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Flowering time (FTi) control is well examined in the long-day plant Arabidopsis (Arabidopsis thaliana), and increasing knowledge
is available for the short-day plant rice (Oryza sativa). In contrast, little is known in the day-neutral and agronomically important
crop plant maize (Zea mays). To learn more about FTi and to identify novel regulators in this species, we first compared the time
points of floral transition of almost 30 maize inbred lines and show that tropical lines exhibit a delay in flowering transition of
more than 3 weeks under long-day conditions compared with European flint lines adapted to temperate climate zones. We
further analyzed the leaf transcriptomes of four lines that exhibit strong differences in flowering transition to identify new key
players of the flowering control network in maize. We found strong differences among regulated genes between these lines and
thus assume that the regulation of FTi is very complex in maize. Especially genes encoding MADS box transcriptional regulators
are up-regulated in leaves during the meristem transition. ZmMADS1was selected for functional studies. We demonstrate that it
represents a functional ortholog of the central FTi integrator SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1) of
Arabidopsis. RNA interference-mediated down-regulation of ZmMADS1 resulted in a delay of FTi in maize, while strong
overexpression caused an early-flowering phenotype, indicating its role as a flowering activator. Taken together, we report
that ZmMADS1 represents a positive FTi regulator that shares an evolutionarily conserved function with SOC1 and may now
serve as an ideal stating point to study the integration and variation of FTi pathways also in maize.

Flowering time (FTi) in crops is an important agro-
nomical trait critical for harvesting date, biomass yield,
crop rotation schemes, and terminal drought avoidance
(Jung and Müller, 2009; Bendix et al., 2015). For flow-
ering, the shoot apical meristem (SAM) has to change
from vegetative to generative growth, a process called
the floral transition. This process is controlled by vari-
ous key players representing components of different
signaling pathways triggered by both external and en-
dogenous factors. Themain environmental influence on

FTi is derived from photoperiods or daylength as well
as temperature. Unlike Arabidopsis (Arabidopsis thaliana)
and some winter-annual crops like wheat (Triticum
aestivum) and barley (Hordeum vulgare) that require
vernalization by cold temperature periods for floral
induction, this does not seem to play an essential role
for flowering inmaize (Zea mays). Furthermore, during
thousands of years of breeding history, cultivated
temperate maize is thought to have lost its photoperiod
sensitivity and is well adapted to growth under long-
day (LD) conditions. Tropical lines flower under short-
day (SD) conditions and depend on photoperiods to
flower (Colasanti and Coneva, 2009). Especially in
temperate maize lines, endogenous signals related to
the developmental stage of the plant appear to play the
main role in floral induction, like the autonomous, the
aging, and the GA3 signaling pathways (for review, see
Khan et al., 2014).

Most information about factors controlling the transi-
tion from the vegetative to the floral phase was gained
from research with the LD-adapted model plant Arabi-
dopsis. It was demonstrated that the different signaling
pathways mediating both environmental and endoge-
nous cues converge at a few floral integrators (for an over-
viewof this complex network inArabidopsis, see Blümel
et al., 2015). One of these integrators is FLOWERING
LOCUS T (FT), a phosphatidylethanolamine-binding
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protein, which represents the mobile signal moving from
the leaves through the phloem toward the SAM
(Kardailsky et al., 1999; Jaeger and Wigge, 2007).
Expression of FT at high levels is mainly induced by LD
conditions mediated by the zinc finger transcriptional
regulator CONSTANS (CO; Kardailsky et al., 1999;
Kobayashi et al., 1999). CO itself is positively regulated by
the large circadian clock-associated protein GIGANTEA
(GI), and in accordance with this, it is stabilized in the
afternoon in a circadian rhythm (Song et al., 2012). By
linking the circadian clock with flowering-inducing
pathways, CO represents another important key inte-
grator for the floral transition (Suárez-López et al., 2001).
In the SAM, FT forms a complex with the bZIP tran-
scription factor (TF) FLOWERING LOCUS D (FD), trig-
gering the floral transition through the activation of
meristem identity genes such as APETALA1 (AP1; Abe
et al., 2005; Wigge et al., 2005). The major direct target of
the FT-FD complex in the SAM is the MIKCC-type II
MADSboxTF SUPPRESSOROFOVEREXPRESSIONOF
CONSTANS1 (SOC1), which is expressed mainly in de-
veloping leaves andmeristems (Borner et al., 2000). SOC1
is supposed to represent themain key integrator of all five
flowering-inducing pathways in Arabidopsis: the photo-
periodic, the vernalization, the aging, the GA3, and the
autonomous pathways. Expression of SOC1 is negatively
regulated by the MADS box TF FLOWERING LOCUS C
(FLC; Searle et al., 2006). By forming a complex with the
MADSboxTF SHORTVEGETATIVEPHASE (SVP), FLC
represses not only the expression of SOC1 but also that of
FT and FD, thus representing a negative regulator of the
floral transition (Li et al., 2008). FLC mediates signaling
from the autonomous and the vernalization pathways,
while SVP is regulated by the autonomous and the GA3
pathways and regulates GA3 biosynthesis at the shoot
apex (Amasino, 2004; Li et al., 2008; Andrés et al., 2014).
Furthermore, SOC1 is positively regulated in an age-
dependent manner by SQUAMOSA BINDING FACTOR-
LIKE9, thereby integrating all five flowering-inducing
pathways (Wang et al., 2009).

To date, little is known about FTi regulation inmaize.
Some genes encoding proteins homologous to FTi
components of Arabidopsis could be identified (Dong
et al., 2012), including the photoperiodically regulated
genes GIGZ1a and GIGZ1b encoding homologs of
Arabidopsis GI (Miller et al., 2008). Interestingly, loss of
GIGZ1a function results in an early-flowering pheno-
type under LD conditions, whereas Arabidopsis gi
mutants show late flowering. As GIGZ1a activity can
rescue gi loss-of-function mutants in Arabidopsis, it is
likely that GI acts as a molecular switch, with its
function depending on a species-specific gene regula-
tory network (Bendix et al., 2013). Furthermore, there
are genes involved in FTi regulation that do not have
any homologs in Arabidopsis, such as the C2H2 zinc
finger protein INDETERMINATE1 (ID1), which seems
to represent a master FTi regulator in maize (Colasanti
et al., 1998). ID1 acts upstream of ZEA MAYS
CENTRORADIALES8 (ZCN8), which is considered the
most likely maize homolog of the FTi regulator FT, as it

is able to rescue the late-flowering phenotype of Ara-
bidopsis ftmutants (Danilevskaya et al., 2008a; Lazakis
et al., 2011; Meng et al., 2011). Overexpression of ZCN8
leads to an early-flowering phenotype, whereas down-
regulation results in late flowering (Meng et al., 2011).
Similar to FT, ZCN8 is expected to act as a mobile
cue, and it was demonstrated to interact with the
maize FD homolog DELAYED FLOWERING1 (DLF1;
Muszynski et al., 2006; Meng et al., 2011). Recent re-
search indicated that the ZCN8 paralog ZCN7 might
represent a second maize florigen (Mascheretti et al.,
2015). A floral meristem identity gene acting down-
stream of the floral activators DLF1 and ID1 is ZEA
MAYS MADS4 (ZMM4), which leads to an early-
flowering phenotype if overexpressed in maize
(Danilevskaya et al., 2008b). However, knowledge
about FTi regulation in maize is still very limited, and
more information about key players is necessary to
begin establishing the complex gene regulatory net-
work responsible for the floral initiation in this species.
In a screen for FTi regulators in 29 maize inbreds, in-
cluding temperate and tropical lines, we determined the
time point of thefloral transition and identified theMADS
box TF ZmMADS1, also known as ZmM5, as the func-
tional maize homolog of SOC1. ZmMADS1 is able to fully
rescue the late-flowering phenotype of Arabidopsis soc1-2
mutants. By modifying ZmMADS1 expression levels, the
time point of the floral transition and the number of leaves
are altered significantly.

