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Monitoring the photosynthetic performance of plants is a major key to understanding how plants adapt to their growth condi-
tions. Stress tolerance traits have a high genetic complexity as plants are constantly, and unavoidably, exposed to numerous
stress factors, which limits their growth rates in the natural environment. Arabidopsis thaliana, with its broad genetic diversity
and wide climatic range, has been shown to successfully adapt to stressful conditions to ensure the completion of its life
cycle. As a result, A. thaliana has become a robust and renowned plant model system for studying natural variation and con-
ducting gene discovery studies. Genome wide association studies (GWAS) in restructured populations combining natural and
recombinant lines is a particularly effective way to identify the genetic basis of complex traits. As most abiotic stresses affect
photosynthetic activity, chlorophyll fluorescence measurements are a potential phenotyping technique for monitoring plant
performance under stress conditions. This review focuses on the use of chlorophyll fluorescence as a tool to study genetic

variation underlying the stress tolerance responses to abiotic stress in A. thaliana.

INTRODUCTION

Environmental factors, such as heat, drought, salt and fluctuating
light stress, threaten agriculture across the globe by reducing the
growth and yield of many plant species. For example, accord-
ing to a recent United Nations study, it was estimated that the
global annual cost of lost crop yield and land degradation to salin-
ity, in particular, is around US$ 27.3 billion (Qadir et al., 2014).
The prevalence of many stress events, such as drought and heat
stress events, are expected to increase with climate change (Hef-
fernan, 2013; Teixeira et al., 2013).

The use of chlorophyll fluorescence to monitor photosynthetic
performance has been utilised since the Kautsky effect was first
described in 1931 (reviewed in Govindjee, 1995). The Kautsky
effect describes the pattern of chlorophyll fluorescence in dark
adapted leaves when exposed to continuous light. There is an
initial increase in fluorescence as the PSII become saturated fol-
lowed by a slow decrease as photochemical quenching occurs.
Since the 1930s, the development of instruments capable of imag-
ing chlorophyll fluorescence has provided a powerful tool in many
areas of plant research including revealing spatial heterogeneity
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of leaf photosynthetic performance (Maxwell and Johnson, 2000);
screening for metabolic perturbation (Barbagallo et al., 2003);
estimating green leaf area and consequently estimating growth
and leaf senescence (e.g. Barbagallo et al., 2003) and identifying
components of photoprotective mechanism (Niyogi et al., 1998).
In addition, chlorophyll fluorescence has also been used to study
abiotic stress responses such as salt stress, drought and high light
stress (Tsugane et al., 1999; Stepien and Johnson, 2009; Woo et
al, 2008). However, the majority of these studies have been limited
to a small number of lines using manual measurements or seedling
studies. The recent development of high-throughput phenotyping
platforms has allowed an expansion of the use of kinetic measures
of chlorophyll fluorescence in a large number of mature plants and
in a range of plant research areas, including population genetics.
A. thaliana has been used for decades in many disciplines
of plant research for its great advantages: (i) its entire genome
is fully sequenced and well annotated, (ii) it is a selfing species
with a short life cycle, (iii) it can produce a large number of seeds
and (iv) it has a broad geographic distribution, which reflects its
natural genetic variation that is commonly utilised in gene map-
ping studies (Shindo et al., 2007). Using A. thaliana as a model
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plant and chlorophyll fluorescence as a photosynthetic monitor-
ing tool are a promising combination for investigating the genetic
factors involved in different stress tolerance-related traits such as
germination, growth, flowering time and seed yield under various
growth conditions (Koornneef et al., 2004; Lefebvre et al., 2009).

In this review, we focus on the use of chlorophyll fluorescence
phenotyping, and the subsequent characterisation of quantitative
trait loci (QTLs), as tools to investigate the genetic variation in the
tolerance response to abiotic stress in the model plant, A. thali-
ana. To illustrate our chosen methodology, we present two ex-
perimental examples: 1) the investigation of the natural variation
in non-photochemical quenching (NPQ) using a genome wide as-
sociation (GWAS) diversity set of A. thaliana accessions under
high light stress and 2) the investigation of the natural genetic
variability in salinity tolerance levels using measures of photoin-
hibition and photosynthetic efficiency in a bi-parental A. thaliana
mapping population.

