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Abstract

Enhancing the photosynthetic induction response to fluctuating light has been suggested as a key target for improvement
in crop breeding programmes, with the potential to substantially increase whole-canopy carbon assimilation and
contribute to crop yield potential. Rubisco activation may be the main physiological process that will allow us to achieve
such a goal. In this study, we assessed the phenotype of Rubisco activation rate in a doubled haploid (DH) barley mapping
population [131 lines from a Yerong/Franklin (Y/F) cross| after a switch from moderate to saturating light. Rates of Rubisco
activation were found to be highly variable across the mapping population, with a median activation rate of 0.1 min-*in the
slowest genotype and 0.74 min in the fastest genotype. A unique quantitative trait locus (QTL) for Rubisco activation rate
was identified on chromosome 7H. This is the first report on the identification of a QTL for Rubisco activation rate in planta
and the discovery opens the door to marker-assisted breeding to improve whole-canopy photosynthesis of barley. This also
suggests that genetic factors other than the previously characterized Rubisco activase (RCA) isoforms on chromosome 4H
control Rubisco activity. Further strength is given to this finding as this QTL co-localized with QTLs identified for steady-
state photosynthesis and stomatal conductance. Several other distinct QTLs were identified for these steady-state traits,
with a common overlapping QTL on chromosome 2H, and distinct QTLs for photosynthesis and stomatal conductance
identified on chromosomes 4H and 5H, respectively. Future work should aim to validate these QTLs under field conditions
so that they can be used to aid plant breeding efforts.

Keywords: Barley; dynamic photosynthesis; genotyping; mapping; phenotyping; Rubisco activation; sunfleck.

120z Aenuer g uo 1sanb Agq 8/00009/c90e€]d/9/Z 1 /o1o1ue/eligoe/w oo dno-ojwapeoe//:sdiy wol) papeojumoq

Introduction

By 2050, the global population is expected to rise to 9 billion are urgently needed. Improving the photosynthetic efficiency of
and to meet future food demand we will need to increase crop crop species has now been shown to boost plant growth under
production worldwide by 70 % (Paul et al. 2019). Recent progress field conditions (Kromdijk et al. 2016; South et al. 2019). Whilst
has been hindered by stagnating rates of annual yield increase; these studies used genetic transformation to achieve such
therefore, novel breeding targets to improve crop yield potential gains, they have proven that significant photosynthetic gains
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are possible in the field and that these can contribute to plant
growth and crop yield. It is now imperative that we identify
natural variation in photosynthetic traits in diverse populations
and harness this variation through marker-assisted plant
breeding techniques (Furbank et al. 2020).

Improving  photosynthetic  efficiency in  dynamic
environments has recently been highlighted as a key target
to increase whole-canopy carbon assimilation (Murchie et al.
2018). The light environment of the lower canopy is subject to
continuous and dynamic change across the course of a day,
caused by movement of the sun across the sky, sporadic cloud
cover and/or movement of upper elements in the canopy caused
by wind (Slattery et al. 2018). These processes can cause a leaf
in low/moderate light one moment to suddenly be exposed to
saturating light conditions the next. Often these short periods
of direct sunlit illumination (referred to herein as ‘sunflecks’)
only last a short period of time, in the order of minutes, yet
they can account for as much as 90 % of the daily accumulated
light of lower canopy leaves (Pearcy 1990). Photosynthesis under
these dynamic light conditions is highly inefficient. Specifically,
the rates of stomatal opening and activation of Rubisco upon
transition from low to high light significantly limit carbon
assimilation. Interactive effects of several environmental
factors on stomatal aperture are common in the field (Zeiger
and Zhu 1998; Talbott et al. 2003; Wang et al. 2008), meaning
that stomata are operating in an integrated and hierarchical
manner in response to multiple environmental stimuli
(Lawson and Blatt 2014). Stomatal responses to fluctuating
light are therefore considered to be a much more challenging
target for improvement than the biochemical limitations to
photosynthesis (for a comprehensive review of limitations to
dynamic photosynthesis, see Kaiser et al. 2019).

Improving Rubisco activation rate could be the low-
hanging fruit that allows plant breeders to boost whole-canopy
photosynthesis with few associated costs, specifically in terms
of water and nutrient use. This is critical for a future where
global environmental change is predicted to leave agricultural
systems exposed to more frequent and more extreme drought
and heat events. It has been estimated that we could increase
daily carbon gain by as much as 21 % in wheat if Rubisco
activation was instantaneous (Taylor and Long 2017). Variation
in Rubisco activation kinetics has now been observed in crop
species including soybean (Soleh et al. 2017), rice (Acevedo-Siaca
et al. 2020) and wheat (Salter et al. 2019), and work with other
species has indicated specific molecular targets and pathways
that could accelerate Rubisco activation speed, with a particular
focus on Rubisco’s catalytic chaperone Rubisco activase (Rca)
(in Arabidopsis thaliana, Mott et al. 1997; in Nicotiana tabacum,
Hammond et al. 1998; and in Oryza sativa, Yamori et al. 2012). In
our recent work with wheat, we found that by increasing the
rate of Rubisco activation of the slowest genotype included in
our study to that of the fastest, daily carbon assimilation could
be increased by 3.4 % (Salter et al. 2019). However, in this work
only 10 genotypes of wheat were studied, the potential for
improvement would likely be far more substantial if we were
to investigate variation in this trait across a whole breeding
population, and greater still if we were to investigate diversity
within cultivars from diverse geographic locations or landraces.

Most recent studies of photosynthetic induction have
tended to adopt the so-called ‘dynamic A/c; method (Taylor
and Long 2017; Salter et al. 2019), in which photosynthetic
induction curves are measured at a number of different CO,
concentrations, allowing for the reconstruction of A/c, curves
throughout the induction response. Whilst this technique yields

important fundamental data on the biochemical limitations
during photosynthetic induction (most importantly Rubisco
carboxylation capacity, V___; and potential electron transport
rate, J), it takes a very long time (>6 h per plant) and thus limits
its use in large-scale screenings for photosynthetic induction
traits. Conversely, other techniques that yield less detailed
information about the underlying physiology (such as that
used by Soleh et al. 2016) take far less time (<1 h) and may be
much more suitable for large-scale screenings of diverse plant
material. The method of Soleh et al. (2016) involves measuring
a single photosynthetic induction curve at a low intracellular
CO, concentration (i.e. <300 pmol mol), at which it can be
assumed that photosynthetic biochemistry is limited by Rubisco
rather than by electron transport. This allows for the reliable
estimation of Rubisco activation rate, with data comparable
to those obtained using the ‘dynamic A/c method (Taylor and
Long 2017).

