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The Debate on the Pathway of Starch Synthesis:
A Closer Look at Low-Starch Mutants Lacking
Plastidial Phosphoglucomutase Supports the
Chloroplast-Localized Pathway!
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ADPglucose (ADPGIc) is the substrate for starch
synthesis in the plastids of higher plants. The glucosyl
moiety is used by starch synthases to elongate the
glucans that comprise starch. Recently, there has been
renewed debate about the ADPGIc synthesis, with the
widely accepted or classical pathway questioned and a
controversial new pathway proposed. Published ex-
perimental results are not entirely consistent with
either pathway. Here we focus on starch synthesis in
the Arabidopsis (Arabidopsis thaliana) leaf and present
our opinion in the debate.

The classical pathway of starch synthesis in Arabi-
dopsis leaves involves the chloroplastic enzymes phos-
phoglucomutase (PGM), which generates Glc-1-P from
Glc-6-P, and ADPGIc pyrophosphorylase (AGPase),
which uses Glc-1-P and ATP to generate ADPGlc and
inorganic pyrophosphate (Fig. 1A). Mutations affect-
ing either enzyme cause low-starch phenotypes,
providing support for their role in starch synthesis.
Low-starch mutants lacking plastidial PGM have also
been reported for tobacco (Nicotiana tabacum) and pea
(Pisum sativum; Hanson and McHale, 1988; Harrison
et al., 1998, 2000). However, results at odds with the
classical pathway include the report that ADPGIc
levels are unaffected in Arabidopsis mutants lacking
chloroplastic PGM and AGPase (Mufioz et al., 2005). If
the classical pathway of starch synthesis were the only
source of ADPGIc, a substantial reduction or an ab-
sence of ADPGIlc would be expected in both mutants.
Furthermore, while frequently described as starchless,
several publications report that starch is measurable in
pgm (ranging from 1%-3% of the corresponding wild
type; Caspar et al., 1985; Kofler et al., 2000; Gibon et al.,
2004; Niittyléd et al., 2004). Mufioz et al. (2006) reported
levels as high as 15% of the corresponding wild-type
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levels upon the provision of exogenous sugars (al-
though in this experiment the absolute levels in the
wild type—7.2 umol g ' fresh weight—were only
10%—20% of that typically seen in soil-grown plants).
These data have been highlighted as support for a
new pathway of starch synthesis whereby cytosolic
Suc synthase (SuSy), using ADP and Suc, produces Fru
and ADPGIc (Fig. 1B; see also Baroja-Fernandez et al.,
2004, 2005; Muiioz et al., 2005). This model proposes
that ADPGIc is imported into the chloroplast for starch
synthesis using a similar transport mechanism to that
in the developing cereal endosperm (though in that
case ADPGIc is synthesized by a cytosolic form of
AGPase; see Tetlow et al., 2004, and refs. therein). If
correct, this new model would force a major reconsid-
eration of the pathways and regulation of photosyn-
thetic carbon metabolism. An obvious inconsistency in
this newly proposed pathway is the low-starch or
starchless phenotypes of mutants lacking chloroplastic
PGM and AGPase (pgm and adgl). These enzymes
would not be required for starch synthesis as carbon
exported from the chloroplast as triose-Ps would be
converted to Suc (and thence to ADPGIc) in the
cytosol.

Reassessing the Arabidopsis pgm phenotype using
electron microscopy reveals that most leaf mesophyll
chloroplast sections did not contain starch granules,
but in a few, tiny granules could be observed (Fig. 2, A
and B). Tiny granules can also be purified and visu-
alized by scanning electron microscopy (Fig. 2, C and
D). Because of the size of the granules, most would be
missed when making ultrathin sections. Thus, many
or all pgm chloroplasts could contain such granules.
The tiny granules are consistent with the very low
starch contents measured in this material (0.3% of the
wild type; the limit of detection in our analyses was
approximately 0.03%, equivalent to 2 ug starch g '
fresh weight; Fig. 3). The mutation in pgm is a null
mutation (Caspar et al., 1985; Periappuram et al.,
2000). Thus, there must be another source of either
Glc-1-P or ADPGlc, either produced inside the chlo-
roplast, or imported from the cytosol.

