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ABSTRACT
Soybean (Glycine max) is the single most important global source of vegetable protein. Yield improvements per unit land area

are needed to avoid further expansion onto natural systems. Mesophyll conductance (gm) quantifies the ease with which CO2

can diffuse from the sub‐stomatal cavity to Rubisco. Increasing gm is attractive since it increases photosynthesis without

increasing water use. Most measurements of gm have been made during steady‐state light saturated photosynthesis. In field crop

canopies, light fluctuations are frequent and the speed with which gm can increase following shade to sun transitions affects

crop carbon gain. Is there variability in gm within soybean germplasm? If so, indirect selection may have indirectly increased gm
during domestication and subsequent breeding for sustainability and yield. A modern elite cultivar (LD11) was compared with

four ancestor accessions of Glycine soja from the assumed area of domestication by concurrent measurements of gas exchange

and carbon isotope discrimination (Δ13C). gm was a significant limitation to soybean photosynthesis both at steady state and

through light induction but was twice the value of the ancestors in LD11. This corresponded to a substantial increase in leaf

photosynthetic CO2 uptake and water use efficiency.

1 | Introduction

Soybean (Glycine max [L.] Merr.) is among the most impor-
tant agricultural seed crops globally as the largest single
source of vegetable protein and the second largest source of
vegetable oils. The major areas of production are North and
South America, and eastern Asia (Specht et al. 2014;
Anderson et al. 2019). Improved agronomic practices and
intensive breeding programmes have resulted in sustained
soybean yield increases. However, these have not been suffi-
cient to satisfy increasing demand which has resulted in ex-
pansion onto more natural land (Specht et al. 2014; Anderson

et al. 2019; Williams et al. 2021). Increasing photosynthetic
efficiency, especially if this can be achieved without more
water, may be one way to supplement breeding efforts and
achieve more yield within existing land of cultivation
(Burgess et al. 2023; Long, Marshall‐Colon, and Zhu 2015;
Murchie, Pinto, and Horton 2009). In an agricultural setting,
crop canopy leaves consistently experience light intensity
fluctuations due to changing solar angles, cloud cover, wind
and intraspecific shading (Pearcy 1990; Long et al. 2022).
Soybean is also a common understory legume crop in inter-
cropping systems where such light fluctuations are intensified
by interspecific shading (Adeniyan and Ayoola 2006; Kamara
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et al. 2019; Li et al. 2020; Mbah, Muoneke, and Okpara 2009;
Pelech, Alexander, and Bernacchi 2021; Pelech et al. 2023).
However, the response of photosynthesis to fluctuating light is
not instant and the resulting loss may cost up to 13% of
potential carbon assimilation in soybean (Wang et al. 2020).
Exploring the factors limiting photosynthesis under both
dynamic and steady‐state light conditions may aid a sustain-
able improvement of soybean productivity.

Leaf photosynthetic CO2 assimilation (A) shows a slow rise or
induction on shade to sun transitions before reaching steady
state. Both induction and steady‐state photosynthesis can each
be limited by (1) conductance of CO2 from the air around the
leaf to the site of assimilation in the chloroplast, (2) the maxi-
mum rate of ribulose 1,5‐biphosphate (RuBP) carboxylation
(Vcmax) and (3) electron transport rate for the regeneration of
RuBP (J). The CO2 diffusion path is characterised by two spa-
tially sequential components, stomatal conductance (gs) and
mesophyll conductance (gm). The path from the leaf boundary
layer to the intercellular airspaces across the stomata defines
gsw, whereas gm in C3 crops is the gas to liquid phase CO2

diffusion path between leaf intercellular airspaces to Rubisco
within the chloroplast stroma of the mesophyll cells (Flexas
et al. 2008). Across studies and crop species, significant varia-
tions in the speed of stomatal opening during light induction
exist (Acevedo‐Siaca et al. 2020; De Souza et al. 2020; Long
et al. 2022), limiting photosynthetic rates between 10% and 15%
(McAusland et al. 2016). On the other hand, the understanding
of the limitation imposed by gm to A during induction and
steady state has rarely been evaluated due to greater difficulty of
estimating gm, especially under dynamic light conditions
(Leverett and Kromdijk 2024; Salesse‐Smith, Driever, and
Clarke 2022).

The response of gm to shade to sun transitions has been quan-
tified using two techniques: (1) combined measurements of gas
exchange and chlorophyll fluorescence or (2) simultaneous
measurements of gas exchange with carbon isotope discrimi-
nation (Δ13C). Kaiser et al. (2017) used the ‘Variable J’ method
(Harley et al. 1992) with the former technique. The study
refrained from quantifying the limitation to A during induction
due to the assumptions and estimation bias with the Variable J
method, but the steady‐state values compared well to other
techniques (Bernacchi et al. 2002; Flexas et al. 2008; von
Caemmerer and Evans 2015). Using the Δ13C technique has
been suggested a more accurate method of estimating gm due to
the high sensitivity and specificity of tunable‐diode laser (TDL)
absorption spectroscopy (Flexas et al. 2018; Leverett and
Kromdijk 2024). A mechanistic model has been used to deter-
mine gm under dynamic conditions that relates Δ13C to the
multiple carbon isotope fractionation events. This utilizes the
different speeds at which the two CO2 isotopologues (