We hypothesize that variation in photosynthetic induction
kinetics may be inadvertently confounding efforts to improve
steady-state properties of photosynthesis. Steady-state
measurement techniques [such as spot measurements of
photosynthesis (A) and stomatal conductance (g.), CO, response
curves and light response curves] all rely on the assumption
that the leaf is fully acclimated to saturating light, and other
environmental conditions inside the leaf chamber of the system,
prior to measurement. Thus, these methods require a delay for
the leaf to become equilibrated to the conditions inside the leaf
chamber of the gas exchange system (referred to herein as the
equilibration time). Although it is quite well established that
adequate equilibration time is required for accuracy of steady-
state gas exchange measurements, an increasing demand for
faster, higher-throughput measurement techniques (Furbank
and Tester 2011) may make researchers complacent. Yet, few
studies have quantitatively assessed the potential implications
that may result from premature assumptions of steady-state
conditions, for instance, the identification of false quantitative
trait loci (QTLs).

There is now compelling evidence that suggests whole-
canopy photosynthesis could be improved by harnessing
natural variation in Rubisco activation rate that exists across
genotypes of crop species. However, no study to date has
investigated or performed trait dissection for Rubisco activation
in a segregating mapping population. We sought to identify
and characterize genetic variation in Rubisco activation
rate across a barley (Hordeum vulgare) doubled haploid (DH)
mapping population in planta using gas exchange techniques.
We then used chromosome interval mapping to identify
QTLs and closely associated molecular markers. We were also
interested in assessing whether the strength of QTLs would be
weakened for ‘steady-state’ photosynthetic properties (A and
g,) if equilibration times were not long enough for steady-state
conditions to be reached.

Methods

Plant material and growth conditions

A DH barley (H. vulgare) population was obtained from a cross
between the Australian barley cultivars Yerong and Franklin
(Y/F). This population contained 177 DH lines and was
maintained at the Plant Breeding Institute at The University
of Sydney. The Y/F mapping population has been extensively
used for QTL mapping for both morphological (Xue et al. 2008)
and physiological (Zhang et al. 2016) traits, as well as disease
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resistance (Singh et al. 2015; Dracatos et al. 2016). In this study
131 lines from this population were phenotypically assessed
for steady-state and dynamic photosynthetic traits. Due to the
availability of seed and genotypic data, only 127 DH lines were
used for QTL analyses. A second DH barley population (from
a cross between VB9104 and Dash) was also phenotyped for
photosynthetic traits; however, due to the low number of lines
with available genotypic data this population was not included
in further analyses (phenotyping results are however presented
in Supporting Information—Figs S4 and S5).

Plants were grown in a controlled environment room for ~5
weeks prior to measurement and were measured at the advanced
tillering stage. Day temperature was 25 °C during a 14-h light
period and night temperature was 17 °C during a 10-h dark
period. Relative humidity was maintained at 70 % while daytime
Photosynthetic photon flux density (PPFD) was ~600 pmol m™
s at the top of the plants. Seeds were planted in potting mix
enriched with slow-release fertilizer (Osmocote Exact, Scotts,
Sydney, NSW, Australia). Six seeds per genotype were sown in 6-L
pots and grown for 3 weeks before being thinned to three plants
per pot. Seed was sown sequentially in time to make sure that all
measurements were conducted at the same growth stage. Plants
were watered daily to field capacity.

Photosynthetic measurements

Plants were moved from the controlled environment room
to an adjacent temperature-controlled growth cabinet
(TPG-2900-TH-3218; Thermoline Scientific, Wetherill Park,
NSW, Australia) under the same environmental conditions
(temperature 25 °C; relative humidity 70 %). Care was taken
to minimize the length of time that the plants were in
transit between the controlled environment room and the
growth cabinet; however, we note that this transition was not
instantaneous. Two or three of the youngest fully expanded
leaves of a single plant were sealed in a 2 x 6 cm leaf cuvette
(6400-11; LI-COR, Lincoln, NE, USA) fitted to a LI-COR LI-6400XT
gas exchange system to fill the cuvette without overlapping. This
simulated a shift in light intensity from 600 to 1300 pmol m-2
s~t. This moderate-to-high light transition allowed us to assess
photosynthetic induction whilst overcoming complications
often caused by low stomatal conductance of traditional
dark-to-light transitions. Leaf chamber conditions were set to
closely match those of the controlled environment room [leaf
temperature 25 °C; cuvette CO, (CO,S) 400 pmol mol-; relative
humidity 70 %], with the exception of PPFD which was set to
1300 pmol m~2 s using a red-green-blue light source (6400-
18A; LI-COR) set to 10 % blue and 90 % red light (set to replicate
the commonly used settings of the standard 2 x 3 cm light
source). Measurements of photosynthetic gas exchange rates
(A and g,) were recorded once per minute immediately after the
leaf was inserted into the chamber until photosynthesis had
reached steady state. Logging was conducted at this frequency
as the LI-COR system was also connected to a tuneable diode
laser that required a low-logging frequency; however, if this
study were to be repeated we would encourage logging more
frequently. Preliminary photosynthetic light response curves
were measured with plants grown under the same conditions to
ensure that 1300 pmol m~2 s~* was saturating and that 600 pmol
m2 s' was non-saturating (results shown in Supporting
Information—Fig. S1).

