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Abstract

Classical approaches to estimate mesophyll conductance ignore differences in resistance components for CO, from intercel-
lular air spaces (IAS) and CO, from photorespiration (F) and respiration (R,). Consequently, mesophyll conductance appar-
ently becomes sensitive to (photo)respiration relative to net photosynthesis, (F'+ R)/A. This sensitivity depends on several
hard-to-measure anatomical properties of mesophyll cells. We developed a method to estimate the parameter m (0<m<1)
that lumps these anatomical properties, using gas exchange and chlorophyll fluorescence measurements where (F+ R;)/A
ratios vary. This method was applied to tomato and rice leaves measured at five O, levels. The estimated m was 0.3 for
tomato but 0.0 for rice, suggesting that classical approaches implying m =0 work well for rice. The mesophyll conductance
taking the m factor into account still responded to irradiance, CO,, and O, levels, similar to response patterns of stomatal
conductance to these variables. Largely due to different m values, the fraction of (photo)respired CO, being refixed within
mesophyll cells was lower in tomato than in rice. But that was compensated for by the higher fraction via IAS, making the
total re-fixation similar for both species. These results, agreeing with CO, compensation point estimates, support our method
of effectively analysing mesophyll resistance.
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Introduction 2014). The model of Farquhar, von Caemmerer and Berry

(1980; “the FvCB model” hereafter), which is widely used

Quantifying the CO, diffusion inside leaves of C; plants is
important in both physiological and ecological contexts.
Physiologists assess leaf photosynthetic efficiency and
capacity, and both of them depend on how CO, from the
atmosphere travel to the chloroplast stroma and how much
CO, released by respiration and photorespiration [“(photo)
respired CO,” hereafter] can be refixed by Rubisco (Busch
et al. 2013; von Caemmerer 2013). Ecologists often pro-
ject the impact of global land CO, fertilization (Sun et al.
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as a component for this projection, requires the CO, level at
carboxylation sites of Rubisco (C,) as its input. The draw-
down of C_, relative to the CO, level in the ambient air (C,),
depends not only on stomatal conductance for CO, transfer
(g4.) but also on mesophyll conductance (g,,,), such that (von
Caemmerer and Evans 1991):

C.=C—-A/gy 1)

where C; is the intercellular air space (IAS) CO, level and A
is the net photosynthesis rate.

The FvCB model calculates A as the minimum of the
Rubisco activity limited rate (A,) and electron transport-lim-
ited rate 4y of photosynthesis, and Sharkey (1985) added
a third limitation, accounting for the rate set by triose phos-
phate utilization (A;) (see Supplementary Text S1). Equa-
tion (1) has been combined with the FvCB model to estimate
&m from combined data of gas exchange and chlorophyll flu-
orescence measurements on photosystem II (PSII) electron
transport efficiency @, (Harley et al. 1992; Yin and Struik
2009). The most commonly used method to estimate g, is
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the ‘variable J method’ (Harley et al. 1992), derived from the
A; part of the FvCB model, using measurements that have to
include photorespiratory conditions (Laisk et al. 2006; see
Supplementary Text S2). Equation (1) has also been used
to estimate g, from online carbon isotope discrimination
measurements (e.g. Evans et al. 1994; Tazoe et al. 2011;
Barbour et al. 2016a) or oxygen isotope techniques (Barbour
et al. 2016b).

Equation (1), as the classical g,, model, treats the (photo)
respired CO, in the same way as it treats the CO, flux that
comes from the IAS. Mesophyll resistance (the inverse of
mesophyll conductance) consists of components imposed by
IAS, cell wall, plasmalemma, cytosol, chloroplast envelope
and stroma (Evans et al. 2009; Terashima et al. 2011). Unlike
the CO, from the IAS, the (photo)respired CO,, mainly com-
ing from the mitochondria, does not need to cross the cell
wall and plasmalemma, and thus experiences a different
resistance. For this reason, Tholen et al. (2012) developed
an Equation for the drawdown of C_, relative to C;:

C. =G, —A(rwp + 1) = (F 4+ Rry, )

where F and R, are CO, fluxes from photorespiration and
respiration, respectively, r,,, is the combined cell wall and
plasma membrane resistance, and r, is the chloroplast enve-
lope and stroma resistance (rg,). Combining Eqgs. (1) and
(2) results in g, = V[ry,+ ro, + rep(F + Ry)/A]. Tholen et al.
(2012) concluded that mesophyll conductance, as defined
by Eq. (1), is influenced by the ratio of (photo)respired CO,
release to net CO, uptake, (F+ R,)/A, thereby resulting in an
apparent sensitivity of mesophyll conductance to [CO,] and
[O,]. As this sensitivity does not imply a change in intrinsic
diffusion properties, g, as defined by Eq. (1) is an apparent
parameter. We shall call it the apparent mesophyll conduct-
ance (g, 4pp)- In developing their model, Tholen et al. (2012)
assumed a negligible IAS and cytosol resistance, but Eq. (2)
still holds if the IAS resistance is lumped into ry,,, and part
of cytosol resistance is lumped into r,,,, and the remaining
part is lumped into r., (Berghuijs et al. 2015). If r,,, and r,
both represent physical resistances, the total mesophyll dif-
fusion resistance (ry, gif) 1S 1y, +7'eh, and the model of Tholen
et al. can be rewritten as

