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This update focuses on the starch that accumulates in
the guard cells that control stomatal pore size and thus
the exchange of water vapor, CO,, and O, between the
leaf and the atmosphere. Transitory starch in these cells
plays a key role in determining the velocity of stomatal
opening in the light. This significantly differs from the
transitory starch in the mesophyll leaves, which acts
primarily as a carbohydrate reserve to sustain plant
metabolism during the night. We discuss how the
unique function of transitory starch in guard cells is
reflected in the timing of its deposition and mobiliza-
tion, along with differences from mesophyll cells in the
pathways and regulation of starch metabolism.

Starch is a nonstructural polysaccharide synthesized
inside plastids of plants and algae. It consists of two
types of a-1,4-linked glucan polymers—amylose and
amylopectin—that differ in chain length and frequency
of a-1,6-branches. These polymers adopt complex sec-
ondary and tertiary structures that organize into in-
soluble, semicrystalline granules to store energy in a
dense, osmotically inert form (Pfister and Zeeman,
2016).

Starch is a vital substance for plants, both for short-
and long-term storage of carbohydrates. In heterotro-
phic organs, such as potato tubers, cassava roots, cereal
seed endosperm, and the stems of woody perennials,
starch is synthesized in specialized amylopasts from
imported sucrose (Suc) and stored over the seasons, or
even for many years. Remobilization of this long-term
storage starch takes place during seed germination,
tuber sprouting, or regrowth, when photosynthesis has
either not yet resumed or is insufficient to meet the
demand for energy and carbon skeletons (Lloyd and
Kossmann, 2015). In photosynthetic tissues, starch is
synthesized in the chloroplasts of mesophyll cells
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during the day and remobilized at night to provide
carbon and energy for maintenance and growth (Stitt
and Zeeman, 2012). These short-term reserves, known
as transitory starch, are formed directly from interme-
diates of the Calvin-Benson cycle in the light and when
broken down at night provide substrates for respiration
in the leaf and synthesis of Suc that can be exported to
growing sink organs. Within the leaf epidermis, tran-
sitory starch is also present in the chloroplasts of the
guard cells that surround the stomatal pore.

ADVANCES

* A recently developed staining technique using
periodic acid and the fluorophore propidium
iodide allows quantitative analysis of starch
granules in individual guard cells by high-

resolution confocal microscopy.

*  This technique revealed that diurnal changes in
the starch content of guard cells follow a

different pattern to those in mesophyll cells.

* Phototropin-mediated blue light signals trigger
rapid degradation of starch in guard cells at the
beginning of the day, generating osmolytes that

drive stomatal opening.

¢ In Arabidopsis, mutant analyses showed that
redox-sensitive isoforms of p-amylase (BAM1)
and o-amylase (AMY3) are responsible for starch

hydrolysis in guard cells.

¢ The circadian clock and a sucrose-signaling
metabolite, trehalose 6-phosphate, regulate
transitory starch breakdown in mesophyll cells
and might also be involved in control of starch

turnover in guard cells.
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Guard cells play an essential role for plant survival
and productivity. Through reversible changes in their
turgor pressure, they control the opening and closing of
the stomatal pore in response to internal and external
environmental factors to maximize the uptake of CO,
for photosynthesis, while preventing excessive water
loss through transpiration (for review, see Kollist et al.,
2014; Munemasa et al., 2015; Murata et al., 2015). The
presence of starch in guard cells was first observed
at the beginning of the last century (Lloyd, 1908), but
its function has been experimentally challenging to
study, and so the significance of guard cell starch has
remained controversial for many years. However, re-
cent technical advances and discoveries have shed new
light on the functions of starch metabolism in guard
cells, showing that it is critical for rapid stomatal
opening in the light and in response to water deficit
(Prasch et al., 2015; Horrer et al., 2016). This unique
function of transitory starch in guard cells is reflected in
the timing, pathways, and regulation of its deposition
and mobilization, which differ in important ways from
those in mesophyll cells.

In this article, we focus on recent advances in our
understanding of transitory starch metabolism in guard
cells, highlighting differences and similarities with tran-
sitory starch metabolism in mesophyll cells. We identify
gaps in our knowledge that need to be addressed in the
future and discuss the prospects for modifying starch
metabolism in guard cells to improve stomatal respon-
siveness and kinetics, and ultimately crop plant perfor-
mance in the field.

PATTERNS OF TRANSITORY STARCH DEPOSITION
AND MOBILIZATION

Much of our knowledge of the pathway and regula-
tion of transitory starch turnover comes from studies of
Arabidopsis (Arabidopsis thaliana). This species stores
up to 50% of its photoassimilate as starch, representing
a major investment by the plant. Therefore, the effi-
ciency with which this reserve is used by the plants
affects the growth potential and final biomass of the
plant (Sulpice et al., 2009, 2014).

