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Abstract

Background: Starch is the principle constituent of potato tubers and is of considerable importance for food and
non-food applications. Its metabolism has been subject of extensive research over the past decades. Despite its
importance, a description of the complete inventory of genes involved in starch metabolism and their genome
organization in potato plants is still missing. Moreover, mechanisms regulating the expression of starch genes in
leaves and tubers remain elusive with regard to differences between transitory and storage starch metabolism,
respectively. This study aimed at identifying and mapping the complete set of potato starch genes, and to study
their expression pattern in leaves and tubers using different sets of transcriptome data. Moreover, we wanted to
uncover transcription factors co-regulated with starch accumulation in tubers in order to get insight into the
regulation of starch metabolism.

Results: We identified 77 genomic loci encoding enzymes involved in starch metabolism. Novel isoforms of many
enzymes were found. Their analysis will help to elucidate mechanisms of starch biosynthesis and degradation.
Expression analysis of starch genes led to the identification of tissue-specific isoenzymes suggesting differences in
the transcriptional regulation of starch metabolism between potato leaf and tuber tissues. Selection of genes
predominantly expressed in developing potato tubers and exhibiting an expression pattern indicative for a role in
starch biosynthesis enabled the identification of possible transcriptional regulators of tuber starch biosynthesis by
co-expression analysis.

Conclusions: This study provides the annotation of the complete set of starch metabolic genes in potato plants
and their genomic localizations. Novel, so far undescribed, enzyme isoforms were revealed. Comparative
transcriptome analysis enabled the identification of tuber- and leaf-specific isoforms of starch genes. This finding
suggests distinct regulatory mechanisms in transitory and storage starch metabolism. Putative regulatory proteins of
starch biosynthesis in potato tubers have been identified by co-expression and their expression was verified by
quantitative RT-PCR.
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Background
Potato (Solanum tuberosum) is one of the world’s most
important crop plants. Potato tubers are rich in starch
and contain minerals and vitamins as well as essential
amino acids. Due to its nutrient composition and the
high starch content, it serves as staple food, animal feed
and feedstock for many industrial purposes including
bioethanol production and food thickener. Moreover,
tuber starch is used in the paper and textile industry.
Potato starch is composed of two polymers, branched

amylopectin and linear amylose. Starch synthesis occurs
in plastids, where both polymers form semi-crystalline,
water-insoluble granules. It is generally accepted that
starch is mainly synthesized from ADP-glucose through
the orchestrated action of several plastid-localized en-
zymes [1, 2]. An overview of starch metabolism in leaves
and tubers is depicted in Fig. 1 showing that there are
many parallels between both tissues regarding the enzyme
activities involved. Although the same overall enzymatic
reactions have to be catalyzed in both, leaves and tubers,
there are profound differences between both tissues. In
leaves, starch is synthesized and degraded diurnally,

serving as a nocturnal energy resource to maintain energy
supply for biological processes. In potato tubers, starch ac-
cumulates during development and is stored over a long
period of time. It maintains the energy demand of the dor-
mant tuber and fuels the outgrowth of new shoots after
dormancy is broken. In leaves, ATP needed for starch bio-
synthesis is generated during photosynthesis. In contrast,
ATP has to be imported into the plastids in tubers. More-
over, the origin of glucosyl donors for starch biosynthesis
differs between phototrophic and heterotrophic tissues. In
leaf chloroplasts, the generation of ADP-glucose is directly
linked to the generation of photoassimilates within the
Calvin-Benson-Cycle [3]. The glucosyl donor for starch
biosynthesis in sink tubers is derived from sucrose which
is transported via the phloem from the photosynthetically
active leaf tissues to the developing tuber. In the tuber, su-
crose reaching the cytosol has to be converted to glucose
6-phosphate (G6P) which is subsequently imported into
the amyloplast where it is further metabolized to ADP-Glc
and starch. These differences give reasons to assume that
different regulatory mechanisms operate in leaves and
tubers.

Fig. 1 Proposed pathway of starch metabolism in leaves and tubers of potato. a In source leaves, photoassimilates are generated in the Calvin-
Benson-Cycle. In form of F6P, these can be converted to G1P in two subsequent steps catalyzed by PGI and PGM. G1P serves as substrate for
AGPase for starch biosynthesis. TPs from the Calvin-Benson-Cycle can also be transported to the cytosol via the TPT in exchange for Pi where they
can be metabolized e.g. to sucrose. b In the tuber, sucrose is cleaved by SuSy into UDP-glucose and fructose. UDP-glucose is converted to G1P
by UGPase. G1P subsequently is transferred to G6P by cytosolic PGM which can be imported into the amyloplast by GPT. In the amyloplast G6P is
then reconverted into G1P by plastidial PGM and as such can serve as a substrate for starch biosynthesis. For detailed reviews on starch metabol-
ism see [3, 4, 6] and references therein. F6P, Fructose-6-phosphate; TP, triose-phosphate; TPT, triose-phosphate/phosphate translocator; Pi, inor-
ganic phosphate; PGI, phosphoglucoisomerase; G6P, glucose 6-phosphate; G1P, glucose 1-phosphate; PGM, phosphoglucomutase; SuSy, sucrose
synthase; UGPase, UDP-glucose pyrophosphorylase; PPi, inorganic pyrophosphate; AGPase, ADP-glucose pyrophosphorylase; PPase, inorganic pyro-
phosphatase; SS, starch synthase; GBSS, granule-bound starch synthase; SBE, starch branching enzyme; GWD, glucan, water dikinase; PWD, phos-
phoglucan, water dikinase; BAM, beta-amylase; AMY, alpha-amylase; SEX4, starch excess 4; LSF, Like starch-excess Four; DPE, disproportionating
enzyme; PHO, Alpha-glucan phosphorylase; GPT, glucose 6-phosphate/phosphate translocator, NTT, nucleotide translocator; GLT, glucose trans-
porter; VGT, vacuolar glucose transporter; MEX, maltose transporter; Fk, fructokinase
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Many genes coding for enzymes involved in starch me-
tabolism are organized in gene families. Members of these
families may play distinct roles in starch biosynthesis and
breakdown in source and sink tissues, respectively [4]. In
rice, this has been shown for isoforms of ADP-glucose
pyrophosphorylase (AGPase), starch branching enzyme
(SBE), starch phosphorylase (PHO), disproportionating en-
zyme (DPE), starch synthase (SS) and debranching enzyme
(DBE) by qRT-PCR analysis of leaf and endosperm tissues
[5, 6]. Regulatory mechanisms influencing activities of
starch metabolic enzymes act at the post-translational level
like protein-protein interactions, protein phosphorylation
and redox regulation [3, 7–9]. In addition, accumulation of
starch metabolic enzymes is controlled at the transcrip-
tional level. Transcript abundance of many starch genes is
regulated by the circadian clock and by sugar availability [8,
10, 11]. In Arabidopsis leaves, expression of the GBSS1 gene
is controlled by two clock transcription factors (TFs),
namely the Myb-related CIRCADIAN CLOCK ASSOCI-
ATED 1 (CCA1) and LATE ELONGATED HYPOCOTYL
(LHY) [12], while in rice endosperm, GBSS was reported to
be regulated by two interacting proteins belonging to the
MYC and EREBP families [13]. Further evidence for tran-
scriptional regulation of starch metabolism comes from
barley, where a sugar-inducible TF, SUSIBA2, belonging to
the WRKY class of TFs, bound to the promoter of the ISA1
gene and exhibited an expression pattern similar to ISA1
[14]. In a co-expression analysis in rice, putative regulators
of starch biosynthesis were identified and subsequent func-
tional studies showed that an APETALA2 (AP2)/EREBP-
type TF negatively regulates genes involved in starch bio-
synthesis and is an important determinant of the starch
content and structure [15]. In sweet potato, SRF1, a Dof
protein, was found to have an indirect positive effect on
starch biosynthesis [16]. An effect on starch gene expres-
sion was also described for FLO2 (FLOURY ENDO-
SPERM2) in rice seeds [17]. These examples emphasize the
significance of transcriptional regulation for starch metabol-
ism which remains largely elusive in potato.
In potato, expression of sucrose synthase (SuSy) and

AGPase can be induced in response to sucrose [18, 19].
Moreover, the expression of SuSy and AGPase are high in
growing tubers and decrease rapidly after detachment of
potato tubers from the mother plant [9, 20]. Expression of
both genes follows the diurnal rhythm in leaves and tubers
[21]. These findings suggest a coordinated regulation of
both transcripts [22]. Analyses of overexpression-lines and
antisense-lines point to an involvement of sucrose non-
fermenting-1-related protein kinase-1 (SnRK1) in the
regulation of transcription of SuSy and AGPase [23, 24]
but the molecular details are still unclear.
Despite the important role of potato tubers for food

security, a detailed study of the genomic organization
of starch metabolic genes is still missing. Based on the

recently published potato genome sequence [25, 26],
genes encoding enzymes involved in starch metabol-
ism in potato were identified and annotated in this
study. Thereby, so far undescribed potential starch
genes were identified and a functional genomic map of
the starch gene inventory of the potato was estab-
lished. A comparative analysis of microarray and NGS
data led to the identification of tissue-specifically
expressed starch genes suggesting distinct regulatory
mechanisms for leaf and tuber starch metabolism.
Moreover, a co-expression analysis with tuber-specific
starch genes was performed to identify transcription
factors that may control starch biosynthesis in this
tissue.