1
Smapp = Fmaitl 1 + @(F + Ry)/A] e

where  is the fraction of 7y, in ry, g

However, the relative position of mitochondria and chlo-
roplasts is underrepresented in the model of Tholen et al.
(2012). Considering six scenarios of the arrangement of
these organelles, Yin and Struik (2017) derived the model:
Emapp = U rmaiel 1 + o(1 — A)(F+ Ry)/A]}, where 4 is the
fraction of mitochondria located in the inner cytosol (i.e.
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the cytosol area between chloroplasts and vacuole), and k is
a factor allowing an increase (k> 1), no change (k=1), and
a decrease (0 <k< 1) in the fraction of inner (photo)respired
CO,, caused by gaps when chloroplasts are not continuously
aligned. The gaps largely depend on the anatomical param-
eter S./S,,, the ratio of chloroplast area to the mesophyll
area exposed to IAS (Sage and Sage 2009). As (1 — 4k) is
between 0 and 1, the model predicts that the sensitivity of
8m.app O (F+Ry)/A is lower than Tholen et al. (2012) ini-
tially stated (Yin and Struik 2017). The model of Tholen
et al. applies to an extreme case, either where mitochondria
are located exclusively in the outer cytosol between plas-
malemma and chloroplasts (4 =0) or where (photo)respired
CO, are completely mixed in cytosol if cytosol resistance is
negligible and there are chloroplast gaps (k— 0). In another
extreme case where mitochondria are located exclusively in
the inner cytosol (A=1) and chloroplasts cover completely
the cell periphery (k=1), the model predicts no sensitiv-
ity of g, pp t0 (F+Ry)/A, and Eq. (1) would work well as
8m,app DECOMES &1\ i (= /7, 4). Equation (1) also works
when r, is negligible compared to r,,, (w=0) as if (photo)
respired CO, is released in the same organelle where RuBP
carboxylation occurs. Either situation (k=1 or @=0) can
be approximately represented by leaves where mitochondria
lies only in the inner cytosol, intimately behind chloroplasts
that form a continuum.

Most likely scenarios are somewhere between the two
extremes defined by Eqgs. (1) and (2), that is, 0 <Ak <1 and
0<w< 1. All these scenarios result in different fractions
of re-assimilation of (photo)respired CO, (Yin and Struik
2017), both within mesophyll cells and via IAS (see Sup-
plementary Text S3). It would be useful if @, 1 and k can be
measured. One way to derive w is to use individual resist-
ances that can be calculated from microscopic measure-
ments on leaf anatomy (Evans et al. 1994; Peguero-Pino
et al. 2012; Tosen et al. 2012a, b; Tomas et al. 2013; Ber-
ghuijs et al. 2015), despite uncertainties in the value of gas
diffusion coefficients. Another possible method to estimate
w 1s to first estimate r,, from oxygen isotope techniques
assuming that the outer limit of carbonic anhydrase activity
represents the cytosol immediately adjacent to the cell wall
(Barbour 2017). Parameter A can be assessed using electron
microscope images for mitochondria distribution (Hatakey-
ama and Ueno 2016). Most difficult is to measure k, which
depends on S./S,,. However, whether a high S./S,, would
make k> 1 or < 1 would depend on the 1 value as well as
on cytosol resistance, and such a complex relationship is
hard to quantify with a simple resistance model. However,
because w, A and k lump together co-defining the sensitivity
of 8m,app 10 (F+Ry)/A, the model of Yin and Struik (2017)
can be rewritten to
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1
8mapp = rm,dif[l + m(F + Rd)/A] *

where m=w (1 — k). Although Eq. (3) looks the same as
Eq. (2a), their underlying intracellular fluxes for CO, gradi-
ent and re-assimilation differ (see Supplementary Text S3).
Equation (3) may be used for estimating m from noninvasive
gas exchange measurements where (/' + R;)/A varies.

Many reports (e.g. Flexas et al. 2007a; Vrabl et al.
2009; Yin et al. 2009; Tazoe et al. 2011) showed that 8m,app
responds to changes in [CO,] or irradiance levels. g, ., was
shown in tobacco to increase when [O,] was decreased from
21 to 1% (Tholen et al. 2012). All these responses can be
described using a phenomenological equation (Yin et al.
2009). Tholen et al. (2012) explained the O, response and
the commonly observed decline of g, .., with decreasing
CO, below the ambient level (e.g. Flexas et al. 2007a; Vrabl
et al. 2009; Yin et al. 2009), based on the earlier introduced
sensitivity of g, ., to (F+Ry)/A, because both increasing
O, and decreasing C; increase (F'+ R;)/A. However, the sen-
sitivity of g, .o, t0 (F+Ry)/A cannot explain the observed
response of g, .., to irradiances. Moreover, it is unknown
whether g, ;;r would be conserved across irradiance, CO,
and O, levels.

In this study, we described a method that explores
varying (F + Ry)/A ratios to analyse mesophyll resistance
from combined gas exchange and chlorophyll fluorescence
measurements. The varying (F + R,)/A ratios were mainly
created using five levels of O,, on two contrasting spe-
cies tomato and rice. Using these data, we assessed (i) the
value of the m factor and whether it differs between spe-
cies, (ii) whether g, 4 responds to [CO,], irradiance and
[O,], and (iii) how the re-assimilation of (photo)respired
CO, is affected by the m factor.

Materials and methods
Experiments and growth conditions

Seeds of tomato and rice were sown, and uniform seedlings
were transplanted into pots 2 weeks after sowing, in glass-
house compartments. Pots were filled with soil, and after
assessing initial soil nutrient contents, extra nutrients were
applied (Table 1). Tomato plants were watered regularly,
while rice plants were maintained submerged.

About 60% of the radiation incident on the glasshouse
was transmitted to the plant level. During daytime sup-
plemental light from 600 W HPS Hortilux Schréder lamps

Table 1 Growth and measurement conditions during the experiments with tomato and rice

Tomato (cv. Growdena)

Rice (cv. IR64)

Growth condition
Pot size and soil 10 L, with potting soil
Initial nutrients (pot’l)

Total additional nutrients (pot’l)

Temperature (day/night, °C) 21.4/17.0
Relative humidity (%) ca 65
Photoperiod (h d™!) 16
Supplementary lights on (W m™2) 2 <150
Supplementary lights off (W m™2) ® >250
Measurement conditions

Position of measured leaves (from the bottom) the 9th layer leaf
A -1, curves Line

0,=2%
A - C; curves
Iinc

Leaf temperature (°C) 25

Leaf-to-air vapour pressure difference (kPa) 0.7-1.5

1.0gN, 1.2 gP,05, and 2.1 g K,O
0.38 g N, 0.12 g P,Os, and 0.40 g K,O

=20, 45, 70, 100, 150, 200, 500, 1000,
1500 pmol m~2 5! with C, =380 umol mol™!
at each of O, levels 2%, 10%, 21%, 35%

and 50%, or with C,= 1000 umol mol~! and

C,=50, 65, 80, 100, 150, 200, 380,

760, 1000, 1500 pumol mol~! with
=1000 pmol m~2 s~! at each of O, levels
2%, 10%, 21%, 35% and 50%

