o
=
)
S
<
i
9
S
1]
v
el
)
2

‘ doi:10.1093/plphys/kiab348 PLANT PHYSIOLOGY 2021: 187: 1534-1550

Plant Physiology*

A genetic approach reveals different modes of action
of prefoldins

Noel Blanco-Tourinan," David Esteve-Bruna @ ," Antonio Serrano-Mislata ® ,' Rosa Maria
Esquinas-Ariza," Francesca Resentini,” Javier Forment @ ,' Cristian Carrasco-Lépez,>

Claudio Novella-Rausell ® ,' Alberto Palacios-Abella @ ,' Pedro Carrasco ® ,* Julio Salinas ® ,3
Miguel A. Blazquez' and David Alabadi'**

Instituto de Biologia Molecular y Celular de Plantas (CSIC-Universidad Politécnica de Valencia), 46022 Valencia, Spain

Dipartimento di Bioscienze, Universita degli Studi di Milano, 20133 Milano, Italy

Departamento de Biotecnologia Microbiana y de Plantas, Centro de Investigaciones Bioldgicas Margarita Salas (CSIC), 28040 Madrid, Spain
Departament de Bioquimica i Biologia Molecular, Universitat de Valéncia, 46100 Burjassot, Spain

AW =

*Author for communication: dalabadi@ibmcp.upv.es

These authors contributed equally (N.B.-T., D.E.-B.)

tSenior author.

N.B.-T, D.E-B, AS-M, MAB, and D.A. designed the experiments; N.B.-T, D.E-B, AS-M, RM.E-A, FR, CC-L, CN-R, AP-A, and D.A. performed the
experiments; N.B.-T,, D.E-B, AS.-M, RME-A, FR, JF, CC-L, CN-R, AP-A, P.C, S, MAAB. and D.A. analyzed the data; N.B.-T, D.E-B, M.AB, and
D.A. prepared the figures; D.A. wrote the manuscript.

The author responsible for distribution of materials integral to the findings presented in this article in accordance with the policy described in the
Instructions for Authors (https://academic.oup.com/plphys/pages/General-Instructions) is David Alabadi (dalabadi@ibmcp.upv.es).

Abstract

The prefoldin complex (PFDc) was identified in humans as a co-chaperone of the cytosolic chaperonin T-COMPLEX
PROTEIN RING COMPLEX (TRiC)/CHAPERONIN CONTAINING TCP-1 (CCT). PFDc is conserved in eukaryotes and is
composed of subunits PFD1-6, and PFDc-TRiC/CCT folds actin and tubulins. PFDs also participate in a wide range of
cellular processes, both in the cytoplasm and in the nucleus, and their malfunction causes developmental alterations
and disease in animals and altered growth and environmental responses in yeast and plants. Genetic analyses in yeast
indicate that not all of their functions require the canonical complex. The lack of systematic genetic analyses in plants
and animals, however, makes it difficult to discern whether PFDs participate in a process as the canonical complex or
in alternative configurations, which is necessary to understand their mode of action. To tackle this question, and on
the premise that the canonical complex cannot be formed if one subunit is missing, we generated an Arabidopsis
(Arabidopsis thaliana) mutant deficient in the six PFDs and compared various growth and environmental responses
with those of the individual mutants. In this way, we demonstrate that the PFDc is required for seed germination, to
delay flowering, or to respond to high salt stress or low temperature, whereas at least two PFDs redundantly attenuate
the response to osmotic stress. A coexpression analysis of differentially expressed genes in the sextuple mutant identi-
fied several transcription factors, including ABA INSENSITIVE 5 (ABI5) and PHYTOCHROME-INTERACTING FACTOR 4,
acting downstream of PFDs. Furthermore, the transcriptomic analysis allowed assigning additional roles for PFDs, for in-
stance, in response to higher temperature.
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Modes of action of Arabidopsis prefoldins

Introduction

Prefoldins (PFDs) are conserved proteins present in archaea
and in eukaryotes that were identified in humans and in
yeast as part of a hexameric complex, called PFD complex
(PFDc; Geissler et al, 1998; Vainberg et al, 1998). PFDs can
be classified into a- or B-type depending on their structure
(Supplemental Figure S1A; Arranz et al,, 2018). In eukaryotes,
there are two a-type (PFD3 and PFD5) and four [B-type
(PFD1, PFD2, PFD4, and PFD6) PFDs, whereas in archaea
only one PFD per type is found. The PFDc adopts a jellyfish-
like structure in which two o-subunits occupy a central po-
sition allowing the binding of four B-subunits (Siegert et al,
2000; Martin-Benito et al., 2002). In eukaryotes, the arrange-
ment of the different subunits within the complex appears
to be conserved (Gestaut et al, 2019).

Currently, the best characterized function of the PFDc is
in proteostasis, as cochaperone of the chaperonin T-
COMPLEX PROTEIN RING COMPLEX (TRiC)/CHAPERONIN
CONTAINING TCP-1 (CCT) in the folding of tubulins and
actin (Gestaut et al, 2019). Yeast genes involved in microtu-
bule biogenesis (gim)/pfd mutants affecting different subunits
of the complex show similar cytoskeleton-related defects,
such as reduced o-tubulin levels (Geissler et al, 1998;
Vainberg et al, 1998), which are not aggravated when sev-
eral gim/pfd mutations are combined (Siegers et al, 1999).
Tubulin- and actin-related defects are also observed in pfd
mutants in other organisms. Knockdown of PFD genes in
Caenorhabditis elegans, except PFD4 that is divergent in this
species, causes impaired cell division and embryo lethality
due to defects in the rate of microtubule (MT) polymeriza-
tion (Lundin et al, 2008). Hypomorphic alleles of the
Drosophila MERRY-GO-ROUND locus, which encodes PFD3,
cause defects in the formation of the meiotic spindle due to
reduced tubulin levels, with this reduction also being ob-
served in fly DMEL-2 cells after knocking down PFD4
(Delgehyr et al, 2012). A missense mutation in the PFDN5
gene causes developmental alterations in the central
nervous system in mice, which are associated with reduced
accumulation of a-tubulin and B-actin (Lee et al, 2011). In
Arabidopsis (Arabidopsis thaliana), pfd mutations provoke
defects in the arrangement of cortical MTs and in the for-
mation of the phragmoplast, leading to impaired cell elonga-
tion and division, respectively (Gu et al, 2008; Rodriguez-
Milla and Salinas, 2009; Perea-Resa et al,, 2017). In summary,
the similar phenotypes caused by mutations in individual
PFD genes are consistent with the idea that the function of
the PFDc is impaired when a subunit is missing. This view is
further supported by the unique arrangement of subunits
within the complex, which is achieved by specific protein—
protein interactions (Gestaut et al,, 2019).

Genetic analyses in yeast have shown that other functions
of PFDs are not performed by the canonical PFDc. All PFDs,
except GIM2/PFD3 and GIM4/PFD2, are required for tran-
scription elongation of long genes and bind chromatin in a
transcription-dependent manner (Millan-Zambrano et al,
2013). Furthermore, no additivity was found when
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combining affected gim/pfd mutants, which suggested that
these PFDs may exert this role by being part of an alterna-
tive complex. In the same line, only GIM2/PFD3, GIM3/
PFD4, and GIM1/PFD6 proteins are required for the tran-
scription of genes in response to osmotic or oxidative stress
(Amorim et al,, 2017).

The implication of PFDs in diverse cellular processes is
well documented (Liang et al, 2020). Nonetheless, the lack
of systematic genetic analyses makes it difficult to discern
whether a particular role is exerted by the canonical PFDc
or by individual subunits. For example, genetic and molecu-
lar analyses in human and mice cell lines indicate that
PFDN5 acts as bridge protein that recruits a corepressor
complex to the c-Myc transcription factor (TF) (Fujioka
et al, 2001; Satou et al, 2001). Furthermore, PFDN5 is also
required to recruit components of the RNAPII phosphoryla-
tion and splicing complexes to transcribed genes in humans
(Payan-Bravo et al,, 2021). Nonetheless, it has not been dem-
onstrated whether it is the only PFD involved or whether
these roles are performed by the PFDc. In Arabidopsis, PFD4
promotes the proteasomal degradation of ELONGATED
HYPOCOTYL 5 (HY5), and accordingly, HY5 protein levels
are higher in pfd4 mutants compared to the wild-type
(Perea-Resa et al, 2017). HY5 levels are also increased in
pfd3 and in pfd5 mutants, indicating that these subunits are
also involved.

