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Abstract

Mediator is a conserved multi-protein complex that plays an important role in regulating transcription by mediating
interactions between transcriptional activator proteins and RNA polymerase II. Much evidence exists that Mediator plays a
constitutive role in the transcription of all genes transcribed by RNA polymerase II. However, evidence is mounting that
specific Mediator subunits may control the developmental regulation of specific subsets of RNA polymerase II-dependent
genes. Although the Mediator complex has been extensively studied in yeast and mammals, only a few reports on Mediator
function in flowering time control of plants, little is known about Mediator function in floral organ identity. Here we show
that in Arabidopsis thaliana, MEDIATOR SUBUNIT 18 (MED18) affects flowering time and floral organ formation through
FLOWERING LOCUS C (FLC) and AGAMOUS (AG). A MED18 loss-of-function mutant showed a remarkable syndrome of later
flowering and altered floral organ number. We show that FLC and AG mRNA levels and AG expression patterns are altered in
the mutant. Our results support parallels between the regulation of FLC and AG and demonstrate a developmental role for
Mediator in plants.
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Introduction

Mediator plays an important role in regulating RNA polymer-

ase II (Pol II) transcription. The Mediator complex contains 22–28

subunits, and mediates interactions between transcriptional co-

activators and Pol II [1,2]. Mediator is evolutionarily conserved

and has an ancient eukaryotic origin [3]; it is found in organisms

from fungi to mammals and plants, although the evolutionary

conservation of individual subunits is moderate [4–6]. More than

30 different subunits have been described that are part of the

Mediator complex in different organisms, but only about 20

subunits are found in all eukaryotes [6–8]. The others consist of

either species-specific subunits or other ancillary subunits associ-

ated with activation of specific genes. Med18 is one subunit of the

Mediator complex and a component of the head module that is

involved in stimulating basal RNA Pol II transcription in yeast

[4,9].

Arabidopsis Mediator was first found to contain 27 subunits, and

most of them are conserved in eukaryotes [5]. Until now, all the

known yeast/metazoan Mediator components have been identi-

fied in plants [10]. PHYTOCHROME and FLOWERING

TIME1 (PFT1), now known as MED25, was identified as a factor

of a Phytochrome B (phyB) signaling pathway that promotes

flowering and controls final organ size [5,11–14]. STRUWWELP-

ETER (SWP)/MED14 was reported to be a nuclear protein that

plays a role in defining the duration of cell proliferation [15]. Some

Mediator subunits like MED25, MED8, MED16, and MED21 act

as integrators in response to environmental cues in Arabidopsis [16–

21]. MED18 is a subunit of the head submodule of the plant

Mediator complex [10]. Recently, Kim et al. (2011) reported that

several Mediator subunits including Mediator 18 (MED18) are

required for microRNA biogenesis [22]. Little is known about

Mediator function during floral organ formation or its role in the

regulation of flowering time.

The transition from vegetative growth to reproductive devel-

opment in Arabidopsis is regulated by multiple floral induction

pathways. Genetic studies of the timing of flowering in Arabidopsis

have revealed 5 major pathways [23]. The photoperiod and

vernalization pathways integrate external signals into the floral

decision, the autonomous and gibberellin (GA) pathways act

independently of environmental cues, whereas the endogenous

pathway adds plant age to the control of flowering time. The

flowering pathways are interconnected and converge on a few

floral integrators, such as FLOWERING LOCUS T (FT) and

SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1 or

AGL20) [24–26]. One important regulator of floral initiation is the

MADS-box transcription factor FLOWERING LOCUS C (FLC),

which acts as a negative regulator of flowering in response to both

endogenous and environmental signals; it is also an integrator of

the autonomous and vernalization pathways [23,27,28]. The

autonomous and vernalization pathways both suppress the

expression of FLC [29], resulting in a decreased expression of

FLC and consequently increased expression of FT and/or SOC1 in

a later developmental stage or after a prolonged exposure of plants
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to low temperature [23,30]. The florigen, FT, directly regulates

floral meristem identity genes such as APETALA1 (AP1) and

initiates floral morphogenesis [31,32].

Following the vegetative to floral transition, Arabidopsis flowers

develop four different organ types that are arranged in concentric

whorls: the first whorl contains four sepals, the second whorl

contains four petals, six stamens develop in the third whorl, and

two fused carpels form in the fourth whorl. The control of floral

organ identity has been intensively studied in the past 25 years.

Analysis of floral homeotic mutants led to the proposal of a simple

genetic model, explaining how three groups of regulatory genes

(class A, B and C genes) alone or by interactions, control the organ

identity of the four floral whorls [33,34]. The termination of stem

cells in the floral meristem requires AGAMOUS (AG), a MADS-

domain transcription factor [35]; As a class C floral homeotic

gene, AG specifies stamen identity together with the B class and

SEPALLATA (SEP) genes and carpel identity together with the SEP

genes [34,36]. AG activates SPOROCYTELESS (SPL), which

controls sporogenesis in both stamens and carpels [37]. Clearly,

AG is one of the most important regulators for the floral transition,

floral organ identity, and spore formation.

In this study, we describe the function of Arabidopsis Mediator

subunit 18 (MED18), and show that it controls flowering time and

floral organ identity by transcriptional regulation of FLC and AG.

Materials and Methods

Plant Materials and Growth Conditions
All the transgenic and mutant Arabidopsis lines used in this study

were of ecotype Columbia (Col) except for the ag-1 and pi-1

mutants, which were in the Landsberg erecta (Ler) background.

Plants were grown in a temperature controlled greenhouse at 22–

24uC, with a relative humidity of 60%–70%, and a16 hours light

and 8 hours dark photoperiod.

For short day experiments, Plants were grown in a growth

chamber equipped with 40 W fluorescent light tubes with a 9

hours light and 15 hours dark photoperiod.