Under short-day conditions (photoperiod <12 h),
Arabidopsis plants degrade their starch in a linear
manner that is timed to dawn, such that by the end of
the night the plant has remobilized most but not quite
all of its starch (Fig. 1). By carefully controlling the rate
of starch degradation, the plant not only makes maxi-
mal use of its reserves for growth, but also avoids
running out of carbon before the end of the night (Gibon
et al., 2004). Premature exhaustion of starch reserves
before dawn could trigger carbon starvation responses
such as autophagy, resulting in loss of proteins and
other cellular components that are metabolically ex-
pensive to replace, thereby having a negative impact on
growth (Stitt and Zeeman, 2012; Avin-Wittenberg et al.,
2015). We know from light-dark shift experiments and
analysis of circadian clock mutants that the circadian
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Figure 1. Starch dynamics and preferential pathways of starch degra-
dation in mesophyll cells (left) and guard cells (right). Essential enzymes
in each cell type are highlighted. Maltose and glucose (Glc) produced
from starch breakdown in the chloroplast are exported to the cytosol via
the maltose (MEX1) and Glc (GlcT) transporters, respectively (yellow
cylinders, left). Question marks refer to enzymes and transporters whose
involvement in the guard cell starch degradation pathway has not been
experimentally verified.

clock plays a major role in this regulation, enabling the
plant to predict the length of the coming night (Graf
et al., 2010; Graf and Smith, 2011). Current models en-
visage the plant sensing the total amount of starch
accumulated during the day and then dividing this
amount by the predicted length of the night to set an
appropriate rate of starch degradation (Scialdone et al.,
2013). One of the most important features of the circa-
dian clock is its robustness under fluctuating environ-
mental conditions, including its ability to compensate
for changes in temperature. This is reflected in the
ability of plants to adjust their rate of starch breakdown
in response to temperature changes during the night,
ensuring that the reserves are not exhausted before
dawn (Pyl et al., 2012; Pilkington et al., 2015). Under
long-day conditions (>12-h photoperiod), Arabidopsis
plants accumulate more than enough starch to last
through the shorter nights, and a moderate starch ex-
cess at dawn is often observed. This suggests that the
clock plays a less important role in controlling starch
remobilization under long-day conditions when the
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timing of starch degradation is not so critical (Stitt and
Zeeman, 2012).

Recent technical advances in starch staining, using
periodic acid and the fluorophore propidium iodide,
have allowed quantitative analysis of starch granules in
individual guard cells. These have revealed that the
diurnal pattern of starch accumulation and breakdown
in guard cells differs in several respects from that in
mesophyll cells. The starch content of guard cells con-
tinues to increase for several hours after dusk (Fig. 1;
Horrer et al., 2016). After peaking in the first half of the
night, the starch content of the guard cells then begins
to fall, but not all of the starch is degraded during the
night. A substantial amount of starch remains in guard
cells at dawn, but this is rapidly degraded when the
plant is illuminated, coinciding with the opening of the
stomata. The sugars released by rapid starch degrada-
tion will increase the osmotic potential within the guard
cells and so contribute to stomatal opening, although
most is likely to be used for malate synthesis (via gly-
colysis and phosphoenolpyruvate carboxylase (PEPC),
providing a counterion for the potassium (K") ions
taken up from the apoplast (Jezk and Blatt, 2017). After
falling to near zero in the first hour after dawn, starch
levels then begin to rise again, with net accumulation
continuing past dusk into the early hours of the night

Guard Cell Starch Metabolism

(Horrer et al., 2016). Guard cell chloroplasts contain
Rubisco and seem capable of net CO, assimilation
(Lawson et al., 2002, 2003), so some of the carbon for
starch synthesis in the light may come from guard cell
photosynthesis but is likely to be supplemented by
import of sugars from the apoplast or from sugars
stored in the guard cells during the previous light phase
(Daloso et al., 2016; Santelia and Lawson, 2016).

It is not known whether the clock also mediates
starch turnover in guard cells, as it does in mesophyll
cells. Stomatal aperture shows well-defined circadian
rhythms, which persist under constant-light conditions
(Webb, 2003; T. Kinoshita et al., 2011), and regulation of
starch turnover in guard cells might be one of the
ways by which the clock exerts influence on stomatal
aperture.

MOLECULAR PATHWAYS OF TRANSITORY
STARCH DEGRADATION

Using forward and reverse genetics, more than 20
genes encoding enzymes and other proteins involved
in starch degradation have so far been identified
in Arabidopsis (Table I). These include enzymes
for debranching, hydrolysis, or phosphorolysis of
starch, and some noncatalytic proteins with putative

Table 1. Arabidopsis genes encoding enzymes and other proteins involved in starch degradation

Only 10 out of 27 identified starch-related degrading proteins are required for nighttime leaf starch metabolism. Of the remainder, some are
inactive; others have acquired specialized functions in other tissues and/or conditions, and in some cases are extraplastidial. N.A. Not applicable.

