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Tools for Measuring Photosynthesis at Different Scales

Berkley J. Walker, Steven M. Driever, Johannes Kromdijk, Tracy Lawson,
and Florian A. Busch

Abstract

Measurements of in vivo photosynthesis are powerful tools that probe the largest fluxes of carbon and
energy in an illuminated leaf, but often the specific techniques used are so varied and specialized that it is
difficult for researchers outside the field to select and perform the most useful assays for their research
questions. The goal of this chapter is to provide a broad overview of the current tools available for the study
of photosynthesis, both in vivo and in vitro, so as to provide a foundation for selecting appropriate
techniques, many of which are presented in detail in subsequent chapters. This chapter will also organize
current methods into a comparative framework and provide examples of how they have been applied to
research questions of broad agronomical, ecological, or biological importance. This chapter closes with an
argument that the future of in vivo measurements of photosynthesis lies in the ability to use multiple
methods simultaneously and discusses the benefits of this approach to currently open physiological ques-
tions. This chapter, combined with the relevant methods chapters, could serve as a laboratory course in
methods in photosynthesis research or as part of a more comprehensive laboratory course in general plant
physiology methods.

Key words Photosynthesis, CO, exchange, O, exchange, Chlorophyll fluorescence, On-line mass
spectrometry

1 Principles of and Perspectives on Measuring In Vivo Photosynthetic Flux

The challenge of quantifying photosynthetic rates in vivo lies in the
unique substrates and products of carbon assimilation. Photosyn-
thesis involves a series of interconnected reactions that sequentially
convert light energy into chemical energy and then use this energy
to reduce carbon into usable sugars as  shown
non-stoichiometrically as
CO;, + H,O Lﬁ?t O, + Glucose (1)
Ciritical information concerning the mechanisms and biochem-
istry of photosynthesis can be determined in isolated or reconsti-
tuted enzymatic systems and can be probed in vivo to gain an
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integrated understanding of how photosynthesis is regulated and
contributes to plant growth. Here, we focus on methods that
measure an intact photosynthesizing system and how the informa-
tion gained can contribute to broader research questions. Since
photosynthetic reactions occur in the aqueous phase and glucose
is rapidly converted to other forms, many measurement techniques
examine gas exchange (assimilation of CO, or production of O,) to
measure photosynthetic activity in vivo. Additionally, given the
unique properties of light energy capture and subsequent conver-
sion to short-term chemical storage as adenosine triphosphate
(ATP) and nicotinamide adenine dinucleotide phosphate
(NADPH), there exists an array of light-based biophysical probes
(i.e., chlorophyll fluorescence and leaf spectroscopy) that can also
be employed to monitor specific components of the light reactions
non-destructively and under natural conditions.

Today, a wide array of instruments able to measure CO, and O,
exchange and other light-based biophysical probes of the light
reactions in vivo are commercially available and can be further
modified to interface with additional analytical platforms (Fig. 1),
as is the case with on-line isotopic analysis. The variety of available
and user-friendly instrumentation means that photosynthesis is
easier to measure today than at any previous time, a benefit not
only to researchers who focus on photosynthesis but also to those
from other fields who want the insight that in vivo measurements of
photosynthetic fluxes can provide.

One such application extending the relevance of in vivo mea-
surements of photosynthesis to other fields is in understanding the
response of crop production to climate change. Models of canopy
crop production often incorporate biochemical sub-models that
describe the response of leaf carbon fixation using in vivo biochem-
ical parameters [1—4]. The biochemical parameters used to build
leaf-level models of photosynthesis in response to changing climate
are derived from in vivo measurements of carbon assimilation, and
these parameters can vary greatly among species [ 5-8 |. While these
parameters are constant within some species like tomato [9], they
are significantly different when measured among rice cultivars [10]
and can even vary temporally throughout a growing season as seen
in wheat flag leaves [11]. Given the variability of these photosyn-
thetic parameters temporally and among species, it is apparent that
in vivo measurements of photosynthetic flux under field conditions
are needed to provide the parameters for higher-order climate
models. Fortunately, current instrumentation provides the porta-
bility needed to make these measurements possible.

Instruments and experimental setups for measuring photosyn-
thetic flux can be characterized broadly by what parts of Eq. 1 they
measure (viz., CO, exchange, O, exchange, or light-based bio-
physical probes, Fig. 1). They can be further sub-divided according
to what scale they measure, varying from chloroplast suspensions to
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Fig. 1 Survey of tools used to measure photosynthetic fluxes discussed in this
chapter. Shown are three different measurement principles (0, exchange, CO»
exchange, and light-based biophysical probes) plotted against the different
spatial scales at which measurements can be made for each technique, ranging
from algal cultures to growing regions. Techniques plotted include 0, electrode,
isotope analysis including dry matter discrimination and online mass spectros-
copy (MS), clamp-on Infra-Red Gas Analysis (IRGA), eddy covariance, enclosure
and chamber-based analysis, Pulse Amplitude Modulated (PAM) Fluorometry
(including guided approaches that use fiber optic cables or light sources in close
proximity to the leaf surface and image-based approaches), in vivo spectroscopy
for monitoring absorption shifts of wavelengths of interest, and remote sensing
approaches using satellite or aerial imaging

regional land surfaces. Proper selection and use of these techniques
depend on a correct understanding of the purposes, principles,
advantages, and disadvantages behind each measurement.

The following section gives an overview of the major purposes,
principles, advantages, and disadvantages of each of the methods
discussed in later chapters. We also include additional techniques
for completeness. Given the breadth of techniques described
herein, our coverage will be necessarily brief with more comprehen-
sive discussions available in the referenced work. We begin with gas
exchange-based methods and then move to light-based probes of
the photosynthetic light reactions.
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2 Measurements of Gas Exchange

2.1 Leaf GO,
Exchange

The observation that increased carbon fixation should drive greater
plant production, and yield was the motivation for constructing the
first system for measuring CO; exchange in an intact leaf[12]. Mea-
surements of CO, were made possible with the development of
commercially available Infra-Red Gas Analyzers (IRGA), which
measure CO, concentrations via the absorbance of characteristic
wavelengths in the infra-red spectrum. Measurements can be made
in closed systems where the drawdown of CO, is measured in a
closed cuvette or chamber as a function of time, or via open systems
where CO; fluxes are resolved from the differences in gas concen-
trations in an air stream measured essentially before and after
exposure to the plant material at a known flow rate. CO, fluxes
can be determined at multiple scales to better understand the leaf-
to-canopy interactions of the plant with the environment. Exam-
ples of commercial and custom-built systems used to measure CO,
exchange at diverse scales reveal the wide variety of tools available to
researchers today (Fig. 2). Note that the systems shown are only
examples of commercially available instruments and neither
intended to cover every manufacturer nor endorse a specific manu-
facturer. The reader is encouraged to consult the literature and
contact a variety of manufacturers to determine which device(s) can
provide the features needed for a specific research application.

Modern gas exchange systems based on IRGA technology
combine CO, and H,O measurements by making use of difter-
ences in the absorption spectra of CO, and H,O. Estimating tran-
spiration fluxes from differences in H,O concentrations in the air is
necessary to account for the dilution effect of transpired H,O on
the CO, concentration in the air and determine the intercellular
CO, concentration. Gas exchange systems usually also measure
and/or control other environmental conditions the leaf or plant is
exposed to, such as temperature, light intensity, and air pressure. In
combination, these parameters are used to derive the net CO,
uptake or release of the measured plant.

Off-the-shelf gas exchange systems for measuring leaf gas exchange
are readily available and increasingly user-friendly, which allows
researchers to collect physiological measurements with the push
of a few buttons. Leaf-level CO, exchange is routinely used to
estimate instantaneous rates of net CO, assimilation (A,.;) under
ambient conditions (indicating the carbon uptake of the leaf'at that
moment) or under light- or CO,-saturated conditions, allowing
direct comparison of the CO, assimilation capacity between difter-
ent leaves. Such measurements can be taken in a timespan on the
order of minutes, allowing sampling of a large number of plants. A
more detailed assessment of the biochemistry underlying the
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Fig. 2 Example tools used to measure CO, and 0, exchange across diverse scales. At the canopy to the
regional scale shown is a sample eddy covariance flux station (a). Commercially available portable CO,
exchange systems for measuring leaf photosynthesis such as the LI-6800 from LI-COR Biosciences (b) and
CIRAS-3 from PP Systems International, Inc. (c) can be used for leaf or whole plant measurements. For
measurements of an enclosed canopy, we show the EGAS-2, a custom-built, multiplexed whole-plant gas
exchange system (d), and the custom-built canopy enclosure of the CAPTS system (e). Measurements in liquid
can be performed for either CO, exchange (e.g., with the LI-COR aquatic chamber; ) or 0, exchange using a
Clark-type oxygen electrode such as the Oxygraph+ System from Hansatech Instruments Ltd. (g). Instruments
from the various manufacturers are shown only for illustrative purposes and do not imply any specific
recommendation. The above images are reproduced with kind permission from their respective copyright
holders: Caitlin Moore (a), LI-COR Biosciences (b, f), PP Systems International, Inc. (c), Gavin George (d),
Qingfeng Song (e), and Steven Burgess (g)

photosynthetic processes of the studied leaf can be obtained by
taking repeated measurements on the same leaf under varying
CO, concentrations, light intensities, or temperatures. Measure-
ments of A, in response to the CO, concentration can be used in
combination with a biochemical model of photosynthesis (such as
the Farquhar, von Caemmerer, Berry (FvCB) model; [13]) to
estimate, e.g., the maximum rate of Rubisco carboxylation
(Vemax) [14], the rate of electron transport (J), or the rate of
phosphate limitation (TPU-limitation) [15]. Techniques to mea-
sure net gas exchange to resolve biochemical parameters such as
Vemaxs J, and TPU-limitation are presented herein [16]. Similarly,
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assessing how A,.; changes with light intensity yields estimates of
the maximum rate of photosynthetic electron transport (Jiax; [17])
and of the light-saturated rate of photosynthesis [ 18]. In addition,
measurements of transpiration can be used to quantify the diffusive
barriers for CO, to enter the leaf via the stomata, termed stomatal
conductance (g;). These response measurements require more time
to perform than those under a single condition, often more than an
hour, but help elucidate whether differences between plants are due
to the environment the plant is exposed to and the plant’s transient
response to it, or whether they are caused by some more long-term
acclimation of its biochemistry or anatomy. In addition to these
plant-specific parameters, gas exchange has been used to resolve
Rubisco kinetics in vivo [19-21]. This approach provides values for
some of the most important input parameters for the widely used
FvCB model.

While some photosynthetic parameters are easily obtained with
“standard” leaf-level gas exchange, more detailed information can
be gained with more sophisticated setups. Stomata are often
distributed unevenly between the two sides of a leaf, resulting in
unequal contribution of the surfaces to CO, uptake [22, 23]. Gas
exchange parameters can be estimated more accurately when
accounting for cuticular conductance to water, which can be quan-
tified when measuring photosynthesis on both leaf surfaces inde-
pendently [24, 25]. A similar approach also allows the estimation of
the CO, concentration at the surface of mesophyll cells, indicative
of intercellular air space diffusion [26]. How to set up measure-
ments of simultaneous and independent gas exchange on both sides
of the leave is described herein [27].