Analysis of Transcripts Levels
Semi-quantitative RT-PCR was used to measure the transcript

levels of MED18 and the floral homeotic genes using ACTIN4

(At5g59370) and GAPC (AT3G04120) as loading controls. Total

RNA samples were treated extensively with RNase-free DNase I to

remove any contaminating genomic DNA. First-strand cDNA was

synthesized using 1 mg of total RNA in a 20 ml reaction volume

using High Capacity cDNA Archive Kit from Applied Biosystems

(Foster City, CA) according to the manufacturer’s instructions,

followed by phenol/chloroform purification, and ethanol precip-

itation. The cDNA were dissolved in 30 ml TE buffer and 1 ml was

subjected to PCR in a 20 ml reaction volume. The RT-PCR runs

were 20 to 30 cycles, depending on the linear range of PCR

amplification for each gene, with cycle parameters of 94uC for

0.5 min, 58uC for 0.5 min, and 72uC for 1 min for each cycle,

with a final incubation of 72uC for 10 min. AP1, AP2, AP3, PI, and

AG, primers were designed according to published sequences [38].

All other primers designed in this study were in Table S3.

Quantitative RT-PCR was modified from a previously

published method [39]. Mutant and wildtype seedling or flowers

were dissected and pooled. Total RNA was extracted using

RNeasy plus micro kit (Qiagen) and RNA quantity (.100 ng/ml)

and purity (260/280.2.0, 260/230.1.65) were determined using

a Nanodrop. RNA integrity (RIN.8.5) and 28S/18S ratio (.1.5)

was assessed using a Bioanalyzer 2100 (Agilent Technologies). A

quantity of 500 ng of high-quality RNA for each pooled sample

was converted into cDNA using the iScript cDNA Synthesis Kit

(Bio-Rad). Gene expression was determined using the CFX96TM

Real Time system (Bio-Rad) with Act2/8 [40] as a control. FT,

SOC1 and FLC Primers were designed according to Zhou and Ni

[41]. The results were determined using DDCt method [42], 4

replicates of pooled samples were used for both wildtype and

mutant seedlings and flowers.

In situ Hybridization
We used previously established methods for in situ hybridization

[43] with the following modifications. To generate templates for

in situ probe synthesis, a cDNA was PCR amplified using primers

that contained the phage T7 RNA polymerase initiation sequence.

The PCR product was used for in vitro transcription of digox-

igenin-labeled probes using a DIG-RNA labeling kit (Roche

Applied Science). DIG-labeled RNA probes were not hydrolyzed,

and used at a final concentration of 400 ng/ml in the hybridiza-

tion solution. Slides were photographed under bright field

illumination.

Statistical Analysis
All group differences in our dependent variables were revealed

using two-tailed Student’s T-tests, and a-Levels were set at 0.05.

Results

MED18 Controls Flowering Time and Floral Organ
Identity

The MED18 (NP_565534; At2g22370) gene was originally

identified through a phylogenomic comparison of single-copy

genes conserved in angiosperms [44]. Additional database

searches revealed that MED18 was a plant homolog of Mediator

subunit 18 (Fig. S1, ref [3,5]). To gain further insight into the

function of this gene in Arabidopsis, we examined the phenotypes of

plants homozygous for T-DNA insertions in the MED18 coding

sequence. We identified T-DNA insertion alleles (SAIL_889_C08,

med18-1; SALK_ 027178, med18-2) from the SALK T-DNA

insertion database (http://signal.salk.edu/cgi-bin/tdnaexpress)

[45,46], and confirmed the location of the T-DNA inserts by

PCR using MED18 and T-DNA specific primers (Fig. 1A). We

also examined MED18 mRNA levels in plants homozygous for

each of the alleles using RT-PCR. MED18 mRNA was

undetectable in med18-1 plants compared to wild type. This result

suggests that med18-1 is a null allele. Kim et al. [22] reported weak

expression of MED18 mRNA in med18-2 plants, but we failed to

detect any MED18 mRNA using primers located on either side of

the T-DNA insertion (Fig. S2).

When either med18-1 or med18-2 was crossed with wildtype

plants, the F1 showed a wildtype phenotype, which demonstrates

that both med18-1 and med18-2 are recessive. A complementation

test was also performed using the med18-1 and med18-2 alleles. The

F1 plants from a cross of med18-1 and med18-2 plants showed a

med18 phenotype (Table S1), which is described below. This result

demonstrates that med18-1 and med18-2 are allelic.

In addition to the previously described phenotype [22], med18

mutations cause a syndrome of related phenotypes affecting

flowering time, inflorescence structure, and flower morphology.

Under long day conditions (16 hour light, 8 hour dark), both

med18-1 and med18-2 mutants did not flower even after 35 days

after germination (DAG) (Fig. 1C). In contrast, wildtype plants

flowered approximately 14 DAG (12 leaves) (Fig. 1B). The med18-1

mutation also affects flower morphology. In wildtype flowers, the

sepals fully enclose the developing flowers until shortly after the

beginning of anthesis (Fig. 1D). The sepals of med18-1 flowers did

Mediator Subunit18 Controls Flower Development
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not fully enclose the developing flowers such that the buds

appeared prematurely open (Fig. 1E).

