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Abstract

Improving photosynthetic efficiency is widely regarded as a major route to achieving much-needed yield gains in
crop plants. In plants with C; photosynthesis, increasing the diffusion conductance for CO, transfer from substomatal
cavity to chloroplast stroma (g,,) could help to improve the efficiencies of CO, assimilation and photosynthetic
water use in parallel. The diffusion pathway from substomatal cavity to chloroplast traverses cell wall, plasma mem-
brane, cytosol, chloroplast envelope membranes, and chloroplast stroma. Specific membrane intrinsic proteins of
the aquaporin family can facilitate CO, diffusion across membranes. Some of these aquaporins, such as PIP1;2 in
Arabidopsis thaliana, have been suggested to exert control over g,, and the magnitude of the CO, assimilation flux,
but the evidence for a direct physiological role of aquaporins in determining g,, is limited. Here, we estimated g,,
with four different methods under a range of light intensities and CO, concentrations in two previously characterized
pip1;2 knock-out lines as well as pip1;3 and pip2;6 knock-out lines, which have not been previously evaluated for a
role in g,,,. This study presents the most in-depth analysis of g,, in Arabidopsis aquaporin knock-out mutants to date.
Surprisingly, all methods failed to show any significant differences between the pip1;2, pip1;3, or pip2;6 mutants and
the Col-0 control.
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Introduction

Global agricultural food production may need to increase by
50% in 2050 to keep track of the predicted increase in the
global human population and predicted dietary shifts (Tilman
et al., 2011; FAO, 2017). Marginal yield gains via traditional
breeding strategies have recently started to decline for sev-
eral major crops, emphasizing the need for new unexplored

strategies with potential for yield improvement (Ray et al.,
2013). Importantly, achieving these vast increases in agricul-
tural demand while meeting sustainability targets will require
new strategies to intensify productivity per unit land area
and per unit available water (Hunter et al., 2017). Improving
photosynthetic efficiency may hold untapped potential for
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sustainable yield improvement (e.g. Long et al., 2015; Ort et al.,
2015), as demonstrated by improvement of photosynthetic ef-
ficiency via free air CO, enrichment (Ainsworth and Long,
2005; Hasegawa et al., 2013) as well as via transgenic allevi-
ation of photosynthetic bottlenecks (Rosenthal ef al., 2011;
Kromdijk ef al., 2016; Kohler et al., 2017; South et al., 2019)
both of which lead to significant productivity increases under
field conditions.

One strategy to improve the efficiency of photosynthesis is
by increasing the availability of CO, in the chloroplast stroma.
Increasing stromal [CO,] helps to improve the efficiency
of carbon fixation by ribulose bisphosphate carboxylase/
oxygenase (Rubisco), by increasing substrate availability and
by competitive inhibition of ribulose bisphosphate (RuBP)
oxygenation. To get from the atmosphere into the chloroplast,
CO, diffuses through the leat boundary layer, stomatal pores,
intercellular airspace, cell wall, plasma membrane, cytosol,
chloroplast envelope membranes, and part of the chloroplast
stroma. The conductance across the pathway from intercellular
airspace to chloroplast stroma is termed mesophyll conduct-
ance or g,.. Increasing g, has attracted a lot of interest, because
of its potential to simultaneously improve photosynthetic effi-
ciency and intrinsic water use efficiency (Flexas et al., 2013a).
i 1s partially determined by the CO, conductance through
the plasmalemma and chloroplast envelope. If the diffusion
resistance through these membranes represents a significant
component of g, as model results suggest (Von Caemmerer
and Evans, 2015), factors that facilitate CO, diffusion across
membranes should correlate with g,,. Consistent with this sug-
gestion are several reports of control of facilitated diffusion of
CO, across membranes by specific aquaporins and concomi-
tant stimulation of photosynthetic CO, fixation (e.g. Uehlein
et al.,2003; Flexas et al., 2006; Heckwolf et al. 2011).

Aquaporins are membrane channel proteins that were ini-
tially identified and named based on their facilitating role in
transmembrane water transport (Agre et al., 1993; Maurel,
1997). Subsequent work has identified a wide variety of
aquaporins, which can increase membrane permeability to
specific small molecules such as urea (CH,;N,O), glycerol
(C3HgO3), ammonia (NHj;), hydrogen peroxide (H,O,), and
CO, (see reviews by Maurel ef al. (2015) and Groszmann et al.
(2017) and references therein). Although aquaporins aggregate
into tetrameric structures, the monomeric protein is the func-
tional unit and contains several conserved structural features.
Each aquaporin monomer contains six membrane-spanning
domains and five connecting loops. The membrane-spanning
pore contains an aromatic/arginine configuration (Ar/R) at
the centre, providing a selective filter where molecules can pass
single-file. Additionally, the loop A and loop D a-helices carry
asparagine—proline—alanine (NPA) motifs, which are posi-
tioned near the central narrow pore, which helps prevent per-
meability to protons and contributes to the selectivity of the
channel (Bansal and Sankararamakrishnan, 2007). Reversible
conformational change can move a hydrophobic residue on
the cytoplasmic loop D into or out of the central opening
(Tournaire-Roux et al.,2003; Tornroth-Horsefield et al.,2006),
allowing the monomeric pore to be toggled in open or closed
configuration. Cations, pH, and phosphorylation are among the

factors that affect aquaporin activity (i.e. the fraction of open
channels) and are typically associated with opening or closing
of the monomeric pore. However, the hetero-tetrameric clus-
tering creates an additional pore in between the four mono-
mers that may also affect membrane permeability, but without
the gating functionality (Otto et al., 2010; Frick et al., 2013).
With regards to permeability to CO,, an isoleucine to methio-
nine mutation on the E-loop was shown to completely abolish
CO, permeability in barley aquaporins (Mori et al., 2014). The
strong conservation of this sequence in most, if not all, CO,
conducing aquaporins identified to date may indicate a general
relevance of the E-loop conformation to facilitation of CO,
permeability.