Not Essential for

No. of Required for Nighttime Nighttime Leaf
Enzyme/Transporter EC Number Reaction Catalyzed Isoforms Leaf Starch Degradation Starch Degradation
Glucan water EC 2.7.9.4 Transfer of B-phosphate of ATP to 3 GWD1, PWD GWD2
dikinase glucosyl residues of starch
Phosphoglucan EC 2.7.9.5 Hydrolysis of starch-bound phosphate 3 SEX4, LSF1 LSF2
phosphatase
B-Amylase EC 3.2.1.2 Exoamylase, hydrolytic cleavage of 9 BAM3, BAM4 BAM1, BAM2,
a-1,4-glucosidic bonds BAM5-BAM9
liberating B-maltose
a-Amylase EC3.2.1.1 Endoamylase, hydrolytic cleavage 3 - AMY1-AMY3
of a-1,4-glucosidic bonds liberating
linear and branched oligosaccharides
Debranching EC 3.2.1.68  Hydrolytic cleavage of a-1,6-glucosidic 2 ISA3 LDA
enzyme bonds releasing linear oligosaccharides
Glucan EC 2.4.1.1 Phosphorolytic cleavage of a-1, 2 - PHS1, PHS2
phosphorylase 4-glucosidic bonds liberating
Glc-1-P (Glc1P) and inorganic
phosphate (P)
Disproportionating ~ EC 2.4.1.25  Glucanotransferase, transfers maltosyl 2 DPET, DPE2 -
enzyme units from one 1,4-a-glucan to another,
liberating Glc
Maltose transporter N.A. Maltose exchange facilitator between 1 MEX1 -
plastid and cytosol
Glc transporter N.A. Glc exchange facilitator between plastid 1 - GlcT
and cytosol
Putative Glc1P/P, N.A. Putative counter exchange of Glc1P and P, 1 - Glc1PT
translocator between plastid and cytosol
(both directions)
Total number 27 10 17
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regulatory functions. Research in this field over the past
10 years has thrown up a number of surprises. Al-
though most of these enzymes are located inside plas-
tids and are active on native starch granules and/or the
derived soluble malto-oligosaccharides, only some are
absolutely required for mesophyll starch degradation at
night (Table I). Other isoforms are extraplastidial (Yu
etal., 2005; Lu et al., 2006; Glaring et al., 2007; Reinhold
et al., 2011) and have in some cases acquired a distinct
function, for example, acting as transcriptional reg-
ulators in the nucleus (Reinhold et al., 2011). The
multiplicity of isoforms of starch degrading enzymes
probably reflects diversification in the functions of
starch metabolism during the evolution of multicellular
plants, with expansion of gene families arising from
genome duplications allowing paralogous genes to
evolve new or more specialized functions in particular
cell or tissue types (Ball and Morell, 2003; Proost et al.,
2011).

Our current model of starch degradation in Arabi-
dopsis leaves at night (Fig. 1) indicates that the first
steps in the pathway are the sequential phosphoryla-
tion of the starch granule by glucan, water dikinase
(GWD1), and phosphoglucan, water dikinase (PWD;
Ritte et al., 2006), increasing the accessibility of the
glucan chains at the granule surface to degradative
enzymes (Hejazi et al., 2008, 2009; Blennow and
Engelsen, 2010). The phosphate groups introduced by
GWD1 and PWD are subsequently removed by the
STARCH EXCESS4 (SEX4) and LIKE SEX FOUR2
(LSF2) phosphoglucan phosphatases (Kétting et al.,
2009; Santelia et al., 2011). As the surface of the
starch granule is made accessible via this cycle of
starch phosphorylation and dephosphorylation, the
glucan chains are attacked by debranching enzymes—
isoamylase3 (ISA3) and limit dextrinase (LDA)—that
cleave the a-1,6-branch points, liberating long malto-
oligosaccharides into the chloroplast stroma, and by
B-amylases, which are exoamylases that attack the
nonreducing end of the glucan chains to release maltose
(Edner et al., 2007; Kotting et al.,, 2009). B8-Amylase3
(BAM3) is the predominant isoform of B-amylase in
mesophyll cell chloroplasts, although BAM2 and BAM4
are also expressed in mesophyll cells, as is BAM1 under
osmotic stress conditions (Fulton et al., 2008; Valerio
et al., 2011). ISA3 and BAMS3 are unable to hydrolyze
malto-oligosaccharides with fewer than four Glc units
(i.e. maltose and maltotriose). Disproportionation of
maltotriose by the plastidial disproportionating en-
zymel (DPE1) yields Glc and maltopentaose, which
can then be attacked by B-amylases to release maltose
(Critchley et al., 2001; O’Neill et al., 2015).

Maltose is exported from the plastids by the maltose
exchange facilitator MEX1 (Niittyld et al., 2004) and fur-
ther metabolized by the cytosolic a-glucanotransferase
disproportionating enzyme2 (DPE2), with one Glc
moiety being transferred to a soluble heteroglycan
and then released as Glcl-phosphate (Glc1P) by cyto-
solic glucan phosphorylase2 (PHS2), while the other
Glc moiety is released as free Glc (Chia et al., 2004;
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Malinova et al., 2013). This Glc, along with Glc pro-
duced by DPE1 and exported to the cytosol by the
plastidial Glc transporter GIcT (Cho et al., 2011), is
phosphorylated by hexokinase, producing Glc6-
phosphate (Glc6P). The cytosolic pools of Glc1P and
Glc6P provide substrates for maintenance respiration
in the leaves and synthesis of Suc for export to growing
sink organs at night.

