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Background and Aims The stomatal conductance (gs) of most plant species decreases in response to elevated
atmospheric CO2 concentration. This response could have a signi cant impact on plant water use in a future climate. However, the regulation of the CO2-induced stomatal closure response is not fully understood. Moreover,
the potential genetic links between short-term (within minutes to hours) and long-term (within weeks to months)
responses of gs to increased atmospheric CO2 have not been explored.
Methods We used Arabidopsis thaliana recombinant inbred lines originating from accessions Col-0 (strong
CO2 response) and C24 (weak CO2 response) to study short- and long-term controls of gs. Quantitative trait locus
(QTL) mapping was used to identify loci controlling short- and long-term gs responses to elevated CO2, as well as
other stomata-related traits.
Key Results Short- and long-term stomatal responses to elevated CO2 were signi cantly correlated. Both shortand long-term responses were associated with a QTL at the end of chromosome 2. The location of this QTL was
con rmed using near-isogenic lines and it was ne-mapped to a 410-kb region. The QTL did not correspond to any
known gene involved in stomatal closure and had no effect on the responsiveness to abscisic acid. Additionally, we
identi ed numerous other loci associated with stomatal regulation.
Conclusions We identi ed and con rmed the effect of a strong QTL corresponding to a yet unknown regulator of
stomatal closure in response to elevated CO2 concentration. The correlation between short- and long-term stomatal
CO2 responses and the genetic link between these traits highlight the importance of understanding guard cell CO2
signalling to predict and manipulate plant water use in a world with increasing atmospheric CO2 concentration. This
study demonstrates the power of using natural variation to unravel the genetic regulation of complex traits.
Key words: Arabidopsis thaliana, C24, CO2 response, stomata, stomatal conductance, gs, stomatal regulation,
QTL mapping, RIL, NIL, water-use ef ciency, water economy.

INTRODUCTION
Stomata are microscopic pores in the epidermis, surrounded by
two guard cells that regulate their aperture by changes in turgor
pressure. Almost all gas exchange between plants and the atmosphere occurs through the stomata, hence the stomatal aperture is
regulated to balance the trade-off between CO2 uptake for photosynthesis and transpirational water loss. Elevated CO2 concentration induces partial closure of stomata in most plant species
(Morison, 1998; Ruszala et al., 2011; Franks and Britton-Harper,
2016). This reduces transpirational water loss and improves
leaf-level water economy. With a projected doubling of the atmospheric CO2 concentration within the next 100 years (IPCC,
2013), the stomatal CO2 response could have a signi cant impact on global plant water use under future climatic conditions.
However, the magnitude of the stomatal CO2 response and hence

the potential for water conservation under elevated CO2 exhibit
a large variation among and within species (Morison, 1998;
Takahashi et al., 2015; Hırak et al., 2017). Signi cant variation in the stomatal CO2 response among different accessions
of the model plant Arabidopsis thaliana (Takahashi et al., 2015)
provides an excellent opportunity to explore its genetic basis,
as indicated by the recent discovery of a novel CO2 signalling
component using natural A. thaliana accessions (Jakobson et al.,
2016). Knowledge about the genetic regulation of stomatal conductance (gs) in response to elevated CO2 could facilitate the improvement of crop water-use ef ciency in a future climate.
The pathway for stomatal closure in response to elevated CO2
consists of one CO2-speci c branch that converges downstream
with the pathway for abscisic acid (ABA)-induced stomatal
closure (Webb and Hetherington, 1997; Engineer et al., 2016).
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MATERIALS AND METHODS
Plant material and growth conditions