Leat-level gas exchange can also be combined with other tech-
niques to gain further insight into plant physiology and metabo-
lism. In combination with stable isotope measurements, it can be
used to assess internal CO, diffusion [28] or to quantify gross
fluxes of CO, into and out of the leaf [29]. Net gas exchange fluxes
can help constrain the labeling kinetics of metabolite pools to map
fluxes through central carbon metabolism [30]. A similar approach
allows for a detailed flux analysis of specific biochemical pathways
such as photorespiration, which has been achieved with leaf-level
gas exchange in combination with either modeling [31] or quanti-
tative NMR analysis [32].

Often, leaves are not the only photosynthesizing organs and
other non-foliar tissues may significantly contribute to overall plant
photosynthetic carbon gain [33]. Of particular note here are stems
and fruit [ 34 ], ears and panicles [ 35, 36], and pods [37]. Measuring
non-foliar photosynthesis follows similar principles of that in leaf
tissues but usually requires some specialized chamber, as described
herein [38].

CO, exchange can also be measured in aquatic organisms,
ranging from unicellular and macro-algae to aquatic plants and
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even corals. Measurements of this type in liquid are more compli-
cated than measurements on leaves surrounded by air due to the
slower acclimation time when changing environmental conditions
and needed assumptions regarding the solubility of CO,, which is
dependent, for example, on the pH of the liquid. Currently, only
one commercial product exists that allows for relatively straight-
forward measurements of CO, exchange in liquid. Details about
this specialized chamber and how to successfully obtain measure-
ments are described herein [39].

Leaf-level gas exchange, as described above, can yield valuable
insights into the physiology and biochemistry of the leaf. However,
in some cases, these measurements cannot be obtained directly,
e.g., when the leaves are too small or oddly shaped to be measured
via a clamp-on leaf chamber. In addition, for some purposes, leaf-
level measurements are too specific, as they only include measure-
ments of the photosynthetic tissue of the leat' and neglect the effect
of other parts of the plant that are not contained within the cham-
ber, such as other leaves, stems, and roots. This is particularly an
issue when one wants to relate photosynthetic rate to plant growth
or to integrate photosynthesis across leaves of different ages on the
same plant. One way around these issues is to measure the CO,
uptake of the enclosed shoots of an entire plant [40].
Whole-shoot measurements of plant CO, exchange also pro-
vide different types of data as compared to leat-level measurements.
For example, the CO, uptake integrated over the entirety of the
plant and the whole growth period can be used to estimate growth
nondestructively in real time through carbon balance when it is
measured at regular enough intervals [41]. In addition, whole-
plant experiments can be combined with carbon isotope labeling
to obtain insights into carbohydrate metabolism [42]. The benefit
of'a whole-plant approach in labeling approaches is that more than
one leaf of the plant is labeled, allowing the inclusion of the effects
of both photosynthetic and non-photosynthetic tissue of the
above-ground parts of the plant in experimental analyses. Whole-
plant exchange can be measured in much the same way as leaf-level
exchange by means of closed, open, or semi-closed chambers
placed over or around the plant to be measured. Gas exchange is
measured by the drawdown of CO, within the chamber for closed
and semi-closed systems, or the difference in CO, and H,O con-
centration between the air entering and exiting the chamber in
open systems. Chamber-based measurements can be effectively
employed but are biased by differences in temperature, light inten-
sity, turbulent mixing, and CO, concentration between the inside
and outside of the chamber (see [43]). Many of these differences
can be minimized through the construction of semi-closed systems
with air-conditioners, mixing fans, dehumidifiers, and CO, injec-
tion systems [44 ]. Chamber-based methods can be deployed on the



8 Berkley J. Walker et al.

2.3 Canopy CO,
Exchange

scale of small herbaceous plants [45], and recent developments in
multi-channel systems enable the measurement of intact shoot
material in many plants simultaneously [40]. Chamber-based mea-
surements have even been scaled to fully-grown plants such as in
the Hawkesbury Forest experiment where Eucalyptus salinga trees
are reared from seedlings and grown within chambers that allow for
trees up to 9 m in height [46]. The Hawkesbury Forest chambers
are revealing important physiology in relation to climate change;
for example, gas exchange data from chambers with elevated tem-
peratures revealed that in a Eucalyptus species, the relative increase
with temperature is larger for respiration than for net photosynthe-
sis despite physiological adaptation to growth conditions, which
may exacerbate the impacts of climate change in these species since
their net CO, uptake will decrease with temperature [47].

Some techniques that work well on the leaf level cause pro-
blems on the whole plant level; whole-plant gas exchange measure-
ments are difficult when performing responses to environmental
conditions, such as temperature and light, since these variables are
not easily controlled uniformly across the whole canopy of the
plant. An additional consideration is the increased investment in
equipment, reagents, and setup time, especially since there is cur-
rently a lack of commercially available instruments and most sys-
tems must be custom-built.

The next step along the continuum of scales after whole-plant
measurements is the measurement of CO, exchange at the canopy
scale. Canopy-scale measurements of CO, and H,O exchange are
most useful when research questions are focused on the interaction
between plants and the growth environment, for example, to deter-
mine the net carbon balance of ecosystems in response to present
and future climates [48]. Canopy photosynthesis is measured in
much the same way as whole plant measurements by enclosing a
portion of the canopy in a translucent chamber and measuring gas
fluxes either via an open, closed, or semi-closed path design. Can-
opy chambers are helping to resolve the importance of canopy
effects on in-field photosynthesis, and recent advances in automa-
tion have made them more practical for larger-scale studies as
discussed herein [49].

Eddy covariance has become a powerful method to determine
CO, and H,O exchanges from canopies ranging in size from
hundreds to thousands of meters non-invasively and over long
time scales [48, 50]. Eddy covariance measures flux into and from
the canopy by measuring trace gas (CO, and H,O) concentrations
in tandem with wind speed and direction. These data are analyzed
using a statistical model that represents turbulent mixing to pro-
duce measurements of canopy CO, and H,O exchange. This tech-
nique has been employed in a myriad of sites around the world and
is more straightforward over “smooth” vegetation like most
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agricultural systems, but more complicated over “rough” canopies
such as those found over forests [51, 52]. An introduction to the
eddy covariance technique and how it is applied to measure photo-
synthesis is included herein [53].

The O, produced during H,O splitting from photosystem II
(PSII) provides a direct assay of the activities of the light reactions.
O, in living systems was first measured using manometric techni-
ques before a critical review of cardiovascular researcher Leland
Clark’s work with blood oxygenation led him to develop an elec-
trode for the measurement of dissolved O, [54]. The Clark-type
electrode determines dissolved O, concentration by monitoring
the reduction of O, catalyzed via a platinum surface separated
from the liquid being assayed by a semipermeable membrane
[55]. O electrodes are routinely used to determine the photosyn-
thetic capacity of algal cultures and chloroplast suspensions and
have even been adapted for use with excised leaf disks. Rates are
determined by monitoring the increase of dissolved O, as a func-
tion of time in a closed, illuminated reaction cuvette. O, electrodes
can also be employed for gas-phase measurements, but for greater
accuracy, on-line mass spectroscopy can be employed as discussed
below and within this book, with techniques and background on
both approaches presented herein [56-58]. Measurements of O,
exchange in algal cultures and isolated chloroplasts were instru-
mental in resolving the maximum quantum efficiency of photosyn-
thesis (discussed further below), which was critical for subsequent
work exploring its mechanisms [59]. Measurements of O,
exchange are still valuable alone but are especially informative
when combined with isotopic methods as discussed below.

While measurements of the molecular fluxes of O,, CO,, and H,O
vapor provide a rich source of information on the photosynthetic
physiology of the measured sample, parallel analysis of stable iso-
topes performed on the same fluxes can be used both to expand and
better constrain the analysis as discussed herein [28]. Small predict-
able differences in reaction and diffusion rates between lighter and
heavier isotopologues of CO, and H,O create small alterations in
the natural abundance of stable isotopes during photosynthetic gas
exchange. Slight changes in the relative abundance of *3*CO, can be
used to quantify internal conductance to CO, in Cj species [60-
62], establish the presence and expression of carbon concentrating
mechanisms [63], as well as the extent of CO, leakage away from
the site of concentration [64]. Simultaneous determination of
changes in the relative natural abundance of 'O in CO, and
H,O vapor can be used to determine the internal conductance to
CO, in Cy species and the CO, permeability of the chloroplast
membrane in Cz species [65]. These techniques make use of
changes in the natural abundance of stable isotopes. However, it
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is also possible to manipulate the stable isotope composition of air
to directly distinguish between in- and outgoing gas fluxes of
leaves. For example, fluxes of O, evolution and O, uptake in leaves
can be determined using air heavily enriched in '*0, and H,'®0O
[66, 67]. Similarly, when using air heavily enriched in '*CO,,
distinction can be made between, e.g., fluxes of respired (*2CO,)
and assimilated '*CO, [68]. These flux measurements can also
provide an estimation of the chloroplastic CO, concentration
and, thereby, can be used to quantify the internal conductance to
CO, between the intercellular air space and the chloroplast
[29]. These isotope exchange techniques are often combined with
chlorophyll fluorescence measurements [69-71]. When using iso-
topologues of CO, with singly (C'*0'®0) and doubly labeled O,
(C'0'0), it is possible to study specific enzyme activity in vivo of
carbonic anhydrase in leaves [72]. These types of analyses allow
relatively fast kinetic studies in vivo (seconds and minutes),
providing a more detailed dissection of processes underlying CO,
and O, gas exchange of leaves. Moreover, when using air heavily
enriched with isotopologues for prolonged periods (minutes,
hours, and days), isotopic labeling of metabolites, proteins, and
structural components can be achieved in so-called pulse-chase
experiments, such as described herein [73]. This longer-term iso-
tope labeling, especially when combined with leaf gas exchange
techniques, can provide valuable insight into metabolic pathways,
fluxes, and enzyme activities and changes therein as discussed
above.

3 Light-Based Probes of Photosynthesis

The unique photochemistry of the light reactions provides several
useful tools for understanding photosynthetic rates from the per-
spective of light energy utilization and subsequent electron trans-
port (Fig. 3). As discussed below, these light-based probes of
photosynthesis are non-invasive and can be applied remotely to
resolve the flux of electrons and protons in vivo through photosyn-
thetic systems. These techniques differ from gas exchange methods
in that flux is not measured directly via the uptake of substrates but
rather via the interactions of molecules and proteins with
photochemically-driven redox reactions or protonation states.
These signatures of photosynthesis are then detected as emitted
photons, as is the case with chlorophyll fluorescence, or as shifts in
light absorption at characteristic wavelengths. The emitted photons
and/or absorbance shifts are then used to derive either operational
efficiencies in the case of chlorophyll fluorescence and PSI redox
state or relative flux units as is the case with the electrochromic shift
(ECS). As with gas exchange, these techniques can be applied from
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Fig. 3 Tools used to assay light-based biophysical probes of the light reactions across diverse scales. Shown
are Pulse Amplitude Modulated (PAM) Fluorometry methods including “guided probe” approaches, which
delivers measuring and actinic light via fiber optic cables or LED sources in close proximity to the leaf surface,
such as the Dual-PAM-100 from Heinz Walz GmbH (a), the MultispeQ from PhotosynQ (b), and the FluorPen
from Photon Systems Instruments (c) as well as imaging-based platforms such as the Open FluorCam from
Photon Systems Instruments (d). Thermal images of leaves or whole plants can be obtained with IR cameras
such as the FLIR T540 from Teledyne FLIR (e). Remote sensing platforms include the use of drones such as the
Phantom series from Da-Jiang Innovations Science and Technology Co (f). Remote multispectral imaging is
possible with devices such as the Resonon Pika series cameras (g). Monitoring of other spectral signatures
can be accomplished using the JTS-10 spectrometer from BioLogic Science Instruments (h) and the
SpectraPen from Photon Systems Instruments (i). Instruments from the various manufacturers are shown
only for informational purposes and do not imply any specific recommendation. The above images are
reproduced with kind permission from their respective copyright holders: Heinz Walz GmbH (a), PhotosynQ
(b), PSI (Photon Systems Instruments) spol. s r.0. (c, d and i), Mengjie Fan and Tracy Lawson (), Clément
Bucco-Lechat under a Creative Commons Attribution-Share Alike 3.0 license (f), Taylor Pederson (g), and
BioLogic Science Instruments (h)

the single leaf level to entire canopies and, to some extent, moni-
tored remotely using drone or satellite imagery.

