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Abstract NADP-malic enzyme (NADP-ME) is involved
in different metabolic pathways in several organisms due to
the relevant physiological functions of the substrates and
products of its reaction. In plants, it is one of the most
important proteins that were recruited to fulfil key roles in
C, photosynthesis. Recent advances in genomics allowed
the characterization of the complete set of NADP-ME
genes from some Cj species, as Arabidopsis thaliana and
Oryza sativa; however, the characterization of the complete
NADP-ME family from a C, species has not been per-
formed yet. In this study, while taking advantage of the
complete Zea mays genome sequence recently released, the
characterization of the whole NADP-ME family is pre-
sented. The maize NADP-ME family is composed of five
genes, two encoding plastidic NADP-MEs (ZmCy- and
ZmnonC4-NADP-ME), and three cytosolic enzymes
(Zmceytl-, Zmcyt2-, and Zmcyt3-NADP-ME). The results
presented clearly show that each maize NADP-ME dis-
plays particular organ distribution, response to stress
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stimuli, and differential biochemical properties. Phyloge-
netic footprinting studies performed with the NADP-MEs
from several grasses, indicate that four members of the
maize NADP-ME family share conserved transcription
factor binding motifs with their orthologs, indicating con-
served physiological functions for these genes in monocots.
Based on the results obtained in this study, and considering
the biochemical plasticity shown by the NADP-ME, it is
discussed the relevance of the presence of a multigene
family, in which each member encodes an isoform with
particular biochemical properties, in the evolution of the C,4
NADP-ME, improved to fulfil the requirements for an
efficient C4 mechanism.

Keywords Maize - NADP-malic enzyme -
C,4 photosynthesis - Orthologs - Evolution

Introduction

NADP-malic enzyme (NADP-ME; L-malate: NADP oxi-
doreductase [OAA decarboxylating], EC 1.1.1.40) cataly-
ses the reversible oxidative decarboxylation of L-malate to
yield pyruvate, CO, and NADPH. Considering the relevant
physiological functions of both the substrates and products
of the NADP-ME reaction, this enzyme is widely distrib-
uted among eukaryotes and prokaryotes, where is involved
in different metabolic pathways. Several studies have
related NADP-ME with plant functions as diverse as lipid
biosynthesis (Smith et al. 1992; Eastmond et al. 1997),
defence responses (Casati et al. 1999; Schaaf et al. 1995),
control of cytosolic pH (Martinoia and Rentsch 1994), and
stomata opening (Outlaw et al. 1981; Laporte et al. 2002),
among others. Nevertheless, one of the most outstanding
roles of NADP-ME is to provide CO, to RuBisCO in the
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chloroplasts of the bundle sheath cells (BSC) of some C4
plants (Drincovich et al. 2010), allowing a highly efficient
photosynthetic process due to the raise of CO,/O, ratio at
the site of RuBisCO (Hatch 1987). Thus, C,4 plants have a
better performance under diverse environmental condi-
tions such as high light intensities, high temperatures, or
poor water availability (Edwards and Walker 1983). In
the last decades, with the aim of the introduction of C4
traits in C; plants, more sophisticated approaches have
been extensively explored toward the understanding of
how C, photosynthesis evolved and how it is regulated
(Langdale 2011). These studies have indicated that pro-
teins recruited into C4 photosynthesis are already present
in C; species fulfilling nonphotosynthetic roles (Aubry
et al. 2011). In the case of NADP-ME, recent advances in
genomics have allowed the characterization of the com-
plete set of NADP-ME genes from some C; species, as
Arabidopsis thaliana (Gerrard Wheeler et al. 2005) and
rice (Oryza sativa, Chi et al. 2004). The NADP-ME
family of these C; model species, dicot, and monocot,
respectively, is composed of three cytosolic and one
plastidic NADP-ME members. However, the character-
ization of the complete NADP-ME family from a C4
species, has not been performed yet.

Maize (Zea mays) is a highly productive monocot spe-
cies that has been extensively used as paradigm for C,
studies (Li et al. 2010; Pick et al. 2011). At present, three
NADP-ME isoforms have been characterized in maize: one
plastidic involved in C4 photosynthesis (C4-NADP-ME,
Detarsio et al. 2003; 2007), a second plastidic nonphoto-
synthetic isoform that responds to plant defence inducers
(nonC4-NADP-ME, Saigo et al. 2004; 2013), and one
cytosolic isoform abundant in embryo tissues (cyt-NADP-
ME, Lopez-Becerra et al. 1998; Detarsio et al. 2008).
Nevertheless, the recently released genomic maize
sequence (Schnable et al. 2009) reveals the existence of
two other genes encoding putative NADP-ME isoforms,
which properties and expression in this C4 model species
have not been studied yet. In this study, we present the first
characterization of the whole NADP-ME family of a C4
grass. The comparison of the NADP-ME multigene family
from different grasses allowed the identification of con-
served expression regulation of some orthologs. Further-
more, the level of expression of each NADP-ME in
different maize organs and under different conditions
combined with in silico prediction of regulatory sites and
kinetic studies of the uncharacterized isoforms indicate that
albeit very similar in amino acid sequence and in some
cases subcellular colocalization, each isoform would have
distinctive roles in maize life. Finally, the importance of a
multigene NADP-ME family as a starting point in the
evolution of NADP-ME isoforms with distinct physiolog-
ical roles is discussed.
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Methods
Plant material

Maize (Zea mays) plants (hybrid AX882 Nidera) were
cultivated in greenhouse conditions under a 12-h light/12-h
dark regime at a photosynthetically active photon flux
density (PPFD) of 300 umol quanta m~2s~'. For the
expression profile analysis, seven different samples were
selected: leaf blades (L); stems (St); and roots (R), of
15 days old seedlings; leaf sheaths (Sh); immature ears
(1-2 cm, E); and immature tassels (1.5-2 c¢cm, T) of mature
plants (6—8 weeks old) and developing grains (G) collected
at 7, 14, 20, and 27 days after pollination (DAP). For a
more detailed analysis of the distribution of NADP-MEs
transcripts in the leaf, 4 cm segments from the base, middle
and tip of a 40-cm long leaf blade were sampled. Stress
treatments were evaluated in 15-day-old maize seedlings.
The treatments were performed by dipping the roots in
solutions containing: 60 mM NaHCO; pH 8.0; 30 mM
Na,COj; pH 11.0; or 0.5 % (w/v) cellulase for 6 h. Treat-
ment with 250 pM of abscisic acid (ABA) was performed
in the same way but for 3 h. Control plants for these
treatments were incubated in water for the same time of
each treatment. UV treatment was performed by exposing
the seedlings for 4 h with an intensity of 2 W m™~. Leaves,
roots, and stems were collected at the end of each treat-
ment. Pools of three different plants were made for each
biological repetition. In all cases, the samples collected
were immediately frozen in liquid N, and stored at —70 °C
until processing.