RESULTS

Transition of the SAM to Reproductive Growth Strongly
Depends on the Genetic Background in Maize

In order to identify leaf-expressed genes involved in
activation or repression of the floral transition, 29maize
inbred lines were chosen based on a genetic diversity
study (Liu et al., 2003). Plants grown under LD condi-
tions in the greenhouse were analyzed by stereo-
microscopy to identify the time point of SAM transition
from vegetative to reproductive growth. The expres-
sion of genes coding for regulators of this floral transi-
tion is expected to change shortly before the SAM
switch. Therefore, our aim was to identify clusters of
related inbred lines for transcriptome analysis with a
strong temporal difference regarding their floral tran-
sition. Based on the closely related genetic background,
other genes than those coding for floral regulators were
not expected to change their expression levels in pho-
tosynthetically active leaves. Table I indicates the days
after sowing (DAS) as well as the developmental stage,
according to the nomenclature of Abendroth et al.
(2011), at which the floral transitionwas observed.Most
of the selected maize lines grow under temperate cli-
mate conditions, like U.S. dent, S.A. (for South Ameri-
can) popcorn, European flint, and lines originally
derived from Argentina (Yan et al., 2009). The other
lines are adapted to tropical conditions, like U.S. trop-
ical, Nigeria dent, and Tropical (dent). As expected,
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most plants of a similar genetic background, such as
NC320 and NC332 of the same pedigree (according to
www.maizegdb.org), displayed the SAM transition
(switch) at similar times. The SAM transition in B73
plants that were propagated for many generations ei-
ther exclusively in the field or in the greenhouse oc-
curred on the same day, 26 DAS. The switch occurred
in flint, dent, and popcorn maize lines adapted to a
temperate climate earliest at 18 DAS (V3/V4) and
latest at 29 DAS (V7). In contrast, all tropical lines were
observed to be late flowering under LD greenhouse
conditions, exhibiting transition of the SAM to repro-
ductive growth earliest at 31 DAS (V7) and latest at
40 DAS (V11). These observations indicate that FTi is
genetically stable but highly variable depending on the
genetic background, which changed during the do-
mestication process generating numerous inbred lines
adapted to various environments.

Based on this observation, it was difficult to select
genetically closely related inbred lines that strongly
varied in SAM transition time points. Therefore, the
two Argentinian lines 4F-240 BX 16 and 4F-350 CN
2 that were collected in the same region, showing a
switch at V5/V8 at 24 and 35 DAS, respectively, were
selected for further analysis. Additionally, we have
chosen the temperate U.S. dent lines B77 and E2558W,
where the switch at V6/V8 occurred at 24 and 33 DAS,
respectively (Table I). According to Liu et al. (2003),
these two lines display a moderate genetic similarity.
These four lines were chosen for further transcriptome
analyses. To compare whether growth conditions show
an impact on FTi behavior of these lines, time points of
floral transitions in LD greenhouse conditions were
compared with those in LD and SD illumination in
growth chambers (Supplemental Table S1). Compared
with greenhouse-grown plants, the differences in floral
transition within each pair were reduced slightly, with
SD illumination generally resulting in an earlier floral
transition than LD illumination. Nevertheless, these
results confirmed the strong differences in SAM tran-
sition observed using LD greenhouse conditions.

Leaf-Expressed MADS Box TF Genes Are Up-Regulated
before the SAM Transition

For transcriptome analyses, leaf samples of the up-
permost leaf were taken for RNA extraction from the
following three developmental stages after Abendroth
et al. (2011): I, at stage V3 (none of the lines has switched
from vegetative to generative growth); II, 1 d before the
floral transition occurred in the early-switcher plants
(4F-240 BX 16 and B77); and III, 1 d before the transition
occurred in the late-switcher plants (4F-350 CN 2 and
E2558W). Figure 1A shows as an example the micro-
scopic comparison of the developing SAM of inbred
lines 4F-240 BX 16 and 4F-350 CN 2 until 39 DAS. The
scale indicates the time points of floral transition as well
as sample collection. Three biological replicates of each
collection time point were hybridized to a maize gene
chip containing more than 42,000 genes developed
by the OPTIMAS consortium (Colmsee et al., 2012).
Expected expression profiles of putative FTi activa-
tors and repressors are shown in Figure 1, B and C.
According to the model, FTi regulators were expected
to be expressed at the same level in all lines in sample I
(before the switch in all lines) and their expression
was expected to increase/decrease in sample II (early
switch: still before the switch in late-flowering lines
and after the transition in early-flowering lines), with
the early switchers showing a stronger regulation. In
sample III (late switch: after the floral transition in
late-flowering lines), late-switching lines display
their strongest expression, while the expression of early
switchers either keeps the level reached in sample II or
becomes less regulated. Excluding FTi regulators, the
transcriptomic profiles in photosynthetically active
leaves were expected to be comparable within each pair

Table I. Transition of the SAM from vegetative to reproductive growth
in maize

Developmental stage (according to Abendroth et al., 2011) and time
points (indicated in DAS) of the SAM transition were determined in
29 inbred lines (www.maizegdb.org). Two inbred lines from Argentina
and two moderate U.S. dent lines (in boldface) showing strong dif-
ferences in the SAM transition were selected for transcriptome analy-
ses. Seeds were obtained from the stock center except for B73 (Rgbg.)
and A188 (Rgbg.), originating from plants that were grown for 10 years
exclusively in the greenhouse in Regensburg.

Genotype Stage Transition Time Point Classificationa

EP1 V3/V4 18 European flint
F7 V3/V4 18 European flint
A188 (Rgbg.) V5 19 U.S. dent
VA26 V4 20 U.S. dent
PA762 V4/V5 20 U.S. dent
OH43 V4/V5 20 U.S. dent
Wf9 V5/V6 23 U.S. dent
4F-240 BX 16 V5 24 Argentina
B77 V6 24 U.S. dent
R229 V5/V6 25 U.S. dent
Mo1W V5/V6 26 U.S. dent
B73 V5/V6 26 U.S. dent
B73 (Rgbg) V6 26 U.S. dent
VA102 V5 26 U.S. dent
IDS69 V6 28 S.A. popcorn
SA24 V7 29 S.A. popcorn
NC332 V5/V6 29 U.S. dent
NC320 V7 29 U.S. dent
NC350 V7 31 Tropicalb

Ki11 V7 33 Tropical flintc

E2558W V8 33 U.S. dent
Tzi25 V8 33 Nigeria dent
4F-350 CN 2 V8 35 Argentina
NC304 V9 35 Tropicalb

Tzi16 V10 36 Nigeria dent
Ki3 V10 36 Tropical flintc

A6 V10 40 U.S. tropical
Tzi10 V11 40 Nigeria dent

aAccording to the MaizeGDB stock database and the Germplasm
Resources Information Network. bFrom El Salvador. cFrom
Thailand
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of genetically closely related plants. To verify this as-
sumption, a principal component analysis was per-
formed (Fig. 1D). The transcriptome data of the three
collection time points of each maize line were clus-
tered together, whereas the different genotypes were
clearly separated from each other. This indicated that
the general genotype-dependent differences in gene
expression pattern have a stronger influence on the
transcriptomic profile of leaves than the different de-
velopmental stages used to study the floral transition in
maize. Therefore, a more stringent filter method was
applied. For each line, the transcriptomic profile of
sample I was compared with that of sample II for early
switchers and sample III for late switchers to identify
differentially expressed genes. These sets of genes were
then compared between pairs 4F-350 CN2/4F-240 BX
16 and E2558W/B77.