3.1 Chlorophyll Chlorophyll fluorescence is a powerful tool for probing the opera-
Fluorescence tion of photochemistry at the level of PSII, the enzyme complex
responsible for H,O splitting during photosynthesis, and providing
electrons for downstream photochemical energy conversion from
absorbed light energy [74-76]. The link between chlorophyll fluo-
rescence and photochemistry lies in the various fates of light energy
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absorbed by a chlorophyll molecule. Once excited, there are three
main routes by which absorbed light energy is “quenched,” or
dissipated [77]: (1) photochemical quenching through the passage
of the excitation energy to PSII, where it is used to transfer elec-
trons from H;O to the mobile electron-carrier plastoquinone,
(2) non-photochemical quenching when the excitation energy is
dissipated as heat, and (3) chlorophyll fluorescence when the
energy is re-emitted as a photon with a shifted wavelength. Since
chlorophyll fluorescence represents the balance of the three pro-
cesses and is readily measured, it can be monitored under various
conditions to understand relative rates of photochemical and non-
photochemical quenching [78]. Fluorescence can be measured
using “guided probe” systems, which orient the measuring and
excitation beams close to the leaf surface with an optic fiber or via
more remote tools such as imaging systems (as described below) or
more recently via solar-induced fluorescence measured from towers
or using satellites [79].

The deconvolution of quenching fates is accomplished by mea-
suring chlorophyll fluorescence emitted before and during a short
(<1 sec) flash of light that saturates the capacity of photochemical
quenching resulting in a proportional increase in fluorescence
[80]. The transient rise in fluorescence can then be used to infer
the behavior of photochemical quenching during the condition
immediately before the saturating flash of light. One difficulty
with this approach is imposing a flash of light that fully saturates
PSII without over-saturating PSII and inducing alterative dissipa-
tive fates for absorbed light energy. While this can be accomplished
by careful selection of saturating light intensities, the problem can
also be circumvented by exposing the leaf to a multi-phase flash of
sub-saturating intensities and extrapolating fluorescence yields to a
saturating value [81]. The pre-flash condition can either be a light
or dark-adapted state, and each reveals details of leaf light use in the
presence or absence of non-photochemical quenching, respectively.
Chlorophyll fluorescence can be measured on “fast” or “slow”
timescales to reveal potentially complementary information on the
fate of absorbed light energy. “Fast” timescale measurements (mil-
lisecond) attempt to deconvolute the transient induction of the
fluorescence signal in response to a saturating light flash into vari-
ous phases of PSII electron transfer of a leaf in the fully dark-
adapted state [82]. Techniques in making sensible “fast” fluores-
cence measurements are discussed herein [83].

Chlorophyll fluorescence is often used at the “slow” time scales
to resolve details of photochemical and non-photochemical
quenching. In this chapter, we refer to “slow” timescales as looking
at the maximum fluorescence yield during the application of a
saturating light pulse without resolving the kinetics of that initial
induction as mentioned in the previous paragraph. These measure-
ments can be used in both the light and dark-adapted state, to
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resolve actual rates of linear electron flux, non-photochemical
quenching, and the maximum efficiency of PSII [75, 76]. These
data are also important for determining the induction or relaxation
kinetics of photochemical and/or non-photochemical processes,
particularly in combination with changes in environmental variables
such as temperature, light, or CO, [84]. Changes in these estima-
tions and kinetics can function as a non-invasive proxy for a plant’s
stress responses because of light-induced damage to the photosyn-
thetic apparatus [85-87]. Recently developed techniques in using
sub-saturating flashes of light are making these measurements even
less invasive with techniques discussed herein [88]. Leat-level chlo-
rophyll fluorescence can also be combined with CO, and O, gas
exchange to determine energy partitioning between CO, assimila-
tion, photorespiration, respiration, and other processes [70, 71].

Leaf-level chlorophyll fluorescence measurements have been
applied broadly to probe and predict many aspects of plant physiol-
ogy. For example, the CO, fixation rate of Cy4 plants can be accu-
rately determined through a now-simple measurement of quantum
efficiency using chlorophyll fluorescence since the majority of
reductant in this photosynthetic type goes toward carbon reduction
[89]. Furthermore, since the non-photochemical quantum yield is
related to other plant stresses, dark-adapted chlorophyll fluores-
cence measurements have been used to screen for cold hardiness in
barley [90] and other crops.

Chlorophyll fluorescence imaging provides the opportunity to spa-
tially resolve chlorophyll fluorescence signals and parameters at a
range of different scales. High-resolution chlorophyll fluorescence
microscopes enable photosynthetic efficiency (and the associated
quenching parameter) to be determined at the cellular [91,92] and
the sub-cellular [93] levels, while the integration of chlorophyll
fluorescence into many large-scale industrial and commercial phe-
notyping platforms has provided the ability to screen large numbers
of plants. Such capabilities have been invaluable for screening for
changes in plant metabolism, for example, improvements in photo-
synthesis [94] and the impact of herbicides [95]. Many of the
commercial instruments can be used on a range of different photo-
synthetic materials—from screening algae in media in Petri dishes
[96] to plants in 96-well plates [95], from individual leaves [97] to
whole plants [98]. Chlorophyll fluorescence imaging also allows
spatial heterogeneity to be assessed, which is often present within or
between samples [99]. This can be a problem with traditional fiber
optic approaches that only measure a small proportion of the
photosynthetic material defined by the users, which can lead to
increased variation between measurements due to spatial heteroge-
neity. Chlorophyll fluorescence imaging can also be combined with
other physiological techniques to provide advanced screening
methodologies and  powerful physiological ~measurement
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3.3 Thermal Imaging

approaches. For example, combined chlorophyll fluorescence and
thermal imaging have been used to screen for intrinsic H,O use
efficiency [100], and chlorophyll fluorescence imaging in combina-
tion with Infra-red gas exchange has been used to produce spatial
images of internal CO, concentrations within the leaf'in order to
calculate lateral gas fluxes [101]. Carrying out chlorophyll fluores-
cence imaging under known gas environments has also been used as
a screening tool for photorespiratory mutants [102].

The advantages of chlorophyll fluorescence imaging have been
outlined above and are explored in greater detail herein
[103]. However, disadvantages include the size of the equipment,
which often means that such imaging systems are not portable and
often rely on mains power. There are exceptions to this, with
portable field-based systems commercially available, although the
area for imaging is, in general, small compared to many of the lab
instruments. Another challenge is that due to the large imaging
area of many systems, it can be difficult to obtain even actinic
illumination over the entire imaging area, which can result in the
introduction of spatial variation into the images. Another problem
with illumination can be the intensity of the saturating pulse, which
can be lower than 4000 pmol m 2 s™* and is, therefore, unlikely to
be saturated for species grown in high-light environments or that
perform C4 photosynthesis.

Another dimension of the leaf-to-canopy-level information can be
drawn from thermal imaging. Highly sensitive cameras are available
now that resolve leaf or canopy temperature remotely and in detail,
allowing for spatial or temporal visualization of processes related to
transpiration. Evaporating water that is transpired through the
stomata of a leaf carries heat away, which results in the cooling of
the leaf. Leaf temperatures, when taken in comparison to that of
reference surfaces, can thus indicate the rate of transpiration and
associated stomatal conductance [104]. These “wet” and “dry”
reference temperature measurements are crucial for accurately
determining stomatal conductance but also can make thermal
imaging challenging to perform in variable outdoor environments.
Alternative approaches based on calculated energy balance have
made it somewhat easier in recent years to obtain reliable measure-
ments [ 105, 106]. How to best use thermal imaging in connection
with  high-throughput phenotyping is described herein
[107]. Because of the complementary information that can be
drawn from thermal imaging, it is often used in connection with
chlorophyll fluorescence imaging to obtain spatially resolved infor-
mation on stomatal opening and photosynthetic activity [108].
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Characteristic absorbance shifts originating from components of
electron transport downstream of PSII provide valuable insight
into the fate and results of light energy capture. The two main
spectral signatures downstream of PSII stem from the reaction
center chlorophyll pigments of photosystem I (PSI), P700, and
from the ECS of carotenoid proteins embedded in the thylakoid
membranes [109]. The redox status of P700 is estimated by absor-
bance shifts in the 800-850 nm range as measured under steady
state and rapid-saturating light pulses, thus probing the quantum
efficiency of PSI [82, 110]. Since the ECS responds to the electric
field across the thylakoid membrane, the relaxation of the ECS in a
dark interval is proportional to the proton motive force maintained
by proton pumping and its decay kinetics provide information
concerning the conductivity of ATP synthase [111, 112].

The absorbance shifts driven by P700 and the ECS can be
measured on an intact leaf and are helping to resolve important
aspects of how the light reactions flexibly provide reductant and
ATP to optimally provide for the dynamic demands of carbon
fixation, photorespiration, and other aspects of central metabolism
without resulting in the damaging consequences of over-reduction
of the electron transport chain [113, 114]. These spectral signa-
tures have been used to provide indications of cyclic electron trans-
port around PSI when measured in conjunction with PSII
chlorophyll fluorescence [115, 116], determine the light response
of PSI quantum efficiency as affected by environmental variables
[117, 118], and estimate in vivo steady-state proton fluxes, ATP
synthase activity, and components of the transthylakoid proton
motive force [115, 119, 120].

The above-mentioned changes in leaf absorbance are related to
known mechanisms at the physiological or biochemical level that
cause these changes. However, it is not always necessary to know
the underlying mechanisms and much can be learned through
empirical correlation of measured absorbance changes with under-
lying changes in biochemistry. Changes in photosynthetic metabo-
lism often manifest with an imprint onto leaf optical properties,
which can be measured over a wide range of the electromagnetic
spectrum using reflectance spectroscopy. Partial least-squares
regression analyses can be used to sift through the large amount
of data obtained and filter out the key determinants of the photo-
synthetic property of interest, such as Vi Or Joax [121]. This
approach allows for rapid phenotyping of plants to get spectro-
scopic proxies for these parameters without having to perform the
detailed measurements that would be necessary to characterize the
plants biochemically [122]. Spectral reflectance data may be
obtained from point measurements on individual leaves, or can be
measured by multispectral (~ 3-15 targeted spectral bands) or
hyperspectral (often 100 s of continuous spectral bands) imaging
on scales from the leaf to the canopy [123, 124 ]. Depending on the
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3.5 Light Response
Curves

equipment used, a variety of parameters relevant to photosynthesis
can be estimated, from pigment content and status of the xantho-
phyll cycle to photosynthetic capacities. Detailed guides on con-
siderations and practices for equipment setup and data collection
are described herein [125, 126]. Best practices for the analysis of
hyperspectral imaging data are also discussed in this book [127].