RNA extraction and reverse transcription reaction

Total RNA was isolated from 100 mg of each tissue of
maize using the Trizol reagent (Gibco-BRL) following the
recommendations of the manufacturer. The concentration
and integrity of the preparations were assayed by agarose
2 % gel electrophoresis. Two micrograms of total RNA
were reverse transcribed with 200 U of M-MLV reverse
transcriptase (Promega) using oligodT as primer. The
cDNAs were used as templates for quantitative PCR assays
or clonning.

Quantitative real-time PCR analysis

Relative gene expression was determined by quantitative
real-time PCR (qRT-PCR) on a Mx3000P detection system
and the MxPro-Mx3005P software version 4.01 (Strata-
gene). Primers were designed using Primer Select of
DNAStar Lasergene version 10.1 (DNASTAR, Madison,
WI, USA) to allow for amplification of 150-250 bp prod-
ucts of similar GC and Tm characteristics. The generation
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of specific PCR products was confirmed by melting curve,
gel analysis, and PCR amplification using plasmids con-
taining the cDNAs of each isoform, respectively. The PCR
mix contained SYBR® Green I 1x (Invitrogen); 2.5 mM
MgCl,; 0.5 uM of each primer; 0.05 U/ul Platinum Tagq;
and 1x buffer provided by the manufacturer (Invitrogen).
Tenfold dilutions of the cDNAs synthesized as described
above from different maize tissues were used as templates.
Thermal cycling parameters were as follows: initial dena-
turation at : 94 °C for 2 min for initial denaturation; 45
cycles of 96 °C for 10 s; and 58 °C for 15 s; 72 °C for 35 s
for amplification products by PCR and 10 min at 72 °C for
final elongation. Denaturation curves for each PCR reac-
tion were determined by measuring the decrease in fluo-
rescence with increasing temperature from 65 to 98 °C.The
actinl gene was used as reference (Veach et al. 2003;
Manoli et al. 2012). Relative gene expression was calcu-
lated using a modified version of the comparative 2~ **Cy
method (Pfaffl 2001), the efficiencies were calculated as
described by Liu and Saint (2002), and the error propaga-
tion according to Hellemans et al. (2007). The oligonu-
cleotide primers pairs used are: ZmC,-NADP-ME: C,left
5'-ACAGTTCTGATCGGGACATC-3’ and Cyright 5'-CG
AGTCCAGGGAAAATGT AG-3'; ZmnonC4-NADP-ME:
nonCgleft 5-AGATTTCAAAACAGACGTCG-3" and nonC,
right 5-GGAAGCCATGGCCTCAACAAC-3';  Zmcytl-
NADP-ME: Cytlright 5-CTATTCCGCAGCGTTTATC
TCTT-3' and Cytlleft 5-AAGGACGGCAC CAGCACC
AT-3'; Zmcyt2-NADP-ME: Cyt2left 5-AGAGCCATCTCG
TCTTCAAC-3' and Cyt2right 5-AGTCCATCAGCCAGA
TCTTC-3'; Zmeyt3-NADP-ME: Cyt3left 5-TCTAGGGGT
GGTGATCT-3' and Cyt3right 5-AGTCCATCAGCCAG
ATCTTC-3' actF: 5-GAGGCCACGTACAACTCCA-3
and actR: 5'-AATAGAGCCAGGGATCCAGA-3'. The
absence of mispriming among NADP-MEs primers was
confirmed by the absence of amplification when crossing
primers and targets (NADP-MEs cDNAs) in PCR assays.

Cloning of Zmcytl-NADP-ME and Zmcyt2-NADP-
ME cDNAs

Zea mays cDNAs encoding Zmcytl-NADP-ME and
Zmcyt2-NADP-ME were amplified by RT-PCR using
RNA extracted from leaves with the TRIZOL reagent
(Gibco-BRL). Amplification was conducted using M-MLV
(Promega) and specific primers. In the case of Zmcytl-
NADP-ME, the oligonucleotide pair: Cytl-up 5'-AGA
TATCGCTTCGGGTTCGGCGAAGG-3' and Cytl-down
5-ACTCGAGTC AACGGTAGTTGCGGTAGATG-3'
was used. Zmcyt2-NADP-ME was amplified with the pri-
mer pair: Cyt2-up 5-GGATCCATGGCGGGCGGCGGC
GTTGCG-3' and Cyt2-down 5'-AAGCTTTTACCGGTA
GCTGCGGTAGATGG-3'. The oligonucleotides were

designed to introduce particular restriction sites used to
clone in pET32 expression vector (underlined). Then, the
PCR products were cloned into pGEMT-easy vectors
(Promega) and completely sequenced. The corresponding
cDNAs were subcloned into pET32a vector downstream of
an inducible T7 promoter system (Novagen).

Heterologous expression of Zmcytl- and Zmcyt2-
NADP-ME

In each pET32a vector containing the inserts of Zmcytl- and
Zmcyt2-NADP-ME, the NADP-ME is fused in frame to the
His-tag to facilitate purification of the expressed fusion protein
by a nickel-containing His-bind column (Novagen). The
induction and purification of the fusion proteins were per-
formed as previously described for other maize MEs with
minor modifications (Detarsio et al. 2003; Saigo et al. 2004).
The fusion proteins were then concentrated on Microcon 30 K
(Millipore) using buffer TMG (50 mM Tris—HCl pH 8.0;
10 mM MgCl,, and 10 % (v/v) glycerol). Then, purified fusion
NADP-ME proteins, Zmcytl- and Zmcyt2- were incubated
with enterokinase 1:5 and 1:10 w/w in buffer TMG at 16 °C
for 2 h, respectively, to remove the N-terminus encoded by the
expression vector. The purity and integrity of the proteins
obtained were examined by SDS-PAGE, and the concentration
was estimated using the Bradford method and the absorbance
at 280 nm. The purified enzymes were immediately stored in
small aliquots at —70 °C in buffer TMG.