This strategy resulted in a list of 28 genes with sig-
nificant fold change (greater than 2) of transcription
shortly before the SAM transition in the pair 4F-350 CN
2/4F-240 BX 16 (Table II) and 25 genes in the pair
E2558W/B77 (Table III). Interestingly, several MADS
box TF genes (four and five, respectively) could be
identified in both gene sets, all being up-regulated. Both

lists were comparedwith each other to reveal genes that
are differentially regulated in all four maize lines. Only
two genes changed their expression level in all four
maize lines shortly before the flowering switch oc-
curred (Fig. 2A), which both encode forMADS box TFs.
The first candidate is ZmMADS1, also known as
ZMM5, which was cloned more than a decade ago as a
MADS domain-containing gene with a broad expres-
sion pattern (Heuer et al., 2001). The second candi-
date gene encodes for ZMM26, also described as
ZmMADS22. Both genes show a strong induction prior
to the SAM transition resembling the expression pat-
tern described in Figures 1B and 2B. This finding indi-
cates that they might act as activators in FTi regulation.
Their expression profiles and those of randomly se-
lected additional genes from Tables II and III were
verified by RT-qPCR analysis using novel biological
samples (Supplemental Fig. S1).

MADS box TFs are widely distributed throughout
the plant kingdom and contribute to a variety of pro-
cesses controlling development and reproduction in
plants (Gramzow and Theissen, 2010). To identify
proteins homologous to the identified candidateMADS
box TFs and to gain first ideas about their functions, a

Figure 1. Transcriptome profiling of leaf tissue during the SAM transition from vegetative to reproductive growth in maize. A,
Transition of the SAM of the inbred lines 4F-240 BX 16 (top) and 4F-350 CN 2 (bottom) on a time scale of 39 DAS. The transition of
the SAM is marked by red bars, and black triangles indicate times of tissue sampling of the upper most fully expanded leaf. Bars =
200 mm. B and C, Expected expression profiles for putative FTi activators (B) and putative FTi repressors (C). Black lines represent
expected expression profiles in genotypes with early SAM transition, and gray lines represent those for genotypes with late
transition. D, Principal component analysis of transcriptomedata from four selected inbred lines (see Table I). Principal component
analysis depicts the mean of transcriptome triplicates per time point and line. The x axis shows component 1 (27.72%), the y axis
shows component 2 (18.85%), and the z axis shows component 3 (17.2%). Data sets for 4F-350CN2 are circled in dark blue, those
for 4F-240 BX 16 are circled in light blue, those for E2558W are circled in dark red, and those for B77 are circled in light red.
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BLASTP search was performed against the plant ge-
nomes of maize, rice (Oryza sativa), barley, wheat, and
Arabidopsis. ZmMADS1 and ZMM26 homologous
proteins were found in all five analyzed plant genomes
(Supplemental Table S2). They all contain a MADS do-
main, a highly conserved C-terminal SOC1 motif (Zhao
et al., 2014), as well as the K domain, thus representing
MIKC-type (MEF2-like)MADS domain proteins (Becker
and Theissen, 2003). In maize, two homologous proteins
of ZmMADS1 (ZmMADS56 and GRZM2G070034;
Supplemental Fig. S2) and three homologous pro-
teins of ZMM26 (ZMM19, ZmMADS47, and ZMM21;
Supplemental Fig. S3) were identified. A phylogenetic
tree was generated to reveal proteins most closely re-
lated to the identified candidate FTi activators (Fig. 3).
Within this tree, ZmMADS1 clusters together with
ZmMADS56 of maize and the flowering activator
OsMADS50 of rice (Tadege et al., 2003; Lee et al., 2004).
ZMM26 appears homologous to ZMM19 of maize and
OsMADS22,whichwas shown to be involved in spikelet
development of rice (Sentoku et al., 2005). Moreover, it

also clusters with HvBM10, an antagonist of the floral
transition in barley (Trevaskis et al., 2007), and thewheat
MADS box TFs TaWM22A/B and TaAGL11. The Ara-
bidopsis homolog of ZmMADS1 is AtSOC1, whereas
AtSVP and AtAGL24 (AGAMOUS-LIKE24) are homol-
ogous to ZMM26. All three proteins were shown to
represent important FTi regulators in Arabidopsis
(Hartmann et al., 2000; Lee et al., 2000; Yu et al., 2002),
substantiating the assumption that the identified can-
didate genes act in regulating FTi processes in maize.

ZmMADS1 and ZMM19 Show a Diurnal Expression Pattern

Many photoperiodic FTi genes are expressed in a
diurnal manner (Park et al., 1999; Suárez-López et al.,
2001). To test the regulation of the identified candidate
MADS box protein genes and their homologous genes
during daily periods, leaf samples of all four maize
inbred lines were harvested at intervals of 4 h in a day-
course experiment of 48 h, and transcript level was

Table II. Candidate FTi regulatory genes differentially regulated during the floral transition in leaves of the maize lines 4F-240 BX 16 and
4F-350 CN 2

The table shows the identifier of the oligonucleotide on the microarray chip, transcript identifier (MaizeSequence version 4a.53) of the coding
sequence from which the oligonucleotide was derived, and, for both lines, fold change (FC), P value, regulation, and annotation. Values were
calculated between transcriptome data obtained from leaf samples at V3 and at 1 d before the transition of the SAM from vegetative to flowering
meristem. MADS box TFs (MADS-TF) are indicated in boldface. POUF, Protein of unknown function.

OPTIMAS Identifier 4a.53 Coding Sequence 4F 240 BX 16 4F-350 CN 2 Annotation

FC P Regulation FC P Regulation

OptiV1N35942 GRMZM2G125853_T06 45.72 0.02 Down 72.40 0.04 Down POUF
OptiV1C09461 GRMZM2G053977_T01 40.18 0.02 Up 13.11 0.05 Up Short-chain dehydrogenase/reductase

family protein
OptiV1C01178 GRMZM2G152801_T02 26.68 0.02 Down 11.75 0.04 Down FLS (FLAVONOL SYNTHASE)
OptiV1S17892 GRMZM2G060866_T01 24.65 0.02 Down 30.02 0.04 Down Anther-specific Pro-rich protein
OptiV1S18863 GRMZM2G700665_T02 19.07 0.02 Down 4.16 0.03 Down RAP2.7
OptiV1S26761 GRMZM2G152801_T01 16.36 0.03 Down 17.64 0.04 Down FLS (FLAVONOL SYNTHASE)
OptiV1C11740 GRMZM2G036203_T01 13.25 0.05 Up 4.29 0.04 Up Cys proteinase, putative
OptiV1C06259 GRMZM2G113480_T01 10.27 0.03 Down 6.50 0.04 Down POUF
OptiV1S29412 GRMZM2G088964_T01 9.02 0.04 Up 4.05 0.05 Up ATKT1 (POTASSIUM TRANSPORTER1)
OptiV1C17237 GRMZM2G171365_T01 8.73 0.02 Up 5.78 0.02 Up MADS-TF (MADS1)
OptiV1S20394 GRMZM2G363229_T01 7.87 0.02 Down 3.07 0.04 Down MATE efflux family protein
OptiV1C05995 GRMZM2G070034_T01 7.77 0.02 Up 43.86 0.01 Up MADS-TF (AtAGL20)
OptiV1S21916 GRMZM2G046885_T02 7.59 0.02 Up 3.24 0.04 Up MADS-TF (M26)
OptiV1C10423 GRMZM2G029912_T02 6.81 0.03 Up 11.23 0.04 Up CER3 (ECERIFERUM3)
OptiV1S18200 GRMZM2G055446_T01 5.99 0.02 Up 12.07 0.01 Up UDP-glycosyltransferase/sinapate

1-glucosyltransferase/transferase
OptiV1S30318 GRMZM2G131266_T01 5.93 0.02 Up 86.15 0.02 Up Ovule development protein, putative
OptiV1C13062 GRMZM2G322047_T01 5.92 0.03 Down 11.01 0.02 Down Exostosin family protein
OptiV1S28227 AC197143.3_FGT007 4.53 0.02 Down 4.68 0.05 Down ATPRB1
OptiV1S24670 GRMZM2G073969_T01 3.93 0.02 Up 15.62 0.03 Up POUF
OptiV1C01853 GRMZM2G055178_T01 3.66 0.02 Down 265.51 0.02 Up PTAC5 (PLASTID TRANSCRIPTIONALLY