Photosynthesis and the use of chlorophyll fluorescence as
an indicator

The process of photosynthesis is essential to life on Earth; the
conversion of light energy from the sun to chemical energy pro-
vides the base level of most food chains. However, the frequent
mild to severe abiotic stresses which plants are exposed to in the
natural environment impact photosynthesis on a daily basis. Daily
fluctuations in temperature, humidity and light intensity, as well as
more sustained stresses such as water deficit and salinity, impact
multiple cellular processes that impact photosynthetic capacity
and efficiency (Figure 1A). These stresses often occur simulta-
neously, resulting in exacerbation of the stress. Some stresses,
such as salinity, have multiple phases of salt ion accumulation
that results in different negative effects on photosynthesis (Figure
1B). Plants must optimise the absorption and use of light energy
to maintain growth while limiting the photooxidative damage that
occurs when absorbed energy is excess to that used in CO, fixa-
tion. Excess light absorption by the light harvesting antennae of
the photosystems converts water and oxygen into reactive oxy-
gen species (ROS), which then damages other cell components
such as the photosystems | and Il (PSI and PSII, respectively).
Scavenging these ROS and preventing excess light absorption is
energy intensive and can lead to reduced growth rate, reproduc-
tion and even death (Kasahara et al., 2002). To maintain maxi-
mum photosynthetic rate and growth, but avoid cellular damage,
plants have evolved a number of mechanisms to allow short-term
and long-term acclimation to changes in their environment. These
involve minimising the amount of light absorbed and diverting en-
ergy from photosynthesis. Chlorophyll fluorescence can be used
to quantify the effectiveness of these mechanisms. For example,
photoinhibition can be monitored by measuring the change in the
Fv/Fm parameter; while the change in NPQ reflects the amount
of thermal dissipation, one of the photoprotective mechanisms.
Under non-stressful conditions photosynthetic pigments, such
as chlorophyll located in association with photosystems PSI and
PSII, capture light energy and convert it to chemical energy via
the photosynthetic pathway. When excess light is absorbed, the
excess energy can be emitted as heat or chlorophyll fluores-
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cence (Figure 1C) (Maxwell and Johnson, 2000; Baker, 2008).
This model suggests firstly, that the light energy absorbed by
chlorophyll activates electron transport to the primary quinone
acceptor of PSIl (Q,), which causes the quenching of the fluo-
rescence; a process known as photochemical quenching (Baker,
2008). Secondly, if there is additional energy that cannot be used
in photochemical quenching, this excess energy could be dissi-
pated in the form of heat, known as NPQ. The NPQ mechanism
involves multiple components including a proton gradient across
the thylakoid membranes, the activity of xanthophyll cycle, and
the function of PsbS protein (Horton et al., 1996; Li et al., 2002;
Jung and Niyogi, 2009; Garcia-Plazaola et al., 2012). The mech-
anisms of how these three components affect the NPQ process
will be explained below. Lastly, the excess energy could also be
re-emitted as chlorophyll fluorescence. The processes of photo-
chemical quenching, NPQ and chlorophyll fluorescence occur in
competition; if one rate increases, it will result in the decrease of
the other two rates. Although only 1 to 2% of the total amount of
light absorbed is emitted as chlorophyll fluorescence, it can be
measured with pulse-amplitude modulated (PAM) fluorometers
(Maxwell and Johnson, 2000). Experimental evidence has shown
that chlorophyll fluorescence could be used to determine a plant’s
performance in stress conditions (Kautsky, 1960; Butler, 1978;
Rohacek, 2002; Baker, 2008).

In addition, the photosynthetic efficiency could be calculated
from the chlorophyll fluorescence measurements, which indicates
how the absorbed energy is being utilized in photochemistry.
Photosynthetic efficiency can be described as the fraction of light
energy converted into chemical energy during photosynthesis,
where the rate of photosynthesis is susceptible to changing light
intensity. However, the photosynthetic efficiency can only rise to
the saturation point of the photosynthetic rate, limited by maxi-
mum Rubisco activity, beyond which further increases in light
intensity do not increase photosynthetic rate (Osmond, 1994).
The maximum photosynthetic efficiency can be calculated as an
indicator of the amount of photoinhibition occurring; as well as
NPQ, the heat-dissipating process of excess light energy that is
involved in photoprotective mechanisms (Maxwell and Johnson,
2000). The calculation of these parameters is described in Box 1.

Photoinhibition is the decrease in photochemical capacity or
increase in damage to PSII as a result of abiotic stress. It can
be observed by measuring the decrease in the chlorophyll fluo-
rescence parameter maximum quantum efficiency (Maxwell and
Johnson, 2000). This parameter is frequently used as a sensitivity
indicator of a plant’s stress levels, either from a biotic or abiotic
cause (Rohacek, 2002; Baker, 2008). For instance, when wild
type plants are exposed to high light stresses, maximum quantum
efficiency is markedly decreased in comparison to non-stressed
plants (Rohacek, 2002; Baker, 2008). This occurs due to the ex-
cess energy harvested causing photo-oxidative damage to the
proteins in PSII, in particular the D1 protein.

Non-photochemical quenching (NPQ) is an important mecha-
nism by which Arabidopsis plants dissipate excess absorbed en-
ergy in the form of heat (Figure 1C). NPQ is considered to be
a fast, safe and effective mechanism of photoprotection, which
is able to eliminate over 75% of excessively absorbed light en-
ergy (Niyogi, 1999). There are three major components involved
in NPQ, namely qE, qT and gl (Jung and Niyogi, 2009; Ihnken et
al., 2011; Turan, 2012). The qE, energy-dependent quenching, is
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Figure 1. Abiotic stress results in a range of changes attempting to optimise light absorption and energy balance of photosynthesis.