To understand the roles of PFDs in cellular processes, one
of the issues that we need to clarify is whether they act as a
canonical PFDc or as individual subunits. To address this
question in Arabidopsis, and since the function of the com-
plex is impaired if one subunit is missing, we have generated
a mutant defective in the six PFDs and compared its growth
habit and its behavior under abiotic stress conditions with
those of the individual mutants. Furthermore, we have iden-
tified additional functions for PFDs based on a transcrip-
tomic analysis of the sextuple mutant.

Results

The PFDc is formed in vivo in Arabidopsis

We first investigated whether the Arabidopsis PFDs can
adopt the structure of their orthologs in yeast and humans.
The structure of the Arabidopsis PFDs could be modeled in
silico based on the structure of their human orthologs
(Supplemental Figure S1A) and assembled to form the
jellyfish-like complex (Gestaut et al, 2019; see the top view
in Figure 1A and the comparison of the two complexes in
Supplemental Figure S1B). The accuracy of the modeling
was assessed using the Predicted Native Overlap, which
refers to the fraction of the Cot atoms in the model that are
predicted to be within 3.5 A of their corresponding position
in the known structure (Eramian et al, 2008). The fraction
was higher than 0.3 for all PFDs (Supplemental Figure S1C),
which is the indicative cutoff of good models (Eramian
et al, 2008; Melo et al, 2009). The high similarity between
complexes suggests that the PFDc would adopt the same
3D arrangement in Arabidopsis and in humans in vivo.
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Interactor No. of peptides mapped  Score
PFD3 473 164.5
PFD2 436 137.6
PFD6 234 119.0
PFD5 150 139.5
PFD4 110 122.9
PFD1 71 123.1
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Figure 1 The Arabidopsis PFDc. A, Predicted structure of the Arabidopsis PFDc using the human PFDc as template for modeling. B, Identification
of the Arabidopsis PFDc in vivo. The table summarizes the average number of peptides and the Mascot score corresponding to each PFD subunit
after TAP of GS-PFD3 (two replicates). C, Gel filtration fractions were analyzed by western blot and the fusion proteins revealed with anti-GFP

antibodies. The Ponceau staining shows the large subunit of rubisco.

We next determined if the PFD proteins associate in vivo.
For that purpose, we performed tandem affinity purification
(TAP) using an Arabidopsis PSB-D cell suspension line
expressing the PFD3 protein fused to the C-t end of the
GS™M°_TAP tag (Van Leene et al, 2015). After the two se-
quential immunopurification steps, the top PFD3 interactors
identified in two replicates were the other five PFDs (Figure
1B), suggesting that the PFDc is formed in vivo. To further
test this possibility, we reasoned that PFDs should elute in
fractions compatible with the molecular weight of the PFDc
in a gel-filtration chromatography. We subjected extracts of
seedlings expressing either pPFD4::PFD4-GFP (Perea-Resa et
al, 2017) or p35S:PFD6-YFP (Esteve-Bruna et al, 2020) to gel
filtration. As shown in Figure 1C, the elution profiles of both
proteins indicated that they are part of protein complexes
of a range of molecular weights that includes that of PFDc
(~130 kDa including the fusion protein). Protein staining
with Ponceau S showing the elution profile of the rubisco
large subunit, which is consistent with the molecular weight
of the rubisco complex (~ 540 kDa), served as control of
the analysis.

The Arabidopsis 6x pfd mutant

In order to investigate the PFDs’ contribution to Arabidopsis
development and response to the environment, and to dif-
ferentiate between processes regulated by the PFDc or by in-
dividual subunits, we decided to generate a sextuple mutant

defective in the activity of the six PFDs. Mutants for PFD
genes have been described in Arabidopsis, except for PFD1
(Gu et al, 2008; Rodriguez-Milla and Salinas, 2009; Perea-
Resa et al, 2017; Esteve-Bruna et al, 2020). We identified a
T-DNA mutant for the PFD1 gene in the GABI-Kat collec-
tion (Kleinboelting et al,, 2012). The pfd1 mutant carries the
T-DNA inserted in the third exon of the gene
(Supplemental Figure S2A) and is null, or highly hypomor-
phic, as evidenced by the inability to amplify the full-length
transcript by reverse transcription polymerase chain reaction
(RT-PCR; Supplemental Figure S2B). With mutants available
for all PFD genes, we generated the pfd1 pfd2 pfd3 pfd4 pfds
pfd6 sextuple mutant (hereafter referred to as 6x pfd) by ge-
netic crosses (see “Materials and methods” for details). An
RNA-seq analysis of the sextuple mutant (see below) con-
firmed that pfd1, pfd2, pfd3, and pfd4 alleles are null or
highly hypomorphic and that pfd6é carries the reported mis-
sense mutation (Supplemental Figure S2C). Nonetheless, it
also showed that the PFD5 gene is transcribed in the mu-
tant, albeit at a reduced level (~40% of wild-type;
Supplemental Figure S2, C and D). This result contrasts with
the absence of full-length PFD5 transcript previously
reported in the pfd5 mutant (Rodriguez-Milla and Salinas,
2009). The insertion site is in the third intron (Supplemental
Figure S2E), suggesting that the T-DNA may be processed in
a fraction of PFD5 pre-mRNAs and that this occurs more of-
ten in the sextuple mutant than in the pfds.
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PFDs participate in the organization of cortical MTs
exclusively as canonical complex

Defects in the organization of cortical MTs have been de-
scribed in Arabidopsis for the pfd3, pfd4, pfd5, and pfdé6
mutants (Gu et al, 2008; Rodriguez-Milla and Salinas, 2009;
Perea-Resa et al, 2017). To determine if pfd1 and pfd2 muta-
tions also cause defects in the organization of cortical MT,
we introduced the MT marker pUBQ10:Venus-TUA6
(Salanenka et al, 2018) into both mutant backgrounds by
genetic crosses and imaged MTs by confocal microscopy in
3-d-old etiolated seedlings. In the wild-type, cortical MTs
were disorganized in apical hook cells and organized in elon-
gating cells below the hook (Figure 2A). Similar organization
was observed in the pfd1 mutant, while they were randomly
arranged in both types of cells in pfd2 seedlings, similarly to
pfd6 (Gu et al, 2008). We analyzed other traits dependent
on tubulin folding: the sensitivity to the MT-depolymerizing
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drug oryzalin and tubulin levels. pfd1 seedlings showed a re-
sponse to oryzalin similar to the other pfd mutants, includ-
ing pfd2, although reduced sensitivity was observed at the
lowest concentration (Figure 2B). a-tubulin levels were re-
duced in all mutants (Figure 2, C and D). These results show
a similar behavior for all pfd mutants regarding MT-related
phenotypes. Nonetheless, our results also indicate that PFD1
seems dispensable for the PFDc function in elongating cells
below the apical hook.

Although the function of MT folding is attributed to the
PFDc (Gestaut et al, 2019), the lack of systematic analysis
makes it difficult to rule out a complex-independent role
for the individual subunits. The 6x pfd mutant showed
the same sensitivity to oryzalin and the same reduction of
a-tubulin levels as the individual pfd mutants (Figure 2, B-D),
indicating that PFDs participate in MT-related processes ex-
clusively as part of the PFDc.