Recombinant inbred lines (RILs) originating from a reciprocal
cross between the Arabidopsis thaliana accessions C24 and
Col-0 (T rjØk et al., 2006) were used in this study. These two
accessions were selected based on a pilot study of the shortterm stomatal response to elevated CO2 concentration among
various A. thaliana accessions, where C24 was identi ed as a
weak responder and Col-0 as a strong responder (Fig. 1). To
con rm the location of a major QTL, we additionally used reciprocal near-isogenic lines (NILs) between C24 and Col-0
(T rjØk et al., 2008).
The following growth conditions were used for all plants
except the RILs used in ABA response measurements and the
NILs used for con rmation of a major QTL: seeds were sown
on soil perlite mix, strati ed at 4 C for 2 d and cultivated
under short-day conditions (8 h light/16 h darkness; 22/18 C)
at ~60 % relative humidity and a photosynthetic photon ux
density of 150 170 mol photons m 2 s 1 in growth chambers
(model AR-82L2/DE, Percival Scienti c, Perry, IA, USA).
Seedlings were transplanted to individual pots 2 weeks after
germination. In the CO2 experiment, plants were grown in two
separate, identical growth chambers (same as above) with contrasting CO2 concentrations. The ambient treatment had an
average daytime CO2 concentration of 420 ppm and CO2 in the
elevated treatment was maintained at an average daytime concentration of 820 ppm using a TKG-CO2-3011C CO2 control
device (Tongdy Control Technology, Beijing, China). To avoid
confounding effects of between- and within-chamber variation
in environmental conditions, plants and CO2 treatment levels
were shifted between the two growth chambers twice a week
and trays with pots were rotated 180 C.
Seeds used to generate plants for ABA response measurements and for con rmation of a major QTL were strati ed in
water for 2 d at 4 C, sown on peat vermiculite mix and grown
through a hole in a glass plate covering the pot as described
previously (Kollist et al., 2007) under short-day conditions
(12 h light/12 h darkness, 23/20 C) at 70 % relative humidity
and a light intensity of 100 150 mol m 2 s 1 in growth chambers (Microclima Arabidopsis MCA1600-3LP6-E, Snijders
Scienti c, Tilburg, the Netherlands).