Measurements for probing photosynthesis, such as gaseous
exchange of CO; or O,, chlorophyll fluorescence, or wavelength-
specific absorption changes, are often integrated into experiments
where environmental factors such as CO,, temperature, or light
intensity can be varied. In the case of light intensity, several impor-
tant properties can be extracted from such measurements as dis-
cussed herein [18].

Saturated photosynthetic capacity can be derived as the asymp-
tote to which the response curve saturates at infinite light intensity.
Additionally, the initial slope of the response provides a measure for
the quantum efficiency, i.c., the maximum number of evolved O,
molecules or assimilated CO, molecules per absorbed photon. This
parameter is typically designated by the symbol ¢ and was instru-
mental in investigating a long-running scientific controversy
concerning the photon requirements of water splitting (reviewed
by [59]) until the involvement of two photosystems in photosyn-
thesis was discovered [128] and the development of the Z-scheme
[129] provided firm theoretical underpinning for the minimum
requirement of eight photons per evolved O,.

While in the 1950s photosynthetic light response measure-
ments were performed using extremely tedious and error-prone
manometry, modern instruments utilize more user-friendly techni-
ques to measure the light response of photosynthesis via liquid or
gas phase gas exchange. It is however still important to realize that
the measurement conditions during the light response curve (tem-
perature, light spectrum, atmospheric gas composition, etc.) as well
as pre-treatment of the sample can have important consequences
for the measured light response. Photoinhibition or
non-photochemical quenching can substantially reduce the quan-
tum efficiency of photosynthesis (¢, [130]) and induce substantial
variation in measured values, whereas ¢ measurements on
non-stressed, fully dark-adapted material typically lead to a very
narrow range of values [131]. Considering the lack of variation
associated with dark-adapted ¢ in C; photosynthesis, differences in
the photosynthetic light response can reflect physiological adapta-
tions of photosynthesis, such as the presence or absence of a car-
bon-concentrating mechanism (e.g., [132]). For instance, in
species with C4 photosynthesis, the additional 2 ATP required for
the carbon-concentrating Cy acid shuttle is reflected in ¢, and light
saturation of photosynthesis also typically occurs at considerably
higher light levels compared to Cj.
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Light response curves are deceptively tricky to execute properly.
For example, in the case of leaf gas exchange, it can be challenging
to keep leaf temperature, CO, concentration, and vapor pressure
deficit constant with variations in light intensity. In traditional light
response curves with sequential changes in light intensity on the
same sample, it is also important to consider the order of changes in
light intensity. A measurement sequence from high to low light
intensity helps to fully induce enzyme activity and stomatal opening
at the start but will also generate substantial non-photochemical
quenching or even photoinhibition, leading to decreased ¢. Alter-
natively, measurements from low to high light intensity can provide
a non-biased estimate for ¢ but require much more time to allow
full enzyme activation and stomatal opening after each increase in
light intensity and rushed measurements would again lead to
underestimation of ¢, especially in the intermediate light range.
Both examples emphasize the issue of performing measurements at
different light intensities sequentially on the same sample, which
carries the risk of generating a light history component throughout
the response curve. Subdividing the sample to measure light inten-
sities in parallel can be used to avoid this problem, as was demon-
strated by [133]. This method also holds promise to reduce the
time required per response curve from approximately 0.5-1 h to
only a few minutes; however, its interpretation is limited to values
derived from chlorophyll fluorescence since it is not able to resolve
leaf gas exchange.

4 The Future of In Vivo Measurements of Photosynthetic Flux

The future of measurements of photosynthetic flux relies on
research that exploits the unprecedented accessibility of current
technology to multiplex and increase the throughput of measure-
ments at diverse scales. As discussed below, these developments will
provide novel insight into basic plant biology and help bring pho-
tosynthetic insights into -omic scale approaches.

The ability to multiplex, or perform simultaneous assays on the
same sample, is a hallmark of genomic and metabolomic-based
approaches and have helped to greatly advance these fields and
holds promise to help advance our understanding of photosynthe-
sis. Given the inherently lower-throughput limitations of photo-
synthetic measurements that require physically clamping a
measuring device to each leaf, it makes sense to combine many
assays in the same device to get as much data from each measure-
ment as possible. Additionally, deeper physiological meaning can be
determined when certain measurements are combined, for example
the determination of the CO, transfer conductance across the
mesophyll from combined measurements of gas exchange and
chlorophyll fluorescence [134]. Past efforts in multiplexing
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photosynthesis measurements have been limited by the physical size
of each component, but recent advances in LED technology and
market pressure to engineer more compact analytical equipment
has helped alleviate this problem. For example, a recently launched
effort (PhotosynQ) to provide a low-cost, open-source instrument
has produced a hand-held device capable of measuring over a dozen
different signatures of photosynthesis during a 15 second measure-
ment [135]. The PhotosynQ platform additionally uploads time-
stamped and geotagged data into a freely accessible database,
allowing leaf-level measurements to be interpreted at multiple
scales. Another example in multiplexing is when measurements of
carbon assimilation have been combined with mass flux balance
approaches to constrain the photosynthetic uptake of carbon in
models of central metabolism [30] and for confirming the stoichi-
ometry of CO; release from photorespiration [32].

In the past, the limited throughput of tools measuring photo-
synthetic flux has restricted their application from approaches tying
gene to function, such as through parallel quantitative trait locus
mapping and genome wide association studies [ 136, 137]. Increas-
ing measurement throughput is also important to properly screen
transgenic plants carrying multi-gene constructs for increased pho-
tosynthesis in replicated field trials. Measuring in vivo photosyn-
thetic parameters in tandem with other techniques, e.g., including
those discussed herein such as extracting soluble proteins from
leaves [138], quantifying photosynthesis-related enzymes with
antibodies [139], purifying Rubisco for biochemical applications
[140], evaluating thylakoid lipid content [141] and stable isotope
labeling for the quantification of metabolites [ 73], would be useful
to more fully understand the physiological and molecular effects of
gene function or environmental changes, as determined by the
experiment. Fortunately, there are several emergent approaches
that may help increase throughput, in addition to the PhotosynQ
platform mentioned previously. For example, key photosynthetic
parameters derived from measurements of the response of carbon
assimilation to CO, (maximum rate of Rubisco carboxylation and
electron transport) correlate strongly with spectral regions of the
fresh leat hyperspectral reflectance [121, 142]. Since hyperspectral
leaf reflectance measurements take <1 s as compared to 20-40 min
for the standard measurement by gas exchange, this approach holds
great promise for application for higher throughput phenotyping
(see, e.g., [122]), yet the mechanism behind this relationship
remains unresolved. Validation of this approach, and of determin-
ing photosynthetic gas exchange parameters in general from gas
exchange, will be aided by the development of non-steady-state
approaches for measuring the response of photosynthetic assimila-
tion to CO, concentrations [ 143, 144].



Tools for Measuring Photosynthesis at Different Scales 19

References

1

10.

. Orr

.Yin X, Struik PC (2017) Can increased leaf

photosynthesis be converted into higher crop
mass production? A simulation study for rice
using the crop model GECROS. J Exp Bot
68(9):2345-2360. https://doi.org/10.
1093 /jxb/erx085

. Wu A, Song Y, van Oosterom EJ, Hammer

GL (2016) Connecting biochemical photo-
synthesis models with crop models to support
crop improvement. Front Plant Sci 7(1518).
https: //doi.org,/10.3389 /1pls.2016.01518

. De Pury DGG, Farquhar GD (1997) Simple

scaling of photosynthesis from leaves to cano-
pies without the errors of big-leaf models.
Plant Cell Environ 20(5):537-557. https://
doi.org/10.1111/j.1365-3040.1997.
00094 .x

. von Caemmerer S (2000) Biochemical models

of leaf photosynthesis. CSIRO Publishing,
Collingwood. https://doi.org/10.1071/
9780643103405

. Galmés J, Hermida-Carrera C, Laanisto L,

Niinemets U (2016) A compendium of tem-
perature responses of rubisco kinetic traits:
variability among and within photosynthetic
groups and impacts on photosynthesis mod-
eling. J Exp Bot 67(17):5067-5091. https://
doi.org,/10.1093 /jxb/erw267

. Hermida-Carrera C, Kapralov MV, Galmés J

(2016) Rubisco catalytic properties and tem-
perature response in crops. Plant Physiol
171(4):2549-2561. https://doi.org/10.
1104/pp.16.01846

D, Alcantara A, Kapralov MV,
Andralojc J, Carmo-Silva E, Parry MAJ
(2016) Surveying Rubisco diversity and tem-
perature response to improve crop photosyn-
thetic efficiency. Plant Physiol 172:707-717.
https://doi.org,/10.1104 /pp.16.00750

. Sharwood RE, Ghannoum O, Kapralov MV,

Gunn LH, Whitney SM (2016) Temperature
responses of Rubisco from Paniceae grasses
provide opportunities for improving Cz pho-
tosynthesis. Nature Plants 2:16186. https: //
doi.org,/10.1038 /nplants.2016.186

. Fullana-Pericas M, Conesa MA, Soler S,

Ribas-Carb6é M, Granell A, Galmés J (2017)
Variations of leaf morphology, photosynthetic
traits and water-use efficiency in Western-
Mediterranean tomato landraces. Photo-
synthetica 55(1):121-133. https://doi.org/
10.1007,/511099-016-0653-4

Gu J, Yin X, Stomph T-J, Wang H, Struik PC
(2012) Physiological basis of genetic variation
in leaf photosynthesis among rice (Oryza

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

sativa L.) introgression lines under drought
and well-watered conditions. ] Exp Bot 63:
5137. https://doi.org,/10.1093 /jxb/ers170

Sun J, Sun J, Feng Z (2015) Modelling pho-
tosynthesis in flag leaves of winter wheat (77:-
ticum aestivum) considering the variation in
photosynthesis parameters during develop-
ment. Funct Plant Biol 42(11):1036-1044.
https://doi.org/10.1071 /FP15140

Gaastra P (1959) Photosynthesis of crop
plants as influenced by light, carbon dioxide,
temperature, and stomatal diffusion resis-
tance. Wageningen

Farquhar GD, von Caemmerer S, Berry JA
(1980) A biochemical model of photosyn-
thetic CO, assimilation in leaves of Cj species.
Planta 149(1):78-90

von Caemmerer S, Farquhar GD (1981)
Some relationships between the biochemistry
of photosynthesis and the gas exchange of
leaves. Planta 153(4):376-387

Harley PC, Sharkey TD (1991) An improved
model of C; photosynthesis at high CO,:
reversed O, sensitivity explained by lack of
glycerate reentry into the chloroplast. Photo-
synth Res 27(3):169-178

