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Fig. 3. PLT1 and PLT2 expression is reduced in the elp2 mutant. Expression of the transgenes (A, B) PLT1pro:CFP, (C, D) PLT1pro:PLT1-YFP, (E,
F) PLT2 pro:CFP, (G, H) PLT2 pro:PLT2-YFP. gRT-PCR assay of the transcription of (I) PLT7 and (J) PLT2. The data represent mean values with their
associated SD (n=3); **, P<0.001. Bars, 50 pm (A-H). (This figure is available in colour at JXB online.)

The elp2 mutant has a reduced auxin content in
root tip

Auxin gradients (Vanneste and Friml, 2009) are central to the
robust development of the primary root in Arabidopsis, and
the auxin gradient in the root tip could be instructive for the
patterning of root distal stem cell (DSC) niches (Tian et al.,
2013, 2014). To substantiate if the root defective phenotypes
in elp2 are resulting from the changed auxin signalling in root

tips, DRS5rev:GFP and DRS5:GUS synthetic auxin response
reporters (Friml ez al., 2003) were used to assay auxin signal-
ling. The signal from both reporters was markedly lower in
the mutant than in the WT root tip (Fig. 6A-D). The GUS
enzyme activity assay using the MUG as the substrate further
confirmed this difference (data not shown). Furthermore, we
measured the free [AA content in roots of the e/p2 mutant.
Consistently, the e/p2 mutant has reduced IAA content in
roots compared to the wild-type control (Fig. 6E).
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Fig. 4. SHR and SCR expression is reduced in the elp2 mutant. Expression of the transgenes (A, B) SHR pro:SHR-GFP, (C, D) SCR pro:SCR-GFP. qRT-
PCR assay of the transcription of (E) SHR and (F) SCR. The data represent mean values with their associated SD (n=3); **, P<0.001. Bars, 50 um (A-D).

(This figure is available in colour at JXB online.)

Auxin polar transport was affected in elp2

To address if the reduced auxin signalling in root tips of
elp2 was a result of the affected polar auxin transport, we
examined the polar localization of auxin efflux carriers such
as PIN1 and PIN2 (Petrasek er al., 2006), which mediate
auxin distribution in plants, including to the roots (Blilou
et al., 2005; Wisniewska et al., 2006). Basal localized PIN1
in the stele and basal localized PIN2 in the cortex contribute
to auxin transportation from shoot to root, thus contribut-
ing to maximum auxin formation in root tips and regulating
root growth (Galweiler et al., 1998; Friml et al., 2003; Blilou
et al., 2005; Wisniewska et al., 2006). However, in elp2,
basal localization of PINI is less polar, and the increased
lateral localization of PINI was observed from both our
immunolocalization examinations with the anti-PIN1 anti-
body and confocal examinations with the PINI-GFP line
(Fig. 7A-D). Though apical PIN2 in the epidermis displays
WT polarity in elp2 (Fig. 7E-H), both the protein expres-
sion levels of PINI and PIN2 were reduced in elp2 (Fig. 7C,
D, G, H).

Previous studies have already demonstrated that PP2A
and PINOID partially colocalize with PINs and act antago-
nistically on the phosphorylation state of PINs hydrophilic
loop (Benjamins et al., 2001; Michniewicz et al., 2007; Huang
et al., 2010). 35S: PID seedlings have basal to apical localiza-
tion of PIN1 (Michniewicz et al., 2007). Thus, we examined

the PINOID expression in the elp2 mutant. We found the
elp2 mutant to have a consistently higher expression level of
PINOID compared with the WT control(Fig. 71).

EL P2 affects the histone acetylation levels of several
key transcription factor genes

The histone acetyltransferase of ELP3 has been confirmed
both in yeast and plants (Winkler ez al., 2002; Nelissen et al.,
2010). To address whether the reduced expression level of sev-
eral key transcription factors encoding genes such as PLT1,
PLT2, SCR and SHR in elp2 may be associated with the
reduced acetylation levels, we performed CHIP-PCR using an
antibody specific for histone H3 acetylated at Lys-9 and -14
(H3K9/14ac). CHIP-PCR was performed to verify whether
the reduced expression of PLT1, PLT2, SCR and SHR in the
mutant was correlated with the altered acetylation level. The
assay based on primers targeting the coding region and the
5-UTR of PLTI and PLT2 showed that acetylation in this
part of the gene was markedly reduced in the mutant (Fig. 8),
while the acetylation level of the internal reference gene
ACTIN2 was not changed (Supplementary Fig. S5A). A simi-
lar result was obtained with respect to the SHR and SCR cod-
ing regions which show reduced acetylation, but there was no
difference between the WT and the mutant within promoter
regions of both genes (Fig. 8). In addition, we also found a
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reduced acetylation level in 3’ coding region of PINI, consist-
ent with the reduced expression level of PINI (Supplementary
Fig. S5B).
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Fig. 5. CYCB1 expression is increased in the ejp2 mutant. (A, B)
Expression of the CYCB1;1:GUS transgene, (C) transcription of CYCB1
assayed by gRT-PCR. The data represent mean values with their
associated SD, (n=3); **, P<0.001. Bars, 50 pm (A, B). (This figure is
available in colour at JXB online.)
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ELP2 is required for the DNA methylation of CYCB1
but not of PID, SHR or SCR

