damage.

In sun and shade leaves of several tropical species, photoinhibition of PSI was
investigated by Barth et al. (2001). The method of Klughammer and Schreiber
(1994) was applied to record the maximum absorbance change at 810 nm
(AAgi10max) Tepresenting the capacity to oxidize P700 to P700". This method is
supposed to minimize the contribution of plastocyanin to the absorbance change.
In parallel, F,/F,, was recorded to monitor PSII efficiency. Detached shade leaves
(A. excelsum and V. surinamensis) were exposed to 1,800 pmol photons m > s,
and sun leaves of A. excelsum and C. elastica were exposed to 2,000 pmol photons
m 2 s~ ! white light. In agreement with data by Koniger et al. (1995), the shade
leaves had substantially lower levels of violaxanthin-cycle pigments than sun leaves.
Moreover, a smaller proportion of Vx became de-epoxidized to Ax and Zx under
high light (Barth et al. 2001). After 75 min high-light exposure, AAgjomax, 1-€-,
potential PSI activity, was not significantly or only slightly affected in both leaf
types. In contrast, PSII efficiency was strongly reduced compared to controls. F,/F,,
declined by 30-35% in sun leaves and by 65-75% in shade leaves. Similar results
were obtained with shade leaves of Dieffenbachia longispatha Engl. & K.Krause
(Araceae) and Piper carrilloanum C.DC. (Piperaceae), two forest understory
species.

Several mechanisms probably contribute to PSI protection. Photoinhibition of
PSII reduces electron flow to PSI, thereby diminishing electron pressure on PSI and
reducing formation of ROS. Moreover, electron transport from PSII to PSI is known
to be controlled at the cytochrome bef complex (see Tikhonov 2014), regulated by
the high ApH built up under excess light, the latter being mediated by the “proton
gradient regulating 5” protein (pgr5). In the pgr5 mutant of Arabidopsis thaliana (L.)
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Fig. 2 Effects of pre-illumination of leaves with high white light on light saturation of P700
photooxidation. Samples of shade leaves of V. surinamensis were pre-illuminated at 1,800 pmol
photons m~> s~ After dark adaption, absorbance changes at ~810 nm were measured as a function
of increasing far-red fluence rate. The “saturation constant,” Ky, represents the far-red intensity at
which half of the maximum absorbance change, AAgyomax, 1S reached in the steady state. The graph
demonstrates light saturation curves of P700 oxidation and indicates K of untreated controls (V)
and of samples pre-illuminated for 15 (0) and 75 min (¢). Reproduced from Barth et al. (2001) with
permission from John Wiley and Sons

Heynh. (Brassicaceae), PSI was described to be highly susceptible to excess light,
proving that the pgr5 protein is essential for photoprotection of PSI (Munekage et al.
2002; Tiwari et al. 2016; Tikkanen and Grebe 2018; Lima-Melo et al. 2019). Wild-
type A. thaliana grown at 125 pmol photons m~2 s~' and exposed to 1,000 pmol
photons m 2 s~ (Lima-Melo et al. 2019) did not exhibit significant reduction in the
capacity of P700 oxidation (AAgjomax)s 1-€., PSI was highly stable, confirming the
results of Barth et al. (2001) on sun and shade leaves of tropical plants.

Although AAg;omax Was not or only slightly affected in leaf samples pretreated in
high light, saturation curves of P700 oxidation under far-red light (A > 720 nm)
exhibited a conspicuously diminished efficiency of P700 oxidation (Barth et al.
2001). The far-red intensity required to induce 50% of P700 oxidation in the steady
state (i.e., 50% of AAgomax), designated as “saturation constant” (K), was markedly
increased. The extent of increase in K depended on the duration of high-light
pretreatment (Fig. 2) and was much more pronounced in shade than in sun leaves
(Fig. 3). During 75 min under excess light, K increased by more than 40 times in
shade but only about 3 times in sun leaves. A similar but kinetically different effect
has been reported in a study of the alpine species Geum montanum L. (Rosaceae)
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Fig. 3 Effects of pre-illumination of leaves with high white light on the saturation constant, Ky, of

P700 oxidation under far-red light (c.f. Fig. 2). Kj is presented as function of pre-illumination time.
Shade leaves were pre-illuminated with 1,800 and sun leaves with 2,000 pmol photons m?2s;

(a, b) shade and sun leaves of A. excelsum; (c) shade leaves of V. surinamensis; (d) sun leaves of
C. elastica. Means = s.d. from three independent experiments [except for only two experiments at
15-65 min in (b) and at 15 min in (¢)]; s.d. not shown when smaller than symbols. Reproduced from
Barth et al. (2001) with permission from John Wiley and Sons

(Manuel et al. 1999). Upon return to shade conditions, the increase in K was
reversible within hours. Recovery of K; was much slower in shade than in sun leaves
similar to the slower recovery from PSII photoinhibition (diminished F,/F,,) in shade
leaves. However, there was no close correlation between the two parameters (Barth
et al. 2001).

It has been suggested that the increase in K, indicating decreased efficiency of
P700 oxidation, is caused by enhanced charge recombination between P700" and
reduced electron acceptors in the PSI reaction center (Barth et al. 2001). According
to Brettel (1997) and Polm and Brettel (1998), such charge recombination yields
reduced P700 in the ground state, partly via triplet P700 (°*P700). Thereby, excess
energy in PSI is harmlessly dissipated as heat and potentially harmful reduction of
O, to superoxide radicals (O, ) diminished.

After high-light pretreatment of shade and sun leaves with 1,800 and 2,000 pmol
photons m ™2 s™', respectively, the proportion of P700* in the steady state during
subsequent illumination with white light (120 and 1,750 pmol photons m > s~") was
monitored (Barth et al. 2001). The proportion of P700" was larger under high than
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under low light conditions. Particularly when monitored under low light (120 pmol
photons m~2 s~ "), the percentage of P700" increased with duration of preceding
high-light exposure. This accumulation of P700* can be interpreted to result from
control of electron transport from PSII to PSI, as discussed above (see also
Harbinson et al. 1989). P700* may convert excitation energy to heat and thus
contribute to avoid PSI damage.

In PSI, violaxanthin-cycle pigments are present in similar amounts as in PSII and
can be de-epoxidized to Ax and Zx under high light (Thayer and Bjorkman 1992:
Farber et al. 1997). However, thus far a protective effect of the violaxanthin cycle in
PSI has not been confirmed. Cyclic electron transport from PSI to the plastoquinone
pool and back to PSI has been suggested to contribute to PSI protection (Heber and
Walker 1992; Fork and Herbert 1993; Endo et al. 1999; Teicher et al. 2000). Two
pathways of cyclic electron transport have been described: (1) via NADPH using
chloroplastic NAD(P)H dehydrogenase (Teicher and Scheller 1998; Joet et al. 2001)
and (2) via ferredoxin by means of ferredoxin plastoquinone oxidoreductase
(Bendall and Manasse 1995). Electron cycling is supposed to increase the trans-
thylakoid ApH, thereby diminishing electron pressure on PSI (see above). However,
a comparison of PSI photoinhibition (decrease in AAgjomax) between wild-type
plants of the chilling-sensitive species Nicotiana tabacum L. (Solanaceae) and
transformants (AndhCKJ) deficient in functional NAD(P)H dehydrogenase (Barth
and Krause 2002) did not show a difference in PSI sensitivity to high light.
Apparently, electron transport around PSI catalyzed by NAD(P)H dehydrogenase
does not significantly contribute to PSI stability.

In summary, in the sun and shade leaves of tropical plants that have been
examined, the high stability of PSI under excess irradiation may be based on several
factors: (1) thermal dissipation of excitation energy in PSII as indicated by
nonphotochemical fluorescence quenching (qE and ql), possibly promoted by cyclic
electron flow around PSI via ferredoxin and plastoquinone, which diminishes
electron flow to PSI and leads to accumulation of P700%; (2) control of linear
electron transport by a high trans-thylakoid proton gradient (ApH) and the pgr5
protein; and (3) enhanced charge recombination within PSI as indicated by decrease
in the efficiency of P700 oxidation under far-red light.

It should be noted that solar UV-B radiation may affect PSI (Krause et al. 2003a),
as reviewed below.

4 Responses of Leaves to High Solar Ultraviolet Radiation

4.1 Damage by Ultraviolet Light

Although ambient UV-B radiation exerts a number of beneficial functions in plants,
e.g., defense against herbivores by accumulation of UV-absorbing substances, it
may cause damage when protection by UV-screening and antioxidative systems is
insufficient (see Bornman et al. 2019). Because of the small solar zenith angle in the
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tropics, plants encounter increased UV radiation even in the lowlands that may
adversely affect photosynthesis (Ziska 1996). From an assessment of global strato-
spheric O levels between 1964 and 2000, there is no evidence of O3 decline over the
tropical belt between 25°N and 25°S that would increase impact of UV radiation on
plants (Fioletov et al. 2002). Currently it is not expected that solar UV-B
(280-315 nm) and UV-A (315-400 nm) at the earth’s surface will increase as a
consequence of climate change. However, effects of UV radiation on plants may be
altered in combination with various climate change factors. For instance, more
frequently occurring extreme weather events (see Introduction) such as prolonged
hot drought periods with reduced cloud cover may increase the impact of both UV
and visible radiation on tropical plants. Most studies on effects of UV radiation on
plants have been carried out using artificial supplementary UV light, often much
above ambient levels, whereas investigations on plants exposed to ambient UV light
are relatively scarce (see Bornman et al. 2019).

Seedlings developing in the forest understory may become exposed to high solar
UV and visible radiation in sun-flecks (Watling et al. 1997) or upon formation of
gaps. To simulate such situations, shade-grown tree seedlings and, for comparison,
detached sun leaves of mature trees were exposed for brief periods (10-75 min) to
direct sunlight (Krause et al. 1999). During light exposure, whole plants or detached
leaves were shielded by plastic filters transmitting most of the visible light but either
excluding (“Mylar”) or transmitting (“Aclar”) UV-B radiation. In addition, cutoff
glass filters transmitting ~90% of visible light and absorbing either most UV-B or
both UV-B and UV-A radiation were placed above central areas (25 cm?) of leaf
blades. Shade-grown seedlings of A. excelsum and V. surinamensis were tested.
A. excelsum is a pioneer tree characteristic to secondary forests, but seedlings require
shade conditions for early development. Seedlings of V. surinamensis, a widespread
late-successional tree species, are also shade tolerant. In both cases, exposure to full
sunlight including natural UV-B caused a very strong decline in F,/F,, (from ~0.8 to
~0.2) that was markedly less rapid when UV-B was absent, demonstrating that
UV-B substantially contributed to PSII photoinhibition. Additional experiments
with A. excelsum by using cutoff filters proved that UV-A, besides visible light
and UV-B, caused part of the F,/F,, decline observed under full sunlight. Upon
returning the seedling to shade conditions, the recovery from PSII photoinhibition,
examined in shade-grown leaves of V. surinamensis, was extremely slow, requiring
about 2 weeks to reach F,/F,, ratios close to control values (Fig. 4). Obviously,
severe protein damage in PSII occurs when shade-acclimated leaves are suddenly
exposed to direct sunlight. According to Aro et al. (1993a,b), shade leaves are
incapable of fast D1 protein degradation and de novo biosynthesis. Besides D1
protein inactivation, the D2 protein in PSII might be damaged, as suggested by
studies that applied artificial UV-B (Friso et al. 1994; Jansen et al. 1998).

In detached sun leaves, enhancement of PSII photoinhibition by solar UV-B and
UV-A was observed in a number of tests, but the response to UV radiation varied or
was even absent (Krause et al. 1999). Possibly, variable sensitivity to UV stress
depended on differences in the acclimation state of individual leaves. Full recovery
in the shade occurred within about 1 h, indicating that the F,/F,, decline in sun leaves
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Fig. 4 Photoinhibition and following recovery in mature leaves of shade-grown V. surinamensis
seedlings (age 7-8 months) recorded upon exposure to full sunlight in the presence (®) and absence
(o) of ambient UV-B. Plants were sun-exposed for 1 h on days 1 and 14, respectively (doses of PAR
noted in the graph). Subsequently, plants were transferred back to shade conditions. F,/F,,
indicating potential efficiency of PSII, was determined before sunrise or, following sun exposure,
after 10 min dark adaptation. Means =+ s.e. of three leaves from three different seedlings.
Reproduced from Krause et al. (1999) with permission (www.plantphysiol.org). Copyright Amer-
ican Society of Plant Biologists

caused both by visible and UV radiation was largely related to formation of Zx in the
violaxanthin cycle.

Further studies on shade-grown tree seedlings revealed effects of solar UV-B
radiation on PSI and photosynthetic CO, assimilation (Krause et al. 2003a). Expo-
sure of seedlings to full sunlight did not affect the capacity of P700 photooxidation
(Aasg10max)» as had been observed by exposure to high artificial white light (see Sect.
3, Barth et al. 2001). This high stability of PSI is remarkable in view of the strong
effect of full sunlight on PSII in shade leaves (see Fig. 4). However, the decrease in
efficiency of P700 oxidation (determined by means of Aag;p) was much more
pronounced upon sun exposure in the presence than in the absence of ambient
UV-B radiation, indicating a strong effect of UV-B on PSI. It has been hypothesized
that the decreased efficiency of P700 oxidation might be caused by charge recom-
bination between P700*and reduced electron acceptors of P700 (see Sect. 3).
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Full solar radiation including UV-B inhibited net CO, assimilation in shade
leaves of A. excelsum more strongly than full sun exposure in the absence of
UV-B. Similar results, although less pronounced, were obtained with shade leaves
of V. surinamensis and C. longifolium (Krause et al. 2003a). Gas exchange analysis
after sunlight exposure did not show increased stomatal control of CO, uptake.
There was no direct relationship between decline in F,/F,, and inhibition of CO,
assimilation both under full sunlight and in absence of most UV-B. Probably,
damage of enzymes and inhibition of light activation of the carbon reduction cycle
are involved in the inhibition of CO, assimilation. Inactivation of ribulose-1,5-
bisphospate carboxylase/oxygenase (Rubisco) in Brassica napus L. (Brassicaceae)
by high supplementary UV-B has been reported by Allen et al. (1997). Noticeably,
de-epoxidation of Vx to Zx and Ax in the violaxanthin cycle was not affected by
ambient UV-B radiation (Krause et al. 1999).

4.2 Acclimation

Effective protection of leaves from solar UV radiation is achieved by vacuolar,
mostly epidermal phenolic compounds such as flavonoids and derivatives of
hydroxycinnamic acid (Reuber et al. 1993, 1996; Burchard et al. 2000; Kolb et al.
2001; Markstédter et al. 2001). In studies on acclimation of tropical plants to ambient
light conditions reviewed below, absorbance of ethanolic-aqueous leaf extracts in
the UV spectral region served as a relative measure of UV screening.

In numerous species from two lowland forests and one montane cloud forest
(~1,000 m above sea level), the degree of acclimation to UV and visible solar
radiation was investigated (Krause et al. 2003b). Canopy sun leaves of large trees
were compared with shade leaves of tree crowns and leaves of plants in the forest
understory. Sun leaves of one mangrove species, Laguncularia racemosa (L.) C.F.
Gaertn. (Combretaceae), were included in the study. PAR around midday under
clear sky was about 2,000-2,300, 200—400, and 20-30 pmol photons m > s~ for
canopy sun leaves, for shade leaves of tree crowns, and for leaves in the understory,
respectively. UV-A shielding at 375 nm of the adaxial and abaxial leaf epidermis
was recorded in situ with a UV-A PAM Chlorophyll Fluorometer (Kolb et al. 2001;
see Barnes et al. 2015). In part of the species studied, composition of chloroplast
pigments and UV-A absorbance at 375 nm and UV-B absorbance at 305 nm in leaf
extracts were analyzed.

Very high UV-A shielding (estimated at >90%) by the adaxial epidermis was
observed in sun leaves of most species tested. UV-A shielding of the abaxial
epidermis was lower but varied widely. Generally, in shade leaves of tree crowns
and more so in leaves from the understory, epidermal UV-A screening was markedly
lower than in sun leaves. Similar differences between the three leaf types were seen
in UV-B and UV-A absorbance of leaf extracts at 305 and 375 nm, respectively. In
simulated treefall gaps (see Sect. 2.2.2, Krause et al. 2001), UV-B absorbance of leaf
extracts indicated significantly strengthened UV-B protection of plants growing in
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wide compared to small gaps, i.e., leaves responded to longer daily high-light
periods with increased production of UV-shielding substances.

Composition of chloroplast pigments (Krause et al. 2003b) was similar to known
differences between sun and shade leaves (see Demmig-Adams 1998). Mean Chl a/b
ratios were highest (>3.0) in sun leaves, lower in shade leaves of tree crowns, and
even lower in the understory, indicating a reduced number of light-harvesting Chl a
+b binding antenna complexes in sun leaves (see Sect. 2.2.2). Contents of
violaxanthin-cycle pigments and [-carotene were highest and contents of
a-carotene lowest in sun leaves. Extremely high p-carotene and low a-carotene
levels were found in sun leaves of the mangrove L. racemosa. Further studies are
needed to evaluate whether this is related to salt stress.

