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Starch metabolism is involved in stomatal movement regulation. However, it remains unknown whether starch-deficient
mutants affect CO,-induced stomatal closing and whether starch biosynthesis in guard cells and/or mesophyll cells is rate
limiting for high CO,-induced stomatal closing. Stomatal responses to [CO,] shifts and CO, assimilation rates were compared in
Arabidopsis (Arabidopsis thaliana) mutants that were either starch deficient in all plant tissues (ADP-Glc-pyrophosphorylase
[ADGase]) or retain starch accumulation in guard cells but are starch deficient in mesophyll cells (plastidial phosphoglucose
isomerase [pPGI]). ADGase mutants exhibited impaired CO,-induced stomatal closure, but pPGI mutants did not, showing that
starch biosynthesis in guard cells but not mesophyll functions in CO,-induced stomatal closing. Nevertheless, starch-deficient
ADGase mutant alleles exhibited partial CO, responses, pointing toward a starch biosynthesis-independent component of the
response that is likely mediated by anion channels. Furthermore, whole-leaf CO, assimilation rates of both ADGase and pPGI
mutants were lower upon shifts to high [CO,], but only ADGase mutants caused impairments in CO,-induced stomatal closing.

These genetic analyses determine the roles of starch biosynthesis for high CO,-induced stomatal closing.

Stomatal pores are formed by pairs of guard cell in
the leaf epidermis and regulate the diffusion of CO,
for photosynthetic carbon fixation and transpirational
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water loss of plants. Stomatal apertures are regulated
by physiological and environmental factors, such as
abscisic acid, CO,, ozone, drought, light, humidity, and
pathogens (Vavasseur and Raghavendra, 2005; Kim
etal., 2010; Murata et al., 2015). Intercellular CO, (Ci) in
leaves regulates stomatal conductance (Mott, 1988). Ci
levels are determined by respiration, mesophyll pho-
tosynthesis, stomatal conductance, and atmospheric
[CO,] (Lawson et al., 2014).

The continuous rise in atmospheric CO, levels (Keeling
et al., 2011) produces an increase in intercellular
leaf CO, levels (Ci) and induces a reduction of sto-
matal apertures on a global scale (Medlyn et al., 2001;
Hetherington and Woodward, 2003; Frommer, 2010).
These effects have profound impact on global CO, and
water exchange of plants, leaf heat stress, plant water-
use efficiency, and gas exchange for optimal yields
(Sellers et al., 1997; LaDeau and Clark, 2001; Medlyn
et al., 2001; Battisti and Naylor, 2009; Holden, 2009;
Bishop et al., 2014, 2015). Significant progress has been
made in unraveling fundamental genetic components
of the CO, signaling machinery (Webb and Hetherington,
1997; Leymarie et al., 1998; Hashimoto et al., 2006;
Young et al., 2006; Negi et al., 2008; Vahisalu et al.,
2008; Hu et al., 2010; Xue et al., 2011; Merilo et al., 2013;
Chater et al., 2015; Takahashi et al., 2015; Tian et al., 2015;
Engineer et al., 2016; Wang et al., 2016; Yamamoto et al.,
2016).

Carbon fixation primarily takes place in the mesophyll
tissue and is the main source of carbohydrates in plants.
Guard cells, which contain smaller and fewer chloro-
plasts (Allaway and Setterfi, 1972; Willmer and Fricker,
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1996), contribute only 2 to 4% of the CO, assimilation
rates compared to those of mesophyll cells (Outlaw
and De Vlieghere-He, 2001). Studies support the no-
tion that guard cells act as a carbon sink, importing
carbon from mesophyll cells (Gotow et al., 1988; Tallman
and Zeiger, 1988; Poffenroth et al., 1992; Talbott and
Zeiger, 1996; Stadler et al., 2003; Kang et al., 2007;
Lawson, 2009). Moreover, recent research has found that
guard cell chlorophyll is not directly required for CO,
control of stomatal closing but is required for turgor
development of guard cells (Azoulay-Shemer et al.,
2015). However, since even these chlorophyll-deficient
guard cells had significant starch levels (Azoulay-
Shemer et al., 2015), the relative contribution of starch
synthesis to CO,-induced stomatal closing could not be
determined.

Starch represents an end product of CO, fixation in
plant cells and accumulates in both mesophyll and
guard cells. Starch metabolism in guard cells was pre-
viously shown to be involved in stomatal opening in
response to blue light (Ogawa et al., 1978; Tallman and
Zeiger, 1988; Poffenroth et al., 1992; Talbott and Zeiger,
1993; Lasceve et al., 1997; Horrer et al., 2016), low CO,-
mediated stomatal opening (Outlaw and Manchester,
1979), and abscisic acid and drought (Dittrich and
Raschke, 1977; Prasch et al., 2015). During stomatal
opening, starch in guard cells is catabolized first into
sugars (Outlaw, 1982; Poffenroth et al., 1992; Talbott
and Zeiger, 1993; Ritte and Raschke, 2003). Malate is a
metabolite that is derived from sugar metabolism as
well from the photosynthetic product triose-phosphate,
which is produced in guard cell chloroplasts, exported
to the cytoplasm, and then metabolized to malate
among additional products. The important role of
malate as a counter ion for potassium accumulation
during stomatal opening (Willmer and Dittrich, 1974;
Outlaw and Manchester, 1979; Heldt and Piechulla,
2011; Lawson et al.,, 2014) is well established, and
its metabolism is suggested to be involved in sto-
matal conductance regulation (Penfield et al., 2012).
Based on measurements of K* levels in guard cells us-
ing K*-sensitive microelectrodes, it has been suggested
that potassium and its counterion malate alone cannot
provide sufficient osmotic potential required to sup-
port stomatal opening (Macrobbie and Lettau, 1980).
Sugars, from starch breakdown or imported from the
mesophyll, were proposed to provide an additional
osmoticum for stomatal opening (Talbott and Zeiger,
1993).