‘Whereas aquaporin-associated increases in CO, permeability
were demonstrated in experimental membrane systems such as
oocytes or yeast (e.g. Uehlein ef al., 2003; Otto ef al.,2010), the
physiological relevance of these findings in vivo is not without
contention and has been debated in the context of specific
physiological roles in both the animal and plant kingdoms (e.g.
Evans ef al., 2009; Endeward et al., 2014). Experimental verifi-
cation of a physiological role of aquaporin in g,, is complicated
due to the lack of experimental procedures to directly assess
- Instead, g, has to be derived by indirect methods, which
are notoriously troublesome (e.g. Tholen et al., 2012; Gu and
Sun, 2014). Possibly as a result, evidence in experimental mem-
brane systems is sometimes used to implicate control of spe-
cific aquaporins over g, (Uehlein et al., 2003), whereas data
specifically linking manipulation of aquaporin expression to
changes in g,, are often limited to a single set of conditions (e.g.
Xu et al.,2019).

In this context, we set out on a new and detailed attempt
to assess whether lack of expression of specific aquaporins in
Arabidopsis can be linked with variation in g, and photo-
synthetic efficiency. To do so, we used Arabidopsis aquaporin
T-DNA insertional mutants with four different methods of
estimating g, in vivo under various CO, concentrations and
light intensities. This presents (to our knowledge) the most
in-depth analysis of g, in aquaporin knock-out mutants to
date. In addition to assessing differences in g, as a result of
knocking out PIP1;2, which has been previously implicated to
have a role in facilitating membrane CO, permeability in vivo
(Heckwolf ef al., 2011; Uehlein et al., 2012), we also included
pip1;3 and pip2;6 mutants, deficient for two more aquaporin
family members, which have not previously been evaluated for
arole in mesophyll conductance. PIP1;3 is annotated to be both
chloroplast and plasma membrane located (The Arabidopsis
Information Resource), is expressed ubiquitously throughout
development, and is very similar in sequence to PIP1;2 (87%
similarity in amino acid sequence). PIP2;6 is primarily ex-
pressed in leaves at relatively high levels (Alexandersson ef al.,
2005) and has been reported to show co-expression with genes
involved in photosynthesis (Da Ines, 2008). Additionally, both
PIP1;3 and PIP2;6 contain the isoleucine in the conserved
E-loop sequence, which was required for CO, permeability in
barley aquaporins (Mori et al., 2014). Perhaps surprisingly, we
demonstrate that none of the methods provided any evidence
to suggest that ¢, had been altered by the absence of PIP1:2,
PIP1;3, or PIP2;6. Instead, g, and photosynthetic efficiency in
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pip1;2, pip1;3, and pip2;6 plants were indistinguishable from
the Col-0 control plants under a wide range of CO, concen-
trations and light intensities.

Materials and methods

Mutant verification

Arabidopsis seeds were obtained for T-DNA insertional mutant lines
pip1-2 (Salk019794C and Salk145347C), pip1-3 (Salk051107C), pip2-
6 (Salk029718C) and Col-0 ecotype (CS28168) from the Arabidopsis
Biological Resource Center at Ohio State University (Alonso ef al.,
2003). After one round of selfing, positional T-DNA insertions and
homozygosity were confirmed on the offspring using PCR reactions
with the LBb1.3 primer (5'-ATTTTGCCGATTTCGGAAC-3") on
pROK2 in combination with sequence-specific primers flanking the re-
ported insertion (designed using the primer design tool on http://signal.
salk.edu/tdnaprimers.2.html; see Supplementary Table S1 at JXB online).
To confirm that the T-DNA insertion led to complete lack of expression
of mature transcript, mRINA was extracted from leaf discs (NucleoSpin
RNA/Protein kit, REF740933, Macherey-Nagel GmbH & Co. KG,
Diiren, Germany), treated with DNase (Turbo DNA-free kit; AM1907,
Thermo Fisher Scientific, Waltham, MA, USA) and transcribed to cDNA
(Superscript IIT First-Strand Synthesis System for RT-PCR, 18080-051,
Thermo-Fisher Scientific). Primers designed against the 5" and 3" un-
translated region (UTR) (Supplementary Table S1) were used to test for
the presence of mature transcripts in ¢cDNA preparations. No mature
transcript was detected in cDNA from pip1-3 plants (Salk051107C) and
pip1-2 (Salk019794C and Salk145347C), but in the reaction of pip2-
6 (Salk029718C) a weak band was detected of the same size as in the
Col-0 control. These residual PIP2;6 mRNA levels in Salk029718C
were quantified relative to Col-0 using RT-qPCR with primers span-
ning the T-DNA insertion (Supplementary Table S1) and normalized to
amplicons in EFla and UBQ10.

Plant propagation

Seeds were sown on moist filter paper in Petri dishes and stratified for 4 d
at 4 °C. After germination, seeds were transferred to pots with a soil-less
potting mix (LC1 Sunshine mix, Sun Gro Horticulture, Agawam, MA,
USA) and positioned in a controlled-environment chamber (PGC20,
Conviron, Winnipeg, Canada) with photoperiod set to 10 h and air
temperature controlled at 18 °C/21 °C (night/day). Light intensity
at leaf level was controlled at 200 wmol m™> s~'. Plants were watered
and repositioned at random every 2 d, to avoid confounding individ-
uals with any undetected environmental variation within the chamber.
All gas exchange measurements were performed on fully expanded leaf
10, 11 or 12. Independent batches of plants were used for each experi-
ment described.