In conclusion, the data indicate with regard to protection against UV and visible
solar radiation that leaves are generally well adapted to cope with their respective
environment. In plants acclimated to a shaded environment, protection is however
weak, and sudden strong increase of solar radiation, especially of UV light, may
cause severe damage (see Sect. 4.1).

Long-term acclimation of shade-grown tree seedlings (two pioneer and two late-
successional species) to full solar radiation was investigated by daily transfer to high
sunlight for defined, stepwise prolonged periods (Krause et al. 2004). After either
7 weeks or 3 months of daily sun exposure, absorbance of leaf extracts indicated a
substantial increase in UV-B shielding, although the in situ levels of canopy sun
leaves were not reached. In parallel, general acclimatory responses regarding chlo-
roplast pigments of shade-grown seedlings exposed to full sunlight were observed.
Furthermore, the content of the antioxidant ascorbate (and the sum of ascorbate and
dehydroascorbate) was increased. Formation of Zx and Ax under high light was
enhanced, photoinhibition of PSII strongly reduced, and the recovery period under
low light shortened. Maximum rates of net CO, assimilation were significantly
increased upon exposure to high sunlight, but reached only about half the rates of
canopy sun leaves. Certain acclimatory changes in shade-grown plants of several
tropical species by high-light exposure have also been reported by Demmig-Adams
et al. (1989), Mulkey and Pearcy (1992), and Lovelock et al. (1994). Taken together,
the experimental data show that shade-grown pioneer and late-successional species
can acclimate to some extent to high sunlight including UV radiation when light flux
strongly increases, as happens, e.g., upon treefall gap formation. This allows stabi-
lization and adjustment of photosynthetic activities to changed light conditions until
fully sun-acclimated leaves develop.

To single out the role of UV-absorbing compounds in acclimation and protection
of leaves under ambient solar radiation, seedlings of the late-successional species
T. panamensis and C. longifolium were grown for 3—4 months at an open site under
plastic films that either absorb or transmit most UV-B radiation (Krause et al. 2007).
Under strongly reduced UV-B, absorbance of leaf extracts at 305 nm, tested in
T. panamensis, was close to that of species developed in deep shade of the forest
understory (see above). Similar results were obtained by Searles et al. (1995) in a
study on several tropical species. Interestingly, exclusion of most UV-B strongly
reduced also absorbance of UV-A at 360 and 375 nm. Otherwise, leaves grown
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under reduced UV-B were indistinguishable from leaves grown under near-ambient
UV-B regarding carotenoid and Chl a+b contents and Chl a/b ratios. Moreover,
there were no significant differences in maximum net CO, assimilation, total dry
mass, and other growth parameters between the two sets of seedlings (Krause et al.
2007). This indicates that under full solar radiation seedlings were perfectly
protected against adverse effects of UV-B and under reduced UV-B were fully
acclimated to excessive visible light. It should be noted that these results may not
apply to plant species in general. Inhibition of dry mass accumulation by solar UV-B
has been observed in several studies. For instance, Liu et al. (2005) tested four
tropical Acacia (Fabaceae) and two Eucalyptus (Myrtaceae) species and reported
reduction in biomass formation under solar UV-B in several but not all of them.

When growth conditions of seedlings were altered from strongly reduced to near-
ambient UV-B, enhanced photoinhibition of PSII (decline in F,/F,,) around midday
and, independently, strong inhibition of maximum net CO, assimilation occurred on
the first day of exposure. The inhibitory effect on PSII vanished within 1-3 days, but
recovery of CO, assimilation required about 1 week in C. longifolium and was still
incomplete after 1 week in 7. panamensis. During this period, UV-B absorbance at
305 nm had increased in T. panamensis to 73.5% of the level in plants grown under
near-ambient UV-B. In addition, there was a substantial increase in UV-A absor-
bance at 360 and 375 nm (Krause et al. 2007).

The study shows that leaves grown in the absence of most solar UV-B but
acclimated to high visible light are strongly UV-B sensitive, as is obvious from
inhibition of potential PSII efficiency and CO, assimilation occurring upon transfer
to solar radiation that includes natural UV-B. However, these leaves are capable of
repairing damage and acclimating to high UV exposure by synthesis of
UV-absorbing compounds.

5 Heat Tolerance

5.1 Sun Leaves

In early studies, the temperature limit of heat tolerance of plants was determined by
means of visible tissue damage observed after heat treatments. Sachs (1864) already
documented thermal limits of 50-51°C, similar to many later investigations.
Schreiber and Berry (1977) introduced the first method to determine heat tolerance
of plant leaves by using Chl a fluorescence recording. The critical temperature
causing onset of F increase, T.(Fy), during continuous heating of leaves (1°C min !
temperature increase) served as indicator of heat damage. More recently, pulse-
amplitude modulated recording of Chl a fluorescence (Schreiber et al. 1986; see
Sect. 2.1) provided a convenient tool to determine heat tolerance. Electron transport
driven by PSII is known to be a highly heat-sensitive process (Krause and Santarius
1975; Smillie and Nott 1979; Berry and Bjorkman 1980; Havaux et al. 1991). The
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heat-induced F increase results from damage to PSII and appears to be a complex
process leading to accumulation of Q4 (see Koufil et al. 2004; Ducruet et al. 2007).

By using the method of Schreiber and Berry (1977), heat tolerance might be
underestimated, particularly since recovery from heat stress is not considered.
Nonetheless, this method has been shown to be suitable for comparative screening
of heat tolerance of a large number of species from different biomes. O’Sullivan
et al. (2017) documented T.(F,) values between 41.5°C and 50.8°C in 218 species
from the Arctic in Alaska to the lowland rain forest in the Amazon basin. Alterna-
tively, heat treatments at a series of fixed temperatures followed by a recovery period
may provide more reliable data of heat tolerance. Correlation between T.(F,) and
50% necrotic leaf damage after 30 min heat treatment followed by long-term storage
of leaves was reported by Bilger et al. (1984). Many later studies used the decline in
F,/F,, upon heat treatment to document heat damage, e.g., in heat tolerance tests on
Australian rain forest trees by Cunningham and Read (2006).

In an investigation on sun leaves of the pioneer tree F. insipida and the late-
successional tree V. sebifera, the methods using F|y increase and decline of F,/F,, as
indicators of heat damage were reassessed (Krause et al. 2010). The results of heat
treatment (15 min) of leaf sections in a water bath at controlled temperatures showed
that the decline of F,/F,, by 50%, Tso(F,/F,,), recorded after 24 h storage of leaf
sections under low light, is a more suitable parameter than 7.(F,). Heat tests have
been performed during the rainy season (December), early dry season (January), and
late dry season (March). Results did not significantly differ between seasons. Means
of both T.(Fy) and Ts((F,/F,,) were ~2°C higher after 24 h compared to 15 min of
storage, indicating significant recovery. In canopy sun leaves of F. insipida, the
mean value (£ s.d.) after 24 h recovery of Ts5o(F,/F,,) reached 52.1 £ 0.6°C and of
T.(Fo) 49.5 £ 0.5°C. In accordance with Tso(F\,/F,,) recorded after 24 h, mean
visible necrotic tissue damage after 11 days of storage of leaf sections under low
light was ~52.8% of leaf area. No tissue damage was observed after heating at
51.3°C, but total damage occurred at 53.3°C.

The above results obtained with leaf sections were confirmed by experiments
with whole plants. Potted seedlings of F. insipida, roots and stem bases insulated,
were heat-treated at controlled leaf temperatures for 15 min in an incubator (Krause
et al. 2010). After a recovery period of 24 h, Tsy(F,/F,,) values were around 52.0°C,
in accordance with strong leaf damage seen after 8 days of further culture. Almost
total leaf damage occurred upon heating to 52.8°C, but the plants survived and grew
new leaves during the following 2 weeks.

Recording of leaf temperatures on fully sun-exposed leaves of F. insipida at a
wind-shielded side of the canopy (ambient maximum temperature 33.7°C) showed
mostly values of 40—42°C but occasionally top temperatures of 46—48°C (see also
Slot et al. 2016), indicating that under extreme light exposure, canopy leaves operate
close to their limit of heat tolerance.

To test whether sun leaves are capable of acclimating to increased air tempera-
tures, potted seedlings of F. insipida and the late-successional species
V. surinamensis were grown outdoors either under ambient conditions or under
Aclar cover at day temperatures elevated by 10-15°C (Krause et al. 2010). Heat tests
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on both species did reveal only marginal, but not significant, increases in Tso(F,/F,,)
upon growth at elevated compared to ambient day temperatures.

In further experiments it was investigated whether increased day and night
temperatures would promote heat resistance. F. insipida seedlings were cultivated
in controlled-environment chambers with 12 h light/12 h dark periods at light/dark
temperatures either at 39/32°C or 39/22°C (Krause et al. 2013). The latter night
temperature (22°C) was chosen to be close to natural conditions. Heat tests showed
after 24 h recovery periods T5o(F,/F,,) values of ~51.5°C and ~51.0°C, respectively,
close to values obtained with canopy sun leaves. The difference in Tso(F,/F,,)
between seedlings grown under high and low night temperature was not significant.
Also the high day temperature (39°C) did not raise the heat tolerance limit.

Obviously, the two neotropical species tested possess a very low capacity for
raising heat tolerance of leaves in response to increased day or night temperatures.
This is in clear contrast to species adapted to climates with strong seasonal and diel
temperature changes. Significant heat acclimation potentials of temperate rain forest
trees but limited heat acclimation of several tree species of the tropical rain forest in
Australia have been described by Cunningham and Read (2006). Leaves of tropical
trees in a seasonally dry forest in India exhibited markedly increased limits of heat
tolerance in the hot-dry season compared to the cool-wet monsoon season (Sastry
and Barua 2017). Experiments by Drake et al. (2018) in New South Wales/Australia
showed heat tolerance was increased during a simulated heatwave in leaves of
Eucalyptus parramattensis E.C. Hall (Myrtaceae). In desert (Downton et al. 1984)
and alpine (Braun et al. 2002) species, considerable capacities of heat acclimation
have been documented. Apparently lowland species in the humid tropics lack heat
acclimation because of the relatively constant seasonal temperature conditions. This
hypothesis requires further investigation.

A noticeable result of the climate-chamber experiment discussed above was that
the seedlings grown at the high night temperature (32°C) exhibited a drastically
increased growth rate compared to growth at a night temperature of 22°C. After
39 days of culture, total biomass of seedlings was more than three times higher upon
growth at high than at low night temperature. In addition, light-saturated net CO,
assimilation was enhanced and the increase in dark respiration with rising temper-
ature was reduced in plants grown at the night temperature of 32°C (Krause et al.
2013). This means the high nighttime temperature caused thermal acclimation of
important physiological processes, while the limit of heat tolerance remained essen-
tially unchanged. Increased biomass accumulation and acclimation of CO, fixation
and respiration at moderately elevated day and night temperatures was also observed
in seedlings of a variety of neotropical trees, although acclimation potential varied
between species (Cheesman and Winter 2013a, b). These results are in contrast to
reports that in the tropics thermal acclimation of photosynthesis is limited due to low
seasonal and day-to-day temperature variation (Cunningham and Read 2003) and
that increased night temperature inhibits tree growth in a neotropical forest (Clark
et al. 2010). Nonetheless, nighttime warming has been shown to enhance growth of
N. tabacum (Camus and Went 1952) and Gossypium hirsutum L. (Malvaceae)
(Koniger and Winter 1993). Slot et al. (2014) reported that dark respiration is
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downregulated by increased night temperatures in canopy sun leaves of tropical tree
and liana species in situ. However, moderate nighttime warming did not increase
biomass accumulation of saplings of the tropical pioneer tree Ochroma pyramidale
(Cav. ex Lam.) Urb. (Malvaceae) (Slot and Winter 2018). The reasons for these
contrasting observations still need clarification.

Under ambient conditions, leaves are usually subjected to heat stress under
excessive solar radiation combined with high air temperature. However, heat toler-
ance tests have been mainly performed on leaf sections, intact leaves, or whole
seedlings kept in the dark or low light. In a study on canopy sun leaves of two
tropical tree species, F. insipida and C. longifolium, leaf disks were kept during heat
treatment under white light (500 pmol photons m ™2 s~ ') and for comparison in the
dark (Krause et al. 2015). Chl a fluorescence was recorded 24 and 48 h after heat
treatment to allow for long-term recovery of possible heat-enhanced photoinhibition
of PSIL. It has been shown that under excessive light, high leaf temperature promotes
photoinhibition of photosynthesis (Gamon and Pearcy 1990; Dongsansuk et al.
2013). On the other hand, high light activates antioxidative processes, e.g., by
formation of Zx in the violaxanthin cycle (see Sect. 2.2). Therefore, it was not
possible to predict how light would interact with heat tolerance of tropical plants.

The results by Krause et al. (2015) revealed a significantly higher temperature
limit of heat tolerance when heat treatment was performed under light as compared
to heating in the dark. The F,/F,, decline in leaf disks of F. insipida (Fig. 5) shows
the protective effect of light more clearly after 48 h than 24 h recovery periods.
Values of Tso(F,/F,,) were at ~52.5°C upon heating in the dark and at ~53.5°C under
high light. Such increase in the heat tolerance limit by 1°C appears to be small at first
sight but in view of climate change might be crucial for survival of leaves during
extreme heat periods. In addition to F,/F,, the rise in F, and decline in F,, also
indicated significant heat protection by light. Moreover, visible tissue damage in the
critical temperature range was markedly reduced when leaf sections were illumi-
nated during temperature treatments. Protection by light against heat damage was
confirmed with leaf disks of C. longifolium and with intact attached seedling leaves
of both species. It should be noticed that photosynthetic carbon metabolism
responded more sensitively to heat stress than PSII (Krause et al. 2015). At stepwise
increasing temperatures of intact attached seedling leaves, net CO, assimilation
started to decline at ~38°C in F. insipida and at ~35°C in C. longifolium (cf Slot
et al. 2016). The upper temperature compensation points of net CO, exchange were
significantly below T'so(F,/F,,).

Light-stimulated heat tolerance has been also described for leaves of species
adapted to hot, dry climate (Schreiber and Berry 1977) and alpine plants (Buchner
et al. 2015). The exact mechanism of the protective action of light is still unknown.
Sun leaves of tropical plants possess high pool sizes of violaxanthin-cycle pigments.
Under excessive light, there is a fast conversion of most Vx to Zx (see Sect. 2.2). As
a hypothesis, the high level of Zx present in the photosynthetic pigment systems
may, in addition to dissipation of excessively absorbed light energy, exert protection
against oxidative heat-induced PSII inactivation and indirectly against general tissue
damage.
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Fig. 5 Response of F,/F,, to 15 min heat exposure of leaf disks of F. insipida canopy sun leaves at
leaf temperatures between 45 and 54°C. Heat treatment was done in the dark (@) and under
500 pmol m~2 s~ white light (o). F\/F,, recording was done (a) 24 h and (b) 48 h after heat
treatment. Means =+ s.d. from six different leaves (error bars shown when larger than symbols);
significant differences between data from treatments in dark and light are indicated: **, P < 0.01; *,
P < 0.05. Reproduced from Krause et al. (2015) with permission from CSIRO Publishing

5.2 Shade Leaves

Heat tolerance has been studied predominantly in sun leaves. However, in forests,
the great majority of leaves is more or less shaded, as is obvious from a global leaf
area index (LAI), i.e., the projected leaf area per unit ground area, of 5 m* m >
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(Asner et al. 2003). In tropical forests, the LAI tends to be larger (6.0 m? m~>) than in
the global average (Clark et al. 2008). This means there are about four or five times
more partly or fully shaded leaves than outer-canopy sun leaves. Thus, despite lower
rates of CO, assimilation, shade leaves contribute significantly to total carbon gain.
Shade leaves usually experience lower maximum temperatures than sun leaves
(Rey-Séanchez et al. 2016). Therefore, it could be expected that plants downregulate
heat tolerance of shade leaves, thereby saving metabolic costs of maintaining high
heat resistance (Wahid et al. 2007).

To test this hypothesis, the temperature limit of heat tolerance, Tso(F,/F,,), in
shade and sun leaves was compared in a study by Slot et al. (2019). Tests were
performed on three tropical tree species, Calophyllum inophyllum
L. (Calophyllaceae), a high-light-demanding, slow-growing species native to
Asian and Pacific coastal and lowland forests; I. spectabilis, a medium-sized Central
American species (belonging to the group of species possessing lutein epoxide cycle
activity; see Sect. 2.3); and O. macrocalyx, a late-successional neotropical species.
Shade and sun leaves were characterized by recording CO, exchange in situ and by
their specific leaf area (SLA). Rates of net photosynthetic CO, uptake at optimum
temperature (Aop) were more than 50% lower in shade compared to sun leaves. The
high-temperature CO, compensation points were markedly lower than Tso(F,/F,,) in
both shade and sun leaves (see also Hernandez et al. 2020).

