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INTRODUCTION

Phosphoenolpyruvate (PEP) serves not only as a high energy carbon compound in
glycolysis, but it acts also as precursor for plastidial anabolic sequences like the shikimate
pathway, which produces aromatic amino acids (AAA) and subsequently secondary plant
products. After conversion to pyruvate, PEP can also enter de novo fatty acid biosynthesis,
the synthesis of branched-chain amino acids, and the non-mevalonate way of isoprenoid
production. As PEP cannot be generated by glycolysis in chloroplasts and a variety of
non-green plastids, it has to be imported from the cytosol by a phosphate translocator
(PT) specific for PEP (PPT). A loss of function of PPT1 in Arabidopsis thaliana results in
the chlorophyll a/b binding protein underexpressed1 (cue 1) mutant, which is characterized
by reticulate leaves and stunted roots. Here we dissect the shoot- and root phenotypes,
and also address the question whether or not long distance signaling by metabolites is
involved in the perturbed mesophyll development of cuel Reverse grafting experiments
showed that the shoot- and root phenotypes develop independently from each other, ruling
out long distance metabolite signaling. The leaf phenotype could be transiently modified
even in mature leaves, e.g. by an inducible PPTTRNAI approach or by feeding AAA, the
cytokinin trans-zeatin (tZ), or the putative signaling molecule dehydrodiconiferyl alcohol
glucoside (DCG). Hormones, such as auxins, abscisic acid, gibberellic acid, ethylene,
methyl jasmonate, and salicylic acid did not rescue the cuel leaf phenotype. The low
cell density1 (lcd1) mutant shares the reticulate leaf-, but not the stunted root phenotype
with cuel. It could neither be rescued by AAA nor by tZ. In contrast, tZ and AAA further
inhibited root growth both in cue? and wild-type plants. Based on our results, we propose
a model that PPT1 acts as a net importer of PEP into chloroplast, but as an overflow valve
and hence exporter in root plastids.
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in cuel belongs, together with the triose phosphate/PT (TPT;

The Arabidopsis thaliana cuel mutant has been isolated almost 20
years ago in a screen for mutants defective in light-triggered acti-
vation of gene expression during germination (Li et al., 1995).
Among the eight so far described cue mutants (Lopez-Juez et al.,
1998) cuel is unique in that the primary defect is not directly
involved in light signaling (Vinti et al., 2005), but is caused
by a mutation in a phosphate translocator (PT) of the inner
envelope membrane of plastids (Streatfield et al., 1999). The
phosphoenolpyruvate (PEP)/PT (Fischer et al., 1997) defective

Fliigge et al., 1989), the glucose 6-P/PT (GPT; Kammerer et al.,
1998), and the xylulose 5-P/PT (XPT; Eicks et al., 2002) to
the PT gene family (Knappe et al., 2003a). The PPT catalyzes
transport of three carbon compounds containing a phosphate
group at the C2 position, such as phosphoenolpyruvate (PEP) or
2-phosphoglycerate (2-PGA) (Fischer et al., 1997), whereas, for
instance, the TPT transports C3 compounds phosphorylated at
the C3 position, such as triose phosphates (TP) or 3-PGA (Fliege
et al., 1978). The proposed role of the PPT in C3 plants is the
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provision of PEP for the shikimate pathway (Fischer et al., 1997),
which is entirely localized in the plastid stroma (Herrmann, 1995;
Schmid and Amrhein, 1995; Herrmann and Weaver, 1999). As
end products the shikimate pathway produces aromatic amino
acids (AAA) and a number of downstream products, such as
anthocyanidin, flavonoids, the aromatic rings of plastoquinone
or tocopherol, and a vast amount of secondary plant products
including lignin (Maeda and Dudareva, 2012). Chloroplasts and
most other non-green plastids lack the ability to produce PEP
by a complete glycolysis (Stitt and Ap Rees, 1979; Journet and
Douce, 1985; Prabhakar et al., 2009) and thus rely on the pro-
vision of PEP from the cytosol. In most C3 plants, PEP is also
imported as precursor of fatty acid biosynthesis (Ohlrogge and
Jaworski, 1997; Schwender and Ohlrogge, 2002) and to generate
pyruvate for the mevalonate-independent way (2-C-methyl-D-
erythritol 4-phosphate [MEP] pathway) of isoprenoid biosynthe-
sis (Lichtenthaler, 1999; Phillips et al., 2003), for example during
isoprene emission (e.g., Li and Sharkey, 2013). In contrast, in C4
and Crassulaceen acid metabolism (CAM) plants the PPT acts as
net PEP exporter from the chloroplasts. During C4 photosynthe-
sis and CAM, PEP is synthesized from pyruvate in the mesophyll
chloroplasts by pyruvate:phosphate dikinase (PPDK) and has to
be exported to the cytosol, where PEP carboxylase, the starting
point of the C4 cycle or CAM, is localized (e.g., Hiusler et al,,
2000; Langdale, 2011).

The cuel mutant is characterized by reticulate leaves, based on
smaller mesophyll cells compared to the bundle sheath cells and
mesophyll cells of the wild type (Li et al., 1995). In line with the
proposed physiological role of the PPT, the cuel mutant has been
shown to contain less AAA in leaves and a selective reduction of
secondary products (Streatfield et al., 1999; Voll et al., 2003). The
reticulate leaf phenotype could be completely restored, when the
plants were grown on MS agar plates supplemented with a cock-
tail of all three AAA, phenylalanine (Phe), tyrosine (Tyr), and
tryptophan (Trp) (Streatfield et al., 1999), thus supporting the
role of PPT1 in PEP provision for the shikimate pathway. Likewise
cuel could be complemented by constitutive overexpression of
a PPT from cauliflower buds, a PPDK from Flaveria trinervia
(Voll et al., 2003) or the endogenous plastidial enolase (ENO1,
Prabhakar et al., 2010). These enzymes either produce PEP from
pyruvate (PPDK) or via glycolysis (ENO1) and thus support the
idea that PEP limitation in plastids of cuel causes metabolic and
developmental constraints in the mutant.

The A. thaliana genome contains two PPT genes (PPTI
and PPT2), which show different temporal and spatial expres-
sion profiles (e.g., BAR electronic fluorescence protein [eFP]
browser, http://bar.utoronto.ca/efp arabidopsis/cgi-bin/efpWeb.
cgi; Winter et al., 2002). Whilst in leaves PPT2 (At3g01550) is
uniformly expressed, PPT1 (At5g33320) shows a higher tran-
script abundance in the mesophyll adjacent to the vascular
bundles (Knappe et al., 2003b), whereas in roots PPT1 transcripts
are highly abundant and PPT2 is only sparsely expressed.

It has been speculated that the developmental constraints in
the cuel mutant could be based on missing signal molecules
deriving, for instance, from phenylpropanoid metabolism, such
as neolignans or their glycosides. In tobacco, a similar retic-
ulate leaf phenotype as in cuel could be brought about by

overexpression of a MYB transcription factor from Anthirrhinum
major (Tamagnone et al., 1998a,b). By competing for their
binding sites, the A. major MYB factor diminished binding of
endogenous MYB factors and thereby suppressed the expression
of genes involved in phenylpropanoid metabolism (Tamagnone
et al., 1998a,b). The transgenic tobacco plants contained reduced
amounts of dehydrodiconiferyl alcohol glucoside (DCG), which
had been shown to exert cytokinin-like effects in tobacco callus
cultures (Binns et al., 1987; Lynn et al., 1987; Teutonico et al.,
1991). However, DCG could not rescue the phenotype in the
transgenic tobacco plants when fed via the roots, but it was capa-
ble of changing the aberrant shape of autotrophically cultured
mesophyll cells generated from the transgenic plants to a wild-
type like appearance (Tamagnone et al., 1998b). Thus, in the
tobacco system, the occurrence and abundance of DCG seemed
to be linked to cell shape and structure of the mesophyll. Hence,
it appeared reasonable that cuel might be disturbed in a similar
metabolic signal (Streatfield et al., 1999; Voll et al., 2003). It has
previously been speculated that signal molecules, like DCG, might
be produced in roots, where mainly PPT1 is expressed, and trans-
ferred to the shoot via the phloem or xylem, respectively (Voll
et al., 2003).

In transgenic tobacco plants, a similar reticulate phenotype
has been observed when the cytosolic ENO was repressed by an
antisense approach (Voll et al.,, 2009). In the latter case, PEP
generation in the cytosol, i.e., upstream of the PPT, is hampered.

More recently, the role of plastidial PEP for plant develop-
ment and survival was reinforced by crosses of cuel with a mutant
defective in ENOI, a single copy gene, expressed in some non-
green tissues, for instance in roots, but not in mature leaves
(Prabhakar et al., 2009). ENO1 appears to be the only enzyme
missing for a complete glycolysis in plastids of leaves and most
other tissues. Double mutants defective in both gene functions
could not be isolated, indicating that the combined deficiency in
PPT1 and ENOL1 is lethal to the plants. Indeed, even heterozygous
enol mutants in the cuel background (abbreviated ccEe) showed a
more severe phenotype than cuel. The ccEe double mutants were
severely inhibited in growth, still showed the reticulate leaf phe-
notype, and produced a high number of aborted seeds, which
was based on a maldevelopment of female and male gametho-
phytes (Prabhakar et al., 2010). In particular the ultrastructure of
the pollen was altered in a way that the exine showed aberrant
structures suggesting a lower abundance of sporopollonin, which
partially derives from phenylpropanoid metabolism. Moreover, a
high portion of the pollen could not develop a pollen tube. PPT1
and ENOI are co-expressed during early embryo development
(eFP browser, Winter et al., 2002), whereas PPT2 is expressed
right at the beginning and PPDK at the end of embryo develop-
ment. However, neither PPT2 nor PPDK could compensate for
the combined deficiency in PPT1 and ENOLI. In addition, a high
percentage of seeds of the ccEe plant were smaller in size and con-
tained lowered amounts of lipids (Prabhakar et al., 2010). The
latter finding supports the idea that plastidial PEP is not only
required for the shikimate pathway, but also, after conversion to
pyruvate by pyruvate kinase (PK), for de novo synthesis of fatty
acids (Ohlrogge and Jaworski, 1997). Furthermore, alterations in
the amino acid composition in leaves and flowers of cuel, enol
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and the ccEe plants pointed at a perturbations in the synthesis
of the branched-chain amino acids leucine (Leu) and valine
(Val) deriving from plastidial pyruvate (Schulze-Siebert et al.,
1984; Singh and Shaner, 1995). Although a sodium/pyruvate co-
transporter has recently been identified (Furumoto et al., 2011),
pyruvate import into plastids during seed development is unlikely
to be the main route of C3 supply. For instance, in plants impaired
in plastid-localized PK, seed development is severely compro-
mised (Andre et al., 2007; Baud et al., 2007), indicating that
pyruvate is provided from PEP inside the plastids rather than by
import from the cytosol. This observation again underlines the
importance of plastidial PEP for the survival of plants (Fliigge
etal., 2011).

In recent years a number of mutants emerged, which share the
reticulate leaf phenotype based on lower mesophyll cell density
with cuel, amongst them the A. thaliana low cell densityl (Icdl;
At2g37860) mutant (Barth and Conklin, 2003; Gonzalez-Bayén
et al., 2006), which is allelic to reticulata (Rédei and Hirono,
1964). However, the function of the LCDI1 protein, which is
located in the plastid envelope membrane (Aramemnon data base,
http://aramemnon.uni-koeln.de/, Schwacke et al., 2004), remains
to be elucidated. Further reticulate leaf mutants are the allelic
mutants smol and frp2, which are defective in the B subunit
of tryptophan synthase (Jing et al., 2009), and the venosa3/6
(ven3/ven6) mutants (Molla-Morales et al., 2011), which show
a lesion in carbamoyl phosphate synthase (CPS) involved, for
instance, in arginine (Arg) biosynthesis. In contrast to cuel, lcdl,
smol/trp2, and ven3/ven6, the reticulated dovl mutant exhibits
chlorotic lesions in the mesophyll at a higher rather than a smaller
mesophyll cell density (Kinsman and Pyke, 1998). The muta-
tion of dovl has recently been mapped and the defective gene
identified as the transaminase catalyzing the first step in purine
biosynthesis (Rosar et al., 2012).

The data in this report show that the cuel root- and shoot phe-
notypes are separate phenomena ruling out the involvement of
long distance transport of metabolic signals. Moreover, feeding
of AAA, DCG, and cytokinins to mature plants could transiently
rescue the cuel leaf phenotype suggesting a high plasticity in
the developmental response of cuel. Likewise an inducible RNAi
against PPT1 was used to demonstrate the reversibility of the cuel
phenotype. Most strikingly, the data in this report suggest that
PPT1 operates as a PEP importer in most plastids of C3 plants,
but might act as an exporter or overflow valve in root plastids.

MATERIALS AND METHODS

PLANT MATERIAL, GROWTH CONDITIONS AND SAMPLING

Seeds of A. thaliana ecotype Col-0 as well as the T-DNA inser-
tion mutants led1 (N584529) and ppdk (N616157) were obtained
from the Nottingham Arabidopsis Stock Centre (NASC). In addi-
tion, the lines cuel-6 (Col-0 background), cuel-1 and cuel-3
were used (Streatfield et al., 1999). The line pPOCA108 (Bensheim
background) served as a control plant for cuel-1 and cuel-3
as described in Li et al. (1995). Mutant and wild-type plants
overexpressing the PPT from Brassica oleracea (var. cauli) or
the PPDK from Flaveria trinervia were described in detail by
Voll et al. (2003). Plants were either germinated and grown on
soil or on sterile half-strength “2Murashige-Skoog (¥2MS) agar

(horizontally and vertically) in the absence of sucrose for 3-5
weeks. In both cases light/dark cycles of 16/8h, a day/night
temperature of 22/18°C, and a photon flux density (PFD) of
150 pmol-m~2-s~! on leaf level were applied in a temperature
controlled growth chamber equipped with a mixture of fluo-
rescence tubes (Osram L58W/11-860, L58W/30, L58W/76 and
L58W/77). Plant material for RNA extraction was harvested after
5h in the light. Phytohormones were sterile-filtrated before mix-
ing with the ¥2MS agar during the cooling process and applied at
final concentrations of 1, 10 or 50 WM.

A. THALIANA GRAFTS

In order to test the role of long distance transport for the
development of the cuel phenotype, reciprocal grafts were gen-
erated between wild-type and cuel mutant lines as described by
Christmann et al. (2007).

