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† Background and Aims The REM (Reproductive Meristem) gene family of Arabidopsis thaliana is part of the B3
DNA-binding domain superfamily. Despite the fact that several groups have worked on the REM genes for many
years, little is known about the function of this transcription factor family. This study aims to identify a set of
REM genes involved in flower development and to characterize their function.
† Methods In order to provide an overview of the REM gene family, a detailed expression analysis for all REM genes
of A. thaliana was performed and combined with a meta-analysis of ChIP-sequencing and microarray experiments.
† Key Results Two sets of phylogenetically closely related REM genes, namely REM23, REM24 and REM25, and
REM34, REM35 and REM36, were identified as possibly being involved in the early stages of flower development.
Single- and double-mutant combinations were analysed for these genes, and no phenotypic effects were detected
during flower development.
† Conclusions The data suggest that the REM34, REM35 and REM36 group is the most interesting one, as REM34 is
co-expressed with the floral meristem identity (FMI) genes, they are bound by AP1, SVP, AP3 and PI, and they are
expressed in the floral meristem and during the earliest stages of flower development. However, it appears that high
levels of functional redundancy may conceal the exact function of these transcription factor genes.

Key words: Arabidopsis thaliana, transcription factor, reproductive meristem, REM gene, flower development,
B3 domain, floral meristem identity, FMI.

INTRODUCTION

Over the last 15 years, a large number of transcription factors
expressed during flower development in Arabidopsis thaliana
have been identified by genome-wide analysis; however, the func-
tion of most of them is still unknown. For example, in 2006,
Wellmer et al. identified 222 transcription factors expressed dif-
ferentially during early stages of flower development (Wellmer
et al., 2006) and, in 2010 Kaufmann et al. identified 2300 genes
bound by the key floral regulatory protein APETALA1 (AP1;
Kaufmann et al., 2010). REM (Reproductive Meristem) transcrip-
tion factor-encoding genes were recurrently identified in such
genome-wide screens.

The REM gene family of A. thaliana is composed of 45 genes
(Romanel et al., 2009). All REM factors contain the B3 DNA-
binding domain, which is always present in at least one copy,
often in two or three and sometimes up to seven copies.
Moreover, REM genes are phylogenetically divergent and ex-
tensively duplicated, and are mostly located in clusters in the
Arabidopsis genome (Fig. 1; Swaminathan et al., 2008;
Romanel et al., 2009). The largest cluster is located on chromo-
some 4 containing nine REM genes (REM34, REM35, REM36,
REM37, REM38, REM39, REM40, REM41 and REM42)

within 30 kb. This cluster is partially duplicated on chromosome
2 (REM29, REM30, REM31 and REM32).

The B3 domain was first identified in the maize VIVIPAROUS1
(VP1) transcription factor (McCarty et al., 1991) and was shown
to bind DNA cooperatively in vitro (Suzuki et al., 1997). The B3
domain transcription factors (including REMs) are specific to
plants and widespread among angiosperms, gymnosperms,
ferns, mosses, liverworts and green algae (Swaminathan et al.,
2008). The transcription factor families that contain the B3
domain have been shown to play important roles in plant dev-
elopment and are LAV [LEC2 (LEAFY COTYLEDON 2)/
ABI3 (ABSCISIC ACID INSENSITIVE 3)2VAL (VP1/ABI3-
LIKE)], RAV (RELATED to ABI3/VP1), ARF (AUXIN
RESPONSE FACTOR) and REM (Swaminathan et al., 2008;
Wang et al., 2012). The REM family is the least studied and
understood. The B3 domains of LAV, RAV and ARF bind
DNA specifically; the reported recognition sequence is different
among these three families and is TGTCTC for ARF proteins
(Ulmasov et al., 1997), CATGCA for LAV (Ezcurra et al.,
2000) and CACCTG for RAV (Kagaya et al., 1999). The B3
domains of REM proteins show a variability in the sequence
and length of the loops proposed to be responsible for specificity
in DNA binding (Romanel et al., 2009; King et al., 2013).
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However, it is still unclear if REMs indeed bind DNA in a
sequence-specific manner.

