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ABSTRACT

There is a growing interest in accurate and comparable meas-
urements of the CO, photocompensation point (I'*), a vital
parameter to model leaf photosynthesis. The I'* is measured
as the common intersection of several CO, response curves,
but this method may incorrectly estimate I'* by using linear
fits to extrapolate curvilinear responses and single conduct-
ances to convert intercellular photocompensation points
(Ci*) to chloroplastic I'*. To determine the magnitude and
minimize the impact of these artefacts on I'"* determinations,
we used a combination of meta-analysis, modelling and origi-
nal measurements to develop a framework to accurately
determine C;*. Our modelling indicated that the impact of
using linear fits could be minimized based on the measure-
ment CO, range. We also propose a novel method of
analysing common intersection measurements using slope—
intercept regression. Our modelling indicated that slope-
intercept regression is a robust analytical tool that can help
determine if a measurement is biased because of multiple
internal conductances to CO». Application of slope-intercept
regression to Nicotiana tabacum and Glycine max revealed
that multiple conductances likely have little impact to C;*
measurements in these species. These findings present a
robust and easy to apply protocol to help resolve key ques-
tions concerning CO; conductance through leaves.
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INTRODUCTION

Biochemical models of leaf photosynthesis are an invalu-
able tool to both predict plant response to climate change
and identify potential targets to improve the efficiency of
CO; fixation (Sage & Kubien 2007; Zhu ez al. 2008). These
models are also used to estimate terrestrial CO, exchange at
the canopy and earth system scale (Drewry etal. 2010;
Rogers et al. 2014). Models of net gas exchange combine
the physiology of CO, fixation with CO, release from
mitochondrial respiration and loss following the oxygena-
tion of ribulose 1-5-bisphosphate carboxylase/oxygenase
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(Rubisco) by photorespiration. Leaf photosynthesis models
are parameterized using the substrate gas (CO, and O,)
partial pressures, reaction kinetics of Rubisco, stoichiometry
of CO; release per Rubisco oxygenation (¢), and rates of
daytime mitochondrial respiration (Rg; von Caemmerer
& Farquhar 1981; von Caemmerer 2000). The CO,
photocompensation point (I'*), the chloroplastic CO, partial
pressure at which rates of Rubisco carboxylation equal rates
of CO; loss from photorespiration, is a key parameter in
these models and combines Rubisco specificity (S¢o), O
partial pressure (O) and « according to

_a0
SCO

r= ey

I'* can be estimated from the common intersection of pho-
tosynthetic chloroplastic CO, response (A-C.) curves meas-
ured under sub-saturating irradiances (Fig. 1; Laisk 1977;
Brooks & Farquhar 1985). The common intersection is pre-
dicted to relate to I'* assuming either RuBP-regeneration-
limited or Rubisco-limited photosynthesis and has the added
benefit of providing an estimate of Ry at the y-value of the
common intersection (Laisk 1977; von Caemmerer et al.
1994). Since this intersection is determined from
chloroplastic CO; partial pressures, CO, conductance from
the intercellular air space to the chloroplast must be known
to obtain a true estimate of I'* since in practice, the photo-
synthetic response to intercellular CO, concentrations
(A-C) is measured (von Caemmerer et al. 1994). CO, con-
ductance into the chloroplast has traditionally been consid-
ered as a single mesophyll conductance (gn) and relates I'*
to Ci* according to

I*=C¥+Ry/gn 2

where Ci* is the CO, partial pressure at the intersection. I'*,
and by extension Ci*, has a temperature dependency, usually
considered dependent on the temperature response of Rubi-
sco specificity. Currently the measured temperature response
of I'* or Ci* determined from plants grown at a common
temperature is used to model the temperature response of
photosynthesis in climate change models (Bernacchi et al.
2001,2002; Walker & Cousins 2013; Walker et al. 2013).
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Figure 1. An example intercellular CO, photocompensation
point (Ci*) measurement using the common intersection method.
Shown is a single replicate of a measurement of the N. tabacum
CO; response of net CO, assimilation measured at four
sub-saturating light intensities indicated by the PAR values on the
plot with lines representing a trinomial fitting function.

Recently, it has been questioned if a single diffusive term is
adequate to describe mesophyll conductance. Several vari-
ations of a multiple diffusion model account for CO, move-
ment through the cell wall and chloroplast separately and
allow CO, produced from photorespiration in the mitochon-
dria to pass directly to the intercellular space (Tholen & Zhu
2011; Tholen et al. 2012; Busch et al. 2013; von Caemmerer
2013). These models predict that multiple conductances to
CO; would increase actual Ci* and not produce a common
intersection, but it is unclear how much they impact current
estimations of Ci*.

It has also been questioned if Ci* intersections from linear
fits can properly be used in common intersection measure-
ments since the CO, response of photosynthesis is curvilinear
(Gu & Sun 2014) Linear fits are modelled to underestimate
Ci* and Ry over a given CO; range. Since the initial portions
of A-C; curves are closer to linear than portions under higher
CO; (Fig. 1), linear fits are expected to introduce more error
when applied over a broad range of CO, values, and less
error if applied to a narrow range. The impact of specific CO,
ranges on final Ci* values has not yet been shown.

These uncertainties highlight potential issues in using the
common intersection method to determine both Ci* and Ry
that would compromise current parameterization of bio-
chemical models of leaf photosynthesis and impact modelled
CO; exchange. In addition to impacting physiological meas-
urements, multiple diffusion paths could also decrease the
efficiency of photorespiration if the resistance to CO, diffu-
sion was very large through the chloroplast relative to the
cell wall. Such a difference in resistances would allow
photorespired CO; to diffuse from the mitochondria into the
intercellular airspace and escape the leaf through the
stomata (Tholen & Zhu 2011; Tholen et al. 2012; Busch et al.
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2013; von Caemmerer 2013). These potential issues with tra-
ditional common intersection determination of Ci* and Ry
suggest that a more sensitive and robust protocol is needed to
account for the impact of CO, measuring range and the pos-
sible significance of multiple conductance pathways and thus
conductance values.