ACTIVE5)
OptiV1C08761 GRMZM2G004748_T01 3.44 0.02 Up 5.72 0.00 Up PGP2 (P-GLYCOPROTEIN2)
OptiV1N40004 AC213612.3_FGT001 3.20 0.02 Up 17.85 0.05 Up Gly-rich cell wall structural protein
OptiV1S24539 GRMZM2G034471_T01 3.19 0.03 Up 4.28 0.03 Up Cytochrome P450 CYP2 subfamily protein
OptiV1S21266 GRMZM2G006806_T01 2.56 0.02 Down 2.35 0.04 Down Ssu72-like family protein
OptiV1S18426 GRMZM2G108153_T01 2.55 0.03 Down 74.54 0.04 Up Peroxidase12 (PER12, P12, PRXR6)
OptiV1C01437 GRMZM2G459841_T01 2.48 0.02 Up 2.38 0.05 Down POUF
OptiV1C03164 GRMZM2G127581_T01 2.41 0.03 Up 2.48 0.04 Up Tubulin-specific chaperone B
OptiV1S26447 GRMZM2G019993_T01 2.03 0.02 Up 6.94 0.03 Up MADS-TF (ZCN21)
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compared with that of ZmGIGZ1a. ZmGIGZ1a is ho-
mologous to the photoperiodic FTi regulator GI of
Arabidopsis and is known to be regulated in a diurnal
manner (Miller et al., 2008). We could confirm its peri-
odic gene activity in all four maize lines, with expres-
sion maximum after 8 to 12 h in light under SD and LD
conditions and complete down-regulation during the
dark periods (Fig. 4A). A significant diurnal expression
pattern was not visible for the AtSVP homologous
candidate gene ZMM26 (data not shown). Neverthe-
less, its maize homolog ZMM19 showed gene activity
that was regulated comparable to that of ZmGIGZ1a
(Fig. 4B). In contrast to this expression pattern,
ZmMADS1 showed a decrease in transcript abundance
in light periods, with nearly complete down-regulation
after approximately 8 h, followed by an increase of
expression during dark periods at both SD and LD
conditions (Fig. 4C). Compared with ZmGIGZ1a, this
pattern appears inverted, indicating that ZmGIGZ1a
might represent a negative regulator of the diurnal
ZmMADS1 gene expression pattern. To test this hy-
pothesis, we studied its expression pattern in the GI

mutant gi1-mi (Bendix et al., 2013). In the mutant, the
diurnal expression pattern of ZmMADS1 was not al-
tered (Supplemental Fig. S4). A significant diurnal
regulation could not be observed for the ZmMADS1
maize homologs ZmMADS56 and GRZM2G070034
(data not shown). Detailed expression values and SD

values of ZmGIGZ1a, ZmM19, and ZmMADS1 in all
four lines analyzed under LD and SD conditions are
provided in Supplemental Tables S3 to S8.

ZmMADS1 Can Complement the Late-Flowering Mutant
soc1-2 of Arabidopsis

To examinewhether ZmMADS1 is indeed involved in
FTi regulation pathways, we first applied complemen-
tation assays using Arabidopsis soc1-2 T-DNA insertion
mutants (Lee et al., 2000; Moon et al., 2003). ZmMADS1
overexpression constructs were generated both under
the control of the cauliflower mosaic virus 35S promoter
(Odell et al., 1985) and the AtSOC1 promoter. In SD con-
ditions, bolting occurred in Col-0 wild-type Arabidopsis
plants at about 140 DAS, whereas bolting in soc1-2

Table III. Candidate FTi regulatory genes differentially regulated during the floral transition in leaves of the maize lines B77 and E2558W

The table shows the identifier of the oligonucleotide on the microarray chip, transcript identifier (MaizeSequence version 4a.53) of the coding
sequence from which the oligonucleotide was derived, and, for both lines, fold change (FC), P value, regulation, and annotation. Values were
calculated between transcriptome data obtained from leaf samples at V3 and at 1 d before the transition of the SAM from vegetative to flowering
meristem. MADS box TFs (MADS-TF) are indicated in boldface. POUF, Protein of unknown function.

OPTIMAS Identifier 4a.53 Coding Sequence B77 E2558W Annotation

FC P Regulation FC P Regulation

OptiV1S24287 GRMZM2G159105_T01 222.58 0.03 Down 56.78 0.02 Down Protein kinase family protein
OptiV1C11764 GRMZM2G109627_T01 87.32 0.04 Up 6.34 0.02 Up PPR repeat-containing protein
OptiV1C02818 GRMZM2G168898_T01 35.29 0.03 Down 8.82 0.04 Down HB2 (Hemoglobin2)
OptiV1N40037 GRMZM2G006210_T01 11.87 0.04 Down 32.18 0.02 Down POUF
OptiV1S32916 GRMZM2G061751_T01 10.30 0.05 Down 16.07 0.04 Down UNE1 (Unfertilized Embryo Sac1)
OptiV1S26715 GRMZM2G052461_T01 8.95 0.03 Up 3.14 0.02 Up LHT2 (LYS-HIS TRANSPORTER2)
OptiV1C17237 GRMZM2G171365_T01 7.07 0.05 Up 6.63 0.04 Up MADS-TF (MADS1)
OptiV1S31605 GRMZM2G052034_T02 6.85 0.05 Down 8.50 0.04 Down Zinc finger (C3HC4-type RING finger)

family protein
OptiV1S21916 GRMZM2G046885_T02 6.29 0.03 Up 7.01 0.03 Up MADS-TF (M26)
OptiV1S19217 GRMZM2G009475_T01 6.20 0.04 Down 4.71 0.02 Down POUF
OptiV1N35188 AC233893.1_FGT001 5.66 0.05 Down 4.82 0.03 Down Homo-Cys S-methyltransferase
OptiV1C06771 GRMZM2G179264_T01 5.60 0.03 Up 43.90 0.04 Up ZCN8
OptiV1S20894 GRMZM2G134502_T01 5.22 0.03 Down 5.02 0.03 Down Fiber annexin
OptiV1S29802 GRMZM2G066291_T01 4.97 0.04 Up 3.84 0.02 Up POUF
OptiV1S33653 GRMZM2G370777_T04 4.02 0.03 Up 3.72 0.04 Up MADS-TF (M19)
OptiV1C05996 GRMZM2G370777_T05 3.87 0.04 Up 4.24 0.04 Up MADS-TF (M19)
OptiV1C09078 GRMZM2G046885_T01 3.68 0.03 Up 3.59 0.05 Up MADS-TF (M26)
OptiV1C04175 GRMZM2G128466_T02 3.30 0.05 Up 3.85 0.03 Up NQR (NADPH:QUINONE

OXIDOREDUCTASE)
OptiV1S18918 GRMZM2G107839_T01 2.72 0.04 Down 6.54 0.04 Down Putative LTP
OptiV1C03183 GRMZM2G469898_T01 2.59 0.04 Down 4.99 0.03 Down GDSL motif lipase/hydrolase

family protein
OptiV1S29722 GRMZM2G101634_T01 2.39 0.03 Down 5.30 0.02 Down Ser/Thr protein phosphatase 2A,

regulatory subunit
OptiV1C10635 AC233935.1_FGT005 2.37 0.04 Down 5.41 0.04 Down OBP3 (OBF-BINDING PROTEIN3)
OptiV1S19635 GRMZM2G055447_T01 2.32 0.03 Up 3.47 0.04 Up POUF
OptiV1C00462 GRMZM2G174942_T02 2.21 0.03 Up 2.70 0.04 Up Eukaryotic translation initiation

factor SUI1, putative
OptiV1C01938 GRMZM2G443715_T01 2.06 0.04 Up 3.00 0.04 Down Mannan synthase
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mutants was strongly delayed for approximately 40 d.
In all analyzed mutant lines, both overexpression con-
structs could rescue the late-flowering phenotype at
least to the wild-type level (Fig. 5A). Furthermore, some
lines even showed a significant early-flowering pheno-
type. Notably, complemented mutant plants exhibited a
different plant architecture compared with wild-type
plants by containing more and longer shoots, indicat-
ing a higher activity of the SAM (Fig. 5C). Taken to-
gether, these data indicate that ZmMADS1 represents a
functional ortholog of the FTi transcription activator
AtSOC1. Furthermore, a construct generating aMADS1-
GFP fusion protein under the control of the AtSOC1
promoter was generated and shown to be functional by

complementing the soc1-2 mutant under LD conditions
(Fig. 5B). In the complemented plant leaves as well as
in tobacco (Nicotiana benthamiana) leaf epidermis cells
transiently transformed with the overexpression con-
struct, the ZmMADS1-GFP fusion protein was detected
to localize exclusively in the nucleus (Supplemental Fig.
S5), supporting its proposed function as a transcrip-
tional regulator.

