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Fig. 5. PIN expression levels, and PIN1 and PIN7 localization in the dKO. (A) gRT-PCR of PIN1, 2, 3, 4, and 7; data were normalized to ACT2 and
shown as fold change on wild-type (*P<0.05, Student’s t-test). (B) Confocal Laser Scanning images of PIN1 (B-E), PIN1xdKO (F-I) or PIN7 (L-O) and
PIN7xdKO (P-S) showing altered expression and localization of PIN1 and PIN7 in the mutant line. GFP Ex: 488 nm, Em: 500-520 nm; Pl Ex: 488 nm, Em:
600-650nm. Scale bars (B, C, F, G, L, M, P, Q) =50 um; (D, E, H, I, N, O, R, S) = 10 um. (A colour version of this figure is available at JXB online.)
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the quantification of the GFP fluorescence in Supplementary
Fig. S3 (available at JXB online). In addition, increased
PIN1-GFP internalization into subcellular compartments
of dKO plants was detected compared with that of the wild-
type plants (Fig. SD, E, H, I). However, alterations in the
periclinal/anticlinal distribution of PIN1 and PIN7 were not
observed in dKO mutants. Moreover, PIN7-GFP was absent
in the stele cells near the stem cell niche (Fig. SR, S). These
results demonstrate that alterations in PIN expression and
localization are indeed the most likely cause of lower auxin
levels in p23 mutants, thus linking p23 activity to the main-
tenance of a correct PAT in the root meristem. In support of
this hypothesis, a partial resistance of p23 mutants to treat-
ment with NPA (Supplementary Fig. S4 available at JXB
online), a well-known inhibitor of PAT (Bailly ez al., 2008),
was observed. In fact, while low concentration of NPA short-
ened the primary root of the wild-type, a similar effect was
detected in the dKO only with NPA concentration >1 uM.

Rescue of short-root phenotype in the triple mutant
pP23-1xp23-2xarr1-4

Root meristem maintenance and continuous root growth are
guaranteed through a strict equilibrium between cell division
and cell differentiation, which is finely controlled through
plant hormone crosstalk. In this context cytokinin and auxin
play key roles (Dello Ioio et al., 2008; Moubayidin et al.,
2010; Overvoorde et al., 2010; Depuydt and Hardtke, 2011;
Sankar et al., 2011).

For this reason, the expression of 4RRI—a key player
in cytokinin signalling—was evaluated to test the status of
cytokinin signalling in the p23 double knockout mutant. As
shown in Fig. 6A, ARRI transcripts were markedly upregu-
lated in the dKO background compared with wild-type plants
(7.4-fold higher). This result suggests that p23 proteins act as
negative regulators of the cytokinin signalling pathway, and,
at the same time, it supports a role of ARRI in the short-
root phenotype of p23 mutants. To evaluate these hypotheses,
the triple mutant line p23-1Xp23-2Xarri-4 (dKOxarrl-4) was
generated. Laser scanning confocal analysis of the Pl-stained
root meristem (Fig. 6B, C) showed an average meristem size
of 280 pm and an average cortical cell number of 37 in the
wild-type line. The p23 dKO mutant showed a reduced meris-
tem length and cell number (200 pm and 25 cells, respectively),
whereas the single arr/-4 mutant showed both increased mer-
istem length and meristematic cell number (305 pm and 41
cells), as previously described (Dello loio ez al., 2007). The
triple knockout mutant dKOXarrl-4 rescued the phenotype
of the dKO, showing a meristem length and cortical cell num-
ber indistinguishable from those of wild-type (280 pm and 38
cells). In addition, the arri/-4 mutant was not completely epi-
static on the dKO, confirming that although restoring a more
equilibrated auxin/cytokinin ratio by lowering cytokinin sig-
nalling, auxin levels are not sufficient to support the meristem
activity present in the single arr/-4 mutant.

As the dKOXxarri-4 showed a wild-type-like meristem
length, the expression of PINs in this line was tested. As
shown in Fig. 6D, the arr/-4 mutant showed increased
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Fig. 6. Rescue of short-root phenotype in the triple mutant p23-17x
p23-2xarr1-4. (A) gRT-PCR of ARRT; data were normalized to ACT2 and
shown as fold change on wild-type (*P<0.05, Student’s t-test).

(B) Pl-stained root of 7-d-old seedlings of the different lines. Excitation and
emission wavelength for confocal acquisition are 488 nm and 600-650nm,
respectively. The arrows show the upper limit of the meristematic zone.
Scale bar = 50 pm. (C) Meristem cell number in the different genetic
background. dKO mutant shows a reduced number of cortical cells in

the root meristematic zone, while arr7-4 shows an increased number

of cortical cells. The triple mutant dKOxarr1-4 shows no difference as
compared with the wild-type (*F<0.01 compared with the wild-type,
5P<0.01 compared with the dKO; both Student’s t-test). (D) gRT-PCR of
PIN1, 2, 3, 4, and 7; data were normalized to ACT2 expression and shown
as fold change on wild-type (black line) (*P<0.05, Student’s t-test). (A
colour version of this figure is available at JXB online.)
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expression levels of PIN1, PIN2, PIN3, and PIN7, as previ-
ously described (Dello Ioio ef al., 2008) and the triple mutant
dKOxarrl-4 recovered PIN expression levels comparable
with those of the wild-type. This result supports the promi-
nent role of PIN expression levels in the phenotype of p23
mutants, highlighting, at the same time, an indirect role of
p23 proteins on PIN expression.

Discussion

In the present study, experimental evidence on the role of the
p23 co-chaperone as a novel component of the protein net-
work regulating post-embryonic root development has been
reported.