To determine the impact of linear fitting and different
assumptions of CO; conductance to common intersection
measurements of Ci*, we analysed various reports of Ci*
published over the last 40 years. In addition to this meta-
analysis, we performed additional measurements and model-
ing of common intersection curves to quantify how estimates
of Gi* might be biased and determine measurement condi-
tions that limit this bias. We introduce a new method for
interpreting common intercept data (slope—intercept regres-
sion) that should produce more accurate determinations of
Ci* and Ry and can determine if multiple conductances to
CO; are significant (see Theory below).

THEORY

The common intersection method determines Ci* by averag-
ing the intersection of several A-C; curves measured under
several sub-saturating irradiances (Fig. 1). In practice, these
lines seldom converge on a single point and it is common to
remove intersection values or to re-measure until all inter-
sections are within two standard deviations (or some other
metric) from the mean (e.g. Weise ez al. 2015). Determining a
common intersection is complicated by the fact that the inter-
section of two lines is more sensitive to experimental noise
when slopes are similar, since small differences in slope can
produce large differences in intersections between in lines
that are approaching parallel. Conversely, the intersection of
two lines with very different slopes is more resilient to experi-
mental noise. An important shortcoming of the common
intersection method is that all intersections are equally
weighted ignoring the fact that some of the intersections are
more robust than others. This problem becomes increasingly
apparent as more than three irradiances are used to deter-
mine C;i* and when the slopes of neighboring lines become
more similar.

We propose a variation on the common intercept method
that we term the slope—intercept regression as a way to
appropriately analyse common intercept data while giving
more weight to intersections that are more robust. The value
of x at the intersection (Ci*) of the linear portion of two A-C;
curves can be calculated from their slopes (m; and m,) and
y-intercepts (b; and b,) as

b —b,

Cf=—— ®)
m, —ny

and the value of y at the intersection (Rq) as
Ry=mC{ +b 4)

Traditionally the Ci* and Ry values for each combinations
of line intersections is calculated graphically or with these
equations and averaged together, with each line pairing given
equal weight.
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The slope-intercept regression analysis begins by plotting
the m values on the x-axis and the b values on the y-axis from
each individual A-C; curve. A linear regression is made of this
plot producing a standard linear equation except that the x
and y values represent the m and b from individual CO,
response measurements. The slope of this regression (m71,c,) is
therefore

b, —b,

n, —ny

Mg =

©)

which, when multiplied by —1 and rearranged, is equal to G;*
(Eqn 3). The y-intercept of this line also represents Rg, as can
be seen when the slope—intercept regression line is expressed
using negative C;* for slope (Eqn 5) and the y-intercept of
the regression (by) as

b=—Cim+ by, (6)
that when combined with Eqn 4 produces
Ry =by, 7

This method will have an advantage over simply averaging
intercepts from each combination of A-C; curves since the
regression weights values of m that are further apart more
strongly in its determination of C;* than those that are close
together. It should be noted that a variation of the slope-
intercept regression technique is often used in computer-
assisted image processing and can be applied to more
complicated curves within images (Duda and Hart, 1972).

This method could also help determine if multiple con-
ductances to CO, across the cell wall and chloroplast impact
measurements of Ci* using the common intersection method.
The slope-intercept regression of individual A-C; curves
would not be linear assuming multiple CO, conductances
between the cell wall and chloroplast since Ci* (the slope of
this relationship) is predicted to increase when rates of
photosynthesis and photorespiration are high (Tholen & Zhu
2011; Tholen et al. 2012; Busch et al. 2013; von Caemmerer
2013). This condition would produce a curvilinear instead of
linear relationship, with the degree of curvature increasing as
more photorespired CO; is lost from the mitochondria into
the intercellular airspace when the ratio of chloroplastic to
cell wall increases.

We used a brute-force modelling approach to determine
the impact of multiple internal conductances to the relation-
ship between the slope and intercept of the initial portions of
A-C; curves measured under sub-saturating irradiances. To
determine slope and intercept values, we assumed six CO,
partial pressures in the mesophyll (Ci, 25,35, 45,65 and 75 Pa
CO,) and solved for C. using a quadratic solution of a RuBP
regeneration-limited model accounting for multiple conduct-
ances, expressed here as resistances (equation A29 in von
Caemmerer 2013)

2
(Cm _rd -2r*)+\/(cm %o paca2r ®)
C.- 4 4

2

where r. represents the chloroplastic resistance to CO;
transfer and J represents the rate of electron transfer. Net
CO; assimilation (A) was then determined assuming RuBP
regeneration-limitation and cell wall resistance to CO,
transfer (ry) according to

A:(Ci_cm)/rw (9)

To determine how slope-intercept regression is impacted
by different resistances to CO, transfer, we assumed four
different scenarios (7. = 0 and ry, = 0.3; 7. = 0.06 and r, = 0.24;
re=0.15 and r, =0.15; . = 0.3 and r,, = 0 m* Pa mol™!). Dif-
ferent slopes and intercepts were generated by varying J and
the model used the R value from the slope—intercept regres-
sion (Eqn7) and a I'* value that gave a best fit with the
lowest measured irradiance slope and intercept.

This paper uses measured and modelled data to evaluate
slope—intercept analysis and demonstrates that is a superior
way to interpret common intercept data using both measured
and modelled datasets. We also use slope—intercept analysis
to explore if multiple intercellular conductances to CO; sig-
nificantly impact measurements of Ci* in Nicotiana tabacum
and Glycine max.