TRANSFORMATION OF A. THALIANA

Arabidopsis  thaliana was transformed with recombinant
Agrobacterium tumefaciens by the floral dip method (Bent,
2006). Plants were grown on soil in a temperature controlled
greenhouse. In order to increase the number of flowers, the first
inflorescences were removed to induce growth of numerous
secondary inflorescences. Recombinant A. tumefaciens was grown
in YEB medium in the presence of the respective antibiotic until
an ODggo of 0.8-1.0 was approached, concentrated by centrifu-
gation at 2500 g for 15 min, and the sediment re-suspended in
infiltration medium supplemented with Silwet L-77 (Lehle Seeds,
Round Rock, USA) at a ratio of 1:2000. Before transformation
already developed siliques were removed.

GENERATION OF ETHANOL-INDUCIBLE AtPPT1-RNAi PLANTS

It was intended to transiently inhibit PPT1 expression with the aid
of an inducible promoter system. The alcR-alcA promoter system
(Syngenta; Caddick et al., 1998) is based on the dissociation of
the alc repressor (transcription factor) (alcR) from the alcA pro-
moter in the presence of ethanol or acetaldehyde. For transient
expression, the PPTIRNAI constructs is controlled by the alcA
promoter, whereas the alcR transcription factor is driven by the
CaMV 35S promoter. For cloning pGreenll containing BASTA®
resistance was used.

Stable transformed plants were grown for 2—3 weeks on 2MS
agar and were then transferred to fresh ¥2MS agar supplemented
with 0.015% (v/v) EtOH. The appearance of the reticulated leaf
phenotype was correlated with the abundance of PPT1 tran-
scripts. For withdrawal of EtOH, the transformants were again
transferred to fresh ¥2MS agar plates.

AMINO ACID ANALYSIS

The analysis of free amino acid contents in A. thaliana leaves and
roots was essentially carried out as outlined in Prabhakar et al.
(2010) by reversed phase HPLC using a Nucleodur 100-5 C18
ec column (Macherey and Nagel). The samples were precolumn
derivatised with o-phthalaldehyde (Lindroth and Mopper, 1979).

CYTOKININ AND AUXIN DETERMINATIONS
Rosette leaves and roots of WT and cuel plants were harvested
at stage 1.03 (12 DAS) from 3 biological replicates. The data on

www.frontiersin.org

April 2014 | Volume 5 | Article 126 | 3


http://aramemnon.uni-koeln.de/
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive

Staehr et al.

Impaired PEP transport in plastids

cytokinin and auxin metabolites represent the mean & SE of six
or two measurements for leaves and roots, respectively. Extraction
and measurements of auxin and cytokinin levels were performed
as described before (Novik et al., 2008, 2012).

MICROSCOPY AND HISTOLOGICAL ANALYSES

For all histochemical analyses, the Eclipse E800 microscope
(Nikon) equipped with differential interference contrast and
fluorescence optics was used. Images were captured using a
1-CCD color video camera (KY-F1030; JVC) operated by the
DISKUS software package (Technisches Buero Hilgers). For the
microscopic analyses of the numbers of sub-epidermal palisade
parenchyma cells, leaves were incubated in 0.1% Triton X-100 and
centrifuged as described by Horiguchi et al. (2006). Mesophyll
cells in an area of 0.05 mm? were counted with the aid of Image J
(http://rsb.info.nih.gov/ij/).

RNA EXTRACTION AND RT PCR

RNA was extracted according to (Logemann et al., 1987).
After treatment with DNA-free DNase (Ambion), oligo(dt)-
primed cDNA of total RNA was synthesized using the
Bioscript reverse transcriptase (Bioline). PCR using Taq poly-
merase (Promega) according to Mullis et al. (1986) at
between 25 and 30 cycles. For the analysis of PPTI tran-
script abundance the following primer combination was
used; PPT1for, AGTGCTGAGGAAGGTGATAAC and PPTlrev,
AGCCATCAGGGCGAGAGACA. As a loading control Actin2 was
used, with Actin2for, TGTACGCCAGTGGTCCTACAACC and
Actin2rev, GAAGCAAGAATGGAACCACCG. Amplified DNA
was separated on 0.8-2.0% agarose gels in the presence of Tris-
acetate buffer and 5 pug-ml~! ethidium bromide.

STATISTICAL ANALYSIS OF EXPERIMENTAL DATA

The data are expressed as mean values + standard error of
the mean (SE) of the indicated number of independent mea-
surements. Significant differences between two data sets were
analyzed using the Welch-test, which allows for unequal rela-
tive errors between two groups of measurements assuming that
a Gauss distribution is applicable (Welch, 1947). Significant dif-
ferences between more than two data sets were analyzed using
single sitt ANOVA combined with the post-hoc Tukey-Kramer
test, which allows the comparison of unequal sample sizes and
identifies those pairs of values, which are significantly different
from each other (Ludbrook, 1998). For data plotting and fitting,
SigmaPlot10.0 for Windows (SPSS Inc.) was used.

RESULTS

THE cue? MUTANTS SHOWS AT LEAST FOUR SEPARATE
SUB-PHENOTYPES AND SHARES ONLY RETICULATE LEAVES WITH THE
lcd1 MUTANT

The deficiency in PPT1 results in a complex phenotype of the
cuel mutant alleles, which can be divided into four separate
sub-phenotypes. These are (i) growth retardation of the shoot
(Figures 1D,F) compared to the control or wild-type plants
(pOCA108, Figure 1A; Col-0, Figure 1B), (ii) a reticulate leaf
structure based on smaller mesophyll cells and chloroplasts
therein. (iii) More pronounced serrations at the margins of the
leaves lead to an altered overall leaf shape (Figure 1D; see Byrne,

FIGURE 1 | Shoot and root phenotypes of different cue1 alleles and
lcd1-1 compared to control plants. Rosettes and leaves of 30 days old
pOCA108 (Bensheim) (A), Col-0 (B), lcd1-1 (C), cuel-1 (D), cuel-1/lcdi-1
double mutants (E), and cue-6 (F), as well as root phenotypes of 21 days
old pOCA and cue-1 (G), Col-0 and cue-6 (H), or 35 days old Col-0 and
cuel-6 (1), and Col-0 and /cd-7 (J). The bars indicate a length of 1cm
referring either to the plants in the pots (A-F) or on agar (G-J).

2012). Finally (iv) the roots are stunted, most prominently in the
cuel-1 allele (Figure 1G; Bensheim [pOCA] background) com-
pared to cuel-6 (Figures 1H,I; Col-0 background). In contrast,
the lcdI-1 mutant shares only the reticulate leaf phenotype with
cuel (Figure 1C). Size of the rosettes, shape of the leaves and root
length (Figure 1J) were very similar to the wild type. The cuel-1
mutant was crossed with IcdI-1 resulting in the cuel-1/lcdl-1
double mutant (Figure 1E) that lacked any additional phenotype
compared to the cuel-1 single mutant (Figure 1D).

REVERSED GRAFTING EXPERIMENTS REVEAL THAT THE ROOT AND
SHOOT PHENOTYPES OF cue? ARE INDEPENDENT PHENOMENA

In previous reports it was hypothesized that the leaf phenotype of
cuel results from a deficiency in metabolic signals, which might
be produced in the roots, where only PPT1, but not PPT2, is
highly expressed, and transferred to the shoots by long distance
transport via the phloem or xylem (Knappe et al., 2003b; Voll
et al., 2003). We addressed this hypothesis by reversed grafting
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experiments using young scions or root stocks of cuel-1 and
pOCA, the control plant of cuel-1 (Figure 2). About 30% of the
grafted plants survived and were further analyzed. To our sur-
prise, cuel-1 scions grafted on pOCA root stocks (cuel-1|pOCA
plants), still showed smaller, reticulated leaves (Figures 2B,F)
and were hence comparable to the controls (Figures2A,EH;
i.e., cuel-1I|cuel-1 plants). Likewise, pOCA roots developed nor-
mally despite of the fact that cuel scions were grafted on the
pOCA root stocks (Figures 2B,F). Moreover, root length and
branching was comparable to the control, i.e., pPOCA|pOCA
plants (Figure 2C). Furthermore, if pOCA scions were grafted
on cuel root stocks, both shoots and roots retained their pheno-
types, i.e., the shoots still looked wild-type like, whereas the cuel
roots remained stunted in growth (Figures 2D,H). These exper-
iments demonstrate that long distance communication between
roots and shoots (and vice versa) with regard to the individ-
ual phenotypes does not occur. Hence, it is likely that both

phenotypes are separate and independent phenomena, based on
the deficiency in PPT1 in the individual organs.

THE RETICULATE LEAF PHENOTYPE OF cue? CAN BE REVERSIBLY
RESCUED BY FEEDING EXPERIMENTS AND AN INDUCIBLE PPT1RNAi
APPROACH

Previously it has been shown that cuel plants grown on a medium
supplemented with a cocktail of AAA loose both the growth and
reticulate leaf phenotypes. This has been considered as a proof
for the essential role of PPT1 in PEP supply for the shikimate
pathway in plastids. In order to examine their potential in res-
cuing the cuel phenotype, it was intended to apply a variety of
compounds to the cuel mutant in a transient system. First it
was tested whether mature mutant plants could be transiently
rescued by AAA. For this purpose two-week-old plants, with a
fully developed leaf phenotype were transferred to ¥2MS agar sup-
plemented with a cocktail of all three AAA (Figure 3). Indeed,

FIGURE 2 | Development of the cue7-1 shoot and root phenotypes does
not require communication between roots and shoots. Different scion|root
stock combinations of cue -7 and pOCA (Bensheim) are shown from two
independent grafting experiments. (A) cue-1|cue1-1(mutant control), (B)
cue-1jpOCA (C), pOCA|pOCA (wild type control), (D) pOCA|cueT-. Pictures

were taken 35 days after grafting. The small additional pictures show details of
the graft union and/or the leaf phenotype. (E) cue -1 non-grafted (F),
cuel-1|pOCA grafts compared to cuel-T|cuel-1 grafts (G) pOCA non-grafted,
(H) pOCA|cueT-1 grafts compared to cuel-1|cuel-1 grafts. The pictures were
taken 18 days after grafting. The bars indicate a length of 1cm.
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FIGURE 3 | Rescue of the reticulate leaf phenotype of cuel. The
alleles of cuel-1 (A) and cuel-6 (B) were fed with a cocktail of
AAA. Four week old plants were grown on %2MS agar and then

transferred to %2MS agar in the presence or absence (control) of
AAA (2mM each of Phe, Tyr, and Trp). The bar indicates a length
of 1cm.

the reticulate leaf phenotype disappeared within seven days of
feeding. However, growth of rosette leaves could not be restored
within this short time period. Moreover, after back-transfer of
the rescued plants to 2MS agar devoid of AAA, the reticu-
late leaf phenotype re-appeared within three to five days, most
prominently in newly developed leaves (not shown).

In a second approach, PPTI expression was transiently
repressed using a PPTIRNAI construct under the control of the
EtOH-inducible alcR/alcA promoter (Figure4B). As a positive
control, Col-0 wild-type plants expressing the PPTIRNAi con-
struct driven by the constitutive CaMV 35S promoter (Figure 4A)
showed all aspects of the cuel phenotype (Figures 4D,E) com-
pared to the wild type (Figure 4C). In the absence of the inductor
EtOH, Col-0 plants carrying the inducible PPTIRNAi construct
were indistinguishable from the wild type (not shown). An
RT-PCR time series following the induction of the alcR/alcA-
PPTIRNAI revealed that PPT] expression declined severely 8 h
after application of with 0.015% EtOH (Figure 4F). The min-
imum expression level was attained after approximately 16h.
Following the withdrawal of EtOH, the PPTI transcript abun-
dance recovered slowly and reached a substantial level after
approximately five days. The altered PPTI transcript abun-
dance was accompanied by phenotypic changes of the rosette
leaves. The reticulate leaf phenotype appeared in the alcR/alcA-
PPTIRNAI plants within seven days after induction with EtOH
(Figure 4H), and disappeared four days after withdrawal of
EtOH (Figure4]) compared to the respective control plants
(Figures 4G,I).

Both experiments, the transient application of AAA and the
RNAi-dependent suppression or induction of the PPTI gene,

clearly demonstrate that the cuel reticulate leaf phenotype is
reversible.

A NEOLIGNAN GLUCOSIDE AND THE ACTIVE CYTOKININ
TRANS-ZEATIN CAN RESCUE THE cue? PHENOTYPE

In previous reports it has been speculated that the cuel phenotype
might be caused by a depletion of neolignans such as DCA (or its
glucoside DCG) deriving from the phenylpropanoid metabolism
(Streatfield et al., 1999; Voll et al., 2003). Both the aglycon and
glucoside are commercially not available. For our experiments we
used DCA and DCG preparations, which were originally synthe-
sized by David Lynn (Orr and Lynn, 1992). Aliquots of the same
preparations were also used in the tobacco system by Tamagnone
et al. (1998a,b). The cuel plants grown on ¥2MS agar plates were
transferred to the same medium supplemented with either 20 uM
DCG or DCA, but there was no rescue detectable within one
week. However, once the roots had been removed and the cuel
shoots were placed with their cut surfaces directly on the agar,
the reticulate leaf phenotype disappeared within seven to nine
days after feeding with DCG (Figure 5A), but not with DCA (not
shown). The phenotype re-appeared once new roots had been
formed at the cut surface of the shoot. Thus, the newly formed
roots blocked the direct uptake of DCG into the plant. After
removal of these new roots and back-transfer of the shoots to
DCG containing medium, the leaf phenotype disappeared again
within about one week (not shown).

This result was quite promising, as it showed that a down-
stream product of the phenylpropanoid pathway was capable of
rescuing the cuel phenotype. Feeding of other lignans like lar-
iciresinol und pinoresinol (the aglycons) at a concentration of
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FIGURE 4 | Repression of PPT1 expression by a constitutive and
inducible RNAi approach. Constructs are shown for a constitutive
PPTTRNAI expression driven by the CaMV 35S promoter (p35S) (A) or for
the EtOH inducible alcR/alcA system (B). Phenotypic appearance of Col-0
wild type (C), and two lines expressing the PPT1RNAI construct
constitutively [(D) Col-0/ RNAI(1):alcA:PPTT; (E) Col-0/RNAI(2):alcA:PPTT].
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(F) Time course of PPT1 expression (RT-PCR) after induction of
alcA:PPTTRNAI plants with EtOH compared to a wild-type control. The
arrows indicate the addition or withdrawal of 0.015 (v/v)% EtOH.
Phenotypic appearance of Col-0 (G,I) and Col-0/alcA:PPTTRNAI (H,J) 168 h
after induction with EtOH (G,H) or 96 h after withdrawal of EtOH (I,J). The
bar in (C-E) indicates a length of 1cm.