Overexpression of ZmMADS1 Results in an Early-
Flowering Phenotype

To demonstrate that ZmMADS1 acts as an FTi acti-
vator in maize, overexpression constructs under the
control of the maize ubiquitin (UBI) promoter were
generated and used for Agrobacterium tumefaciens-
mediated stable transformation of maize plants. Three
offspring lines of two independent transformation
events were first analyzed for ZmMADS1 transcript
levels. Samples were always taken at the same time in
the morning, at 10 AM (after a 4-h light period). Com-
pared with wild-type control plants, overexpression
plants showed a wide range of transcript levels and,
thus, were clustered into three different groups (Fig.
6A). Plants of group 1 showed an increase of log2 rela-
tive ZmMADS1 expression levels of up to 3.3, group
2 plants showed expression levels between 3.3 and 6.6,
while group 3 plants showed expression levels above
log2 of 6.6 (up to maximum log2 = 10.4).

Maize plants produce leaves until the transition of
the SAM from vegetative to generative growth; thus,
the leaf number is strictly dependent on the time of the
floral transition. By comparing the leaf number of
overexpression plants with the log2-transformed rela-
tive expression values depicted in Figure 6A, a negative
correlation (r2 = 0.6475) between leaf number and
ZmMADS1 transcript levels could be detected (Fig. 6B).
To examine this effect in more detail, additional phe-
notypic traits were used as indicators for FTi. These
included day numbers until plants reached develop-
mental stage VT (the last vegetative stage at which all
tassels are no longer enclosed by the leaves [Abendroth
et al., 2011]; Fig. 6C), until they reached stage R1
(the first reproductive stage at which the silks emerge
[Abendroth et al., 2011]; Fig. 6D), as well as plant height
(Fig. 6E). Detailed values as well as an additional trait
defined as days until anthesis are given in Supplemental
Table S9. To ensure maximal comparability between
overexpression and control plants, plants that under-
went the transformation procedure but did not show
increased expression levels were chosen as a control
group. In summary group 2, plants with medium
overexpression showed phenotypes comparable to the
control group regarding days to VT, R1, anthesis, and
plant height. In contrast, group 3 plants with strong
ZmMADS1 overexpression showed a clear reduction in
numbers of days to reach VT, R1, and anthesis and
exhibited a smaller plant habitus. On average, flowering
occurred about 1 week early, silk emergence happened

Figure 2. Putative leaf genes involved in regulation of the floral tran-
sition of the SAM. A, Genes differentially expressed in the upper most
fully expanded leaf comparing developmental stage V3 and each stage
at 1 d before transition of the SAM in the maize lines 4F-240 BX
16 (green), 4F-350 CN 2 (red), B77 (yellow), and E2558W (blue). Two
genes (ZmMADS1 and ZMM26) are differentially expressed in all lines
according to the expected profile shown in Figure 1B. B, Expression
profiles of the putative FTi regulators ZmMADS1 (light blue) and
ZMM26 (gray). Red lines indicate the SAM transition.
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more than 2 weeks early, but plant size was reduced
significantly (on average about 60 cm; Supplemental
Table S9). Notably, group 1 plants with minimal over-
expression of ZmMADS1 showed slight increases of
days to anthesis and plant height, indicating a delayed
FTi phenotype. Taken together, these results demon-
strate that ZmMADS1 acts as an FTi activator if it is
strongly overexpressed. The observation that slight in-
creases of expression levels result in a contrary pheno-
type with slightly delayed flowering may indicate that
ZmMADS1 levels are tightly regulated, that ZmMADS1
functions as an integrator of various FTi signals, but it is
also possible that these observation are associated with
the genetic background, as the plants investigated are
the segregating progeny of hybrid plants.

Down-Regulation of ZmMADS1 Causes a Delay in FTi

Transgenicmaize lineswithRNA interference (RNAi)-
mediated down-regulation of ZmMADS1 under the
control of the maize UBI promoter were created to fur-
ther analyze its role for FTi regulation. RNAi plants were
clustered into two groups based on their relative
ZmMADS1 expression levels, with group 1 lacking a

significant change in transcript abundance compared
with the wild-type group and group 2 exhibiting down-
regulation of about 50% (Fig. 7A). Samples were col-
lectedwhen control plants showedmaximumexpression
levels. On average, group 2 plants contained two addi-
tional leaves and FTi occurred about 5 d delayed com-
pared with wild-type control plants and plants lacking a
reduction in ZmMADS1 expression (Fig. 7B). In detail,
we investigated the number of days until plants reached
anthesis (Fig. 7C) and developmental stage R1 (Fig. 7D)
aswell as plant height (Fig. 7E). These traits were used in
correlation to leaf number as indicator traits to measure
differences in the FTi point. Detailed values are given in
Supplemental Table S10. For all three traits, a delay of
flowering could be observed in group 2 with reduced
ZmMADS1 expression level.

DISCUSSION

Expression of Putative FTi Regulators Is Distinctly
Controlled in Different Maize Lines

Flowering in plants is a precisely regulated process
in which the SAM switches from vegetative growth to

Figure 3. Phylogenetic tree of ZmMADS1,
ZMM26, and homologous proteins in different
plant species (for details, see Supplemental
Table S2). The subgroups containing ZmMADS1
and ZMM26 are marked by the red and green
bars, respectively. ZmMADS1 and its close ho-
molog ZmMADS56 are shaded in red, and
ZMM26 and its close homolog ZMM19 are
shaded in green. AtSOC1 andAtSVPare framed
in black. The bar represents the number of sub-
stitutions per amino acid site.
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generative growth. Environmental factors like temper-
ature and daylength influence the time of flowering in
different plant species with varying degrees of inten-
sity. As one of the most important agricultural crops,
maize is widely distributed all over the world, growing
in a wide variety of geographical regions and climate
conditions. The historical center of maize domestication
is Mexico, with around 13 h of daylight in summer.
Thus, the ancestors of modern temperate maize as well
as tropical modern maize lines were adapted to SD
conditions. However, nowadays, temperate maize is
generally considered a day-neutral plant, as thousands
of years of domestication and breeding appear to have
made this crop less sensitive to the photoperiod and
enabled it to flower at higher latitude and in LD con-
ditions (Liu et al., 2003). By analyzing the SAM, we
determined the time of the floral transition of temperate
and tropical maize lines under LD greenhouse condi-
tions. Plants with a tropical background exhibited
delayed FTi (31–40 DAS) compared with lines adapted
to temperate climate, which showed a strong variation
of FTi between 18 and 29 DAS.
To identify new regulators involved in FTi variation

in maize, two pairs of related maize lines with a strong
difference in FTi were used for leaf transcriptome
analysis shortly before the meristem switch occurred.
A number of novel and several known regulators could
be identified using this approach. The FTi activator
ZCN8, for example, represents a maize homolog for