NADP-ME activity assays

NADP-malic enzyme activity was determined spectro-
photometrically using a standard reaction mixture con-
taining 50 mM Tris—HCI pH 8.0; 10 mM MgCl,; 0.5 mM
NADP; and 10 mM L-malate. Initial velocity studies were
performed by varying the concentration of one of the
substrates around its K, value while keeping the other
substrate at saturating levels. All kinetic parameters were
calculated at least by triplicate determinations and adjusted
to nonlinear regression using concentrations of all sub-
strates (Detarsio et al. 2003). One unit is defined as the
amount of enzyme that catalyses the formation of 1 pmol
of NADPH min~" under the specified conditions.

Phylogenetic analyses

The phylogenetic tree was inferred by neighbor joining
method (NJ) using MEGA 5.10 software (Tamura et al.
2011). In order to evaluate the robustness of the tree struc-
ture, 500 replicates of bootstrap searches were performed
using maximum parsimony (MP) and neighbor joining (NJ)
in MEGA 5.10. Besides the five Zea mays isoforms of
NADP-ME described in this article (ZmCy-, ZmnonCy-,
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Zmcytl-, Zmcyt2-, and Zmcyt3-NADP-ME), the following
sequences were evaluated: C3(1) and C3(2) of A. thaliana
(ME 1-4 Gerrard Wheeler et al. 2005; Q9XGZ0; QI9LYG3;
082191; Q9CAS3, respectively); C4(2) of Flaveria triner-
via (ME1 and ME2, CAA40421 Borsch and Westhoff 1990;
and ABS32243 Saavedra et al. unpublished, respectively);
C4(2) of Flaveria palmeri (ABSS32241); C4(2) from
Flaveria bidentis (AAW56450); CAM(1) of Mesembryan-
themun crystallinum (P37223, Cushman 1992); CAM(1) of
Aloe arborescens (BAA74735, Honda et al. 2000); CAM(2)
of Aloe arborescens (BAA24950, Honda et al. 1997); C3(1)
of Phaseolus vulgaris (P12628, Walter et al. 1994); Populus
trichocarpa (P34105, Van Doorsselaere et al. 1991); C3(1)
and C3(2) of Vitis vinifera (P51615, Franke and Adams
1995, and AAB08874); C3(1) Solarum lycopersicum (1 and
2, nP_001234458, and NP_001233951, respectively), and
C3(2) of S. Iycopersicuml (P37222); Apium graveolens
(CAB66003); Nicotiana tabacum (ABI98681, Miiller et al.
2008); CAM(1) Hydrilla verticalla (I to 3, AAT02533;
AATO02534; AAT02535, respectively, Estavillo et al. 2007);
C3(1) of rice (O. sativa; OscytME 1, 2 and 3, BAB20887;
NP_001054832; EAZ13499; respectively; Chi et al. 2004);
C3(2) of rice (OschIME BAAO0349 O. sativa; Fushimi et al.
1994); C3(1) of Flaveria pringlei (A and B, AAK83073, and
AAKS83074, respectively, Lai et al. 2002); and C3(2) of
Flaveria pringlei (P36444, Lipka et al. 1994); C4(1) of
Setaria italica (I to 3, Si000645m; Si000774m; Si000808m:;
respectively) and C4(2) of Setaria italica (Sichl, C8ZK26);
Prunus persica (AFR54473) and Prunus persical to 3
(PPA002714m; PPA003214m; PPA003210m; respec-
tively); C4(1) of Sorghum bicolor (1 to 3, Sb09g005810.1;
Sb03g034280.1; Sb03g033250; respectively) and C4(2) of
S. bicolor (1 to 3, Sb03g003230; Sb09g017550; Sb03g003
220; respectively); C3(1) of R. communisl and 2 (XP_00251
6526 and XP_002514230, respectively). The nomenclature
used for each enzyme includes the photosynthetic type
(CAM, C3, or Cy) followed by a number, which indicates the
subcellular localization of each enzyme (1 for cytosolic and 2
for plastidic; Drincovich et al. 2001).

Identification of transcription factor binding sites

In silico mapping of conserved transcription factor binding
sites in NADP-ME genes was carried out using multiple-
sequence local alignment (MULAN) for sequences alignment
and MultiTF for transcription factor binding motifs search in
TRANSFAC database (Ovcharenko et al. 2005). NADP-ME
gene sequences from sorghum (Sorghum bicolor), Setaria it-
alica and rice (O. sativa) were retrieved from Phytozome
(http://www.phytozome.net/, Goodstein et al. 2011). The
orthologs of each maize NADP-ME gene were identified by
sequence similarity (ClustalW, Fig.2) and syntheny,
according to the information available at Phytozome. In brief,
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orthologous NADP-ME gene sequences along with their
1,000 bp upstream and downstream regions were aligned with
MULAN and combined with a transcription factor binding
site (TFBS) search using Transfac Professional positional
weight matrixes. Then, MultiTF scanned through each of the
predictions searching for TFBS present among all genes and in
conserved regions previously aligned. The search of tran-
scription factors coexpressed with rice NADP-ME genes was
performed using RiceFREND  (http://ricefrend.dna.affrc.
go.jp/; Sato et al. 2013).

Results

The NADP-malic enzyme gene family from maize
is composed of five members

The complete sequence of the maize genome allowed us to
find out all the members of the NADP-ME family, which
resulted composed of two plastidic enzymes: ZmC4-NADP-
ME (nadpme-1Vc gene, GRMZM2G085019, Detarsio et al.
2003) and ZmnonC4-NADP-ME (nadpme-1Va gene, GRMZ
M2G122479, Saigo et al. 2004); a cytosolic isoform:
Zmcyt3-NADP-ME (nadpme-I gene, GRMZM2G118770,
previously named as Zmcyt-NADP-ME in Detarsio et al.
2008); and two putative cytosolic isoforms: Zmcytl- (nad-
pme-II gene, GRMZM?2G085019) and Zmcyt2-NADP-ME
(nadpme-IIl gene, GRMZMS5G886257), which have not
been characterized until present. Computational sorting
prediction programs (ChloroP V1.1 and TargetP Server
v1.01; Emanuelsson et al. 1999, 2000) indicate that neither
Zmcyt2-NADP-ME nor Zmcytl-NADP-ME contain any
predictable straightforward organelle sorting signal. Malic
enzyme genes are distributed in three chromosomes of
maize: nadpme-1Vc and nadpme-II in chromosome 3, nad-
pme-1Va and nadpme-III in chromosome 6, and nadpme-I in
chromosome 8. In silico, studies of the gene sequences show
that genes of plastidic enzymes have 20/19 exons/introns and
genes of cytosolic enzymes have 19/18 exons/introns with
the exception of nadpme-IIl (Zmcyt2-NADP-ME protein)
that has eight exons and seven introns (Fig. 1a).