7 L, with sandy soil

040gN

0.50 g N, 0.50 g P,O5 and 0.50 g K,O
28/23

ca 65

12

<400

>500

the 9th main-culm leaf
I,,.=45, 70, 100, 150, 200, 500,
1000, 1500 umol m~2 s~! with
C,=380 pumol mol™" at each of O, levels
2%, 10%, 21%, 35% and 50%, or with
C,=1000 pmol mol~! and 0,=2%
C,=50, 65, 80, 100, 150, 200, 380,
600, 1000, 1500 umol mol~! with
I,,.= 1000 pmol m~2 s~! at each of O, levels
2%, 10%, 21%, 35% and 50%
25

0.7-1.5

*Threshold solar incident light outside glasshouse when supplementary lights were switched on;

®Threshold solar incident light outside glasshouse when supplementary lights were switched off

@ Springer



Photosynthesis Research

(Monster, NL) was automatically switched on when the inci-
dent solar flux dropped below a threshold and off when it
exceeded a threshold outside glasshouse. These threshold
levels were set different for tomato and rice (Table 1), to
mimic growth environments of the two species.

Simultaneous gas exchange and chlorophyll
fluorescence measurements

We used the Li-Cor-6400XT open gas exchange system
with an integrated fluorescence head enclosing a 2-cm? area
(Li-Cor Inc, Lincoln-NE, USA). Young but fully expanded
leaves of four replicated plants from staggered sowings
were measured for incident irradiance (/;,.) and C, response
curves in each species (Table 1).

Curves were measured at five O, concentrations
(Table 1). Additional light response curves were obtained at
1000 umol mol~! C, and 2% O, to establish nearly nonpho-
torespiratory conditions for calibration (see later). Gas from
a cylinder containing a mixture of O, and N, was humidi-
fied and supplied via an overflow tube to the air inlet of the
Li-Cor where CO, was blended with the gas, and the IRGA
was adjusted for O, composition of the gas mixture accord-
ing to the manufacturer’s instructions. Based on pre-test
measurements, we used 7-8 min for each step of an A —1; .
curve, and 3—4 min for each step of an A — C; curve, to reach
a steady state. All CO, exchange data were corrected for
CO, leakage into and out of the leaf cuvette, using measure-
ments on boiled leaves (Flexas et al. 2007b), and then C; was
re-calculated.

When A reached steady state at each light or CO, step,
steady-state fluorescence (F,) was recorded. Maximum
fluorescence (F:n) was measured using a 0.8 s light pulse
of > 8000 umol m~ s~!, or the multiphase flash with each
phase of 300 ms and ramp depth of 40% (Loriaux et al.
2013). The PSII operating efficiency (AF/F;n) was set as
(F, —F,)/F, (Genty etal. 1989).

Calibration and pre-determination of R
and Rubisco parameters

Setting that ®, = AF/ F;n, R, was estimated as the negative
intercept of a linear regression of A against (/;,.®,/4) using
data of A —1,,. curves within the electron transport-limited
range for the nonphotorespiratory condition (Yin et al. 2009,
2011). The slope of the regression yields a calibration factor
(s), which lumps (1) absorptance by leaf photosynthetic pig-
ments, (2) the factor for excitation partitioning to PSII, (3)
basal forms of alternative electron transport, (4) any differ-
ence between real efficiency of PSII electron transport (®,)
and AF/F ;n, and (5) possibly difference in chloroplast popu-
lations sampled by gas exchange and by chlorophyll fluores-
cence (van der Putten et al. 2018). The electron transport rate
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J can then be obtained as J = s/, .(AF/F ;n) (Yin et al. 2009).
Like other calibration methods, this procedure assumes that
the calibration factor is the same for photorespiratory and
nonphotorespiratory conditions, for which photosynthetic
rates differ by a factor of (C, — I'+)/(C,+2 I's) (see Egs. S1.1
and S1.3 in Supplementary Text S1; but with cautions from
recent literature, Busch et al. 2018; Tcherkez and Limami
2019).

The parameter I'. was calculated as 0.50,/S,,, where
S,/ is the relative CO,/O, specificity of Rubisco (von Cae-
mmerer et al. 1994). Values from in vitro measurements
of Cousins et al. (2010) on S, (=3.022 mbar pbar‘l)
and Michaelis—Menten coefficients of Rubisco for CO,
(Kpc=291 pbar) and for O, (K,o =194 mbar) were taken,
assuming that Rubisco kinetic constants are conserved
among C; species. This assumption was checked by in vivo
estimates of S/, from the lower parts of A — C; curves of five
0, levels (see “Results”).

Model method

After the above parameters were quantified, we first checked
whether g, 4;r Was variable based on the combined data of
gas exchange and chlorophyll fluorescence. Using measured
A, C; and a tentative value for m across its range (0 <m<1),
8m.ait Was calculated as

A+m(F+Ry)

Smait =~ “)
where F and C, can be solved from the A; equation of the
FvCB model, see Eq. (S1.6) in Supplementary Text S1 and
Eq. (S2.1) in Supplementary Text S2, respectively. Equa-
tion (4) was derived by Yin and Struik (2017, see their
Eq. 19), in analogy to the variable J method of Harley et al.
(1992; also see Eq. S2.2 in Supplementary Text S2).