Arabidopsis FT (Danilevskaya et al., 2008a; Lazakis
et al., 2011; Meng et al., 2011) and was found to be
up-regulated in both temperate U.S. dent lines B77 and
E2558W but not in lines 4F-240 BX 16 and 4F-350 CN
2 originating from Argentina. Its expression is influ-
enced by the autonomous pathway via the main maize
floral regulator ID1 as well as the photoperiodic path-
way (Mascheretti et al., 2015). Another gene that was
up-regulated only in the lines from Argentina was the
MADS box TF ZMM19. Mutations in this gene result in
the formation of pod corn displaying dose-dependent
spikelet formation defects in ears and tassels with foli-
aceous elongated glumes (Han et al., 2012; Wingen
et al., 2012). Although its role in FTi remained un-
known, ZMM19was classified as a putative homolog of
the negative FTi regulator protein SVP from Arabi-
dopsis (Hartmann et al., 2000). In contrast, the yet
uncharacterized putative MADS box TF with the
identifier GRMZM2G070034 was demonstrated to be
up-regulated only in the lines 4F-240 BX 16 and 4F-350
CN 2. Although there is no evidence about its function,
it codes for a protein homologous to the Arabidopsis
FTi regulator SOC1. Additional genes with differential
expression during the floral transition exclusively in
these lines are ZmRAP2.7 and ZCN21. ZmRAP2.7
represents an AP2-like TF encoded by a gene down-
stream of the cis-regulatory element Vgt1, a major FTi-
regulating quantitative trait locus (Salvi et al., 2007).
ZmRAP2.7 is homologous to AtRAP2.7, a TF that is

Figure 4. Diurnal regulation ofZmMADS1 and
ZMM19 compared with ZmGIGZ1a in SD and
LD conditions. Relative expression levels of
ZmGIGZ1a (A), ZMM19 (B), and ZmMADS1
(C) are shown in the selected lines 4F-350
CN 2 (dark blue), 4F-240 BX 16 (light blue),
E2558W (dark red), and B77 (light red) over a
period of 2 d at 4-h intervals under SD (left) and
LD (right) conditions. Means of three biological
replicates are shown. The relative expression
values are log2 transformed; SD values are not
depicted (for details, see Supplemental Tables
S3–S8). Gray areas indicate dark periods.
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involved in the floral switch regulation of Arabidopsis
(Okamuro et al., 1997; Aukerman and Sakai, 2003).
ZCN21, a member of the FT-like II group, is suggested
to be involved in FTi regulation in maize (Danilevskaya
et al., 2008a; Bouchet et al., 2013) andalsowasup-regulated
in these two lines.

ZmMADS1 and ZMM26 Showing a Diurnal Expression
Pattern Are Strongly Up-Regulated during the
Floral Transition

In contrast to the aforementioned genes, the genes
ZmMADS1 and ZMM26 were the only candidates
found to be up-regulated in all four analyzed maize
lines correlated with the FTi switch in early- and late-
flowering genotypes. ZmMADS1 is homologous to the
Arabidopsis floral inductive pathway integrator SOC1
and the FTi regulators OsMADS50 and OsMADS56 of
rice. ZmMADS1 is up-regulated in leaves during the
floral transition similar to OsMADS50 in the whole
shoot (Tadege et al., 2003) and AtSOC1 in the SAM
(Lee et al., 2000). Just like ZMM19 (see above), the second
candidate regulator ZMM26 represents a protein
homologous to Arabidopsis SVP. In a phylogenetic
comparison, they cluster together with OsMADS22,

OsMADS47, and OsMADS55, three proteins involved
in flowering processes in rice. Ectopic expression of
OsMADS22 was shown to alter the meristem indeter-
minacy in rice spikelets (Sentoku et al., 2005) and leads
to abnormal flower formation in Arabidopsis (Lee et al.,
2012), but its role in FTi remained unclear. Over-
expression of OsMADS47 and OsMADS55 results in
abnormal flower formation in Arabidopsis and, in the
case of OsMADS55, also in a delay of flowering in-
duction (Fornara et al., 2008; Lee et al., 2012). All of
these genes show a different expression pattern in
leaves. Whereas OsMADS22 expression stays constant,
the transcript level of OsMADS47 decreases while the
level of OsMADS55 increases (Lee et al., 2008) like
ZMM26, which we showed to be up-regulated during
FTi. The expression pattern and overexpression
phenotypes thus indicate that SVP homologs in
grasses likely have developed different/additional
functions that remain to be elucidated. Notably, we
found that the ZMM26 homolog ZMM19 displays a
diurnal expression pattern similar to the circadian
clock-associated GI gene ZmGIGZ1a, both peaking 8 to
12 h after light induction in SD and LD conditions. At
the end of the dark period, both genes are almost silent.
Considering that both genes show almost identical ex-
pression peaks, it is unlikely that ZmGIGZ1a can act as

Figure 5. Complementation analysis of the
Arabidopsis soc1mutant expressing ZmMADS1
in SDandLDconditions. ExpressionofZmMADS1
is under the control of the Arabidopsis SOC1
or the cauliflower mosaic virus 35S promoter.
A, Expression of ZmMADS1 could rescue the
late-flowering phenotype of the soc1-2 mu-
tation under SD conditions. Asterisks mark
plant lines showing even reduced bolting
time compared with the Columbia-0 (Col-0)
wild type (P # 0.05). B, ZmMADS1-GFP fu-
sion constructs were tested for functionality
under LD conditions, where complementa-
tion is less effective. Plants significantly dif-
ferent from Col-0 (P # 0.05) are marked with
a, and plants significantly different from
soc1-2 (P# 0.05) are marked with b (n = 2–7);
mean values are indicated, and error bars de-
pict SD. C, Comparison of growth behavior/
plant architecture of Col-0, soc1-2, and se-
lected complementation lines as indicated.
All plants grew for a period of 148 d under SD
conditions.
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a direct upstream regulator of ZMM19. Genes that ap-
pear as targets of ZmGIGZ1a display either delayed
peaks at the end of the light period (CONZ1) or an
inverted expression pattern (ZCN8; Bendix et al., 2013).
Although ZmMADS1 also shows an inverted expres-
sion pattern, it is not a target of ZmGIGZ1a.Whether its
regulation depends on the second maize GI homolog
ZmGIGZ1b (Khan et al., 2010) remains to be shown in
further experimentation.

ZmMADS1 Is Functionally Conserved to SOC1 and Acts as
an FTi Regulator in Maize

Therefore, ZMM26 and ZmMADS1 and their closest
homologs in maize were selected as promising candi-
dates for line-independent FTi regulators, and their
photoperiod-dependent expression pattern in leaves
was studied in more detail. Expression of the SVP ho-
molog ZMM26 was not observed to be influenced by a
day rhythm. SVP of Arabidopsis is controlled by the
GA3 and the autonomous pathways and acts indepen-
dently from the photoperiodic pathway (Li et al., 2008);

therefore, it is likely that ZMM26 also is not involved in
photoperiodic flowering control if representing the
functional equivalent in maize. The rice SVP-like pro-
teins OsMADS22 and OsMADS55 can interact directly
with the Arabidopsis flowering activators AGL24, AP1,
and, in the case of OsMADS55, also with FLC in yeast
two-hybrid screens. Furthermore, OsMADS55 can
complement the early-flowering phenotype of Arabi-
dopsis svp mutants, indicating that it has indeed an
evolutionarily conserved function in flowering com-
parable to SVP (Lee et al., 2012). The genes coding for
the homologous proteins HvBM1, HvBM10, and
HvVRT2 in barley also are not diurnally expressed.
They do not seem to be involved in the control of FTi,
butHvBM1 andHvBM10 overexpression can lead to the
inhibition of floral development and floral reversion
(Trevaskis et al., 2007). It is possible, therefore, that
ZMM26 also is involved in other processes than FTi.
Expression of its homologous gene ZMM19, however,
was controlled by a day rhythm, indicating that it may
encode a maize SVP homolog. In contrast to ZMM26,
the expression of ZmMADS1 in leaves was regulated
by daylength, with an expression maximum at dawn