Starch breakdown is generally compromised in mu-
tants that lack one or more of these enzyme activities, so
not all of their starch is degraded during the night and
the mutants retain more starch at dawn than wild-type
plants, resulting in a so-called starch excess (sex) phe-
notype (Streb and Zeeman, 2012). The severity of the sex
phenotype depends on which enzyme is missing, with
gwdl (sex1) mutants having the most severe sex phe-
notype (Yu et al., 2001). The starch content and diurnal
profiles in Isf2 and Ida mutants are essentially the same
as in wild-type plants due to functional redundancy
with SEX4 and ISA3, respectively, as shown by the
additive effects in sex4lsf2 and isa3lda double mutants
(Santelia et al., 2011; Streb et al., 2012). The plastidial
starch phosphorylase (PHS1) is also not essential for
starch breakdown in mesophyll cells (Zeeman et al,,
2004).

Although expressed in mesophyll cells and present in
the chloroplasts, the BAM4 protein has no measurable
B-amylase activity, but bam4 mutant plants show a sex
phenotype (Fulton et al., 2008). Likewise, Arabidopsis
plants lacking the inactive phosphoglucan phosphatase
LSF1 also have altered starch levels at the end of the
night (Comparot-Moss et al., 2010). It has been specu-
lated that BAM4 and LSF1 have regulatory rather than
catalytic functions (Fulton et al., 2008; Comparot-Moss
et al., 2010). These observations suggest that the path-
way of starch degradation in leaves is more compli-
cated than initially thought, and it is likely that other,
so-far-unidentified components are involved in the
pathway and regulation of starch degradation.

Starch degradation in guard cells is far less well un-
derstood than in mesophyll cells, although it is clear it
follows a distinct pathway (Fig. 1). It has been recently
shown that the major starch-degrading enzyme in
guard cells is BAM1 (Valerio et al., 2011; Prasch et al.,
2015; Horrer et al., 2016). Upon illumination, BAM1
rapidly mobilizes starch in conjunction with the chlo-
roplastic a-amylase3 (AMY3), an endoamylase that
hydrolyzes a-1,4 bonds within glucan chains at random
(Horrer et al., 2016). Interestingly, loss of BAM1 and
AMY3 alone or in combination has no impact on starch
metabolism in mesophyll cells under normal condi-
tions, indicating that neither of these enzymes is re-
quired for starch degradation in this cell type. Similar to
mesophyll cells, ISA3 is the major starch debranching
activity in guard cells, as the isa3 mutant has elevated
guard cell starch levels, while those of the Ida mutant
are similar to wild type (Horrer et al., 2016). However,
the even higher starch content of guard cells in the
isa3lda double mutant shows that LDA does contribute
to starch debranching in guard cells in the absence of
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ISA3 (Horrer et al., 2016), as it does in mesophyll cells
(Delatte et al., 2006).

The phosphorylation and dephosphorylation of starch
in guard cells has not yet been investigated. However,
it was demonstrated that BAM1 activity in vitro is
greatly stimulated by the presence of GWD1 and SEX4
(Edner et al., 2007; Kotting et al., 2009). This suggests
that B-amylolysis of starch in guard cells by BAM1
could be at least partly dependent on reversible starch
phosphorylation. In vitro, a-amylases, such as AMY3,
are able to attack intact starch granules (Seung et al.,
2013), but it is not known whether AMY3 can degrade
guard cell starch granules in vivo without prior phos-
phorylation of the starch by GWD1 and PWD. Thus,
some enzymes, such as ISA3, play a similar role in starch
degradation in both mesophyll and guard cells, while
others, such as BAM1 and AMY3, are specifically or
predominantly involved in degrading starch in guard
cells. Further studies are needed to define the role of
other starch degrading enzymes (e.g. PHS1) and the
chloroplast maltose (MEX1) and Glc (GIcT) trans-
porters in guard cells. For enzymes that are important
or essential for starch degradation in mesophyll cells,
e.g. GWD1, constitutive null mutants may not be in-
formative because of pleiotropic effects from the se-
vere defect in mesophyll cell starch degradation. In such
cases, silencing of expression specifically in guard cells
may be required.

FACTORS CONTROLLING TRANSITORY
STARCH DEGRADATION

As outlined above, transitory starch produced in
leaves and guard cells serves different functions. It is
therefore likely that specific mechanisms operate in
mesophyll and guard cells to regulate starch turnover
according to the respective functions of starch in these
cell types. Various studies over the last decade, mainly
on Arabidopsis mutants, have revealed the complexity
of mechanisms involved in the regulation of starch
in mesophyll cells. There are still many gaps in our
knowledge of individual mechanisms and how these
are integrated with each other, and with other cellular
processes such as growth. Nevertheless, our fragmen-
tary knowledge of the regulation of starch degradation
in mesophyll cells is far in advance of research on the
mechanisms controlling starch degradation in guard
cells, which is still in its infancy.