Estimating g,,, from carbon isotope discrimination (A°C) during
photosynthetic gas exchange

Leaves were clamped in the cuvette of an open gas exchange system
(L16400X T, LI-COR, Lincoln, NE, USA) with 6 cm? integrated LED
light source (6400-02B, LI-COR). When leaves did not fully fill the cu-
vette area, the leaf area inside the cuvette was photographed and meas-
ured using image processing software Image] (1.51S version 1.8.0_66,
National Institutes of Health, USA). Light intensity was set to 500 umol
m s ', block temperature controlled at 25 °C and CO, concentration
in the airstream maintained at 400 umol mol . CO, from reference line
air and exhaust air from the cuvette were purified using two parallel cryo-
genic trapping and purification lines under partial vacuum as described in
Kromdijk et al. (2010). After net assimilation and stomatal conductance
had reached steady state, two replicate samples of CO, were collected
from each line for 5 min each, while gas exchange parameters were re-
corded simultaneously. Carbon isotope composition of collected CO,

was analysed on an isotope ratio mass spectrometer (SIRA series II, VG
Isotech, modified by Provac Ltd, Crewe, UK). Observed AC was derived
from measured CO, mole fractions and isotope compositions in refer-
ence and cuvette air, according to Evans ef al. (1986). Derivation of g,
from observed A®C was done according to equations outlined in Evans
and Von Caemmerer (2013), using 29%o for Rubisco fractionation factor
b and 16.2%o for photorespiratory fractionation factor f. Estimations of’
9w based on isotope discrimination as well as J-based methods (below)
were normalized to air pressure using the LI6400XT pressure sensor.
The CO, compensation point in the absence of dark respiration (I'*) for
Arabidopsis was computed from measured leaf temperature according to

Walker et al. (2013).

Estimating g,, using variable and constant J

Leaves were clamped in the cuvette of an open gas exchange system
(LI6400XT, LI-COR) with 2 cm? integrated fluorometer (Leaf
Chamber Fluorometer, LI6400-40, LI-COR). Block temperature was
controlled at 25 °C and CO, concentration in the airstream maintained
at 400 pmol mol ' Leaves were equilibrated inside the cuvette until
net CO, assimilation (A,), stomatal conductance (¢, and steady state
fluorescence (F) were constant. Subsequently, gas exchange parameters
were recorded and maximal fluorescence (F,,") was estimated using the
multi-phase flash protocol (Loriaux et al., 2013). Operating efficiency
of photosystem II (®pg;) was estimated using Eq. 1, following Genty
et al. (1989):

(PPSII = (Fm/ - Fl) /le (1)

Leaf absorptance was estimated on the same spot where gas exchange
measurements had been performed, using an integrating sphere (LI1800,
LI-COR) connected with an optical fibre to a spectrometer with VIS-
NIR grating (USB-2000, Ocean Optics Inc., Dunedin, FL, USA).
Absorbed irradiance (I;,) was computed by multiplying the incident ir-
radiance with the measured absorptance at the emission wavelengths of
the light source (470 and 630 nm). Measurements of chlorophyll fluor-
escence were used to estimate whole-chain electron transport rate (J)
according to Eq. 2:

J = Lis X @psit X fosu (2)

Here, fpsy; represents the relative absorption by photosystem II, which was
taken as 0.5. Parallel measurements of photosynthetic gas exchange and
J were used to derive g, in two different ways. Measurements at various
CO, concentrations (75, 100, 200, 300, 400, 600, 800, 1000, 1500 umol
mol ") performed at three light intensities (200, 500, and 1000 pmol m >
s~") were used to estimate g,, according to the constant | method (Harley
et al., 1992). This method assumes that at moderately high CO, concen-
trations, Ppgy; (and thus estimated J) will become constant. This assump-
tion was justified for six measurements at light intensity of 200 pmol m 2
57! (coefficient of variation <3%), and for four measurements per light
intensity at 500 and 1000 pmol m 2 s™" (coefficient of variation <2%).
These measurements were used in Eq. 3, where g, was iteratively derived
by minimizing the variance of J for each light intensity.

(G — ) +2r7)

J= (An + R1) (3)

Measurements at varying CO, concentrations (400, 300, 250, 200, 150,
100, 75 umol mol ™) and constant light intensity (1000 pmol m™2s™") or
varying light intensity (50, 80, 110, 140, 170, 200, 300, 400, 500, 600, 700,
800, 1000 pmol m 2 s™') at constant CO, (400 wmol mol™') were used
to estimate g, using the variable | method (Harley et al., 1992). In this
method, the chloroplastic CO, concentration (C,) is derived by matching

gross CO, uptake with J, according to the following relationship:
_ I(J 4 2s(An + Ry)) )
U = (4 + Ry))

In both J-based methods, R represents mitochondrial respiration not as-
sociated with photorespiration under illuminated conditions, which was

Ce
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estimated as 0.5 times the dark respiration rate Ry Parameter s was esti-
mated from the inverse of the slope of A4, as a function of | under 2% O,
and 1500 pmol mol ™' CO, for each leaf. The estimate of C, from Eq. 4
was used to derive g, according to Fick’s law:

