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Thesis abstract:

Isoprenoid emission by plants (1 PgCl/yr) via the chloroplast localised methyl-
erythritol phosphate (MEP) pathway is a significant source of carbon that influences
atmospheric oxidation chemistry and global carbon cycle. Despite significant progress in
isoprenoid research, many deeper questions surround the biochemical regulation of the
MEP pathway and the physiological adaptations of emitters that determine the observed
diversity in emission rates, hindering our ability to estimate and forecast global emissions.
In this thesis, we present the results of a comprehensive set of experiments on the
physiology of isoprenoid emission in selected species of Eucalyptus, a diverse native
Australian tree genus (>900 species) that is adapted to a wide ranging climate and habitats
in Australia and emits both isoprene and monoterpenes at significant measurable quantities.
Addressing some of the outstanding questions in complex interactive effects of abiotic
stresses on isoprenoid emission, our experiments show how increased isoprenoid emission
rate by plants under abiotic stresses (low CO., heat and drought) is sustained by increased
ratio of electron transport rate to net carbon assimilation rate. We also show how the MEP
pathway competes with photorespiration for the residual reducing power not invested in
carbon assimilation. Our results highlight the importance of species-specific tolerance for
drought and provide a basis to observed variability and uncertainty in emission responses
to drought. Tackling another important question pertaining annual cycles in emission, we
establish an independent role for photoperiod in seasonal oscillations in emission.
Experiments show that temperature entrains seasonal rhythms in isoprenoid emission rates
and it is likely gated by a photoperiodic clock. Sensitivity of emission to photoperiod
means that increasing global mean temperature could interfere with the photoperiod
signaling pathway in major emitting tree genera, altering their seasonal emission responses.
Using a comprehensive data set, we trace the patterns in the origin and evolution of isoprene
emission in land plants and propose a novel hypothesis. We discuss various levels of
natural selection acting on isoprenoid emission whilst we put the most important of our
experimental results in a global perspective.



Thesis abstract in Kannada (mother tongue of the PhD candidate)
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Musings of a Doctor of Philosophy to be...

It is not easy to look back at a journey that almost refused to begin despite several
attempts. Often I wasn’t even close to being good enough for opportunities to like me.
Sometimes opportunities didn’t like me although I probably was one among many equals.
It was a classic story of ‘so near yet so far’ many times over. I am where I am today mostly
because of my past failures and because I didn’t fail them.

It took me many years to recognize that there are people in this world who will be on my
side even when they have nothing to gain from me. Most of them were strangers in different
countries who taught me the art of trust when my instincts either deserted me or had no
use. Some of those strangers have become my friends today. I am indebted to their support
and understanding.

I am sad to say that some people remained strangers even after several years of
interaction and exchange of ideas. Even after trying hard, I couldn’t understand many of
them. Some interactions were forced on us by circumstances. I could blame myself for not
allowing those relationships to grow and that would be true. I have to say with sadness
that I couldn’t be faulted in cases where people remained complete strangers to me
apparently because of their own prejudices and complexes. Such interactions have
continued only because the people involved (including me) wanted to preserve self-interest
at all costs. I am not proud of them. Nonetheless, some of those interactions had a
significant role to play in my journey and need to be acknowledged.

I'love trees. I have dreamed about trees, about what they do and what they mean ever
since I was 6 or 7 years old. If there is anything that I love equally, it is to interact with the
elderly. I am what I am today because of my grandmothers and grandfathers (some related
to me and many not so). My teachers from primary school onwards, professors in colleges
and universities have shaped my thoughts. I have learnt about my past and seen my future
through their eyes. As I speak, my father and my mother are as relieved as I am about the
fact that a major milestone is in sight. They are happier than I am. Today, I am in a
privileged position because of their sacrifices. A lot is still left for me to do. These are
unspoken and unwritten promises that will be reflected upon by someone younger to me 50
to 100 years from now.

I feel as though I am standing at a precipice. The optimist in me feels the launching pad
underneath my feet that would help me take a thrilling “leap of faith”. The pragmatist in
me feels relieved that the wait is almost over. The pessimist in me recognizes the precipice
for what it really means...it would be foolish and costly if I lose sight of where I am.

September 18, 2014
K G Srikanta Dani
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Chapter 1

Introduction

Prelude

One would hardly have guessed that the delicious perfumes of acacia flowers
or of orange blossoms had anything in common with the liver oils of the flounder,
mackerel, or shark; that one of the products of the dry distillation of rubber was
the chief building block used by nature in the construction of the growth-
stimulating vitamin A, as well as of the green (chlorophylls) and yellow
(xanthophylls) colouring matters of leaves, of the red pigments of annatto, the
tomato, the Chinese Lantern plant, and the red pepper, of the yellow or orange
pigments of carrots, dandelions, sunflowers, saffron, and yellow pansies, or of the
brown pigments of some seaweeds; that the molecular configuration responsible
for violet and orris perfumes likewise forms a part of the structure of the pigment
of the carrot and of vitamin A; or that the colouring matter of egg yolks is a
mixture of the yellow pigment found in corn with that which occurs in leaves. Yet
this appears to be the case, and all these apparently unrelated substances seem
to be built up from the same simple unit, isoprene (CsHsg), a hydrocarbon
heretofore regarded as peculiar to the vegetable kingdom but now shown to play
an important role in the animal organism also*

Marston Taylor Bogert (1868-1954)
Organic Chemist and Professor at Columbia University, USA

Volatile isoprenoid emission by plants: Where, what and how?

Plant isoprenoid biosynthesis is one component of secondary metabolism that occurs
through one of the two spatially separated pathways within a plant cell (Nagegowda, 2010;
Schnitzler et al. 2010). A cyanobacterial pathway that takes place in the plastid, also
referred to as DOXP/MEP (1-Deoxy-D-xylulose-5-phosphate/2-C-methyl erthritol-4-
phosphate) pathway and an archaeal pathway in the cytoplasm, also referred to as the MVA
(mevalonic acid) pathway (Sharkey and Yeh, 2001, Figure 1). Isoprenoids (also called

terpenoids) are a large class of versatile macromolecules with great structural diversity

1 Bogert, M T (1932), Recent Isoprene Chemistry, Chemical Reviews, Vol. 10 (2), 265-293
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despite being all constructed by catenation of five carbon (C5) monomers that are

derivatives of isopentenyl pyrophosphate (IPP) and dimethyalyl pyrophosphate (DMAPP).

Cytosol
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Pathway cross-talk
Rubisco ribulose-1,5-bisphosphate
N Ko oz~ 0-01 mV
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Figure 1: The complex network of biosynthetic pathways closely linked with the MEP
pathway (also see figure 3 on page 27 and Appendix I)

(A) Constitutive emission: Substrate pool limitation and enzyme kinetics of the MEP pathway and
photosynthesis: Isoprene (if not monoterpene) emission is shown to be strongly limited by DMAPP pool
size at least over short time scales. (B) Transient maximum emission: Transcriptional controls on the
pathway network: Most genes in the plastidic MEP pathway have light-regulated circadian elements
(Wilkinson et al. 2006; Cordoba et al. 2009) along with putative heatshock promoter elements upstream of
their initiator codon (Sharkey et al. 2008). It is important to note that MEP pathway enzymes are most likely
to be available, albeit at very low amounts, even when transcription is not induced as the enzyme half-life of
MEP enzymes are >3 to 4 days. An onset of a stress signal such as heat, insect attack, or photo saturation
would lead to rapid depletion of MEP pathway substrates via isoprenoid emission. It creates fresh demand
for MEP substrates and enzymes. (C) Seasonal variability: Pathway trade-offs: Mechanisms of components
A and B operating over seasonal time scales involve activation of genes from other linked pathways (both
within and outside chloroplast) that would affect MEP pathway substrate pools. These changes cause
substantial fluctuation in constitutive emission capacities. The transcriptional sensitivity of all the associated
genes to photoperiod needs to be parameterized over annual time scales.
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The conjugated double bounds (dienes) of volatile isoprenoids make them readily react
with any atom/molecule with unpaired valence electrons. These are made by one
(isoprene), two (monoterpenes) or three (sesquiterpenes) C5 units. In plants, the enzymes
involved in the plastidic MEP pathway are responsible for isoprene and monoterpene
emissions. These enzymes nuclear encoded and plastid targeted. It is known that both
isoprene and monoterpene biosynthesis principally utilize fresh carbon from primary
photosynthates fixed during photosynthesis (de novo; Schnitzler et al, 2004). Isoprene and
de novo monoterpene emissions are shown to increase with increasing temperature and
luminosity. Monoterpenes are emitted constitutively as well as stored in specialised glands
in the leaves by many plants. Monoterpenes emitted from the stored pools are shown to be

temperature dependent and light independent (Kesselmeier and Staudt, 1999).

Why do we study plant volatile isoprenoid emission?
Volatile isoprenoid emission by plants has several fundamental and applied dimensions
of great importance to human beings and the planet:

(a) Biogenic isoprenoid emission (1000 TgCl/yr) is a significant source of atmospheric
carbon and is part of the global carbon cycle (Pacifico et al. 2009). Emissions increase
atmospheric lifetime of methane (Monson et al. 2007), a major greenhouse gas.
Emissions also mediate secondary organic aerosol formation affecting air quality and
rainfall (Claeys et al. 2004; Heald et al. 2005; Paulot et al. 2009).

(b) Oxidation products of isoprene (CsHg) and monoterpenes (CioH16) have significant
influence on tropospheric ozone formation (interactions between anthropogenic
nitrogen oxides and reactions of photolytic products of free radicles with isoprene).
Anthropogenic sulphur oxides (mainly from coal-powered electricity stations) are

known to react with biogenic isoprenoids to form sulphuric acid, which has severe

15



detrimental impacts on vegetation and human health through acid rains (Mauldin et al.
2012).

(c) Natural rubber (polyisoprene) produced by the tree Hevea brasiliensis has a global
market that is worth > $US 35 billion per annum and there is an increasing global
demand for industrially produced isoprene (used in the production of synthetic rubber)
and monitory worth is estimated to be > $US 2 billion per annum (ETC Report, 2014)

(d) Isoprene and mixtures of highly volatile isoprenoids are seen as potential aviation fuels
and several labs around the world are involved in scaling up microbial production of
isoprene.

(e) Higher order terpenoids such as carotenoids have immense value in food and
agricultural industries and their worldwide trade is estimated to be worth nearly $US

1 billion per annum (Dufosse et al. 2005; Ribeiro et al. 2011).

Why do plants emit volatile isoprenoids?

The answer to the question of why plants emit isoprenoids is not simple, and not fully
resolved. While functions of monoterpene emission are apparent in pollination ecology and
plant defense systems, the role of isoprene emission is unclear. At present several
hypotheses are in circulation that try to explain the functional utility of isoprene emission
to plants and try to identify the selective forces that led to persistence of emissions. These
include isoprene emission-assisted thylakoid membrane stability at high temperature,
imparting thermotolerance in plants (Singsaas et al. 1997; Behnke et al. 2007; Velikova et
al. 2011) and protection of photosynthetic apparatus through quenching of ozone induced
free radicles by isoprene (Loreto and Velikova, 2001; Vickers et al. 2009b). However,

isoprene [oid] emission is not the only mechanism that achieves these adaptive roles.
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Isoprene could also be seen as an inconsequential product of the pathway when the
substrate intermediates are not completely consumed by the photosynthetic apparatus. CO»-
enrichment experiments have led researchers hypothesize that under elevated COg, the
MEP pathway could experience carbon starvation due to reduced PEP flux into chloroplast
(Rosenstiel et al. 2003). ATP and NADPH starvation of the MEP pathway due to enhanced
carbon fixation by Rubisco could also explain differences in isoprene emission responses
under different conditions (Niinemets et al. 1999) and similar models have been refined
and elaborated over the years (e.g. Morfopoulos et al. 2013). Despite significant progress,
many deeper questions surround the biochemical regulation of the MEP pathway

(Trowbridge et al. 2012; Rasulov et al. 2011; Banerjee et al. 2013).

Why eucalypts?

Transgenic Arabidopsis thaliana and Nicotiana tobacum have been used in some
isoprenoid pathway inhibition studies (Laule et al. 2003) as well as induced thermal
tolerance experiments (Loivamaki et al. 2007a; Vickers et al. 2009b). However,
Arabidopsis and Nicotiana, the model organisms for most in vitro transgenic experiments,
unfortunately are isoprene non-emitters and not ideally suited for investigating the biology
of emission coupled with climate change scenarios. Studies on isoprene non-emitting
RNAI mutant Populus (a model tree genus) overcame some of the limitations of herbaceous
models (Behnke et al. 2007; 2009). However, species of poplars and oaks are solely either
isoprene or monoterpene emitters making them unsuitable for studying the relative
response of isoprene and monoterpenes to environmental changes from a functional and

physiological perspective.
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Eucalyptus sp., a native Australian tree is known to emit a broad range of volatile
organic compounds including isoprene and monoterpenes. Unlike many other widely
studied model plants in isoprene research (e.g., Populus sp., Quercus sp.), Eucalyptus is a
dual emitter in that it emits both isoprene and monoterpenes at measurable levels (He et al.
2000; Loreto and Delfine, 2000; Winters et al. 2009). Many early studies on emissions
were carried out on Eucalyptus to develop some of the first emission algorithms (Guenther
etal. 1991, 1993). Since then, several independent research groups around the world have
published isoprenoid emission response of various Eucalyptus spp from different

environments (Calfapietra et al. 2007; Heald et al. 2009; Wilkinson et al. 2009).

On the biology of eucalypts:

Phylogeny, diversity and biogeography: The genus Eucalyptus belongs to the family
Myrtaceae and it is among the most diverse angiosperms (e.g. Gill et al. 1985) with nearly
900 described species. There is no consensus view on the classification of eucalypts
although most taxonomists now recognize three prominent member genera Eucalyptus,
Corymbia and Angophora (amongst others) and the family Myrtaceae has undergone
repeated taxonomic revision and continues to change with the advent of more nuclear
markers and genome sequence information. The earliest ancestors of eucalypts in the
family Myrtaceae most likely had their origins in the Gondwanan Antarctica during the late
Cretaceous (80 Mya; Figure 2) and the earliest eucalypts diversified though Oligocene (40
Mya) in Australia and South American land mass, although today they are mostly endemic
to Australia (e.g. Dettmann, 1992; Ladiges, 1997). Natural populations of a few species
are found in the Malayan archipelago and New Caledonian islands. Eucalypts played and

continue to play an integral role in shaping the Aboriginal Australian life. Since the year
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1780 onwards (since European settlement in Australia) eucalypts have gradually been
introduced to many parts of the world as plantation trees to serve the global timber, paper

and pulp industries (Turnbull, 2000).
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Figure 2: Continental drift in the Southern hemisphere since the late Mesozoic era (150 Mya).
Eucalypts were widespread across South America, Antarctica and Australia during their early evolution (60
to 30 Mya) but eventually became isolated in Australia and surrounding islands (today). Illustration is adapted
in a modified form from a former webpage of CSIRO, Australia.
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Reproduction and Genetics: Eucalypts are generally protandrous outbreeding species.
They are pollinated mainly by birds, animals and irregularly by insects (House, 1997).
Eucalypts have 11 to 12 pairs (2n =22 to 24) of small and condensed somatic chromosomes
(Matsumoto et al. 2000). The high chromosome numbers may have increased the
frequency of meiotic recombination and contributed to their large reproductive success and
diversification (Rye and James, 1992; Guerra, 2008). The genome size of eucalypts may
vary between 450 and 700 Mb (Grattapaglia and Bradshaw, 1994) and recently sequenced

genome of Eucalyptus grandis stands at ~640 Mb (Myburg et al., 2014).

Ecology: Despite being genetically very similar, eucalypts exhibit astonishing phenotypic
diversity. Several key nucleotide polymorphisms, differences in gene expression and
isozymes are responsible for differences in eucalyptus leaf economics (Niinemets et al.
2009), photosynthetic properties (Lewis et al. 2011), flowering time (House, 1997), disease
resistance (Potts, 2000), canopy architecture and longevity (Mooney et al. 1978). Eucalypts
are mostly arborescent and show remarkable adaptation to some of the harshest habitats in
Australia (Hughes et al. 1996). Some species tolerate alpine (<—20 °C) conditions (e.g.
Eucalyptus archeri) while some survive in dry and hot deserts (e.g. Eucalyptus
striaticalyx). The tallest angiosperm known is a eucalypt (Eucalyptus regnans). Insects
have co-evolved ingenious methods to feed and digest eucalyptus leaves rich in noxious
secondary metabolites (Ohmart and Edwards, 1991). The ability of eucalypts to regenerate
through epicormic bud sprouts has meant that they withstand insect herbivory that would
otherwise completely defoliate even large trees. Epicormic regeneration in eucalypts plays
a critical role in the maintenance of fire-prone Australian savannah and sub-tropical

woodlands (Burrows, 2002).
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Physiology: Eucalypts are fast growing pioneer species that prefer high light environments
and have a wide tolerance for water and nutrient availability. They have extraordinary
photosynthetic capacities and some species can fix carbon at rates faster than crop plants
(Wullschleger, 1993). A latent capacity for high metabolic growth in eucalypts is a paradox
given that most eucalypts grow in nutrient poor sub-optimal conditions and as a result their
operating photosynthetic rates do not reach their maximum potential (Whitehead and
Beadle, 2004). Xylem vessels (>150 pm in diameter) in eucalypts are some of the widest
among angiosperms (Mokany et al. 2003; Sperry et al. 2006). As a result, eucalyptus
populations are vulnerable to temporary periods of severe heat or drought, which are
common in Australia. Yet, they have evolved a wide ranging capacity for transpiration,
mechanisms of osmotic adjustments and seasonal modification of hydraulic architecture,
all of which help them survive short-periods of extreme stress (e.g. Merchant et al. 2007;

Atwell et al. 2009).

Challenges:

The trouble with global emission models: Estimating global biogenic volatile
isoprenoid emission levels has been ongoing since the 1960s (Went, 1960a; 1960b). The
interest in quantifying emissions arises from the known impacts of biogenic hydrocarbons
on tropospheric ozone, NOx and methane and the roles of emission in plant function. Since
the beginning of 1990s, global isoprenoid emission models trying to capture current and
future trends in emission levels have involved a posteriori approaches involving
palaeoclimate and satellite based measurements (Shim et al. 2005; Arneth et al. 2007) as
well as process-based emission algorithms integrated with dynamic vegetation models
(Guenther et al. 2006; Unger et al. 2013). Interestingly, these modelled estimates,

especially for global annual isoprene emission levels, have been fairly consistent (500 + 50
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TgClyr) and the consistency is attributed to the conformist assumptions of existing
emission models (Fehsenfeld et al. 1992; equations and estimates are neatly summarized in

Arneth et al. 2008).

Our understanding of the biochemistry and physiology of isoprenoid emission has
deepened since the 2000s, but this has in turn led to the requirement for more sophisticated
modelling and interpretation. With increasing anthropogenic inputs into the earth’s future
greenhouse gas budget and increase in global temperatures plant isoprenoid emissions are
likely to increase but such an increase is projected to be compensated by a decrease in
tropical forest cover (IPCC, 4" AR, 2007). There is a need to design and conduct
experiments that comprehensively tackle emission responses by accounting for genetic
diversity and species-specific tolerances to abiotic stresses such as heat and drought. There
is also a need to adopt simpler mechanistic models that capture important features of

emission response to key indicators of climate change.

The role of volatile isoprenoids in emitting taxa: After six decades of research and
progress, we are still far from knowing the means of natural selection that has shaped
emission capacity in plants and why isoprene emission has evolved only in some plant taxa
and not in others (Sharkey and Singsaas, 1995; Gray et al. 2011; Fineschi et al. 2013).
Leading researchers appear to have come to a point where they are now questioning the
question “why plants emit isoprene?”’, albeit with some optimism (Sharkey et al. 2013). A
justification for asking questions about the evolution of isoprenoid emission could be
provided at two levels.

(a) At a practical level, isoprenoid emission is net carbon lost by plants (hence has a

metabolic cost) and likely has many functions (Figure 3). A large range in rates of
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isoprenoid emission between plant taxa is a big hurdle to improving global isoprenoid
emission estimates (see Appendix I). If one assumes that isoprenoid emission has key
a role in increasing plant fitness, then understanding evolutionary constraints on the
emission process becomes an essential prerequisite for the successful prediction of
emission capacity in plants.

(b) At a philosophical level, evolution by natural selection is a feature of the living

world that distinguishes it from the physical world.

“Because of the cunning shown by natural selection the whole of Nature
is little more than a series of gadgets. This distinguishes [it] strongly
from almost all the important problems in physics. Typically, the errors
in one gadget are corrected in a further one”

p 165; Francis Crick, The discoverer of the genetic code: A biography by Matt Ridley (2006)

Francis Crick (co-discoverer of the DNA double helix), a physicist, is said to have
realized the role played by natural selection in living systems through his interactions with
biologists such as Jacques Monod (co-discoverer of the lac operon). We know in a very
crude sense that those ‘living gadgets’ simultaneously undergo correction of old “errors”
(adaptation/selection) and further accumulation of new “errors” (mutation). While laws of
physics (particularly the laws of thermodynamics) are very powerful and may explain a lot
of what life is, it is ultimately an evolutionary context that helps us make sense of biological

processes (Dobzhansky, 1973).

Isoprenoids and human welfare: Forests have been emitting volatiles for millions of
years but it is only since the industrial revolution and post WW-11 urbanization of this world
that formation of smog and air quality deterioration has become a major challenge.
Plantation strategies involving transgenic isoprene non-emitting trees have been proposed

(e.g. Behnke et al. 2012) to curb the impact of isoprene emission on tropospheric ozone
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pollution (mediated by NOx). The challenge also lies in understanding the chemistry of
volatile isoprenoid-NOx-Ogz interactions in real time, particularly in regions where urban

areas are in close vicinity of reserved forests.
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Figure 3: A schematic diagram distinguishing constitutive and induced emission (Harrison
et al. 2013, also see Appendix I)
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Research questions and thesis structure

In this thesis, | present the results of a comprehensive set of experiments on the
physiology of isoprenoid emission in selected species of Eucalyptus from different climate
zones in Australia. These experiments attempt to generate a physiological and evolutionary
basis for isoprenoid emission capacity in plants, with a particular focus on the role of
physical factors such as drought, CO> and O> levels, photoperiod and temperature in
regulating isoprene and monoterpenoid emission responses at distinct regulatory
hierarchies. Another broad aim was to come up with an overarching hypothesis to explain
the mysterious origins and phylogenetically disjunct occurrence of isoprene emission
capacity among major groups of land plants. | am avoiding citing papers in this short
overview of the thesis structure, since a large number of citations would overwhelm
readability. | request the reader to go to the relevant chapter to find the literature of their
interest since each chapter has its own exhaustive list of references. | recommend reading
a multi-authored review published in New Phytologist (Appendix I) to place my PhD thesis

in the context of developments in the field thus far.

The positive correlation between net carbon assimilation rate and isoprenoid emission
rate (with a few exceptions) was established long ago and has been confirmed in different
plant systems (see Chapters 2 and 6). However, the relationship between the two plastidic
processes is less clear in plants experiencing severe abiotic stresses (particularly drought),
where photosynthesis clearly declines but the response of isoprenoid emission responses
are far less predictable. One of the main aims of the PhD was to exploit the diversity in
eucalypts to elucidate the finer aspects of the relationship between photosynthetic carbon
assimilation and isoprenoid emission in plants experiencing moderate to severe abiotic
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stresses (drought, high temperature, low CO>, and high O,). Building on a preliminary
emission screening elaborated in Chapter 2 (aimed at describing the bio-geographic
considerations that led to species selection in later chapters), | present a substantive
argument in Chapter 3 in favour of the reducing power dependent isoprene emission in
eucalypts under drought and other forms of abiotic stresses. Chapter 3 is a full paper
published in Plant Physiology (published by the American Society of Plant Biologists).
Closely linked with Chapter 3 is the subject discussed in Chapter 4, where | describe the
post-illumination behaviour of constitutive isoprenoid emission in Quercus ilex (European
Holm oak) and Eucalyptus camaldulensis (Australian River red gum) in the backdrop of
post-illumination CO burst (photorespiration and dark respiration). The role of
photorespiration in influencing the carbon and energy balance between co-localised

chloroplastic pathways is central to the arguments presented in Chapters 3 and 4.

While increasing global mean temperatures and increased frequency of unseasonal
drought could be two of the most significant drivers of a potentially increasing trend in
isoprenoid emission from forests, an important yet often overlooked external factor is
photoperiod. Photoperiod is a constant factor that exhibits an annual cycle. Separating the
interactive effects of temperature and photoperiod on plant metabolism in general has been
a question that has bothered many a plant researcher for the good part of last 100 years. In
Chapter 5, | discuss the results of experiments dealing with the interactive effects of
photoperiod and temperature on seasonal variation in isoprenoid emission in selected
species of eucalypts. The aim was to also investigate a role played by photoperiod

potentially independent of temperature, in influencing seasonal emissions in eucalypts.

The importance of understanding the origin and evolution of isoprenoid emission trait

is briefly mentioned in the introduction to the thesis. In Chapter 6, | propose an original
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evolutionary hypothesis to explain the occurrence and distribution of isoprene emission
trait in major land plant linages. The chapter is published as a full-length opinion article in
the journal Trends in Plant Science (published by the Cell Press). In a short, yet a
comprehensive discourse (Chapter 7), I highlight some of the most important means of
natural selection acting on volatile isoprenoid emission at various levels of living
complexity from bacteria to plant populations. Chapter 7 was invited and published in
Journal of the Indian Institute of Science. | conclude my thesis in Chapter 8 by doing a
brief recap of the background to this thesis, summarising the main findings of my work and
its significance in the field of plant isoprenoid research. Exceprts of Chapter 8 are
published as an addendum in the journal Plant Signaling and Behavior (Appendix VI1).
In the concluding chapter, | attempt to identify future directions of research that would help
fill the remaining gaps in our knowledge of plant isoprenoid emission and its role in the

earth system.

Major milestones in isoprenoid emission research:

1956 Guivi Sanadze (Georgian Academy of Sciences, Georgia) discovers the phenomenon
of plant isoprene emission (Sanadze, 1957); Reinhold Rasmussen at Washington
University in USA later discovers the phenomenon independently in the 1960s
(Rasmussen and Went, 1960)

1979 The positive effect of light and temperature on isoprene emission initially proposed in
the 1960s is unequivocally proven by David Tingey (Environment Protection Agency,
USA) (Tingey et al. 1979)

1987 Isoprene emission capacity is demonstrated in lower plants (ferns) by David Tingey

(Tingey et al. 1987)
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1989-1994

1995

1997

1998-2006

Correlation between photosynthesis and isoprene emission is established (Monson and
Fall, 1989; University of Colorado, USA) and later a biochemical link is proved by
13CO; labelling (Delwiche and Sharkey, 1993; University of Wisconsin, USA)

First extensive physiological investigations of temperature (Monson, 1992) and
drought (Sharkey and Loreto, 1993) effects on emission are reported

MEP pathway is discovered and elucidated in bacteria by Michél Rohmer and others
at National School of Chemistry, Mulhouse in France (Rohmer et al. 1993)

The very first isoprene synthase enzyme from poplar is characterised by Gary Silver
and Ray Fall at University of Colorado (Silver and Fall, 1995)

Alex Guenther at National Centre for Atmospheric Research (USA) proposes a global
emission algorithm (G95) based on empirical evidence. (Guenther et al. 1995)

Origin of isoprene emission in plants is traced to a plastid localised MEP pathway
(Lichthenthaler et al. 1997)

Isoprene mediated thermotolerance hypothesis is proposed with experimental evidence
(Sharkey and Singsaas, 1995; Singsaas et al. 1997)

First attempts to construct phylogenetic trees of isoprene emitters and non-emitters
and hypotheses tackling origin and evolution (Harley et al. 1999; Sharkey et al. 2005)
Isoprene emission mitigating oxidative stress (0zone) in plants receives empirical
support (Loreto and Velikova, 2001; The National Research Council, Italy)
Transgenic isoprene emitting Arabidopsis are generated (Sharkey et al. 2005;
University of Wisconsin, USA)

Genes and enzymes of the MEP pathway are isolated and characterized from E. coli
and plant systems by researchers from all over the world (e.g. Miller et al. 2001)
Metabolic cross-talk between cytosolic MVA and plastidic MEP pathway is
established (Laule et al. 2003; Hammerlin et al. 2003)

The complete MV A pathway construct is expressed in E. coli and a template is set for

large-scale production of isoprenoids using microbial system (Martin et al. 2003)
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2007-2009

2010-2013

Various process-based mechanistic models are proposed to capture isoprene emission
behaviour in response to physical factors (Niinemets et al. 1999; Zimmer et al. 2000)
Sophisticated top-down (satellite) and bottom-up (MEGAN) approaches are pursued
(Shim et al. 2005; Guenther et al. 2006)

Transgenic isoprene emitting tobacco and isoprene non-emitting poplar systems are
developed in the UK (Essex/Lancaster) and Germany (Karlsruhe) (Behnke et al. 2007;
Vickers et al. 2011)

A unifying hypothesis regarding the role of plant isoprene emission in mitigating
various forms of oxidative stress is proposed (Vickers et al. 2009a)

The role of substrate limitation (DMAPP) in regulating isoprene emission is
demonstrated using post-illumination isoprene burst (Rasulov et al. 2009)

Metabolic bottle-necks and pathway feedback mechanisms in the MEP pathway are
discovered (various authors)

More hypotheses concerning origin and evolution of plant isoprene emission are

proposed (Sharkey et al. 2012; Monson et al. 2013)
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Chapter 2

Photosynthesis and isoprene emission in eucalypts from
contrasting environments?

2 Contributions: This chapter emanates from a collective discussion and decision on
experiments by all three supervisors of KGSD and him. IMJ and KGSD designed the
canopy chamber and sampling unit. METS engineers constructed it. KGSD carried out all
the experiments and analyzed the data and wrote it in a manuscript format. The process
based emission model was developed by a team of researchers led by ICP (see Appendix

).
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Abstract:

Isoprene biosynthesis and emission by plants depends on carbon, energy and reducing
power supplied by photosynthesis. Experiments have established a negative relationship
between leaf-internal CO. concentration (ci) and isoprene emission rate (le) within
individual species, in contrast to the positive relationship between ci and photosynthesis.
In this study, we exploited natural variation in ci:Ca ratios among eucalypt species from
diverse environments by examining the relationship between net carbon assimilation rate
(NAR) and isoprene emission between species under present-day ambient CO>
concentration (Ca=400 ppm). Asat varied greatly, and was a strong predictor of Is among
species (r?=0.72, P<0.01) whereas Is did not correlate with ci. Among species with adult
foliage, Asat was co-limited by RuBP carboxylation and regeneration. The ratio of electron
transport rate (J) to carboxylation capacity correlated negatively with Is while the
proportion of electron flow not used in the dark reaction (Jr) was positively correlated with
Is (r?=0.65, P=0.05). Juvenile foliage of two dimorphic species were outliers, showing high
Is relative to Asa. We hypothesize that a disequilibrium between electron transport rate and
Rubisco capacity in some plants may contribute to their high isoprene emission capacity.

Key words: CO acclimation; isoprene emission; MEP pathway; electron transport;
photosynthetic optimum

Introduction:

Photosynthesis, inferred to be optimally co-limited by Rubisco (Ac) and RuBP
regeneration (Aj), is the principal contributor of carbon skeletons and reducing power used
in volatile isoprenoid biosynthesis, at least under stress-free conditions (Loreto et al. 1996;
Sharkey and Yeh, 2001; Schnitzler et al. 2004). Isoprene emission rate (l¢) increases with
increasing light and temperature and consideration of CO; effects is important as CO>
strongly opposes the effect of temperature (Possell et al. 2005). The effect of CO;
concentration on emission has been widely studied, in part because of the central role that
changes in CO2 concentration have played in the evolution of photosynthetic metabolism
in land plants. Eucalyptus is a native Australian tree genus encompassing a large and
diverse clade (~1000 species) of plants that emit a broad range of volatile isoprenoids such

as isoprene and some monoterpenes synthesized de novo; and several monoterpenes from
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stored pools (e.g. Winters et al. 2009). Exploiting the natural variation in ci:Ca ratios in
eucalypts, we tested whether relationships between photosynthesis and isoprene emissions
are conserved across different species with distinct adaptations, some characterized by
distinct juvenile foliage during early development. Juvenile foliage of eucalypts is
physiologically and morphologically mature yet it is distinct from adult foliage (e.g. James
et al. 1999, Velikova et al. 2008) and the duration of juvenile phase varies from species to

species.