Busch FA (n.d.) Photosynthetic gas exchange
in land plants at the leaf level. In: Covshoff S
(ed) Photosynthesis: methods and protocols,
2nd edn. Springer, New York

Farquhar G, Wong S (1984) An empirical
model of stomatal conductance. Funct Plant
Biol 11(3):191-210. https://doi.org/10.
1071,/PP9840191

Coe RA, Lin H (n.d.) Light response curves
in land plants. In:  Covshoff S
(ed) Photosynthesis: methods and protocols,
2nd edn. Springer, New York

von Caemmerer S, Evans JR, Hudson GS,
Andrews TJ (1994) The kinetics of ribulose-
1,5-bisphosphate carboxylase /oxygenase
in vivo inferred from measurements of photo-
synthesis in leaves of transgenic tobacco.
Planta 195(1):88-97

Bernacchi CJ, Pimentel C, Long SP (2003) In
vivo temperature response functions of para-
meters required to model RuBP-limited pho-
tosynthesis. Plant Cell Environ 26(9):
1419-1430

Walker B, Ariza LS, Kaines S, Badger MR,
Cousins AB (2013) Temperature response of
in vivo Rubisco kinetics and mesophyll con-
ductance in Arabidopsis thaliana: compari-
sons to Nicotiana tabacum. Plant Cell


https://doi.org/10.1093/jxb/erx085
https://doi.org/10.1093/jxb/erx085
https://doi.org/10.3389/fpls.2016.01518
https://doi.org/10.1111/j.1365-3040.1997.00094.x
https://doi.org/10.1111/j.1365-3040.1997.00094.x
https://doi.org/10.1111/j.1365-3040.1997.00094.x
https://doi.org/10.1071/9780643103405
https://doi.org/10.1071/9780643103405
https://doi.org/10.1093/jxb/erw267
https://doi.org/10.1093/jxb/erw267
https://doi.org/10.1104/pp.16.01846
https://doi.org/10.1104/pp.16.01846
https://doi.org/10.1104/pp.16.00750
https://doi.org/10.1038/nplants.2016.186
https://doi.org/10.1038/nplants.2016.186
https://doi.org/10.1007/s11099-016-0653-4
https://doi.org/10.1007/s11099-016-0653-4
https://doi.org/10.1093/jxb/ers170
https://doi.org/10.1071/FP15140
https://doi.org/10.1071/PP9840191
https://doi.org/10.1071/PP9840191

20

22.

23.

24.

25.

26.

27.

28.

29.

30.

Berkley J. Walker et al.

Environ 36(12):2108-2119. https://doi.
org/10.1111/pce. 12166

Wall S, Vialet-Chabrand S, Davey P, Van Rie J,
Galle A, Cockram J, Lawson T (2022) Sto-
mata on the abaxial and adaxial leaf surface
contribute differently to leaf gas exchange
and photosynthesis in wheat. New Phytol
235(5):1743-1756. https://doi.org/10.
1111/nph.18257

Boyer JS (2015) Turgor and the transport of
CO, and water across the cuticle (epidermis)
of leaves. J Exp Bot 66(9):2625-2633.
https://doi.org,/10.1093 /jxb/erv065

Marquez DA, Stuart-Williams H, Farquhar
GD (2021) An improved theory for calculat-
ing leaf gas exchange more precisely account-
ing for small fluxes. Nature Plants 7(3):
317-326. https://doi.org/10.1038/
s41477-021-00861-w

Marquez DA, Stuart-Williams H, Farquhar
GD, Busch FA (2022) Cuticular conductance
of'adaxial and abaxial leaf surfaces and its rela-
tion to minimum leaf surface conductance.
New Phytol 233(1):156-168. https://doi.
org/10.1111 /nph.17588

Marquez DA, Stuart-Williams H, Cernusak
LA, Farquhar GD (2023) Assessing the CO,
concentration at the surface of photosynthetic
mesophyll cells. New Phytol 238(4):
1446-1460. https://doi.org/10.1111/nph.
18784

Wall S, Lemonnier P, Milliken AL, Davey P,
Lawson T (n.d.) Simultaneous and indepen-
dent abaxial and adaxial gas exchange
measurements. In: Covshoff N
(ed) Photosynthesis: methods and protocols,
2nd edn. Springer, New York

Ubierna N,  Holloway-Phillips M-M,
Wingate L, Jrm O, Busch FA, Farquhar GD
(n.d.) Using carbon stable isotopes to study
C; and C4 photosynthesis: models and
calculations. In: Covshoff S
(ed) Photosynthesis: methods and protocols,
2nd edn. Springer, New York

Busch FA, Sage TL, Cousins AB, Sage RF
(2013) C; plants enhance rates of photosyn-
thesis by reassimilating photorespired and
respired CO,. Plant Cell Environ 36(1):
200-212. https://doi.org/10.1111/j.
1365-3040.2012.02567 x

MaF, Jazmin LJ, Young JD, Allen DK (2014)
Isotopically nonstationary **C flux analysis of
changes in Arabidopsis thaliana leaf metabo-
lism due to high light acclimation. Proc Natl
Acad Sci111(47):16967-16972. https: //doi.
org/10.1073/pnas.1319485111

32.

33.

34.

35.

36.

37.

38.

39.

40.

4]1.

. Busch FA, Sage RF, Farquhar GD (2018)

Plants increase CO, uptake by assimilating
nitrogen via the photorespiratory pathway.
Nature Plants 4(1):46-54. https://doi.org/
10.1038/541477-017-0065-x

Abadie C, Boex-Fontvicille ERA, Carroll AJ,
Tcherkez G (2016) In vivo stoichiometry of
photorespiratory metabolism. Nature Plants
2:15220. https://doi.org/10.1038 /nplants.
2015.220

Lawson T, Milliken AL  (2023)
Photosynthesis — beyond the leaf. New Phytol
238(1):55-61. https://doi.org/10.1111/
nph.18671

Simkin AJ, Faralli M, Ramamoorthy S, Law-
son T (2020) Photosynthesis in non-foliar
tissues: implications for yield. Plant J 101(4):
1001-1015. https://doi.org/10.1111 /tpj.
14633

Zhang Q, Tang W, Peng S, Li Y (2022) Lim-
iting factors for panicle photosynthesis at the
anthesis and grain filling stages in rice (Oryza
sativa L.). Plant J 109:77. https: //doi.org/
10.1111/tpj.15554

Rivera-Amado C, Molero G, Trujillo-
Negrellos E, Reynolds M, Foulkes J (2020)
Estimating organ contribution to grain filling
and potential for source upregulation in wheat
cultivars with a contrasting source—sink bal-
ance. Agronomy 10(10):1527

Wang H, Hou L, Wang M, Mao P (2016)
Contribution of the pod wall to seed grain
filling in alfalfa. Sci Rep 6(1):26586. https://
doi.org,/10.1038 /srep26586

Milliken AL, Fan M, Mathan J, Davey P, Law-
son T (n.d.) Measuring non-foliar
photosynthesis. In: Covshoff S

(ed) Photosynthesis: methods and protocols,
2nd edn. Springer, New York

Davey P, Lawson T Measurements of carbon
assimilation in aquatic systems In: Covshoft'S
(ed) Photosynthesis: methods and protocols.
2nd edn. Springer New York, New York

George GM, Kolling K, Kuenzli R, Hirsch-
Hoffmann M, Fliitsch P, Zeeman SC (2018)
Design and use of a digitally controlled device
for accurate, multiplexed gas exchange mea-
surements of the complete foliar parts of
plants. In: Covshoft S (ed) Photosynthesis:
methods and protocols. Springer, New York,
pp 45-68. https://doi.org,/10.1007,/978-1-
4939-7786-4_3

Dutton RG, Jiao J, Tsujita MJ, Grodzinski B
(1988) Whole plant CO, exchange measure-
ments for nondestructive estimation of
growth. Plant Physiol 86(2):355-358.
https://doi.org,/10.1104 /pp.86.2.355


https://doi.org/10.1111/pce.12166
https://doi.org/10.1111/pce.12166
https://doi.org/10.1111/nph.18257
https://doi.org/10.1111/nph.18257
https://doi.org/10.1093/jxb/erv065
https://doi.org/10.1038/s41477-021-00861-w
https://doi.org/10.1038/s41477-021-00861-w
https://doi.org/10.1111/nph.17588
https://doi.org/10.1111/nph.17588
https://doi.org/10.1111/nph.18784
https://doi.org/10.1111/nph.18784
https://doi.org/10.1111/j.1365-3040.2012.02567.x
https://doi.org/10.1111/j.1365-3040.2012.02567.x
https://doi.org/10.1073/pnas.1319485111
https://doi.org/10.1073/pnas.1319485111
https://doi.org/10.1038/s41477-017-0065-x
https://doi.org/10.1038/s41477-017-0065-x
https://doi.org/10.1038/nplants.2015.220
https://doi.org/10.1038/nplants.2015.220
https://doi.org/10.1111/nph.18671
https://doi.org/10.1111/nph.18671
https://doi.org/10.1111/tpj.14633
https://doi.org/10.1111/tpj.14633
https://doi.org/10.1111/tpj.15554
https://doi.org/10.1111/tpj.15554
https://doi.org/10.1038/srep26586
https://doi.org/10.1038/srep26586
https://doi.org/10.1007/978-1-4939-7786-4_3
https://doi.org/10.1007/978-1-4939-7786-4_3
https://doi.org/10.1104/pp.86.2.355

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Tools for Measuring Photosynthesis at Different Scales 21

Zeeman SC, Rees TA (1999) Changes in car-
bohydrate metabolism and assimilate export
in starch-excess mutants of Arabidopsis. Plant
Cell Environ 22(11):1445-1453. https://
doi.org/10.1046/j.1365-3040.1999.
00503.x

Baldocchi DD, Amthor JS (2001) Canopy
photosynthesis: history, measurements, and
models. In: Roy J, Mooney HA, Saugier B
(eds) Terrestrial global productivity. Aca-
demic Press, New York, pp 9-31

Hall DO, Scurlock J, Bolhar-Nordenkampf H,
Leegood RC, Long S (1993) Photosynthesis
and production in a changing environment: a

field and laboratory manual. Chapman &
Hall, London

Kolling K, George GM, Kiinzli R, Fliitsch P,
Zeeman SC (2015) A whole-plant chamber
system for parallel gas exchange measure-
ments of Arabidopsis and other herbaceous
species. Plant Methods 11(1):48. https://
doi.org,/10.1186,/s13007-015-0089-z

Barton CVM, Ellsworth DS, Medlyn BE,
Duursma RA, Tissue DT, Adams MA,
Eamus D, Conroy JP, McMurtrie RE,
Parsby J, Linder S (2010) Whole-tree cham-
bers for elevated atmospheric CO, experi-
mentation and tree scale flux measurements
in South-Eastern Australia: the Hawkesbury
Forest experiment. Agric For Meteorol
150(7):941-951. https://doi.org,/10.1016/
j-agrformet.2010.03.001

Drake JE, Tjoelker MG, Aspinwall MJ, Reich
PB, Barton CVM, Medlyn BE, Duursma RA
(2016) Does physiological acclimation to cli-
mate warming stabilize the ratio of canopy
respiration to photosynthesis? New Phytol
211(3):850-863. https://doi.org/10.1111/
nph.13978