Rubisco activation rate was calculated usinga modified method
of Woodrow and Mott (1989) and Soleh et al. (2016). Photosynthetic
data were first normalized to an intercellular CO, concentration
(c) of 300 pmol mol™, assuming that the relationship between A

and ¢, at any point in induction was described by a straight line
through zero, using the following equation:

300
Ci

A*=A x

where A* is the normalized photosynthetic rate, A is the
measured photosyntheticrate and ¢, is the measured intercellular
CO, concentration. This effectively removed the influence of
stomatal opening/closure for the induction phase. The choice to
correct to a ¢, of 300 pmol mol-* followed that of Soleh et al. but
was also found to be close to the steady-state c, of our plants
(as shown in Fig. 2). We note that this choice did not affect
subsequent calculation of the kinetics of Rubisco activation. The
apparent Rubisco activation rate (1/t) was modelled from the
plot of the logarithmic difference between A* and its maximum
value after induction (A* ) against the time taken for induction
(representative data shown in Fig. 1). From this plot, the value of
1/t was determined from the slope of the linear regression on
data points in the range of 2-5 min after induction, and points
after this that maintained a regression with R? > 0.9. The first
phase of induction (<2 min after transition to saturating light)
was not included in the regression as the slope is not related
to Rubisco activation before this point, with other processes
such as increases in stromal pH having a strong influence on
this early induction phase (Woodrow and Mott 1989). We refer to
1/t as the apparent Rubisco activation rate here as we note that
it could also be influenced by other photosynthetic processes,
including dynamic responses of mesophyll conductance and
non-photochemical quenching; however, in the remainder of
the text we refer to it simply as Rubisco activation rate.

Genetic analysis and QTL mapping

The genotypic data and genetic linkage map for the Y/F DH
population used for QTL analysis for Rubisco activity and
steady-state photosynthetic traits in the present study were
previously described by Singh et al. (2015). In brief, the Y/F
genetic map is comprised of 496 DarT and 28 microsatellite
(Simple sequence repeat(s)) markers spanning 1127 cM across
all seven chromosomes, 1H to 7H (Wenzl et al. 2006).

A subset of 127 lines were selected for QTL mapping analysis.
Markers were selected every 10 cM so that the whole genome
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Figure 1. Example of a typical leaf photosynthetic induction response and the
linear regression used to calculate Rubisco activation rate (1/t). The orange
crosses represent the measured photosynthetic rate A; the grey squares the
¢; = 300 pmol mol™ normalized photosynthetic rate A*; and the blue circles the
logarithmic difference between the fully induced photosynthetic rate A*
and A*. Filled circles represent the data points used in the linear regression to
estimate 1/1, the Rubisco activation rate. The slope of the regression represents
1/7, in this case 0.31 min-.
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was evenly covered. Composite interval mapping (CIM) methods
were used in QTL Cartographer version 2.5 (North Carolina
State University, Raleigh, NC, USA), carrying out 1000 iterations
permutation analysis with steps at 1 cM, and with a 0.05
confidence level for all traits.

Statistical analyses

All other modelling and statistical analyses were performed in
R (R Core Team 2019).

Results

Photosynthetic induction kinetics

While specific photosynthetic induction kinetics were found
to vary across individual leaves and genotypes, general trends
were quite clear (representative induction curves from 1 day

of measurements are shown in Fig. 2). Net photosynthesis (A)
increased immediately after transition from to saturating light
for all leaves. Stomatal responses were more variable than those
of photosynthesis but there tended to be an initial reduction in g,
after transition to saturating light and then a gradual rise towards
steady state. By normalizing photosynthesis to a constant c, of
300 ppm, we were able to obtain a measure of photosynthesis
limited by Rubisco carboxylation unobstructed by variation in
stomatal kinetics (A%). A* showed a similar trend to A, increasing
immediately after the switch from low to high light.

QTLs for Rubisco activation rate

Rubisco activation rates of the parental lines Y/F were found
to differ, with within-genotype medians of 0.38 and 0.74 min-,
respectively. Wide variation in 1/t was found across the
population (Fig. 3), with within-genotype medians ranging
from 0.099 to 0.74 min~*. Interestingly, the parental line Franklin
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Figure 2. Induction curves for net photosynthesis, A (red crosses); stomatal conductance, g, (blue triangles); ¢, (green circles); and ¢, = 300 ppm normalized photosynthesis,
A* (grey squares), after a switch from moderate to saturating light. Data shown in panels (A)—(I) are representative induction curves from 1 day of measurements in

individual plants. The value of 1/t is shown in each panel for reference.

120z Aenuer g uo 1sanb Agq 8/00009/c90ee]d/9/Z 1 /o1onue/e|dqoe/woo dno-ojwapeoe//:sdiy wol) papeojumoq



Salter et al. - QTLs for dynamic and steady state photosynthetic traits | 5

was found to have the fastest rate of Rubisco activation.
A frequency distribution of 1/t was plotted for the population
and was found to follow a normal distribution suggesting that
Rubisco activation rate was under complex genetic control [see
Supporting Information—Fig. S2]. Composite interval mapping
analysis revealed the presence of a distinct QTL for Rubisco
activation rate (Fig. 4; further details in Table 1). Q1/t.sun-7H
was located at 41.67 cM on chromosome 7H (proximal to DarT
marker bPb-9601) accounting for 10.48 % of the phenotypic
variance in this trait.

Steady-state photosynthesis and equilibration
time tests

Variation was also found in steady-state photosynthetic rates
across the population (Fig. 5). Median rates of A and g, were 17.45
and 0.31 mmol m=2 s, respectively. From these phenotyping
data, there was no correlation found between steady-state A
and 1/t (correlation coefficient = 0.0026; P > 0.05; Fig. 6).

As hypothesized, ‘steady-state’ photosynthetic rates were
substantially underestimated if measurements were recorded
without sufficient equilibration time (Table 2). This was more
pronounced the earlier the measurements were recorded after
enclosing the leaf in the chamber of the Infrared gas analyser
(IRGA). Mean values of A and g, were both underestimated by
21 % at 5 min compared to steady state. It should be noted
that although some of the fastest genotypes reached steady

1.00 Franklin — |

1/t (min’")

Genotypes

Figure 3. Distribution of Rubisco activation rate (1/t) across genotypes of the
Yerong/Franklin DH population. Each bar represents a single genotype. Parental
lines are highlighted. Colours are arbitrary.

state after 5 min, most of the lines did not. In fact, g, was
underestimated by 82 % for one of the genotypes and A was
underestimated by 54 % for another if measurements were
recorded after just 5 min.