During stomatal closure, malate is removed from
guard cells via gluconeogenesis-mediated starch syn-
thesis (Schnabl, 1980) and via malate efflux from
guard cells (Dittrich and Raschke, 1977; Van Kirk and
Raschke, 1978). Furthermore, malate efflux via guard
cell anion channels (Keller et al., 1989) and the resulting
extracellular malate stimulates anion channel activity,
which further promotes stomatal closing (Hedrich and
Marten, 1993; Hedrich et al., 1994; Meyer et al., 2010). A
comparison between Vicia faba and Allium porrum
revealed that stomata of these species were generally
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similar in their ultrastructure, except that A. porrum did
not contain starch (Allaway and Setterfi, 1972). Meta-
bolic investigation revealed that A. porrum guard cells
use Cl™ rather than malate as counter ion to K* (Schnabl,
1980; Schnabl and Raschke, 1980). In addition, compar-
ative proteomics between guard cells and mesophyll
cells revealed high representation of starch synthesis
proteins in mesophyll cells but not in guard cells (Zhu
et al., 2009). The relative contribution of starch metabo-
lism in guard cells versus mesophyll cells in stomatal
responses to CO, (Messinger et al., 2006; Mott et al., 2008)
remains to be determined.

Starch levels in guard cells have been shown in bio-
chemical studies to contribute to stomatal opening
(Schnabl et al., 1978, Outlaw and Manchester, 1979;
Schnabl, 1980; Talbott and Zeiger, 1993). In line with
this model, starch degradation in guard cells was re-
cently shown to contribute to light-induced stomatal
opening. The bam1 amy3 double mutant, which over-
accumulates starch specifically in guard cells, showed
reduced stomatal apertures and slower increases in
stomatal conductance in response to light (Horrer et al.,
2016). However, genetic analyses of the functions of
starch biosynthesis in stomatal closing are lacking and
the roles of starch biosynthesis in high CO,-induced
stomatal closing remain unknown. Based on present
knowledge, it would be difficult to predict whether
starch synthesis is required for intact CO,-induced
stomatal closing of preopened stomatal pores, as efflux
of chloride and malate anions from guard cells occurs
(Schnabl, 1980; Schnabl and Raschke, 1980; Keller et al.,
1989).

Previous studies have characterized several starch-
deficient mutants in the starch biosynthesis pathway.
Independent allelic loss-of-function mutations in the
small catalytic subunit of ADP-Glc-pyrophosphorylase
(ADGase; adgl-1 and apsl) were found to be starch
deficient in all plant tissues (Lin et al., 1988; Wang et al.,
1998; Bahaji et al., 2011). While the loss of the plastidial
phosphoglucose isomerase (pPGI) activity (pgil-1 mu-
tant) results in a starch-deficient phenotype in photo-
autotrophic tissues, in particular in the mesophyll,
whereas guard cells have been shown to contain similar
starch levels as wild-type controls (Yu et al., 2000; Tsai
et al., 2009; Kunz et al., 2010). This phenomenon was
attributed to the action of the Glc 6-phosphate/
phosphate translocator (Overlach et al., 1993) that
supplies the plastids of guard cells and of nongreen
tissue with starch precursors, thereby circumventing
the need for the plastidial phosphoglucose isomerase
reaction (Kammerer et al., 1998; Niewiadomski et al.,
2005).

To clarify whether and to what degree biosynthesis of
starch in guard cells and/or mesophyll cells is required
for high CO,-induced stomatal closing, Arabidopsis
(Arabidopsis thaliana) mutants that are either starch de-
ficient in all plant tissues (ADGase mutants; adg1-1 and
aps1) or feature a specific starch-deficient phenotype in
the mesophyll cells but not guard cells (pgil-1) were
compared for their stomatal responses to [CO,].
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RESULTS

Differential Starch Accumulation in ADGase and
pPGI Mutants

Previously published data have demonstrated that
adg1-1 mutant plants, deficient in the small subunit of
the starch biosynthesis enzyme ADGase, possess <3%
of the wild-type ADGase activity (Lin et al., 1988; Wang
et al., 1998) and accumulate as little as 1 to 2% of wild-
type starch levels in leaves (Bahaji et al., 2011). The loss
of pPGI activity in the pgil-1 mutant results in a lack of
starch in the photoautotrophic mesophyll tissues of
plants (Yu et al.,, 2000), but guard cells retain starch
levels similar to wild-type controls (Tsai et al., 2009;
Kunz et al., 2010). To verify these earlier determined
spatial starch accumulation impairments of ADGase
and pPGI mutants under our growth conditions, Col-0
(wild type), the two ADGase mutants adg1-1 (Lin et al.,
1988) and aps1 (Ventriglia et al., 2008), and pgil-1 (Yu
et al., 2000) were iodine-stained and imaged for their
starch content. The results, obtained in our experi-
ments, confirmed a drastic reduction in rosette leaf
starch levels of both ADGase (adg1-1 and aps1) and pgil-1
mutants compared to wild-type plants (Fig. 1, A-D).
Further detailed microscopy analyses using the 5th true
leaf of plants showed that starch granules were not
clearly detectable in mesophyll cells of both the adg1-1,
aps1, and pgil-1 mutants in contrast to wild-type leaves
(Fig. 1, E-H). Furthermore, starch in guard cells was not
detectable in the ADGase mutant plants (adgl-1 and
apsl; Fig. 1, K and L). In contrast, pgil-1 mutant leaves
accumulated starch in guard cells to a similar extent as
wild-type leaves (Fig. 1, 1and ]). These results are consistent