20 M had no rescuing effect on the cuel leaf phenotype in
the presence or absence of the roots (not shown). In addition,
the direct precursor of lignin and lignan biosynthesis, coniferyl
alcohol also failed to rescue the reticulate leaf phenotype of cuel.

In view of the reported cytokinin-like effects of DCG in the
tobacco callus culture system (Binns et al., 1987; Lynn et al., 1987;
Teutonico et al.,, 1991), we applied frans-zeatin (tZ) to intact
cuel plants and to cuel deprived of the roots. This highly active
cytokinin was capable of rescuing the cuel phenotype within
five to seven days after transfer of the plant to a tZ containing
medium. Figure 5B shows the effect of tZ feeding at a concen-
tration of 1 wM on the reticulated leaf phenotype of cuel-1. The
phenotype almost completely disappeared after seven days of
feeding. However, a prolonged feeding with tZ (e.g., for 11 days)
led to a general deterioration of the phenotype and bleaching
of rosette leaves indicating that cytokinins can have toxic effects
when applied at elevated concentrations for a prolonged time
period (Hung et al., 2004; Rosar et al., 2012).

Other phytohormones such as the naturally occurring auxin
indole acetic acid (IAA), the synthetic auxin naphtyl acetic acid
(NAA), abscisic acid (ABA), gibberellic acid (GA3), the ethy-
lene precursor 1-aminocyclopropane-1-carboxylic acid (ACC),
salicylic acid (SA), or methyl jasmonate (MeJA) were ineffective
in rescuing the leaf phenotypes of cuel or lcdl (Supplemental
Figure 1).

BOTH FEEDING OF AAA AND tZ RECOVERED THE MESOPHYLL CELL
DENSITY IN cue? BUT NOT IN /cd1

The A. thaliana lcdl mutant shares the reticulate leaf pheno-
type with cuel, which is also based on a smaller mesophyll cell
size. Although the IcdI mutant is not allelic to cuel (Gonzilez-
Bayon et al., 2006) and the function of the LCD1 protein is still
unknown, we tested whether either a cocktail of AAA or tZ were
also capable of rescuing IcdI. In contrast to previous analyses,
which were based on phenotypic comparisons at a macroscopic
scale (Figures 6A—C), we investigated the effect of AAA and tZ on
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FIGURE 5 | Feeding of cue1-1 with DCG (A) or tZ (B) compared to an
unfed control. Plants were grown on %2MS agar for four weeks and were
then transferred to a medium containing either 20 WM DCG or 1 uM tZ.
DCG rescued the reticulate leaf phenotype only if the roots were excised
(-roots) and the rosettes were placed directly with their cut edges on the
agar plates, but not intact plants (+roots). The bar indicates a length

of 1cm.

the level of mesophyll cell density. In A. thaliana leaves the meso-
phyll cell density was highly variable depending on the age or the
developmental stage of the leaf (Figure 6D), a fact that had been
considered in this study when comparing treated and untreated
wild-type or mutant plants. Compared to the wild type the den-
sity of the mesophyll cells of cuel-6 slowly increased within seven
days upon feeding of AAA or tZ and was almost doubled seven
days after onset of feeding (Figure 6). The increase of the meso-
phyll cell density of cuel was related to a macroscopic rescue of
the reticulate leaf phenotype (i.e., the leaves appeared uniformly
green [Figures 6A—C]). Moreover, the rescue of the mesophyll
cell number in cuel occurred in a concentration-dependent man-
ner (Supplemental Figures 2, 3). Hence, both substance classes,
AAA and cytokinins, were capable of rescuing the underlying
cause for the reticulate leaf phenotype in cuel, but not in ledl.
In the presence of tZ, newly emerging leaves of both cuel and
led1-1 appeared to be greener compared to the control condition
(Figures 6A,C), which masked the lack of effect on the cell density
in lcd1-1 (Figure 6H and Supplemental Figures 3K,L).

BOTH AAA AND ¢Z INHIBIT ROOT GROWTH IN WILD-TYPE, cue?, AND
Icd1 PLANTS

Having established that both AAA and tZ could rescue the dimin-
ished cell density in cuel, but not in lcdl, we addressed the
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FIGURE 6 | Effect of AAA and tZ on mesophyll cell density in cue7 and
Icd1 leaves. Plants were grown for six days on 2MS-agar supplemented
with 2mM each of AAA (B) or 1 uM tZ (C) compared to an unfed control
(A). Examples of mesophyll cell density numbers (cells per 0.05 mm2)
counted in individual leaves of cue -6 grown on 1 wM tZ (E) compared to
an unfed control of cue1-6 (D). Mesophyll cell density of Col-0, cue’-6 and
led1-1 six days after feeding a cocktail of AAA compared to an unfed control
(F). Each microscopic picture represents an area of 0.05 mm? with a bar
indicating a length of 100 wm. Time course of relative mesophyll cell
numbers in leaves of Col-0, cueT-6, and lcd1-1 after feeding of AAA (G) or
tZ (H). The blue or black symbols represent relative mesophyll cell numbers
in the presence or absence of the effectors (AAA or tZ), and the red line
represents the ratio of mesophyll cell numbers =+ effector. The initial cell
density was about 100, 60, or 86 cells per 0.05 mm? in leaves of Col-0,
cuel-6, or led1-1, respectively. The bar in (C) represents a length of 1cm.
The data in (G) and (H) represent the mean + SE of n = 10 measurements
per time point and condition.
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question as to whether a similar rescue could be brought about
for the stunted root phenotype of cuel. If, for instance, AAA
availability were limiting for growth of cuel roots, feeding with
a cocktail of AAA should also relief growth retardation of this
organ. Strikingly, root growth was further inhibited by AAA
application not only in cuel but also in wild-type and ledI-1

plants (Figure 7A). This inhibitory effect was even more pro-
nounced when Phe, Tyr, and Trp were applied individually. The
biosynthesis of amino acids, in particular of AAA, is highly reg-
ulated and target of feedback-inhibition by end-products (Tzin
and Galili, 2010). Feeding of Trp resulted in a general arrest of
root growth in all plant lines (Figures 7B—G). These data show
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FIGURE 7 | Root phenotypes seven days after feeding of Col-0,
pOCA, cuel-1, cuel-6, and lcd1-1 with individual AAA or a cocktail
of AAA compared to unfed control plants. The plants were grown
for three weeks on %2MS agar and were then transferred to 2MS agar
supplemented with the effectors (2mM each). (A) Phenotypic
appearance including root lengths of wild-type/control and mutant plants
seven days after start of feeding with AAA (the bar indicates a
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distance of 1cm). Relative root lengths of pOCA (B), cuel-1 (C), cuel-3
(D), Col-0 (E), cuei-6 (F), and lcd71-1 (G). The black bars indicate the
relative root lengths before transfer of the plants to AAA containing
medium, whereas the stacked white or colored bars refer to the
increment growth within seven days. Compared to the control
treatment of wild-type and control plants all other relative root lengths
were significantly different with P-values of at least < 0.01.
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that the application of AAA at millimolar concentrations specif-
ically rescued the leaf, but not the root phenotype of cuel. It
has been shown earlier that high concentrations of AAA can
have an inhibitory effect on plant growth (e.g., Voll et al., 2004).
However, even 10-fold lower concentrations of AAA (as well as
tZ) lacked any promoting effect of the root length of cuel (not
shown). Hence, a deficiency in AAA as a cause for the stunted
root phenotype of cuel appears to be unlikely.

Moreover, the effect of individual applications of Phe, Tyr, and
Trp on the shoot phenotypes of cuel and lcdI was also analyzed.
In contrast to the AAA cocktail, individual feeding of Phe, Tyr, or
Trp (2 mM each) failed to rescue the reticulate leaf phenotype of
cuel (Supplemental Figure 4).

It has been shown that active cytokinins, such as benzyladenine
(BA), inhibit root-, but promote shoot growth (Cary et al., 1995;
Werner et al., 2001, 2003; Howell et al., 2003). Short-term feeding
of 1 WM tZ led to a substantial inhibition of root growth in all
plant lines tested (i.e., pOCA, Col-0, cuel-1, cuel-3, cuel-6 and
led1-1, Figure 8). For cuel-1 the growth inhibition of the roots
was even stronger than in the corresponding control plant pOCA.

As for the AAA treatment, feeding with ¢Z had opposite effects on
the shoot and root phenotype of cuel. In Figure 8B, the effect of
tZ on root growth is also shown for the weak cuel allele cuel-3.
As shown in Supplemental Figure 1, phytohormones such as
NAA, ABA, GA3, ACC (as ethylene precursor), SA or MeJA nei-
ther rescued the reticulate leaf phenotype of cuel nor of Icdl.
Here we have studied the effect of phytohormone application
on root growth of various cuel alleles and Icd1-1 compared to
the respective control plants. In Supplemental Figure 5, the root
phenotypes are shown, whereas Figure 9 shows the evaluation
of the experiment. The application of NAA at a concentration
of 1 uM resulted in an inhibition of root growth in wild-type
plants. In lcd1-1 inhibition of root growth was less pronounced
and it was absent in the cuel-1 and cuel-6 allele, suggesting
that the responsiveness to auxins is diminished in cuel roots.
The effects of ABA, ACC, GA3, and MeJA appeared to be more
heterogeneous and responded to the different A. thaliana eco-
types rather than to the individual mutations (Figure9). For
instance, ABA promoted root growth in Col-0, but inhibited
root growth in pOCA (i.e., Bensheim). Likewise GA3 inhibited
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FIGURE 8 | Root phenotypes seven days after feeding of Col-0,
pOCA, cuel-1, cuel-6 and led1-1 with tZ. The plants were grown for
three weeks on 2MS agar and were then transferred to %2MS agar
supplemented with the effector (1wM). (A) Phenotypic appearance
including root lengths of wild-type/control and mutant plants seven days
after start of feeding with AAA (the bar indicates a distance of 1cm).
(B) Relative root lengths of pOCA, cuel-1, cuel-3, Col-0, cuel-6, and

led1-1
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led1-1. in the absence or presence of tZ. The black bars indicate the
relative root lengths before transfer of the plants to AAA containing
medium, whereas the stacked white or colored bars refer to the
increment growth within seven days. Compared to the control
treatments all other relative root lengths were significantly different with
P-values of at least <0.01. The data represent the mean + SE of the
mean of n=18 measurements.

Frontiers in Plant Science | Plant Physiology

April 2014 | Volume 5 | Article 126 | 10


http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology/archive

Staehr et al.

Impaired PEP transport in plastids

1 A Col-0 B cue-6 Cled1-1
120 2
100 o
[ ]
80 Q
[ ] [ ]
~ 60
I
€ 40
(e}
o
5 20
®
g ° N
(2]
5]
B8 401 ppOCA E cuel-1 [ control (Col-0, 100%)
§ [ Control (others)
£ B NAA
& B ABA
W Acc
WA,
B vesA
M sA

FIGURE 9 | Effect of phytohormone feeding on root growth of cue? and
lcd1 compared to wild-type or control plants. Individual phytohormones
(10 wM each) were fed for seven days to Col-0 (A), cuel-6 (B), lcd1-1 (C),
pOCA (D), and cue1-1 (E). The relative root lengths are shown compared to
the unfed controls (white bars for Col-0 or light gray bars for the other
lines). The circles indicate significant differences in root lengths of fed
compared to unfed plants with P-values <0.01 (closed circles) and <0.05
(open circles). The data represent the mean + SE of the mean of n=9
measurements.

root growth in cuel-6, but had no effect on cuel-1. In the
presence of SA, root growth of both cuel alleles was severely
inhibited.

The above data show that a rescue of the stunted root growth
could neither be accomplished by the application of AAA nor by
phytohormones.

DO STUNTED ROOT GROWTH AND LEAF RETICULATION OF cuel
RESPOND TO PLASTIDIAL PPDK?

It has already been shown that constitutive overexpression of
a heterologous PPT (from cauliflower buds; BoPPT) or of a
PPDK from Flaveria trinervia (FtPPDK) rescued the reticulate
leaf phenotype of cuel (Voll et al., 2003). In A. thaliana, PPDK
is a single copy gene showing highest expression in pollen and
moderate expressed in other cells and tissues. In leaves PPDK
is induced during senescence (eFP browser, Winter et al., 2002)
and by cytokinin treatment (Brenner et al., 2005). In order to
investigate the impact of endogenous PPDK on the phenotype
of cuel, the ppdk-1 knockout mutant was isolated, established
as homozygous line and crossed to cuel-1. The ppdk-1 sin-
gle mutant was phenotypically indistinguishable from the wild
type (Figure 10A) and the leaves of the double mutant exhibited
the cuel-1 phenotype (Figures 10C,D). However, root growth
of the cuel-1/ppdk-1 double mutant exhibited a slight recovery
(Figures 10B,G). Feeding of tZ to the cuel single mutant and
the cuel-1/ppdk-1 double mutant rescued in both cases the retic-
ulate leaf phenotype (Figure 10E), indicating that the ¢tZ effect
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FIGURE 10 | Effect of tZ feeding on the root and leaf phenotypes of
cuel and ppdk1-1 single mutants as well as cue1-1/ppdk double
mutants. Plants were grown for three weeks vertically on %2MS agar plates
or for four weeks on soil (C,D). Root and shoot phenotypes of Col-0 and
ppdk-1(A) as well as cuel-1 and cuel-1/ppdk-1 double mutants (B). Col-0,
cuel-6, pOCA, cuel-1, and the cuel-1/ppdk-1 double mutant fed with 1 uM
tZ were compared to an unfed control and the leaf (E) and root (F)
phenotypes were analyzed. The data on relative root lengths in (G)
represent the mean + SE of n = 10-24 replicates. The analyses of root
lengths also contain BoPPT and FtPPDK overexpressing wild-type and
cuel-6 mutant plants. Blue circles indicate significant differences in root
length referred to Col-0 (P < 0.01), whereas red circles reflect significant
changes in root lengths of BoPPT overexpressors in the cue -6 background
compared to the untransformed mutant or of cueT-1/ppdk1-1 double
mutant compared to the cuel-7 single mutant. Closed or open red circles
indicate P < 0.01 or P < 0.05, respectively. The scale bars in the individual
sub-figures indicate a distance of 1cm.

is independent from PPDK induction by cytokinins. Moreover,
the additional inhibition of root growth in the presence of tZ
was identical in cuel-1 and the cuel-1/ppdk-1 double mutant
(Figure 10F).
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Furthermore, root growth was analyzed in the already exist-
ing BoPPT and FtPPDK overexpressing lines (Voll et al., 2003) in
the wild-type and cuel backgrounds (Figure 10G). The constitu-
tive overexpression of BoPPT inhibited root growth in the Col-0
background by 40%, whereas, in the cuel-6 background, stunted
root growth was relieved from about 60% in cuel-6 to 20% in
cuel-6:BoPPT compared to the wild type. In contrast, overexpres-
sion of FtPPDK in the Col-0 background lacked any significant
effect on root growth neither in Col-0 nor in cuel-6. The roots
of the cuel-6:FtPPDK line remained stunted, with a length of
about 40% of the wild-type. These data show that, apart from
the complementation with BoPPT only the absence of PPDK in
the cuel-1/ppdk-1 double mutant had a recovering effect on root
growth of cuel.

