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Abstract

Thermomorphogenesis is, among other traits, characterized by enhanced hypocotyl elongation due to the induction of auxin
biosynthesis genes like YUCCAS by transcription factors, most notably PHYTOCHROME INTERACTING FACTOR 4 (PIF4).
Efficient binding of PIF4 to the YUCCAS locus under warmth depends on HISTONE DEACETYLASE 9 (HDA9) activity, which
mediates histone H2A.Z depletion at the YUCCAS8 locus. However, HDA9 lacks intrinsic DNA-binding capacity, and how HDA9
is recruited to YUCCAS, and possibly other PIF4-target sites, is currently not well understood. The Mediator complex functions
as a bridge between transcription factors bound to specific promoter sequences and the basal transcription machinery contain-
ing RNA polymerase Il. Mutants of Mediator component Mediator25 (MED25) exhibit reduced hypocotyl elongation and re-
duced expression of YUCCAS8 at 27°C. In line with a proposed role for MED25 in thermomorphogenesis in Arabidopsis
(Arabidopsis thaliana), we demonstrated an enhanced association of MED25 to the YUCCAS locus under warmth and inter-
action of MED25 with both PIF4 and HDA9. Genetic analysis confirmed that MED25 and HDA9 operate in the same pathway.
Intriguingly, we also showed that MED25 destabilizes HDA9 protein. Based on our findings, we propose that MED25 recruits
HDA9 to the YUCCAS8 locus by binding to both PIF4 and HDA9.

Introduction elongation, that plants exhibit when exposed to mildly ele-
vated temperatures. Altogether this results in an altered
Thermomorphogenesis is an inclusive term that describes di-  architecture that helps mitigate the negative effects of

verse growth responses, such as hypocotyl- and petiole warmth (Crawford et al., 2012; Quint et al., 2016; Casal and
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MED25 integrates action of PIF4 and HDA9

Balasubramanian, 2019). Thermomorphogenesis is among
other factors mediated by the transcription factor
PHYTOCHROME INTERACTING FACTOR 4 (PIF4), which
may be considered a central signaling hub in the warm tem-
perature response network (Koini et al, 2009; Sun et al,
2012). Recently, PHYTOCHROME INTERACTING FACTOR
7 (PIF7) has been described as more dominant, especially
where it involves crosstalk with light signaling (Burko et al,,
2022). High temperatures lead to the induction of PIF4 tran-
scription and light-activated Phytochrome B (PhyB) is able to
interact directly with PIF4, thereby phosphorylating the tran-
scription factor, which results in its degradation through the
26S proteasome pathway (Huqg and Quail, 2002; Lorrain et al,,
2008). PIF4 not only mediates high-temperature-induced
elongation growth, but also temperature-mediated activa-
tion of flowering, through direct regulation of the expression
of FLOWERING LOCUS T (FT) (Kumar et al., 2012). PIF4 also
coordinates the balance between temperature-mediated
growth and immunity (Gangappa et al,, 2017).

Up to now, two main mechanisms have been described for
the upregulation of PIF4 transcription under warmth: expres-
sion of PIF4 is temporarily repressed by the circadian clock-
related Evening Complex (EC), and this repression is released
under warmth (Nusinow et al, 2011). Subsequently, the
expression of PIF4 is further stimulated by brassinosteroid
(BR)-activated  transcription  factor  BRASSINAZOLE-
RESISTANT 1 (BZR1) (Ibanez et al., 2018) in a positive feed-
back loop, where PIF4 activates BR biosynthesis genes under
warmth (Ibanez et al,, 2018). In addition, the activity of the
PIF4 protein at its direct target genes like the auxin biosyn-
thesis gene YUCCAS is regulated by the clock through the
EC component EARLY FLOWERING 3 (ELF3) (Box et al,
2015; Raschke et al, 2015). This induction of auxin biosyn-
thesis and downstream signaling is required for the elong-
ation growth responses that are triggered by high
temperatures (Koini et al, 2009; Franklin et al, 2011; Sun
et al, 2012; Bours et al, 2013; Bours et al, 2015; Kim et al,
2020), as well as during the shade avoidance response in-
duced by elevated far-red (FR) light conditions (Muller-
Moule et al., 2016; Ma and Li, 2019).