MATERIAL AND METHODS
Literature reports of common intercept values

Reported values of Ci* and I'* were gathered from an exten-
sive literature search using standard search tools (SCOPUS,
Web of Science and Google Scholar) for ‘CO, compensation
point’, ‘Day respiration’ and ‘Laisk method’. We additionally
searched individual journal archives and papers referencing
papers likely to contain reported values. If necessary, Ci* and
I'* values were converted to the SI units of Pa from umol or
ubar CO, using the elevation of the measurement location to
determine atmospheric pressure. I'* values were converted to
Ci* using reported values of g, and Rq (Eqn 2) and tempera-
ture corrected to 25 °C using a derivation of the temperature
response of N.tabacum (Bernacchi etal. 2001). The CO,
range used in the measurement, species, and species func-
tional type was recorded for statistical analysis. Species
names listed are as categorized by the United States Depart-
ment of Agriculture Natural Resources Conservation Service
PLANTS Database using the Cronquist taxonomic system
for flowering plants using the information available from the
primary publication (Cronquist 1981; USDA 2015). A full list
of non-abbreviated species names used is presented as Sup-
porting Information Table S2.

Growth conditions

N. tabacum were sown in covered germination flats contain-
ing potting soil (Sunshine Mix #1 LC1, SunGro Horticulture,
Agawam, MA, USA). After 2-3 weeks, plants were trans-
planted to 2L pots and further grown for an additional
2-3 weeks (4-6 weeks total) until large enough for gas
exchange. G. max were sown in 3 L pots with a top dressing
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of Osmocote (Scotts Miracle-Gro, Marysville, OH, USA).
Both N. tabacum and G. max plants were grown in a climate-
controlled cabinet (Conviron, Winnipeg, Manitoba, Canada)
with day/night cycles of 11/13 h and 25/23 °C under an irra-
diance of 300 umol m~? s7%. Plants were watered as needed
and fertilized weekly (Peters 20-20-20, J.R. Peters, Allentown,
PA, USA).

Measurements of C*

The youngest fully expanded leaves of 30—40-day-old plants
were used for gas exchange for N. tabacum and G. max. Gas
exchange was performed using a Li-Cor 6400 XT modified to
reach low CO, partial pressures using a 6 cm?> chamber with
a red/blue light source (Li-Cor Biosciences, Lincoln, NE,
USA; Li-Cor Biosciences 2010). To determine irradiances
that would result in an even distribution of photosynthetic
rates for C* determinations, the photosynthetic light
response of each species was first measured at 20 Pa CO..
N. tabacum was measured under irradiances of 225, 137, 80
and 49 umol m~2 s7! and G. max under 300, 175, 120, 80 and
50 umol m= s7!. For each light intensity, assimilation was
measured at five intercellular CO, partial pressures ranging
from 3.5 to 9.5 Pa CO,.

Accounting for CO, leakage during gas exchange meas-
urements is essential for determining accurate assimilation
rates when measurement CO; is below atmospheric partial
pressures (Long and Bernacchi, 2003; Flexas et al. 2007).
Assimilation measurements were corrected for CO, leakage
between the chamber and surrounding atmosphere accord-
ing to the manufacturer’s instruction. To validate this correc-
tion method, leaves were measured in the dark under
identical CO, measuring regimes as used during the common
intersection measurements. The photosynthetic rate in the
dark (dark respiration) should not be sensitive to changes in
CO,, so measured differences were attributed to gasket
leakage. This gasket leakage for each CO, partial pressure
was then used to correct common intersection measure-
ments. Both methods of leak correction produced similar
values of Ci* and Rq. Values corrected according to the man-
ufacturer’s instruction were presented.

Prior to Ci* determinations using the common intersection
method, plants were acclimated at 39 Pa CO, until photosyn-
thesis reached steady state to activate Rubisco. After each
change in irradiance, a measurement was made at 39 Pa CO,
to maintain Rubisco activation. The Ci* and R4 values were
determined both from the average x- and y-intersection
values (common intersection) and the regression of the
slopes and y-intercepts from each irradiance (slope—intercept
regression, see Theory).

Sensitivity analysis of C* and Ry to CO.
measuring range

The impact of using linear fits to calculate common inter-
section values of Ci* and Ry was determined using standard
biochemical models of Rubisco- and RuBP-regeneration-
limited photosynthesis (von Caemmerer & Farquhar 1981;
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von Caemmerer 2000). Ci* and Ry were defined as the aver-
aged intersection of three A-C; curves modelled assuming
Rubisco limitation at the highest irradiance and RuBP-
regeneration at the lower irradiances. Constant values of K.,
K,, I'’* and Ry (25.9 Pa, 17.9 kPa, 3.86 Pa and 1 umol m~2 s71)
were used with a V. at the highest irradiance of
68.5 umol m™2 s71. We selected values of rates of electron
transport for the lower two light intensities to give an even
distribution of slopes among each modelled irradiance for
each CO, measuring range since a researcher would select
light intensities that produce an even spread of slopes.
These J values ranged between 67 and 21 ymol e~ m™2 s\,
The model was solved for six evenly spaced chloroplastic
CO, partial pressures (C.) for each CO, range. The CO,
range started at 35 Pa CO, and ended at an uppermost
value that started at 50 and increased to 235 Pa CO, by
increments of 10-40 Pa CO,. These C. partial pressures
were converted to C; partial pressures assuming a single
linear pathway gn value of 3.33 mol m=2 s MPa'. The
partial A-C; curves were then fitted using a linear model
and Ci* and R4 determined as the averaged value for each
combination of intersections of the three lines.