Heat treatment was performed with leaf disks in the dark, but not in the light, to
avoid photoinhibition which could be particularly severe in shade leaves. Chl
a fluorescence was recorded after 48 h recovery periods. The results revealed
significant but relatively small differences in heat tolerance between shade and sun
leaves in C. inophyllum and I spectabilis (Fig. 6). The value of Tso(F,/F,,) was
~1.4°C lower in shade than sun leaves of C. inophyllum, but only ~0.7°C lower in
L. spectabilis, whereas no difference at all was detected in the F,/F,, decline of
0. macrocalyx. Noticeably, Tso(F,/F,,) in shade leaves of O. macrocalyx was not
higher than in the two other species, but Tsq(F,/F,,) was lower in sun leaves. This
might be related to the distinct shade tolerance of this species. Among seedlings of
four late-successional species, only in O. macrocalyx growth was inhibited under
full sunlight compared to partial shading (Krause et al. 2012; see Sect. 2.2).
Moreover, leaves of O. macrocalyx had the lowest content of the antioxidant
tocopherol.

Overall, in the three species studied, differences in the temperature limit of heat
tolerance between shade and sun leaves were small or absent. These results are in
accordance with the general notion of a low capacity of heat acclimation in species
adapted to the low seasonal temperature changes in the humid tropics. The relatively
high heat tolerance of shade leaves could be advantageous when leaf temperatures
suddenly rise during sun-flecks or upon opening of canopy gaps.
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Fig. 6 Heat tolerance of shade (®) and sun leaves (0) as shown by the response of F,/F,, to 15 min
heat treatment of leaf disks at leaf temperatures given in the graph. Tested tree species were (a)
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bars shown when larger than symbols); significant differences of F\/F,, between shade and sun
leaves are indicated: **, P < 0.01; *, P < 0.05. Redrawn from Krause et al. (2015). Copyright
Springer International Publishing AG
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5.3 Sun Leaves of Plants with Crassulacean Acid Metabolism

In early studies, heat tolerance of plants exhibiting crassulacean acid metabolism
(CAM) has been described to be related to vacuolar acid contents, predominantly of
malic acid (Schwemmle and Lange 1959; Losch and Kappen 1983; Lehrum et al.
1987). For instance, in greenhouse-grown Aeonium (Crassulaceae) species (Losch
and Kappen 1983), extremely low heat tolerance limits were observed at the end of
the dark period, when acid accumulation was highest. Tissue damage was initiated
already at 39°C, but during the course of acid turnover in the light period, the limit of
heat tolerance increased substantially. Similar heat tolerance dependence on acid
contents has been reported by Chaves et al. (2015) in Aechmea blanchetiana (Baker)
L.B.Sm. (Bromeliaceae), a tropical CAM species. These findings have been gener-
ally interpreted as a result of heat-induced acid release from the vacuoles to the
cytoplasm, causing cell damage.

In the above studies, heat treatment was performed with darkened leaf materials
collected at various times of the day-night CAM cycle. Since in the natural envi-
ronment, extreme leaf temperatures result from excessively absorbed light energy,
heat tolerance of CAM plants was investigated by heat treatment in light compared
to darkness (Krause et al. 2016). Three species were studied: Clusia rosea Jacq.,
Clusia pratensis Seem. (Clusiaceae), and Agave angustifolia Haw. (Asparagaceae).
C. rosea and A. angustifolia are constitutive CAM species, whereas C. pratensis is a
facultative CAM species (Popp et al. 1987; Winter et al. 2008, 2014; Winter and
Holtum 2014). The two Clusia species are native to humid, seasonably dry neotrop-
ical forests. A. angustifolia grows in relatively dry areas of Central America and
Mexico.

Heat tolerance was determined in the rainy and dry seasons. For heat treatments,
leaves were harvested in the morning (07:00 h), when acids had accumulated
overnight, and in the afternoon (16:00 h) when acid content was low. After heat
exposure, extended periods of storage under dim light were required for complete
recovery. For morning leaves, heat tolerance limits, Tsq(F,/F,,), showed extreme
differences between dark and light heat treatment. For instance, in C. rosea during
the rainy season, Tso(F,/F,,) was ~40°C in the dark and ~51°C in the light. A similar
difference was found for morning samples during the following dry season. In
contrast, upon harvest in the afternoon, heat tolerance was not different between
dark and light treatment; Tso(F,/F,,) was ~54°C in both seasons.

In C. pratensis, operating in C; mode during the late rainy season (November),
leaves harvested in the morning did not exhibit a significantly different heat toler-
ance upon heating in dark or light; Tsq(F\/F,,) was ~52°C, close to values typically
observed in sun leaves of C; plants (see Sect. 5.1). However, in the dry season
(February/March), when CAM was active in C. pratensis, similar temperature limits
of heat tolerance were found as for C. rosea, i.e., in the morning there was a high
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Fig. 7 Heat tolerance of the CAM plant A. angustifolia tested during dry season. Plants were
grown for 2-3 years under ambient conditions. Mean maximum day temperature during ~6 weeks
before heat tests was ~33°C. Sections of fully developed leaves were tested; (a, b) response of F,/
F,, to 20 min heat treatments in the dark (®) and under 500 pmol m 2 s~ ! white light (o). Leaves
harvested either in the highly acidified state at 7:00 h (a) or in the de-acidified state at 16:00 h (b).
Tests performed in the acidified state show highly significant differences between treatments in dark
and light (**, P < 0.01), i.e., very low heat tolerance when tested in the dark (a) in contrast to tests
performed in the de-acidified state (b). In this state, T50(F,/F,,) was ~54°C, without significant
difference between tests in dark and light. Upon acclimation for 6 weeks to elevated temperatures
(mean maximum day temperature ~44°C), tests performed in dark and light in the de-acidified state
(leaf harvest at 16:00 h) showed an increase of Tso(F,/F,,) to ~57°C (c¢). A similarly high heat
tolerance was apparent from the rise of initial fluorescence, F, (d). Note different scales of heating
temperature. Means =+ s.d. of six leaf sections from different leaves (error bars shown when larger
than symbols). Reproduced from Krause et al. (2016) with permission from CSIRO Publishing

difference between dark and light treatments, but no significant difference in the
afternoon with Tso(F,/F,,) at 50-51°C.

Experiments with A. angustifolia confirmed the results obtained with the two
Clusia species (Fig. 7). As shown by the decline of F,/F,,, leaves harvested in the
morning during the dry season were extremely heat sensitive when heated in the
dark. The high heat sensitivity was largely abolished when heating occurred under
light (Fig. 7a). The leaves were particularly heat stable, without differences between
heating in dark and light in the afternoon, when acid content was very low (Fig. 7b).
In contrast to tropical C; species (see Sect. 5.1), A. angustifolia exhibited a marked
potential of heat acclimation. Upon culture of plants for 6 weeks under elevated day
temperatures (maxima ~11°C above ambient), Tso(F,/F,,) rose from ~54°C to
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~57°C, tested in the afternoon in light and dark during the dry season (Fig. 7c). The
high heat tolerance was also evident from the F increase (Fig. 7d). However, the
tolerance limits at 62 £ 2.1°C previously reported for 15 heat-acclimated species of
Agave adapted to desert climate (Nobel 1988) were not reached.

Tissue damage visible by brownish coloration corresponded to the above fluo-
rescence results in the three species tested. From light-brown-colored leaf tissue of
C. rosea, ethanolic pigment extracts exhibited the Q-band of the pheophytin
a absorbance spectrum. The presence of pheophytin in the absence of Chl in the
extracts was proven by reaction with Cu”* solution, forming the acid-stable
Cu-pheophytin @ complex with the Q-band shifted to shorter wavelength (cf White
et al. 1977; Gerola et al. 2011).

In summary, the data of the study by Krause et al. (2016) clearly show that acids
accumulated overnight are released from the vacuoles under heat stress. In the dark,
the acids penetrate the chloroplast envelope and transform the acid-labile Chl to the
brownish-colored pheophytin by exchange of Mg?* against 2H* in the porphyrin
ring, depending on the degree of acidification of the chloroplast stroma. A
“demetalation pH” of 3.5 for Chl a in ethanolic solution was determined by Gerola
et al. (2011). Evidently during heat stress under light, released malic acid is rapidly
turned over in the CAM cycle, thereby protecting the leaves against heat damage of
the photosynthetic system. It should be noted that protection by light might not be
perfect, since values of Tsy(F,/F,,) determined under high light were slightly lower
in the morning, at high acid levels, than at largely depleted acid pools in the late
afternoon.

The investigation confirms suggestions in earlier studies that heat stress induces
release of vacuolar acids. Clearly, in CAM plants containing high acid levels, heat
tests performed in the dark strongly underestimate intrinsic heat tolerance. On the
other hand, such experiments may provide useful information on mechanism of
malic acid storage in vacuoles, efflux to the cytosol, and related physiological
processes (cf Liittge and Smith 1984; Smith et al. 1996; Cernusak et al. 2008).

6 Conclusion

The reviewed studies reveal the complexities of PSII protection in leaves of tropical
plants against potential damage by high solar visible and UV radiation. A major
factor of leaf acclimation to full sunlight is the violaxanthin cycle. Compared to
shade leaves, sun leaves exhibit higher contents of violaxanthin-cycle pigments and
under excess light increased de-epoxidation of Vx to Zx. Additionally, in a number
of species, the lutein epoxide cycle takes part in photoprotection. In most cases, as in
the investigated species of Inga (Fabaceae), Lx was found predominantly in shade
leaves, where it possibly promotes light harvesting. Upon high-light exposure, Lx
was rapidly de-epoxidized to lutein, probably exerting a protective function; resto-
ration of Lx required several days in the shade. Noteworthy is the discovery of very
high levels of Lx in shade and sun leaves and the operation of the lutein epoxide
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cycle on a diel basis in sun leaves of Virola species (Myristicaceae). Various
antioxidative systems contribute to acclimation under excess solar radiation, e.g.,
accumulation of a-tocopherol and ascorbate, as well as alterations of carotenoid
composition in the light-harvesting systems, such as increases in the p/a-carotene
ratio. Protection against UV radiation is predominantly achieved by the accumula-
tion of UV-absorbing compounds in the vacuoles of leaf epidermal cells.

Remarkable stability of PSI under full solar radiation was observed in sun leaves
and particularly in shade leaves upon full light exposure, while PSII efficiency was
strongly reduced. The capacity of P700 oxidation (recorded by absorbance changes
at ~820 nm) was not or only marginally affected by exposure to high sunlight both in
the presence and absence of solar UV-B. However, a specific photoinhibitory
response of PSI was discovered, i.e., a decrease in efficiency of P700 oxidation,
while the capacity of P700 oxidation remained unchanged. This process was caused
by both visible and UV light; it was substantially more pronounced in shade than in
sun leaves and might contribute to PSI protection. The causes of high PSI stability
and the role of reduction in P700 oxidation efficiency need further clarification.

Temperature limits of heat tolerance in sun leaves of tropical C; plants, indicated
by inactivation of PSII and followed by visible tissue damage, were slightly above
50°C in the species tested. There was only a marginal capacity for increased heat
tolerance in response to growth at elevated temperatures. Possibly this is related to
the relatively high seasonal temperature stability to which plants are adapted in the
humid tropics. Of interest is the observation that light (500 pmol photons m > s~ ")
does not aggravate heat damage but rather has a significant protective role. Since in
situ leaf temperatures up to 48°C, i.e., close to the thermal tolerance limits, have
already been measured in tropical forest canopies, future leaf-temperature monitor-
ing in the face of global warming would be useful. Although shade leaves experience
on average lower leaf temperatures than sun leaves, they did not exhibit substantially
reduced heat tolerance. In the special case of CAM plants, heat tolerance values were
extremely low when temperature treatments were performed in the dark on highly
acidified leaf tissue collected at the end of the night. Heat treatments of illuminated
end-of-night samples showed substantially increased heat tolerance values. Evi-
dently, high treatment temperatures applied in the dark cause acids to be rapidly
released from the vacuoles leading to tissue damage: the acids penetrate the chloro-
plast envelope and transform chlorophyll to pheophytin as shown by absorbance
spectroscopy of ethanolic leaf extracts. By contrast, under illumination, released
acids are metabolized without significantly damaging cell constituents. Therefore,
heat tolerance limits of CAM plants are severely underestimated when heat tests are
performed in the dark on acidified tissues.

Acknowledgments We thank Barbara Krause for competent assistance in preparation of the
manuscript, Shizue Matsubara for critical reading of the text, and Aurelio Virgo for preparing the
illustrations.

The research was supported by the Deutsche Forschungsgemeinschaft (GHK), the Andrew
W. Mellon Foundation (KW), and the Smithsonian Tropical Research Institute (KW).



162 G. H. Krause and K. Winter

References

Allen JF (2003) State transitions — a question of balance. Science 299:1530-1532

Allen DJ, McKee IF, Farage PK, Baker NR (1997) Analysis of limitations to CO, assimilation on
exposure of leaves of two Brassica napus cultivars to UV-B. Plant Cell Environ 20:633-640

Amunts A, Drory O, Nelson N (2007) The structure of a plant photosystem I supercomplex at 3.4 A
resolution. Nature 447:58-63

Anderson JM, Osmond CB (1987) Shade-sun responses: compromises between acclimation and
photoinhibition. In: Kyle DJ, Osmond CB, Arntzen CJ (eds) Photoinhibition, Topics in photo-
synthesis, vol 9. Elsevier, Amsterdam, pp 1-38

Aro EM, McCaffery S, Anderson JM (1993a) Photoinhibition and D1 protein degradation in peas
acclimated to different growth irradiances. Plant Physiol 103:835-843

Aro EM, Virgin I, Andersson B (1993b) Photoinhibition of photosystem II. Inactivation, protein
damage and turnover. Biochim Biophys Acta 1143:113-134

Asada K (1999) The water-water cycle in chloroplast: scavenging of active oxygens and dissipation
of excess photons. Annu Rev Plant Physiol Plant Mol Biol 50:601-639

Asner GB, Scurlock JM, Hicke JA (2003) Global synthesis of leaf area index observations:
implications for ecological and remote sensing studies. Glob Ecol Biogeogr 12:191-205

Barnes PW, Flint SD, Ryel RJ, Tobler MA, Barkley AE, Wargent JJ (2015) Rediscovering leaf
optical properties: new insights into plant acclimation to solar UV radiation. Plant Physiol
Biochem 93:94-100

Barth C, Krause GH (1999) Inhibition of photosystems I and II in chilling-sensitive and chilling-
tolerant plants under light and low-temperature stress. Z Naturforsch 54c:645-657

Barth C, Krause GH (2002) Study of tobacco transformants to assess the role of chloroplastic NAD
(P)H dehydrogenase in photoprotection of photosystems I and II. Planta 216:273-279

Barth C, Krause GH, Winter K (2001) Responses of photosystem I compared with photosystem II
to high-light stress in tropical shade and sun leaves. Plant Cell Envir 24:163-176

Bendall DS, Manasse RS (1995) Cyclic photophosphorylation and electron-transport. Biochim
Biophys Acta 1229:23-38

Berry J, Bjorkman O (1980) Photosynthetic response and adaptation to temperature in higher plants.
Annu Rev Plant Physiol 31:491-543

Bilger H-W, Schreiber U, Lange OL (1984) Determination of leaf heat resistance: comparative
investigation of chlorophyll fluorescence changes and tissue necrosis methods. Oecologia
63:256-262

Bjorkman O, Demmig B (1987) Photon yield of O, evolution and chlorophyll fluorescence
characteristics at 77K among vascular plants of diverse origins. Planta 179:489-504

Bornman JF, Barnes PW, Robson TM, Robinson SA, Jansen MAK, Ballaré CL, Flint SD (2019)
Linkages between stratospheric ozone, UV radiation and climate change and their implications
for terrestrial ecosystems. Photochem Photobiol Sci 18:681-716

Boyer JS (2017) Plant water relations: a whirlwind of change. Progr Bot 79:1-31

Braun V, Buchner O, Neuner G (2002) Thermotolerance of photosystem II of three alpine plant
species under field conditions. Photosynthetica 40:587-595

Brettel K (1997) Electron transfer and arrangement of the redox cofactors in photosystem
1. Biochim Biophys Acta 1318:322-373

Buchner O, Stoll M, Karadar M, Kranner I, Neuner G (2015) Application of heat stress in situ
demonstrates a protective role of irradiation on photosynthetic performance in alpine plants.
Plant Cell Envir 38:812-826

Burchard P, Bilger B, Weissenbock G (2000) Contribution of hydroxycinnamates and flavonoids to
epidermal shielding of UV-A and UV-B radiation in developing rye primary leaves as assessed
by ultraviolet-induced chlorophyll fluorescence measurements. Plant Cell Environ
23:1373-1380

Butler WJ (1978) Energy distribution in the photosynthetic apparatus of photosynthesis. Annu Rev
Plant Physiol 29:345-378



The Photosynthetic System in Tropical Plants Under High Irradiance and. . . 163

Camus GC, Went FW (1952) Thermoperiodicity of three varieties of Nicotiana tabacum. Amer J
Bot 38:521-528

Cernusak LA, Mejia-Chang M, Winter K, Griffith H (2008) Oxygen isotope composition of CAM
and C3 Clusia species: non-steady-state dynamics control leaf water '®O enrichment in succu-
lent leaves. Plant Cell Envir 31:1644-1662

Chaves CJN, Santos Leal BS, de Lemos-Filho JP (2015) Temperature modulation of thermal
tolerance of a CAM-tank bromeliad and the relationship with acid accumulation in different
leaf regions. Physiol Plant 154:500-510

Cheesman AW, Winter K (2013a) Elevated night-time temperatures increase growth in seedlings of
two tropical pioneer species. New Phytol 197:1185-1192