Im = An/ (Ci - CC) (5>

Inferring differences in g,, from the CO, compensation point C#*

Leaves were clamped in the cuvette of an open gas exchange system
(L16400XT, LI-COR) with 6 cm? integrated LED light source (6400-
02B, LI-COR). If leaf area inside the cuvette was less than 6 cm?, it
was accounted for as described above. The instrument plumbing was
modified to control for low CO, concentrations in the airstream
(LI-COR  Application Note 7, https://www.licor.com/documents/
iv8ljrga3fjsqc4nrhti.pdf). Block temperature was controlled at 25 °C.
Leaves were equilibrated at light intensity of 200 pmol m™?s ™! and CO,
concentration was set at 400 pwmol mol ™. After net assimilation and
stomatal conductance had reached steady state, CO, concentration was
changed to 110, 90, 70, 50 and 30 umol mol ! At each concentration,
readings were logged when net assimilation rate had reached steady
state. After the gas exchange parameters at 30 pmol mol™' CO, were
logged, CO, concentration was returned to 400 pmol mol ! and net as-
similation rate was allowed to recover for at least 15 min. Subsequently,
the same measurement routine was repeated at light intensity of 170,
110, 75, and 50 pmol m™? s™!, providing a total of 25 observations per
leaf (five CO, concentrations X five light intensities). Derivation of
C* was performed using the slope—intercept method as described in
Walker and Ort (2015). In short, measurements of net assimilation rate
were plotted as a function of intercellular CO, concentration C;. This
resulted in five linear responses per leaf, which were all fitted to the
general function:

An = mCi + Yo (6)

The resulting set of five (m, y,) pairs were subjected to linear regression,
where the negative slope of the regression between m and y, provided
an estimate of C;j*. The CO, compensation point based on chloroplastic
CO, (I'® is primarily determined by Rubisco kinetics and should there-
fore be equal between mutants and control. However, this is not the case
for C* which should equal I'*~(R}/g,,), and hence potential differences
in g, between mutants and control should be reflected in C*.

Photosynthetic efficiency and capacity

Initial slopes of light response curves were determined to compare
the maximum quantum vyield of net assimilation rate A, and J. A non-
rectangular hyperbolic model was used to estimate the light-saturated rate
of net assimilation rate A, and whole-chain electron transport J,,.. The
response curves of A, to chloroplastic CO, concentration were used to
derive V.. by fitting a biochemical model of leaf photosynthesis (Von
Caemmerer, 2000) to observations using temperature corrections from

Walker et al., (2013).

Statistical analysis

All statistical procedures were performed using SAS (v9.3, SAS
Institute Inc., Cary, NC, USA). Data was tested for normality using
the Kolgomorov—Smirnov test and homogeneity of variance using the
Brown—Forsythe test. If either test discarded the null hypothesis, data
were transformed or the Wilcoxon non-parametric test was applied.
One-way analysis of variance was applied to g, based on A’C, C*,
Vemax and Ji... Repeated measures two-way analysis of variance was
applied on g,, estimated with the constant | method at three light in-
tensities. To compare ¢, between mutant lines and Col-0 across various
CO, concentrations and light intensities in the variable J experiment,
95% confidence intervals around mean g, were generated for each con-
dition, using the bias-corrected percentile method on a bootstrap of
1000 samples (bootci function in Matlab R2013a, The MathWorks Inc.,
Natick, MA, USA).

Results
Confirmation of molecular phenotype

The genomic structure around the T-DNA insertion and
homozygosity were confirmed for each pip mutant lines (see
Supplementary Fig. S1A). Primers amplifying the full ma-
ture transcript from 5’'UTR to 3'UTR were used on cDNA
preparations. No amplification of PIP1;3 and PIP1;2 tran-
script was detectable in ¢cDNA preparations from the pip1;3
(Salk051107C) and the two pip1;2 mutant lines (Salk019794C
and Salk145347C) (Supplementary Fig. S1B). However, the re-
actions with cDNA from the pip2; 6 mutant line (Salk029718C)
showed weakly amplified fragments for PIP2;6, some of
which matched the size of the amplicon in the Col-0 control
(Supplementary Fig. S1B, lanes 2 and 3). Primers spanning the
T-DNA insertion were used to quantify residual expression of
mature PIP2;6 mRNA in Salk029718C using RT-qPCR.The
detectable cycle number normalized to EF10 and UBQ10 was
significantly higher for Salk029718C (12.96£0.39) compared
with Col-0 (0.73£0.16). Based on these measurements, PIP2;6
transcript was present in Salk029718C at 0.02% of the Col-0
expression levels (Supplementary Fig. S1C).

g estimated from A7C

i cannot be measured directly, but a number of methods exist
to indirectly estimate it. Firstly, carbon isotope discrimination
(A"C) measured in conjunction with photosynthetic gas ex-
change was used to estimate g,. The ratio between C; and
CO, concentration in the air surrounding the leaf (C), i.e.
the balance between diffusional and biochemical limitations
during the measurements, was comparable between genotypes
(Fig. 1A). AC averaged 19.3+0.4%po across measurements and
did not vary significantly between genotypes (Fig. 1B, P=0.86).
Estimates of g, based on these measurements ranged between
0.19 and 0.24 mol m ™ s™' bar ' and did not show any evi-
dence of significant genotype effects on g, (Fig. 1C, P=0.906).

g, estimated from constant J

Parallel measurement of A, and J at ambient or supra-ambient
CO, concentrations were used to compute g,, using constant
J. This method assumes that | becomes constant when elec-
tron transport is not inhibited by insufficient supply of CO.,.
Measurements of @pg; were used to make sure that this as-
sumption was supported. Points selected for the constant J
calculation varied less than 3% (coefficient of variation) for
measurements at 200 pmol m ™2 s~! PFD and less than 2% for
measurements at 500 and 1000 wmol m™ s™'. g, estimated by
constant | was somewhat lower than estimations using AC
at the same light intensity of 500 wmol m™2 s™"' (0.07 versus
0.22 mol m™ s™" bar ). Analysis of variance showed a sig-
nificant effect of light intensity on g,, estimated by constant |
(P<0.0001), with average g,, decreasing by 26% at 500 pmol
m s~ ! (Fig. 2B) and 51% at 200 umol m ™2 s™" (Fig. 2A), rela-
tive to g, at 1000 pmol m™*s™' (0.12 mol m™* s~ bar™", Fig,
2C). Analysis of variance showed no significant effect of geno-
type (P=0.69), consistent with g,, estimates based on A”C.
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Fig. 1. Mesophyll conductance estimated from carbon isotope
discrimination concurrently with photosynthetic CO, assimilation. (A)
Isotope discrimination (A'C) as a function of C/C,. Solid line shows
theoretical isotope discrimination where g,,=c. Symbol colours correspond
to different genotypes (grey: CS28168 (Col-0); pink: Salk019794C