ELP2 has recently been reported to be involved in somatic
DNA demethylation/methylation, thus regulating pathogen-
induced transcriptome reprogramming and plant immune
responses (Wang et al., 2013). To address the reduced expres-
sion levels of transcription factors such as SCR and SHR,
the increased expression of PID, and whether the increased
expression of the cell cycle gene CYCBI in elp2 are associated
with the altered methylation levels, DNA methylation levels
in CYCBI, PID, SHR and SCR were estimated by bisulfite
sequencing. The level of methylation throughout both the
promoter and coding regions of PID, SHR and SCR was low
(Supplementary Figs S6, S7), indicating that these genes are
not under the control of DNA demethylation/methylation. In
the CYCBI promoter, five cytosines showed a reduced fre-
quency of methylation in the e/p2 mutant compared to the
WT. The mutant sequence was less methylated at the 3" end
of its coding region (Fig. 9). The observed reduced level of
methylation in this gene was consistent with its up-regulation
in the mutant.

Discussion

ELP2 is one of a six-subunit (ELPI to 6) protein complex
first isolated from yeast (Wittschieben ez al., 1999), and later
termed ‘elongator’ on the basis that it was co-purified with
the hyper-phosphorylated form of RNA polymerase II. The
complex has been shown to support transcription via the reg-
ulation of DNA methylation, histone acetylation or tRNA
modification (Winkler ez al., 2002; Chen et al., 2009; Wang
et al, 2013). In plants, its activity has been associated with
growth and development, pathogen defence, and responses
to abiotic stress. elpl, elp3 and elp4 have been reported to
regulate root growth (Nelissen er «al, 2005), although the
underlying mechanism of this control has not yet been well
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Fig. 6. The elp2 mutant exhibits reduced auxin contents in roots. (A, B) The mutant shows a reduced level of DR5rev:GFP expression in the root than
the WT. (C, D) The mutant shows a reduced level of DR5:GUS expression in the root than the WT. (E) IAA content measurement of roots on 14-day-old
seedlings of col and elp2. The data represent mean values of three independent biological repeats with their associated SD (n=3) *, P<0.05. Bars, 50 pm

(A-D). (This figure is available in colour at JXB online.)
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Fig. 7. PIN1 and PIN2 localization and expression in the ejp2 mutant. (A, B) PIN1 immunolocalization in five-day-old roots. (C, D) Expression and polarity
of PIN1:PIN1-GFP in the WT and mutant root. (E, F) PIN2 immunolocalization in five-day old roots. (G, H) Expression and polarity of PIN2:PIN2-GFP in
the WT and mutant root. (I) PID transcription assayed by qRT-PCR. The data represent mean values with their associated SD (n=3); **, P<0.001. Bars,

50 pm (A-H). (This figure is available in colour at JXB online.)

elucidated. Here, we demonstrated that ELP2 also acts as a
regulator of root growth, via its effect on the maintenance
of the root stem cell niche. The basis of the regulation was
the epigenetic modification of the transcription factors SCR,
SHR, PLTI and PLT2, and the G2/M transition activator
CYCBI.

The role of ELPZ2 in root development

A systematic contrast in root growth and development
between WT and the elp2 loss-of-function mutant showed
that the absence of ELP2 caused root foreshortening as a
result of a reduction in cell size in the EZ and in cell number
in the MZ. In addition, the mutant was also defective with
respect to root stem cell niche maintenance, exhibiting a much
increased rate of cell division in the QC and an accelerated