Most striking of all was that med18-1 mutants showed

dramatically altered floral organ numbers as compared to

wildtype. All floral organs were affected (Table S1, Fig. 1F–H),

more than 40 and 80 percent of the flowers on med18-1 plants

had abnormal sepals and petals number respectively, while

.80% of the flowers had fewer than 6 stamens. Approximately

Figure 1. Phenotypes of Mediator subunit 18 (med18) mutants. (A) Schematic diagram of the MED18 gene showing the locations of T-DNA
insertions in the med18 mutants. Black rectangles represent exons, lines represent introns, and triangles represent T-DNA insertions; the med18-1
mutation corresponds to insertion line SAIL_889_C08, whereas the med18-2 mutation corresponds to insertion line, SALK_ 027178. (B, C) 35 day old
wild type (B), med18-1 (C) plants. (D, E) Inflorescence of wild type (D), and med18-1 (E) plants. (F–H) Arabidopsis wild type (F), med18-1 (G), and
dissected med18-1 (H) flower. (I, J) Transverse section of wild type (I), and med18-1 (J) carpels. (K, L) Anthers of wild type (K) and med18-1 (L) (stained
with KI/I2) at time of flowering. Scale bars: 1 mm in D,E,F,G and H; 100 mm in I,J,K and L.
doi:10.1371/journal.pone.0053924.g001
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25% of med18-1 mutant flowers had more than two carpels

(Table S1, Fig. 1I, J). In addition to the altered floral organ

number, med18-1 mutants also showed delayed stamen devel-

opment and later maturation of pollen (Fig. 1K, L), which led

to reduce seed set.

Overexpression of MED18 caused increased carpel and stamen

numbers (Fig. S3A), and reduced petal numbers (Fig. S3B),

Carpel-like sepals were also observed in MED18 overexpressing

plants (Fig. S3C), and these MED18 overexpressing plants

flowered earlier than wildtype (data not shown).

MED18 Expression during Arabidopsis Development
The flowering time and floral organ patterning defects in the

med18 mutants suggests that MED18 plays a role in regulating

genes important for flowering and floral organ development. To

determine if MED18 expression coincides with the phenotype, we

examined the RNA expression pattern of MED18 in wildtype

plants using in situ hybridization. MED18 transcripts could be

detected in developing seeds (Fig. 2A), the inflorescence meristem,

the floral meristem, and floral organ primordia (Fig. 2 B and C).

Transcript abundance appeared highest in the developing stamens

and pistils (Fig. 2D). In later stages, MED18 expression was

abundant in developing ovules and pollen (Fig. 2E) and in

addition, MED18 mRNA was weakly expressed in petals, sepals,

and the walls of carpels up to stage 12 (Fig. 2E). The strong

expression of MED18 in the inflorescence meristem and floral

organs is consistent with the floral defects observed in med18-1

mutants.

med18 Mutants Affect Flowering Time in Both Long and
Short Days

In long day condition (16 h light, 8 h dark), the mutant plants

did not flower until more than 40 leaves; and in short day (9 h

light, 15 h dark), after 95 days (more than 60 leaves), med18

mutants still did not flower, and many rosette and cauline leaves

showed senescence (Fig. 3A). Compared to wildtype plants

(12 leaves under long days and about 40 leaves under short days),

med18 is late flowering under both long and short days (Fig. 3A).

med18 Mutants Affect Flowering Time through up-
regulation of FLC Expression

To understand how MED18 regulates flowering time, we

compared the expression levels of key genes of different pathways

in mutant and wildtype seedlings using RT-PCR. FT and FLC

show expression differences in the med18 mutants as compared to

wildtype plants (Fig. S4). We performed QPCR and showed that

FT mRNA was down regulated approximately 4.7 fold (Fig. 3B,

p#0.004), while the FLC transcript level was much higher

(9.5 fold) in med18-1 than in the wildtype plants (Fig. 3B,

Figure 2. Expression patterns of MED18. (A–D) Longitudinal sections of wild type show MED18 mRNA detected in (A) developing seed, (B)
inflorescence meristem, floral meristem and sepals, (C, D) petal, stamen, and carpel primordia. (E) Transverse section of a wild type flower shows
MED18 mRNA expression in all floral organs. (F) MED18 mRNA sense strand control showing no non-specific hybridization. Numbers in B–D and F
indicate flower stages; IM in B and F indicates inflorescence meristem. Scale bars: 100 mm in B–F and 25 mm in A.
doi:10.1371/journal.pone.0053924.g002
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p#0.001). For FT and SOC1, which are downstream of FLC, only

FT mRNA was significantly suppressed by the loss of MED18

function, whereas SOC1 mRNA levels show no significant

difference (Fig. 3B, p = 0.106).

med18 Mutants are Responsive to Vernalization but not
GA Treatment

To examine the responsiveness of med18 to vernalization, the

med18-1 plants were planted and kept at 4uC for 4 weeks in the

dark and then transferred to normal growth temperature (23uC).

The vernalization-treated med18 plants flowered much earlier than

the untreated plants, after producing about14 leaves, which is

comparable to that of wildtype plants (Fig. 3C. The untreated

plants flowered after producing close to 40 leaves, which suggests

that the flowering of the mutant plants was decreased by

vernalization (Fig. 3C). To examine the effects of GA treatment,

a GA solution of 20 mM was sprayed twice a week after

germination until flowering. The results show that GA has no

obvious effect on the flowering of med18 mutants as compared to

wildtype plants. The GA-treated med18-1 plants initiated flowering

after producing more than 35 leaves, which is not significantly

different than untreated mutant plants (p = 0.115, Fig. 3D). Our

results are consistent with previous results that show that

vernalization promotes flowering by repressing FLC and releasing

FT from repression [23,47]. The responsiveness of med18-1 to

vernalization suggests that MED18 regulates flowering time

through the vernalization pathway.