Baldocchi DD (2003) Assessing the eddy
covariance technique for evaluating carbon
dioxide exchange rates of ecosystems: past,
present and future. Glob Chang Biol 9(4):
479-492

Song Q, Zhu X-G Measuring canopy gas
exchange using CAnopy photosynthesis and
transpiration systems (CAPTS). In: Covshoff
S (ed) Photosynthesis: methods and proto-
cols. 2nd edn. Springer, New York

Schmid HP (1994) Source areas for scalars
and scalar fluxes. Bound-Layer Meteorol
67(3):293-318. https://doi.org/10.1007 /
BF00713146

Raupach MR (1979) Anomalies in flux-
gradient relationships over forest. Bound-
Layer Meteorol 16(3):467-486. https://doi.
org,/10.1007 /BF03335385

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Simpson IJ, Thurtell GW, Neumann HH,
Den Hartog G, Edwards GC (1998) The
validity of similarity theory in the roughness
sublayer  above  forests. = Bound-Layer
Meteorol 87(1):69-99. https://doi.org/10.
1023,/A:1000809902980

Moore CE, Griebel A A beginner’s guide to
eddy covariance: methodology and its applica-
tions to photosynthesis. In: Covshoff S
(ed) photosynthesis: methods and protocols.
2nd edn. Springer, New York

Severinghaus John W (2002) The invention
and development of blood gas analysis appa-
ratus.  Anesthesiology  97(1):253-256.
https://doi.org,/10.1097 /00000542
200207000-00031

Clark LC Jr, Lyons C (1962) Electrode sys-
tems for continuous monitoring in cardiovas-
cular surgery. Ann N Y Acad Sci 102(1):
29-45. https://doi.org/10.1111/j.
1749-6632.1962.tb13623 .x

Shevela D, Schroder WP, Messinger ] Mea-
surements of oxygen evolution in
photosynthesis. In: Covshoff S
(ed) Photosynthesis: methods and protocols.
2nd edn. Springer, New York

Driever SM Measurement of O, uptake and
evolution in leaves 7z vivo using stable iso-
topes and  membrane inlet  mass
spectrometry. In: Covshoff S
(ed) Photosynthesis: methods and protocols.
2nd edn. Springer, New York

Burgess SJ, Davies C Measurement of algal
photosynthesis using a Clark-type O,
electrode. In: Covshoff S

(ed) Photosynthesis: methods and protocols.
2nd edn. Springer, New York

Hill JF, Govindjee (2014) The controversy
over the minimum quantum requirement for
oxygen evolution. Photosynth Res 122(1):
97-112. https://doi.org,/10.1007 /s11120-
014-0014-8

Evans JR, Kaldenhoft R, Genty B, Terashima I
(2009) Resistances along the CO, diffusion
pathway inside leaves. ] Exp Bot 60(8):
2235-2248. https://doi.org/10.1093/jxb/
erpll7

Busch FA, Holloway-Phillips M, Stuart-
Williams H, Farquhar GD (2020) Revisiting
carbon isotope discrimination in Cj plants
shows respiration rules when photosynthesis
is low. Nature Plants 6(3):245-258. https://
doi.org,/10.1038 /s41477-020-0606-6
Farquhar GD, O’Leary MH, Berry JA (1982)
On the relationship between carbon isotope
discrimination and the intercellular carbon


https://doi.org/10.1046/j.1365-3040.1999.00503.x
https://doi.org/10.1046/j.1365-3040.1999.00503.x
https://doi.org/10.1046/j.1365-3040.1999.00503.x
https://doi.org/10.1186/s13007-015-0089-z
https://doi.org/10.1186/s13007-015-0089-z
https://doi.org/10.1016/j.agrformet.2010.03.001
https://doi.org/10.1016/j.agrformet.2010.03.001
https://doi.org/10.1111/nph.13978
https://doi.org/10.1111/nph.13978
https://doi.org/10.1007/BF00713146
https://doi.org/10.1007/BF00713146
https://doi.org/10.1007/BF03335385
https://doi.org/10.1007/BF03335385
https://doi.org/10.1023/A:1000809902980
https://doi.org/10.1023/A:1000809902980
https://doi.org/10.1097/00000542-200207000-00031
https://doi.org/10.1097/00000542-200207000-00031
https://doi.org/10.1111/j.1749-6632.1962.tb13623.x
https://doi.org/10.1111/j.1749-6632.1962.tb13623.x
https://doi.org/10.1007/s11120-014-0014-8
https://doi.org/10.1007/s11120-014-0014-8
https://doi.org/10.1093/jxb/erp117
https://doi.org/10.1093/jxb/erp117
https://doi.org/10.1038/s41477-020-0606-6
https://doi.org/10.1038/s41477-020-0606-6

22

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Berkley J. Walker et al.

dioxide concentration in leaves. Aust J Plant
Physiol 9(2):121-137

Cernusak LA, Ubierna N, Winter K, Holtum
JAM, Marshall JD, Farquhar GD (2013)
Environmental and physiological determi-
nants of carbon isotope discrimination in ter-
restrial plants. New Phytol 200(4):950-965.
https: //doi.org/10.1111 /nph.12423

Raven JA, Beardall J (2016) The ins and outs
of CO,. J Exp Bot 67(1):1-13. https://doi.
org/10.1093/jxb/erv451

Barbour MM (2017) Understanding regula-
tion of leaf internal carbon and water trans-
port using online stable isotope techniques.
New Phytol 213(1):83-88. https://doi.org/
10.1111/nph.14171

Canvin DT, Berry JA, Badger MR, Fock H,
Osmond CB (1980) Oxygen exchange in
leaves in the light. Plant Physiol 66(2):
302-307. https://doi.org,/10.1104/pp.66.
2.302

Badger MR (1985) Photosynthetic oxygen
exchange. Annu Rev Plant Physiol Plant Mol
Biol 36:27-53. https://doi.org/10.1146/
annurev.arplant.36.1.27

Haupt-Herting S, Klug K, Fock HP (2001) A
new approach to measure gross CO, fluxes in
leaves. Gross CO, assimilation, photorespira-
tion, and mitochondrial respiration in the
light in tomato under drought stress. Plant
Physiol 126(1):388-396

Maxwell K, Badger MR, Osmond CB (1998)
A comparison of CO, and O, exchange pat-
terns and the relationship with chlorophyll
fluorescence during photosynthesis in Cj
and CAM plants. Funct Plant Biol 25(1):
45-52. https://doi.org,/10.1071,/PP97070

Driever SM, Baker NR (2011) The water—
water cycle in leaves is not a major alternative
electron sink for dissipation of excess excita-
tion energy when CO, assimilation is
restricted. Plant Cell Environ 34(5):
837-846. https://doi.org/10.1111/j.
1365-3040.2011.02288 x

Ruuska SA, Badger MR, Andrews TJ, von
Caemmerer S (2000) Photosynthetic electron
sinks in transgenic tobacco with reduced
amounts of Rubisco: little evidence for signif-
icant Mehler reaction. J Exp Bot 51(suppl 1):
357-368. https://doi.org,/10.1093 /jexbot/
51.suppl_1.357

Peltier G, Cournac L, Despax V, Dimon B,
Fina L, Genty B, Rumeau D (1995) Carbonic
anhydrase activity in leaves as measured in vivo
by 0 exchange between carbon dioxide and
water. Planta 196(4):732-739. https://doi.
org,/10.1007 /BF01106768

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Baccolini C, Arrivault S Stable isotope label-
ling and quantification of photosynthetic
metabolites. In: Covshoff S
(ed) Photosynthesis: methods and protocols.
2nd edn. Springer, New York

Maxwell K, Johnson GN (2000) Chlorophyll
fluorescence — a practical guide. J Exp Bot
51(345):659-668

Baker NR (2008) Chlorophyll fluorescence: a
probe of photosynthesis in vivo. Annu Rev
Plant Biol 59:89-113. https://doi.org/10.
1146 /annurev.arplant.59.032607.092759

Murchie EH, Lawson T (2013) Chlorophyll
fluorescence analysis: a guide to good practice
and understanding some new applications. J
Exp Bot 64(13):3983-3998. https://doi.
org/10.1093 /jxb/ert208

Butler WL (1978) Energy distribution in the
photochemical apparatus of photosynthesis.
Annu Rev Plant Physiol 29(1):345-378

Genty B, Briantais JM, Baker NR (1989) The
relationship between the quantum yield of
photosynthetic  electron-transport  and
quenching of chlorophyll fluorescence. Bio-
chim Biophys Acta 990(1):87-92

Wong CYS, Jones T, McHugh DP, Gilbert
ME, Gepts P, Palkovic A, Buckley TN, Mag-
ney TS (2023) TSWIFT: Tower Spectrometer
on Wheels for Investigating Frequent Time-
series for high-throughput phenotyping of
vegetation physiology. Plant Methods 19(1):
29. https://doi.org/10.1186,/s13007-023-
01001-5

Bradbury M, Baker NR (1981) Analysis of the
slow phases of the in vivo chlorophyll fluores-
cence induction curve. Changes in the redox
state of photosystem II electron acceptors and
fluorescence emission from photosystems I
and II. Biochim Biophys Acta Bioenerg 635:
542. https://doi.org,/10.1016,/0005-2728
(81)90113-4

Loriaux SD, Avenson TJ, Welles JM, McDer-
mitt DK, Eckles RD, Riensche B, Genty B
(2013) Closing in on maximum yield of chlo-
rophyll fluorescence using a single multiphase
flash of sub-saturating intensity. Plant Cell
Environ 36(10):1755-1770. https://doi.
org/10.1111/pce.12115

Schreiber U, Neubauer C (1987) The poly-
phasic rise of chlorophyll fluorescence upon
onset of strong continuous illumination:
II. Partial control by the photosystem II
donor side and possible ways of interpreta-
tion. Zeitschrift fir Naturforschung C
42(11-12):1255-1264. https://doi.org/10.
1515/znc-1987-11-1218


https://doi.org/10.1111/nph.12423
https://doi.org/10.1093/jxb/erv451
https://doi.org/10.1093/jxb/erv451
https://doi.org/10.1111/nph.14171
https://doi.org/10.1111/nph.14171
https://doi.org/10.1104/pp.66.2.302
https://doi.org/10.1104/pp.66.2.302
https://doi.org/10.1146/annurev.arplant.36.1.27
https://doi.org/10.1146/annurev.arplant.36.1.27
https://doi.org/10.1071/PP97070
https://doi.org/10.1111/j.1365-3040.2011.02288.x
https://doi.org/10.1111/j.1365-3040.2011.02288.x
https://doi.org/10.1093/jexbot/51.suppl_1.357
https://doi.org/10.1093/jexbot/51.suppl_1.357
https://doi.org/10.1007/BF01106768
https://doi.org/10.1007/BF01106768
https://doi.org/10.1146/annurev.arplant.59.032607.092759
https://doi.org/10.1146/annurev.arplant.59.032607.092759
https://doi.org/10.1093/jxb/ert208
https://doi.org/10.1093/jxb/ert208
https://doi.org/10.1186/s13007-023-01001-5
https://doi.org/10.1186/s13007-023-01001-5
https://doi.org/10.1016/0005-2728(81)90113-4
https://doi.org/10.1016/0005-2728(81)90113-4
https://doi.org/10.1111/pce.12115
https://doi.org/10.1111/pce.12115
https://doi.org/10.1515/znc-1987-11-1218
https://doi.org/10.1515/znc-1987-11-1218

83

84.