differentiation of the root distal stem cells. The mutants scr,
shr and pltiplt2 were not only compromised with respect to
their root growth, but also experienced increased cell division
in the QC and accelerated differentiation of their root distal
stem cells (Helariutta et al., 2000; Sabatini et al., 2003; Aida
et al.,2004; Galinha et al., 2007). A clear hypothesis therefore
was that the loss of ELP interfered with the functioning of
SCR, SHR, PLTI and PLT2. The knockdown of WOX35, the
product of which is specifically deposited in the QC (Sarkar
et al., 2007; Forzani et al., 2014), may also have contributed
to the defective root stem cell niche maintenance shown by
the elp2 mutant. It has been established that an optimized
level of auxin signalling in the QC is required to ensure root
stem cell identity. QC-centered auxin gradients are formed by
polar auxin transport and local auxin synthesis (Grieneisen
et al., 2007; Tian et al., 2013). Disturbing the optimal level
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Fig. 8. Histone H3 acetylation levels in (A) PLT1, (B) PLT2, (C) SHR and (D) SCR. The placement of the primers is indicated. The relative amount of
immunoprecipitated chromatin fragments in the eljp2 mutant, as determined by gRT-PCR, was compared to that produced in the WT. The data represent

mean values with their associated SD (n=3); *, P<0.05.

favours accelerated differentiation of the root distal stem cells
(Tian et al., 2013, 2014), so a reduction in auxin supply to the
mutants’ root tips may also have made a contribution to its
root phenotype.

ELP2 epigenetically affects the transcription of genes
involved in root meristern maintenance

The elongator complex acts to acetylate both core his-
tones and nucleosomal substrates (Winkler er al, 2002).

In A. thaliana elp3 mutant, histone H3 lysine 14 acetyla-
tion level is reduced in the coding region of both SHORT
HYPOCOTYL 2 (auxin repressor) and LAX2 (auxin influx
carrier), resulting in a reduction in their expression and hence
the mutant’s phenotype (Nelissen ez al., 2010). The loss of
ELP?2 similarly reduces acetylation level in the coding region
of the GRAS family transcription factors SCR and SHR,
and that of the AP2 transcription factors PLTI and PLT2,
thereby down-regulating them all. The result underlines the
requirement that each of the elongator complex components
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Fig. 9. DNA methylation level is altered in the elp2 mutant. (A) Placement of the primers is indicated. The rectangular box represents a CG island. (B-D)
The methylation level of amplified fragments a (B), b (C) and ¢ (D). The DNA was extracted from three biological replicates of both WT and elp2. Three
replicates of 60 clones derived from each of WT and elp2 were bisulfite-sequenced to assess their methylation level. The data represent mean values with

their associated SD (n=3); *, P<0.05, **, P<0.001.
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be present if complex assembly, integrity and enzymatic
activity are to proceed normally (Glatt and Muller, 2013).
DNA methylation is a central process regulating many of
the genes involved in growth and the response to the plant’s
environment (Chinnusamy and Zhu, 2009; He et al, 2011;
Li et al., 2012; Wang et al., 2013). ELP2 has been recently
shown to contribute to DNA methylation (Wang et al., 2013).
Consistent with the generally observed negative correlation
between DNA methylation and gene expression, the up-reg-
ulation of CYCBI in the elp2 mutant may reflect its reduced
level of methylation within both the promoter and/or coding
region.

ELP2 affects auxin signal in root tip

An optimal auxin maximum is required to maintain root
stem cell niche identity and root growth (Grieneisen et al.,
2007; Tian et al., 2013, 2014). The elp2 mutant has reduced
IAA content in roots, indicating that the ELP2 interferes with
the auxin homeostasis regulation. The basal auxin efflux car-
rier PINT drives the flow of auxin from the stele towards the
root tip (Galweiler et al., 1998; Blilou et al., 2005; Wisniewska
et al., 2006; Grieneisen et al., 2007), while PIN2 controls its
flow from the cortex (Blilou er al., 2005; Wisniewska et al.,
2006). In the elp2 mutant, the less polarized PIN1 and
decreased levels of both PIN1 and PIN2 reduced the supply
of auxin to root tip. Therefore, the e/p2 mutant has reduced
auxin signal in the root, which could break the stem cell niche
maintenance.

Supplementary data

Supplementary data are available at JXB online.

Supplementary Figure S1. Agarose gel analysis of
TAIL-PCR products amplified from WT and drsl (elp2)
genomic DNA

Supplementary Figure S2. The structure of elp2.

Supplementary Figure S3. Microgaphs of the root stem
cell niche in (A) WT, (B) elp2-6, (C), elp2-7, (D) elpl, (E)
elp4 and (F) elp6.
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primary roots.

Supplementary Figure S5. Histone H3 acetylation levels in
(A) ACTIN2, (B) PIN].

Supplementary Figure S6. Levels of methylation in (A)
SHR and (B) SCR.

Supplementary Figure S7. DNA methylation level assay of
the PINOID.

Supplementary Table S1. Summary of primers used in this
study.

Figure S4. elp mutants have short
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