Upon seed germination, the root apical meristem grows
as cell division prevails over differentiation, reaching a final
size at approximately 5 dag, when a fixed meristem cell num-
ber is established and meristem maintenance is guaranteed
through a balance between the rate of cell differentiation and
the rate of new cell generation (Blilou ez al., 2005; Dello Ioio
et al., 2007, 2008; Moubayidin et al., 2009; Perilli ez al., 2012;
Pacifici et al., 2015). Arabidopsis p23 mutants show impaired
root development due to a reduced number of cells in the root
meristematic zone, where the two p23 isoforms localize. Using
two specific auxin responsive markers (DR5:GUS and DII-
Venus), a lower level of auxin accumulation was observed in
the root tip of the mutant lines than in the wild-type. It was
also shown that the short-root phenotype could be rescued
both in single and double knockout mutants by supplying
auxin in the growth medium (Supplementary Fig. S5 avail-
able at JXB online). Based on these results, a constraint at
the level of auxin biosynthesis or perception can be excluded,
whereas impairment in auxin distribution, reflecting altera-
tions at the level of auxin PAT, was implied and subsequently
detected. Indeed, not only were the main components of
acropetal PAT—PIN1, PIN3, and PIN7—transcriptionally
down-regulated but the localization patterns of PIN1-GFP
and PIN7-GFP proteins were also modified. Particularly,
PIN1-GFP remains, at least in part, accumulated in intra-
cellular compartments and does not correctly localize to the
basal membranes, whereas PIN7 showed a limited localiza-
tion pattern in the root of the p23 double mutant compared
with wild-type. This result suggests that altered PAT is the
most likely cause of the reduced meristem length of p23
mutants. In fact, as consequence of the compromised PAT,
a narrowed auxin gradient is established in the root meristem
of p23 mutants, associated with a shift of the auxin maxi-
mum towards the root cap (Grieneisen et al., 2007), together
with a reduction in its intensity.

To obtain a more complete picture of hormone signalling
regulating meristem maintenance, the expression of ARRI—a
key component of cytokinin signalling—was evaluated and
an increased expression in the mutant compared with wild-
type plants was observed. ARRI, in turn, is induced through
ASBI1 (Moubayidin et al., 2013), whose expression was slightly
induced in the mutant. These results indicate that cytokinin
signalling is enhanced in p23 mutant lines whereas the auxin

signalling pathway is reduced. In addition, it was observed that
a reduction in cytokinin signalling through the reduction of
ARRI in the dKO mutant generates a wild-type-like phenotype.
This triple mutant (dKOXarr1-4) shows a meristem length and
a number of meristematic cortical cells similar to the wild-type,
but still reduced compared with that of the arr/-4 mutant (Dello
loio et al., 2007), thus revealing the pathway in which p23 oper-
ates. Indeed, this result provides genetic evidence that p23 pri-
marily acts on auxin distribution in the root meristem, where
these proteins are specifically expressed (Fig. 2B-G). In addi-
tion, PIN expression in the triple mutant was tested and PIN
levels were found to recover to wild-type values. Taken together,
these results confirm that the altered expression and localiza-
tion of PIN proteins in the p23 double knockout mutant are
the primary cause of the reduced meristem length and of the
fewer number of meristematic cortical cells. Furthermore, the
enhanced level of ARRI expression could likely be the cause
of PINs detriment in p23 mutants, and supports a role of p23
proteins in meristem maintenance a few days after germination,
when ARR1 becomes the principal cytokinin effector (Pacifici
et al., 2015). At the same time, the recovery of PIN expression
level in the triple mutant excludes a direct role of p23 proteins on
PIN levels, while its role in PIN trafficking remains to be eluci-
dated. Notably, p23 binds to HSP90 (Zhang ez al., 2010), which
shows a specific expression at the level of the root (Krishna
and Gloor, 2001). Moreover, HSP90 has been demonstrated to
interact and regulate TWD1, and consequently ABCB trans-
porters activity, a family of genes involved in extracellular auxin
transport that associate with PINs (Pérez-Pérez et al., 2004,
Blakeslee et al., 2007; Wang et al., 2013). In this context, the
hypothesis is presented that the absence of p23 could compro-
mise the stability of the HSP90 complex, causing alterations in
the TWD1-ABCB system, and thus on PAT, leading to reduced
auxin levels in the root meristem, altered PIN expression and,
as a consequence, a short-root phenotype.

Taken together, these results are consistent with increasing
experimental evidence indicating that although cytokinin con-
trols the cell differentiation rate, acting specifically at the tran-
sition zone, the graded distribution of auxin is pivotal for the
dynamic regulation of root meristem size (Pacifici ez al., 2015).

In conclusion, it is proposed that p23 sustains meristem
maintenance, playing a key role in post-embryonic root
growth via the regulation of auxin signalling and conse-
quently the preservation of a balanced rate of cell differentia-
tion and division at the transition zone.

Supplementary data

Supplementary data are available at JXB online.

Table S1. Primers used in genotyping, cloning, and
qRT-PCR.

Figure S1. p23-1-YFP shows nuclear and cytoplasmic sub-
cellular localization.

Figure S2. Auxin biosynthesis is not altered in the shoot
of dKO.

Figure S3. PIN1-GFP and PIN7-GFP fluorescence quanti-
fication in the wild-type and dKO backgrounds.
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Figure S4. dKO is partially insensitive to inhibition of
auxin PAT.

Figure S5. Exogenous TAA rescues the short-root pheno-
type of p23 mutants.
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