A multiple alignment of all maize NADP-ME predicted
protein sequences show that they contain all five conser-
vative motives previously defined for NADP-MEs (Fig. 1a,
Drincovich et al. 2001) and pair identities >63 % (Fig. 1b).
The plastidic isoforms share 84 % identity, while ZmC,4-
NADP-ME is only 63 and 64 % identical to Zmcytl- and
Zmcyt3-NADP-ME, respectively. These values suggest a
more recent divergence of the plastidic isoform genes. In
addition, all maize isoforms were included in a phyloge-
netic tree constructed with a larger number of plant NADP-
ME sequences than previously used (Fig. 2; Drincovich
et al. 2001; 2010). The tree topology shows that Group III,
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Fig. 1 a Alignment of the
predicted amino acid sequences
of all family members of Zea
mays NADP-MEs. Conserved
sequences found in all plant
NADP-ME (sites I-V) are
highlighted in gray. Fragments
encoded in different exons are
delimited by marks and
numbered from EO to E19,
except for Zmcyt2-NADP-ME
that has eight exons. The transit
peptide processing site of
ZmCy- and ZmnonCy- is
indicated with a black arrow.
The access numbers to
GenBank of each sequence are:
J05130 (ZmC4-NADP-ME);
AY315822 (ZmnonC4-NADP-
ME); AY864063 (Zmcyt3-
NADP-ME); AY104511
(Zmcyt1-NADP-ME); and
NM_001157493 (Zmcyt2-
NADP-ME), b sequence
identity (%) among Zea mays
NADP-MEs
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which previously included all monocot NADP-MEs  their genes in different organs. Thus, quantitative real-time
(Drincovich et al. 2010) is now further divided into groups  polymerase chain reaction (QRT-PCR) experiments were
IITA, IIB, and IIIC, holding Zmcytl-, Zmcyt2-, and plas- performed with cDNAs from different maize samples,
tidial NADP-MEs (ZmC,4- and ZmnonCy-), respectively including leaf blades (L), stems (St), and roots (R), of
(Fig. 2), in an arrangement similar to that obtained by 15-days seedlings; leaf sheaths (Sh), immature organs such
Christin et al. (2009) based on gene sequences. On the as tassels (T), and ears (E) of mature plants (6-8 weeks
other hand, Zmcyt3-NADP-ME is included in Group IV, old); and 14 DAP grains (G) (see “Methods” section). All
composed of NADP-MEs from both mono and dicot spe-  NADP-ME transcripts, indicated hereinafter in italics to

cies, as previously shown (Drincovich et al. 2010). facilitate the interpretation of the results, showed different

patterns of expression in these organs (Fig. 3a, Supple-
Expression patterns of NADP-ME genes in maize mental Fig. 1). With regards to the plastidic NADP-ME
plants coding transcripts, ZmC,NADP-ME was most abundant in

photosynthetic organs such as sheaths and blades of leaves,

The first approach to investigate the roles of uncharacter- showing up to 800- and 2,150-fold higher levels in relation
ized maize NADP-MEs was to compare the expression of  to other maize samples, respectively (Fig. 3a). On the other
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Fig. 2 Phylogenetic tree of plant NADP-ME isoforms. Mature
proteins were aligned using Mega 5.10 and the phylogenetic tree
was constructed by neighbor joining method (NJ). The tree topology
shows four main groups: group I, cytosolic dicotyledonous; group II,
plastidic dicotyledonous; group III, monocotyledonous; and group IV,
including both mono and dicot NADP-MEs. The nomenclature used

hand, although ZmnonC,NADP-ME did not show such a
great variations in expression levels among the samples, it
reached significant higher levels in immature tassels and
ears, in relation to sheaths and blades of leaves, grains, and
roots (Fig. 3a). In the case of ZmcytI-NADP-ME, it mostly
accumulates in roots, showing around 80 times more
abundance in this organ and up to 40 times in leaves and
stems compared to grains (Fig. 3a). Zmcyt2-NADP-ME
accumulates around 20 times more in leaf sheaths, roots,
immature tassels, and immature ears than in grains
(Fig. 3a). Finally, Zmcyt3-NADP-ME shows the greatest
level in grains, where is up to 400-fold higher than in stems
(Fig. 3a).

From the above results, it is deduced that the relative
abundance of each NADP-ME transcript is different among
the maize samples analyzed. For example, in leaves, the
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for each enzyme includes the photosynthetic type (CAM, C; or Cy)
followed by a number which indicates the subcellular localization of
each enzyme (1 for cytosolic and 2 for plastidic; Drincovich et al.
2001). Branch numbers indicate the statistical significance by
neighbor joining (in gray) and maximum parsimony (in white)

plastidic and cytosolic NADP-ME transcripts that pre-
dominate are ZmC,- and Zmcytl-, in roots ZmnonC, and
Zmcytl-, and in grains ZmnonCy4 and Zmcyt3-NADP-ME,
which implies that different combinations of isoforms
support the different metabolisms carried on by the organs
analyzed (Fig. 3b).