The first gene of this family that was identified in Arabidopsis
is REM34, which was named REM1 at that time. REM34 was
characterized as the putative orthologue of BoREM1 of
Brassica oleracea (Franco-Zorilla et al., 2002). BoREM1 was
described as a novel regulatory protein putatively involved in
the process of floral meristem identity determination. BoREM1 is
specifically expressed in the cauliflower curd of B. oleracea and
was shown to have an expression pattern similar to that of the
floral meristem identity (FMI) gene BoLEAFY (Franco-Zorrilla
et al., 1999).

VERNALIZATION1/REM5 (VRN1) of Arabidopsis was the first
REM gene to be functionally characterized. The vrn1 mutant has
a reduced vernalization response in long-day conditions (Levy
et al., 2002). VRN1 promotes flowering and is proposed to be
involved in the epigenetic repression of FLOWERING LOCUS
C (Mylne et al., 2006). Moreover, overexpression of VRN1
causes pleiotropic effects, and expression of a tagged version of
this protein, acting as a dominant repressor, was lethal (Levy
et al., 2002; King et al., 2013). It was hypothesized that VRN1 is
redundant with other genes involved in various processes since
VRN1 mRNA was detected in almost all plant tissues but the
single mutant did not reveal phenotypes in all tissues (King et al.,
2013). VRN1 is capable of DNA binding in a non-sequence-
specific manner (Levy et al., 2002; Mylne et al., 2006; King
et al., 2013).

VERDANDI/REM20 (VDD) is the onlyother REM transcrip-
tion factor that is functionally characterized at present. In the vdd
female gametophyte, the development of the antipodal and
synergid cells is affected. VDD is a direct target of the
MADS-domain ovule identity complex (Matias-Hernandez
et al., 2010) that includes SEEDSTICK (STK), SEPALLATA3
(SEP3) and SHATTERPROOF1/2 (SHP1/2) (Favaro et al.,
2003). STK and SEP3 regulate VDD expression during ovule de-
velopment by binding to the VDD promoter at two different
MADS-domain binding sites inducing a loop in the DNA
(Mendes et al., 2013).

Several REM genes have distinctive expression patterns, but
no information is available about their function. For example,
REM23 is expressed during early stages of flower development
(Wellmer et al., 2006) while REM22 has been used as a marker
of early stamen development (Romanel et al., 2011).

Herewe provide data about selected REM transcription factors
that may play a role in flower development. Expression in differ-
ent tissues and during flower development was investigated for
all REM genes. Subsequently, in order to focus on those REM
genes most likely to be involved in flower development, we per-
formed a meta-analysis of available transcriptomic and ChIP-seq
(chromatin immunoprecipitation coupled to next-generation
sequencing) data. This resulted in the identification of two groups
of REM genes (REM23, REM24 and REM25, and REM34,
REM35 and REM36) compatible with a role in flower develop-
ment. In order to define the function of REM23, REM24 and
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FI G. 1. Distribution of REM genes on Arabidopsis chromosomes indicating the phylogenetic relationships (coloured lines).
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REM25 and REM34, REM25 and REM36, single and double
mutant combinations were analysed.

MATERIALS AND METHODS

Plant material and growth conditions

Plants of Arabidopsis thaliana were grown at 22 8C in short-day
(8 h of light/16 h of dark) and long-day (16 h of light/8 h of dark)
conditions. The insertion lines (FLAG_566H04, SAIL_753_B09,
SAIL_116500, FLAG_089C09 and SALK_054142) were pur-
chased from the NASC (Nottingham Arabidopsis Stock Center).
To test if the insertion lines were complete knock-out, we tested
for mRNA levels in inflorescence tissues by real-time quantitative
PCR (qPCR). The primers used for genotyping and qPCR are
listed in Supplementary Data Table S1.

