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Abstract Transitory starch metabolism is a nonlinear and
highly regulated process. It originated very early in the evo-
lution of chloroplast-containing cells and is largely based
on a mosaic of genes derived from either the eukaryotic
host cell or the prokaryotic endosymbiont. Initially located
in the cytoplasm, starch metabolism was rewired into
plastids in Chloroplastida. Relocation was accompanied
by gene duplications that occurred in most starch-related
gene families and resulted in subfunctionalization of the
respective gene products. Starch-related isozymes were
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then evolutionary conserved by constraints such as internal
starch structure, posttranslational protein import into plas-
tids and interactions with other starch-related proteins. 25
starch-related genes in 26 accessions of Arabidopsis thali-
ana were sequenced to assess intraspecific diversity, phylo-
genetic relationships, and modes of selection. Furthermore,
sequences derived from additional 80 accessions that are
publicly available were analyzed. Diversity varies signifi-
cantly among the starch-related genes. Starch synthases and
phosphorylases exhibit highest nucleotide diversities, while
pyrophosphatases and debranching enzymes are most con-
served. The gene trees are most compatible with a scenario
of extensive recombination, perhaps in a Pleistocene refu-
gium. Most genes are under purifying selection, but disrup-
tive selection was inferred for a few genes/substitutiones.
To study transcript levels, leaves were harvested through-
out the light period. By quantifying the transcript levels and
by analyzing the sequence of the respective accessions, we
were able to estimate whether transcript levels are mainly
determined by genetic (i.e., accession dependent) or physi-
ological (i.e., time dependent) parameters. We also identi-
fied polymorphic sites that putatively affect pattern or the
level of transcripts.

Keywords Arabidopsis thaliana - Divergent evolution -
Intraspecific genetic variation - Positive selection - Starch
metabolizing enzymes - Transcript levels

Introduction
Photosynthetic CO, fixation enables photoautotrophic
organisms to gain reduced carbon which allows growth and

biomass production. This fundamental process is, however,
restricted to the light period. During darkness the central
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carbon metabolism of plants strictly relies on carbon com-
pounds deposited in a preceding light phase. Therefore,
under natural conditions intra- and intercellular carbon
fluxes of plants are largely altered twice per 24 h.

In the light period, plants preferentially store reduced
carbon compounds as large size polymers which do not sig-
nificantly affect cellular water potentials even when mas-
sively formed. Starch is the almost ubiquitous storage poly-
saccharide, in some plant species supplemented by other
reduced compounds, such as fructans (Vijn and Smeek-
ens 1999; Lattanzi et al. 2012). In those plant species that
form leaf starch as the predominant carbon store, mutants
lacking a single functional starch-related protein are often
severely retarded in growth except when grown under pro-
longed light periods (for review see Zeeman et al. 2010;
Graf and Smith 2011) and can exhibit significant changes
in the hormonal status (Paparelli et al. 2013). Furthermore,
altered leaf starch metabolism of the mother plant strongly
affects fruit development and seed composition (Andrio-
tis et al. 2012). Thus, functional transitory starch turno-
ver is also crucial for propagation of the respective plant
population.

Transitory starch turnover originated very early in the
evolution of chloroplast-containing cells and is based on
a mosaic of polysaccharide-related genes that appear to
be derived from the eukaryotic host cell, the prokaryotic
endosymbiont, and Chlamydia (Ball et al. 2013; Cenci
et al. 2013, 2014). Presumably, the ancestral state of starch
metabolism was cytosolic and this subcellular distribution
is still retained in Glaucophyta and Rhodophyceae, while
in Chloroplastida it was rewired to plastids. Before and/or
during translocation of starch metabolism to chloroplasts,
several starch-related genes were duplicated (Fig. 1; for
detailed informations see result section). Duplications are
assumed to be essential to generate novel gene functions
and to alter patterns of expression (Lynch and Conery
2000). Initially, many duplicated genes may have experi-
enced relaxed selection, but—if duplicates acquired differ-
ent functions—they were potentially exposed to gradually
increasing selective constraints (Lynch and Conery 2000).
Subsequently, starch-related isozymes underlied constraints
related to the internal structure of native starch, the post-
translational import into the plastids, and to the interaction
with other starch-related proteins. Both the internal struc-
ture of starch granules and the plastidial starch metabo-
lism are highly conserved in Chloroplastida (Zeeman et al.
2010).

Plastidial starch turnover is based on close interac-
tions of the products of more than 30 highly conserved
gene products (Deschamps et al. 2008; Ball et al. 2011).
In many higher plant species, such as maize and rice,
additional duplications may permit a preferential expres-
sion of distinct starch synthase or branching isozymes in
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photoautotrophic and heterotrophic cells (Keeling and
Myers 2010; Zeeman et al. 2010; Cheng et al. 2012).

In Arabidopsis thaliana, genes related to the central
carbon metabolism exhibit similar levels of intraspecific
sequence variability as genes involved in the secondary
metabolism of plants (Schwarte and Tiedemann 2011;
Schwarte et al. 2013). Given the fundamental importance
of transitory starch for growth and development of A. thali-
ana (Zeeman et al. 2010; Andriotis et al. 2012; Pyl et al.
2012; Scialdone et al. 2013; Sulpice et al. 2014) and known
differences in starch content among accessions (Sulpice
et al. 2009), 26 accessions of A. thaliana were selected
for sequence analyses of 25 starch-related genes that are
members of six gene families (AGPase, PPA, SS, BE, ISA,
PHS). Accessions were selected on the basis of physically
separated natural populations exposed to different climates.

A. thaliana is a diploid plant species whose genome orig-
inates from a dicotyledon hexaploid ancestor and underwent
massive alterations (Freeling 2009). Due to its reproduc-
tion predominantly by selfing, A. thaliana is supposed to
be almost homozygous throughout the entire genome with
an outbreeding rate of approximately 1-3 % (Abbott and
Gomes 1989). The A. thaliana genome consists of five chro-
mosomes which, despite their small size, contain numerous
large duplicated segments and the genes belonging to six
starch-related gene families are almost equally distributed
over the five chromosomes (Fig. S1). These chromosomal
rearrangements took place in the recent history of A. thali-
ana (Stein 2001; Blanc et al. 2003). Most of them took place
after the split of monocots and eudicots which occurred
about 150-200 million years ago (Mya; Wolfe et al. 1989;
Blanc et al. 2003; Chaw et al. 2004). More precisely, there
was a burst of duplications within the Rosids at the time of
divergence between Rosid I (represented by Medicago trun-
catula) and Rosid II groups (represented by A. thaliana)
(Blanc et al. 2003). Furthermore, more recently chromo-
somal duplications occurred with the order Brassicales
between the separation of A. thaliana and Brassica rapa
and the split of Brassicales (represented by A. thaliana) and
Malvales (represented by cotton) approximately 24—40 Mya
(Blanc et al. 2003). The signatures of these two rather recent
chromosomal rearrangements are still visible in the genome
of A. thaliana (Stein 2001; Blanc et al. 2003; Fig. S1). By
contrast, the birth of starch-related genes can be traced back
to the origin of Chloroplastida approximately 1,500 Mya
(Blanc et al. 2003).

By sequence analyses of 25 starch-related genes in 26
accessions, we aimed to reveal (1) whether there is any
correlation in the pattern of nucleotide diversity and/or the
phylogenetic relationship among different starch-related
genes/gene families whose products are all involved in the
turnover of transitory starch, (2) whether there is an indi-
cation for positive selection and disruptive evolution in
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Fig. 1 Schematic overview of starch metabolism and the involved
genes in A. thaliana. A section of a chloroplast (including the two
plastidial envelope membranes) and the cytosol is shown in light
green and white, respectively. An intermediate of the Calvin cycle,
fructose-6-phosphate (F6P; green) is converted by the plastidial
phosphoglucoisomerase (pPGI; dark red) to glucose-6-phosphate
(G6P) and, subsequently, to glucose-1-phosphate (G1P) by the
plastidial phosphoglucomutase (pPGM). Following the reaction
ATP + GIP < ADPglucose (ADP-G) + pyrophosphate (PPi), the
heterotetrameric ADPglucose pyrophosphorylase (AGPase) forms the
principle glucosyl donor, ADP-G. In A. thaliana, four and two genes
encode large (AfAPLI to AtAPL4) and small (AtAPS] and AtAPS2)
subunits of AGPase, respectively. Unidirectional carbon flux from

starch-related genes among accessions, and (3) whether
there are putative associations between genetic divergence
and the pattern or the level of transcripts. To answer the
latter question, for selected genetically distinct A. thali-
ana accessions sequences of the putative promoter regions
(about 1,000 bp upstream the translation start) were ana-
lyzed and transcript levels were quantified by Realtime
PCR throughout the light period. Putative associations
were evaluated on the basis of our data set consisting of
26 accessions as well as further 80 accessions retrieved
from the 1001 Genome Project (Cao et al. 2011). Only one
accession is contained in both data sets, such that our com-
bined data set consists of 105 accessions in total.

G1P to ADP-G requires pyrophosphate to be continuously removed
which is achieved by conversion of pyrophosphate to orthophosphate
as catalyzed by the plastidial inorganic pyrophosphatase (pPPA,
AtPPAG6). There is one further cytosolic (cPPA, AtPPAI) and four
putatively cytosolic pyrophosphatases (ArPPA2 to AtPPAS5) whose
localization is not yet clearly verified (indicated with asteristics).
ADP-G is used by all soluble starch synthases (SSs, AtSSI to AtSSIV)
and the granule-bound starch synthase (GBSS, ArGBSS). Further
modifications on glucan chains are performed by branching (BEs,
AtBE] to AtBE3) and debranching enzymes (ISAs, AtISAI to AtISA3)
as well as glucan phosphorylases (plastidial: Phol/PHS1, AtPHSI;
cytosolic: Pho2/PHS2, AtPHS2)

Results

All starch-related genes analyzed in this study are encoded
in the nuclear genome, but gene products are functional in
either the plastid or the cytosol (Fig. 1). Genes whose prod-
ucts participate in both starch-related reactions and in other
processes (such as pyrophosphatases) are also included.
These genes are expected to face multiple evolutionary
constraints. For each gene family, informations regarding
the number of gene copies encoding small or large subu-
nits of a given functional enzyme and the structure of the
holoenzyme were collected. The KEGG database was
checked for catalytic domains (Kanehisa and Goto 2000;
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Kanehisa et al. 2012) and the literature was screened for
catalytical or regulatory motifs. For all nonsynonymous
substitutions among accessions of A. thaliana (Table S1),
known variation at the respective sites among other plant
species (interspecies comparison; Table 1) and the inferred
potential impact on functionality were discussed. Intraspe-
cific genetic variation including nucleotide diversity, num-
ber of indels as well as synonymous and nonsynonymous
substitutions was estimated for each gene (Table 2). The
frequency of variable sites ranges from low (only very
few accessions possessing the respective substitution) to
high (numerous accessions exhibiting the same substitu-
tion). Multiple substitutions at the same site are rare. To
increase the robustness of the genetic variation assessment,
we extended our data set (26 accessions) by 80 additional
accessions (Cao et al. 2011; Tables S1, S2).

Different tests to determine gene-wise selection modes
were performed (Fig. 2). Any new variant of a gene can (1)
drift randomly (neutral evolution), (2) be selected for (posi-
tive selection) or (3) be selected against (purifying selec-
tion). Positive selection refers to a number of selective pro-
cesses by which multiple alleles (different gene variants/
haplotypes) are maintained in the gene pool (Delph and
Kelly 2014). Among them, disruptive selection (indicated
by at least two divergent gene clusters/haplogroups in the
respective genealogy) favors gene variants with distinct
characteristics in different lineages. Positively selected
genes or even positions can be indicative of adaptive pro-
cesses which confer an advantage of fitness to the owner of
the gene variant. By contrast, genes under purifying selec-
tion do not contribute to adaptive divergence due to mar-
ginal genetic variation. There are numerous established
methods to identify modes of selection from the pattern of
sequence variation, by comparing the relative occurrence of
low frequency versus intermediate frequency substitutions,
i.e., Tajima’s D (1989) as well as Fu and Li’s D*, F*, D,
and F (Fu and Li 1993). An excess of rare polymorphisms
(negative values) is indicative of purifying selection, a
recent selective sweep or population expansion after a
recent bottleneck, while an accumulation of intermediate-
frequency polymorphisms (positive values) is indicative of
ancestral or recent balancing selection or sudden popula-
tion contraction. Among these tests, Tajima’s D is particu-
larly influenced by demography and therefore less power-
ful to detect selection, if effective population sizes are not
constant over time. Fu and Li’s statistics can be either per-
formed with (D, F) or without an outgroup (D*, F*; Fu and
Li 1993). The interspecific test (D, F) compares the num-
ber of single mutations (singletons) in internal and external
branches by which ancestral and recent selective processes
can be distinguished. Fu and Li’s D and F are most suitable
to detect background/purifying selection. Another selection
test that includes an outgroup is Fay and Wu’s H (2000).
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Here, intermediate- and high-frequency polymorphisms
are compared. An excess of moderate- and high-frequency
derived polymorphisms (negative values) is indicative of
recent variation, while a deficit (positive values) indicates
ancestral variation. As demographical changes can cause
similar patterns of sequence variation as natural selection
(see above), we also performed a powerful test to detect
population expansion, i.e., R2 statistics (Ramos-Onsins and
Rozas 2002). In combination of these tests, we (1) evaluate
our data for deviation from the null hypothesis of neutral
evolution in populations of constant size and (2) attempt to
discern whether such deviations are rather due to demogra-
phy or natural selection. If selection was inferred to occur
in a particular gene, the putative mode of selection, i.e.,
purifying or disruptive selection, was inferred from the
combined results of these tests (Fig. 2; Akey et al. 2004).
Genes that possess an excess of low-frequency polymor-
phisms and a star-like genealogy (Figs. 3, 4, 5, 6, 7, 8, left
panels) may be impacted by demography (i.e., population
expansion, indicated by significant R2 values) or purifying
selection. By contrast, genes with an excess of intermedi-
ate-frequency polymorphisms that often coincides with the
occurrence of two or more distinct clusters in the geneal-
ogy (Figs. 3, 4, 5, 6, 7, 8, left panels) may be considered
to be under positive selection, more specifically under dis-
ruptive selection among clusters (Fig. 2). For some genes,
most accessions are assigned to a single main cluster from
which only one or a few accessions deviate. In this case,
the selection tests generally indicate strong purifying selec-
tion which may be considered the correct inference for
the main cluster. The underlying pattern for single devi-
ant accessions can be random noise or an altered selection
regime; however, these two scenarios cannot be discerned
with sufficient reliability, such that we refrain from present-
ing an evolutionary hypothesis for these deviations. Like-
wise, some genes did not yield a consistent pattern across
selection tests. Here, we consider our data inconclusive
with regard to the mode of selection.