85.

86.

87.

88.

89.

90.

91.

92.

Tools for Measuring Photosynthesis at Different Scales

. Ajigboye OO, Ray RV, Murchie EH Chloro-

phyll fluorescence on the fast timescale. In:
Covshoff S (ed) Photosynthesis: methods
and protocols. 2nd edn. Springer, New York

Baker NR, Rosenqvist E (2004) Applications
of chlorophyll fluorescence can improve crop
production strategies: an examination of
future possibilities. J Exp Bot 55(403):
1607-1621

Fracheboud Y, Leipner J (2003) The applica-
tion of chlorophyll fluorescence to study light,
temperature, and drought stress. In: DeEll
JR, Toivonen PMA (eds) Practical applica-
tions of chlorophyll fluorescence in plant biol-
ogy. Springer, Boston, MA, pp 125-150.
https://doi.org,/10.1007 /978-1-4615-
0415-3_4

Gray GR, Chauvin LP, Sarhan F, Huner N
(1997) Cold acclimation and freezing toler-
ance (a complex interaction of light and tem-
perature). Plant Physiol 114(2):467-474.
https: //doi.org,/10.1104 /pp.114.2.467

Fryer MJ, Oxborough K, Martin B, Ort DR,
Baker NR (1995) Factors associated with
depression of photosynthetic quantum effi-
ciency in maize at low growth temperature.
Plant Physiol 108(2):761-767. https://doi.
org/10.1104/pp.108.2.761

Avenson TJ, McDermitt DK Shining light
into a ‘black box’: essential rationale underly-
ing multiphase flash methodology. In: Cov-
shoff S (ed) Photosynthesis: methods and
protocols. 2nd edn. Springer, New York

Poulson ME, Edwards GE, Browse J (2002)
Photosynthesis is limited at high leaf to air
vapor pressure deficit in a mutant of Arabi-
dopsis thaliana that lacks trienoic fatty acids.
Photosynth Res 72(1):55-63. https://doi.
org/10.1023 /A:1016054027464

Rizza F, Pagani D, Stanca AM, Cattivelli L
(2001) Use of chlorophyll fluorescence to
evaluate the cold acclimation and freezing tol-
erance of winter and spring oats. Plant Breed
120(5):389-396. https://doi.org,/10.1046/
j.1439-0523.2001.00635.x

Lawson T, Oxborough K, Morison JIL, Baker
NR (2002) Responses of photosynthetic elec-
tron transport in stomatal guard cells and
mesophyll cells in intact leaves to light, CO,,
and humidity. Plant Physiol 128(1):52-62.
https://doi.org,/10.1104/pp.010317
Lawson T, Oxborough K, Morison JIL, Baker
NR (2003) The responses of guard and meso-
phyll cell photosynthesis to CO,, O,, light,
and water stress in a range of species are simi-
lar. J Exp Bot 54(388):1743-1752. https://
doi.org,/10.1093/jxb/ergl86

93.

94.

95.

96.

97.

98.

99.

100.

101.

23

Baker NR, Oxborough K, Lawson T, Morison
JIL (2001) High resolution imaging of pho-
tosynthetic activities of tissues, cells and chlor-
oplasts in leaves. ] Exp Bot 52(356):615-621.
https://doi.org,/10.1093 /jxb/52.356.615

Simkin AJ, McAusland L, Headland LR,
Lawson T, Raines CA (2015) Multigene
manipulation of photosynthetic carbon assim-
ilation increases CQO, fixation and biomass
yield in tobacco. ] Exp Bot 66(13):
4075—4090. https://doi.org,/10.1093 /jxb/
erv204

Barbagallo RP, Oxborough K, Pallett KE,
Baker NR (2003) Rapid, noninvasive screen-
ing for perturbations of metabolism and plant
growth using chlorophyll fluorescence imag-
ing. Plant Physiol 132(2):485-493. https://
doi.org,/10.1104/pp.102.018093

Caspari OD, Meyer MT, Tolleter D, Witt-
kopp TM, Cunniffe NJ, Lawson T, Grossman
AR, Griffiths H (2017) Pyrenoid loss in Chin-
mydomonas reinbardtii causes limitations in
CO; supply, but not thylakoid operating effi-
ciency. ] Exp Bot 68(14):3903-3913.
https: //doi.org,/10.1093 /jxb/erx197

Oxborough K (2004 ) Imaging of chlorophyll
a fluorescence: theoretical and practical
aspects of an emerging technique for the
monitoring of photosynthetic performance. J
Exp Bot 55(400):1195-1205

von Caemmerer S, Lawson T, Oxborough K,
Baker NR, Andrews TJ, Raines CA (2004)
Stomatal conductance does not correlate
with photosynthetic capacity in transgenic
tobacco with reduced amounts of Rubisco. |
Exp Bot 55(400):1157-1166. https://doi.
org/10.1093/jxb/erh128

Lawson T, Lefebvre S, Baker NR, Morison
JIL, Raines CA (2008) Reductions in meso-
phyll and guard cell photosynthesis impact on
the control of stomatal responses to light and
CO,. J Exp Bot 59(13):3609-3619. https://
doi.org,/10.1093 /jxb/ern211

McAusland L, Vialet-Chabrand SRM, Mat-
thews JSA, Lawson T (2015) Spatial and tem-
poral responses in stomatal behaviour,
photosynthesis and implications for water-
use efficiency. In: Mancuso S, Shabala S (eds)
Rhythms in plants: dynamic responses in a
dynamic environment. Springer International
Publishing, Cham, pp 97-119. https://doi.
org/10.1007 /978-3-319-20517-5_5
Morison JIL, Gallouét E, Lawson T,
Cornic G, Herbin R, Baker NR (2005) Lat-
eral diffusion of CO, in leaves is not sufficient
to support photosynthesis. Plant Physiol
139(1):254-266. https://doi.org/10.1104/
pp-105.062950


https://doi.org/10.1007/978-1-4615-0415-3_4
https://doi.org/10.1007/978-1-4615-0415-3_4
https://doi.org/10.1104/pp.114.2.467
https://doi.org/10.1104/pp.108.2.761
https://doi.org/10.1104/pp.108.2.761
https://doi.org/10.1023/A:1016054027464
https://doi.org/10.1023/A:1016054027464
https://doi.org/10.1046/j.1439-0523.2001.00635.x
https://doi.org/10.1046/j.1439-0523.2001.00635.x
https://doi.org/10.1104/pp.010317
https://doi.org/10.1093/jxb/erg186
https://doi.org/10.1093/jxb/erg186
https://doi.org/10.1093/jxb/52.356.615
https://doi.org/10.1093/jxb/erv204
https://doi.org/10.1093/jxb/erv204
https://doi.org/10.1104/pp.102.018093
https://doi.org/10.1104/pp.102.018093
https://doi.org/10.1093/jxb/erx197
https://doi.org/10.1093/jxb/erh128
https://doi.org/10.1093/jxb/erh128
https://doi.org/10.1093/jxb/ern211
https://doi.org/10.1093/jxb/ern211
https://doi.org/10.1007/978-3-319-20517-5_5
https://doi.org/10.1007/978-3-319-20517-5_5
https://doi.org/10.1104/pp.105.062950
https://doi.org/10.1104/pp.105.062950

24

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Berkley J. Walker et al.

Badger MR, Fallahi H, Kaines S, Takahashi S
(2009) Chlorophyll fluorescence screening of
Arabidopsis thaliana for CO, sensitive photo-
respiration and photoinhibition mutants.
Funct Plant Biol 36(11):867-873. https://
doi.org,/10.1071 /FP09199

Lawson T, Vialet-Chabrand S Chlorophyll
fluorescence imaging. In: Covshoff S
(ed) Photosynthesis: methods and protocols.
2nd edn. Springer, New York

Jones HG (1999) Use of thermography for
quantitative studies of spatial and temporal
variation of stomatal conductance over leaf
surfaces. Plant Cell Environ 22(9):
1043-1055. https://doi.org,/10.1046/j.
1365-3040.1999.00468 .x

Vialet-Chabrand S, Lawson T (2019)
Dynamic leaf energy balance: deriving stoma-
tal conductance from thermal imaging in a
dynamic environment. J Exp Bot 70(10):
2839-2855. https://doi.org,/10.1093 /jxb/
erz068

Vialet-Chabrand S, Lawson T (2020) Ther-
mography methods to assess stomatal beha-
viour in a dynamic environment. J Exp Bot
71(7):2329-2338. https://doi.org/10.
1093 /jxb/erz573

Fan M, Stamford J, Lawson T Using infrared
thermography for high throughput plant
phenotyping In: Covshoff S
(ed) Photosynthesis: methods and protocols.
2nd edn. Springer, New York

Chaerle L, Leinonen I, Jones HG, Van Der
Straeten D (2007) Monitoring and screening
plant populations with combined thermal and
chlorophyll fluorescence imaging. ] Exp Bot
58(4):773-784. https://doi.org,/10.1093/
jxb/erl257

Baker NR, Harbinson J, Kramer DM (2007)
Determining the limitations and regulation of
photosynthetic energy transduction in leaves.
Plant Cell Environ 30(9):1107-1125.
https://doi.org,/10.1111/j.1365-3040.
2007.01680.x

Harbinson J, Woodward FI (1987) The use of
light-induced absorbance changes at 820 nm
to monitor the oxidation state of P-700 in
leaves. Plant Cell Environ 10(2):131-140.
https://doi.org/10.1111/1365-3040.
epl11602090

Cruz JA, Sacksteder CA, Kanazawa A, Kramer
DM (2001) Contribution of electric field
(Ay) to steady-state transthylakoid proton
motive force (pmf) in vitro and in vivo. Con-
trol of pmfparsing into Ay and ApH by ionic
strength. Biochemistry 40(5):1226-1237.
https: //doi.org,/10.1021 /bi0018741

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Sacksteder CA, Kramer DM (2000) Dark-
interval relaxation kinetics (DIRK) of absor-
bance changes as a quantitative probe of
steady-state electron transfer. Photosynth
Res 66(1):145-158. https://doi.org/10.
1023,/A:1010785912271

Kramer DM, Evans JR (2011) The impor-
tance of energy balance in improving photo-
synthetic productivity. Plant Physiol 155(1):
70-78. https://doi.org,/10.1104/pp.110.
166652

Walker BJ, Strand DD, Kramer DM, Cousins
AB (2014) The response of cyclic electron
flow around photosystem I to changes in pho-
torespiration and nitrate assimilation. Plant
Physiol 165(1):453-462. https://doi.org/
10.1104/pp.114.238238

Avenson TJ, Cruz JA, Kanazawa A, Kramer
DM (2005) Regulating the proton budget of
higher plant photosynthesis. Proc Natl Acad
Sci USA 102(27):9709-9713

Finazzi G, Rappaport F, Furia A,
Fleischmann M, Rochaix J-D, Zito F, Forti
G (2002) Involvement of state transitions in
the switch between linear and cyclic electron
flow in Chlamydomonas reinbardtii. EMBO
Rep 3(3):280-285. https://doi.org/10.
1093 /embo-reports /kvf047