It is known that higher light-saturated carbon assimilation rates of leaves generally are
associated with higher isoprenoid emission capacity within species (Monson and Fall
1989). We started with an assumption that high net assimilation rate (NAR) reflects a large
de novo substrate pool and high NAR likely co-occurs with “an equally active” MEP
pathway even across species. We hypothesized that a potential disequilibrium between
carboxylation and photosynthetic electron transport capacities in some plant species (in
favour of ETR) could explain their unusually high constitutive volatile isoprenoid emission

capacities.

Materials and methods (also see Appendix 11 and I11):

Plant material: Seeds of five species of the genus Eucalyptus, namely E. striaticalyx,
E. camaldulensis (including three subspecies), E. dunnii, E. haemastoma and E. globulus,
and one species each of the genus Corymbia (C. tessellaris) and Angophora (A. costata)
were obtained from the Australian Tree Seed Centre (Canberra). The selection of species
was based on their phytogeographic distribution representing different climatic zones in

Australia (Figure 1). Soil (a Krasnozem from Robertson, NSW) was mixed with mineral

43



nutrients (Table S1; Appendix Ill) during germination and early growth. Seeds were
germinated in winter (May 2011) at 25 ‘C day/18 ‘C night under natural photoperiod in a
glasshouse. Later Osmocote® slow release fertilizer (0.5% of dry weight of soil) was mixed
with 80 kg soil in large pots and germinated seedlings were transplanted into these pots and
grown under ambient CO2 (400 + 50 ppm); temperature of 29 "C day/21 "C night) in a glass

house. Eight-month-old potted seedlings were used for volatile sampling.

Estimating photosynthetic capacities: Photosynthesis was monitored using a LiCor
6400XT portable photosynthetic system between 12 noon and 3 pm, at a leaf temperature
of 30 °C, relative humidity of 40 to 65%, and a light intensity of 1500 umol m s on bright
sunny days during March/April 2012 (autumn). A-ci curves were fitted and Vemax and J
were estimated using the curve-fitting tool described in (Sharkey et al. 2007); see Tables 1
and 3; Jr (electron transport rate not used for dark reactions of photosynthesis, given ci and

Vemax) was calculated following Harrison et al (2013).

v Ci + 2 1
]v — Ycmax [m ( )
Ir= (] _]v) (2)

Given Vemax, We calculated Jy and then substitute (1) in (2) where,

Jv = proportion of electron transport used for dark reactions; Vemax = maximum
carboxylation rate by Rubisco; Km = effective Michaelis-Menten coefficient for
carboxylation by Rubisco (1100 ppm at 30 'C); I = photorespiratory compensation point
(40 ppm for Cs plants, although it varied across species); ci = species-specific leaf internal

COz concentration (ppm) at ambient CO2 = 400 ppm.

Volatile isoprenoid sampling: A 250 L capacity whole plant canopy cylindrical

volatile collection chamber (see Appendix Il) was assembled using volatile free FEP
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fluorocarbon film (200 pm thickness, transparent to solar spectrum; Dupont ™) and the
gas-exchange line was made of Teflon, stainless steel tubing and Swagelok® connectors.
High purity instrument grade air (BOC; 78% nitrogen, 21% oxygen, 1% argon) was mixed
with CO2 (5% in Nitrogen) to achieve ambient CO» concentration in the head space. Head
space flushing and blank samplings were run to eliminate memory effects (after Niinemets
etal. 2011). Soil emissions were prevented from entering the head-space by a Teflon cover
sealed around the base of plant stem. Sampling was carried out between 12 and 3 pm such
that they correspond to the time of day when photosynthesis measurements were made. The
chamber temperature was 33.3 + 1.6 'C with some exceptions (Table S2, Appendix IlI),
relative humidity generally varied between 25 and 40% (Table S2, Appendix Il1). Plants
were provided with natural PAR of 550 to 800 pmol m s™ and supplemented with up to
400 umol m2 st of artificial light such that the incident light intensity striking the canopy
chamber exceeded 800 umol m2 s?in all cases (often >1000 pmol m s) while volatile
sampling was being carried out. Isoprene emission rate increases with increasing light
intensity and any increase beyond ~800 pumol m st is shown to have no significant impact
on le (Guenther et al. 1991), although it has to be qualified that for eucalypts even 1500
umol m2 st is not enough to cause light-saturation. Emission responses at the light-level
we provided at the canopy crown could only be used as indicative of better-controlled
cuvette-based measurements (done in later experiments). Isoprene was adsorbed onto
conditioned Carboxen 1016 (Sigma Supelco®) into glass thermal desorption tubes and then
analysed off-line by Thermal Desorption-Gas Chromatography Mass Spectrometry (TD-

GCMS).

Despite limitations of matching leaf-level photosynthesis and canopy-level emission
measurements, we opted for a canopy-level whole plant sampling because it was important

to mimic a realistic field setting during emission estimation. Our method would not have
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been applicable in species with dense and closed canopies, which eucalypts are not.
Quantifying species-to-species variation in the MEP pathway capacity (maximum emission

potential) was beyond the scope of this study.

TD-GCMS analysis: A customized GCMS-QP2010 (Shimadzu) was regularly
calibrated using standard isoprene (Sigma) samples. Isoprene was diluted in nitrogen filled
sterile Tedlar® bags and then adsorbed onto TD tubes. Isoprene sampled from the plant
chamber was desorbed at 220 °C with ultrapure helium (BOC) as the carrier gas and cryo-
focussed in a stainless steel loop immersed in liquid nitrogen. The loop was re-heated to
260 °C to enable sample injection through a PTV injection port. A 30m, 25mm ID, 25um
RTX-5SiIMS (Restek) capillary column was used for GC separation. The chromatographic
peaks were identified by comparing them to isoprene standard (m/z = 67). Isoprene
emission rates were calculated by utilizing sampling flow rate, quantified standards and
total leaf area (TLA). TLA was calculated manually by graphing several representative
fully expanded leaf boundaries onto paper and multiplying the average area with the total
number of fully expanded mature leaves in the headspace. Monoterpene emissions that
were detected were subsequently identified in some species using mass spectra in the NIST

library (2008) but none was quantified.

Statistical analyses: Leaf-level photosynthetic measurements corresponding to
ambient CO> involved several within plant replicates (Table S3). Isoprene was sampled
with two to three biological replicates (whole plants) and multiple technical replicates
(Table 2) at the same time of day repeated over many days. A-C¢ curves were done in
independent triplicates using fully expanded leaves. Correlation coefficient and linear
regression fit between the variables of interest were obtained and their statistical

significance was tested using Minitab16 (Minitab Inc, PA, USA).
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Results (also see supplementary tables in Appendix I11):

Figure 1:
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Figure 1: Relationship between (a) NAR; (b) J/Vemax; () Jr; (d) Ci; () gs and isoprene
emission rate (le). (f) gs vs. NAR. Dotted fit represents overall trend inclusive of all species.
Black circles and solid line (species with adult foliage); hollow circles (juvenile); gray
circle (E. haemastoma). Figure 1(b) and (c) do not have Angophora costata since A-Ci
curves were not obtained for that species. The regression fit in Figure 1(c) excludes one
point (at the extreme right) E. camaldulensis subsp subcineria. Eucalyptus haemastoma
had juvenile foliage that consistently followed the adult foliage regression in all plots
(distinguished with a gray circle).

Net carbon assimilation rate (NAR) at an ambient CO2 of 400 ppm varied from 5 to 22
umol m? st and NAR was a strong predictor of isoprene emission rate (le) among species
(r>=0.72, P <0.01), although the relationship was weak when species with juvenile foliage
were included (r? = 0.34, P = 0.06). Two dimorphic species with juvenile foliage were

outliers, showing high Ie relative to NAR. Isoprene emission rates (le) varied between
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negligible/no emission in E. dunnii to 5.1 = 0.15 nmol m? s in E. camaldulensis subsp.
camaldulensis (Fig 1(a)). Leaf-internal CO2 concentration (ci) bore no relation to I (Fig
1(d)) while stomatal conductance (gs) correlated positively with le (Fig 1(e)). Stomatal
conductance (gs) ranged from 0.05 to 0.32 mol m? st and significantly affected

photosynthetic rate (Fig 1(f), r>= 0.62, P <0.01) but bore no correlation with c; across

species.
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Figure 2: A-ci curves for eucalypts with four unique combinations of constitutive
emission capacity. The three zones of limitations on photosynthesis are highlighted (also
see Sharkey et al. 2007). The vertical dotted line is a representative chloroplast CO>
concentration ¢; (180 ppm) corresponding to the ambient CO> (400 ppm) at which Ie was
measured for all species. Note the shallower slope of the curve for Eucalyptus globulus e.g.
(z2-21) < (y2-y1), clearly indicating Rubisco-limited photosynthesis at ambient ca while
photosynthesis in all other species with adult foliage (upper panel) was co-limited by
Rubisco and RUBP regeneration.
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The ratio of instantaneous electron transport rate (J) to maximum carboxylation rate
(Vemax) at 30 'C was negatively correlated with le (Fig 1(b); excluding juvenile species);
while J; (J not used for carboxylation) was positively correlated with e (r>=0.65, P = 0.05;
all species apart from one adult outlier). NAR in all eucalypts (except E. globulus and C.
tessellaris with juvenile foliage) was co-limited by carboxylation and electron transport (Ac

~ Aj) at ambient CO> levels during the volatile sampling period (Fig 2).

Discussion:

When compared to published eucalypt emission data (e.g. Loreto and Delfine, 2000;
Velikova et al. 2008, Winters et al. 2009) our estimates of le for the selected species are
conservative. We see fuor reasons. (i) Our emission estimates were derived from whole-
canopy sampling and averaged for the total leaf area in the collection chamber. Integrated
estimates of gas emission would be lower than peak rates for individual leaves obtained
using a LiCor cuvette. (ii) Eucalypts also emit monoterpenes, which are largely stored (cf.
emissions synthesised de novo). Monoterpenes were not monitored in our study because it
was a preliminary screening exercise (protocols were still being standardised and
optimised). (iii) It was also rationalised that while monoterpene biosynthesis is light-
dependent, monoterpene release from stored pools in eucalypts is independent of light.
Hence, monoterpene emission was obscurely related to photosynthetic variables. In
addition, the data of Kuhn et al. (2002) indicate that the constitutive (non-stored, more
volatile) monoterpenoid emission rates would be at least one order of magnitude less than
isoprene emission rate and were unlikely to have influenced the emission relationships
reported here. (iv) The emission estimates from many other eucalypts done using a canopy

chamber very similar to the one we designed, concurred with our estimates and were within
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expected range (scientists at CSIRO and Prof. Peter Nelson, personal communication).
After several experiments (done much later), we were confident that eucalypts are generally
very low emitters of isoprene compared to other deciduous high-emitters of Europe

(reasons discussed in the addendum submitted to Plant, Signaling and Behaviour).

The lack of a relationship between ci and emission levels across species (Fig 1(d))
differs from the consistent negative correlation between the two variables reported at
individual leaf level in many species (Possell et al. 2005; Guidolotti et al. 2011). The lack
of any relationship between c; and I between species should not come as a surprise since
ci depends on many other complex variables such as leaf anatomy. The positive correlation
between stomatal conductance (gs) and emission across species reflects the association of
gs with NAR (Fig 1(e, f); e.g. Wong et al. 1979), since gs has no direct bearing on emission

(Niinemets et al. 2004).

The negative slope of the relationship between J/Vcmax and emission rate (Fig 1(b)) may
indicate that a small increment in le across species requires a proportionately larger gain in
J in order to support both high assimilation rates and provide an excess of electrons to
sustain higher emission rates (Jr in Fig 1(c)). In contrast, high amounts of chlorophyll per
leaf volume in juvenile leaves of E. globulus compared with adult leaves (James et al. 1999)
suggest that surplus energy/reducing power is available in juvenile leaves in relation to
Vemax. However, high chlorophyll content in an emitting species does not necessarily
translate into high isoprene emission capacity. Rubisco-limited photosynthesis in highly
irradiated juvenile E. globulus (J/Vemax = 1.12; also Fig 2) is not analogous to RuBP
regeneration-limited photosynthesis in low-light acclimated (shaded and low-emitting)

leaves, although both systems are characterised by high chlorophyll content. This
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highlights the role played by physiological adaptations of a species to its ecological niche
in determining its emission rates. In most instances juvenile and adult foliage of eucalypts
experience contrasting environments (e.g. high vs. low light). The two outliers in Figure
1(a), Corymbia tessellaris and Eucalyptus globulus, are distinguished by having juvenile
foliage which shows relatively high isoprene emission proportional to a moderately low
NAR and exhibited large variation in ci. Examining such exceptions could provide further

clues to the interaction between photosynthesis and isoprenoid emission.

Conclusions:

The generally observed equitable allocation of nitrogen into Rubisco and the
photosystem proteins in Cz leaves (Evans and Poorter 2001), and the co-limitation of
photosynthesis (Ac =~ Aj) under steady-state conditions, do not hold for all Cs leaves. Our
results imply that some high isoprenoid-emitting species may be high emitters because they
deviate from steady-state acclimation and co-limitation of photosynthesis. We
hypothesize that disequilibrium between electron transport rate and Rubisco capacity
in some plants may contribute to their high isoprene emission capacity. High-emitting
juvenile foliage of some eucalypts provides an example of a transient plant developmental
phase that does not maintain a steady-state during early establishment. Plants exposed to
prolonged periods of abiotic stress, including drought, can also show photosynthetic
disequilibrium that negates acclimated responses of isoprenoid emission (Niinemets et al.
2002, Loreto and Schnitzler 2010). Such instances underline the importance of testing the
response of isoprenoid emission to changes in CO2 and abiotic stresses in species that do

not appear to show ‘optimal’ photosynthetic allocation in natural environments.
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Increased Ratio of Electron Transport to Net Assimilation
Rate Supports Elevated Isoprenoid Emission Rate in
Eucalypts under Drought!!WIOFENI
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Plants undergoing heat and low-CO, stresses emit large amounts of volatile isoprenoids compared with those in stress-free
conditions. One hypothesis posits that the balance between reducing power availability and its use in carbon assimilation
determines constitutive isoprenoid emission rates in plants and potentially even their maximum emission capacity under
brief periods of stress. To test this, we used abiotic stresses to manipulate the availability of reducing power. Specifically, we
examined the effects of mild to severe drought on photosynthetic electron transport rate (ETR) and net carbon assimilation rate
(NAR) and the relationship between estimated energy pools and constitutive volatile isoprenoid emission rates in two species of
eucalypts: Eucalyptus occidentalis (drought tolerant) and Eucalyptus camaldulensis (drought sensitive). Isoprenoid emission rates
were insensitive to mild drought, and the rates increased when the decline in NAR reached a certain species-specific threshold.
ETR was sustained under drought and the ETR-NAR ratio increased, driving constitutive isoprenoid emission until severe
drought caused carbon limitation of the methylerythritol phosphate pathway. The estimated residual reducing power unused
for carbon assimilation, based on the energetic status model, significantly correlated with constitutive isoprenoid emission rates
across gradients of drought (* > 0.8) and photorespiratory stress (* > 0.9). Carbon availability could critically limit emission
rates under severe drought and photorespiratory stresses. Under most instances of moderate abiotic stress levels, increased
isoprenoid emission rates compete with photorespiration for the residual reducing power not invested in carbon assimilation. A
similar mechanism also explains the individual positive effects of low-CO,, heat, and drought stresses on isoprenoid emission.

The emission of volatile isoprenoids by plants (globally global emissions (Arneth et al., 2007; Squire et al., 2014).
amounting to approximately 1,000 TgC year ', of which The effect of soil water availability on plant volatile

isoprene constitutes approximately 500 TgC year ') plays isoprenoid emission is crucial to the projections, espe-
a significant role in tropospheric oxidation chemistry cially as rainfall patterns are themselves subject to the
(Amann et al., 2008). Plant isoprenoid emission at the impacts of climate change.

ecosystem scale is determined not only by intrinsic Volatile isoprenoid emission is notably insensitive to
biochemical and physiological controls but also by the moderate drought (when the fraction of available soil
relative abundances of species, each with characteristic water ranges from 40% to 70%; Fortunati et al., 2008;
baseline emission capacities and each subject to modi- Centritto et al., 2011). Given the various other conse-
fication by environmental conditions (Harrison et al., quences of drought for plant function, such as stomatal
2013). While the effects of most environmental factors closure leading to reduced photosynthesis (Lawlor and
on isoprenoid emission have been documented (Loreto Cornic, 2002), increased leaf temperature (Jones, 2004),

and Schnitzler, 2010), their interactions are likely to be leaf shedding (Tyree et al., 1993), reduced growth and
complex and hold the key to accurate projections of potential hydraulic failure (Maherali et al., 2004), re-
duced shoot-to-root ratio (Poorter et al., 2012), increased
oxidative stress due to the activation of reactive oxygen

! This work was supported by Macquarie University (Higher De- species (Mittler and Zilinskas, 1994), and an increased
grees Research grant no. HDR 40310819), the Postgraduate Research Suc-to-starch ratio, affecting osmotic adjustment (Chaves,
Fund (Round 2, 2012), and the Department of Industry, Innovation, 1991), it is not surprising that there are large variations in
Science, Research, and Tertiary Education, Commonwealth of Aus- experimental and field measurements of isoprenoid
tralia (International Postgraduate Research Scholarship). emission in response to drought (for review, see

* Address correspondence to brian.atwell@mgq.edu.au. Laothawornkitkul et al., 2009; Niinemets, 2010).

The author responsible for distribution of materials integral to the
findings presented in this article in accordance with the policy de-
scribed in the Instructions for Authors (www.plantphysiol.org) is:
Brian James Atwell (brian.atwell@mg.edu.au).

Isoprene emission involves an energy-intensive bio-
synthesis through the methylerythritol phosphate (MEP)
pathway in chloroplasts (for review, see Sharkey and

™I The online version of this article contains Web-only data. Yeh, 2001). PhOtOSYnthESi.S contributes the TEQUir?d car-
[OPENI Articles can be viewed online without a subscription. bon skeletons and reducing power for isoprenoid bio-
www.plantphysiol.org/cgi/doi/10.1104/pp.114.246207 synthesis, at least under stress-free conditions (for review,
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see Loreto and Schnitzler, 2010). The photosynthetic
energy and reducing power output of a chloroplast are
shared in unequal proportions among colocalized
pathways (Table I). Under favorable conditions, photo-
synthetic carbon reduction is the largest energy sink
(approximately 50%). Abiotic stresses enhance the sup-
ply of energy and reducing power to nonphotosynthetic
carbon reduction sinks in the chloroplast (Haupt-Herting
and Fock, 2002). Examples include (1) increased photo-
respiration under drought, at least until Rubisco is di-
rectly affected by stress (Lawlor, 1976; Noctor et al.,
2002), (2) increased photorespiration under low-CO,,
low-light, or high-light stress (Kozaki and Takeba, 1996),
and (3) increased photoreduction of oxygen (O,) under
photooxidative stress (Makino et al., 2002). It has been
posited that isoprenoid emission is a mechanism to
consume surplus reducing power in stressful high-light
and/or low-CO, environments (Niinemets et al., 1999;
Way et al., 2011). Increased accumulation of secondary
metabolites such as phenols, alkaloids, and isoprenoids
has been documented in plants under abiotic stresses
(for review, see Wilhelm and Selmar, 2011). Decreased
carboxylation and increased oxidative stress due to
the oversupply of reducing equivalents is seen as
the main driver of increased secondary metabolism
under drought (Selmar and Kleinwéchter, 2013). The
postillumination behavior of isoprene emission (primary
and secondary bursts) under O,-free, pure nitrogen (N,)
atmospheres have been attributed to the availability of
reducing equivalents (Rasulov et al., 2011; Li and Sharkey,
2013). It has further been proposed that the MEP pathway
competes with other sinks for reducing power, so that the
flow of reducing power to isoprenoid biosynthesis is
proportional to the energy unused for primary metabo-
lism (Morfopoulos et al., 2013, 2014; Dani et al., 2014).
However, the MEP pathway’s requirement for reducing
power is very small relative to that of photorespiration
(Sharkey et al., 2008), and given the diversity in the rela-
tive sink strengths of intraplastidic processes (Table I), it is
still unclear how the demands of these different processes
influence one another.

Eucalypts have been used as model systems to study
plant isoprenoid emission since the early years of iso-
prenoid research (Guenther et al., 1991; Brilli et al., 2013).
All eucalypts store monoterpenes as well as constitu-
tively emit isoprene and some monoterpenes (He et al.,
2000). Eucalyptus camaldulensis subsp. camaldulensis (river
red gum) is a drought-avoiding mesic species that is
tolerant to waterlogging and distributed in riparian,
temperate southeastern Australia (Farrell et al.,, 1996).
Eucalyptus occidentalis (swamp yate) is a drought-tolerant
species found in saline environments in Mediterranean
southwestern Australia (Benyon et al., 1999; Searson
et al., 2004). E. camaldulensis subsp. obtusa is the most
widespread eucalypt in subtropical Australia (Butcher
et al., 2009). Exploiting this ecological contrast, we
empirically tested the hypothesis that constitutive iso-
prenoid emission is driven by ATP and NADPH avail-
ability (Loreto and Sharkey, 1993; Niinemets et al., 1999)
and could potentially compete for the same with carbon

Plant Physiol. Vol. 166, 2014
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assimilation (Harrison et al., 2013; Morfopoulos et al.,
2014). We manipulated the energy source-sink dynamics
by imposing various abiotic stresses, including drought,
heat, low CO,, and high O,. We investigated the rela-
tionship between three plastidic biochemical processes
(carbon assimilation, photorespiration, and volatile iso-
prenoid emission) in eucalypts acclimated to drought for
4 to 6 months. Interactive effects of short-term exposure
to five CO, concentrations, three O, levels, and heat
stress on isoprenoid emission rates were also analyzed. It
was hypothesized that the relative sink strength of various
processes requiring reducing power in the chloroplasts
could determine the variations of isoprenoid emission in
plants experiencing abiotic stress. We started with the
premise that the light-dependent and light-independent
reaction components of photosynthesis have different
susceptibilities to abiotic stress (particularly to drought)
and that these susceptibilities vary across species.

RESULTS

The results are from three independent experiments
(see Table II).

Photosynthesis
Acclimation to Drought in Paired Species (at 20% O,)

E. occidentalis had a significantly higher stomatal
conductance (g; P = 0.043) when watered to field
capacity (FC) than E. camaldulensis subsp. camaldulensis,
but the difference in transpiration rate (T,) was not
significant (P = 0.193). Net assimilation rate (NAR) of
both E. occidentalis (16.8 *+ 2.28 umol m % s~ ') and
E. camaldulensis subsp. camaldulensis (18.1 = 1.86
pmol m ™2 s™") was comparable (test of equal means,
P =0.001). During acclimation to severe drought stress
(FC = 50%), E. camaldulensis subsp. camaldulensis showed
a significant decline in all photosynthetic parameters (P <
0.001), whereas net assimilation in E. occidentalis (15.3 +
1.81 umol m 2%, although decreased, remained com-
parable to control values despite a significant decrease in
g, (Fig. 1, A and D). Under well-watered conditions,
estimates of photosynthetic linear electron transport
rate (ETR) based on chlorophyll fluorescence for
E. occidentalis and E. camaldulensis subsp. camaldulensis
showed a consistent proportionality with their respec-
tive NARs. For E. occidentalis, the ETR-NAR ratio re-
mained unchanged even at 50% FC, while the ratio
increased significantly (doubled) for E. camaldulensis
(Fig. 2A). The carbon cost of isoprenoid emission as a
proportion of net assimilation increased more than 10-
fold as drought intensified and was highest in both
species at 25% FC (Fig. 2B). ETR was measured inde-
pendently using fluorescence and was not coupled with
LiCor measurements (experiment 1; Table II). Hence,
the observations should be treated only as indicative
and not as absolute. ETR-NAR ratios (approximately
7:1 under 20% O,) were more realistic when obtained
after fitting A-C; curves (experiment 3; Supplemental
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20% Oxygen

2% Oxygen

Drought, Photosynthesis, and Isoprenoid Emission

Figure 1. Photosynthesis and isoprenoid
emission rates over a drought gradient in

g A two eucalypts, E. occidentalis (solid line,
0.51 F0.5 = . i o =% 2
S~ diamonds) and E. camaldulensis subsp.
§N"’ 0.41 F0.4 camaldulensis (dotted line, triangles),
8 E 0.3 0.3 subjected to 20% O, (left) and 2% O,
g € o2l Lo (right). A, g; B, leaf G; C, T; D, NAR;
£ E, I; F constitutive M,. Each point rep-
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@ resents 11 = 4 plants; values are means =+ st.
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Fig. S1). ETR-NAR ratios across drought treatments

% Field capacity

followed a near-significant quadratic regression with mol !

and at the photorespiratory compensation point (60 umol
; normal O,). Leaves of well-watered plants did not

total emission rates (> = 0.75, P = 0.12; Fig. 2C).

show a dedline in NAR when subjected to 38°C under

Response to Heat and CO, in E. camaldulensis subsp. obtusa

Heat caused a significant decline m photosynthesis
under elevated CO, (1,000 wmol mol ! or greater; P <
0.001). Leaves at 38°C transpired at a significantly
higher rate than those at 28°C (P < 0.0001), except un-
der drought. Heat did not cause a significant change in
either g, or T, under normal O, in plants under drought
(50% FCQ). ThlS was truc across most of the CO, range
(400-1,800 pmol mol 1), except at 180 umol mol ! cO,

Plant Physiol. Vol. 166, 2014

present-day ambient CO, (400 umol mol ') and normal
O, (Fig. 3A). Positive effect of heat on T, was pronounced
at Co2 = 400 pmol mol ! (Supplemental Fig. S2).

Response to Varying O, Concentrations

Net assimilation rate in both species increased signif-
icantly (greater than 30%) during low O,. The gain was
proportional to their respective basal rates under normal
O, except for E. camaldulensis subsp. camaldulensis at
FC = 50% (Fig. 1B; Supplemental Fig. S3). During low O,,
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Figure 2. A, ETR-NAR ratio. B, Carbon cost. C, ETR-NAR ratio versus
total isoprenoid emission rates at 20% O,. The relative response of
linear ETR and NAR in two eucalypts over a drought gradient is shown.
Note the greater decline in NAR in E. camaldulensis subsp. camal-
dulensis at 50% FC, which results in a large ETR-NAR ratio. Emission is
almost twice as expensive under all conditions on a carbon basis in
E. camaldulensis (the drought-sensitive species). The regression fits in
C encompass data points from both species (n = 4; values are means * st
for emission rates; quadratic P=0.12, linear P= 0.18). If E. occidentalis
were subjected to harsher droughts (FC = 10%), it is also likely to have
followed a quadratic regression, with peak emission at 25% FC and
declining emission thereafter due to carbon limitation despite a favor-
able ETR-NAR ratio.

T, did not change significantly at 100% FC (equal means,
P = 0.002) despite decreases in g, and (as a result) a de-
crease in leaf internal CO, (C,). T, was insensitive to CO,
concentrations under low O, in E. camaldulensis subsp.
obtusa (P > 0.1; Supplemental Fig. S2). Low O, had a
significant negative effect on transpiration and net as-
similation in E. camaldulensis subsp. camaldulensis only
under acute water deficit (FC = 50%, P < 0.0001; Fig. 1C;
Supplemental Fig. S3). High O, (50% O,) caused a

1064
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significant increase in C, and a severe decline in net as-
similation rate in E. camaldulensis subsp. camaldulensis, and
the effect was persistent and amplified under drought
(Supplemental Table S1).

Volatile Isoprenoid Emission
Response to Drought

Branch-level basal isoprene emission rate (I,) at 25°C,
1,200 umol m™ s~ photosynthetically active radiation,
and present-day CO, and normal O, was 40% higher
(P = 0.004) in E. camaldulensis subsp. camaldulensis (5.9 =
1.48 nmol m™2 s7!) than in E. occidentalis (3.4 = 1.99
nmol m™* s7'), and the rates remained unchanged in
both species despite acclimation to moderate drought
(70% FC). The trends were conserved in leaf-level mea-
surements. There was a tiny decrease (relative to control)
in NAR in E. occidentalis at 50% FC (—=1.5 umol m™2s™}),
and it was accompanied by a marginally significant in-
crease in I, (+1.4 nmol m 2s~'; P = 0.05; Fig. 1E [note
that there is a 3 orders of magnitude difference be-
tween amounts of carbon fixed via photosynthesis
and carbon lost via emission]). The biggest increase
in I, for these two species occurred at two different
drought intensities. I, peaked significantly at 50% FC
for E. camaldulensis (P < 0.005; Fig. 1E) and at 25% FC
for E. occidentalis (P < 0.001). These emission peaks co-
incided with the first noticeable increase in their respec-
tive ETR-NAR ratios (Fig. 2, A and C), but the emission
declined for E. camaldulensis subsp. camaldulensis even
though ETR-NAR increased further at 25% FC. Con-
stitutive monoterpene emission rate (M_; pinenes and
D-limonene) in E. camaldulensis subsp. camaldulensis be-
haved in a manner similar to isoprene, while M, in
E. occidentalis did not respond to drought even at 25%
FC. I, and M, in both E. occidentalis and E. camaldulensis
subsp. camaldulensis were comparable in magnitude
across the drought gradient (Fig. 1, E and F): the
I.:M, molar ratio was roughly 10:1 in both species.
E. camaldulensis subsp. obtusa showed a basal I ;:M,
molar ratio of approximately 2:1.

Response to Heat and CO, in E. camaldulensis subsp. obtusa

Heat was the most significant factor causing an in-
crease in [, (P < 0.0001) and M, (P < 0.001) across all
treatments. At 28°C, 100% FC (n = 6), and 20% O,, I,
showed a significant peak at 180 umol mol ™! CO, (P <
0.001) and almost full inhibition at the saturating CO,
level of 1,800 xmol mol™ (Figs. 3B and 4). This response
completely disappeared at 38°C (Fig. 3B). Under normal
O,, the I, response at 50% FC without heat stress (28°C)
was equivalent in magnitude to I, observed in 100% FC
plants subjected to heat stress (38°C; P < 0.001) irre-
spective of CO, acclimation (Supplemental Fig. S4).
Plants acclimated to drought (50% FC) and exposed to
heat stress (38°C) showed the highest isoprenoid emis-
sion. High-CO,-induced inhibition of isoprene emission
at 28°C disappeared at 38°C and was accompanied

Plant Physiol. Vol. 166, 2014



Drought, Photosynthesis, and Isoprenoid Emission

Figure 3. Photosynthesis (A), I, (B), and

9 2% Oxygen
20% Oxygen Y9 constitutive M, (C) in response to short-
64 A 64 term heat stress under 20% O, (left)
2 32 L 32 and 2% O, (right) over a CO, concen-
E;-\ tration span (60-1,800 umol mol™") in
8.2 169 -16 E. camaldulensis subsp. obtusa (exper-
f—é’ E 8l " iment 2) acclimated to well-watered
2 2 conditions (100% FC) and drought
S 2 4 Ha (50% FC) at two independent temper-
2 ature treatments (28°C and 38°C). n= 6;
27 2 values are means =+ sk.
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by a significantly low g, and low leaf internal CO,
(Supplemental Fig. S3).

Response to Varying O, Concentrations

Exposure to 2% O, (10 min) resulted in a marginal
increase in I, and M, across the drought gradient (Fig. 1,
E and F), and these trends were conserved in both
E. occidentalis and E. camaldulensis subsp. camaldulensis,
except that the latter showed no significant change in
I, at 100% and 70% FC. Low O, on its own did not
significantly affect M, in E. occidentalis (Fig. 1F) or in
E. camaldulensis subsp. obtusa (P > 0.6; Fig. 3C). Low O,

significantly increased I, at CO, = 1,800 pmol mol ™" (no
heat stress) compared with lower CO, levels, which was
opposite to the effect under normal O, (P < 0.0001). Low
O, also had a positive effect on the I, of well-watered
plants at 38°C. In E. camaldulensis subsp. camaldulensis, I,
increased when well-watered plants were exposed to
50% O, (relative to plants at 20% O,). Emission rate
decreased significantly when the plants simultaneously
experienced drought (50% FC) and high O, (50% O,).
The effect of low O, on I, was more pronounced than on
M, in all three taxa (P < 0.001), and increased I, under
low O, resulted in a decreased M, in well-watered
plants (Fig. 5, A and C).

15 Figure 4. The energetic status model. A, Rela-
g - A B tionsl?ip between residL_mI ETR J; (not used I'gr
g~ i ) light-independent reactions of Rl_\()l()synlhemﬂ
20 g | ] and isoprenoid emission rate at different drought
E {:‘E stress levels in E. occidentalis (black rhomboids)
g S 64 | and E. camaldulensis subsp. camaldulensis (black
'é § triangles). B, J/V . versus isoprenoid emission
g_ T3 — E rate in both species. n =3 for J and J/V,, ., values
2 00c100 r=0.81 r=0.75 are means = sp; n = 4 for isoprenoid emission

0 . T X X T ¥ g 4 r z rate, values are means * se (P < 0.05).