Study design

The study comprised three experiments to investigate various
aspects of stomatal regulation (as illustrated in Fig. 2).
QTL mapping of plants grown in ambient CO2. The initial QTL
mapping experiment was designed to identify genetic loci associated with the short-term (within minutes to hours) response of
gs to elevated CO2, with absolute gs at ambient and elevated CO2,
and with the ratio of mole fractions of CO2 in the substomatal
cavity and ambient air, ci/ca. The latter is a proxy for intrinsic
water-use ef ciency (iWUE), where low values represent high
iWUE. We selected a subset of 100 RILs that displayed the largest
number of chromosomal crossovers in the population, in order
to maximize genetic variation (Supplementary Data Table S1).
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The CO2 response is initiated by the conversion of CO2 to bicarbonate by the carbonic anhydrases CA1 and CA4 in guard
cells (Hu et al., 2010), resulting in the activation of the mitogenactivated protein kinases MPK4 and MPK12 by a yet undescribed
mechanism (Marten et al., 2008; Hırak et al., 2016). These two
MPKs inhibit the protein kinase HT1 (Hashimoto et al., 2006;
Hırak et al., 2016; Jakobson et al., 2016). Downstream of the
CO2-speci c branch are the kinases OST1 and GHR1. The inhibition of HT1 by MPK4/MPK12 releases the inhibition of OST1
and GHR1 (Hırak et al., 2016), which results in the activation
of the anion channel SLAC1 (Negi et al., 2008; Vahisalu et al.,
2008; Geiger et al., 2009; Hua et al., 2012) and other ion channels in the plasma and vacuolar membranes, leading to loss of
turgor and stomatal closure (Kollist et al., 2014; Hedrich and
Geiger, 2017; Jezek and Blatt, 2017). Recent research has identi ed the BIG protein as an additional component of the CO2speci c branch of the signalling pathway. Although the exact
molecular function of BIG is unknown, it was shown to induce
anion currents in response to elevated HCO3 concentration (He
et al., 2018). The mechanism by which changes in CO2 and/or
HCO3 concentration are sensed is currently unknown and it is
likely that more components and interactions of the guard cell
CO2 response pathway remain to be discovered.
The current understanding of genetic and molecular controls
of the stomatal CO2 response is largely based on studies of the
response to short-term uctuations in CO2 concentration, i.e. the
change in gs that occurs within minutes to hours after a change
in the atmospheric CO2 concentration (Vahisalu et al., 2008;
Engineer et al., 2016). It is, however, unclear whether the shortterm responsiveness is a good predictor of long-term changes in
gs of plants grown under elevated CO2 concentration, i.e. changes
in gs that occur over weeks to months (Morison, 1998; Haworth
et al., 2013). Long-term responsiveness might represent both
changes in aperture and density as it entails development of new
leaves. Moreover, the potential links between short- and long-term
gs responses on a molecular level have not been explored. In a synthesis of data from free air CO2 enrichment (FACE) experiments
on trees, Hasper et al. (2017) observed a correlation between
short-term stomatal responsiveness to changes in the CO2 concentration and long-term reductions in gs of plants grown under
elevated CO2. However, other studies have indicated that gs may
acclimate to growth under elevated CO2 ( antr ek and Sage,
1996; Morison, 1998; Lodge et al., 2001; Medlyn et al., 2001),
possibly as a result of altered stomatal sensitivity to CO2 (Onandia
et al., 2011; Haworth et al., 2013, 2016). In addition, short- and
long-term stomatal responses may be decoupled in cases where
plants respond to prolonged CO2 exposure by adjusting stomatal
size or density rather than aperture (Haworth et al., 2013, 2015).
In this study, we investigated the genetic controls of both shortterm (within an hour) and long-term (within a month) responses
of gs to elevated atmospheric CO2 concentration in A. thaliana.
We identi ed genetic loci associated with short- and long-term gs
responses to elevated CO2, and with several other traits related to
stomatal regulation. We found that a major quantitative trait locus
(QTL) associated with the short-term response to CO2 was also
involved in the long-term regulation of gs in response to growth
in elevated CO2 concentration. This QTL was related neither to
the ABA-induced stomatal closure pathway nor to any known
genetic components of stomatal regulation.
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F . . Stomata-related traits of C24 and Col-0 grown in ambient CO2. (A) Plants grown side by side for 26 d in ambient CO2 concentration, 12:12 h photoperiod
and a light intensity of 150 mol photons m 2 s 1. Scale bar = 1 cm. (B) Short-term response of gs to elevation of CO2 concentration from 400 to 800 ppm during
gas exchange measurements (n = 6, error bars show standard deviation). (C) Intrinsic water-use ef ciency (iWUE) as measured by ci/ca, where low values represent high iWUE (n = 5). Boxes represent 25 75 % quartiles with the median as a horizontal line inside, and whiskers indicate the smallest and largest values.
*P < 0.05, Welch s t-test.
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F . . Schematic overview of the experimental setup. Arabidopsis wild-type parental accessions Col-0 and C24, and recombinant inbred lines (RILs) and nearisogenic lines (NILs) originating from crosses between these accessions, were cultivated in the indicated conditions and subjected to measurement of gas exchange
and carbon isotope ratios (not shown). Phenotypic data of RILs combined with genotype data of RILs were used for QTL mapping. Short-term stomatal response
refers to a change in stomatal conductance within hours after the application of a stimulus, whereas the long-term response corresponds to the treatment effect
when plants were grown in two different CO2 concentrations and measured at their respective growth concentration. The stomatal response to ABA was measured
in a subset of RILs displaying the most extreme CO2 response phenotypes, to investigate whether a major CO2 response QTL was involved in the CO2-speci c
pathway for stomatal closure or in the downstream signalling pathway where CO2 and ABA responses converge. The short-term CO2 response of NILs was used
to con rm the presence, location and effect of this major QTL.