Note that even if purifying selection was inferred for the
entire gene, individual sites might be under positive selec-
tion and, therefore, a site-specific selection test was per-
formed as well (Table 1).

In promoter regions, substitutions can affect cis-reg-
ulatory elements and, thereby, influence transcript levels
directly. For six accessions representing different haplo-
groups and/or individual deviant haplotypes, transcript
levels were quantified by Realtime PCR at the beginning
(BOL), in the middle (MOL), and at the end of the light
period (EOL). Transcript levels were calculated relative
to the transcript level of the housekeeping gene ubiquitin.
Deviations are given on a log, scale (=ACt values), i.e.,
ACt values of 41 or —1 correspond to transcript levels two-
fold elevated (=2") or 50 % decreased (=27"), respectively
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(Figs. 3, 4, 5, 6, 7, 8, right panels). The respective influ-
ences of genetics (transcript levels differing between acces-
sions at a given time point) or physiology (transcript levels
differing between time points in a given accession) as well
as the interaction between genetics and physiology were
disentangled in a two-way analysis of variance (ANOVA;
Table 3). Finally, site-specific correlation analyses were
performed to identify positions putatively associated with
either the pattern or the level of transcription (hereinafter
referred to as putative associations; Table S2).

ADPglucose pyrophosphorylase
Background

In higher plants, ADPglucose pyrophosphorylase (AGPase;
EC 2.7.7.27) exists often as a heterotetrameric holoenzyme
(0o,8,) composed of two so-called large (often designated
as L or B) and two small subunits (S or ). The size of the
two subunit types is approximately 51 and 50 kDa, respec-
tively (Georgelis et al. 2007; Ventriglia et al. 2008). Genes
encoding o or B subunits originate from the same ancient
gene (Georgelis et al. 2007). Leaves from A. thaliana
mutants that lack either subunit type (a or B) of the AGPase
holoenzyme accumulate very little transitory starch (Lin
et al. 1988). Both subunits carry a single catalytic domain
(pf:NTP_transferase; residues see below; KEGG) contain-
ing highly conserved amino acid residues. In A. thaliana,
six AGPase genes exist, four of which encode large subu-
nits (AfAPLI to AtAPL4) and two genes small subunits
(AtAPS1 and AtAPS2; Crevillén et al. 2003, 2005; George-
lis et al. 2007; Ventriglia et al. 2008). The heteromeric
AGPase holoenzyme from leaves is assumed to mainly
consist of AtAPS1 and AtAPL1 (Crevillén et al. 2003,
2005; Hédrich et al. 2012).

Sequence diversity

At the amino acid (aa) level, identity among the four large
subunits from A. thaliana ranges from 57 to 88 %. AtAPL3
and AtAPL4 exhibit the highest degree of aa identity. The
small subunits, AtAPS1 and AtAPS2, share 41 % of their
aa residues. With respect to intraspecific variability, both
AtAPL1 and AtAPL2 exhibit only 3 inferred aa substitu-
tions and a highly conserved catalytic domain (pf:NTP_
transferase; AtAPLI1: residues 92-368; AtAPL2: 87-364;
KEGG; Table 1), lacking any nonsynonymous substitu-
tions. By contrast, in the four other AGPase subunits more
aa substitutions were inferred, some of which occurring
at positions otherwise highly conserved among plant spe-
cies (pf:NTP_transferase; AtAPL3: residues 91-365;
AtAPL4: 93-368; AtAPS1: 92-365; AtAPS2: 57-320;
KEGG; Table 1). However, none of these nonsynonymous

substitutions affect sites with known catalytic or regulatory
functions (i.e., in AtAPL1: R102, K112, K271; in AtAPL2:
R97, K107, K267; in AtAPL3: K101, T111; in AtAPL4:
K103, T113; in AtAPS1: C81, R102, K112, D214, K267;
Ballicora et al. 2004; Hédrich et al. 2012). Crevillén et al.
(2003) describe functional motifs of the small subunits, i.e.,
ATP binding site (residues 185-193 in AtAPS1; 148-156 in
AtAPS2), catalytic site (211-221; 174-184), G1P binding
site (261-272 in AtAPS1; 224-233 in AtAPS2), and activa-
tor site (503-520 in AtAPS1; 459-476 in AtAPS2). In seven
accessions, two simultaneously occurring nonsynonymous
substitutions were observed within the G1P binding site of
AtAPS1 1262V, H272Q; Table 1; Suppl. Table 1). These
sites are also found in numerous other accessions (Gan
et al. 2011; Suppl. Table 1). In AtAPS2, none of these func-
tional motifs is affected by any amino acid substitution.

All six AGPase genes exhibit significant intraspecific
nucleotide diversities (Table 2). In both promoter and
gene, highest diversity was observed for ArfAPL3 (Table 2).
Nucleotide diversity within AfAPL3 is five times higher
than in AtAPLI and AtAPL2. Comparing the two small sub-
unit genes, AtAPSI is more variable than ArAPS2 (Table 2).

Inferred selection and phylogenetic clustering

As it is the case for all starch-related genes, each gene pos-
sesses its own evolutionary history. AtfAPL] yields negative
test statistics of Tajima and Fu and Li, but none of them
are significant (Fig. 2). In the genealogy, there is a single
cluster from which several accessions deviate (Fig. 3a, left
panel). AtfAPL2 shows an excess of low-frequency poly-
morphisms as determined by the test statistics of Tajima
and Fu and Li, albeit again not significant (Fig. 2). The dis-
tribution of substitutions across numerous accessions leads
to a star-like genealogy (Fig. 3b, left panel). The selective
and/or demographic processes shaping the genealogies of
AtAPLI and AtAPL2 could not be inferred with sufficient
certainty. Most polymorphisms of AtAPL3 show intermedi-
ate frequencies as indicated by positive Tajima and Fu and
Li test statistics (Fig. 2). The respective genealogy is struc-
tured into small but separated clusters (Fig. 3c, left panel).
Jointly, selection test statistics and phylogeny are indica-
tive of disruptive selection among clusters in AfAPL3.
AtAPLA4 shows an excess of low-frequency polymorphisms
as determined by the test statistics of Tajima and Fu and
Li (Fig. 2). Substitutions mainly occur in a single deviating
accession (Can; Fig. 3d, left panel) and the test statistics
are highly significantly negative. The extension of the data
set by 80 additional accessions does not yield further devi-
ating accessions (Cao et al. 2011; Tables S1, S2). There-
fore, purifying selection seems to be the most plausible
scenario for the evolution of AtALP4. AtAPS1 exhibits sev-
eral intermediate-frequency polymorphisms (Fig. 2). There
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Table 1 Inferred amino acid variation of nonsynonymous substitutions in starch-related genes among accessions of A. thaliana

Gene Nonsynonymous substitutions

AtAPLI  S21F, S75N, L452Q

AtAPL2  F15L, R76K, K465R

AtAPL3  R8IT, 192M, H230Y, P321L, S322C, E350Q, G410R

AtAPL4  T78P, S253P, Q282K, S325C, E380D, L411M

AtAPSI*  S20F, S38F, V52L**, R54L**, L55R**, V59D, N63K*, I65M**, 1262 V, H272Q

AtAPS2*  S4F* KI11R, I38 V, V551, E273D, 1322F, M3461, K409N

AtPPAl -

AtPPA2 -

AtPPA3  L51F, N54H

AtPPA4 -

AtPPAS -

AtPPA6  K52T

AtSSIP QS89ED, A191T, K309N, E326D, P327S, S506N, T584A

AtSSIP°  S29F, H34P, P37A, 1138M, D197Y, V198E, E290V, S329A, M369T, F374Y, S392R, R765T, T769S

AtSSIII®  N68D, D92N, M1971, T2791, R321T, T326A, N352D, G363R, F392V, L393M, G398S, Q408R, L4101, N421D, R425K, D430E,
R431K, M438T, E451K, L484F, G502V, T522A, E525G, I571F, V616l 1623L, V6711, F697Y, Q722H, A773P, H779Y, 1844V,
D875E

AtSSIV®  T18F, P34H, I67F, L84P, 1144 V, A146T, 1150 V, K156Q, 1180 V, N228S, G310S, L4991, I516T, E604D, Q767H, H857L

AtGBSS® NOH, H20Q, V28L, A29S, G35A, N51 K, S66L, R68G, V1401, M2561, F291L

AtBE1 K39N, P334S, E368K, E396K, V4051, N649S, A641S, N724S

AtBE2 G238S,Y92D, D100V, P273L, S354T, G374C, L375M, G699A, R710Q, R716T

AtBE3 DA43E, P165S, N168I, K479L, F630Y

AtISAT*  LI19F N22Y**, A56S*, L73F*, Q118P, V1291, E154D*, P214L, G618R, F648L

AtISA2  S179P, L181F, P208LS, T4691, 1646L, E653K, L840V

AtISA3*  HI96R, F209L**, P441A, R449K, S547T, D580A, R589Q, Q670P, S683T**, R699H, G746S

AtPHSI GI2R, E14D, V151, S21C, D32E, K34R, D46N, 162V, A68S, V70A, A94D, S175N, V2941, T357A, A361S, V3791, A487V, E494A,
T534A, G543R, D548E, ES57K, P558LT, L567V, 1625V, T632A, V642L, E644Q, Q655R, Q845E, G872R, S880N, VI59M

AtPHS2  GO6R, P13L, T242P, T2821, F316Y, T322P, T415S, D518H, V636I, M662R, T683P, R727Q

* Genes with positively selected sites (PSS). Significance of PSS inference is indicated with asteristics (* p < 0.05, ** p < 0.01). Protein
sequences were compared to those from Oryza sativa, Zea mays, Solanum tuberosum, Populus trichocarpa, Hordeum vulgare, Phaseolus vul-
garis, Triticum aestivum and Physcomitrella patens (sequences available in GenBank). Nonsynonymous substitutions among A. thaliana acces-
sions which affect positions that are usually highly conserved among plant species are printed bold

b Data for 26 accessions taken from Schwarte et al. (2013). An overview about the respective affected accessions including those of the 1001

Project (Cao et al. 2011) is provided in Suppl. Table 1

are four deviating accessions apart from the main cluster
(Fig. 3e, left panel). However, the mode of selection could
not be unequivocally inferred. AtAPS2 possesses an excess
of low-frequency polymorphisms as indicated by signifi-
cant Tajima and Fu and Li values (Fig. 2) leading to a star-
like genealogy (Fig. 3f, left panel). However, R2 statistics
for population expansion are significant (Fig. 2). For this
reason, a particular mode of either selection and/or demog-
raphy shaping this genealogy cannot be inferred.

In all AGPase genes except AtAPS2, most polymor-
phisms arose in the recent history of A. thaliana (Fay and
Wu’s H, Fig. 2).

The mode of selection of an entire gene can devi-
ate from that of distinct codons. In both small subunits of
the AGPase, positively selected positions were identified

@ Springer

(Table 1, marked with asteristics). In AtAPS1, five out of 10
nonsynonymous substitutions were inferred to occur at posi-
tively selected sites (PSS). All these PSS co-occur in seven
accessions of our data set and numerous other accessions
(Table S1; Cao et al. 2011). However, these accessions are
not directly related in the respective gene tree (Fig. 3e, left
panel). AtAPS?2 exhibits a single inferred PSS. All PSS both
in AtAPSI and AtAPS2 are found at positions that are known
to be variable among a wide range of plant species (Table 1).

Transcript levels relative to accession and time-of-the-day
Of all large subunit genes, AtfAPLI has highest relative

transcript levels (Fig. 3a, right panel) followed by AfAPL2,
AtAPL3, and AtAPLA4 (Fig. 3b—d, right panels). These data
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Table 2 Genetic diversity in Gene Sites” Sites® 7P 76 Indels? Indels® Syn® Nonsyn®©
starch-related genes among
accessions of A. thaliana AtAPLI 1,045 2,845 000356  0.00180 6 2 8 3
AIAPL2 852 2,822 0.00397  0.00194 3 4 5 3
AtAPL3 990 2,861 0.00858  0.01055 7 10 22 7
AtAPL4 888 2,818 0.00033  0.00437 2 13 24 6
AtAPSI 1,048 2,238 0.00767  0.00576 10 4 15 10
AtAPS2 769 2,046 0.00333  0.00172 7 1 8 8
AtPPAI 746 1,290 0.00190  0.00093 2 1 0 0
AtPPA2 972 1,424 0.00385  0.00121 7 5 2 0
) _ AtPPA3 1,036 1,218 0.00212  0.00032 2 1 1 2
Sites = number of sites;
= nucleotide diversity: AtPPA4 1,010 1,842 0.00238  0.01410 5 14 7 0
Indels = number of insertions/ AtPPAS 1,042 1,251 0.00160 0.00175 1 9 6 0
deletions; Syn = synonymous AtPPAG 1,007 1,789 0.00166  0.00103 2 1 1
substitutions;
N AtSSF 1,422 3,946 0.01520  0.01142 24 24 21 8
onsyn = nonsynonymous
substitutions AtSSIIP 855 3,226 0.00581  0.00137 12 2 6 13
4 One of these indels occurred AISSIIP 937 4,358 0.00163  0.00505 4 112 30 33
in the coding region of AzSSIII AISSIV® 1,132 4,874 0.00434  0.00259 31 12 14 16
and is present in the sister taxon 4, ;pqgb 906 2,989 0.00814  0.00406 11 9 15 11
A. lyrata as well
. AtBEI 1,042 6,802 0.00247  0.00841 4 15 27 8
Recalculated from sequence
data on 26 accessions from AtBE2 1,178 5,551 0.00467  0.00161 14 9 4 10
Schwarte et al. (2013) AtBE3 1,120 5,683 0.00332  0.00110 7 7 6
€ Coding sequence (only AtISAT 1,062 6,111 0.00224  0.00277 3 9 7 10
exons) AHSA2 9206 2,649 0.00203  0.00084 0 7 8
© Gene (including exons and AtISA3 1,534 4751 0.00345  0.00205 2 7 5 11
1;‘“0“5) . AtPHSI 1,143 479 001807  0.00998 19 35 73 34
An about 1 kb region APHS2 1325 4547 003196 000483 30 16 47 12

upstream the coding region

are consistent with previous studies according to which
AtAPLI is the dominant isoform in leaves (Crevillén et al.
2005; Gan et al. 2011). Differences in transcript levels of
the four large AGPase subunits can largely be attributed to
variation among accessions (Table 3) and may be related
to the genetic variation observed. Among the AGPase small
subunits, AfAPS] is the dominant isoform (Fig. 3e, right
panel) which again is consistent with previous studies (Cre-
villén et al. 2005; Gan et al. 2011). Transcript levels of
this gene are even higher than those of the dominant large
subunit, AtAPLI. Differences in transcript levels can be
attributed to both accession and time-of-the-day in AtfAPS],
while the interaction between both factors accounts for
about one-third of the variation (Table 3). Throughout the
entire light period, transcript levels of AtAPS2 are lowest of
all AGPase subunits (Fig. 3f, right panel). More than 50 %
of the variation in AfAPS?2 transcript levels occurred within
biological and/or technical replicates within accessions
(Table 3).