Zmcyt3- and ZmnonCy,-NADP-ME show different
expression profiles during grain development

Zmcyt3- and ZmnonC,-NADP-ME expression was also
compared in grains at different developmental stages. The
samples were collected at four times after pollination,
which were representative of the developing stages of
cellular proliferation (7 days after pollination, DAP),
reserves accumulation in the endosperm (14 and 20 DAP)
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Fig. 3 Expression analysis of the five transcripts of NADP-ME in
maize. a Relative expression of maize NADP-MEs in different organs.
Analyses were made with RNA isolated from maize leaf blades (L);
stems (St); roots (R); leaf sheaths (Sh); immature tassels (T); immature
ears (E), and immature grains (G). Y axis refers to the fold difference in a
particular transcript level relative to the sample in which the transcript
shows the lowest expression: G for ZmC,, Zmcytl-, and Zmcyt2-
NADP-ME; L for ZmnonC4NADP-ME; and St for Zmcyt3-NADP-ME.
The means and standard deviations of the results obtained using three
independent RNAs as templates are shown. Each reaction was
normalized using the C; values corresponding to maize actinl. The
different colored backgrounds indicate that maize plants at different
stages of development were used to obtain the corresponding samples
(see “Methods” section). b Relative expression levels of NADP-ME in
leaves, roots and grains. The fold differences are relative to the

transcript that shows the lowest expression in each organ: nonC4- in leaf
blade; and C4- in root and grain. Short names for each transcript were
used: C4- for ZmC,-NADP-ME; nonC4- for ZmnonC,-NADP-ME;
Cyt3- for Zmcyt3-NADP-ME; Cytl- for Zmcyt]-NADP-ME and Cyt2-
for Zmcyt2-NADP-ME. ¢ ZmnonC,NADP-ME, and Zmcyt3-NADP-
ME levels in developing grains. The relative expression of Zmcyt3-EM-
NADP (gray) and ZmnonC,NADP-ME (black) in grains at different
times after pollination (7, 14, 20, and 27 DAP) are shown with respect to
the corresponding level at 7 DAP. d Expression studies of NADP-ME
transcripts along mature maize leaf blades. The expression levels of all
NADP-MEs were evaluated in three fragments of a mature leaf blade:
tip, middle, and base. Data correspond to the expression of each
transcript in different segments in relation to the expression corre-
sponding to the reference gene (maize actinl). Data represent the mean
(£SD) of at least three independent assays
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and maturation, and desiccation (27 DAP) (Liu et al. 2008)
(Fig. 3c). Varying expression patterns of these two tran-
scripts were obtained during the different stages of maize
grains development. While ZmnonC,~-NADP-ME showed a
twofold decrease from 7 to 20 DAP and then an increase to
similar values found at 7 DAP, Zmcyt3-NADP-ME level
increased 7 times from 7 to 14 DAP, followed by a second
increase (70 % approximately) from 20 to 27 DAP,
reaching almost 12-fold increase from the first to the final
developmental stages analyzed (Fig. 3c).

NADP-ME transcripts levels along maize mature leaves

Expression levels of the transcripts from the complete
NADP-ME family were assayed in the tip, the middle, and
the base of maize fully expanded leaf blades. Different
sections from maize leaves have shown different tran-
scriptomes, in correlation with different photosynthetic
metabolism and anatomy (Pick et al. 2011; Li et al. 2010).
In our analysis, ZmC,NADP-ME levels increased from the
base to the tip, while no important variations were
observed for the second plastidic NADP-ME, ZmnonCy
NADP-ME (Fig. 3d). On the other hand, the two major
cytosolic NADP-ME transcripts (ZmcytI-NADP-ME and
Zmcyt2-NADP-ME) decreased from the middle part to the
tip of the maize blade (Fig. 3d).

NADP-ME genes response to stress treatments
in different maize organs

Several studies have reported that plant NADP-MEs
respond to diverse stress conditions (recently reviewed by
Doubnerova and Ryslava 2011). In this study, we selected
five treatments to simulate different environmental condi-
tions: high altitudes and/or high sun-light irradiance (UV-
light treatment), alkaline soils (roots immersion in pH 8 or
pH 11 solutions), pathogens attack (cellulase treatment),
and drought (abscicic acid treatment). The expression
profiles under these stress treatments were analyzed for all
NADP-MEs in three organs of maize 15-days seedlings:
leaves, stems, and roots (Fig. 4).

After the treatments, plastidic NADP-ME transcripts
showed differential responses in leaves (Fig. 4a). ZmC,-
NADP-ME was induced 3-6 times by alkaline treatments,
UV and ABA (Fig. 4a), while ZmnonC,-NADP-ME was
induced around 2-3 times with all treatments except pH 8
solution (Fig. 4a). Considering that Zmcytl-NADP-ME is
the most abundant transcript among the cytosolic NADP-
ME:s in leaves (Fig. 3b), it is important to notice its nearly
fourfold induction with ABA and cellulase treatments
(Fig. 4a). In stems, the most abundant plastidic transcript,
ZmnonC,NADP-ME showed around sixfold induction
under pH 11 treatment (Fig. 4b), while its counterpart most
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abundant cytosolic transcript, ZmcytI-NADP-ME showed
between 2 and 4 times induction with UV, pH 11, and ABA
treatments, respectively (Fig. 4b). ABA and alkaline treat-
ments in roots increased ZmnonC,-NADP-ME expression
around 2—4 times (Fig. 4c), while pH 11 and ABA generated
the major induction effects in ZmcytI-NADP-ME levels
(Fig. 4c). In this organ, it is remarkably the almost 90-fold
induction of Zmcyt3-NADP-ME by ABA treatment, which
could turn this transcript into the most important under this
condition.

Expression and characterization of Zmcytl-
and Zmcyt2-NADP-ME

Two uncharacterized NADP-ME genes were identified in
the genome of Zea mays, which encode Zmcytl- and
Zmcyt2-NADP-ME. Both full-length cDNAs were ampli-
fied by reverse transcription (RT) from maize total RNA
from leaves. The analyses of the predicted sequence of
Zmcyt1-NADP-ME using the TIS Miner program (http://
dnasminer.bic.nus.edu.sg/; Liu et al. 2005) found four
possible ATG initiation sites. However, secondary struc-
ture stability programs (Vienna RNA Website, http://rna.
tbi.univie.ac.at/cgi-bin/RNAfold.cgi; Hofacker 2003) and
alignment to orthologs sequences showed that the most
probable translation initiation site corresponds to the forth
ATG (Fig. 1a). Thus, Zmcyt1-NADP-ME characterization
was performed considering the sequence from this site
(Fig. 1a). The deduced Zmcytl- and Zmcyt2-NADP-ME
proteins have molecular masses estimated around 66 and
63 kDa, similar to other NADP-MEs already characterized
(Saigo et al. 2004; Detarsio et al. 2003). Both Zmcyt1- and
Zmcyt2-NADP-MEs were successfully expressed in E. coli
BL21(DE3) and purified to homogeneity using the same
procedure described in this article (Detarsio et al. 2003),
and proteins with the expected molecular masses were
obtained (not shown). The kinetic characterization of
Zmcytl- and Zmcyt2- showed affinity constants for the
substrates malate and NADP similar to that obtained for
ZmC4-NADP-ME (Table 1). However, around 1,500 and 70
times lower maximum catalytic activities (kcat) than the
photosynthetic isoform were obtained for Zmcytl- and
Zmcyt2-NADP-ME, respectively (Table 1).