dg

Figure 1. ADGase mutant (adgi-7 and aps7) leaves show starch defi-
ciency in both mesophyll and guard cells, whereas pgi7-1 mutants
accumulate starch in guard cells but not in mesophyll cells. Col-0,
ADGase (adg1-1 and apsT; Lin et al., 1988; Ventrigliaet al., 2008), and
pPGl (pgi1-1) mutants (Yu et al., 2000) were stained with iodine and
imaged to visualize their starch content in whole plants (A-D), meso-
phyll (E-H), and guard cells (I-L). Bars in Eto L = 30 wm (lower right) and
inltoL =5 um (lower left).
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Figure 2. Leaf starch content in the ADGase and pgil-1 starch bio-
synthesis mutants. Rosettes from 6-week-old plants were harvested 2 h
after the beginning of the light period and immediately frozen in liquid
nitrogen. Starch was extracted and quantified using amylase/amylo-
glucosidase method. Unpaired Student’s t test investigating statistical
significance between mutants and the wild type showed a significant
reduction in rosette leaf starch levels of adg1-1, aps1, and pgiT-1 mutant
plants (**P = 0.005, wild type, n = 3; adgl-1, n=4; aps1, n=4 and
pgil-1, n=4; leaves, each leaf from different plant). Each bar shows the
mean of wild type, adgi-1, aps1, or pgil-1 starch (ug) = st. Inset shows
the same mutant data with a magnified y axis (starch [ugl/gFW). Stu-
dent’s t test between the starch-deficient mutants (adg7-1, apsi, and
pgil-1) revealed no significant (ns) differences between adg1-1 (ADG-
aseallele) and pgi1-1(P=0.3), while apsT (ADGase allele) starch levels
were slightly but significantly larger than adg7-1 (*P = 0.02).

with previous studies (Tsai et al., 2009; Kunz et al., 2010):
adg1-1 is uniformly starch deficient in mesophyll and
guard cells, whereas pgil-1 is starch deficient in meso-
phyll cells but not guard cells.

To quantitate the levels of starch in the starch bio-
synthesis mutants, rosettes from 6-week-old plants were
harvested 2 h after the beginning of the light period
and immediately frozen in liquid nitrogen. Starch quan-
tification using the amylase/amyloglucosidase method
(Eliyahu et al., 2015) showed a drastic and significant
reduction in rosette leaf starch levels of the adgl-1,
aps1, and pgil-1 mutants compared to wild-type plants
(Fig. 2). Starch levels were slightly but significantly higher
in the aps1 ADGase allele compared to the adgl-1 allele
(Fig. 2).

Arabidopsis ADGase Mutants, But Not pPGI Mutants,
Show Impaired Stomatal Closure in Response to High CO,

Stomatal densities of the ADGase and pPGI starch
biosynthesis mutants were not significantly different
from the wild type (16.4 = 0.4 in the wild type; 15 = 2.3
in adg1-1; and 16.4 * 2.3 in pgil-1; adgl-1 versus the
wild type, P = 0.5; pgil-1 versus the wild type, P = 0.2,
n = 4 plants per genotype, unpaired Student’s ¢ test).
Starch levels have been associated with stomatal
opening in diverse species. However, the relevance of
starch in preopened stomata for CO,-induced stomatal
closing remains unknown and is not trivial to predict.
To determine to which degree starch levels in guard
cells and/or in mesophyll cells are involved in high

Plant Physiol. Vol. 171, 2016



CO,-induced stomatal closing, time-resolved stomatal
conductance responses to [CO,] shifts were measured
in intact leaves of wild-type (Col-0), the two ADGase
mutant alleles adg1-1 (Lin et al., 1988) and aps1 (Ventriglia
et al., 2008), and in pPGI mutant (pgil-1) leaves (Yu et al.,
2000). Both ADGase mutant alleles showed impaired high
COy-induced stomatal closure (Fig. 3, A, B, E, and F; Fig.
3B, adgl-1 versus the wild type, P = 0.05; Fig. 3F, apsl
versus the wild type, P = 0.04, n = 4-5 plants per genotype,
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Figure 3. Arabidopsis starch-deficient ADGase mutants show impaired
stomatal closure in response to CO, elevation. Time-resolved stomatal
conductance responses and net CO, assimilation rates were analyzed at
the imposed [CO,] shifts (bottom in ppm) in the wild-type and in two
starch-deficient ADGase Arabidopsis mutant alleles adg?-1 (A-D) and
aps1 (E- H). A and E, Stomatal conductance in mol H,O m~2s . Band
F, Data shown in A and E were normalized to the stomatal conductance
after 25 min at 360 ppm [CO,] exposure, 5 min before the change to
800 ppm [CO,]. Cand G, Net CO, assimilation rates (umol CO, m%s™").
D and H, The corresponding intercellular [CO,] (Ci) levels, calculated
based on the stomatal conductance and ambient CO, concentration.
Data are the mean of the wild type, n =4, and adg7-1, n= 4 (A-D); wild
type, n=5, apsi, n = 4 (E-H) leaves each from different plants * st for
each genotype.
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Figure 4. Analysis of CO,-induced conductance kinetics. Single ex-
ponential functions were fit to data of high CO,-induced stomatal
closure (red dotted traces). A and B, Data traces and fits of wild-type
Col-0 and adgT-T1 plants from within the same experiment. C and D,
Data traces and fits of wild-type Col-0 and apsT plants from within the
same experiment. E and F, Data traces and fits of wild-type Col-0 and
pgil-1 plants from within the same experiment . R* values shown rep-
resent the average R* values for all leaves analyzed within the same
experiment. The time constants displayed are means = st of three to five
plants.