The obtained g, 4 responded to a change in both C; and
irradiance (see “Results”). Explaining these responses would
need a separate study; to estimate m, here we adopted the
generic phenomenological equation of Yin et al. (2009) to
describe this response:

8m.dit = &moif T 0(A +Ry)/(C.—T,) (5)

where g, i and 6 are parameters. If 6=0, Eq. (5) becomes
aconstant g, 4:r mode (= g, qir)- Any nonzero 6 would pre-
dict a variable g, 4 in response to CO,, O, and irradiance
levels, and if g, 4;r=0, parameter 9, as discussed later, rep-
resents the carboxylation: mesophyll resistance ratio. Equa-
tion (5) was combined with the FvCB and other equations
to solve for A (Supplementary Text S1, where reasons for
using Eq. 5 are also explained). This results in an equation
expressing A as a function of C; and other variables:
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A = (=b + Vb2 —4ac)/(2a) (6)

where

a=x,+T,(1—-m)+6C, +x,)

b=m(Ryx, +T.x)) = [ + T.(A = m)] (x; = Ry) — (C; +x,)

[8modif (%2 + ) +8(x; = Rq)] = 8lx; (C; = T,) = Ry(C; + )]

c= —m(Rdx2 +T,x ) (xl - Rd)

+ [gmo,dif(x2 + F*) + 5(x1 - Rd)]

[x,(C, = T,) = Ry(C; + x,)]1
where x; =V« (maximum carboxylation activity of
Rubisco) and x, =K (1 + O,/K ) for the A -limited con-
ditions; x; =J/4 and x, =2I". for the A;-limited conditions,
and for the A -limited conditions: x, =37}, (where T}, is the
rate of triose phosphate export from the chloroplast) and
Xy=— (143a) I'« (where a is the fraction of glycolate car-
bon not returned to the chloroplast).

We found that the Vb2 — 4ac term of Eq. (6) should
always take the — sign for either A.- or Aj-limited rate, but
the solution for A is mathematically complicated if a>0
(see Supplementary Text S4). Our data showed that A often
declined with increasing C; within high C; ranges (see
“Results”), suggesting the limitation by triose phosphate
utilization with >0 (Harley and Sharkey 1991). We con-
ducted sensitivity analyses to choose a value of a although
metabolic flux data (Abadie et al. 2018) suggest that its
value might be small. We then used Eq. (6) to estimate four
parameters: m (0<m<1), 8, V., and T, by a nonlinear
fitting to all data of A —C; and A — I, curves of the five O,
levels (g0, 4i¢ Was set to zero, see “Results”). For that, J,
as defined earlier ass/,.(AF /F;n), were used as input. Our
method assumed that R, does not vary with [O,], and was
based on the expectation that neither V,,, nor T, varies with
[O,], as confirmed experimentally for V. (von Caemmerer
et al. 1994). The fitting minimizes the sum of squared differ-
ences between estimated and measured A values, using the
GAUSS method in PROC NLIN (SAS Institute, NC, USA).
SAS scripts can be obtained upon request.

Once A was calculated from Eq. (6), C, could be solved
from Eq. (52.1) in Supplementary Text S2. Then, g, 4 Was
re-calculated from Eq. (4) using the estimated m and meas-
ured A and C;, where x; and x, terms were chosen according
to whether the modelled A was A_-, Aj- or Ap-limited. This
showed g, 4 in response to CO,, irradiance, and O, levels.

With g, 4 and other parameters, we calculated the frac-
tion of (photo)respired CO, being refixed (f,.g,), the fraction
of (photo)respired CO, being refixed within the mesophyll
cells (fifix cen)> @nd the fraction of (photo)respired CO, being

refixed via IAS (f.qy ias)» USing Egs. (S3.4), (S3.5) and (S3.6),
respectively, in Supplementary Text S3. In these equations,
ry. 1s the stomatal resistance to CO, diffusion (being 1.6
times measured stomatal resistance to water vapour), and
1o is the carboxylation resistance (which is (C, + x,)/x;,
von Caemmerer 2000). As discussed in Supplementary Text
S3, these calculations need w and Ak as inputs. The estimate
for m was 0.3 for tomato and 0.0 for rice (see “Results”).
For tomato, we measured @ (0.65) for leaves of the same
age in the same cultivar “Growdena” (see Berghuijs et al.
2015) for calculating Ak, from m=w (1 — Ak). For rice, ik
was set to 1.0 to agree with the estimate that m=0. In such
a case, w is not needed as Eqgs. (S3.4) and (S3.5) become
simplified as Egs. (§3.3) and (S3.9) in Supplementary Text
S3, respectively.

Results

Use of the five O, levels generated diverse shapes of pho-
tosynthetic responses to irradiance and CO, levels (Fig. 1).
Our model approach, combined with data for A (Fig. 1) and
for AF/F I/n (Fig. S1), yielded an estimation of a set of param-
eters as described below.

Estimated Ryand s

Data of A -1, curves within the range of
I.,. <200 umol m~2 s~! showed that the relationship between
A and ({;,.P,/4) was linear for the conditions with a gas mix-
ture of 2% O, with 1000 pmol mol™" C, (Fig. 2), where &,
was set to be AF /F:11 The value of R, estimated from this
linear relationship was 1.2 (standard error or s.e. 0.1) pmol
m~2 57! for tomato and 1.1 (s.e. 0.1) umol m~2 s~! for rice.
The slope of the A — (I, ®@,/4) linearity (i.e. calibration fac-
tor 5) was 0.4570 (s.e. 0.0076) for tomato and 0.5488 (s.e.
0.0076) for rice. Values of s were also re-estimated, together
with other parameters, in fitting Eq. (6) to all data; but the re-
estimated s remained the same, suggesting that we reached a
nonphotorespiratory condition using the gas mixture.