12CO2 and
13CO2) diffuse and/or are processed in biochemical reactions.
This technique was used to measure gm in Arabidopsis and
tobacco under non‐photorespiratory conditions by Sakoda et al.
(2021) who found that the limitation of gm to A was the smallest
compared to the limitations imposed by gsw, Vcmax and J
through induction. However, Liu et al. (2022) used the same
technique in two Arabidopsis lines and found the relative lim-
itation gm imposed on A during induction was > 35%. Liu et al.
(2022) also re‐analysed the limitation data presented in Sakoda

et al. (2021) by time integration and found a > 20% gm limitation
on A during induction.

Whether gm imposes a significant limitation to A during light
induction and/or at steady state in soybean remains to be
explored. Soybean was domesticated from Glycine soja [Sie-
bold & Zucc] in China 6000–9000 years ago (Kim et al. 2012)
which is a vining plant that would have escaped much shade
compared to the considerable self‐shading and sun‐flecking
that occurs in today's dense soybean crop canopies, which
can have a leaf area index of over six (Dermody, Long, and
DeLucia 2006). In selecting for higher yield or water use
efficiency, indirect selection for higher gm could be expected
if there is variation in gm within the germplasm. Determining
whether variation exists is key to understanding if there is
sufficient variation to allow for direct breeding selection for
increased gm, and in turn increased productivity and water
use efficiency (Specht et al. 2014; Anderson et al. 2019). This
study tests the question of whether during domestication and
subsequent breeding an inadvertent selection for increased
gm occurred, given its pivotal role in both crop photosynthetic
efficiency and use of water. The hypotheses tested are:
(1) gm is a significant limitation to soybean photosynthesis
both during light induction and at steady state and (2)
domestication and selection have both increased gm, corre-
sponding with increased leaf photosynthesis and water use
efficiency.

2 | Methods and Materials

2.1 | Accession Selection

Ancestral soybean accessions G. soja [Siebold & Zucc] were
selected from the U.S. National Plant Germplasm System
(https://npgsweb.ars-grin.gov/gringlobal/search). The G. soja
accessions were chosen from locations in the assumed regions
of N.E. China where the germplasm, subsequently introduced
into N. America, was domesticated (Liu et al. 2020). Four such
accessions in maturity groups II through IV were selected
(Table 2). The domesticated high‐yielding elite cultivar LD11‐
2170 of G. max [L.] Merr was used for comparison.

2.2 | Growth Conditions

To allow imbibition, the seed coats of ancestral accessions were
cut, and the seed placed on wet paper towels for 1 week before
sowing. Accessions were sown on 15 April 2022, at the Uni-
versity of Illinois Champaign‐Urbana in pots of 0.1 m depth
filled with germination growing medium (Cultivation Nation
Seventy Thirty Growing Media, Fox Farm, USA). Four to six
seedlings of each accession were then transplanted after
7–10 days into 6‐L pots filled with the same growing medium as
for germination but supplemented with 30mL of slow‐release
fertiliser (Osmocote Plus 15‐9‐12, ICL‐US). Once the ancestral
accessions had established in the 6‐L pots, a 1 m wire tomato
cage was inserted to each pot support tendril development
(Supporting Information S1: Figure 1B). LD‐11‐2170 was grown
alongside the ancestral accessions. Plants were watered twice
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daily. The average temperature of the greenhouse was 29.2°C
with a 14‐h photoperiod.

2.3 | Concurrent Measurements of Gas Exchange
and Carbon Isotope Discrimination

Leaf gas exchange and photosynthetic carbon isotope discrim-
ination were measured concurrently using an open‐gas ex-
change system (LI‐6800, LI‐COR Environmental, Lincoln, NE,
USA) incorporating a clear‐top controlled environment small
leaf chamber (6800‐17, LI‐COR Environmental, Lincoln, NE,
USA) with the small LED light source (6800‐02, LI‐COR En-
vironmental, Lincoln, NE, USA) enclosing 6 cm2 of leaf
(Supporting Information S1: Figure 1A). On enclosure of the
leaf, the settings were: chamber inlet [CO2] at 400 μmolmol−1,
initial photosynthetic photon flux density (PPFD) 0 μmol m−2

s−1, flow rate 350 μmol s−1, air temperature at 25°C, vapour
pressure deficit at 1.2 kPa and [O2] 1.97 kPa (2%). Once respi-
ration was stable, six consecutive measurements were logged
manually to measure dark respiration. Next, the auto pro-
gramme was initiated where PPFD was set to 100 μmolm−2 s−1

for 24 min before increasing to 1800 μmolm−2 s−1 for 48 min.
Measurements were recorded at 10 s intervals.