WT & pfd2 < pfdd © pfd6
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Figure 2 MT alterations in pfd mutants. A, Representative confocal images of VENUS-TUAG in wild-type (WT), pfd1, and pfd2 hypocotyl cells
(four hypocotyls were imaged per genotype). Scale bar = 10 pum. B, Effect of oryzalin on root elongation. The graph shows the average of two bio-
logical replicates (n = 8-16 roots per genotype, treatment and biological replicate). Error bars indicate standard error of mean. ***P < 0.001 in a
two-way ANOVA test. C, Levels of o-tubulin relative to DET3. Data are the average of five independent experiments. ***P < 0.001 compared to
the WT in Dunnet’s multiple comparison test after ANOVA test. D, Representative western blot showing o-tubulin levels in the WT and in pfd
mutants. DET3 was used as loading control. The ratio of tubulin/DET3 of this representative blot is shown.
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PFDc-dependent and -independent contributions of
PFDs to organ growth

Reduced growth is a common trait of pfd mutants (Gu et
al, 2008; Rodriguez-Milla and Salinas, 2009; Perea-Resa et al,,
2017; Esteve-Bruna et al., 2020). To determine if PFDs’ con-
tribution to organ growth is mediated by the PFDc, we ana-
lyzed the size of the rosette and the hypocotyl and root
length in individual pfd mutants and in the 6x pfd. The ro-
sette size was reduced to a similar extent in individual pfd
mutants and further reduced in the 6x pfd (Figure 3, A and
B; Supplemental Figure S3). MT-related defects leading to al-
tered cell division and/or expansion may contribute to ro-
sette growth alterations in pfd mutants. Nonetheless, the
fact that the sextuple mutant exhibits a further reduction in
size indicates that other processes, probably unrelated to
MTs and redundantly controlled by two or more PFDs, are
also altered in this mutant. Therefore, it seems that PFDs
contribute to the rosette growth in two ways, dependent
on and independent of the PFDc.

The analysis of the hypocotyl and root length revealed a
similar reduction in the size of both organs in individual pfd
and sextuple mutants (Figure 3, C and D). Despite the slight
but significant differences among genotypes, the lack of an
additive effect in the 6x pfd mutant suggests that PFDs act
as canonical complex to promote the growth of both
organs. At least part of the contribution of the PFDc to hy-
pocotyl elongation may be mediated by its role in the orga-
nization of cortical MTs, since the growth of this organ is
almost entirely mediated by cell expansion (Gendreau et al,
1997). In addition to cell expansion, cell divisions occurring
in the root meristem also contribute to the growth of this
organ. Indeed, the number of meristematic cells was strongly
reduced in 6x pfd roots (Figure 3, E and F). Hence, PFDs
would contribute to root growth as PFDc, which mediates
at least MT-dependent cell division.

The PFDc contributes to the regulation of flowering
time
We reasoned that the increased expression of PFD genes in
the vegetative rosette and in the shoot apex, before and af-
ter the transition to flowering, would be compatible with a
role for PFDs in flowering time regulation (Supplemental
Figure S4; Winter et al., 2007). To test this hypothesis and to
determine eventually whether this role is performed by the
PFDc, we measured the flowering time of individual pfd and
sextuple mutants grown in short days (SDs). All mutants
flowered earlier than the wild-type (Figure 4A). The pheno-
type was similar for all mutant lines, albeit the effect of the
pfd1 mutation was milder. Importantly, the absence of addi-
tive effects in the 6x pfd suggests that the activity of PFDs
on flowering time is exerted by the PFDc. This effect is inde-
pendent of the photoperiod, since early flowering was also
observed when the 6x pfd mutant was grown under long
days (LDs; Figure 4B; Supplemental Figure S5A).

Next, to try understanding how the PFDc contributes
to the flowering time regulation, we investigated whether
the expression of key regulatory genes is altered in the 6x

Blanco-Tourinan et al.

pfd mutant. The analysis included SQUAMOSA
PROMOTER BINDING PROTEIN-LIKE 9 (SPL9) and SPL15
(aging pathway); FLOWERING LOCUS M (FLM),
FLOWERING LOCUS C, and SHORT VEGETATIVE PHASE
(vernalization and autonomous pathways); GIGANTEA
(GI) and CONSTANS (CO; photoperiod pathway);
GIBBERELLIN 20-OXIDASE 2 (GA200x2) and GIBBERELLIN
2-OXIDASE 2 (GA20x2; gibberellin pathway); FLOWERING
LOCUS T (FT), FD, TWIN SISTER OF FT (TSF), BROTHER OF
FT AND TFL1, and SUPPRESSOR OF OVEREXPRESSION OF
CO 1 (SOCT; integrator genes); and LEAFY (LFY) and
APETALA 1 (AP1; meristem identity genes; Fornara et al,
2010; Figure 4C). We analyzed their expression by reverse
transcription quantitative polymerase chain reaction (RT-
gPCR) in shoot apices and/or in the second oldest rosette
leaf from 14-d-old plants grown in LD. Among representa-
tive genes of different pathways acting upstream of the
integrator and floral meristem identity genes, only the ex-
pression of GA20x2 was significantly altered in the mutant
(Figure 4D; Supplemental Figure S5, B and C). We identi-
fied, however, the integrator FT-TSF module as the main
target of the PFDc. The expression of FT in leaves and of
TSF in the shoot apex was higher in the sextuple mutant
than in the wild-type, which would explain the higher
transcript levels of the downstream genes SOC1, LFY, and
AP1 that lead to the floral transition (Figure 4, D and E;
Supplemental Figure S5, B and C). These results suggest
that the early flowering of the 6x pfd mutant is associated
to increased FT-TSF activity. The PFDc, therefore, is re-
quired to delay flowering by attenuating the expression of
integrator genes.

Different contributions of PFDs to the response to
abiotic stress

The activity of PFD3, PFD4, and PFD5 is required for root
growth under salt stress (Rodriguez-Milla and Salinas, 2009;
Esteve-Bruna et al, 2020). The root growth of pfd2 and pfd6
mutants was affected by the 100 mM NaCl treatment in a
similar way to that of the pfd3, pfd4, or pfd5 mutants, while
it was less affected in the pfd1 (Figure 5A). Interestingly, 6x
pfd seedlings behaved as the individual pfd, suggesting that
PFDs contribute to the response to high salt as PFDc.

The hypersensitive response of pfd mutants to NaCl
could be caused by either the ionic or the osmotic com-
ponent of the treatment. Previous findings show that the
sensitivity of pfd3 and pfd5 mutants to NaCl is likely Na™-
specific, because they are not hypersensitive to LiCl or
mannitol (Rodriguez-Milla  and  Salinas,  2009).
Nevertheless, a general effect on ionic or osmotic stress
by redundantly acting PFDs cannot be ruled out. We
measured the root length of individual pfd and 6x pfd
mutants in the presence of 12-mM LiCl or 300-mM man-
nitol. LiCl stress inhibited root growth in a similar way in
all genotypes, ruling out any involvement of PFDs in the
response to nonspecific ionic stress (Figure 5B).
Interestingly, the 6x pfd seedlings were more tolerant to
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Figure 3 Effect of pfd mutations in organ growth. A, Representative images of 14-d-old rosettes of the indicated genotypes grown in 1/2 MS plates
under continuous light. Scale bar = 2 mm. B-D, Box plots showing the rosette area (n =21-26) in 14-d-old plants (B), the hypocotyl length in 7-
d-old etiolated seedlings (n =34-47) (C), and the root length (n = 16-24) of 7-d-old seedlings grown in LD photoperiod (D). E, Images of repre-
sentative root tips. The meristem extends between cells marked with three asterisks (the quiescent center) and the arrowhead. Scale bar = 50
pm. F, Number of meristematic cells in roots (n =29 roots for the wild-type (WT) and n =39 roots for 6x pfd) of 8-d-old seedlings grown under
continuous light. For (B—D) and (F), horizontal lines inside boxes indicate the median and the box limits indicate the upper and lower quartiles.
Whiskers extend 1.5X the interquartile range, leaving outliers outside whiskers. Genotypes with different letters show significant differences at
P < 0.05 according to ANOVA with Tukey’s Honestly Significant Difference (HSD) test. ***P < 0.001 in a Student’s t test when comparing mutant
with the WT.

the mannitol treatment, whereas a wild-type response  osmotic stress does not require the participation of the
was observed for individual pfd mutants (Figure 5C). PFDc, but rather two or more PFD subunits that redun-
These results indicate that the response of the plant to  dantly attenuate the response. Moreover, it indicates that