Results
Annotation of genes encoding enzymes of potato starch
metabolism
In order to identify potato starch metabolism genes, a
homology search using Arabidopsis sequences of genes
previously described by Sonnewald and Kossmann [2]
was conducted. Based on sequence similarity 44 out of
46 Arabidopsis (Arabidopsis thaliana) open reading
frames (ORF) were assigned to homologous potato tran-
scripts (Table 1). No homologous sequences were found
for At4g24450 (GWD2), At2g21590 (APL4) and
At5g17523 (similar to MEX1) in the Spud DB [27] or
the NCBI databases. For all other Arabidopsis query se-
quences, a homologous sequence was found in the po-
tato genome (Table 1).
For the identification of isoforms of starch metabolic

enzymes, a keyword search in the Spud DB database
was undertaken using the enzyme names as queries.
Additionally, manually corrected potato transcript se-
quences resulting from the homology and keyword
searches were re-BLASTed against the potato genome
and the sequences of second best hit were analyzed to
identify putative isoforms. This led to the discovery of
two genes which had not been annotated, namely
PGM2.2 and PHO2a. PGM2.2 could be assigned to
chromosome 4 while PHO2a was located on an un-
anchored scaffold.
Eventually, predicted transcript sequences of all identified

genes were compared to published mRNA sequences avail-
able on the NCBI data base via a BLAST search. Sequence
alignments were conducted to check for completeness of
the ORFs and the predicted protein sequences. The exon-
intron structure of the genes was manually re-annotated
and/or corrected, if required. Correct assignment of potato
transcripts compared to the corresponding Arabidopsis
orthologs was verified by protein sequence comparison.
Phylogenetic trees were constructed using the translated
ORF sequences of all putative members of a gene family.
Phylogenetic trees of selected gene families are depicted in
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Table 1 Starch metabolism genes investigated in this study

Enzyme PGSC Gene ID PGSC Transcript ID iTAG Transcript ID NCBI Reference
Sequence/GenBank

Locus At

ADP-glucose pyrophosphorylase
large subunit 1 (AGPL1)

PGSC0003DMG400009026 PGSC0003DMT400023304 Sotub01g024100.1.1 NM_001288466.1 At5g19220

ADP-glucose pyrophosphorylase
large subunit 2 (AGPL2)

PGSC0003DMG400015952 PGSC0003DMT400041215 Sotub07g011850.1.1 NM_001318669.1 At1g27680

ADP-glucose pyrophosphorylase
large subunit 3 (AGPL3)

PGSC0003DMG400000735 PGSC0003DMT400001935 Sotub01g047210.1.1 X61187.1 At4g39210

ADP-glucose pyrophosphorylase
small subunit 1.1 (AGPS1.1)

PGSC0003DMG400031084 PGSC0003DMT400079823 Sotub07g023520.1.1 NM_001288195.1 At5g48300

ADP-glucose pyrophosphorylase
small subunit 1.2 (AGPS1.2)

PGSC0003DMG400046891 PGSC0003DMT400097320 Sotub12g006530.1.1 At5g48300

ADP-glucose pyrophosphorylase
small subunit 2 (AGPS2)

PGSC0003DMG400025218 PGSC0003DMT400064936 Sotub08g010520.1.1 At1g05610

Alpha-amylase 1.1 (AMY1.1) PGSC0003DMG400007974 PGSC0003DMT400020591 Sotub04g031900.1.1 M81682.1 At4g25000

Alpha-amylase 1.2 (AMY1.2) PGSC0003DMG400020603 PGSC0003DMT400053110 Sotub03g021150.1.1 A21347.1 At4g25000

Alpha-amylase 2 (AMY23) PGSC0003DMG400009891 PGSC0003DMT400025601 Sotub04g035480.1.1 M79328.1 At1g76130

Alpha-amylase 3 (AMY3) PGSC0003DMG401017626 PGSC0003DMT400045435 Sotub05g011310.1.1 At1g69830

Alpha-amylase 3-like (AMY3-like) Sotub02g012780.1.1 At1g69830

Alpha-glucan phosphorylase 1a
(PHO1a)

PGSC0003DMG400007782
PGSC0003DMG400003495
PGSC0003DMG400002479

PGSC0003DMT400020094
PGSC0003DMT400008970
PGSC0003DMT400006337

D00520.1 At3g29320

Alpha-glucan phosphorylase 1b
(PHO1b)

PGSC0003DMG400028382 PGSC0003DMT400072963 Sotub05g005530.1.1 NM_001288199.1 At3g29320

Alpha-glucan phosphorylase 2a
(PHO2a)

chr00:18163346..18176781 M69038.1 At3g46970

Alpha-glucan phosphorylase 2b
(PHO2b)

PGSC0003DMG400031765 PGSC0003DMT400081273 Sotub02g020370.1.1 At3g46970

ATP-ADP antiporter 1 (NTT1) PGSC0003DMG400005612 PGSC0003DMT400014304 Sotub03g033540.1.1 At1g80300

ATP-ADP antiporter 2 (NTT2) PGSC0003DMG400028641 PGSC0003DMT400073724 Sotub12g021790.1.1 NM_001287865.1 At1g15500

Beta-amylase 1 (BAM1) PGSC0003DMG400001549 PGSC0003DMT400003933 Sotub09g026990.1.1 At3g23920

Beta-amylase 2 (BAM2) PGSC0003DMG400024145 PGSC0003DMT400062050 Sotub08g006590.1.1 At5g45300

Beta-amylase 3.1 (BAM3.1) PGSC0003DMG400001855 PGSC0003DMT400004686 Sotub08g023010.1.1 NM_001288243.1 At4g17090

Beta-amylase 3.2 (BAM3.2) PGSC0003DMG402020509 PGSC0003DMT400052839 Sotub08g006070.1.1 At4g17090

Beta-amylase 4 (BAM4) PGSC0003DMG400012129 PGSC0003DMT400031627 Sotub08g027460.1.1

Beta-amylase 6.1 (BAM6.1) PGSC0003DMG400026199 PGSC0003DMT400067403 Sotub07g021140.1.1 At2g32290

Beta-amylase 6.2 (BAM6.2) PGSC0003DMG400026166 PGSC0003DMT400067289 Sotub07g021110.1.1 At2g32290

Beta-amylase 6.3 (BAM6.3) PGSC0003DMG400026198 PGSC0003DMT400067400 Sotub07g021090.1.1 At2g32290

Beta-amylase 7 (BAM7) PGSC0003DMG400000169 PGSC0003DMT400000485 Sotub01g031940.1.1 At2g45880

Beta-amylase 9 (BAM9) PGSC0003DMG400010664 PGSC0003DMT400027659 Sotub01g021680.1.1 At5g18670

Branching enzyme I.1 (SBE1.1) PGSC0003DMG400022307 PGSC0003DMT400057446 Sotub07g029010.1.1 At3g20440

Branching enzyme I.2 (SBE1.2) Sotub07g025820.1.1 At3g20440

Branching enzyme II (SBE2) Sotub09g011090.1.1 NM_001288538.1 At2g36390

Branching enzyme III (SBE3) PGSC0003DMG400009981 PGSC0003DMT400025846 Sotub04g035850.1.1 NM_001288254.1 At5g03650

Disproportionating enzyme 1 (DPE1) PGSC0003DMG400016589 PGSC0003DMT400042739 Sotub04g021520.1.1 NM_001287852.1 At5g64860

Disproportionating enzyme 2 (DPE2) Sotub02g006950.1.1 NM_001288247.1 At2g40840

Glucan water dikinase (GWD) PGSC0003DMG400007677 PGSC0003DMT400019845 Sotub05g014130.1.1 NM_001288123.1 At1g10760

Glucose transporter (GLT1) PGSC0003DMG400026402 PGSC0003DMT400067884 Sotub02g029320.1.1 AF215853.1 At5g16150

Glucose-6-phosphate translocator 1.1
(GPT1.1)

PGSC0003DMG400001041
PGSC0003DMG400005602

PGSC0003DMT400002701
PGSC0003DMT400014284

Sotub07g025910.1.1 At5g54800
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Table 1 Starch metabolism genes investigated in this study (Continued)

Glucose-6-phosphate translocator 1.2
(GPT1.2)

Sotub03g008220.1.1 At1g61800

Glucose-6-phosphate translocator 2.1
(GPT2.1)

PGSC0003DMG400005269 PGSC0003DMT400013500 Sotub05g021450.1.1 AF020816.1 At1g61800

Glucose-6-phosphate translocator 2.2
(GPT2.2)

PGSC0003DMG400025495 PGSC0003DMT400065527 At1g61800

Granule bound starch synthase 1
(GBSS1)

PGSC0003DMG400012111 PGSC0003DMT400031568 Sotub08g026990.1.1 NM_001287989.1 At1g32900

Inorganic pyrophosphatase (PPase) PGSC0003DMG400003103 PGSC0003DMT400008028 Sotub01g043620.1.1 At5g09650

Inorganic pyrophosphatase-like
(PPase-like)

PGSC0003DMG400026784 PGSC0003DMT400068875 Sotub10g017670.1.1 At5g09650

Isoamylase 1.1 (ISA1.1) PGSC0003DMG400020699 PGSC0003DMT400053345 NM_001288008.1 At2g39930

Isoamylase 1.2 (ISA 1.2) PGSC0003DMG400030253 PGSC0003DMT400077770 Sotub10g015570.1.1 NM_001288008.1 At2g39930

Isoamylase 2 (ISA2) PGSC0003DMG400000954 PGSC0003DMT400002502 Sotub09g015190.1.1 NM_001287875.1 At1g03310

Isoamylase 3 (ISA3) PGSC0003DMG402007274
PGSC0003DMG401007274

PGSC0003DMT400018766
PGSC0003DMT400018765

Sotub06g007640.1.1 NM_001288291.1 At4g09020

Limit dextrinase (LDE) Sotub11g012510.1.1
Sotub11g012520.1.1
Sotub11g012530.1.1
Sotub11g012540.1.1

At5g04360

Maltose excess 1 (MEX1) PGSC0003DMG400024812 PGSC0003DMT400063824 Sotub04g024480.1.1 At5g17520

Phosphoglucan phosphatase
(like SEX four 1, LSF1)

PGSC0003DMG400030092 PGSC0003DMT400077364 Sotub12g017200.1.1 At3g01510

Phosphoglucan phosphatase
(like SEX four 2, LSF2)

PGSC0003DMG400029073 PGSC0003DMT400074765 Sotub06g009920.1.1 At3g10940

Phosphoglucan phosphatase (SEX4) PGSC0003DMG400015246 PGSC0003DMT400039423 Sotub03g023920.1.1 NM_001318586.1 At3g52180

Phosphoglucan phosphatase
(SEX4-like)

PGSC0003DMG400027327 PGSC0003DMT400070294 Sotub11g010680.1.1 NM_001318586.1 At3g52180

Phosphoglucan water dikinase
(PWD)

PGSC0003DMG400016613 PGSC0003DMT400042818 Sotub09g030460.1.1 NM_001287941.1 At5g26570

Phosphoglucoisomerase (PGI) PGSC0003DMG400012910 PGSC0003DMT400033620 Sotub04g029550.1.1 NM_001247654.3 At4g24620

Phosphoglucoisomerase-like 1
(PGI-like1)

PGSC0003DMG400015341 PGSC0003DMT400039665 Sotub12g005010.1.1 NM_001288294.1 At5g42740

Phosphoglucoisomerase-like 2
(PGI-like2)

PGSC0003DMG400030128 PGSC0003DMT400077470

Phosphoglucomutase 1 (PGM1) Sotub03g007170.1.1 NM_001288352.1 At5g51820

Phosphoglucomutase 2.1 (PGM2.1) Sotub07g017160.1.1 NM_001288404.1 At1g23190

Phosphoglucomutase 2.2 (PGM2.2) chr04:35711900..35685400 At1g23190

Putative Phosphoglucomutase
(pPGM)

Sotub05g017780.1.1 At1g70820

Starch Synthase I (SS1) PGSC0003DMG402018552 PGSC0003DMT400047731 Sotub03g013130.1.1 NM_001288145.1 At5g24300

Starch Synthase II (SS2) PGSC0003DMG400001328 PGSC0003DMT400003356 Sotub02g034860.1.1 NM_001288048.1 At3g01180

Starch Synthase III (SS3) PGSC0003DMG400016481 PGSC0003DMT400042496 Sotub02g023740.1.1 X94400.1 At1g11720

Starch Synthase IV (SS4) PGSC0003DMG400008322 PGSC0003DMT400021444 Sotub02g017380.1.1 At4g18240