Cheesman AW, Winter K (2013b) Growth response and acclimation of CO, exchange character-
istics to elevated temperatures in tropical tree seedlings. J Exp Bot 64:3817-3828

Choat B, Brodribb TJ, Brodersen CR, Duursma RA, Lépez R, Medlyn BL (2018) Triggers of tree
mortality under drought. Nature 558:531-539

Clark DB, Olivas PC, Oberbauer SF, Clark DA, Ryan MG (2008) First direct landscape-scale
measurement of tropical rain forest leaf area index, a key driver of global primary productivity.
Ecol Lett 11:163-172

Clark DB, Clark DA, Oberbauer SF (2010) Annual wood production in a tropical rain forest in NE
Costa Rica linked to climatic variation but not to increasing CO,. Glob Change Biol 16:747-759

Correa Galvis V, Poschmann G, Melzer M, Stiihler K, Jahns P (2016) PsbS interactions involved in
the activation of energy dissipation in Arabidopsis. Nature Plants 2:15225

Cunningham SC, Read J (2003) Do temperate rainforest trees have a greater ability to acclimate to
changing temperatures than tropical rainforest trees? New Phytol 157:55-64

Cunningham SC, Read J (2006) Foliar temperature tolerance of temperate and tropical evergreen
rain forests in Australia. Tree Physiol 26:1435-1443

Demmig B, Winter K, Kriiger A, Czygan F-C (1987) Photoinhibition and zeaxanthin formation in
intact leaves. A possible role of the xanthophyll cycle in the dissipation of excess light energy.
Plant Physiol 84:599-626

Demmig-Adams B (1998) Survey of thermal energy dissipation and pigment composition in sun
and shade leaves. Plant Cell Physiol 39:474-482

Demmig-Adams B, Winter K, Winkelmann E, Kriiger A, Czygan F-C (1989) Photosynthetic
characteristics and the ratios of chlorophyll, f-carotene, and the components of the xanthophyll
cycle upon a sudden increase in growth light regime in several plant species. Plant Biol
(formerly Bot Acta) 102:319-325

Demmig-Adams B, Adams WW III, Logan BA, Verhoeven AS (1995) Xanthophyll cycle-
dependent energy dissipation and flexible photosystem II efficiency in plants acclimated to
light stress. Aust J Plant Physiol 22:249-260

Dongsansuk A, Liitz C, Neuner G (2013) Effects of temperature and irradiance on quantum yield of
PSII photochemistry and xanthophyll cycle in a tropical and a temperate species.
Photosynthetica 51:13-21

Downton WIS, Berry JA, Seemann JR (1984) Tolerance of photosynthesis to high temperature in
desert plants. Plant Physiol 74:786-790

Drake JE, Tjoelker MG, Varhammar A, Medlyn BE, Reich PB, Leigh A, Pfautsch S, Blackman CJ,
Lépez R, Aspinwall MJ, Crous KY, Duursma RA, Kumarathunge D, DeKauwe MG, Jiang M,
Nicotra AB, Tissue DT, Choat B, Atkin OK, Barton CVM (2018) Trees tolerate an extreme
heatwave via sustained transpirational cooling and increased leaf thermal tolerance. Glob
Change Biol 24:2390-2402

Ducruet J-M, Peeva V, Havaux M (2007) Chlorophyll thermofluorescence and thermolumines-
cence as complementary tools for the study of temperature stress in plants. Photosynth Res
93:159-171

Duke NC, Kovacs JM, Griffith AD, Preece L, Hill DJE, van Oosterzee P, Mackenzie J, Morning
HS, Burrows D (2017) Large-scale dieback of mangroves in Australia’s Gulf of Carpentaria: a



164 G. H. Krause and K. Winter

severe ecosystem response, coincidental with an unusually extreme weather event. Mar Freshw
Res 68:1816-1829

Edge R, McGarvey DJ, Truscott TG (1997) The carotenoids as anti-oxidants — a review. J
Photochem Photobiol B Biol 41:189-200

Endo T, Shikanai T, Takabayashi A, Asada K, Sato F (1999) The role of chloroplastic NAD(P)H
dehydrogenase in photoprotection. FEBS Lett 457:5-8

Esteban R, Jiménez ET, Jiménez MS, Morales D, Hormaetxe K, Becerril JM, Garcia-Plazaola JI
(2007) Dynamics of violaxanthin and lutein epoxide xanthophyll cycles in Lauraceae tree
species under field conditions. Tree Physiol 27:1407-1414

Esteban R, Jiménez MS, Morales D, Jiménez ET, Hormaetxe K, Becerril JM, Osmond B, Garcia-
Plazaola JI (2008) Short- and long-term modulation of the lutein epoxide and violaxanthin cycle
in two species of the Lauraceae: sweet bay laurel (Laurus nobilis L.) and avocado (Persea
americana Mill.). Plant Biol 10:288-297

Firber A, Young AJ, Ruban AV, Horton P, Jahns P (1997) Dynamics of xanthophyll-cycle activity
in different antenna subcomplexes in the photosynthetic membranes of higher plants. Plant
Physiol 115:1609-1618

Fioletov VE, Bodeker GE, Miller AJ, McPeters RD, Stolarski R (2002) Global and zonal total
ozone variations estimated from ground-based and satellite measurements: 1964-2000. J
Geophys Res-Atmos 107(D22):4647

Fork DC, Herbert SK (1993) Electron-transport and photophosphorylation by photosystem-I
in vivo in plants and cyanobacteria. Photosynth Res 36:149-168

Forster B, Osmond CB, Pogson BJ (2009) De novo synthesis and degradation of Lx and V cycle
pigments during shade and sun acclimation in avocado leaves. Plant Physiol 149:1179-1195

Franco AC, Liittge U (2002) Midday depression in savanna trees: coordinated adjustments in
photosynthetic efficiency, photorespiration, CO, assimilation and water use efficiency.
Oecologia 131:356-365

Friso G, Barbato R, Giacometti GM, Barber J (1994) Degradation of the D1 protein due to UV-B
irradiation of the reaction centre of photosystem II. FEBS Lett 339:217-221

Fryer MJ (1992) The antioxidative effect of thylakoid Vitamin E (a-tocopherol). Plant Cell Environ
15:381-392

Gamon JA, Pearcy RW (1990) Photoinhibition in Vitis californica. The role of temperature during
high-light treatment. Plant Physiol 92:487-494

Garcia-Plazaola JI, Becerril JM, Hernandez A, Niinemets U, Kollist H (2004) Acclimation of
antioxidant pools to the light environment in a natural forest canopy. New Phytol 163:87-97

Garcia-Plazaola JI, Matsubara S, Osmond CB (2007) The lutein epoxide cycle in higher plants: its
relationship to other xanthophyll cycles and possible functions. Funct Plant Biol 34:759-773

Gerola AP, Tsubone TM, Santana A, De Oliveira HPM, Hioka N, Caetano W (2011) Properties of
chlorophyll and derivatives in homogeneous and microheterogeneous systems. J Phys Chem B
115:7364-7373

Harbinson J, Genty B, Baker NR (1989) Relationship between quantum efficiencies of photosys-
tems I and II in pea leaves. Plant Physiol 90:1029-1034

Havaux M, Davaud A (1994) Photoinhibition of photosynthesis in chilled potato leaves is not
correlated with a loss of photosystem-II activity. Photosynth Res 40:75-92

Havaux M, Greppin H, Strasser RJ (1991) Functioning of photosystems I and II in pea leaves
exposed to heat stress in the presence or absence of light: analysis using in vivo fluorescence,
absorbance, oxygen and photoacoustic measurements. Planta 186:88-98

Havaux M, Eymery F, Porfirova S, Rey P, Doérmann P (2005) Vitamin E protects against
photoinhibition and photooxidative stress in Arabidopsis thaliana. Plant Cell 17:3451-3469

Havaux M, Dall’Ostro L, Bassi R (2007) Zeaxanthin has enhanced antioxidative capacity with
respect to all other xanthophylls in Arabidopsis leaves and functions independent of binding to
PSII antennae. Plant Physiol 145:1506-1520

Heber U, Walker D (1992) Concerning a dual function of coupled cyclic electron-transport in
leaves. Plant Physiol 100:1621-1626



The Photosynthetic System in Tropical Plants Under High Irradiance and. . . 165

Hernéndez GG, Winter K, Slot M (2020) Similar temperature dependence of photosynthetic
parameters in sun and shade leaves of three tropical tree species. Tree Physiol 40:637-651
Horton P, Ruban AV, Walters RG (1996) Regulation of light harvesting in green plants. Annu Rev
Plant Physiol Plant Mol Biol 47:655-684

IPCC (2014) Climate Change 2014: Synthesis Report. Contribution of Working Groups I, IT and III
to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Core
Writing Team, R.K. Pachauri and L.A. Meyer (eds.)]. IPCC, Geneva, Switzerland, p 151

Jahns P, Holzwarth AR (2012) The role of the xanthophyll cycle and of lutein in photoprotection of
photosystem II. Biochim Biophys Acta 1817:182-193

Jahns P, Latowski D, Strzalka K (2009) Mechanism and regulation of the violaxanthin cycle: the
role of antenna proteins and membrane lipids. Biochim Biophys Acta 1787:3-14

Jansen MAK, Gaba V, Greenberg BM (1998) Higher plants and UV-B radiation: balancing
damage, repair and acclimation. Trends Plant Sci 3:131-135

Joet T, Cournac L, Horvath EM, Medgyesy P, Peltier G (2001) Increased sensitivity of photosyn-
thesis to antimycin A induced by inactivation of the chloroplast ndhB gene. Evidence for a
participation of the NADH-dehydrogenase complex to cyclic electron flow around photosystem
I. Plant Physiol 125:1919-1929

Johnson MP, Havaux M, Triantaphylidés C, Ksas B, Pascal AA, Robert B, Davison PA, Ruban AV,
Horton P (2007) Elevated zeaxanthin bound to oligomeric LHCII enhances the resistance of
Arabidopsis to photooxidative stress by a lipid-protective, antioxidant mechanism. J Biol Chem
282:22605-22618

Kaiser E, Correa Galvis V, Armbruster U (2019) Efficient photosynthesis in dynamic light
environments: a chloroplast’s perspective. Biochem J 476:2725-2741

Klughammer C, Schreiber U (1994) An improved method, using saturating light pulses, for the
determination of photosystem I quantum yield via P700"-absorbance changes at 830 nm. Planta
192:261-268

Kolb CA, Kiser MA, Kopecky J, Zotz G, Riederer M, Pfiindel EE (2001) Effects of natural
intensities of visible and ultraviolet radiation on epidermal ultraviolet screening and photosyn-
thesis in grape leaves (Vitis vinifera cv. Silvaner). Plant Physiol 127:863-875

Koniger M, Winter K (1993) Growth and photosynthesis of Gossypium hirsutum L. at high photon
flux densities: effects of soil temperatures and nocturnal air temperatures. Agronomie
13:423-431

Koniger M, Harris GC, Virgo A, Winter K (1995) Xanthophyll-cycle pigments and photosynthetic
capacity in tropical forest species: a comparative field study on canopy, gap and understory
plants. Oecologia 104:280-290

Koufil R, Lazar D, Ilik P, Skotnica J, Krchinadk P, Naus J (2004) High-temperature induced
chlorophyll fluorescence rise in plants at 40-50°C: experimental and theoretical approach.
Photosynth Res 81:49-66

Kozuleva MA, Ivanov BN (2016) The mechanisms of oxygen reduction in the terminal reducing
segment of the chloroplast photosynthetic electron transport chain. Plant Cell Physiol
67:1397-1404

Krall JP, Edwards GE (1992) Relationship between photosystem II activity and CO, fixation in
leaves. Physiol Plant 86:180-187

Krause GH, Jahns P (2003) Pulse amplitude modulated chlorophyll fluorometry and its application
in plant science. In: Green BR, Parson WW (eds) Light harvesting antennas in photosynthesis,
Advances in photosynthesis and respiration, vol 13. Kluwer Academic Publishers, Dordrecht,
pp 373-399

Krause GH, Jahns P (2004) Non-photochemical energy dissipation determined by chlorophyll
fluorescence quenching. Characterization and function. In: Papageorgiou GC, Govindjee (eds)
Chlorophyll fluorescence: a signature of photosynthesis. Advances in photosynthesis and
respiration, vol 14. Springer, Heidelberg, pp 463—495

Krause GH, Santarius KA (1975) Relative thermostability of the chloroplast envelope. Planta
127:285-299



166 G. H. Krause and K. Winter

Krause GH, Winter K (1996) Photoinhibition of photosynthesis in plants growing in natural tropical
forest gaps. A chlorophyll fluorescence study. Bot Acta 109:456-462

Krause GH, Virgo A, Winter K (1995) High susceptibility to photoinhibition of young leaves of
tropical forest trees. Planta 197:583-591

Krause GH, Schmude C, Garden H, Koroleva OY, Winter K (1999) Effects of solar ultraviolet
radiation on the potential efficiency of photosystem II in leaves of tropical plants. Plant Physiol
121:1349-1358

Krause GH, Koroleva OY, Dalling JW, Winter K (2001) Acclimation of tropical tree seedlings to
excessive light in simulated tree-fall gaps. Plant Cell Environ 24:1345-1352

Krause GH, Grube E, Virgo A, Winter K (2003a) Sudden exposure to solar UV-B radiation reduces
net CO, uptake and photosystem I efficiency in shade-acclimated tropical tree seedlings. Plant
Physiol 131:745-752

Krause GH, Gallé¢ A, Gademann R, Winter K (2003b) Capacity of protection against ultraviolet
radiation in sun and shade leaves of tropical forest plants. Funct Plant Biol 30:533-542

Krause GH, Grube E, Koroleva OY, Barth C, Winter K (2004) Do mature shade leaves of tropical
tree seedlings acclimate to high sunlight and UV radiation? Funct Plant Biol 31:743-756

Krause GH, Gallé A, Virgo A, Garcia M, Bucic P, Jahns P, Winter K (2006) High-light stress does
not impair biomass accumulation of sun-acclimated tropical tree seedlings (Calophyllum
longifolium Willd. and Tectona grandis L.f.). Plant Biol 8:31-41

Krause GH, Jahns P, Virgo A, Garcia M, Aranda J, Wellmann E, Winter K (2007) Photoprotection,
photosynthesis and growth of tropical tree seedlings under near-ambient and strongly reduced
solar ultraviolet-B radiation. J Plant Physiol 164:1311-1322

Krause GH, Winter K, Krause B, Jahns P, Garcia M, Aranda J, Virgo A (2010) High-temperature
tolerance of a tropical tree, Ficus insipida: methodological reassessment and climate change
considerations. Funct Plant Biol 37:890-900

Krause GH, Winter K, Matsubara S, Krause B, Jahns P, Virgo A, Aranda J, Garcia M (2012)
Photosynthesis, photoprotection, and growth of shade-tolerant tropical tree seedlings under full
sunlight. Photosynth Res 113:273-285

Krause GH, Cheesman AW, Winter K, Krause B, Virgo A (2013) Thermal tolerance, net CO,
exchange and growth of a tropical tree species, Ficus insipida, cultivated at elevated daytime
and nighttime temperatures. J Plant Physiol 170:822-827

Krause GH, Winter K, Krause B, Virgo A (2015) Light-stimulated heat tolerance in leaves of two
neotropical tree species, Ficus insipida and Calophyllum longifolium. Funct Plant Biol
42:42-51. https://doi.org/10.1071/FP14095

Krause GH, Winter K, Krause B, Virgo A (2016) Protection by light against heat stress in leaves of
tropical crassulacean acid metabolism plants containing high acid levels. Funct Plant Biol
43:1061-1069. https://doi.org/10.1071/FP16093

Kress E, Jahns P (2017) The dynamics of energy dissipation and xanthophyll conversion in
Arabidopsis indicate an indirect photoprotective role of zeaxanthin in slowly inducible and
relaxing components of non-photochemical quenching of excitation energy. Front Plant Sci
8:2094

Lehrum W, Kappen L, Losch R (1987) Zusammenhang zwischen Hitzeresistenz und Siduregehalt in
sukkulenten Pflanzen. Verhandlungen Gesellschaft Okologie 16:207-212

Leitsch J, Schnettger B, Critchley C, Krause GH (1994) Two mechanisms of recovery from
photoinhibition in vivo: reactivation of photosystem II related and unrelated to D1-prtein
turnover. Planta 194:15-21

Li X-P, Gilmore AM, Caffari S, Bassi R, Golan T, Kramer D, Niyogi KK (2004) Regulation of
photosynthetic light harvesting involves intrathylakoid lumen pH sensing of the PsbS protein. J
Biol Chem 279:22866-22874

Lima-Melo Y, Gollan PJ, Tikkanen M, Silveira JAG, Aro EM (2019) Consequences of
photosystem-I damage and repair on photosynthesis and carbon use in Arabidopsis thaliana.
Plant J 97:1061-1072


https://doi.org/10.1071/FP14095
https://doi.org/10.1071/FP16093

The Photosynthetic System in Tropical Plants Under High Irradiance and. . . 167

Liu L-X, Xu S-M, Woo KC (2005) Solar UV-B radiation on growth, photosynthesis and the
xanthophyll cycle in tropical acacias and eucalyptus. Environ Exp Bot 54:121-130