Of these RILs, 51 originated from a cross using C24 as pollen
donor and Col-0 as pollen acceptor, and 49 where Col-0 was
used as pollen donor to C24, to account for potential cytoplasmic effects. The RILs and their parental accessions were
grown at ambient CO2 concentration. The short-term CO2 response, absolute gs, and ci/ca were quanti ed and these data
were used for QTL mapping. Fine mapping of a major QTL
controlling the short-term gs response to elevated CO2 was performed using additional RILs with crossovers in the region of

interest and the location and the effect of the QTL was conrmed using NILs.
Long-term CO2 experiment. The aim of this experiment was
to study the effects of growth in elevated CO2 on stomatal
regulation in A. thaliana. Speci cally, we wanted to (1) investigate whether growth in elevated CO2 concentration affected
the short-term (within minutes to hours) CO2 responsiveness
and absolute gs, as well as the detection of QTLs associated
with CO2 responsiveness, and (2) map loci associated with the
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Gas exchange measurements

In the rst two experiments, gas exchange measurements on
entire leaf rosettes of 4-week-old plants were conducted using
two LI6400 systems (LI-COR Biosciences, Lincoln, NE, USA)
tted with 6400-17 Whole Plant Arabidopsis Chambers. Selfshading within rosettes was minimal at this growth stage. Leaf
temperature was estimated using energy balance calculations
(LI-COR Biosciences, 2011). The boundary layer conductance
was estimated using a model of a leaf rosette made from lter
paper, which was soaked in water that was allowed to evaporate inside the whole plant chamber. The boundary layer conductance was estimated to be 4 mol H2O m 2 s 1. The stomatal
ratio (the ratio of gs on the leaf sides with lowest versus highest
values) was assumed to be 0.5, which is recommended when the
exact ratio is not known (LI-COR Biosciences, 2011). Fluxes of
water vapour from the soil were prevented by covering the soil
using household cling lm. To test for the in uence of water vapour exiting through the tiny gap in the plastic lm surrounding
the stem, we conducted measurements after cutting the plant
rosette above the plastic lm. The false conductance measured
was <0.002 mol H2O m 2 s 1 (assuming a leaf area of 10 cm2)
and was considered negligible.
Gas exchange measurements in the two rst experiments
were conducted at constant light (same as growth conditions)
and temperature (22 C). The vapour pressure de cit (VPD)
of the air was set to a target value within the range 1 – 0.2 kPa
and was kept within –0.03 kPa of the initial VPD throughout
the measurement of a plant. The CO2 concentration was kept at
400 ppm until gs reached steady state (<2.5 % change in conductance over 5 min). When steady state had been reached,
three measurements with 10 s between them were logged, after
which the CO2 concentration was elevated to 800 ppm and the
same procedure was repeated. Plant leaves were imaged using
a atbed scanner, leaf areas were calculated using the ROI manager function in ImageJ (version 1.48v, Schneider et al., 2012)
and the conductance values were re-calculated to be expressed
per unit leaf area. The percentage reduction in gs following elevation of the CO2 concentration was used as a measure of the
short-term stomatal response to elevated CO2. In the CO2 experiment, we additionally calculated the long-term response to

responses

growth in elevated CO2 concentration. For the same genotype,
we used gs values of plants from the two treatments measured
at their respective growth CO2 concentration to calculate the
percentage decrease in stomatal conductance resulting from
growth in elevated CO2.
For the ABA response experiment and for the con rmation
of a major QTL using NILs, gas exchange measurements were
conducted on 25- to 30-d-old plants using a custom-made gas
exchange system (Kollist et al., 2007). We quanti ed the percentage gs decrease in response to elevated CO2 (~800 ppm)
in both experiments and in the ABA experiment also to spray
application of 5
ABA solution (containing 0.012 % Silwet
and 0.05 % ethanol). Measurements were conducted at a light
intensity of 100 150 mol photons m 2 s 1 and a temperature
of 23 25 C. Stomatal conductance was allowed to stabilize at
ambient CO2 concentration and 65 70 % relative humidity for
~40 min before the stimulus was applied. The stomatal response
was calculated as the percentage gs decrease 28 min after application of the stimulus. Leaf areas were measured using the
polygon tool in ImageJ (version 1.48v, Schneider et al., 2012)
on photographs of intact leaf rosettes.