Starch Synthase V (SS5) PGSC0003DMG400030619 PGSC0003DMT400078688 Sotub02g030260.1.1 NM_001288111.1 At5g65685

Starch Synthase VI (SS6) PGSC0003DMG402013540 PGSC0003DMT400035218 Sotub07g015820.1.1 NM_001247458.1

Sucrose Synthase 1 (SuSy1) PGSC0003DMG400013547 PGSC0003DMT400035264 Sotub07g016120.1.1 At5g20830

Sucrose Synthase 2 (SuSy2) PGSC0003DMG400013546 PGSC0003DMT400035262 Sotub07g016110.1.1 NM_001287982.1 At5g49190

Sucrose Synthase 3 (SuSy3) PGSC0003DMG400006672 PGSC0003DMT400017087 NM_001288308.1 At4g02280

Sucrose Synthase 4 (SuSy4) PGSC0003DMG400002895 PGSC0003DMT400007506 Sotub12g008670.1.1 M18745.1 At3g43190

Sucrose Synthase 6 (SuSy6) PGSC0003DMG400031046 PGSC0003DMT400079728 Sotub03g023000.1.1 At1g73370
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Additional file 1. If ambiguities were encountered, a motif
search was conducted using the online tool MEME [28].
The presence and order of motifs was compared between
sequences assuming a high degree of similarity between
members of the same gene family [29]. If this was the case
the identified gene was considered as an isoform.
Application of the above mentioned strategies resulted

in the identification of 77 loci coding for enzymes of
starch metabolism in potato (Table 1). In comparison to
Arabidopsis, additional putative isoforms of AGPS1, PHO1
and PHO2, TPT, BAM3, BAM6, SBE1, GPT1 and GPT2,

PPase, ISA1, SEX4, PGM2, PGI, AMY1 and AMY3 were
found. The deduced transcripts of BAM6.2, BAM6.3,
SBE1.2 and ISA1.2 were highly identical to their respective
paralogs but did not seem to comprise full-length tran-
scripts. This might be either a result of an incorrect gen-
ome assembly or incomplete gene duplication events.
Chromosomal positions of putative starch genes were

retrieved from the Spud DB genome browser v4.03 [30]
and visualized using the location-based display tool on
the Ensembl plants website [31, 32]. Manual editing
allowed the visualization of genes as an ideogram (Fig. 2).

Table 1 Starch metabolism genes investigated in this study (Continued)

Sucrose Synthase 7 (SuSy7) PGSC0003DMG400016730 PGSC0003DMT400043117 Sotub02g024410.1.1 At5g37180

Triose-phosphate/phosphate
translocator (TPT)

PGSC0003DMG400022832 PGSC0003DMT400058772 Sotub10g009470.1.1 NM_001287896.1 At5g46110

Triose-phosphate/phosphate
translocator-like (TPT-like)

Sotub01g020040.1.1 At5g46110

UDP-glucose pyrophosphorylase 1
(UGPase1)

Sotub05g026990.1.1 At3g03250

UDP-glucose pyrophosphorylase 2
(UGPase2)

PGSC0003DMG401013333 PGSC0003DMT400034699 Sotub11g007290.1.1 NM_001288019.1 At5g17310

Vacuolar Glucose Transporter 3-like
(VGT3-like)

PGSC0003DMG401010374 PGSC0003DMT400026885 Sotub03g022010.1.1 At5g59250

Fig. 2 Ideogram of physical positions of starch metabolism enzymes in the potato genome. The relative map positions of 75 genes encoding
starch metabolism genes are shown on the individual pseudomolecules depicting the chromosomes 1–12
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For two genes, PHO1a and PHO2a, no physical position
could be defined since their genes are located on un-
anchored scaffolds, but orthologous sequences from to-
mato are located on chromosomes 3 and 9, respectively.
This is in accordance with results from quantitative trait
loci (QTL) analyses in potato that mapped two glucan-
phosphorylases to those chromosomes [33, 34].
Figure 2 shows that genes coding for starch metabolism

enzymes are distributed over all twelve potato chromo-
somes. There is a concentration of SS (SS2, SS3, SS4, SS5)
on chromosome 2 and many genes encoding BAMs are lo-
cated on chromosome 8. SuSy and ISA encoding genes are
distributed across different chromosomes. An interesting
finding was the discovery of two PGM2 isoforms PGM2.1
and PGM2.2 which are located on chromosome 7 and 4,
respectively. The sequence identity between both tran-
scripts is 99.5%, but the corresponding genes differ signifi-
cantly in their non-coding regions showing only 59%
sequence similarity. However, the structure of both genes
appears to be conserved. The PGM2.2 isoform has not
been predicted by the PGSC or iTAG and was identified by
BLASTing the transcript sequence Sotub07g017160.1.1
against the scaffold sequences. Investigating the tomato
genome available on the Sol Genomics website (https://sol-
genomics.net [35]) for PGM2 genes revealed that only one
locus is present which is localized on chromosome 4.
Therefore, it is conceivable that the PGM2.1 gene on
chromosome 7 is the result of a recent gene duplication
event, however this needs to be further investigated by bio-
informatics analysis.

Identification of suitable microarray identifiers to
investigate gene expression
Two oligonucleotide-based microarray platforms (Agilent
Technologies) are available for global gene expression
analysis in potato. The POCI array was designed in 4x44k
format based on a collection of expressed sequence tags
(EST) [36] while the 8x60k microarray is based on pre-
dicted transcript sequences of the DM potato genome by
the PGSC [37]. In this study, experimental data of both
microarray designs were used. The prerequisite for the
comparative expression analysis was the identification of
suitable microarray oligonucleotides (identifiers) matching
the transcript of interest, particularly in case of the POCI
platform. Therefore, prior to expression analysis, oligo-
nucleotide binding accuracy to the target genes was
assessed. To this end, transcript and genomic sequences
of starch genes were BLASTed against the POCI database
[38] and resulting EST sequences were aligned to the gen-
omic sequence to allow for assessment of their corre-
sponding oligonucleotide binding capacities to the
transcript. Oligonucleotides matching the reference se-
quence with 85% or more identity were considered for the
analysis of expression profiles. Due to the lack of matching

EST-sequences or to binding of the corresponding oligo-
nucleotides within predicted introns, no suitable oligonu-
cleotides were found for AMY3-like, AGPS1.2, AGPS2,
TPT, TPT-like, GPT1.2, all BAM6 isoforms, BAM7,
BAM9, PGI-like2 and pPGM in the POCI platform.
Since oligonucleotide sequences of the 8x60k micro-

array were deduced from predicted transcript sequences
of the DM genome, they perfectly match the corre-
sponding transcript available at the Spud DB website. In
these cases the position of the oligo within the gene was
assessed to rule out that the binding site is within a pu-
tative intron. Oligonucleotide specificity was investigated
by multiple sequence alignments. The high sequence
similarity between the transcripts of some isoenzymes
prevented the assignment of specific oligonucleotides
discriminating the isoforms of ISA1, SEX4-like, SBE1
and BAM6.2 and BAM6.3. Additional file 2 lists all iden-
tifiers from both platforms that met our criteria and that
were considered for further analyses.

Identification of genes that are highly expressed in leaves
or tubers
For the gene expression analysis, samples taken from leaf
and tuber tissues were selected from different microarray
experiments (Additional file 3). Raw data files of the differ-
ent samples were uploaded into the GeneSpring 12.6.1.
GX software and were normalized together. Direct com-
parisons of gene expression were made within the individ-
ual platforms first. Afterwards derived results were
compared between the different platforms. To identify
starch genes that are preferentially expressed in leaves or
tubers, the fold-change between the mean relative expres-
sion value detected in leaf and tuber samples was calcu-
lated using the GeneSpring 12.6.1. GX software and
displayed in Additional file 4. For genes, whose expression
was ascertainable in both microarray platforms, the log2
fold-change was calculated and depicted in Fig. 3. We
considered genes that were on average more than 10-fold
overexpressed in one tissue to be tissue-specific. The com-
parison between the two array platforms revealed that sev-
eral genes are specifically expressed in leaves or tubers,
respectively (Fig. 3). Hence, a strong tuber-specific expres-
sion was detected for GPT2.1 and SuSy4 followed by SEX4
and SS5, whereas BAM3.1, APL1 and AMY1.1 were found
to be highly expressed in leaves. Fold-change differences
between leaf and tuber samples were often greater in the
8x60k array than in the POCI array but the tendency was
similar (Additional file 4). The only exception was GPT2.2
whose expression was unchanged between leaf and tuber
samples hybridized onto the POCI array but showed a
17.5-fold higher expression in leaves than in tubers in
samples analyzed on the 8x60k array (Additional file 4).
To confirm our results, FPKM (Fragments Per Kilobase

Of Exon Per Million Fragments Mapped) values of
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corresponding genes were downloaded from RNA-
sequencing data available on the Spud DB website and leaf
and tuber samples were selected. Ratios between leaf and
tuber values were calculated and compared to the results
from the microarray analyses. Fold-change values of the
RNA-Seq data compared well to the microarray data
(Fig. 3, Additional file 4). Thus, GPT2.1 and SuSy4 are
highly tuber-specifically expressed genes. Their expression
was 20- to 1000-fold higher in tubers compared to leaves.
Leaf-specific expression of AMY1.1, APL1 and BAM3.1
could also be confirmed by the RNA-Seq data. They were
found to be 7-fold to 320-fold higher expressed in leaves
than in tubers (Additional file 4).
Verification of differential expression of selected genes

was carried out by quantitative real-time PCR (qRT-
PCR). As shown in Fig. 4, tuber-specific expression was
confirmed for SuSy4, GPT2.1 and SS5 as well as the leaf-
specific expression of AMY1.1, APL1 and BAM3.1
(Fig. 4a-f ). In addition, we selected two genes, APL2 and
LSF2, showing a similar expression in leaves and tubers
in all three transcriptome platforms. Again, qRT-PCR
analysis confirmed the transcriptome data (Fig. 4g, h).

Selection of query genes for co-expression analysis
The main goal of the co-expression analysis (see below)
was to identify possible regulators of starch biosynthesis
in potato tubers. Therefore, the genes used as queries
for the analysis were selected by two criteria; first, they
had to be specifically expressed in the tuber and second,
their expression pattern had to follow starch accumula-
tion. The first criterion was fulfilled most strongly by

GPT2.1, SuSy4, SEX4, SS5 and SBE3 (Fig. 3). For the
evaluation of the second criterion, increasing gene ex-
pression during tuber development was chosen. It is
known that during tuberization the rate of starch bio-
synthesis increases significantly [39]. Therefore, genes
involved in starch biosynthesis should be upregulated
during this process. To identify these genes, microarray
data from the tuber induction experiment described by
Ferreira et al. [20] were inspected and the ratio of tran-
scripts detected in small tubers (stage 5) vs. those mea-
sured in unswollen stolons (stage 1) were calculated and
illustrated as log2 values (Fig. 5). The highest up-
regulation from stage 1 to stage 5 was seen for SuSy4,
SBE3, GPT2.1 and LDE. SEX4, which was identified as
specifically expressed in tubers, showed a pronounced
down-regulation in the course of tuber development
(Fig. 5). Therefore, SuSy4, SBE3 and GPT2.1 were
chosen as query genes for the co-expression analysis.