For AtAPLI, we could not identify any genetic vari-
ation (putative associations) that correlates with the two
transcript patterns which could be observed throughout the
light period, i.e., either highest (Can, El) or lowest levels
(Ws, Gre, Mt, Er) at MOL (Fig. 3a, right panel). We further

compared accessions with overall high vesus low transcript
levels (Can, Ws vs. El, Er). Two sites in the putative pro-
moter correlate with high transcript levels that co-occur in 23
and 25 accessions, respectively (Table S2; Cao et al. 2011).

In AtAPL2, two accessions (Er, Nok) exhibit deviating
transcript patterns, but no sites were detected whose varia-
tion correlates to the transcript patterns observed (Fig. 3b,
right panel). After arranging the accessions with regard to
transcript levels from high to low, two sites could be iden-
tified that are correlated with the level of transcripts (one
position in the promoter; one in an exon; Table S2). Inter-
estingly, the substitution in the exon occurs in 78 out of 105
accessions (Table S2; Cao et al. 2011).

In AtAPL3, accessions exhibit two different transcript
patterns, i.e., either an increase or a decrease throughout
the light period (Fig. 3c, right panel), but polymorphic sites
correlating with this pattern were not found. Comparative
analyses of all accessions, however, revealed sites that are
correlated with the overall level of transcripts. Accessions
with low transcript levels (El, Ler, Sap) possess specific
sites that differ from those accessions with high transcript
level (one site in an exon; three in introns; Table S2). All of
these sites co-occur in more than half of the analyzed 105
accessions (Table S2; Cao et al. 2011).
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Fig. 2 Gene-wise selection tests on starch-related genes among
accessions of A. thaliana. Intraspecific and interspecific (including
the outgroup A. lyrata) selection tests were performed. Tajima’s D as
well as Fu and Li’s D*, F*, D and F compare low- and intermediate-
frequency variants. Fay and Wu’s H compares medium- and high-fre-
quency variants. Fu and Li’s D and F as well as Fay and Wu’ H are
interspecific selection tests that additionally compare ancestral and

Different transcript patterns were also observed for AtAPL4
as accessions show increasing, decreasing transcript levels as
well as lowest levels at MOL (Fig. 3d, right panel), but com-
parative sequence analyses did not reveal any coincidence
with particular substitutions or indels, neither for the temporal
pattern of transcription nor for the overall transcript levels.

In AtAPS], transcript levels follow two different patterns
throughout the light period (Fig. 3e, right panel), i.e., either
peaking at MOL (Bur, Oy) or steadily decreasing from
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AtPHS1
AtISA3
AtPPA6
AtAPL2
AtAPL1
AtISA1
AtSSII
AtGBSS
AtAPS1
AtSSI
AtAPL3
AtPPA4
AtBE1

excess of intermediate

. ) frequency polymorphisms
inconclusive results q Y poly! P

-> inferred disruptive
selection

derived polymorphisms. R2 statistics is a powerful tool to detect pop-
ulation expansion. Genes are ordered from left to right based on the
results of Tajima and Fu and Li test statistics, started with the lowest
ones. Statistical significance for all tests was calculated by using coa-
lescent simulations with 10,000 simulations. The probability is indi-
cated with asteristics (*p < 0.05, **p < 0.02, ***p < 0.01)

Fig. 3 Phylogenetic trees and transcript levels of AGPase genes in P
A. thaliana. a AtAPLI; b AtAPL2; ¢ AtAPL3; d AtAPL4; e AtAPSI;
f: AtAPS2. Left panels unrooted maximum likelihood trees among
accessions based on promoter and gene sequences. Clusters are
highlighted with circles. Right panels differences in transcript levels
among selected accessions are displayed by ACt values (normal-
ized with a housekeeping gene; see text). As measure of the reliabil-
ity, confidence intervals are integrated as shadings. The selected six
accessions are members of different phylogenetic clusters of respec-
tive genes and are marked with the same color in both the left and the
right panel
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BOL towards EOL (Ct, Nok, Stw, Van). No polymorphisms
were associated with this pattern or the level of transcripts.
The prevalent transcript pattern of AfAPS2 is the peak
at MOL (Fig. 3f, right panel). Cvi shows a deviating pat-
tern and exhibit six individual sites that differ from all other
accessions analyzed in this study, including the 80 acces-
sions subset of the 1001 Project (Table S2; Cao et al. 2011).

Inorganic pyrophosphatases
Background

Unidirectional carbon flux from glucose-1-phosphate
(G1P) to ADPglucose requires pyrophosphate to be contin-
uously removed which is achieved by hydrolyzing pyroph-
osphate to orthophosphate as mediated by the plastidial
inorganic pyrophosphatase (PPA; EC 3.6.1.1; Schulze et al.
2004; Meyer et al. 2012). In a functional state, PPA is a
monomeric protein that occurs in several compartments.
Increased activity of one of the cytosolic PPA isozymes is
associated with elevated levels of ascorbate, sucrose, and
glucose, but decreased starch contents (Osorio et al. 2013).
In A. thaliana, six PPA encoding genes exist (Schulze
et al. 2004; Navarro-De la Sancha et al. 2007; Meyer
et al. 2012). The PPA isozymes share a common catalytic
domain comprising approximately 150 amino acid residues
which covers almost the entire sequence of the polypeptide
(pf:pyrophosphatase; AtPPA1: residues 50-203; AtPPA2:
56-209; AtPPA3: 54-207; AtPPA4: 54-207; AtPPAS:
54-207; AtPPA6: 106-285; KEGG). Products of AtPPAl
to AtPPAS are non-plastidal proteins with a high degree of
amino acid (aa) identity (68—89 %). AtPPA6 encodes the
plastidal PPA including a transit peptide of approximately
66 aa residues (ChloroP; Emanuelsson et al. 1999). The
mature plastidial AtPPA6 protein deviates from all other
isozymes in having only approximately 24 % aa identity
to them (24.8 % identity to AtPPA1; 23.2 % to AtPPA2;
23.6 % to AtPPA3; 23.6 % to AtPPA4; 23.6 % to AtPPAS).

Sequence diversity

The active site of PPAs contains a motif consisting of seven
amino acid residues, DNDPIDV, located between position
100 and 110 of the mature PPA proteins (Schulze et al. 2004).
In AtPPAS, position five (DNDPIDV, highlighted in bold) is
affected by a synonymous substitution (position 316-318 in
the coding sequence, ATA to ATT) that is found only in Cha.

! Note that SS sequence data for 26 accessions and transcript data for
middle of the light period (MOL) for 6 accessions are taken from a
previous study (Schwarte et al. 2013) and are included here to pro-
vide a comprehensive coverage of genes and transcripts underlying
starch metabolism.
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Fig. 4 Phylogenetic trees and transcript levels of pyrophosphatase p
genes in A. thaliana. a AtPPAI; b AtPPA2; ¢ AtPPA3; d AtPPA4; e
AtPPAS; £ AtPPAG. Left panels unrooted maximum likelihood trees
among accessions based on promoter and gene sequences. Clusters
are highlighted with circles. Right panels differences in transcript lev-
els among selected accessions are displayed by ACt values (normal-
ized with a housekeeping gene; see text). As measure of the reliabil-
ity, confidence intervals are integrated as shadings. The selected six
accessions belong to different clusters of the respective genes and are
marked with the same color in the left and the right panel

AtPPA3 and AtPPA6 are the only PPAs possessing nonsyn-
onymous substitutions (Table 1; Table S1). In AtPPA3, the
substitution N54H occurs in the catalytic domain. As revealed
by interspecies comparison, these positions are rather vari-
able. Overall, the PAA gene family is much more conserved
than any other starch-related gene analyzed here (Tables 1, 2).
Presumably, this is due to the fact that most of the sequence
represents the highly conserved catalytic domain. AtPPA4 is
the only exception, as its exhibits both a considerable nucleo-
tide diversity and numerous indels (Table 2).

Inferred selection and phylogenetic clustering

Significant negative values of Tajima and Fu and Li test
statistics in AtPPAI, AtPPA3, and AtPPAS5 are indicative
of an excess of low-frequency polymorphisms (Fig. 2).
These substitutions are mainly found in single accessions,
i.e., Sha, Cvi, and Cha, which appear separate from the
main phylogenetic cluster (Fig. 4a, c, e, left panels). The
extension of the data set by 80 additional accessions does
not yield additional deviating accessions (Cao et al. 2011,
Tables S1, S2). Therefore, we assume purifying selection
to act on these genes. AtPPA2 possesses an excess of low-
frequency polymorphisms, which is supported by negative
Tajima and partially significant Fu and Li values (Fig. 2).
These substitutions are spread over several accessions lead-
ing to a star-like genealogy (Fig. 4b, left panel). In addi-
tion, R2 statistics for population expansion are significant
(Fig. 2). Our data are hence inconclusive as to whether
the pattern of polymorphisms is indicative of selective or
demographic processes. AtPPA4 exhibits an excess of
intermediate-frequency polymorphisms (Fig. 2). The sub-
stitutions are distinct among groups of accessions in the
genealogy (Fig. 4d, left panel). This evidence is compat-
ible with the scenario of disruptive selection among phy-
logenetic clusters acting on AtPPA4. In AtPPA6, there is
an excess of low-frequency polymorphisms (Fig. 2), which
are distributed over several accessions that form again three
individual small clusters (Fig. 4f, left panel). The underly-
ing selective or demographic modes, however, could not be
determined with sufficient confidence.

Site-specific selection analysis revealed that none of
the few nonsynonymous substitutions are inferred to be
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Table 3 Percent of variation in transcript levels as affected by acces-
sion, time of harvest (time-of-the-day), and interaction between
accession and time-of-the-day

Gene Accession Time-of-the-day Interaction Within group
AtAPL1 33.6 18.9 26.0 21.4
AtAPL2  66.6 1.4 14.2 17.8
AtAPL3  62.1 7.1 16.3 14.5
AtAPL4 223 19.6 15.8 422
ArAPS1 235 23.0 33.9 19.6
AtAPS2  18.0 10.4 14.4 57.3
AtPPAI 419 36.6 5.4 16.1
AtPPA2 182 62.1 4.2 15.5
AtPPA3  31.0 20.9 16.5 31.6
AtPPA4  36.7 3.8 34.5 25.0
AtPPAS  37.1 1.7 17.2 44.1
AtPPA6 225 24.6 15.6 37.3
AtSSI 10.5 19.6 40.4 29.5
AtSSIT  46.3 21.1 12.0 20.7
AtSSIIT  47.3 9.2 16.0 27.5
AtSSIV - 40.7 7.6 29.1 22.5
AtGBSS 375 41.9 104 10.3
AtBEl 273 333 16.0 23.4
AtBE2 411 3.7 15.2 39.9
AtBE3  29.1 58.0 34 9.6
AtISA1 9.1 42.2 14.9 33.8
AtISA2  30.2 4.7 11.9 53.2
AtISA3 249 34.2 14.7 26.2
AtPHSI 19.7 60.5 6.6 13.2
AtPHS2 16.7 61.5 9.4 124

All values tested by ANOVA are significant (p < 0.01) except for
the factor “time-of-the-day” in A¢#PPA5. Those factor(s) explaining
together the majority of the among-group variation are printed in bold

positively selected. Most polymorphisms found in AtPPAI,
AtPPA3, AtPPAS, and ArPPA6 originated recently in the
lineage of A. thaliana, while those of AtPPA2, and AtPPA4
are mainly older and occurred in A. lyrata as well (Fay and
Wu’s H, Fig. 2).

Transcript levels relative to accession and time-of-the-day

Based on transcript levels, AzPPAI and AtPPA6 are likely to
be the main isoforms, followed by AtPPA2, AtPPAS, AtPPA4,
and AtPPA3 (Fig. 4a—f, right panels). These data are consist-
ent with a previous study (Gan et al. 2011). The two last ones
exhibit highest intraspecific variation in transcript levels.
Throughout the light period, transcript levels of AtPPA3 are
very low. Differences in transcript levels of AtPPAI, AtPPA3,
and AtPPA6 are almost equally due to accession and time-of-
the-day (Table 3). AtPPA2 transcripts are mostly influenced
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by time-of-the-day, while AtPPA4 and AtPPAS5 are more
affected by differences among accessions (Table 3).

Generally, ArPPAI exhibits lowest transcript levels at
MOL but transcript profiles among accessions differ in
details (Fig. 4a, right panel). Can is the only accession
whose AtPPA] transcript levels do not increase during the
light period. This accession exhibits four positions which
putatively are associated with differences in transcript lev-
els. Two of them also occur in one and three further acces-
sions, respectively (Table S2; Cao et al. 2011). Putative
associations that are correlated with the level of transcripts
among all analyzed accessions were not identified.