(A) Common to all abiotic stresses, is the need to optimise light absorption and energy balance to avoid photoinhibition and allow acclimation. Sustained
or high intensity stresses cause irreversible damage the photosystems and other cellular components leading to cell death. (B) Salinity, an abiotic stress
factor, acts in two phases; the osmotic and the ionic. The osmotic phase is a rapid response, which results in stomatal closure and growth rate reduction.
Itis referred to as a shoot-ion independent effect, as the ions have not had time to accumulate to toxic levels in the shoot. It is followed by the ionic phase,
which causes early leaf senescence (Munns and Tester, 2008). Reproduced with permission of Annual Review of Plant Biology, Volume 59 © by Annual
Reviews, http://www.annualreviews.org. (C) Energy absorbed by the photosystems can be used in one of three ways: for photosynthesis, released as
chlorophyll fluorescence or released as heat through non-photochemical quenching.

rapidly induced and relaxed within seconds to minutes. Develop-
ment of qE is associated with the accumulation of a proton gra-
dient (pH) across membranes caused by excess light (Li et al.,
2002; Jung and Niyogi, 2009; lkeuchi et al., 2016). This acidifica-
tion activates violaxanthin de-epoxidase in the xanthophyll cycle
resulting in accumulation of zeaxanthin, as seen in the lack of
gE in the Zeaxanthin-deficient (npq1) Arabidopsis mutant (Baker,
2008; Jung and Niyogi, 2009; Ware et al., 2015). Lastly, the pro-
tonation of the PsbS protein, which is associated with the PSII
antenna, induces conformational change for quenching of excita-
tion energy, an Arabidopsis PsbS deletion mutant, npq4-1, shows
absent of gE (Li et al., 2002; Baker, 2008). The presence of PsbS
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is more important in the induction phase, rather than the steady
phase, of NPQ (lkeuchi et al., 2016). The T, state-transition
quenching, is a mechanism of balancing excitation energy of PSII
and PSI, i.e. balancing excited ions of PSIl and PSI by revers-
ible phosphorylation involved in the migration of light harvesting
complex Il (LHCII) pool between the two photosystems. However,
the qT component is more important in algae than in plants (Mul-
ler et al., 2001). The last component, photoinhibitory quenching
(ql) is quenching associated with closed reaction centres of PSI|
caused by photoinhibition (Ware et al., 2015). Among these three
components, qE is the major component contributing to NPQ in
higher plants such as Arabidopsis (Jung and Niyogi, 2009).
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Box 1. Calculations of Chlorophyll Fluorescence
Parameters

The principle of chlorophyll fluorescence measurement is straightfor-
ward and many excellent reviews exist (see Maxwell and Johnson,
2000; Murchie and Lawson, 2013). Basically, the wavelength of chlo-
rophyll fluorescence is longer than the wavelength of absorbed light
(Figure 2A). Hence, chlorophyll fluorescence yield can be observed by
illuminating a plant in a known wavelength of light and measuring the
amount that is re-emitted at the longer wavelength. Multiple parameters
measured by PAM chlorophyll fluorescence can be correlated to abiotic
stress tolerance mechanisms. In PAM chlorophyll fluorescence, plants
are exposed to a program of dark and light periods while subjected to
a number of regular saturating light flashes, with quantification of the
resulting fluorescence (Figure 2B). Plants are initially kept in the dark
for a period of time, at least 30min is recommended for Arabidopsis.
This is called the dark-adapted state, which results in opening (oxidisa-
tion) of the reaction centre of PSIl. Then a minimum fluorescence, F,,
is measured using a weak measuring light. It is very important to note
that this measuring light intensity must be low enough to measure, but
does not cause the activation of the photochemistry in PSII. Then, this
is followed by a short burst of saturating actinic light (less than 1 second
at several thousand pmol photons.m2.s™") resulting in the closure of the
PSII reaction centre, because it is fully saturated. PSII later releases
the maximum amount of chlorophyll fluorescence, F,,, with the thermal
dissipation and photochemistry at the minimum (Maxwell and Johnson,
2000). This allows the amount of photoinhibition, or maximum quantum
efficiency of PSII, to be calculated using the formula:
FJ/F. = (F-Fo)/Fm

Healthy non-stressed Arabidopsis will have a F /F,, value of around 0.8
(Barbagallo et al, 2003; Hogewoning et al, 2012). Under stress condi-
tions that can cause severe damage to PSII through photoinhibition,
this damage can be observed by measuring the decrease in the F /F
ratio (Figure 2C).

Subsequently, leaves are illuminated continuously with moderately ex-
cessive light energy (>700 umol photons.m2.s™'), commonly referred to
as actinic light, which activate both photochemical and photoprotective
mechanisms. Another saturating pulse of light allows the maximum flu-
orescence in the light, F,' to be measured. The operating efficiency of
the primary photochemistry in PSII (PPSIl) can then be estimated from:

FIFL = (F. - F)F,

where F,' is the difference between F' and F,. Measures of F,/F, ' in
light-adapted plants indicate photosynthetic efficiency, or what propor-
tion of the absorbed light is being utilised for photochemistry. This mea-
sure, along with the light intensity, can be used to calculate the electron
transport rate (ETR) using:

ETR = F,/F, x light intensity (PAR) x 0.5 x 0.84

where PAR is the photosynthetically active radiation, the factor 0.5 ac-
counts for partitioning of energy between PSII and PSI and the factor
0.84 accounts for the reduced light intensity that is absorbed by the leaf
(Stemke and Santiago, 2011).

Continuing regular saturating flashes at one minute intervals at high
light intensities allow changes in the maximal fluorescence level in the
light, F., to be measured and the contribution of NPQ components
to be calculated. After switching back to the dark, the reaction centre
becomes relaxed, resulting in the relaxation of NPQ that is observed
from the increasing amount of fluorescence in response to saturating
flashes. NPQ can be calculated from the ratio of change in F, and F/
during the illumination as shown in the equation:
NPQ = (F,, - F))F,'

Normally, the values are expected to be within the range of 0.5 - 3.5.
However, it can vary greatly depending on the plant species and growth
conditions (Maxwell and Johnson, 2000). When wild type plants are
grown under low light, a small amount of NPQ value can be observed.
However, when they are exposed to excess light for a period of time,
NPQ increases until it reaches a steady state (Figure 2D).