Co-regulation analysis to identify putative regulators of
starch metabolism in potato tubers
To identify possible regulators of starch biosynthesis in
potato tubers, all valid microarray identifiers for each of
the selected genes (see Additional file 2) were used as
queries in a Pearson correlation search on all detected
entities in both microarray platforms including all data
sets. In addition, RNA-Seq data were also analyzed. A
Pearson correlation coefficient (PCC) of 0.8 was used as
cut-off (Additional file 5). Within each platform, the
overlap of entities co-expressed with all three query
genes was determined using VENN diagrams (Fig. 6).

Fig. 3 Relative expression of starch genes in leaf vs. tuber tissue. Fold-change values for individual genes between leaf and tuber samples were
exported from GeneSpring or calculated from FPKM values from the PGSC database. Genes whose expression cannot be detected in either plat-
form were excluded. Light grey bars: values from 8x60 microarray, black bars: values from 4x44k POCI array, dark grey bars: FPKM values
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Fig. 4 qRT-PCR analysis of selected starch metabolism genes in potato leaves and tubers. Plants were grown in a greenhouse for 11 weeks until
harvest and sampling. Mean relative expression of four biological replicates normalized to EF1alpha is illustrated as dCT-value of a SuSy4, b APL1,
c GPT2.1, d BAM3.1, e SS5, f AMY1.1, g LSF2, h APL2. Error bars represent standard deviation
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The numbers of genes co-regulated with GPT2.1, SuSy4
and SBE3 differed greatly between platforms ranging be-
tween 283 entities in the POCI array, 868 for the RNA-
Seq data set and 2998 in the 8x60k array (Fig. 6a-c). To
compare the results from the different platforms, found
entities were assigned to their corresponding PGSC gene
identification number. This resulted in a list of 40 differ-
ent genes that were consistently co-expressed with
GPT2.1, SuSy4 and SBE3. Besides the three query genes,
five other starch genes, namely APL3, PHO1a, SS5,
NTT2 and GPT1.1 were among the co-expressed genes
(Additional file 5) and were identified to be tuber-
specifically expressed (Fig. 3). Functional categorization
of the 40 co-expressed genes revealed that twenty per-
cent of the co-expressed genes encode known storage
proteins like patatin and protease inhibitors [40].
To identify possible transcriptional regulators of starch

biosynthesis in potato tubers, we paid special attention to
putative TFs. Among those, TFs with homology to regula-
tors of organogenesis from Arabidopsis like Petal Loss
(PTL), Lateral Organ Boundaries (LOB), Blade On Petiole2
(BOP2) and Lateral Root Primordium protein (LRP) were
found. Furthermore, a WRKY-type TF (WRKY4) and a
member of the plant-specific TIFY (or ZIM) motif contain-
ing protein family TIFY5a, were co-expressed with the
starch biosynthesis genes (Additional file 5).
To confirm the expression profiles, four putative TF

(PTL, TIFY5a, LOB and WRKY4) as well as SuSy4 and

GPT2.1 were selected for qRT-PCR analysis. The relative
amount of the corresponding mRNA was quantified in
an independent set of samples representing four differ-
ent stages of tuber development, namely unswollen sto-
lons (stage 1), swollen stolons (stage 3–5), growing
tubers and dormant tubers. The results were compared
to microarray data derived from similar stages of tuber
development (stage 1, stage 5, growing tubers and non-
growing tubers [20]). As shown in Fig. 7, the results
from qRT-PCR were generally comparable to the results
from microarray analysis when considering similar stages
of tuber development. With respect to SuSy4 slight dif-
ferences between both techniques were observed. While
its expression reached highest values in stage 5 in the
microarray, a maximum transcript amount of SuSy4 was
seen in growing tubers in qRT-PCR. The expression pro-
files of LOB followed those of SuSy4 in both setups.
WRKY4 as well as TIFY5a showed similar profiles in
both platforms and correlated highly to the expression
of GPT2.1 (Fig. 7). One exception was the expression
profile of PTL. While its expression was lower in grow-
ing and non-growing tubers as compared to stage 5 in
the microarray experiments, the mRNA level increased
steadily across all developmental stages in the qRT-PCR
reaching its maximum in dormant tubers (Fig. 7).
A Pearson correlation matrix was constructed evaluating

the similarity of the expression profiles determined by
qRT-PCR (Table 2). Most PCC values were greater than

Fig. 5 Relative changes in expression of starch genes during tuber development (stage 5 vs. stage 1). Given are log2 transformed fold-changes.
Data were taken from Ferreira et al. 2010 [20]
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0.6 indicating that selected genes were co-regulated in the
samples analyzed by qRT-PCR. However, the PCC values
were lower than in the global co-expression analysis which
is most likely due to the decreased sample number. Thus,
the qRT-PCR analysis corroborated that expression profiles

of TIFY5a, LOB and WRKY4 are similar to those of SuSy4
and GPT2.1 during tuber development. For PTL, the PCCs
calculated from qRT-PCR were low supporting the obser-
vation that the expression pattern of this gene in the sam-
ples used for qRT-PCR deviated from the microarray.

Fig. 6 Overview of co-expression analysis. a-c Venn-analysis of co-expressed entities with SuSy4 (red circles), SBE3 (blue circles) and GPT2.1 (green
circles). Co-expression analysis was conducted using a PCC cut-off of 0.8 < =r < =1.0. a co-expressed entities in the POCI microarray platform, b
co-expressed entities in the 8x60k microarray platform, c co-expressed entities in the RNA-sequencing data. d After conversion of the co-
expressed entity lists to gene lists, the lists were compared and the common genes in all three lists were retrieved

Fig. 7 Expression profiles of tuber-specific starch genes and co-expressed transcription factors. a Gene expression calculated as fold-change rela-
tive to the value at stage 1 in the microarray experiments. b qRT-PCR analysis of the same genes in independent samples. Each value represents
the mean of 3–4 biological replicates. Error bars represent standard deviation. Black bars: SuSy4, dark grey bars: GPT2.1, grey bars: PTL, medium
grey bars: TIFY5a, light grey bars: LOB domain containing protein, white bars: WRKY4
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Discussion
Genome-wide analysis of starch genes in potato reveals
novel isoforms
Enzymes involved in starch metabolism often belong to
gene families encoding several isoenzymes. To our know-
ledge, this work presents the first genome-wide analysis of
starch genes in potato. A comprehensive BLAST search
strategy complemented by motif discovery and compari-
son to known sequences from Arabidopsis was applied
aiming at the identification of all “starch gene” loci in po-
tato. We found 77 loci coding for starch metabolism re-
lated enzymes belonging to different enzyme classes.
Higher plants possess five gene classes encoding starch
synthases, designated GBSS and SS1-4 [4]. In rice, two
forms of GBSS were identified and eight genes encoding
the four SS classes [41]. In the potato genome, we con-
firmed that GBSS which has been reported previously to
be responsible for amylose biosynthesis in the starch gran-
ule, is encoded by a single gene and is expressed higher in
tubers than in leaves [42]. A second transcript
(DMT400003356) annotated as GBSS2 in the PGSC data-
base had previously been described to possess soluble SS
activity [43, 44] and was found to be the closest potato
homolog to Arabidopsis SS2 and was therefore conse-
quently designated as SS2. Moreover, it was shown that
SS2 plays only a minor role in starch biosynthesis in tu-
bers [43] which is in accordance with our expression ana-
lysis showing only a slightly higher expression in tubers
compared to leaves although being upregulated during
tuber development. In total, seven starch synthases were
found in the potato genome (GBSS, SS1-6) most of which
have been described in earlier studies [42–48]. However,
no studies have analyzed the roles of SS5 and SS6 in po-
tato yet, but our gene expression data suggest a possible
role for SS5 in potato tuber starch biosynthesis. In con-
trast, SS6 is expressed to similar levels in leaves and tubers
(Additional file 4) and its expression was not found to
change significantly during tuber development (Fig. 5).
Thus, further analyses are necessary to investigate the
function of these genes during starch biosynthesis in

potato. A recent publication described the phylogenetic
relationship of SS from different plant species, including
potato, confirming the presence of a fifth class of SS [49].
In addition the authors found maize SS5 to be highly
expressed during the grain filling stage suggesting a role in
starch biosynthesis [49], which is in agreement with our
assumption.
In this study, enzymes were designated regarding to

their annotation in Arabidopsis. In most cases, this was
in accordance with isoform numeration of already de-
scribed enzymes of potato. One exception concerns the
numeration of isoforms within the SBE class where we
identified four isoenzymes. Two of them share a very
high sequence similarity to each other and have been de-
noted as SBE1.1 and SBE1.2 due to their homology to
Arabidopsis SBE1. The deduced transcript sequences of
these two genes, however, do not correspond to the pre-
viously published potato SBE1 sequences [46, 50, 51].
The gene product designated SBE1 in the aforemen-
tioned studies corresponds to SBE3 in this study. It was
described as the major SBE isoform in potato tubers and
was found to play a role in starch granule formation [51,
52]. This is in accordance with the expression profile
during tuber development and tissue preference discov-
ered in this study. Until now, only variants of two iso-
forms, SBE3 and SBE2, have been shown to act as
branching enzymes in the amyloplast [46, 52]. The role
of the two potato SBE1 paralogs identified in this study
remains unclear. In Arabidopsis, SBE1 has an effect on
embryogenesis and is essential for plant growth and de-
velopment [53]. A direct implication of AtSBE1 in starch
metabolism is unacquainted.