ELEVATED tZ LEVELS IN ROOTS OF cue? ARE NOT RESPONSIBLE FOR
STUNTED ROOT GROWTH

Feeding of tZ rescued the reticulate leaf phenotype of cuel, but
inhibited root growth in wild-type, cuel, and ledl plants. Hence,
it was investigated whether endogenous levels of cytokinins
are altered in both roots and leaves of cuel compared to the
wild type. The contents of numerous cytokinin and auxin
metabolites have been analyzed in roots and leaves (Table1).
As most striking result, there was a significant more than
two-fold increase of the active cytokinin tZ in roots of cuel
compared to the wild-type control. The endogenous levels of
almost all other isoprenoid cytokinin metabolites were also ele-
vated. This most likely relates to increased cytokinin biosynthesis
as the levels of key cytokinin nucleotides (¢/tZRMP, iPRMP,
DHZRMP) are several times higher in cuel plants. Dihydrozeatin
(DHZ) and aromatic cytokinins were present at detectable
levels.

Despite the fact that neither fZ nor cis-zeatin (¢Z) con-
tents showed any significant differences in leaves, there were
interesting changes in most less active and inactive cytokinin
metabolites, such as ribosides und glucosides (Table1). Of
the 20 glycosides, 13 were significantly increased in leaves of
cuel compared to the control. The aromatic cytokinin metabo-
lites (BAP, oT, mT) were usually present at detectable lev-
els and did not show any clear trends (Table1). Strikingly,
although the total contents of cytokinin metabolites were almost
doubled in leaves and roots of cuel compared to the wild
type, the amount of active cytokinins was not dramatically
changed.

For auxins, there were no pronounced differences in the con-
tents of indole-3-acetic acid (IAA), its glutamate conjugate and
the IAA precursor indole-3-acetamide (IAM) (Table 1).

As the amount of tZ was almost doubled in roots of cuel
compared to the wild type, it is conceivable that growth retar-
dation of the roots is a consequence of tZ accumulation. It
has been shown that the ectopic overexpression of a cytokinin
oxidase (CKX; CKO) is capable of increasing root growth in
transgenic A. thaliana (Werner et al., 2003). Two transgenic
A. thaliana lines overexpressing CKX have been crossed with
cuel and established as stable lines (Figures 11C,D). Roots of
the overexpressing lines CKXI1 and CKX3 (Figure 11A) were
longer and more branched than roots from the wild-type

or from cuel-6, whereas the shoots were retarded in growth
(Figure 11B). The rosettes of CKX3/cuel-1 (Figure 11C) and
CKX3/cuel-6 (Figure 11D) were also smaller compared to cuel-1
or cuel-6, indicating that active cytokinins are depleted in
the shoot due to CKO activity. However, root growth was
even further inhibited in CKX3/cuel-6 compared to cuel-6
(Figure 11D), suggesting that cytokinin accumulation in the
roots of the mutant is not the cause for the stunted root
phenotype.

THE AMINO ACID COMPOSITION IN ROOTS AND LEAVES SUGGEST
DIFFERENT ROLES OF PPT1 IN BOTH ORGANS

In order to further characterize the root- and leaf phenotypes of
cuel, the spectra of amino acids in both organs of cuel as well
as in lcdl were analyzed (Figures 12A-H, Supplemental Tables
1A-L). There were profound differences in the amino acid com-
position in rosette leaves depending upon whether the plants were
grown on soil (Figures 12A,D) or on 2MS agar (Figures 12B,E).
The amino acid spectrum in roots was determined for plants
grown on ¥2MS agar (Figures 12C,F). Statistical ANOVA/post-hoc
analyses of the amino acid data are contained in Supplemental
Table 1.

Strikingly, total contents of proteogenic amino acid in leaves
and roots of cuel were almost doubled on a fresh weight
basis compared to the control plants, irrespectively whether
the plants were grown on soil or agar. This increase is mainly
based on elevated levels of major amino acids such as Glu,
Gln, Asn, Ala, and Ser, whereas Asp or Gly were not appre-
ciably affected. In contrast, lcdI-1 exhibited similar amino acid
levels in leaves and roots as the wild-type with the exception
of rosette leaves of agar-grown plants, which contained slightly
higher total amino acid levels, based on an increase in Gln und
Gly (Supplemental Table 1E). The amino acid spectra were not
only dependent on the growth conditions, but also on the eco-
type of the plants (i.e., Col-0 for cuel-6 and Ilcd1-1 or Bensheim
[pOCA] for cuel-1 and cuel-3). Arg was the only amino acid
that showed a significant increase in its absolute and relative
contents in leaves of cuel-1 and cuel-6, irrespectively whether
the plants were grown on soil or ¥2MS agar (Figures 12A,B;
Supplemental Tables 1A,C,E,G). However, in roots of cuel-6 or
cuel-1, Arg contents were not affected and exhibited similar or
even lower levels compared to the control plants (Figures 12C,G;
Supplemental Tables 1A,C,E,G). All three AAA were significantly
decreased in leaves of ¥2MS agar-grown cuel-6 (Figures 12B,E),
whereas in leaves of soil-grown cuel-6 AAA were less promi-
nently increased (Figures 12A,D), compared to the other amino
acids. The latter also applies to cuel-1, with the exception of
Phe, which was slightly decreased. The amino acid spectra of
soil- and agar-grown lcdi-1 delivered ambiguous results, as
some amino acids such as His and Arg were decreased in soil-
grown plants, but increased when the plants were grown on
YAMS agar.

There were interesting changes in the amino acid composi-
tion in roots compared to leaves of cuel, in that contents of
AAA or branched-chain amino acids were increased rather than
decreased, or remained unaltered compared to the wild type
(Figures 12C,F). Moreover, Ser contents were increased in the
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Table 1 | Contents of cytokinin and auxin metabolites in cue1 rosette leaves and roots.

Cytokinins Wild type cuel Wild type cuel

Rosette leaves Root

pmol-g~" fw

tZ 0.42+0.01 0.414+0.03 0.37+0.01 0.82+0.05*
tZR 0.73+0.04 1.124+0.03% 2.584+0.33 3.96+0.51
tZ9G 8.79+0.38 9.244+0.36 14.65+3.82 18.82 +£5.90
tZOG 3.93+0.20 2.61+0.09% 5.65+0.06 8.27+0.85
tZROG 0.21+0.01 0.42 +0.03% 0.38+0.02 0.73+0.19
tZRMP 1.254+0.09 2.28+0.31% 0.47+0.10 0.47+0.10
Total tZ-types 15.33+0.75 16.08 + 1.02 24.10+2.78 33.07+5.95
cZ 0.10+0.01 0.13+0.01 2.12+0.96 3.64+2.68
cZR 1.11+0.04 2.60 £ 0.29% 28.71+£16.43 60.01 £0.53
cZ9G 0.274+0.03 0.45 +0.04X 0.6240.30 0.4240.05
¢cZ0G 0.12+£0.02 0.22£0.02% 1.36+£0.52 2.984+2.13
¢ZROG 0.3240.02 0.67 £0.07% 6.70+4.33 21.4549.02
cZRMP 9.48+1.24 26.96 +2.82X 59.66 +£22.90 139.22 +£87.60
Total cZ-types 11.40+1.15 31.03+2.99 99.17 +48.29 227.72 £99.77
DHZ n.d. n.d. 0.01+£0.00 0.04+£0.01
DHZR 0.054+0.00 0.06 £0.00" 0.26+0.13 0.60+0.13
DHZ9G 0.06+0.00 0.06 £0.00" 0.19+0.07 0.414+0.10
DHZOG 0.38+0.05 0.35+0.03 0.85+0.62 0.77+0.05
DHZROG 0.02+0.00 0.03+0.00 0.05+0.02 0.20+0.07
DHZRMP 0.09+0.01 0.19+0.02X 0.294+0.10 0.56+0.28
Total DHZ-types 0.6040.08 0.6940.07 1.65+0.67 2.5840.70
iP 0.06 +0.01 0.11£0.01% 0.14£0.05 0.29+0.08
iPR 0.82+0.05 1.9940.12% 3.02+0.77 7.64+0.70
iP9G 3.15+£0.18 6.02 +0.15X 1.62+0.34 2.49+1.01
iPRMP 1.40+0.08 3.4640.18% 0.254+0.05 0.92+0.44
Total iP-types 5.4340.46 11.58 +0.66 5.03+1.29 11.34 £3.55
BAP 0.10+0.01 0.177+0.08 0.09+0.01 0.18+0.13
BAPR 1.32+0.47 0.03+0.00* 0.13+£0.00 0.04+0.00
mT 0.07 £0.00 0.22 +0.04% 0.27 £0.00 0.18+0.00
oT 0.03+0.01 0.0440.01* 0.03+0.00 0.04+0.00"
oTR 0.21+0.08 0.13+0.01 0.17+0.00 0.16+0.00
Total Cytokinins 34.494+4.95 59.97 +£5.68 130.64 £ 34.03 275.31 £75.91
AUXINS
IAA 92.47 +4.53 107.40£9.07 219.46 +14.44 180.18 +16.82
IAM 17.08 £1.57 16.62£1.20 23.39+3.99 15.49+£1.96
IAAGIuU 6.29+0.25 7.21+£0.32* 9.65+1.27 1.224+1.27

The data on cytokinin metabolites represent the mean + SE of six or two measurements for shoots and roots, respectively. Only cytokinin metabolites detectable
were considered and are abbreviated as follows, tZ, trans-zeatin, cZ, cis-zeatin, t/cZR, t/cZ-riboside, t/cZ9G, t/cZ-9-glucoside; t/cZOG, O-glucosyl-t/cZ; t/cZROG, O-
glucosyl-t/cZ-riboside; t/cZRMR, t/cZR-5 -monophosphate; DHZ, dihydrozeatin, DHZR, DHZ-riboside; DHZ9G, DHZ-9-glucoside; DHZOG, O-glucosyl-DHZ; DHZROG,
O-glucosyl-DHZ-riboside; DHZRMFE DHZR-5 -monophosphate; iR isopentenyladenine; iPR, iP-riboside; iP9G, iP-9-glucoside; iPRMF, iPR-5 monophosphate; BAFR, 6-
benzylaminopurine;, BAPR, BAP-riboside; mT meta-topolin; oT, ortho-topolin; oTR, oT-riboside. The data on auxin metabolites are based on n = 7-8 measurements.
The auxin metabolites are indole-3-acetic acid (IAA), indole-3-acetamide (IAM) and the glutamate conjugate of IAA (IAAGIu). Significant differences between the data
were calculated according to the Welch test P < 0.05 (labeled with *) or P < 0.07 (labeled with X). Metabolites close to the detection limit are labeled with * .
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“cue1-1/CKX3

FIGURE 11 | Root lengths of cue7 mutants compared to the wild
type/control and CKX overexpressing lines. Root (A) and leaf
phenotypes (B) of Col-0, cuel-6 and CKX71 and CKX3 overexpressing
lines as well as root (C) and leaf phenotypes (D) of stable crosses of
cuel-6 with CKX3 (C) or CKX3 with cuel-1 (D) were assessed three
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weeks after germination. The scale bars indicate a length of 1cm. The
relative root length in (E) is expressed as mean + SE of n=10-24
replicates. Blue circles indicate significant difference referred to the
wild-type or control plants, whereas the red circle refers to a significant
difference compared to cuel-6 (P-value < 0.01).

strong cuel alleles cuel-6 and cuel-1 (Figure 12C; Supplemental
Table 1). In contrast, roots of lcdI-1 exhibited a decline in Arg and
Trp and an increase in the major amino acids Glu, Gln and Asp
(Figure 12C, Supplemental Table 1).

FEEDING OF ¢Z LEADS TO ALTERATIONS IN THE LEAF AMINO ACID
COMPOSITION OF cue? AND Jcd1

In order to gain more information on the metabolic basis for the
rescuing effect of AAA and tZ on the leaf phenotype of cuel,
the amino acid composition was determined in leaves of Col-0,
cuel-6 and IcdI-1, grown on ¥2MS agar either in the absence or
presence of AAA or tZ (Figures 12G-K). In the presence of an
AAA cocktail, the content of endogenous AAA was increased sub-
stantially 70- to 200-fold in wild-type and mutant plants. The
three AAA summed up to 20, 23 and 18 uvM~g_1 FW in Col-0,
cuel-6 and ledl-1 respectively (Supplemental Table 2A) and thus
led to an increase in the total amino acid content (Figure 12H;
Supplemental Table 2A). Feeding of AAA resulted in a general
decrease in Asn, Leu, and Ile, whereas Glu, Asp, and Ser showed a

moderate increase in all plant lines (Figure 12I). There was a spe-
cific increase of Gly in cuel-6 and a drop in Arg contents in both
cuel-6 and lcd1-1 when grown on AAA (Figure 12I). Despite this
decrease, the Arg content was still higher in cuel compared to the
wild type (Figure 12H).

Strikingly, growth on tZ resulted in an increase in total amino
acid contents in both Col-0 and lcdI-1, but a moderate decrease
in cuel-6 (Figure 12K). Moreover, there was a similar pattern in
tZ dependent changes in the amino acid composition in cuel-6
and lcd1-1. Despite the rescue of the reticulate leaf phenotype in
cuel, feeding of tZ resulted in a decrease of the AAA Phe and Tyr,
as well as all three branched-chain amino acids. Furthermore, His
and Arg were also decreased in both mutants, whereas Gly and
Trp were increased.