The first few data points of the A — C; curves were
linear, and gross leaf photosynthesis values A + R were
plotted versus C; within this linear range. The intercept
of this line with the Cj-axis gives the estimate of the C;-
based CO, compensation point, commonly noted as C;..
The value of C;. increased linearly with increasing O,
levels (Fig. 3). Half of the reciprocal of this linear slope
gives an in vivo estimate of S ,,, which was 2.71 mbar
pbar~! for tomato and 3.13 mbar pbar~! for rice. Using
the method of Yin et al. (2009) gave similar in vivo esti-
mates of S, (results not shown). These values are close to
3.02 mbar pbar~! measured in vitro for wheat by Cousins
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Fig.1 Measured (points) and
modelled (curves) net CO,
assimilation rate A of tomato
(filled circle, solid curves)

and rice (open circle, dashed
curves) as a function of incident
irradiance I; . (left panels) and
of intercellular CO, concentra-
tion C; (right panels) at different
O, percentages as shown in
individual panels. Each point
represents the mean of four
replicated plants. The A — I,
curve under nonphotorespira-
tory (NPR) condition was
obtained at 2% O, combined
with ambient CO, level of
1000 pmol mol~!. Curves were
drawn from connecting two
nearby values calculated by the
model

et al. (2010), confirming that S

clo

A (umol mZs Y

25

15

is conserved among C;

2%

il L L L

0 500 1000 1500

[inc (“mOI m~z 5_1)

species. We will use 3.02 mbar pbar~! for further analysis
(but see sensitivity analysis later).
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Dependence of g, 4;; on CO, and irradiance level

Equation (4) assuming an electron transport limitation,
was applied to check the pattern of g, 4 across a range of
I, and C; levels, by setting m either to O (equivalent to the
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Fig.2 Linear relationship between net CO, assimilation rate A and
I, . D,/4, where @, is set to be AF/F:11 and I, is <200 pmol m~2 57!

mnc
(each point represents the mean of measurements on leaves from four

replicated plants), for nonphotorespiratory condition (2% O, com-
bined with C,=1000 pmol mol~!). The intercept of regression lines
gives an estimate of —R; (see Yin et al., 2011), and the slope gives
an estimate of the calibration factor s for converting AF' /F;n into the
linear electron transport rates (see the text)

variable J method of Harley et al. (1992) for gmyapp) or to
a value between 0 and 1. A similar response was obtained
for various O, levels, except for 2% O,. At that oxygen
concentration, Eq. (4), like the variable J method, can-
not be reliably applied due to insufficient photorespiration
(see Supplementary Text S2). Although the obtained g, 4;¢
sometimes had unrealistic values largely due to unrealistic
values of C, (as often occurs when using the variable J
method, see Yin and Struik 2009), an overall trend of g, 4
in response to [;,. and to C; was obtained. An example of
the response is shown in Fig. 4 for the case of 10% O, level
for tomato. g, 4 increased monotonically with increasing
I, (Fig. 4a), and decreased gradually with an increase in
C, (Fig. 4b). Changing m did not change the response pat-
tern, but only the absolute value of g, 4, and a nonzero

100
C.=0.1850, + 2.134
2
30 r*=0.996
— 60
©
0
=
% 40
20
0
80
C.=0.1600, - 11.925
60 F r*=0.997
=40
0
=
G 20
0
(b) Rice
_20 L 1 L L L
0 200 400 600
O, (mbar)

Fig.3 Values of CO, compensation point C;« [identified as the inter-
cept at the Cj-axis of the initial strictly linear part of leaf gross CO,
assimilation rate (A+R,) versus C;] plotted as a function of the O,
levels, for tomato and rice leaves

m resulted in higher g 4 than the value obtained from
setting m=0 (Fig. 4).

Estimates of parameters §, m, V., and T,

max
Equation (6) for describing A was applied to estimate
8mo.dif» 0 and m, using data of both A — ;. and A — C; curves.
The obtained g, 4;r did not differ significantly from zero
(p>0.05), which is supported by the result that the calcu-
lated g, 4ir by Eq. (4) at low [, was close to zero (Fig. 4a).
Also, model fit became worse if 6 was fixed to zero than if
8mo.ait Was fixed to zero, supporting the variable g, 4 mode.
Sensitivity analysis with respect to a suggested that a change
within its relevant range had no impact on the estimates
of parameters other than 7}, (see below). We set g, i to
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Fig.4 Calculated g, ,,, using the variable J method of Harley et al.
(1992) (open square) or g, 4 using Eq. (4) where parameter m is set
to 0.29 (filled circle), as a function of a incident irradiance ;. or b
intercellular CO, level C;, under the condition of 10% O, for tomato
leaves. Points were obtained, based on the A. part of the FvCB model,
using measured A and J that was derived from chlorophyll fluores-
cence with the calibration as described in the text. The monotonically
descending curve in panel (b) is drawn from values of the modelled

&m.air using the full FvCB model of three limited rates

zero, and a to 0.3 (Busch and Sage 2017), in the subsequent
analysis.

Equation (6) describes well both A —1;,. and A — C;
curves (Fig. 1), with an overall R? being > 0.99 for either

species (Table 2). Most of the data points (> 80%) were

Aj-limited, indicating that chlorophyll fluorescence sig-
nals generally echoed gas exchange data since we calcu-
lated J from chlorophyll fluorescence measurements as
sImC(AF/F;n). Only a few points at low C; of A — C; curves
or at high I;,, of A—1I, . curves were A -limited, and a
few points at high C; of A — C; curves under low O, con-
ditions were A -limited. The estimated m was ca 0.3 for
tomato but was 0.0 for rice (Table 2). The estimated 6 was
also higher for tomato (1.4) than for rice (1.0) (Table 2).
Other parameter values were similar for the two species:
113.7 and 111.0 umol m~% s™! for V,,,,, and 8.3 and
7.8 umol m~2 s~ for T,, for tomato and rice, respectively.

Sensitivity analysis

Given that any uncertainty in estimated s and R4 and in
other parameters (S, K,c, Kno and a) may have an
impact on the major estimated parameters (mm and § in this
study), we carried out sensitivity analyses. The estimation
of 6 and m was very sensitive to s and S, and less sensi-
tive to R, (Fig. S2), but virtually insensitive to K, K o
and a (results not shown). Both § and m decreased mono-
tonically with increasing s (Fig. S2a). The estimate of 6
decreased with increasing S,,,, whereas that of m changed
in an opposite direction (Fig. S2b). The obtained response
of 6 (the parameter in Eq. (5) on mesophyll conductance)
to both S, and s is expected in the same way as g, .o,
responds to these parameters (Harley et al. 1992). The
opposite response of m to S, and s is probably because
photorespiration, i.e. the F term in Eq. (3), which is rele-
vant to determining , has an opposite response to S/, and
s. As R, has the same effect as the F term has (see Eq. 3),
the estimated m decreased with increasing R;, whereas &
changed in an opposite direction (Fig. S2¢). As expected,
any sensitivity to K- and K, occurred with the esti-
mated V, whereas a sensitivity to a occurred with T,

cmax?®
(results not shown).