120Z J8QUISAON 80 UO J8SN BIDUS|BA ap BOIUDS)I0d 1eNISISAIUN A] | L 89ZE9/YESL/E//8 1 /aome/sAydid/woo dno-olwapeoe//:sdiy woul peapeojumod]



1540 I PLANT PHYSIOLOGY 2021: 187; 1534-1550 Blanco-Tourinan et al.

&
Fa 2
A & D AN
Vernalization / Gl =
Autonomous pathways / SPL9 O E‘ "3 "?1
70 FLC, SVP,FLM co 2|8 x
" sPL15 | © g
o 60 § / GA200x2 GAZ2o0x2 3|83
w " m O
£ 50 g § FTITSF F— BFT v ¢ o | ©@ O g‘ 3 g
P T §s
£ ool ©0|@ ©F|i:
2 307 c oo
= =
5 20 SPL SOC1 G205 O ®
3 10l N\ Ga2ox2 | O 8
@
"D g g c | @
O @Y & P S 5 c
\t{\ QK QK 3 Q& Q& q-,‘%Q * Floral transition svP o é %
2%
B E M | © § E,
20 10 25
3 * ok FT O O
g *2 - CIWT :“3 1 2
3 16 H —_— g 8+ ] 6x pfd l E 20+ TSF O O § g},
w S
£ c ]
£ sl § s ol £ 15 | O £s
= @ g BrT | © A
=3
8 H Q - X 10F
= g 4 - o 1.0 soct | Q € o
@ x L 2 go
3 < * Rk = A7) 5
| 2 2f S o5 try | @ 5%
© L vl fumge =
— m C
0 | | &} 0 I:I'_Illl-‘ rI||‘| Ia-.‘r ’l|1 0 T AP1 O E g
\é\ O TSF SOC1 LFY AP1 il

Figure 4 Flowering phenotype of pfd mutants. A, B, Leaf number at bolting of plants grown in so (n =9-12) (A) or in LD (n =12) (B). Open and
filled bars represent rosette and cauline leaves, respectively. Error bars indicate standard deviation of each kind of leaves. * and *** indicate
P < 0.05 and 0.001, respectively, compared to the wild-type (WT) in Dunnet’s multiple comparison tests after ANOVA tests when the total num-
ber of leaves is considered. C, Major pathways controlling flowering time in Arabidopsis. Arrows and blunted lines denote positive and negative
interactions, respectively. D, Summary of RT-gPCR results. Circles indicate the genes analyzed in the shoot apex and/or the second oldest rosette
leaf of 14-d-old wild-type and 6x pfd plants grown under LD. E, Expression of misregulated genes in 6x pfd plants compared to the WT. Data are

mean from three biological replicates. Error bars represent standard error from means. *, **, and *** represent P < 0.05, 0.01, and 0.001 in t tests,

respectively.

it is unlikely that there is contribution of osmotic stress
to the effect of high NaCl in pfd mutants. The contribu-
tion of PFDs to salt and osmotic stress responses is not
mediated by transcriptional or post-transcriptional regula-
tion of PFD genes (Supplemental Figure S6, A-C).

PFD3, PFD4, and PFD5 attenuate the acclimation to low
temperatures (Perea-Resa et al, 2017). The individual pfd1
and pfd2 mutants showed the same freezing tolerance as
pfd3, pfd4, and pfdS, whereas a wild-type response was ob-
served for pfd6 (Figure 5, D and E). The 6x pfd plants
showed a behavior similar to that of pfd1 to pfd5. The lack
of additive effect in the 6x pfd mutant leads us to propose
that PFDs contribute to freezing tolerance as PFDc, despite
the pfd6 mutant shows a wild-type response. One explana-
tion for this discrepancy would be that the missense pfd6
mutation causes a temperature-sensitive allele whose effect
is compensated at low temperature (Figures 2—4).

PFDs mostly contribute to gene expression
independently of the PFDc

Impaired activity of PFDs results in altered gene expression
(Esteve-Bruna et al.,, 2020). To determine whether PFDs par-
ticipate in gene expression as canonical complex, we com-
pared the differential expressed genes (DEGs) identified by
RNA-seq in the pfd4 and 6x pfd mutants grown in vitro
compared to the wild-type. A total of 1,186 DEGs, 734 up-
and 452 downregulated, were identified in the 6x pfd mu-
tant ([log, FC] > 2, P<0.05 Figure 6, A and B;
Supplemental Data Set S1). The relatively high number of
DEGs in the mutant highlights the relevance of PFDs’ activ-
ity for gene expression.

The number of DEGs was significantly lower in the pfd4
mutant (198 DEGs, [log, FC] > 2, P < 0.05; Figure 6, A and B;
Supplemental Data Set S2; Esteve-Bruna et al, 2020). The fact
that the transcriptional alterations are more severe in the 6x
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Figure 5 Response to stress in pfd mutants. A-C, Percentage of root length inhibition in the presence of 100-mM NaCl (A), 12-mM LiCl (B), or
300-mM mannitol (C). Bars represent mean from four (A) or three (B, C) biological replicates. The number of roots analyzed per genotype and bi-
ological replicate were 9-13 (A), 5-7 (B), and 10-13 (C). Error bars indicate standard error of mean. * and *** indicate P < 0.01 and 0.001, respec-
tively, compared to the wild-type (WT) in Dunnet’s multiple comparison tests after ANOVA. D, Freezing tolerance assay of cold-acclimated
plants. Two-week-old wild-type, pfd1, pfd2, pfd3, pfd4, pfds, pfd6, and 6x pfd plants grown at 20°C were transferred to 4°C for 5 d and subse-
quently exposed to —12°C for 6 h. Survival rates were determined after 1 week of recovering at 20°C. Error bars indicate standard error of mean
from five biological replicates (n =7-26 per genotype and biological replicate). *, **, and *** asterisks indicate P < 0.05, 0.01, and 0.001, respec-
tively, compared to the WT in Dunnet’s multiple comparison tests after ANOVA tests. E, Representative plates after recovery.

pfd mutant than in the pfd4 suggests that the global contri-
bution of individual PFDs to gene expression is greater than
that of the PFDc. Among the common genes, the upregulated
ones followed the same trend (Figure 6B; Supplemental Figure
S7A). It is important to note, however, that the majority of
DEGs in pfd4 seedlings were not misexpressed in the 6x pfd
mutant (Figure 6B). This could be explained if there is an an-
tagonistic relationship between the different PFDs in certain

conditions in their role as independent proteins: either the
defects caused by loss of single PFDs are mutually cancelled in
higher order mutants, or loss of one PFD causes an increase
in the accumulation/activity of other PFDs.

PFDs regulate gene expression through different TFs
How the impairment in PFD activity is translated into tran-
scriptional defects is not understood, and may depend on
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B, Venn diagram comparing DEGs in pfd4 and 6x pfd mutants. C,

spectively. D, Plots showing the expression level of the indicated genes extracted from the RNA-seq analysis. Each dot represents a replicate.

the context. To identify putative TFs that could inform on
the transcriptional role of PFDs, we first examined the archi-
tecture of the coexpression network of the DEGs found in
the 6x pfd mutant. We used the tool CORNET 3.0 (De Bodt
et al, 2012) to determine the pairwise coexpression values
among the 1,186 DEGs in the 6x pfd mutant in 454 microar-
ray experiments. The analysis resulted in a network with 636
nodes and 9,646 edges (Supplemental Data Set S3), mostly
organized into three compact gene clusters (Figure 6C).
Interestingly, cluster 1 was exclusively formed by upregulated
genes, while the two others mostly included downregulated
genes (Supplemental Data Set S4). The highest coexpression
values were observed between genes of the same cluster
(see Supplemental Figure S7B for a larger image of clusters).