DISCUSSION

In this report we have studied underlying reasons for the shoot-
and root phenotypes of the cuel mutant based on the loss of
function of PPT1. The lcdI mutant, which has been analyzed in
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Amino acids (log2 ratio, based on absolute values)
Total Glu GIn Asp Asn Ala Ser Gly Thr Val Leu he Tyr Trp His Arg ys
A cue1-6 vs Col-0
led1-1 vs Col-0
Leaves (soil) cue1-1 vs pOCA
cue1-3 vs pOCA
B cuet-6 vs Col-0
led1-1 vs Col-0
Leaves (agar) cue-1 vs pOCA
cue’-3 vs pOCA
C cue1-6 vs Col-0
led1-1 vs Col-0
Roots (agar) cuet-1 vs pOCA
cue’-3 vs pOCA
Amino acids (log2 ratio, based on Mol %)
Glu GIn Asp Asn Ala Ser Gly Thr Val Leu Ille Phe Tyr Trp His Arg Lys
D cue1-6 vs Col-0
led1-1 vs Col-0
Leaves (soil) cue-1 vs pOCA
cue1-3 vs pOCA
E cue1-6 vs Col-0
lcd1-1 vs Col-0
Leaves (agar) cuet-1 vs pOCA
cue1-3 vs pOCA
F cue1-6 vs Col-0
led1-1 vs Col-0
Roots (agar) cue1-1 vs pOCA
cue1-3 vs pOCA
I
+2.5 -2.5 +1.25-1.25
Amino acids (log2 ratio)
G Total Glu GIn Asp Asn Ala Ser Gly Thr Val Leu lle Phe Tyr Trp His Arg
cuel vs Col-0
Eontl Ied1 vs Col-0
H cuel vs Col-0
Icd1 vs Col-0
! Col-0
AAA vs control cuet
led1
J cuel vs Col-0
{2 Ied1 vs Col-0
K Col-0
tZ vs control cuel
Ied1
+3.0 1.5 +1.5 -0.75
FIGURE 12 | Heatmap of amino acid spectra in wild-type and mutant acid spectra of roots were determined from agar grown plants (C,F). The data
plants. The contents of proteogenic amino acids were determined in leaves are expressed as log2 ratios of absolute (A-C) or relative (Mol%) amino
of wild-type (Col-0) or control plants (pOCA) as well as cuel-1, cuel-6 and acid contents shown in Supplemental Document 1, which also contains a
led1-1 mutants grown either on soil (A,D) or on 2MS agar (B,E). The amino (Continued)
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FIGURE 12 | Continued

statistical analysis. Amino acid spectra in leaves of wild-type and
mutant plants were determined after the plants were fed for seven
days either with a cocktail of AAA (H,J) or tZ (LK) compared to an
unfed control (G). For both feeding experiments amino acid ratios were

either compared to the wild type (H,J) or the unfed control plant (LK).
The maximum (red) and minimum (green) values as well as
intermediate values of the color scale for (A-H) and (G-K) is shown in
the figure. Black indicates a value of 0 and in the case of gray
shadings no data were available.

parallel with cuel in some experiments, shares only the reticulate
leaf phenotype with cuel, but not the growth retardation of the
rosettes (compare Figure 1C) or the stunted roots (Figures 1H,J),
indicating that impaired mesophyll development seems not to be
necessarily coupled with slower rosette or root growth. Thus, the
deficiency in PPT1 results in multiple independent phenotypes.
The major findings of our investigations can be summarized
as follows. (1) Reverse grafting experiments clearly demonstrate
that the root- and shoot phenotypes of cuel are separate and
independent phenomena (see Figure 2), ruling out long distance
metabolite signaling as proposed earlier (Streatfield et al., 1999;
Knappe et al., 2003b; Voll et al., 2003). (2) The reticulate leaf phe-
notype is a transient phenomenon that could be brought about
or removed by inducible PPTIRNAI (see Figure 3) or it could be
reversibly rescued by a cocktail of AAA (see Figure 4). (3) The
neolignan glucoside, DCG, as a derivative of the phenylpropanoid
metabolism downstream of Phe, as well as the active cytokinin tZ
were capable of rescuing the cuel reticulate leaf phenotype (see
Figure 5). (4) Feeding of either AAA or tZ resulted in an increased
cell number in the mesophyll of cuel, but not of lcd1 (see Figure 6
and Supplemental Figures 2,3). (5) AAA or tZ inhibited root
growth not only in the cuel mutant, but also in wild-type and
ledl plants (see Figures 7, 8). Feeding of Trp even led to an arrest
of root growth in cuel. (6) Phytohormones such as auxins, ABA,
the ethylene precursor ACC, GA3, MeJA and SA had no effect on
the leaf phenotype of cuel, but affected root growth to various
extents (see Figure9). Roots of cuel appeared to be less sensi-
tive towards auxins. (7) Leaves and roots of cuel contained higher
portions of conjugated, mostly inactive cytokinin metabolites (see
Table 1). In roots of cuel, the active cytokinin tZ was doubled
compared to the control, giving rise to the assumption that the
stunted root phenotype might be based on elevated tZ levels.
However, overexpression of CKX in the cuel background could
not rescue the stunted root phenotype (see Figure 11). (8) A care-
ful interpretation of amino acid compositions in leaves and roots
of mutant and wild-type plants (see Figure 12) suggested that the
role of PPT1 in green and non-green tissues might be different.
PPT1 appears to act as a PEP importer in chloroplasts, but as an
overflow valve or exporter in root plastids (see Figure 13).

LOCAL CONTROL OF ORGAN DEVELOPMENT vs. LONG DISTANCE
SIGNALING

The most surprising finding of the grafting experiments was the
lack of any obvious communication between roots and shoots
with reference to the individual phenotypes of both organs in cuel
(Figure 2). Iflong distance signaling were involved in the aberrant
development of the mesophyll or the stunted roots, an at least
partial rescue of the individual cuel phenotypes would have been
expected, depending upon whether cuel scions were grafted on
wild-type root stocks or vice versa. DCG has been proposed earlier

as long distance signaling molecule (Voll et al., 2003). Indeed, the
application of DCG rescued the reticulate leaf phenotype of cuel
(due to the lack of availability, the effect of DCG on lcd1-1 leaves
has not been analyzed). However, like in the tobacco mesophyll
cell culture system (Tamagnone et al., 1998a,b), DCG appeared to
exert only a local effect in cuel leaves. It remains to be elucidated
whether A. thaliana contains detectable amounts of DCG. In con-
trast to the tobacco system, DCA (the aglycon of DCG) could
not rescue the cuel phenotype, which suggests that the appro-
priate glucosyl transferase was either not active or not present in
A. thaliana. Moreover, like for DCA the non-glycosylated forms
of two more lignans, pinoresinol, or lariciresinol, also failed to
rescue the reticulate leaf phenotype. More substances ought to be
tested to either support or rule out an involvement of lignans in
the impaired mesophyll development of cuel. It has been shown
earlier, that DCG can exert cytokinin-like effects in tobacco callus
cultures (Teutonico et al., 1991). Therefore, we tested the effect of
cytokinin feeding on the phenotype of cuel and lcdl.

THE UNEXPECTED RESCUE OF THE cue? RETICULATE LEAF PHENOTYPE
BY tZ

Cytokinin metabolism is complex and comprises, besides of
highly active compounds like tZ, isopentenyladenine (iP) and
perhaps cZ, less active or inactive metabolites like ribosides,
nucleotides and glucosides (Mok and Mok, 2001). The highly
active cytokinin tZ was capable of rescuing the reticulate leaf
phenotype of cuel, but not of lcdl (Figure 6). Unlike AAA or
DCG, the latter of which eventually derives from Phe as one of
the end products of the shikimate pathway, cytokinins are based
on purine biosynthesis (Mok and Mok, 2001). Thus, in contrast
to AAA, an obvious link of tZ to a perturbed plastidial PEP
metabolism in cuel is missing. Although there are indications
for a crosstalk between cytokinins and phenylpropanoids in dif-
ferent plant species, such as tobacco (Gdlis et al., 2002), maize
(Alvarez et al., 2008), or A. thaliana (Bhargava et al., 2013), the
exact nature of this crosstalk has not yet been resolved. It is, for
instance not, clear whether cytokinins act upstream of AAA or
their follow-up products (e.g., by inducing biosynthetic reactions
of phenylpropanoid metabolism) or downstream of AAA (e.g., by
increasing cytokinin biosynthesis or by inhibiting its degradation
or conjugation). It is a matter of speculation whether the rescu-
ing effects of both DCG and tZ converge further downstream of
hormonal signaling and gene regulation.

In contrast to cuel, the reticulate phenotype of Icdl could
neither be rescued by tZ nor by AAA. This observation sug-
gests that there are either different developmental bases for this
phenotype in A. thaliana, or the defect in Icdl is located either
down- or upstream of the point where AAA and/or cytokinins
are able to rescue the leaf phenotype of cuel. It has been shown
by crossing experiments, that cuel is epistatic to lcdl (or re-3),
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FIGURE 13 | Anabolic reaction sequences in chloroplasts (A,B) and root
plastids (C,D) of wild-type (A,C) and cueT mutant plants (B,D). In
chloroplasts (A,B) CO, is assimilated in the reductive pentose phosphate
pathway (RPPP; Calvin-Benson cycle) via ribulose 1,5-bisphosphate
carboxylase/oxygenase (RubisCO;1). Its product, 3-PGA, is then converted to
triose phosphates (TP) via the subsequent action of phosphoglycerate kinase
and NADP glyceraldehydes 3-phosphate dehydrogenase (PGK/NADP-GAPDH;
2). TPs are exported via the TPT in counter exchange with inorganic
phosphate (P;) and subjected to Suc biosynthesis in the cytosol. Suc is the
main transport sugar that is exported to the sinks via the phloem. In
chloroplast glycolysis, 3-PGA can only be metabolized to 2-PGA via
phosphoglycerate mutase (PGyM; 3), but not further to PEP. Under defined
conditions, it can also enter the phospho-serine pathway of Ser biosynthesis.
In leaves Ser is, however, mainly produced by photorespiration (PR) or is
imported from non-green tissues, such as roots. TPs in the cytosol can
undergo the glycolytic conversion to 3-PGA, involving PGK/NAD-GAPDH (5),
and further to 2-PGA and PEP by the subsequent action of cytosolic PGyM (6)
and enolase (ENO2; 7). PEP has to be imported to the stroma via PPT1 or
PPT2 in counter exchange with either 2-PGA or P;. The latter derive, for
instance, from the shikimate pathway, where PEP and erythrose 4-phosphate
(E-4-P) serve as precursors. End products of the shikimate pathway are the
aromatic amino acids (AAA) Phe and Tyr, which are synthesized from the
intermediate chorismate, and Trp, which is synthesized from anthranilate as
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well as phosphoribosyl pyrophosphate (PRPP) and Ser. AAA are exported via
amino acid transporters (AAT). PEP can be further metabolized by plastidial
(4) or cytosolic (8) pyruvate kinase (PK) yielding pyruvate. Outside the
chloroplasts pyruvate is subjected to mitochondrial respiration. In the
chloroplast stroma pyruvate can enter de novo fatty acid biosynthesis, the
production of the branched-chain amino acids Leu and Val as well as the MEP
pathway of isoprenoid biosynthesis. The third branched-chain amino acid lle
uses Thr as a precursor. In contrast to wild-type chloroplasts (A), chloroplasts
from cueT (B) suffer from a limitation in PEP provision and processes like the
production of AAA via the shikimate pathway are impaired (green
background) and thus rely on PEP supply by PPT2. Anabolic sequences with
pyruvate as precursor would probably be less affected (light blue-green
background) as pyruvate might also be supplied by pyruvate transporters
(PyrT). In roots (C,D) reducing power and metabolic intermediates are
provided by the oxidative pentose phosphate pathway (OPPP) with GIc6P as
precursor and TP as end products. Cytosolic GIc6P deriving from the
degradation of imported sucrose is provided to the plastid by the GPT in
counter exchange with either TP or P;. GIc6P can be converted to Fru6P by
plastidial or cytosolic phosphoglucose isomerise (PGI; 9, 14), activated to
Fru1,6P, by phosphofructokinase (PFK; 10, 15), and cleaved by aldolase (11,
16) to TR which are subsequently converted to 3-PGA, 2-PGA, and PEP by
plastidial or cytosolic PGK/NAD-GAPDH (5, 12), PGyM (3, 6), and ENO (7, 13).
(Continued)
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FIGURE 13 | Continued

Note that in root plastids ENO1 is present. The fate of PEP in
plastidial and cytosolic metabolism of roots is similar as in leaves.
However, a blocked PEP transport across the envelope of root
plastids due to a knockout of PPT1 cannot be compensated by

PPT2 (D), and would lead to an increased production rather than a
depletion of products deriving from PEP and pyruvate (light red
background). It is likely that processes like the OPPP or the
phospho-serine pathway are also increased by feedback regulatory
mechanisms.

suggesting that both proteins are involved in the same develop-
mental pathway (Gonzilez-Bayon et al., 2006). However, a more
simplistic view on the rescue of the reticulate leaf phenotype
by tZ or AAA would be that the cell cycle in the mesophyll of
cuel is more readily inducible compared to Icdl or the wild type.
This assumption is supported by the observation that feeding
of both AAA and tZ significantly increased the cell number in
the mesophyll of cuel (Figure6) due to an enhanced mitotic
activity (not shown). Enhanced cell numbers have neither been
observed in wild-type nor in IcdI plants. The hormonal control
of the cell cycle in A. thaliana comprises an interaction of aux-
ins, cytokinins, ABA and brassinosteroids, which either induce
or repress cell cycle regulators (Gutierrez, 2009). It remains to
be elucidated whether the regulation of the cell cycle is altered
in cuel.

IS THERE A COMMON DENOMINATOR FOR RETICULATE PHENOTYPES
BASED ON LOWER CELL DENSITY IN THE MESOPHYLL?