-150 -100 -50 0 50 100 150 04 08 1.2 16 20 24
J; (umol m?2 sy J/ Vemax
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¥

Figure 5. Photorespiration, drought,
and isoprenoid emission. A, J, versus |, A
(* =0.91, P =0.02) and B, J/V,,.,
versus [, (= 0.85, P = 0.06), in
E. camaldulensis subsp. camaldulensis
(experiment 3) acclimated to well-
watered (100% FC) and droughted
(50% FC) conditions and exposed to
three different levels of oxygenated at-
mospheres. Two percent and 50% O,
exposure were maintained for 10 to 15 0 v T
min before volatile sampling (n = 5; -150  -100  -50
values are means * st). The correlation
remains significant (P < 0.05) even
when both isoprene and monoterpenes
are considered together. C, Response of
constitutive M, to drought and varying
O, levels. Drought (50% FC) had a sig-
nificant positive impact on M, at both 2%
and 20% O,, which was consistent with
the isoprene-like response of monoterpenes
in E. camaldulensis subsp. camaldulensis
(Fig. 1F). n = 5; values are means =* st
(**P < 0.05).

o

A2%0,
A20%0,

Y

=

(nmol m2s")

'S

Isoprene emission rate

The Relationship between Leaf Energetic Status and
Isoprenoid Emission Rate

The estimated ETR not used for light-independent
reactions (J,) correlated significantly and positively
with isoprenoid emission rate in both species (* = 0.81,
P =0.014) and was consistent across the drought gra-
dient (Fig. 4A). The positive relationship between elec-
tron transport rate (/)/maximum carboxylation rate
(Vmay derived from A-C; curves) and isoprenoid emis-
sion rate (Fig. 4B) was consistent with the ETR-NAR ra-
tio, peaking with increased emission in both species. The
relationship between ] and I, estimated at three different
O, concentrations was significantly positive (* > 0.91,
P = 0.02) for E. camaldulensis subsp. camaldulensis
(Fig. 5A). Plants experiencing drought (50% FC) exposed
to 50% O, were the only exception to this trend and
showed a significant decline in isoprenoid emission de-
spite large J, (Fig. 5A). E. camaldulensis subsp. camaldulensis
exposed to extreme photorespiratory stress without
drought (100% FC, 50% O,) and drought without ex-
treme photorespiration (50% FC, 20% O,) resulted in
large increases in [/ V... (Fig. 5B).

cmax

DISCUSSION

Drought, ETR-NAR Ratio, and Constitutive
Isoprenoid Emission

The insensitivity of ETR to drought in both species
in this study confirmed that the photosystems and the
electron transport chain are not susceptible to moderate
drought stress (Ben et al.,, 1987) and that the relative
decrease in ETR under drought is proportionately less
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when compared with decrease in CO, assimilation
(Cornic and Briantais, 1991; Bota et al., 2004). The ab-
solute rates of isoprene and constitutive monoterpene
emission did not change provided that the simulta-
neous assimilation rate of CO, remained unchanged.
The Mediterranean species E. occidentalis maintained
almost an unchanged NAR and I, even at 50% FC (Fig. 1,
D and E). E. camaldulensis subsp. camaldulensis showed a
gradual and more marked decline in NAR with increas-
ing water deficit. ETR-NAR ratio increased significantly
at 25% FC for the former and at 50% FC for the latter, the
point where the species showed its highest isoprene and
monoterpene emission rates (Figs. 1 and 2, A and C). We
attribute the increased I, under drought to the increased
ETR-NAR ratio and the increased availability of re-
ducing power to the MEP pathway among other non-
photosynthetic carbon reduction sinks (Fig. 4). Under
severe drought (25% FC), despite a favorable ETR status
of its leaves, isoprenoid emissions of E. camaldulensis
subsp. camaldulensis declined, suggesting carbon limi-
tation despite 2% O, (see decline in NAR at FC = 50%;
Supplemental Fig. S3). It was later confirmed that low-
O, exposure did not significantly affect the ETR-NAR
ratio under both well-watered and drought conditions
(Supplemental Fig. S1). Similarly, imposing severe pho-
torespiratory stress (50% O,) on well-watered plants
resulted in increased I, and the rates plummeted under
drought despite a large pool of residual reducing power
(Fig. 5). These results suggested that reactions other than
photosynthetic carbon reduction (especially photorespir-
ation and the MEP pathway) compete for reducing
power not allocated to carbon assimilation reactions
under situations of suboptimal carbon assimilation due
to abiotic stress. Although eucalypts may have only a

Plant Physiol. Vol. 166, 2014
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modest capacity for nonphotochemical quenching (NPQ)
due to their typically high photosynthetic capacities and
acclimation to high-light habitats, the proportion of en-
ergy dissipated through NPQ, which is one of the pri-
mary mechanisms to mitigate oxidative stress, increased
in E. camaldulensis subsp. camaldulensis as drought inten-
sified (Supplemental Fig. S5). NPQ is likely to be a sig-
nificant sink for ETR and may also account for reduced
emissions under severe stress (Fig. 5A).

Drought, Photorespiration, and Constitutive
Isoprenoid Emission

The direction of change in the rates of isoprene
emission and photorespiration in response to many en-
vironmental factors is the same, despite the absence of a
biochemical (carbon-based) link between the two path-
ways (Monson and Fall, 1989; Hewitt et al., 1990; Loreto
and Sharkey, 1990). In this study, net assimilation and
I, increased by a small yet significant extent in well-
watered E. occidentalis exposed to short-term low O,
(Fig. 1, D and E; in agreement with Hewitt et al., 1990),
and such an increase persisted under drought. The in-
creased de novo carbon pool and decreased competition
for ATP and NADPH may explain the small increase in
isoprene emission under low O, in well-watered plants,
given that ATP could be limiting emissions when carbon
is plentiful (Loreto and Sharkey, 1993). Although increased
isoprene emission in low O, under most conditions
may be physiologically important, it is not comparable
to the large difference in emission between well-watered
plants (low emission) and plants experiencing drought
(high emission) under 20% O, (Fig. 1E). Increased emis-
sion under drought is sustained so long as the in-
tensity of drought is within a species-specific tolerance
threshold. When such a threshold was exceeded, I,
decreased significantly (at 25% FC for E. camaldulensis
subsp. camaldulensis; Fig. 1E). Since we did not di-
rectly estimate photorespiration rates under drought
(which are known to increase significantly under
abiotic stress), we increased photorespiratory stress in
well-watered plants to mimic alternative scenarios.
When photorespiratory stress is extreme (50% O,) and is
coupled with reduced carbon assimilation capacity due
to drought (50% FC), the MEP pathway suffers a double
jeopardy and is likely deprived of both carbon and re-
ducing power (Fig. 5A).

The cost of carbon due to isoprenoid emission in-
creased nearly 15-fold, from 0.46% of freshly fixed car-
bon in well-watered plants to 7.2% in severely stressed
E. camaldulensis subsp. camaldulensis (Fig. 2B). Although
alternative carbon imported from the cytosol avoids the
carbon limitation of the MEP pathway under moderate
abiotic stress (Funk et al., 2004; Brilli et al., 2007;
Trowbridge et al., 2012), under extreme stress carbon
could be limiting due to irreparable biochemical im-
pairment of both the photosynthetic carbon reduction
cycle and rates of carbon import into plastids. Whether
drought just inhibits carbon assimilation rate through

Plant Physiol. Vol. 166, 2014
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stomatal diffusional limitation or there is a clear bio-
chemical down-regulation is highly debatable (Flexas
et al., 2004). Under severe drought stress (especially for
E. camaldulensis subsp. camaldulensis), even those lim-
ited numbers of leaves that were retained by the plants
could not have recovered fully if the plants were rewa-
tered. In such cases, diffusional limitation was likely
compounded by an impairment of photosynthetic bio-
chemical machinery. Limited catalytic activity of the MEP
pathway, particularly isoprene synthase (Brilli et al.,
2007), could have contributed to decreased emissions
under extreme stress.

Drought, Low CO,, Heat, and Constitutive
Isoprenoid Emission

In E. camaldulensis subsp. obtusa, short-term acclima-
tion to heat stress (38°C) caused significantly higher
emissions with no significant change in net assimila-
tion despite drought (50% FC; Fig. 3). CO, inhibition of
isoprene emission also disappeared at high tempera-
tures (for review, see Sharkey and Monson, 2014). It is
known that moderate heat stress can suppress ETR yet
increase both V_ . and I, (Dreyer et al., 2001; Darbah
et al., 2008). Cold and heat treatments have been shown
to selectively suppress PSII (linear electron transport)
and thus reduce NADPH availability and up-regulate
PSI (cyclic electron transport) to increase ATP produc-
tion (Huner et al., 1993; Zhang and Sharkey, 2009). All
of these observations appear to contradict the view that

% Field Capacity
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Figure 6. Relationship between percentage FC and leaf water poten-
tial in E. occidentalis and E. camaldulensis subsp. camaldulensis (ex-
periment 1).

1067



Dani et al.

reducing power availability (however small the re-
quirement may be) influences variation in volatile iso-
prenoid emission. For the moment, if we ignore cold
stress, which is not relevant to isoprene emission, at
least to the extent that we understand the phenomenon
today, the energetic status model may be inadequate to
explain emission behavior at high temperatures for the
following reasons: (1) prolonged heat stress reduces net
assimilation rate (despite an increase in V), pri-
marily due to decreased CO, solubility and decreased
Rubisco-CO, affinity (Sage and Kubien, 2007); (2) pro-
longed heat and drought stress (when imposed together)
reduce emission, possibly due to heat sensitivity of the
cytosolic carbon pool (Fortunati et al., 2008; Centritto
et al.,, 2011); and (3) extreme stress not only reduces net
assimilation rates but also increases the photorespiratory
drain on carbon and reducing power (Fig. 5).

Unlike isoprene emission, the response of constitu-
tive monoterpene emission did not follow a consistent
pattern across any of the treatments (Figs. 1F and 3C).
In E. camaldulensis subsp. camaldulensis, constitutively
emitted monoterpenes behaved like isoprene, while in
E. occidentalis, monoterpene emission was not sensitive
even to severe drought. This could be partly due to
sustained monoterpene synthase activity during drought,
as reported in evergreen oaks (Quercus spp.; Lavoir et al.,
2009). Oddly, isoprene emission increased in leaves si-
multaneously exposed to 28°C, 1,800 umol mol ' CO,
(not saturating for eucalypts), and 2% O, (Fig. 3B). For
reasons unknown, the same leaves also showed a sig-
nificant (16%) decrease in net assimilation rate (Fig. 3A).
We speculate that the possible (temporary) inhibition/
down-regulation of other sinks of reducing power, such
as photoassimilation of N, under very high CO, (Bloom
et al., 2002), also could have contributed to increased
isoprene emission. However, it is acknowledged that
both the photosynthetic carbon reduction cycle and ni-
trate assimilation do not compete directly for reducing
power (Robinson, 1988). A tradeoff between isoprene
and monoterpene emissions in response to CO, (28°C;
Supplemental Fig. S6) and low O, (Fig. 5C) indicates that
the emission of isoprene and monoterpenes is inversely
related (Harrison et al., 2013).

Increased secondary metabolism and specifically in-
creased isoprene emission under drought could be in-
volved in protecting photosystems against transient
periods of oxidative and heat stress, as seen in some
transgenic studies, although the mechanisms are unclear
(Behnke et al., 2007; Velikova et al., 2011; Selmar and
Kleinwichter, 2013; Ryan et al., 2014). However, the tiny
increase in isoprene emission when photorespiration
(the largest photoprotective sink) is suppressed, despite
the down-regulation of photosynthetic carbon reduction
under drought, suggests that the MEP pathway has
limited capacity to oxidize the pool of excess reductants
available under abiotic stress. The increased isoprenoid
emission rates among plants experiencing drought
(without heat stress), heat (without drought stress;
Supplemental Fig. S4), and artificially increased pho-
torespiratory stress (without drought and without heat

1068

at 50% O,) were quantitatively equivalent, and more
experiments are needed to differentiate the underlying
mechanisms between these responses.

CONCLUSION

The energy (ATP) and reducing power (NADPH)
budgets of the chloroplast are used in a hierarchical
fashion. The photosynthetic carbon reduction cycle
dominates, while, possibly, all other reducing sequences
colocalized in the chloroplasts must compete for the
remaining pool (Table I). The equilibrium between the
source (light reactions) and major sinks (carbon reduc-
tion and photorespiration) of energy, as well as the
sources (de novo and stored) and sinks (all anabolic
processes) of carbon, becomes distorted under drought
stress. Drought-induced reduction in the photosynthetic
carbon reduction cycle is accompanied by an increase in
ETR-NAR ratio and a significant increase in volatile
isoprenoid emission. The qualitative response of iso-
prenoid emission under drought may be similar among
species, but the degree of drought-induced shift in
J/V inax 18 species specific. While energy availability
is clearly the common factor that underpins the indi-
vidual effects of low CO, (Morfopoulos et al., 2014),
heat, drought, and photorespiratory stress (this study)
on isoprenoid emission, the complex interactive effects
of heat, CO,, and drought seem to defy simple as-
sumptions and remain largely uncertain (Fig. 3). Vari-
ation in atmospheric O, concentration between 10% and
35% during the last 200 million years (Falkowski et al.,
2005) and its influence on carboxylation efficiency also
could have played an important role in regulating
global isoprene emissions on a macroevolutionary time
scale. All of these indicate a need for a wider experi-
mental analysis across different functional plant types
and ecosystems if we are to reliably scale up volatile
isoprenoid emissions from plants to large regions.

MATERIALS AND METHODS

This study included three independent and yet mutually supporting ex-
periments (Table II).

Rationale for Selecting Species

A group of 15 species of eucalypts belonging to distinct biomes within
Australia were screened for photosynthetic performance and isoprenoid
emission potential in March 2012. The first experiment involved a paired
comparison of isoprenoid emission rates and photosynthesis in Eucalyptus
occidentalis and Eucalyptus camaldulensis subsp. camaldulensis in response to
drought acclimation. E. camaldulensis subsp. camaldulensis and E. occidentalis
were studied as a pair in experiment 1, as both had comparable photosynthetic
capacities and both predominantly emitted isoprene and some monoterpenes
at significant levels. A desirable contrast in the physiology of their water re-
lations is already highlighted (see introduction).

The second experiment tested whether known CO, and heat responses of
isoprenoid emission are consistent under drought acclimation. The idea was to
test any potential pathway discrimination toward either isoprene or monoter-
pene emission under abiotic stresses. E. camaldulensis subsp. obtusa was selected
for experiment 2 because it emitted comparable quantities of isoprene and
constitutive monoterpenes.

The third experiment was a supplementary exercise that was inspired by the
results of the first experiment. The third experiment explicitly tested the
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relationship between photorespiration and isoprenoid emission under drought
in E. camaldulensis subsp. camaldulensis.

Eucalypts store monoterpenes, and it is difficult to estimate instantaneous
carbon and energy invested in monoterpenoid biosynthesis. However, we took
necessary precautions to rule out monoterpene emissions from stored pools
(from leaf glands). Even if one considers both constitutive and stored mono-
terpenes together, the quantities are smaller (in the paired species of experiment 1)
than that of isoprene emission by 1 order of magnitude. Besides, it was recently
shown that stored monoterpenes are quantitatively insensitive to drought stress
in eucalypts, although there are clear qualitative variations and inconsistent
trends in secondary metabolite accumulation (phenolics and terpenoids) in
various plants under drought (Brilli et al., 2013; Selmar and Kleinwichter, 2013).

Plant Material

Seeds of E. camaldulensis subsp. camaldulensis and E. occidentalis were
obtained from the Australian Tree Seed Centre at the Commonwealth Scien-
tific and Industrial Research Organization and germinated in May 2012. Two-
to 3-month-old seedlings (eight per species) were transplanted to large pots
comprising approximately 80 kg of red clay loam (from the Robertson area in
New South Wales) and the required quantities of Osmocote slow-release fer-
tilizer. An independent group of E. camaldulensis subsp. obtusa (n = 6) was
established in similar large pots. The plants were grown under the open sun
with regular watering. Six-month-old saplings (December 2012) were trans-
ferred to and kept until the end of the experiment in a glasshouse maintained
ata 25°C/18°C diurnal temperature cycle and a natural photoperiodic regime.
A third independent group of E. camaldulensis subsp. camaldulensis (n = 5) were
germinated in March 2013 and grown in a similar manner for 1 year (used for
experiment 3). These plants were maintained at 100% FC, and isoprenoid
emission rates were determined at three different O, levels (2%, 20%, and 50%,
in April and May 2014. After the measurements were complete, the plants
were droughted to achieve 50% FC and maintained (over 10 d). Gas-exchange
measurements and volatile sampling were repeated.

Water Relations

The soil water-holding capacity was determined by water saturation and
weighing. Five-month old saplings were watered and weighed (pot + plant) to
obtain the 100% FC reference point. Plants were grouped into two sets of four
biological replicates per species. One set was maintained at 100% FC
throughout the experiment, while the other received reduced water to achieve
70% FC (within 2 weeks) and was maintained thereafter for 3 months. After
volatiles were sampled from plants acclimated to 70% FC, watering was
further reduced to achieve 50% FC and acclimated for 2 weeks followed by
volatile sampling (repeated for 25% FC). One batch of E. camaldulensis subsp.
obtusa was acclimated to 50% FC for 1 month before volatile sampling. The
difference in acclimation period between experiments 2 and 3 is due to the
species involved. In experiment 2, we had E. camaldulensis subsp. obtusa, which
comes from lower latitudes of Australia and grows in some of the driest places
on the continent. It could endure longer periods of drought and also took
longer to acclimate (checked by measuring ¢, on randomly selected leaves),
while E. camaldulensis subsp. camaldulensis stabilized more quickly as well
as reflected the effects of drought sooner. In experiment 3, we had only
E. camaldulensis, and we could shorten the acclimation period. The duration of
severe stress was shorter than the duration at 70% FC to avoid severe defoliation
(especially in E. camaldulensis subsp. camaldulensis), which would have otherwise
hampered emission measurements. Leaf water potential was determined (ex-
periment 1) using a 12-channel thermocouple psychrometer (JRD Merril Spe-
cialty Equipment) calibrated at 25°C using standard sodium chloride solutions
(Lang, 1967). Leaf discs (diameter = 0.5 cm) were bored out at predawn from half
of a fully expanded leaf and transferred and sealed in the psychrometer (10
leaves per treatment group). The chambers were equilibrated in a water bath at
25°C for 3 h before signal acquisition. The procedure was repeated on the fol-
lowing midday using a leaf disc punched out from the other half of the same
leaf. Measurements were repeated at three time points during drought treatment
(for the relationship between leaf water potential and percentage field capacity
for a physiological assessment of drought intensity, see Fig. 6).

Monitoring Photosynthesis under Drought

Photosynthetic gas-exchange measurements were made using a LI-6400XT
(Li-Cor Biosciences) infrared gas analyzer. During branch-level sampling,
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photosynthesis was measured between 12 noon and 3 pm in parallel to isoprenoid
sampling on independent branches of the same plant. Leaf temperature was
25°C, light intensity was 1,200 umol m *s ™", and relative humidity ranged from
39% to 47%.

A-C; curves were obtained from one or two of the best performing
healthiest leaves from each biological replicate (11 = 4) per treatment group
using a Li-Cor6400 at 25°C and normal O, (also at 2% and 50% O, for ex-
periment 3). V. and | were estimated using the curve-fitting tool described
by Sharkey et al. (2007; minimized errors), and the mean values were used as
model input parameters. |, (given C; and V) was calculated following
Harrison et al. (2013) and Morfopoulos et al. (2014):

G+
Jv = 4Vemax [E.TK;] (1)
[r = (, = ,\) 2)

Given V.., we calculated |, and then substituted Equation 1 in Equation 2,

where |, = proportion of electron transport used for dark reactions, V. =
maximum carboxylation rate by Rubisco, K, = effective Michaelis-Menten
coefficient for carboxylation by Rubisco (700 pmol mol™! at 25°C), I'* = pho-
torespiratory compensation point (60 zmol mol '), and C, = species-specific leaf
internal CO, concentration (umol mol ') at ambient CO, = 400 wmol mol .

Chlorophyll fluorescence was monitored using a Pocket PAM chlorophyll
fluorescence meter (Gademann Instruments). Kautsky dark-light fluorescence
induction curves were obtained from dark-adapted leaves (predawn) between
3 and 5 am and replicated on 15 fully expanded leaves per treatment group
(n = 4; biological replicates). The measurements were made in a dark room
(photosynthetic photon flux density < 10 pmol m 2 s7"). Predawn leaf tem-
perature was 15.5°C = 0.3°C. During the day (between 2 and 4 rm), leaves
experiencing moderate light levels (350 < photosynthetic photon flux den-
sity < 450 umol m™?s™') were used to estimate linear ETRs using steady-state
light induction curves by gradually increasing the pulse intensity from 0 to
1,500 umol m™* s™". Predusk leaf temperature was 24.5°C = 0.8°C. The data
for ETR-NAR ratio were measured only after the dry group had been accli-
mated to 50% FC, and the control group (100% FC plants) was retained
throughout the experiment.

Volatile Isoprenoid Sampling

Branch Enclosure Method

Tedlar bags (25-L. capacity; Sigma) were modified to make a volatile col-
lection chamber with a polytetrafluoroethylene base for air-tight sealing. The
gas-exchange line was plumbed with Teflon tubing and stainless steel air-tight
connectors (Swagelok). High-purity instrument-grade air (BOC; 78% N,, 21%
0,, and 1% argon) was mixed with CO, (8-mix 5% * 0.1% in N,) to achieve
ambient CO, (400 * 10 umol mol ') concentration in the headspace con-
taining the branch. The unit was flushed at 20 L min~" for 10 min before each
sampling to remove memory effects (Niinemets et al., 2011). A branch was
inserted into the chamber and sealed around at the base. Plants were provided
with natural photosynthetically active radiation at 800 to 1,200 gmol m™? s™'
during sampling. The chamber temperature was maintained at 30°C * 2°C,
and leaf temperature was 26°C = 2°C measured using an infrared thermometer
(Agri-Therm III; Everest Interscience). Relative humidity varied from 29% to 52%.
Sterile fritted glass thermal desorption (TD) tubes comprising Carboxen 1016 and
Carbopack X adsorbents (Sigma Supelco) were conditioned at 250°C through
helium purging (100 mL min ", 60 min). Volatiles were collected into TD tubes in
April and May 2013 using an oil-free pump connected to a mass flow controller
(Brooks 5850E). Chamber blank control, TD tube secondary desorption control,
and branch memory effect (preflush blank) screenings were also performed.

Cuvette-Based Leaf-Level Sampling

An LI-6400XT portable gas-exchange system was suitably modified to
sample volatiles directly from the leaf cuvette onto the thermal adsorbent bed
described above. The LiCor was supplied with volatile free humidified air
mixed with CO,. Within-cuvette ambient CO, was 400 umol mol !, leaf
temperature was 25°C, humidity ranged from 40% to 62%, and the light in-
tensity was 1,200 umol m 2 s~'. Isoprenoids were also sampled in a low-O,
(2%), ambient-CO, (400 umol mol™") atmosphere generated by mixing N,,
high-purity O,, and CO, at the required ratio and humidified to achieve 40%
to 50% relative humidity in the cuvette. Leaves were exposed to low O, or
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high O, for 5 to 10 min (stable readings) prior to sampling. The effect of
varying O, exposure on photosynthesis was also studied independently (al-
though simultaneously) on many leaves.

Sampling from E. camaldulensis subsp. obtusa under Controlled
CO,, O,, Temperature, and Water Availability

One-year-old saplings (n = 6) were maintained at 100% FC (volatiles were
sampled), then gradually dried down to 50% FC, and again acclimated for
15 d (volatiles were sampled again). Before sampling, individual leaves were
exposed for 10 min to five possible atmospheric CO, concentrations (60, 180,
400, 1,000, and 1,800 umol mol ™), two temperatures (28°C and 38°C), two O,
concentrations (20% and 2%), and saturating light intensity (1,500 pmol m s,
The CO, compensation point remained close to 60 gmol mol ™" in all treatments
except in well-watered plants at 28°C (low O,), where it was 10 gmol mol ™. CO,
treatment was randomized so that on a given day, some leaves from different
biological replicates received low-CO, treatment while others received high-CO,
treatment to avoid either stimulation or limitation of photosynthesis.

Thermal Desorption Gas Chromatography-Mass
Spectrometry Analysis

A Shimadzu GCMS-QP 2010 fitted with an auto thermal desorption system
(TD-20) was used for offline volatile analysis. Ultrapure helium (BOC) was used
as the carrier gas. Isoprene and p-limonene (analytical grade; Sigma) were
injected into sterile 5-L Tedlar bags comprising N, to generate standard
mixing ratios. Then, the standard mixture was adsorbed onto TD tubes (de-
scribed above), which were used to calibrate the instrument at regular inter-
vals. Isoprene sampled from the plant chamber was desorbed from the TD
tube at 220°C (60 mL min~" for 5 min). A 30-m, 25-mm i.d., 25-um RTX-5 Sil
MS (Restek) capillary column was used for gas chromatography. The tem-
perature regime for the gas chromatography run was 28°C (3 min) to 110°C
(3 min) at 5°C min " and finally to 180°C at 5°C min '. The chromatographic
peaks were identified by comparing them with isoprene and monoterpene
standards (a-pinene and p-limonene) and reference mass spectrographs in the
National Institute of Standards and Technology Standard Reference Database
1A (National Institute of Standards and Technology, 2008). I, was calculated
by utilizing sampling flow rate, total leaf area in the sampling chamber (for
branches), and quantified isoprene standards.

Statistical Analysis

The statistical tests were performed using Minitab (version 16 statistical
package). The equality of means in responses within species between two
treatments was analyzed using paired Student’s f tests. Differences in mean
responses between two species to the same treatment were subjected to two-
sample Student’s t tests. The CO,, O,, temperature, and drought intensity
interactions were analyzed using a multilevel general full factorial model with
ANOVA (Montgomery, 2004). Experiments had four (between species) to six
(sequential) biological replicates and eight to 15 independent leaf-level mea-
surements (technical replicates) per treatment group.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Electron transport rate to net assimilation rate ratio
in response to varying levels of oxygen concentration in E. camaldulensis
subsp. camaldulensis.

Supplemental Figure S2. Photosynthesis response to short-term heat stress.
Supplemental Figure S3. Short-term response of photosynthesis to low O,.

Supplemental Figure S4. Comparison of emissions under heat without
drought and drought without heat.

Supplemental Figure S5. Estimated NPQ across drought gradient

Supplemental Figure S6. Isoprene and monoterpene emission rates peak-
ing at two different CO, concentrations.

Supplemental Table S1. Photosynthesis parameters of E. camaldulensis subsp.
camaldulensis in response to drought and photorespiratory stress.
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Abstract:

Light-dependent processes localized in plant chloroplasts cease immediately when
subjected to darkness, but shortly after darkness is imposed (post-illumination), some of
these processes show transient activity. The study of such processes has in the past
provided insight into the relationship between colocalised light-dependent pathways in the
chloroplast. Post-illumination isoprene burst (PilB) is one such process and its intensity is
determined by light and temperature. We intended to test whether regulation of
constitutively emitted non-stored monoterpenes is similar to that of isoprene. We employed
monoterpene emitting Quercus ilex (holm oak), an evergreen oak from the European
mediterranean biome, and Eucalyptus camaldulensis to explore the occurrence and
regulation of post-illumination monoterpene burst (PiMB). In our experiments, we saw
PiMB to be an inconsistent and rare phenomenon occurring in some leaves and absent in
most within the same plant of Q. ilex. We also found that post-illumination CO: burst, a
phenomenon far more common among Cs plants including E. camaldulensis, was absent in
Q.ilex. We observed that monoterpenes were preferred to isoprene in E. camaldulensis in
post-illumination burst. We discuss these results along with other important findings in the
context of the role played by photorespiration in post-illumination energy demands within
chloroplasts, in addition to substrate affinity of isoprenoid synthases in oaks and eucalypts.

Introduction:

Isoprene (CsHs) and monoterpenes (CioH16) are volatile hydrocarbons synthesized by
the MEP pathway localized in plant chloroplasts. These compounds are emitted in large
quantities (1000 Tg C/yr) by plants and they play an important role in the global carbon
cycle. Volatile isoprenoids, especially isoprene and monoterpenes have significant impact
on NOx and methane chemistry in the troposphere. Isoprene emission from plants is
dependent on light and is influenced by temperature, CO2 concentration and plant water
status. Monoterpenes are synthesized and constitutively emitted in the same way as
isoprene in some plants (e.g. Quercus ilex). Many plants (e.g. Eucalyptus spp) also store
monoterpenes that are emitted in a light-independent manner. The interactive effects of
CO: and heat on photosynthesis and isoprene emission are complex (e.g. Centritto et al.
2004, 2011). Experiments on poplar mutants and transgenic tobacco have provided support
to the hypotheses that heat and/or oxidative stress tolerance in plants can be mediated by

72



isoprene emission (e.g. Behnke et al. 2007; Vickers et al. 2011). In a recent review, we
identified major gaps in the current understanding of isoprenoid biology and climate
interactions and laid down a direction for future isoprenoid research (Harrison et al. 2013).
Taking those perspectives a step forward, we explored many untested physiological aspects
of plant isoprenoid emission by using the state-of-the-art facility at the National Research

Council (Italy) and University of Florence.

There are several light-dependent processes localized in plant chloroplasts that cease
immediately when subjected to darkness. Photorespiration is one such pathway that occurs
in three different plant organelles (Fig. on page 74). Constitutive isoprenoid emission (via
the MEP pathway) is another example. However, shortly after darkness is imposed (post-
illumination), some of these processes show transient activity. In pioneering studies
Decker (1955) and Tregunna et al (1961) showed that plants exhibit a post-illumination
COz burst (PiCO2B) which was sensitive to light intensity acclimation and temperature; it
was later shown to be of photorespiratory origin (Ludwig and Krutkov 1964; Ludwig and
Canvin, 1971, Tarlowski et al 1986). Similarly, constitutive isoprene emission ceases
almost immediately when plants are shifted from light to darkness (e.g. Seemann et al.
2006). However, a short period after exposure to dark plants show transient dark emission
of isoprene before it completely ceases again (Monson et al. 1991; Rasulov et al. 2009a; Li
etal. 2011). The intensity of post-illumination isoprene burst (PilB), as it is called, is shown
to be dependent on the preceding light intensity and temperature acclimation (Rasulov et
al. 2009; Li et al. 2011). Both PilB and PiCO2B have two phases in darkness. They both
show a large primary peak soon after the light is turned off and primary peak falls quickly
to zero, although there are significant differences in duration of PilB and PiCO2B. The
secondary CO- burst merges with the stabilizing phase of dark respiration (sustained all the

time). The secondary burst in isoprene disappears eventually.
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The following experiments were designed to test whether regulation of constitutively
emitted non-stored monoterpenes is similar to that of isoprene. We employed Quercus ilex
(holm oak), an evergreen oak from the European mediterranean biome. Q.ilex does not emit
isoprene rather it emits monoterpenes in a manner similar to isoprene. We explored the
occurrence and regulation of post-illumination monoterpene burst (PiMB) in Q. ilex. We
also used Eucalyptus camaldulensis and Populus nigra as isoprene-emitting system
controls. E. camaldulensis was also used to test the post-illumination relationship between

isoprene and monoterpenes since both come from the MEP pathway.

Materials and methods:

Plant material:  Two-year-old potted saplings of Populus nigra, Eucalyptus
camaldulensis, and Quercus ilex were regularly pruned and maintained under natural
photoperiod and outdoor conditions. They were initially grown in 5 kg pots and later
transplanted to 10 kg pots comprising potting mix, sand and slow release fertilizer. P. nigra
was given additional artificial light using a fluorescent light bank to avoid leaf-shedding

and down-regulation of metabolism in winter.

Photosynthetic performance: A LiCor 6400 (LI-COR Biosciences Inc., PA-USA)
portable infra-red gas analyser was used to monitor the physiological status of the plant
material. The Peltier cooling system of the leaf cuvette was supplemented with an external
circulating water jacket connected to a water bath (Thermo Fisher, Germany) so that the
set leaf temperature did not fluctuate >0.3 °C during quick light-dark switch over. PAR
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intensity was 1500 pmol m2 s, Measurements were carried out in triplicate between 10
am and 3 pm during November 2013. Post-illumination CO. burst was measured
continuously on the same leaf before and after monitoring isoprene/monoterpene bursts.
All measurements were repeated at a range of oxygen concentrations (ranging from 2% to

80%).