Losch R, Kappen L (1983) Die Temperaturresistenz makaronesischer Sempervivoideae.
Verhandlungen Gesellschaft Okologie 10:521-528

Lovelock CE, Jebb M, Osmond CB (1994) Photoinhibition and recovery in tropical plant species:
response to disturbance. Oecol 97:297-307

Liittge U (2008) Physiological ecology of tropical plants. Springer, Berlin

Liittge U, Smith JAC (1984) Mechanisms of passive malic-acid efflux from vacuoles of the CAM
plant Kalanchoé daigremontiana. J Membr Biol 81:149-158

Malnoé A (2018) Photoinhibition or photoprotection of photosynthesis? Update of the (newly
termed) sustained quenching component qH. Envir Exp Bot 154:123-133

Manuel N, Cornic G, Aubert S, Choler P, Bligny R, Heber U (1999) Protection against
photoinhibition in the alpine plant Geum montanum. Oecologia 119:149-158

Markstadter C, Queck I, Baumeister J, Riederer M, Schreiber U, Bilger W (2001) Epidermal
transmittance of leaves of Vicia faba for UV radiation as determined by two different methods.
Photosynth Res 67:17-25

Matsubara S, Gilmore AM, Osmond CB (2001) Diurnal and acclimatory responses of violaxanthin
and lutein epoxide in the Australian mistletoe Amyema miqguelii. Aust J Plant Physiol
28:793-800

Matsubara S, Naumann M, Martin R, Nichol C, Rascher U, Morosinotto T, Bassi R, Osmond B
(2005) Slowly reversible de-epoxidation of lutein epoxide in deep shade leaves of a tropical tree
legume may ‘lock in’ lutein-based photoprotection during acclimation to strong light. J Exper
Bot 56:461-468

Matsubara S, Morosinotto T, Osmond B, Bassi R (2007) Short- and long-term operation of the
lutein epoxide cycle in light-harvesting antenna complexes. Plant Phsiol 144:926-941

Matsubara S, Krause GH, Seltmann M, Virgo A, Kursar TA, Jahns P, Winter K (2008) Lutein
epoxide cycle, light harvesting and photoprotection in species of the tropical tree genus Inga.
Plant Cell Environ 31:548-561

Matsubara S, Krause GH, Aranda J, Virgo A, Beisel KG, Jahns P, Winter K (2009) Sun-shade
patterns of leaf carotenoid composition in 86 species of neotropical forest plants. Funct Plant
Biol 36:20-36. https://doi.org/10.1071/FP08214

Mulkey SS, Pearcy RW (1992) Interactions between acclimation and photoinhibition of photosyn-
thesis of a tropical understory herb, Alocasia macrorrhiza, during simulated canopy gap
formation. Funct Ecol 6:719-729

Munekage Y, Hojo M, Meurer J, Endo T, Tasaka M, Shikanai T (2002) PGRS is involved in cyclic
electron flow around photosystem I and is essential for photoprotection in Arabidopsis. Cell
110:361-371

Muraoka H, Tang Y, Terashima I, Koizumi H, Washitani I (2000) Contributions of diffusional
limitation, photoinhibition and photorespiration to midday depression in Arisaema
heterophyllum in natural light. Plant Cell Environ 23:235-250

Nilkens M, Kress E, Lambrev P, Miloslavina Y, Miiller M, Holzwath AR, Jahns P (2010)
Identification of a slowly inducible zeaxanthin-dependent component on non-photochemical
quenching of chlorophyll fluorescence generated under steady-state conditions in Arabidopsis.
Biochim Biophy Acta 1797:466-475

Nobel PS (1988) Environmental biology of agaves and cacti. Cambridge University Press,
Cambridge

O’Sullivan OS, Heskel MA, Reich PB, Tjoelker MG, Weerasinghe LK, Penillard A, Zhu L, Egerton
JJ, Bloomfield KJ, Creek D, Bahar NH, Griffin KL, Hurry V, Meir P, Turnbull MH, Atkin OK
(2017) Thermal limits of leaf metabolism across biomes. Glob Change Biol 23:209-223

Phillips OL, Aragao LEOC, Luiz SL et al (2009) Drought sensitivity of the Amazon rainforest.
Science 323:1344-1347


https://doi.org/10.1071/FP08214

168 G. H. Krause and K. Winter

Polm M, Brettel K (1998) Secondary pair charge recombination in photosystem I under strongly
reducing conditions: temperature dependence and suggested mechanism. Biophys J
74:3173-3181

Popp M, Kramer C, Lee H, Diaz M, Ziegler H, Liittge U (1987) Crassulacean acid metabolism in
tropical dicotyledonous trees of the genus Clusia. Trees — Struct Funct 1:238-247

Reuber S, Leitsch J, Krause GH, Weissenbock G (1993) Metabolic reduction of phenylpropanoid
compounds in primary leaves of rye (Secale cereale L.) leads to increased UV-B sensitivity of
photosynthesis. Z Naturforsch 48¢:749-756

Reuber S, Bornman JF, Weissenbock G (1996) Phenylpropanoid compounds in primary leaf tissue
of rye (Secale cereale): light response of their metabolism and the possible role in UV-B
protection. Physiol Plant 97:160-168

Rey-Sanchez AC, Slot M, Posada JM, Kitajima K (2016) Spatial and seasonal variation of leaf
temperature within the canopy of a tropical forest. Climate Res 71:75-89

Sacharz J, Giovagnetti V, Ungerer P, Mastroianni G, Ruban AV (2017) The xanthophyll cycle
affects reversible interactions between PsbS and light-harvesting complex II to control
non-photochemical quenching. Nature Plants 3:16225

Sachs J (1864) Ueber die obere Temperatur-Grinze der Vegetation. Flora 47:5-12, 24-29, 33-39,
65-75

Sastry A, Barua D (2017) Leaf thermotolerance in tropical trees from a seasonally dry climate varies
along the slow-fast resource acquisition spectrum. Sci Rep 7:1-11

Scheer H (2003) The pigments. In: Green R, Parson WW (eds) Light-harvesting antennas in
photosynthesis. Kluwer Academic Publishers, Dordrecht, pp 29-81

Schreiber U (1986) Detection of rapid induction kinetics with a new type of high-frequency
modulated chlorophyll fluorometer. Photosynth Res 9:261-272

Schreiber U, Berry JA (1977) Heat-induced changes in chlorophyll fluorescence in intact leaves
correlated with damage of the photosynthetic apparatus. Planta 136:233-238

Schreiber U, Schliwa U, Bilger W (1986) Continuous recording of photochemical and
non-photochemical chlorophyll fluorescence quenching with a new type of modulation fluo-
rometer. Photosynth Res 10:51-62

Schwemmle B, Lange OL (1959) Endogen-tagesperiodische Schwankungen der Hitzeresistenz bei
Kalanchoé blossfeldiana. Planta 53:134—-144

Searles PS, Caldwell MM, Winter K (1995) The response of five tropical dicotyledon species to
solar ultraviolet-B radiation. Amer J Bot 82:445-453

Slot M, Winter K (2018) High tolerance of tropical sapling growth and gas exchange to moderate
warming. Funct Ecol 32:599-611

Slot M, Rey-Sanchez C, Gerber S, Lichstein JW, Winter K, Kitajima K (2014) Thermal acclimation
of leaf respiration of tropical trees and lianas: response to experimental canopy warming, and
consequences for tropical carbon balance. Global Change Biol 20:2915-2926

Slot M, Garcia MN, Winter K (2016) Temperature responses of CO, exchange in three tropical tree
species. Funct Plant Biol 43:468-478

Slot M, Krause GH, Krause B, Hernandez GG, Winter K (2019) Photosynthetic heat tolerance of
shade and sun leaves of three tropical tree species. Photosynth Res 141:119-130

Smillie RM, Nott R (1979) Heat injury in leaves of alpine, temperate and tropical plants. J Plant
Physiol 6:135-141

Smith JAC, Ingram J, Tsiantis MS, Barkla BJ, Bartholomew DM, Bettey M, Pantoja O, Pennington
AJ (1996) Transport across the vacuolar membrane in CAM plants. In: Winter K, Smith JAC
(eds) Ecological studies. Crassulacean acid metabolism, Biochemistry, ecophysiology and
evolution, vol 114. Springer, Berlin, pp 53-71

Snyder AM, Clark BM, Bungard RA (2005) Light-dependent conversion of carotenoids in the
parasitic angiosperm Cuscuta reflexa L. Plant Cell Environ 28:1326-1333

Sonoike K (2011) Photoinhibition of photosystem I. Physiol Plant 142:56-64

Strasser RJ, Srivastava A, Govindjee (1995) Polyphasic chlorophyll a fluorescence transients in
plants and cyanobacteria. Photochem Photobiol 61:32-42



The Photosynthetic System in Tropical Plants Under High Irradiance and. . . 169

Takahashi S, Badger MR (2011) Photoprotection in plants: a new light on photosystem II damage.
Trends Plant Sci 16:53-60

Teicher HB, Scheller HV (1998) The NAD(P)H dehydrogenase in barley thylakoids is
photoactivatable and uses NADPH as well as NADH. Plant Physiol 117:525-532

Teicher HB, Mgller BL, Scheller HV (2000) Photoinhibition of photosystem I in field-grown barley
(Hordeum vulgare L.): induction, recovery and acclimation. Photosynth Res 64:53-61

Terashima I, Funayama S, Sonoike K (1994) The site of photoinhibition in leaves of Cucumis
sativus L. at low temperatures is photosystem I, not photosystem II. Planta 193:300-306

Thayer SS, Bjorkman O (1992) Carotenoid distribution and de-epoxidation in thylakoid pigment-
protein complexes from cotton leaves and bundle-sheath cells of maize. Photosynth Res
33:213-225

Thiele A, Schirwitz K, Winter K, Krause GH (1996) Increased xanthophyll cycle activity and
reduced D1 protein inactivation related to photoinhibition in two plant systems acclimated to
excess light. Plant Sci 115:237-250

Thiele A, Winter K, Krause GH (1997) Low inactivation of D1 protein of photosystem Il in young
canopy leaves of Anacardium excelsum under high-light stress. J Plant Physiol 151:286-292

Thiele A, Krause GH, Winter K (1998) In situ study of photoinhibition of photosynthesis and
xanthophyll cycle activity in plants growing in natural gaps of the tropical forest. Aust J Plant
Physiol 25:189-195

Tikhonov AN (2014) The cytochrome bgf complex at the crossroad of photosynthetic electron
transport pathways. Plant Physiol Biochem 81:163-183

Tikkanen M, Grebe S (2018) Switching off photoprotection of photosystem I — a novel tool for
gradual PSI photoinhibition. Physiol Plant 162:156-161

Tiwari A, Mamedov F, Grieco M, Suorsa M, Jajoo A, Styring S, Tikkanen M, Aro EM (2016)
Photodamage of iron-sulphur clusters in photosystem I induces non-photochemical energy
dissipation. Nat Plants 2:16035

Tjus SE, Mgller BL, Scheller HV (1998) Photosystem I is an early target of photoinhibition in
barley illuminated at chilling temperatures. Plant Physiol 116:755-764

Wahid A, Gelani S, Ashraf M, Foolad MR (2007) Heat tolerance in plants: an overview. Environ
Exp Bot 61:199-223

Watling JR, Robinson SA, Woodrow IE, Osmond CB (1997) Responses of rainforest understorey
plants to excess light during sunflecks. Aust J Plant Physiol 24:17-25

White RC, Gibbs E, Butler LS (1977) Estimation of copper pheophytins, chlorophylls and
pheophytins in mixtures in diethyl ether. J Agric Food Chem 25:143-145

Wilson S, Ruban AV (2019) Quantitative assessment of the high-light tolerance in plants with
impaired photosystem II donor side. Biochem J 476:1377-1386

Winter K, Holtum JAM (2014) Facultative crassulacean acid metabolism (CAM) plants: powerful
tools for unravelling the functional elements of CAM photosynthesis. J. Exp Bot 65:3425-3441

Winter K, Garcia M, Holtum JAM (2008) On the nature of facultative and constitutive CAM:
environmental and developmental control of CAM expression during early growth of Clusia,
Kalanchoé¢ and Opuntia. ] Exp Bot 59:1829-1840

Winter K, Garcia M, Holtum JAM (2014) Nocturnal versus diurnal CO, uptake: how flexible is
Agave angustifolia? J Exp Bot 65:3695-3703

Yavitt JB, Battles JJ, Lang GE, Knight DH (1995) The canopy gap regime in a secondary
neotropical forest in Panama. J Trop Ecol 11:391-402

Yu Z-C, Zheng X-T, Lin W, Cai M-L, Zhang Q-L, Peng C-L (2020) Different photoprotection
strategies for mid- and late-successional dominant tree species in a high-light environment in
summer. Environ Exp Bot 171:103927

Ziska LH (1996) The potential sensitivity of tropical plants to increased ultraviolet-B radiation. J
Plant Physiol 148:35-41

Zotz G, Harris G, Koniger M, Winter K (1995) High rates of photosynthesis in the tropical pioneer
tree, Ficus insipida Willd. Flora 190:265-272



Plant Peroxisomes and Their Metabolism = @)
of ROS, RNS, and RSS i

Luis A. del Rio

Contents
D 6313 (04 Lt () & 173
Generation of Reactive Oxygen Species (ROS), Reactive Nitrogen Species (RNS),
and Reactive Sulfur Species (RSS) ... 176
2 L RO L 176
22 RN S L 178
2.3 RS S L 185
3 Antioxidant Systems in PeroxXisomes ..............c..oiiiiiiiiiiiiiiiiii 186
3.1 Superoxide DIiSMULASES ... ....eeeeeti ettt 187
3.2 Ascorbate-Glutathione Cycle ... 188
3.3 NADPH-Generating Dehydrogenases ..............ceieiiiiiiiiiiieiieiiiiiiinnnes 188
3.4 Glutathione Peroxidase and Glutathione S-Transferase ..................oooovnnnnn. 190
3.5 PeroXir@dOXINS . ... uueeetttt ettt ettt et et e e e et 190
4 Role of ROS, RNS, and RSS Produced in Peroxisomes ..............ccooevviueeeinnnea.n. 191
5 Effect of Abiotic Stress on ROS, RNS, and RSS Metabolism of Peroxisomes ........... 196
6 Concluding Remarks ...........ooiiiiiii e 197
RELEICICES . .o 198

Abstract Peroxisomes are subcellular organelles with a single membrane and
devoid of DNA, with an essentially oxidative type of metabolism, and are probably
the major loci of intracellular H,O, production. A general property of peroxisomes is
that they contain as basic enzymatic constituents catalase and hydrogen peroxide-
producing flavin oxidases and that carry out the fatty acid B-oxidation, but in recent
years, it has been established that peroxisomes are involved in a range of important
cellular functions in nearly all eukaryotic cells. Research developed in the last
30 years has indicated the existence of cellular functions of peroxisomes related to
reactive oxygen species (ROS), like H,O,, superoxide radicals (O, "), singlet
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oxygen, etc., and reactive nitrogen species (RNS), like nitric oxide (NO) and other
thereof derived compounds, and a function for peroxisomes as important centers of
the cellular signaling apparatus has been postulated. More recently, evidence has
been obtained suggesting new roles of peroxisomes involving reactive sulfur species
(RSS), sulfur compounds with different higher oxidation states.

In this review, the generation and/or metabolism of ROS, RNS, and RSS in
peroxisomes and its regulation, as well as the different antioxidant systems present in
these organelles, will be analyzed in the context of distinct ROS-, RNS-, and
RSS-mediated functions of plant peroxisomes that can be involved in the metabo-
lism of plant cells under both physiological and stress conditions.

Keywords Abiotic stress, Antioxidants, Peroxisomes, Plant metabolism, Reactive
nitrogen species (RNS), Reactive oxygen species (ROS), Reactive sulfur species
(RSS), RNS function, ROS function, RSS function

Abbreviations

‘OH Hydroxyl radical

'0, Singlet oxygen

2,4-D 2,4-dichlorophenoxyacetic acid
APF Aminophenyl fluorescein

APX Ascorbate peroxidase

¢GMP  Cyclic guanosine monophosphate
CLSM  Confocal laser scanning microscopy
CuAO  Cu-containing amine oxidase

EM Electron microscopy
GOX Glycolate oxidase
GR Glutathione reductase

H,0, Hydrogen peroxide

HPLC  High-pressure liquid chromatography
ICDH Isocitrate dehydrogenase

MDAR Monodehydroascorbate reductase

NO Nitric oxide

0, Superoxide radical

05 Ozone

PAO Polyamine oxidase

PMP Peroxisomal membrane polypeptide
Prx Peroxiredoxin

PTM Posttranslational modification
PTS Peroxisomal targeting signal
RNS Reactive nitrogen species
ROS Reactive oxygen species

RSS Reactive sulfur species

SOD Superoxide dismutase
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XDH Xanthine dehydrogenase
XOD Xanthine oxidase

1 Introduction

The existence of peroxisomes was first reported in 1954, in electron microscopy
studies carried out in mouse kidney tubules, and these organelles were initially
designated with the morphological name “microbodies” (Rhodin 1954). In 1960
Prof. Christian De Duve accomplished the biochemical characterization of peroxi-
somes from mammalian tissues and their recognition as distinct and new cell
organelles (De Duve et al. 1960). By using biochemical and morphological methods,
the identity of microbodies and peroxisomes was unequivocally demonstrated. The
occurrence of different hydrogen peroxide-producing oxidases, and the hydrogen
peroxide-scavenging enzyme catalase in microbodies, suggested De Duve to desig-
nate these new cell organelles with the name “peroxisomes” (De Duve and Baudhuin
1966). Years later these organelles were found to be present in nearly all eukaryotic
cells.