Transcriptional versus Posttranslational Control

It has long been known that the expression of starch-
related genes is diurnally regulated (Harmer et al.,
2000; Smith et al., 2004; Blasing et al., 2005; Lu et al.,
2005). In particular, a group of genes encoding mostly
enzymes of leaf starch degradation show coordinated
expression, with a peak at the end of the day, just prior
to the onset of starch breakdown (Smith et al., 2004).
This expression pattern is retained and continues to
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oscillate with a 24-h periodicity when plants are grown
in continuous light, consistent with being under the
control of the circadian clock (Lu et al., 2005; Harmer,
2009). Very recently, diurnal changes in a novel histone
H3 modification signature (H3K9ac | H3K27ac | H3528p)
were found to be correlated with the diurnal expression
of several starch-degrading genes (Baerenfaller et al.,
2016). Of these, genes encoding essential components of
nighttime starch degradation, such as GWD1, PWD,
SEX4, and DPE2? (Table I), had higher histone modifi-
cation levels at the end of day than at the end of the night,
potentially explaining the observed oscillations in tran-
script abundance. BAM1 was the only gene to have
higher levels of all three chromatin modifications at the
end of the night (Baerenfaller et al., 2016). This is inter-
esting as, unlike most starch-degrading enzyme genes,
BAM]1 expression peaks at the end of the night and falls
in the first few hours of the day (Smith et al., 2004). This
expression pattern matches the specific function of
BAMI in guard cells, where starch degradation is trig-
gered by the transition from dark to light at dawn, in
contrast to the light to dark transition at dusk that trig-
gers starch degradation in mesophyll cells.

While the diurnal fluctuations in chromatin modifi-
cation patterns might explain the coordinated tran-
scriptional changes in starch-degrading enzyme genes,
their contribution to regulation of starch degradation
seems doubtful because the maximal activities or the
protein amount of most starch enzymes appears to re-
main constant throughout the light-dark cycle (Smith
et al., 2004; Lu et al., 2005). Similar discrepancies be-
tween transcript and protein abundance or activities
have been observed for many other enzymes (Gibon
et al., 2004). It has been speculated that the dynamic
behavior of enzyme transcripts provides robustness
to metabolic networks, enabling them to be adjusted
in response to a change in environmental conditions,
but only if the change is sustained over several days.
Whatever the significance of the diurnal fluctuations
in transcripts, it seems clear that posttranscriptional
mechanisms are very important for regulation of
starch-degrading enzyme activities. These could in-
clude translational as well as posttranslational mech-
anisms, with evidence beginning to emerge that
reversible protein phosphorylation and redox mod-
ulation could play significant roles (for review, see
Kotting et al., 2010).

Phosphopeptides of several starch-degrading pro-
teins have been identified in Arabidopsis by large-scale
phosphoproteomic approaches (de la Fuente van
Bentem et al., 2008; Sugiyama et al., 2008; Lohrig et al.,
2009; Reiland et al., 2009). However, in many cases, the
phosphorylated residues are located within the chlo-
roplast transit peptide and so unlikely to be involved
in regulation of activity in the chloroplasts, as they will
be absent from the mature proteins. Several starch-
degrading enzymes, such as GWD1, SEX4, BAM1,
and AMY3, contain cysteine residues that render the
enzyme susceptible to redox modulation, with the re-
duced (dithiol) forms of the enzymes having higher
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activity in vitro than the oxidized (disulfide) forms
(Mikkelsen et al., 2005; Sparla et al., 2006; Seung et al.,
2013; Silver et al., 2013). Given that the chloroplast
stroma is more reducing in the light than in the dark,
the redox sensitivity of GWD1 and SEX4 should make
them more active in the light than in the dark, which
appears to be counterintuitive. However, expression of
a mutagenized, redox-insensitive form of GWD1 was
able to fully complement the gwdl mutant, restoring
wild-type-like patterns of starch turnover, thus show-
ing that redox modulation of GWD1 is not essential for
regulation of starch breakdown in vivo (Skeffington
et al., 2014). Furthermore, it is now evident that phos-
phorylation and dephosphorylation of starch granules
occur during the synthesis of starch, as well as during
degradation (Ritte et al.,, 2004; Santelia et al., 2011;
Hejazi et al., 2014). It has been speculated that phos-
phorylation of starch during synthesis might determine
the accessibility of the glucan chains to the various
starch synthases and (de)branching enzymes, prevent-
ing premature crystallization of the amylopectin glucan
chains until the correct chain length and branching
structure has been formed. It is plausible that the redox
sensitivity of GWD1 and SEX4 allows the two activities
to be coregulated to prevent excessive phosphorylation
of starch during its synthesis, which might otherwise
interfere with starch degradation in the dark.

Although no role for GWD1 and SEX4 in guard cell
starch degradation has so far been established, light-
driven changes in the reducing potential of the chloro-
plast stroma would potentially activate these enzymes
at the beginning of the day, when rapid starch degra-
dation occurs to drive stomatal opening. Likewise, the
redox-sensitive BAM1 and AMY3, which are known to
play a central role in guard cell starch degradation,
should become activated in the light. However, exper-
imental evidence that this type of posttranslational
regulation is required for their action in guard cells has
not yet been reported. Future research should be di-
rected toward guard cell-specific mutant complemen-
tation studies with redox-insensitive forms of the
BAM1 and AMY3 proteins.