Table 2 Estimates (standard
errors in brackets) of two major
parameters (6 and m), and V

cmax

and T}, from fitting Eq. (6) to
irradiance- and CO, response
curves of five O, levels for
leaves of tomato and rice

Parameter Unit Estimates

Tomato Rice
6 (a coefficient defining variations in g, ) - 1.41 (0.09) 1.03 (0.05)
m (lumped anatomical-feature parameter) - 0.29 (0.07) 0.00
Vi max (Maximum rate of Rubisco activity) * pmol m2s7! 113.70 (3.51) 111.0 (6.44)
T, (rate of triose phosphate utilization) ® pmol m~2s™! 8.31 (0.11) 7.81 (0.06)
R? - 0.992 0.993

Sensitivity analysis showed that only the estimate of

here V.

cmax

Vemax depends on values of K~ and K (see text);

was estimated using K, =291 pbar and K, =194 mbar (Cousins et al. 2010)

bSensitivity analysis showed that only the estimate of T, depends on the value of a (see text); here T, was
estimated assuming that «=0.3 (Busch and Sage 2017)
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Calculated fractions for re-assimilation of (photo)
respired CO,

The calculated fractions of (photo)respired CO, being
refixed, using Eqgs. (S3.4-S3.6) in Supplementary Text S3,
are shown in Fig. 5, using the result at 21% O, as the exam-
ple. The trends were similar for O, levels above 2%. Except
for very low I . or C; levels, the refixed fractions were quite
consistent over a wide range of conditions. fi.q, ..y Was lower
in tomato (0.25) than in rice (0.49) (Fig. 5), largely due to
the fact that the estimated m was 0.3 for tomato but 0.0 for
rice (Table 2). In contrast, f.g, ;,s Was higher in tomato than
in rice. As a result, the total re-fixation fraction f,.4, was
comparable for the two species, i.e. up to ca 0.6.

efix

Responses of stomatal and mesophyll conductance
to O,

Except for a few cases, g, generally decreased with increas-
ing [O,], and was lower in tomato than in rice (Fig. 6). The
calculated value of g, 4 also decreased with increasing [O,],
except for very high CO, conditions which lowered g, 4; to
the extent that the O, response of g, 4 was no longer sig-
nificant (Fig. 6d.j). g, ¢ir was higher in tomato than in rice.

Discussion
Analysing mesophyll resistance

Compared with the CO, flux coming from IAS, (photo)
respired CO, experiences different resistances. This sug-
gests the need to dissect r,, 4 into sub-components. Ana-
tomical measurements can partition mesophyll resistance
into individual sub-components (Peguero-Pina et al. 2012;
Tosens et al. 2012a, b; Tomas et al. 2013; Carriqui et al.
2019). The calculation of these sub-components relies on
many assumed diffusion or permeability coefficients that are
uncertain (Berghuijs et al. 2015). Furthermore, this approach
does not quantify the effect of the arrangement of mitochon-
dria and chloroplasts on the intracellular CO, diffusion.

In line with anatomical measurements, Eq. (2) dissects
T'm.qif I0tO two sub-components r,,, and rg, (Tholen et al.
2012). Oxygen isotope techniques may estimate ry,, based
on certain assumptions (Barbour 2017), but so far have
been explored to separate r,,, and r., within the framework
of the classical g, model, Eq. (1) (Barbour et al. 2016b).
Equations (1) and (2) both underrepresent the intracellu-
lar arrangements of organelles. In contrast, the model of
Yin and Struik (2017), Eq. (3), has a factor lumping (i) the

Fig.5 Calculated fractions

of total re-assimilation (filled (a) (b)
o
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Fen'Tm gif TaLO (@), (ii) the fraction of (photo)respired CO,
that are released in the inner cytosol (1), and (iii) &, the factor
for the change in 4 as a result of the chloroplast gaps. The
factor k is particularly hard to assess. Since w, 4 and k lump
as such that m=w (1 — k), Eq. (3) provides an approach
by exploring nondestructive gas exchange and chlorophyll
fluorescence measurements under different levels of O, that
created large variations in photorespiration. Instead of esti-
mating individual resistances, our nonlinear fitting approach
estimates r,, 4;r as a whole, as well as the m factor. Com-
mon nonlinear procedures, typically by fitting A — C; curves,
estimate four or even more parameters of the FvCB model,
such as V.., J, T}, and g, (e.g. Sharkey et al. 2007). In
our method, J was measured from chlorophyll fluorescence.
Despite a wide range of O, levels exploited, we restricted the
number of estimated parameters to four from Eq. (6)-based
nonlinear fitting. All four were reliably estimated for both
species with small standard errors (Table 2).

Our approach is still a simplified representation of com-
plex diffusion pathways. Some respiratory flux may origi-
nate in the chloroplasts, in cytosol, and in the heterotrophic
tissues such as epidermis, vasculature, and bundle sheath
(Tcherkez et al. 2017). These components of R, could be
incorporated as additional terms into the C;—C, gradient
equation, Eq. (S1.7) in Supplementary Text S1. However,
they are ignored here as fractions of these components in R,
are generally unknown. There may also be some activity of
phosphoenolpyruvate carboxylase (V) in cytosol (Douthe
et al. 2012; Abadie and Tcherkez 2019), which would coun-
teract the effect of (F+Ry) on g, ,,,,- But our procedure of
estimating R4 may have accounted for this, i.e. the estimated
Ry represents the net rate of true Ry minus V... Tholen
et al. (2012) showed that small amounts of Viepe have little
impact on gy, oo