(pip1;2); red: Salk145347C (pip1,2); yellow: Salk051107C (pip1,3); green:
Salk029718C (pip2,6)). Symbols show means +SE (n=3-6). (B) Boxplots
for isotope discrimination (A'®C) per genotype. (C) Boxplots for mesophyll
conductance g,, computed from A™C.

g, estimated from variable J

Unlike the constant | method, the variable | method does not
depend on J and g,, to be invariant with changes in CO, con-
centration, but instead can be used to estimate g,, under a range
of measurement conditions, provided photorespiration is not
suppressed to insignificant rates. The variable J method was first
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Fig. 2. Mesophyll conductance estimated from constant J in Arabidopsis
pip1;2, pip1,3, and pip2;6 mutants. (A) Mesophyll conductance g,
estimated by parallel gas exchange and chlorophyll fluorescence
measurements, using constant J method at light intensity of 200 pmol
m=2 s inpip1;2, pip1;3, and pip2;6 T-DNA insertional mutants and Col-0
control. Bars and error bars show means +SE (n=9-11). (B) As (A) but

at light intensity of 500 pmol m™ s~". (C) As (A) but at light intensity of
1000 pmol m=2s7',

used to assess the light response of g,,. In contrast to the signifi-
cant light effect on g, found with the constant | method, g,
was relatively constant for PFD above 200 umol m™ 5" aver-
aging 0.12 mol m™*s™" bar~'. Somewhat erratic variations in g,,
at lower PFD were observed, probably due to limited signal to
noise to resolve g, at these low light intensities. Bootstrapping-
derived 95% confidence intervals around the mean of g, for

each genotype were clearly overlapping between both pip1-2
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mutants, as well as for pip1-3, pip2-6, and Col-0 at all light
levels (Fig. 3) and the same was true for stomatal conductance,
measured in parallel (see Supplementary Fig. S2). Hence, con-
sistent with the A®C and constant | methods, the absence of
PIP1-2, PIP1-3, and PIP2-6 seemed to have no significant ef-
fect on g, at varying light levels.

The variable J method was also used to estimate g,, under
ambient and subambient CO, concentrations at 1000 pmol
m~> s~! PFD. At 400 pmol mol™', average g,, estimates were
similar to those from the constant J estimates at 1000 pmol m >
s™' PFD (averaging 0.12 mol m™* s™' bar™', Fig. 4). Estimates
of g, were not significantly affected by CO, concentration,
although the confidence intervals widened somewhat towards
the lowest CO, concentration. Once again, 95% confidence
intervals for g, entirely overlapped across all measured condi-
tions between the mutants and Col-0 (Fig. 4).

CO, compensation point C;*

Another way to assess differences in g,, is by determination of
the CO, compensation point in the absence of dark respir-
ation. The CO, compensation point reflects the CO, partial

pressure where CO, uptake via RuBP carboxylation equals
CO, release via photorespiration. Within the chloroplast, the
CO, compensation point (in this case named I'#) is primarily
determined by the specificity of Rubisco. However, when the
CO, compensation point is measured on the basis of inter-
cellular airspace CO, concentration (i.e. C¥), the level be-
comes dependent on the gradient of CO, partial pressure
between chloroplast stroma and airspace, which is affected by
the diffusion conductance g,,. C* values ranged from 36.1 to
39.7 pbar, and did not show a significant effect of genotype
(Fig. 5, P=0.52). Also indicated in Fig. 5 is the value of I'*
at 24 °C, which was the average leaf temperature during the
C;* determinations. Interestingly, all of the measured C;* values
were equal to or higher than I'* (P>0.22), which may reflect a
modest contribution of the chloroplast envelope to the overall
diffusion resistance.

Photosynthetic capacity and efficiency

The response of A, to light and CO, was also analysed for po-
tential effects of the aquaporin deficiencies on photosynthetic
capacity and efficiency. A, increased steadily with absorbed
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Fig. 3. Mesophyll conductance estimated from variable J as a function of PFD in Arabidopsis pip1,;2, pip1,3, and pip2;6 mutants. Mesophyll
conductance (g, estimated by parallel gas exchange and chlorophyll fluorescence measurements across a light response curve, using variable

J method. Estimates for g,, are depicted as a function of absorbed light intensity (PFD) for (A) Col-0 control plants, (B) pip7;2 mutant plants from
Salk019794C and Salk145347C, (C) pip1,3 mutant plants, and (D) pip2;6 mutant plants. Symbols and error bars show means +SE (n=8). Shaded areas

indicate 95% confidence intervals.
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Fig. 4. Mesophyll conductance estimated from variable J as a function of CO, in Arabidopsis pip7,2, pip1;3, and pip2;6 mutants. Mesophyll
conductance (g, estimated by parallel gas exchange and chlorophyll fluorescence measurements across a CO, response curve, using variable J
method. Estimates for g,,, are depicted as a function of CO, concentration in the substomatal cavity (C)) for (A) Col-0 control plants, (B) pip7;2 mutant
plants from Salk019794C and Salk145347C, (C) pip1,3 mutant plants, and (D) pip2;6 mutant plants. Symbols and error bars show means +SE (n=8).