The gas‐exchange system was coupled to a TDL system (TDL;
TGA200a, Campbell Scientific, Inc., Logan, UT, USA) for con-
current measurements of both [12CO2] and [13CO2], allowing es-
timation of δ13C (Bowling et al. 2003; Evans and Von
Caemmerer 2013; Wang et al. 2022). The TDL was connected to
the LI‐6800 reference air stream using the reference port on the
back of the sensor head while the port on the front of the head
supplied air from the leaf chamber (Jaikumar et al. 2021). CO2‐
free air with 1.97 kPa [O2] and balance N2 was produced by
mixing two gas streams using precision mass flow controllers
(Omega Engineering Inc., Stamford, CT, USA) with a portion of
the supply going to the gas exchange system while the remainder
was used to calibrate and to correct for drift in the TDL (Jaikumar
et al. 2021; Wang et al. 2022; Salesse‐Smith et al. 2024).

The TDL was calibrated using the concentration series method,
described in detail in Wang et al. (2022). Briefly a 10% CO2

calibration cylinder was diluted in the N2/O2 stream to produce
different [CO2] with the same isotopic composition (Tazoe
et al. 2011; Ubierna et al. 2013; Wang et al. 2022). The mea-
surement sequence consisted of eight gas streams: CO2‐free air,
followed by three different [CO2] of the same isotopic signature,
air from a calibration tank with a known [12CO2], [

13CO2] and
δ13C composition (NOAA Global Monitoring Laboratory,
Boulder, CO, USA), the IRGA reference and leaf chamber air
streams, and the IRGA reference again. As in Wang et al.
(2022), each step had a duration of 20 s, except for the leaf
chamber air, which had a duration of 600 s with a total cycle
time of 740 s. Measurements were collected at 10 Hz and aver-
aged over 10 s into a single data point. The first 10 s of each gas
stream was excluded, except for the sample line which pro-
duced 59 data points each cycle according to Wang et al. (2022).

Before measurement, plants were kept in the dark overnight,
and then transferred to a low PPFD of ca.10 µmol m−2 s−1.

Between two and four 8–9‐week‐old plants of each accession in
their vegetative growth phase were used for measurements. The
youngest fully expanded trifoliate was selected. Given the vin-
ing architecture of the ancestral accessions, the youngest fully
expanded trifoliate not overlapped by a neighbouring trifoliate
or tendril was chosen. In some cases, the tendril with the
selected trifoliate had to be disentangled to reach the leaf
chamber (Supporting Information S1: Figure 1B).

2.4 | Calculations of photosynthetic
discrimination (Δ13Cobs) and mesophyll
conductance (gm)

On‐line photosynthetic discrimination (Δ13Cobs) was calculated
according to Evans et al. 1986:

ξ δ δ

δ ξ δ δ
Δ C =

1000 ( C − C )

1000 + C − ( C − C )
,13

obs

13
samp

13
ref

13
samp

13
samp

13
ref

(1)

where δ13Csamp and δ13Cref are the carbon isotope compositions
of the leaf chamber and reference air in the LI‐6800 and ξ is

ξ
C

C C
=

−
,ref

ref samp
(2)

where Cref and Csamp are the CO2 concentrations of dry air
entering and exiting the leaf chamber, respectively, measured
by the TDL. A full list of symbols can be found in Table 1.

Mesophyll conductance was estimated according to Evans and
Von Caemmerer (2013), accounting for the ternary effect
(Farquhar and Cernusak 2012):

( )
g

b a
=

− −

Δ − Δ − Δ − Δ
,m

t

t i
eR

A R

A

C

i o e f

1 +

1− ( + )
d

d a (3)

where b is fractionation associated with Rubisco carboxylation
(29‰, Roeske and O'Leary 1984), ai (1.8‰) denotes the frac-
tionation factor for dissolution and diffusion through water, e
denotes the apparent fractionation factor associated with
decarboxylation, Rd is the rate of mitochondrial respiration in
the light (assumed to be equal to respiration in the dark) and A
is the rate of net leaf CO2 assimilation. Carbon dioxide diffusion
from the boundary layer to the sub‐stomatal cavity is affected by
collisions of the isotopologues of CO2 with air and with water
vapour, a process referred to as the ternary effect. Without ac-
counting for this, conductance would be overestimated. Fol-
lowing Farquhar and Cernusak (2012) the ternary correction
factor (t) is obtained as

t
a E

g
=
(1 + ′)

2
,

ac
t (4)

where E is the rate of transpiration, gtac is the total conductance
to CO2 diffusion in the gas phase including boundary layer and
stomatal conductance (von Caemmerer and Farquhar 1981) and
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TABLE 1 | Summary abbreviations and their definitions and units.