Monitoring volatile isoprenoid emission wusing PTR-TOF-MS: Emission
measurements were carried out using a customized LiCor6400 fed with VOC-free air
mixed with CO; into the leaf cuvette. Ultrapure nitrogen, oxygen, and CO2 (10% in N2)
were mixed using an automated mass-flow controlling circuit (Brooks Instrument, PA,
USA). The air was humidified to achieve 40 to 60% RH. Before each measurement, the
LiCor cuvette was cleaned with VOC free air and then the leaf was inserted and acclimated
to 1500 umol m2 s of PAR, 425+10 ppm of CO> and the desired leaf temperature for at
least 20 minutes. Isoprene (protonated mass=69) emission was measured continuously
using the Proton Transfer Reaction Time of Flight Mass Spectrometer (PTR-TOF-MS,
lonicon Analytik, Innsbruck, Austria). Isoprenoid emission rate was not quantified since
the aim initially was to detect consistent occurrence of post-illumination bursts. Leaves of
P. nigra (at 35 °C) were used to test the protocol to monitor post-illumination isoprene burst
(modified from Rasulov et al 2009a) including a cuvette cleaning procedure (Li et al. 2011).
Protonated fractions of monoterpenes (m/z= 81 and 137) were used to monitor
monoterpenes from Q. ilex at three different temperatures (25 °C, 30°C, and 35 °C) with
identical light treatments. Similarly, both isoprene and monoterpenes were tracked in low
emitting E. camaldulensis at 40 °C to get a strong basal signal before light was switched

off.
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Results and Discussion:

Experiments on the mediterranean evergreen oak Quercus ilex (CNR, unpublished)
could not confirm the occurrence of post-illumination monoterpene burst (PiMB). In our
experiments, we saw PiMB to be an inconsistent and rare phenomenon occurring in some
leaves and absent in most within the same plant (Figure 1; 2 out of 10 leaves on an average
showed PiMB). We also found that post-illumination CO2 burst, a phenomenon far more
common among Cs plants (e.g. Zelitch, 1971), was absent in Q.ilex (Figure 2). Under low
O, post-illumination net assimilation rate decreased at a significantly slower rate in Q. ilex
despite its relatively lower Ass (takes >50s, Figure 2) than in Eucalyptus camaldulensis

(tended to zero in 20s after light was turned off).

We observed that most leaves, irrespective of whether they exhibited PiMB in Q.ilex
also exhibited PiCO2B with a distinct and transient photorespiratory peak (Figure 3).
However, such a peak was consistent only when subjected to hyperoxic conditions ([O2]
>50%). Based on these and other observations (to be discussed), we consider two possible
explanations for the erratic behaviour of PIMB in Q. ilex: (a) They have very low
photorespiration costs compared to other plants thus carboxylation is highly efficient (b)
They have higher than average photorespiration to cope with hot and dry mediterranean
climate and they have evolved a more efficient mechanism to recapture photorespiratory
COz as in some crop plants (Loreto et al. 1999; Busch et al. 2013). Given the role played
by photosynthetic electron transport rate and the demand for reducing equivalents amongst
various pathways within chloroplasts in determining isoprene and monoterpene emission
under both drought and stress-free conditions (Niinemets et al. 2002; Dani et al. 2014), the
extent to which post-illumination carboxylation continues may give us a handle on post-

illumination monoterpene burst in Q.ilex.
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Figure 1: Inconsistency of post-illumination monoterpene burst in Quercus ilex: [a]
an atypical response of constitutive monoterpene emission with a clear post-illumination
burst at 1200s post darkness [b] Representative common response where post-illumination
monoterpene burst is not observed. Both these real time PTR-MS spectra were obtained
under identical conditions from two different leaves. The conditions were 25 °C, 20 minute
acclimation to 1500 pmol m?s™ of PAR before light was turned off, 425 + 10ppm COx,
and 40% RH.

There could be leaf to leaf variation in monoterpene emission rates due to variations in
metabolic functional requirements, but it is puzzling that PiMB is rare given monoterpenes
are always emitted in light by all the leaves in Q. ilex (Figure 1). The magnitude of
secondary dark-phase peak in PilB is shown to decline under hypoxia despite no change in
dark respiration (Rasulov et al. 2011). In contrast, it was shown very early (Tregunna et
al. 1966) that the secondary CO; burst during PiCO2B is not sensitive to hypoxia and it is
largely from dark-respiration, although the reason for a transient and delayed increase in
CO: output are unknown. If one accepts that depending on leaf ontogeny, dark respiration

could compete with isoprene emission for the same substrates from the cytoplasm
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(Rosenstiel et al. 2003; Loreto et al. 2007), dissecting the nature and magnitude of a
secondary post-illumination CO, peak in Q. ilex (Figure 2) may hold the key to

understanding PiMB.
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Figure 2: Post-illumination CO2 burst in Eucalyptus camaldulensis and Quercus ilex:
Under normoxia (20% O2), the primary CO2 peak of photorespiratory origin is very clear
in Eucalyptus camaldulensis and the same is absent in Quercus ilex. Both species show a
clear slow rising post-illumination CO> peak (~150 s post darkness) when acclimated to
hypoxic (2%) atmosphere. Reasons for the latter are unknown. Secondary y-axis should
be used for data points after the light-off arrow (N = 5)

Isoprene emission is suggested to be regulated by conditions of substrate (DMAPP)
limitation and isoprene synthase kinetics (Magel et al. 2006; Rasulov et al. 2010) and
DMAPP pools deplete quickly into darkness (Rasulov et al. 2013). A trade-off between
carotenoid biosynthesis and isoprene emission (both are products of the MEP pathway) was
proposed (Own and Penuelas, 2005) and recently deduced using PilB based DMAPP pool
size estimation in the leaves of Populus tremula at different stages of leaf development
(Rasulov et al. 2014). E. camaldulensis confirmed the proposed biochemical trade-off
between isoprene and monoterpene emission among emitting genera (Figure 4; Harrison et
al. 2013). After turning off the light source (even at 40 °C), isoprene emission declined
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and monoterpene emission instantly peaked. Those monoterpenes were unlikely to have

come from stored pools, as they were not light-independent.
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Figure 3: Post-illumination photorespiratory CO2 burst in Q.ilex subjected to
hyperoxia: The graph shows that the CO> burst which is not seen under normoxia (N=7,
20% O) starts appearing at 50% O, (N=3) and becomes more prominent under hyperoxia
(N =3, 80% O2). Secondary y-axis should be used for data points that succeed the ‘light-

off” arrow.
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Figure 4: Post-illumination trade-off between isoprene and monoterpene emission in
Eucalyptus camaldulensis. Monoterpene emission increases immediately after the light is
turned off and the increase coincides with the decline in isoprene emission. Isoprene (m/z
=69.069) shows a clear secondary post-illumination burst at 600s, while monoterpenes (m/z
=137.132) do not show a clear secondary burst. Leaf was acclimated to 40 °C, 20 minute
acclimation to 1500 pmol m2s™ of PAR before light was turned off, 410+10ppm CO3, and
60% RH (N = 3).

Gernyl pyro phosphate (GPP) is f the substrate for monoterpene biosynthesis and GPP
is formed by the fusion of IPP and DMAPP. GPP is also first substrate in the sequence of
enzymatic reactions leading to the formation of carotenoids. Let us assume that constitutive
(non-stored) monoterpene emission is also likely to follow post-illumination isoprene
burst-like kinetics. Then we could accept that due to low Km, pmare, ipe (0.01 mM) of GPP
synthase, the post illumination increase in monoterpene emission in E. camaldulensis
continued for 300 s (Figure 4) despite a decreased DMAPP pool size. However, we saw a
clear secondary isoprene burst in E. camaldulensis while a secondary monoterpene burst
was absent. The low rate of monoterpene emission in E. camaldulensis when light-driven
isoprene emission is high, points towards a limited GPP pool and continued conversion of
IPP + DMAPP - GPP (for >300 seconds) even as isoprene emission declined in darkness.
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It is proposed that the delayed secondary post-illumination isoprene peak is limited by
carbon (de novo) trapped as MEP pathway metabolites, which are converted to DMAPP
upon a slow and transient supply of reducing power (Rasulov et al. 2011; Li and Sharkey,
2013). Could one conclude that a delayed conversion of MEP pathway precursor to
DMAPP leads to a large enough DMAPP pool size that again favours isoprene synthase
over GPP synthase? All of these raise questions about substrate-limitation hypothesis
explaining post-illumination kinetics of isoprene and monoterpene emission. Perhaps,
erratic behaviour of PIMB in Q.ilex (this study) and the general non-correlation between
MEP pathway substrate-pool sizes and isoprenoid emission capacity in plants (Nogues et
al. 2006) suggests that monoterpene emission could be sensitive to other extra-chloroplastic
factors including respiratory carbon. It remains to be tested whether post-illumination
consumption of DMAPP for monoterpene emission in Eucalyptus is significant enough to
cause complete depletion of MEP pathway intermediates “stuck” due to reducing power

limitation.
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Abstract:

Light is the sine qua non of plant isoprene emission while rates of emission respond
strongly to increasing temperatures (Qio >5). Diurnal variation in foliar volatile
isoprenoid emission in plants involves highly synchronized transcriptional regulation of
the genes involved in the MEP pathway, suggesting broader regulatory implications at the
transcriptional level for seasonal variation in emission from perennial plants. We tested
the hypothesis that photoperiodic acclimation and transcriptional regulation of the MEP
pathway plays a role independent of temperature in influencing seasonal variation in
emission. We used seedlings of Eucalyptus globulus and E. camaldulensis acclimated to
two distinct temperatures (25°C, 33°C) and photoperiodic regimes (natural day-length and
long-day) and monitored photosynthesis, isoprenoid emission rate and abundance of
selected mRNA transcript levels. Net assimilation rates did not differ significantly
between and across treatment groups, although there were notable variations in relative
transcript abundance of selected core photosynthesis genes. Long-day alone caused
increased isoprene emission in E. camaldulensis while warmer temperature acclimation
alone caused increased emission in both the species, all characterised by an associated
increase in the transcript abundance of DXS (1-deoxy-D-xylulose-5-phosphate synthase)
and ISPS (isoprene synthase). Diurnal oscillation in volatile emission is temperature
compensated whilst the phase-width is determined by photoperiod. We propose that
seasonal maxima and minima in plant volatile isoprene emission are temperature-
entrained and are likely photoperiod-gated.

Key vv.orpls: circannual rhythm; M_EP pathway; photoperiod; photosynthesis; qPCR;
transcription; temperature compensation

Introduction:

Light-dependent foliar volatile isoprenoid biosynthesis and constitutive emission in
plants occurs through the plastid-localised MEP (2-C-methyl-D-erythritol-4-phosphate)
pathway. The intensity of volatile emissions is largely a function of light intensity,
temperature, CO. and water availability (Monson & Fall, 1989; Sharkey et al., 1991,
Sharkey & Loreto, 1993). Like most plastidic biochemical pathways that are active during
the sunlit hours of a day, isoprenoid emission in plants exhibits a diurnal rhythm and the
process is circadian gated (Wilkinson et al., 2006; Loivamaki et al., 2007). Circadian
regulation of isoprenoid emission impacts the formation of tropospheric ozone (Hewitt et
al., 2011). The phenomenon also has a circannual rhythm (summer maxima and winter

minima) and understanding the biological mechanisms regulating the annual cycle has
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implications for predicting emission consequences for regional weather and climate

systems.

Volatile isoprenoid emission capacity of a species is determined by both aseasonal traits
(growth habit and longevity) and seasonal traits such as leaf life span and photosynthetic
capacity (Dani et al., 2014a). Seasonal influences on the metabolic flux through the MEP
pathway are well known (Owen & Pefiuelas 2005; Rodriguez-Villalon et al., 2009; Rasulov
et al., 2014). Most MEP pathway enzymes including isoprene synthase have long half-
lives and substrate-level controls are implicated in dirunal regulation of emission (Wiberley
et al., 2009). Variation in substrate pool-sizes, feedback mechanisms, and post-
translational modification of enzymes may play significant roles in pathway responses
especially through developmental transitions (Smith et al., 2004; Guevara-Garcia et al.,

2005; Vickers et al., 2011; Banerjee et al., 2013; Ghirardo et al., 2014; Wright et al., 2014).

Expression of most genes of the MEP pathway is regulated by light, heat-shock,
circadian and/or herbivore-elicitor transcription elements (Cordoba et al., 2009; Meier et
al., 2011; Harrison et al., 2013). Transcription, when it correlates with translation, could
be a weak indicator of enzyme activity for the MEP pathway (lijima et al., 2004). Variation
in the abundance of transcripts of DXR and ISPS (isoprene synthase) genes is linked with
annual cycles in isoprenoid emission (Mayerhofer et al., 2005). One of the key steps in the
MEP pathway is its first step involving the formation of 1-deoxy-D-xylulose-5-phosphate
(DOXP) by DOXP synthase encoded by the gene DXS (Wiberley et al., 2009; Cordoba et
al.,, 2011; Han et al., 2013). DXR (1-deoxy-D-xylulose 5-phosphate reductoisomerase)
expression is responsible for accumulation of 2-C-methyl-D-erythritol-4-phosphate and is

seen as an important step in isoprenoid biosynthesis (Carretero-Paulet et al., 2006).
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Given that the metabolic costs of transcription and translation have significant fitness
costs (Stoebel et al., 2008), regulation of the MEP pathway at the source (transcription) is
more likely and cost efficient over seasonal time scales. Transcription, in general, is
sensitive to both short-term dynamic environmental stimuli (over minutes) as well as
incremental entrainment through seasons (Covington et al., 2008; Harmer, 2009; Hoffman
et al., 2010; Igamberdiev et al., 2014). Photoperiod is a predictable variable that enables
plants to respond to seasons and thereby optimize their biosynthetic fluxes (Hay, 1990;
Keskitalo et al., 2005; Jackson, 2009; Velez-Ramirez et al., 2011). For example,
photoperiod influences developmental transitions from vegetative to reproductive phase in
many annuals (Garner & Allard, 1920; Song et al., 2013) and induction and breaking of
bud dormancy in trees (Kramer, 1936; Bohleneus et al., 2006). Light intensity, photoperiod
and temperature interactions cause seasonal structural and chemical reorganization of
photosynthesis in conifers (Oquist & Huner, 2003) and in many sub-tropical, temperate
evergreen angiosperms (Hughes & Smith, 2007). Despite the involvement of many
circadian (clock) elements in photoperiodic signalling pathway, photoperiod is likely to
control plant responses independent of clock elements and temperature (Bradshaw &
Holzapfel, 2010; Stoy et al., 2014). In this context, phenological assumptions of global
isoprenoid emission models and mechanisms underlying seasonal variability in isoprenoid
emissions have not been satisfactorily explained especially in evergreen trees (Kuhn et al.,

2004; Harrison et al., 2013; Unger et al., 2013).

Species-specific temperature optima for growth and metabolism are an adaptive feature
typical of geographically widespread and hyper diverse evergreens such as eucalypts

(Scurfield, 1961; Paton, 1980). We expected that evergreen trees would exhibit significant
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seasonal rhythms in their metabolism even though they do not undergo strict circannual
leaf senescence. Down regulation of metabolic pathways during drier and/or colder seasons
would be critical for plant survival and the mechanisms would be under stringent selection
pressures and therefore are likely to be conserved across deciduous and evergreen habits
(Adams et al., 2004). We tracked isoprenoid emission, photosynthetic performance and
real-time expression of selected key genes in evergreen eucalypts acclimated to distinct
temperature and photoperiodic regimes. Based on reports that photoperiod has distinct
effects on seasonal optimization of photosynthesis independent of temperature acclimation
(Bamberg et al., 1967; Bauerle et al., 2012), we tested hypothesis that photoperiod could
selectively regulate isoprenoid emission through controlling gene expression independent
of temperature. The focus of the experiment was not to demonstrate circadian patterns in
emission in eucalypts rather to separate the effects of photoperiod and temperature through

Seasons.

Materials and Methods:

Plant material: Seeds of Eucalyptus globulus from the Australian Tree Seed Centre
(Canberra) were germinated during winter (April) in Kraznozemic soil from Robertson area
in New South Wales. 15-day seedlings were transplanted to pots (12 kg soil) containing
the red soil mixed with Osmocote® slow release fertilizer. Plants were watered daily until
the completion of the experiments. E. globulus was initially selected for the study (from a
pool of 15 species) because it grew well in relatively small (12kg) pots and the seedling
architecture was suitable for branch-level volatile sampling. However, it was observed that
LD treatment (irrespective of temperature) induced faster transition from juvenile to adult
phase in E. globulus, complicating the interpretation of volatile emissions and

photosynthetic responses (see Appendix V). Transition from juvenile to adult leaves in
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eucalypts is not a process of maturation. Both juvenile and adult leaves are fully expanded
mature leaves and it is called heterophylly. We included Eucalyptus camaldulensis (which

does not show heterophylly) as a control group during the winter experiment.

Photoperiod and temperature treatment (Table 1 and Figure 1): After 60 d of growth
under natural photoperiod at 25 °C/ 18 °C day/night temperature regime, plants bearing
around ten fully developed leaves were segregated into four identical groups of four plants
each. Each group was shifted to glasshouses with a natural or artificially extended
photoperiodic regime (Fig. 1a, b; Table 1). Two treatment groups were at 25 °C/ 18 °C and
the remaining two were at 33 °C/ 18 °C. Night temperature in all treatment groups was set
at 18 °C (realistic during summer). Low night temperatures, typically <12 °C during
winters in NSW, could have interfered with phytochrome signalling pathway complicating
interpretation (Mglmann et al., 2005). One group from each temperature treatment was
subjected to long days for five months (simulated by low-fluence, cool-white fluorescent
light, 40 umol m2st). The fluorescent light emission spectrum was rich in green (546nm;
Hg vapour), red (610 to 660nm) and tiny bit of blue light. The LD (Long Day) glasshouses
were oriented identically and the plants were randomised under the light bank. A
continuously short-day acclimated treatment group was not included because we observed
that eucalypts developed abnormal (non-pathogenic) intumescent blisters when grown
under artificial lights in a growth cabinet (also see Pincard et al., 2006). Instead, we
employed naturally increasing (summer-ascent) daylengths as controls to the fluorescent
light supplemented long-day (~16 h; Fig. 1b) treatment groups. Another set of seeds were
germinated in mid-summer and shifted to a decreasing natural photoperiodic regime

(winter-ascent) from February to July (Table 1).
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Table 1: Details of day length set up at the experimental station (also see Figure 1B)

Latitude and Longitude (33" 86’ S, 151° 21" E)

Winter shortest day

Summer longest day

Sun rise

7 am

5:45 am

Sun set

5 pm

8 pm

Duration of sun light

~10h

~14:15h

Duration of fluorescent light

Natural
photoperiod

Not applicable

Long day
supplement

7 hours (3:30 pm to 10:30 pm)

Duration of total photoperiod

~10h

~16 h

Figure 1: Light regime

Figure 1: Light regime (A) Daily variation in solar light (SL) intensity in summer and winter
at the experimental station. Long day (LD) treatment was achieved by low fluence fluorescent light
(FL; 40 pmol m? st) (B) Annual variation in duration of day length at the experimental location
(Sydney, Australia). Duration of LD remained consistent (16:15 + 0:30 hrs.) during summer-ascent
The constant 7 h line represents the fluorescent
supplemental light given to LD plants during both summer and winter-ascent experiments. The
dashed (-----) line represents the period of overlap between SL and FL that varied through the
seasons since FL was turned on before sun set. The dotted (¢e**) line corresponds to the period

(Jul to Jan) and winter-ascent (Feb-Jun).
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Photosynthesis and pigment concentrations: A LiCor 6400xt portable photosynthetic
system (LI-COR, Lincoln, Nebraska, USA) was used to monitor the physiological status of
the plant material. Measurements were carried out on three leaves per biological replicate
between 11 am and 3 pm on bright sunny days during the months of December 2012 and
January 2013 (Australian summer) and repeated in May to July 2013 (Australian winter).
Cuvette CO, concentration was maintained at 400 umol mol™ and the light intensity was
1200 pmol m? s, During summer the leaf temperature was set at 30 ‘C to reflect
conditions of branch-level sampling. During winter, the leaf temperature was specific to
the treatment group. Leaves were harvested immediately after sampling and total pigments
were extracted in acetone. 0.5 g of leaf tissue was ground in a mortar using 5mL of 85%
acetone with a pinch of acid washed sand and MgCOs (10 mg) and centrifuged at 8000
RPM. The extract was diluted suitably to determine chlorophyll and carotenoid
concentrations by spectrophotometry (Thermo Scientific, USA) following Lichthenthaler

and Wellburn (1983).

Volatile isoprenoid sampling: 25 L capacity Tedlar® bags (Sigma) were modified to
make branch-level volatile collection chambers with a PTFE (polytetrafluoroethylene) base
for air tight sealing. An empty chamber was flushed with clean-air at a high flow rate (20
L min) for 5 min. A branch was inserted into the chamber and sealed around at the base.
Plants were provided with natural sun light from 10 am until 5 pm during sampling and
branch temperature was 30 = 2 °C in summer. In winter, a L16400 XT portable gas
exchange system was suitably modified to sample volatiles (using volatile free humidified
air mixed with high purity COy) directly from the leaf cuvette onto the thermal adsorbent

bed as described in Dani et al (2014b). Volatile emissions were sampled from two to three
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leaves (winter) or two to three branches (summer) per biological replicate (N = 4 to 5) per
treatment group. During cuvette sampling (winter) leaf temperature was maintained in
accordance with the temperature acclimation of the treatment group and light intensity was

maintained at 1200 pmol m s irrespective of the time of day.

RNA extraction and real time gPCR: The leaves were collected just after volatile
sampling (winter) between 11 am and 3 pm, tissues were flash frozen in liquid nitrogen and
stored at -80 "C until further use. To extract RNA from eucalyptus leaves comprising a
large amount of polyphenolic substances (inhibitors of cDNA synthesis and gPCR), a
conventional RNA extraction protocol was preferred to popular commercial extraction
columns/kits. High quality RNA was extracted in an extraction buffer comprising cetyl
trimethyl ammonium bromide (CTAB), polyvinyl pyrolidone K30 (PVP) (modified from
Changetal., 1993; Zeng & Yang 2002). RNA was treated with DNase I (Sigma) and RNA
quality was checked through denaturing agarose electrophoresis and Azeonm/A2sonm ratio
was always >1.8 (often >2.0; tested using an Eppendorf biophotometer). First strand cDNA
synthesis was performed at 50 °C using the Transcriptor cDNA synthesis kit (Roche,
GmbH) using anchored oligo dTig primer on 1ug total RNA as the starting template and
10U of Transcriptor reverse transcriptase. Real time gPCR was performed using a Light
Cycler 2.0 (Roche®). Reactions were setup in triplicates for each primer pair per tissue
sample (RNA pooled from three leaves within plant) using the SYBR Green Fast Start
Master Kit (Roche®) starting with 5 ng of cDNA template and transcript specific primers
(Table S1, Appendix V). The amplification cycle had the following programme 95 °C (10
min); 40 cycles of [95 °C (20 s) + 54 °C (30 s) + 72 °C (20 s)] at 20 °C/s, 72 °C (20 s) at
0.1 °C/s, 35 °C (30 s). Recently sequenced draft genome of Eucalyptus grandis (Eucagen

project; Myburg et al., 2014) and the available cDNA and genomic sequences at the
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NCBI’s Genbank from various eudicots (especially Populus and Quercus) were employed
to design gPCR primers (Table S1, Appendix V). Wherever possible primers spanned an
exon-exon junction and most amplicons were closer to the 3’ end of their respective cDNAs
to overcome 3’ bias of oligo dT ¢cDNA pool. a-tubulin, ubiquitin, actin and 18S rRNA were
tested as candidate reference genes. Actin and 18s rRNA were selected as internal reference
genes. We selectively monitored DXS and HDR transcript levels (representing the MEP
pathway) since DXS enzyme catalyses the rate limiting step of the MEP pathway (Estévez
et al.,, 2001) and HD reductase catalyses the formation of DMAPP, the substrate for
isoprene synthase. In addition, light induced transcript abundance of DXS, HDR and ISPS
exhibit a distinct single peak per day (around midday; Wiberley et al., 2009) and the
abundance of DXS and HDR strongly correlates with their enzyme levels (Le6n & Cordoba,
2013). Standard quantification curves for two reference genes and eight target genes were
generated over a cDNA template working concentration range of 5pg to 50ng and qPCR

efficiency (Table S1, Appendix V) was calculated using the Light Cycler Software v4.0.

GC-MS analysis: A Shimadzu GCMS-QP 2010 machine was modified to
accommodate a customised thermal desorption and cryo-focussing unit feeding into the
injection port. Ultrapure helium (BOC) was used as the carrier gas. Isoprene (analytical
grade, Sigma) standard samples injected into sterile Tedlar® bags, and adsorbed onto TD
tubes were used to calibrate the instrument at regular intervals. Volatiles were desorbed
from the TD tube at 220 "C at a flow rate of 10 mL min* for 5 min and simultaneously
cryo-focussed by passing the desorbed volatiles through a stainless steel loop immersed in
liquid nitrogen. The sample was directed through a programmed temperature vaporisation
(PTV) injection port by quickly heating the cryo-focussing loop to 260 “C using a heat gun.

A 30m, 25 mm ID, 25 um RTX-5 Sil MS (Restek) capillary column was used for GC. The
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temperature regime for GC run was 28 'C (3 min) to 110 °C (3 min) at 5 ‘C min! and finally
to 180 'C at 5 'C mint. Appropriate reference standards were run and volatiles were

quantified following Dani et al (2014b).

Statistical analyses: Isoprene emission was sampled from two to three leaves (winter)
or two to three branches per biological replicate (N=4 to 5) per treatment group.
Significance of the phase of the circadian peak (Fig. 2(a)) was computed using t tests for
the time interval (within the temperature group) since circadian rhythmicity was established
in other similar systems and not assumed (Refinetti et al., 2007). Data from several days
were stacked to obtain a single synchronised cycle. The stacking of data was done for
hourly time intervals between 12 noon and 3 pm except at the beginning i.e., from 10 am
to 12 noon and then at the end of the day from 3 pm to 5 pm (Fig. 2(b)) since isoprene
sampling duration per sample was doubled for morning and evening samples. Data were
normalised within each treatment group and cosinor analysis (Cornelissen, 2014) was
performed using a Matlab® programme (Heart, 2008; Mathworks, MA, USA; Fig. 2(c)).
Actin (medium copy) and 18s rRNA (high copy) were selected as candidate reference
standards although only 18s rRNA transcript abundance was used to quantify relative fold

change in transcripts by comparative Ct method (2"24¢T, Schmittgen & Livak, 2008).

Results:
Growth and photosynthesis: Cool temperatures coupled with long-days are expected to
increase biomass accumulation and any significant increase in temperature is expected to

mask the positive effect of long-days on biomass accumulation (Hunter et al., 1974).
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Figure 2: Long-day and temperature effects on the diurnal phase of isoprene
emission in E. globulus during summer-ascent: Top panel at 25 °C and the bottom panel
at 33 °C (a) Original emission data (N=4; mean £ 1 SE; **P<0.05). Emission rates at 25
°C are higher in absolute terms than those at 33 °C  because the branch temperature was
30 £ 2°C for both treatment groups during sampling and as a result, seedlings from 25 °C
were exposed to higher temperatures during sampling. (b) Data are normalised within each
treatment group. Phase shift is captured by fitting second degree polynomial curves (least-
squares regression, r>=0.76 to 0.96). (c) Single component cosine fits for isoprene emission
rates (differences significant at 0=0.05).
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This prediction was confirmed in E. camaldulensis during winter-ascent but not in

E.globulus. LD treatment had a significant positive effect on total vegetative growth (mean

heights) in E. globulus at both 25 °C and 33 °C only during summer-ascent (Fig. S1,
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Appendix V). Neither LD nor warmer temperature acclimation affected net assimilation
rates during summer-ascent (Table 2).

Artificially imposed LD during winter-ascent caused significant decline in net
assimilation rate in E. globulus at 25 °C but the seedlings acclimated to 33 °C and LD did
not show any change. There was no significant change in net assimilation rate across
treatment groups in E. camaldulensis (with adult foliage) during winter-ascent (Table S2,
Appendix V). LD plants had less chlorophyll per unit area (not determined directly but the
leaf area was relatively bigger) but with no total change in chlorophyll (determined only
during winter; Table 2). But the decrease in chlorophyll was statistically significant only
in E. globulus at 25 °C under LD and we believe it was an anomalous response (see
discussion). Total carotenoid content (a product of an extended MEP pathway) was

insensitive to both temperature and photoperiodic acclimation in E. globulus (Table 2).

Volatile emissions: Eucalyptus globulus seedlings acclimated to natural photoperiod at
both 25 and 33 °C showed a significant diurnal peak between noon and 2 pm during
summer-ascent. During the same period, seedlings experiencing continuous LD (~16 h)
showed a significant temporal delay in their peak daily isoprene emission rate occurring
between 1 and 3 pm (Fig. 2). The peak-broadening/-shifting effect persisted irrespective
of temperature acclimation. During the summer-ascent experiments, there was unavoidable
temperature variation at the branch-level due to variation in radiant sunlight. Therefore,
the measurements made in summer could not test whether LD also influenced the absolute
emission rates. During winter, leaf-level emission measured at constant light and
treatment-specific temperature showed that interaction between LD and warmer
temperature (25 — 33 °C) in E. globulus caused an absolute increase in isoprene emission

rate (Fig. 3a). By contrast, LD at 25 °C caused a significant increase in isoprene emission
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rate in E. camaldulensis (Fig. 3a) and the effect of LD was not significant at 33 °C.
Constitutive monoterpene emission decreased in absolute terms in plants under LD
although the difference was statistically significant only for E. globulus acclimated to 33

"C (Fig. 3b).

Figure 3: Isoprenoid emission rate during winter-ascent:
Interactive effects of photoperiod and temperature acclimation
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Figure 3: Interactive effects of photoperiod and temperature acclimation on (A)
Isoprene emission rate and (B) Constitutive monoterpene emission rate in E. globulus
(Juvenile foliage) and E. camaldulensis (adult foliage) during winter-ascent. Each bar
corresponds to mean £ 1 SE (N=4 to 5; also see Table 2).*P<0.1, **P<0.05; NS is not
significant; t-test at a=0.05.
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Figure 4: Transcript abundance during winter-ascent
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Figure 4: Fold-change in the transcript of selected genes from photosynthesis and
the MEP pathway during winter-ascent in (A) E. globulus and (B) E. camaldulensis.
Fold-change is calculated by keeping the estimates from control group (25 °C, natural
photoperiod) and 18S rRNA abundance as reference. Each column represents fold-change
values from triplicate gPCRs done using RNA extracted from nine leaves per treatment
group (N=4 to 5). The symbol ** indicates significant change and NS is not significant.
Note: Y-axis in (A) is linear and it is logarithmic in (B). The fold-changes for E. globulus
(25 °C; LD) is not presented in Fig 4 (a) since it had significantly different responses. The
data is provided in Appendix V and explained under discussion section.
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Transcript abundance (during winter-ascent): Compared to control (natural
photoperiod, 25 °C), in E. globulus, transcripts of nuclear encoded small subunit of Rubisco
significantly increased under warmer acclimation while those of ferredoxin-NAD reductase
(FNR) decreased and that of y-subunit of chloroplastic ATP synthase (ATPS) remained
unchanged (Fig. 4). While warmer temperature on its own induced increased transcription
of phospho-enol pyruvate carboxylase (PEPC) and DXS in both the species, abundance in
these transcripts also increased due to LD (at 25 °C) alone in E. camaldulensis but not in
E. globulus (Fig. 4). In E. globulus consistently across treatment groups any increase in
ISPS transcripts and isoprene emission rate was associated with a marked decrease in MTS
transcription (Fig. 4a) and constitutive monoterpene emission rates (Fig. 3b). HDR (4-
hydroxy-3-methylbut-2-enyl diphosphate reductase) transcripts did not change in both
species under all treatments. Both ISPS and MTS transcripts increased in response to
warmer temperature acclimation in E. camaldulensis (without LD) but only isoprene
emission rate increased and not that of monoterpenes (Fig. 3a). Transcripts of FNR and
ATPS significantly increased in E. camaldulensis only at 33 °C when combined with LD

(Fig. 4b).

Discussion:

It is known that differences in the sensitivity of transcriptional regulatory elements to
key environmental cues plays a significant role in modulating circadian gated plant
metabolic pathways (Michael et al., 2003; Farré & Weise, 2012). We hypothesised that
photoperiod influences seasonal regulation of foliar volatile isoprenoid emission
independent of temperature through transcriptional regulation of core-photosynthesis genes

and selected MEP pathway genes.
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We found that irrespective of steady-state temperature acclimation, Eucalyptus
globulus seedlings grown under artificially induced long day (LD) exhibited altered
(delayed) phase in their diurnal emission rhythm (Fig. 2). LD is shown to cause phase-
shifts in transcription of a gene coding for a chlorophyll binding protein in Arabidopsis
(Millar and Kay, 1996). Similarly, transgenic isoprene emitting tobacco (under constitutive
35S promoter) was seen to sustain diurnal rhythm in their emission only under long-day
treatment (Vickers et al., 2011). Our observation of altered relative peaking time in
emission in a eucalypt under LD is consistent with our understanding that the phase of
circadian rhythms is a function of photoperiod and light transduction (Pittendrigh & Minis,

1964; Heide, 1977; Somers, 1999).