RNA extraction and cDNA synthesis

We extracted RNA using the RNeasy Kit (Qiagen), following
the manufacturer’s instructions. After extraction, RNA samples
(10 mg of RNA) were treated with RNase-free DNase I (Life
Technologies), as specified by the manufacturer. RNA concen-
tration and purity were determined using a NanoDropTM
Spectrophotometer ND-1000 (Thermo Scientific). The integrity
of the RNA was also assessed by 1 % agarose gel electrophoresis.
The presence of spurious amplification products caused by
genomic DNAwas alsocontinuously monitored by the verification
of the qPCR dissociation profile. cDNAs were synthesized with
SuperscriptTM III Reverse transcriptase (Life Technologies) as
specified by the manufacturer.

Real-time quantitative PCR (qPCR)

Polymerase chain reactions were carried out in an optical
96-well plate with a 7500 Fast Real-Time PCR detection system
(Applied Biosystems, Foster City, CA, USA), using SYBRwGreen
to monitor double-stranded DNA synthesis. Reaction mixtures con-
tained 10mL of diluted cDNA (1:50), 0.2mM of each primer, 50mM

of each dNTP, 1 × PCR Buffer (Invitrogen), 3 mM MgCl2, 2 mL
of SYBRwGreen I (Molecular Probes) diluted with water
(1:10000), and 0.25 U of Platinum Taq DNA polymerase
(Invitrogen), in a total volume of 20 mL. Reaction mixtures
were incubated for 5 min at 94 8C, followed by 40 amplification
cycles made up of: 15 s at 94 8C, 10 s at 60 8C and 15 s at 72 8C.
The PCRefficiencies and the optimal quantification cycle thresh-
old (CT values) were estimated using the online real-time PCR
Miner tool (Zhao and Fernald, 2005). For all genes studied,
two independent biological samples of each experimental condi-
tion were evaluated using three technical replicates for each
sample. The CT value were converted into expression values with
the DCT method, a simplified version of the DDCT method as
described by Livak and Schmittgen (2001); we used the gene
At1g58050 as reference. Expression values were square root-
transformed and visualized on a heatmap produced using MeV
3.1 (Multiple Experiment Viewer),which is freelyavailable online.

Microarray-based co-expression analysis

Co-expression analysis was performed as described pre-
viously (Menges et al., 2007, 2008) using the expression
values both untransformed and after transformation into loga-
rithmic values. Heatmaps were produced using MeV 3.1. The
AtGenExpress data (Schmid et al., 2005) were downloaded as
‘absolute values’ (linearized gcRMA values) from http://www.
weigelworld.org/resources/microarray/AtGenExpress/. According
to the website, the ‘entire data set was quantile-normalized
using gcRMA’. Each value is the mean of three replicates. The
co-expression network was generated essentially as described
by Berri et al. (2009).

In situ hybridization

In situ hybridization was performed as described previously
(Gregis et al., 2009). Inflorescences were harvested in FAA
[ethanol (Fluka) 50 %; acetic acid (Sigma-Aldrich) 5 %; formal-
dehyde (Sigma-Aldrich) 3.7 % (v/v)], infiltrated under mild
vacuum conditions for 30 min, dehydrated in a graded ethanol
series, transferred to bioclear (Bioptica) and then embedded
in Paraplast X-traw (Sigma-Aldrich). DNA fragments used to
produce RNA probes were amplified from cDNA with the
primers listed in Supplementary Data Table S1 and cloned in
the pGEMw-T Easy vector (Promega). Digoxigenin-labelled anti-
sense probes were transcribed and labelled from pGEMw-T Easy
with T7 RNA polymerase (Promega) as specified by the manu-
facturer, andusing the DIG RNAlabellingmix (Roche).Paraplast-
embedded tissues were sliced on an RM2155 microtome
(Leica) and hybridized as described by Coen et al. (1990).
Immunodetection was carried out with anti-digoxigenin-AP
Fab fragment (Roche) and BCIP-NBT colour development
substrate (Promega) as specified by the manufacturer.