Variable Definition Units Notes

as Fractionation across the stomata ‰ 4.4

ab Fractionation across the boundary layer ‰ 2.9

ai Fractionation factor for dissolution and diffusion through
water

‰ 1.8

a′ Combined fractionation factor through the leaf boundary
layer and stomata

‰ Equation (5)

A Net CO2 assimilation rate μmolm−2 s−1

Ac Rubisco‐limited net CO2 assimilation rate μmolm−2 s−1 Equation (15)

Aj RuBP‐regeneration‐limited net CO2 assimilation rate μmolm−2 s−1 Equation (16)

∞A|g =sc
Modelled assimilation rate expected to occur if stomatal

conductance to CO2 diffusion were infinite
μmolm−2 s−1 Equation (11)

∞A|g =m
Modelled assimilation rate expected to occur if mesophyll

conductance to CO2 diffusion were infinite
μmolm−2 s−1 Equation (12)

b Fractionation associated with Rubisco carboxylation ‰ 29 (Roeske and
O'Leary 1984)

Ca Ambient CO2 partial pressure µmol mol−1

Cc Chloroplastic CO2 partial pressure/mole fraction µmol mol−1

∞C |C g =sc
Value of CC expected to occur if stomatal conductance to

CO2 diffusion were infinite
Pa/µmol−1 Equation (13)

∞C |C g =m
Value of CC expected to occur if mesophyll conductance to

CO2 diffusion were infinite
Pa/µmol−1 Equation (14)

Ci Intercellular CO2 partial pressure/mole fraction µmol mol−1

Cs CO2 partial pressure at the leaf surface µmol mol−1

e Respiratory fractionation during decarboxylation
(respiratory fractionation)

‰ 0 (Ubierna et al. 2013)

e′ Fractionation during decarboxylation including
measurement artefacts

‰ Equation (6)

E Transpiration rate mol H2O m−2 s−1

f Fractionation during photorespiration ‰ 11.6 in this study

gm Mesophyll conductance μmolm−2 s−1 Pa
or bar−1

Equation (3)

gsc Stomatal conductance to CO2 diffusion; g g= /1.6sc sw molm−2 s−1

gsw Stomatal conductance to water vapour mol m−2 s−1

gtac Total conductance to CO2 diffusion between boundary
layer and stomatal conductance

mol total m−2 s−1

J Light‐dependent RuBP regeneration rate μmolm−2 s−1 Equation (18)

ls
Warren Relative limiting factor due to stomatal conductance in the

Warren et al. (2003) framework
% Equation (11)

lm
Warren Relative limiting factor due to mesophyll conductance in

the Warren et al. (2003) framework
% Equation (12)

O O2 partial pressure Pa

PPFD Photosynthetic Photon Flux Density µmol m−2 s−1

Rd Mitochondrial respiration in the light μmol CO2 m
−2 s−1

Sc/o Rubisco specificity factor mol CO2/mol O2

t Ternary effect ‰ Equation (4)

(Continues)
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a′ denotes the combined fractionation factor through the leaf
boundary layer and stomata:

a
a (C − C ) a C C

C C
′ =

+ ( − )

−
,b a s s s i

a i

(5)

where Ca, Cs and Ci are the ambient, leaf surface and intercellular
CO2 partial pressures, ab (2.9‰) is the fractionation occurring
through diffusion in the boundary layer and as (4.4‰) is the
fractionation due to diffusion in the air (Evans et al. 1986).

The apparent fractionation during decarboxylation includes two
terms, such that e= e′+ e0. The first term e′ represents the
influence of measurement artifacts, defined as

e δ δ′ = C − Cg
13

ref
13

atm (6)

while e0 is the respiratory fractionation during decarboxylation,
taken to be 0‰ in this study (Evans and Von Caemmerer 2013;
Ubierna et al. 2013). δ13Cref is the isotopic signature of the CO2

entering the LI‐6800 reference and δ13Cgatm (−8‰) is the iso-
topic compositions of the CO2 where the plants are grown. Δi is
the discriminations that would occur if Ci= Cc in the absence of
any respiratory fractionation (e= 0):

t
a

t
t b a

C

C
Δ =

1

(1 − )
′ +

1

(1 − )
((1 + ) − ′)i

i

a
(7)

Δe is the fractionation associated with respiration:







t

t

eR

A R C
CΔ =

1 +

1 − ( + )
( − Γ*) ,e

d

d a
i (8)

Δf is the fractionation associated with photorespiration:







t

t
f
C

Δ =
1 +

1 −

Γ*
,f

a

(9)

where f is the photorespiratory fractionation factor assumed to
be 11.2‰ (Lanigan et al. 2008) and Δf is linearly related to O2

concentration via the CO2 compensation point in the absence of
respiration (Γ*):

O

S
Γ* =

2
,

c o/
(10)

where O is the [O2] in partial pressure and Sc/o is the Rubisco
specificity factor (von Caemmerer, 2000).