Our findings also need to be explained in terms of function of isoprene emission in
emitting plant genera and we propose that the sensitivity of the diurnal phase in emission
to LD, and thus to summer, suggests a longer-term (evolved over many millions of years)
link between isoprene emission rates and ground-level ozone concentrations. It is known
that isoprene emission mitigates ozone stress in emitting plants (Loreto and Velikova, 2001,
Behnke et al. 2009; Fares et al. 2009). It is also known that daily mean ground-level ozone
concentration (excluding anthropogenic input) is not only higher during summer relative to
winter, but also follows a broader and delayed diurnal peaking in summer due to higher
solar irradiation and warmer temperatures than in winter (Khoder, 2009; Sharma et al.,

2012).

While we acknowledge that we used branch-level measurements and it had limited

capability to maintain constant leaf temperature during sampling, the consistency of the
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phase-shift in plants acclimated to both 25 and 33 °C (prior to sampling) indicated
temperature compensation, which is a feature of strictly circadian gated metabolic
processes (reviewed in Webb, 2003). The result also suggested the existence of an
independent, master photoperiodic clock that regulate the MEP pathway, most likely
through trans-acting elements that are triggered by integration of the total duration of light
perceived by the plants per day. Increased volatile emission rates occurring at two different
temperatures for the two species pointed to a broad entrainment of the MEP pathway by
latitude-specific temperature and photoperiodic signal processing. Temperature (heat) on
its own may override LD controls by causing bursts in emission especially during sun-
flecks or short-term heat stress over short-term depending on the available DMAPP

substrate pool sizes.

Seasonal variation in light intensity and temperature cause modulation in
photosynthetic electron transport (Martin et al., 1978) and enzyme activities (Gazelius &
Hallen, 1980). Although a correlation is known between Rubisco activity and content with
its mRNA abundance (Jiang et al., 1993), in our experiments the difference in
photosynthetic variables was not significant across treatment groups suggesting seasonal
thermal entrainment of chloroplastic processes, except in E. globulus during winter, 25 °C,
LD; Table 2, Table S2 in Appendix V). We attributed the significant decline in net
assimilation rate in E. globulus (winter, 25 °C, LD) to chlorosis (Table 2), which is common
in plants including many eucalypts sensitive to artificial light (Withrow & Withrow, 1949;
Scurfield, 1961). Interestingly, the transcripts of the representative thylakoid membrane
proteins responded positively to LD acclimation, suggesting transcriptional regulation of

photosynthetic light reactions by photoperiodic signalling. Preservation of photosynthesis
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and chlorophyll content in E. globulus acclimated to 33 °C suggested seasonal thermal

entrainment of chloroplastic processes.

Physical factors such as light and drought have a complex interactive influence on
photosynthesis and emissions (Misson et al., 2006; Staudt & Lhoutellier, 2011; Dani et al.,
2014b). However, a more recent model identified canopy temperature as the main
determinant of seasonal variation in community-level isoprene emission rates (Foster et al.,
2014). We found that DXS and ISPS were synchronously up-regulated in leaves emitting
isoprene at significantly higher rates (Fig. 3, 4). Temperature had the most significant
positive effect on both ISPS transcription (>10 fold increase) and isoprene emission rate in
eucalypts (Fig. 3, 4). Hierarchical and modular organization is a feature of transcription
networks controlled by light and temperature (Franklin, 2008; Erwin & Davidson, 2009).
Co-ordinated transcriptional up regulation of DXS and ISPS genes by photoperiod and
temperature reflects a ‘selectively’ modular organization of the MEP pathway
transcription, where groups of genes are co-regulated irrespective of their respective

position in the pathway.

Circadian regulatory elements are highly conserved across plant groups, yet
photoperiodic regulatory circuits have significantly diverged (Hayama et al., 2003; Song
et al., 2010; Campoli et al.,, 2013) and have acquired novel functions through the
evolutionary history of land-plants (Kubota et al., 2014). Unlike deciduous trees from the
high latitudes, evergreen eucalypts seemed to have evolved greater sensitivity to annual
temperature cycles than to photoperiod (Paton, 1978). The fact that in our experiments
emission rates increased under LD (with marginally less chlorophyll per leaf area)

suggested that increased emission was a true response to LD, given that positive
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correlations exist between nitrogen and chlorophyll content and further between
chlorophyll content and emission rates (Possell et al., 2004; 2005). In another study,
isoprene emitting transgenic tobacco acclimated to LD, emitted isoprene at twice the rate
of those under short-day treatment (Vickers et al., 2011). Interestingly, transcripts of ISPS
and MTS declined in 33LD in both species while DXS did not. Under normal photoperiod,
warm temperature acclimation could lead to a bigger increase in transcription (as a general
rule) and LD signals are needed to optimise the pathway over seasonal time-scales.
Therefore, we propose that the amplitude of emission (seasonal maxima and minima) is
entrained by temperature and is photoperiod-gated. Quantifying species-specific
temperature optima for photosynthesis and more obviously the MEP pathway could

provide a mechanistic basis to global seasonal emission oscillations.

Conclusion:

Light-dependent plant metabolic pathways are circadian gated and regulated by
rhythmic expression of multiple genes. We aimed to quantify the relative effects of
photoperiod and temperature on seasonal variation in plant volatile isoprenoid emissions.
The circadian rhythm of volatile emission is temperature compensated. Acclimation to
long days (induced through low fluence light) coupled with warmer temperature causes
increased emission rates without causing any significant change in photosynthetic
performance. Temperature induced transcription of DXS and isoprenoid synthases is one
of the mechanisms of regulating circannual (not circadian) variation in plant isoprenoid
emission. We conclude that temperature is the principal time-giver that entrains circannual
emission rates and it is likely gated by a photoperiodic clock. This also means that
increasing global mean temperature could interfere with the photoperiod (unchanged)

signalling in major emitting tree genera altering their seasonal emission responses.
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Light-dependent de novo volatile isoprene emission by
terrestrial plants (approximately 2% of carbon fixed dur-
ing photosynthesis) contributes as much as 0.5 PgC/
year to the global carbon cycle. Although most plant
taxa exhibit either constitutive or inducible monoter-
pene emissions, the evolution of isoprene emission
capacity in multiple lineages has remained unexplained.
Based on the predominant occurrence of isoprene emis-
sion capacity in long-lived, fast-growing woody plants;
the relationship between ‘metabolic scope’ of tree gen-
era and their species richness; and the proposed role of
high growth rates and long generation times in accel-
erating molecular evolution, we hypothesise that long-
lived plant genera with inherently high speciation rates
have repeatedly acquired and lost the capacity to emit
isoprene in their evolutionary history.

Plant isoprene emission: mysterium tremendum et
fascinans

Biogenic volatile organic compounds (BVOCs), such as
isoprene (C;Hg) and monoterpenes (CjoH;g), together
referred to as isoprenoids, and their oxidation products
in the atmosphere, have a climatically significant infiuence
on secondary organic aerosol formation (e.g., [1]), tropo-
spheric ozone production (e.g., [2]), and the atmospheric
lifetime of methane (e.g., [3]). As the atmospheric burden of
greenhouse gases increases, and global mean tempera-
tures rise, it is predicted that plant isoprenoid emission
levels could provide a significant contribution to the posi-
tive feedback between biogeochemical processes and cli-
mate change (e.g., [4]).

Volatile isoprenoid emissions from plants have been
studied since the 1960s (e.g., [5]), but even during the
1990s, the phenomenon of plant isoprenoid emission was
seen as an enigma [6]. Nearly two decades after discovering
a new isoprenoid biosynthetic pathway (1-deoxy-D-xylu-
lose-5-phosphate/methyl erythritol phosphate; DOXP/
MEP) in plant chloroplasts, scientists still wonder why
isoprene emission by de novo synthesis has evolved only in
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some plant taxa [7]. Isoprenoid biosynthesis in plants
can occur through two spatially separated pathways viz.
the cyanobacterial DOXP/MEP pathway in plastids and
the archaeal mevalonic acid (MVA) pathway in the cyto-
plasm [8]. It is still not clear what regulates the meta-
bolic cross-talk between the two pathways. Experiments
designed to characterise the MEP pathway have not
vielded consistent responses to similar treatments across
plant taxa [9], thereby offering few clues to the evolu-
tionary events that gave rise to the phenomenon of
isoprene emission.

Metabolic regulation of isoprene emission and
utilitarian arguments

The processes of synthesis and emission of isoprene are
biochemically expensive and energy dependent [10] and
thus, ceteris paribus, expected to be under negative selec-
tion pressure. Studies on the impact of CO, enhancement
on plant VOC profiles show that high CO, concentrations

Glossary

ceteris paribus: Latin for ‘other things being equal’.

Isoprenoids: 5-15 carbon volatile hydrocarbons viz. isoprene (CgHg), mono-
terpenes (CqoH16),and sesquiterpenes (CisH4); a subclass under a large group
of organic molecules called terpenoids.

Jmax: Maximum electron transport rate by photosystem Il.

Metabolic scope: a large difference between resting and maximum metabolic
rate of a genus increases the number of metabolic niches and results in species
richness [27].

Y d et f;
both trembles and is fascinated’.
Neofunctionalisation: acquisition of novel function by a newly acquired
duplicate of an existing gene (thus losing original function) through preserva-
tion of favourable mutations.

Orthologue: genes in different species that evolved from a common ancestral
gene by speciation. Orthologues tend to acquire the same function during the
course of evolution.

Paralogue: genes related to each other through duplication. Paralogues can
evolve new functions.

Phanerozoic: the geologic period that began approximately 570 million years
ago (mya). It encompasses three geologic eras: the Palaeozoic (570-250 mya),
Mesozoic (250-65 mya), and Cenozoic (65-0 mya).

Poikilohydry: ability to maintain water status in accordance with changes in the
surrounding environment.

Trait vis-a-vis process: a trait is a genetic and/or physical, and/or physiological
manifestation of a biological process; for example, speciation (a facet of
evolution) is a process applicable to all genera, whereas speciation rate is a
trait characteristic of a genus.

Terpenoids: a large group of organic compounds (>20 000 different molecules)
that come under the class of secondary metabolites. The term usually refers to
higher order hydrocarbons (>CygH,); for example, carotenoids, phytol chain of
chlorophyll, brassinosteroids, and natural rubber.

Vemax: maximum carboxylation rate by Rubisco.

Latin for ‘a mystery before which man
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(at least in the short term) inhibit isoprene emission.
Consequently, it has been proposed that isoprene biosynth-
esis consumes reducing power left unused by photosynth-
esis at ambient or subambient CO, levels, because an
increased carbon reduction rate under COs fertilisation
consumes more NADPH and ATP (e.g., [11]). Isoprenoid
biosynthesis has also been viewed as a metabolic ‘safety
valve’ [12] effected by the flux of phosphoenolpyruvate
between the chloroplast and the cytoplasm. Some see
isoprenoid emission as an opportunistic utilisation [13]
of the MEP pathway metabolites not used for hormone
and pigment biosynthesis. Considerable evidence suggests
that isoprene emission: (i) protects plant cells against
transient high temperatures (the thermotolerance hypoth-
esis) [14,15]; (ii) facilitates thylakoid membrane stability
at high temperatures [16]; (iii) protects the photosynthetic
apparatus through quenching ozone-induced free radicals
[17]; and (iv) has a role in drought tolerance [18]. Here, we
propose a framework for hypotheses on the evolution of
isoprene emission in plants, postulating that fast-growing,
long-lived, highly diverse woody plants are more likely to
be isoprene emitters.

Somatic mutations and species richness in perennial
plants

Arborescence is thought to have evolved many times
among land plants. Given the lack of clarity as to whether
woodiness is more ancient than herbaceousness in angios-
perms [19,20], it is noteworthy that isoprene emission
capacity is predominantly observed in long-lived woody
plants [21] and a few perennial grasses, ferns, some aqua-
tic plants, and mosses [22], which curiously are also long
lived. It has been suggested that fast-growing trees in
plantations are significant contributors to global isopre-
noid emissions [23] because of their sheer numbers and
vast cross-continental geographic distribution.

One of the consequences of being perennial is that trees
are exposed to seasons and, therefore, more extreme
weather events throughout their life cycles compared with
herbaceous relatives [24]. Somatic mutations in plants are
important because the reproductive organs (e.g., flowers in
angiosperms) come about through morphogenesis of
somatic meristems. Despite slow cell division and growth
rate among large trees, their long life span results in larger
number of somatic (premeiotic) cell divisions per genera-
tion relative to herbaceous species (e.g., [25,26]). When
such long-lived plant genera also have high growth rates,
they are likely to accumulate more somatic mutations per
generation more quickly than an average genus. Generally,
evolution in protein function is seen as a function of the
rate and preservation of mutations in germ lines and is
linked to species-specific metabolic rates and generation
time [27-30]. A genus that has a large metabolic scope (27]
will provide opportunities for many species of that genus to
develop distinet ecophysiologies and, thus, occupy diverse
habitats. This implies that high metabolic and growth
rates have made some genera speciose. When such speciose
genera are trees (long lived), they are predisposed to
accumulate mutations that lead to the acquisition (or loss)
of rapidly evolving traits, such as isoprene emission capa-
city (Box 1). The role (if any) of isoprene emission in
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diversification of emitting genera is difficult to test [31]
because species richness within plant genera is primarily
driven by (i) pollination mode (biotic versus abiotic); and (ii)
growth habit (woody versus herbaceous; relevant to our
hypothesis) [32].

Most gymnosperms are woody perennials. Despite slow
growth rates and low diversification rates [33,34], gymnos-
perms (and almost all plants) have evolved a capacity to
emit foliar monoterpenes both stored and synthesised de
novo. We propose that the fundamental causes are: (i)
relative to angiosperms, gymnosperms have lower V.«
and higher o, [35], which indicates a favourable needle
energy status to sustain isoprene and constitutive mono-
terpene emission. Gymnosperms also have a higher ten-
dency than angiosperms to leak electrons towards oxygen-
dependent reactions in the chloroplast (especially to the
Mehler reaction) to avoid over-reduction of the electron
transport chain [36], indirectly suggesting that gymnos-
perms have excess electrons relative to the demand for
carboxylation; and (ii) highly specialised functional roles
for foliar storage and emission of monoterpenes in anti-
herbivory and allelopathy [37] could have increased the
‘phylogenetic inertia’ of the monoterpene emission trait,
because the overall fitness of such traits is linked to other
complex coevolved behaviours (e.g., [38]). Isoprene serves
many physiological functions, some of which are experi-
mentally proven. However, its role in complex ecological
interactions remains ambiguous [37].

Gene and genome duplications: molecular evolution
and functional diversification

The capacity to synthesise and emit isoprene is due to the
presence of an isoprene synthase (ISPS) gene and the
translated enzyme in the MEP pathway [39,40]. The ISPS
gene is present only in some plant genera. Many plant
genes are part of their own huge gene families and terpe-
noid synthases (comprising isoprene and monoterpene
synthases) are no different [41]. It has been suggested that
monoterpene synthases in angiosperms and gymnosperms
are orthologues and isoprene synthase is a paralogue of
ancestral monoterpene synthase [42,43] (Figure 1). The
circumstances surrounding the origin of ISPS could
explain why it repeatedly appears and disappears from
genomes.

High sexual reproductive frequency and genetic recom-
bination may mean higher rates of new gene acquisition
events among annuals [44]. However, recruitment of new
genes (which could be duplicate genes) through sexual
reproduction does not necessarily translate into neofunc-
tionalisation of duplicate genes, because it needs preserva-
tion of mutations. Our hypothesis emphasises the
importance of premeiotic cell divisions and somatic muta-
tions in increasing the probability of such events due to
long generation times in perennial plants [26]. Most known
gene duplications in plants have come about through
whole-genome duplications and a significant number
(15-20%) of them involve dispersal of tandem and seg-
mental repeats [45]. Duplications in some loci are more
tolerated in plants depending on the fitness and selection
pressures on the metabolic pathway network to which they
belong [46]. Enzymes involved in the MEP pathway are not
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Box 1. Species richness and occurrence of isoprene emission in various plant lineages

Molecular marker-based phylogenies for selected angiosperm fa-
milies, pteridophytes, and gymnosperms were adapted from litera-
ture (for references, see Table S4 in the supplementary material
online). The phylogenetic trees (Figure |) were simplified to represent
contrasting sister groups (at the level of genera, both woody
wherever possible) such that one clade emitted isoprene (in red)
and the other did not. Isoprene-emitting capacities were identified
and verified using the Lancaster University emission database (http:/
www.es.lancs.ac.uk/cnhgroup/download.html) and published litera-
ture. Species richness of selected tree genera was obtained from The
Plant List of the Missouri Botanical Gardens and the Royal Botanic
Gardens, Kew (http:/www.theplantlist.org/). A Wilcoxon’s two-tailed
signed-ranks test was performed with cumulative number of species
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Figure 1. Simplified phyl

for emitting and nonemitting sister clades treated as paired observa-
tions (n = 14; Table S4 in the supplementary material online).

The hypothesis that isoprene emission occurs in genera that are
significantly more speciose than their nearest sister genera is
accepted (P<0.01). It is important to remember that species rich
is just an indicator that finds a pattern in occurrence of isoprene
emission where no pattern is apparent. Speciation does not lead to
acquisition of isoprene emission but both features seem to coevolve
in long-lived genera. Although adaptive selection has a role in
sustaining isoprene emission through changing climate regimes, the
capacity to emit isoprene appears to have arisen repeatedly and
independently due to biological factors, such as plant growth rate,
growth habit, longevity, and metabolic pathway plasticity.

Myrtaceae

l—Allosynmrpla ternata (1)

| l Stockwellia quadrifida (1)
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Arillastrum gummiferum (1)

—— Corymbia (95)
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ic trees of pteridophytes, gy perms, and

large multimeric complexes (unlike Rubisco, for example)
refiecting the scope for fiexibility in gene dosage and
stoichiometry [47]. Acquisition of novel functions by a
duplicate gene is more likely in secondary pathways than
by a gene encoding core metabolic pathways (e.g., glyco-
lysis) [48]. This is corroborated by the fact that isoprene
and monoterpene synthases, by virtue of catalysing a
branch reaction in the MEP pathway, evolve faster than

families. Isoprene emitters are identified in red.

an average core enzyme [49]. Isoprene synthase converts
dimethylallyl pyrophosphate (DMAPP) to isoprene at one
of the terminal branch points within the MEP pathway.
This positional hierarchy arguably adds to the plasticity of
isoprene synthase amino acid identities, which are not as
conserved across plants as some of the other enzymes in
the MEP pathway [42,50]. Evolution of plant terpene
synthases (Figure 1) is characterised by repeated loss
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Figure 1. A schematic representation of the evolutionary history of plant terpene synthases [41,43].

and gain of protein functional domains [51]. This is con-
sistent with the notion that isoprene synthase (and, thus,
isoprene-emitting capacity) arose multiple times among
plant lineages, perhaps from a malfunctioning monoter-
pene synthase (e.g., [52]). Some coniferous genera, such
as Pinus and Picea, have acquired 3-methyl-2-buten-1-ol
(MBO) synthase, an isoprene synthase analogue [7].
Notably, these MBO-emitting conifers have the highest
relative diversification rates within gymnosperms (Box
1). Tree genera characterised by extensive speciation
(e.g., Ficus spp) and hybridisation (e.g., Eucalyptus
spp) also exhibit repeated gain and loss of isoprene
emission capacity. The apparent haphazard occurrence
of isoprene emission capacity among pteridophyte
lineages [53] could also be explained by a similar
mechanism where speciation is characterised by multi-
ple genome duplications. More than 95% of nearly 13 000
living fern species belong to the order Pteropsida and
their evolution is marked with repeated polyploidisation,
a feature common to the radiation in some legumes and
conifers [54].

Photosynthetic rate as a proxy for growth rate can
identifyisoprene emitters only among woody angiosperms
(Figure 2A) and not in other plant groups, including
gymnosperms, because variation in growth rate across
plant lineages is a function of many factors, including
nutrient availability, nutrient allocation, and longevity
[55]. Gymnosperms (318 =79 yr) live twice as long as
angiosperms (139 = 52 yr) [56]. Thus, longevity makes
up for slower growth rate among gymnosperms in increas-
ing the number of premeiotic somatic mutations per gen-
eration. However, neither ferns nor mosses (some among
both emit isoprene; [22]) exhibit fast growth rates; neither
do they live as long as woody higher plants. Therefore,
these lower plants appear to have evolved under genetic
and physiological circumstances very different to those of
spermatophytes. The following qualifications may help
explain isoprene emission in lower plants: (i) the hydric
habit of most isoprene-emitting plants (ferns and mosses
included) is a notable feature that sits in contrast with
xerophytic habit among nonemitting primitive pterido-
phytes (e.g., Psilotum nudum) and thalloid bryophytes
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(e.g., Marchantia thaliana); (i) a perennial haploid game-
tophytic phase in mosses sits in contrast with a perennial
diploid sporophytic phase in higher plants. Gametes in
mosses are generated in a haploid unisexual gametophyte
through mitosis (not meiosis) and any key mutation will be
dominant because there is only one genome copy per cell.
As aresult, mosses, which can respond genetically to quick
environmental changes [57], could also experience
reduced frequency of fixation of adaptive mutations
[58]. Thus, the haploid phase could lead to sporadic loss
or gain of isoprene emission capacity; (iil) mosses (>6000
species) are highly polyphyletic and underwent a rapid
radiation during their early evolutionary history [59,60].
The overall rates of molecular evolution in some house-
keeping genes may be slower in mosses than in angios-
perms (e.g., [61]) and this could have evolved as a
protective mechanism to cope with the susceptibility of
haploid genome to deleterious mutations. It is important
to note that other genes and loci within the genomes of
mosses and ferns could evolve faster than their angios-
perm counterparts [61], again highlighting the relevance
of gene and metabolic pathway specific plasticity.

Explaining quantitative diversity in isoprene emission
levels

The observed differences in the magnitude of isoprene and
monoterpene emission rates across two major emitting
plant genera (gymnosperms and angiosperms) could be
visualised as a function of photosynthetic rate, leaf life
span, and the capacity to both store and constitutively emit
monoterpenes (Figure 2B). Almost all eucalypts and ever-
green conifers with long leaf or needle life spans store
monoterpenes. The negative correlation between emission
levels and leaf life span and the trade-off between isoprene
and monoterpenes [21] supports the idea that monoter-
pene storing and emission have strategic advantages in
evergreen habits (plant defence). Monoterpenes are stable
and storable and, thus, give higher and longer-term
returns per carbon share invested. High isoprene emitting
genera (e.g., poplars and oaks) are deciduous trees with
seasonal turnover of biomass. Deciduousness is a rare trait
among gymnosperms, and it is noteworthy that almost all
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Figure 2. Photosynthesis and isoprenoid emission in land plants. (A) Isoprene-emitting perennials have a photosynthetic physiology of annuals. For woody angiosperms,
average V.pmaxis 47 =33 umolm 2s ' and average Jp,a, is 104 = 64 umol m 2 s ', indicated by green circular area in the middle. The smallest blue circle encompasses the
gymnosperms (Vomax=25=12pmol m 2s ; Jj,x=40 £32 pmol m ?s '). The photosynthetic capacity (a proxy for growth rate) of representative isoprene-emitting
angiosperm tree genera (filled red circles) are some of the highest observed among woody plants. Their photosynthetic capacities fall within the range seen for some of the
fastest-growing herbaceous annuals, including crops such as rice and wheat (indicated by translucent pale red area). The large number of premeiotic somatic cell divisions
achieved through either fast growth rate (due to high metabolic rate) and/or extraordinary life spans in long-lived genera has many evolutionary consequences, one of
which is the repeated acquisition and loss of isoprene emission capacity. Vemax and Jp,ax data from [75]. (B) A mosaic that relates net carbon assimilation rate, leaf life span,
and isoprenoid emission rates in major plant groups. The data points correspond to carbon assimilation rates (umolm 2s ') and isoprenoid emission rates (nmolm ?s ')
in angiosperms and gymnosperms collated from published literature (for data and original references, see Tables S1-S3 in the supplementary material online). For all
gymnosperms including isoprene emitters, use the primary y-axis (blue). For angiosperms, use the secondary y-axis (pink and red). Gymnosperms, with net assimilation
rates (area basis) comparable to those of angiosperms, emit monoterpenes (and isoprene) at a lower rate than angiosperms. This could be possibly due to a relatively larger
photorespiratory sink in gymnosperms (oxygen-driven sink for energy and reducing power). It is noteworthy that evergreen gymnosperms and evergreen ferns that emit
isoprene fall in the regression zone of deciduous trees. For gymnosperms, net assimilation rate (A.,) and emission rates of any one species were generally not derived from
a single study (except a few), (see Table S2 in the supplementary material online). Therefore, the relation between assimilation rate and isoprenoid emission rate in

gymnosperms should be treated only as indicative.

deciduous gymnosperms are isoprene emitters (Figure 2B).
Similarly, poikilohydry and desiccation tolerance in
mosses (some emit isoprene) are analogous to deciduous-
ness in trees. The general occurrence of high isoprene
emission capacity in deciduous trees makes sense for the
following reasons: (i) the possibility that the deciduous
habit evolved from tropical trees in their process of adapt-
ing to drier climates of high latitudes [62]; (ii) positive
correlation between water-use efficiency and isoprene
emission [63,64]; (ii1) consistent association between moist
(mesic and/or hydric) plant habitats and the isoprene
emission trait [65]; and (iv) experiments suggesting iso-
prene emission to be of greater consequence to deciduous
trees in a warming climate [66].

Evolution of plant isoprene emission capacity: driven by
phylogeny or climate?

Multiple genetic origins and variants of alternative (non-
C3) photosynthetic systems in terrestrial plants are
argued to be the result of both climate-driven selective
pressures and the inheritance of pre-existing diverse
ancestral traits [67]. By analogy, the trait of isoprenoid
emission in terrestrial plants is believed to have evolved

several times |68/, presumably under varied abiotic selec-
tion pressures [64].

The share of carbon fixed in chloroplasts lost as isoprene
is small (approximately 2%) and decreases with increasing
abiotic stress because cytosolic carbon provides an alter-
native pool of carbon skeletons. Although long-term eflects
of elevated CO, on isoprene emission are inconclusive
[9,63], it is argued that isoprene emission capacity was
under either positive selection ([69]; greater value in
imparting thermotolerance) or negative selection ([50];
increased carbon cost due to low photosynthesis) during
low-CO,, phases of the Phanerozoic. Monoterpene emission
capacity in gymnosperms was not lost during the high CO,
atmospheres of the Mesozoic (CO, >1500 ppm) [70], per-
haps because a lowered V. in gymnosperms altered the
equilibrium between their energy source (photosystems)
and sinks. A cumulative interactive effect of CO,, drought,
plant water-use efficiency [71,72], and the relative energy
and reducing power budget (proportional to those reserved
for carbon fixation) had an important role in sustaining the
capacity to emit isoprene whenever the trait appeared.

Rapid diversification of angiosperms since the Cenozoic
[70,72] does not explain the sporadic occurrence and
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Box 2. A dichotomous key to identify qualitative and quantitative differences in biogenic isoprenoid emissions in trees

Constitutive isoprenoid emission capacity of a tree genus could
essentially be identified and categorised as (low versus high) based
on the following three fundamental hierarchical indicators (Figure I):
(i) photosynthetic capacity; (ii) species richness; and (iii) evergreen
versus deciduous habit. If the status of isoprene synthase is unknown
(as is the case for most genera), then knowing the status of any one of

the other three criteria will tell us whether there is a prima facie case
for selecting a tree species for further characterisation. A broad
classification of emitter class could be as follows: low monoterpene
emitter (0.05-1 nmol m 2 s '); high monoterpene emitter (>1 nmol

m 2 s '); low isoprene emitter (0.05-10 nmol m 2 s '); or high
2 o1
).

isoprene emitter (>10 nmol m “ s

Induced
Low monoterpenes
High emitter (emitted) are mostly
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Figure I. Identification of the isoprenoid emission trait of tree genera.

quantitative diversity in isoprene emission across plant
clades. Although gene pool isolation and patterns of inheri-
tance had a role [73], the trait also owes its occurrence to
the ‘high-octane’ physiology of some perennial plant gen-
era. More fundamentally, isoprene emission is not a uni-
versal mechanism that could arise in all plants in response
to a single or combination of environmental factors (be it
CO, and/or temperature).

Concluding remarks

There have been many laudable attempts to trace the
phylogenetic history of isoprenoid emission trait among
extant plant taxa (e.g., [50,53,74]), yet a larger underlying
pattern has been hard to establish. Qualitative and quan-
titative diversity in isoprenoid emissions is partly
explained by photosynthetic rates seen in conjunction with
the broad spectrum of leaf economics (Box 2) [21]. We
hypothesise that traits such as high growth rates, high
speciation rates, long generation times, and isoprene emis-
sion capacity seem to coevolve without phylogenetic affilia-
tions. This can also explain why constitutive isoprene
emission has been repeatedly gained and lost, resulting
in the disjunct distribution of the trait across unrelated
plant lineages.
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Abstract | Biogenic volatile isoprenoid emission as a biological process
has many worthwhile yet unanswered questions of fundamental scientific
and ecological merit. Foremost among them is to understand and
quantify the long-term feedback effects of volatile emission on climate
and climate-driven macro-evolutionary changes. Moreover, we are now
at a stage where our understanding of biogenic isoprenoid emission at
the molecular and ecoghysiological levels holds the key to the doors of
next generation breakthroughs in isoprencid-dependent applications in
synthetic chemistry, human bio-therapeutics and agro-food industries.
Like any other living trait/process, biogenic volatile isoprenoid emission
has several levels of complex organization. We summarise biophysical,
chemical and ecological functions of biogenic volatile isoprenoid emission

highlighting aspects of evolution at different levels of natural selection.

Keywords: ccological fiincss, evolution, isoprene, isoprenoid  biosynthesis, natural  sclection,

phalosynihesss, volatile organic compounds

1 Introduction

Constitutive volatile isoprenoid emission by
phototrophic living organisms is a process whose
biological costs are not trivial while evidence of the
(possibly multiple) benefits are still circumstantial,
or purely elusive. More than 1000 Tg carbon per
year is emitted in the form of volatile isoprenoids,
mainly isoprene (C,H,) and monoterpenes
(C,H,,), mainly by terrestrial plants' and, as far
as we currently know in much lower amount
(~10 TgCfyr) by marine phytoplankton.=* To
put this in perspective, this is comparable to
the carbon loss caused by global deforestation*
(~1200 TgC/yr). The emitted isoprenoids have a
prolonged post-emission impact on the climate,
especially through oxidation chemistry of ozone
in the troposphere, and formation of secondary
organic aerosol and precipitation.””

Isoprenoids (also called terpenoids) are a
large class of versatile macromolecules with great
structural diversity despite being all constructed
by catenation of five carbon (C5) monomers
that are derivatives of isopentenyl pyrophosphate
(IPP) and dimethyallyl pyrophosphate (DMAPP).
Volatile isoprenoids are small terpenoids whose

conjugated double bounds (dienes) readily react
with any atom/molecule with unpaired valence
electrons. These are made by one (isoprene), two
(monoterpenes) or three (sesquiterpenes) C5
units. Drawing from recent research developments,
in this review we examine the phenomenon of
biogenic volatile isoprenoid emission from an
evolutionary standpoint, at different levels of
organization spanning a single living prokaryotic
cell to populations of forest trees (Fig. 1, Box 1).

2 A Flexible Structure to Function
Relation Among Isoprenoids has
Accommodated Long Periods of
Neutral Drift in Molecular Evolution

The diversity in isoprenoid emission capacity is

a product of interactions between many genes,

enzymes and metabolites both within and across

interacting pathways. The enzymes involved in
isoprenoid biosynthesis belong to a family of
closely related terpene synthases (1PSs).* Since
there is no significant homology between plant

TPS sequences and the known bacterial genomic

equivalents, it is inferred that bacterial and plant

TPSs do not share a common ancestry” although
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Figure 1: Function

some enzymes are proposed to be monophyletic
at least within major plant clades.*'° Deduced
amino acid sequences of large TPS gene families
in some gymnosperms and comparative analyses
by related organisms.  of angiosperm TPSs suggest that modern TPSs

Divergence: acquisition of
dissimilar characters or traits

could have evolved from an ancestral diterpene
synthase in a eukaryotic ancestor of higher plants,
much before specialization of TPS functions and
divergence of angiosperms and gymnosperms
could take place.'"?
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Despite an apparently simple chemical
structure, a very large number of volatile
isoprenoids are present in nature. The
idea of “molecular parsimony” suggests that
large populations of chemical metabolites
(e.g. >60000 terpenoids) with minor differences
are synthesized by a relatively small group
of enzymes (per organism) because (a) the
probability of hitting a chemical conformation
of significant potency is always small,” (b) the
cost of gene transcription and RNA translation
could influence organismal fitness,"* and
(c) promiscuity is the norm in enzyme evolution
irrespective  of enzyme-substrate specificity.!
TPSs are known to be promiscuous in that they
can act on different versions of related substrates
and thus may have been the main contributors
to the vast diversity of isoprenoids.'® Moreover,
significant single nucleotide polymorphisms
(SNPs) in genes encoding for TPSs are associated
with the qualitative and quantitative variation in
isoprenoid emission profiles.'”