RESULTS

Integrative analysis of expression patterns of REM genes

Based on the microarray data that are available in the NASC
arrays database (ftp://arabidopsis.info/pub/NASCArrays/Data/),
a heatmap of the expression patterns of REM genes was drawn
(Fig. 2A). It should be noted that 11 REM genes (REM9,
REM30, REM31, REM32, REM36, REM38, REM39, REM40,
REM42, REM43 and REM45) have no corresponding probe on
the ATH1 array. Moreover, the ATH1 array probe 256918_s_at
does not distinguish between REM7 and REM8, and the
same holds for probe 257436_s_at, which does not distinguish
REM29 and REM33; therefore, we refer to measurements from
these probes as REM7/8 and REM29/33. The microarray data
reveal that only two REM genes are expressed in vegetative
tissue, namely REM4 and REM5/VRN1, whereas four REM genes
are almost undetectable (REM10, REM37, REM41 and REM44).
The other REM genes are preferentially expressed during flower
and seed development.

We decided to integrate and to refine the data provided by the
microarray database using a qPCR approach, which is considered
to be a ‘gold standard’ for expression analysis (Wang et al.,
2006). The expression data obtained by these experiments are
reported in a heatmap for easy interpretation (Fig. 2B). Notably,
we also produced expression data for the genes that are not
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represented on the ATH1 microarray. Our analysis confirms
the microarray data and defines expression patterns of REM
genes over a wider quantitative range (Wang et al., 2006) (note
that expression data from qPCR are square root normalized for
easier visualization on the heatmap). We confirmed that three
groups of REM genes [(1) REM4, REM5, REM7 and REM8;
(2) REM15, REM16, REM17, REM18 and REM19; and (3)
REM22 and REM23] are highly expressed during early stages
of flower development, as suggested by the microarray data.

Co-expression of REM genes with specific reproductive markers

The analysis of microarray data to highlight co-expression of
genes has yielded valuable predictions about gene functions in
Arabidopsis as well as other organisms (Beekwilder et al., 2008;
Murgia et al., 2011; for a review, see Usadel et al., 2009). This
approach is based on the ‘guilt byassociation’ concept, which sug-
gests that genes with a similar expression ‘behaviour’ are likely to
be involved in the same biological process.

Therefore, to mine in more depth and to test the involvement of
specific REM genes in flower development, we analysed the
degree of correlation between the expression profiles of REM
genes and a selection of key floral regulators. We used an approach
based on the calculation of the Pearson correlation coefficient (r)
between the expression levels of arabidopsis genes measured in
almost 2000 Affymetrix hybridizations (Menges et al., 2007,
2008). The initial list of 45 REM genes was screened to remove
those members that are missing from the Affymetrix array.

We analysed the correlation among REM genes and two
groups of genes: (1) the FMI genes LEAFY (LFY), AP1 and
CAULIFLOWER (CAL) (Irish and Sussex, 1990; Weigel et al.,
1992); and (2) the MADS-box floral homeotic genes, APETALA3
(AP3), PISTILLATA (PI), AGAMOUS (AG) and again AP1 (for a
review, see Krizek and Fletcher, 2005). As a positive control,
we used STK, which directly regulates the expression of
REM20/VDD (Matias-Hernandez et al., 2010). Finally, as nega-
tive controls, we used TERMINAL FLOWER 1 (TFL1), whose
transcripts accumulate only in the inflorescence meristem
and are excluded from the flower (Ratcliffe et al., 1999), and
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SHORT VEGETATIVE PHASE (SVP), which is an FMI gene but
is also active in vegetative tissues (Gregis et al., 2008).