AtPPA2 shows lowest transcript levels at MOL and a
similar transcript pattern across all accessions (Fig. 4b,
right panel) but levels differ among accessions. Two puta-
tive associations in the putative promoter correlate with
the level of transcripts and are altogether present in 40 and
18 accessions, respectively, out of the total dataset of 105
accessions (Table S2; Cao et al. 2011).

In AtPPA3, two transcript patterns were observed. Both
Cvi and Sap exhibit decreasing transcript levels during
the light period, while the remaining accessions show an
increase of transcripts towards EOL (Fig. 4c, right panel).
No correlations were found between polymorphic sites and
patterns or levels of transcripts.

In AzPPA4, Sha, Stw, and Te possess highest transcript
levels at MOL, while Cha, Rsch, and Van have low levels at
MOL (Fig. 4d, right panel). Sha and Stw exhibit a similar
pattern throughout the light period, while in Te transcript
levels particularly decline towards EOL. A distinct position
was identified in the 3’-UTR that differs in Te as compared
to Sha and Stw. Sha exhibits much higher transcript levels
as compared to Stw and Te. Sha possesses three unique sites
in the putative promoter (Table S2). Among the accessions
with low transcript levels at MOL, Rsch is the only one
with lowest transcript levels at BOL while the expression at
other times follows the pattern of Cha and Van. Site-specific
sequence analyses revealed four positions in introns and the
3/-UTR that are altered in Rsch as compared to Cha and Van
(Table S2). Of all other PPAs, transcript levels of ArPPA4
are most variable among the accessions studied and puta-
tive associations between substitutions and transcript pattern
were found in 2—-85 accessions (Table S2; Cao et al. 2011).

In AtPPAS, most analyzed accessions show largely con-
stant transcript levels throughout the light period, with few
exceptions (Fig. 4e, left panel): Cha exhibits decreasing
transcript levels and has also a unique position in the phy-
logenetic tree. In this accession, three unique sites were
identified in the putative promoter (Table S2). Additionally,
there are 22 variable sites in the gene and the 3/-UTR, both
substitutions and indels (Table S2). Screening all the 105
accessions, only one of these sites was found to be variable
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in eight further accessions (Table S2; Cao et al. 2011). Er
and El exhibit deviating transcript patterns, but putative
associations between substitutions and transcript pattern
were not found.

Transcript patterns of ArPPA6 are similar among acces-
sions with lowest levels at MOL (Fig. 4f, left panel) but both
Er and Rsch deviate. Er exhibits much lower transcript levels,
while in Rsch transcript levels are almost constant through-
out the light period. Er shows a single unique site in the puta-
tive promoter region, while in Rsch carries several sites that
have unique nucleotides (one position in the promoter; four in
introns; Table S2). All putative associations are also present in
10-52 other accessions (Table S2; Cao et al. 2011).

Starch synthases'
Background

The quantitatively predominant process in starch biosyn-
thesis is the successive elongation of a-glucan chains by
several starch synthase isozymes (SSs; EC 2.4.1.21; ADP-
glucose: [I — 4] a-p-glucan 4-a-p-glucosyl transferase;
Tenorio et al. 2003; Delvallé et al. 2005; Zhang et al. 2005,
2008; Roldén et al. 2007) that repetitively transfer the glu-
cosyl moiety from ADPglucose to non-reducing chain ends.
Massively and unidirectionally elongated a-glucan chains
form a helical structure. Higher plants possess at least five
classes of SSs comprising four classes of soluble synthases
(SSI to SSIV) and a single class of granule bound syn-
thase (GBSS). In A. thaliana, each class is represented by
a single gene (AzSSI to AtSSIV and AtGBSS; Tenorio et al.
2003; Delvallé et al. 2005; Zhang et al. 2005, 2008; Roldan
et al. 2007). It is widely accepted that GBSS synthesizes
amylose whereas SSI to III catalyze distinct, but partly
overlapping steps in the amylopectin biosynthesis (Fujita
et al. 2011; Szydlowski et al. 2011; Bertoft 2013). SSIV is
important for the initiation of starch granule biosynthesis,
but can be functionally replaced by SSIII to some extent.
Double knock-out A. thaliana mutants lacking both AtSSIII
and AtSSIV possess largely diminished starch content, ele-
vated ADPglucose levels, and are severely compromised in
growth even under long-day conditions (Ragel et al. 2013).
AtSSIV appears to be essential for the coordination of the
initiation of starch granule formation and chloroplast divi-
sion in rapidly expanding leaf cells (Crumpton-Taylor et al.
2013). SSs possess two catalytic domains, designated as
GTS5 (pf:Glyco_transf_5; AtSSI: residues 144-401; AtSSII:
302-545; AtSSIIL: 647-837; AtSSIV: 544-783; AtGBSS:
86-345; KEGG) and GT1 (pf:Glycos_transf_1; AtSSI:
455-607; AtSSIL: 605-743; AtSSIIL: 896-1019; AtSSIV:
839-995; AtGBSS: 399-527; KEGG). AtSSIII is unique in
possessing three copies of a carbohydrate binding module
(CBM25) in its N-terminal region, each comprising 85-95

amino acid residues (KEGG). Therefore, AtSSIII appears
to be capable of multiply binding to carbohydrate targets.

Sequence diversity

For all SSs, the GTS5 domain is more variable than GT1
(Table 1). In AtSSIII, all three CBM binding modules
exhibit nonsynonymous substitutions, but the second
CBM is most variable (N-terminal CBM25: T279I; second
CBM25: F392V, L393M, G398S, Q408R, L4101, N421D,
R425 K, D430E, R431 K, M438T, E451K; C-terminal
CBM25: I571F, V616I, 1623L; Suppl. Table 1). Generally,
all SSs exhibit high numbers of nonsynonymous substitu-
tions, some of them at positions highly conserved in other
plant species (Table 1). AzSSI and AtSSIV have the highest
levels of nucleotide diversity, while variability is lowest in
AtSSII (Table 2). AtSSI possesses, however, the lowest num-
ber of nonsynonymous substitutions (Table 1). In AtSSII,
nonsynonymous substitutions are twofold more abundant
than synonymous ones. For AtSSIII, three accessions (Can,
Ct, El) deviate from all other accessions (Table S1). The
genetic alteration includes one indel of 21 nucleotides (7
amino acids) in exon 1. The majority of these substitu-
tions and indels, including that in exon 1, are shared with
A. lyrata, the sister species of A. thaliana (Grigoriev et al.
2012). AzSSIV and ArGBSS possess intermediate intraspe-
cific nucleotide diversities (Table 2).

Inferred selection and phylogenetic clustering

The Tajima as well as the Fu and Li test statistics reveal an
excess of intermediate-frequency polymorphisms in ASSI
(Fig. 2). The substitutions are restricted to a group of acces-
sions, which results in a bifurcation in the genealogy indica-
tive of disruptive selection (Fig. 5a, left panel). AtSSII shows
an excess of low-frequency polymorphisms (Fig. 2), which
occurs occasionally across accessions leading to a genealogy
with several deviating accessions (Fig. 5b, left panel). Further-
more, R2 statistics for population expansion are significant
(Fig. 2). For this reason, the mode of evolution underlying
the AzSSII diversity pattern, i.e., selection and/or demography
is not clear. In A#SSIII and ArGBSS, slightly positive Tajima
and Fu and Li test statistics indicate an excess of intermediate-
frequency polymorphisms (Fig. 2). For both genes, a group of
accessions clearly deviates from the main phylogenetic cluster
(Fig. 5c, e, left panel). The extension of the data set revealed
additional accessions possessing these substitutions (Cao et al.
2011; Tables S1, S2). However, a particular mode of selec-
tion or demography could not be inferred. In AzSSIV, there is
an excess of both low- and intermediate frequency polymor-
phisms (Fig. 2). The substitutions mainly occur in four acces-
sions (Fig. 5d, left panel). In addition, the test for population
expansion is significant (Fig. 2). Therefore, we cannot infer

@ Springer



502 Plant Mol Biol (2015) 87:489-519

(A) o _| Atssl [CB T Can] Edi [ Gre [ Sha] Wil |
Van Tsu Mt o
90Y Ws Est Q -
che OImWiI El _Bur Ler 5 —_—
Ct Rsc €an cvi °
Nok Stw Erx Cvi 9
AL 0.03 @ 1
I .
)
2
(B) o AtSSIl  [Can] Col [ Gt Mt [ Tsu] Van]

Rsch
So
<
“;" -
I 0.005
o
2
(C) o AtSSIll [Can] Gt | El [Ler [ Stw] Yo ]
o
Nok , -
SaP ot R
& i Te
Can Tsu 5' oy "
. Sha Er mt ws 2 So
Cha ol Van
Wil
I
0.02 o
o
2
(D) o _| AtSSIV [Bur[Can| Cvi| Er [ Gre] Ws ]
©w -
Go | e ——
Can <

-5

-10

_| AtGBSS [_Ct | Edi | Mt [Rsch] Tsu] Van ]

10

(E) Rech

aCt
0
I
|
i
|
i
|

\;;;\ —
Can "
Yo Stcvt, 0.02 Cvi an ek
[ 2
BéL MbL Eél
time
Fig. 5 Phylogenetic trees and transcript levels of starch synthase selected accessions are displayed by ACt values (normalized with
genes in A. thaliana. a AtSSI; b AtSSII; ¢ AtSSIII; d AtSSIV; e AtG- a housekeeping gene; see text). As measure of the reliability, confi-
BSS. Left panels unrooted maximum likelihood trees among acces- dence intervals are integrated as shadings. The selected six accessions
sions based on promoter and gene sequences. Clusters are highlighted representing different clusters of the respective genes are marked with
with circles. Right panels differences in transcript levels among the same color in the left and the right panel

@ Springer



Plant Mol Biol (2015) 87:489-519

503

the respective impact of selection and demography on the
genetic variation of AzSSIV.

Overall, starch synthases constitute one of the most vari-
able starch-related gene families. All genes show numerous
nonsynonymous substitutions, but none of these codons are
inferred to be positively selected (Table 1). Most polymor-
phisms of starch synthases originated recently in the line-
age of A. thaliana (Fig. 2).

Transcript levels relative to accession and time-of-the-day

Transcript levels of A#SSI are primarily affected by the
time-of-the-day, while transcript levels of AzSSII, AtSSIII,
and AtSSIV mainly vary among accessions (accounting for
40-47 % of the variation; Table 3). Differences in transcript
levels of AtGBSS are equally affected by accession and
time-of-the-day (38 and 42 %, respectively; Table 3).

In A#SSI, the transcription pattern in Bl, Can, and Edi is
similar as highest transcript levels were obtained at MOL,
while Gre, Sha, and Wil exhibit individual patterns (Fig. 5a,
left panel). Genetic variation specific to individual acces-
sions is found in Gre (two positions in the promoter; four
in introns; Table S2), Wil (one position in the promoter;
four in introns; Table S2), and Sha (eight positions in the
promoter; one in an exon; two in introns; Table S2). For
most of these sites, 2—55 additional accessions were found
to possess the same genetic variant (Table S2; Cao et al.
2011).

In AtSSII, the transcript pattern is similar among acces-
sions as lowest transcript levels were obtained at MOL
(Fig. 5b, left panel). Col, however, shows a deviating tran-
script pattern. Polymorphisms associated with either pat-
terns or levels of transcripts were not found.

In AzSSIII, accessions show different patterns through-
out the light period, having either lowest (Ct, Ler, Yo) or
highest levels (Can, El) at MOL, or constantly decreasing
transcript levels from BOL towards EOL (Stw; Fig. Sc, left
panel). Specific sites that correlate with either lowest or
highest transcript levels at MOL were not found, but Stw
exhibits substitutions that are found in further accessions as
well (two positions in the promoter; two in exons; one in
the 3’-UTR; Table S2; Cao et al. 2011). For all three time
points, Yo exhibits highest transcript levels as compared to
all other analyzed accessions. This accession has several
specific substitutions (four positions in exons; one in the
3/-UTR; Table S2). The deviant substitution pattern (puta-
tive associations) was found in 17-21 further accessions
(Table S2; Cao et al. 2011).

In AtSS1V, three different transcript patterns exist. High-
est levels at MOL are found in Can and Cvi, lowest levels
at MOL in Gre and Ws or constantly decreasing through-
out the light period in Bur and Er (Fig. 5d, left panel).
There are numerous sites that differ among accessions with

increasing (Can, Cvi) and decreasing transcript levels (Bur,
Er, Gre, Ws) towards MOL, i.e., 13 in exons, 22 in introns,
and 6 in the 3’-UTR. There are a few additional accessions
that share most of the putative associations (Table S2; Cao
et al. 2011). Putative associations between sequence and
transcript pattern are not observed in the putative promoter,
as the promoter sequence of Bur is similar to those of Can
and Cvi. For this gene, the position of accessions in the
phylogenetic tree correlates with transcript levels, espe-
cially at MOL. Er, Gre, and Ws show low transcript levels
and belong to cluster I. Can and Cvi exhibit highest tran-
script levels and are clearly separated from cluster I, while
Bur is intermediate, both in phylogenetic position and tran-
script levels.

In ArGBSS, transcripts tend to decrease towards EOL
(most variation due to time-of-the-day; Table 3), but the
level of transcripts also differs among accessions (Fig. Se,
left panel). Sequence variation and level of transcripts
appear to be uncorrelated.