Minor changes in chemical structures involved in
physical/structural function (e.g. membrane lipids,
accessory pigments) do not necessarily compromise
their functions, and thus are rarely constrained by
stringent natural selection.”® As a result, the same
metabolite (e.g. ascorbate'’), with or without minor
changes, could acquire novel biochemical functions
under different circumstances across divergent
clades. The idea of ‘superior biomolecular activity’*
is proposed to explain structural conservatism and
functional divergence in chemical molecules. Often,
natural selection promotes ‘a chemical blend” (of
various stored aromatics and monoterpenes) rather
than a specific structural configuration of a single
volatile isoprenoid and such chemical mixtures
are more potent than a single molecule in terms
of ‘biomolecular activity’?’ In this way certain
monoterpene blends increase beneficial biological
interactions and in some cases are stringently
selected to suit interactants in co-evolved biological
systems involving flower—pollinator, host—pathogen
and plant-herbivore interactions® (also see
section 5).

3 Modes, Mechanisms and Energy

Budget of Carbon Reduction Could

be the Major Factors Determining

Emission Potential of Isoprenoids
Independent prokaryotic origins of plant cell
organelles have resulted in multiple biosynthetic
pathways with duplicated functions (sensu lato)
taking place simultaneously within different
organelles.”*' Plant isoprenoid biosynthesis occurs
through one of the two spatially separated pathways

within a plant cell (Fig. 2). The cyanobacterial
pathway takes place in the plastid,and isalso referred
to as the methyl erythritol phosphate (MEP)
pathway; while the archaeal pathway, operating
in the cytoplasm, is also referred to as the MVA
(mevalonic acid) pathway.”* The MVA pathway
proceeds further into multiple terminal pathways
including steroid and hormone biosynthesis. The
MEP pathway proceeds further to synthesise stable
and structural terpenoids such as carotenoids.

Several models have been proposed to explain
the evolutionary events that caused the divergence
of archaea and bacteria; however, there is no
consensus.”® Sequence similarity and pathway
reconstruction analyses show that at least three
separate horizontal ‘whole pathway’ transfer
events between bacteria and archaea could have
taken place” but the nature of either the original
eukaryotic ancestor or the origin of isoprenoid-
dependent membrane architecture remains
unexplained.”® Both MEP and MVA pathways are
almost mutually exclusive among prokaryotes
with the exception of Streptomyces species, which
possess both pathways and it is hypothesized that
maintaining both pathways could be beneficial
for the bacterium since it allows selective use of
resources and specialized functions.**** It is not
clear which pathway appeared first.

Mutual exclusivity of the two pathways also
holds among some eukaryotes such as fungi and
animals that possess only the MVA pathway.” But,
the simultaneous occurrence of the two pathways
in plants, despite organellar (spatial) separation,
creates a complex scenario for natural selection
to act on the functionality of this system.* In fact,
(a) all the genomic controls on both the pathways
are in the nucleus (the MEP pathway enzymes
are nuclear encoded and plastid targeted), and
(b) the substrate level cross talk between the
two pathways takes place through a selective
chloroplast membrane interface through selective
transport of IPP from plastid to cytosol.** The
transport of glyceraldehyde-3-phosphate (GAP)
from plastid to cytosol, and of phospho-enol-
pyruvate (PEP) from cytosol to plastid, suggests
‘an umbilical link’ between the two pathways, as
first postulated” and later confirmed through
labelling experiments.” Tt was demonstrated that
the genetic blocking of either the MVA pathway or
the MEP pathway in null mutants, or the complete
inhibition of single pathway enzymes in wild-type
plants treated with specific inhibitors resulted
in a developmental block and a seedling-lethal
phenotype. This indicates that the loss of one of
the two pathways cannot be compensated by the
remaining pathway.”
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Figure 2: |so

Sesquiterpenes

Although the MEP pathway contributes to
volatile isoprenoid emission in eubacteria as well
as in higher plants, surprisingly the MVA pathway
outperforms the MEP pathway in E. coli engineered
for large scale production of isoprenoids.*
Metabolic flux through the MEP pathway

has several bottlenecks and involves allosteric
feedback mechanisms.”*"" The MEP pathway gene
expression is regulated by heat, light and circadian
transcriptional factors,'*> which appear to follow
hierarchical and modular organization.” The
difficulty of working with the MEP pathway is
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due to our lack of understanding of the pathway’s
evolutionary history. Knowing the two pathways
and the selection pressures acting on them (e.g.
with reference to gene specific subtleties in codon
usage, and oxidative stress sensitivity) will provide
important leads in solving problems, especially for
large scale microbial production of industrially
relevant isoprenoids.

The reasons for differences in productivity
and efficiency of these pathways in heterologous
expression systems potentially lie in distinct and
ancient evolutionary histories of bacteria and
archaea, and their ways of acquiring and reducing
carbon. While photosynthesis by photoautotrophs
(starting with cyanobacteria) is the most
influential biological phenomenon in the history
of the Earth, it is neither the most ancient nor the
most efficient way through which carbon could
be reduced for storage and transport. Alternative

autotrophic carbon reduction pathways had
evolved much before photosynthesis among early
prokaryotes, mostly extremophiles.® Among
those, the chemoautotrophic reduction of carbon
to acetyl-CoA is a prominent process that supplies
carbon to the MVA pathway in archaea and some
bacteria. Comparison between energy demands
of alternative autotrophic carbon reduction
pathways among extant prokaryotes clearly shows
large differences in costs per fixed carbon.”" The
Rubisco-based aerobic CO, fixing system is the
most expensive among all known autotrophic
CO,-fixing  mechanisms.  Correspondingly,
photoautotrophs have a large energy and reducing
power capacity that not only sustains expensive
high turn-over of enzymes and their maintenance
but also supports constitutive volatile isoprenoid
emission via the MEP pathway which also involves
several steps ol chemical reduction.® It is known

Box 2 Codon Bias and Amino Acid Usage: Contrasting MEP and MVA Pathways

in Angiosperms

Table 1:

Comparing amino acid frequency in enzymes of two spatially separated isoprenoid

biosynthetic pathways in plants.

Frequency of amino acid per 1000 residues/enzyme*

MEP pathway (N =7 enzymes)* MVA pathway (N = 6 enzymes)** ‘(Dotv: lg.%S)

Amino acid mean = 1 SE mean = 1 SE t test
Ala 76+69 92+88 0.165
Cys 15+ 0.6 21+0.7 0.000
Asp 59+2.0 46 £ 6.1 0.094
Glu 60+5.4 57+3.4 0.687
Phe 39+42 35+29 0.514
Gly 72147 77 +£8.1 0.601
His 25+45 20+2.2 0377
lle 60 £ 2.5 55+£2.8 0.197
Lys 65+3.7 58+3.8 0.195
Leu 95+6.2 100+£9.7 0.677
Met 20+29 26%2.3 0.159
Asn 35+3.7 42+2.0 0.143
Pro 55 +5.0 43+29 0.059
GIn 31+£3.1 33+20 0.691
Arg 146+4.0 40+ 3.1 0.29%
Ser 85+11.0 88+ 3.6 0.821
Thr 51+22 50+3.0 0811
val 73+4.2 74+48 0912
Trp 9+1.9 11+2.7 0.533
Tyr 26+2.7 26+6.4 0.949
TOTAL' 998 995

*DXS, DXR, MCT, CMK, MDS, HDS, and HDR; **ACCT, HMGS, HMGR, MVK, PMVK, and PMVDC, 'Total excludes stop codons
(For enzyme names, see Table 2); “the enzymes responsible for reactions up to the formation of IPF/DMAPP.
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Codon bias: the propensity to
use a particular triplet
codon to specify a particular

amino acid.

Table 2: Genes and enzymes of the MEP and MVA isoprenoid biosynthetic pathways in plants
1-deoxy-D-xylulose 5-phosphate Acetyl-CoA
synthase C-acetyltransferase
2-C-methyl-D-erythritol 4-phosphate HMGR 3-Hydroxy-3-
cytidylyl transferase methylglutaryl-CoA

reductase
2C-methyl-D-erythritol 2,4- Phospho-MVA kinase
cyclodiphosphate synthase
1-hydroxy-2-methyl-2-(E)-buteny!
4-diphosphate reductase

Pl Isopentenyl diphosphate isomerase

GPS Geranyl pyrophosphate synthase

GPPS Geranyl geranyl pyrophosphate
synthase
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that both isoprene and monoterpene biosynthesis
through the MEP pathway principally utilises
carbon fixed de novo during photosynthesis. '
The carbon cost of volatile biosynthesis in plants
is around 2% of photosynthesis under stress-free
conditions, and increases under abiotic stress, often
exceeding 10% of fixed carbon® (both de nevo
and imported from cytosol) with a corresponding
increase in energy costs.”™*

Atmospheric CO, concentration is a key
regulator of photosynthesis and it is also shown to
influence volatile isoprenoid emission. Increasing
CO, concentration increases photosynthesis
and decreases isoprene emission, at least during
short-term acclimation,™* but also in plants
exposed to life-long high CO > Many have
argued a case for CO,-driven emission changes
through geological history.® The high cost on a
plant’s carbon budget due to emission especially
during low CO, eras (glaciations), in turn likely
constraining photosynthesis, may have exerted
a significant negative selection pressure on
emission capacity.'” The same logic does not apply
to archaea and the MVA pathway, since none of
the known autotrophic archaea employs the
Calvin cycle to fix carbon. However, the fact that
low CO, causes increased emission in plants at
least over short-term acclimation contradicts the
notion of negative selection on emission during
glacial periods. The suggestion is confounded
by the complex interactive effects of heat and
CO, on emission, which do not fit any existing
mechanistic theorics of emission behaviour.”
There is increasing experimental evidence in
favour of a hypothesis proposed in the 1990s that
availability of energy (Al'Ps) controls isoprene
synthesis.”* ATP and reducing power (NADPHs
and equivalents) unused by carbon reduction may
explain isoprenoid emission behaviour under
varied CO, and drought scenarios.”**' As put
forth earlier, these findings further support the idea
that the mechanisms and energy budget of carbon
reduction could have been the primary factors
through which natural selection determined
isoprenoid emission capacity and behaviour in
prokaryotes and later in plants (also see Box 2).

4 Isoprene Emission is Sensitive
to Abiotic Stress Operating at the
Level of a Single Cell and Population
of Cells
Isoprene emission has distinct and testable
physical functions at the level of cells {prokaryotes
and unicellular eukaryotes) and multicellular
tissues, Hypotheses concerning isoprene-mediated
scavenging of free radicals®® along with possible

membrane stabilization under transient heat stress
in higher plants® have strong empirical evidence,
and now also some mechanistic understanding.**"
In thermophilic archaea, isoprenoid-linked
phospholipids form their cell membranes (Fig. 2),
while in bacteria emitted isoprene could simply
physically interact with bacterial membrane as
proposed in eukaryotes. However, the function
of spurts in isoprene emission at different growth
phases among some bacteria is still unknown.”
The function of isoprene emission among marine
phytoplankton such as dinoflagellates and diatoms
is also unclear.

Natural selection influences the inter-
intra-specific ~ variation in any heritable
characteristic, and the extent of genelic
differentiation in certain loci in the genome may
reveal the nature of selection.* As mentioned
earlier, isoprenoid synthases are promiscuous
enzymes with flexible substrate affinities and often
evolve through gene duplication events. The newly
acquired functions of a duplicated enzyme are
normally not efficient and it is hypothesized that
hyper-transcription could overcome enzymatic
inefficiencies in secondary metabolism.®® A gene
duplication event could often be followed by
selectively neutral mutations in the duplicate
gene; thus neofunctionalization is rare and gene
redundancy is common.”™ Therefore, the random
emergence of isoprene synthase only in certain
limited number of plant phylogenetic clades with
altered specificity/efficiency remains unexplained.
'Two alternative theorics have been proposed. One
of them posits that the occurrence of isoprene
emission capacity in unrelated land plant lineages
may be explained by specific environmental
conditions that increase fitness of emitting
species.”” In an experiment involving isoprene
emitling and non-emitting (RNA7 mutant) plants
acclimated to glacial CO, levels (190 ppm), it was
found that photosynthesis recovered faster in
isoprene emitters than non-emitters after a heat
or sun-fleck stress treatment’ suggesting that low
CO, periods during the Quarternary could have
positively selected for isoprene emission capacity
resulting in high emitting plants. However, in most
cases, the evolutionary advantage to the isoprene
emitting genera is unclear because the trait is often
randomly lost. Even if we assume that isoprene
emission confers additional fitness to the emitting
genus,” the fact that isoprene synthases have
remained very inefficient (K > 2 mM) compared
to other enzymes of the MEP pathway suggests
weak selection.” To explain random disappearance
and reappearance of isoprene emission in certain
limited number of plant lineages we should

and
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Calvin cycle: also known as
the photosynthetic carbon
reduction cycle. A cyelic
pathway used for the fixation
of carbon dioxide by
photoautotrophic organisms.

Mechanistic theory and
modelling: when natural
processes are mechanistically
determined and the laws of
physics and chemistry are
sufficient to explain biological
phenomena. Mechanistic
modelling involves deduction
of mathematical relationships
between (often) biological
variables and it emphasizes
the physical, chemical and
biochemical principles

that explain the observed
relationship between
variables.

Natural selection: the non-
random and dilferential
reproduction of different
genolypes acling Lo preserve
favourable variants and to
climinate less favourable
variants.

Fitness: the relative
competitive ability of a

given genotype conferred

by adaptive morphological,
physiological and behavioural
characters. Fitness is often
quantified as the average
number of surviving progeny
of one genotype relative to
that of competing genotypes.

Quarternary: period of
geological time that covers
approximately the last

1.8 million years. The
Quarternary is noted

for numerous major
glacial-interglacial cycles
(advancement and receding of
polar ice sheets) characterized
by significant shifts in global
temperature and atmospheric
CO, concentration.

7



Rote-learning: learning or
remembering by repetition
rather than through
developing an association
belween phenomena.

Plant functional type (PFT):
a collection of plant species
(vegetation) with similar suits
of co-occuring functional
traits that exhibit similar
responses to external stimuli
and have similar effects on
ccosystem function. The
equivalent of a PFT in the
animal kingdom is a“guild.

K.G. Srikanta Dani et al.

also account for the roles played by fast growing
physiology and long life span in isoprene emitting
trees in accumulation of pre-meiotic mutations and
tolerance for such mutations in the corresponding
loci of their genome.”™

5 Monoterpenes and Other Aromatics
are Under Stringent Selection in
Co-Evolved Biological Systems

Plant behaviour, especially in annuals, does not

evolve during the course of a plant’s lifetime

because plants do not have memory in the sense of
experience storage within neuronal connections as
in animals. Plants “rote-learn” through evolution
by natural selection, a very slow process usually
operating over many generations at the level
of genes, genomes, epigenomes and possibly
phenotypic plasticity (which may or may not be
determined by genotypes). As a result, several
traits may persist in plant populations long after
they have lost adaptive relevance. While this
might arguably be the case for isoprene emission
in long-lived trees (but see®), other volatile
isoprenoids have well-defined roles in plant
defence. For example, induced volatile isoprenoids
could be employed effectively to prime intraplant
antiherbivory responses.”*™ Many metabolites
derived from the MVA pathway, primarily sesqui-,

di-, and saponin tri-terpenoids, have potent

antifungal, antimicrobial, and repellent properties

or serve to attract predators or parasitoids.”

Less volatile monoterpenes can be stored under
most conditions and their induced emission has an
important role in maintaining organismal fitness.
Constitutive emission of monoterpenes has been
shown to defend plant parts that are at high risk
of intense herbivore attack, preventing the loss
of those parts that might result in substantial
fitness costs.”' The fact that foliar volatile storing
is virtually absent in deciduous trees, which likely
are vulnerable to insect attack, suggests a link
between monoterpene emission and structural
costs of plant parts (also see section 6).

Intraspecific volatile communication mostly
involving aromatics and monoterpenes could
increase population fitness by benefiting closely
related individuals within a large population®
(also see Box 1). There is evidence to suggest that
interspecific signaling and recognition both in
aquatic and terrestrial ecosystems involve volatile
isoprenoids.®® However, high-cost
mediated communication strategies involving
tertiary trophic interactions (e.g. bodyguard
insects such as parasitoid wasps or ants) appear to
be under more stringent selection than low-cost
constitutive or induced information transmission

resource

between plant populations.”” It remains to be
seen whether untargeted, constitutive isoprenoid
emission of a species is a function of ecosystem
heterogeneity.*

6 Reconciling Phenotypic, Genetic
Diversity and the Sensitivity of
Emission Responses in Individuals
or Populations of Trees to
Environmental Stimuli

Stringent  developmental

isoprenoid emission levels (see review™) point

towards natural selection acting on the whole
plant phenotype. Leaf economics and leaf life
span have a significant influence on isoprenoid
emission profiles.”**! Physical defense strategies
involve niche-specific phenotypic adaptations
and phenotype constrains chemical delence.
For example storing of volatiles is determined
by packing efficiency of monoterpenoid storage
glands in leaves, which in turn depends on specific
leaf area, distribution and thickness of palisade
parenchyma. In addition, natural selection
appears not to have favoured a trade-off between
chemical and physical defences in most plants,™
which could ultimately mean that isoprenoid
emission may not show any relationship with
the broad trends in plant phenotypic strategies.

On the whole, reconciling phenomic variability

with genetic diversity and accounting for their

cumulative impact on isoprenoid emission profile
has not been possible despite significant progress
on both fronts. The contradictions between field
trials that ignore genetic variation and species-
specific controlled experiments that aim to
minimize environmental variation have made the
challenge more complicated than it ought to be.*

The importance of knowing how natural
selection is acting on emission behaviour
of plant populations is exemplified by the
challenges faced by models trying to forecast
global isoprenoid emissions given the significant
impact of emissions on regional climate and
carbon cycles. Most isoprenoid emission models
are parameterized based on leaf level isoprenoid
emission measurements and there is a large
uncertainty in emission variation within plant
functional types (PFTs).% There are many local
emission discrepancies that are hard to explain,’
and generalizations are not helped by the fact
that emission capacity does not follow consistent
phylogenetic patterns.”>”> Vegetation models
assume presence or absence of a defined PFT,
which ignores the significant impact of fine-scale
genetic variations on ecosystem dynamics and
their impact on spatial dimensions of emission

constraints 0on
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signature.” Ignoringintra-population (fine-scale)
variations might work in case of homogeneous
clonal plantation emitters, some of which are
indeed the most dominant isoprene emitting
angiosperms.®® However, many monoterpene
emitters in boreal forests (pines, firs, spruces and
oaks) exhibit low domestication and live in large,
open-pollinated, native populations. Genetic
diversity, gene flow, population heterogeneity
and structure (relationship between individuals
belonging to a single species) is shown to affect
VOC emission profiles® and such effects are likely
magnified in species spread over large geographic
areas.” Reassessment of recent literature on plant
emission response to changing climate has led to
the suggestion that carbon input in the form of
isoprenoids into the climate system will increase
in future.”® Anthropic pressure to select suitable
agricultural traits might also have contributed to
diversify emission in cultivated plants, as found
in cork oaks over their cultivation range.”

7 Going Forward

Simple chemical derivation (reduction), highly
reactive hydrocarbon chemistry, a wide range
of ecological benefits, and an unlimited scope
for diverse structural configurations have
contributed to repeated emergence and functional
diversification of biogenic volatile isoprenoid
emission in evolutionarily distant and unrelated
living systems. It is helpful to remind ourselves
that each step during the development of a living
organism in some ways represents a cusp of one
of the major transitions in the evolution of living
complexity.” We are still aiming at discovering
metabolic and biophysical aspects of isoprenoid
emissions in eubacteria and protists (diatoms
and dinoflagellates), and such information is
likely needed to further decode the complexity of
volatile emissions in higher plants, With every new
finding about some aspect of metabolic regulation
of isoprenoid emission, it is becoming clearer
that emission from living organisms provides a
template to investigate other complex biological
phenomena with often unclear function and
uncertain origins. At the other end of the spatial
scale, the consequences of land-use (vegetation)
changes and increased temperatures due to
unprecedented anthropogenic interference will
not only have an impact on air quality and human
lifestyle in a rapidly urbanising world, but is also
likely to change the isoprenoid emission profiles
of emitting and non-emitting living systems.
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Conclusion and future directions:

Terrestrial plant ecosystems are a major sink for CO. and constitute a central
component of global carbon cycle. The emission of isoprene (~0.5 PgC/yr) by forests
releases carbon to the atmosphere in a form that influences tropospheric oxidation reactions
and volatile isoprenoids are an important natural source of secondary organic aerosol
impacting cloud formation (Kavouras et al. 1998; Guenther et al. 2006). Isoprene
biosynthesis and emission by plants depends on carbon, energy and reducing power
supplied by photosynthesis (Delwische et al. 1993; Loreto and Sharkey, 1993; Seemann et
al. 2006). The interactive effects of CO2, heat and drought on photosynthesis and
isoprenoid emission are quite complex. Emissions increase in plants under oxidative stress
caused by high light, low CO>, drought and heat; such observations have led to various
hypotheses concerning the biological function and evolutionary role of isoprene emission
in ecosystems (reviewed in Sharkey and Monson, 2014). In this concluding chapter, we
discuss the overall significance of the published papers presented in the thesis in addition
to highlighting important results from other chapters that contain unpublished data. During
this discussion, we identify pertinent gaps in our knowledge and point towards future

investigations that we believe will help greater understanding of plant isoprenoid emission.

Eucalypts are the most important evergreen tree taxa in the Southern hemisphere in that
they harbor the most dense terrestrial carbon stores on the planet (Keith et al. 2009).
Although eucalypts do not emit volatiles isoprenoids to the same extent of temperate

poplars or oaks, the fact that tropical evergreen ecosystems are the world’s most significant
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source of isoprene (Guenther et al. 2006) make many tropical genera like eucalypts with
pan global geography a significant source of isoprenoids to the earth system. Eucalypts
exhibit extraordinary adaptations and offer a wide array of ecophysiological contrasts to
study some of the finer unknown aspects of the relationship between photosynthesis and
isoprenoid biochemistry in plants (see Chapters 1 and 2). A hypothesis that attempts to
explain variation in isoprenoid emission states that secondary metabolism (in general) and
volatile isoprenoid emissions increase under abiotic stresses because the net carbon
assimilation declines but the supply of reducing equivalents remains high (Niinemets et al.
1999; Harrison et al. 2013; Selmar and Kleinwachther, 2013; Morfopoulos et al. 2014). In
Chapter 3 (published) of this thesis, we provide substantial experimental evidence
supported by a mechanistic model in favour of the hypothesis that photosynthetic
carbon reduction competes with non-photosynthetic sinks for reducing power under
stress-free conditions (Dani et al. 2014a). A claim is made that residual reducing
power unused by carbon assimilation drives increased isoprene emission under
various abiotic stresses. Exploiting the contrasting drought tolerance of two Eucalyptus
species, we provide an exhaustive experimental data set showing that photosynthetic
electron transport rate (ETR) remained relatively more robust under drought compared with
net carbon assimilation rate (NAR). Consequently, an increased ETR-to-NAR ratio
sustained increased isoprene emission rates under drought, which appears to follow a

species-specific threshold for drought tolerance.

CO. compensation point (I'*) is an important indicator of photorespiratory capacity of
a species and it takes an appreciable range of values even among Cs plants (30 to 70 ppm;
Black, 1973). Drought causes stomatal closure to increase leaf temperature and CO>
compensation point. I'* also shows a diurnal cycle (40 ppm to 160 ppm) with a daily

maximum coinciding with midday depression in carboxylation efficiency (Tenhunen et al.
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1984). The well-known diurnal peak of isoprene emission just around after midday is
consistent with the hypothesis in Chapter 3 and coincides with the midday depression in
carboxylation efficiency. We have observed a large range in I'* values (40 ppm to 80 ppm)
across many species of the genus Eucalyptus under stress-free conditions (data not shown).
The large range in I'* could be due to diversity in leaf structural traits (mesic vs. xeric) that
reflect rainfall and nutrient availability in their respective habitats. Photorespiration
directly competes with the MEP pathway for reducing power and the competition becomes
acute under drought stress as photorespiration rate increases and carbon supply for the MEP
pathway decreases (Chapter 3). Differences between more distantly related taxa in their
photorespiratory sink strengths for carbon and reducing power will make future projections
of global isoprenoid emission far more difficult using existing models and mechanistic

assumptions.

Isoprenoid emission rates observed in all of our experiments involving eucalypts were
low (0 to 10 nmol/m?/s) compared with those from more widely studied poplars and oaks
(20 to 100 nmol/m?/s). There are some rare exceptions in the literature (for a survey see
the Lancaster isoprenoid emission inventory) but such exceptions are most likely due to
measurement conditions in the field. Many native Australian plants have abundant Rubisco
and eucalypts in particular are notable for their extremely high photosynthetic capacities
amongst trees, operating generally in highlight environments (Warren et al. 2000). Because
a large carboxylation capacity potentially uses all available reducing power in the leaves of
eucalypts, it is likely to leave limited reducing power for the MEP pathway under stress-
free conditions. These characteristics, along with perennial monoterpene storing, may
explain why evergreen eucalypts emit less isoprene than deciduous poplars or oaks, which
go through annual cycles of senescence and periodic drought. A strong positive correlation

between photosynthetic electron transport and isoprene emission is known (Niinemets et
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al. 2002). Based on our published results and some indicators ccautiously drawn from the
unpublished leaf and canopy gas-exchange data from many eucalypts (Chapter 2, Appendix
[11), we project that plants with low photosynthetic rates should be high isoprene emitters
if they express high electron transport rates relative to carbon assimilation rates (also see
Appendix VII; Dani et al. 2015a). Elevated CO: levels for long periods could cause a
significant decrease in maximum carboxylation capacity in many Cs plants (due to less
Rubisco; Norby et al. 1999), although the response of electron transport rate is less obvious
(Medlyn et al. 1999). Terrestrial net primary productivity (NPP; ~50 PgCl/yr) is sensitive
to changes in global temperatures and could decline in future due to unprecedented warm
temperatures and extended periods of drought (Melillo et al. 1993; Zhao and Running,
2010). We propose that improving global emission algorithms requires a broad consensus
of species’ responses to drought. Obtaining a reliable global atlas of tolerances for abiotic
stresses among major plant biomes is crucial to understanding the future of plant isoprene

emissions in a high-CO world.

Drought-induced increase in concentration of soluble sugars in the cytoplasm is shown
to have no bearing on isoprene emission and this raises questions about the import of
cytosolic sugars into chloroplasts under severe drought (Rodriguez-Calcerrada et al. 2013).
A contrarian view would be that static pool of sugars in the cytoplasm is not important in
regulating carbon supply to the MEP pathway rather it is the rate of transport of carbon to
and fro chloroplasts that is key to variations in isoprenoid emission under stress. There are
membrane transporters involved in moving phospho-enol-pyruvate (Fischer et al. 1997)
and intermediate substrates of the MEP pathway (e.g. IPP) across the chloroplast membrane
(Fligge and Gao, 2005). Nevertheless, it is still reasonable to believe that isoprene

emission behaviour is predominantly under the influence of pathways occurring within
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chloroplast (and not cytoplasm), which compete with the MEP pathway for both

photosynthetic carbon and reducing power (also see Appendix VI1I).

The questions surrounding photorespiration are relevant also to the data presented in
Chapter 4, where we show preliminary evidence for the inconsistency in the phenomenon
of post-illumination monoterpene burst (PiMB) in Quercus ilex and Eucalyptus
camaldulensis. The results show that PiMB in Q.ilex is potentially different from post-
illumination isoprene burst (in poplars) and more work is underway in our labs in Australia
and ltaly, to understand the mechanisms underneath these differences. One of the more
intriguing observations in Chapter 4 is the contrasting post-illumination behavior of
isoprene and monoterpenes in Eucalyptus camaldulensis. The absence of a clear post-
illumination isoprene burst (the first peak) and the selective emission of monoterpenes in
the dark in E. camaldulensis suggests substrate limitations on isoprene synthesis. However,
the secondary smaller burst in isoprene in the dark is intact in E. camaldulensis. It was
shown recently that direct (substrates) and indirect (re-assimilated) carbon from
photorespiration could be channeled towards MEP pathway and isoprene synthesis
especially under low CO- and high temperature stress scenrios (Jardine et al. 2014). We
need know whether a primary burst during PiMB is affected by potential re-fixation of
photorespiratory CO; that could compete with PiMB for ATPs and NADPHSs in the dark.
Given the unequivocal positive effect of temperature on instantaneous and post-
illumination behaviour of isoprene emission (Li et al. 2011), new experiments are needed
for a comprehensive analysis of post-illumination monoterpene burst (PiMB) at different
temperatures, which will help quantify the relationship between photorespiration and its

influence on isoprenoid emission rates in trees from different habitats.
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The effect of high temperature in increasing isoprenoid emission is well researched both
physiologically and more recently biomechanistically (e.g. Velikova et al. 2011; Pollastri
et al. 2014). However, the role of light (intensity, quality and duration) in either
accentuating or attenuating the effects of temperature is a complicated problem empirically.
While we are still a long way away from mechanistically incorporating clock/time signal
transduction in plant emission models, yet it is becoming clear that circadian controls on
isoprene emission needs to be an important parameter in refining global isoprene emission
models (Hewitt et al. 2011). In Chapter 5, we present new experimental leads to show the
importance of separating the effects of temperature and photoperiod on circannual
(seasonal) cycles in volatile emissions. We show that diurnal variation in isoprene
emission in Eucalyptus globulus is entrained by temperature and is photoperiod-gated
(Chapter 5). Photoperiod-dependent temperature entrainment of seasonal emissions
has significant implications for future projections in global emission because
anthropogenic greenhouse gas emissions is increasing global temperature but
photoperiod being an external (fixed) variable, remains unaffected by temperature-
CO: feedback dynamics of the Earth. The results emphasize the need to separate
photoperiod and temperature effects on seasonal emissions, which could help refine the
regional discrepancies in emission projections given that inter-specific variation in
emission rates among tree genera has a complex annual phenology component built into it.
A key step would be to incorporate an annual photoperiod function dependent on the
Cumulative Radiative Force (e.g. in W/m?/day) in emission models. This would be akin to
Growing Degree Days (GDD), a parameter conventionally used to incorporate phenology

in various dynamic global vegetation models (Foley et al. 1996; Krinner et al. 2005).

In Chapter 6 (published), we provide a novel hypothesis attempting to explain the

origin and evolution of isoprene emission capacity in land plants (Dani et al 2014b). The
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guestion of why only some plants emit isoprene has bothered many isoprenoid researchers
for decades and have led to numerous opinions, arguments and hypotheses (cited in Chapter
6). Yet, a definitive answer has eluded all and the mystery surrounding the origin and
occurrence of isoprene emission remains. Combining a comprehensive analysis of
emission traits across the whole plant kingdom (including bryophytes, see Appendix
V1) and original insights into the evolutionary physiology and genetics of fast growing
trees, we provide a novel and conclusive argument that the occurrence of isoprene
emission in land plants is associated with the genera that are fast growing, long-lived
and species-rich (Chapter 6). Although the chapter focusses on isoprene emission in
plants, the views presented in the article could have deeper implications on the way we
understand and analyse plant evolution. Chapter 7 (published) identifies the key tenets
of the hypothesis presented in Chapter 6 and showed how fundamentally similar
selection criteria operate at different levels of complex organization of life and lead to
similar evolutionary trajectories (Dani et al. 2015b). The discussion reviews a broad
range of evidence to show how simple chemical derivation (reduction), highly reactive
hydrocarbon chemistry, a wide range of ecological benefits (strong selection) and an
unlimited scope for diverse structural configurations have contributed to repeated
emergence and functional diversification of biogenic volatile isoprenoid emission in
evolutionarily distant and unrelated living systems. The chapter is careful in not
attributing ‘motifs’ to the process of natural selection, and is conscious of the
inappropriate tendency in many scientific disciplines to analyse and describe evolutionary

changes as ‘desirable’ changes, which is an anathema to the theory of natural selection.