unpaired Student’s t test). Kinetic analyses, by fitting
single exponential decay functions to the data, deter-
mined the time constant for stomatal closure in wild-type
Col-0 (Fig. 4, A and C; R?, avg = 0.87), but fitting the data of
the ADGase mutants was not possible due to the small
change in stomatal conductances (Fig. 4, B and D;

R2 =0.36 foradg1-1and R?, avg = 056 for aps1). Fits to the
increases in stomatal conductance in response tolow CO,

(from 800 to 100 ppm CO,) revealed that the stomatal
opening rates of the ADGase mutant alleles were signif-
icantly smaller than the wild type (Fig. 3A, adg1-1 versus
the wild type, P = 0.04; Fig. 3E, aps1 versus the wild type,
P =0.05).

Notably, although ADGase mutants are starch defi-
cient in all plant tissues, including mesophyll and guard
cells, a partial stomatal closure and opening in re-
sponse to high CO, was observed (Fig. 3, E and F) in
these mutant lines. The impairment in stomatal con-
ductance responses to CO, in ADGase mutant alleles
was comparable to other known and confirmed sto-
matal CO, response mutants (Hu et al., 2010; Xue
etal., 2011; Merilo et al., 2013). Although steady-state
stomatal conductance values differed at different
times of year (Xu and Baldocchi, 2003), consistent
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phenotypes and statistically significant differences in
the high CO, response were observed when wild-type
and ADGase mutant responses were compared within
each set of plants and in independent replicates (see
Methods).

CO, assimilation rate analyses showed a significant
reduction in both starch-deficient ADGase mutant al-
leles (adg1-1 and apsl) compared to those of the wild
type under high CO, levels (800 ppm; Fig. 3C, P = 7e-4,
adg1-1 versus the wild type, n = 4; Fig. 3G, P = 2e-2, aps1
versus the wild type, n =4-5). However, under low CO,
at photosynthesis-limiting conditions (100 ppm), no
significant differences in CO, assimilation rates be-
tween the starch-deficient ADGase mutants and wild-
type plants were observed (Fig. 3, C and G). A similar
result was found if ambient CO, was clamped to 360
ppm. The corresponding intercellular [CO,] (Ci) levels
derived from stomatal conductance and CO, assimila-
tion rates are shown in Figure 3, D and H.

Interestingly, stomatal conductance changes in pgil-1
mutant leaves (starch accumulation in guard cells, but
not mesophyll cells) showed similar high CO,-induced
stomatal closing responses as wild-type plants upon
shifting [CO,] from ambient (360 ppm) to high (800
ppm) levels (Fig. 5, A and B; Fig. 5B, P = 0.9, n = 3,
unpaired Student’s t test). Furthermore, kinetic analysis
determined no significant difference in the time con-
stant for stomatal closure between the wild type and
pgil-1 (P = 0.86, R, = 0.92 for the wild type, R?,,, =
0.92 for pgil-1; Fig. 4, E and F).

Intriguingly, the rate of the stomatal conductance
increase in pgil-1 leaves following transition from a
high (800 ppm) CO, level to a low CO, (100 ppm) level
displayed a significantly amplified stomatal opening
response when compared to wild-type leaves (Fig. 5B,
P =0.05, the wild type versus pgil-1). Leaves of pgil-1
plants consistently showed enhanced stomatal open-
ing, following exposure to low [CO,], when compared
to wild-type leaves. This result was observed in sepa-
rate experiments during different times of the year. To
verify the link between this phenotype and the PGI1
enzyme activity, we attempted isolation of a second
allele in the PGI1 gene. However, the tested T-DNA
insertion alleles were either (homozygous) lethal or
did not sufficiently disrupt PGI1 function (Salk_043552
and Salk_015973). Thus, we could not ascertain whether
the stomatal opening phenotype of pgil-1 leaves is
due to mutation of the PGI1 gene and future research
will be needed to examine this observation. In this
study, we focus on high CO,-induced stomatal clos-
ing responses in the differential starch biosynthesis
mutants.

Net CO, assimilation rates (A) and Ci levels were
analyzed (Fig. 5, C and D). pPGI mutant (pgi1-1) leaves
showed a similar effect on CO, assimilation as ADGase
mutants. pgil-1 assimilation rates were significantly
reduced, compared to wild-type levels, under high CO,
levels (800 ppm; Fig. 5C, P = 0.05, n = 3 leaves per
genotype were analyzed in independent plants), while
the corresponding pgil-1 Ci levels increased (Fig. 5D).