Simulations of common intercept measurements

To compare the accuracy of different methods of determin-
ing Ci* and Rq values from common intersection data, we
simulated a number of initial slopes of A-C; curves assum-
ing different numbers of light intensities. The simulation
began by first generating an ideal common intersection
measurement consisting of lines that intersected at the
parameterized C;i* and Ry values with evenly spaced slopes.
To represent experimental data, we then selected a random
slope from a normal distribution with a mean equal to our
ideal values and a standard deviation based on the meas-
ured variation in N.tabacum. The simulation used the
experimental relationship between slope and standard
deviation to parameterize the variance since our experi-
mental data indicated that the standard deviation varied
with slope. These simulated experimental data were deter-
mined for each line to produce a single replicate of simu-
lated experimental data. The Ci* and Rq for each of these
replicates was then determined in one of three ways: (1) as
the average of all combinations of intersections, (2) as the
average of all combinations of intersections following
outlier removal defined as intercept values more or less
than two standard deviations from the original average or
(3) using slope—intercept regression. This simulation was
performed 1000000 times using 2-8 separate lines with
evenly spaced slopes to represent the impact of using addi-
tional light intensities. Modelling was performed using R (R
Core Team 2013) and is available as Supporting Informa-
tion Table S2.

Impact of low CO; to photosynthesis

We performed additional gas exchange to determine the
impact of low CO, partial pressures to Rubisco activation
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and optimize measuring regimes. Gas exchange was per-
formed using the Li-Cor 6400 XT on fully expanded
leaves of 30-40-day-old N. tabacum by first acclimating
leaves at 40 Pa CO, and an irradiance of 390 yumol m= s
until they reached steady-state assimilation and conduct-
ance values. Following acclimation, the CO, partial pressure
was changed to either 1, 6, 8, 10 or 120 Pa CO, for 7 min,
then returned to 40 Pa CO, for 20 min. This cycle was
repeated on the same leaf with increasing periods of
time at the lowered CO, (12, 17 and 22 min). Data were
recorded every minute and the infrared gas analysers were
matched following each CO, transition. Presented values
were normalized by dividing the measured assimilation rate
by the assimilation rate immediately before transition to
lower CO..

Statistics

A one-way ANoOvA for measurement temperature, CO, meas-
uring range and species type was used to test significance
(P <0.05) of interactions within compiled Ci* values. One-
way ANOvVA was also performed to determine significant dif-
ferences between measurements of Ci* and Rq. All ANOva
were followed with a Tukey’s post-hoc test and determined
using statistical software (OriginPro 9.0, OriginLab,
Northhampton, MA, USA).

RESULTS

Literature C* values varied significantly with
measurement temperature

To determine the variation in literature values of Ci*, we
compared values from 34 published and unpublished
sources (Fig.2 and Supporting Information Table S1). The
temperature response of Ci* measured in N. tabacum was
more pronounced than raw Ci* values reported in the lit-
erature (Fig. 2a). Ci* normalized to 25 °C using the tem-
perature response of N. tabacum ranged from an average of
349Pa CO; in Oryza species to 5.57Pa CO, in Acer
rubrum. Interestingly, the only significant correlation in
values of Ci* was with measurement temperature despite all
values being normalized to using the temperature response
of N. tabacum (Fig. 2b). Temperature-normalized Ci* values
measured at lower temperatures (20 °C or lower) were sig-
nificantly higher than measurements made at 25 °C. This
trend continued with Ci* values measured at higher tem-
peratures (30 °C or higher). There were no significant cor-
relations between literature C;* and the CO, range used in
the measurement or species type (data not shown).

Modelled impact of uppermost CO, range on
common intersection measurements

We next modelled the impact of CO, measuring range on
common intersection determination of C;i* and Rq assuming a
single linear mesophyll conductance pathway (Fig. 3). Both
Ci* and R4 were close to the values used to parameterize the

@ Literature values

Bernacchief al. 2001
A\ N. tabacum, Walker et al. 2013
O A. thaliang Walker et al. 2013
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Figure 2. The intercellular CO, photocompensation point

(Ci*) as reported in the literature according to measurement
temperature (a) and a categorical boxplot (b). The temperature
response (a) shows absolute literature values with both the
temperature response of Bernacchi et al. 2001 (solid line) and
temperature response of N. tabacum and A. thaliana from Walker
et al. 2013. The boxplot values (b) were normalized from
measurement temperature to 25°C using the temperature response
reported in Bernacchi et al. 2001. Boxes depict a 75% confidence
interval with whiskers indicating the 95% interval. Significant

(p <0.05) interaction of Ci* with measuring range according to
ANOVA analysis is indicated by different letters above each plot.
Data was obtained from a variety of reports (Laisk, 1977;
Kirschbaum and Farquhar, 1984; Brooks and Farquhar, 1985; Jacob
and Lawlor, 1993; Berry et al., 1994; Villar et al., 1994; von
Caemmerer et al., 1994; Balaguer et al., 1996; Hausler et al., 1996;
Bunce, 1998; Evans and Loreto, 2000; Bernacchi et al., 2001;
Peisker and Apel, 2001; Igamberdiev et al., 2004; Pons and
Westbeek, 2004; Guo et al., 2005; Galmés et al., 2006; Schneidereit
et al., 2006; Warren and Dreyer, 2006; Flexas et al., 2007; Kebeish
et al., 2007; Weston et al., 2007; Li et al., 2009; Tomaz et al., 2010;
Cano et al., 2011; Cousins et al., 2011; Tholen and Zhu, 2011;
Douthe et al., 2012; Gilbert et al., 2012; Tholen et al., 2012; Busch
et al., 2013; Giuliani et al., 2013; Sage et al., 2013; Walker et al.,
2013; Walker and Cousins, 2013; Walker et al., 2014; Weise et al.,
2015).
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Figure 3. Impact of uppermost CO, partial pressure on estimates
of Ci* (a) and Ry (b) using the common intersection method.
Values of Ci* (a) and Ry used in the modelled parameterization
are shown with dotted lines. Common intersection measurements
were modelled assuming three light intensities as outlined in the
Materials and Methods. Also shown are the percent
underestimations under increasing uppermost CO, partial
pressures (c).

model when the uppermost CO, value was low, but decreased
as the uppermost value of CO, increased (Fig. 3a,b). When
uppermost values of CO, were below 10 Pa CO,, Ci* was
underestimated by less than 1% and Rq4 by less than 10%
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(a) N.tabacum

Intercept

(b) G. max
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Figure 4. Slope-intercept regression analysis of common
intercept measurements in N. tabacum (a) and G. max (b). Slope
and intercept measurements from the initial slope of
photosynthetic CO, response were determined under 4-5
sub-saturating irradiances. Lines represent the modelled
relationship between slope and intercept assuming multiple
internal resistances to CO, and increasing chloroplastic CO,
resistance (r;). Means of n = 4-5 £ SD are shown. The model
assumed I'* and Ry were 4.11 Pa and 1.1 m? s~ for N. tabacum and
4.31 Pa and 1.1 umol m~ s™! for G. max. Slopes and intercepts
were determined using a linear fit of six mesophyll CO, partial
pressures between 2.5 and 7.5 Pa and total (See Theory).