A simple explanation for the low levels of starch in
pgm is that the alternative source of substrate limits the
rate of starch synthesis. For example, chloroplast en-
velope transporters for triose-Ps, phosphoenolpyr-

Plant Physiology®, December 2009, Vol. 151, pp. 1769-1772, www.plantphysiol.org © 2009 American Society of Plant Biologists 1769



Streb et al.

Triose-P

B co:

HXK
Glg————p Gic 6-P

A l PGM
'
- ESD Export
i Gle1-P Suc —— 5
! _ lamae susy
- - -4 ADPGI ADPGIc

Figure 1. Suggested pathways of starch synthesis in leaves, redrawn from Mufoz et al. (2006). A, Classical model. Starch
synthesis is directly linked to the Calvin cycle. All enzymatic reactions to convert triose-P to ADPGlc take place in the
chloroplast. Suc synthesis proceeds in the cytosol starting with triose-P exported from the chloroplast. Starch synthesis and
degradation do not occur simultaneously. B, New model. Suc is an intermediate of starch synthesis. ADPGlc is primarily
synthesized by SuSy. Starch is continuously synthesized and degraded. Plastidial enzymes including PGM function to recycle
Glc released by degradation back into starch synthesis. Dashed arrows indicate more than one enzymatic step. HXK, Plastidial

hexokinase; ESD, enzymes of starch degradation.

uvate, or xylulose-5-P might, with very low affinity,
transport Glc-1-P from the cytosol. Unlike cereal en-
dosperm, there is no evidence for a cytosolic AGPase
in Arabidopsis, but the action of SuSy in the cytosol
could produce ADPGIc (Delmer, 1972). The adenyl-
ate transporter might translocate tiny amounts of
ADPGlIc, although analysis of the Arabidopsis Brittlel
protein (the closest homolog of the plastidial ADPGlc
transporter of maize [Zea mays]) shows that it has a
very low affinity for ADPglc, compared with ADP
(Kirchberger et al., 2008). The leakage of substrates
from the cytosol would still be consistent with the
classical model of starch synthesis where the bulk of
ADP-Glc is synthesized in the chloroplast. In contrast,
the new model proposes that majority of ADPGlc

Figure 2. A and B, Transmission electron micro-
graphs of sections of wild-type (A) and pgm (B) leaf
mesophyll cells harvested at the end of the day (12-h-
day/12-h-night regime, 150 umol photons m™? 57",
20°C constant temperature, 60% relative humidity).
Tiny starch granules (s) were seen in pgm chloroplasts
(as in B). The frequency of granules in pgm sections
was lower than in the wild type, presumably due to
the relatively small probability that a given 60- to
100-nm section would include such a tiny feature. C
and D, Scanning electron micrographs of starch
purified from 5-week-old wild-type (C) and pgm (D)
plants. Methods can be found in the article by Streb
et al. (2008).
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linked to starch synthesis is imported from the cytosol.
Therefore, another explanation is needed for the low-
starch phenotypes of pgm and adgl. Baroja-Fernandez
et al. (2004) hypothesized that there is continuous
turnover of starch to Glc-6-P during net starch accu-
mulation and that chloroplastic PGM and AGPase
work in a salvage capacity, recycling Glc-6-P back into
starch (Fig. 1B). Glc-6-P is not frequently considered to
be a product of the pathway, but could theoretically
be produced by the phosphorylation of Glc if a chlo-
roplast-localized hexokinase is present in mesophyll
cells. According to this idea, the rate of starch synthe-
sis is not altered in pgm mutants but chloroplastic
recycling does not occur. This implies enormous rates
of degradation and recycling in wild-type plants dur-
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ing periods of net starch accumulation such that when
the proposed recycling does not occur, up to 99.7% of
the carbon entering the starch pool is lost through
concomitant degradation (as pgm mutants have 0.3%
of the wild-type starch in our experiments). The new
model does not explain the fate of the hypothetical
starch degradation products in pgm mutants, which
would be the equivalent of 30% to 50% of the total
photosynthetically fixed carbon, depending on the
plant growth conditions. If exported to the cytosol
for reentry into the Suc pool, the carbohydrate should
again be available for cytosolic ADPGlc production
and starch synthesis. Thus, recycling would still occur
and pgm should not have such low starch. If degrada-
tion products do not reenter the Suc pool, it should be
possible to discover their fate, as such large carbohy-
drate fluxes can easily be measured.