Shaded areas indicate 95% confidence intervals.
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Fig. 5. Photosynthetic CO, compensation point (C;) in Arabidopsis pip1,2,
pip1;3, and pip2;6 mutants. The CO, compensation point (C;) was estimated
using the slope-intercept method (Walker and Ort, 2015) from measurements
of A, and C; at five subambient CO, concentrations across five light
intensities for each leaf. Bars show means +SE (n=3). Also indicated is the
CO, compensation point ™ on a chloroplastic CO, basis (35 pbar), at the
average leaf temperature during the measurements (24.0+0.1 °C).

PFD until an inflection point around 250 pumol m™* s~ (Fig.
6A-D), above which only marginal further increases were re-
gistered. Average A, at the highest PFD was very similar be-
tween the aquaporin mutants and the Col-0 control, ranging
from 13.3 to 13.6 umol m™> s™'. Initial slopes derived from
the first four points at low light also did not vary between
genotypes (P=0.97), averaging between 0.056 and 0.058 mol
CO, mol ™" absorbed photons (Table 1). Corresponding light
responses of whole-chain electron transport rate derived from
chlorophyll fluorescence measurements were used to derive
Jomaxs Which ranged between 90.7 and 92.7 pmol m™> s~' and
was very similar between genotypes (Table 1). Responses of A,
to CO, concentration in intercellular airspaces (C;) were also
measured (Fig. 6E-H). A, increased steeply up to the operating
point around 300 wmol mol™" above which further increases
were less pronounced and A, eventually reached a plateau ran-
ging between 16.7 and 17.2 pmol m™> s™". Clearly, 95% con-
fidence intervals show great overlap between all genotypes. In
addition, V., values on a C_ basis were derived from fitting
a biochemical photosynthesis model on the CO, responses,
using average g, values from the variable J results at high light
to convert from C; to C..As could be expected from the lack
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Fig. 6. Light and CO, response of net CO, assimilation in Arabidopsis pip1,2, pip1,;3, and pip2,6 mutants. Net assimilation rate is shown as a function
of absorbed light intensity (A-D) or CO, concentration in the substomatal cavity (C;; E-H) for Col-0 control plants (A, E), pip7,2 mutant plants from
Salk19794C and Salk145347C (B, F), pip1,3 mutant plants (C, G), and pip2,;6 mutant plants (D, H). Symbols and error bars show means +SE (n=8).
Shaded areas indicate 95% confidence intervals.

Table 1. Photosynthetic parameters of Arabidopsis ecotype Col-0 (CS28168) and mutants deficient in PIP1;2 (Salk019794C and
Salk145347C), PIP1;3 (Salk051107C) and PIP2;6 (Salk029718C) derived from responses of net assimilation rate (A,) and whole-chain
electron transport rate (J) to light intensity (PFD) and CO, concentration

Genotype Mutated locus Initial slope A,/PFD Aga Jrmax Ve max

(n.s., P=0.97) (n.s., P=0.96) (n.s., P=0.99) (n.s., P=0.98)
CS28168 n.a. 0.056+0.002 16.1+£0.7 92.2+3.3 76.6+6.2
Salk019794C PIP1;2 0.058+0.003 16.5+£1.0 90.7+5.1 79.7+9.6
Salk145347C PIP1;2 0.057+0.002 15.0+£0.5 90.8+4.6 75.0+3.5
Salk051107C PIP1;3 0.056+0.002 156.0+£0.5 92.7+4.9 77.1+6.2
Salk29718C PIP2;6 0.057+0.002 15.6+0.9 90.7+3.2 81.0+9.9

Values are shown as means +SE (n=8 biological replicates). P-values indicate significance of analysis of variance. n.a., not applicable; n.s., not significant.

of variation between genotypes in the A,/ C; responses as well
as g,, estimates, V.. also did not vary significantly between
genotypes, ranging between 75.0 and 81.0 pmol m ™% s~ "
Finally, to rule out any differences in CO, supply in the
chloroplast, the operating efficiency of whole-chain electron
transfer through PSII (D) from the light response curves was
plotted against the quantum yield of CO, fixation, obtained by
dividing the gross assimilation rate (A,+Ry) by absorbed PFD
(Fig. 7). Symbols for the different genotypes overlapped for all
light intensities and were very similar at high light, indicating

that the relationship between electron transfer and CO, fix-
ation had not been altered in the pip mutant lines.

Discussion

CO, assimilation in Cj species under atmospheric condi-
tions is typically limited by the diffusion conductance to CO,
transfer from atmosphere to chloroplast stroma. Part of this
limitation resides in the pathway from intercellular airspace to
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Fig. 7. Quantum yield of photosystem Il as a function of quantum yield

of CO, fixation in Arabidopsis pip7,2, pip1,3, and pip2,;6 mutants. Gas
exchange data from the light response curves shown in Fig. 6 were used
to compute the quantum yield of CO; fixation (®¢o,). Quantum yield for
whole-chain electron transfer through photosystem Il (®pg) was estimated
from parallel chlorophyll fluorescence measurements. Symbols and error
bars show means +SE (n=8). Symbol colours depict specific PIP mutants
or Col-0 control as indicated in key.

chloroplast stroma and improving the CO, transfer conduct-
ance across this pathway (g,,) holds promise to increase both
photosynthesis and intrinsic water use efficiency. Based on pre-
vious work, CO,-conducting aquaporins may have a role in
facilitation of CO, transfer across membranes, which has been
suggested to improve g, and A,. Here, we explored the role
of three different aquaporins on g, in T-DNA insertional mu-
tants using four different methods, but failed to establish any
significant phenotypic difference from the Col-0 background.
Methods to estimate g, are indirect and all have their limita-
tions (Pons et al., 2009). Therefore, the most effective way of
assessing ¢, 1s to use multiple methods as demonstrated here.
Critically, all methods demonstrated convincingly that g,, and
photosynthetic efficiency were unaffected between the three
aquaporin knock-outs and wild-type. Here these findings are
first discussed for PIP1;3 and PIP2;6 and subsequently for
PIP1;2.