TABLE 1 | (Continued)

Variable Definition Units Notes

t g50 m
time taken for mesophyll conductance to reach 50% of its

steady‐state value
minutes

t g90 m
time taken for mesophyll conductance to reach 90% of its

steady‐state value
minutes

Vcmax Maximum Rubisco carboxylation rate μmolm−2 s−1 Equation (17)

WUEi Intrinsic water‐use efficiency mol CO2mol−1 H2O A/gsw

Δ13Cobs Photosynthetic discrimination ‰ Equation (1)

Δe Fraction associated with respiration ‰ Equation (8)

Δf Fractionation associated with photorespiration ‰ Equation (9)

Δi Fractionation if Ci = Cc in the absence of any respiratory
fraction

‰ Equation (7)

Γ* CO2 compensation point in the absence of mitochondrial
respiration in the light

Pa or bar Equation (10)

ξ Ratio of 12CO2 mole fraction in the dry air coming into the
gas‐exchange cuvette over the difference in 12CO2 mole

fractions of air in and out of the cuvette

unitless Equation (2)

TABLE 2 | Summary of soybean accession information.

Species Accession Maturity group Country of origin

Glycine soja Siebold & Zucc Anc297 (PI 407297)a II Liaoning Sheng, China

Anc460 A (PI 483460 A)a III Liaoning Sheng, China

Anc460 B (PI 483460 B)a III Liaoning Sheng, China

Anc399 B (PI 468399 B)a IV Shandong Sheng, China

Glycine max (L.) Merr LD11 (LD11‐2170)b III Illinois, United States
aU.S. National Plant Germplasm System (https://npgsweb.ars-grin.gov/gringlobal/search).
bCai and Brock (2021).
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2.5 | Calculations of Limiting Factors

Dimensionless factors representing the limitations placed on
the photosynthetic CO2 assimilation rate by CO2 diffusion or
biochemistry were calculated using two different frameworks
(Warren et al. 2003; Grassi and Magnani 2005) using the cal-
culate_c3_limitations_warren and calculate_c3_limitations_-
grassi functions from the PhotoGEA R package (Lochocki 2024).
Here, we describe the Warren et al. (2003) framework, the
Grassi and Magnani (2005) framework can be found in Sup-
porting Information S1: Methods.

Limiting factors during induction were calculated using the
4‐min averages of A, gsw, gm, Ci and Cc, as described in detail
below. The Warren et al. (2003) framework defines limiting
factors due to stomatal and mesophyll conductance, which we
refer to here as ls

Warren and lm
Warren:

∞

∞

l
A A

A
=

| −

|
,s

g n

g

Warren =

=

sc

sc

(11)

∞

∞

l
A A

A
=

| −

|
,m

g n

g

Warren =

=

m

m

(12)

where A is the measured assimilation rate and ∞A|g =sc
and

∞A|g =m
are modelled assimilation rates expected to occur if gsc

(stomatal conductance to CO2 diffusion gsc= gsw/1.6) or gm were
infinite, respectively. These modelled rates can be calculated by
first defining corresponding values of Cc using Cc= Ca –
ΔCs−ΔCm, where ΔCs=Ca− Ci and ΔCm= Ci−Cc are the [CO2]
drawdowns across the stomata and mesophyll, respectively, and
Ca, Ci and Cc are the measured ambient, intercellular and
chloroplast [CO2], respectively. If conductance across a barrier
(stomata or mesophyll) is infinite, the drawdown across it
is zero:

∞C C C C C C C| = − 0 − ( − ) = − + ,C g a i c a i c=sc (13)

∞C C C C C| = − ( − ) − 0 = ,C g a a i i=m (14)

where ∞C |C g =sc
and ∞C |C g =m

are chloroplast [CO2] that expected
to occur if gsc or gm were infinite, respectively. With these, it is
possible to calculate the modelled assimilation rates using the
Farquhar‐von‐Caemmerer‐Berry model (von Caemmerer, 2000)
under two scenarios, where assimilation is either Rubisco‐
limited Ac or RuBP‐regeneration‐limited Aj:

⋅
A

V C

C K
R=

( − Γ*)

+
− ,c

c c

c M
d

max (15)

⋅

⋅ ⋅
A

J C

C
R=

( − Γ*)

4 + 8 Γ*
− ,j

c

c
d (16)

where Vcmax is the maximum Rubisco carboxylation rate, J is
the light‐dependent whole chain electron transport rate,

⋅K K O K= (1 + / )M c o is the effective Michaelis–Menten con-
stant for Rubisco carboxylation, Kc and Ko are the Michaelis–
Menten constants for [CO2] and [O2], and O is the oxygen
concentration in the chloroplast (assumed to be 1.97 kPa, equal

to the ambient value in the leaf chamber). Values of Kc and Ko

were calculated from the leaf temperature as described previ-
ously (Bernacchi et al. 2001).

Both frameworks require values of Vcmax and J, which can be
estimated from the measured values of An, Cc, and Rd by
assuming either Rubisco‐limited or RuBP‐regeneration‐limited
assimilation and solving Equations (15) and (16) for Vcmax and J,
respectively:

⋅
V

A R C K

C
=
( + ) ( + )

− Γ*
,n d c M

c
cmax (17)

⋅ ⋅ ⋅
J

A R C

C
=
( + ) (4 + 8 Γ*)

− Γ*
.n d c

c

(18)

The induction curves measured here do not provide enough
information to determine whether assimilation is limited by
Rubisco or RuBP regeneration, so each set of limiting factors
was calculated under each scenario. However, prior work with
soybean cultivars have suggested Rubisco and not RubP
regeneration is the predominant biochemical limitation
throughout induction (Soleh et al. 2016, 2017; Taylor and
Long 2017). Note, that as written, Equations (11) and (12) cal-
culate dimensionless limiting factors, which are multiplied by
100 to express them as percentages.