Metabolite Control

Maltose, and ultimately Suc, are the major products
of transitory starch degradation in mesophyll cells, and
there is evidence that both can exert feedback inhibition
on starch breakdown. The Arabidopsis mex1 and dpe2
mutants accumulate high levels of maltose due to de-
fects in its export from the chloroplasts or catabolism in
the cytosol, respectively (Chia et al., 2004; Niittyld et al.,
2004). Both mutants also have a sex phenotype, sug-
gesting that the accumulation of maltose inhibits starch
degradation in some way, although the target and
mechanism are unknown. Maltose does not inhibit
BAMBS directly, but the enzyme was recently shown to
be sensitive to inhibition by maltotriose, potentially
linking BAM3 activity to stromal and cytosolic Glc
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levels via DPE1 and GIcT (Li et al., 2017). The sweet11;12
mutant, which is defective in Suc loading into the
phloem, accumulates Suc in the leaves and also has a sex
phenotype (Chen et al., 2012b). Suc could affect the
breakdown of transitory starch in two ways: via effects
on the circadian clock or via the Suc-signaling metab-
olite trehalose 6-phosphate (T6P).

Light is usually the dominant stimulus for entrain-
ment of the clock in natural as well as controlled envi-
ronment conditions, with entrainment being affected
by both the level and spectral quality of the light
(Millar, 2016; Sanchez and Kay, 2016). Light perception
and signaling via phytochromes is a major input, al-
though other direct light signaling systems (e.g. cryp-
tochromes and phototropins) might also be involved.
Light can also act indirectly via effects on the rates of
photosynthesis and the production of Suc, which might
be a direct factor in clock entrainment or modify the
effects of other entraining factors (Haydon et al.,
2013). Suc appears to have relatively little impact on
the expression of core clock genes themselves under
standard growth conditions (Flis et al., 2016) but does
under conditions where the plants are carbon-limited
(Haydon et al., 2013), and it is also thought to affect the
outputs from the core clock and thus clock-regulated
processes such as starch degradation (Kato et al., 2007;
Graf et al., 2010).

T6P is the intermediate of trehalose biosynthesis,
being synthesized by T6P synthase (TPS) and then
dephosphorylated to trehalose by T6P phosphatase
(TPP). The Suc-T6P nexus model postulates that T6P is
both a signal and negative feedback regulator of Suc
levels (Lunn et al., 2006; Yadav et al., 2014), regulating
the production of Suc in source leaves (Martins et al.,
2013; Figueroa et al., 2016) and the utilization of Suc for
growth of sink organs (Schluepmann et al., 2003; Zhang
et al, 2009). In Arabidopsis and other species, tps
and tpp mutants show a diverse range of phenotypic
defects, demonstrating that the pathway of trehalose
biosynthesis is essential for normal growth and devel-
opment (for review, see Figueroa and Lunn, 2016). In-
duced, short-term increases in T6P lead to inhibition of
transitory starch breakdown in leaves at night (Martins
etal., 2013). T6P appears to act, directly or indirectly, on
one of the early steps in starch degradation in the
chloroplasts, but the precise molecular mechanisms are
unknown. However, as T6P levels change in parallel
with Sug, their inhibitory effect potentially links starch
degradation to Suc levels in the leaf, which in turn are
determined by the relative rates of Suc production
(from starch breakdown), its export via the phloem, and
its consumption by growing sink tissues (Fig. 2).
Martins et al. (2013) proposed a model that envisages
the maximum permissible rate of starch degradation
being set by the circadian clock, as described above, but
the actual rate of degradation also being determined by
the levels of Suc and T6P (Fig. 2). If sink demand for Suc
is low (e.g. due to low nighttime temperatures), Suc
would be expected to accumulate in the leaves, trig-
gering a rise in T6P and inhibition of starch breakdown.
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Conversely, if sink demand exceeds supply, leaf Suc
levels will fall, as will T6P, lifting the inhibition of starch
degradation and allowing the rate to accelerate up to
the maximum value set by the clock. Via this feedback
circuit, the plant would make best use of its starch re-
serves when conditions are favorable for growth but
avoid wasting its starch reserves under less favorable
conditions.

The influence of T6P on starch metabolism in guard
cells has so far not been studied. By extrapolation, we
might speculate that T6P also inhibits the rapid starch
degradation that occurs in guard cells upon illumina-
tion, perhaps preventing unnecessary starch turnover if
the guard cells have sufficient Suc to drive stomatal
opening (Fig. 2; Lawson et al., 2014; Daloso et al., 2016).
However, given the different functions, diurnal pat-
terns of turnover and degradative pathways in guard
cells compared to mesophyll cells (Valerio et al., 2011;
Prasch et al., 2015; Horrer et al., 2016), differences in the
sensitivity of starch degradation to T6P are also possi-
ble. For example, the alternative pathway of starch
degradation in guard cells, via BAM1 and AMYS3,
might render the process insensitive to T6P. There are
other ways in which T6P might influence guard cell
metabolism and stomatal function. For example, T6P
might stimulate the synthesis of malate from starch via
posttranslational activation of PEPC (Figueroa et al.,
2016). In Arabidopsis, the sensitivity of stomata to
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Figure 2. Regulation of starch breakdown in
Mesophyll cell \ mesophyll cells (top) and guard cells (bottom).