(Fig. 3c). These percent underestimations did not change sig-
nificantly when models were repeated with Rq and g, values
either half or double that assumed in the presented data
(data not shown).

Slope-intercept regression in N. tabacum
and G. max

The relationship between the slope and intercept of common
intercept measurements in both N. tabacum and G. max were
strongly linear (Fig. 4). The average coefficient of determina-
tion (R?) for a linear model was 0.997£0.001 and
0.999 £ 0.000 for N. tabacum and G. max. These linear models

© 2015 John Wiley & Sons Ltd, Plant, Cell and Environment, 38, 2462-2474
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N. tabacum G. max

Table 1. Comparison of Ci* and Ry
determined from CO, assimilation curves

Ci* (Pa CO;) Ry (umol m?>s™)  Ci* (Pa CO,) Ry (umol m? s™)
4.06£0.23
4.08+0.24

1.07+£0.35
1.04+£0.33

Common intersection 3.94 +0.04
Slope-int. reg. 4.00 £0.07

measured under sub-saturating illumination

1.03 4021 using two different methods

1.02+0.22

CO; gas exchange in N. tabacum and G. max were measured under 4-5 sub-saturating light
intensities and intercellular CO, partial pressures ranging from 3.5-9.5 Pa CO,. Ci* and Ry
were determined as the averaged x and y value for the intersections of each light intensity
(common intersection) or from the regression of the slope and intercept of all the light
intensities together (slope-int. reg.). Means of n = 4-5+ SD are shown. There were no sig-
nificant differences between method of determining Ci* or Ry within species according to

ANovA analysis and Tukey post-hoc test.

produced Ci* and Ry values similar to those determined using
the averaged intersection of each A-C; curve (Table 1). The
modelled relationship between the slope and the y-intercept
became increasingly non-linear as the ratio of r. to ry
increased.

We additionally used the modelled relationship between
the slope and intercept of A-C; curves in response to . to ry
in G. max to determine how different resistances would
impact apparent Ci* and R, measurements using slope—
intercept regression (Table 2). We found that increasing the
ratio of r. to ry increased apparent C;* values by up to 45%
and decreased R4 by up to 30%.

Modelled simulation of common intercept
interpretation using three different
analysis techniques

The impact of determining C;* and R4 from common inter-
section measurements was simulated using the measured
variation of N. tabacum A-C; measurements and number of
light intensities between two and eight (Fig. 5). When two
light intensities were used, all methods of determining Ci*
and Rq produced the same values and variation. When three
or more light intensities were used, values of Ci* and Rq
varied little with additional measuring light intensities and
approached the modelled input when determined using aver-
aged intercepts following outlier removal or the slope—
intercept method. When all the intercepts were averaged
with no outlier removal, Ci* and R4 showed high variation,

regardless of light intensities used or even after simulating
1 000 000 common intersection measurements. The simulated
variation of Ci* and Ry determined using averaged intersec-
tions following outlier removal or the slope-intercept
method decreased with increasing number of light intensities,
but additional light intensities above five had only marginal
improvement in decreasing variation. The slope-intercept
regression produced the least variation at every light inten-
sity above two out of all the methods to determine Ci* and Rq
and involved no outlier removal.

Impact of measurement CO, on
net photosynthesis

We next determined how net photosynthetic CO, assimila-
tion is impacted during long periods of leaf exposure to low
CO:.. This control is important since it is possible for a leaf to
remain for long periods at very low CO, depending on
measuring regime during a common intercept measurement.
Net CO; assimilation at 40 Pa CO, showed no decrease after
exposure to 8 Pa CO, or greater for up to 22 min (Fig. 6a).
Following 7 min exposure to 1 or 6 Pa CO, there was simi-
larly no impact to net CO, assimilation at 40 Pa CO,
(Fig. 6). Following a 12 min exposure to 1 or 6 Pa CO,, there
was a transient decrease in net CO, assimilation that
returned to starting values after around 5 min. Net CO,
assimilation took much longer to recover following a 17 min
exposure to 1 or 6 Pa CO; and took the most time following
a 22 min exposure.

re=0,ry,=03 r.=0.06,r,=024 r.=0.15,r,=0.15

Table 2. Impact of multiple conductances on

re=03,rn=0  ypparent Ci* and Ry measured using

Ci* Pa COz
Ry umol m~2s7!

4.19 (0%)
1.1 (0%)

4.67 (11%)
1.0 (9%)

526 (25%)
0.9 (19%)

6.07 (45%) slope—intercept regression

0.8 (30%)

A slope-intercept regression was made on five modelled electron transport rates (9, 16, 24,
36 and 55 umol e m~ s7") with different assumed CO, resistances through the cell wall (r.)

and chloroplast (ry). The model assumed I'* and Ry were 4.31 Pa and 1.1 yumol m

257

Parenthesis indicate the percent error in apparent Ci* and Ry relative to values assuming
complete refixation of photorespired CO,; (r.=0, ry, =0.3). Slopes and y-intercepts were
determined using a linear fit of 6 mesophyll CO, partial pressures between 2.5 and 7.5 Pa and

total (See Theory).
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Figure 5. Simulations of C;* (a) and Ry (b) values determined
using the common intersection method and interpreted using all
averaged intersections, averaged intersections following outlier
removal and using slope-intercept regression. Simulations were
performed by producing an ‘ideal’ common intersection
measurement and then introducing random variation to the initial
slopes using experimental standard deviations. These simulations
were performed for 2-8 light intensities with the parameterized
values indicated by a solid line. Means of n =1 000 000 + SD
simulations are shown.