Another commonly used chlorophyll fluorescence parameter is the
level of photochemical quenching of PSII, gP. This parameter provides
an indication of the proportion of open PSII reaction centres. This is
calculated as:

qP = (F'y - FY(F'y - FY)
An alternative expression used to measure the proportion of closed
reactive centres, and is sometimes referred to as the “excitation pres-
sure” on PSII, is 1-gP. The relationship of gP to the redox status is not
considered linear so gL is thought to be a more accurate indicator of the
redox status of PSII (Murchie & Lawson, 2013).

qL =(F'/F)(F,IF")

Photosynthetic responses to abiotic stress

Photosynthesis is affected by a range of abiotic stresses in the
natural environment (for detailed review see Ashraf & Harris,
2013; Chaves et al, 2009). The nature of the effects will vary de-
pending on the intensity of the stress and the length of stress
imposition. In natural environments, an abiotic stress factor is of-
ten accompanied by one or more other factors, e.g. drought and
heat stress. Hence, it is beneficial to consider the combinational
effects of abiotic stresses, not just individually, on photosynthesis.
Stomatal closure, for example, occurs due to many stress factors
and would affect photosynthetic rate as well as the induction of
photoprotective mechanisms. Furthermore, we must consider the
limitations of both the light and dark cycles of photosynthesis, in
addition to the sources and sinks of absorbed energy. Here, we
discuss the effects of three abiotic stresses on photosynthesis:
high light, salinity and heat stress.
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In the middle of a summer day in temperate environments,
light intensity could exceed 2000 umol photons.m?2.s'; an inten-
sity that can cause photodamage to plants, such as Arabidopsis.
High light stress occurs as the intensity of photosynthetically ac-
tive radiation (PAR) in the natural environment varies over a day,
with the change in seasons and even due to changes in cloud
or canopy cover. Rapid acclimation of photosynthesis is thus
required to allow maximum utilisation of the incident PAR while
avoiding photodamage. To deal with these transient stresses,
plants have evolved several short term stress avoidance mech-
anisms to optimise light absorption, including changes to leaf
angle (Mullen et al., 2006) and chloroplasts location and orienta-
tion (Kagawa and Wada, 2002; Kadota et al., 2009). For more
sustained stresses, a number of structural and biochemical ac-
climation processes occur. Damaging radiation can be screened
by the accumulation of phenolic compounds in the leaf epidermis,
preventing photodamage to PSII (Takahashi and Badger, 2011).
Plants exposed to higher light intensities also tend to have thicker
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Figure 2. The principles of Chlorophyll fluorescence.

(A) The model of absorption spectrum by different photosynthetic pigments (adapted from Karp, 2009). Reproduced with permission from John Wiley &
Sons, Inc. © John Wiley & Sons, http://www.wiley.com. (B) Sequence of a typical Chlorophyll fluorescence trace measured in PlantScreen. FO is minimum
fluorescence and Fm the maximum fluorescence in the dark adapted. Fm' represents maximum fluorescence in light. Fm" is the maximum fluorescence
during dark relaxation. (C) Image of Fv/Fm for Col-0 grown under low light. The Fv/Fm values decreased from 0.85+0.03 to 0.65+0.08 when plants were
exposed to excess light (750 pmol quanta m? s) for 8 min. (D) Image of NPQ measurement for Col-0 grown under low light. The NPQ values increased
from 0.48+0.07 to 3.37+0.11 when plants were exposed to excess light for 8 min. Each data represent the mean (n = 16).

leaves due to expanded palisade cells, as well as higher stoma-
tal density, in comparison to shaded leaves (Bjorkman, 1981).
There are also lower amount of thylakoids per chloroplast section
in higher light when compared to low light environments. Finally,
low light plants contain more chlorophyll per chloroplast than sun-
exposed plants, with a higher chlorophyll a/b ratio in sun-exposed
leaves than shade leaves (Anderson, 1986). Variation between
genotypes in their acclimation mechanisms in response to a stan-
dardised stress could be studied using chlorophyll fluorescence
measurements. Moderately increased irradiation increases elec-
tron transport rate, but, high irradiation will decrease PSII operat-
ing efficiency (PPSII; Rooijen et al., 2015) and the redox state of
the primary acceptor Q, (gL), which indicates the fraction of open
PSII reaction centers (Cazzaniga et al., 2013). The induction of
photoprotection against high light can be observed by an increase
in NPQ (Niyogi, 1999; Maxwell and Johnson, 2000). Photodam-
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age caused by very high light is indicated by a decrease in the
maximum quantum efficiency (Ashraf and Harris, 2013).
Furthermore, salt stress has been shown to strongly suppress
photosynthetic capacity (lyengar and Reddy, 1996; James et al.,
2002; James et al., 2006). The decline in photosynthetic activ-
ity could be in the form of a direct effect; in terms of limiting gas
diffusion through the stomata and mesophyll, as salinity causes
stomatal closure. It could also be in the form of a secondary effect
via the release of ROS and other stress signalling molecules that
induce adaptive changes to the plant’s metabolism (Chaves et al.,
2009). In addition, Muranaka et al. (2002) have shown that, in salt-
treated wheat leaves, photochemical inactivation was achieved
by the combinational effect of excessive absorbed energy and
accumulation of excess salt ions, which reduced the stability of
the PSII function. This was later demonstrated by Stepien and
Johnson (2009), who confirmed this observation in Arabidopsis
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and Thellungiella. Other causes of photosynthetic depression in
salt stress could also be due to non-stomatal related processes,
such as the forced inactivation of the electron transport chain or
inhibition of photochemical enzymes (Muranaka et al., 2002).
Furthermore, as salt stress causes plant growth reduction, this
could cause an accumulation of unutilized products of carbon
assimilation in the growing tissues, which may send feedback
signals to down-regulate the rate of photosynthesis (Munns and
Tester, 2008).