Harbinson J (1994) The responses of thyla-
koid electron transport and light utilization
efficiency to sink limitation of
photosynthesis. In: Baker NR, Bowyer JR
(eds) Photoinhibition of photosynthesis,
from molecular mechanisms to the field.
Bios Scientific Publishers, Oxford, pp
273-295

Laisk A, Oja V (1994) Range of photosyn-
thetic control of postillumination P700"
reduction rate in sunflower leaves. Photo-
synth Res 39(1):39-50. https://doi.org/10.
1007 /BF00027141

Cruz JA, Avenson TJ, Kanazawa A,
Takizawa K, Edwards GE, Kramer DM
(2005) Plasticity in light reactions of photo-
synthesis for energy production and photo-
protection. J Exp Bot 56(411):395-406
Kramer DM, Avenson TJ, Edwards GE
(2004) Dynamic flexibility in the light reac-
tions of photosynthesis governed by both
electron and proton reactions. Trends Plant
Sci 9(7):349-357

Serbin SP, Dillaway DN, Kruger EL, Town-
send PA (2012) Leaf optical properties reflect
variation in photosynthetic metabolism and
its sensitivity to temperature. ] Exp Bot
63(1):489-502. https://doi.org/10.1093/
jxb/err294


https://doi.org/10.1071/FP09199
https://doi.org/10.1071/FP09199
https://doi.org/10.1046/j.1365-3040.1999.00468.x
https://doi.org/10.1046/j.1365-3040.1999.00468.x
https://doi.org/10.1093/jxb/erz068
https://doi.org/10.1093/jxb/erz068
https://doi.org/10.1093/jxb/erz573
https://doi.org/10.1093/jxb/erz573
https://doi.org/10.1093/jxb/erl257
https://doi.org/10.1093/jxb/erl257
https://doi.org/10.1111/j.1365-3040.2007.01680.x
https://doi.org/10.1111/j.1365-3040.2007.01680.x
https://doi.org/10.1111/1365-3040.ep11602090
https://doi.org/10.1111/1365-3040.ep11602090
https://doi.org/10.1021/bi0018741
https://doi.org/10.1023/A:1010785912271
https://doi.org/10.1023/A:1010785912271
https://doi.org/10.1104/pp.110.166652
https://doi.org/10.1104/pp.110.166652
https://doi.org/10.1104/pp.114.238238
https://doi.org/10.1104/pp.114.238238
https://doi.org/10.1093/embo-reports/kvf047
https://doi.org/10.1093/embo-reports/kvf047
https://doi.org/10.1007/BF00027141
https://doi.org/10.1007/BF00027141
https://doi.org/10.1093/jxb/err294
https://doi.org/10.1093/jxb/err294

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Tools for Measuring Photosynthesis at Different Scales

Meacham-Hensold K, Montes CM, Wu ],
Guan K, Fu P, Ainsworth EA, Pederson T,
Moore CE, Brown KL, Raines C, Bernacchi
CJ (2019) High-throughput field phenotyp-
ing using hyperspectral reflectance and partial
least squares regression (PLSR) reveals
genetic modifications to photosynthetic
capacity. Remote Sens Environ 231:111176.
https: //doi.org,/10.1016/j.rse.2019.04.029

Wang S, Guan K, Wang Z, Ainsworth EA,
Zheng T, Townsend PA, Liu N, Nafziger E,
Masters MD, Li K, Wu G, Jiang C (2021)
Airborne hyperspectral imaging of nitrogen
deficiency on crop traits and yield of maize
by machine learning and radiative transfer
modeling. Int J Appl Earth Obs Geoinf 105:
102617. https://doi.org/10.1016/j.jag.
2021.102617

Meacham-Hensold K, Fu P, Wu J, Serbin S,
Montes CM, Ainsworth E, Guan K,
Dracup E, Pederson T, Driever S, Bernacchi
C (2020) Plot-level rapid screening for pho-
tosynthetic parameters using proximal hyper-
spectral imaging. J Exp Bot 71(7):
2312-2328. https://doi.org,/10.1093/jxb/
eraa068

Fu P, Montes C, Meacham-Hensold K
Hyperspectral proximal sensing for estimating
photosynthetic capacities at leaf and canopy
scales. In: Covshoff S (ed) Photosynthesis:
methods and protocols. 2nd edn. Springer,
New York

Stamford J, Kasznicki P, Lawson T Spectral
reflectance measurements. In: Covshoft S
(ed) Photosynthesis: methods and protocols.
2nd edn. Springer, New York

Stamford ], Aciksoz SB, Lawson T Remote
sensing techniques: hyperspectral imaging
and data analysis. In: Covshoff §
(ed) Photosynthesis: methods and protocols.
2nd edn. Springer, New York

Emerson R, Chalmers RV (1958) Specula-
tions concerning the function and phyloge-
netic significance of the accessory pigments of
algae. Phycol Soc News Bull 11:51-56

Hill R, Bendall FAY (1960) Function of the
two cytochrome components in chloroplasts:
a working hypothesis. Nature 186(4719):
136-137. https://doi.org/10.1038/
18613620

Kromdijk J, Gtowacka K, Leonelli L, Gabilly
ST, Iwai M, Niyogi KK, Long SP (2016)
Improving photosynthesis and crop produc-
tivity by accelerating recovery from photopro-
tection. Science 354(6314):857-861.
https://doi.org,/10.1126 /science.aai8878

Singsaas EL, Ort DR, DeLucia EH (2001)
Variation in measured values of

132.

133.

134.

135

136.

137.

138.

139.

140.

141.

142.

25

photosynthetic quantum yield in ecophysio-
logical studies. Oecologia 128(1):15-23.
https://doi.org,/10.1007 /5004420000624

Skillman JB (2008) Quantum vyield variation
across the three pathways of photosynthesis:
not yet out of the dark. J Exp Bot 59(7):
1647-1661. https://doi.org,/10.1093 /jxb/
ern029

Ser6dio J, Ezequiel J, Frommlet J, Laviale M,
Lavaud J (2013) A method for the rapid gen-
eration of nonsequential light-response
curves of chlorophyll fluorescence. Plant
Physiol 163(3):1089-1102. https://doi.
org/10.1104/pp.113.225243

Loreto F, Harley PC, Dimarco G, Sharkey TD
(1992) Estimation of mesophyll conductance
to CO, flux by three different methods. Plant
Physiol 98(4):1437-1443

. Kuhlgert S, Austic G, Zegarac R, Osei-Bonsu-

I, Hoh D, Chilvers MI, Roth MG, Bi K,
TerAvest D, Weebadde P, Kramer DM
(2016) MultispeQ Beta: a tool for large-scale
plant phenotyping connected to the open
PhotosynQQ network. Royal Soc Open Sci
3(10). https://doi.org/10.1098 /rsos.
160592

Koornneef M, Alonso-Blanco C, Vreugdenhil
D (2004) Naturally occurring genetic varia-
tion in Arabidopsis thaliana. Annu Rev Plant
Biol 55(1):141-172. https://doi.org/10.
1146 /annurev.arplant.55.031903.141605
Korte A, Farlow A (2013) The advantages
and limitations of trait analysis with GWAS: a
review. Plant Methods 9(1):29. https://doi.
org/10.1186,/1746-4811-9-29

Carmo-Silva E, Page R, Marsden C,
Gjindali A, Orr D] Extraction of soluble pro-
teins from leaves. In: Covshoff S
(ed) Photosynthesis: methods and protocols.
2nd edn. Springer, New York

Bloemers D, Carmo-Silva E Antibodies for
the quantification of photosynthetic proteins
and their isoforms. In: Covshoff §
(ed) Photosynthesis: methods and protocols.
2nd edn. Springer, New York

Amaral J, Lobo AKM, Carmo-Silva E; Orr DJ
Purification of rubisco from leaves. In: Cov-
shoff S (ed) Photosynthesis: methods and
protocols. 2nd edn. Springer, New York
Kirchhoff H, Vance L Evaluation of lipids for
the study of photosynthetic membranes in:
Covshoff S (ed) Photosynthesis: methods
and protocols. 2nd edn. Springer, New York
Yendrek CR, Tomaz T, Montes CM, Cao Y,
Morse AM, Brown PJ, McIntyre LM, Leakey
ADB, Ainsworth EA (2016) High-
throughput phenotyping of maize leaf


https://doi.org/10.1016/j.rse.2019.04.029
https://doi.org/10.1016/j.jag.2021.102617
https://doi.org/10.1016/j.jag.2021.102617
https://doi.org/10.1093/jxb/eraa068
https://doi.org/10.1093/jxb/eraa068
https://doi.org/10.1038/186136a0
https://doi.org/10.1038/186136a0
https://doi.org/10.1126/science.aai8878
https://doi.org/10.1007/s004420000624
https://doi.org/10.1093/jxb/ern029
https://doi.org/10.1093/jxb/ern029
https://doi.org/10.1104/pp.113.225243
https://doi.org/10.1104/pp.113.225243
https://doi.org/10.1098/rsos.160592
https://doi.org/10.1098/rsos.160592
https://doi.org/10.1146/annurev.arplant.55.031903.141605
https://doi.org/10.1146/annurev.arplant.55.031903.141605
https://doi.org/10.1186/1746-4811-9-29
https://doi.org/10.1186/1746-4811-9-29

26

143.

Berkley J. Walker et al.

physiological and biochemical traits using
hyperspectral reflectance. Plant Physiol
173(1):614-626. https: //doi.org/10.1104/
pp.16.01447

Stinziano JR, Adamson RK, Hanson DT
(2019) Using multirate rapid A/ C; curves as
a tool to explore new questions in the photo-
synthetic physiology of plants. New Phytol

144.

222(2):785-792. https://doi.org/10.1111/
nph.15657

Stinziano JR, Morgan PB, Lynch DJ, Saathoft
AJ, McDermitt DK, Hanson DT (2017) The
rapid A-G; response: photosynthesis in the
phenomic era. Plant Cell Environ 40(8):
1256-1262. https: //doi.org/10.1111 /pce.
12911


https://doi.org/10.1104/pp.16.01447
https://doi.org/10.1104/pp.16.01447
https://doi.org/10.1111/nph.15657
https://doi.org/10.1111/nph.15657
https://doi.org/10.1111/pce.12911
https://doi.org/10.1111/pce.12911

	Chapter 1: Tools for Measuring Photosynthesis at Different Scales
	1 Principles of and Perspectives on Measuring In Vivo Photosynthetic   Flux
	2 Measurements of Gas Exchange
	2.1 Leaf CO2 Exchange
	2.2 Whole-Plant CO2 Exchange
	2.3 Canopy CO2 Exchange
	2.4 Measurements of O2 Exchange
	2.5 Using Isotopes to Resolve Net Fluxes of Gas and Physiology

	3 Light-Based Probes of Photosynthesis
	3.1 Chlorophyll Fluorescence
	3.2 Chlorophyll Fluorescence Imaging
	3.3 Thermal Imaging
	3.4 Whole-Leaf Spectroscopy
	3.5 Light Response Curves

	4 The Future of In Vivo Measurements of Photosynthetic   Flux
	References