792

[360] 800 [ 100 |

@M Stomatal conductance >

conductance

o o =

30min

pmol CO, m3s™

[360] 800 [ 100 |

O Net assimilation rate, O Relative stomatal

800 — ~WT
-
- i1-1
600 Pg
o
£ 400
O 200
30min Sy

" [360] 800 | 100

Figure 5. The Arabidopsis pgi1-1 mutant that features starch deficiency
in mesophyll cells but not in guard cells shows normal stomatal re-
sponse to CO, elevation. Time-resolved stomatal conductance re-
sponses and net CO, assimilation rates at the imposed [CO,] conditions
(bottom in ppm) in the wild type and in the Arabidopsis starch-deficient
mutant pgiT-1 were analyzed using intact whole-leaf gas exchange. A,
Stomatal conductance in mol H,O m™? s™'. B, Data shown in A were
normalized to the stomatal conductance after 25 min of 360 ppm [CO,]
exposure, 5 min before the change to 800 ppm [CO,]. C, CO, assimi-
lation rates (umol CO, m~2 s™"). D, The corresponding intercellular
[CO,] (Ci) levels, calculated based on the stomatal conductance and
extracellular CO, concentration. Data in A to D are the mean of n=3
leaves each from different plants = st for each genotype.

To further study stomatal responses at the single
stoma level, the wild type and the starch-deficient
mutants, ADGase (adg1-1 and aps1) and pPGI (pgil-1),
were analyzed for their stomatal aperture responses to
CO, elevation (Fig. 6), as described in “Materials and
Methods.” Data in Figure 6, A to D, show that CO,-
induced stomatal closing in leaves of both ADGase
mutant alleles was impaired (Fig. 6, A and B, wild type
P =0.03; adg1-1 P = 0.06, n = 3 plants; Fig. 6, C and D,
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Figure 6. Stomatal aperture of the starch biosynthesis ADGase mutants
show reduced response to CO, elevation but not pgi7-1 mutant. Sto-
matal apertures in response to [CO,] changes were measured in the
wild type, the ADGase mutants adg?-1 (A and B) and aps7 (C and D),
and in the pPGI mutant pgi7-1 (E and F). B, D, and F, Relative stomatal
apertures (%) for each genotype were calculated by normalization to
the average stomatal apertures at low CO,. A to F, Genotype blind
assays, n =3 plants per each genotype and treatment, ~135 stomata (A
and B) and ~45 stomata (C-F) were analyzed per genotype and con-
dition. Asterisks on the histograms indicate that the means differ sig-
nificantly (P = 0.05), whereas “ns” indicates no significant difference
(P>0.1).

wild type P = 0.008; aps1 P = 0.35, n = 3 plants). Wild-
type stomatal apertures were reduced by ~30 to 42%,
whereas those of ADGase mutant plants were reduced
by ~8 to 18% (Fig. 6, B and C). In contrast, stomata of
wild-type plants and pgil-1 mutant leaves, which are
starch deficient in mesophyll but retain starch accu-
mulation in guard cells, responded significantly to
[CO,] shifts (Fig. 6, E and F, wild type and pgil-1 P <
0.02, n = 3 plants per genotype). Unpaired Student’s ¢
tests between stomatal apertures of wild-type and the
starch-deficient mutant lines, under low CO, levels,
showed comparable stomatal apertures. This result
suggests that low CO,-induced steady-state apertures
were not affected by the deficiencies in starch biosyn-
thesis in mesophyll cells (pgil-1) or in guard cells
(ADGase mutants) (Fig. 6A , wild type/adg1-1 P = 0.1;
Fig. 6C, wild type/apsl P = 0.16; Fig. 6E wild type/
pgil-1 P =0.1, n = 3 plants). However, note that the rates
of stomatal opening were slowed in both ADGase mutant
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alleles that are starch deficient in guard cells (Fig. 3, A, B,
E, and F).

DISCUSSION

The presented results show that starch biosynthesis
in guard cells is required for proper high CO,-induced
stomatal closure, whereas starch biosynthesis in me-
sophyll cells had little or no role in this process. Several
factors may be involved in the impaired stomatal
closing response of guard cell starch-deficient mutants.
The lack of starch biosynthesis as a sink for Calvin-Benson
cycle CO, assimilation products leads to changes in me-
tabolites, including free sugars, hexose phosphates, triose
phosphates, and sugar phosphates (Tobias et al., 1992;
Sun et al., 1999; Ragel et al., 2013), which have been
suggested to be involved in stomatal conductance reg-
ulation (Hedrich et al., 1985). Accumulation of triose-
phosphate may shift carbohydrate flux toward export to
the cytosol and sucrose (Suc) synthesis. Accumulation of
soluble sugars, including Fru, Glc, and Suc, was previ-
ously detected in aps1 (Ragel et al., 2013).

Suc was reported to play a role in guard cell osmo-
regulation (Talbott and Zeiger, 1998; Zeiger et al., 2002),
and its breakdown products, Fru and Glc, are also in-
volved in stomatal conductance regulation (Antunes
et al., 2012). In addition, Suc catabolism within guard
cells can provide carbon skeletons for organic acid
production (Dittrich and Raschke, 1977; Daloso et al.,
2015). Increased levels of Suc, Fru, and Glc in ADGase
mutant guard cells, as were previously shown in whole
leaf extracts (Ragel et al., 2013), could contribute to the
observed impaired stomatal closure (Figs. 3 and 6).

The disruption of mesophyll starch synthesis in pgil
and ADGase mutant leaves causes accumulation of
sugars in the mesophyll (Kunz et al., 2010; Ragel et al.,
2013). However, we have found that pPGI mutant
leaves showed intact stomatal closure to elevated CO,,
suggesting that mesophyll-derived sugars do not ac-
count for the impaired CO,-induced stomatal closure
observed in ADGase mutant plants.