Branching enzymes
Background

Branching enzymes (BEs; EC 2.4.1.18; a-1,4-glucan:
a-1,4-glucan 6-glucosyl transferase) are monomeric pro-
teins possessing two distinct enzymatic activities that are
attributed to two domains of the polypeptide (Dumez et al.
2006). BEs from higher plants are often grouped into two
classes, designated as I and II. Class I BEs are thought to
transfer longer chains as compared to class II isozymes
(Tomlinson and Denyer 2003), but not all BEs follow
this classification. In A. thaliana, three genes (AtBEI
to AfBE3) encode branching enzymes. The sequence of
AtBE] is related to the starch branching enzyme family but
it cannot be assigned to either class I or II and, therefore,
does not code for a true branching enzyme (Dumez et al.
2006). Sequence similarity to the two other gene products
is low (compared to AtBE2 and AtBE3, aa identity and
similarity is approximately 26 and 35 %, respectively).
Both AfBE2 and AtBE3 belong to BE class II, sharing
73 % aa identity (Dumez et al. 2006). Like a-amylases,
they cleave internal o-1,4-interglucose bonds using the
N-terminal domain (pf:Alpha-amylase; AtBELl: residues
425-498; AtBE2: 318-474; AtBE3: 353-425; KEGG). In
addition, BEs transfer the oligoglucanyl residue liberated
to the same or a vicinal a-glucan chain forming an a-1,6-
glucosidic bond. This catalytic activity is attributed to the
C-terminal beta domain (pf:Alpha-amylase_C; AtBEI:
800-893; AtBE2: 707-801; AtBE3: 742-835; KEGG).
Furthermore, BEs often possess a carbohydrate binding
module (pf:CBM_48; AtBEIl: unknown; AtBE2: 169-
252; AtBE3: 205-287; KEGG). In addition to the classical
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Fig. 6 Phylogenetic trees and transcript levels of branching enzyme
genes in A. thaliana. a AtBEI; b AtBE2; ¢ AtBE3. Left panels
unrooted maximum likelihood trees among accessions based on
promoter and gene sequences. Clusters are highlighted with circles.
Right panels differences in transcript levels among selected acces-

domains designated by KEGG, the (B/a)g-barrel is another
structural feature typical for branching enzymes (Jespersen
et al. 1993; Svensson 1994). It consists of eight B-strands
and eight a-helices which alternate along the polypeptide
chain and fold the inner cylindrical B-strands surrounded
by a-helices. Here, the (B/a)g-barrel structure described for
the BE from E. coli was used to determine the approximate
position of the respective motifs in the branching enzymes
of A. thaliana.

Sequence diversity

Like in most starch-related gene families, several nonsyn-
onymous substitutions were observed in the three BE genes
(Table 1). In AfBEI and AtBE3, both catalytic domains
(according to KEGG) lack mutations. In AtBE2, however,
nonsynonymous substitutions were identified in both cata-
lytic domains (Table 1; Table S1). Based on interspecific
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of different clusters of the respective genes and are marked with the
same color in the left and the right panel

comparison, these positions are generally highly con-
served (Table 1). The amino acid sequence of the CBM48
that features AtBE2 and AtBE3 (but not AtBEI) exhibits
only synonymous substitutions. Within the (B/a)g-barrel,
nonsynonymous substitutions were identified in each BE
(AtBE1: V4051, N649S, A671S, N754S; AtBE2: P273L,
S354T; AtBE3: K479L; Table S1). Promoter regions of all
BEs exhibit similar nucleotide diversities, but regarding the
gene sequence, AtBE] is by far more variable than AtBE2
and AtBE3 (Table 2).

Inferred selection and phylogenetic clustering

For AtBE]I, the positive test statistics of Tajima and Fu and
Li are indicative of an excess of intermediate-frequency
polymorphisms (Fig. 2), which affect about half of the
accessions visible as two clusters in the genealogy (Fig. 6a,
left panel). For this reason, we assume disruptive selection
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for AtBEI. Both AfBE2 and AtBE3 possess an excess of
low-frequency polymorphisms as indicated by significant
negative Tajima and Fu and Li values (Fig. 2). The substitu-
tions are distributed over numerous accessions, which lead
to a star-like genealogy (Fig. 6b, c, left panel). In addition,
there are significant signs of population expansion (Fig. 2).
Whether the star-like shape of the ArBE2 and AtBE3 gene-
alogy is caused by purifying selection and/or population
expansion is not clear.

The comparison with A. lyrata revealed an excess of
derived polymorphisms (Fay and Wu’s H, Fig. 2).

Transcript levels relative to accession and time-of-the-day

Transcript levels of AtBE2 are highest, followed by AtBE3
(Fig. 6b, c, right panels). AtBE] whose metabolic func-
tion is not yet clear shows lowest transcript levels (Fig. 6a,
right panel). This general tendency is consistent with a pre-
vious study (Gan et al. 2011). In all BE genes, transcript
levels strongly differ among accessions throughout the
entire light period. The influence of time-of-the-day on
AtBE?2 transcription is relatively small, while AtBE] and
AtBE3 transcript levels are highly affected by time-of-the-
day (explaining 33 and 58 % of the variation, respectively;
Table 3).

In most accessions, transcript levels of AtBE] increase
during the light period (Fig. 6a, right panel). With regard to
the pattern of transcripts throughout the light period, Cvi
and Nok deviate from most accessions as they show either
highest or lowest transcript levels at MOL. Cvi differs
from all other analyzed accessions by several unique sites
(one in the promoter; five in introns; one in the 3’-UTR;
Table S2). Nok shows individual substitutions as well (one
position in an exon; one in an intron; Table S2). Some sub-
stitutions of both Cvi and Nok were found in 2—65 further
accessions in the 105 accessions data set (Table S2; Cao
et al. 2011).

In AtBE2, most accessions follow the same transcript
pattern throughout the light period, i.e., slightly lower
transcript levels at MOL and an increase towards EOL,
except for Bl that exhibits highest transcript levels at MOL
(Fig. 6b, right panel). Unique sites were found in Bl (one
position each in the promoter, exon, and intron; Table S2).
These putative associations are also found in 4-12 further
accessions (Table S2; Cao et al. 2011). No positions were
found to correlate with transcript levels.

The pattern of transcription in AtBE3 generally coincides
among accessions as lowest transcript levels are found at
MOL (Fig. 6c, right panel). Three positions that correlate
with high transcript levels (Oy, Wil, Yo) were found in 31
and 63 further accessions, respectively (one position in the
promoter; two in exons; Table S2; Cao et al. 2011).

Debranching enzymes
Background

All plant debranching enzymes (DBEs) selectively hydro-
lyze a-1,6-interglucose linkages (direct debranching).
Based on sequence comparison and substrate specificities,
two types of DBEs are distinguished, isoamylases (ISAs;
EC 3.2.1.68) and pullulanases, also named limit-dextrinases
(PUs/LDAs; E3.2.1.142; Streb et al. 2012). The ISA type
covers three classes designated as ISA1, ISA2, and ISA3.
In A. thaliana, each class is represented by a single gene
(AtISAI to AtISA3; Delatte et al. 2005; Wattebled et al.
2005, 2008). In several plants species, both ISA1 and ISA2
have been shown to mainly or exclusively participate in the
biosynthesis of amylopectin by forming homomeric and/or
heteromeric functional complexes (Kubo et al. 2005, 2010;
Utsumi and Nakamura 2006; Utsumi et al. 2011; Hennen-
Bierwagen et al. 2012; Facon et al. 2013; Sundberg et al.
2013; Sim et al. 2014) and selectively hydrolyze excess
branchings (i.e., a-1,6 interglucose bonds) during starch
granule biosynthesis. Thereby, they facilitate the formation
of the branching clusters of amylopectin and, presumably,
mediate the low degree of branching in amylose. The latter
designates a complex mixture of linear and poorly branched
a-glucans widely differing in size. Starch formed by A. thal-
iana mutants lacking ISA1 and/or ISA2 are structurally
altered (Delatte et al. 2005; Wattebled et al. 2005; Streb
et al. 2012). By contrast, ISA3 and PU1 act during starch
degradation hydrolyzing «-1,6 glucosidic bonds and liber-
ating full length side chains (Delatte et al. 2005; Li et al.
2007; Wattebled et al. 2008; Streb et al. 2012). All ISAs
have the carbohydrate binding module CBM48 in common
(pf:CBM_48; AtISA1: residues 76-170; AtISA2: 234-328;
AtISA3: 92-190; KEGG) and a catalytic domain which
resembles that of a-amylase (pf:Alpha-amylase; AtISAL:
240-417; AtISA2: 388-476; AtISA3: 260-616; KEGG).

Sequence diversity

The CBM48 domain of AtISA1 is affected by nonsynony-
mous substitutions, while the CBMs of AtISA2 and AtISA3
are highly conserved (Table 1; Table S1). In both AtISA2
and AtISA3 the catalytic domains exhibit amino acid sub-
stitutions (Table 1; Table S1). Surprisingly, almost all
substitutions in the catalytic domain are found in regions
that, based on the interspecies comparison, are considered
to be highly conserved (Table 1). In promoter regions, the
ISA genes possess similar intraspecific nucleotide diver-
sity (Table 2). The genes of the three ISA isoforms differ in
their variability with A7ISA2 exhibiting the lowest degree of
variation.
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Fig. 7 Phylogenetic trees and transcript levels of debranching
enzyme genes in A. thaliana. a AtISAI; b AtISA2; ¢ AtISA3. Left pan-
els unrooted maximum likelihood trees among accessions based on
promoter and gene sequences. Clusters are highlighted with circles.
Right panels differences in transcript levels among selected acces-

Inferred selection and phylogenetic clustering

Both A#ISAI and ArISA3 exhibit an excess of low-fre-
quency polymorphisms as determined by negative test
statistics of Tajima and Fu and Li (Fig. 2). However, these
substitutions are restricted to individual accessions, which
lead to at least two separated clusters in the genealogy of
these genes (Fig. 7a, c, left panel). Due to the lack of sig-
nificant results we could not clearly determine the selective
or demographic mode underlying the diversity pattern of
these genes. In AfISA2, there is an excess of low-frequency
polymorphisms as well, but the Tajima and Fu and Li val-
ues are significant (Fig. 2). Due to an even distribution of
polymorphisms over all accessions, the genealogy is star-
like (Fig. 7b, left panel). Additionally, the R2 statistic for
population expansion is significant (Fig. 2). For this reason,
the genealogy could be shaped by both purifying selection
and/or population expansion.
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sions are displayed by ACt values (normalized with a housekeeping
gene; see text). As measure of the reliability, confidence intervals are
integrated as shadings. The selected six accessions representing dif-
ferent clusters of the respective genes are marked with the same color
in the left and the right panel

Most substitutions occurring in AtISAI and A#ISA3 are
of recent history, while the majority of substitutions in
AtISA?2 are shared with A. lyrata (Fay and Wu’s H, Fig. 2).

ISAs exhibit several presumably PSS (highlighted with
asteristics in Table 1; Table S1). In A#ISAI, four out of 10
substitutions are inferred to be positively selected. N22Y is
almost exclusively present in cluster I (14 accessions; not
present in Bl, Col, Er, and Ler) and also in Rsch which is
an intermediate haplotype (Fig. 7a, left panel). Likewise,
E154D is mainly found in cluster II (not present in Stw)
and the intermediate Rsch. In A7ISA3 two out of 11 substi-
tutions are inferred to be positively selected, but—unlike
in AtISA]—they do not coincide with the inferred clusters.
F209L occurs in only four accessions (Cvi, Edi, Gre, and
Van) that represent both cluster I and II (Fig. 7c, left panel).
S683T is mainly present in cluster II (not present in Mt, and
Sap) but also in Ct and Stw (phylogenetically intermediate
accessions) and Gre which belongs to cluster I.
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Transcript levels relative to accession and time-of-the-day

When comparing the two ISAs that certainly are involved in
starch synthesis, i.e., AtISAI and AtISA2, both genes exhibit
similar transcript levels (Figs. 6b, 7a, right panels), which
is consistent with a previous study (Gan et al. 2011). Tran-
script levels of A#ISA3 differ between accessions, especially
at the middle of light phase (Fig. 7c, right panel). Differ-
ences in transcript levels of A#ISAI are strongly influenced
by time-of-the-day (Table 3). By contrast, for ArISA2,
genetic variations across accessions are the most promi-
nent factor, accounting for about one-third of the variation
(Table 3). Transcript levels of A#ISA3 are rather equally
affected by differences among accessions and time-of-the-
day. During the light period, A7ISA3, which is involved in
starch breakdown, shows similar transcript levels as A#ISA
and A7ISA2 (Fig. 7, right panels). This is surprising, as starch
synthesis and breakdown are antagonistically regulated.

In A#ISA1, three different transcript patterns were found
as there are accessions with increasing (Edi, Rsch, Te),
relatively constant (Stw) or lowest levels at MOL (Bur,
Ler; Fig. 7a, right panel) but differences between the three
groups are minor. Edi, Rsch, and Te share a specific sub-
stitution in an exon that occurs in 59 further accessions
(Table S2; Cao et al. 2011). Further correlations between
substitutions and transcript pattern or level were not found.

In A#ISA2, transcripts follow two contrary patterns as
accessions exhibit either highest (Sap, Te) or lowest tran-
script levels at MOL (BI, Bur, Oy, Rsch; Fig. 7b, right
panel). Specific sites that correlate with either the pattern or
the level of transcripts were not identified.

In A#ISA3, transcript levels generally increase through-
out the light period (Fig. 7c, right panel). The pattern
slightly differs among accessions. Oy exhibit lowest tran-
script levels as compared to all analyzed accessions. Here,
five accession-specific substitutions were identified, all of
which are located in introns (Table S2; Cao et al. 2011).

Phosphorylases
Background

The a-glucan phosphorylases (PHS/Pho; EC 2.4.1.1;
a-1,4-p-glucan: orthophosphate a-p-glucosyl transferase)
catalyze the reversible transfer of terminal glucosyl resi-
dues at the non-reducing end(s) of a-1,4-glucan chain and
orthophosphate (Albrecht et al. 2001; Rathore et al. 2009).
In higher plants, two distinct phosphorylase types exist,
the plastidal (PHS1/Phol) and the cytosolic (PHS2/Pho2)
transferases. In A. thaliana each isoform is represented by a
single nuclear gene (plastidal: AtPHS1; cytosolic: AtPHS2,;
Zeeman et al. 2004; Lu et al. 2006; Rathore et al. 2009).
According to KEGG, both phosphorylases share the same

catalytic domain (pf:Phosphorylase; AtPHS1: residues 180-
504 and 559-957; AtPHS2: 114-836). For posttranslational
import into the plastid, AtPHS1 possesses an approximately
62 aa comprising N-terminal transit peptide (ChloroP;
Emanuelsson et al. 1999). Additionally, plastidal glucan
phosphorylases from higher plants (Phol/PHS1) contain
an about 80 aa insertion that is located between the N- and
the C-terminal domains, first described for potato (Nakano
and Fukui 1986). Consistent with high levels of interspecific
variation, the insertion might originate from an intron ances-
tor (Rathore et al. 2009). It is enriched in charged residues
(Rathore et al. 2009). Within the insertion there is a region
called PEST site that has been identified in potato, maize,
and rice (Rathore et al. 2009). This region which is enriched
in proline, glutamic acid, serine, and threonine is considered
as primary target of proteolytic degradation (Rathore et al.
2009). AtPHS?2 is restricted to the cytosol and is involved in
maltose metabolism preferring high molecular weight gly-
cans as glucosyl acceptors (Lu et al. 2000).