High temperatures also affect the photosynthetic function, with
different intensities of stress resulting in different outcomes (for
detailed review see Sharkey and Zhang, 2010). Moderate heat
stresses can result in a decrease in CO, assimilation rates past
an optimum growth temperature, due to an increase in photores-
piration relative to carbon fixation (Peterhansel et al., 2010); while
the electron transport rate could increase, as indicated by an in-
crease in PSII operating efficiency (Zhang and Sharkey, 2009).
For Arabidopsis, the optimal temperature for maximum carbon
assimilation was around 30°C for plants grown between 15 and
27°C (Bunce, 2008). Excess energy could be dissipated by in-
creasing NPQ and activating cyclic electron flow (Sharkey and
Zhang, 2010), while protective chaperone proteins are induced
to protect key proteins (Heckthorn et al., 1998). Sometimes, the
electron transport rate is decreased in response to moderate heat
stress as Rubisco is deactivated to reduce photorespiration (Fell-
er et al., 1998). While there is no damage to PSIlI under moder-
ate heat stress, as indicated by no change in maximum quantum
efficiency, there can be an increase in q,, indicating an oxidation
of PSII (Zhang and Sharkey, 2009). More extreme high temper-
atures may result in irreversible damage to the photosynthetic
proteins, especially key PSII protein D1, and the destabilisation
of thylakoid membranes; leading to a rapid decline in maximum
quantum efficiency. The effects of high temperature are exacer-
bated when transpiration cooling is limited due to high humidity,
which reduces the vapour pressure difference, or when low soil-
water content reduces stomatal aperture. In these situations, the
heat absorbed by the leaf from sunlight is greater than what it can
dissipate through transpiration.

Measuring the temporal response to abiotic stress using
high-throughput phenotyping

Understanding the temporal response to abiotic stress is impor-
tant, as different mutants and natural accessions may vary in
their rate of acclimation. One-off measurements may miss this
temporal variation. Populations also vary in their rate of develop-
ment, which may also affect their response to stress. Further to
understanding how the response to stress varies over time, we
also need to know how the response varies in different parts of
the plant. Measuring whole rosettes allows us to focus on either
the whole plant or specific leaves. This tissue and developmental-
specificity may be critical in understanding the abiotic stress re-
sponse, as differently-aged leaves may show markedly different
sensitivities to stresses as in the case of salt stress (Chaves et
al., 2009). The current development of high-throughput pheno-
typing has allowed frequent, non-destructive measurements of
stress responses in large numbers of whole plant rosettes. While
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this provides significant challenges in data management, image
analysis automation and statistical analysis; it provides a great
opportunity for the discovery and characterisation of stress re-
sponsive genes through genome mapping techniques.

In the field, plants are continually exposed to multiple stresses.
However, growth chambers use standardardized or fixed condi-
tions, which causes the plants to not be exposed to the natural
combinations of light, temperature and moisture conditions that
they would normally experience outdoors. In that case, their stress
tolerance mechanisms and potential adaptive capability may not
be challenged in ways that could be relevant to growth in the field.
Dynamic growth chambers, such as the Spectral-Pheno-Climatron
(SPC) (Brown et al., 2014), can mimic natural diurnal and global
seasonal changes in light intensity and spectra, temperature and
moisture (Figure 3A and B). The in-chamber cameras can help in
monitoring and quantifying plant growth and development (Figure
3C and 3D). Size, shape and colour parameters can be extract-
ed from the image data in the rosette area or in individual leaves
and regarded as response-related phenotypes (Figure 3E). Such
chambers allow reproducible controlled stresses to be applied and
that the temporal stress responses of plants to be closely and con-
tinuously monitored. However, there are still some limitations on
using the dynamic growth chambers system as an imitation of the
conditions that plants would experience in the field. As the simu-
lated climate is derived from the average climate data, the variabil-
ity in conditions due to the weather or more extreme events is not
seen. In addition, light intensities in many systems are not as high
as full sunlight conditions; soil conditions are limited by pot size and
soil type; and rainfall is generally not simulated.