This organization would be consistent with genes in each
cluster being coregulated by a few TFs. Then, we searched
for the putative upstream TF regulators using the
TF2Network tool (Kulkarni et al,, 2018). We found that 80%
of genes in cluster 1 are coexpressed with ABA INSENSITIVE
5 (ABI5) and 69% of them are direct targets of this TF.
Importantly, ABI5 itself was among the upregulated genes in
the 6x pfd mutant (Figure 6D; Supplemental Data Set S1).
ABI5 is a bZIP TF that plays a positive role in abscisic acid
(ABA) signaling (Skubacz et al, 2016) and, in agreement
with this, a gene ontology (GO) analysis showed that the
category “response to ABA stimulus” was overrepresented in
cluster 1 (P=15 x 10 '; Supplemental Figure S7C).
Between 39% and 63% of downregulated genes of cluster 2
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were coexpressed with several AtWRKY TFs (AtWRKYG65, 36,
72, 35, 29, 9, and 59; cited from the most to the least coex-
pressed). AtWRKY72 was also misexpressed in the 6x pfd
mutant (Figure 6D; Supplemental Data Set S1). The latter
and AtWRKY29 have been characterized, being related to
defense against pathogens (Zhou et al,, 2004; Bhattarai et al,,
2010). The analysis of cluster 3 showed poor coexpression
values with TFs (less than 17%). Nonetheless, it revealed
that 66% and 33% of genes were direct targets of G-BOX
BINDING FACTOR 3 (GBF3) and PHYTOCHROME-
INTERACTING FACTOR 4 (PIF4), respectively. These TFs
were also misexpressed in the 6x pfd mutant (Figure 6D;
Supplemental Data Set S1). GBF3 is a bZIP TF that contrib-
utes to the plant’s response to abiotic stress (Ramegowda et
al, 2017), and PIF4 is a well characterized bHLH TF that
transmits information about ambient light and temperature
to hormone and growth pathways (Choi and Oh, 2016). In
summary, the in silico analyses predicted that part of DEGs
in the 6x pfd mutant may be targets of ABI5, WRKY72,
GBF3, and PIF4.

The transcriptome of the 6x pfd mutant reveals
additional functions for PFDs

To identify additional biological functions affected by PFDs
at the transcriptional level, we searched for enriched GO
categories in the DEGs of 6x pfd seedlings (Supplemental
Figure S7C and Supplemental Data Set S1). The GO category
“response to auxin stimulus” was enriched in cluster 3
(P=3.0 x 10"°). Particularly striking is the presence of 13
SMALL AUXIN UP-REGULATED RNA (SAUR) genes
(Stortenbeker and Bemer, 2019) among those downregu-
lated in this cluster (marked with an asterisk in Figure 7A).
Indeed, another 13 SAUR together with the auxin biosynthe-
sis gene YUCCA 8 (YUC8) and the auxin signaling gene
AUXIN/INDOLE-3-ACETIC ACID 29 (IAA29), not represented
in the microarray compendium used for coexpression analy-
ses, also appeared downregulated in the 6x pfd mutant
(Figure 7A; Supplemental Data Set S1). These results suggest
that impairment of PFDs’ activity affects the auxin biosyn-
thesis and signaling pathway.

The TF2Network analysis revealed that PIF4 probably con-
trols the expression of genes in cluster 3. PIF4 is important
for the expression of auxin biosynthesis and signaling genes,
especially in response to warm temperature (Quint et al,
2016). In agreement with this, the enrichment of the GO
category “response to auxin stimulus” was most significant
among the direct targets of PIF4 in this cluster (P=12 x
10~ "). The reduced expression of PIF4 in the 6x pfd mutant
(Figure 6D) may contribute to the low expression of the
auxin genes. Nonetheless, we reasoned that the consequen-
ces of low PIF4 expression would be most obvious if we ex-
pose the 6x pfd mutant to warm temperature. To test this,
we selected five genes whose induction by warm tempera-
ture is PIF4-dependent: YUC8 (Sun et al, 2012), IAA19 (Huai
et al, 2018), IAA29 (Koini et al, 2009), and SAUR19 and 23
(Franklin et al, 2011). Notably, the induction at 29°C was
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mostly impaired for all genes in the mutant, except for
SAURT9 (Figure 7B). These results indicate that PFDs are re-
quired for the proper molecular response of seedlings to
warm temperature. The fact that SAURT9 still responds to
the temperature shift, despite it is dependent on PIF4
(Franklin et al, 2011), suggests that PFDs may affect the
temperature response through other pathways in addition
to those involving this TF. The contribution of PFDs to the
temperature response is not mediated by transcriptional
regulation of PFD genes (Supplemental Figure S6D).

Since GO terms related to germination were enriched in
the DEGs in the 6x pfd mutant (Supplemental Figure S7C
and Supplemental Data Set S1) and all PFD genes are tran-
scriptionally active in imbibed seeds (Supplemental Figure
S4), we wondered whether PFDs have a role in this process.
To determine the germination capacity of 6x pfd seeds, we
compared their germination rate with that of the wild-type
with or without stratification at 4°C for 72 h. The 6x pfd
seeds exhibited a delay in germination regardless of stratifi-
cation (Figure 7, C and D). The role of PFDs in germination
might depend on the PFDc because seeds of all individual
pfd mutants showed a delay in germination similar to that
of 6x pfd seeds (Supplemental Figure S8).

The enrichment of GO categories related to abiotic stress
among DEGs in 6x pfd seedlings (Supplemental Figure S7C
Supplemental Data Set S1) suggests that this mutant may
constitutively manifest a stress response. To investigate this
possibility, we compared the transcriptome of 6x pfd seed-
lings with that of wild-type seedlings exposed to either 150-
mM NaCl or 4°C for 24 h (Esteve-Bruna et al, 2020). The
meta-analysis revealed that 56.7% of the DEGs in the mu-
tant were altered in the wild-type exposed to either of the
two stresses (Supplemental Figure S9A and Supplemental
Data Set S5), and that many of them behaved similarly
(Supplemental Figure S9B). GO categories over-represented
in the set of 163 DEGs common to the three conditions in-
cluded response to abiotic stimuli and response to hor-
mones ABA and JA (Supplemental Figure S9C and
Supplemental Data Set S5). In particular, several genes
encoding ABA receptors and those coding for the protein
phosphatases that act as negative regulators of the ABA-
signaling pathway were downregulated and upregulated, re-
spectively, in the 6x pfd mutant (Supplemental Figure 10, A
and B). These results, together with the upregulation of
ABA-responsive genes in the mutant (Supplemental Figure
10C), suggest that PFDs are required to repress the ABA-
related transcriptional response. In agreement with this, the
transcriptional behavior is not a response to elevated ABA
levels in the mutant, which are actually reduced compared
to the wild-type (Supplemental Figure 10D), likely due to
enhanced ABA catabolism (Supplemental Figure 10E). In
summary, PFDs seem to be required to maintain adequate
expression levels of many stress-related genes under non-
stressful conditions, which is consistent with the role ob-
served for PFDs under these stress conditions.

120Z J8QUISAON 80 UO J8SN BIDUS|BA ap BOIUDS)I0d 1eNISISAIUN A] | L 89ZE9/YESL/E//8 1 /aome/sAydid/woo dno-olwapeoe//:sdiy woul peapeojumod]


https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab348#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab348#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab348#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab348#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab348#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab348#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab348#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab348#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab348#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab348#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab348#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab348#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab348#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab348#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab348#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab348#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab348#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab348#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab348#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab348#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab348#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab348#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab348#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab348#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab348#supplementary-data
https://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiab348#supplementary-data

1544 I PLANT PHYSIOLOGY 2021: 187; 1534-1550 Blanco-Tourinan et al.

A B

Yucs Auxin 3T I WT (22°C)
GH3.15 metabolism
otz Rl A ; e Hupacao
c
SAUR20 B 6x pfd (29°C)

SAUR21
SAUR22

* SAUR23
SAUR24

* SAUR1
SAUR3
SAUR12
SAUR13

* SAUR15
* SAUR16
SAUR26

* SAUR27
* SAUR28
SAUR29
SAUR35
SAUR46
SAURS50
SAURS56
SAUR61
SAUR62
SAUR63

2_

b
b d
a a

a aa a a a
1 ab a

Hﬂﬂ'ﬂr b a

’I b ﬂ

. 1

YUC8 IAA19 |AA29 SAUR19 SAUR23

Relative expression

@)

D

100 - 100 -

80 -
ns
60 - . ns
40 -
SAURG64 ik

SAUR65 Log FC 20
SAUR66 < 2 O 6x pfd

SAUR67 0 T T T T T T T
SAUR74 g i 68 90 114 138 24 32 48
SAURZS Hours after sowing Hours after stratification

Small auxin UP RNA (SAUR)

* *

ns

A O @
o O o
1 1 1
*
*
*

O WT
o O 6x pfd

% Germination
% Germination

* % o F F

N
o o
L

E /) Hypocotyl & Cold Warm
s root growth 3%; m

< Individual e &
!\ subumt.s » j% Canonical : | 4 @ﬁ I:ﬂd;ﬁﬁz‘
e ' PFDc
Canonical (69 B4 :
PFDc on - Bosotio . Alternative

5 ~ complex(es)
) ~3 growth 4
t 4 Seed (@> ~, /
germination Alternative ; J Flowering ?‘i‘? 3 W:"ﬁ" .