Rubisco specificity does not correlate with C;*
in meta-analysis

To determine if species-specific factors explained differences
in literature Ci* values, we compared Ci* values with
reported Rubisco specificity (S¢o) measured at 25 °C. There
was no correlation between S, and Ci* in the six species for
which both values were available in the literature despite
C* ranging from 2.80 to 5.31 Pa CO, (Fig. 7). Reported
Seo in these species were fairly similar and centred around 80
Pa Pa’l. The two species that had higher values around
100 Pa/Pa (Triticum aestivum and Limonium gibertii) where
reported from different lab groups than the other values.
I'* derived from specificity values in plants representing
adaptation to broad habitats ranged from the xerophytic
L. gibertii Sennen (3.41Pa) to the more mesophytic
Helleborus foetidus L. (4.25 Pa; Supporting Information
Fig. S2).
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Figure 6. Impact of low CO, partial pressures on net CO,
assimilation. Net CO, assimilation was measured in N. tabacum
after plants had reached steady-state assimilation and conductance
values at 40 Pa CO, and an irradiance of 390 umol m~ s*. CO,
was then decreased to between 1 and 12 Pa CO, for 5 min and
then returned to 40 Pa CO, for 25 min. This cycle was repeated
with exposure to low CO; for 10, 15 and 20 min as indicated by the
shaded portion of the lower bar. CO, assimilation was normalized
to the value measured one minute before the drop to low CO, for
each cycle. Means of n = 4-5 are shown.

Response of modelled Ci* measurements to
assumptions of internal CO, conductances

We used a modelling approach to quantify how changes in
assumptions of the conductance of CO, from the intercellular

100 - ° °
_ 0% ¢® Pogloe ¢ o ¢°
i 75
©
o
@©
a
. 50
O
%)
25
0 T T T
3 4 5
C’ (PaCO,)

Figure 7. Rubisco specificity for reaction with CO, relative to O,
(Scio) plotted against the intercellular CO, photocompensation
point (Ci*). Scio values were used from (Whitney et al. 2011) for
C;i* values reported in Fig. 1. Shown are C;* values from six species
with reported Scjo.
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Figure 8. The theoretical mesophyll conductance (g) necessary
to make reported Ci* values equal to a constant
photocompensation point (I'**) value of 3.86 Pa (a) and 6.0 Pa (b).
The theoretical g, was calculated for measurements of Ci* with a
reported rate of day respiration (Rq) according to Eqn 2. Shown
are 37 observations where Ryq was recorded with three values being
off the axis in panel a.

space to the chloroplast would impact the common intersec-
tions of CO, response curves. Since the variation in reported
Sco was minimal for reported C; species, we first determined
what mesophyll conductance (gn) would be required to
explain the differences between reported Ci* assuming a con-
stant I'* (Fig 8, Eqns 1 & 2). We found that g, would need to
vary widely among species and individual measurements and
include impossible negative values to explain the variation in
C* assuming I'* was equal to 3.86 Pa (8a). Since net assimi-
lation is negative at the common intersection, I'* would need
to be greater than Ci* to result in positive gy, (Eqn 2). If I'*
were equal to 6.00 Pa, the differences between 90% of
reported Ci* values could be explained with a positive gm
(Fig. 8b).

DISCUSSION

Proper selection of CO, range and use of
slope-intercept regression can improve the
accuracy and precision of C* determinations

Our meta-analysis indicates the need for a consistent and
robust protocol for measuring and interpreting C;* using the
common intersection method. Literature-reported Ci*
showed greater variation than was found in a previous com-
parison of I'* values from only 12 different reports using the
common intercept method (Fig. 2, Evans & Loreto 2000).
This variation did not correlate with the CO, range used
during the measurement, despite modelling which suggests
that Ci* values should decrease when CO, measuring ranges
increase (Fig. 3, Gu and Sun 2014). The insensitivity of C;*
values to measuring range suggests that literature reports of
Ci* were not significantly biased by assuming linear fits or
that other factors introduced more variation. This lack of
CO, range bias could be explained if researchers selected
CO, ranges that produced linear fits and common intersec-
tions for each species measured.

Modelling of common intersections under different ranges
of CO; suggests that errors attributed to assumptions of
linear A-C; curves can be effectively minimized by using low
measurement CO, partial pressure during the measurement
(Fig. 3). By limiting the uppermost intercellular CO, partial
pressure to under 10 Pa, Ci* is underestimated by only 1%
and R4 by 10% (Fig. 3c). These percent underestimations are
additionally insensitive to parameterized gn or Rq values and
are consistent with past predictions (Gu & Sun 2014), but
quantify what the underestimation would be. This 1% under-
estimation would likely be within the experimental noise for
gas exchange, indeed only one measurement from our meta-
analysis had a standard deviation 1% of the average value
and the average was 8% (Supporting Information Table S1).
Given this small underestimation, it seems appropriate to use
linear slopes to determine common intersections provided
the uppermost intercellular CO, partial pressure used is
under 10 Pa. However, since the impact of assuming linear
relationships of A-C; curves bias R¢ much more than Ci*, care
should be taken with common intersection measurements
used to quantify Ry in situations where absolute values are
critical (Fig. 2b,c, Harley ez al. 1992; Gu and Sun 2014).