The correlation table is represented as a heatmap (Fig. 3;
Supplementary Data Fig. S1) and as a graph (Fig. 4). The correl-
ation values (r) of a larger gene set are reported in Supplementary
Data Table S2. This analysis allows the definition of three large
groups of REM genes, which become more evident after cluster-
ing. One large group of REM genes includes REM16, REM17,

REM18, REM19, REM22, REM23, REM24 and REM34, and
showed good to very good correlation with the FMI gene LFY
(most correlation coefficients are .0.7) and to a lesser degree
with AP1 and CAL. A second group that includes REM1,
REM4, REM7, REM8, REM26 and REM29/33 showed a fair cor-
relation with group 1, but they correlated more weakly with the
FMI genes. A third group, comprising REM11, REM13, REM20
and REM21 (and to a lesser degree also REM6, REM27 and
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REM28), showed good correlation with STK. We detected low cor-
relation with the homeotic genes AP3, PI and AG (0.5 . r .
–0.5), no significant correlation with SVP (0.2 . r . –0.2), and
only one gene (REM35) correlates with TFL1, although weakly
(r ¼ 0.5627). A high correlation between STK and VDD (r ¼
0.8116) was evident (see Figs 3 and 4), confirming this positive
control in our analysis.

REM genes are the target of the floral identity
transcription factors

In order to investigate whether REM genes are under direct
control of key regulators of flower development, we analysed
available ChIP-seq data for binding of such factors to the putative
regulatory regions of REM genes. In particular, we analysed the
high confidence target data sets for LFY (Winter et al., 2011),
SVP (Gregis et al., 2013), AP1 (Kaufmann et al., 2010), SEP3
(Kaufmann et al., 2009), PI and AP3 (Wuest et al., 2012), AG

(Ó’Maoiléidigh et al., 2013), AGAMOUS-LIKE 15 (AGL15;
Zheng et al., 2009) and AP2 (Yant et al., 2010). Interestingly,
the ChIP-seq data are consistent with information obtained
from the co-expression analysis. REM17 and REM18 are direct
targets of LFY, and both genes were also co-expressed with
LFY, and the same relationship was observed for AP1 and its
direct target REM34. The complete list of direct targets can be
found in Table 1. SEP3 and AP2 do not bind to any REM
genomic region, whereas AP3 and PI were shown to have multiple
binding sites in the REM34, REM35 and REM36 cluster on
chromosome 4. These three genes are arranged on chromosome
4 within 10 kb in a tight cluster together with six other REM
genes. Binding of AP3 and PI falls precisely in the short non-
coding region between REM35 and REM36, which is 565 bp
from the stop codon of REM36 to the start codon of REM35,
and in the small intergenic region between REM36 and REM37,
which is 687 bp long from the stop codon of REM37 to the start
codon of REM36 (see Fig. 5). REM34, REM35 and REM36 are
upregulated in pi-1 and ap3–3 mutants (Wuest et al., 2012); in
contrast, they do not change expression upon binding of AP1
(Kaufmann et al., 2010) and SVP (Gregis et al., 2013).

Expression patterns of selected REM genes during early
stages of flower development

We further characterized by RNA in situ hybridization experi-
ments the expression profiles of REM23, REM24, REM25,
REM34, REM35 and REM36 during early stages of flower devel-
opment. We selected REM23, REM24 and REM25 because these
genes are phylogenetically closely related (Romanel et al., 2009)
and their expression shows correlation with the FMI genes. For
the same reasons, we decided to characterize REM34, REM35
and REM36, which are also direct targets of SVP, AP1, AP3
and PI (see above).

Our analysis showed that all the genes in the phylogenetic
group of REM24 had similar expression patterns (Fig. 6A–C),
with REM23, REM24 and REM25 being expressed in stamens
starting from stage 7/8 of flower development. None of them
was detectable at earlier stages. The genes in the REM34 phylo-
genetic group also showed similar expression patterns to each
other (Fig. 6D–F), with REM34, REM35 and REM36 being

REM1 REM17
REM34

REM19

REM24

REM16

REM22

REM18

REM23

VDD

Threshold: r ≥ 0·75

REM11

STK

LFY

AP3

PISTILLATA

AP1

FI G. 4. Graphical representation of the co-expression among REM genes and
selected reproductive markers. Only pairs of genes with co-expression levels
(r) that are ≥ 0.75 are shown. Co-expressed genes are linked by lines, the

length of the line being negatively correlated with co-expression levels.