2.6 | Data Processing and Statistical Analysis

An automatic data processing and gm calculation tool was de-
veloped in MATLAB (v2019a, Mathworks, https://uk.
mathworks.com). MATLAB used the pretreated gas exchange
data files (csv file with parameters needed for calculation) and
the raw TDL data files to calculate the gm through the photo-
synthetic induction, with the equations described earlier. The
data that support the findings of this study are available at:
https://doi.org/10.13012/B2IDB-7809185_V2.

Unreasonable values of gm (gm≥ 1 or gm≤ 0 and those associ-
ated with ξ≥ 50 or ξ≤ 0) were removed before analysis. Data
points were grouped into 4‐min intervals and the interquartile
range was calculated to remove outliers within each interval
before averaging. Due to noise within each replicate, the mov-
ing average of gm was then calculated. Values of A, Ci, Cc, gsw
and WUEi were also grouped and averaged into 4‐min intervals.
Only the response of photosynthetic parameters after the
increase in PPFD from 100 to 1800 was evaluated; therefore,
values of light induction and steady state were calculated as the
average of the initial and last 12 min (three 4‐min intervals)
after the increase in light intensity. Statistical analyses (p< 0.1
significance level) were performed using repeated measures
ANOVA where accession and time were main effects. The re-
siduals were checked for normality and constant variance, box
Cox transformations were conducted if these criteria were
unmet. Means comparison Dunnett test using LD11 as the
control was performed if there was a significant accession effect
and/or significant interaction between accession and time (R
software, R Core Team 2021). Curve fitting (3 parameter Sig-
moidal Hill) was conducted in SigmaPlot (SigmaPlot 15, Systat
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Software) for the calculation of the time taken for gm to reach
50% (t g50 m

) and 90% (t g90 m
) of its steady‐state value where a one‐

way ANOVA was conducted for statistical analysis (Supporting
Information S1: Figures 2–6).

3 | Results

3.1 | The Response of Mesophyll Conductance
(gm) and Other Photosynthetic Parameters after an
Increase in Light Intensity

Steady‐state gm was significantly greater (ca. 70%) in the elite
modern cultivar (LD11) than the average of the four ancestors
(Figure 1A,B and Supporting Information S1: Table S1). Despite
attaining this higher gm, induction in LD11 was as rapid as in
the ancestors (Figure 1C and Supporting Information S1: Fig-
ures 2‐6). Steady‐state net leaf CO2 assimilation rate (A) of LD11
was significantly higher and almost twice that of the ancestral
accessions, as was the average A over the first 12min of
induction following transfer from low to high light (Figure 2).
At steady state and throughout induction intercellular and

stromal [CO2] (Ci and Cc, respectively) were substantially lower
in the modern elite (LD11) (Figure 3). Ci and Cc briefly
decreased after the increase in light intensity before reaching a
plateau, which was close to the shade value for the ancestral
accessions, but below that for LD11 (Figure 3). In contrast to gm,
stomatal conductance (gsw) was not significantly higher than
the ancestral accessions, both at steady state and through
induction (Figure 4). Coincided with this and the higher A of
the elite is a higher leaf instantaneous water use efficiency
(Figure 4).

3.2 | The Limitation on Net CO2 Assimilation
Rate (A)

The dynamics of the two gas diffusional limiting factors (gm and
gsw) affecting A under the assumption of RuBP regeneration (J)
and Rubisco carboxylation (Vcmax) biochemical limitation were
evaluated using the methods described in Warren et al. (2003).
Since gm and A of LD11 were found to be significantly higher
than for all four ancestral accessions, the limitation compari-
sons were made between species where the response of all four

FIGURE 1 | Comparisons among domesticated high‐yielding elite LD11 (Glycine max (L.) Merr) and four ancestor accessions (Glycine soja

Siebold & Zucc) illustrated as (A) the average temporal response of mesophyll conductance (gm) after a transition in photosynthetic photon flux

density (PPFD) from 100 (grey area) to 1800 (white area) where data points represent 4‐min moving averages, solid black line and dashed black line

represent the fitted sigmoidal Hill regression of the elite and ancestors, respectively, (B) the average response of gm during light induction and at

steady state, and (C) the time taken for gm to reach 50% (t g50 m
) and 90% (t g90 m

) of its steady‐state value. Light induction and steady state were defined

as the initial and last 12 min (three 4‐min intervals) after an increase in light intensity, respectively. Different letters indicate significant differences

(p< 0.1, repeated measures ANOVA, n= 12) and error bars indicate standard error. [Color figure can be viewed at wileyonlinelibrary.com]
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ancestral accessions was represented by a combined average (G.
max and G. soja, respectively).