Degradation of transitory starch in mesophy!ll
cells is regulated by the circadian clock and
by the Suc-signaling metabolite trehalose
6-phosphate (T6P). In a model proposed by
Martins et al. (2013), the maximum allowable
rate of starch degradation (V,..,) is set by the

max

=) maltose )y SUCIOSE wem— £ XPORT circadian clock to ensure that starch reserves

are not exhausted before dawn, while the ac-
tual rate of starch degradation is linked to de-
mand for Suc via inhibition by T6P. In guard
cells, blue light (hv) is a trigger for rapid starch

degradation at the beginning of the day. It is
/ not known if starch breakdown in guard cells

is regulated by the circadian clock or if it is
sensitive to inhibition by T6P. However, T6P

Known and hypothetical regulatory mecha-
nisms are represented by solid and dashed
lines, respectively; blue, activation; red, inhi-

/ Guard cell \ might stimulate the synthesis of malate from
starch via posttranslational activation of PEPC.
?
/ |\

2 bition. Hex-P, Hexose phosphate; PEP, phos-

phoenolpyruvate; OAA, oxaloacetate. (Figure
modified from Martins et al. [2013].)

anions

abscisic acid (ABA) is also dependent on AfTPSI,
AtTPPG, and AtTREHALASE1, which are particularly
highly expressed in guard cells (Gémez et al., 2010;
Vandesteene et al., 2010; Van Houtte et al., 2013).
Constitutive changes in TPS or TPP activity lead to
highly pleiotropic phenotypes that are difficult to in-
terpret (Schluepmann et al., 2003; Yadav et al., 2014), so
guard cell-specific manipulations of these enzymes,
and thus the levels of T6P, will be required to investi-
gate the contribution of T6P to regulation of starch
degradation and stomatal function more generally.

IMPLICATIONS OF GUARD CELL STARCH
METABOLISM FOR STOMATAL MOVEMENTS

Impaired guard cell starch metabolism has several
consequences for stomatal function. In Arabidopsis,
absence of BAM1 leads to reduced stomatal aperture
and slower increase in stomatal conductance upon
transition to light (Horrer et al., 2016). This response
is exacerbated in the double mutant amy3bam1, which
shows almost complete suppression of stomatal re-
sponses and reduced photosynthetic assimilation
and growth, especially under higher light intensities
(Horrer et al., 2016). The fact that the intercellular CO,
concentration in the stomatal cavity of the amy3bam1
mutant is also significantly lower than in wild type
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leads to the conclusion that defective stomatal opening
in this mutant most likely limits CO, availability for
photosynthesis in the mesophyll cells. In a separate
study, it was shown that soil-grown baml mutants
subjected to a mild water deficit have improved
stress tolerance and higher biomass production than
wild-type plants (Prasch et al., 2015). In response to
drought stress, wild-type plants partially closed their
stomata, as expected, and appeared to simulta-
neously accumulate higher levels of starch in guard
cells. In contrast, the starch content of baml guard
cells remained high and the stomata stayed closed
(Prasch et al., 2015). By conducting guard cell-specific
microarray analysis, the same authors also showed
significant down-regulation of genes encoding cell
wall-modifying enzymes, aquaporins, and auxin re-
sponse factors in bam1 mutant plants under drought
stress, suggesting reduced water uptake and limited
cell wall expansion (Prasch et al., 2015). These altera-
tions are likely to affect guard cell osmotic/turgor
pressure, driving the guard cell hydraulics toward
stomatal closure. Altogether, these studies demon-
strate that regulation of guard cell starch degradation
is important for adapting stomatal opening to envi-
ronmental stimuli (e.g. light intensity and abiotic
stress), and its manipulation may result in crop plants
with better water use efficiency.

Guard cell starch metabolism has also been impli-
cated in high-CO,-induced stomatal closure. In a recent
study, stomatal responses to shifts in [CO,] were com-
pared in Arabidopsis mutants that are either (1) starch
deficient in all plant tissues (aps1 mutants lacking the
small subunit of the ADPglucose pyrophosphorylase;
AGPase); or (2) accumulate starch in guard cells but
not in mesophyll cells (pgi lacking the plastidial phos-
phoglucose isomerase that converts Fru 6-phosphate
to Glc6P; Azoulay-Shemer et al., 2016). The authors
demonstrated that stomatal closure upon high CO,
treatment was impaired in apsl, but not in pgi, sug-
gesting that starch biosynthesis in guard cells, but not
in mesophyll cells, is crucial for this response.

How starch is synthesized in guard cells is poorly
understood (Santelia and Lawson, 2016). It is plausible
that sugars and/or organic acids that have accumu-
lated early in the day are converted back to starch via
gluconeogenesis. During stomatal closure, starch may
therefore act as a sink for osmolytes, promoting the
necessary changes in guard cell turgor for water efflux.
In support of this, early experiments with radiolabeled
malate in isolated Commelina communis epidermis
showed that starch formation from malic acid occurs
during stomatal closure (Dittrich and Raschke, 1977).
However, when stomatal closure was accelerated by
ABA, guard cells lost most of the labeled malate to the
medium within the first 5 min. These experiments
suggest that gluconeogenesis may not be fast enough to
remove malate when the loss of turgor occurs quickly,
such as in response to ABA or high [CO,]. More com-
plex explanations can be postulated. For example, some
ion transport process needed for altering guard cell
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turgor might be specifically perturbed in the apsl mu-
tant, or there might be an overall imbalance in osmolyte
content due to the lack of starch. Future research will be
needed to examine these intriguing hypotheses and
further validate the role of guard cell starch during
stomatal closure.