Sequence diversity

The transit peptide of AtPHS1 (ChloroP; Emanuelsson
et al. 1999) exhibits 8 variable positions (Table 1). Most
nonsynonymous substitutions in AtPHS1 and AtPHS2
occur in the catalytic domain (Table 1; Table S1). Another
functionally important motif is the PLP binding site (E-A-
[S or C]-G-X-[G or S]-X-M-K-X(2)-[L or M]-N; Rathore
et al. 2009). This motif is invariable in AtPHS1, while in
AtPHS?2 a substitution occurred in one of these positions
(E-A-[S or C]-G-X-[G or S]-X-M-K-X(2)-[L or M]-N;
in bold) in the accession Cvi. At this position, different aa
are known to occur among plant species (indicated by X).
The substitution in Cvi might be nonetheless interesting as
threonine is substituted by proline which is known to spe-
cifically affect the secondary structure of proteins by intro-
ducing kinks.

In AtPHSI, the insertion has a putative length of 51 aa
(residues 511-561) as revealed by comparison with potato
sequences. In total, almost 40 % of the insertion consists of
charged residues (20 out of 51 residues; acid residues: 3 aspar-
tic acid residues, 11 glutamic acid residues; basic residues: 6
lysine residues). In the intraspecific comparison, the insertion
of AtPHS1 exhibits a considerably high number of substitu-
tions. Two synonymous (position 531, 559) and 5 nonsyn-
onymous substitutions are observed (Table 1). The prominent
PEST region is essential for proteolytic degradation (Rathore
et al. 2009). However, in AtPHS! the PEST region appears to
be absent. Among starch-related gene families analyzed in this
study, the PHS genes exhibit the highest intraspecific nucleo-
tide diversity in the promoter region (Table 2). Nucleotide
diversity of the two AzPHS genes is similar to other high diver-
sity gene families, such as starch synthases.
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Fig. 8 Phylogenetic trees and transcript levels of phosphorylase
genes in A. thaliana. a AtPHSI; b AtPHS2. Left panels unrooted
maximum likelihood trees among accessions based on promoter and
gene sequences. Clusters are highlighted with circles. Right panels
differences in transcript levels among selected accessions are dis-

Inferred selection and phylogenetic clustering

AtPHS] exhibits an excess of low- and intermediate-fre-
quency polymorphisms (Fig. 2). Substitutions are mostly
found in three accessions that deviate from the main clus-
ter (Bl, Cha, Wil; Fig. 8a, left panel). Furthermore, the R2
test for population expansion is significant. Therefore, it is
unclear whether selective and/or demographic influences
affect the genealogy of AtPHSI. Significant negative val-
ues for Tajima and Fu and Li test statistics in AtPHS2 are
indicative of an excess of low-frequency polymorphisms
(Fig. 2). These substitutions occur almost exclusively in
a single accession (Cvi, Fig. 8b, left panel). Therefore,
we assume purifying selection as major actor shaping the
genealogy of AtPHS2.Besides SSs, PHSs are the most vari-
able starch-related gene family harboring a large number
of nonsynonymous substitutions (Table 1; Table S1). How-
ever, none of these substitutions are inferred to be posi-
tively selected. As determined by a significant negative Fay
and Wu value, there is an excess of derived substitutions
that originated in the lineage of A. thaliana (Fig. 2).

Transcript levels relative to accession and time-of-the-day

Transcript levels of the two phosphorylases are quan-
titatively similar and exhibit essentially the same time
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played by ACt values (normalized with a housekeeping gene; see
text). As measure of the reliability, confidence intervals are integrated
as shadings. The selected six accessions are members of different
clusters of the respective genes and are marked with the same color in
the left and the right panel

dependency (Fig. 8, right panels). Time-of-the-day is the
major determinant of transcript levels, accounting for more
than 60 % of the variation. Differences among accessions
account for 15-20 % of transcript level variation (Table 3).

In ArPHSI, the transcript pattern generally coincides
among accessions as it increases throughout the entire light
period, except for Est that exhibits highest levels at MOL
(Fig. 8a, right panel). Several sites are unique to Est (five
positions in the promoter; three in introns; Table S2). Cha
and Wil follow the general transcript pattern, but exhibit
highest transcript levels. In the phylogenetic analysis, these
two accessions are separated from the main cluster. They
share numerous sites that differ from cluster I accessions
(32 positions in the promoter; 36 in exons; 81 in introns;
six in the 3/-UTR; Table S2). These putative associations
are found in one to 29 further accessions within the 105
accessions data set (Table S2; Cao et al. 2011).

AtPHS?2 shows increasing transcript levels throughout
the entire light period (Fig. 8b, right panel). In Cvi, how-
ever, AtPHS?2 is differently transcribed. This accession also
stands apart in the phylogenetic analysis due to numerous
specific substitutions and/or indels (20 positions in the
promoter; 37 in exons; 71 in introns, two in the 3’-UTR;
Table S2). Most of these sites are found in other accessions,
but they are rare (occurring in up to 7 accessions; Table S2;
Cao et al. 2011).
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Discussion

Given the fundamental importance of transitory starch
metabolism in A. thaliana and the variations present in
starch content among accessions (Sulpice et al. 2009),
intraspecific variability has been studied for 25 starch-
related genes whose products mediate essential reac-
tions in storage carbohydrate metabolism. This com-
bined genetic/transcription study aimed to -elucidate
the evolutionary history with regard to genetic diversity
within gene families and to identify putative associations
between genetic variation and patterns as well as levels of
transcripts to finally correlate them with starch content. In
order to report more comprehensively the distribution of
putative associations, i.e., substitutions that are associated
with transcript patterns, among A. thaliana accessions, we
extended our sequence data set of 26 accessions by addi-
tional 80 accessions (Cao et al. 2011)—an easily acces-
sible subset of the 1001 Genomes project (Weigel and
Mott 2009), yielding a data set of 105 accessions in total
(as one accession was covered in both our and the Cao
data set; Table S1, S2). The Cao data set does not provide
sequence information for all sites (i.e., it contains numer-
ous N’s for some genes) and the length of indels/repetitive
sequences was not determined, such that any statements
about indels are based on our 26 accessions data set only.
We also looked for comparable transcript data on further
A. thaliana accessions in the public domain. We identified
one data set based on sufficiently similar environmental
conditions and tissue harvest regime, i.e., the transcrip-
tomes of the 19 founders of the MAGIC lines (Gan et al.
2011). As 12 accessions are included in both data sets,
this data set yields transcription information on additional
7 accessions.

Our study on the variability of starch-related genes in
altogether 105 accessions and the transcript levels in a rel-
evant subset of them may serve as a starting point for func-
tional investigations on naturally occurring variation in the
starch metabolism of higher plants.

Evolutionary history of starch-related genes

Among the genes of the gene families analyzed here, the
level of amino acid similarity greatly varies. Presumably,
these differences are attributed to different phylogenetic
gene ages, i.e., duplication events (Deschamps et al. 2007;
Ball 2012) which apparently preceded those duplications in
the more recent history of A. thaliana as the positions of
the genes did not concur with these chromosomal duplica-
tions, not even for the more closely related genes (Fig. S1).

For SSs, ISAs, and PHSs, the common ancestor of all
Chloroplastida likely already possessed the full set of genes
found in A. thaliana (Deschamps et al. 2007; Ball 2012;

Schwarte et al. 2013; Nougué et al. 2014). Due to the high
phylogenetic age of the respective gene family members,
the amino acid (aa) identity (i.e., percentage of shared aa
residues) is relatively low among members (11-36 % for
SSs; 23-42 % for ISAs; 55 % for PHSs). In other gene
families, some copies originated later, as the common
ancestor of Chloroplastida only possessed two AGPase
genes (encoding for the large and the small subunit, respec-
tively; Deschamps et al. 2007; Ball 2012), but higher
plants possess at least three APL genes and one APS gene
(Georgelis et al. 2007). This is again reflected in our data
set as the four AtAPLs share between 57 and 84 % of their
aa residues, while aa identity between AtAPLs and AtAPSs
is only 33-49 %. Likewise, the common ancestor of Chlo-
roplastida only had two BE genes (Deschamps et al. 2007).
In A. thaliana, AtBE2 and AtBE3 have 73 % of their aa
residues in common, but they share only about 26 % with
AtBELl. This rather low sequence similarity is not surpris-
ing due to the fact that AtBEI is related to the branching
enzymes family, but cannot be assigned to one of the two
classes. For PPAs, informations about the onset of genes
in the common ancestor are missing to our knowledge. By
using KEGG (Kanehisa and Goto 2000; Kanehisa et al.
2012), we searched for gene copy numbers in lower plant
species (Ostreococcus tauri, Chlamydomonas reinhardtii,
and Volvox cateri) as well as higher plants (A. thaliana,
A. lyrata, Populus trichocarpa, Zea mays, Oryza sativa).
In lower plant species, the PPA gene copy number var-
ies between two and four (Ostreococcus tauri: 4, Chla-
mydomonas reinhardtii: 3, and Volvox cateri: 2), while it
increases in higher plants. There are fewer gene copies in
eudicots (A. thaliana: 6, A. lyrata: 7, Populus trichocarpa:
9) as compared to monocots with up to 14 gene copies
(Zea mays: 11, Oryza sativa: 14) which is related to the dif-
ferential expression of Group I and Group II genes which
are preferentially expressed in endosperm and in the veg-
etative tissues, respectively (Yan et al. 2009).

Notwithstanding all functional constraints during evo-
lution of starch-related genes, our analysis with regard to
gene copy number and similarity at protein level demon-
strate that the divergence between protein isoforms within
one family in one accession of a single species (here,
A. thaliana Col-0) still contains a phylogenetic signal that
provides informations with regard to the course of gene
duplications by which they originated.

Genetic diversity in starch-related genes among A. thaliana
accessions

At the gene level, the degree of nucleotide diversity var-
ies depending on the respective gene family as well as on
the gene itself. Diversity shows interdependency at gene
family level rather than below. The two phosphorylases
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(average nucleotide diversity of promoter and gene
sequence [m,,,] = 0.01622) and the five starch syn-
thases (7., = 0.00671) are highly diverse across acces-
sions. By contrast, the six genes encoding pyrophos-
phatase (m,,,; = 0.00274) and the family of the three
DBEs (m,, = 0.00224) are more conserved. Within
gene families, variability differs among genes (Tables 1,
2) confirming previous studies (Schwarte and Tiedemann
2011; Schwarte et al. 2013). Genes related to central car-
bon metabolism are equally variable as genes involved in
secondary metabolism, even at the protein level. Sequence
analysis with regard to functional implications on spe-
cific sites, however, revealed that sites which are involved
in either function or regulation are highly conserved (Jes-
persen et al. 1993; Svensson 1994; Crevillén et al. 2003;
Tenorio et al. 2003; Ballicora et al. 2004; Schulze et al.
2004; Delatte et al. 2005; Delvallé et al. 2005; Wattebled
et al. 2005, 2008; Zhang et al. 2005, 2008; Dumez et al.
2006; Roldan et al. 2007; Rathore et al. 2009; Hidrich
et al. 2012; Sonnewald and Kossmann 2013; Nougué et al.
2014). Detailed selection tests on starch-related gene fami-
lies revealed a phase of subfunctionalization directly after
gene duplication that is followed by a further and independ-
ent occurring improvement (Nougué et al. 2014). For this
reason, PSS do not match with known functional domains
but probably with regulatory domains and/or sites that are
involved in enzyme conformation or activity (Nougué et al.
2014).

At genomic level, A. thaliana exhibits levels of polymor-
phisms that are lower than for Drosophila melanogaster,
but higher than for humans (Nordborg et al. 2005).
Indeed, considerable mutation rates (7 x 10~ bp x gen-
eration”!; Ossowski et al. 2010) and recombination rates
(3.6 cM x Mb~!; Salomé et al. 2012) have been reported
which explain both the generation of genetic diversity and
its spread across populations/accessions. Thus, each starch-
related gene family and even each individual gene seems
to follow its own evolutionary trajectory driven by muta-
tion, random drift, selective constraints, and extensive
recombination.

The phylogenetic relationship of each starch-related
gene is independent from each other as each gene possesses
its own gene tree that does not necessarily follow the spe-
cies tree. If species assignments in Arabidopsis follow the
phylogenetic species concept, we would expect that (1)
A. thaliana and A. lyrata represent two reciprocally mono-
phyletic terminal taxa and that (2) the majority of gene
trees for individual genes mirrors the history of the spe-
cies (Kizirian and Donnelly 2004); exceptions of this pat-
tern—if occurring—could be caused by ancestral lineage
sorting or introgression through occasional hybridization.
In sexually reproducing species, this pattern of recipro-
cal monophyly typically breaks down among evolutionary
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lineages below the species level (e.g., geographical popu-
lations). For this reason, it is likely that most of the vari-
ation found in A. thaliana originated after the divergence
of the two sister species 3.8—10 million years ago (Kuit-
tinen and Aguadé 2000; Kuittinen et al. 2004; Clauss and
Koch 2006; Hu et al. 2011). Because A. thaliana became a
selfer, accessions are typically homozygous for most loci.
Under obligate selfing, genetic exchange among lineages
(or accessions) should be negligible and the phylogenetic
history of all genes within an accession would be syn-
chronized. This should result in a high congruence among
gene trees. According to our data, however, there is a dif-
ferent lineage (=accession)-specific evolutionary trajectory
for any gene. Although genomic analyses performed with
A. thaliana have revealed a global geographic population
structure according to isolation-by-distance (Sharbel et al.
2000), we did not find any congruence among any pair of
gene trees, neither for genes of the same family nor for dif-
ferent gene families (cf. Figs. 3, 4, 5, 6, 7, 8, left panels).
Hence, any hypothesis of long-term divergent evolution
among accessions can be clearly rejected. In fact, the pat-
tern of gene diversity among accessions appears similar to
that in a sexual reproductive population in which extensive
recombination (3.6 cM x Mb™!; Salomé et al. 2012) gen-
erates mosaic patterns of allelic combinations among loci
and individuals as it has been previously observed both for
individual genes (Schwarte and Tiedemann 2011) and large
proportions of the genome (Nordborg et al. 2005). It has
been reported that, due to postglacial population expansion
by human disturbance, gene-wise analyses do not reveal
any correlation between genotype and geography (Nord-
borg et al. 2005).