Conservative putative transcription factor binding sites
across orthologs of maize NADP-ME genes

In order to detect relevant putative regulatory elements in
maize NADP-ME genes, we performed an evolutionary
based search of transcription factor binding motifs (TFBS),
which is known as phylogenetic footprinting (Wasserman
and Sandelin 2004). First, orthologs of each maize NADP-
ME gene were identified in sorghum, Setaria italica and
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Fig. 4 Expression levels of
NADP-ME transcripts in leaves
(a), stems (b), and roots
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Table 1 Comparative summary of the most important biochemical characteristics of the five NADP-ME family members

ZmCy- ZmnonCy- Zmcytl- Zmcyt2- Zmcyt3-
keat (s 201.3 £9.8 105.6 £ 8.9 0.13 £ 0.02 3.0 £ 0.02 53.1 £28
Km malate (mM) 0.22 + 0.02 0.42 + 0.03 0.28 &+ 0.04 0.18 + 0.02 1.4 + 0.6
Km NADP (uM) 8.0+ 03 70.2 £ 0.3 9.9+ 03 8.3 £0.02 19.1 £ 0.5
Monomer molecular mass (KDa) 62 64 66 63 66
Intracellular location Plastidic Plastidic Cytosolic Cytosolic Cytosolic

The kinetic values are the average of at least three different determinations +SD. Data were fit to a typical Michaelis—Menten equation with
regression coefficients above 95 %. The kinetic parameters of Zmcyt3-NADP-ME (Detarsio et al. 2008) and maize plastidic NADP-MEs, at
optimum pH, are included for comparison (Detarsio et al. 2003; Saigo et al. 2004)

rice (Table 2). Besides protein sequence similarity and
syntheny (not shown), each group of orthologs showed the
same exon—intron pattern (Fig. 2; Christin et al. 2009).
Then, each group of orthologous sequences was aligned
followed by a search of conserved TFBS (Ovcharenko

et al. 2005). This approach is useful in eliminating false
positives, and thus strengthening and simplifying the
results (Wasserman and Sandelin 2004). Accordingly, in all
the cases more than 200 putative TFBS were detected in
each individual gene, but the lists were drastically reduced
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Table 2 NADP-ME genes groups defined by orthologs or genes with similar function

Cytl- group Cyt2- group Cyt3- group Cy- group nonCy- group
Z. mays GRMZM2G159724 GRMZM5G886257 GRMZM2G118770 GRMZM2G085019 GRMZM2G122479
S. bicolor Sb032033250 Sb09g005810 Sb03g034280 Sb03g003230 Sb09g017550
S. italica Si000774 Si021600 Si000808 Si000645 -
0. sativa 0s01g52500 0505209440 0s01g54030 - 0s01g09320

Cytl-, Cyt2-, and Cyt3- groups includes orthologs from Z. mays, S. bicolor, S. italica and O. sativa, respectively. C4 and nonC4 groups have a
common evolutionary origin but were separated according to their physiological functions. Si000645 is included in the C4- group because, the
product of this gene is involved in C4 photosynthesis; however the phylogenetic footprinting studies show more conserved TFBS with the non

C4- group

when only those TFBS conserved among orthologs were
considered (Fig. 5; Supplemental Table 1, 2).

In Zmcytl- and Zmcyt3-NADP-ME genes, several
conserved TFBS were detected, all of them in the promoter
regions proximal to the transcription start site (TSS)
(Fig. 5; Supplemental Table 1, 2). However, the analysis of
Zmcyt2-NADP-ME did not return any conserved TFBS
among the orthologous sequences (Table 2). The analyses
of ZmCy- and ZmnonC4;-NADP-ME genes were more
complex, although sorghum (Sb) has orthologs for both
genes, S. italica (Sichl) and rice (Oschl) have only one
plastidial NADP-ME-coding gene (Table 2). In the case of
S. italica, this gene is involved in C, photosynthesis
(Watson and Dallwitz 1992) then the sequence comparison
of ZmC,- was initially performed using SbC, and Sichl.
When using ZmCy-, SbCy, and Sichl, only two conserved
ERF?2 binding sites were detected; however, if Sichl gene is
excluded from the analysis, then fourteen conserved TFBS
are detected (Fig. 5; Supplemental Table 1, 2). It is inter-
esting to note that in ZmCy- nine TFBS are located in
introns while only three TFBS are in the promoter (Fig. 5).
Besides, ZmnonC,4- was compared with SbnonCy- and
Oschl (Table 2) since their function in plastids is non-
photosynthetic. Several conserved TFBS in the promoter
regions proximal to TSS and one within the 5'UTR
sequence were detected (Fig. 5; Supplemental Table 1, 2).
As Sichl did not show conserved TFBS with the photo-
synthetic genes (ZmCy4- and SbC,), a search for conserved
TFBS using the nonphotosynthetic genes (ZmnonCy-,
SbnonC,- and Oschl) were performed. Interestingly, in this
last case, several conserved TFBS were detected (Supple-
mental Table 1), which could be related with a more close
evolution pattern with these genes.