INTEGRATION OF GUARD CELL STARCH
METABOLISM WITH MEMBRANE ION TRANSPORT
AND LIGHT SIGNALING

One of the most interesting aspects of guard cell
starch metabolism relates to its previously unsus-
pected connection with guard cell signaling and ion
transport. We now know that blue light is a potent ac-
tivator of starch degradation in guard cells. This effect
is restricted to this cell-type and depends on the
PHOTOTROPIN1 (PHOT1) and PHOT?2 blue light
photoreceptors and their downstream signaling com-
ponents (Horrer et al., 2016). Particularly relevant here
is the observation that guard cell starch breakdown
is severely inhibited in plants lacking the plasma
membrane H'-ATPasel (Horrer et al., 2016), which is
likely the ultimate target of the blue-light signaling
cascade (Inoue and Kinoshita, 2017). Experiments with
fusicoccin (Fc), a fungal toxin that constitutively acti-
vates the proton pump, showed that stomatal opening
and guard cell starch mobilization were restored in the
photlphot2 mutant, but not in the amy3bam1 (Horrer
et al., 2016). These results clearly place the H*-ATPase
upstream of the starch-degrading enzymes in the blue-
light-signaling cascade in guard cells. However, the
significance of this coordination is not clear. In our
current model, starch is postulated to be converted to
malate during stomatal opening to allow balancing
of positive charges associated with proton pumping
and K" uptake, while helping to increase cell turgor
for the swelling of the guard cells (Jezek and Blatt
2017; Eisenach and de Angeli, 2017; Vavasseur and
Raghavendra, 2005; Lawson, 2009; Hills et al., 2012;
Chen et al., 2012a). This model is based on early
publications in the field, mostly correlative in na-
ture and would need further biochemical valida-
tion. Nonetheless, it is conceivable that H*-ATPase
exerts feedback inhibition on starch metabolism to
avoid excessive H" production associated with the ac-
cumulation of malate, which would lead to acidifica-
tion of the cytosol. Given that proton pumping and
starch degradation are physically separated by the
transport barrier of the chloroplast envelope, it is dif-
ficult to imagine how this process might take place. It
was recently shown that oxaloacetate (OAA) is a strong
inhibitor of guard cell anion channels (Fig. 2; Wang and
Blatt, 2011). During stomatal opening, OAA is formed
by carboxylation of PEP, via PEPC, in the cytosol and
then reduced to malate by NAD"-dependent malate
dehydrogenase (Scheibe et al., 1990). OAA can also be
transported across the chloroplast envelope by the
2-oxoglutarate /malate transporter (H. Kinoshita et al.,
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OUTSTANDING QUESTIONS

* What are the carbon sources for starch synthesis

in guard cells in the light and in the dark?

* Do starch phosphorylation (by GWD1 and PWD)
and dephosphorylation (by SEX4 and LSF2) play

any role in starch degradation in guard cells?

* How are blue light signals transduced to trigger

starch degradation in guard cells?

* |sredox modulation of BAM1 and AMY3 essential
for regulation of starch degradation in guard

cells?

e Is guard cell starch metabolism under the

influence of the circadian clock?

* Does T6P regulate starch degradation in guard

cells?

* How is starch turnover in guard cells integrated
with ion transport, homeostasis, and signaling
and with the signaling networks involved in
stomatal responses to water deficit, ABA, or

changes in CO, concentration?

¢ What happens to guard cell starch when plants
are grown in a natural environment with rapidly

fluctuating light conditions?

2011) or into mitochondria via the mitochondrial
dicarboxylate transporter. As both the intermediate of
malate synthesis and a potent inhibitor of guard cell
anion channels, OAA appears to be a strong candidate
for integrating anion fluxes with metabolism in guard
cells through a feedback circuit (Fig. 2), and experi-
ments to test this hypothesis should be a priority for
the future.

CONCLUSION

In Arabidopsis guard cells, transitory starch follows a
distinct pattern of synthesis and degradation that dif-
fers from mesophyll cells and reflects its specialized
function in driving rapid stomatal opening in the light.
Despite the great wealth of information that became
available in the last few years, several questions still
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remain open, and many others are emerging (see Out-
standing Questions). Development of novel methods
that would allow “absolute” quantification of guard
cell metabolism, including starch turnover, would be a
major advance. To accelerate progress, it will be nec-
essary to take an integrated approach, combining ex-
perimental data from guard cell-specific manipulation
of enzyme and transporter activities with systems-level
modeling of guard cell metabolism and transport ac-
tivities. To meet such a challenge, scientists with dif-
ferent, complementary areas of expertise will have to
work together in fruitful collaborations. It has been said
of stomatal research that when one works on a hole,
there is a danger of falling in. Our aim in this review has
been to highlight the exciting recent advances in our
understanding of guard cell metabolism, with the hope
of persuading young researchers to fall in love with
stomata, and take up the challenge to explore their
fascinating biology.

Received February 13, 2017; accepted March 10, 2017; published March 14,
2017.
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