Bearing the lack of any similarities between cuel and Iledl, with
reference to the rescue by tZ, in mind, it was surprising that the
pattern of changes in the amino acid composition as a response
to tZ feeding was very similar in both mutants (Figure 12K). In
particular branched-chain amino acids, as well as Phe, Tyr, His,
and Arg were decreased, whereas Trp and Gly were increased.
In particular Arg contents in leaves of cuel were consistently
elevated in our study (Supplemental Tables 1, 2) and in earlier
reports (Streatfield et al.,, 1999), and are, hence, back to wild-
type level by feeding of AAA or tZ. Increased Arg contents have
been proposed to be involved in nitric oxide (NO) production in
the nox1 mutant, which is allelic to cuel (He et al., 2004). NO is
an important signaling molecule in plants and can, for instance,
interfere with phenylpropanoid metabolism and thereby regulate
responses to pathogen attacks (Zeier et al., 2004). The synthe-
sis of NO was proposed to be either catalyzed by NO synthase
(NOS) via Arg and citrulline or by a side reaction of nitrate reduc-
tase via nitrite (Wendehenne et al., 2001; del Rio et al., 2004). A
loss of function mutant of NOS (n0s1) contained lower NO con-
tents in roots (Guo et al., 2003). In another system, feeding of
the NO donor sodium nitroprusside resulted in a further inhi-
bition of root growth in noxI (cuel), but not in the wild type
(He et al., 2004). More recent findings suggest that the NOA
(NITITE OXIDE ASSOCIATED PROTEIN1)/RIF1 (RESISTANT
TO INHIBITION BY FOSMIDOMYCIN) protein, a plastidial
GTPase, is involved in the regulation of NO synthesis (Gas et al.,
2009).

In contrast to cuel, the ven3/ven6 mutants defective in CPS
and, hence, Arg biosynthesis show lower Arg levels (Molla-
Morales et al., 2011). Thus modified Arg levels are not per
se responsible for the reticulate leaf phenotype. In line with
the defect in cuel, the reticulate trp2 mutant, impaired in Trp

biosynthesis, is deficient in the synthesis of AAA. Further compar-
ative analyses are required to reveal common mechanistic bases
for the developmental constraints in the mesophyll. A detailed
update on reticulate mutants is contained in Lundquist et al.
(2013). Furthermore, these authors discuss a “supply” or “signal-
ing” hypothesis (see also Rosar et al., 2012), which are both based
on the assumption that the bundle sheath of C3 plants plays a pro-
found role in mesophyll development. Although bundle sheath
cells in C3 plants are morphologically similar to mesophyll cells,
they can conduct a distinct metabolism (Hibberd and Quick,
2002), or their chloroplast carry transporters, like for instance
GPT1 (Kunz et al., 2010) or PPT1 (Knappe et al., 2003b), which
are not or only weakly expressed in mesophyll cells.

ROOT GROWTH IS INHIBITED IN THE ABSENCE OF PPT1

Although AAA and tZ were capable of rescuing the reticulate
leaf phenotype, they further deteriorated the stunted root phe-
notype of cuel and also inhibited root growth in wild-type and
control plants (see Figures 7, 8). Although the endogenous tZ
contents in cuel roots were more than doubled compared to wild-
type or control roots, it is less likely that elevated cytokinin levels
contribute to the stunted root phenotype. For instance, overex-
pression of the cytokinin-degrading enzyme CKO3 in the cuel
background could not rescue the root phenotype of cuel. In con-
trast, root growth was even further inhibited in the overexpressing
lines (Figure 11E). It has been shown earlier that overexpression
of CKX1 and CKX3, which are localized in the vacuole, exerted
the strongest cytokinin dependent deficiency syndrome, such as
promotion of root growth (Werner et al., 2003).

The most pronounced inhibitory effect on root elongation by
individual AAA was observed after feeding of Trp, which resulted
in an arrest of root growth. This might be due to feedback inhi-
bition of the initial step of the shikimate pathway by Trp (e.g.,
Herrmann and Weaver, 1999) and hence a depletion in Phe and
Tyr in the presence of Trp. Moreover, Trp is also the precur-
sor for auxin biosynthesis (e.g., Ljung, 2013) and thus a link
between amino acid metabolism and hormonal signaling. The
observation that cuel was less responsive to the inhibitory effect of
NAA on root growth might point into the direction of hormonal
signaling. Although endogenous auxin levels in roots of cuel
were not different from wild-type or control plants (Table 1), an
altered sensitivity toward auxin might contribute to the stunted
root phenotype, an observation that deserves more attention in
future experiments. Cytokinins can interfere with the expres-
sion of auxin related genes both in roots and shoots (Brenner
and Schmiilling, 2012). Probably increased endogenous tZ lev-
els in roots of cuel are involved in the decreased auxin sensitivity.
Endogenous levels of Trp were more steeply increased in roots of
the cuel-1 allele compared to cuel-6 or the weak cuel-3 allele.
Thus, Trp accumulation in the roots correlated to some extend
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with the inhibition of root growth in the individual cuel mutant
alleles (compare Figures 8B, 12C). Moreover, Icdl, which con-
tained lower levels of Trp, developed longer roots (Figures 8B,
12C). Again, any direct link between Trp contents, sensitivity
toward auxin, and root length in cuel or lcdl remains to be
established.

Plants with an impaired phospho-Ser (P-Ser) pathway of de
novo Ser biosynthesis also display a stunted root phenotype
(Benstein et al., 2013). Due to a lesion in the initial step of
this pathway, i.e., in phosphoglycerate dehydrogenase (PGDH),
particularly in PGDHI, Ser biosynthesis in roots and other non-
photosynthetic tissues is hampered. As Ser is also required for Trp
biosynthesis, the stunted root phenotype of PGDH1 knockdown
plants probably reflects diminished Trp and concomitantly auxin
levels in the roots. On a whole seedling scale, IAA levels were
clearly diminished in the knockdown plants compared to the wild
type (Benstein et al., 2013). However, in the case of the PGDH1
knockdown lines, the demand for Trp seems not to be the only
reason for the root growth defects, as feeding with Trp did not
rescue the phenotype.

THE ROLE OF PPT1 IN ROOT PLASTIDS

The pleiotropic phenotypes of the cuel mutant, which are mani-
fested independently in different organs, such as leaves and roots,
point at the necessity to re-evaluate the putative roles of the PPT
in plastids of autotrophic and heterotrophic tissues. It is well
established and supported by experimental data that most plas-
tids, particularly chloroplasts, rely on the import of PEP not only
for the shikimate pathway, but also for plastidial pyruvate-derived
pathways like de novo fatty acid biosynthesis, the synthesis of Val
and Leu and the MEP pathway. Strikingly, homozygous double
mutant with a combined loss of function in PPT1 and ENO1
were lethal (Prabhakar et al., 2010). Likewise, the inability to pro-
duce pyruvate from PEP in PK deficient plants (Andre et al., 2007;
Baud et al., 2007) resulted in diminished oil contents of the seeds.
Unlike mixotrophic plastids, i.e., those in embryos during the
early stages of seed development, which are able to provide PEP
both by a complete plastidial glycolysis and by import from the
cytosol, chloroplasts are entirely dependent on PEP import via
the PPT, because chloroplasts lack ENO1 (Prabhakar et al., 2009).
In contrast, ENOI expression in roots is appreciably high and
thus can support PEP provision by plastidial glycolysis. Hence,
PEP import into root plastids by a PPT might not be necessary.
Moreover, PEP accumulation inside the plastids due to a lack in
the PPT as PEP exporter might even be harmful to the plants and
results in stunted roots. There are several lines of evidence that
support this idea. (1) If a depletion in products of the shikimate
pathways deriving from plastidial PEP were the major cause for
the stunted root phenotype of cuel, wild-type scions grafted on
cuel root stocks would eventually rescue the phenotype as, for
instance, aromatic amino acid as well as branched-chain amino
acids can be transported via the phloem (Winter et al., 1992).
(2) The absolute contents of AAA as well as of the branched-
chain amino acid Leu are increased in cuel roots as PEP can
be generated via glycolysis, e.g., from imported Glc6P (Kunz
et al., 2010). (3) Ser as product of the P-Ser pathway (Benstein
et al., 2013; Cascales-Minana et al., 2013) is increased in cuel

roots, probably because products of plastidial glycolysis down-
stream of 3-PGA, the substrate of the P-Ser pathway, accumulate.
(4) Increased Ser contents correlate with increased levels of Trp,
which has been shown to be toxic to root growth at high con-
centration. (5) The prenyl side chain of the cytokinin ¢Z, which
is substantially increased in cuel roots, derives from the plastidial
MEP pathway (Kasahara et al., 2004).

Figure 13 shows the proposed consequences a deficiency in
the PPT1 has on leaf and root metabolism. In chloroplasts, the
lack of PPT1 can be partially compensated by PPT2 (Figure 13B),
which is highly expressed in leaves, but not in roots. The anal-
ysis of double mutants defective in both PPT1 and PPT2 might
shed further light on the organ specific and developmental roles
of both transporters. As the PPT acts as an importer in chloro-
plasts (Figure 13A), products deriving from either plastidial PEP,
such as AAA, or pyruvate, like fatty acids, branched-chain amino
acids and products of the MEP pathway are diminished (indi-
cated by the green background color). However, it has been
shown recently that the MEP pathway is hampered in plants
with an impaired Na-pyruvate transporter (Furumoto et al,
2011) suggesting that pyruvate as one of the substrates of the
MEP pathway can be imported directly from the cytosol. Hence,
products deriving from plastidial pyruvate are shown with a
light green background color (Figure13B). Due to the pres-
ence of ENOLI in root plastids (Figure 13C), PEP import from
the cytosol is not required. Moreover, in contrast to chloro-
plasts, a knockout of PPT1 cannot be compensated by PPT2
(Figure 13D). We propose that the PPT in root plastids acts
as an overflow valve for PEP and/or 2-PGA and thus connects
plastidial with cytosolic glycolysis. In the absence of the PPT,
products deriving from PEP and pyruvate metabolism accu-
mulate (indicated by a red background colors). Key enzymes
of the MEP pathway, 1-deoxy-D-xylulose 5-phosphate reduc-
toisomerase or 1-deoxyxylulose 5-phosphate synthase show a
substantial expression in roots (Estévez et al., 2000; Carretero-
Paulet et al., 2002; eFP browser, Winter et al., 2002). Likewise,
fatty acid biosynthesis and the production of Val and Leu are
increased. The branched-chain amino acid Ile is probably less
affected, as it is synthesized from Thr and eventually from Glu,
which in root plastids is provided by NADH-dependent gluta-
mate synthase. The redox equivalents required for this reaction
are provided by a plastidial NAD malate dehyrogenase (Selinski
etal., 2014).

CONCLUSIONS AND OUTLOOK

The data presented here combined with recent publications
(Prabhakar et al., 2009, 2010) suggest that the leaf and root phe-
notypes of cuel are based on different roles of the PPT in both
organs, i.e., a PEP importer in leaf chloroplasts as well as in
mixotrophic plastids of developing seeds, but an overflow valve
in root plastids. Most likely, the accumulation of Trp or other
AAA in roots of cuel combined with a reduced sensitivity toward
auxins might form the underlying reason for the stunted root
phenotype of cuel. This view is re-enforced by a partial rescue
of the stunted root phenotype in cuel plants overexpressing the
PPT from cauliflower buds. Moreover, an increase in plastidial
PEP production by constitutive overexpression of a PPDK from
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E. trinervia, rescued the leaf, but not the stunted root phenotype,
whereas the additional knockout of the A. thaliana PPDK in the
cuel background had a small recovering effect on root growth.
However, the rescue of the root phenotype by overexpressing
ENOI from A. thaliana in the cuel background (Prabhakar et al.,
2010) would only fit into our model, if co-suppression of ENO1
in the roots were assumed, which would lead to a diminished PEP
production and hence a relief in the accumulation of products
deriving from PEP in root plastids. The respective lines ought to
be re-evaluated against this background.

It is surprising that cuel leaves accumulate substantial
amounts of Arg, whereas an inhibition of CPS in the ven3/ven6
mutants (Molld-Morales et al., 2011) results in diminished Arg
and citrulline contents, despite of an identical leaf phenotype.
Metabolome combined with transcriptome analyses of cuel as
well as lcd]l are on the way and will shed more light on the
metabolic basis for lowered cell densities in the leaves of both
mutants.

ACKNOWLEDGMENTS

This work was supported by grants from the Deutsche
Forschungsgemeinschaft to (Ulf-Ingo Fliigge and Andreas P. M.
Weber (EXC 1028), Andreas P. M. Weber (SFB 590), and UIF-
Ingo Fligge and Rainer E. Hausler (FL 126/23-1) and by Czech
Ministry of Education grant from the National Program for
Sustainability I (LO1204). We thank Dr. Cathie Martin, John
Innes Center, UK, for providing us with aliquots of DCA and
DCG, and Dr. Thomas Schmiilling, Freie Universitit Berlin,
Germany, for providing the CKXI and CKX3 overexpressing
A. thaliana lines. We would also like to thank Dr. E. Fuss, ZMBP
Tiibingen, Germany, for discussion on neolignans.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: http://www.frontiersin.org/journal/10.3389/fpls.2014.00126/
abstract

Data Sheet 1 contains two Supplemental Tables (Tables 1A-L;
Tables 2A-D). Table 1 comprises absolute or relative amino acid
contents in leaves or roots of cuel and ledl mutant compared
to wild-type or control plants grown either on soil or on %2MS
agar (for determinations in roots) as well as statistical analyses
(ANOVA/Tukey Kramer) for each experiment. Table 2 contains
data on the amino acid composition in cuel, Icdl and Col-0 after
feeding of AAA or tZ compared to unfed control plants as well
as statistical analyses (ANOVA/Tukey Kramer). Furthermore Data
Sheet 1 contains five Supplemental Figures.