A central assumption in phylogenetic footprinting is that
the regulation of orthologous genes will be controlled by
the same regulatory mechanisms in different species due to
conserved functions. Then, to further investigate the reg-
ulation of NADP-ME genes, we searched for transcription
factors (TF) coexpressed with rice NADP-ME genes that
share putative TFBS with maize genes: Oscytl, Oscyt3,
and Oschl (Supplemental Table 3). RiceFREND is a gene

@ Springer

coexpression database based on a large collection of
microarray data derived from various rice tissues at dif-
ferent stages of growth and development under natural field
conditions or treated with phytohormones (Sato et al.
2013). Some TF that putatively bind to the TFBS previ-
ously detected were found among the coexpressed genes
with mutual ranks (MR) below 1,000, which indicates a
strong correlation (Supplemental Table 3; Obayashi et al.
2009; Obayashi and Kinoshita 2010). The expression pat-
tern of Oscytl is highly similar to ERF2 and PIF3, for
which the binding sites were located within the promoter
region of this gene (Fig. 5; Supplemental Table 1, 2). This
indicates that these two TF could be important regulators of
the expression of cytl- genes. Oscyt3 is coexpressed with
several TF of the bZIP family (Supplemental Table 3).
Accordingly, in the promoter of cyt3- genes, several bZIP
TFBS were detected (Fig. 5; Supplemental Table 1, 2)
which indicate that they are highly regulated by this TF
family probably in response to ABA. On the other hand,
only one bZIP TF (ABIS) was coexpressed with Oschl
albeit many bZIP TFBS were detected (Fig. 5; Supple-
mental Table 2, 3).

Discussion

The presence of three genes for cytosolic NADP-MEs
are highly conserved among species with either C;
or C4 photosynthetic carbon metabolism

Three maize genes encoding putative cytosolic NADP-
MEs are presented in this study, which display different
pattern of organ expression (Fig. 3), response to stress
stimuli (Fig. 4) and biochemical properties (Table 1).
Previous study has demonstrated good correlation between
transcript and protein abundance in maize (Liu et al. 2011),
which supported the consideration of transcript amount as
an indicative of the amount of the corresponding protein
(Pick et al. 2011). Zmcytl- and Zmcyt2-NADP-ME are
expressed in practically all maize organs analyzed, pre-
senting the lowest levels in grains, where Zmcyt3-NADP-
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Fig. 5 Multi-conserved
transcription factor binding
sites. a The transcription factor
binding sites (TFBS)
evolutionarily conserved across
maize, sorghum, S. italica, and
rice were detected by Mulan and
MultiTF web tools. The TFBS
shown for ZmC, are shared with
SbC, and absent in nonCy4
genes. Dark boxes indicate
exons and light boxes indicate
untranscribed regions. Zmcytl-,
Zmcyt2-, and Zmcyt3- gene
sequences were compared with
their corresponding orthologs.
ZmnonC,4 was compared with
SbronC,4 and OschIME. b Rice
coexpressed transcription factor
genes that could bind to the
TFBS detected. The genes from
O. sativa that share evolutionary
conserved TFBS with maize
genes were analyzed with
RiceFREND web tool. The
complete outputs of MULAN/
MultiTF and RiceFREND
analyses are included in
Supplemental Table 1 and 2,

Zmcyt3

ABF1, ATMYB84, PIF3, ABF,
LIM1, ABZ1, GBP, CG1,
HBP1A, TAF1, TGA1B, TRAB1,
RITA1, OSBZ8, OCSBF1, GBF,
CPRF, EMBP1, HBP1A

UTR AUTR
b

e

*0s05g0121600: Similar to
AP2 domain containing

*0s03g080920: Similar to
Transcription factor EmBP-1

ZmC,

|
|

ZmnonC,

ZIP911, ABZ1, GBP,CPRF2,
EMBP1, 02, TAF1, TGA1A,
RITA1, OCSBF1

Oschl (0s01g09320)

+0s09g0456200: Similar to
BZIP transcription factor

respectively protein RAP2.7 (Ethylene-

responsive transcription
factor)

*0s02g0603600: Similar to
Phytochrome-interacting
factor 3 (PIF3)

*0s07g0617000: Similar to
Ethylene response factor 2
(ERF2)

+0s09g0287000: Similar to
Ethylene-responsive
transcription factor 5
(Ethylene-responsive
element binding factor 5)
(EREBP-5)

ME displays the highest level of expression (Fig. 3).
However, although the overlapping distribution of ZmcytI-
and Zmcyt2-NADP-MEs throughout maize organs, they
respond differentially to stress situations (Fig. 4).
ZmcytINADP-ME increases in leaves after cellulose and
ABA treatment and in stems after root alkalinisation and
UVB treatment (Fig. 4). On the other hand, Zmcyt2-NADP-
ME increases in leaves, stems, and roots after cellulose
treatment (Fig. 4). With regards to Zmcyt3-NADP-ME,
apart from the almost exclusive expression in grains, dis-
tinct response to stress treatments than that shown by the
other cytosolic NADP-MEs was found (Fig. 4). In partic-
ular, Zmcyt3-NADP-ME expression seems to be controlled
by ABA, as indicated by its important induction by ABA
treatment in roots (Fig. 4) and the presence of several and

*0s01g0859300: Similar to ABI5
ABA response element
binding factor

*0s11g0154800: Similar to
DNA-binding factor of bZ|P
class

*0s12g0156200: Similar to
DNA-binding factor of bZ|P
class

+0s06g0211200: Similar to
Abscisic acid responsive
elements-binding factor
(ABA-responsive element
binding protein 1) (AREB1).

+0s08g0472000: TRABL (BZIP
transcription factor)

conserved ABA-response elements in its promoter (Fig. 5).
Maize seed development is strongly controlled by ABA
mainly by mean of the control of starch, protein, and lipids
synthesis (Liu et al. 2008). In this way, Zmcyt3-NADP-ME
could be supplying carbon and reducing power for those
biosynthetic processes, in accordance to its distinct bio-
chemical properties (Table 1; Detarsio et al. 2008).

In the present study, orthologs for the three maize
cytosolic NADP-ME were identified in related C; and Cy
monocots (Table 2). In particular, cytl and cyt3 NADP-
ME-groups seem to be controlled by similar regulatory
mechanisms in monocots, which reinforces the idea of
conserved functions for the orthologs of these groups
(Table 2; Fig. 5). In the case of cyt2-NADP-ME group,
although orthologs were detected in monocots (Table 2),
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no conserved TFBS were identified. This could be due to
the lack of information about TFBS for this gene, the
binding to farther regions not analyzed here or to the lack
of conservation of the regulatory mechanisms due to the
diversification of function across the species analyzed.
However, it is noticeable that the presence of three cyto-
solic NADP-MEs is also the case in the dicot model plant
species A. thaliana (Gerrard Wheeler et al. 2005; Maurino
et al. 2009). Thus, the presence of three genes encoding
cytosolic NADP-MEs seem to be a conserved feature
among both related and distant plant species with different
photosynthetic metabolism.