To assess the importance of equilibration time for accurate
identification of steady-state QTLs, QTL mapping was first
performed for steady-state A and g,. Frequency distributions
were plotted for both traits and they followed a normal
distribution suggesting they are under complex genetic control
[see Supporting Information—Fig. S3]. Several QTL were found
for both A and g, (Table 1). Trait co-location was observed on
chromosome 7H whereby the position of the Q1/t.sun-7H QTL
was almost identical to QTL for both A and g.. This suggests a
region on the short arm of chromosome 7H either carries a single
gene or more likely a cluster of genes responsible for the genetic
control of photosynthesis, stomatal conductance and Rubisco
activation. For steady-state A and g, additional overlapping and
distinct QTL were identified. Acommon overlapping QTL for both
A and g, was identified, peaking at 27.03 cM on chromosome 2H,
whilst distinct QTL were identified on chromosomes 4H (41.67
cM) and 5H (53.39 cM) for A and g_, respectively.

QTL mapping was then performed with data collected at 5,
10 and 15 min after the start of induction for comparison with
detected steady-state QTLs (coloured traces in Fig. 7). Although
most QTLs were still identified with non-steady-state data, the
significance these QTL peaks were found to be weakened under
non-steady-state conditions. This was particularly evident for
the g, QTL identified on chromosome 7H (Fig. 7H), with the LOD
score of this QTL dropping from 6.8 when using steady-state
data to 4.9, 3.9 and 3.3 when using data collected at 15, 10 and
5 min after the start of induction, respectively.

Discussion

We have identified QTLs for in planta Rubisco activation rate
for the first time in any species. As in other crops, we found
Rubisco activation rate to be a highly variable trait across
genotypes of barley, aiding in the discovery of a significant
QTL in our DH population. Quantitative trait loci were also
identified for steady-state photosynthetic parameters,
including co-localized QTLs for A, g, and 1/t on chromosome
7H.The 7H QTL was distinct from the location of both Rubisco

A Chromosome 1 B Chromosome 2 ¢ Chromosome 3 D Chromosome 4
4
8 LOD=25 LOD=25 LOD=25 LOD=25
9 .
0 50 100 150 0 50 100 150 0 50 100 150 0 50 100
Paosition{cM)
E Chromosome 5 F Chromosome 6 G Chromosome 7
4
8 LOD=25 LOD=25 LOD=25
9
o e AN ) =
0 50 100 150 0 50 100 150 0 50 100 150
Position(cM) Position(cM) Position(cM)

Figure 4. Logarithm of odds (LOD) traces from composite interval QTL mapping analysis for 1/1. Logarithm of odds values are plotted against the position on the
chromosomes. The significance threshold LOD of 2.5 is indicated by the dotted line in each plot. Vertical dashed red lines represent identified QTLs.
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Table 1. QTLs for dynamic and steady-state photosynthetic traits identified in the mapping population.

Trait QTL Chromosome Position (cM) Nearest marker Explained variance (%) Additivity LOD
1/t Q1/t.sun-7H 7H 41.67 bpb-9601 10.48 -0.07 4.40
A QA.sun-2H 2H 27.03 bpb-0003 9.20 -3.85 431
A QA.sun-4H 4H 66.68 bpb-2305 5.84 -4.37 2.64
A QA.sun-7H 7H 41.67 bpb-9601 10.80 -4.30 5.18
g, Qg,.sun-2H 2H 35.91 bpb-8750 11.80 -0.09 5.41
9, Qg,.sun-5H SH 53.39 bpb-5532 6.49 0.07 2.98
g, Qg,.sun-7H 7H 41.28 bpb-4989 13.75 -0.11 6.80
50
A Fraﬂk!'ll"l Yerong
N
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=
=
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g (a) Net photosynthesis
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100[g Franklin Yerong
— )
W 075 8
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025 @ !
(=]
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850 (b) Stomatal conductance

Genotypes

Figure 5. Distribution of steady-state (A) A and (B) g, across genotypes of the Yerong/Franklin population. Each bar represents a single genotype. Parental lines are
highlighted. Note that colours are arbitrary but are consistent for genotypes in panels (A) and (B).
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Figure 6. Relationship between steady-state A and 1/t. Each point represents a
genotype. Values are genotype means.

activase isoforms that map to the same region on chromosome
4H (Saghai Maroof et al. 1994), suggesting other genetic factors
are also important for the regulation of Rubisco activation.
The importance of adequate equilibration time in the
measurement of steady-state gas exchange was highlighted
by comparing these results to those obtained using arbitrary
non-steady-state rates at 5, 10 and 15 min after the start of
induction. The significance of QTLs was reduced if steady-
state conditions had not been reached.

Improving whole-canopy photosynthesis

It is well established that improving photosynthesis has
the potential to increase crop yield (for a review of recent
progress, see Simkin et al. 2019). However, until now research
has invariably focussed on only the uppermost leaves of the
canopy under optimal conditions (i.e. continuous saturating
light, 25 °C). This approach has its merits because these leaves
have the most light available to them and their contribution
to whole-canopy photosynthesis reflects this (Osborne et al.
1998). Yet, for monocot cereal species such as wheat and
barley there have been few studies that have shown flag leaf
photosynthesis to correlate well with crop yield (Richards
2000). Whole-canopy photosynthesis, and more specifically the
cumulative rate of photosynthesis over the growing season,
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Table 2. Distribution features for photosynthetic rate (A) and stomatal conductance (g) across the population at 5, 10 and 15 min into

photosynthetic induction.

st

Trait Time point (minutes) Minimum 25 % percentile Median 75 % percentile Maximum Mean
A (pmol m-2s) 5 7.1 16.5 20.0 24.9 36.5 20.4
10 9.6 20.0 233 26.9 40.2 234
15 12.2 215 24.9 28.4 41.8 25.0
g, (mmol m2s) 5 0.044 0.259 0.365 0.522 0.947 0.397
10 0.069 0.294 0.392 0.508 0.947 0.412
15 0.107 0.330 0.441 0.544 0.940 0.451
8I"A A on Chromosome 2H B A on Chromosome 4H C A on Chromosome 5H D A on Chromosome 7H
6
8
- — Steady state

i)
e

X .Aw[-L..\

V] 100

0

50 100

A
0‘*\,! 501 100

150

F g, on Chromosome 4H

G g, on Chromosome 5H

H g, on Chromosome 7H
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o 4 e LOD =25
S o i3
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-":ﬁ\"._—__  g— B . [
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Position(cM) Position(cM) Position(cM) Position(cM)