This modelling further suggests that while all the linear fits
of A-C; curves are not expected to intersect mathematically,
their individual intersections can be very close to curvilinear
intersections provided the uppermost CO, partial pressure is
kept below ~10 Pa. The intersection of these A-C; curves is
also less sensitive to uppermost CO, range when the initial
slopes are evenly spaced. This could explain the smaller mod-
elled impact of linear fits that we found as compared with
previous work, where two of the three initial slopes were
similar (fig. 4 in Gu and Sun 2014). We therefore recommend
that light intensities are selected, which give evenly spaced
initial slopes.

We next examined how common intersection measure-
ments are impacted by assumptions of intracellular
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resistances to CO, using slope—intercept regression. Slope—
intercept regression provides sensitive and quantitative analy-
sis of the impact of multiple internal resistances to CO, on
common intercept measurements. When r. is large relative to
v, there is a curvilinear relationship between the slope and
y-intercept of A-C; curves measured at sub-saturating light
intensities (see Theory, Fig. 4). This curvilinear relationship
was not apparent in N. tabacum or G. max,suggesting that the
effective ry, was larger than r. and that calculation of I'* could
be made assuming simple linear resistance to CO, (Eqn 2).

It should be noted that this curvilinear relationship is subtle
at low r. to r, ratios and is therefore probably not sensitive
enough to directly measure small differences in 7. and ry
through fitting of 4-5 points. The slight curvilinearity is large
enough, however, to significantly increase apparent C;* values
(Table 2). Therefore, while slope—intercept regression of
common intersection data may not be able to quantify small
differences in the ratios of r. to ry, it should be able to detect
larger differences. Additionally, since small differences impact
Ci*,larger apparent Ci* values from slope-intercept regression
could indicate leakage of photorespired CO, into the intercel-
lular airspace. Slope—-intercept regression of common intersec-
tion data thus provides a new tool to evaluate the partitioning
between r. and r,, and determine if more simple linear resist-
ance pathways are adequate to describe CO, exchange.

Slope—intercept regression was more precise and accurate in
determining Ci* and R4 from A-C; curves modelled under
sub-saturating light intensities (Fig. 5). Slope—intercept regres-
sion yielded accurate values of Ci* and Rq with less variance
compared with taking the average of all intersections or taking
the average of intersections following outlier removal. Slope—
intercept regression also had the least variance for all meas-
urements using more than two light intensities. It is interesting
that even after 1 000 000 simulated measurements, the stand-
ard deviation of raw values with no outlier removal is expected
to be very large (~300-900 for Ci* and ~400 for Ry). Such a
large standard deviation could be a result of how the simula-
tion imposed error on generated data, but the qualitative dif-
ferences between the variations in interpreting common
intersection data using simple averaging versus slope—
intercept regression is the same regardless of how much error
is assumed in the gas exchange. Additionally, this variability in
averaging all intersections may explain why despite careful
technique, common intersection measurements often fail to
produce common intersections, forcing either re-measurement
or removal of ‘outlier’ data. Analysis using slope—intercept
regression obviates the removal of data and results in more
precise measurements of Ci* and Rq by effectively weighting
the intersections of lines with similar slopes (see Theory).
These simulations also demonstrate that 4-5 light intensities
are optimal for Gi* and Ry measurements and that further light
intensities are not expected to greatly improve precision.

It is unclear why previous measurements of common inter-
sections in N. tabacum yielded large differences in the inter-
section of high versus low-light A-C; curves (Fig. 3 in Tholen
et al. 2012). The discrepancy between our data and Tholen
et al. (2012) may be explained by differences in leaf ages used
in the measurement, since older leaves may have a decrease
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in the surface area of the intercellular airspace covered by
chloroplasts and a larger effective ratio of r. to r, (Busch et al.
2013). Differences in the intersections of high- versus low-
light A-C; curves could also be explained through progressive
deactivation of Rubisco during the measurement of high-
light A-C; curves (see below).

Appropriate selection of CO, measuring ranges may mini-
mize the impact of progressive Rubisco deactivation to
common intersection measurements and A-C; curves in
general. Rubisco does not appear to deactivate under mod-
erately low CO; partial pressures (C; of 14 Pa CO,, Cen &
Sage 2005), but does deactivate near the CO, compensation
point (Caemmerer & Edmondson 1986). Our findings indi-
cated that the impact of CO, partial pressure on Rubisco
activation state could be time dependent (Fig. 6). There was
no apparent deactivation of Rubisco evident from the net
CO; assimilation rate at 40 Pa CO, following 5 min exposure
to between 1 and 12 Pa CO,. Rubisco appeared to deactivate
slightly following ten minutes of exposure to 1 and 6 Pa CO,
but net CO, exchange returned to starting values after less
than 5 min upon return to 40 Pa CO,. After 15 and 20 min of
exposure to 1 and 6 Pa CO,, Rubisco appeared to take much
longer to reactivate. Exposure to 8 Pa CO, and above had no
effect on Rubisco activation state even after 20 min (Fig. 6).
These findings indicate that common intersection measure-
ments should not remain below ~8 Pa CO, for longer than
~10 min to maintain Rubisco activation state. To balance the
need to measure under low CO, to minimize the impact of
using linear fits with the danger of Rubisco deactivation, we
suggest starting each light intensity at 40 Pa CO, and then
measuring at 5-6 CO, partial pressures between 3 and 10 Pa
to determine the initial slope and y-intercept. We also recom-
mend returning to 40 Pa CO; before changing the light inten-
sity to determine if Rubisco deactivation occurred at the
lower CO; Pa. These recommendations are based on meas-
urements in N. fabacum and could vary based on inter-
species differences in Rubisco activation.