Most modern phenotypic screens require a large number of
plants to be phenotyped, whether the screen is an EMS mu-
tant population or a natural population for GWAS. Hence, high-
throughput methods of chlorophyll fluorescence phenotyping are
necessary. A number of high-throughput phenotyping systems
have been developed and are largely aimed at crop species.
Some of these systems just use chlorophyll fluorescence as a
measure of leaf senescence and chlorophyll content, as they are
not Pulse-Amplitude Modulation (PAM) systems (e.g. Chen et al.,
2014; Hairmansis et al., 2014). The PlantScreen system (Pho-
ton Systems Instruments, PSI) is an example of a system that
is appropriate for a small plant, such as Arabidopsis, and can
measure the full range of chlorophyll fluorescence parameters
using a PAM FluorCam. This system can automatically measure
up to 300 Arabidopsis plants in a single run allowing for high-
throughput screening to measure the stress effects on photosyn-
thesis, such as photoinhibition and photosynthetic efficiency, and
the kinetics of stress tolerance mechanisms, such as NPQ. In
addition to chlorophyll fluorescence, PlantScreen can also mea-
sure changes in transpiration and stomatal conductance using
a thermal camera, plant growth using stereo RGB cameras as
well as water use with individual pot weighing and watering (Fig-
ure 3F and 3G). In addition to the PlantScreen system, there are
similar systems that have been either commercially developed
or developed in-house at various research institutes worldwide.
These include the dynamic environmental photosynthesis imager
(DEPI) at Michigan State University, USA (Cruz et al., 2016) and
the Scanalyzer systems from LemnaTec.

Individual timepoints could be treated as traits or multiple
timepoints could be analysed collectively to find trends as well as



Using Phenomic Analysis of Photosynthetic Function for Abiotic Stress Response Gene Discovery 7 of 12

A) 25 Daily Temperature B) Daily light intensity
O 20 ’:’f,',—.—-‘\\‘\\\\\ : 300 e C0astal's light in tensity
c;) » PLg :’ \: o 250 - e Inland's light intensity
B 15 ™S i £ 200
g 10 g 150
-9 =InlandTemp week
§ InlandTemp week 6 ' 100
= 5 -==-CoastalTempweek 1 3 5
CoastalTemp week 6
000 400 800 1200 1600 2000  24.00 0.00 400 800 1200 1600 20.00 24.00
Time (24hr) Time (24hr)
E)
;!
.%
z
. J : Bt . Time (days)
D) S weeks old plants under coastal condition F)

CWEES Sl B

195°C

- ! e

e e e we e e v so

— e e em e w. e. e

- S S .

ST ] R R\

Figure 3. High-throughput phenotyping allows temporal resolution

Diurnal light intensities and temperature modelled by the SolarCalc software to mimicked environments, coastal (blue) and inland (red). Daily temperature,
dash lines represent the daily temperature at week 1 and solid lines represent the daily temperature at week 6 (A). Example of daily light intensity (B).
Image capture is automated to measure plants growth and development of coastal condition plants at 5 weeks old (C) and inland condition at 7 weeks
old (D). Rosette area is then calculated; black plot represent coastal plants and blue plot represent inland plants (E). Thermal images used to measure
transpiration (F). The PlantScreen system for high-throughput phenotyping of cphotosynthetic function and growth (G).
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maximum and minimum values. Data from multiple instruments
could also be combined to examine the correlation between traits,
e.g. transpiration and soil-water content, or growth and electron
transport rate. Automation of image analysis also allows a higher-
throughput and a greater range of parameters to be extracted
from each experiment. Statistical analysis could be performed to
determine the heritability of these phenotypes, their genetic basis
and the change in heritability and genetic effects through devel-
opment and in response to treatments.

Combining phenomics with genetic resources for abiotic
stress response gene discovery

Arabidopsis is native to Europe and central Asia (Koornneef et al.,
2004; Cao et al., 2011). It can be found from low to high altitude,
and has now been naturalised across the world (Figure 4A). The
genetic and geographic diversity of this model plant represents a
capacity to adapt to a wide range of ecological habitats, provid-
ing potential to discover novel genes and alleles that could be
involved in adaptive responses to the environment (Bouchabke
et al., 2008). A wide natural variation in abiotic stress tolerance

in natural populations of Arabidopsis has also been observed for
salinity tolerance (Figure 4B; Busoms et al., 2015) and for non-
photochemical quenching (Figure 4C).

There are two strategies to study natural variation (Lefebvre
et al.,, 2009). Firstly, it can be identified using a diversity panel or
haplotype mapping population (HapMap) to look at common re-
sponse signatures in specific stress conditions. Secondly, natural
variation can be studied through searching for differences among
segregating populations such as F2, recombinant inbred lines
(RILs), multiparent advanced generation intercrosses (MAGIC)
and advanced intercrossed lines (AlL); which have been created
by crossing two or more different accessions through intercross-
ing to reach the F8 generation, for instance. The combination of
environmental and genetic effect in these segregating popula-
tions results in a continuous variation of phenotypes.