TABLE 1. Complete set of REM genes that are direct targets of the key floral transcription factors AP1, AP3, PI, LEAFY and SVP

TAIR ID FEATURE ID AP1 target AP3 target PI target LEAFY target SVP target AG target AGL15 target

AT3G19184 REM1 – – – Yes – – –
AT5G60140 REM11 – – – – – Yes –
AT3G46770 REM13 – – – – – – Yes
AT5G57720 REM15 – Yes Yes – – Yes Yes
AT4G34400 REM17 – – – Yes – – Yes
AT3G06160 REM18 – – – Yes – – –
AT3G06220 REM19 – Yes Yes – – Yes –
AT5G18000 REM20 – – Yes – – Yes Yes
AT2G24680 REM30 – – – – Yes – –
AT2G24700 REM32 Yes – Yes – – – –
AT4G31610 REM34 Yes Yes Yes – – – –
AT4G31615 REM35 Yes Yes Yes – Yes – –
AT4G31620 REM36 Yes Yes Yes – – – Yes
AT4G31630 REM37 Yes Yes Yes – – – –
AT4G31640 REM38 – Yes – – – – –
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expressed in the inflorescence meristem, floral meristem and at
later stages in the inner floral whorls, and being excluded from
the developing sepals (Fig. 6D–F).

Functional redundancy within the REM gene family

To understand the function of the selected REM genes, we
have analysed insertion mutants of REM24 and REM34 and of
their closest homologues, REM23 and REM36. Insertion lines
for each gene where analysed but showed no peculiar phenotype
in flower development with respect to the wild type. In particular,
we detected no variation in floral organ number, identity and
structure, and inflorescence phyllotaxis. We analysed the rem24
mutant in which the mRNA is 2.6-fold downregulated, the
rem23 mutant, which is a complete knock-out, the rem34
mutant, in which the mRNA is reduced by 2.56-fold, and the
rem36 mutant, in which the mRNA is 2.3-fold downregulated
(Table 2; Supplementary Data Fig. S3). Of the mutants that we
analysed, only rem23 is a complete knock-out. We decided to
analyse different mutant combinations by crossing rem24 and
rem34 because of their co-expression with the FMI genes AP1
and LFY, and rem23 with rem24 because of their similarity in ex-
pression profile and their similarity in sequence. No peculiar phe-
notypes were detected in the rem24 rem34 and rem23 rem24
double mutants. No suitable mutant lines were found for REM25.

DISCUSSION

The fact that the REM gene family has been studied for many
years (Romanel et al., 2009, 2011; Wynn et al., 2011) without
much progress in understanding their roles during plant dev-
elopment highlights the difficulties in discovering REM gene func-
tions. Functional redundancy is common among plant transcription
factors (Briggs et al., 2006; Hauser et al., 2013) and might also be
concealing the function of REM transcription factors.

We have shown that REM genes are preferentially expressed
during flower and ovule/seed development. However, for some
REM genes, expression was also detected in vegetative tissues

REM34

AP1
SVP
PI

AP3

REM35 REM36 REM37

1 kb

FI G. 5. High confidence AP1-, SVP-, PI- and AP3-binding sites in the cluster of REM34 homologues on chromosome 4.

REM23

REM34

REM24

REM35

REM25

st

10ca

sese
se se

im

im

im

fm
fm

im

8

fm

fm fm

fm
im

im

stst
st

7
9

6

stst
ca

ca

7
7

34

5
3

REM36

A B C

D E F

FI G. 6. Expression analysis by in situ hybridization for selected REM genes in wild-type Col inflorescences. REM23 (A), REM24 (B) and REM25 (C) are expressed
from stage 7–8 of flower development. REM23 and REM24 expression is detectable in developing stamens (st), whereas REM25 is expressed from stage 7 of flower
development in developing carpels (ca) and stamens. REM34 (D), REM35 (E) and REM36 (F) are all expressed in the inflorescence meristem (im) and floral meristems
at stages 1 (fm), 2, 3 and 4. During later stages of flower development, the expression is detectable in the inner floral whorls and excluded from the sepals (se). Scale

bars ¼ 50 mm.