Comparative microarray analysis revealed tissue-specific
gene expression
To identify tuber- and leaf-specifically expressed starch
genes different microarray data sets were analyzed. To en-
able the analysis, specific microarray probes had to be
assigned to the different starch genes and their respective
isoforms. In general, our findings were in agreement with
previously published gene expression analyses and showed
a high reproducibility between the two microarray plat-
forms. Tissue-specific expression of enzyme isoforms was
for example found for PHO1a and PHO1b. PHO1b ap-
peared to be preferentially expressed in leaves, while
PHO1a was expressed higher in tubers, which is in ac-
cordance with previous findings [54, 55]. In the case of
AGPase, most subunits are expressed slightly higher in tu-
bers than in leaves according to our results. However, one
isoform, namely APL1, was clearly expressed higher in
leaves than in tubers. This is in contrast to findings from
La Cognata et al. [56] who described tuber-specific ex-
pression of APL1 (designated AGP S3 in their work). The
reliability of our results was confirmed by RNA-Seq data

Table 2 Pearson correlation coefficients between starch genes
and TFs based on qRT-PCR analysis

GPT2.1 SuSy4 PTL TIFY5a LOB WRKY4

GPT2.1 1.00 0.61 −0.16 0.90 0.74 1.00

SuSy4 1.00 0.12 0.84 0.96 0.58

PTL 1.00 0.16 0.26 −0.22

TIFY5a 1.00 0.95 0.88

LOB 1.00 0.71

WRKY4 1.00

Results from the qRT-PCR analysis of starch genes and transcription factors
were subjected to a Pearson correlation analysis using Microsoft Excel. Correl-
ation coefficients with p ≤ 0.1 are indicated in bold letters
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and by qRT-PCR using leaf and tuber samples. Genes
showing tuber-specific expression were SuSy4, SBE3, SS5,
GPT2.1 and SEX4. In contrast to the other tuber-specific
isoforms, SEX4-specific transcripts were not up-regulated
during tuber development which is consistent with the
proposed role of the enzyme in starch degradation [57].
The activity of the main SuSy isoform in tubers, SuSy4, is
connected to the onset of tuberization [58–60] and corre-
lates well with transcript and tuber starch accumulation in
potato [61]. Accordingly, SuSy4 overexpression led to an
increased starch content and higher tuber yield in potato
plants [62] supporting its suggested key role in starch me-
tabolism. Similarly, SBE3 and GPT2.1 expression have
been linked to tuber development and the accompanying
accumulation of starch [63–65]. In this context, overex-
pression of GPT2.1 together with NTT resulted in in-
creased tuber starch content and yield [66] indicating that
expression and activity of GPT2.1 are closely related. The
similarity between the expression patterns of these en-
zymes strongly supports the assumption of a coordinated
transcriptional regulation of genes within the same path-
way [63]. Moreover, these examples confirm that enzym-
atic activity of SuSy and GPT2.1 nicely correlates with
transcript accumulation and that accumulation of starch
metabolic enzymes is controlled at the transcriptional
level. However, in other species activity of starch meta-
bolic enzymes was shown to be additionally regulated by
post-translational mechanisms. For example, phosphoryl-
ation of SuSy isoforms was shown to influence sub-
cellular localization and protein stability [67]. Activity of
SBE isoforms was reported to be regulated by protein
phosphorylation and redox state [68].

Co-expression analysis reveals candidate regulators of
starch biosynthesis
Co-expression analysis has previously been described to
be a suitable tool for the identification of co-regulated
genes [69, 70]. Assuming that proteins with regulatory
functions have to be expressed at the same time or
shortly before their target genes, the identification of
candidate regulators should be possible by co-expression
analysis. The great potential of this strategy has already
been demonstrated in several studies including different
plant species and tissues [15, 71–73]. One example is
the identification of Rice Starch Regulator 1 (RSR1) by
Fu and Xue [15] in a co-expression analysis similar to
the approach used in this study. RSR1 was found to be
negatively co-expressed with rice starch synthesis genes
and was experimentally verified as a modulator of starch
gene expression.
In this work, genes that were identified as being tuber-

specifically expressed and exhibiting an expression pattern
that coincides with starch biosynthesis in the potato tuber
were used to search for potential transcriptional regulators,

since they are so far not known. The number of genes iden-
tified to be co-expressed with SuSy4, GPT2.1 and SBE3dif-
fered between the two microarray platforms, and was about
10 times higher in the 8x60k experiments than in those
performed with the POCI platform. One reason for this
might be the sample selection of the 8x60k platform which
basically consists of tuber samples in similar developmental
stages while most samples taken from the 4x44k format
were originally designed to reflect starch biosynthesis dur-
ing tuber formation. Therefore, expression profiles derived
from experiments using the POCI array were expected to
be more specific with respect to the identification of puta-
tive regulators of starch biosynthesis in potato tubers.
Moreover, we reasoned that co-expression of a regulator
with its target genes should occur in all situations. Thus,
candidate selection was made after comparing the results
of the co-expression analyses of the three query genes in
three different platforms each with many individual sam-
ples. Eventually we identified 40 genes that are consistently
co-regulated with SuSy4, GPT2.1 and SBE3. Inspection of
co-expressed genes revealed a strong over-representation of
genes involved in primary carbon metabolism and develop-
ment as well as genes encoding storage proteins. Tuber de-
velopment and storage metabolism are known to be highly
associated processes [39] which strengthens the significance
of the retrieved candidates. Beside this, putative TFs co-
expressed with the selected starch genes could be identified.
They belong to different classes and none of them has been
characterized in potato so far. Clearly, there is a strong en-
richment of TFs associated with developmental processes
and organogenesis like BOP2, LOB, PTL and LRP.
For PTL, a co-expression with SuSy4 and GPT2.1 in

samples representing different tuber developmental
stages could not be confirmed via qRT-PCR and PTL
might therefore not be a good candidate for further ana-
lysis. The expression profiles obtained by qRT-PCR of
the other three TF were in accordance with those of the
microarray analysis (Fig. 7). Slight variations between
qRT-PCR and microarray were found when comparing
expression levels of SuSy4 or LOB on “Stage 5” and
“grow” from the microarray to “Swollen stolon” and
“growing tuber” samples used for qRT-PCR. In the
microarray, highest gene expression was seen on “Stage
5”, while in the qRT-PCR expression peaked in growing
tubers (Fig. 7). Nevertheless, an increasing expression
level was always associated with tuber formation. A pos-
sible explanation for this disagreement might be slightly
different developmental stages of the samples used for
the analyses. For the microarray defined stages of tuber
development were sampled [20, 39], while for the qRT-
PCR swollen stolons of different developmental stages
were pooled. Furthermore, the growing tubers for the
microarray experiment were monitored by X-ray CT
analysis to determine their growth velocity, while the
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tubers sampled for qRT-PCR were taken from plants
during their growth period, assuming that the tubers
were still growing. Despite these small differences be-
tween different experiments, expression levels of LOB,
TIFY5a and WRKY4 correlate well with SuSy4 and
GPT2.1 (Table 2). Thus they might be interesting candi-
dates for further analyses.
In Arabidopsis, BOP2 and its close homolog BOP1

regulate the expression of LOB-domain containing pro-
teins [74]. LOB expression has been found in the bound-
ary regions between meristematic tissue and developing
lateral organ primordia of the shoot apical meristem and
the roots [75]. A similar spatial expression is exhibited
by LRP1 of Arabidopsis which has been shown to be
expressed in root primordia in early developmental
stages [76]. In maize the localization of LRP in lateral
root primordia was confirmed and it was demonstrated
that LRP expression was auxin-inducible [77]. A link to
auxin-signaling may also be established by the closest
homolog of potato WRKY4 in Arabidopsis. Based on se-
quence similarity, the closest homolog in Arabidopsis is
WRKY23 which has been linked to auxin-signaling in
root development [78, 79]. A role of auxin in tuber initi-
ation has been suggested [80] but a direct link to starch
biosynthesis is missing. The expression patterns of these
TFs suggest that there are interesting candidate genes
which may directly or indirectly control starch biosyn-
thesis and that more detailed investigation of their role
is worthwhile.

Conclusions
In this study the complete inventory of starch metabol-
ism genes and their genomic localization was described
which will facilitate future examinations of the distinct
functions of isoenzymes in this pathway. Moreover,
novel as far undescribed enzyme isoforms were identi-
fied whose characterization will shed more light on the
mechanisms of starch biosynthesis and degradation in
potato plants. Comparative microarray analysis uncov-
ered leaf- and tuber-specific starch gene isoforms. This
finding suggests distinct regulatory mechanisms in tran-
sitory and storage starch metabolism. A co-expression
analysis was conducted using tuber-specific genes aiming
at the identification of regulators of starch biosynthesis
in potato tubers. Forty genes showed strong co-
regulation in all platforms analyzed. Among the co-
expressed genes were many storage metabolism genes
belonging to the starch biosynthesis pathway or storage
proteins as well as TFs. None of the identified TFs had
been described in potato yet, but many of their homo-
logs in Arabidopsis are known regulators of lateral organ
development. We conclude that tuber development and
tuber starch biosynthesis are highly connected pathways

and consider it worthwhile to investigate the influence
of the identified regulators on starch biosynthesis.

Methods
Identification of genes encoding starch metabolism-
relevant enzymes
For the identification of genes coding for enzymes in-
volved in starch metabolism, a list of Arabidopsis thaliana
genes published by Sonnewald and Kossmann [2] was
taken as starting point. All bioinformatics analyses, pair-
wise and multiple alignments, phylogenetic tree building
and assembly of DNA sequences were carried out using
the Geneious Pro 5.5.6 software [81]. Arabidopsis se-
quences were BLASTed against the potato scaffold se-
quences (S. tuberosum Group Phureja DM1-3 Version 3
DM scaffold sequences) to identify homologous sequences
complemented by a keyword search on the PGSC website
(http://solanaceae.plantbiology.msu.edu/index.shtml).
Genomic sequences from homology searches and tran-
script sequences from keyword searches were compared
by pairwise alignments. For verification of identified loci,
predicted transcript sequences were BLASTed against the
NCBI non-redundant nucleotide collection using the
MEGABLAST search algorithm to find matching tran-
script sequences that have already been described. BLAST
search was also conducted against the EST database on
the NCBI website (http://blast.ncbi.nlm.nih.gov/Blast.cgi)
as well as on the POCI website [38] and resulting se-
quences were aligned to the genomic sequences. A motif
search was conducted using the MEME online tool
(meme-suite.org) [28] and motifs were compared between
sequences within the same gene family.
Identification of suitable microarray features was based

on the alignments mentioned above. Oligonucleotide se-
quences were annotated to the PGSC transcript se-
quences or to the POCI ESTs and the matching binding
site within the predicted transcript was analyzed for se-
quence similarity. Features represented by oligonucleo-
tides binding in predicted introns were discarded and a
threshold of 85% sequence similarity was applied for oli-
gonucleotides to be accepted as valid for further analyses
of microarray data.