Figure 7. Logarithm of odds (LOD) traces from composite interval QTL mapping analysis for A and g, in the Yerong/Franklin DH population. Logarithm of odds values
are plotted against the cM position on chromosomes 2H, 4H, 5H and 7H. The threshold LOD of 2.5 is indicated by the horizontal dotted line in each plot. Note that LOD
plots for chromosomes 1H, 3H and 6H are not shown as there were no significant QTLs identified on these chromosomes.

has been shown through modelling studies to be a much more
reliable determinant of crop yield (Wu et al. 2019). Accordingly,
there has been a recent shift in research focus towards dynamic
photosynthetic traits. This is important because whilst some
studies have found weak relationships between steady-state and
dynamic photosynthetic traits (Salter et al. 2019) other studies
have not found any relationship (Soleh et al. 2017; Acevedo-Siaca
et al. 2020). Our results also showed no link between steady-
state A and 1/t (Fig. 6), although the co-localization of QTLs on
chromosome 7H suggests they both may be controlled by the
action of a single gene or a cluster of closely linked genes at the
same chromosomal location.

Significant improvements in photosynthesis and resultant
increases in plant growth have now been achieved under field
conditions through genetic modification of model plant species
(15 % increased biomass production by accelerating recovery
from photoprotection, Kromdijk et al. 2016; and 40 % increased
biomass via engineering of a photorespiratory bypass, South
et al. 2019) and recent modelling has highlighted the potential
of improving several dynamic photosynthetic traits on whole-
canopy photosynthesis (Wang et al. 2020). It is important now
that we explore and exploit natural variation in photosynthetic
traits across plant populations (for review, see Furbank et al.
2020). As in previous studies with other species, we identified
significant variation in Rubisco activation rate across barley
genotypes. We identified a QTL for Rubisco activation rate, as
well as several QTLs for steady-state A and g_. Q1/t.sun-7H was
flanked by the bpb-9601 DArT marker which has previously
been associated with both grain yield and crop spike number
in the Y/F population (Xue et al. 2010). This marker is of
particular interest as it also flanks QTLs that we identified for
steady-state A and g, (QA.sun-7H and Qg_.sun-7H in Table 1),

highlighting its utility for marker-assisted selection (MAS).
Marker-assisted selection exploiting natural variation between
barley genotypes can now be achieved through the development
of a high-throughput codominant marker using the sequence
information from the closely associated bpb-9601 DArT marker
identified in this study. Marker-assisted selection for dynamic
and steady-state photosynthetic traits in barley now provides
potential to improve daily photosynthetic carbon gain in both
sporadically sunlit lower canopy and fully sunlit upper canopy
leaves, respectively, bolstering whole-canopy photosynthesis
and contributing to yield potential.

Whilst we observed segregation for three different
photosynthetic traits in the barley mapping population studied,
and the V/D population presented in Supporting Information—
Figs S4 and S5, these populations were not specifically developed
to investigate photosynthesis. Future work in this area would
hugely benefit from phenotyping a diverse panel of barley
accessions to either develop additional trait-specific mapping
populations using parents with contrasting photosynthetic
properties or use a genome-wide association scan (GWAS)
approach to mine for novel favourable alleles based on natural
variation in photosynthetic traits. This may also include
the investigation of crop wild relatives (Castafieda-Alvarez
et al. 2016). Such approaches have already yielded promising
outcomes for other desirable traits in crop species, including
salinity (in barley, Saade et al. 2016) and drought tolerance
(Venuprasad et al. 2009).

Due to the recent availability of multiple reference genomes
for cultivated and wild barley, the precision of GWAS studies
and ability to rapidly clone genes of interest from cereal
crops is continually improving. Further studies are required to
determine whether each of the traits studied are under control
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by a single gene or more complex genetic control within the QTL
region on chromosome 7H. Further mendelization of the 7H QTL
by intercrossing select DH lines from the Y/F population will
enable the development of a large segregating F, fine-mapping
population for positional cloning of the 7H QTL to unravel the
underlying genetic and biological mechanisms involved.

Our study focussed on a step change from moderate
(600 pmol m2 s!) to saturating light (1300 pmol m2 s'), rather
than low to high light as has been reported previously (i.e.
50-1500 pmol m= s in Taylor and Long 2017). We felt this
approach would provide more valuable information for plant
breeding, as it more accurately represents the light regime
experienced by the second youngest leaves in the canopy,
which for wheat have been reported to receive between 300
and 700 pmol m~ s PPFD when not in a sunfleck (Townsend
et al. 2018). Whilst leaves lower in the canopy receive much less
light than this (<300 pmol m= s), these leaves are also less
likely to be exposed to sunflecks and also have a much-reduced
photosynthetic capacity (Townsend et al. 2018), so contribute
considerably less to whole-canopy photosynthesis. Our results
show that Rubisco activation rates after a switch from moderate
to high light in barley (median 1/t = 0.28 min) are similar to
those that have been reported from low to high light in other
species (0.3-0.45 min-' in rice, Yamori et al. 2012; 0.24-0.42 min~*
in soybean, Soleh et al. 2016; and 0.25-0.33 min~' in wheat, Taylor
and Long 2017), albeit with greater variation. It would therefore
seem that the same biochemical processes, likely related to the
amount of and form of Rubisco activase present in the leaves
(Carmo-Silva and Salvucci 2013), are involved in photosynthetic
induction under the two induction scenarios.