Stable isotope analyses

The ratio of mole fractions of CO2 in the substomatal cavity
(ci) and ambient air (ca), ci/ca, was used as a proxy for iWUE,
where low ci/ca corresponds to a high iWUE (Condon et al.,
2004; PØrez-Harguindeguy et al., 2013) as shown by the
relationship:
ci
ca

iWUE 1.6
ca

1

A time-integrated measure of ci/ca was determined by analysing
leaf stable carbon isotope composition. Leaves were dried for
at least 24 h at 70 C and homogenized with a pestle. The material (~1 mg per sample) was weighed into tin capsules and
analysed for stable carbon isotope ratios using a PDZ Europa
ANCA-GSL elemental analyser interfaced to a PDZ Europa
20-20 isotope ratio mass spectrometer (IRMS; Sercon, Crewe,
UK) at the UC Davis Stable Isotope Facility, Davis, CA, USA.
The photosynthetic 13C discrimination ( ) was calculated from
13
C values according to the following equation:
13

Cair
1

13

Cplant
13 C
plant

For this calculation we assumed a value of 8.44 for 13Cair,
based on the average 13C ratio of CO2 in air measured at the
Mauna Loa Observatory, HI, USA during 2014 (data downloaded from https://www.esrl.noaa.gov, Keeling et al., 2001).
This value likely differed slightly from that in our experiment,
but as the isotope data were only used to compare plants within
the same experiment this error was considered negligible. The
13
C discrimination was then used for the calculation of ci/ca as
follows:
ci
ca

b

a
a
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long-term (within weeks to months) response to elevated CO2.
We used 50 RILs from the cross where C24 was the pollen
donor and Col-0 the acceptor, which had been used in the previous experiment. The RILs were grown together with their
parental accessions in ambient or elevated CO2 in two separate
treatments for 4 weeks, which constitutes a large proportion of
the A. thaliana life cycle (Boyes et al., 2001). Data on shortterm CO2 response and absolute gs of plants from both CO2
treatments were used for QTL mapping, as well as data on the
long-term gs response to elevated CO2.
ABA experiment. The stomatal response to exogenously applied ABA was measured in ten RILs that showed the ve
strongest and the ve weakest CO2 responses in the rst experiment. The aim of the ABA experiment was to investigate the
relationship between CO2- and ABA-induced stomatal closure
in these lines.
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where a is the isotopic fractionation caused by diffusion (4.4 )
and b is the fractionation caused by carboxylation by Rubisco
(27 ) (Farquhar et al., 1989). It should be noted that the above
equations follow the simpli ed format presented by Farquhar
et al. (1989), where
is considered equivalent to 10 3; hence,
all
values were multiplied by 0.001 in our calculations.
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Data analysis

Differences in the short-term CO2 response and absolute gs
of accessions C24 and Col-0 were tested using Welch s t-test.
Welch s t-test was also used to test for cytoplasmic effects by
comparing trait averages from the reciprocal crosses. Differences
in short-term response and absolute gs between RILs grown
in ambient and elevated CO2 treatments were tested using the
paired t-test. The relationship between short- and long-term stomatal CO2 responses was tested using linear regression and the
paired t-test was used to test for a difference in magnitude of
these responses. One-way ANOVA with Tukey s post hoc test
was used to test for differences between NILs and parental accessions. All statistical tests were performed with = 0.05 using
JMP (version 12.0.1, SAS Institute, Cary, NC, USA).
For QTL mapping, data from both crosses were analysed together as no signi cant cytoplasmic effect on any of the traits had
been detected. Data from the rst experiment, where 100 RILs
were grown in ambient CO2, and the second experiment, where 50
RILs were grown in two CO2 treatments (ambient and elevated),
were analysed separately. To increase mapping power and enable
the identi cation of QTLs with pleiotropic effects, we used multitrait analysis combining all phenotype data from each experiment.
A step size of 10 cM, minimum cofactor proximity of 50 cM, a
minimum separation of selected QTLs of 30 cM and a threshold
of log10P = 3.2 (based on Li and Ji, 2005) were used for QTL
analysis. First, the whole genome was scanned for signi cant
polymorphisms using simple interval mapping. Then, based on the
selected cofactors, two rounds of composite interval mapping were
run. Thereafter, a nal QTL model was selected using backward
selection on the selected cofactors, where the allelic effect and explained phenotypic variance of each QTL were estimated for each
trait. All QTL analyses were performed in GenStat for Windows
(16th edition, VSN International, Hemel Hempstead, UK).
RESULTS
Stomatal regulation of parental accessions