9, and photosynthetic efficiency in pip1,;3 and pip2;6

PIP1;3 and PIP2;6 have not previously been investigated for
a role in g, and photosynthetic efficiency. Here, they were
selected to be included in our study based on sequence simi-
larity with PIP1;2 (PIP1;3), co-expression with photosynthetic
gene expression (PIP2;6), significant expression in leaves (both
PIP1;3 and PIP2;6) and presence of a conserved sequence on
the E-loop (Mori et al., 2014), which may facilitate CO, con-
ductance (both PIP1;3 and PIP2;6). However, based on our
results, none of these attributes appeared predictive for effects
on either g, or photosynthetic efficiency. Instead, our null hy-
pothesis (no effect of T"DNA-insertion mutation on g, and
photosynthetic efficiency) was convincingly confirmed for all

measurements. The values of g, varied somewhat between the
estimation method applied, with the isotope discrimination
method yielding slightly higher estimates (0.19-0.24 mol
m ™ s ' bar') than the fluorescence-based methods (0.12—
0.13 mol m™?s™" bar ). Both compare well with previous es-
timates of g,, in Col-0 of 0.16 mol m™ s™' bar ' using the
variable ] method (Heckwolf et al., 2011) or 0.22 mol m™>
s~ bar™! using the carbon isotope method (Von Caemmerer
and Evans, 2015). Use of several methods should protect the
conclusions against the considerable uncertainty associated
with assumed values of specific fractionation factors (isotope
method), potential differences between chloroplast populations
sampled by fluorescence versus gas exchange (fluorescence
methods) and further artefactual responses of g, to measure-
ment conditions. With regard to the uncertain contribution of
the chloroplast envelope to g, our C* estimates were higher
than I'*, which would be consistent with a significant con-
tribution of the chloroplast envelope resistance relative to the
resistance of plasma membrane and cell wall resistance to CO,
transfer (Walker and Ort, 2015). However, it should be kept in
mind that these differences are within the uncertainty range
of the infra-red gas analyser calibration and cross-comparison
between different studies and instruments may therefore also
reflect small calibration differences.

9., and photosynthetic efficiency in pip1,2

Whereas the lack of evidence for a role of PIP1;3 or PIP2;6
in diffusion limitation of photosynthesis may have been ex-
pected, the two mutant lines for pip1;2 (Salk145347C and
Salk019794C), which were intended to be our positive con-
trol, also failed to show a decrease in g,, and photosynthetic
efficiency in contrast to previous reports (Heckwolf et al.,
2011; Uehlein et al., 2012). These surprising results are dis-
cussed below in the context of (i) functional redundancy be-
tween aquaporin family members and (if) role of hydraulic
conductance.

Functional redundancy

The Arabidopsis genome includes five PIP1 and six PIP2
isoforms (Quigley et al., 2002). Several specific isoforms have
been implicated in functional roles, divergent from cellular
water conductance. For example, PIP1;4 was shown to be in-
volved in H,O, signalling in response to bacterial pathogens
(Tian et al., 2016) and PIP2;1 regulates activity of guard cell
anion channel SLAC1 via interaction with fCA4 (Wang et al.,
2016) and is also involved in ABA- or pathogen-induced sto-
matal closure via facilitated transfer of H,O, into guard cells
(Rodrigues et al., 2017). However, despite this functional di-
versification, considerable functional redundancy may remain,
which would allow compensation between different aquaporin
isoforms to mask effects of single gene knock-outs. It has been
reported that no up-regulation of other PIP isoforms could
be detected in pip1;2 mutants, relative to the wild-type back-
ground (Postaire et al., 2010; Boursiac et al., 2005). However,
without a complete understanding of the role of PIP1;2 in
g (f any), we cannot rule out that the effects of knock-out
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mutation of PIP1;2 might have been compensated by func-
tionally overlapping isoforms.

Effects of hydraulic conductance and light intensity
during growth

Whereas substantial functional diversification of PIPs has
been observed, the water-conducing function of the pore is
often conserved. To interpret a physiological role of PIPs in
i @ parallel facilitating effect on membrane conductance to
water has the potential to confound analyses. In experimental
membrane systems, PIP1;2 expression improved membrane
water conductance of Xenopus laevis oocytes (Kammerloher
et al., 1994) but not of yeast protoplasts (Heckwolf et al.,
2011). In Arabidopsis protoplasts, antisense silencing of PIP1;2
(Kaldenhoft er al., 1998) or T-DNA insertional mutagenesis
(Postaire et al., 2010) reduced membrane water conductance
more than 2-fold. The latter results are arguably most relevant
for the role of PIP1;2 in planta and are backed up by results at
the whole-plant level, where hydraulic conductance of whole
Arabidopsis rosettes was significantly reduced by knock-out
mutation of PIP1;2 (Postaire et al., 2010; Prado et al., 2013).
A role in hydraulic conductance at the plant level is also con-
sistent with the high expression levels of PIP1;2 in roots,
where it can contribute up to 30% to hydrostatic water trans-
port (Postaire ef al., 2010). One emerging aspect to consider
here is the intricate network of interactions between PIP1 and
PIP2 family members (Yaneft et al., 2015). For example, sev-
eral PIP1s require co-expression with PIP2 isoforms to lo-
calize to the plasma membrane, and the formation of specific
heterotetramers between PIP1 and PIP2 isoforms seems to
be important for conductivity of the pore (Otto et al., 2010).
Yaneft et al. (2015) suggested that it may be necessary to con-
sider pairs of PIP1s and PIP2s. Consistent with these sugges-
tions, the interactomes of Arabidopsis PIP1;2 and PIP2;1 were
found to overlap by 80% (Bellati et al.,2016), which may be ex-
plained by complex formation between the two PIP isoforms.
As a consequence of this work, it is quite likely that PIP1;2
may also affect hydraulic conductance indirectly, due to inter-
actions with the PIP2 isoforms, which are generally recognized
as stronger water conductors than PIP1s.