TABLE 2. Details for the insertion lines that were analysed

Insertional line Gene affected T-DNA in Effect

SALK_054142 rem24 3′UTR mRNA downregulated
2.6-fold

FLAG_089C09 rem23 Second exon Knock-out
FLAG_566H04 rem34 Fourth intron mRNA downregulated

2.56-fold
SAIL_116500 rem36 Putative

5′UTR
mRNA downregulated
2.3-fold

UTR, untranslated region.
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(Fig. 2). If REM genes are highly redundant and active preferen-
tially during flower development, then one might expect to
observe effects on plant development when the few REM
genes that are active in other tissues are knocked-out. This hy-
pothesis is confirmed for VRN1/REM5 that is also expressed
during the floral transition and has been shown to play an import-
ant role in flowering time control. VRN1/REM5 is also expressed
at later stages of flower development, but here it might become
functionally redundant with other REM genes (Levyet al., 2002).

To obtain a better understanding of the role that REM genes
might play during flower development, we have performed a
co-expression analysis (Menges et al., 2007, 2008). Such an ana-
lysis is highly significant since it is calculated using almost 2000
microarray hybridizations. The data set we used (available on
NASCarray) includes microarray analyses from different devel-
opmental phases, mutants, hormonal treatments, environmental
changes, etc. The observed co-expression of REM genes with
well-studied regulators of flower development can be considered
as a strong indication of a functional relationship to these genes
since the same procedure has already been validated for other
genes (for a review, see Usadel et al., 2009). Furthermore, inte-
grating these data with the meta-analysis of available ChIP-seq
data and with in situ hybridization on the inflorescence apex
and early stages of flower development (Figs 5 and 6) strongly
confirms that REM genes could play a role during early stages
of flower development. Therefore, our analysis provides an ex-
cellent starting point for future studies regarding REM functions.

Using all the data obtained, we suggest that the REM34,
REM35, REM36 group is the most interesting one since: (1)
REM34 is co-expressed with the FMI genes; (2) they are bound
by AP1, SVP, AP3 and PI; and (3) they are expressed in the
floral meristem and during the earliest stages of flower develop-
ment. REM34, REM35 and REM36 are closely related homolo-
gues and they are clustered on chromosome 4 within ,10 kbp.
Single mutants of REM34 and REM35 apparently do not show
any difference in flower development, and thus we hypothesized
that such genes may be highly redundant. Unfortunately they are
in close linkage and we could not analyse multiple mutant com-
binations. In the future it would be interesting to knock-down all
of these genes using an RNA interference approach (Abbott
et al., 2002) or to produce multiple knock-outs using genome
editing technologies (Miller et al., 2011; Cong et al., 2013;
Jiang et al., 2013).

Our analyses highlight the difficulties in studying this gene
family due to redundancy and genomic positions, despite the
huge amount of information that is available nowadays in differ-
ent databases as well as the enormous quantityof data arising from
high-throughput studies, which all together clearly suggest that
this family should be important for reproductive development.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford
journals.org and consist of the following. Table S1: list of oligo-
nucleotides used in this work. Table S2: correlation values
among the REM gene family that were used to construct Fig. 3
(see legend) are listed in worksheet ‘REM correl Lin’. The
other two worksheets represent the correlation values calculated
from expression values as such (‘Full correl table Lin’) or after
log transformation (‘Full correl table Log’) for the REM

family, the ARF family and several genes involved in meri-
stem and flower development. The conditional formatting high-
lights cells whose values are comprised between 0.5 and 0.6,
between 0.6 and 0.75 and .0.75 in grey, yellow and red back-
ground, respectively. Figure S1: co-expression matrix for
REMs and key regulators of reproductive development without
clustering. Figure S2: expression levels of REM genes measured
by qPCR. Figure S3: expression levels of REM genes measured
by qPCR in wild-type plants and in the respective mutants for
REM23, REM24, REM34 and REM36.
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organization and evolutionary conservation of plant D-type cyclins. Plant
Physiology 145: 1558–1576.
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