Na* -
complex(es) o V¥ Salt Osmotic
® |
\ —i Negative effect — Major contribution
—» Positive effect -~ Minor contribution
Development & Growth Response to the environment
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Different letters show significant differences at P < 0.05 according to ANOVA with Newman—Keuls test. C, D, Germination rates of nonstratified (C) and
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** represent P < 0.05 and 0.001 in Bonferroni tests after ANOVA tests, respectively. ns = no significant differences. E, Model depicting the different modes of
action of PFDs in Arabidopsis.

Discussion subunits, provides clues to their mode of action. The analy-
Determining whether PFDs participate in a particular pro-  sis of the 6x pfd mutant has allowed us to identify processes
cess as members of the canonical PFDc or, conversely, in al-  that are dependent and independent of the activity of the

ternative configurations, i.e. other complexes or as individual canonical PFDc (Figure 7E). Joint action with the TRiC/CCT
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would be expected in those processes that require the par-
ticipation of the canonical complex (Gestaut et al, 2019).
We have found that several growth-involving processes de-
pend on PFDc, in which it probably participates through the
folding of at least tubulins. For other processes also depend-
ing on the PFDc, such as the plant’s response to salt stress
or the regulation of flowering time, the mechanistic connec-
tion with tubulins is not so obvious. Interestingly, altering
MT polymerization affects gene expression in plants
(Sangwan et al, 2001), and actin, another bona fide sub-
strate of PFDc-TRiC/CCT, performs roles in the nucleus re-
lated to transcription (Blettinger et al., 2004). This opens up
the possibility that the effect of the PFDc on the expression
of the flowering integrator genes or of genes involved in salt
stress is mediated through these two protein substrates.
Alternatively, the PFDc may act through actin-related pro-
teins, some of which are subunits of chromatin remodeling
complexes that regulate the expression of FT (March-Diaz
and Reyes, 2009; Kumar et al,, 2012) and also of stress genes
(Wang et al, 2019). In fact, CENTRACTIN, an actin-related
protein belonging to a cytosolic complex, is substrate for
TRIiC/CCT chaperonin in vertebrates (Melki et al., 1993).

PFDc-TRIC/CCT may fold substrates other than tubulins
or actin that could also mediate the function of the PFDc.
Although not supported by functional or genetic analyses,
interactomic approaches suggest that PFDc-TRiC/CCT assist
the folding of the histone deacetylase HDACT in the nucleus
of human cells (Banks et al, 2018). Similar approaches have
identified the PFDc and TRiC/CCT complexes associated to
the TARGET OF RAPAMYCIN (TOR) kinase complex in
Arabidopsis (Van Leene et al, 2019). In Drosophila, TRiC/
CCT interacts physically with members of the TOR complex
and is required for TOR function, probably by participating
in its assembly (Kim and Choi, 2019). That the TOR com-
plex is substrate of the PFDc-TRIiC/CCT in plants is an inter-
esting possibility that awaits investigation.

We have identified other processes in which the action of
PFDs does not involve the canonical complex (Figure 7E).
Genetic analyses indicate that two or more PFDs act redun-
dantly to promote rosette growth or to attenuate the re-
sponse to osmotic stress. In these cases, it is more difficult
to anticipate their mode of action. They may participate as
individual subunits or as part of alternative complexes. For
example, our previous results show that PFDs can partici-
pate in proteostasis independently of the PFDc. PFD4 acts
as adaptor to mediate the stabilization of the spliceosome
complex LIKE-SM 2-8 by the chaperone Hsp90, a process in
which PFD2 does not appear to be involved (Esteve-Bruna
et al, 2020). Their participation in alternative complexes is a
very exciting possibility that has been proposed in yeast to
explain the role of PFDs in transcriptional elongation, al-
though the identity of the complex is currently unknown
(Millan-Zambrano et al, 2013). A PFD-like complex formed
by PFD2 and PFD6 together with the PFD-like proteins
UNCONVENTIONAL PREFOLDIN RPB5 INTERACTOR 1,
UBIQUITOUSLY EXPRESSED TRANSCRIPT, p53 AND DNA
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DAMAGE-REGULATED PROTEIN 1, and ASDURF has been
identified in animals (Chaves-Perez et al, 2018). It is there-
fore reasonable to think that the putative Arabidopsis PFD-
like complex may participate in PFDc-independent processes
requiring PFD2 and/or PFD6. Defining the in vivo interac-
tome of PFDs in different pfd mutant backgrounds would al-
low identifying putative alternative complexes and their
partners, helping therefore to delineate PFDc-independent
mechanisms for PFDs’ action.

Our results indicate that PFDs are required to maintain
adequate levels of gene expression and that at least part
their action is mediated by a few TFs (Figure 6). The mecha-
nisms through which PFDs affect the expression of these
genes are, however, a matter for future research. We antici-
pate that an important contribution will be indirect,
through their participation in cellular proteostasis, as men-
tioned above. For instance, they can regulate the stability of
TFs or complexes involved in different stages of gene expres-
sion, as already demonstrated in Arabidopsis for the TF HY5
(Perea-Resa et al., 2017) or the spliceosome complex LSM2—
8 (Esteve-Bruna et al., 2020). Following this line, the stability
or the recruitment to larger complexes of the TFs identified
by the TF2Network analysis (Figure 6B) might depend on
PFDs. Nonetheless, other possibilities cannot be excluded. In
humans, PFD5 acts as a bridge protein that helps recruit a
co-repressor complex to c-Myc (Fujioka et al,, 2001; Satou et
al, 2001) and PFD1 binds to the transcription start site of
the Cyclin A gene to repress its expression (Wang et al,
2017), while, in the worm C. elegans, PFD6 activates the TF
DAF-16/FOXO by physical interaction (Son et al, 2018).
Therefore, it is possible that plant PFDs also contribute di-
rectly to the gene expression process, performing functions
similar to those described in animals. Indeed, a fraction of
the Arabidopsis PFD5 is located in the chromatin (Locascio
et al, 2013), as occurs in yeast and animals where PFDs reg-
ulate various aspects of transcription (Millan-Zambrano et
al, 2013; Payan-Bravo et al, 2021). Although this location
would be compatible with a role for the Arabidopsis PFD5
in proteostasis, exerted locally at this location, it is likely
that it also reflects the direct involvement of PFDs in tran-
scriptional regulation.