Gene-wise selection patterns of starch-related gene
families

Given the high phylogenetic age and the fundamental
importance of starch-related genes, one would generally
expect highly adapted genes under stringent evolutionary
constraints. Generally, the genealogies exhibit no signs of
phylogeographical pattern and, hence, clearly differ from
the genomic background. The combination of different
selection tests revealed that each gene possesses its indi-
vidual evolutionary history and even members of the same
gene family behave differently (Fig. 2). Our combination
of selection tests, demographic inference, and phylogenetic
analyses assigned any starch-related gene to one of the
four groups: (1) genes under purifying selection, (2) genes
that are influenced by selective and/or demographic pro-
cesses, (3) genes under disruptive selection, and (4) genes
with inconclusive results with regard to the evolutionary
pattern. All genes inferred to be under purifying selection
(indicated by significant negative Tajima and Fu and Li test



Plant Mol Biol (2015) 87:489-519

511

statistics) exhibit genealogies with one main cluster from
which single accessions deviate (AtAPL4, AtPPAI, AtPPA3,
AtPPAS, AtPHS2; Figs. 2, 3, 4, 5, 6, 7, 8). In several other
genes with a significant excess of low-frequency polymor-
phisms, significant R2 statistics are indicative of population
expansion as the underlying evolutionary pattern (AfAPS2,
AtPPA2, AtSSII, AtSSIV, AtBE2, AtBE3, AtISA2, AtPHSI;
Fig. 2). In this case, the major actor shaping genealogy is
demography, potentially (but not necessarily) together with
purifying selection. By contrast, some starch-related genes
(AtAPL3, AtPPA4, AtSSI, AtBEI; Fig. 2) showed an excess
of intermediate-frequency polymorphisms leading to two
clearly separated clusters in the genealogy. Here, selection
tests yield positive values. By combining phylogeny and
selection tests we assume that disruptive selection might
contribute to the divergence among the inferred phyloge-
netic lineages. Post-hoc selection tests within these line-
ages revealed an excess of low-frequency polymorphisms.
Hence, purifying selection is likely to act within clusters,
while disruptive selection is acting among them. Finally,
there is a group of genes where our analyses remained
inconclusive with regard to the evolutionary pattern under-
lying the observed variation (AfAPLI, AtAPL2, AtAPSI,
AtPPAG6, AtSSIII, AtGBSS, AtISA1, AtISA3; Fig. 2).

The classification of different modes of selection should
be treated with cautions. However, by combining different
test statistics, we could identify at least two selective modes,
i.e., purifying selection with star-like genealogies accompa-
nied by single deviating accessions and disruptive selection
with bifurcated genealogies (Figs. 2, 3, 4, 5, 6, 7, 8).

Site-specific selection analyses revealed that two gene
families (AGPase: AtAPSI, and AtAPS2; ISAs: AtISAI,
and A#ISA3) exhibit positively selected sites (PSS; Table 1;
Table S1). In AtAPS1, all PPSs occurred in the same seven
accessions and by expanding the sequence data set to
105 accessions, 20 were found carrying these mutations
(Table S1). The PSS in AtAPS2 was found in 6 acces-
sions in total (Table S1). Nonsynonymous substitutions in
AGPase genes occur randomly across the respective gene
trees and do not correlate with distinct clusters (cf. Fig. 3;
left panels), such that selection on these sites would fail to
explain the clustering in the phylogenetic analysis. PSSs
in both AtISA] and AtISA3 are shared by 2-66 accessions
and are hence not evenly distributed across accessions
(Table S1). The substitution pattern is generally congruent
with the respective clustering of the gene trees. Possibly,
the genetic variants at these sites are positively selected for
in the respective evolutionary lineages in which they occur,
such that these substitutions may constitutes further exam-
ples for disruptive selection among lineages/accessions (cf.
Fig. 7; left panels).

In summary, a common evolutionary pattern is appar-
ently a combination of purifying selection and demographic

changes. This is not unexpected, as (1) starch-related genes
are functionally important and deleterious mutations are
likely to be counterselected and (2) A. thaliana is known
to have experienced population expansion (Sharbel et al.
2000; Nordborg et al. 2005). Nonetheless, we identified a
few candidate regions in which divergence may be driven
by positive selection, i.e., different substitutions may be
selected for in different evolutionary lineages. None of
these deviating gene variants among accessions, neither
entire alleles nor individual sites, correlate completely with
high (Cvi, Nok, Stw, Te, Van, Yo; Sulpice et al. 2009) or
low starch content (Est, Mt; Sulpice et al. 2009). There-
fore, functional implications of the found genetic variation
among A. thaliana accessions remain to be elucidated.

Putative associations between genetic and transcriptional
variation

Differences in transcript levels can be affected by both
genetic factors divergent among accessions and physi-
ological conditions, such as the time point of harvesting
the leaves used for transcription analysis. Therefore, tran-
script levels were measured at three different time points
during the light period for six accessions that are geneti-
cally most divergent. Among the genetic factors, cis-regu-
latory elements affecting transcript levels are likely to be
located within the putative promoter, but regions in introns
are known as transcriptional regulators as well (Hir et al.
2003; Casas-Mollano et al. 2006; Spasovski et al. 2013).
For this reason, the entire sequence of a gene was screened
for putative associations that correlate with either the pat-
tern or the level of transcripts.

In some starch-related genes, such as AtAPL2, AtAPL3,
AtPPAI, AtSSII, AtSSIII, AtSSIV, and AtBE2, variation in
transcript levels is mainly due to genetic factors (>40 % of
the variation explained by differences among accessions;
Table 3). Putative associations between transcript pattern
and genetic variation could be found in AtfAPLI, AtAPL2,
AtAPL3, AtPPA2, AtPPA4, AtPPA6, AtSSIV, AtBE3, and
AtPHSI. Moreover, sites that putatively correlate with
transcript levels were identified in ArPPAI, AtPPAS,
AtPPAG6, AtSSI, AtSSIII, AtSSIV, AtBEI, AtBE2, AtISAI,
and AtPHS?2. Putative associations are considered as being
verified if they were found in at least two accessions across
the extended data set of 105 accessions (Suppl. Table 2).
For two additional genes, either the pattern (AtISA3) or the
level of transcripts (AfAPS2) is putatively associated with
sites exclusively found in single accessions. These sites still
need to be confirmed. To what extent the putative associa-
tions are truly involved in transcript regulation needs to be
evaluated. With regard to gene regulatory elements, most
of these sites did not affect known cis-regulatory elements
(Yilmaz et al. 2011). Only in AtPHSI, one substitution in
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the promoter is located in the binding site of the LEAFY
(LFY) transcription factor (consensus sequence: CCANTG;
variable position in bold; Moyroud et al. 2011; Yilmaz et al.
2011), but downstream effects are unlikely, as this substitu-
tion occurs at the only position in the consensus sequence
known to be variable (Moyroud et al. 2011). Finally, we
screened all putative associations regarding co-occurrences
across starch-related genes to possibly identify global
transcript regulating sites that affect the formation of pro-
tein complexes. However, such substitutions could not be
found in the investigated starch-related genes. For several
genes, i.e., AtTAPLA4, AtAPS1, AtPPA3, AtSSII, AtGBSS, and
AtISA2, there was no correlation between any substitution
and and transcript pattern.

Given that (1) genetics explain a large part of transcrip-
tion variation in many starch-related genes, (2) several dif-
ferences in transcript patterns correlate with specific sites
in the respective gene, but (3) none of these sites affect cis-
regulatory elements known to influence transcription, there
are two not mutually exclusive explanations: (1) starch-
related genes are generally cis-regulated, but the descrip-
tion of respective binding sites is incomplete so far and/
or (2) starch-related genes are trans-regulated by global
transcription factors that regulate the entire or parts of this
complex metabolic pathway. A combination of these two
mechanisms is likely.

Transcript patterns or levels of individual genes that cor-
relate with high (Cvi, Nok, Stw, Te, Van, Yo; Sulpice et al.
2009) or low starch content (Est, Mt; Sulpice et al. 2009)
could not be identified. The lack of any correlation of starch
content with the expression pattern of single genes might
be due to the complex metabolic pathway of starch synthe-
sis and degradation. Furthermore, a possible incongruence
between transcript and protein levels may also be relevant
in this context. To some extent our transcript results could
be influenced by the experimental design as in a long day
treatment as implemented here, starch metabolism can be
relaxed as plants may not consume all their starch during
the night (Sulpice et al. 2014). It is conceivable that this
effect may influence transcript patterns of starch-related
genes. It would be hence valuable to verify the transcript
patterns revealed in our study in a study with shorter light
period.

Detailed analyses of AGPase and starch synthase genes

A detailed analysis of genetic and transcript variation can
provide further clues to the evolution of individual genes
or gene families. For example, the AGPase holoenzyme in
eukaryotes is typically a heterotetramer (a,f,), consisting
of small (o) and large (B) subunits. All genes encoding the
small and large subunits originated from a single ances-
tral gene during an ancient duplication in angiosperms
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(Georgelis et al. 2007; Ventriglia et al. 2008). The num-
ber of genes encoding small (1-2) and large (3—6) subu-
nits differ depending on plant species (Georgelis et al.
2007). In A. thaliana, four genes encode the large subunits
(AtAPLI-4) and two genes the small subunits (AtAPSI-2).
Genes of the large subunits underwent more duplication
events as compared to those of the small subunits, permit-
ting distinct yet closely related and tissue-specific func-
tions (Georgelis et al. 2007). AtfAPLI is highly expressed
in source tissues while AtAPL2 has a broader expression
level but is mainly functional in sink tissues (Georgelis
et al. 2007; Ventriglia et al. 2008). AtAPL3 and AtAPL4
are minor forms only expressed in sink tissues (Georgelis
et al. 2007; Ventriglia et al. 2008). For all accessions ana-
lyzed here, transcript levels of the various large subunits of
the AGPase concur with these results, as AtAPLI appears
to be most strongly expressed throughout the light period
(Fig. 3a—d, right panels). Transcript levels did, however,
fluctuate depending on the accession analyzed. For all large
subunits, differences in transcript levels are mainly deter-
mined by variations among accessions rather than by time-
of-the-day (Table 3). More specifically, transcript levels of
AtAPL3, especially to the time point EOL, correlate with
the clustering of accessions in the phylogenetic tree. This
observation points to cis-regulatory mechanisms that affect
transcript levels of AtfAPL3. The two small subunits of the
AGPase seem to undergo a divergent evolution. In fact, it
has been proposed that AtAPS1 encodes the only functional
small subunit whereas AtAPS2 is thought to be a pseudo-
gene (Crevillén et al. 2003, 2005; Ventriglia et al. 2008).
For identifying nuclear pseudogenes, the pattern and/or fre-
quency of nucleotide substitutions are generally believed to
be a prime criterion (Bailey et al. 2003), which can be sup-
ported by transcription analysis. Specifically, pseudogenes
can be expected to exhibit low transcript levels and to har-
bor excess nonsynonymous substitutions. Indeed, AtAPS2
has the lowest transcript levels, the highest (random) tran-
script level variation among biological replicates (account-
ing for 57 % of the variation; Table 3), and the highest per-
centage of nonsynonymous mutations (piy/pig 1:1) among
all AGPase genes, while AtAPS1 reveals a higher overall
genetic diversity (Tables 1, 2). Altogether, identity among
the two AGPase small subunits is rather low for both DNA
(52 %) and inferred aa (41 %) sequences. Thus, our data
tentatively confirm the pseudogenic nature of AtAPS2.
Given the only moderate overall diversity level of AtAPS2
and the lack of frame shift mutations in exons, this putative
pseudogenization may be considered evolutionary recent.
As a second example of evolutionary implications of our
combined genetic/transcription analysis, starch synthases
(SSs) were identified as those starch-related genes exhib-
iting the highest levels of intraspecific diversity includ-
ing both synonymous and nonsynonymous substitutions
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(Tables 1, 2). AtSSI has already been described as a high
diversity gene (Cork and Purugganan 2005). Some sub-
stitutions even occur at positions that, based on interspe-
cific comparison, are considered to be highly conserved
(Table 1). For all SSs, gene-specific phylogenetic trees were
obtained. They indicate that the intraspecific diversity does
not follow a common pattern although three gene prod-
ucts are interacting within the biosynthesis of amylopectin.
Likewise, transcript levels of the various SSs vary depend-
ing on both the target gene and the accession. For both
AtSSIII and AtSSIV, individual sites could be identified that
might be responsible for differences in transcript levels
(see results). Further biochemical analyses are needed to
analyze the functional implications of specific sites of the
various starch synthases but are, for several reasons, diffi-
cult to be performed. Firstly, detailed structural analyses of
the transitory starch require large quantities of leaf material
and cannot be performed with a high number of accessions.
Secondly, at protein level AtSSI and AtSSIII constitute the
vast majority of the detectable enzyme activity whereas the
activity of both AtSSII and AtSSIV is largely undetectable.
Therefore, sequence-dependent modulations of the activ-
ity of the different isozymes are very challenging to follow.
Thirdly, several starch synthases are known to reversibly
interact with other starch-related enzymes (Tetlow et al.
2004, 2008; Zeeman et al. 2010; Emes and Tetlow 2012).
Their actual in vivo function appears to be closely related
to that of the herteromeric protein complexes rather than to
the individual starch synthase isoforms. Detailed analyses
of biochemical functions of the complexes are difficult to
perform and largely lacking.