Plant material and growth conditions
Growth conditions of Solanum tuberosum plants from
previously published experiments (no. 1–3 and 6, see
Additional file 3) are described in Ferreira et al. 2010
[20] and Hancock et al. 2014 [37]. The cultivar Solara
(Bioplant, Ebstorf, Germany) was used for the analysis of
dormant buds and sprouts (experiments no. 4 and 5) as
well as for qRT-PCR analysis. The cultivar Agria (SAKA
Pflanzenzucht GmbH & Co. KG, Windeby, Germany)
was used for the heat experiments (no. 7 and 8). All
plantlets were propagated in tissue culture on MS-
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Medium [82] containing 2% (w/v) sucrose under condi-
tions of 16 h light (150 μmol m−2 s−1) and 8 h dark at
21 °C. For the analysis of dormant buds, sprouts and for
qRT-PCR analysis, plantlets of cv. Solara were trans-
ferred to individual 20 cm pots containing soil into the
greenhouse, under conditions of 16 h light (250–
300 μmol m−2 s−1) at 21 °C and 8 h dark at 18 °C and a
relative humidity of 50% for three months. Samples for
qRT-PCR analysis were taken on the day of harvest after
11 weeks of plant growthor at different stages during tuber
development. Dormant buds were sampled from tubers
stored in the dark at room temperature for one week after
harvest. Tuber sprouts (sprout length ~1 mm) were col-
lected after 12 weeks of storage. Per replicate 8–10 tubers
were sampled, corresponding to 60–80 buds or sprouts,
and frozen in liquid nitrogen. Plantlets of cv. Agria for
experiment no. 7 were grown under the same conditions.
For the heat treatment, plants grown for 6.5 weeks in the
greenhouse were transferred to a phytochamber for a
7-day period under 16 h light (250–400 μmol m−2 s−1)
at 29 °C and 8 h dark at 27 °C and a relative humidity
of 70%. Subsequently, plants were transferred back to
greenhouse conditions for 2 weeks of recovery. Leaf
samples for microarray analysis of control and heat
treated plants were taken after 6.5 (before heat), 7.5
(end of heat period) and 9.5 (harvest) weeks from five
leaves of five individual plants per replicate. Tuber sam-
ples were taken after 9.5 weeks from tubers looking
normal and tubers showing a second growth phenotype
(primary and secondary tubers) from individual tubers
of different plants. Agria plantlets for experiment no. 8
were transferred to 10.5 cm pots containing soil in the
phytochamber, under conditions of 8 h light at 21 °C
and 16 h dark at 19 °C for 30 days for accelerated tuber
induction. After tuber induction, day length was chan-
ged to long day conditions for a period of 10 days. At
the end of the experimental growth period leaf and
tuber samples were taken and frozen in liquid nitrogen
and were stored at −80 °C until further analysis.

RNA isolation
RNA was isolated as described previously [20, 37, 83].
Total RNA was quantified and quality checked using the
ND-1000 Spectrophotometer (NanoDrop Technologies).

cDNA synthesis and qRT-PCR analysis
Two μg of total RNA were treated with DNase I
(Thermo Scientific) prior to reverse transcription using
oligo d(T) primers and RevertAid™ H minus first strand
cDNA synthesis kit (Thermo Scientific) according to the
manufacturer’s instructions. For relative quantification of
starch gene derived transcripts, qRT-PCR analyses were
performed using the Mx3000P qPCR system (Agilent
Technologies) in combination with the Brilliant II SYBR®

Green QPCR Master Mix (Agilent Technologies) with
four biological replicates for each tissue and two tech-
nical replicates. EF1α was used for normalization of tar-
get gene expression. The thermal profile was as follows:
1 cycle 10 min at 95 °C for DNA polymerase activation
followed by 40 cycles of 30 s at 95 °C, 30 s 60 °C and
30 s 72 °C and subsequently a melting curve. Primers
were designed using the Primer-designing tool on the
NCBI website [84] to have a product length ranging
from 70–150 bp and a melting temperature from 59-61 °C.
Sequences are given in Additional file 6.

Microarray hybridization
Total RNA was purified using RNeasy Mini Spin Col-
umns (QIAGEN, Valencia, CA) and integrity was verified
using an Agilent 2100 BioAnalyzer (vB.02.03 BSI 307).
cDNA and cRNA synthesis was performed as described
in the one-color microarray-based gene expression ana-
lysis protocol provided by Agilent including the one-
color RNA spike-in kit (Agilent Technologies, Santa
Clara). After fragmentation, Cy3-labelled samples were
loaded on the arrays and hybridized over-night (17 h/
65 °C). Slides were washed as recommended in the man-
ufacturer’s protocol and scanned on the Agilent Micro-
array Scanner with extended dynamic range at high
resolution. Data sets were extracted with the feature ex-
traction software (Agilent Technologies) using a stand-
ard protocol.

Data analysis
Data files of all experiments were imported into Gene-
Spring 12.6.1 GX software. Experiments conducted in
POCI array format included the tuber buds, tuber
sprouts, leaf samples from a diurnal time course, sam-
ples taken at different stages during tuber induction
and growing and non-growing tubers (Additional file 3).
Samples from experiments conducted with 8x60k arrays
included control leaves and tubers at 0, 8 and 12 h from
Hancock et al. [37], leaf samples taken 6.5, 7.5 and
9.5 weeks after planting from control and heat treated
plants as well as tuber samples at harvest, and leaf and
tuber samples from experiment no. 8 (Additional file 3).
All samples from one platform were normalized to-
gether applying default settings comprising log2 trans-
formation, per chip normalization to the 75th percentile
and feature baseline correction to the median of all
samples.
In order to identify leaf or tuber specifically expressed

genes, an interpretation called “tissue” was created in
the GeneSpring12.6.1 GX software grouping all samples
from leaf tissue and all samples from stolon, tuber and
sprout tissue together (considered as “tuber”). This was
done for each microarray platform separately. Subse-
quently the ratio between leaf and tuber was calculated
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giving the fold-change difference in gene expression be-
tween the two tissues for all individual starch genes.
Genes exhibiting an average absolute fold-change above
10 were regarded as being tissue-specifically expressed.
For co-expression analyses, Pearson’s correlation with

a cut-off value of ≥0.8 was applied on all entities after fil-
tering on entities that have been detected in at least one
condition. Starch genes found to be highly expressed in
tubers, which were SuSy4, SBE3, GPT2.1, were used as
queries. If more than one valid probe was available, all
probes were used as queries for the correlation and the
resulting lists were reconciled using Venn-diagrams.
Only entities correlating with all query features repre-
senting the same gene were considered.
Additional confirmative expression and co-expression

analyses were conducted on a third independent set of
samples which was derived from RNA-sequencing data
available on the SpudDB website. The following samples
were chosen for the analysis since they comprise un-
treated leaf and tuber tissues: BV_L [DM Leaves], S2
[RH Leaf], BV_P_S [DM Tubers (Whole, Sample 2)], S7
[RH Young Tuber], S8 [RH Mature Tuber] and S15 [RH
Tuber Sprout]. For each starch gene FPKM values were
extracted and further analyzed by calculating mean
FPKM values for leaf and tuber tissue, respectively, and
determining the ratio between the average values. Co-
expression analysis was conducted in Excel by applying
the function PEARSON on all genes using the same
query genes as in the microarray analyses.

Additional files

Additional file 1: Phylogenetic analysis of gene families involved in
starch metabolism. Tree calculation was based on a global alignment
with free end gaps, BLOSUM62 cost matrix and Jukes-Cantor genetic dis-
tance model. The tree was built by the Geneious 5.5.6 Tree Builder mod-
ule employing a neighbour-joining method. a) alpha-amylases, b) beta-
amylases, c) phosphoglucomutases, d) starch synthases, e) sucrose
synthases, f) glucose-6-phosphate-phosphate translocators, g) starch
branching enzymes, h) ADP-glucose pyrophosphorylases, i) isoamylases.
The scale bar at the bottom represents the average substitutions per
amino acid site. (PDF 110 kb)

Additional file 2: Valid microarray identifiers for starch genes in the
POCI 4x44k and 8x60k platforms. (XLS 46 kb)

Additional file 3: Description of samples analyzed in this study. (XLS 36 kb)

Additional file 4: Heat Map representing fold-changes in gene expres-
sion levels of starch genes in leaf vs. tuber samples. (PDF 114 kb)

Additional file 5: Entities similar to SuSy4, GPT2.1 and SBE3 in a) POCI
experiments, b) 8x60k experiments and c) RNA-Seq data. d) shows the
genes commonly co-expressed in all platforms. (XLS 1177 kb)

Additional file 6: Primers used in this study. (XLS 38 kb)

Additional file 7: Normalized data all entities POCI 4x44k. (TXT 6594 kb)

Additional file 8: Normalized data all entities 8x60k. (TXT 11290 kb)

Abbreviations
FPKM: Fragments Per Kilobase Of Exon Per Million Fragments Mapped;
iTAG: International tomato annotation group; PGSC: Potato genome
sequencing consortium

Acknowledgements
The authors wish to thank Stephen Reid for microarray hybridization and
technical support and Christine Hösl for plant care.

Funding
The work was funded by Fachagentur Nachwachsende Rohstoffe (FNR) and
ERA-Caps (Hot Sol).

Availability of data and materials
The datasets supporting the conclusions of this article are available in the
ArrayExpress repository (www.ebi.ac.uk/arrayexpress), under accession
numbers E-MTAB-4805 (Experiment no. 7, see Additional file 3), E-MTAB-4806
(Experiments no. 4 and 5) and E-MTAB-4808 (Experiment no. 8) and
Additional files 7 and 8 containing the normalized data.

Authors’ contributions
JvH, JL and MS performed the experiments and molecular biological work.
JvH and SS performed the in silico analysis. JvH did the experimental work to
confirm the transcriptome data. Together with SS and US, JvH was
responsible for writing the manuscript. SS and US were responsible for
project planning. All authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 4 June 2016 Accepted: 6 December 2016

References
1. Lloyd JR, Kossmann J. Transitory and storage starch metabolism: two sides

of the same coin? Curr Opin Biotechnol. 2015;32:143–8.
2. Sonnewald U, Kossmann J. Starches-from current models to genetic

engineering. Plant Biotechnol J. 2013;11:223–32.
3. Bahaji A, Li J, Sánchez-López ÁM, Baroja-Fernández E, Muñoz FJ, Ovecka M,

Almagro G, Montero M, Ezquer I, Etxeberria E, Pozueta-Romero J. Starch
biosynthesis, its regulation and biotechnological approaches to improve
crop yields. Biotechnol Adv. 2014;32:87–106.

4. Zeeman SC, Kossmann J, Smith AM. Starch: its metabolism, evolution, and
biotechnological modification in plants. Annu Rev Plant Biol. 2010;61:209–34.

5. Ohdan T, Francisco PB, Sawada T, Hirose T, Terao T, Satoh H, Nakamura Y.
Expression profiling of genes involved in starch synthesis in sink and source
organs of rice. J Exp Bot. 2005;56:3229–44.

6. Nakamura Y. Starch- metabolism and structure. Japan: Springer; 2015.
7. Sparla F, Costa A, Lo SF, Pupillo P, Trost P. Redox regulation of a novel

plastid-targeted b-amylase. Plant Physiol. 2006;141:840–50.
8. Kötting O, Kossmann J, Zeeman SC, Lloyd JR. Regulation of starch

metabolism: the age of enlightenment? Curr Opin Plant Biol. 2010;13:320–8.
9. Tiessen A, Hendriks JHM, Stitt M, Branscheid A, Gibon Y, Farré EM,

Geigenberger P. Starch synthesis in potato tubers is regulated by post-
translational redox modification of ADP-glucose pyrophosphorylase : a
novel regulatory mechanism linking starch synthesis to the sucrose supply.
Plant Cell. 2002;14:2191–213.

10. Lu Y, Gehan JP, Sharkey TD. Daylength and circadian effects on starch
degradation and maltose metabolism. Plant Physiol. 2005;138:2280–91.

11. Smith SM, Fulton DC, Chia T, Thorneycroft D, Chapple A, Dunstan H, Hylton
C, Zeeman SC, Smith AM. Diurnal changes in the transcriptome encoding
enzymes of starch metabolism provide evidence for both transcriptional
and posttranscriptional regulation of starch metabolism in Arabidopsis
leaves. Plant Physiol. 2004;136:2687–99.