Limitations analysis showed that regardless of whether RubP
regeneration or Rubisco carboxylation was assumed as the
biochemical limitation, the limitations on A imposed by both
stomatal and mesophyll conductance were greater in the elite
modern soybean at steady state and through induction
(Figure 5). The limitations on A by both gm and gsw followed
similar trends but were more severe under carboxylation than
regeneration biochemical limitation through induction and at
steady state (Figure 5). The limitation of gsw was also greater
than gm under both biochemical limitation assumptions
(Figure 5C,D). Limitations calculated using the methods
described in Grassi and Magnani (2005), although different in
scale, compare well to the conclusions from the Warren et al.
(2003) method (Supporting Information S1: Figures 7AB
and 8AB). The Grassi and Magnani (2005) framework also
calculates biochemical limitations in addition to diffusion lim-
itations; limitations imposed by J or Vcmax on A were higher for
G. soja than G. max during both the induction and steady‐state
phases (Supporting Information S1: Figures 7C and 8C).

4 | Discussion

This study tested two hypotheses concerning the domestication
and subsequent improvement of soybean, both are strongly
supported by the results obtained. (1) Mesophyll conductance
(gm) was shown to be a significant limitation to soybean pho-
tosynthesis both at steady state and through light induction
especially when the major biochemical limitation was in vivo
Rubisco activity (Vcmax) (Figure 5). (2) Compared to the
ancestral accessions, the elite soybean cultivar showed a near
doubling and significant increase in gm at both steady state and
through light induction (Figure 1), which also corresponded to
a substantial increase in leaf CO2 assimilation (A) and leaf level
water use efficiency (WUEi, Figures 2 and 4). It also shows that
domestication and breeder selection for yield had resulted in a
large increase in leaf photosynthetic rate (Figure 2).

Further examination investigating the gm response to light
induction across a broader range of ancestral accessions as well as
different domesticated accessions of soybean by year of release
may strengthen the conclusions here. Previous research has ex-
plored historical soybean accessions between 1923 and 2007

FIGURE 2 | Comparisons among domesticated high‐yielding elite LD11 (Glycine max (L.) Merr) and four ancestor accessions (Glycine soja

Siebold & Zucc) illustrated as (A) the average temporal response of net CO2 assimilation (A) after a transition in photosynthetic photon flux density

(PPFD) from 100 (grey area) to 1800 (white area) where data points represent 4‐min averages, (B) the average response of A during light induction

and at steady state. Light induction and steady state were defined as the initial and last 12min (three 4‐min intervals) after an increase in light

intensity, respectively. Different letters indicate significant differences (p< 0.1, repeated measures ANOVA, n= 12) and error bars indicate standard

error. [Color figure can be viewed at wileyonlinelibrary.com]
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where steady‐state A/Ci responses using the Variable J method
revealed that gm has not changed consistently with release date
(Koester et al. 2016). Evaluation under dynamic light conditions
with the isotopic discrimination technique may challenge these
conclusions. We acknowledge that the equations used here to
calculate gm (Evans and Von Caemmerer 2013) are not the most

recent. Busch et al. (2020) modified the assumptions related to the
mitochondrial respiration fractionation component which im-
proved the accuracy of gm when intercellular [CO2] (Ci) values are
low (< 100 µmolmol−1). Here, Ci did not drop below 150 µmol
mol−1 during light induction (Figure 3A) and Supporting Infor-
mation S1: Figure 9 shows negligible differences between gm

FIGURE 3 | Comparisons among domesticated high‐yielding elite LD11 (Glycine max (L.) Merr) and four ancestor accessions (Glycine soja

Siebold & Zucc) illustrated as the average temporal response of (A) intercellular CO2 mole fraction (Ci) and (B) chloroplastic CO2 mole fraction (Cc)

after a transition in photosynthetic photon flux density (PPFD) from 100 (grey area) to 1800 (white area) where data points represent 4‐min averages,

the average response of (C) Ci and (D) Cc during light induction and at steady state. Light induction and steady state were defined as the initial and

last 12 min (three 4‐min intervals) after an increase in light intensity, respectively. Different letters indicate significant differences (p< 0.1, repeated

measures ANOVA, n= 12) and error bars indicate standard error. [Color figure can be viewed at wileyonlinelibrary.com]
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calculated of Busch et al. (2020) relative to Evans and Von
Caemmerer (2013) under the measurement conditions used in
this study. More replicate power may also reduce the noise
associated with the speed of gm response to light induction
(Figure 1C and Supporting Information S1: Figures 2–6). None-
theless, such techniques require proficiency and specialized

equipment where labour and costs may need to be compromised
in screening large amounts of germplasm.