MED18 Affects Floral Organ Formation in all Four Whorls
Both mutation and overexpression of MED18 altered the

number of floral organs (Fig. 1G–I, Table S1, Fig. S3). The

increased number of petals and fewer than normal stamens seen in

the med18 mutants was reminiscent of the floral phenotype of

agamous (ag) mutants [48,49]. To further explore the floral

developmental pathway in which MED18 is involved, we

constructed double mutants with the well-studied floral develop-

mental regulators, ag, pistillata (pi) and apetala2 (ap2). Flowers on the

med18-1 ag-1 double mutant showed the striking reiteration of

sepals and petals characteristic of ag mutants (Fig. 4A–C, Table

S2). The med18-1 pi-1 double mutant flowers had abnormal

carpels, but fewer sepals than the pi-1 single mutant (Fig. 4D, E,

Table S2). The flowers on the med18-1 ap2-5 double mutant

displayed a much more complex phenotype. Carpels in both the

first and fourth whorls were present as seen in the ap2-5 single

mutant. In addition, double mutant flowers exhibited petaloid

stamens and other petaloid structures in whorls 2 and 3 (Fig. 4F,

G, Table S2).

MED18 Affects Floral Organ Formation through
Regulation of Floral Homeotic Gene Expression

The clear epistasis observed in the med18-1 ag-1 double mutants

suggested that MED18 and AG function in the same pathway to

control floral development. Therefore, we examined AG mRNA

levels as well as the levels of mRNA for other key floral regulators

in med18 mutants using semi-quantitative RT-PCR. Our results

showed that the mRNA expression levels of AG, AP1 and PI were

Figure 3. MED18 controls flowering time. (A) MED18 controls flowering time under both long day and short day conditions. Arrow indicates that
flowering was not achieved when the experiment was terminated. (B) Transcripts levels of FT and FLC are altered in med18 mutants. (C, D) Flowering
time in vernalization (C) and gibberellin (D) treatment. Vm: vernalization, GA: gibberellin. Scale bars indicate mean 6 s.e.; **p#0.01.
doi:10.1371/journal.pone.0053924.g003
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down regulated in med18-1 mutants while AP2 and AP3 mRNA

showed no obvious change (Fig. S5). QPCR results revealed AG

mRNA was down regulated up to 4.8 fold (Fig. 5A, p#0.007), AP1

and PI mRNA expression levels were also reduced in the med18-1

mutant 1.9 (p#0.014) and 2.4 fold (p#0.011) respectively, while

AP2 and AP3 transcript levels showed no significant differences

between med18-1 and the wildtype (Fig. 5A, p = 0.068 and 0.082).

The decreased AG expression is likely to cause a stamen to petal

transition as well as abnormal carpel development [49], as

observed in med18-1 and MED18 overexpression flowers (Fig. 1F–

H, Fig. S3). These results support the hypothesis that MED18

controls floral organ identity through its regulation of floral

homeotic gene expression.

Altered AG Expression Patterns are Observed in med18
Mutants

To further examine the expression of AG in med18-1 mutants, in

situ hybridization using an AG antisense RNA probe was

performed on tissue sections from wildtype (Fig. 5B, D, F, H)

and med18-1 plants (Fig. 5C, E, G, I). As described previously

[50,51], AG is not expressed in the inflorescence meristem, nor in

stage 1 or stage 2 floral meristems in wildtype plants. Strong AG

expression is first found in the center of stage 3 and stage 4

wildtype flowers, but not in the emerging sepal primordia (Fig. 5B).

During later stages of wildtype flower development, AG expression

is present in stamens and carpels (Fig. 5D, F, H). In med18-1

mutants, a pattern of AG expression similar to that seen in wildtype

was observed in both the inflorescence meristem and in stage 1

and stage 2 floral meristems (Fig. 5C). In flowers from stage 4 to

stage 7, weak AG expression was detected in the center of the

carpel primordia, but strong AG expression was observed in

stamen primordia, although no expression was observed in petal

and sepal primordia (Fig. 5C, E, G). In later development stages

(stage 11, Fig. 5H, I), AG expression was observed in developing

pollen similar to that observed in wildtype flowers (Fig. 5H), but it

was difficult to detect any signal in vascular bundles of stamens

and carpels (Fig. 5I). This result, together with the results of the

QPCR analysis, strongly suggests that MED18 is required to

maintain the normal AG expression level and pattern during early

stamen and gynoecium development.

Discussion

Under many conditions Mediator appears to function as a

general transcription factor [52]. Nonetheless, expression profiling

of yeast Mediator subunit mutants has revealed the direct

regulation of specific sets of genes by Mediator [53], and analysis

of Mediator in Arabidopsis has shown that the Mediator subunits

are important in regulating specific developmental processes like

early embryo patterning [54,55], cell number and organ size

[12,15], flowering time control [5,14,56] environmental regulation

and defense gene regulation [16,18–21,57].

MED18 was first characterized as a general transcription factor

that promotes Pol II transcription through promotion of the

transcription of miRNA, and knocking down MED18 expression

caused abnormal cotyledon and silique development as well as a

later flowering phenotype [22]. However, the mechanisms by

which MED18 regulates flowering are poorly understood, and

nothing is known about how MED18 regulates floral organ

identity. In this study, we identified MED18 as a regulator of both

flowering time and floral organ identity. Our findings show that

MED18 controls flowering time by up-regulating FLC expression,

which also affects the expression of the downstream gene, FT.

Figure 4. Double mutant of med18-1 and floral homeotic genes. (A) ag-1 flower. (B) med18-1 ag-1 double mutant flower. (C) dissection of
med18-1 ag-1 double mutant flower. (D) pi-1 flower. (E) med18-1 pi-1 double mutant flower. (F) ap2-5 flower. (G) med18-1 ap2-5 double mutant
flower. Scale bars: 1 mm.
doi:10.1371/journal.pone.0053924.g004
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After the flowering transition, MED18 plays a role in floral organ

identity by regulating the AG expression level and pattern as well

as AP1 expression levels (Fig. 5, 6). These results suggest that

MED18 is important in the integration of key signaling pathways

in plants by controlling target genes transcription (Fig. 6).