Figure 6. Characterization of transgenic maize plants overexpressing ZmMADS1 (MADS1) using a ubiquitin promoter (pUBI). A,
Relative expression levels of five T1 progeny plants of six independent transgenic lines quantified by qRT-PCR. Log2 expression
values were set in relation to the average expression level of ZmMADS1 in eight control plants. Based on log2 relative expression
values (log2 REV), plants were clustered into group 1 (log2 REV, 3.3), group 2 (3.3, log2 REV, 6.6), and group 3 (6.6, log2
REV). B, Correlation of leaf number and log2 REV of relative ZmMADS1 transcript levels of individual plants of groups 1 to 3 (A).
Regression line, correlation coefficients (R), and coefficients of determination (R2) are indicated. The red dashed line indicates the
mean value of eight control plants. C to E, Correlations between leaf number and time to reach developmental stage VT (C) or R1
(D) aswell as plant height (E) ofZmMADS1 overexpression plants. VTrepresents the last vegetative stage at which all tassels are no
longer enclosed by the upper leaf. R1 represents the stage at which the silks start to emerge. Mean and SD of total leaf number are
indicated on the x axis and those of the second trait on the y axis. Mean values of the control group are projected as dashed lines
toward the axis. Colors show expression levels of group 1 (black), group 2 (dark gray), group 3 (light gray), and control (red) plants.
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under both SD and LD conditions. This pattern was in
accordance with the expression profiles of the homol-
ogous rice FTi regulators OsMADS50 and OsMADS56,
which also were demonstrated to be diurnally regu-
lated (Ryu et al., 2009). ZmMADS1was shown recently
to induce an early-flowering phenotype when ectopi-
cally overexpressed in Arabidopsis under LD condi-
tions, and it leads to up-regulation of the TFs AtLEAFY
and AtAP1. This observation indicates that it can pro-
mote flowering in an evolutionarily conserved pathway
(Zhao et al., 2014), as both LEAFY and AP1 control the
expression of a set of target genes with a role in the
onset of flowering (Winter et al., 2015). Furthermore,
we could demonstrate that ZmMADS1 expression un-
der the control of the SOC1 promoter of Arabidopsis is
able to fully rescue the late-flowering phenotype of the
Arabidopsis soc1-2 mutant under SD conditions and in
some lines also under LD conditions. In LD conditions,
we tested ZmMADS1:GFP fusion proteins that may not
always be as effective as ZmMADS1 lacking the GFP

reporter. Arabidopsis and tobacco leaves expressing
ZmMADS1-GFP showed localization of the fusion pro-
tein in the nucleus, supporting the idea of ZmMADS1
acting as a TF. AtSOC1 as well as its rice homologs
OsMADS50 and OsMADS55 also have been demon-
strated to localize in the nucleus (Liu et al., 2009; Ryu
et al., 2009). Taken together, this supported the idea of
ZmMADS1 acting as a TF promoting flowering. Varia-
tion of FTi indicates that ZmMADS1 might act in a
dosage-dependent manner, as already reported for
AtSOC1 (Borner et al., 2000).

To prove the role of ZmMADS1 as an FTi regula-
tor, we next analyzed transgenic lines with down-
regulation and overexpression of ZmMADS1 under
LD conditions. Plants with ZmMADS1 activity re-
duced to about 50% comparedwith the wild-type level
showed an about 5-d delayed flowering phenotype
regarding the number of days to anthesis and stage R1.
Plants were higher and contained on average two
additional leaves, supporting the idea of ZmMADS1

Figure 7. Characterization of RNAi transgenic maize plants with down-regulated ZmMADS1 (MADS1) expression levels using a
ubiquitin promoter (pUBI). A, Relative expression levels of ZmMADS1 in two transgenic groups and a wild-type control group
quantified by qRT-PCR (control group, n = 12; group 1, n = 9; and group 2, n = 14). Group 1 showed ZmMADS1 expression levels
comparable to wild-type plants. Samples were collected in the morning, when control plants showed maximum expression
levels. B, Representative image of segregating wild-type (left) and transgenic progeny (right) plants. Delayed development of
tassels and silks (right) compared with the control (left) is indicated by asterisks. Bar = 50 cm. C to E, Correlations between leaf
number and time to reach developmental stages of anthesis (C) and R1 (D) and plant height (E) compared between control and the
two RNAi plant groups. Means and SD of total leaf number are indicated on the x axis and those of the second trait on the y axis.
Mean values of the control group are projected as dashed lines toward the axis. Colors show expression levels of group 1 (gray),
group 2 (black), and control (red) plants.
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functioning as a positive FTi regulator. Interestingly,
overexpression of ZmMADS1 caused a flowering
phenotype depending on the expression level of
ZmMADS1. An increase of expression intensity of less
than 10-fold resulted in a slight delay of flowering,
whereas plants overexpressing ZmMADS1 more than
100-fold flowered up to 2 weeks earlier compared with
control plants and contained, on average, three fewer
leaves. This observation indicates that ZmMADS1-
regulated flowering behavior is complex, and we as-
sume that it not only represents an FTi activator but
fulfills additional roles in the complex network of
flowering control and also may play a role in other
developmental processes, as it is also expressed in egg
cells, zygotes, and developing flowers (Heuer et al.,
2001). SomeMADS box TFs involved in specification of
the floral meristem identify of Arabidopsis also have
genetically separable functions; for example, AP1 also
functions in the determination of sepal and petal iden-
tity, while FRUITFUL also is involved in fruit valve
specification (for review, see Kater et al., 2006).

CONCLUSION

In this study, we revealed several putative FTi reg-
ulators in maize that are activated in leaves associated
with the SAM transition. Differences in their expres-
sion during the floral transition in various maize lines
indicate that the gene regulatory network controlling
FTi in maize is very complex and not universal in
all lines. Studies that aimed to identify, for example,
targets of the leaf-restricted TF ID1 regulating the
transition to flowering support this assumption, as
the identified up- and down-regulated genes (Coneva
et al., 2007, 2012) do not overlap with the genes found
in this study. Thus, we conclude that, during adaption
to a range of climates, maize lines have evolved distinct
severities of the roles of different floral control key
players. Besides identifying candidate genes with dif-
ferential expression in groups of inbred lines, we could
further demonstrate that theMADS box TF ZmMADS1
represents a dosage-dependent regulator of FTi in
maize and shares a conserved function with its ho-
mologous protein SOC1 of Arabidopsis. Further char-
acterization of this transcriptional regulator, which
appears to be present and similarly regulated in all
investigated lines, will now help us understand how
FTi pathways are integrated and how the strong vari-
ation of FTi is regulated in a day-neutral and important
grass crop species.

MATERIALS AND METHODS

Bioinformatics Tools

Informationaboutgeneandprotein sequenceswasderived fromdatabasesof
the National Center for Biotechnology Information (http://ncbi.nlm.nih.gov/),
Gramene (http://www.gramene.org/), TheArabidopsis Information Resource
(http://arabidopsis.org/), and the Rice Genome Annotation Project (http://
rice.plantbiology.msu.edu). Proteins homologous to ZmMADS1 and ZMM26

were identified using candidate protein sequences as query for BLASTP
searches with default settings against the genomes of maize (Zea mays), rice
(Oryza sativa), and Arabidopsis (Arabidopsis thaliana), available at the PlantGDB
platform (http://plantgdb.org). For the genomes of barley (Hordeum vulgare)
and wheat (Triticum aestivum), BLASTP search was performed at the National
Center for Biotechnology Information with an E value cutoff of 1e270. Protein
sequence alignments were generated using the muscle algorithm of SeaView
version 4.3.5 (Gouy et al., 2010) and were visualized by the program GeneDoc
version 2.7.000 (Nicholas et al., 1997). A phylogenetic tree based on the align-
ments was constructed using the neighbor-joining method of SeaView. To test
the relationship, the bootstrap method with 1,000 replicates was applied.