The naturally occurring genetic variation in Arabidopsis is of-
ten represented as a continuous distribution of trait values, and
therefore, it is referred to as a quantitative trait. A genomic region
that contributes to quantitative variation is a so-called quantitative
trait locus (QTL). QTL mapping is the most popular tool to identify
the underlying genetic basis associated with particular phenotypic
traits. QTL mapping can be used to detect the interaction between
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Figure 4. Natural variation in A. thaliana in abiotic stress responses

(A) Geographic distribution of A. thaliana. The red dots represent original habitat. The green color represent areas that A. thaliana has been naturally
spread (Koornneef, 2004). Reproduced with permission of Annual Review of Plant Biology, Volume 55 © by Annual Reviews, http://www.annualreviews.
org. (B) Natural variation in salinity tolerance is observed across 194 accessions of the Arabidopsis HapMap population in terms of their relative growth
rate (RGR) and shoot-ion independent tolerance (SIIT) index. A selection of well-known Arabidopsis accessions are highlighted on the SIIT scale, including
Col-0, C24 and the parental lines of the bi-parental mapping population Bay and Sha (unpublished). (C) four representative high and low NPQ accessions
from a total of 62 A. thaliana accessions screened (Jung and Niyogi, 2009).
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Box 2. Case study: Using natural variation in chlorophyll
fluorescence parameters to screen for abiotic stress
responses

Example 1. The investigation of the natural variation in non-photo-
chemical quenching (NPQ) using a genome wide association (GWAS)
diversity set of A. thaliana accessions under high light stress

To understand the variation of the NPQ photoprotective process, 287
natural accessions of A. thaliana were used for high-throughput screen-
ing. Two NPQ mutants, npq1 (Niyogi, 1999) and npg4 (Li et al., 2000)
were also included as controls. These two mutants lack most of the qE,
due to the absence of zeaxanthin and PsbS protein respectively. All
plants were germinated and grown in dynamic growth chambers, with
conditions mimicking two temperate environments (coastal and inland)
with an early autumn germination (Figure 3A and 3B). The main differ-
ences between the two environments were that the inland condition
had more diurnal variation in temperature and higher light intensity than
the coastal environment. The acclimation of plants to the stress was
monitored over the treatment with NPQ measured in PlantScreen (PSI)
twice a week in the early afternoon. The NPQ protocol included 1) 30-
min dark adaptation; 2) steady state measurements of fluorescence;
3) 8-min actinic light interval at 750 umol photons.m2.s"' to measure
NPQ induction and steady state, followed by 3 minute dark interval to
measure NPQ relaxation.

There was large variation in leaf development rates and the NPQ ca-
pacities between different accessions within each environment as well
as difference in the dynamics of NPQ between the two environments
(Figure 5A and 5B; Figure 5C - 5E). There was a two-fold variation
in NPQ capacity within the same growth condition, while an increase
of up to four-fold difference was found when comparing between non-
stress and stress plants (Figure 5E). The differences in NPQ pattern
and maximum capacity presented between two conditions may be due
to the ability of inland plants to acclimate to the high light condition as
observed by the fast induction of NPQ, rapidly dissipating excess en-
ergy. Furthermore, the decline in NPQ over time most likely indicates
the activation of CO, fixation and the subsequent de-acidification of
the thylakoid lumen by the ATPase, resulting in de-activation of ther-
mal dissipation (Munekage et al., 2002). The slower growth rate of the
inland plants is likely due to the lower temperatures, as well as the
high light causing photo-oxidative stress. These photosynthetic phe-
notypes, along with growth and developmental phenotypes measured
in the Spectral-Pheno-Climatron, were then used for genome wide as-
sociation studies (Atwell et al., 2010; Li et al., 2014) that account for

genotype by environment interaction and time-dependent effects (e.g.
Figure 5F).

Example 2: The investigation of the natural genetic variability in salin-
ity tolerance levels using measures of photoinhibition and photosyn-
thetic efficiency in a biparental A. thaliana mapping population

A screen of photosynthetic efficiency and photoinhibiton as an early
response to salinity was undertaken in the Arabidopsis bi-parental map-
ping population Bay x Sha (Loudet et al., 2002). This population was
chosen due to its previously documented variation in two traits related
to salinity tolerance; shoot ion exclusion (Roy et al., 2013) and sensi-
tivity of germination to salinity (Vallejo et al., 2010). Furthermore, the
gene affecting Na+ exclusion, CIPK16, was positionally cloned using
this population (Roy et al., 2013). The Bay x Sha population consisted
of 411 lines at the F8 generation. In addition to two control lines were
included; Landsberg erecta (Ler) and ost7-2, where ost is a mutant in
Ler background and is impaired in stomatal aperture regulation (Mustilli
etal., 2002).

The plants were grown in growth chambers with a short-day light re-
gime to avoid early flowering. At the 10-leaf growth stage, which is ap-
proximately 21-23 days old, the plants were subjected to salt stress.
As the phenotypic screen was targeting the early responses to salin-
ity, before there has been large ion accumulation in the shoot (Figure
1B), phenotyping was performed within one hour of salt imposition.
The plants were placed in a 150 mM NaCl solution tank, and left to
soak to full soil saturation for 10 minutes, drain for another 10 min-
utes, then put through PlantScreen for RGB, fluorescence and ther-
mal imaging. The phenotypic screen provided quantitative evidence
of change in relative growth rate (RGR), photosynthetic efficiency and
electron transport rate as well as changes in leaf temperature. Some
phenotypes were observed to have changed rapidly as a result of the
salt imposition, such as leaf temperature, which can be explained by
ABA and ethylene signalling that affect stomatal aperture. This lead
to a decrease in NPQ values, but the minimum and maximum fluo-
rescence (F, and F) did not display any change during the imaging
period of seven consecutive days. These fluorescence parameters
may be more susceptible to the late-occurring ion accumulation toxic-
ity of salt stress.