REFERENCES

Alvarez, S., Marsh, E. L., Schroeder, S. G., and Schachtman, D. P. (2008).
Metabolomic and proteomic changes in the xylem sap of maize under
drought. Plant Cell Environ. 31, 325-340. doi: 10.1111/j.1365-3040.2007.
01770.x

Andre, C., Froehlich, J. E., Moll, M. R., and Benning, C. (2007). A heteromeric plas-
tidic pyruvate kinase complex involved in seed oil biosynthesis in Arabidopsis.
Plant Cell 19, 2006-2022. doi: 10.1105/tpc.106.048629

Barth, C., and Conklin, P. L. (2003). The lower cell density of leaf parenchyma
in the Arabidopsis thaliana mutant lcdI-1 is associated with increased sensi-
tivity to ozone and virulent Pseudomonas syringae. Plant J. 35, 206-218. doi:
10.1046/.1365-313X.2003.01795.x

Baud, S., Wuille me, S., Dubreucq, B., de Almeida, A., Vuagnat, C., Lepiniec, L.,
et al. (2007). Function of plastidial pyruvate kinases in seeds of Arabidopsis
thaliana. Plant J. 52, 405-419. doi: 10.1111/j.1365-313X.2007.03232.x

Benstein, R. M., Ludewig, K., Wulfert, S., Wittek, S., Gigolashvili, T., Frerigmann,
H., et al. (2013). Arabidopsis phosphoglycerate dehydrogenasel of the phos-
phoserine pathway is essential for development and required for ammo-
nium assimilation and tryptophan biosynthesis. Plant Cell 25, 5011-5029. doi:
10.1105/tpc.113.118992

Bent, A. (2006). Arabidopsis thaliana floral dip transformation. Method. Mol. Biol.
343, 87-104. doi: 10.1385/1-59745-130-4:87

Bhargava, A., Clabaugh, L, To, J. P, Maxwell, B. B., Chiang, Y. H., Schaller, G.
E., et al. (2013). Identification of cytokinin-responsive genes using microarray
meta-analysis and RNA-Seq in Arabidopsis. Plant Physiol. 162, 272-294. doi:
10.1104/pp.113.217026

Binns, A. N., Chen, R. H., Wood, H. N., and Lynn, D. G. (1987). Cell-division
promoting activity of naturally-occurring dehydrodiconiferyl glucosides - do
cell-wall components control cell-division. Proc. Natl. Acad. Sci. U.S.A. 84,
980-984. doi: 10.1073/pnas.84.4.980

Brenner, W. G., Romanov, G. A., Kéllmer, L, Biirkle, L., and Schmiilling, T. (2005).
Immediate-early and delayed cytokinin response genes of Arabidopsis thaliana
identified by genome-wide expression profiling reveal novel cytokinin-sensitive
processes and suggest cytokinin action through transcriptional cascades. Plant
J. 44, 314-333. doi: 10.1111/j.1365-313X.2005.02530.x

Brenner, W. G., and Schmiilling, T. (2012). Transcript profiling of cytokinin action
in Arabidopsis roots and shoots discovers largely similar but also organ-specific
responses. BMC Plant Biol. 12:112. doi: 10.1186/1471-2229-12-112

Byrne, M. E. (2012). Making leaves. Curr. Opin. Plant Biol. 15, 24-30. doi:
10.1016/j.pbi.2011.10.009

Caddick, M. X., Greenland, A. J., Jepson, I., Krause, K. P, Qu, N., Riddell, K. V.,
et al. (1998). An ethanol inducible gene switch for plants used to manipulate
carbon metabolism. Nat. Biotechnol. 16, 177—180. doi: 10.1038/nbt0298-177

Carretero-Paulet, L., Ahumada, I, Cunillera, N., Rodriguez-Concepcién, M.,
Ferrer, A., Boronat, A., et al. (2002). Expression and molecular analysis of
the Arabidopsis DXR gene encoding 1-deoxy-D-xylulose 5-phosphate reduc-
toisomerase, the first committed enzyme of the 2-C-methyl-D-erythritol 4-
phosphate pathway. Plant Physiol. 129, 1581-1591. doi: 10.1104/pp.003798

Cary, A. J., Liu, W,, and Howell, S. H. (1995). Cytokinin action is coupled
to ethylene in its effects on the inhibition of root and hypocotyl elonga-
tion in Arabidopsis thaliana seedlings. Plant Physiol. 107, 1075-1082. doi:
10.1104/pp.107.4.1075

Cascales-Mifiana, B., Mufioz-Bertomeu, J., Flores-Tornero, M., Anoman, A. D.,
Pertusa, J., Alaiz, M., et al. (2013). The phosphorylated pathway of serine
biosynthesis is essential both for male gametophyte and embryo develop-
ment and for root growth in Arabidopsis. Plant Cell. 6, 2084-2101. doi:
10.1105/tpc.113.112359

Christmann, A., Weiler, E. W., Steudle, E., and Grill, E. (2007). A hydraulic sig-
nal in root-to-shoot signalling of water shortage. Plant J. 52, 167-174. doi:
10.1111/j.1365-313X.2007.03234.x

del Rio, L. A., Corpas, E J., and Barroso, J. B. (2004). Nitric oxide and
nitric oxide synthase activity in plants. Phytochemistry 65, 783-792. doi:
10.1016/j.phytochem.2004.02.001

Eicks, M., Maurino, V., Knappe, S., Fliigge, U. 1., and Fischer, K. (2002). The plas-
tidic pentose phosphate translocator represents a link between the cytosolic and
the plastidic pentose phosphate pathways in plants. Plant Physiol. 128, 512-522.
doi: 10.1104/pp.010576

Estévez, J. M., Cantero, A., Romero, C., Kawaide, H., Jiménez, L. E, Kuzuyama,
T, et al. and Leén, P. (2000). Analysis of the expression of CLAI, a gene
that encodes the 1-deoxyxylulose 5-phosphate synthase of the 2-C-methyl-D-
erythritol-4-phosphate pathway in Arabidopsis. Plant Physiol. 124, 95-104. doi:
10.1104/pp.124.1.95

Fischer, K., Kammerer, B., Gutensohn, M., Arbinger, B., Weber, A., Hiusler,
R. E., et al. (1997). A new class of plastidic phosphate translocators: a
putative link between primary and secondary metabolism by the phospho-
enolpyruvate/phosphate antiporter. Plant Cell 9, 453—462. doi: 10.1105/tpc.9.
3.453

Fliege, R., Fliigge, U. 1., Werdan, K., and Heldt, H. W. (1978). Specific transport
of inorganic-phosphate, 3-phosphoglycerate and triosephosphates across the
inner membrane of the envelope in spinach-chloroplasts. Biochim. Biophys. Acta
502, 232-247. doi: 10.1016/0005-2728(78)90045-2

Frontiers in Plant Science | Plant Physiology

April 2014 | Volume 5 | Article 126 | 20


http://www.frontiersin.org/journal/10.3389/fpls.2014.00126/abstract
http://www.frontiersin.org/journal/10.3389/fpls.2014.00126/abstract
http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology/archive

Staehr et al.

Impaired PEP transport in plastids

Fliigge, U. L., Fischer, K., Gross, A., Sebald, W., Lottspeich, F,, and Eckerskorn, C.
(1989). The triose phosphate-3-phosphoglycerate phosphate translocator from
spinach-chloroplasts - nucleotide-sequence of a full-length cDNA clone and
import of the in vitro synthesized precursor protein into chloroplasts. Embo J. 8,
39-46.

Fliigge, U. 1., Hiusler, R. E., Ludewig, E,, and Gierth, M. (2011). The role of trans-
porters in supplying energy to plant plastids. J. Exp. Bot. 627, 2381-2392. doi:
10.1093/jxb/erq361

Furumoto, T., Yamaguchi, T., Ohshima-Ichie, Y., Nakamura, M., Tsuchida-Iwata,
Y., Shimamura, M., et al. (2011). A plastidial sodium-dependent pyruvate
transporter. Nature 24, 472-475. doi: 10.1038/nature10250

Gilis, 1., Simek, P., Van Onckelen, H. A., Kakiuchi, Y., and Wabiko, H. (2002).
Resistance of transgenic tobacco seedlings expressing the Agrobacterium tume-
faciens C58-6b gene, to growth-inhibitory levels of cytokinin is associated with
elevated TAA levels and activation of phenylpropanoid metabolism. Plant Cell
Physiol. 43, 939-950. doi: 10.1093/pcp/pcfl12

Gas, E., Flores-Pérez, U., Sauret-Giieto, S., and Rodriguez-Concepcién, M. (2009).
Hunting for plant nitric oxide synthase provides new evidence of a cen-
tral role for plastids in nitric oxide metabolism. Plant Cell. 21, 18-23. doi:
10.1105/tpc.108.065243

Gonzalez-Bayon, R., Kinsman, E. A., Quesada, V., Vera, A., Robles, P., Ponce, M. R.,
et al. (2006). Mutations in the RETICULATA gene dramatically alter internal
architecture but have little effect on overall organ shape in Arabidopsis leaves.
J. Exp. Bot. 57, 3019-3031. doi: 10.1093/jxb/erl063

Guo, E Q., Okamoto, M., and Crawford, N. M. (2003). Identification of a plant
nitric oxide synthase gene involved in hormonal signaling. Science 302, 100—-103.
doi: 10.1126/science.1086770

Gutierrez, C. (2009). The Arabidopsis cell division cycle. Arabidopsis Book 7, €0120.
doi: 10.1199/tab.0120

Hiusler, R. E., Baur, B., Scharte, J., Teichmann, T., Eicks, M., Fischer, K. L.,
et al. (2000). Plastidic metabolite transporters and their physiological func-
tions in the inducible crassulacean acid metabolism plant Mesembryanthemum
crystallinum. Plant ]. 24, 285-296. doi: 10.1046/j.1365-313x.2000.00876.x

He, Y., Tang, R. H., Hao, Y,, Stevens, R. D., Cook, C. W., Ahn, S. M., et al. (2004).
Nitric oxide represses the Arabidopsis floral transition. Science 305, 1968—-1971.
doi: 10.1126/science.1098837

Herrmann, K. M. (1995). The shikimate pathway: early steps in the biosynthesis of
aromatic compounds. Plant Cell 7, 907-919. doi: 10.2307/3870046

Herrmann, K. M. and Weaver, L. M. (1999). The shikimate path-
way. Annu. Rev. Plant Physiol. Plant Mol. Biol. 50, 473-503. doi:
10.1146/annurev.arplant.50.1.473

Hibberd, J. M., and Quick, W. P. (2002). Characteristics of C4 photosynthe-
sis in stems and petioles of C3 flowering plants. Nature 415, 451-454. doi:
10.1038/415451a

Horiguchi, G., Fujikura, U., Ferjani, A., Ishikawa, N., and Tsukaya, H. (2006).
Large-scale histological analysis of leaf mutants using two simple leaf observa-
tion methods: identification of novel genetic pathways governing the size and
shape of leaves. Plant J. 48, 638—644. doi: 10.1111/j.1365-313X.2006.02896.x

Howell, S. H., Lall, S., and Che, P. (2003). Cytokinins and shoot development.
Trends Plant Sci. 8, 453—459. doi: 10.1016/S1360-1385(03)00191-2

Hung, W. E, Chen, L. J,, Boldt, R, Sun, C. W,, and Li, H. M. (2004).
Characterization of Arabidopsis glutamine phosphoribosyl pyrophosphate
amidotransferase-deficient mutants. Plant Physiol. 135, 1314-1323. doi:
10.1104/pp.104.040956

Jing, Y., Cui, D., Bao, E,, Hu, Z., Qin, Z., and Hu, Y. (2009). Tryptophan deficiency
affects organ growth by retarding cell expansion in Arabidopsis. Plant J. 57,
511-521. doi: 10.1111/j.1365-313X.2008.03706.x

Journet, E. P, and Douce, R. (1985). Enzymic capacities of purified cauliflower
bud plastids for lipid-synthesis and carbohydrate-metabolism. Plant Physiol. 79,
458-467. doi: 10.1104/pp.79.2.458

Kammerer, B., Fischer, K., Hilpert, B., Schubert, S., Gutensohn, M., Weber, A., et al.
(1998). Molecular characterization of a carbon transporter in plastids from het-
erotrophic tissues: the glucose 6-phosphate/phosphate antiporter. Plant Cell 10,
105-117. doi: 10.2307/3870632

Kasahara, H., Takei, K., Ueda, N., Hishiyama, S., Yamaya, T., Kamiya, Y., et al.
(2004). Distinct isoprenoid origins of cis- and trans-zeatin biosynthesis in
Arabidopsis. J. Biol. Chem. 279, 14049—14054. doi: 10.1074/jbc.M314195200

Kinsman, E. A., and Pyke, K. A. (1998). Bundle sheath cells and cell-specific plastid
development in Arabidopsis leaves. Development 125, 1815-1822.

Knappe, S., Fliigge, U. L, and Fischer, K. (2003a) Analysis of the plastidic phosphate
translocator gene family in Arabidopsis and identification of new phosphate
translocator-homologous transporters, classified by their putative substrate-
binding site. Plant Physiol. 131, 1178-1190. doi: 10.1104/pp.016519

Knappe, S., Lottgert, T., Schneider, A., Voll, L., Fliigge, U. 1., and Fischer, K.
(2003b) Characterization of two functional phosphoenolpyruvate/phosphate
translocator (PPT) genes in Arabidopsis - AtPPT1 may be involved in the pro-
vision of signals for correct mesophyll development. Plant J. 36, 411-420. doi:
10.1046/j.1365-313X.2003.01888.x

Kunz, H. H., Hiusler, R. E., Fettke, J., Herbst, K., Niewiedomski, P., Gierth, M.,
et al. (2010). The role of plastidial glucose 6-phosphate/phosphate transloca-
tors in vegetative tissues of Arabidopsis thaliana mutants impaired in starch
biosynthesis. Plant Biol. 12, 115-128. doi: 10.1111/j.1438-8677.2010.00349.x

Langdale, J. A. (2011). C4 cycles: past, present, and future research on C4 photo-
synthesis. Plant Cell 23, 3879-3892. doi: 10.1105/tpc.111.092098

Lichtenthaler, H. K. (1999). The 1-deoxy-D-xylulose-5-phosphate pathway of iso-
prenoid biosynthesis in plants. Annu. Rev. Plant Physiol. Plant Mol. Biol. 50,
47-65. doi: 10.1146/annurev.arplant.50.1.47

Li, H., Culligan, K., Dixon, R. A., and Chory, J. (1995). CUEI: a mesophyll cell-
specific positive regulator of light-controlled gene expression in Arabidopsis.
Plant Cell 7, 1599-1610. doi: 10.2307/3870022

Li, Z., and Sharkey, T. D. (2013). Metabolic profiling of the methylerythritol phos-
phate pathway reveals the source of post-illumination isoprene burst from
leaves. Plant Cell Environ. 36, 429—437. doi: 10.1111/j.1365-3040.2012.02584.x

Lindroth, P, and Mopper, K. (1979). High-performance liquid-chromatographic
determination of subpicomole amounts of amino-acids by precolumn fluores-
cence derivatization with ortho-phthaldialdehyde. Anal. Chem. 51, 1667-1674.
doi: 10.1021/ac50047a019

Ljung, K. (2013). Auxin metabolism and homeostasis during plant development.
Development 140, 943-950. doi: 10.1242/dev.086363

Logemann, J., Schell, J., and Willmitzer, L. (1987). Improved method for the isola-
tion of RNA from plant tissues. Anal. Biochem. 163, 16-20. doi: 10.1016/0003-
2697(87)90086-8

Lopez-Juez, E., Jarvis, R. P, Takeuchi, A., Page, A. M., and Chory, J. (1998). New
Arabidopsis cue mutants suggest a close connection between plastid- and phy-
tochrome regulation of nuclear gene expression. Plant Physiol. 118, 803-815.
doi: 10.1104/pp.118.3.803