PFDs are required for normal development of animals and
their malfunction, due to mutation or misexpression, is nor-
mally associated to cancer or disease (Liang et al, 2020) or
causes embryo lethality (Lundin et al, 2008; Delgehyr et al,
2012). Arabidopsis pfd mutants, including the 6x pfd, are via-
ble and do not show apparent developmental defects be-
yond reduced size and early flowering, indicating that PFDs’
activity is mostly dispensable for normal development in
this species (this work; Gu et al, 2008; Rodriguez-Milla and
Salinas, 2009; Perea-Resa et al., 2017; Esteve-Bruna et al,
2020). Rather, their role in plants appears to be more rele-
vant for properly interpreting environmental challenges
(Rodriguez-Milla and Salinas, 2009; Perea-Resa et al, 2017;
Esteve-Bruna et al, 2020). In fact, we show here that plants
defective in the six PFDs perform better than the wild-type
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when exposed to osmotic stress, which adds to known
defects in the response to high salt or low temperature. It is
important to note that our results also expand this view.
We show that they are not only required to respond to
stress, but also to respond to environmental changes that,
in principle, do not represent a stressful scenario for the
plant, such as a moderate increase in the ambient tempera-
ture. This is further supported by the finding of enriched
GOs related to environmental and stress responses in the
gene set misregulated in the 6x pfd mutant, and with the
fact that the TFs identified by coexpression analyses acting
downstream of PFDs mainly participate in environmental
responses. The different contribution of PFDs to the plant’s
response to environmental changes, i.e. positive for salt
stress or warm temperature and negative for cold or os-
motic stress, is probably an indication of the varied modes
of action through which these proteins act, which are just
beginning to glimpse.

In summary, our results place PFDs as relevant players in
the plant's response to environmental changes.
Furthermore, the genetic analyses provide evidence that
PFDs’ action is not always mediated by the canonical PFDc
and clues about their possible mode of action. The genetic
resources generated in this work will help deciphering the
mechanisms through which these versatile proteins act.

Materials and methods

Plant material and growth conditions

Arabidopsis (A. thaliana) accession Columbia-0 (Col-0) was
used as the wild-type. Most mutants and transgenic lines
have been described: pfd2 (Esteve-Bruna et al, 2020), pfd3
and pfd5 (Rodriguez-Milla and Salinas, 2009), pfd4 (Perea-
Resa et al, 2017), pfd6-1 (Gu et al, 2008), pRGA:GFP-RGA
(Silverstone et al,, 2001), pPFD4::PFD4-GFP (Perea-Resa et al,
2017), p35S:PFD6-YFP (Esteve-Bruna et al, 2020), and
pUBQ10:VENUS-TUAG (Salanenka et al,, 2018). The pfd1 mu-
tant (GK-689A09) was obtained from the Nottingham
Arabidopsis Stock Centre.

To grow seedlings in vitro, seeds were surface-sterilized,
sown on plates with half-strength Murashige and Skoog
(MS; Duchefa) media, pH 5.7, that includes 1% (w/v) sucrose
and 8 g L' agar (control media), and stratified at 4°C for
3-4 d. Plates were exposed to continuous light (50-60 pmol
m~2 s~ ") or LD photoperiod (16 h of 90 umol m~—2 s~ ") at
22°C. For hypocotyl length measurements and TUAG6-
VENUS visualization, seedlings were grown without sucrose.

To obtain the 6x pfd mutant, all double mutant combina-
tions were first prepared by crossing individual pfd. Then,
double mutants were used to obtain five triple mutants
(pfd1,2,3; pfd1,3,5 pfd235 pfd246, and pfd35,6). Triple
mutants were used to obtain three quadruple mutants
(pfd1,2,3,5; pfd1,3,56, and pfd2,3,56). Crosses between triple
and quadruple mutants, and between two quadruples, were
performed to obtain three quintuples (pfd1,2,3,56;
pfd1,3,4,5,6, and pfd2,3,4,5,6) and the sextuple mutant. All
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mutant combinations were genotyped in F2 generations
with primers listed in Supplemental Table S1.

The pUBQ10pro:VENUS-TUAG pfd1 and pUBQ10:VENUS-
TUAG6 pfd2 lines were obtained by crossing and confirmed
by genotyping in F2 or F3 generations with the primers
listed in Supplemental Table S1.

Protein structure prediction

The 3D structure of each Arabidopsis PFD was obtained by
homology with the human PFDs (PDB code 6NR8; Gestaut
et al, 2019) using Modeller (release 9.23; Webb and Sali,
2016). The 3D structure of the Arabidopsis PFDc was assem-
bled, using the human PFDc (PDB code 6NR8) as template,
and visualized with PyMOL 2.4 software. The evaluation of
the structural models was carried out at the SaliLab Model
Evaluation Server (https://modbase.compbio.ucsf.edu/evalua

tion//).

Tandem affinity purification

The GS™"™-PFD3 fusion under the control of the 35S pro-
moter was generated and used to transform Arabidopsis
PSB-D cell suspension cultures. The sequential affinity purifi-
cation was performed as described (Van Leene et al, 2015).
Proteolysis and peptide isolation, acquisition of mass spectra,
and protein identification was carried out at the Unidad de
Protedmica (CNB, Madrid, Spain).

Gel-filtration chromatography and western blot
analysis

For gel-filtration chromatography, protein extracts of 7-d-old
pPFD4:PFD4-GFP and p35S::PFD6-YFP seedlings grown under
continuous light were prepared in extraction buffer (50-mM
Tris—HCl, pH 7.5, 150-mM NaCl, 10-mM MgCl,, 10% [v/V]
glycerol, 0.5% [v/v] Nonidet P-40, 2-mM PMSF, and 1x
protease-inhibitor cocktail) and loaded onto a Superose™ 6
Increase column (GE Healthcare). Twenty-four fractions of
0.5 mL were collected and precipitated as described (Esteve-
Bruna et al., 2020). Proteins were separated in 12% (w/v) so-
dium dodecyl sulphate—polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to a polyvinylidene difluoride
(PVDF) membrane by western blotting. Membranes were
stained with Ponceau S solution and then incubated with
anti-GFP antibody (JL-8, Takara Bio Clontech, 1:5000).

To determine tubulin levels in pfd mutants, 7-d-old seed-
lings were grown under continuous light at 22°C. To deter-
mine GFP-RGA, PFD4-GFP, and PFD6-YFP levels in the
presence of salt or mannitol, 7-d-old seedlings grown in con-
tinuous light were exposed to 100-mM NaCl or 300-mM
mannitol in liquid media for 0, 8, or 24 h. Ground frozen tis-
sue from whole seedlings was homogenized in extraction
buffer. Total proteins were separated in 12% (w/v) SDS-
PAGE, transferred to PVDF membranes by Western blotting
and visualized with anti-GFP (JL-8, Takara Bio Clontech,
1:5,000), anti-a-tubulin (Invitrogen, 1:1,000), or anti-DET3
(1:10,000, provided by Prof. Dr Karin Schumacher).
Quantification of protein bands in Western blots was per-
formed using FIJI (https://fijisc/).
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Confocal microscopy

To determine MT organization, seeds of pUBQ10pro:VENUS-
TUAG in wild-type, pfd1, and pfd2 backgrounds were germi-
nated in MS media without sucrose and grown vertically in
darkness for 3 d at 22°C. MT were visualized in cells at the
apical hook and immediately below by using a Nikon Eclipse
Ti2 inverted microscope, equipped with a Yokogawa
Spinning Disk Field Scanning Confocal System (https://www.
microscope.healthcare.nikon.com/en_EU/products/confocal-
microscopes/csu-series/specifications). The objective used
was the oil immersion CFI 60 x H Plan Apocr A oil W.D.
0.13 mm N.A. 1.40. VENUS was excited by a 488-nm single-
mode optical fiber laser (120 mW, power 60.0%) and the
collection bandwith at 525-550 nm. Images were collected
with a Photometrics Prime BSI CMOS camera (https://www.
photometrics.com/products/prime-family/primebsi) with an
exposure time of 100-200 ms with a 1x1 binning (2048 X
2048 pixels). The NIS-Element AR (Nikon, Japan, http://
www.nis-elements.com/) was used as platform to control
microscope, laser, camera, and post-acquisition analyses.
Images were denoised by using the Denoise.ai algorithm
(https://denoise.laboratory-imaging.com/process) and then
analyzed using Fl)I software.

Phenotypic analyses

The quantification of the sensitivity to oryzalin was carried
out by measuring the length of the primary root of 7-d-old
seedlings grown in LD on vertical plates supplemented with
increasing concentrations of oryzalin (0, 75, and 150 nM).
Root length was measured using FJI.