We are still aiming at discovering metabolic and biophysical aspects of isoprenoid
emissions in many non-model organisms, and such information is likely needed to further

decode the complexity of volatile emissions in higher plants. Eucalypts, as it is evident
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from this thesis, offer myriad opportunities to investigate isoprenoid emission as a model
biochemical process and ecophysiological trait.  Our understanding of monoterpene
biosynthesis (using PiMB as a model), monoterpene storage and emission in eucalypts has
important ecological (e.g. antiherbivory, forest fires) and economic (terpene based fuels)
facets. Now that a high-resolution whole genome sequence of Eucalyptus grandis is
available (Myburg et al. 2014), the next logical step would be to decode the complex
relationships between phenotypic diversity and emission capacities of eucalypts. There are
many hundreds of Eucalyptus species and sub-species with both broad and narrow bio-
geographical ranges and there is no better system than eucalypts to answer questions
pertaining phenotypic plasticity and its influence on ecophysiology of isoprenoid emission.
The eucalyptus isoprenoid model has immense potential to not only nurture breakthroughs
in scientific research, which is our primary concern, but also sustain research activities by
many socioeconomic benefits through industrial applications, a necessary aspect of
scientific research in 21% century. Despite significant scientific progress, plant isoprenoid
emission retains plenty of mystery to kindle the imagination of generations of researchers

to come.
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Approximately 1-2% of net primary production by land plants is re-emitted to the atmo-
sphere as isoprene and monoterpenes. These emissions play major roles in atmospheric chem-

istry and air pollution-climate interactions. Phenomenological models have been developed to

Key words: biochemical trade-offs, biogenic
volatile organic compounds (BVOCs), CO»
response, drought response, ecological
strategies, leaf economic traits, mechanistic
model, vegetation emissions.

predict their emission rates, but limited understanding of the function and regulation of these
emissions has led to large uncertainties in model projections of air quality and greenhouse gas
concentrations. We synthesize recent advances in diverse fields, from cell physiology to atmo-
spheric remote sensing, and use this information to propose a simple conceptual model of vol-
atile isoprenoid emission based on regulation of metabolism in the chloroplast. This may

provide a robust foundation for scaling up emissions from the cellular to the global scale.

Introduction

Land vegetation is the principal non-industrial source of biogenic
volatile organic compounds (BVOCs) released to the global
atmosphere (Denman ez al., 2007). Of a total BVOC emission of
al.PeC at, isoprene and monoterpenes emitted by leaves rep-
resent by far the largest fraction (Arneth ez al, 2008). These reac-
tive compounds play a fundamental role in determining the
atmospheric content of greenhouse gases and pollutants, espe-
cially tropospheric ozone, methane, and secondary organic acro-
sol (Areth ezal, 2010; Carslaw eral, 2010). Because high
temperatures stimulate emissions, future projections of changes
in atmospheric composition and air quality depend on how these
emissions will change.

Modelling of BVOC emissions has generally centred on the
quantification of leaf emission capacities (£), the emission
rates obtained under standard light and temperature conditions
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(Guenther eral, 1995). Temporal and spatial variation of
emissions has been derived by modifying £, using empirical
cquations describing observed short-term controls by tempera-
ture and light, and long-term controls by antecedent weather
conditions and environmental and biotic stresses (e.g. Guenther
et al., 2006). Emission capacities were initially considered to be
species-specific constants. Several lines of evidence now show
that £, acclimates seasonally and over environmental gradients
(Niinemets eral, 2010), but global emission models still set
fixed values for plant or vegetation functional types that
determine maximum emission rates (e.g. Guenther et al., 20006;
Arneth etal, 2007a; Heald eral, 2009; Pacifico eral., 2011).
The ever-increasing complexity of these models largely reflects
attempts to cope empirically with variations in £, (Monson
etal., 2012).

Monson ez al. (2012) argue that the use of empirical functions
to describe the relationships between emission rates and

New Phytologist (2013) 197:49-57 49
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environmental variables is unsatisfactory, and particularly the use
of serial muldpliers based on single factor relationships to
account for co-variation of environmental variables. They make a
strong case for the need to base modelling on a fundamental
understanding of plant biology. Here we argue that progress in
understanding the biological foundations of isoprenoid emissions
is sufficient to propose a simple conceptual model of isoprene
emission that, we believe, will allow construction of a process-
based model that will not require a proliferation of empirical
specifications.

The emerging new understanding of volatile isoprenoid emis-
sions originates in disparate fields including molecular biology,
plant physiology, chemical ecology and armospheric science. By
combining evidence on the regulation of isoprene and monoter-
pene production with current understanding of their function in
plants, we can explore the controls of emissions in a more funda-
mental way. Well-established findings include the ubiquity of the
gene encoding the monoterpene synthase enzyme (Tholl ezal.,
2011), in contrast with isoprene synthase which is found in a
more limited number of higher plant clades (Sharkey & Yeh,
2001); the high short-term sensitivity of isoprene emission to
temperature (reviewed in Arneth eral, 2010 and Niinemets
etal, 2011); and the inhibitory effect of high CO, concentra-
tions on isoprene emission (e.g. Calfapictra ef al, 2008; Wilkinson
etal, 2009; Possell & Hewitr, 2011). Recent discoveries
(reviewed in Loreto & Schnitzler, 2010) include confirmation of
the long-hypothesized protective function of isoprene emission

(against high—[emperature stress and reactive oxygen species
(ROS)), established through genetic manipulation experiments
(Behnke er al., 2007; Velikova eral, 2011), and studies of atmo-
spheric column concentrations of formaldechyde (HCHO) — a
major isoprene oxidation product — which show the dominant
role of temperature variations in determining BVOC emissions
at the ecosystem level. Based on current understanding of the
physiological and environmental controls on isoprenoid synthe-
sis, we introduce key elements of a new quantitative modelling
approach that, while being parsimonious, is firmly based on
experimental plant biology. We consider regulation of emissions
at the biochemical level first, then the function and control of
emissions at the whole-plant level, and finally the emergent
behaviour of emissions in ecosystems as seen ‘top-down’ from the
atmosphere.

Biochemical controls and trade-offs

Isoprene and monoterpenes are synthesized via the plastidic 2-C-
methyl-D-erythritol 4-phosphate (MEP) pathway (Lichtenthaler,
1999), which is also the beginning of the synthesis route for
essential metabolites including absc

ic acid, photoprotective
compounds (carotenoids and tocopherol) and the phytol side-
chain of chlorophyll. Demand for the various downstream
products of the MEP pathway can be a significant drain on
photoassimilates, energy supply and reducing power (Loreto &
Sharkey, 1993; Owen & Penuelas, 2005; Li & Sharkey, 2012).
When the production of different metabolites is viewed in terms
of the overall allocation of carbon and energy supplies, trade-ofts

New Phytologist (2013) 197: 49-57
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berween the attainment of optimal photosynthetic rates, compo-
nents of the photosynthetic apparatus (e.g. light-harvesting pig-
ments) and secondary metabolites (e.g. volatile isoprenoids) are
seen to be inevitable.

The regulatory network components of the MEP and associ-
ated pathways are illustrated in Fig. 1(a) (see also Supporting
Information Notes S1). In the accompanying conceptual model
(Fig. 1b), we distinguish short (seconds to minutes, A), medium
(hours to days, B) and long (weeks to years, C) time-scales of reg-
ulation. On short time-scales, constitutive emission levels are
linked to substrate availability. Isoprene emission, in particular, is
strongly determined by the pool size of one of its immediate pre-
cursors, dimethylallyl pyrophosphate (DMAPP) (Rasulov ez al.,
2009a). Substrate-induced surges through the MEP pathway
under non-steady-state conditions are constrained by key reac-
tions such as the conversion of methylerythritol cyclodiphosphate
to hydroxymethylbutenyl diphosphate (Li & Sharkey, 2012). On
medinm time-scales, transcription rates of enzymes come into
play (Mayrhofer ez al., 2005). Most genes in the MEP pathway
have light-regulated circadian clements (Cordoba ez al, 2009)
along with putative heat-shock promoter elements upstream of
their initiator codon (Sharkey ez al., 2008). Hence, it is likely that
transcriptional regulation of isoprenoid emission occurs during
transient periods of heat and oxidative stress. On long time-scales,
activation of genes from other pathways (e.g. carotenoid biosyn-
thesis) needs to be considered as linked to volatile isoprenoid
emission (Owen & Penuelas, 2005).

The adaptive significance of isoprenoid emissions

Isoprene is thought to fulfil a protective role in isoprene emitters,
either by quenching ROS that are produced in response to high
temperatures and excessive light intensities as well as to externally
imposed oxidative stress (e.g. high ozone concentration) (Vickers
etal, 2009a; Jardine eral, 2011) or by stabilizing thylakoid
membranes (Velikova ez al., 2011). Recent experimental evidence
suggests that stabilization of thylakoid membranes by isoprene
reduces the formation of ROS (Velikova ez al., 2012). Monoterp-
enes are known to have a wider variety of functions, including
signalling and deterrence of herbivory (Dicke & Baldwin, 2010).
Some species store monoterpenes in speci:llized organs, releasing
them by evaporation in response to warming or after mechanical
stresses. But many other species emit monoterpenes constitu-
tively in a similar light- and temperature-dependent way to iso-
prene. It has been proposed that the emission of monoterpenes
in these species has a similar function to thar of isoprene. Mono-
terpene emission is elicited by stresses (Loreto ef al., 2004). Even
in normally non-emitting species, emissions of monoterpenes
can be induced by stress (Niinemets ez al,, 2010), and stress
induce monoterpene emissions instead of isoprene emission
(Brilli et al.,, 2009).

Thus, an emerging view is that volatile isoprenoids in general
are important agents in cellular protection from ROS generated
during stress events that impair optimal coupling of light and
dark reactions within the chloroplast (Loreto & Schnitzler, 2010;
Velikova etal., 2012). Although a wide range of strategies to cope

may
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with oxidative stress has evolved in plants, the induction of vola-
tile isoprenoids is important because it can be activated rapidly.
The idea of functional ‘substitutability’ between isoprene and
monoterpenes is consistent with the marked L-shape pattern
shown in Fig. 2, which illustrates that species with moderate to
high volatile isoprenoid emissions predominantly (or entirely)
emit either isoprene or monoterpenes at any given time (the data
in Fig.2 are from studies in which both were measured; see
Notes S2). The L-shape pattern is largely driven by species that
do not store monoterpene. In species that emit both isoprene
and monoterpene simultaneously, the trade-off is manifested as
an inverse relationship between the two emission capacities
(inser, Fig.2). This relationship reflect a

inverse may
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competition between monoterpene and isoprene biosynthesis for
common precursors and reducing power.

Plants that do have isoprene synthase preferentially emit more
isoprene than monoterpenes. This makes the lower affinity of iso-
prene synthase for its substrate DMAPP (Michaelis-Menten
coefficient (K;,) of 0.5-2.5 mM; see Notes S1) compared with
that of geranyl pyrophosphate synthase (GPS) for isopentenyl
pyrophosphate (IPP) and DMAPP (< 0.05 mM) somewhat puz-
zling. Moreover, the affinity of monoterpene synchase for geranyl
pyrophosphate (GPP) synthesized by GPS is even higher (K], of
0.006 mM). The substrate pool size of GPP is estimated to be
much larger than that of DMAPP, suggesting that the kinetics of
GPP  synthase strongly influences GPP  availability  for

New Phytologist (2013) 197: 49-57
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downstream processes. It is unclear how adequate substrate is still
available for isoprene synthesis, given the bias towards synthesis of
IPP over DMAPP, in emitting species. It is possible that the
DMAPP pool co-limits isoprene and GPP synthesis, depending

New
Phytologist

on the diurnal and seasonal variations in the relative V.,
(maximum enzyme reaction rate) values for the two enzymes

(Fig. 1).

Isoprenoid emissions and plant ecological strategies

There are broadly predictable ecological trends in the predomi-
nance of isoprene vs monoterpene emissions (Fig. 3). The strong-
est association is with species” shade tolerance, which is an
indicator of successional status. Early successional and light-
demanding plants have a greater tendency to produce isoprene
(Fig. 3a). This reflects the fact that coping with oxidartive stress
and/or high temperature is likely to be a greater challenge in
higher irradiance or higher-light sites, and that there are few
‘excess’ electrons (and carbon chains) for isoprene production in
low light. Isoprene emission is also associated with leaf traits char-
acteristic of species with rapid growth in high-resource (including
high-light) environments, including high photosynthetic capaciry
(Amax) (Fig. 3b), short leaf lifespan (Fig. 3¢), and high specific leaf
area (SLA) (Fig. 3d). Investment in isoprene, being costly because
of its high volaility, can be viewed as a fast-response strategy that
pays off in an environment where transient stress is frequent or as
a component of a fast-growth strategy in nonlimited resource
envil'()n"lfnrs. By contrast, inVCS[n]Cl][ ill[() l]IUl]OrCrpenCS C()uld
be seen as more efficient under conditions where constitutive
emissions are required over long periods, for example to confer
protection in longer-lived leaves against herbivory.
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Fig. 3 Relationship between isoprene
emission capacity and traits related to
species’ ecological strategies: (a) shade
tolerance index, (b) photosynthetic capacity,
(c) leaf lifespan, and (d) specific leaf area
(SLA). Data are for 134 tree and shrub
species from a broad range of families and
vegetation types; in each graph each data
point represents a different species. SLA data
were sourced from the same publications as
the emissions data; shade tolerance indices
are from Niinemets & Valladares (2006);
photosynthesis and leaf lifespan data were
derived from a variety of published and
unpublished sources (see Supporting
Information Notes S2 and S5).
Photosynthetic capacity refers to
measurements made in the field under near-
optimal light, temperature and soil moisture
conditions.
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Decoupling of isoprenoid emissions and
photosynthesis

Although isoprenoid emissions are dependent on photosynthesis
for the supply of energy (ATP), reducing power (NADPH) and
carbon skeletons, several environmental and ontogenetic facrors
decouple the two processes. For instance, both high temperatures
and soil water deficits reduce photosynthesis, while isoprene
emission can continue at a high level (reviewed in Niinemets,
2010). Isoprene emissions from leaves grown at above-ambient
CO, concentration are inhibited, while emissions from leaves
grown at subambient CO, concentration are increased (see next
section). Light-dependent isoprene emission has been observed
from leaves that have been severed from the stem and ceased to
photosynthesize (Loreto & Schnitzler, 2010; Brilli ezal., 2011).
Finally, a lag between photosynthesis and isoprene emission in
developing leaves has been reported in several temperate and
tropical plants (see Table S1).

The lag between photosynthetic competency and measurable
isoprene emission is not simply a function of leaf expansion. It
varies from a few days to several weeks, depending on the growth
temperature (see Notes S3 and Table S2) and appears to be under
transcriptional control, that is, there is delayed expression of the
gene encoding isoprene synthase (Wiberley ez al., 2005; Sharkey
etal., 2008). The adaprive significance of this generically pro-
grammed delay is uncertain. We suggest that it is linked to the
priority for synthesis of more essential isoprenoids during carly
leaf development. The picture is less consistent in ageing leaves:
some studies suggest that the biochemical capacity to produce
isoprene is unaffected by senescence, some that isoprene declines

Research review Review 53

before photosynthesis, and some that measurable isoprene emis-
sion persists in senescing leaves even after the cessation of photo-
synthesis (Table S2). In poplars (Populus x euroamericana) grown
at elevated CO,, isoprene emission was sustained for longer peri-
ods in senescing leaves, while the decline in photosynthesis was
accelerated (Centritto ez al., 2004). Under these conditions, Tallis
etal. (2010) showed increased expression of genes involved in
glycolysis, suggesting that PEP (phosphoenolpyruvate) from
glycolysis, translocated to the chloroplast, may provide the sub-
strate for sustained isoprenoid emission in senescing leaves (Fig. 13
Loreto et al., 2007).

The delayed onset of volatile isoprenoid emissions is reflected
in large-scale observations over vegetation with a strong compo-
nent of seasonally deciduous trees (see Notes S4). Remotely
sensed HCHO concentration can be used as a proxy for regional
volatile isoprenoid emission (e.g. Barkley ez al, 2009). In temper-
ate latitudes (Fig. 4), HCHO lags the increase of remotely sensed
leaf area index (LAI) in spring. There is no such clear signal in
the autumn: the decline in HCHO occurred before the decline in
LAI in 2007 and after the decline in LAl in 2006. The lags dif-
fered between the 2 years analysed, suggesting a possible route to
investigate the environmental cues involved from a ‘top-down’,
ecosystem-level perspective. The interpretation of the HCHO
signal in the tropics is complicated by the substantial contribu-
tion of pyrogenic emissions (Gonzi etal., 2011). Nevertheless,
disregarding situations when the peak in HCHO occurs in the
dry season when the trees are leafless, tropical deciduous forests
and savannas show a quite different pattern from temperate
deciduous forests (Fig. 4). Low isoprenoid emissions occur in the
wet scason when air and canopy temperatures are at a minimum.
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Fig.4 The relationship between normalized leaf area index (LAI), 2-m air temperature in degrees Celsius (2m T;r) and volatile isoprenoid emissions
indexed by the normalized remotely sensed atmospheric column concentration of formaldehyde (HCHO). Data are from a temperate (a, b) and tropical (c,
d) broad-leaved deciduous forest during 2006 and 2007. The second HCHO peak in the tropical forest (c, d) is attributed to biomass-burning emissions, as
shown by the remotely sensed fire counts (FIRE) (see Supporting Information Notes S4).
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Thus, the seasonal cycles of LAT and HCHO are not correlated
in the tropics, and HCHO concentration tracks temperature
rather than LAL

Isoprene responses to CO, and drought

The experimentally observed responses of isoprene emissions to
CO, and water stress are fundamental in the context of global cli-
mate change and need to be accounted for in models (Arneth
etal, 2007b; Heald eral, 2009; Young etal., 2009; Pacifico
etal., 2012). The effect of high CO, concentration in suppress-
ing isoprene emission is sufficient to strongly reduce or even off-
set the increase in isoprene emission resulting from high
temperatures, which in turn significantly affects ozone projec-
tions (Young ez al., 2009; Pacifico et al., 2012).

The effect of CO, concentration on isoprene production is in
the opposite sense to the CO, effect on photosynthesis. Plants
grown at high atrmospheric CO, concentrations emit less iso-
prene than those grown at lower concentrations (Sharkey er al.,
1991; Centritto et al., 2004; Scholefield e al., 2004). It has been
shown that isoprene emission responds to the leaf-internal CO,
concentration (¢;), with lower emission rates associated with
higher ¢; (Monson e al., 2007; Wilkinson ez al., 2009; Guidolotti
etal., 2011; Possell & Hewitr, 2011). The effect has been found
in many plant species, and is persistent — it applies to plants
grown in different CO, concentrations, as well as in short-term
experiments that manipulate ambient CO, concentration in
order to alter ¢, and to genotypes with different ¢ grown under
the same CO, concentration. Variation of the pool size of
DMAPP is the most likely explanation for the CO, dependence
of isoprene synthesis as seen in short-term experiments (Rasulov
etal., 2009b). Alchough not explicitly identified, this regulation
could occur because of changes in DOXP (1-deoxy-D-xylulose-
5-phosphate)/MEP pathway enzymes upstream of isoprene syn-
thase, changes in the energy status of chloroplasts, or competition
for DMADP between other key metabolic pathways (Sun et al.,
2012). When plants are grown under different CO, concentra-
tions, it is likely that transcriptional regulation of isoprene syn-
thase activity is also involved (Scholefield er al., 2004; Possell &
Hewitt, 2011).

We propose a unifying mechanistic hypothesis, based on the
requirement of energy and reducing power for isoprene biosyn-
thesis. NADPH is needed in order to produce DMAPP (Rasulov
etal., 2011). When photosynthesis is electron transport-limited
(at high ¢ and/or low light), the shortfall of ATP and NADPH
for CO, assimilation will cause a deficit of reducing power to
transform carbohydrates into DMAPP. When photosynthesis is
Rubisco-limited (at low ¢ and/or high light), the plant will use a
part of the excess of ATP and NADPH (resulting from the excess
of electrons produced by photochemical reactions) to reduce car-
bohydrates to DMAPP. This hypothesis predicts that isoprene

emission will increase in response not only to excessively high

temperatures but also, more generally, to any situation where
light availability exceeds photosynthetic capacity. The fraction of
the carbon assimilation allocated to isoprene production increases
with light intensity, even when photosynthesis is light-saturated
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(Sharkey & Loreto, 1993), consistent with this hypothesis. An
important corollary is that stomatal closure in response to dry
conditions will increase isoprene emission by lowering ¢ and
thereby increasing the supply of electrons relative to the carbon
fixation rate. Therefore, this hypothesis simultaneously accounts
for observed responses of isoprene emissions to CO,, and to
drought — because under drought conditions ¢ is reduced, and
photosynthetic carbon fixation is reduced, while electron trans-
port is maintained.

The simple model proposed here is based on the Farquhar &
Von Caemmerer (1982) model of leaf photosynthesis, which
assumes that photosynthesis is limited by either the electron
transport supply or the rate of carbon fixation by Rubisco. The
excess or deficit of electrons produced by photochemical reactions
during photosynthesis can be calculated as the difference between
the total photosynthetic electron flux and the total flux of elec-
trons used for carbon assimilation (Fig. 5a). We argue that the
rate of isoprene emission (% nmolm *s ') depends on excess
reducing power, which is increased by the electron-transport sup-
ply ( umol ¢ m™*s7"), and reduced by the electron-transport
requirement of the dark reactions of photosynthesis, calculated as

G+ 2T
ch;u #

T K, Eqn 1
where V..« is the maximum rate of Rubisco activity, ¢ is the
intercellular CO, concentration, I'* is the CO, compensation
point in the absence of dark respiration, and K, is the Michaelis-
Menten coefficient.

The isoprene emission rate is thus given by

G + 2T«

=al—b Vum.\xm

Eqn 2

where @ and & are empirical parameters: @ represents a maximum
fraction of the total photosynthetic electron flux used for isoprene
synthesis, while & represents the rate at which isoprene synthesis
is diminished in proportion to the demand set up by the dark
reactions of photosynthesis. Preliminary comparisons with iso-
prene emissions from two experimental species shows that this
modelling approach reproduces observed responses to tempera-
ture (Fig. 5b), light intensity (Fig. 5¢) and CO, (Fig. 5d). This
approach is attractively parsimonious, and consistent with the
idea that isoprene production is not tightly linked to carbon
assimilation. It requires further testing (e.g. for the response to
simultancous perturbations of different factors). Whether it is
also applicable to monoterpene emissions, especially in species
that emit these compounds in an isoprene-like fashion, also needs
to be examined.

Towards greater scientific integration

The processes involved in regulating the emission of volatile
isoprenoids operate on many time and space scales, and are con-
sequently studied within several disciplines that do not habitually
communicate. Integration across disciplinary boundaries is

© 2012 The Authors
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nec

ary to develop a more comprehensive understanding of
these processes. In particular, better integration of modelling,
remote sensing, and experimental plant biology is important to
overcome the current paradoxical situation whereby models link-
ing emissions, atmospheric chemistry and climare are strongly
data-driven, yet hampered by the lack of data on both the short
time-scales needed for derivation of environmental response
curves and the longer time-scales needed to characterize the
response to environmental change.

The concept of trade-offs at the biochemical level provides a
uscful framework for explaining and modelling isoprenoid emis-
sions. But more, and more systematic, observations are needed.
>s and sub-
strate pools across emitting and non-emitting species to allow
cost-benefit analysis for the different “favours™ of isoprenoid
emission. There has been insufhcient analysis of the relative costs
of alternative stress-protection strategies.

There are too few measurements of enzyme activiti

Gaps also remain in
process understanding at the cellular level. We still do not know,
for example, what controls the transport of substrates between
the cytosol and the chloroplast.

Plant trait databases that include geo-located records (e.g. Katege
etal., 2011) make it possible to explore the relationships between
emissions and other plant characteristics. Such investigations
could help to clarify further the interaction between ccological
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strategies and emissions, or to analyse trade-offs at the species
level — for example, what strategies to deal with oxidative stress
are used by non-emitters — and to discern macro-scale relation-
ships between emissions and environment.

In response to the need to develop a more biologically robust
way of simulating plant emissions (Monson ez al., 2012), we have
proposed a simple concept for modelling the emission of volatile
isoprenoids that is consistent with current understanding of phys-
iological mechanisms, including dependence on reducing power
(Li & Sharkey, 2012), and with a diverse set of observations.
Although some carlier models have simulated isoprenoid emis-
sions based on assigning a fraction of the total electron transport
to the process (e.g. Niinemets ez al., 1999; Arneth ez al,, 2007a),
they required empirical modifications to represent CO, and
drought effects (Monson ez al., 2012). While our model appears
to capture the expected responses to temperature, light and CO,
it remains to be shown whether it can reproduce features such as
the large diurnal range in emissions, seasonality induced by tem-
perature and water stress variations, short- and long-term
responses to CO, concentration, and global patterns emerging
from satellite observations of HCHO and other BVOC oxidation
products. Nevertheless, application and extension of this frame-
work should provide more robust estimates of isoprenoid emis-
sion in a changing environment.

New Phyrologist (2013) 197: 49-57
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Appendix 11

Illustrative Gas Chromatographic and Mass Spectral Analysis

Volatile Molecular  Molecular Retention time Major ion
hydrocarbon | JPACname formula weight (min) fragments
Isoprene 2-methyl-1,3-butadiene CsHs 68.12 0.837 67,53
a-pinene  2,6,6-trimethyl bicydo hept-2-ene CroH16 136.23 8.670 93
D-limonene  1-Methyl-4-(1-methylethenyl)-cydohexene ~ CioH1e 136.23 10.662 68, 67, 93

eucalyptol  2,2,4-trimethyl-3-oxabicydo octane CioH180 154 10.728 81

Example GC MS chromatogram of a standard run
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TIC

Example standard curves for isoprene and limonene

Standard curve for isoprene (example)
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Selected photographs of the experimental methods

CO,, temperature and
RH monitoring device

i 3 T B FEP fluorocarbon film

VOC free air

Flow controller

(a) Young eucalypt seedlings; (b) Plants growing in 80 kg pots in the glass house ;
(c) Isoprenoid (whole-plant) sampling unit in action (used in initial screening , see Chapter 2) ;
(d) Shimadzu GCMS-QP2010 ; (e) Thermal desorption and cryofocussing unit (later replaced by a TD autosampler)

PTV injector
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Appendix I11

Chapter 2: Supplementary material
Photosynthesis and isoprene emission in eucalypts from contrasting environments

Figure S1: Geographic distribution (only indicative) of eucalypts chosen for this study.
Map adapted from Wikipedia

Australia

W Equatorial
W Tropical
Subtropical
W Desert
Grassland
8 Temperate

Table S1: Inorganic chemical fertilizer proportions used for growing eucalypts
T
. gkg of gram per 80 kg of
Macronutrients dry soil soil (per pot) Purpose
CaCOs 7 560 Reduces soil acidity and provides Ca”’
Reduces soil acidity (mimics dolomite
MgCO; 175 140 lime) provides Mg**
(NH,4),SO, 2.83 226.4 Nitrogen source
CaHPO,.2H,O0 | 4 320 Source of Phosphorous
K,CO, 2.5 200 Potash (improves phosphate absorption)
CaSO, 1 80 Gypsum improves soil texture
MgSO, 1 80 Provides Mg®"
. . mg kg of | mg per 80 kg of
Micronutrients dry soil soil (per pot) Purpose
ZnS0,.7H,0 100 8000
CuS0,4.5H,0 19.6 1568
Na,Mo00,.2H,0 | 0.03 2.4 . . .
H:BO, 055 24 Provide essential metal ions
EDTA-Fe III
Na salt 44 352

170



PIET T 001 HTSyl | SE08€ difung 0SS [ 69017 pIDIDU DIGUILIOD)
SISURPIPUDD
0000T 01 001 dL0ST1 S0Ss¢€ dS HVYINIVE LEYOT “dsqns sisuapnppun 7
0s¥1 0l 00¥ dICLyI Syese VDOVM VODVM S 3IEF 66161 UuojAX0L2PIS I
AJOLNONWOYd SNaoIS -
6¢ 8 09 d5Tor1 S806¢ SNOSTIAL 609L1 nqojs i
868 01 056 dCeor1 SIvLE 1N49sn LN 09161 SUDUZ2L T
00¥T 4! 001 g615+1 S61s¢ SUOISIULIOH VdS 6L60T nuunp "y
saroads ojeradws |
000T SI 001 H01tv1 S€Tsl HIATT AdINNIX £590T SLD]]25521 PIqUILIO)
000€ 01 011 qA9%1 1 S9091 AFARIIHNTVA 1690C pivpnugs ~dsqns szsuapnpipuin g
0092 01 53 HZ0I€1 SEESl HIA VIIOLDIA 8C6¢€1 psqo “dsqns sisuanpowna g
(4% 6 c6 dcIeel STeEvl ANTIIHLVA +8S0T pruopo.jal i
saprne[ [edrdonqns aty pue [eardony ay) woy saroadg
0089 0r 0LZ d8¢9¢1 S0vTe ATTIO ANHLAV €1L0T | padauragns ~dsqus sisuajnpipund
0501 1] 00T dee8¢El Selee AHHTVANNYG VdS ¥690C SpIUap120 "o
0591 14! 0S¢ H9I811 S€69T 4no 6LLS] XdjpoupLus smdiqpong
sa10ads Jue1a[o) Jy3noig
1ad An _w%\n Sjuared opny1 uo e uoneo0 0] pad Spaa
HJIqet 0 Toquiny pny 1 e] HB30T [ 0] pasg Po2g
pauodoy
€S 9[qe L) SuonIpuoa asnoy sse[s Jopun asuodsal Yumois pue Kiiqneduiod (108 U0 paseq dNOIS SIY) WO PAJSI[-HOYS LN 21om §3102dg
“BI[BNSOY UI2ISI M e Dd PUB BLAQUED 1B (OYISD) DS.LV WO paureiqo spass 3311 7S J[qe.L

SIUIWUOIIAUD Sunse.juod woay sydA[eInd ur uorssrud Judadosi pue SISIYIUAS0)0Yy

[eL)ew Adeyuduwdddng :7 aaydey)H

171



‘oFer[o] Jnpe pey so10ads
a1 Jo 1821 37 I, “seAed] (ayrsoddo-arejonad) Jnpeyajerpatioul pasoydiowrelaw Aj3sow ng (a1soddo-o[1ssas) A[IudAN[ SWI0S prY D/0IsOD P ((SJR[OIDUR[/2IBAO
-1ounfsip-ajejonad) a8erjoy ofuaan( pey ‘puoispwavy 7 ‘(2yessnasp-apsoddo-ondifje-a[issas) aerjo] o[TuaAn( 1ounSIp prY ‘SLpjjassa) ) SHNGols g
: sonsualoIeyd [Ra130joydiopy
200 10 8 002 [ 911 80 4 nnpy DIDIS03 DA0YAOSUY sooy
Da2UIIGNS
SO0 610 S 00¢ IS¢ 8'1¢ 0¢ £ Hopy SISUSPILUID3 "5 qns-24
00 cro 6 L6l Lv'C S8l [43 £ Hnpy DIDINUIS SIsuaInpiowin "o uns-oq
SISUBNPIOUIDD
€00 £C0 S LTT 41! 6'CC 6l 4 Hnpy SISUnpowno " | WD3-3y
00 800 3 £ee [N L8 44 3 Hnpy nuunp "y upq
00 1€°0 8 (44 SS'l 0T 1] ¥ Hpy XApoupLys X485
<00 900 4! 1€¢ 0¥l 0°¢ 8¢C 14 S[tuaAnf SLUD[]2552) DIGUIAL0D §5910
SO0 110 0¢ 181 6¢°¢ 6 80 ¥ aruaAn( puiosoulany "5 wavyy
00 600 0z LL 98'1 601 §T S diuaAnf sninqo}s smddppong | qoj3g
SOABI[ syuepd
AJD P38 ueow AJD PIS ueawr ADD PIS uedw JooN JooN
- S, u jour
(wddpoy=">1e) 18T
(s .. jour) wddpoy="2 .0k sajeorjdal oFerjo am31
20UBIONPUOD [BIBWIO)S 1®D JJe1 UONR[IWUISSE N Jo IequinN JoodA], yd4eong | uwo apo)
1X00%9 10017 wolj sydATeona 105 ejep sisaypuisoloyd €S d[qeL

SHIUAWUOIIAUD Sunse.nuod uro.ay s)dA[eana ur uorssiwd Jud.adosi pue SISayIuAs0)oy J

[erdew Arejudwdddng 7 aaydey)

172



pIp1s0d pioydo3ul 10J pAUTLIQO JOU AIIM SIAIND 'I-F

L0°0 ¥6°0 | 10T | 06°0 | 06'0 | €€°L0E | 86C | 60€ | SIE | 00°0EE | ¥6T | StE | 1S€ £ D242U1OGNS SISUSIRPIDUDI "I

00 8L0 | LLO| ¥8°0 | €0 | L96IT | 0TC | 61T | 0TC | L9°T8T | 98T | 19C | 10¢ £ SISUDINPIDWIDD SISUI[NPIDUIDD "5

#0°0 #O'T | €01 | 00T | 8O'L | L9°TIT | SOI | LIT | 911 | 297801 | TOT | LI1 | LOI £ DIDRULS SISUSINPIDWDD "5

200 SO'T | LOT [ 90T | TOL | L96TT | €11 | LIT | 6T1 | 00'FII | 901 | OIT | 9¢CI 3 nuunp "

800 060 | 660 | 680 | T80 | €£€961 | T6I | L61 | 00T | L96IT | V61 | TLC | €¥C £ XA poupLys i

800 LET | 9%'1 | #€°1 | TET | L9001 | S6 66 801 | L9EL S9 YL 8 3 SLD]]28831 "D

VN LOT | LOT | VN | VN | 00SIT | SIT | VN | VN | 00°L0T | LOT | VN | VN I puio}svuiavy "y

90°0 CI'T [ 91T | 9I'T | SO'T | OO°ETTL | LB 6v1 | €01 | €€°001 | SL 8¢l 86 € snjngoys g
AP PIS | UBdly | ¢do1 | gdax | ydox | ueoy | ¢dox | zdax | 1dar [ uwespy [ g¢dox | gdar | ydax N

A r A sajeordoy 1dAeony

(saaea] Ayipeay ‘papuedxa A[[NJ 291} WO} PAUIEIQO SIAIND 1o} Juapuadapur juasaidal sa)ed1dar) sydA[eons po3dsos

10] SIBLUNSS OAN} DU} USIMISQ OT}EI 3Y) PUE (1) 21el 1odSUEL) UONI3]d Snoaueiue)su] ‘(1) 0dsiqny £q ajer uone[dxogie)) wnwWIxXey ¢S [qel

0z0 Lv0 ¥8'9 0vE 6C'C S'le 8 Py piv1soo "y
0’0 €¢C s0°C £7ce L0 (43 £ Py D242UIIGNS SISUSINPIOUIDD "5
0€'0 'l ore 965 080 0re € npv DIDJNULLS SISUNPIUDI i
STO s 180 0°'st s0'C 9ve € NPy SISUIINPIDUIDD SISUDINPIDUDD “FH
00°0 <00 S8l $'8¢ 90'1 ['SE 9 nnpy nuunp "y
L80 'y 8Ty 0'6< 0¢'1 cee 9 Hnpv XAJpouvis o
0+°0 Sl 86'C 9'LT 6L1 9°¢e 8 AN S1D]]2883] 1)
<o £0 14 ¥'€T L8'T ['¢¢ L o[IuRAny vuloysowiany "
£8°0 9'¢ e £9¢ S6'L 8'CE ¥ o[uaAnyf snpnqols g
AJp PIS ueaw AP pP)S | ueowr | AQp pIS ueow sajeardal
(,.8 ;i jouwm) (9%) Aurprumy (D.) ameroduws) Surdures Adoued afe104

2)er uorssiwd audrdosy sords-peay soeds-peayq juerd afoya JoadAy jdATRONy
$1d4[eona 10§ Syl UOISSIWD puk suonIpuod Jurjdures uorssiud sudIdos] S dqeL

SHUDWUOIIAUD FunSe.yuod wo.ay s)dA[eond ur uoissiud dud.adost pue SISAYIUAs0)oyg

[eryew Arejudud(ddng :7 a9ydey)

173



Appendix IV

Supplementary information for Chapter 3

Research article in Plant Physiology

Increased ratio of electron transport to net assimilation rate supports

elevated isoprenoid emission rate in eucalypts under drought

Kaidala Ganesha Srikanta Dani, lan McLeod Jamie, lain Colin Prentice, Brian
James Atwell

Department of Biological Sciences, Macquarie University, North Ryde, Sydney, NSW 2109, Australia (K.G.S.D., I.C.P., BJ.A);
Department of Chemistry and Biomolecular Sciences, Macquarie University, North Ryde, Sydney, NSW 2109, Australia (K.G.S.D.,
1.M.J.); and AXA Chair of Biosphere and Climate Impacts, Grantham Institute for Climate Change and Grand Challenges in Ecosystems
and Environment, Department of Life Sciences, Imperial College London, Silwood Park Campus, Buckhurst Road, Ascot SL5 7PY,
United Kingdom (I.C.P.)