Limitations and future directions

Our study has focussed on Rubisco activation; however, this
is only one part of the dynamic photosynthesis puzzle, in
which all the pieces must be investigated to fully understand
potential improvements that could be made to whole-
canopy photosynthesis. Responses of stomata can also limit
photosynthesis in fluctuating light. Faster stomatal opening has
now been shown to improve net photosynthesis and biomass
production in overexpressing mutants of A. thaliana compared
to wild type plants (Kimura et al. 2020). And so, if improvements
are made to Rubisco activation rate without also considering
rates of stomatal opening/closure, the dominant limitation will
likely shift in the direction of the stomata. In effect, this could
nullify any improvements made to Rubisco activation in terms
of net photosynthesis. On a positive note, it has been shown
that stomatal traits can be linked to Rubisco kinetics during leaf
development in some plant species (Conesa et al. 2019), and it
has long been realized that stomata respond to photosynthetic
activity in the mesophyll (Messinger et al. 2006). Glowacka
et al. (2018) recently confirmed the intimate link between
photosynthetic biochemistry and stomata in field-grown crop
plants. They showed that overexpression of Photosystem II Subunit
S (PsbS), which directly affects the rate of energy absorption in
photosystem II, results in reduced stomatal opening in response
to light. Kromdijk et al. (2019) subsequently incorporated this
link into a mechanistic model of photosynthesis and stomatal
conductance. It is therefore conceivable that improving Rubisco
activation rate through targeted plant breeding could also
inherently result in improved stomatal responses. Regardless,
there is a definite need for future work in this area to address
dynamic responses of stomata, Rubisco and other biochemical
processes (i.e. non-photochemical quenching) of photosynthesis
together, rather than focussing on each in isolation.

In this study, we measured photosynthetic induction and
identified associated QTLs in plants grown under optimal
and controlled conditions. The next important step is for
photosynthetic induction traits to be investigated in field-grown
plants with established canopies. Traditional gas exchange
techniques combined with new higher-throughput techniques
based on thermography (for dynamic stomatal traits;
Vialet-Chabrand and Lawson 2020), hyperspectral imaging
and chlorophyll fluorescence (for dynamic photosynthetic
parameters; McAusland et al. 2019; Meacham-Hensold et al.
2020) may offer the potential to screen these two populations
in the field and validate the QTLs we identified in this study. It
is also important that we understand if these QTLS are strong
under suboptimal conditions (i.e. under drought or heat stress),
as for most growers such conditions can be common during a
growing season.

A note on gas exchange methodology

It is common practice to allow a leaf to stabilize to the
chamber conditions of an IRGA, yet the recent push for ‘high-
throughput’ and ‘big data’ approaches in plant physiology may
have made researchers complacent. We hypothesized that this
complacency could impact detected QTLs for photosynthesis
and stomatal conductance, and indeed we found that using
non-steady-state rates (i.e. before leaves had equilibrated to
chamber conditions) resulted in less accurate detection of QTLs.
It is likely that false QTL identifications are worsened by the
high variability in photosynthetic induction kinetics that exists
across this population (and has also been found in other crop
species) and the fact that there is no clear relationship between
steady-state and dynamic photosynthesis. This result reinforces
the importance of good gas exchange technique. The push
for high-throughput measurements has resulted in new fast
methods, such as the Rapid A/c; method (Stinziano et al. 2017),
being developed yet it must be highlighted that most of these
methods still rely on the assumption of steady-state conditions
and these will therefore still be limited by equilibration time.

We suggest that plant physiologists treat this as a
methodological opportunity instead of a hindrance. Rather
than just waiting for the leaf to reach steady state and then
recording a point measurement or photosynthetic response
curve, the photosynthetic induction phase could always be
logged continuously as soon as the leaf enters the chamber.
Not only would this provide extra data on photosynthetic
induction, it would also give a researcher more confidence
in their data. Specifically, they would be able to backcheck
to ensure that steady-state conditions had been reached.
In the past, technical limitations may have prevented such
an approach, but new gas exchange instruments have the
computational power, storage capacity and environmental
control to establish this as common practice. New data
analysis software, including the R packages {Plantecophys}
(Duursma 2015) and {Photosynthesis} (Stinziano et al. 2020),
that allow large gas exchange data sets to be quickly processed
will further enable this change.

Conclusions

In this study, we found wide variation in photosynthetic
induction to fluctuatinglight across a barley mapping population.
This variation allowed us to identify a QTL for Rubisco activation
rate, the position of which overlapped QTLs for steady-state
photosynthesis and stomatal conductance. These QTLs lie close
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to molecular markers that could be used for selection in plant
breeding programmes. Future work should aim to validate these
QTLs under field conditions so that they can be used to aid plant
breeding efforts.

Supporting Information

The following additional information is available in the online
version of this article—

Figure S1. Photosynthetic light response curves measured
on plants of the parental line Dash grown under the same
growth conditions as experimental plants. Curves were fitted
to a non-rectangular hyperbola model using non-linear
least squares in R (nls; R Language and Environment) as per
Salter et al. (2019). Vertical dashed lines are shown at 600 and
1300 pmol m~ s7! to highlight the moderate-to-high light
induction phase measured in this study.

Figure S2. Frequency distributions of 1/t for the (a) Y/F DH
population.

Figure S3. Frequency distributions of steady-state (a) A and
(b) g, for the Y/F DH population.

Figure S4. Distribution of Rubisco activation rate (1/t) across
genotypes of the V/D DH population. Each bar represents a single
genotype. Parental lines are highlighted. Colours are arbitrary.

Figure S5. Distribution of steady-state (a) A and (b) g, across
genotypes of the VB9104/Dash population. Each bar represents
a single genotype. Parental lines are highlighted. Note that
colours are arbitrary but are consistent for genotypes in panels

(a) and (b).

Data Availability

The following files are available in the Supporting Information:
FileS1.xlsx - Yerong/Franklin dynamic and steady-state gas
exchange phenotypic data.

FileS2.xlsx — Results of composite interval mapping of dynamic
and steady-state photosynthetic traits.

Sources of Funding

This work was funded by the Grains Research and Development
Corporation (contract US00056). W.T.S. was supported by the
Australian Research Council (ARC), Industrial Transformation
Research  Hub—Legumes for Sustainable Agriculture
(IH140100013) and the Grains Research and Development
Corporation.

Contributions by the Authors

W.T.S,, S.L., and M.M.B. planned the experiment. S.L. conducted
experimental work. W.T.S. and S.L. analyzed the data and wrote
the manuscript. All authors discussed the results and edited the
manuscript. All authors read and approved the final manuscript.

Conflict of Interest

None declared.

Acknowledgements

The authors thank Dr Meixue Zhou, University of Tasmania
for the available genotypic data and Dr Davinder Singh and

Professor Robert Park for maintenance of seed of the doubled
haploid barley populations.