Plant peroxisomes usually have a granular matrix but can have amorphous or
crystalline inclusions composed of catalase (del Rio et al. 2002). Figure 1 shows
electron micrographs of plant peroxisomes from tissues of three different plant
species, olive, pea, and pepper. The subcellular organelles peroxisomes are bounded
by a single membrane and are devoid of DNA, they have an essentially oxidative
type of metabolism, and are probably the major loci of intracellular H,O, generation.
A general property of peroxisomes is that they contain as basic enzymatic constit-
uents catalase and hydrogen peroxide-producing flavin oxidases and are present in
almost all eukaryotic cells (Fahimi and Sies 1987; Baker and Graham 2002; del Rio
2013; del Rio and Schrader 2018). For this reason initially it was thought that the
main role of peroxisomes was the removal by catalase of toxic H,O, generated
inside peroxisomes by different oxidases.

A general feature of virtually all types of peroxisomes is fatty acid p-oxidation,
but in later years, it was found that peroxisomes were involved in a range of
important cellular functions in nearly all eukaryotic cells (Erdmann 2016; del Rio
et al. 2006; del Rio 2013; del Rio and Lépez-Huertas 2016; del Rio and Schrader
2018; Wanders and Waterham 2006; Wanders 2013; Baker and Graham 2002; Hu
et al. 2012; Kao et al. 2018). The main roles of peroxisomes actually known were
elucidated on the basis of peroxisome purification and analysis by cell biology and
biochemical methods (Baker and Graham 2002; Wanders and Waterham 2006;
Palma et al. 2009; del Rio 2013; del Rio and Lopez-Huertas 2016). However, in
recent years the application of proteomic analysis to peroxisomes has confirmed the
presence of many proteins previously described in peroxisomes by classical methods
but has also disclosed many new peroxisomal proteins. The development of sensitive
proteomics and mass spectrometry (MS) technologies allows the identification of
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Fig. 1 Electron micrographs of peroxisomes from different plant tissues. (a) Peroxisome from
olive tree leaf (Olea europaea L.) showing an amorphous core inside the peroxisome. (b) Perox-
isome from pepper leaf (Capsicum annuum L.) with a crystalline inclusion. (¢) Peroxisome from
pea leaf (Pisum sativum L.) showing a granular matrix and in close contact with chloroplasts and
mitochondria. (d) Peroxisome from ripe pepper fruit (Capsicum annuum L.). (e) Peroxisome from
mature olive fruit (Olea europaea L.). C, chloroplast. CW, cell wall. M, mitochondrion. P,
Peroxisome. V, vacuole. Scale bar = 1 pm. Reproduced from del Rio and Lépez-Huertas (2016)
Plant Cell Physiol. 57: 1364-76

low-abundance and transient peroxisomal proteins with the concomitant increase of
our knowledge of peroxisome roles and their metabolic and regulatory networks
(Reumann 2011; Erdmann 2016; Gronemeyer et al. 2013; Kaur and Hu 2011; del
Rio and Schrader 2018). Some of the major functions that have been postulated so
far for peroxisomes in plant cells are shown in Table 1.

Peroxisomes of plant cells are highly dynamic compartments that for its subcel-
lular distribution and movements are dependent upon the actin cytoskeleton, not
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Table 1 Main functions of peroxisomes in plant cells

Function References

-oxidation of fatty acids Baker and Graham (2002), Nyathi and Baker (2006)

Photorespiration Tolbert (1997)

Glyoxylate cycle Pracharoenwattana and Smith (2008)

Metabolism of ureides Schubert (1986), Baker and Graham (2002)

Purine catabolism Corpas et al. (1997)

Sulfur metabolism Corpas et al. (2009a), Corpas and Barroso (2015)

Polyamine catabolism Moschou et al. (2008), Reumann et al. (2009),
Wimalasekera et al. (2011a), Corpas et al. (2019a)

Metabolism of ROS and RNS del Rio et al. (2002, 2006), del Rio (2011), del Rio and
Lépez-Huertas (2016), Corpas et al. (2017a)

Metabolism of RSS Corpas et al. (2009a), Corpas and Barroso (2015)

Biosynthesis of phytohormones (auxin, | Hu et al. (2012), del Rio (2013)

jasmonic acid, salicylic acid)

Photomorphogenesis Kaur et al. (2013)

Leaf senescence del Rio et al. (1998)

Plant defense against fungal infection | Koh et al. (2005)

Protection against herbivores Shabab (2013)

Modified from del Rio and Lépez-Huertas (2016) Plant Cell Physiol 57: 136476

microtubules (Mathur et al. 2002; Mano et al. 2002; Rodriguez-Serrano et al. 2009;
Oikawa et al. 2015; Sparkes and Gao 2014). There are three key characteristic
properties of peroxisomes: (1) their oxidative type of metabolism; (2) their power
for sharing metabolic pathways with other cell compartments; and (3) their meta-
bolic plasticity, since their enzymatic complement can change depending on the
organism, cell/tissue type, and environmental conditions (Fahimi and Sies 1987; del
Rio et al. 2002; Baker and Graham 2002; del Rio 2013). The occurrence in
peroxisomes of different regulatory proteins, such as kinases, phosphatases, and
heat-shock proteins, has been described (Hayashi and Nishimura 2003; Reumann
et al. 2009; Hu et al. 2012; del Rio and Schrader 2018).

The group of JK Reddy in the USA was the first to report the induction of the
peroxisomal population as well as the activity of the H,O,-producing acyl-CoA
oxidase in animals by different xenobiotics (Reddy et al. 1987). In plants, the
proliferation of the cellular population of peroxisomes has been reported both
under natural and different abiotic stress conditions. The cases and the agents
responsible for the proliferation of peroxisomes in different plant species are
presented in Table 2. The induction of peroxisome biogenesis genes (PEX) by
H,0,; has been demonstrated in plant and animal cells, suggesting that the signal
molecule H,O, is responsible for the proliferation of peroxisomes (Lépez-Huertas
et al. 2000). The peroxisome proliferator-activated receptor (PPAR), the transcrip-
tion factor implied in peroxisomal proliferation and induction of peroxisomal fatty
acid p-oxidation in animal tissues, was demonstrated to be functional in transgenic
tobacco plants, and its expression induced the proliferation of peroxisomes, as
described in animal tissues (Nila et al. 2006).
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Table 2 Peroxisome proliferation in plants

L. A. del Rio

Proliferating agent

Plant tissue

Reference

Senescence Carnation petals Droillard and Paulin (1990)
Pea leaves del Rio et al. (1998)

Light Arabidopsis seedlings Desai and Hu (2008)
Lemna minor fronds Ferreira et al. (1989)

H,0, Arabidopsis leaves Lépez-Huertas et al. (2000)

Isoproturon (herbicide)

Ryegrass leaves

de Felipe et al. (1988)

Clofibrate (hypolipidemic drug)

Pea leaves

Palma et al. (1991)

Tobacco leaves

Nila et al. (2006)

Arabidopsis leaves

Castillo et al. (2008)

Ozone Norway spruce needles Morré et al. (1990)
Aspen and birch leaves Oksanen et al. (2003)
Cadmium Pea leaves Romero-Puertas et al. (1999)

del Rio et al. (2003b)
Mitsuya et al. (2010)

Salt stress

Arabidopsis leaves

Research carried out in the last 30 years has indicated the existence of cellular
functions for peroxisomes related to reactive oxygen species (ROS) and reactive
nitrogen species (RNS) (del Rio et al. 2002, 2006; Schrader and Fahimi 2004, 2006;
Corpas et al. 2009a, 2019a; del Rio 2011; Fransen et al. 2012; Fransen and Lismont
2018; Sandalio and Romero-Puertas 2015), and a function for peroxisomes as
important centers of the cellular signaling apparatus has been postulated (del Rio
2013). More recently, new roles of peroxisomes in the oxidative metabolism involv-
ing reactive sulfur species (RSS) have been proposed (Corpas et al. 2009a, 2019a;
Corpas and Barroso 2015). As shown in Table 1, the diverse physiological functions
that have been demonstrated for peroxisomes from different sources strongly indi-
cate the interest of these organelles as a cellular source of different signaling
molecules.

In this review, the generation and metabolism of ROS, RNS, and RSS in
peroxisomes and its regulation, as well as the different antioxidant systems present
in these organelles, will be analyzed in the context of different ROS-, RNS-, and
RSS-mediated functions of plant peroxisomes that could be involved in plant cell
metabolism under both physiological and stress conditions.

2 Generation of Reactive Oxygen Species (ROS), Reactive
Nitrogen Species (RNS), and Reactive Sulfur Species
(RSS)

2.1 ROS

In peroxisomes the generation of distinct reactive oxygen species (ROS), including
hydrogen peroxide (H,O,), superoxide radicals (O, ™), and singlet oxygen (102), has
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been reported. For the generation of H,O,, the main metabolic processes responsible
in different types of peroxisomes are, in decreasing order, (1) the photorespiratory
glycolate oxidase (GOX) reaction (in green tissues); (2) the main enzyme of fatty
acid p-oxidation, acyl-CoA oxidase; (3) the enzymatic reaction of different flavin
oxidases, like polyamine oxidases (PAOs), among others; (4) the Cu-containing
amine oxidases (CuAOs); and (5) the spontaneous or enzymatic dismutation of O,”~
radicals (del Rio et al. 2002, 2006, 2018; Baker and Graham 2002; del Rio 2013;
Foyer 2018).

Peroxisomes contain distinct H,O,-producing flavin oxidases depending on the
organism and tissue origin, like GOX, sulfite oxidase, xanthine oxidase (XOD),
sarcosine oxidase, as well as enzymes of polyamine catabolism (diamine oxidase
and polyamine oxidase), among others (Corpas et al. 2009a, 2019a; del Rio 2013;
Sandalio and Romero-Puertas 2015; Héansch and Mendel 2005). The peroxisomal
GOX has a rate of H,O, production about 2- and 50-fold higher than that reported
for chloroplasts and mitochondria, respectively (Foyer et al. 2009). The accumula-
tion of H,0, in peroxisomes can be imaged in vivo by confocal microscopy, using
fluorescent probes such as 2',7'-dichlorofluorescein diacetate (Sandalio et al. 2008),
or by expressing specific H,O, biosensors, such as HyPer, targeted to peroxisomes
(Costa et al. 2010). H,O, also can be detected by cytochemistry using CdCl; and
visualization by electron microscopy (Romero-Puertas et al. 2004a).

Peroxisomes, like mitochondria and chloroplasts, also generate superoxide radi-
cals (O, ") as a result of their normal metabolism. Using biochemical and electron
spin resonance spectroscopy (ESR) methods in peroxisomes from pea leaves and
watermelon cotyledons, the existence of, at least, two sites of O, production was
found: one in the organelle matrix (soluble fraction), in which the generating system
was identified as xanthine oxidase (XOD), and another locus in the peroxisomal
membranes dependent on NAD(P)H (Sandalio et al. 1988; del Rio et al. 1989, 2002;
del Rio and Donaldson 1995; Corpas et al. 2008). XOD catalyzes the oxidation of
xanthine and hypoxanthine to uric acid and is a characteristic producer of superoxide
radicals (Halliwell and Gutteridge 2015). Xanthine oxidoreductases (XORs) occur in
two forms, depending on their electron acceptors. In experiments incubating perox-
isomal matrices from pea leaves with microbial XOR, it was shown that peroxisomal
endoproteases (EPs) could produce the irreversible conversion of xanthine dehydro-
genase (XDH) into the O, -generating XOD (Distefano et al. 1999; Palma et al.
2002). In the matrix of peroxisomes, urate oxidase is also present, and this enzyme
was also found to be a O, producer although weaker than XOD, judging by the
fainter O, ESR signals obtained (Sandalio et al. 1988). The peroxisomal XOD
from pea leaves has been characterized, and the occurrence of this enzyme in plant
peroxisomes has been confirmed by immunogold electron microscopy (Corpas et al.
2008a).

The peroxisomal membrane is the other site of O,” generation, where a small
electron transport chain appears to be involved. This consists of a flavoprotein
NADH-ferricyanide reductase of about 32 kDa and a Cyt b (Bowditch and
Donaldson 1990). The integral peroxisomal membrane polypeptides (PMPs) of
pea leaf peroxisomes were identified, and three of these membrane polypeptides,
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with molecular masses of 18, 29, and 32 kDa, have been characterized and found to
be responsible for O, generation (Lépez-Huertas et al. 1999). The main producer
of superoxide radicals in the peroxisomal membrane was the 18 kDa PMP which
was identified as a Cyt b (L6pez-Huertas et al. 1999). The 18 and 32 kDa PMPs use
NADH as the electron donor for O, production, but the 29 kDa PMP was dependent
on NADPH and was able to reduce Cyt ¢ with NADPH as electron donor (Lépez-
Huertas et al. 1999; del Rio et al. 2002). The PMP32 very probably corresponds to
the enzyme of the ascorbate-glutathione cycle, monodehydroascorbate reductase
(MDAR) (Lépez-Huertas et al. 1999), whose activity was previously detected in
pea leaf peroxisomal membranes by Jiménez et al. (1997). The third superoxide-
generating polypeptide, PMP29, could be related to the peroxisomal NADPH-
cytochrome P450 reductase (L6épez-Huertas et al. 1999).

The production of superoxide radicals by peroxisomal membranes could be an
obligatory consequence of NADH reoxidation by the peroxisomal electron transport
chain, directed to regenerate NAD™ to be reused in peroxisomal metabolic processes
(del Rio et al. 1990, 1992; del Rio and Donaldson 1995). The O, accumulation in
peroxisomes can be imaged in vivo by confocal laser microscopy, using fluorescent
probes such as dihydroethidium (Sandalio et al. 2008).

Singlet oxygen ('O,) is a non-radical ROS normally produced in chloroplasts
through different photodynamic reactions (Asada 2006; Triantaphylidés and Havaux
2009), but the light-independent generation of singlet oxygen has been reported in
mitochondria, peroxisomes, and the nucleus of Arabidopsis thaliana
non-photosynthetic tissue. In vivo imaging with a singlet oxygen-specific probe
and confocal microscopy demonstrated the production of singlet oxygen in perox-
isomes, mitochondria, and the nucleus, and 102 accumulation was enhanced in roots
of plants, in the dark, under various biotic and abiotic stresses (Mor et al. 2014). The
authors indicated that the origin of singlet oxygen could be the reaction of O, with
H,0, via a Haber-Weiss mechanism.

In conclusion, peroxisomes are probably the major sites of intracellular H,O,
production and are an important source of O, radicals. A model of the function of
peroxisomes in the generation of the ROS H,0,, O, ", and 'O, is presented in Fig. 2.

2.2 RNS

Reactive nitrogen species (RNS) is another collective name, like ROS, but including
radicals like nitric oxide (NO) and nitric dioxide (NO,"), as well as non-radicals such
as nitrous acid (HNO,) and dinitrogen tetroxide (N,O,4) among others (Halliwell and
Gutteridge 2007; del Rio 2015). Both RNS and ROS have been demonstrated to
have an important role in biology and medicine (Schrader and Fahimi 2004; Fransen
et al. 2012; Halliwell and Gutteridge 2015; del Rio 2015).

The gaseous free radical nitric oxide (NO) is a widespread intracellular and
intercellular messenger with a broad spectrum of regulatory functions in many
physiological processes of animal and plant systems (del Rio et al. 2004; Neill
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Fig. 2 Scheme of the different sources of the ROS superoxide (O, ), hydrogen peroxide (H,0O,),
and singlet oxygen ('05) in plant peroxisomes. PMP, peroxisomal membrane polypeptides. Cyt b, a
b type cytochrome (PMP18). MDAR, monodehydroascorbate reductase (PMP32). PMP29, perox-
isomal membrane polypeptide of 29 kDa probably related to the NADPH-cytochrome P450
reductase. SOD, superoxide dismutase. XOD, xanthine oxidase. Broken arrows indicate signaling.
Reproduced from del Rio and Lépez-Huertas (2016) Plant Cell Physiol. 57: 1364-76

et al. 2008; Martinez-Ruiz and Lamas 2009; Astier et al. 2018). In animal systems,
most of the NO produced is due to the enzyme nitric oxide synthase (NOS; EC
1.14.13.39) (Alderton et al. 2001). NOS catalyzes the oxygen- and NADPH-
dependent oxidation of L-arginine to NO and citrulline, in a complex reaction
requiring FAD, FMN, tetrahydrobiopterin (BH,), Ca?*, and calmodulin (Knowles
and Moncada 1994; Alderton et al. 2001). However, in plants a gene or a protein
with homology to mammalian NOS enzymes has not been found in Arabidopsis
thaliana (the Arabidopsis genome initiative, 2000). The different molecular
approaches developed so far to clone a higher plant NOS based on the sequence of
animal NOS have always given negative results (del Rio 2011; del Rio et al. 2014;
Astier et al. 2018). The only case reported to date in the plant kingdom of a NOS that
has been characterized is that of a unicellular species of marine green alga,
Ostreococcus tauri (Foresi et al. 2010). The length sequence of O. fauri NOS
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showed a similarity of 42,43, and 34% with respect to eNOS, iNOS, and nNOS,
respectively. The authors suggested that the active form of O. fauri NOS is a dimer
with a subunit of 119 kDa, which is close to the molecular mass of the animal NOS
subunits (Foresi et al. 2010).