The med18 mutants display various developmental defects,

suggesting that MED18 regulates multiple pathways. This is in

agreement with the function of animal and yeast Mediator proteins,

which have been suggested to regulate both basic and specific

transcription [8,58,59]. We have focused on a study of MED18

function during flowering and floral organ development. We found

that MED18 mRNA is localized mainly to the precursor cells of

inflorescence meristem, the four floral whorls and strongly in the

pollen and ovule primordia. This suggests a role for MED18 in the

control of floral and reproductive organ initiation and development.

Floral primordia arise from the inflorescence meristem, and floral

organs are then formed in the floral meristem. The ABC model of

flower development explains how three classes of genes control

sepal, petal, stamen, and carpel identity [33]. Furthermore, the

model indicates that class A and C genes are mutually antagonistic

[60]. The previously isolated floral homeotic genes all seem to code

for potential transcription factors. AP1, AP3, PI, AG, and the SEP

proteins contain the MADS domain known to bind to DNA [36].

AP2 contains another DNA binding domain, the AP2 domain [61].

General regulators like Mediator are likely to regulate these genes.

Our studies have shown that mutations in MED18 cause down

regulation of several homeotic genes, such as AP1, PI and AG, but

not all of them; this finding suggests that the effect of MED18 on

homeotic gene expression is gene specific.

Because MED18 affects the expression of multiple genes, the

flowers of med18 mutants show variable phenotypes, such as 4–14

petals, 2–6 stamens, 0–6 sepals and 1–3 carpels. In one of the

flowers that had 14 petals, four stamens are clearly visible (Fig. S6).

Therefore, the effect of the med18 mutation cannot be a simple

homeotic transformation of the floral organs into petals. It is

interesting to note that the med18 mutation causes a down

Figure 5. MED18 regulates floral homeotic gene expression. (A)
Relative transcript levels of six floral homeotic genes determined by
real-time RT-PCR in wildtype and med18-1 mutants (**p#0.01,
*p#0.05). (B, D, F, H) AG expression pattern as determined by in situ
hybridization in wild type flowers. (C, E, G, I) The AG expression pattern
in med18-1 mutant flowers. Numbers in B–I show flower stages, IM in B
and C indicates inflorescence meristem. Arrows in (H) and (I) indicate
expression in vascular bundles of stamens and carpels, in (F) and (G)
showing developing pedals. Scale bars in B–I: 50 mm.
doi:10.1371/journal.pone.0053924.g005

Figure 6. Model of MED18 control flowering time and floral
organ identity. Growth signals are transmitted to the Mediator
complex by direct action or through HEN3 on MED18 to regulate the
transcription of target genes. Both flowering time integrator FLC and
floral organ identity organizer AG transcripts levels are determined by
MED18. In addition, MED18 affects the transcription of other target
genes, which are flowering time and floral organ identity regulators,
such as FT, AP1 and PI. These regulators work together and with other
factors to control flowering and floral organ formation.
doi:10.1371/journal.pone.0053924.g006

Mediator Subunit18 Controls Flower Development
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regulation of AG expression, yet some flowers have three carpels.

According to the ABC model, down regulation of an A class gene

(such as AP1) will cause ectopic carpel formation.

The later flowering phenotype observed in med18 mutants is

caused by up-regulation of FLC mRNA expression. FLC also

contains a MADS domain, and interestingly, both FLC and AG

expression levels are altered in med18 mutants, but in opposite

directions. There are similarities between the DNA structure of

FLC and AG. Most of the genes in the Arabidopsis thaliana genome

have short (,1 kb) introns [62], but intron 1 in FLC and intron 2

in AG are both greater than 3.0 kb in length, and both of these

introns have cis-elements that are important for transcriptional

control [27,63,64]. HUA1, HUA2, HUA ENHANCER2 [HEN2]

and HEN4 were shown to positively regulate AG expression, either

by inhibiting premature polyadenylation within AG intron 2 or by

promoting the splicing of this intron, and hua1 hua2 double

mutants have reduced levels of FLC mRNA [65]. All these results

and our data that MED18 regulates FLC and AG mRNA

expression levels, strongly support the idea of parallel regulation

of FLC and AG [66].

The result of up-regulation of FLC and down-regulation of AG

suggest that MED18 is not a general transcription repressor, but

rather it plays different roles depending on the identity of its target,

and/or the developmental stage. The mechanism by which

MED18 affects FLC and AG expression is currently unknown.

Highly specific gene regulation is thought to be determined by

activators and combinatorial use of cofactors. In yeast, Med18 acts

downstream of CDK8, and may act as a direct processor of

signaling pathways for determining specific gene expression [53].

Med18 was also reported to be required for proper termination of

transcription of a subset of genes during yeast budding [67]. In

Arabidopsis, the CDK8 homolog is HUA ENHANCER3 [HEN3],

which also controls organ identity and show similar loss-of-C-

function phenotypes (Wang and Chen, 2004), suggesting that

HEN3 may regulate organ identity through MED18 in Arabidopsis

(Fig. 6). Our results suggest a conserved mechanism may exist in

yeast and plants.

Supporting Information

Figure S1 Phylogenetic tree of eukaryotic MEDIATOR
SUBUNIT 18 (MED18). The Bayesian inference analysis was

derived from 406 amino acid positions of MED18 in different

species of Eukaryotes. The best model amino acid replacement for

MED18 sequences was JTT and gamma model for substitution

rate heterogeneity between sites. Bayesian phylogenetic inference

was performed with MrBayes Version 3.0 using four chains and

2,000,000 generations. Numbers at node indicate posterior

probabilities; scale bar shows 0.2 amino acid substitutions per site.

(TIF)

Figure S2 RT-PCR result of MED18 showing that
MED18 mRNA was not detected in med18-1, med18-2,
and med18-1/med18-2 T1 plants using primers designed
for the PCR product including both insertion sites. The

GAPC gene was used as a control.