Conclusions

In 26 accession of A. thaliana, 25 starch-related genes rep-
resenting six gene families were sequenced including the
putative promoter regions. All starch-related genes have
their individual evolutionary history that can be recon-
structed by the analysis of gene copy number and amino
acid similarity. The genes exhibit significant intraspecific
variations and contain numerous synonymous and non-
synonymous substitutions. Sequence variability strongly
depends of the gene family, with starch synthases and phos-
phorylases being the most variably genes. Despite the fact
that all gene products act in assimilatory starch turnover,
sequence variability does not follow any common pat-
tern, but any gene follows its own evolutionary trajectory,
resulting in gene-specific genealogies. This confirms earlier
hypotheses of mixture and recombination among the ances-
tors of current accessions (perhaps in a pleistocene refu-
gium; Sharbel et al. 2000), followed by a human-assisted
worldwide expansion. Purifying selection can be assumed

as general pattern, but some genes experienced divergent
evolution among groups of accessions, potentially caused
by positive (disruptive) selection. Likewise, putative pro-
moter regions exhibit considerable sequence diversity.
Transcript levels of the starch-related genes vary largely.
Each starch-related gene family or rather each member
experiences its individual evolutionary constraint that is
influenced by internal structure of native starch, the post-
translational import into the plastids and the interaction
with other starch-related proteins. In some occasions, puta-
tive associations between genetic variation and transcript
patterns were identified. They may serve as candidates for
future functional analyses to unravel the impact of genetic
variation on the complex network of starch metabolism.
However, the verification of functional implications for dis-
tinct sites is challenging due to the fact that during starch
biosynthesis many enzymes closely interact and, therefore,
any disturbance of this concerted action may result in com-
plex alterations of the starch structure.

Methods and material
Plant materials and cultivation

Arabidopsis accessions were kindly provided by Prof. Alt-
mann (IPK Gatersleben, Germany). Prior to germination,
seeds were kept for at least 2 days at 4 °C. Seedlings and
plants were grown in 1:1 (w/w) mixture of GS 90 soil and
vermiculite. For sequencing plants were grown under con-
trolled short day conditions (12 h light [120 uE m~2 s~!],
20 °C; 12 h dark, 18 °C). Leaves were harvested after
4 weeks. For Realtime PCR experiments, plants were
grown for 4 weeks under controlled long day conditions
(16 h light [120 uE m~2 s7!], 21 °C; 8 h dark, 18 °C).
Within the vegetative stage (plants did not started bolting
yet), leaves were harvested at three time points during the
light phase, i.e., beginning of the light period (BOL; after
30 min light), middle of light (MOL; after 8 h light), and
end of light (EOL; 30 min before the onset of dark).

DNA isolation, PCR amplification, and sequencing

Genomic DNA was extracted from a pool of leaves collected
from three plants per accession using a modified CTAB pro-
cedure (Rogers and Bendich 1985). Primers were designed
based on the Col-0 sequence. All analyses were performed
with the following genes: ADPglucose pyrophosphory-
lase [AfAPLI (At5g19220), AtAPL2 (Atig27680), AtAPL3
(At4g39210), AtAPLA4 (Ar2g21590), AtAPS1 (At5g48300),
AtAPS2  (Atig05610)], inorganic pyrophosphorylases
[AtPPAI (Atig01050), AtPPA2 (At2g18230), AtPPA3
(Ar2g46860), AtPPA4 (At4g53620), AtPPAS (At4g01480),
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AtPPA6 (At5g09650)], soluble starch synthases [AzSSI
(A15824300), AtSSII (At3g01180), AtSSIII (Atlgll720),
AtSSIV (At4g18240)], granule bound starch synthase [AtG-
BSS (At1g32900)], branching enzymes [AtBE1 (At3g20440),
AtBE2 (At5g03650), AtBE3 (At12g36390)], DBEs [AtISA]
(Ar2g39930), AtISA2 (Atig03310), AtISA3 (At4g09020)],
glycan phosphorylases [AtPHSI (At3g29320), AtPHS2
(At3g46970)]. For amplification and sequencing primers
were placed about 1.0 kb upstream the translation start. The
fragments of 26 worldwide distributed accessions (Bl-1, Bur-
0, Can-0, Cha-0, Col-0, Ct-1, Cvi-0, Edi-0, EI-0, Er-0, Est-1,
Gre-0, Ler-1, Mt-0, Nok-2, Oy-0, Rsch-0, Sap-0, Sha(kdara),
Stw-0, Te-0, Tsu-1, Van-0, Wil, Ws-3, Yo-0) were amplified
with the proof-reading polymerase Phusion (Finnzymes) and
purified enzymatically by using Exonuclease I and Antarc-
tic Phosphatase (New England Biolabs). The templates were
directly used for sequencing on an ABI 3130xl automated
sequencer (Life Technologies), using the BigDye® Termina-
tor v3.1 Cycle Sequencing Kit (Life Technologies).

RNA isolation, cDNA synthesis, and Realtime PCR

RNA was isolated with the Invitrap® Spin Plant RNA Mini
Kit (STRATEC Molecular) using the DCT lysis solution. For
each accession, three RNA preparations were independently
isolated (three biological replicates). RNA (2 ng each) was
reversely transcribed using the RevertAid™ First Strand
cDNA Synthesis Kit (Fermentas). For each gene, 6 out of
26 accessions were selected for Realtime PCR experiments.
Accessions were selected representing all haplotype clusters
identified in the maximum likelihood analysis with com-
bined promoter and gene sequences. cDNA (0.2 il per Real-
time PCR run; 10 pl reaction volume) was amplified using
SensiMix™ SYBR Low-ROX (Bioline) and a LightCycler®
480 (Roche). For each biological replicate, three technical
replicates were performed. Transcript levels of starch-related
genes were normalized relative to transcript level of the
housekeeping gene ubiquitin (UBC21, At5g25760). Primer
pairs were exclusively designed in coding regions lacking
any kind of genetic variation among accessions and flanking
an intronic region. Primer sequences were as follows: 5'-TTT
CCAAGGAGGAAGCTGAA-3’ and 5-TGAACCAAAGTC
GTTTGCTG-3 for AtAPLI, 5-TGCAGAAGCACATTGA
GTCC-3 and 5-CCCTTTGGTTTTTCCGAGA-3' for
AfAPL2, 5'-TCGGTAATCTCACACGGATG-3' and 5'-TTT
GTATCTCGGCCAATGC-3' for AtAPL3, 5-TGGAGGT
GGTTTCGTAGAGG-3' and 5-ATCCTCAAACACCCAGA
GGA-3' for AtAPLA4, 5'-GTGCCACTTCCCTTGGACT-3’
and 5-GCTGTGTGTAGATCGGAGCA-3’ for AtAPSI,
5'-TGATCGGTCGAGAACAGATG-3' and 5-AGCTCCA
ATGCTCCTCACAT-3' for AtAPS2, 5-GGTTTTGTTCCTC
GCACATT-3’ and 5'-CACCCTGGTCAATCATAGGC-3’ for
AtPPA1, 5'-GTGTACCCCCACAACTACGG-3' and 5'-GAG
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GAATGATCCGGTTAGCA-3' for ArPPA2, 5'-AACAAC
TCGCTCCTCATCGT-3' and 5-TGATGGCAAGAAATCG
TTGA-3'forAtPPA3,5'-GGAAAAGGGAGCAAGGTGA-3’
and 5-ACCGGTTCCTGCATAATGAC-3' for AtPPA4,5'-CT
CCAGTGATTTTCAATGTGGTT-3 and 5-ACATAGTGTG
CGTGGGACAA-3' for AtPPAS, 5-GGAAGATCCATCTC
ATGCAAA-3’ and 5'-CATCCAAAGAAATGGCAACA-3
for AtPPA6, 5'-TTCACGTTACTTTGCCATGC-3' and 5’-AC
TTTGCGGCCAAAAGTATG-3' for AtSSI, 5'-CCTGAATT
TCGGCATCTGAG-3" and 5-AAGCCAAATTTCCATCAC
CA-3' for AsSSII, 5'-CGGAATGGACAGGTTGTCTT-3' and
5’-CCCCAGCATAAATCAAATGG-3' for AtSSIII, 5'-CTGG
CAAACAGCTTTTGTTG-3'and 5-TGATCCTGCATTCTG
TCTGG-3' for AsSSIV, 5-CAAACGAGGAGTTGATCGT
G-3’and 5-AACTGAACCGGAGTTGGTTG -3’ for AtGBSS,
5-CTTCTTTGCTGCCAGTAGCC-3’ and 5-GAGAAAGC
CCAACCATCTGA-3' for AtBE1, 5-CGGAGATTTCAACA
ACTGGAA-3" and 5-TACACGTGAGCCATGAGGAA-3'
for AtBE2, 5-TGGTTTGGAGGCATTTTCTC-3’ and 5'-CG
ATCAGTGATGCTGCCTTA-3' for ArBE3, 5'-CAACTGC
AATCATCCTGTGG-3’ and 5'-CCTTCTACATCAGCCCCG
TA-3' for AtISA1, 5-TCCTGTTGTTCAGCAGTTGG-3' and
5-GGACGAGAGAGCTGTTCACC-3' for AtISA2, 5'-GG
AGCTTCAGAGGCGTTCTA-3' and 5-GGTCTCCCTCAC
CACTAGCA-3' for AtISA3, 5'-AATTTTCGATGAACGGTT
GC-3"and 5-CCCTCTGCTCTCTCCTTCCT-3 for AtPHS1,
5-CAGTCTCCGTCTCTGGGAAG-3' and 5'-TTCCCATTC
TCGGTAGCATC-3' for AtPHS2, and 5'-CTGCGACTCAG
GGAATCTTCTAA-3' and 5-TTGTGCCATTGAATTGAA
CCC-3' for UBC21.

Data analysis
Alignment

Sequences were assembled with BioEdit version 7.0.5 (Hall
1999). For each accession, all variable sites were checked
manually during the construction of a sequence contig. As
reference, all sequences were aligned to those of Col-0.

Estimation of genetic variation

By using DnaSP version 5 (Librado and Rozas 2009),
intraspecific genetic analyses were performed. Nucleotide
diversity (m), number of insertions/deletions (indel), syn-
onymous (syn) and nonsynonymous (nonsyn) substitutions
were estimated.

Selection at particular codons
Within a codon for a single amino acid, the ratio of non-

synonymous to synonymous substitution rate (w) can be
used for assessing selection, as values for w < 1, =1, and
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>1 are indicative of purifying selection, neutral evolu-
tion, and positive selection, respectively. PSS, suggested
by o > 1, were searched by using maximum-likelihood-
based random-sites model analysis implemented in
PAML 3.14 package (Yang 1997; Yang et al. 2000). For
each gene, analyses were performed using run code “user
tree” in codeml. The utilized maximum likelihood trees
were constructed by RAXML 7.0.4 (Stamatakis 2006)
under the GTR + G + I model with 1,000 bootstrap rep-
licates. A Likelihood Ratio Test (LRT) for positive selec-
tion (M7-8) was performed. M7 (beta) assumes a beta dis-
tribution of w over sites, whereas model M8 (beta & w)
adds an additional site class (free w ratio) which is esti-
mated from the data set (Yang et al. 2000). If the alterna-
tive model M8 (BEB) results in a better fitting (p < 0.05)
as compared null model, codons were considered as being
positive selected.

Evaluation of gene-wise selection

The numbers of polymorphisms of different frequency
(low, intermediate, high) are indicative of selection and/
or demographic changes. To test for natural selection, we
applied a combination of test statistics, as suggested, e.g.,
Akey et al. (2004). Firstly, the number of low- and inter-
mediate-frequency polymorphisms was compared. This
comparison was determined by Tajima’s D (Tajima 1989)
as well as Fu and Li’s D*, F*, D, and F (Fu and Li 1993).
An excess of rare polymorphisms is indicative of negative
(=purifying) selection, a recent selective sweep or popu-
lation expansion after a recent bottleneck. By contrast, an
accumulation of intermediate-frequency polymorphisms
is indicative of ancestral or recent positive (balancing or
disruptive) selection or sudden population contradiction.
Fu and Li’s statistics can be either performed with an out-
group (D, F) or without an outgroup (D*, F*; Fu and Li
1993). The interspecific test compares the number of sin-
gle mutations (singletons) in internal and external branches
by which ancestral and recent selective processes can be
distinguished. Another selection test that includes an out-
group is Fay and Wu’ H (2000), by which intermediate- and
high-frequency polymorphisms are compared. An excess of
moderate- and high-frequency derived polymorphisms is
indicative of recent variation, while a deficit is indicative of
ancestral variation. To assess the potentially confounding
effect of demographic changes, R2 statistics were calcu-
lated as well (Ramos-Onsins and Rozas 2002). This test is
very powerful to detect population expansion. The putative
modes of selection for the respective gene, i.e., purifying or
disruptive selection, was inferred by comparing the results
of these seven tests. Statistical significance for all tests was
calculated by using coalescent simulations with 10,000

replicates. All selection tests were performed with DnaSP
v5 (Librado and Rozas 2009). When the different tests
yielded incongruent results and/or the R2 statistic indicated
significant demographic impacts, the results were consid-
ered inconclusive with regard to the mode of selection.

Maximum likelihood gene tree

By using RAXML 7.0.4 (Stamatakis 2006) maximum like-
lihood gene trees for the combined promoter and gene data
set of each gene were constructed. The trees were gener-
ated under the GTR + G + I model of sequence evolution
with 1,000 bootstrap replicates.

Estimation of differences in transcript levels
among accessions

ACt values were estimated by subtracting the Ct values of
the target gene from those of the housekeeping gene. Posi-
tive values are indicative of transcript levels that are higher
than the housekeeping gene and negative values are lower
transcript levels compared to the housekeeping gene. As
within each cycle of Realtime PCR target fragments will
be doubled, differences in ACt values of factor 1 means
twofold, factor 2 means fourfold, factor 3 means eightfold
etc. higher transcript levels (i.e., ACt is scaled by log,). As
measure of the reliability of the data, we calculated con-
fidence intervals and integrated them as shadings into the
graphs (Figs. 3, 4, 5, 6, 7, 8). In addition, a two-way anal-
ysis of variance (ANOVA) of model I (fixed effects) was
performed to determine the influence of genetics (transcript
levels differing between accessions at a given time point),
physiology (transcript levels differing between time points
in a given accession) and the interaction between both of
them. The ANOVA framework was used both to establish
statistical significance of the influence of the two factors
(and their interaction) on transcript level differences and to
apportion the total variance in transcription to (1) genetics,
(2) physiology, (3) interaction genetics x physiology, and
(4) random differences among biological replicates (varia-
tion within groups).
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