In plants there are several potential sources of NO including enzymatic and
nonenzymatic systems (Wilson et al. 2008; del Rio 2011; Mur et al. 2012; Hancock
2012; del Rio et al. 2014; del Rio 2015; Astier et al. 2018; Corpas et al. 2019a). A
summarized list of some established sources of NO in plant cells and other potential
sources, with an indication of the different substrates used, is shown in Table 3. With
regard to the NOS-like activity indicated in Table 3, there are reports of L-arginine-
dependent NOS activity in extracts of, at least, 11 different plant species (Cueto et al.
1996; Jasid et al. 2006; Zhao et al. 2007; reviewed by Corpas et al. 2009b, del Rio
2011, and del Rio et al. 2014).

The hydrogen peroxide-producing enzymes polyamine oxidases (PAOs) and
Cu-containing amine oxidases (CuAQs), present in peroxisomes, are involved in
the catabolism of polyamines (Tiburcio et al. 2014; Corpas et al. 2019a; Kamada-
Nobusada et al. 2008), and in recent years, it has reported that polyamine catabolism
induces the synthesis of NO in different plant organs (Tun et al. 2006; Wimalasekera
et al. 2011a; Diao et al. 2016; Agurla et al. 2018). In Arabidopsis, isoform CuAO1
participates in polyamine-induced NO biosynthesis, although the mechanism of NO
production remains unknown (Wimalasekera et al. 2011b). The occurrence of
polyamine oxidases and Cu-containing amine oxidases in plant peroxisomes has
suggested that perhaps these two enzymes could be additional sources of NO
generation in peroxisomes, although this has not been demonstrated yet (Kaur
et al. 2013; Corpas et al. 2019a).

In plant systems, there is little information on the subcellular sites where NO is
produced. Besides peroxisomes the only cell compartments where the generation of
NO has been clearly demonstrated are mitochondria and chloroplasts. The first
biochemical characterization of a NOS-like activity in higher plants was accom-
plished in isolated peroxisomes (Barroso et al. 1999). In peroxisomes purified from
pea leaves, the NOS activity was determined using L-arginine as substrate plus all
the NOS cofactors. Four different assays were used: (1) monitoring the conversion of
L—[3H]arginine into L-[3H]citrulline; (2) fluorometric  detection  with
4,5-diaminofluorescein diacetate (DAF-2 DA) of NO produced in the enzymatic
reaction; (3) ozone chemiluminescence detection of NO produced with a nitric oxide
analyzer (NOA); and (4) spin trapping electron paramagnetic resonance (EPR)
spectroscopy of NO generated during the enzymatic reaction, using the spin trap
Fe(MGD), (Barroso et al. 1999; Corpas et al. 2004a, 2009b; del Rio 2011).

Using the arginine-citrulline method, it was found that the NOS activity was
strictly dependent on L-arginine and NADPH and required Ca**, calmodulin, FAD,
FMN, and BH,, the same cofactors necessary for the animal NOS (Alderton et al.
2001). Additionally, the peroxisomal NOS activity was sensitive to archetype
inhibitors of the three NOS isoforms (Barroso et al. 1999; del Rio 2011). Since the
validity of the arginine-citrulline method has been questioned due to interferences by
arginase and arginine decarboxylase — two enzymes which also use L-arginine as
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Table 3 Main sources of NO in plant cells and other potential enzymatic sources

Source | Substrates ‘ References
Nonenzymatic
NO,~ | Acid pH (ASC) | Reviewed by del Rio et al. (2004)
Enzymatic
Nitrate reductase NO,™ + NADH Dean and Harper (1988), Yamasaki et al. (1999), Gupta
and Kaiser (2010)
NOS-like activity | L-Arg + NOS Reviewed by Corpas et al. (2009b, 2019c)
cofactors

Plasma membrane

NO,™ + reduced
Cytc

Stohr et al. (2001), Stohr and Stremlau (2006)

Catabolism of polyamines

PAOs and CuAOs | Unknown Reviewed by Corpas et al. (2019¢)
mechanism

Xanthine NO,™ + NADH “Reviewed by Harrison (2002)

oxidoreductase

Catalase NaN; “Nicholls (1964)

Peroxidase NOHA + H,0, “Boucher et al. (1992a)
Hydroxyurea + “Huang et al. (2002)
H,0,

Hemeproteins NOHA + H,0,/ “Boucher et al. (1992a)

ROOH

Cytochrome P450 | NOHA + “Boucher et al. (1992b)
NADPH + O,

Cell organelles

Peroxisomes L-Arg + NOS Barroso et al. (1999), Corpas et al. (2004a)
cofactors

Mitochondria NO,™ + NADH Gupta and Kaiser (2010)

Chloroplasts NO,™; L-Arg Jasid et al. (2006), Jasid et al. (2006)

NOHA N-hydroxyarginine; ROOH alkyl hydroperoxides, PAO polyamine oxidase, CuAO
Cu-containing amine oxidase
“Not reported in plants so far

substrate and mimic NOS activity (Tischner et al. 2007) — another two alternative
methods of NOS activity determination were used, spectrofluorimetry with the
fluorescence probe DAF-2 and an ozone chemiluminescence assay (Corpas et al.
2004a, b, 2008a, b). The biochemical characterization of NOS activity in peroxi-
somes purified from pea leaves using the ozone chemiluminescence method is
shown in Fig. 3. Results obtained showed that the peroxisomal NOS activity
depended on the same cofactors as those found by the arginine-citrulline assay,
where the conversion of L-[> H]larginine into L-[*H]citrulline was monitored.

The localization of the NOS-like activity in peroxisomes was also studied by
immunological methods. By Western blotting, using a polyclonal antibody to
murine iNOS, the presence in peroxisomes from pea leaves of an immunoreactive
polypeptide of about 130 KDa was detected (Barroso et al. 1999). The electron
microscopy (EM) immunolocalization of NOS activity showed the presence of the
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Fig. 3 Biochemical characterization of L-arginine-dependent NOS activity in peroxisomes purified
from pea leaves using the ozone chemiluminescence assay which measures the NO generated in the
enzymatic reaction. Reaction mixtures containing peroxisomal fractions were incubated in the
absence and presence of L-arginine (1 mM), NADPH (I mM), EGTA (0.5 mM), calmodulin
(10 pg/mL), cofactors (10 pM FAD, 10 pM FMN, and 10 pM BH,), antibody to iNOS, 200 pM
CM, 0.01% AAN, and 1 mM azide. Then the NO production was assayed using a | mM L-arginine
concentration and an incubation time of 30 min. The NO produced was quantified by ozone
chemiluminescence using a nitric oxide analyzer (Corpas et al. 2008a). Reproduced from Corpas
et al. (2009b) New Phytol 184: 9-14

enzyme in the matrix of peroxisomes and also in chloroplasts, and no immunogold
labeling was detected in mitochondria (Barroso et al. 1999). The peroxisomal
localization of NOS was confirmed by confocal laser scanning microscopy
(CLSM) using antibodies against catalase, a characteristic marker enzyme of perox-
isomes, and murine iNOS. The punctuate patterns of both immunofluorescent
markers colocalized indicating that NOS was present in peroxisomes (del Rio
et al. 2003b; Corpas et al. 2004a). In conclusion, the results obtained using different
experimental approaches indicate that there are clear and unequivocal evidence of
the presence of L-arginine-dependent NOS activity in plant peroxisomes (Corpas
et al. 2001, 2009b; del Rio 2011). The results obtained on the presence of NOS in
plant peroxisomes were some years later extended to animal peroxisomes. In rat
hepatocytes the occurrence of inducible nitric oxide synthase (iNOS) in peroxisomes
was reported (Stolz et al. 2002), while in the cytosol, both the iNOS active dimer and
monomer exist (Loughran et al. 2005). The import of the NOS-like protein into plant
peroxisomes has been studied, and it was found to be dependent on peroxins PEX12
and PEX13 (Corpas et al. 2009c¢), and it seems to have a peroxisomal targeting signal
type 2 (PTS2) (Corpas and Barroso 2014), similarly to peroxisomal NOS from
animal origin (Loughran et al. 2013).

Regarding the possible identity of the L-arginine-dependent NOS activity
detected in plant peroxisomes, this activity is not a canonical NOS enzyme, and
this suggests that in higher plant cells, perhaps NOS activity is carried out by several
proteins functioning together from L-arginine and using the same substrate and
cofactors as the animal NOS. Nevertheless, the possibility of a peroxisomal enzyme
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that can generate NO from L-arginine as a by-product of an unknown secondary
reaction cannot be ruled out. For example, it has been suggested that catalase in the
presence of H,O, perhaps could transform peroxidatically L-arginine into NO, using
NADPH and Ca** as cofactors (del Rio 2011), and the enzymes of the catabolism of
polyamines, PAOs and CuAOs, could be another possibility (Corpas et al. 2019a).

In an attempt to identify the protein responsible for the L-arginine-dependent
NOS activity found in peroxisomes, the activity of three enzymes known to be
present in plant peroxisomes was assayed: (1) animal xanthine oxidoreductase
(XOR); (2) catalase purified from pea leaf peroxisomes; and (3) recombinant
monodehydroascorbate reductase from cucumber (MDAR), an enzyme of the
ascorbate-glutathione cycle which is known to produce O, (del Rio et al. 2014).
The NOS activity was determined using either the ozone chemiluminescence
method (Corpas et al. 2008b) or by spin trapping EPR (Corpas et al. 2004a).
Under the experimental conditions used, catalase, xanthine oxidase, and MDAR
did not produce any NO in the L-arginine-dependent NOS reaction, and, accord-
ingly, they do not seem to be responsible for the NO generation in peroxisomes, at
least under the experimental conditions used (del Rio et al. 2014).

The import of the NOS-like protein into plant peroxisomes has been studied, and
it was found to be dependent on peroxins PEX12 and PEX13 (Corpas et al. 2009c),
and it seems to have a peroxisomal targeting signal type 2 (PTS2) (Corpas and
Barroso 2014), similarly to peroxisomal NOS from animal origin (Loughran et al.
2013).

Although multiple attempts have been made to find a characteristic NOS enzyme
in plants, the genetic data available at present clearly indicate that a NOS enzyme
similar to animal NOS does not exist in higher plants (for a review see Hancock and
Neill 2019). For some reason plants do not have the necessity of a classical NOS
enzyme (Frolich and Durner, 2011). However, this does not exclude the existence of
an L-arginine-dependent enzymatic system in higher plants, and there are multiple
references supporting this finding, as it was mentioned before. Higher plants do not
appear to have an essential NOS-dependent system of NO production which likely
occur in mammals but multiple systems distributed in different cell compartments
(Corpas et al. 2004b) whose relevance might vary depending on the specialized plant
tissue and its physiological stage as well as the abiotic and biotic stress situations that
the plant might have to face. It could be a similar situation to that of the O, radicals
production which is distributed in multiple cell compartments including plasma
membrane, chloroplasts, peroxisomes, mitochondria, nuclei, etc., as a result of
different oxidative and electron transport reactions (del Rio 2015; del Rio et al.
2018). There is not a centralized generating system of superoxide but multiple
systems, strategically distributed in distinct cell sites and whose importance might
depend on the plant development and its physiological stage and/or different stress
conditions. The characterized systems of NO production, indicated in Table 3,
oscillate from the simple NO,  anion to different enzymatic sources like nitrate
reductase, the L-arginine-dependent enzyme system so-called NOS-like activity for
its substrate and cofactors similarity to animal NOS, and a plasma-membrane
enzyme, as well as enzymes involved in the catabolism of polyamines, apart from
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other potential candidates, like XOD, catalase, peroxidases, hemeproteins, and
cytochrome P450. These systems may be more or less important under certain
conditions, but they could acquire a protagonist role when the physiological stage
of plants requires source(s) of NO in particular tissues. Which is the necessity for
plants of a centralized enzymatic generator of NO, instead of different producing
systems distributed in different cellular compartments like in the case of the free
radical species O,”? Perhaps these multiple independent systems could be more
easily activated and the NO released more accessible within the plant under certain
physiological conditions and different biotic and abiotic stresses. The challenge now
is, as indicated by Frohlich and Durner (2011), to decipher how these multiple
systems could act, together or independently, to constitute the elaborated NO
signaling network observed in plants.

The presence of glutathione and ascorbate with the whole enzymes of the
antioxidative ascorbate-glutathione cycle have been demonstrated in leaf peroxi-
somes (Jiménez et al. 1997). NO in the presence of O, can react with reduced
glutathione (GSH) to form the reactive nitrogen species S-nitrosoglutathione
(GSNO) (Wink et al. 1996). GSNO could also be formed by reaction of reduced
glutathione with peroxynitrite (Moro et al. 1994). The presence of GSNO in leaf
peroxisomes has been demonstrated in olive and pea plants by EM immunocyto-
chemistry. Using a commercial antibody to GSNO, immunogold labeling was found
in peroxisomes and chloroplasts of pea leaves (Rodriguez-Serrano 2007; Barroso
et al. 2013).

Peroxynitrite (ONOO ™) is a class of reactive nitrogen species which is produced
by a very quick chemical reaction between superoxide radicals (O,”) and NO
k=19 x 10'°m! sfl) (Kissner et al. 1997). Peroxynitrite is a powerful oxidant
and nitrating species that produces the oxidation and nitration of proteins and other
biomolecules (Radi 2013). Peroxynitrite has a very short half-life, and its action must
take place at the site of generation of both superoxide and NO (Szabé et al. 2007).
The presence of peroxynitrite in peroxisomes has been studied by CLSM in
Arabidopsis thaliana transgenic plant expressing CFP-PTS1 which allows the
in vivo visualization of peroxisomes (Corpas and Barroso 2014). Using the specific
fluorescent probe APF, it was found that peroxynitrite was generated endogenously
in peroxisomes of root and guard cells.

The generation and function of the main components whose presence has been
demonstrated in plants peroxisomes (NO, GSNO, and ONOQ ™) are shown in Fig. 4.
This implies that single membrane-bound peroxisomes can function in plant cells as
a source of RNS signal molecules, besides O, ™ and H,O,. The production of NO and
GSNO in peroxisomes implies that important posttranslational changes can take
place in these organelles, such as S-nitrosylation and nitration of proteins.
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Fig. 4 Scheme proposed for the different sources of RNS in peroxisomes and the metabolism and
signaling function of NO and S-nitrosoglutathione (GSNO). L-arginine-dependent nitric oxide
synthase (NOS-like activity) produces NO which can react with reduced glutathione (GSH) to
form S-nitrosoglutathione (GSNO), a process designated as S-nitrosylation. This metabolite can
interact with SH-containing proteins by a reaction of S-transnitrosylation, affecting their function,
or can be metabolized by the enzyme GSNO reductase (GSNOR). Nitric oxide can also react with
superoxide radicals (O,”) to generate the powerful oxidant and nitrating species peroxynitrite
(ONOO™) which can produce the tyrosine nitration of proteins. Interestingly, NO and GSNO can
be released to the cytosol to participate in signaling cascades. CAT, catalase. GOX, glycolate
oxidase. MDH, malate dehydrogenase. HPR, hydroxypyruvate reductase. Reproduced from del Rio
et al. (2014)

2.3 RSS

It is known that in animal systems under conditions of oxidative stress, sulfur may
exist in different higher oxidation states, and for these redox active molecules, the
term reactive sulfur species (RSS) was coined in analogy with ROS and RNS (Giles
et al. 2001). These molecules include thiyl radicals (RS’), sulfenic acids (RSOH),
and disulfide S-oxides [RS(0O),SR] and are strong oxidizing agents that by prefer-
ence attack the thiol functionality (Giles et al. 2001, 2002). In recent years the
occurrence of RSS in plant peroxisomes has been postulated as well as their
interaction with the physiologically important signaling molecules ROS and RNS
(Corpas and Barroso 2015).
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The generation of the gas hydrogen sulfide (H,S), the simplest thiol compound,
was first demonstrated in animal cells, and a role for endogenous H,S as
neuromodulator has been proposed (Abe and Kimura 1996). In plants, several
enzymes of the cysteine metabolism can generate H,S, including sulfite reductase
(SiR), L- and D-cysteine desulfhydrase (L-DES/D-DES), cyanoalanine synthase
(CAS), and cysteine synthase (CS), and these enzymes are present in chloroplasts,
mitochondria, and cytosol (Corpas et al. 2019b). Another enzyme of Cys metabo-
lism that has been shown to produce H,S is the cytosolic isoform of O-acetylserine
(thiol)lyase (OASTL), which catalyzes the desulfuration of L-Cys to sulfide plus
ammonia and pyruvate (Alvarez et al. 2010). The production of hydrogen sulfide has
been found in bacteria, fungi, worms, and humans, besides plants (Kabil et al. 2014),
and it has been proposed that H,S can act as a signaling molecule together with other
signaling molecules like RNS, ROS, and carbon monoxide (CO) (Lisjak et al. 2013;
Hancock and Whiteman 2014; Kimura 2015). The role of hydrogen sulfide in plant
biology has been reviewed by different authors (Zhang 2016; Hancock and
Whiteman 2016; Filipovic and Jovanovic 2017; and Corpas et al. 2019b, among
others).