(TIF)

Figure S3 Phenotype of over expression of MED18 in
transgenic plants transformed with a 35S:: MED18
construct.

(TIF)

Figure S4 RT-PCR results of selected flowering time
regulators in wild type and med18-1 seedlings. In med18-1

plants, FLC is up-regulated, FT is down-regulated, but others show

no obvious difference.

(TIF)

Figure S5 RT-PCR results of selected floral organ
identity genes in wild type and med18-1 flowers. In

med18-1 plants, AP2, PI and AG are down-regulated, but others

show no obvious difference.

(TIF)

Figure S6 A med18-1 mutant flower that shows 14 petals
and 4 stamens.

(TIF)

Table S1 Number of different organ types in med18
flowers.a a 200 flowers were counted. b mean of 200 lowers. c

Organ number is 6 or more. d Organ number is 4 or less. e Organ

number is 1 or 1.5 (some carpels only have half or one third of

normal size located at the tip of pistil ). f Organ number is between

2 and 3 (same as e). Mutant plants were grown in the greenhouse

(16 h light, 2362uC), wildtype plants were grown under the same

conditions. The floral organs on 200 wildtype plants were also

counted, and all flowers showed 4 sepals, 4 petals, 6 stamens and 2

fused carpels, except 2 flowers showed 5 petals. The med18-1 allele

is a strong allele and all four floral organs show significant

differences from wildtype (**p,0.01), med18-2 is a weaker allele,

and only petals and stamens show significant differences from

wildtype. The F1 plants from a cross of med18-1 with med18-2

(med18-16med18-2) also show obvious floral organ number

changes.

(DOCX)

Table S2 Number of different organ types in floral
homeotic mutants and double mutants with med18-1
flowers.a a, at least 15 flowers were counted for each mutant. b,

the first whorl of each organ showed the normal organ number for

that whorl. c, many flowers showed 1 connected carpel-like sepal.

(DOCX)

Table S3 Primers designed in this study.

(DOCX)

Acknowledgments

The authors gratefully acknowledge the SALK Institute Genomic Analysis

Laboratory and Syngenta for supplying the T-DNA insertion alleles.

Author Contributions

Conceived and designed the experiments: ZZ DGO. Performed the

experiments: ZZ HG PG. Analyzed the data: ZZ FL DGO. Wrote the

paper: ZZ DGO.

References

1. Blazek E, Mittler G, Meisterernst M (2005) The mediator of RNA polymerase

II. Chromosoma 113: 399–408.

2. Casamassimi A, Napoli C (2007) Mediator complexes and eukaryotic

transcription regulation: an overview. Biochimie 89: 1439–1446.

3. Bourbon HM (2008) Comparative genomics supports a deep evolutionary origin

for the large, four-module transcriptional mediator complex. Nucleic Acids Res

36: 3993–4008.

4. Kornberg RD (2005) Mediator and the mechanism of transcriptional activation.

Trends Biochem Sci 30: 235–239.

5. Backstrom S, Elfving N, Nilsson R, Wingsle G, Bjorklund S (2007) Purification

of a plant mediator from Arabidopsis thaliana identifies PFT1 as the Med25

subunit. Mol Cell 26: 717–729.

Mediator Subunit18 Controls Flower Development

PLOS ONE | www.plosone.org 8 January 2013 | Volume 8 | Issue 1 | e53924



6. Boube M, Joulia L, Cribbs DL, Bourbon HM (2002) Evidence for a mediator of
RNA polymerase II transcriptional regulation conserved from yeast to man. Cell

110: 143–151.

7. Bourbon HM, Aguilera A, Ansari AZ, Asturias FJ, Berk AJ, et al. (2004) A
unified nomenclature for protein subunits of mediator complexes linking

transcriptional regulators to RNA polymerase II. Mol Cell 14: 553–557.

8. Conaway RC, Sato S, Tomomori-Sato C, Yao T, Conaway JW (2005) The
mammalian Mediator complex and its role in transcriptional regulation. Trends

Biochem Sci 30: 250–255.

9. Lariviere L, Geiger S, Hoeppner S, Rother S, Strasser K, et al. (2006) Structure
and TBP binding of the Mediator head subcomplex Med8-Med18-Med20.

Nature structural & molecular biology 13: 895–901.

10. Mathur S, Vyas S, Kapoor S, Tyagi AK (2011) The Mediator complex in plants:
structure, phylogeny, and expression profiling of representative genes in a dicot

(Arabidopsis) and a monocot (rice) during reproduction and abiotic stress. Plant
physiology 157: 1609–1627.

11. Cerdan PD, Chory J (2003) Regulation of flowering time by light quality. Nature

423: 881–885.

12. Xu R, Li Y (2011) Control of final organ size by Mediator complex subunit 25 in
Arabidopsis thaliana. Development 138: 4545–4554.

13. Ou B, Yin KQ, Liu SN, Yang Y, Gu T, et al. (2011) A high-throughput
screening system for Arabidopsis transcription factors and its application to

Med25-dependent transcriptional regulation. Mol Plant 4: 546–555.

14. Inigo S, Alvarez MJ, Strasser B, Califano A, Cerdan PD (2012) PFT1, the
MED25 subunit of the plant Mediator complex, promotes flowering through

CONSTANS dependent and independent mechanisms in Arabidopsis. Plant J

69: 601–612.

15. Autran D, Jonak C, Belcram K, Beemster GT, Kronenberger J, et al. (2002) Cell

numbers and leaf development in Arabidopsis: a functional analysis of the

STRUWWELPETER gene. EMBO J 21: 6036–6049.

16. Kidd BN, Edgar CI, Kumar KK, Aitken EA, Schenk PM, et al. (2009) The

mediator complex subunit PFT1 is a key regulator of jasmonate-dependent
defense in Arabidopsis. Plant Cell 21: 2237–2252.