Malate is involved in stomatal responses. Malate acts
as an osmoregulator in guard cells to promote stomatal
opening (Willmer and Dittrich, 1974; Outlaw and
Manchester, 1979; Heldt and Piechulla, 2011; Lawson
et al., 2014). In order for stomata to close efficiently,
malate has to be reconverted into starch to lower the
turgor pressure of guard cells. On the other hand,
during CO,-induced stomatal closing, malate efflux
from guard cells and a rise in the apoplastic malate
concentration (Van Kirk and Raschke, 1978; Hedrich
et al,, 1994) enhance stomatal closing (Hedrich and
Marten, 1993) by activation of QUAC1-encoded R-type
anion channels (Hedrich and Marten, 1993; Hedrich
et al., 1994; Meyer et al., 2010). As malate is produced
from starch in guard cells, a putative reduced malate
content in ADGase mutant guard cells would reduce
this response. Further investigations of guard cell ma-
late concentrations in the ADGase and pPGI mutants
could test this model.
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Starch degradation in guard cells was previously
shown in biochemical studies to be involved in stomatal
opening (Ogawa et al., 1978; Outlaw and Manchester,
1979; Tallman and Zeiger, 1988; Poffenroth et al., 1992;
Talbott and Zeiger, 1993; Lasceve et al., 1997). It would
be predicted that in the absence of starch in guard cells
of the ADGase mutant, the rate of stomatal opening
would be reduced. Our data show that the rates of low
CO,-induce stomatal opening in both ADGase mutant
alleles was significant reduced when compared to the
wild type (Fig. 3, A and E), which is consistent with this
hypothesis.

Note that this study does not contradict the results
from recent research suggesting that mesophyll tissues
produce a diffusible signal (Fujita et al., 2013; Mott
et al., 2014) that amplifies stomatal responses to CO,
changes. However, this study suggests that this factor is
not directly linked to mesophyll starch. Further re-
search is needed to determine whether this mesophyll
factor is constitutive or whether CO, rapidly enhances
the concentration of the presently unidentified meso-
phyll factor.

Starch metabolism is related to photosynthetic pro-
cesses and impacts many other physiological pathways
in plants (Caspar et al., 1985; Lunn et al., 2006; Ragel
et al., 2013). Here, we show that in response to a step
change from ambient to high CO, levels, net CO, as-
similation rates were not significantly affected in wild-
type plants (Figs. 3, C and G, and 5C), while those of
both mesophyll starch-deficient ADGase and PGI mu-
tants were lower when compared to wild-type levels
(Figs. 3, C and G, and 5C). Our results correlate with
previous studies in which wild-type and ADGase mu-
tant plants were found to exhibit little or no difference
in net CO, assimilation rates at ambient CO,; however,
at high CO, levels, net CO, assimilation rates were
significantly reduced in both ADGase and pPGI1 mu-
tant plants (Sun et al., 1999; Ragel et al., 2013; Bahaji
et al., 2015). The mechanisms involved in the reduction
in the net CO, assimilation rates of ADGase and PGI
mutants may involve triose phosphate utilization lim-
ited photosynthesis, which occurs at high CO, (Makino
and Mae, 1999). During photosynthesis, triose phos-
phates are generated and converted into starch (in
chloroplasts) or exported into the cytosol and metabo-
lized to Suc (Leegood, 1996). In both cases, inorganic
phosphate is released and reused in photophosphory-
lation. However, when starch biosynthesis is blocked,
triose phosphates are produced more rapidly than they
are consumed, causing shortage in the chloroplast in-
organic phosphate pool, which limits photophosphor-
ylation (Sharkey, 1985; Leegood and Furbank, 1986;
Sharkey et al., 1986; Von Caemmerer, 2000). In wild-
type Arabidopsis plants, the ratio of triose phosphate
conversion to starch and Suc was higher under high
CO, versus ambient CO, levels (Sun et al., 1999). This
model is in line with our results, showing reduced net
CO, assimilation rates in the starch biosynthesis mu-
tants (ADGase and pgil-1) but not in wild-type plants,
following an increase in CO, above ambient levels (360
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to 800 ppm; Figs. 3, C and G, and 5C). Interestingly,
ADGase and pPGI also showed severalfold higher sol-
uble sugar levels than wild-type plants (Kunz et al.,
2010; Ragel et al., 2013), suggesting that the inhibition of
CO, assimilation may be related to the metabolism and
overaccumulation of soluble sugars (Goldschmidt and
Huber, 1992).

Investigation of whole-leaf starch levels in the starch-
deficient mutants revealed no significant differences
between adg1-1 and pgil-1. However, although starch
levels of the aps1 (starch-deficient ADGase allele) were
extremely low, statistical analysis found them to be
significantly higher than those of the second ADGase
allele, adg1-1 (Fig. 2). Interestingly, whole-leaf net CO,
assimilation rates at high CO, were impaired in adg1-
1 and pgil-1 to the same extent (Figs. 3C and 5C).

The role of photosynthesis in stomatal conductance
regulation has been a matter of debate for many years
(Lawson et al., 2014). Our results show that whole-leaf
CO, assimilation rates upon transition to high CO,
were impaired in both pgil-1 and ADGase mutants
(Figs. 3, C and G, and 5C). However, CO,-induced
stomatal closure, in response to high CO, transition,
was only impaired in ADGase mutants. On the other
hand, pgil-1 mutant leaves showed a full stomatal
closing response, following high CO, exposure (Figs. 5,
A and B, and 6, E and F), even though this mutant is
starch-deficient in mesophyll tissues (Yu et al., 2000;
Figs. 1 and 2). These results correlate with the hypoth-
esis that whole leaf photosynthesis is not the major
mediator of CO, control of stomatal closing (Fig. 5). Our
findings correlate with previous research suggesting
that mesophyll photosynthesis is not a direct trans-
ducer of CO,-regulated stomatal movements (Yu et al.,
2000; von Caemmerer et al., 2004; Roelfsema et al.,
2006). Our investigation does not strictly exclude a
partial contribution of mesophyll photosynthesis, as we
did not fully inhibit photosynthesis, which has been
done in other research (Roelfsema et al., 2006).