epc

Variation of g, 4;; with CO,, irradiance and O, levels

Reports using chlorophyll fluorescence data consistently
showed that g, ,,, initially increases and then decreases
with increasing C; and increases monotonically with increas-
ing I, (e.g. Flexas et al. 2007a; Yin et al. 2009). Similar
results for g,, ., in response to C; (Vrabl et al. 2009; Tazoe
et al. 2011) and to /;,. (Douthe et al. 2012) were sometimes
reported, using the carbon isotope discrimination method.
No change in anatomical arrangements was observed that
could explain the variable g, .., (Carriqui et al. 2019). Gu
and Sun (2014) showed that the reported response of g, ., to
a change in CO, or in [;,, may be due to the artefact of errors
in experimental measurements. Although resolving experi-
mental uncertainties is urgently needed, consistent varia-
tions of g, ,,, cannot be ascribed only to experimental errors
because responses due to random errors would be irregular
and inconsistent among various reports. Théroux-Rancourt

and Gilbert (2017) demonstrated that changing patterns of
light penetration within the leaf 3D-structure leads to differ-
ent contributions of each cell layer to bulk-leaf mesophyll
conductance, resulting in an apparent response of the bulk-
leaf gy, ,pp to light intensity. However, their theory cannot
explain the response of g, .., to C;.

Most results using the variable J method of Harley et al.
(1992) showed that within a low C; range, g, ,,,, typically
decreases with decreasing C; (e.g. Flexas et al. 2007a; Vrabl
et al. 2009; Yin et al. 2009; Fig. 4b). Tholen et al. (2012)
also noted a decrease of g, ,,, with increasing O, level. Tho-
len et al. (2012) explained these responses to C; and O, as a
consequence of the fact that g, ..., as an apparent parameter
decreases with an increase in the (F'+ Ry)/A ratio. If this is
the only explanation of variable g, ,,,, one would expect that
&m.ait Would be independent of C; because Eq. (4) for g, i
already accounts for the (F'+ Ry)/A ratio. However, g, ¢ still
declined with decreasing C; within its low range, albeit to
a lesser extent (Fig. 4b). In fact, within the low C; range,
A is limited by Rubisco activity; so, as noted by Yin et al.
(2009), using the variable J method or Eq. (4) assuming an
electron transport limitation results in an artefactual decline
of estimated g, because the occurrence of additional alterna-
tive electron transport is wrongly attributed to the mesophyll
diffusional limitation. This assertion was supported by the
result that the decrease of g, 4 with decreasing C; within
the low C; range was no longer obtained once g, 4; Was cal-
culated from the full FvCB model (Fig. 4b). This suggests
that the decrease of g, .., with decreasing C; is explained
more by the occurrence of alternative electron transport than
by the theory of Tholen et al. Anyway, the theory does not
explain the decreases of g, ,,, With increasing C; within its
high range, or with decreasing /., or with lowering temper-
ature as reported previously (Bernacchi et al. 2002; Warren
and Dreyer 2006; Yamori et al. 2006; Scafaro et al. 2011;
Evans and von Caemmerer 2013).

We found that g, 4 increased with [, . (Fig. 4a). This
increase continued within the high 7, range, where some
additional alternative electron transport is also expected,
suggesting that the increase of g, 4 with [, overrode any
artefactual decline caused by alternative electron fluxes.
Also, gy, 4i decreased with increasing O, (Fig. 6), in the
same direction as the O, response of g, ., reported by Tho-
len et al. (2012). Literature on O, responses of diffusional
conductance is scarce (Farquhar and Wong 1984; Buckley
et al. 2003). Our data showed that both g . and g, 4 gen-
erally declined with increasing O,. So, g, ;¢ is variable,
in response to C;, ., and O,, in a similar pattern as g
responds to these variables (e.g. Morison and Gifford 1983;
Farquhar and Wong 1984; Buckley et al. 2003).

The identified variable g,, 4 was based on the assumption
that m (= (1-1k)) is constant, independent of short-term
changes (within 3-8 min) in irradiance or [CO,]. This is
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supported by Carriqui et al. (2019), who reported that ana-
tomical parameters determining @ and k hardly vary with
short-term changes in irradiance or [CO,]. Chloroplasts and
mitochondria in some plants may move under varying light,
but they always colocalize (Islam et al. 2009), suggesting
that 4 also hardly varies. We are unable to find evidences
supporting quantitative changes that m or its components
must have to obtain invariable g,, 4 with irradiance, [CO,]
and [O,].

&m.qit defined here is still a bulk-leaf trait. Like bulk-leaf
8m,app> 1t May nOt represent intrinsic transport properties.
Also, our result on the variable g, 4 is subject to experi-
mental confirmation by other methods. If proven true,
future studies are needed to examine if the variable g, 4y
can emerge from fluxes and concentrations across the real
3D-structure of leaves, as well as in relation to membrane
permeability and other properties. Here we only describe the
response from bulk-leaf equations themselves. g, 4 can be
formulated from Eq. (4) and A=V —F— R, (where V is the
carboxylation rate) as

V—(1-mF+Ry
Ca-¢. : G @

Emdif =

When [, increases, only the numerator increases signifi-
cantly; so Eq. (7) predicts that g, 4 increases with increas-
ing ;.. If the CO, gradient from C; and C, is regulated such
that the C_:C; ratio is roughly constant for a given O, level
(results not shown), Eq. (7) also predicts that g, 4;r Will
decrease monotonically with C; because according to the
FvCB model, the V increment per C; increment decreases
with increasing C;. Finally, the F term increases when O,
increases; as a result, Eq. (7) predicts that g, 4 decreased
with increasing O, (Fig. 6).

Interpretation of the model and estimated
parameter values

Our method is based on Eq. (3), the equation summarized
by Yin and Struik (2017) from considering six possible sce-
narios for the intracellular organelle arrangement. Recently,
Ubierna et al. (2019) came up with the same model but for-
mulated g, .., in a Michaelis—Menten-like equation, i.e.
=A-g ai/[A + m(F + Ry)] (see their Eq. 15; note that
8m.app Was Written as g, in their notations). The maximum
value of g, ., 18 & gir» While the Michaelis-Menten constant
“K,~ is m(F+Ry). For the case of tomato where m=0.3 and
Ry=1.2, the “K,” occurs at A = 2.0 pmol m~2 s~! for the
ambient O, condition. This suggests that g, ., and g, 4
only differ significantly when A is low, which our results
(Fig. 4) confirmed.