Mesophyll conductance is a suggested target for improvement,
since it would result in higher rates of CO2 assimilation per unit
leaf area, without any increased cost in terms of water use, so

FIGURE 4 | Comparisons among domesticated high‐yielding elite LD11 (Glycine max (L.) Merr) and four ancestor accessions (Glycine soja

Siebold & Zucc) illustrated as the average temporal response of (A) stomatal conductance (gsw) and (B) intrinsic water‐use efficiency (WUEi) after a

transition in photosynthetic photon flux density (PPFD) from 100 (grey area) to 1800 (white area) where data points represent 4‐min averages, the

average response of (C) gsw and (D) WUEi during light induction and at steady state. Light induction and steady state were defined as the initial and

last 12 min (three 4‐min intervals) after an increase in light intensity, respectively. Different letters indicate significant differences (p< 0.1, repeated

measures ANOVA, n = 12, where italic letters indicate p= 0.12) and error bars indicate standard error. [Color figure can be viewed at

wileyonlinelibrary.com]
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potentially providing a sustainable increase in crop productivity
(Flexas et al. 2013; Lundgren and Fleming 2020; Long
et al. 2022; Salesse‐Smith et al. 2024). Here, it was shown to be a
substantial limitation to light‐saturated A at steady state (ca.
20%) and more so in the elite LD11 than the ancestral acces-
sions when Vc,max was the major biochemical limitation

(Figure 5). Most previous studies have estimated gm under
steady‐state conditions. However, the light environment in
dense modern crop canopies is rarely constant, with most leaves
experiencing many fluctuations in light over the course of a day
(Long et al. 2022). On transition of leaves from shade to sun, gsw
and gm increase over several minutes, and contribute to the

FIGURE 5 | The limitation of mesophyll conductance (gm) and stomatal conductance (gsw) on net CO2 assimilation rate (A) after an increase in

light intensity over time (A, B), and the average limitation during light induction (C) and steady state (D) assuming the biochemical limitations of

ribulose 1,5‐biphosphosphate (RuBP) carboxylation (Vcmax) and regeneration (J). Limitation calculations were made using the methods described in

Warren et al. (2003). The comparisons are between domesticated high‐yielding elite LD11 (Glycine max (L.) Merr, n= 4) and the average of four

ancestor accessions (Glycine soja Siebold & Zucc, n= 16). Light induction and steady state were defined as the initial and last 12 min (three 4‐min

intervals) after an increase in light intensity, respectively. Error bars indicate standard error. [Color figure can be viewed at wileyonlinelibrary.com]
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slow increase in A. Under these conditions the limitation
attributable to gm (ca. 25%) was even greater than at steady
state, showing the importance of considering light fluctuation
for field crops. The limitation, at both steady state and through
induction, was only slight when regeneration of RuBP, gov-
erned by the maximum rate of whole chain electron transport
(J), is assumed the biochemical limitation (Figure 5). However,
previous analyses of A/Ci responses of a range of soybean
germplasm showed that in the current atmosphere, Vc,max and
not Jmax as the exclusive biochemical limitation at both light‐
saturated steady‐state A and through light‐induction (Sakoda
et al. 2016; Soleh et al. 2016, 2017). The results therefore suggest
a strong limitation on assimilation by gm; a limitation which has
decreased through selection in domestication and subsequent
breeding.

As a major limitation to assimilation under current and past
atmospheric [CO2], it might be expected that domestication and
breeding would have indirectly selected for increased gm, par-
ticularly for the most recent soybean releases, which appear
strongly source limited (Ainsworth and Long, 2021). The ca.
70% increase in gm in LD11 compared to the ancestral acces-
sions, corresponds to a near doubling of light‐saturated A
(Figures 1 and 2) implying that gm has scaled with increase in A.
However, while increased gm and the associated increased
WUEi may have indirectly resulted from selection of more
productive accessions, it appears that gm has not kept pace with
increased A. Despite higher gm in the elite cultivar, Ci was ca.
60 µmolmol−1 lower at light‐saturated steady state (Figure 3)
which would substantially increase photorespiration and
decrease the rate of carboxylation. This finding implies that
improvement of gm has been less than the increase in bio-
chemical capacity for CO2 assimilation, and suggests gm is an
important target for improving both productivity and water use
efficiency in soybean.

Manipulation of cell wall porosity has been suggested as one
means to substantially increase gm (Evans 2021). In tobacco,
transgenic upregulation of a pectin methyltransferase increased
cell wall porosity, with concomitant significantly increased gm
and A, suggest one way to achieve this in soybean (Salesse‐
Smith et al. 2024). However, the large differences in gm found
here between the wild ancestors and an elite line suggest that
there may be substantial variation within soybean germplasm
that might be exploited through marker‐assisted breeding,
genomic selection, or direct selection through measurement of
gm. Substantial variation in gm and associated improvement in
WUE has been shown in other crops (Barbour et al. 2010; Jahan
et al. 2014; Tomás et al. 2014). In soybean, a survey of 12 cul-
tivars showed a two‐fold variation in gm. This was strongly and
positively correlated with variation in A, where 38% of the
variation was due to cultivar (Tomeo and Rosenthal 2017).
These results suggest gm has unexplored potential within soy-
bean breeding to deliver increased productivity and water use
efficiency.
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