Literature Cited

Acevedo-Siaca LG, Coe R, Wang Y, Kromdijk J, Quick WP, Long SP. 2020.
Variation in photosynthetic induction between rice accessions and its
potential for improving productivity. The New Phytologist 227:1097-1108.

Carmo-Silva AE, Salvucci ME. 2013. The regulatory properties of Rubisco
activase differ among species and affect photosynthetic induction
during light transitions. Plant Physiology 161:1645-1655.

Castafieda-Alvarez NP, Khoury CK, Achicanoy HA, Bernau V, Dempewolf H,
Eastwood RJ, Guarino L, Harker RH, Jarvis A, Maxted N, Miller JV,
Ramirez-Villegas ], Sosa CC, Struik PC, Vincent H, Toll J. 2016. Global
conservation priorities for crop wild relatives. Nature Plants 2:16022.

Conesa MA, Muir CD, Molins A, Galmés J. 2019. Stomatal anatomy
coordinates leaf size with Rubisco kinetics in the Balearic Limonium.
AoB PLANTS 12:plz050; doi:10.1093/aobpla/plz050.

Dracatos PM, Khatkar M, Singh D, Stefanato F, Park RF, Boyd LA. 2016.
Resistance in Australian barley (Hordeum vulgare) germplasm to the
exotic pathogen Puccinia striiformis f. sp. Hordei, causal agent of stripe
rust. Plant Pathology 65:734-743.

Duursma RA. 2015. Plantecophys-an R package for analysing and
modelling leaf gas exchange data. PLoS One 10:e0143346.

Furbank RT, Sharwood R, Estavillo GM, Silva-Perez V, Condon AG. 2020.
Photons to food: genetic improvement of cereal crop photosynthesis.
Journal of Experimental Botany 71:2226-2238.

Furbank RT, Tester M. 2011. Phenomics-technologies to relieve the
phenotyping bottleneck. Trends in Plant Science 16:635-644.

Glowacka K, Kromdijk J, Kucera K, Xie ], Cavanagh AP, Leonelli L,
Leakey ADB, Ort DR, Niyogi KK, Long SP. 2018. Photosystem II Subunit S
overexpression increases the efficiency of water use in a field-grown
crop. Nature Communications 9:868.

Hammond ET, Andrews TJ, Mott KA, Woodrow IE. 1998. Regulation of
Rubisco activation in antisense plants of tobacco containing reduced
levels of Rubisco activase. The Plant Journal 14:101-110.

Kaiser E, Correa Galvis V, Armbruster U. 2019. Efficient photosynthesis
in dynamic light environments: a chloroplast’s perspective. The
Biochemical Journal 476:2725-2741.

Kimura H, Hashimoto-Sugimoto M, Iba K, Terashima I, Yamori W. 2020.
Improved stomatal opening enhances photosynthetic rate and
biomass production in fluctuating light. Journal of Experimental Botany
71:2339-2350.

Kromdijk J, Glowacka K, Leonelli L, Gabilly ST, Iwai M, Niyogi KK, Long SP.
2016. Improving photosynthesis and crop productivity by accelerating
recovery from photoprotection. Science 354:857-861.

Kromdijk ], Glowacka K, Long SP. 2019. Predicting light-induced stomatal
movements based on the redox state of plastoquinone: theory and
validation. Photosynthesis Research 141:83-97.

Lawson T, Blatt MR. 2014. Stomatal size, speed, and responsiveness
impact on photosynthesis and water use efficiency. Plant Physiology
164:1556-1570.

McAusland L, Atkinson JA, Lawson T, Murchie EH. 2019. High throughput
procedure utilising chlorophyll fluorescence imaging to phenotype
dynamic photosynthesis and photoprotection in leaves under
controlled gaseous conditions. Plant Methods 15:109.

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 photosynthetic parameters using proximal
hyperspectral imaging. Journal of Experimental Botany 71:2312-2328.

Messinger SM, Buckley TN, Mott KA. 2006. Evidence for involvement of
photosynthetic processes in the stomatal response to CO,. Plant
Physiology 140:771-778.

Mott KA, Snyder GW, Woodrow IE. 1997. Kinetics of Rubisco activation as
determined from gas-exchange measurements in antisense plants
of Arabidopsis thaliana containing reduced levels of Rubisco activase.
Australian Journal of Plant Physiology 24:811-818.

Murchie EH, Kefauver S, Araus JL, Muller O, Rascher U, Flood PJ, Lawson T.
2018. Measuring the dynamic photosynthome. Annals of Botany
122:207-220.

120z Aenuer g uo 1sanb Agq 8/00009/c90ee]d/9/Z 1 /o1onue/e|dqoe/woo dno-ojwapeoe//:sdiy wol) papeojumoq



10 | AoBPLANTS, 2020, Vol. 12, No. 6

Osborne CP,LaRoche ], Garcia RL, Kimball BA, Wall GW, Pinter PJ, LaMorte RL,
Hendrey GR, Long SP. 1998. Does leaf position within a canopy affect
acclimation of photosynthesis to elevated CO2? Analysis of a wheat
crop under free-air CO, enrichment. Plant Physiology 117:1037-1045.

Paul MJ, Watson A, Griffiths CA. 2019. Linking fundamental science to
crop improvement through understanding source and sink traits and
their integration for yield enhancement. Journal of Experimental Botany
71:2270-2280.

Pearcy RW. 1990. Sunflecks and photosynthesis in plant canopies. Annual
Review of Plant Physiology and Plant Molecular Biology 41:421-453.

R Core Team. 2019. R: a language and environment for statistical computing.
Vienna, Austria: R Foundation for Statistical Computing.

Richards RA. 2000. Selectable traits to increase crop photosynthesis and
yield of grain crops. Journal of Experimental Botany 51:447-458.

Saade S, Maurer A, Shahid M, Oakey H, Schmockel SM, Negrao S, Pillen X,
Tester M. 2016. Yield-related salinity tolerance traits identified in a
nested association mapping (NAM) population of wild barley. Scientific
Reports 6:32586.

Saghai Maroof MA, Biyashev RM, Yang GP, Zhang Q, Allard RW. 1994.
Extraordinarily polymorphic microsatellite DNA in barley: species
diversity, chromosomal locations, and population dynamics.
Proceedings of the National Academy of Sciences of the United States of
America 91:5466-5470.