The temperature response of literature C*
values is different than that commonly used to
parameterize leaf models of photosynthesis

The differences in the temperature response of Ci* between
literature values and that of N.tabacum could be due to
N. tabacum having an unusually high temperature response
as compared with other species (Fig. 2b). The increased tem-
perature response of C;* could be due to differences in the
temperature response of g, since N. tabacum has among the
largest temperature response and absolute values of g, com-
pared to eight other species (von Caemmerer & Evans 2014).
Larger gm values result in increased Ci* assuming constant
Seo and Ry (Eqns 1 & 2). Alternatively, the temperature
response of Ci* in N. tabacum could be due to either an
unusually decreased temperature sensitivity of S¢, or an
decreased sensitivity of Ry relative to other species. It is inter-
esting that the literature temperature response of Ci* closely
resembles the response of A. thaliana, suggesting that species
other than tobacco might more broadly represent the
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temperature response of Ci* for modelling (Fig.2b).
Clearly, more work is needed confirming the temperature
response of Ci*, I'* and g, across ecologically and agronomi-
cally important species to determine the most appropriate
temperature functions to use in leaf scale or earth system
models.

Alternatively, since the N. tabacum temperature response
was originally determined and since confirmed by growing
plants in a controlled environment with day temperatures
between 23 and 25 °C and then temporarily moving plants to
higher or lower temperatures for measurement of Ci*
(Bernacchi ez al. 2001; Walker & Cousins 2013; Walker er al.
2013). This approach would not account for species-specific
differences in the temperature response of Ci*, the absolute
values of Ci* or an acclimation of Ci* that could occur during
longer-term exposure to elevated temperature.

Differences in the temperature response or acclimation of
S could also explain some of the variation in Ci* found in
the literature among species (Eqns 1 and 2). Such acclima-
tion would result in plants grown at higher temperatures
having decreased Ci* values when measured near their
growth temperature. Indeed, measurement temperature was
within 2 °C of growth temperature for 70% of Ci* values with
reported growth temperature (Supporting information
Table S1). There is some evidence that Sy, acclimates to
growth temperature by differential expression of Rubisco
small subunit genes, which would result in decreased Ci* at
high temperatures (Cavanagh & Kubien 2014). This differen-
tial expression could explain the observation that the tem-
perature response of in vitro I'* in spinach leaves is decreased
in plants grown under elevated temperature (Yamori et al.
2006). Such an acclimation response of S, is consistent with
the differences seen between literature values primarily
measured near growth temperatures and those reported in
(Bernacchi er al. 2001; Fig. 2a).

Differences in S., among species could also explain dif-
ferences in Ci* values, although there was no significant
interaction between species and Ci* values normalized to
25°C. This lack of interaction could be explained by
improper temperature response normalization functions or
noisy measurement technique. Alternatively, this variation
could be due to differences among species due to adaptation
of Sco (Sage 2002; Galmés er al. 2005). When S, measured
in a diversely adapted group of species were converted to
I'*, there was a less variation than we observed in the lit-
erature (Fig.2, Supporting Information Fig. S1). It is also
possible that methodological differences between labs could
explain the lack of correlation between S, and Ci*, but we
would still expect to see some correlation since most of the
reported Sc, and measurements came from the same group.
These observations suggest that typical variation in S, is
not large enough to significantly impact measurements of
Ci* and do not explain the variation in reported values.

To understand if differences in internal conductance to
CO; could explain the variation in Ci*, we modelled the
impact of different linear conductance pathways to measure-
ments of Ci*. The range of mesophyll conductances needed
to make literature Ci* values equal a common I'* value of

3.86 Pa are larger than what has been reported in the litera-
ture and include impossible negative conductances (Fig. 6a;
Warren 2008; Niinemets et al. 2009). To result in only positive
conductances, I'* needs to be greater than the assumed Ci*
assuming a single mesophyll conductance (Eqn 2). I'* would
need to be 6.0 Pa to be greater than 90% of the literature
reported C;i* measurements, which is almost twice as large as
what is predicted from a wide range of S, values in higher
C3 plants (Fig. 8b, Supporting Information Fig. S1). These
findings suggest that differences in g, do not alone explain
the variation in observed C;* assuming a single diffusive path
of CO,. These analysis on previous data confirm that much of
the variation reported in Ci* is not due to physiological
factors (differences in Sco Or gm), but to methodological
issues with the measurement. Such potential for methodo-
logical error highlights the importance of adapting a robust
and consistent protocol (e.g. slope—intercept analysis) for
measuring Ci*.

It should be noted that it is possible for I'* to be less than Ci*
assuming multiple diffusive resistances if 7. is much larger than
ry (Eqns 4 & 5; Tholen et al. 2012). Assuming a simple linear
diffusion path, physical modelling of CO, resistance based on
leaf anatomy suggests r,, could account for 50% or more of
total resistance and the contribution of r. ranges significantly
(Evans et al. 2009). Assuming RuBP-limited photosynthesis
and, a J value of 75 umol electrons e m=2 s}, and an Ry of 2, r.
would need to be ~3 times greater than r,, for I'* to be less than
C* (Eqn 5).We found no evidence of such a large ratio of r. to
ry in our slope—intercept measurements for N. tabacum and
G. max but it is possible this ratio is variable in other species.
Additionally, to explain the differences in reported C;i* values,
the ratio of ry relative to r. would need to be highly variable
within species since both positive and negative g, values were
required to explain acommon I'* value in both A. thaliana and
N. tabacum (Fig. 6a).

CONCLUSIONS

Slope-intercept regression provides a robust and precise
analysis tool for determining Ci* and Ry from CO, gas
exchange. Slope—intercept analysis can help determine if
multiple resistances within the cell to CO, should be consid-
ered and what their impact would be. This analysis offers
significant improvement over traditional intersection averag-
ing and is less sensitive to experimental noise. We found that
biases introduced by using linear fits to interpret curvilinear
data could be minimized by measuring with CO, ranges
under 10 Pa and that predicted variation is optimal when 4-5
light intensities are used. Our meta-analysis shows significant
variation in reported Ci* values and evidence that commonly
used temperature response functions of C;*, and by extension
I'*,needs to be re-examined for species diversity and possible
acclimation.
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