Two plastidic NADP-MEs, is it a feature specific for all
C, species?

Regarding the two maize plastidic NADP-MEs, ZmCy-
NADP-ME is practically exclusive of photosynthetic
organs, while ZmnonC,NADP-ME is found in all the
organs analyzed, especially in nonphotosynthetic organs
(Fig. 3). ZmnonC,NADP-ME responds to several different
stress treatments and in different organs (Fig. 4), which is
in accord with previous study that pointed out this isoform
as a stress-responsive enzyme (Maurino et al. 2001). The
well-distinct biochemical and kinetic properties of the two
plastidic ZmNADP-MEs (Alvarez et al. 2012; Saigo et al.
2013), along with the different organ distribution and stress
responsive expression (Fig. 3, 4) reinforces the important,
but particular role that each plastidic isoform fulfils in vivo.
Several conserved TFBS were detected in the orthogues
encoding nonphotosynthetic plastidic isoforms from sor-
ghum and rice (Table 2; Fig. 5) suggesting conserved roles
in both C; and C, species. Moreover, a nonphotosynthetic
NADP-ME may fulfil an essential metabolic role in plas-
tids of nonphotosynthetic organs, e.g., in the generation of
reductive power and/or pyruvate, as indicated by the
presence of such an enzyme in distant plant species
(Drincovich et al. 2001; Maurino et al. 2009).

With regards to ZmC,-NADP-ME, its expression level
correlates with the occurrence of the C4 cycle, increasing
from the base to the tip of the leaf blade (Fig. 3; Pick et al.
2011). Within the leaf blade, ZmC,-NADP-ME is com-
partmentalized to bundle sheath chloroplast (Maurino et al.
1997). Although the high ZmC,NADP-ME levels detected
in maize leaf, an induction of ZmC,-NADP-ME was detec-
ted after treatments with UVB or high pH (Fig. 4). Previous
study has shown UVB-induction of ZmC,4;-NADP-ME,
which was linked to higher energy demand for membrane
repair (Drincovich et al. 1998). Moreover, among the sev-
eral conserved TFs that putatively regulate ZmC,NADP-
ME expression (Fig. 5), PIF3 is particularly interesting
because it accumulates under UV-light treatment (Heim
et al. 2003), and is necessary for early chloroplast greening
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and rapid light-induced expression of nuclear genes
encoding chloroplast components (Monte et al. 2004). In
addition, PIF3 transcript (GRMZM2G062541) is more
abundant in BSC than in MC (Chang et al. 2012), which
suggests that it may be implicated in the transduction of the
light signal that induces the transcription of ZmC,4- gene
during maize chloroplast greening. On the other hand,
ZmC,4-NADP-ME expression is also modified by other stress
treatments, as alkaline stress treatments of roots, which may
reflect an overall response for higher demand of photosyn-
thetic products. Thus, the C4 specific NADP-ME represents
a highly expressed isoform in photosynthetic organs, which
presents a fine tune of regulation controlled by several TF
and response to stress treatments. Notably, and contrary to
other NADP-ME genes, the majority of the TFBS in ZmCy-
gene are located in the introns and not in the promoter
(Fig. 5).

The search of orthologs of the maize plastidic NADP-
ME genes indicated that while sorghum presents also two
plastidic NADP-MEs with conserved TFBS, S. italica
shows only one (Table 2). Moreover, practically no TFBS
conservation between Sichl-NADP-ME gene and the pho-
tosynthetic NADP-MEs from maize and sorghum genes
were detected. However, several conserved TFBS were
detected in the comparison with nonphotosynhtetic NADP-
MEs from maize, sorghum, and rice (Supplemental
Table 1). Although these results seem to contradict the
photosynthetic role of Sichl-NADP-ME, it could be
explained by the independent evolutionary origin of Cy4
photosynthesis in Setaria and maize—sorghum lineages,
which could manage different regulation programs to set
the expression of C4 genes (Sage and Zhu 2011). More-
over, Setaria belongs to a particular monocot lineage in
which species with different decarboxylating enzymes
were detected (Sage and Zhu 2011). Considering the results
obtained, it would be interesting to perform the charac-
terization of the plastidic NADP-ME from Setaria to
compare its properties with other plastidic C4 and non C4
NADP-ME:s and further study the expression pattern of its
gene (Saigo et al. 2013).

Did the presence of a multigene family in combination
with the biochemical plasticity of the NADP-ME
isoforms facilitate the appearance of the NADP-ME
recruited for the C4 cycle?

The most successful agricultural C, crops species have
arisen from the NADP-ME type mechanism (maize, sor-
ghum, sugarcane, switchgrass, among others), providing at
least circumstantial evidence for the superiority of this
pathway (Furbank 2011). It has been discussed in several
reviews that the C4, NADP-ME mechanism might provide
an advantage because decarboxylation occurs within the
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BS chloroplasts, the site of refixation by RuBisCO,
avoiding any leakiness of the bundle sheath to CO, (von
Caemmerer and Furbank 2003). However, it is a matter of
actual debate why this type of C,4 cycle is more distributed
than the others. In this sense, among the decarboxylating
enzymes which were recruited for the C4 pathway, multi-
gene families are detected in the case of NADP-ME, and
particular roles have been attributed to each member
(Maurino et al. 2009). Besides, NADP-ME is an enzyme in
which the change in just one or two amino acids can render
a novel enzymatic form regulated in a different way, and
thus, capable to fulfil novel physiological roles. This fact
has been extensively proven for the Arabidopsis NADP-
ME isoforms, where isoforms that share >90 % of protein
identity are regulated in opposite ways or even behave
differently in terms of reversibility (Gerrard Wheeler et al.
2008; 2009). Moreover, it has also been found that the
physiological context of particular NADP-ME isoforms
exerts accurate control of NADP-ME activity in planta
(Arias et al. 2013). Overall, this plasticity shown by the
NADP-ME makes us wonder if the presence of a multigene
family, in which each gene encodes an isoform with par-
ticular biochemical properties due to minimal changes in
the primary structure, would have facilitated the appear-
ance of an enzyme well-suited to fulfil the requirements for
an efficient C4, mechanism. Whether this issue is related or
not to the widespread distribution of the C; NADP-ME
subtype should be proven.
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