If constant starch degradation and recycling occurs
during periods of net starch accumulation, limiting
starch degradation in the pgm background should
cause a substantial increase in starch content. Current
models indicate that the major starch degradation
products are maltose and, to a lesser extent, Glc (for
review, see Zeeman et al., 2007). Both sugars can
diffuse out of the chloroplast for metabolism in the
cytosol (Weber et al., 2000; Niittyla et al., 2004). Several
mutants with reduced rates of starch breakdown have
been isolated (Zeeman et al., 2007). These mutants
accumulate excess starch in their leaves (a so-called sex
phenotype) and, in some cases, intermediates of starch
breakdown. For example, mex1 cannot export maltose,
which then accumulates inside the chloroplast during
the night (Niittyld et al., 2004; Lu et al., 2006). The sex4
mutant cannot dephosphorylate phosphoglucan inter-
mediates of degradation, and phosphooligosaccha-
rides accumulate during the night (K&tting et al., 2009).
Introduction of these mutations into the pgm back-
ground does not increase starch content as would be
expected if extensive starch turnover were occurring
via the actions of these proteins in the pgm mutant.
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Furthermore, degradation intermediates do not accu-
mulate (Niittyld et al., 2004; Kétting et al., 2009). We
have also introduced into the pgm background muta-
tions that block other stages in the starch degradation
pathway. Mutants deficient in glucan-hydrolyzing en-
zymes that debranch amylopectin (isoamylase 3 and
limit dextrinase; Delatte et al., 2006) and mutants
deficient in glucan, water dikinase, required for the
initiation of starch breakdown (the sex] mutant; Yu
et al., 2001), have strong sex phenotypes. However, in
all double and multiple mutants, starch increases only
marginally. Substantial increases would be expected if
extensive starch turnover were occurring via the ac-
tions of these enzymes in the pgrm mutant. Thus, pgm is
epistatic over the mutations affecting starch degrada-
tion rather than vice versa (Fig. 3).

Our current view is that the classical pathway of
ADPGlc production operates in Arabidopsis and that
PGM is needed for primary synthesis of starch. Based
on the evidence at hand, we consider it unlikely that
there is extensive recycling of starch degradation
products during the day. The presence of starch and
ADPGIc in pgm is intriguing, and worthy of further
investigation. The increased synthesis of Suc caused
by an inability to make starch via the plastidial path-
way could increase the amount of ADPGIlc made by
SuSy in the cytosol, explaining the levels observed in
pgm. Some of this may leak into the plastid and explain
the very low starch phenotype observed. Nonaqueous
fractionation techniques to determine subcellular me-
tabolite concentrations could be applied to wild-type
and pgm plants to address this possibility directly.
However, a recent study in which SuSy isoforms were
systematically removed from Arabidopsis leaves
showed that when almost all SuSy activity was elim-
inated, ADP-Glc levels and starch synthesis were
similar to the wild type (Barratt et al., 2009). These
data argue against SuSy as the primary source of
ADPCGlc for starch synthesis under normal circum-
stances.
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Two important factors are highlighted by this de-
bate. First, metabolite levels cannot be equated with
metabolic fluxes. In this case, either the reported
ADPGIc level in pgm is not a good indicator of the
flux into starch synthesis (i.e. the classical model) or
the starch level itself in pgm is not a good indicator of
the flux into starch synthesis (i.e. the new model).
Second, data obtained using disparate plant systems
and methodologies, while significant to this debate,
are conflicting (see Mufoz et al., 2005, 2006; Neuhaus
et al., 2005). Such studies cannot always be directly
compared and should not be used to derive a consen-
sus view. Differences in metabolic configurations may
exist between species and plant organs. Thus, it is
necessary to resolve this question unambiguously for a
single species (e.g. Arabidopsis leaves), then assess the
generality. The fact that low-starch pgm mutants also
occur in solanaceous and leguminous plants (Hanson
and McHale, 1988; Harrison et al., 1998, 2000) suggests
to us that the pathway of starch synthesis in leaves is
similar among dicotyledonous plants.
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