To determine rosette area, seeds were sown on 140-mm
diameter Petri dishes at low density (40 seed per plate) and
grown under continuous light. Plates were photographed
with a digital camera 14 d after germination. The measure-
ment was obtained using the FlJI plug-in Rosette tracker
from at least three biological replicates (20 seedlings each).
For hypocotyl length measurements, seeds were germinated
in white light for 8 h and then grown in vertical plates in
darkness for 7 d. Hypocotyl length was measured with FlJI.

For flowering-time measurements, seeds were sown on
pots, stratified for 7 d at 4°C and grown under SD (8-h
light/16-h dark) or LD (16-h light/8-h dark) photoperiods at
22°C. Flowering time was recorded as the number of rosette
and cauline leaves or days at bolting.

For dormancy assay, seed lots to be compared were
freshly harvested on the same day from individual plants
grown in identical conditions. Seeds were sown immediately
without stratification and incubated under continuous light.
For the germination assay, freshly harvested seeds were
sown and stratified for 3 d at 4°C. The percentage of seeds
with an emerged radicle was determined at different time
points.

Stress tolerance assays

NaCl, LiCl, and mannitol tolerance was analyzed by transfer-
ring 4-d-old seedlings grown on vertical MS plates under LD
conditions to new MS plates supplemented with or without
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100-mM NaCl, 12-mM LiCl, or 300-mM mannitol and incu-
bated vertically for 4 d. Root length was measured using Fi)l.
Tolerance to freezing temperatures was determined as fol-
lows: 2-week-old plants grown on plates under LD photope-
riod at 20°C were transferred to 4°C for 5 d and
subsequently exposed to —12°C for 6 h. Survival rates were
determined after 1 week of recovering at 20°C.

RNA extraction and RT-qPCR

For expression analysis of flowering-related genes, seeds were
sown on soil and grown in LD. Shoot apex and the second
oldest leaf from 14-d-old plants were collected. For expres-
sion analysis of auxin-related genes, seedlings were grown
for 5 d under continuous light at 22°C and then transferred
to 29°C for 2 h. For PFD expression in the presence of salt
or mannitol, 7-d-old seedlings grown in continuous light
were exposed to 100-mM NaCl or 300-mM mannitol in lig-
uid media for 0, 8, or 24 h. Total RNA was extracted using a
RNA-extraction kit (Machery-Nagel) and treated with DNase
I on column (Machery-Nagel). cDNA was synthesized with
the PrimeScript 1st strand cDNA Synthesis Kit (Takara), and
used as a template for RT-qPCR assays employing the SYBR
Premix Ex Taq Il (Takara) with primers listed in
Supplemental Table S1. The relative expression values were
calculated using the At1g13320 (PDF2-1) gene as a reference,
using the AACT method. All assays were performed with at
least two biological replicates, each including three technical
replicates.

For RNA-seq experiments, two type of samples were col-
lected: (1) 7-d-old wild-type and 6x pfd seedlings grown un-
der continuous light at 22°C and (2) wild-type and pfd4
seedlings grown under LD conditions for 2 weeks at 22°C.
Total RNA was extracted with the RNeasy Plant Mini Kit
(Qiagen), and the RNA concentration and integrity (RIN)
were measured in a RNA nanochip (Bioanalyzer, Agilent
Technologies 2100). The preparation of the libraries and the
subsequent sequencing in an lllumina NextSeq 500 platform
was carried out by the Genomic Service of the University of
Valencia.

RNA-seq analysis

Read trimming was performed with  cutadapt.
Approximately, 20 million 75-bp paired-end reads per sam-
ple were generated and >90% reads were aligned to the
TAIR10 Col-0 reference genome using HISAT2 with default
parameters. htseq-count was used for read counting and
DESeq2 for identifying DEGs as those that display absolute
value of log2 fold chance (logFC) > 1 and P adjusted value
<0.05.

Heatmaps from RNA-seq data were performed using the
http://www1.heatmapper.ca/expression/ website. Volcano
plots were constructed with the EnhancedVolcano R pack-
age. GO terms were obtained from AgriGO v2 and then
were filtered with REVIGO for doing scatter plots. The
Integrative Genomics Viewer was used to visualize reads
from alignment files.
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Microarray-based expression analysis

Data for PFD gene expression were gathered from the
Arabidopsis eFP Browser (http://bar.utoronto.ca/efp/cgi-bin/
efpWeb.cgi). Heatmaps were generated using the
Matrix2png tool (https://matrix2png.msl.ubc.ca/).

The coexpression analysis was done with CORNET
(https://bioinformatics.psb.ugent.be/cornet/versions/cornet3.
0/). Options used were: Pearson correlation method, correla-
tion coefficient >0.7, retrieve top 170 genes, show pairwise
correlations only. Microarray Compendium 1 TAIR10 (454
experiments with bias toward cell cycle, growth, and devel-
opment) was used as source data.

ABA quantification

Seedlings were grown for 7 d in continuous light. The
ground tissue (about 150 mg of frozen seedlings) was resus-
pended in 80% (v/v) methanol-1% (v/v) acetic acid contain-
ing the internal standard deuterium-labeled hormone (*Hg-
ABA) and mixed by shaking during 1 h at 4°C. The extract
was kept at —20°C overnight. After centrifugation, the su-
pernatant was dried in a vacuum evaporator. The dry resi-
due was dissolved in 1% (v/v) acetic acid and passed
through a reverse phase Oasis HLB column. The final resi-
dues were dissolved in 5% (v/v) acetonitrile-1% (v/v) acetic
acid. ABA hormone was then separated using an autosam-
pler and reverse-phase Ultra High Performance Liquid
Chromatography (2.6 um Accucore RP-MS column, 50 mm
length x 2.1 mm id; ThermoFisher Scientific) with a 5%-
50% (v/v) acetonitrile gradient containing 0.05% (v/v) acetic
acid, at 400 uL-min~"' over 14 min. The ABA was analyzed
with a Q-Exactive mass spectrometer (Orbitrap detector;
ThermoFisher Scientific) by targeted selected ion monitoring.
The concentrations of ABA in the extracts were determined
using embedded calibration curves and the Xcalibur 4.0 and
TraceFinder 4.1 SP1 programs.

Statistical analysis

P-values in overlapping DEGs from two genotypes or condi-
tions were calculated using hypergeometric tests. The rest of
P-values were obtained from one-way analysis of variance
(ANOVA) tests followed by multiple comparison tests when
more than two genotypes were compared together. t Tests
were performed instead when comparing only two
genotypes.

Accession numbers

Raw sequences (fastq files) and differential expression gene
tables used in this article have been deposited in the Gene
Expression Omnibus database (accession no. GSE138432).
PFD1 (At2g07340), PFD2 (At3g22480), PFD3 (At5g49510),
PFD4  (At1g08780), PFD5 (At5g23290), and PFD6
(At1g29990).

Supplemental data

The following materials are available in the online version of
this article.
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Supplemental Table S1. Oligonucleotides used in this
work.

Supplemental Figure S1. Structure of the human and
Arabidopsis PFDc.

Supplemental Figure S2. The pfd mutant alleles.

Supplemental Figure S3. pfd mutant plants grown on
soil.

Supplemental Figure S4. Heatmap showing the absolute
expression levels of the six PFD genes at different stages of
Arabidopsis development.

Supplemental Figure S5. The 6x pfd mutant flowers early.

Supplemental Figure S6. PFDs’ transcripts and proteins
levels in response to environmental changes.

Supplemental Figure S7. RNA-seq analysis of 6x pfd
seedlings.

Supplemental Figure S8. The PFDc contributes to seed
germination.

Supplemental Figure S9. Constitutive stress signature in
6x pfd seedlings.

Supplemental Figure S10. Expression of ABA-related
genes in 6x pfd seedlings.

Supplemental Data Set S1. DEGs and enriched GO cate-
gories in 6x pfd seedlings.

Supplemental Data Set S2. DEGs in pfd4 seedlings.

Supplemental Data Set S3. Gene pairs and correlation
values used to construct the coexpression network.

Supplemental Data Set S4. List of genes in clusters 1, 2,
and 3 in the coexpression network.

Supplemental Data Set S5. Comparison of DEGs in the
6x pfd mutant and in wild-type seedlings treated with salt
or low temperature.
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