Recent data obtained in Arabidopsis plants have provided evidence of the pres-
ence of H,S in peroxisomes and the inhibition of catalase activity by H,S possibly by
persulfidation. As catalase activity is one of the main antioxidant enzymes in
peroxisomes, this finding suggests that H,S could regulate the peroxisomal H,O,
metabolism (Corpas et al. 2019c¢). In plant peroxisomes the occurrence of key sulfur
compounds has been demonstrated, such as the antioxidant glutathione (GSH)
(Jiménez et al. 1997) and the RNS S-nitrosoglutathione (GSNO), an intercellular
and intracellular NO carrier (Barroso et al. 2013). In addition, the presence of
enzymes involved in sulfur metabolism, such as glutathione reductase (GR) (Jiménez
et al. 1997; Romero-Puertas et al. 2006), S-nitrosoglutathione reductase (GSNOR)
(Barroso et al. 2013), and sulfite oxidase (SO) (Nowak et al. 2004), has also been
described. All these findings led Corpas and Barroso (2015) to postulate that
peroxisomes might play a function in the RSS metabolism, similarly to ROS
and RNS.

3 Antioxidant Systems in Peroxisomes

Catalase is a characteristic enzyme of peroxisomes whose presence in these organ-
elles is known since their initial characterization in mammalian tissues (De Duve and
Baudhuin 1966). Today it is known that catalase, besides its function in the control
of H,O, produced in peroxisomes, can also have a role in the maintenance of cellular
redox homeostasis (Mhamdi et al. 2012; Inz€ et al. 2012; Sandalio and Romero-
Puertas 2015; Smirnoff and Arnaud 2019). In Arabidopsis thaliana and other plants,
three genes encoding catalase have been identified: CATI, whose expression is
related to fatty acid p-oxidation; CAT2, related to the photorespiration pathway;
and CAT3 associated to senescence processes (Mhamdi et al. 2010, 2012). But, in
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addition to catalase, a complex variety of antioxidant systems has been demonstrated
in plant peroxisomes.

3.1 Superoxide Dismutases

The family of metalloenzymes superoxide dismutases (SODs) catalyze the
dismutation or disproportionation of superoxide radicals (O, ") into molecular oxy-
gen (O,) and hydrogen peroxide (H,O,) (Fridovich 1995; Imlay 2011; del Rio et al.
2018). In plants essentially there are three groups of SODs depending on the
prosthetic metals in their active sites: either copper and zinc (Cu,Zn-SODs), man-
ganese (Mn-SODs), or iron (Fe-SODs). Different plant SODs have been isolated and
characterized, and many cDNAs and genes for SODs have been identified and
characterized (see del Rio et al. 2018).

SODs occur mainly in chloroplasts, cytoplasm, mitochondria, apoplast, and
nuclei (Asada 2006; Rodriguez-Serrano et al. 2007), but the presence of SOD in
peroxisomes was demonstrated for the first time in plant tissues. Using protoplasts
from pea leaves, by immunofluorescence and immunoelectron microscopy, with a
polyclonal antibody to Mn-SOD purified from pea leaves, the metalloenzyme
Mn-SOD was found localized in peroxisomes and was absent in chloroplasts (del
Rio et al. 1983). The presence of Mn-SOD in peroxisomes was confirmed in
organelles isolated from pea leaves by classical cell biology methods (Sandalio
et al. 1987). After that, the occurrence of different classes of SODs in plant
peroxisomes has been reported in at least 11 distinct plant species, and in 5 of
these plants, the localization of SOD in peroxisomes has been confirmed by
immunogold electron microscopy (Sandalio et al. 1997; del Rio et al. 2002; Mateos
et al. 2003; Corpas et al. 2006; Rodriguez-Serrano et al. 2007; Corpas et al. 2017a).
The results obtained on the presence of SOD in plant peroxisomes stimulated studies
of other authors in human, animal, and yeast peroxisomes where SODs were also
found to be present (Keller et al. 1991; Petrova et al. 2009; Corpas et al. 2017a), and
now SOD is widely accepted as a characteristic antioxidant enzyme in all types of
peroxisomes.

Three SODs of peroxisomal origin have been purified and characterized, a Cu,Zn-
SOD and a Mn-SOD from watermelon cotyledons and a Mn-SOD from pea leaves
(Bueno et al. 1995; Palma et al. 1998; Rodriguez-Serrano et al. 2007). Nevertheless,
the genes coding for the peroxisomal SODs have not been characterized yet. As
Mn-SOD is distributed in peroxisomes and mitochondria, it has been suggested that
peroxisomal Mn-SOD could be produced from a single gene by alternative splicing
or alternative targeting (del Rio et al. 2003a).
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3.2 Ascorbate-Glutathione Cycle

The ascorbate-glutathione cycle, also known as the Foyer-Halliwell-Asada pathway
after the names of the three major contributors, is a reaction pathway in animals and
plants considered to be an important mechanism for HO, metabolism (Asada 2006;
Foyer and Noctor 2011). This cycle that is present in chloroplasts, cytoplasm, and
mitochondria (Foyer and Noctor 2011) has also been demonstrated in peroxisomes
(Jiménez et al. 1997). The cycle has four enzymes, ascorbate peroxidase (APX),
monodehydroascorbate reductase (MDAR), dehydroascorbate reductase (DAR),
and glutathione reductase (GR), and all these enzymes were found to be present in
peroxisomes purified from pea leaves (Jiménez et al. 1997) and tomato leaves and
roots (Mittova et al. 2004; Kuzniak and Sklodowska 2005). APX is perhaps the most
thoroughly studied enzyme of this cycle (Ishikawa et al. 1998). The peroxisomal GR
of pea leaves has been purified and characterized (Romero-Puertas et al. 2006). In
purified peroxisomes the presence of reduced ascorbate and glutathione and their
oxidized forms was demonstrated by HPLC analysis (Corpas et al. 1997; Jiménez
et al. 1997), and in Arabidopsis thaliana, the relative concentration of glutathione
and ascorbate in peroxisomes was also quantified by immunocytochemical analysis
with antibodies to glutathione and ascorbate and electron microscopy (Zechmann
et al. 2008; Fernandez-Garcia et al. 2009).

The intraperoxisomal distribution of the ascorbate-glutathione cycle enzymes in
membranes and matrices was studied in organelles isolated from pea leaves, and
results are shown in Table 4 (Jiménez et al. 1997). In pea and Arabidopsis thaliana,
the peroxisomal MDAR was found to contain a peroxisomal targeting signal (PTS)
type 1 (Leterrier et al. 2005; Lisenbee et al. 2005). The function of APX and MDAR
in the leaf peroxisomal membrane could be to re-oxidize endogenous NADH to
maintain a steady supply of NAD* for peroxisomal metabolism (del Rio and
Donaldson 1995). However, MDAR and APX could also have a regulating role of
H,O, leaking from peroxisomes, as well as the H,O, that is formed by dismutation
of the O, that is generated by the NAD(P)H-dependent electron transport system of
the peroxisomal membrane (L6pez-Huertas et al. 1999; del Rio et al. 2002, 2006).
This membrane scavenging of H,O, could also avoid a cytoplasmic accumulation of
this metabolite, especially under plant stress situation, when the level of H,O,
generated in peroxisomes can be largely increased (del Rio et al. 1996).

3.3 NADPH-Generating Dehydrogenases

NADPH is a key element in cell redox homeostasis, and its regeneration is essential
for reductive biosynthesis and detoxification pathways. NADPH has an important
role in the protection against oxidative stress mainly due to its participation in the
ascorbate-glutathione cycle and the water-water cycle (Asada 2006; Foyer and
Noctor 2011). This evidence has supported the consideration that NADP-dependent
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Table 4 Main antioxidants present in plant peroxisomes

Intraperoxisomal
Antioxidant locus Reference
Enzymatic
Catalase ’ Matrix and core Huang et al. (1983), Kleff et al. (1997)
Superoxide dismutase (SOD)
Mn-SOD Matrix del Rio et al. (1983, 2003a, 2018)
Membrane Rodriguez-Serrano et al. (2007)
Cu,Zn-SOD Matrix Sandalio et al. (1997), Corpas et al.
(1998a)
Fe-SOD ? Droillard and Paulin (1990); Palma et al.
(2015)
Ascorbate-glutathione cycle
Ascorbate peroxidase Membrane Jiménez et al. (1997)
Monodehydroascorbate Matrix Jiménez et al. (1997)
reductase Membrane and Leterrier et al. (2005)
matrix
Dehydroascorbate reductase Matrix Jiménez et al. (1997)
Glutathione reductase Matrix Jiménez et al. (1997), Romero-Puertas
et al. (2006)
Peroxiredoxin-like protein Matrix Corpas et al. (2017b)
NADP-dehydrogenases
Glucose-6-phospate Matrix Corpas et al. (1998b)
dehydrogenase
6-phosphogluconate Matrix Corpas et al. (1998b)
dehydrogenase
Isocitrate dehydrogenase Matrix Leterrier et al. (2016)
Nonenzymatic or low molecular weight
Glutathione (GSH) Matrix Fernandez-Garcia et al. (2009)
Ascorbic acid (vitamin C) Matrix Fernandez-Garcia et al. (2009)

dehydrogenases are also antioxidant enzymes which can be included in the group of
SOD, catalase, APX, and GR/peroxidase (Corpas et al. 1998b, 1999). In isolated
plant peroxisomes, the occurrence of three NADP-dehydrogenases was demon-
strated: glucose-6-phosphate dehydrogenase (G6PDH), 6-phosphogluconate dehy-
drogenase (G6PDH), and isocitrate dehydrogenase (ICDH) (Corpas et al. 1998b,
1999; Valderrama et al. 2006). In A. thaliana NADP-ICDH was demonstrated to be
localized in peroxisomes by immunocytochemistry, and this dehydrogenase has
been proposed to be involved in stomatal movement (Leterrier et al. 2016).

The presence of several NADP dehydrogenases in peroxisomes indicates that
these organelles have the capacity to reduce NADP to NADPH for its reuse in their
metabolism. NADPH is necessary in peroxisomal membranes for the function of the
NADPH-cytochrome P450 reductase (Baker and Graham 2002) and the O, -pro-
ducing polypeptide, PMP29 (Lépez-Huertas et al. 1999). The peroxisomal
NO-generating activity, nitric oxide synthase-like, requires NADPH for its activity
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(Corpas et al. 2004). On the other hand, catalase has been reported to be protected by
NADPH from oxidative damage (Kirkman et al. 1999). NADPH is also required for
the GR activity of the ascorbate-glutathione cycle which recycles reduced glutathi-
one (GSH) from its oxidized form (GSSG) (Foyer and Noctor 2011) and for the
activity of 2,4-dienoyl-CoA reductase which reduces double bonds of unsaturated
fatty acids (Reumann et al. 2007).

3.4 Glutathione Peroxidase and Glutathione S-Transferase

The presence of glutathione peroxidase has been described in leaf peroxisomes of
tomato plants (Kuzniak and Sklodowska 2005). In Arabidopsis, three families of
glutathione S-transferases have been localized in peroxisomes, and it has been
suggested that they could be involved in the removal of toxic hydroperoxides due
to their glutathione peroxidase activity (Dixon et al. 2009).

3.5 Peroxiredoxins

Peroxiredoxins are thioredoxin-dependent peroxidases, a family of thiol-specific
antioxidant enzymes, which are present in bacteria, yeasts, plants, and mammals
(Dietz 2003). In peroxisomes from yeasts and animals, the presence of
peroxiredoxins has been demonstrated (Walbrecq et al. 2015) in contrast to plants.
In plants, recently the presence of a protein of about 50 kDa immunorelated to
peroxiredoxins was localized in the matrix of pea leaf peroxisomes (Corpas et al.
2017b). The presence in the matrix of peroxisomes of a protein immunorelated to
Prx raises new questions on the molecular properties of Prxs, as well as on their role
in the metabolism of ROS and RNS. The expression of this peroxiredoxin-like
protein was differentially modulated under oxidative stress conditions, and this
suggests that it could be involved in the regulation of hydrogen peroxide and/or
peroxynitrite (Corpas et al. 2017b).

The antioxidant systems of peroxisomes from two different fruits, pepper and
olive, have been characterized (Mateos et al. 2003; Lopez-Huertas and del Rio
2014). In peroxisomes from pepper fruits, the metabolism of antioxidants was
investigated during the ripening process, and proteomic analysis showed no changes
between the antioxidant metabolism of immature (green) and ripe (red) fruits (Palma
et al. 2015).
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4 Role of ROS, RNS, and RSS Produced in Peroxisomes

ROS are oxidizing species, particularly the hydroxyl radicals (OH) and singlet
oxygen ('0,) (del Rio 2015). These species are very powerful oxidants that can
react with most components of living cells producing severe damage to lipids,
nucleic acids, and proteins (oxidative stress situations) (Bailey-Serres and Mittler
2006; Halliwell and Gutteridge 2007; del Rio and Puppo 2009; Sies 2014). None-
theless, to avoid oxidative stress situations, plant cells have a battery of enzymatic
and nonenzymatic antioxidants, which were indicated in Sect. 3, that under normal
conditions can scavenge the excess oxidants produced and so prevent their delete-
rious effects on plant cells.

However, the concept of “oxidative stress,” which strictly implies a state to be
avoided, was re-evaluated, and the term “oxidative signaling” or “redox signaling”
was coined (Foyer and Noctor 2005; Foyer 2018). This means that ROS production,
which was initially considered as an exclusively harmful and dangerous process, is
also a relevant component of the signaling network that plants use for their devel-
opment and for responding to environmental challenges (del Rio and Puppo 2009;
Mittler et al. 2011; Foyer 2018). Therefore, ROS have a double role, and unfavorable
environmental conditions result in excessive ROS production that at high concen-
trations lead to oxidative cell injuries. But, as it was mentioned above, to prevent
ROS-induced cellular damage, plants are equipped with a broad variety of
antioxidative systems in order to use ROS simultaneously as a signal within distinct
biological processes (Vanderauwera et al. 2009).

Now it is widely admitted that ROS play an important signaling role in plants, as
key regulators of processes like growth, development, response to environmental
and biotic stimuli, plant metabolism, and programmed cell death (del Rio and Puppo
2009; Mittler et al. 2011; Inz€ et al. 2012; Sandalio et al. 2012; Baxter et al. 2014;
Mittler 2017). In plants, it has been identified the homologue of the respiratory-burst
NADPH oxidase of leukocytes, and this has led to the finding that plant cells, like
mammalian cells, can initiate and very probably amplify ROS production for
signaling purposes (Suzuki et al. 2011; Marino et al. 2012). The fact that ROS are
produced in many compartments of plant cells, including chloroplasts, mitochon-
dria, peroxisomes, apoplasts, and nuclei, is very important from the point of view of
initiating signaling cascades. However, it must also be considered that besides single
increases in ROS production, the controlled downregulation of antioxidant enzymes
can also be involved in the signaling mechanisms during plant stress.

Plant peroxisomes are one of the main cellular sources of ROS, and it has been
demonstrated their involvement in the oxidative stress induced by xenobiotics like
clofibrate or 2,4-dichlorophenoxyacetic acid (Palma et al. 1991; Nila et al. 2006;
Romero-Puertas et al. 2004b; McCarthy et al. 2011), heavy metals (Romero-Puertas
etal. 1999, 2004a), salinity (del Rio et al. 2002; Mittova et al. 2004), ozone (Pellinen
et al. 1999), or senescence (del Rio et al. 1998; Rosenwasser et al. 2011). Moreover,
in the last decade, the key role played by ROS in the complex signaling network
which regulates essential cell processes including stress response has been
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demonstrated (del Rio and Puppo 2009; Mittler et al. 2011; del Rio 2013; Considine
et al. 2015). The accumulation of ROS in specific cell compartments, like peroxi-
somes, can be perceived by the cell as an alarm and so trigger a cascade of events to
promote specific defense responses (Mittler et al. 2011).

The idea that peroxisomes could be a cellular source of the signal molecules ROS
and NO was proposed in the last two decades (del Rio and Donaldson 1995; del Rio
et al. 1996; Corpas et al. 2001; Turkan 2018). Years later, the idea of a signaling
function for plant peroxisomes was extended to other molecules also produced in
peroxisomes and derived from B-oxidation, like jasmonic acid and its derivatives,
salicylic acid and IAA (Nyathi and Baker 2006; see del Rio 2013).

Hydrogen peroxide (H,0,) is an important transduction signal in plant-pathogen
interactions, stomatal closure, response to wounding, excess light stress, and osmotic
stress, processes where H,O, leads to the induction of defense genes encoding
different cellular protectants

(Inzé et al. 2012). In catalase loss-of-function A. thaliana mutants, microarrays
studies have evidenced that a total of 783 transcripts changed their expression in
response to high levels of photorespiratory H>O,, and most of transcripts were
related to abiotic stress responses (Inzé et al. 2012). Different studies have also
demonstrated a close association betwee