We observed signi cantly weaker short-term stomatal CO2 response, i.e. the percentage decrease in stomatal conductance
(gs) following a doubling of the CO2 concentration (Welch s
t-test, P = 0.01, n = 6), as well as lower absolute gs at both 400
and 800 ppm CO2 of C24 compared with Col-0 (Welch s t-test,
P < 0.001 and P = 0.002, respectively, n = 6; Fig. 1B), con rming
the results of the pilot study. Furthermore, C24 demonstrated
a signi cantly lower ci/ca than Col-0, showing that C24 had a
higher intrinsic water-use ef ciency (iWUE) than Col-0 (Welch s
t-test, P = 0.043, n = 5; Fig. 1C). In summary, C24 generally has
lower stomatal conductance and thus a more conservative regulation of transpirational water loss but at the same time its stomata
are less responsive to increased CO2 concentration.
QTL mapping of stomatal regulation in 100 RILs grown in
ambient CO2

To investigate the genetic basis for the variation in stomatal regulation between Col-0 and C24, we quanti ed several
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The RIL population had previously been genotyped using
SNP markers, as described by T rjØk et al. (2003). The lines
used in this study were partially re-genotyped in generations
F9/F10 to con rm or correct double crossovers and to remove heterozygous regions. For this purpose, the SNaPshotfi Multiplex
System (Applied Biosystems, Waltham, MA, USA) was used
according to the manufacturer s protocol on an ABI 3730
Sequencer (Applied Biosystems). Peaks were identi ed using
GeneMapperfi (version 4.0, Applied Biosystems). In addition,
simple sequence length polymorphism (SSLP) markers from
the MSAT database (http://www7.inra.fr/vast/msat.php) were
added to allow comparison with other A. thaliana RIL populations and single-feature polymorphism (SFP) markers were
extracted from ATH1 GeneChipfi (Affymetrix, Waltham, MA,
USA) data as described by Schmidt et al. (2017). The SSLP
fragments were PCR-ampli ed from genomic DNA and visualized on agarose gels. For large fragments and/or size differences above 10 bp, 1 2 % agarose gels (Carl Roth, Karlsruhe,
Germany) were used. For smaller size differences, a 1:3 mixture of 4 % agarose/MetaPhor agarose (Lonza Group, Basel,
Switzerland) was used. Fragment size was identi ed by comparison with the Generuler 1 kb Plus DNA Ladder (Thermo
Fisher Scienti c, Waltham, MA, USA) and genotypes were
scored manually. Genetic maps for the two subsets of lines analysed in this study were constructed using the package R/qtl
(version 1.41-6) in R (version 3.4.3) with the Kosambi mapping
function (Broman et al., 2003). The NILs had been genotyped
using the same set of SNP markers as the RILs, as described by
T rjØk et al. (2008).
For ne mapping of the major QTL on chromosome 2, 42 RILs
with crossovers in the region of interest were used. Genotyping
was performed using nine SSLP markers (Supplementary Data
Table S2) in the QTL region following the methodology of
Nilsson et al. (2016). Annealing temperatures were optimized
for each primer pair using gradient PCR. PCR products were
visualized on 3 % agarose gels (Seakemfi LE, Lonza Group,
Basel, Switzerland) and genotypes scored manually.
In order to con rm the lack of sequence variation in the
MPK12 gene between C24 and Col-0 in publicly available
sequence data (Berardini et al., 2015; Alonso-Blanco et al.,
2016), a genomic fragment consisting of the coding region and
0.5-kb anking region on both sides was PCR ampli ed from
C24 using three sets of primers (Supplementary Data Table S2)
and AccuPrime Pfx polymerase (Thermo Fisher Scienti c,
Waltham, MA, USA) to produce three overlapping fragments.
The products were sequenced (Euro ns Genomics, Ebersberg,
Germany) using the same set of primers, with an additional
sequencing primer for one of the products (Supplementary Data
Table S2).
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