Salter WT, Merchant AM, Richards RA, Trethowan R, Buckley TN. 2019. Rate
of photosynthetic induction in fluctuating light varies widely among
genotypes of wheat. Journal of Experimental Botany 70:2787-2796.

Simkin AJ, Lépez-Calcagno PE, Raines CA. 2019. Feeding the world:
improving photosynthetic efficiency for sustainable crop production.
Journal of Experimental Botany 70:1119-1140.

Singh D, Dracatos PM, Derevnina L, Zhou M, Park RF. 2015. Rph23: a
new additive adult plant resistance gene to leaf rust in barley on
chromosome 7H. Plant Breeding 134:62-69.

Slattery RA, Walker BJ, Weber APM, Ort DR. 2018. The impacts of fluctuating
light on crop performance. Plant Physiology 176:990-1003.

Soleh MA, Tanaka Y, Kim SY, Huber SC, Sakoda K, Shiraiwa T. 2017.
Identification of large variation in the photosynthetic induction
response among 37 soybean [Glycine max (L.) Merr.] genotypes that is
not correlated with steady-state photosynthetic capacity. Photosynthesis
Research 131:305-315.

Soleh MA, Tanaka Y, Nomoto Y, Iwahashi Y, Nakashima K, Fukuda Y,
Long SP, Shiraiwa T. 2016. Factors underlying genotypic differences
in the induction of photosynthesis in soybean [Glycine max (L.) Merr.].
Plant Cell and Environment 39:685-693.

South PF, Cavanagh AP, Liu HW, Ort DR. 2019. Synthetic glycolate
metabolism pathways stimulate crop growth and productivity in the
field. Science 363:eaat9077.

Stinziano JR, Morgan PB, Lynch D], Saathoff AJ, McDermitt DK, Hanson DT.
2017. The rapid A-C-i response: photosynthesis in the phenomic era.
Plant Cell and Environment 40:1256-1262.

Stinziano JR, Roback C, Gamble D, Murphy BK, Hudson PJ, Muir CD. 2020.
Future-proofing code: principles of coding for plant ecophysiology with
{photosynthesis} as a case study. bioRxiv, doi:10.1101/2020.09.11.293530,
preprint.

Talbott LD, Rahveh E, Zeiger E. 2003. Relative humidity is a key factor in
the acclimation of the stomatal response to CO,. Journal of Experimental
Botany 54:2141-2147.

Taylor SH, Long SP. 2017. Slow induction of photosynthesis on shade to sun
transitions in wheat may cost at least 21% of productivity. Philosophical
Transactions of the Royal Society B-Biological Sciences 372:20160543.

Townsend AJ, Retkute R, Chinnathambi K, Randall JWP, Foulkes ], Carmo-
Silva E, Murchie EH. 2018. Suboptimal acclimation of photosynthesis to
light in wheat canopies. Plant Physiology 176:1233-1246.

Venuprasad R, Dalid CO, Del Valle M, Zhao D, Espiritu M, Sta Cruz MT,
Amante M, Kumar A, Atlin GN. 2009. Identification and characterization
of large-effect quantitative trait loci for grain yield under lowland
drought stress in rice using bulk-segregant analysis. Theoretical and
Applied Genetics 120:177-190.

Vialet-Chabrand S, Lawson T. 2020. Thermography methods to assess
stomatal behaviour in a dynamic environment. Journal of Experimental
Botany 71:2329-2338.

Wang Y, Burgess SJ, de Becker EM, Long SP. 2020. Photosynthesis in the
fleeting shadows: an overlooked opportunity for increasing crop
productivity? The Plant Journal 101:874-884.

Wang Y, Noguchi K, Terashima I. 2008. Distinct light responses of the
adaxial and abaxial stomata in intact leaves of Helianthus annuus L.
Plant, Cell & Environment 31:1307-1316.

Wenzl P, Li H, Carling ], Zhou M, Raman H, Paul E, Hearnden P, Maier C,
Xia L, CaigV, Ovesnd ], Cakir M, Poulsen D, Wang ], Raman R, Smith KP,
Muehlbauer GJ, Chalmers K], Kleinhofs A, Huttner E, Kilian A. 2006.
A high-density consensus map of barley linking DArT markers to
SSR, RFLP and STS loci and agricultural traits. BMC Genomics 7:206.

Woodrow IE, Mott KA. 1989. Rate limitation of non-steady-state
photosynthesis by ribulose-1,5-bisphosphate carboxylase in spinach.
Australian Journal of Plant Physiology 16:487-500.

Wu A, Hammer GL, Doherty A, von Caemmerer S, Farquhar GD. 2019.
Quantifying impacts of enhancing photosynthesis on crop yield.
Nature Plants 5:380-388.

Xue DW, Chen MC, Zhou MX, Chen S, Mao Y, Zhang GP. 2008. QTL
analysis of flag leaf in barley (Hordeum vulgare L.) for morphological
traits and chlorophyll content. Journal of Zhejiang University-Science
B 9:938-943.

Xue DW, Zhou MX, Zhang XQ, Chen S, Wei K, Zeng FR, Mao Y, Wu FB,
Zhang GP. 2010. Identification of QTLs for yield and yield components
of barley under different growth conditions. Journal of Zhejiang
University-Science B 11:169-176.

Yamori W, Masumoto C, Fukayama H, Makino A. 2012. Rubisco activase
is a key regulator of non-steady-state photosynthesis at any leaf
temperature and, to a lesser extent, of steady-state photosynthesis at
high temperature. The Plant Journal 71:871-880.

Zeiger E, Zhu JX. 1998. Role of zeaxanthin in blue light photoreception
and the modulation of light-CO, interactions in guard cells. Journal of
Experimental Botany 49:433-442.

Zhang X, Zhou G, Shabala S, Koutoulis A, Shabala L, Johnson P, Li C,
Zhou M. 2016. Identification of aerenchyma formation-related QTL
in barley that can be effective in breeding for waterlogging tolerance.
Theoretical and Applied Genetics 129:1167-1177.

120z Atenuep g1 uo 1senb Ag 8/00009/£90e81d/9/Z L /ojone/ejdgoe/woo dnooiwapeoe//:sdiy woll papeojumoq