Intercellular CO, (Ci) levels were slightly higher in
both starch-deficient mutants ADGase (adg-land aps1)
and pPGI (pgil-1) at high CO, levels (Figs. 3, D and H,
and 5D). This increase in Ci is derived from the reduc-
tion in net CO, assimilation (Figs. 3, C and G, and 5C).
Reduction in CO, assimilation by the Calvin-Benson
cycle would result in an increase in Ci. Nevertheless,
even these higher Ci levels in ADGase mutants did not
induce wild-type-like stomatal high CO, responses
(Figs. 3 and 5)

Furthermore, the finding that with only 1 to 2% of
wild-type starch levels in ADGase mutant leaves (Bahaji
et al., 2011) partial CO, responses occurred (Figs. 3, E
and F, and 6A) suggests that a partial stomatal response
to CO, elevation does not require fully active starch
metabolism. Chloride ions have been previously shown
to partially replace malate ions during stomatal regu-
lation and may account for this weak starch-independent
CO, response (Schnabl and Raschke, 1980).

In conclusion, these analyses of tissue-specific starch
accumulation mutants quantify the relative function of
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guard cell and mesophyll starch in CO,-induced sto-
matal closing. While guard cell starch functions in high
CO,-induced stomatal closing, mesophyll starch and
altered whole-leaf assimilation rates in starch biosyn-
thesis mutants did not affect high CO,-induced stomatal
closing.

MATERIALS AND METHODS
Plant Material and Growth Conditions

For all investigations, the Arabidopsis (Arabidopsis thaliana) accession
Columbia (Col-0) was used as wild-type control and the following mutant al-
leles were investigated: two alleles of the small subunit of ADGase ADGI
(AT5G48300), the EMS mutation adg1-1 and the exon T-DNA insertion aps1
(SALK_040155), and the pPGI EMS mutation pgi1-1. T-DNA insertion lines aps1
(SALK_040155) of the SALK were obtained from the ABRC. T-DNA insertion
mutants were screened for homozygous individuals carrying a T-DNA inser-
tion using the following primers: ADG LP, 5'-AACATTTCTCTAATGTGTGT-
TATTCATG-3"; ADG RP: 5-ACACACAGCCGCGTTATTITAC-3'; and left
border primer LBal 5-TGGTTCACGTAGTGGGCCATCG-3'.

All plant lines were cultivated on 0.5X MS medium (Murashige and Skoog,
1962) plus 0.8% (w/v) phyto agar and 0.8% (w/v) Suc. Seeds were stratified for
2 d at4°C. Plants were grown in a Conviron growth chamber ata 12/12 h, 21°C/
19°C day /night cycle, a photosynthetic photon flux density of ~110 pmol m2s™,
and 60 to 80% humidity. Ten-day-old seedlings were transferred to soil (Sunshine
Professional Blending) and watered every 3 d to avoid water stress.

Starch Stain Analyses

The 5th true leaves of 29-d-old Arabidopsis plants were harvested at the end
of the light cycle (12/12 h light cycle), decolorized with hot 80% (v/v) ethanol at
80°C, subsequently stained with Lugol’s solution for 30 min, and then washed
with double-distilled water three times, each time for 1 h. Whole-leaf prepa-
rations were then imaged using an inverted confocal Zeiss LSM 710 microscope.
Bright-field images of stomata and the mesophyll were recorded. Data and
image analysis was done with Image ] (NIH; http:/ /rsbweb.nih.gov /ij/).

Starch Quantification Analysis

Rosetteleaf samples (100 mg) of 6 week-old plants were harvested 2 h after the
beginning of the light period (12/12 h light cycle). Starch content was analyzed
using the Sigma-Aldrich starch assay kit (SA20-1KT).

Time-Resolved CO,-Dependent Intact Leaf Stomatal
Conductance Measurements

Stomatal conductance was recorded from the 5th true leaf, from intact mature
rosette nonsenescent 4- to 5.5-week-old plants. Recordings started 5 to 8 h after
light cycle begin, using a Li-6400 infrared (IRGA)-based gas exchange analyzer
system with a fluorometer chamber (Li-Cor). The following conditions were held
in the measurement chamber: Relative humidity was held between 59 and 61%,
temperature at 21°C, and photon flux density was 150 umol m~?s ™" (10% blue).
Following gas exchange measurements, the analyzed leaf area was measured,
calculated, and used in data analyses. Therefore, all calculated data are de-
pendent on the stomatal density and the stomatal aperture responses within the
chamber. As observed in previous studies, biological variation of steady-state
baseline stomatal conductance occurs in Arabidopsis among plants grown at
different times. Therefore, in all experiments, wild-type and mutant plants were
grown side by side and analyzed in the same time period. Furthermore, all gas
exchange experiments were repeated in at least three independent experimental
sets at different times of the year. In each independent experimental data set, n
= 3 leaves per genotype were analyzed and representative data from one ex-
perimental data set are shown in each figure panel.