In order to identify loci involved in the early shoot-ion independent toler-
ance (SIIT), the genetic variation was analysed across the population
by testing for genotype by environment (G x E) interactions in a QTL
mapping approach (Borevitz et al., 2002).

genes and environments as well as the internal interaction be-
tween genes (epistasis) (Keurentjes and Sulpice, 2009; Borevitz et
al., 2002; Weigel, 2012). The segregation of phenotypic variation
in RILs reflects the segregation of the genetic markers, which are
supplied by the two parental inbred lines (Weigel, 2012; Keurentjes
and Sulpice, 2009; Trontin et al., 2011). Generally, any segregat-
ing population can be used for QTL mapping. However, there are
advantages in using a particular population type over another.
Recombinant inbred lines (RILs) represent unique combinations
of the parental genotypes where the recombinant chromosomes
have been fixed through inbreeding. Hence they can be pheno-
typed repeatedly under different environments for numerous traits
(Weigel, 2012), and allow multiple biological replicates to reduce
the environmental noise and increase the power of QTL detection.

Mapping populations in traditional QTL analysis exhibit strong
linkage and a few hundred markers are usually sufficient (Lynch
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and Walsh, 1998). However, the genomic resolution of QTL map-
ping is more limited, since a causative locus could contain dozens
or hundreds of genes. Consequently, it is still a very difficult task
to track down the underlying gene even if a QTL is a true posi-
tive. Furthermore, allelic diversity is limited to the two parental ac-
cessions. The advent of modern genome sequencing technology
brings the availability of millions of SNP markers that cover the
entire genome. At the same time, researchers strive to generate
mapping populations, such as advanced intercross lines (AIL), with
an increased historical recombination or select subset of unrelated
individuals rather than families, as done in HapMap sets, where
the linkage is expected to be very weak. With these resources, ge-
nome-wide association studies (GWAS) have been a powerful tool
for detecting candidate genes of numerous traits and in different
plant species such as Arabidopsis, rice and maize (e.g. Atwell et
al., 2010; Huang et al., 2010; Tien et al., 2011; Huang et al., 2012).
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Figure 5. High throughput chlorophyll fluorescence imaging used in a GWAS approach to determine the genetic architecture of NPQ.

Plants are grown in climate chambers that mimic control (coastal) and stressful (inland) conditions (example of single tray in A & B respectively).
Chlorophyll fluorescence at similar growth stages (16 leaves) is measured using a PSI PlantScreen (inland (C) and coastal (D)). Significant variation
in NPQ induction, steady state and relaxation of NPQ was seen among the natural accessions grown under the coastal (black) and inland (blue) con-
ditions (E). The lower lines are NPQ mutants (npq7 and npq4) which are unable to produce NPQ in both conditions. GWAS analysis is undertaken

to find QTLs associated with the traits of interest (F).

Determining the genetic basis of stress response traits has
been one of the major challenges in the process of crop improve-
ment. Currently, GWAS is becoming increasingly more popular
for identifying genetic variation in complex traits in natural popu-
lation in a range of plant species including model species such
as Arabidopsis (1001 genomes consortium, 2016) and a range
of crop species (reviewed in Huang and Han, 2014). Many com-
plex traits of biological and economical importance such as flow-
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ering time, growth rate, yield and stress tolerance have been
under investigation for decades in an attempt to understand the
genetic basis and mechanisms associated with those particular
traits (e.g. Korte and Farlow, 2013; Li et al., 2014, Lefebvre et al.,
2009). The application of high-throughput phenomics techniques
to GWAS and QTL mapping allows elucidation of the genetic ar-
chitecture of complex physiological traits. In addition, the tem-
poral resolution and the wide range of related parameters that
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can be measured allow more statistical power when using meth-
ods such as MultiQTL analysis (Cheng et al., 2013). Moreover,
the combination of high-throughput phenotyping and population
genomics lends itself to phenotypic prediction, as well as sys-
tems biology approaches to understanding the genetic basis of
molecular and physiological processes. The power in applying
these new techniques and facilities to elucidating photosynthetic
traits is that it allows greater insight into the complexity of pho-
tosynthetic responses to stress. This complexity is both due to
the wide range of naturally occurring genetic diversity underlying
stress responses but also how the genetic architecture of stress
responses change over time in response to seasonal and diurnal
variation in conditions.

CONCLUSION

Chlorophyll fluorescence parameters can now be easily mea-
sured and used as a tool to monitor photosynthetic performance
in controlled and field conditions. The use of automated chlo-
rophyll fluorescence imaging in conjunction with a selection of
appropriate fluorescence parameters would increase the rate of
successful photosynthetic function screening. This review provid-
ed a summary of useful chlorophyll fluorescence parameters and
the examples of growth conditions that can be used to evaluate
changes in photosystem Il in response to environmental stress.

Stress tolerance mechanisms in plants are quite variable and
very complex. The underlying genetic basis and environmental
cues could play important roles in influencing a plant’s survival
and its ability to adapt in such stressful conditions. In this chapter,
we've put forward the methods and preliminary results of high-
throughput phenotyping for discovery of novel candidate genes
under stress conditions. By utilizing accurate chlorophyll mea-
surements and natural variation, we can identify QTLs for stress
tolerance using bi-parental RILs or using the GWAS mapping ap-
proach. These methods have helped in clarifying our understand-
ing of the genetic basis of photoprotection and salt tolerance.
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