In view of the variation of g 4 shown in Fig. 4, we
adopted Eq. (5), which accommodates either constant or

Em,app
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variable g, 4 in relation to C;, [, and O, levels. Although
the equation is phenomenological and has an a priori
assumption that g, 4;r grows with relative carboxylation and
the estimates of its parameters are expectedly sensitive to
the pre-input values of s, S/, and R, (Fig. S2), the model
generated useful insights.

Our results supported no constant g, 4, but a variable
&m.qit With parameter 6 being 1.0 for rice and 1.4 for tomato
(Table 2). Equation (5) with g, ;=0 for our variable g, 4¢
mode can be rewritten to r, g = (C, —I",)/[6 (A + Rd)].
As (A + Rd) can be calculated from the FvCB model
as (C,—T,)x;/(C. +x,), the above equation becomes
Fmait = (Ce + %)/ (x;). As (C, + x,)/x, is defined as car-
boxylation resistance r., (von Caemmerer 2000), it follows
that

6= rcx/rm,dif. (8)

Thus, parameter 6 of Eq. (5) has a meaning, representing
the carboxylation: mesophyll resistance ratio. Our estimates
for 6 (Table 2) suggest that r, and r 4 had similar values
in rice leaves, whereas r_, was ca 40% higher than r, 4 in
tomato leaves.

Our estimate of the factor m was ca 0.3 for tomato and 0.0
for rice (Table 2). Thus, using Eq. (1), which is the special
case of the generalized model when m =0, actually suits
for rice leaves but does not work for tomato leaves when
(F+Ry)/A is high. As stated in Introduction, the classical
model works well if mitochondria are located exclusively
in the inner cytosol (1=1) and chloroplasts cover fully
the mesophyll periphery that k=1. Sage and Sage (2009)
and Busch et al. (2013) showed that compared with other
species, in rice leaves, there are stromules that effectively
extend chloroplast coverage of the cell periphery and mito-
chondria locate in the cell interior and are intimately associ-
ated with chloroplasts/stromules. These features engender
such a structure as if (photo)respired CO, is released in the
same compartment where RuBP carboxylation occurs. This
is the case when Eq. (1) works well. Therefore, our results
with curve-fitting to gas exchange data actually agree with
anatomical differences between species.

Such differences are also shown in the fractions of re-
fixation of (photo)respired CO, calculated from resistance
components (Fig. 5). With the distinct anatomical feature of
rice leaves, (photo)respired CO,, if to exit mesophyll cells,
will have to travel via the stroma, thereby maximizing the
re-fixation of (photo)respired CO, within the cell. There-
fore, rice had higher values of f., .., than tomato (Fig. 5).
For a given set of resistance values, the organelle arrange-
ments as in rice leaves that make the highest f 4, .o; can
result in low f,.s, ;s (s€€ Supplementary Text S3). Moreo-
ver, in line with the observation of Ouyang et al. (2017)
on rice ‘IR64’, the cultivar we used, rice had high stomatal
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conductance, compared with tomato (Fig. 6). A low g
would make (photo)respired CO, more difficult to exit into
the atmosphere via IAS. This also contributed to higher val-
ues of floqy jas iN tomato than in rice (Fig. 5). As a result, the
two species had similar values (up to 60%) of the total re-
fixation, f.qy. The calculated f 4, ios and fex varied with [,
or C; levels (Fig. 5), because resistance components r,, and
r.x varied with these variables. The calculated f,.gy oy Was
more constant (Fig. 5). Substituting Eq. (8) into Eq. (S3.5)
in Supplementary Text S3 gives

efix

B (1 — w)(6 + wAk)
Jrefix cell = (1+8)[6 — wAk(8 +w — 1] &)

As all terms are constant, Eq. (9) describes why fi.q. o1
stayed invariant. Using isotope mass spectrometry and gas
exchange measurements, Busch et al. (2013) determined
Jrefixcell> Jrefix.ias AN frefixo DEINg 0.29, 0.22, and 0.51 for rice
under ambient CO, and high light conditions. Our estimates
for rice somewhat differed from their values for comparable
conditions (Fig. 5d).

The difference in the value of factor m between the spe-
cies also has implications on values of C;: and the relation-
ship between C;« and I'«. C;« was lower in rice than in tomato
at a given O, level (Fig. 3), and C;. at the lowest O, in rice
was even negative (Fig. 3b). A negative C;. could be due to
measurement noises, uncertainties in assuming constant R g,
and the influence of varying amounts of V... (see earlier
discussions). However, for the case where m =0, it can be
seen from Eq. (1) that Cjx=1"x — Ry/g,,, (von Caemmerer
et al. 1994); so, C;« is always lower than I'.. This agrees
with our linear relation for rice in Fig. 3b (where the term
0.160, can be considered as ['x, given that I« =0.50,/S,,,).
Setting the intercept of this relation equal to —R,/g,, and
knowing that R;=1.064 umol m~2s~! (Fig. 2b), g, for rice
can be solved as ca 0.1 mol m2s~! bar!, comparable with
its value calculated in the other way for low CO, conditions
(Fig. 61). So, a negative C;. for low O, conditions could actu-
ally represent biological realities, i.e. high intracellular re-
fixation of both respired CO, and photorespired CO, sufficed
to (over)compensate for photorespiratory losses. In contrast,
for cases where m >0, the relation between C;« and I« can
be formulated from Eq. (S1.7) in Supplementary Text S1 as

Ci* = F* - [(1 - m)Rd - mF]/gm,dif (10)

Equation (10) means that C; is no longer necessarily
lower than I, (see also Tholen et al. 2012), depending on
relative values of (1-m)R, versus mF. Our result in Fig. 3a
suggests that C. is 2.134 pbar higher than I'. for tomato.
Thus, different m values estimated by curve-fitting for the
two species are supported by the Cj. vs I'« relationships in
Fig. 3, suggesting that our approach is internally consistent.
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