12. Tenorio G, Orea A, Romero JM, Mérida Á́. Oscillation of mRNA level and
activity of granule-bound starch synthase I in Arabidopsis leaves during the
day/night cycle. Plant Mol Biol. 2003;51:949–58.

13. Zhu Y, Cai X-L, Wang Z-Y, Hong M-M. An interaction between a MYC
protein and an EREBP protein is involved in transcriptional regulation of the
rice Wx gene. J Biol Chem. 2003;278:47803–11.

14. Sun C, Palmqvist S, Olsson H, Borén M, Ahlandsberg S, Jansson C. A novel
WRKY transcription factor, SUSIBA2, participates in sugar signaling in barley
by binding to the sugar-responsive elements of the iso1 promoter. Plant
Cell. 2003;15:2076–92.

Van Harsselaar et al. BMC Genomics  (2017) 18:37 Page 16 of 18

dx.doi.org/10.1186/s12864-016-3381-z
dx.doi.org/10.1186/s12864-016-3381-z
dx.doi.org/10.1186/s12864-016-3381-z
dx.doi.org/10.1186/s12864-016-3381-z
dx.doi.org/10.1186/s12864-016-3381-z
dx.doi.org/10.1186/s12864-016-3381-z
dx.doi.org/10.1186/s12864-016-3381-z
dx.doi.org/10.1186/s12864-016-3381-z
http://www.ebi.ac.uk/arrayexpress


15. Fu F-F, Xue H-W. Coexpression analysis identifies Rice Starch Regulator1, a
rice AP2/EREBP family transcription factor, as a novel rice starch biosynthesis
regulator. Plant Physiol. 2010;154:927–38.

16. Tanaka M, Takahata Y, Nakayama H, Nakatani M, Tahara M. Altered
carbohydrate metabolism in the storage roots of sweet potato plants
overexpressing the SRF1 gene, which encodes a Dof zinc finger
transcription factor. Planta. 2009;230:737–46.

17. She K-C, Kusano H, Koizumi K, Yamakawa H, Hakata M, Imamura T, Fukuda
M, Naito N, Tsurumaki Y, Yaeshima M, Tsuge T, Matsumoto K, Kudoh M, Itoh
E, Kikuchi S, Kishimoto N, Yazaki J, Ando T, Yano M, Aoyama T, Sasaki T,
Satoh H, Shimada H. A novel factor FLOURY ENDOSPERM2 is involved in
regulation of rice grain size and starch quality. Plant Cell. 2010;22:3280–94.

18. Salanoubat M, Belliard G. The steady-state level of potato sucrose synthase
mRNA is dependent on wounding, anaerobiosis and sucrose concentration.
Gene. 1989;84:181–5.

19. Müller-Röber BT, Kossmann J, Hannah LC, Willmitzer L, Sonnewald U. One of
two different ADP-glucose pyrophsphorylase genes from potato respond
strongly to elevated levels of sucrose. Mol Gen Genet. 1990;224:136–46.

20. Ferreira SJ, Senning M, Sonnewald S, Kessling P-M, Goldstein R, Sonnewald
U. Comparative transcriptome analysis coupled to X-ray CT reveals sucrose
supply and growth velocity as major determinants of potato tuber starch
biosynthesis. BMC Genomics. 2010;11:93.

21. Geigenberger P, Stitt M. Diurnal changes in sucrose, nucleotides, starch
synthesis and AGPS transcript in growing potato tubers that are suppressed by
decreased expression of sucrose phosphate synthase. Plant J. 2000;23:795–806.

22. Geigenberger P. Regulation of sucrose to starch conversion in growing
potato tubers. J Exp Bot. 2003;54:457–65.

23. Purcell PC, Smith AM, Halford NG. Antisense expression of a sucrose non
fermenting 1 related protein kinase sequence in potato results in decreased
expression of sucrose synthase in tubers and loss of sucrose inducibility of
sucrose synthase transcripts in leaves. Plant J. 1998;14:195–202.

24. McKibbin RS, Muttucumaru N, Paul MJ, Powers SJ, Burrell MM, Coates S,
Purcell PC, Tiessen A, Geigenberger P, Halford NG. Production of high-
starch, low-glucose potatoes through over-expression of the metabolic
regulator SnRK1. Plant Biotechnol J. 2006;4:409–18.

25. Xu X, Pan S, Cheng S, Zhang B, Mu D, Ni P, Zhang G, Yang S, Li R, Wang J,
Orjeda G, Guzman F, Torres M, Lozano R, Ponce O, Martinez D, De la Cruz G,
Chakrabarti SK, Patil VU, Skryabin KG, Kuznetsov BB, Ravin NV, Kolganova TV,
Beletsky AV, Mardanov AV, Di Genova A, Bolser DM, Martin DMA, Li G, Yang
Y, et al. Genome sequence and analysis of the tuber crop potato. Nature.
2011;475:189–95.

26. Sharma SK, Bolser D, de Boer J, Sønderkær M, Amoros W, Carboni MF,
D’Ambrosio JM, de la Cruz G, Di Genova A, Douches DS, Eguiluz M, Guo X,
Guzman F, Hackett C a, Hamilton JP, Li G, Li Y, Lozano R, Maass A, Marshall
D, Martinez D, McLean K, Mejía N, Milne L, Munive S, Nagy I, Ponce O,
Ramirez M, Simon R, Thomson SJ, et al. Construction of reference
chromosome-scale pseudomolecules for potato: integrating the potato
genome with genetic and physical maps. G3 (Bethesda). 2013;3:2031–47.

27. Hirsch CD, Hamilton JP, Childs KL, Cepela J, Crisovan E, Vaillancourt B, Hirsch
CN, Habermann M, Neal B, Buell CR. Spud DB: A Resource for Mining
Sequences, Genotypes, and Phenotypes to Accelerate Potato Breeding.
Plant Genome. 2014;7(1). doi:10.3835/plantgenome2013.12.0042.

28. Bailey TL, Elkan C. Fitting a mixture model by expectation maximization to
discover motifs in biopolymers. Proc Second Int Conf Intell Syst Mol Biol.
1994;2:28–36.

29. Jupe F, Pritchard L, Etherington GJ, MacKenzie K, Cock PJ, Wright F, Sharma
SK, Bolser D, Bryan GJ, Jones JD, Hein I. Identification and localisation of the
NB-LRR gene family within the potato genome. BMC Genomics. 2012;13:75.

30. Spud DB Genome Browser [http://solanaceae.plantbiology.msu.edu/cgi-bin/
gbrowse/potato/]. Accessed 1 June 2016.

31. Enseml Plants [http://plants.ensembl.org/Solanum_tuberosum/Location/
Genome]. Accessed 10 Nov 2015.

32. Kersey PJ, Allen JE, Armean I, Boddu S, Bolt BJ, Carvalho-Silva D, Christensen
M, Davis P, Falin LJ, Grabmueller C, Humphrey J, Kerhornou A, Khobova J,
Aranganathan NK, Langridge N, Lowy E, McDowall MD, Maheswari U, Nuhn
M, Ong CK, Overduin B, Paulini M, Pedro H, Perry E, Spudich G, Tapanari E,
Walts B, Williams G, Tello-Ruiz M, Stein J, et al. Ensembl Genomes 2016:
more genomes, more complexity. Nucleic Acids Res. 2016;44:D574–580.

33. Werij JS, Furrer H, van Eck HJ, Visser RGF, Bachem CWB. A limited set of
starch related genes explain several interrelated traits in potato. Euphytica.
2012;186:501–16.

34. Chen X, Salamini F, Gebhardt C. A potato molecular-function map for
carbohydrate metabolism and transport. Theor Appl Genet. 2001;102:
284–95.

35. Fernandez-Pozo N, Menda N, Edwards JD, Saha S, Tecle IY, Strickler SR,
Bombarely A, Fisher-York T, Pujar A, Foerster H, Yan A, Mueller LA. The Sol
Genomics Network (SGN)-from genotype to phenotype to breeding.
Nucleic Acids Res. 2015;43:D1036–41.

36. Kloosterman B, De Koeyer D, Griffiths R, Flinn B, Steuernagel B, Scholz U,
Sonnewald S, Sonnewald U, Bryan GJ, Prat S, Bánfalvi Z, Hammond JP,
Geigenberger P, Nielsen KL, Visser RGF, Bachem CWB. Genes driving potato
tuber initiation and growth: identification based on transcriptional changes
using the POCI array. Funct Integr Genomics. 2008;8:329–40.

37. Hancock RD, Morris WL, Ducreux LJM, Morris J a, Usman M, Verrall SR, Fuller
J, Simpson CG, Zhang R, Hedley PE, Taylor M a. Physiological, biochemical
and molecular responses of the potato (Solanum tuberosum L.) plant to
moderately elevated temperature. Plant Cell Environ. 2014;37:439–50.

38. POCI database [http://apex.ipk-gatersleben.de/apex/f?p=194:1]. Accessed 2
May 2016.

39. Kloosterman B, Vorst O, Hall RD, Visser RGF, Bachem CW. Tuber on a chip:
differential gene expression during potato tuber development. Plant
Biotechnol J. 2005;3:505–19.

40. Jørgensen M, Stensballe A, Welinder KG. Extensive post-translational
processing of potato tuber storage proteins and vacuolar targeting. FEBS J.
2011;278:4070–87.

41. Hirose T, Terao T. A comprehensive expression analysis of the starch
synthase gene family in rice (Oryza sativa L.). Planta.
2004;220:9–16.

42. Visser RGF, Hergersberg M, Van Der Leij FRR, Jacobsen E, Witholt B, Feenstra
WJJ. Molecular cloning and partial characterization of the gene for granule-
bound starch synthase from a wildtype and an amylose-free potato
(Solanum tuberosum L.). Plant Sci. 1989;64:185–92.

43. Edwards A, Marshall J, Sidebottom C, Visser RG, Smith AM, Martin C.
Biochemical and molecular characterization of a novel starch synthase from
potato tubers. Plant J. 1995;8:283–94.

44. Marshall J, Sidebottom CM, Debet M, Martin C, Smith AM, Edwards A.
Identification of the major starch synthase in the soluble fraction of pea
embryos. Plant Cell. 1996;8:1121.

45. Kossmann J, Abel GJWW, Springer F, Lloyd JR, Willmitzer L. Cloning anf
functional analysis of a cDNA encoding a starch synthase from potato
(Solanum tuberosum L.) that is predominantly expressed inleaf tissue. Planta.
1999;208:503–11.

46. Larsson C, Hofvander P, Ek B, Rask L, Larsson H. Three isoforms of starch
synthase and two isoforms of branching enzyme are present in potato
tuber starch. Plant Sci. 1996;117:9–16.

47. Abel GJW, Springer F, Willmitzer L, Kossmann J. Cloning and functional
analysis of a cDNA encoding a novel 139 kDA starch synthase from potato
(Solanum tuberosum L.). Plant J. 1996;10:981–91.