Table S1: Photosynthesis parameters of Eucalyptus camaldulensis subsp. camaldulensis in response to
drought and photorespiratory stress
(Experiment 3) leaf temperature of 25 °C and PAR=1200 pmol m2s*

Net Leaf internal
L Stomatal CO; Transpiration | Leaf Relative
Treatment assimilation d idi
roup rate conductance | at rate temperature | Humidity

g o | (Mol m2s?) | C.=400 (mmol m2s%) | (“C) (%)

(umol m=s1) 1

pmol mol

2% O, +
100% EC 275+ 1.14 0.65 + 0.06 275+ 16 7.2+0.15 25.0+0.05 |56%2
2% O, +
500 EC 5.9+0.39 0.10+0.01 267 £ 11 20+0.23 252+009 |41+1
20% O, +
100% EC 20.4+0.20 0.52 +0.03 302+4 7.7+031 25.0+0.07 |44+2
20% O, +
50% EC 6.6 £0.59 0.11 +0.02 234+ 7 24+0.33 251+0.16 |35%2
50% O, +
100% EC 10.3+0.69 0.45+0.04 366 + 7 5.7+6.92 249+011 |52%2
50% O, +
50% EC 3.8+0.56 0.14+0.04 348+ 14 2.8+0.63 25.1+0.08 |34+3

All values are Mean £ 1 SE (N=5)
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Supplementary Figure S1

30
A
25 - ,
o 20
>
= 15
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2 20 50

Oxygen concentration (%)

Fig. S1: Electron transport rate to net assimilation rate ratio in response to
varying levels of oxygen concentration in E. camaldulensis subsp. camaldulensis
(Experiment 3)

Fig. S1: Electron transport rate to net assimilation rate ratio in response to varying levels of oxygen
concentration in well-watered (100% FC) and droughted (50% FC) E. camaldulensis subsp.
camaldulensis (Experiment 3)
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Supplementary Figure S2
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Fig. S2: Photosynthesis response to short-term heat stress

Fig. S2: Response of photosynthesis to short-term exposure to heat stress under 20% O (left panel) and
2% O, (right panel) over a CO, concentration span (60 pmol mol* to 1800 pmol mol™?) in Eucalyptus
camaldulensis subsp. obtusa acclimated to well-watered condition (100% FC) and drought (50% FC) (A)
stomatal conductance (B) leaf internal CO, concentration (C) transpiration rate (N=6, means + 1 SE). Note:
It needs to be tested whether stomatal limitation on CO, diffusion also reduces RuBP regeneration capacity
(Tezara et al., 1999) and whether it contributes to increased emission under drought. (Tezara W., Mitchell
V.J., Driscoll S.D. & Lawlor D.W. (1999) Water stress inhibits plant photosynthesis by decreasing coupling
factor and ATP. Nature 401, 914-917)
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Supplementary Figure S3
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Fig. S3: Short term (15 min) response of photosynthesis to low O, (2% oxygen)
(Experiment 1)

Fig. S3: Short term (15 min) response of photosynthesis to low Oz (2% oxygen) at 25 °C and 400umol
mol CO; in two eucalypts acclimated to well-watered condition (100% FC) and drought (50% FC) (N=4,
mean + SD). In both species net assimilation rate increases and stabilises within 5 minutes (monitored until
15 min) after exposure to low O, under well-watered conditions (Black*P=0.06);. Photosynthesis declines
under low O in E. camaldulensis subsp. camaldulensis experiencing severe drought (<50% FC;
Grey*P=0.11)

177



Supplementary Figure S4
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Fig. S4: Compare emissions under heat (without drought) and drought (without heat)

Fig. S4: Isoprene and monoterpene emission rates: Comparing drought and heat responses (A)
Compare emissions under heat (without drought) and drought (without heat) (B) Illustration reproduced
(permission pending) from Niinemets (2010) in Trends in Plant Science (C) We propose that the response of
constitutive isoprenoid emission under drought follows the blue dashed line rather than the original solid line

(compare with heat stress response)
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Supplementary Figure S5
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Fig. S5: Estimated NPQ across drought gradient

Fig. S5: Estimated NPQ across drought gradient (see main MS methods for details) Note the significantly
high NPQ in E. camaldulensis subsp. camaldulensis (%FC <50)

Supplementary Figure S6
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Isoprenoid emission rate
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Fig. S6 Isoprene and monoterpene emission rates peaking at two different CQO, concentrations

Fig. S6: Isoprene and monoterpene emission rates peaking at two different CO2 concentrations in

response to short term CO; exposure (at 28 °C, 20% O2) in E. camaldulensis subsp. obtusa
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Appendix V

Supplementary material for Chapter 5
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Figure S1: Plant height and heterophilly in £. globulus

100

Plant height (cm)

Winter

B 25NP
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o\

Juvenile

Adult

Figure S1: Plant height and heterophilly in Eucalyptus globulus: (A) Photograph showing the positive effect

of LD acclimation in summer on stem elongation and vegetative growth independent of temperature acclimation

(B) Actual data of plant heights in winter-ascent (differences not significant) and summer-ascent (significant)

(C) Morphological difference between juvenile and adult plants of E. globulus with (D) showing transitory

stages of development.

Figure S2: Long day and low temperature detrimental impact on E. globulus

fold-change in transcripts
(relative to 18S rRNA gene expression and 25NP treatment group)

-10000 -1000 -100 -10 1
251D *_
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PEPcase
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Figure S2: Exceptional detrimental impact of LD on Eucalyptus globulus at 25 °C: E. globulus at 25 °C

acclimated to LD showed hundreds of folds of decline in transcripts of all genes including actin, which was

originally thought of as a reference gene. Since the treatment caused a detrimental change in the physiological

status of E. globulus, their photosynthetic and volatile emission response were not explainable within the

experimental context.
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Appendix VI

Supplementary information for Chapter 6

Supplementary Material

Evolution of isoprene emission
capacity in plants

K. G. Srikanta Dani' 2, lan M. Jamie? I. Colin Prentice" ®, Brian J. Atwell'
! Department of Biological Sciences, Macquarie University, North Ryde, Sydney, NSW 2109

2 Department of Chemistry and Biomolecular Sciences, Macquarie University, North Ryde, Sydney, NSW 2109
3 Grantham Institute for Climate Change, and Division of Biology, Imperial College, Ascot SL5 7PY, UK
Corresponding author: Atwell, B.J. (brian.atwell@mg.edu.au)

4 Supplementary tables

Summary of additional anecdotal evidence
85 Supplementary references
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Table S1: Net assimilation rate , isoprene and monoterpene emission rates for selected species of angiosperms (data
points superimposed on to the conceptual diagram in Figure 2b of the main paper)

18.73 1.04 45.21 8.85 [s1]
Populus trichocarpa
20° E 45° g [S2]
18.6 0.8 40.4 34 [S3]
Populus deltoides 14.86 1 21.4 417 [S4]
16.3 1.22 24.99 5.53
15.45 1.79 24.99 5.07 [s1]
Populus euramericana
15.86 1.41 28.24 4.8
13.36 1.14 20.13 3.99
15.51 1.74 24.86 4.13
14.03 117 34.78 9.37
(1]
20.19 0.86 20.98 1.41
Populus nigra
14.66 1.59 18.18 5.96
14.79 04 37.86 3.33
152 = 20° * [S5]
16.13 0.77 19.47 0.85 [S6]
Populus alba 17.58 1 15.39 1.36 [S7]
Populus canescence 17° * 33° * [S8]
9.3 1.4 29.8 4.6
14.5 0.9 45.7 28
[S9]
Quercus rubra 9.9 0.5 43.6 8.3
11.2 0.4 76.8 8.8
9? * 38° * [S10]
35° g 14° g [s11]
Quercus robur 8 1 18° 1 [S12]
8°? 2 30° 5 [513]
Quercus alba 1.2 0.4 87 9 [S14]
Quercus petraea 6.6 25 4.3 2
[S15, S16]
Quercus frainetto 8° * 30.7 *
Quercus pubescence 11.9° 4 28 ® 0.5 [S17]
Eucalyptus viminalis 527 0.2 0.84 ° 0.59 (18]
Eucalyptus grandis 3 0.1 2.58% 1.37
Eucalyptus camaldulensis 6.16° 0.31 5.05%" 3.56 18]
8.2° 0.44 11.86% 0.56
11° 15 {i7A2! o [S19]
Eucalyptus globulus (adult)
20° 1.5 22>°¢ 2 [S20]
9.4 1.4 8.2* 1.4
[S21]
Eucalyptus globulus [iuvenile) 7.5 0.8 6.97 0.8

? taken from a graph; ® PPFD not at saturating level; ° monoterpenes not reported; * NA
All chosen isoprene emission rates for angiosperms also reported smultaneously measured Asaand the condltlons were
CO; between 350 to 400 pmol/mol, temperatures of 25 to 30 C, and PAR in the range of 500 to 1000 pmol/m ’/s. Due care
is given to the measurement season, temperature and light intensity levels when choosing values for comparison.

184



652
9’8
Sv'e
1S°0
3400]
So'e
80
S0°0
8.0
S0
L0
T
VA4
AR
ve'9
[4A°]
197}
8881

(s1,wowu) °p

14
14

©® N © v o

]

44
Vel
8G'€

oL

69
19'9

oL

(s/,wyjowrl)

sy

[egsl]
[sps]
[6vs]
VN
VN
lSPS]
[1ps]
[Lys]
[ges]
[ses]
[ees]
[oes]
[8zs]
[9zs]
[9zs]
[ezs]
[ezs]
[ezs]

2duaJssjal

LL
oy
S9
VN
VN
VN
2s
4]
194
9G
€S
0S
(74
0
0L
14
14
14

(B/,w2)

vis

[ogs]
[ogs]
[ogs]
[2t]
[2vS]
[ps]
[evs]
[res]
[2es]
[res]
[Les]
[62s]
VEAS)|
[228]
[szsl]
[vzs]
[ezs]
[ezs]

ay/6/6n
ay/6/6r
ay/6/6n
Jy/,wy/Br
Ju/,wy/Brl
ay/6/6r
1y/6/6r
ay/6/6r
s/,w/Bu
ay/6/6n
1y/6/6n
ay/6/6r
ay/6/6r
ay/6/6r
ay/6/6r
ay/6/6r
ay/6/6r
ay/6/6r

8'6

9l

Ll

0S¢

0SZ 01 00}
9

4

€10
0LF00}
GZ'0¥SC'L
S001L0
oove

€

SoL

(44

9L

Le

€C

(Cw ) ayes
uoissiwa

auadiajouopy

[ess]
[1ss]
[6vS]
[sps]
[ovs]
[evs]
[ovs'ees]
[ovs'ees]
[oes]
[ees]
[Les]
[6zs]
[z2s]
[zzs]
[gzs]
[ezs]
[ezs]
[ezs]

s/, wyjowrl
s/,wyjowri
m\NE\_oE_._
s/,wyjowrl
s/,wyjowri
Jy/,wp/Bu
s/,wy/jowrl
s/,wy/jowrl
m\NE\_oEn
s/,w/jowrl
ay/6/jowrl
m\NE\_oE:

s/B/jown

s/B/jown
s/,wyjowrl
s/,wyjowrl
s/,wy/jowri

s/,wyjowri

ed/eo0Ise| SAIqY JO S,
‘9)N|0Sqe SE JoU puB SAIedIpUI SB AJUO pajeal} 8q pinoys swiadsouwAB ul a)el uoissiwa pioualdos| pue a)es uone|iisse

usamjaq diysuone|as sy} ‘810ja1ay ] "ainjela)l| 8y} Woly paulelqo saloads aAnoadsal ay) 1oy sejewnsa (YS) ealy jeaT oyoadg buisn Aq siseq eale jes| e uo pajejnojes
0S|e 2I9M SBN|BA 5y ‘SaDUBIS)OI SJBUISYE WO PBOINOS 919M SaN|BA ¥y 9ouay (M8} e Jdaoxa) A|SnosuE)NWIS PAINSESW JOU 9I9M SS)eJ UOISSIWS pue sy ‘swiadsouwAb 1o

14

4

SC
L¥S

9
96CL 01 G'€
¢¥8
8
cc
Vel
0LF0L
S¥0L
€00
200
§zFoL

(payiodau
se)

sy

sifejuspioo0 ey
edieooise] saiqy
esoulsal snuld

Imoljie snuid

epee) snuld

esoibljal saiqy
sisuadajey snuid
sisuadajey snuld
sujsanifs snuid
BueIsyueq Snuld

salqe eadld
euejuoSSeW SNUId
esosspuod snuld
nsaizusw ebnsjopnasd
nseizusw ebnsjopnasd
eauld snuid

eauld snuid

eauld snuid

(12ded urew ayj jo qz ainbi4
ul weubelp |enjdasuos ayj 0} uo pasodwniadns sjuiod ejep) swiadsouwABb uaaibians Jo salvads pajos|es 40} sajes uoissiwa suadiajouow  ajes uoneiwisse JaN ZS dqel

185



SElL
8'0L
Sol

sc'e
oL
9C’L
€96
56
88°¢l
8l
SS°L
8Ll
S0'€
€90
81’0
1S°L

(s1,w/10wu)

9jeu uoissiwa
auadiajououw + auaidos)

"8]N|OSQE SE JOU puE 9AledIpUl Se AJuo pajeal) 8q pinoys suuadsouwAb ui ajes uoissiwe plouaidosi pue ajel uole|iwisse usamiaq diysuone|al
8y} ‘aI0jeIay] "S9OUSISJOI S)UIS)E WOL) PADINOS BI9M SaN|eA By 9ouay (May e Jdeoxa) A|SnosuE)NWIS PaINSEaW J0U 819M S8).J UOISSIWS pue sy ‘swiadsouwAb 1o

S'€
€
89

Sy
el
Vel
Ve
Sl

69
Sy
SoL
A4

(s/,wiowr)

jesy

e VN [L28]

= VN [L28]

= VN [128]

[ozs] SpL [ogs]

[89s] fore] [9s]

[298] 19 [9s]

[29s] 19 [99s]

[9s] ¥9 [9s]

[oes] 0S [6gs]

[09s] 0 [ess]

[09s] 0 [ess]

c VN [oes]

e VN [9es]

= VN [9es]

[9zs] ov [zgs]

[ozs] or [9gs]
e (6/,wd)
vis

S/,W/jowu
s/,W/jowu

S/,w/jowu

1y/6/6r
1y/6/6r
ay/6/6r
ay/6/6r
ay/6/6r
1y/6/6r
1y/6/6r
ay/6/6r
S/,w/jowu
S/,w/jowu
S/,W/jowu
S/,W/jowu

ay/6/6r

S€L
80l
SoL

02
6v'€
L0'€L
9291
143
v'ee
S6'€
8€'E
8Ll
S0'e
€90
8v°0

8¥0C

ajes
uolssiwd

ouow
+ 0s|

[128]

[128]
[128]

[69s]
[oes]
[99s]
[99s]
[e9s ‘29s]
[oes]
[19s]
[8ss]
[oes]
[oes]
[9es]
[sss ‘vss]
[sss ‘vsS]

s/,wyjowri
s/,wy/jowr

s/,wyjowr

s/,wy/jowr
s/,w/jowr
s/,wy/jowr
s/,wy/owr
s/, w/jowri
s/,wy/jowr!
s/, w/jowrt
s/,w/jowr
s/,wyjowr
s/,wyowr!
s/,wyjowr
s/,w/jowr

1y/6/jowr

St
€
8'9

ejeuurd-aAIsinosp
suajdfiay L

eoloIRIUE BIUOSHII]

ypuny sueydAiay L

(s1opiwa auaidosi) sajhydopusid

8
Sy
€l
Vel
Ve
Sl
611
69
Sy
ve
44
S
0Z¥00L

(papodau se)

es
i

Sepl10qo.jsojdA|b
ejonbasejapy

salqe eaodld
suabund eadi4
eonelb eaodld
nuuewjabus easld

euej/uossew snuld

suspuaose
wnipoxe |

wnyonsip wnipoxe|
saiqe eaold
2nojosp xue7
sujseniAs snuid
SISUBYO}IS B8dI4

sISuayoyis eavld

(12ded urew ayj jo qgz ainbi4 ul weibelp jenydasuod
8y} 0} uo pasodwiadns sjuiod ejep) swiadsouwAb snonpioap pue usaib1aA9 Jo sa10ads pajoajas 10} sajel uoissiwa (suadiajouow+) auaidos] ‘ajel uone(IISSe JaN €S d|qel

186



souadadjouowr pue dudadost yyoq yurd jey) s)dA[EINI UT UIAI ‘PIAIISUO0I S1 AJdeded uoIssIud uo duInpul
ueds aj yes] w widyed ) ey sisayppodAy Yy 3s9) 0) sHEPIPuULd Pood Iq PINoM EBIERISNY Ul §)saa0) [eddonqns uidyliou
ay) woay (pyjofipups -7 pue ‘vgw smdgponzy) s)dAeons snonpa “IAYLIN PIUTWEXD 3 0] SPIIU IIUILINIIO-0I [BUOHEUIGUIOD
) ‘uoissiwad Judadosi-yiqey snONpRA(Q sA woIssiwd duddidjouow-jiqey wRAZAY  ([LLS] 89) siopnud dsudadost dae

SISUBLIDUDI () UIIISIIAI-TWAS PUE .11G0.4 “() SNONPIdIP IY) I[IYA SI3)IND duddIdjouow dae 12gns ) PUB X2j1 SN21an¢) SUINSIIAY (q)

‘[9LS] syueld puey jo A10)sy [e3130[033 ay) ul )SAYS1Y YY) Suowre Aq 0) PABWISI dIe (BN
00€) SNOIJIU0QIE) PuE (BAJAl 00F) UBIUOAI( e Jo swasisodd-oaefed ayp ur Hyxajdwod pue uoneads Ul ased 12Ul Jo SIIBI YL
*s1a1nwd dudadost [epuajed osje d1am (s8] IYTPY ur w og 03 dn AAS YPIYM sapmnpp) SE YONs S[1e)dsIoy pue ‘uoapuapoprdaT
se yons pordd snosajiuoqae)y Y woay sNAYdodA] JuIIsAIOQIY "SIADEB[RA APOOA )SIABIU JRY) ul el uonerads pue
Pmoas 1aysiy e ueaw Ajqeqoid ppnoa Arurey juepd € ur 19U38 SN0IIBQIIY JO JuASunuod agae] v *[pLS] (A4 acr_::_&w Z1°0) S1)
ul uey) I19)edrd sowr) udy Apredu e (A4 octowso::\mo_uunm S1'1) spue[d snoddeqaay ul sdjel uoneads jey) pajewnsd U sey |
[eLS] snyrunpdiyg snuad snoaoeqiay Apsow ‘Sunynue sudrdosi-uou ) urygrm saads gz < Surstidwod Anuey e ‘ovadeyjueAyd
01 suoppq yamgm ‘[gzLS] yeuueaes uedLyy Yy woay snuad 94 ordSouow ‘Gumws susxdost ydg e ‘vyefiounosdvw
SHASOUYIDIOPNISZ SB YINS $IIA) ISIIAIP SSI| Ul UIAD PIA[0Ad dAey 0) saeddde uorssiud dudadosi “Iay)in) pauruexs udysy (e)

13DUIPIAI [BJOPIAUY

187



Table S4: Wilcoxon’s two tailed signed-ranks test performed with collective number of species for emitting and non-
emitting sister genera treated as paired observations (references for original phylogenies are given in parenthesis)

11 605

Fagus Quercus
Lithocarpus 336
Fagaceae
[S78] Castanea 9
Castanopsis 137
493 605 112 4
Cercis 10 Bauhinia 352 342 10
Cassia 87 Caesalpinia 163
Fabaceae Ceratonia 2 Acacia 1380
[S79, S80] Albizia 138
89 1681 1592 14
Phaseolus 87 Dalbergia 278 191 7
Chosenia bracteosa 1 Salix 377
Salicaceae Azara 9 Populus 87
[SBARSaz] Idisea polycarpa 1
11 464 453 11
Allosyncarpia ternata 1 Corymbia 95
Stockwellia quadrifida 1 Angophora 16
?g;g?ceae Eucalyptopsis 2 Eucalyptus 810
Arillastrum gummiferum 1
5 921 916 13
Juniperus 71 Metasequoia 2
Callitris 16
Cryptomeria japonica 1
88 2 -86 -1
CYMTTEENES [~ 6 Podocarpus 108 102 3
[S84]
Tsuga 10 Pinus 122
Picea 40
Larix 14
10 176 166 6
Dryneria 16 Polypodium 160 144 5
Rumohra 3 Dryopteris 286 283 8
Blechnum 97 Thelypteris 383
Pteridophyta Cval 17
[S85] yelosorus 0
97 553 456 12
Pteris 149 Adiantum 126 -23 -2
Marselia 12 Cyathea 300 288 11

The calculated sum of negative ranks is 3 and it is less the table value of 12 (when N=14) for Wilcoxon »
singed ranks test at P<0.01. Thus, the hypothesis that isoprene emission occurs in genera that are Absolute sum of positive ranks 102
significantly more speciose than their nearest sister genera is accepted (P<0.01). Absolute sum of negative ranks 3
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he effect of drought on plant iso-

prene emission varies tremendously
across species and environments. It was
recently shown that an increased ratio of
photosynthetic electron transport rate
(ETR) to net carbon assimilation rate
(NAR) consistently supported increased
emission under drought. In this com-
mentary, we highlight some of the physi-
ological aspects of drought tolerance that
are central to the observed variability.
‘We briefly discuss some of the issues that
must be addressed in order to refine our
understanding of plant isoprene emission

response to drought and increasing
global temperature.
Increasing and irregular  droughts

induced by global warming will affect
plant responses and could potentially
define land plant evolution during the
Anthropocene.’ Terrestrial plant ecosys-
tems are a major sink for CO, and consti-
tute a central component of global carbon
cycle. Net primary production (NPP;
~50 PgClyr) is sensitive to changes in
global temperatures and could decline in
future due to unprecedented warm tem-
peratures  and  extended periods of
droughe.”® The emission of isoprene
(~0.5 PgClyr) by forests releases carbon
to the atmosphere in a form that influen-
the

Emissions increase in  plants

ces oxidation reactions in tropo-
sphere.‘i
under oxidative stress caused by high light,
low CO,, drought and heat; such observa-
tions have led to various hypotheses con-
cerning the biological
evolutionary role of isoprene emission in
ccosystems.”®  While  photosynthesis

clearly declines under abiotic stresses

function and
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(particularly drought), isoprene emission
responses are far less predictable.”
Isoprene biosynthesis and emission
by plants depends on carbon, energy
and reducing power supplied by photo-
synthesis.''? One of the hypotheses
that attempts to explain variation in iso-
prene cmission states that sccondary
metabolism and  volatile
increase under abiotic stresses because
the net carbon assimilation declines but
the supply of reducing equivalents
remains high.'?'> We have successfully
tested the hypothesis that photosyn-
thetic carbon reduction competes with
non-photosynthetic sinks for reducing
power under stress-free conditions. A
claim is made that residual reducing
power unused by carbon assimilation

emissions

drives increased isoprene emission under
various abiotic stresses'®17 (Fig. 1).
Exploiting the contrasting drought
tolerance of 2 Fucalyptus species, we
provided'® an exhaustive experimental
data-set showing that an increased ETR-
to-NAR ratio sustained increased isoprene
rates under drought, which
appears to follow a species-specific thresh-
old for drought tolerance (Fig. 1). When
placed in an ecological context, aggregate
isoprene emission depends on the mix of
species in plant communities, cach emit-

. e o 13
tlllg at a C[l:ll’.’iCtCIlSth range Of rates.

emission

While vegetation maps define species dis-
tributions reasonably well, there is still
very scarce information about the physio-
logical determinants of emission rates.
Improving global emission algorithms
requires a broad consensus of species’
responses to drought, which so far has
proven a challenge. In this addendum to

€990830-1
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Figure 1. A notional view of the relationship between net assimilation rates (green line in all
images) and electron transport rate, photorespiration rate and isoprene emission rate (top to bot-
tom) as eucalypts are to exposed diminishing water supply.

the paper by Dani et al.,'® we highlight
issues that are yet to be addressed.

We have monitored photosynthesis (at
leaf-level) and isoprene emission (both at
leaf and whole plant-level) under glass-
house conditions in many species of genet-
ically diverse eucalypts selected from
different regions across Australia. While
any relationship between emission rates
obtained through canopy sampling (of

young  seedlings) and  leaf-level

€990830-2

photosynthesis gas exchange measure-
ments has epistemological problems, and
is at best only indicative, we wish to high-
light some pertinent observations that we
believe are relevant to future studies
involving isoprene emission and abiotic
stress.

The emission races observed in all of
experiments involving eucalypts,
including both multiple species and the
pairwise comparison cited above,'® were

our
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low (0 to 10 nmol/m?/s) compared with
those from more widely studied poplars
and oaks (20 to 100 nmol/m?/s).° Many
native Australian plants have abundant
Rubisco and eucalypts in particular are
notable for their extremely high photosyn-
thetic capacities among trees, operating as
they generally do in high-light environ-
ments.'"® While a large carboxylation
capacity could make full use of high
energy status of the leaves of eucalypts, it
could also leave limited reducing power
for the MEP pathway under stress-free
conditions. These characteristics, along
with perennial monoterpene storing, may
explain why evergreen eucalypts emit less
isoprene than deciduous poplars or oaks,
which go through annual cycles of senes-
cence and periodic drought. A strong posi-
tive correlation between photosynthetic
clectron transport and isoprene emission
is known'? and based on published recent
empirical data'®'” we project that plants
with low photosynthetic rates should be
high isoprene emitter if they posses high
clectron transport rates relative to carbon
assimilation rates.

CO, compensation point (I'*) is an
important indicator of photorespiratory
capacity of a species and it takes an appre-
ciable range of values even among Cj
plants (30 to 70 ppm).zo Drought exacer-
bates oxidative stress by decreasing stoma-
tal conductance and as a result increasing
leaf temperature and CO, compensation
point. I'* also conforms to a diurnal cycle
(40 ppm to 160 ppm), with a daily maxi-
mum coinciding with midday depression
in carboxylation efficiency.?! The well-
known diurnal peak of isoprene emission
just after midday is consistent with the
mechanistic link between carboxylation
efficiency and emission rates. We also
observed a large range in I'* wvalues
(40 ppm to 80 ppm) across many specics
of the genus Eucalyptus under stress-free
conditions. This diversity in photorespira-
tion among ecucalypts has important
implications for the way drought-induced
photorespiration affects isoprene emission
in trees. Photorespiration directly com-
petes with the MEP pathway for reducing
power and the competition becomes acute
under drought stress as photorespiration
rate increases and carbon supply for the
MEP  pathway decreases.'® The large
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range in I'* could be due to diversity in
leaf structural traits (mesic vs. xeric) that
in turn reflect rainfall and nutrient avail-
abilicy in their respective habitats. Many
C; plants are known to recapture photo-
respiratory CO, and the energy require-
ments of such processes are completely
unknown.

It is recendy reported that drought-
induced increase in concentration of solu-
ble sugars in the cytoplasm has no bearing
on isoprene emission.”” These findings
rule out import of cytosolic carbon (sug-
ars) into chloroplasts under severe
drought. It further reinforces che claim
that isoprene emission behavior is most
strongly influenced by photorespiration
and other pathways occurring within
chloroplasts, which therefore compete
directly with the co-located MEP pathway
for both photosynthetic carbon and reduc-
ing power.

The interactive effects of CQ,, heat
and drought on emission are quite com-
plex.'"® Even closely relared eucalypts
exhibir significant differences in their pho-
torespiratory sink strengths for reducing
power, indicating that differences between
more distantly related taxa could be even
more striking and could make the assess-
ment of their emission responses to
drought far more difficult using existing
models and mechanistic assumptions. Ele-
vated CO, levels for long periods are sug-
gested to cause a significant decrease in
maximum carboxylation capacity in many
C; plants (due to less Rubisco™),
although the response of electron trans-
port rate is less clearly defined.?® Acclima-
tion of plants to elevated CO; and its
impact on carbon gain, plant water use
efficiency uncertain.” Changes in carbox-
ylation and RUBP regeneration (contents
of chlorophyll and Rubisco)®®
generalized across many taxa that charac-
terize important isoprenoid-emitting eco-
systems.  Qur  results  suggest that
obtaining a reliable global atlas of toleran-
ces for abiotic stresses among major plant
biomes is crucial to understanding the

cannot be

future of plant isoprene emission in a

high-CO; world.
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