Stomatal responses to [CO,] shifts were conducted as follows: Stomatal
conductance was stabilized at 360 ppm [CO,] for 30 min. Next, [CO,] was
shifted to 800 ppm for 45 min then changed to 100 ppm for 60 min. Data pre-
sented are means * st. For each genotype, data of three to five leaves (as in-
dicated in figures) were averaged. Each leaf was the 5th true leaf from a
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different plant. Relative stomatal conductance was calculated by normalization
of each stomatal conductance to the stomatal conductance at 360 ppm [CO,]
immediately prior to the transition to 800 ppm [CO,]. The number of biological
repeats (1 = number of plants) and stomata that were analyzed in each sample
are indicated in the figure legends. Statistical analyses were done using un-
paired Student’s ¢ tests between each transgenic line and parallel grown wild-
type controls. Sample number (1) used in statistical analyses corresponded to
the independent biological repeats of plants that were investigated for each line.

Unpaired Student’s f tests between wild-type and mutant lines were done by
comparing averaged stomatal conductance of the last 10 min (50 to 60 min) of
800 ppm exposure. Unpaired Student’s f test between wild-type and mutant
lines were done by comparing averaged net CO, assimilation rates over a pe-
riod of 10 min (15-25 min) after transition to 800 ppm exposure. Pairwise
Student’s f test between net CO, assimilation rates of the wild type under
ambient CO, and high CO, was done by comparison the averaged CO, as-
similation rate of the first 30 min of 360 ppm exposure to 10 min (40-50 min) of
800 ppm exposure (Fig. 5C).

Estimates of [C;] (umol CO, mol air~ ') were calculated based on equations
(von Caemmerer and Farquhar, 1981) by the Li-Cor analyzer system as de-
scribed in the Li-6400 manual for full definition of parameters.

Note that the Li-6400 gas exchange analyzer was regularly calibrated and was
zeroed before every gas exchange experiment. In addition, experiments in
Figures 3 and 5 were repeated with an independent Li-6400XT gas exchange
analyzer, showing consistent results.

Analysis of CO,-Induced Conductance Kinetics

Time-resolved Li-Cor measurements were analyzed to quantify the kinetics
of conductance changes in response to elevated and lowered CO, concentrations.
To reduce high-frequency noise in the recordings, the raw, non-normalized
data were filtered in R with the loess function, weight 0.1 (R Development
Core Team, 2013). The segment of the recording for high CO,-induced stomatal
conductance reduction was fit with the single exponential function

— time; /ta —
Gi= el ~ timei/taw) (G start Gasymptote) +G asymptote

where G is the stomatal conductance, and the two fit parameters were the time
constant tau and the conductance asymptote.

Stomatal Aperture Measurements

Stomatal movement analyses in response to [CO,] were performed as fol-
lows: Plants were grown under ambient CO, levels for 4 weeks in a controlled
growth chamber (21°C, 60-80% humidity with a 12-h-light/12-h-dark photo-
period regime at ~100 pumol m™ s™). For these analyses, plants were then
moved to CO,-controlled growth chambers (Percival; at 21°C, 60 to 80% hu-
midity with ~100 umol m™?s ™! white light) and exposed to low [CO,] (150 ppm
for 2 h, Fig. 6, A and B; 200 ppm for 5 h, Fig. 6, C-F). Leaf epidermis was then
extracted immediately and stomatal apertures were analyzed. For high CO,-
induced stomatal closing, intact plants that were also preincubated in low CO,
in the same growth chamber, were then transferred to an identical high [CO,]
growth chamber (800 ppm for 1 h, Fig. 6, A and B; 800 ppm for 45 min, Fig. 6, C
to F). Epidermis was then extracted immediately and stomatal apertures were
analyzed. In Figure 6, A and B, epidermis extraction was done as follows: The
abaxial side of leaves was gently pressed onto a coverslip with a thin coating of
medical adhesive (Hollister). The upper cell layers were carefully removed
using a razor blade. The leaf epidermis was then tenderly washed with a soft
sponge and CO, equilibrated (150/800 ppm) water to remove any remaining
mesophyll cells. The resulting epidermal fragments were imaged within 2 to 5
min to measure stomatal apertures with a digital camera attached to a micro-
scope (BH2; Olympus). All experiments shown in Figure 6 were performed as
genotype blind experiments. In Figure 6, A and B, n = 3 plants per each geno-
type and treatment. In each plant, the 5th leave was sampled and a total of ~135
stomata were analyzed per condition. In Figure 6, C to F, n = 3, and in each plant
the 4th and 5th leave was sampled and a total of ~45 stomata were analyzed per
condition.

Stomatal Index Analyses in True Leaf
Epidermis was extracted from the fifth true rosette leaves of 4- to 5-week-old
Arabidopsis plants immediately after leaves were analyzed by the Li-Cor gas

exchange analyzer. Leaf epidermis extraction was done as previously described
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(in “Stomatal Aperture Measurements”) using medical adhesive. The resulting
epidermal fragments were imaged at 20 magnification with a digital camera
attached to a microscope (BH2). Data analysis of stomatal density images was
preformed as genotype blind samples, n = 3 plants per each genotype, and in
each plant the 5th leaf was sampled and a total of 14 images were taken and
analyzed. Stomata and epidermal cells were manually counted for all images
using the Cell Counter in Image J (NIH; http://rsbweb.nih.gov/ij/). Stomatal
density was calculated by dividing the number of stomata to total epidermal
cell number.

Accession Numbers

Sequence data of the loci investigated in this study can be found in the
Arabidopsis Information Resource under the following accession numbers:
At4g24620 (pPGI1) and At5g48300 (ADG1).
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