48. Visser RGF, Stolte A, Jacobsen E. Expression of a chimaeric granule-bound
starch synthase-GUS gene in transgenic potato plants. Plant Mol Biol. 1991;
17:691–9.

49. Liu H, Yu GG, Wei B, Wang Y, Zhang J, Hu Y, Liu Y, Yu GG, Zhang H, Huang
Y. Identification and phylogenetic analysis of a novel starch synthase in
maize. Front Plant Sci. 2015;6:1013.

50. Poulsen P, Kreiberg JD. Starch branching enzyme cDNA from Solanum
tuberosum. Plant Physiol. 1993;102:1053–4.

51. Khoshnoodi J, Blennow a, Ek B, Rask L, Larsson H. The multiple forms of starch-
branching enzyme I in Solanum tuberosum. Eur J Biochem. 1996;242:148–55.

52. Jobling S a, Schwall GP, Westcott RJ, Sidebottom CM, Debet M, Gidley MJ,
Jeffcoat R, Safford R. A minor form of starch branching enzyme in potato
(Solanum tuberosum L.) tubers has a major effect on starch structure: Cloning
and characterisation of multiple forms of SBE A. Plant J. 1999;18:163–71.

53. Wang X, Xue L, Sun J, Zuo J. The Arabidopsis BE1 gene, encoding a putative
glycoside hydrolase localized in plastids, plays crucial roles during embryogenesis
and carbohydrate metabolism. J Integr Plant Biol. 2010;52:273–88.

54. Sonnewald U, Basner A, Greve B, Steup M. A second L-type isozyme of
potato glucan phosphorylase: cloning, antisense inhibition and expression
analysis. Plant Mol Biol. 1995;27:567–76.

55. Albrecht T, Koch A, Lode A, Greve B, Schneider-Mergener J, Steup M. Plastidic
(Pho1-type) phosphorylase isoforms in potato (Solanum tuberosum L.) plants:
Expression analysis and immunochemical characterization. Planta. 2001;213:
602–13.

Van Harsselaar et al. BMC Genomics  (2017) 18:37 Page 17 of 18

http://dx.doi.org/10.3835/plantgenome2013.12.0042
http://solanaceae.plantbiology.msu.edu/cgi-bin/gbrowse/potato/
http://solanaceae.plantbiology.msu.edu/cgi-bin/gbrowse/potato/
http://plants.ensembl.org/Solanum_tuberosum/Location/Genome
http://plants.ensembl.org/Solanum_tuberosum/Location/Genome
http://apex.ipk-gatersleben.de/apex/f?p=194:1


56. La Cognata U, Willmitzer L, Müller-Röber B. Molecular cloning and
characterization of novel isoforms of potato ADP-glucose
pyrophosphorylase. Mol Gen Genet. 1995;246:538–48.

57. Kotting O, Santelia D, Edner C, Eicke S, Marthaler T, Gentry MS, Comparot-
Moss S, Chen J, Smith AM, Steup M, Ritte G, Zeeman SC. STARCH-EXCESS4
Is a Laforin-Like Phosphoglucan Phosphatase Required for Starch
Degradation in Arabidopsis thaliana. Plant Cell Online. 2009;21:334–46.

58. Appeldoorn NJG, De Bruijn SM, Koot-Gronsveld EAM, Visser RGF,
Vreugdenhil D, Van der Plas LHW. Developmental changes of enzymes
involved in conversion of sucrose to hexose-phosphate during early
tuberisation of potato. Planta. 1997;202:220–6.

59. Fu H, Park WD. Sink- and vascular-associated sucrose synthase functions are
encoded by different gene classes in potato. Plant Cell. 1995;7:1369–85.

60. Viola R, Roberts a G, Haupt S, Gazzani S, Hancock RD, Marmiroli N, Machray
GC, Oparka KJ. Tuberization in potato involves a switch from apoplastic to
symplastic phloem unloading. Plant Cell. 2001;13:385–98.

61. Zrenner R, Salanoubat M, Willmitzer L, Sonnewald U. Evidence of the crucial
role of sucrose synthase for sink strength using transgenic potato plants
(Solanum tuberosum L.). Plant J. 1995;7:97–107.

62. Baroja-Fernández E, Muñoz FJ, Montero M, Etxeberria E, Sesma MT, Ovecka
M, Bahaji A, Ezquer I, Li J, Prat S, Pozueta-Romero J. Enhancing sucrose
synthase activity in transgenic potato (Solanum tuberosum L.) tubers results
in increased levels of starch, ADPglucose and UDPglucose and total yield.
Plant Cell Physiol. 2009;50:1651–62.

63. Kossmann J, Visser RGF, Müller-Röber BT, Willmitzer L, Sonnewald U. Cloning
and expression analysis of a potato cDNA that encodes branching enzyme:
evidence for co-expression of starch biosynthetic genes. Mol Gen Genet.
1991;230:39–44.

64. Ferreira SJ, Sonnewald U. The mode of sucrose degradation in potato
tubers determines the fate of assimilate utilization. Front Plant Sci. 2012;3:23.

65. Kaminski KP, Petersen AH, Sønderkær M, Pedersen LH, Pedersen H, Feder C,
Nielsen KL. Transcriptome analysis suggests that starch synthesis may
proceed via multiple metabolic routes in high yielding potato cultivars.
PLoS One. 2012;7:e51248.

66. Zhang L, Häusler RE, Greiten C, Hajirezaei MR, Haferkamp I, Neuhaus HE,
Flügge UI, Ludewig F. Overriding the co-limiting import of carbon and
energy into tuber amyloplasts increases the starch content and yield of
transgenic potato plants. Plant Biotechnol J. 2008;6:453–64.

67. Koch K. Sucrose metabolism: regulatory mechanisms and pivotal roles in
sugar sensing and plant development. Curr Opin Plant Biol. 2004;7:235–46.

68. Tetlow IJ, Emes MJ. A review of starch-branching enzymes and their role in
amylopectin biosynthesis. IUBMB Life. 2014;66:546–58.

69. Usadel B, Obayashi T, Mutwil M, Giorgi FM, Bassel GW, Tanimoto M, Chow
A, Steinhauser D, Persson S, Provart NJ. Co-expression tools for plant
biology: opportunities for hypothesis generation and caveats. Plant Cell
Environ. 2009;32:1633–51.

70. Movahedi S, Van Bel M, Heyndrickx KS, Vandepoele K. Comparative co-
expression analysis in plant biology. Plant Cell Environ. 2012;35:1787–98.

71. Ingkasuwan P, Netrphan S, Prasitwattanaseree S, Tanticharoen M,
Bhumiratana S, Meechai A, Chaijaruwanich J, Takahashi H, Cheevadhanarak
S. Inferring transcriptional gene regulation network of starch metabolism in
Arabidopsis thaliana leaves using graphical Gaussian model. BMC Syst Biol.
2012;6:100.

72. Persson S, Wei H, Milne J, Page GP, Somerville CR. Identification of genes
required for cellulose synthesis by regression analysis of public microarray
data sets. 2005;102:8633–38.

73. Hirai MY, Sugiyama K, Sawada Y, Tohge T, Obayashi T, Suzuki A, Araki R,
Sakurai N, Suzuki H, Aoki K, Goda H, Nishizawa OI. Omics-based
identification of Arabidopsis Myb transcription factors regulating aliphatic
glucosinolate biosynthesis. 2007;104:6478–83.

74. Ha CM, Jun JH, Nam HG, Fletcher JC. BLADE-ON-PETIOLE 1 and 2 control
Arabidopsis lateral organ fate through regulation of LOB domain and
adaxial-abaxial polarity genes. Plant Cell. 2007;19:1809–25.

75. Shuai B, Reynaga-Pena CG, Springer PS. The LATERAl ORGAN BOUNDARIES gene
defines a novel, plant-specific gene family. Plant Physiol. 2002;129:747–61.

76. Smith DL, Fedoroff NV. LRP1, a gene expressed in lateral and adventitious
root primordia of Arabidopsis. Plant Cell. 1995;7:735–45.

77. Zhang Y, Von BI, Zimmermann R, Ludwig Y, Hey S, Hochholdinger F.
LATERAL ROOT PRIMORDIA 1 of maize acts as a transcriptional activator in
auxin signalling downstream of the Aux/IAA gene rootless with
undetectable meristem 1. J Exp Bot. 2015;66:3855–63.

78. Grunewald W, De SI, Lewis DR, Löfke C, Jansen L, Goeminne G, Vanden BR,
Karimi M, De RB, Vanholmea B, Teichmannf T, Boerjana W, Montagub MCE
V, Gheysenc G, Mudaye GK, Frimla J, Beeckman T. Transcription factor
WRKY23 assists auxin distribution patterns during Arabidopsis root
development through local control on flavonol biosynthesis. Proc Natl Acad
Sci U S A. 2011;109:1554–9.

79. Grunewald W, De Smet I, De Rybel B, Robert HS, van de Cotte B, Willemsen V,
Gheysen G, Weijers D, Friml J, Beeckman T. Tightly controlled WRKY23 expression
mediates Arabidopsis embryo development. EMBO Rep. 2013;14:1136–42.

80. Roumeliotis E, Kloosterman B, Oortwijn M, Kohlen W, Bouwmeester HJ,
Visser RGF, Bachem CWB. The effects of auxin and strigolactones on tuber
initiation and stolon architecture in potato. J Exp Bot. 2012;63:4539–47.

81. Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, Buxton S,
Cooper A, Markowitz S, Duran C, Thierer T, Ashton B, Meintjes P,
Drummond A. Geneious basic: an integrated and extendable desktop
software platform for the organization and analysis of sequence data.
Bioinformatics. 2012;28:1647–9.

82. Murashige T, Skoog F. A revised medium for rapid growth and Bio assays
with tobacco tissue cultures. Physiol Plant. 1962;15:473–97.

83. Logemann J, Schell J, Willmitzer L. Improved method for the isolation of
RNA from plant tissues. Anal Biochem. 1987;163:16–20.

84. Ye J, Coulouris G, Zaretskaya I, Cutcutache I, Rozen S, Madden TL. Primer-
BLAST: a tool to design target-specific primers for polymerase chain
reaction. BMC Bioinformatics. 2012;13:134.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Van Harsselaar et al. BMC Genomics  (2017) 18:37 Page 18 of 18


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Annotation of genes encoding enzymes of potato starch metabolism
	Identification of suitable microarray identifiers to investigate gene expression
	Identification of genes that are highly expressed in leaves or tubers
	Selection of query genes for co-expression analysis
	Co-regulation analysis to identify putative regulators of starch metabolism in potato tubers

	Discussion
	Genome-wide analysis of starch genes in potato reveals novel isoforms
	Comparative microarray analysis revealed tissue-specific gene expression
	Co-expression analysis reveals candidate regulators of starch biosynthesis

	Conclusions
	Methods
	Identification of genes encoding starch metabolism-relevant enzymes
	Plant material and growth conditions
	RNA isolation
	cDNA synthesis and qRT-PCR analysis
	Microarray hybridization
	Data analysis

	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	References