Plant Growth Conditions

All maize lines used in this study are publicly available and were obtained
from the Maize Genetics Cooperation Stock Center (maizecoop.cropsci.uiuc.
edu), except A188 (Rgbg.) and B73 (Rgbg.), which were grown and propagated
exclusively ingreenhousesat theUniversityofRegensburg.LinesHiIIAandHiII
B were derived from the Plant Transformation Facility of Iowa State University,
and the inbred line A632 and the gi1-mi2/2 (CB51xsib) mutant was kindly
provided by FrankG.Harmon. In the greenhouse, plants were grown under LD
conditions (16 h of light) at 25°C during light and 20°C during dark periods. In
climate chambers, plants were grown under both LD and SD (12 h of light)
conditions at 26°C during light and 18°C during dark periods and a constant air
humidity of 60%. Maize plants were illuminated using Philips MASTER HPI-T
Plus 400W/645 E40 1SL and Philips MASTER GreenPower CG T 400W E40
lighting. Arabidopsis plants were grown in climate chambers under LD con-
ditions (16 h of light) at 20°C and 70% air humidity during light and 18°C and
65% air humidity during dark periods. Under SD conditions (8 h of light),
temperature and air humidity were kept constantly at 22°C and 70%. Arabi-
dopsis plants were illuminated using Sylvania Luxline Plus F30W/840 cool-
white deluxe and Sylvania Luxline Plus F30W/830 lighting. Nicotiana
benthamiana plants were grown in the greenhouse under the same conditions as
maize plants.

Extraction of Total RNA and Generation of cDNA

Microarray leaf samples aswell as leaf samplesof transgenicmaize lineswere
taken for RNA extraction in the morning at 10 AM (after a 4-h light period).
Sample collection for the day-course experimentwas startedwith the beginning
of the light period at 6 AM. Extraction of total RNA of 100 to 200 mg of the leaf
material was performed as described (Logemann et al., 1987). RNA samples
were treated with RNase-free DNase I, and cDNA was synthesized using Su-
perScript III reverse transcriptase, oligo(dT)18 primer, and RiboLock RNase
inhibitor, according to the manufacturer’s protocol (all chemicals derived from
Thermo Fisher Scientific).

Microarray Analysis

The quality of the RNA used for hybridization was analyzed using a
2100 Bioanalyzer (Agilent Technologies). The synthesis of cDNAand cRNAwas
performed according to the one-color microarray-based gene expression anal-
ysis protocol byAgilent Technologies. A total of 1.65mg of the RNA samplewas
loaded on one-color microarrays with custom-designed oligonucleotide probes
(Agilent 025271).Microarray datawere normalized to the 75th percentile within
each array and were analyzed using the Agilent GeneSpring software package
(according to Pick et al. [2011]).

Quantitative Real-Time PCR Analysis

Quantitative real-timePCRwasperformedusing theKAPASYBRFastQPCR
Master Mix Universal Kit (Peqlab Biotechnologie) and aMaster Cycler realplex2

(Eppendorf). The optimal annealing temperature was determined for each
primer pair by gradient PCR (for primer sequences, see Supplemental Table
S11). For PCR products smaller than 200 bp, a two-step qRT-PCR, and for larger
fragments, a three-step qRT-PCR with 40 cycles, was performed, followed by a
melting curve analysis to test product specificity. qRT-PCR data were analyzed
using the DDCT method (Livak and Schmittgen, 2001). GLYCERALDEHYDE-3-
PHOSPHATASE DEHYDROGENASE (GRMZM2G046804) and FOLYLPOLY-
GLUTAMATE SYNTHASE (GRMZM2G393334) of maize (Manoli et al., 2012)
were used as reference genes for normalization.
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Generation of Constructs

To design constructs for ZmMADS1 and ZmMADS1-GFP overexpression in
maize and Arabidopsis, the coding sequence of ZmMADS1 (GRMZM2G171365)
was amplified using the primer pair CDS MADS1 59 pENTR/CDS MADS1 39 for
introduction of a stop codon and primer pairCDSMADS1 59 pENTR/CDSMADS1
39 degenBamHI without the stop codon (for primer sequences, see Supplemental
Table S11). Fragments were cloned into the pENTR/D-TOPO vector using the
pENTR Directional TOPO Cloning Kit (Thermo Fisher Scientific). These entry vec-
tors were used for recombination reactions mediated by the Gateway LR Clonase II
enzyme mix (Thermo Fisher Scientific). For maize transformation, the entry vector
with ZmMADS1 including a stop codon was combined with the destination vector
pUbi:Gate, creating the vector pUbi:ZmMADS1. The pUbi:Gate vector is based on
the pNOS-AB-M vector (DNACloning Service) and contains a 2-kb fragment of the
maize POLYUBIQUITIN promoter (GRMZM2G409726; Christensen et al., 1992)
and a Gateway cassette (M. Gahrtz, unpublished data). The intermediate vector
pUbi:ZmMADS1was digested with BamHI and XhoI, and the fragment containing
the promoter, the coding sequence, and the NOS terminator was cloned into
pTF101.1 (Paz et al., 2004). To generate the construct for RNAi-controlled down-
regulation of ZmMADS1, a 163-bp fragment from the 39 end of the ZmMADS1
coding sequencewas amplifiedusing theprimer pairM5RNAi-s-BsrGI/M5RNAi-s-
MluI for sense orientation and primer pair M5RNAi-a-BamH/M5RNAi-a-EcoRI
for an antisense construct. These PCR products were introduced into the ZmEAL1
RNAi construct (Krohn et al., 2012), replacing the ZmEAL1 sequences using the
restriction enzymes BsrGI andMluI for sense orientation and BamHI and EcoRI
for antisense orientation. The RNAi cassette containing the maize UBI pro-
moter, the ZmMADS1 RNAi stem loop, and the NOS terminator was amplified
with the primer pair M5RNAi1-XmaI-f/M5RNAi1-HindIII-r and cloned into
the vector pCR-Blunt II-TOPO vector of the Zero Blunt TOPO PCR Cloning Kit
(Thermo Fisher Scientific). Using the restriction enzymes XmaI andHindIII, the
RNAi cassette was cloned into the transformation vector pTF101.1. Constructs
for the overexpression of ZmMADS1-GFP in Arabidopsis were generated by
performing Clonase reactions of the entry vector containing ZmMADS1without a
stop codonwith thedestinationvectorpB7FWG2,0 (Karimi et al., 2002) andamodified
version of pB7FWG2,0. In this modified version, the 35S promoter was replaced by a
SOC1 promoter fragment of 1,951 bp upstream of the SOC1 gene (AT2G45660) using
SacI and SpeI restriction sites. The resulting vectors were named pUbi:MADS1-GFP
and pSOC1:MADS1-GFP.

Plant Transformation

Overexpression and RNAi constructs of ZmMADS1 were sent to the Plant
Transformation Facility of Iowa State University for Agrobacterium tumefaciens-
mediated stable transformation of HiII A 3 HiII B hybrids (protocol according to
Frame et al. [2002]). Arabidopsis plants were stably transformed using the floral dip
method (Clough and Bent, 1998). Infiltration ofN. benthamiana leaveswas performed
according to Bartetzko et al. (2009), with resuspension of the bacteria in buffer (10mM

MgCL2, 10 mM MES-KOH, pH 5.7, and 100 mM actosyringone) before infiltration.

Microscopic Analysis

The developmental stage of dissected SAMs was determined using the
binocular microscopes Zeiss Discovery.V8 andNikon SMZ 645. Examination of
infiltrated N. benthamiana leaf epidermis cells was performed using a Leica SP8
confocal microscopy system and the HC PL APO CS2 203/0.75 Leica glycerol-
immersion objective. GFP was excited by a 488-nm argon laser, and emission
was detected by a hybrid detector at 500 to 550 nm.
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The following supplemental materials are available.

Supplemental Figure S1. Validation of microarray results by RT-qPCR.

Supplemental Figure S2. Protein sequence alignment of ZmMADS1 and
homologous proteins.
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Supplemental Table S7. Log2-transformed relative expression values of
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