Ludbrook, J. (1998). Multiple comparison procedures updated. Clin. Exp.
Pharmacol. Physiol. 25, 1032-1037. doi: 10.1111/j.1440-1681.1998.tb02179.x

Lundquist, P. K., Rosar, C., Brautigam, A., and Weber, A. P. (2013). Plastid signals
and the bundle sheath: mesophyll development in reticulate mutants. Mol. Plant
7, 14-29. doi: 10.1093/mp/sst133

Lynn, D. G., Chen, R. H., Manning, K. S., and Woo, H. N. (1987). The structural
characterization of endogenous factors from vinca-rosea crown gall tumors that
promote cell-division of tobacco cells. Proc. Natl. Acad. Sci. U.S.A. 84, 615-619.
doi: 10.1073/pnas.84.3.615

Maeda, H., and Dudareva, N. (2012). The shikimate pathway and aromatic
amino acid biosynthesis in plants. Annu. Rev. Plant Biol. 63, 73-105. doi:
10.1146/annurev-arplant-042811-105439

Mok, D. W., and Mok, M. C. (2001). Cytokinin metabolism and action. Annu.
Rev. Plant. Physiol. Plant. Mol. Biol. 52, 89—118. doi: 10.1146/annurev.arplant.
52.1.89

Molla-Morales, A., Sarmiento-Manus, R., Robles, P., Quesada, V., Pérez-Pérez, J.
M., Gonzélez-Bay6n, R., et al. (2011). Analysis of ven3 and ven6 reticulate
mutants reveals the importance of arginine biosynthesis in Arabidopsis leaf
development. Plant J. 265, 335-345. doi: 10.1111/j.1365-313X.2010.04425.x

Mullis, K., Faloona, E, Scharf, S., Saiki, R., Horn, G., and Erlich, H. (1986).
Specific enzymatic amplification of DNA in vitro: the polymerase chain
reaction. Cold Spring Harb. Symp. Quant. Biol. 51(Pt 1), 263-273. doi:
10.1101/SQB.1986.051.01.032

Novék, O., Hauserovd, E., Amakorova, P, DoleZal, K. and Strnad, M.
(2008). Cytokinin profiling in plant tissues using ultra-performance liquid
chromatography-electrospray tandem mass spectrometry. Phytochemistry 69,
2214-2224. doi: 10.1016/j.phytochem.2008.04.022

Novik, O., Hénykova, E., Sairanen, I., Kowalczyk, M., Pospisil, T. and Ljung, K.
(2012). Tissue-specific profiling of the Arabidopsis thaliana auxin metabolome.
Plant J. 72, 523-536. doi: 10.1111/j.1365-313X.2012.05085.x

Ohlrogge, J. B., and Jaworski, J. G. (1997). Regulation of fatty acid synthesis. Annu.
Rev. Plant Physiol. Mol. Biol. 48, 109-136. doi: 10.1146/annurev.arplant.48.1.109

www.frontiersin.org

April 2014 | Volume 5 | Article 126 | 21


http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive

Staehr et al.

Impaired PEP transport in plastids

Orr, J. D, and Lynn, D. G. (1992). Biosynthesis of dehydrodiconiferyl alcohol glu-
cosides: implications for the control of tobacco cell growth. Plant Physiol. 98,
343-352. doi: 10.1104/pp.98.1.343

Phillips, M. A., Le6n, P., Boronat, A., and Rodriguez-Concepcion, M. (2003). The
plastidial MEP pathway: unified nomenclature and resources. Trends Plant Sci.
13, 619-623. doi: 10.1016/j.tplants.2008.09.003

Prabhakar, V., Lottgert, T., Geimer, S., Dérmann, P, Kriiger, S., Vijayakumar, V.,
et al. (2010). Phosphoenolpyruvate provision to plastids is essential for game-
tophyte and sporophyte development in Arabidopsis thaliana. Plant Cell 22,
2594-2617. doi: 10.1105/tpc.109.073171

Prabhakar, V., Lottgert, T., Gigolashvili, T., Bell, K., Fliigge, U. I., and Hiusler, R.
E. (2009). Molecular and functional characterization of the plastid-localized
phosphoenolpyruvate enolase ENO1 from Arabidopsis thaliana. FEBS Let. 583,
983-991. doi: 10.1016/j.febslet.2009.02.017

Rédei, G. P, and Hirono, Y. (1964). Linkage studies. Arabidopsis Info. Serv. 1, 9-10.

Rosar, C., Kanonenberg, K., Nanda, A. M., Mielewczik, M., Brautigam, A., Novék,
0., et al. (2012). The leaf reticulate mutant dovl1 is impaired in the first step of
purine metabolism. Mol. Plant 5, 1227-1241. doi: 10.1093/mp/sss045

Schmid, J., and Amrhein, N. (1995). Molecular organization of the shikimate
pathway in higher plants. Phytochemistry 39, 737-749. doi: 10.1016/0031-
9422(94)00962-S

Schulze-Siebert, D., Heineke, D., Scharf, H., and Schultz, G. (1984). Pyruvate-
derived amino-acids in spinach-chloroplasts - synthesis and regulation dur-
ing photosynthetic carbon metabolism. Plant Physiol. 76, 465-471. doi:
10.1104/pp.76.2.465

Schwacke, R., Fligge, U. L,
protein  databases.  Plant
10.1016/j.plaphy.2004.09.011

Schwender, J., and Ohlrogge, J. B. (2002). Probing in vivo metabolism by stable
isotope labeling of storage lipids and proteins in developing Brassica napus
embryos. Plant Physiol. 130, 347-361. doi: 10.1104/pp.004275

Selinski, J., Kénig, N., Wellmeyer, B., Hanke, G. T., Linke, V., Neuhaus, H. E., et al.
(2014). The plastid-localized NAD-dependent malate dehydrogenase is crucial
for energy homeostasis in developing Arabidopsis thaliana seeds. Mol. Plant. 7,
170-186. doi: 10.1093/mp/sst151

Singh, B. K., and Shaner, D. L. (1995). Biosynthesis of branched chain amino acids:
from test Tube to field. Plant Cell 7, 935-944. doi: 10.2307/3870048

Stitt, M., and Ap Rees, T. (1979). Capacities of pea-chloroplasts to catalyze
the oxidative pentose-phosphate pathway and glycolysis. Phytochemistry 18,
1905-1911. doi: 10.1016/S0031-9422(00)82700-4

Streatfield, S. J., Weber, A., Kinsman, E. A., Hiusler, R. E., Li, J., Post-Beittenmiller,
D,, et al. (1999). The phosphoenolpyruvate/phosphate translocator is required
for phenolic metabolism, palisade cell development, and plastid-dependent
nuclear gene expression. Plant Cell 11, 1609-1622. doi: 10.2307/3871041

Tamagnone, L., Merida, A., Parr, A., Mackay, S., Culianez-Macia, E. A., Roberts,
K., etal. (1998a). The AmMYB308 and AmMYB330 transcription factors from
Antirrhinum regulate phenylpropanoid and lignin biosynthesis in transgenic
tobacco. Plant Cell 10, 135-154. doi: 10.2307/3870694

Tamagnone, L., Merida, A., Stacey, N., Plaskitt, K., Parr, A., Chang, C. E, et al.
(1998b). Inhibition of phenolic acid metabolism results in precocious cell death
and altered cell morphology in leaves of transgenic tobacco plants. Plant Cell 10,
1801-1816. doi: 10.2307/3870905

Teutonico, R. A., Dudley, M. W.,, Orr, J. D., Lynn, D. G., and Binns, A.
N. (1991). Activity and accumulation of cell division-promoting pheno-
lics in tobacco tissue-cultures. Plant Physiol. 97, 288-297. doi: 10.1104/pp.
97.1.288

Tzin, V., and Galili, G. (2010). New insights into the shikimate and aromatic
amino acids biosynthesis pathways in plants. Mol. Plant 3, 956-972. doi:
10.1093/mp/ssq048

and Kunze, R. (2004).
Physiol.  Biochem. 42,

Plant membrane
1023-1034. doi:

Vinti, G., Fourrier, N., Bowyer, J. R, and Lopez-Juez, E. (2005). Arabidopsis cue
mutants with defective plastids are impaired primarily in the photocontrol
of expression of photosynthesis-associated nuclear genes. Plant Mol. Biol. 57,
343-357. doi: 10.1007/s11103-004-7867-8

Voll, L., Hausler, R. E., Hecker, R., Weber, A., Weissenbock, G., Fiene, G., et al.
(2003). The phenotype of the Arabidopsis cuel mutant is not simply caused
by a general restriction of the shikimate pathway. Plant J. 36, 301-317. doi:
10.1046/j.1365-313X.2003.01889.x

Voll, L. M., Allaire, E. E., Fiene, G., and Weber, A. P. (2004). The Arabidopsis
phenylalanine insensitive growth mutant exhibits a deregulated amino acid
metabolism. Plant Physiol. 136, 3058-3069. doi: 10.1104/pp.104.047506

Voll, L. M., Hajirezaei, M. R., Czogalla-Peter, C., Lein, W., Stitt, M., Sonnewald,
U., et al. (2009). Antisense inhibition of enolase strongly limits the metabolism
of aromatic amino acids, but has only minor effects on respiration in leaves
of transgenic tobacco plants. New Phytol. 184, 607—-618. doi: 10.1111/j.1469-
8137.2009.02998.x

Welch, B. L. (1947). The generalization of “student’s” problem when several
different population variances are involved. Biometrika 34, 28-35

Wendehenne, D., Pugin, A., Klessig, D. F, and Durner, J. (2001). Nitric oxide: com-
parative synthesis and signaling in animal and plant cells. Trends Plant Sci. 6,
177-183. doi: 10.1016/S1360-1385(01)01893-3

Werner, T., Motyka, V., Laucou, V., Smets, R., Van Onckelen, H., and Schmiilling,
T. (2003). Cytokinin-deficient transgenic Arabidopsis plants show multiple
developmental alterations indicating opposite functions of cytokinins in the
regulation of shoot and root meristem activity. Plant Cell 15, 2532-2550. doi:
10.1105/tpc.014928

Werner, T., Motyka, V., Strnad, M., and Schmiilling, T. (2001). Regulation of
plant growth by cytokinin. Proc. Natl. Acad. Sci. U.S.A. 98, 10487-10492. doi:
10.1073/pnas.171304098

Winter, D., Vinegar, B., Nahal, H., Ammar, R., Wilson, G. V., and Provart, N.
J. (2002). An “Electronic Fluorescent Pictograph” browser for exploring and
analyzing large-scale biological data sets. PLoS ONE 2:¢718. doi: 10.1371/jour-
nal.pone.0000718

Winter, H., Lohaus, G., and Heldt, H. W. (1992). Phloem transport of amino acids
in relation to their cytosolic levels in barley leaves. Plant Physiol. 99, 996-1004.
doi: 10.1104/pp.99.3.996

Zeier, J., Delledonne, M., Mishina, T., Severi, E., Sonoda, M., and Lamb, C. (2004).
Genetic elucidation of nitric oxide signaling in incompatible plant-pathogen
interactions. Plant Physiol. 136, 2875-2886. doi: 10.1104/pp.104.042499

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Received: 30 January 2014; accepted: 17 March 2014; published online: 08 April 2014.
Citation: Staehr P, Littgert T, Christmann A, Krueger S, Rosar C, Rol¢ik ], Novdk
O, Strnad M, Bell K, Weber APM, Fliigge U-I and Hiusler RE (2014) Reticulate
leaves and stunted roots are independent phenotypes pointing at opposite roles of the
phosphoenolpyruvate/phosphate translocator defective in cuel in the plastids of both
organs. Front. Plant Sci. 5:126. doi: 10.3389/fpls.2014.00126

This article was submitted to Plant Physiology, a section of the journal Frontiers in
Plant Science.

Copyright © 2014 Staehr, Littgert, Christmann, Krueger, Rosar, Roltik, Novik,
Strnad, Bell, Weber, Fliigge and Hiiusler. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use, dis-
tribution or reproduction in other forums is permitted, provided the original author(s)
or licensor are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

Frontiers in Plant Science | Plant Physiology

April 2014 | Volume 5 | Article 126 | 22


http://dx.doi.org/10.3389/fpls.2014.00126
http://dx.doi.org/10.3389/fpls.2014.00126
http://dx.doi.org/10.3389/fpls.2014.00126
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology
http://www.frontiersin.org/Plant_Physiology/archive

	Reticulate leaves and stunted roots are independent phenotypes pointing at opposite roles of the phosphoenolpyruvate/phosphate translocator defective in cue1 in the plastids of both organs
	Introduction
	Materials and Methods
	Plant Material, Growth Conditions and Sampling
	A. thaliana Grafts
	Transformation of A. thaliana
	Generation of Ethanol-Inducible AtPPT1-RNAi Plants
	Amino Acid Analysis
	Cytokinin and Auxin Determinations
	Microscopy and Histological Analyses
	RNA Extraction and RT PCR
	Statistical Analysis of Experimental Data

	Results
	The cue1 Mutants Shows at least Four Separate Sub-Phenotypes and Shares Only Reticulate Leaves with the lcd1 Mutant
	Reversed Grafting Experiments Reveal that the Root and Shoot Phenotypes of cue1 are Independent Phenomena
	The Reticulate Leaf Phenotype of cue1 can be Reversibly Rescued by Feeding Experiments and an Inducible PPT1RNAi Approach
	A Neolignan Glucoside and the Active Cytokinin Trans-Zeatin can Rescue the cue1 Phenotype
	Both Feeding of AAA and tZ Recovered the Mesophyll Cell Density in cue1 but not in lcd1
	Both AAA and tZ Inhibit Root Growth in Wild-Type, cue1, and lcd1 Plants
	Do Stunted Root Growth and Leaf Reticulation of cue1 Respond to Plastidial PPDK?
	Elevated tZ Levels in Roots of cue1 are not Responsible for Stunted Root Growth
	The Amino Acid Composition in Roots and Leaves Suggest Different Roles of PPT1 in Both Organs
	Feeding of tZ Leads to Alterations in the Leaf Amino Acid Composition of cue1 and lcd1

	Discussion
	Local Control of Organ Development vs. Long Distance Signaling
	The Unexpected Rescue of the cue1 Reticulate Leaf Phenotype by tZ
	Is there a Common Denominator for Reticulate Phenotypes Based on Lower Cell Density in the Mesophyll?
	Root Growth is Inhibited in the Absence of PPT1
	The Role of PPT1 in Root Plastids

	Conclusions and Outlook
	Acknowledgments
	Supplementary Material
	References