Leaf hydraulic conductivity is an important determinant of
photosynthetic capacity (Scoffoni et al., 2016) and hydraulic
conductivity and g, may also be loosely coordinated (Flexas
et al., 2013b). As a result, if previous findings for altered g,
and A, by Heckwolf et al. (2011) were not direct effects of
altered membrane conductance to CO,, but rather more in-
direct effects resulting from alterations in plant hydraulic con-
ductivity, this may provide a clue to the lack of repeatability of
the phenotype in our hands. In this context, the difference in
growing conditions between studies may be important. In the
current paper, plants were grown at 200 wmol m™> s™" in con-
trolled environment growth chambers, which was continuously
monitored and regulated via an automated feedback loop and
a PFD sensor at plant level. Much lower growing light inten-
sity of 100 pmol m ™2 s~ (Uehlein et al., 2012) or 70-80 umol
m % s ' (Heckwolf et al., 2011) was used for the reports in
which g, appeared to be affected by the absence of PIP1;2.

The light regime during growth was shown to have a substan-
tial effect on aquaporin expression (Postaire et al., 2010), and
leat hydraulic conductance measurements on plants grown at
120 umol m™2 s™' (Levin ef al., 2007) were substantially lower
than for plants grown at 200250 umol m™2 s~' (Martre et al.,
2002; Postaire et al., 2010). We should emphasize here, that in
addition to photosynthetic parameters and g, stomatal con-
ductance g was also very similar between mutant plants and
control (see Supplementary Fig. S2). Thus, if we assume that
the co-variation between hydraulic conductance and g, implies
some level of mechanistic coordination (Flexas ef al., 2018), we
may speculate that the higher light conditions during growth
of our plants could have raised hydraulic conductance in both
Col-0 and mutant plants sufficiently to remove any observable
effects on g, and g, such as observed previously.

Implications for the role of aquaporins in g,, and
photosynthetic efficiency

Based on previous data (Heckwolf et al., 2011; Uehlein et al.,
2012), Arabidopsis mutants deficient in AtPIP1;2 may clearly
show a photosynthetic phenotype. However, our data dem-
onstrate that this phenotype is not universally observed, and
may only manifest under a specific set of growth conditions.
Curiously, previous reports of photosynthetic depression in
pip1;2 mutants in Arabidopsis (Heckwolf ef al., 2011; Uehlein
et al., 2012) and tobacco agpl mutants (Flexas et al., 2006)
seem to indicate a more severe difference in A, at high CO,
concentrations. This appears at odds with an increased diffu-
sive limitation of photosynthesis, since CO, saturation should
remove, rather than aggravate, the limitation of A, by CO,.
Two hypotheses could be formulated based on this apparent
discrepancy. First, cause and effect may have been swapped
in previous interpretation of this phenotype. Namely, in the
aforementioned studies, photosynthetic efficiency may have
responded to these specific aquaporin deficiencies via a mech-
anism independent of g,. In light of several recent findings of
PIPs in H,O, signal transduction (Tian et al., 2016; Rodrigues
et al., 2017), we speculate that Arabidopsis PIP1;2 might also
have a role in ROS signalling cascades, either directly or in
conjunction with PIP2;1, which can have a profound ef-
fect on photosynthetic gene expression (Gorecka et al., 2014;
Exposito-Rodriguez et al.,2017). If so, decreased g,, may result
pleiotropically from effects on photosynthetic capacity and A,
rather than being directly affected by the absence of PIP1;2.
This hypothesis would be consistent with the similarity be-
tween the transcriptome of pip1;2 mutant plants and plants
grown at CO, starvation as observed by Boudichevskaia ef al.
(2015), without requiring a direct CO, supplementation ef-
fect of PIP1;2 on photosynthesis. Alternatively, if specific
aquaporin deficiencies reduce the chloroplastic CO, concen-
tration, the increased Rubisco limitation of A, may have led to
down-regulation of superfluous RuBP regeneration capacity
at supra-ambient CO, concentrations. However, substantial ac-
climation potential is typically observed with photosynthetic
capacity, and one might then have expected Rubisco content
or activation state to be up-regulated in parallel. Of course,
these suggestions are all necessarily speculative in the absence
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of an observable phenotype of the PIP mutants described here.
Further explorations of the role of PIPs in photosynthetic ef-
ficiency should verify these hypotheses. In addition, in light of
our results, future work will need to focus on the manifestation
ofa g, or A, phenotype as a function of the conditions during
plant cultivation, in particular light intensity. However, in the
context of increasing photosynthetic efficiency, our results sug-
gest that our current understanding of the physiological role of
PIPs in CO, transter across membranes may need to be revised.

Supplementary data

Supplementary data are available at JXB online.

Fig. S1. Molecular verification of pip1;2, pip1;3, and pip2;6
T-DNA insertional mutants.

Fig. S2. Stomatal conductance to water vapour as a function
of absorbed light intensity in Col-0 control and pip1;2, pip1;3
and pip2;6 T-DNA insertional mutants.

Table S1. Primer sequences for PCR, RT-PCR, and
RT-qPCR.
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