17. Dhawan R, Luo H, Foerster AM, Abuqamar S, Du HN, et al. (2009) HISTONE

MONOUBIQUITINATION1 interacts with a subunit of the mediator complex
and regulates defense against necrotrophic fungal pathogens in Arabidopsis. The

Plant cell 21: 1000–1019.

18. Elfving N, Davoine C, Benlloch R, Blomberg J, Brannstrom K, et al. (2011) The
Arabidopsis thaliana Med25 mediator subunit integrates environmental cues to

control plant development. Proc Natl Acad Sci U S A 108: 8245–8250.

19. Chen R, Jiang H, Li L, Zhai Q, Qi L, et al. (2012) The Arabidopsis mediator
subunit MED25 differentially regulates jasmonate and abscisic acid signaling

through interacting with the MYC2 and ABI5 transcription factors. Plant Cell
24: 2898–2916.

20. Cevik V, Kidd BN, Zhang P, Hill C, Kiddle S, et al. (2012) MEDIATOR25 acts

as an integrative hub for the regulation of jasmonate-responsive gene expression
in Arabidopsis. Plant Physiol 160: 541–555.

21. Wathugala DL, Hemsley PA, Moffat CS, Cremelie P, Knight MR, et al. (2012)

The Mediator subunit SFR6/MED16 controls defence gene expression
mediated by salicylic acid and jasmonate responsive pathways. New Phytol

195: 217–230.

22. Kim YJ, Zheng B, Yu Y, Won SY, Mo B, et al. (2011) The role of Mediator in
small and long noncoding RNA production in Arabidopsis thaliana. EMBO J

30: 814–822.

23. Srikanth A, Schmid M (2011) Regulation of flowering time: all roads lead to
Rome. Cellular and molecular life sciences: CMLS 68: 2013–2037.

24. Chou ML, Yang CH (1999) Late-flowering genes interact with early-flowering

genes to regulate flowering time in Arabidopsis thaliana. Plant Cell Physiol 40:
702–708.

25. Lee H, Suh SS, Park E, Cho E, Ahn JH, et al. (2000) The AGAMOUS-LIKE 20

MADS domain protein integrates floral inductive pathways in Arabidopsis.
Genes Dev 14: 2366–2376.

26. Kardailsky I, Shukla VK, Ahn JH, Dagenais N, Christensen SK, et al. (1999)
Activation tagging of the floral inducer FT. Science 286: 1962–1965.

27. He Y, Michaels SD, Amasino RM (2003) Regulation of flowering time by

histone acetylation in Arabidopsis. Science 302: 1751–1754.

28. Bastow R, Mylne JS, Lister C, Lippman Z, Martienssen RA, et al. (2004)
Vernalization requires epigenetic silencing of FLC by histone methylation.

Nature 427: 164–167.

29. Sheldon CC, Rouse DT, Finnegan EJ, Peacock WJ, Dennis ES (2000) The
molecular basis of vernalization: the central role of FLOWERING LOCUS C

(FLC). Proc Natl Acad Sci U S A 97: 3753–3758.

30. Helliwell CA, Wood CC, Robertson M, James Peacock W, Dennis ES (2006)
The Arabidopsis FLC protein interacts directly in vivo with SOC1 and FT

chromatin and is part of a high-molecular-weight protein complex. Plant J 46:
183–192.

31. Corbesier L, Vincent C, Jang S, Fornara F, Fan Q, et al. (2007) FT protein

movement contributes to long-distance signaling in floral induction of
Arabidopsis. Science 316: 1030–1033.

32. Abe M, Kobayashi Y, Yamamoto S, Daimon Y, Yamaguchi A, et al. (2005) FD,

a bZIP protein mediating signals from the floral pathway integrator FT at the
shoot apex. Science 309: 1052–1056.

33. Coen ES, Meyerowitz EM (1991) The war of the whorls: genetic interactions

controlling flower development. Nature 353: 31–37.

34. Meyerowitz EM, Bowman JL, Brockman LL, Drews GN, Jack T, et al. (1991) A
genetic and molecular model for flower development in Arabidopsis thaliana.

Dev Suppl 1: 157–167.

35. Lenhard M, Bohnert A, Jurgens G, Laux T (2001) Termination of stem cell

maintenance in Arabidopsis floral meristems by interactions between

WUSCHEL and AGAMOUS. Cell 105: 805–814.

36. Pelaz S, Ditta GS, Baumann E, Wisman E, Yanofsky MF (2000) B and C floral

organ identity functions require SEPALLATA MADS-box genes. Nature 405:
200–203.

37. Ito T, Wellmer F, Yu H, Das P, Ito N, et al. (2004) The homeotic protein
AGAMOUS controls microsporogenesis by regulation of SPOROCYTELESS.

Nature 430: 356–360.

38. Yu H, Ito T, Zhao Y, Peng J, Kumar P, et al. (2004) Floral homeotic genes are
targets of gibberellin signaling in flower development. Proc Natl Acad Sci U S A

101: 7827–7832.

39. Seifert AW, Zheng Z, Ormerod BK, Cohn MJ (2010) Sonic hedgehog controls

growth of external genitalia by regulating cell cycle kinetics. Nature

communications 1: 23.

40. Ni W, Xie D, Hobbie L, Feng B, Zhao D, et al. (2004) Regulation of flower

development in Arabidopsis by SCF complexes. Plant physiology 134: 1574–
1585.

41. Zhou Y, Ni M (2009) SHB1 plays dual roles in photoperiodic and autonomous
flowering. Developmental biology 331: 50–57.

42. Suzuki E, Zhao Y, Ito S, Sawatsubashi S, Murata T, et al. (2009) Aberrant E2F

activation by polyglutamine expansion of androgen receptor in SBMA
neurotoxicity. Proc Natl Acad Sci U S A 106: 3818–3822.

43. Park SO, Zheng Z, Oppenheimer DG, Hauser BA (2005) The PRETTY FEW
SEEDS2 gene encodes an Arabidopsis homeodomain protein that regulates

ovule development. Development 132: 841–849.

44. Leebens-Mack JH (2006) Developmental Genetics of the Flower Douglas ES,

Douglas E, Leebens-Mack, J. H., Soltis, P. S. & Callow, J. A, editor: Academic

Press.

45. Sessions A, Burke E, Presting G, Aux G, McElver J, et al. (2002) A high-

throughput Arabidopsis reverse genetics system. Plant Cell 14: 2985–2994.

46. Alonso JM, Stepanova AN, Leisse TJ, Kim CJ, Chen H, et al. (2003) Genome-

wide insertional mutagenesis of Arabidopsis thaliana. Science 301: 653–657.

47. Michaels SD, Amasino RM (2001) Loss of FLOWERING LOCUS C activity

eliminates the late-flowering phenotype of FRIGIDA and autonomous pathway

mutations but not responsiveness to vernalization. Plant Cell 13: 935–941.

48. Bowman JL, Smyth DR, Meyerowitz EM (1989) Genes directing flower

development in Arabidopsis. Plant Cell 1: 37–52.

49. Chuang CF, Meyerowitz EM (2000) Specific and heritable genetic interference

by double-stranded RNA in Arabidopsis thaliana. Proc Natl Acad Sci U S A 97:
4985–4990.

50. Drews GN, Bowman JL, Meyerowitz EM (1991) Negative regulation of the

Arabidopsis homeotic gene AGAMOUS by the APETALA2 product. Cell 65:
991–1002.

51. Bowman JL, Drews GN, Meyerowitz EM (1991) Expression of the Arabidopsis
floral homeotic gene AGAMOUS is restricted to specific cell types late in flower

development. Plant Cell 3: 749–758.

52. Takagi Y, Kornberg RD (2006) Mediator as a general transcription factor. J Biol

Chem 281: 80–89.

53. van de Peppel J, Kettelarij N, van Bakel H, Kockelkorn TT, van Leenen D, et al.
(2005) Mediator expression profiling epistasis reveals a signal transduction

pathway with antagonistic submodules and highly specific downstream targets.
Mol Cell 19: 511–522.

54. Ito J, Sono T, Tasaka M, Furutani M (2011) MACCHI-BOU 2 Is Required for
Early Embryo Patterning and Cotyledon Organogenesis in Arabidopsis. Plant

Cell Physiol 52: 539–552.

55. Gillmor CS, Park MY, Smith MR, Pepitone R, Kerstetter RA, et al. (2010) The
MED12-MED13 module of Mediator regulates the timing of embryo patterning

in Arabidopsis. Development 137: 113–122.

56. Gonzalez D, Bowen AJ, Carroll TS, Conlan RS (2007) The transcription

corepressor LEUNIG interacts with the histone deacetylase HDA19 and

mediator components MED14 (SWP) and CDK8 (HEN3) to repress
transcription. Mol Cell Biol 27: 5306–5315.

57. Klose C, Buche C, Fernandez AP, Schafer E, Zwick E, et al. (2012) The
mediator complex subunit PFT1 interferes with COP1 and HY5 in the

regulation of Arabidopsis light signaling. Plant Physiol 160: 289–307.

58. Bjorklund S, Gustafsson CM (2005) The yeast Mediator complex and its

regulation. Trends Biochem Sci 30: 240–244.

59. Conaway RC, Conaway JW (2011) Function and regulation of the Mediator
complex. Curr Opin Genet Dev 21: 225–230.

60. Bowman JL, Smyth DR, Meyerowitz EM (1991) Genetic interactions among
floral homeotic genes of Arabidopsis. Development 112: 1–20.

61. Okamuro JK, Caster B, Villarroel R, Van Montagu M, Jofuku KD (1997) The
AP2 domain of APETALA2 defines a large new family of DNA binding proteins

in Arabidopsis. Proc Natl Acad Sci U S A 94: 7076–7081.

62. Yu J, Yang Z, Kibukawa M, Paddock M, Passey DA, et al. (2002) Minimal
introns are not ‘‘junk’’. Genome Res 12: 1185–1189.

63. Sheldon CC, Conn AB, Dennis ES, Peacock WJ (2002) Different regulatory
regions are required for the vernalization-induced repression of FLOWERING

LOCUS C and for the epigenetic maintenance of repression. Plant Cell 14:
2527–2537.

Mediator Subunit18 Controls Flower Development

PLOS ONE | www.plosone.org 9 January 2013 | Volume 8 | Issue 1 | e53924



64. Hong RL, Hamaguchi L, Busch MA, Weigel D (2003) Regulatory elements of

the floral homeotic gene AGAMOUS identified by phylogenetic footprinting
and shadowing. Plant Cell 15: 1296–1309.

65. Cheng Y, Kato N, Wang W, Li J, Chen X (2003) Two RNA binding proteins,

HEN4 and HUA1, act in the processing of AGAMOUS pre-mRNA in
Arabidopsis thaliana. Dev Cell 4: 53–66.

66. Simpson GG (2004) The autonomous pathway: epigenetic and post-transcrip-

tional gene regulation in the control of Arabidopsis flowering time. Curr Opin
Plant Biol 7: 570–574.

67. Mukundan B, Ansari A (2011) Novel role for mediator complex subunit Srb5/

Med18 in termination of transcription. The Journal of biological chemistry 286:
37053–37057.

Mediator Subunit18 Controls Flower Development

PLOS ONE | www.plosone.org 10 January 2013 | Volume 8 | Issue 1 | e53924