In concert with PIF4, the action of the histone-modifying
enzyme HISTONE DEACETYLASE 9 (HDA9) contributes to
thermomorphogenesis (van der Woude et al, 2019).
Although histone deacetylation is usually linked to gene re-
pression (Tian et al.,, 2005; Perrella et al.,, 2013), in the context
of thermomorphogenesis, HDA9 activity allows for transcrip-
tional activation of YUCCAS, as HDA9 action is required for
eviction of the repressive histone variant H2A.Z from the
YUCCAS locus, which is followed by PIF4 binding (van der
Woude et al, 2019). HDA9 is part of a larger multiprotein
complex and interacts with among other proteins
POWERDRESS (PWR) (de Rooij et al., 2020; Perrella et al,,
2022). PWR is involved in deacetylation events of histones
at the +1 nucleosomes of both PIF4 and YUCCAS8 and this
deacetylation is required for the upregulation of these genes
during thermomorphogenesis (Tasset et al, 2018). In
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establishing seedlings, HDA9-LUC fusion protein activity is
sharply increased at the onset of light at high temperatures
(van der Woude et al., 2019), and HDA9 nuclear accumula-
tion and chromatin association are dependent on PWR
(Chen et al, 2016). However, since HDA9 nor PWR can
bind directly to DNA, it is not clear how PWR and HDA9
are recruited to the PIF4 (PWR) and YUCCAS (both PWR
and HDAO9) loci during thermomorphogenesis.

Mediator of RNA polymerase Il transcription (Mediator) is a
multi-subunit protein complex originally discovered in yeast
(Saccharomyces cerevisiae) that functions as a co-regulator
of transcription (Flanagan et al, 1991; Kim et al,, 1994). The
Mediator complex is highly conserved and comprises 25 sub-
units in budding yeast, 30 subunits in metazoans, and 34 sub-
units in plants (Soutourina, 2018). The Mediator complex
functions as a bridge between gene-specific regulatory pro-
teins and the transcription initiation complex (TIC) contain-
ing RNA Pol II (Kidd et al, 2011; Samanta and Thakur,
2015). Of the different protein subunits forming the
Mediator complex, MEDIATOR25/PHYTOCHROME AND
FLOWERINGTIME 1 (MED25/PFT1) is specific for metazoans
and plants and is absent in yeast and algae (Elfving et al., 2011;
Kidd etal,, 2011). Plant MED25 was initially identified as a gene
affecting phytochrome signaling and flowering time and was
therefore named PHYTOCHROME AND FLOWERING TIME 1
(PFT1) (Cerdan and Chory, 2003). Currently, MED25 has been
linked to, for instance, transcriptional regulation related to
methyl-jasmonate (MeJA) signaling (Kidd et al., 2010; Cevik
et al, 2012), flowering (Inigo, Alvarez, et al., 2012), stress re-
sponses (Elfving et al, 2011), and floral organ size (Xu and
Li, 2011). MED25/PFT1 is also required for the sugar-
hypersensitive hypocotyl elongation phenotype of a
UDP-arabinose synthesis mutant of HIGH SUGAR
RESPONSES (hsr8-1) (Seguela-Arnaud et al., 2015) and is im-
portant for defense against virus infection, as the RNAi path-
way is weakened in med25 mutants (Hussein et al.,, 2020).

In Arabidopsis (Arabidopsis thaliana), MED25/PFT1 inter-
acts with a specific subset of transcription factors, as deter-
mined by yeast-two-hybrid (Y2H) assays, bimolecular
fluorescence complementation (BiFC) analysis and split-
luciferase (split-LUC) assays (see Table 1 and references
therein). Arabidopsis transcription factors PIF4 and BZR1
were previously tested for interaction with MED25 protein
in yeast-two-hybrid assays. However, in these assays, they
were not identified as MED25 targets (Ou et al, 2011).

The MED25/PFT1 mutant (pft1-2) does not show reduced
hypocotyl elongation under low-red and far-red light, but
pft1-2 exhibited an increase in light sensitivity under strong
continuous red light (Kidd et al, 2009; Klose et al, 2012).
Young pft1-2 mutant rosette plants grown under white light
are smaller than their corresponding wild type (Cerdan and
Chory, 2003). By contrast, the pft1-2 mutant has markedly lar-
ger floral organ size, which is attributed to prolonged cell pro-
liferation and elongation of petals (Xu and Li, 2011). A role of
MED25/PFT1 in hypocotyl elongation in response to light
intensity cues was confirmed by the dominant mutation
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Table 1 Transcription factors (TFs) that can interact with Arabidopsis MED25

Shapulatov et al.

# TF ID acc. TF family Responses Methods Ref

1 DREB2A AT5G05410 AP2; ERF drought Y2H (Elfving et al,, 2011; Cevik et al, 2012)
2 RAP2.2 AT3G14230 AP2; ERF ethylene Y2H (Ou et al, 2011)

3 ERF95 AT3G23220 AP2; ERF ethylene Y2H (Ou et al, 2011)

4 TDR1 AT3G23230 AP2; ERF ethylene Y2H (Ou et al, 2011; Cevik et al, 2012)
5 ERF1 AT3G23240 AP2; ERF ethylene Y2H (Ou et al,, 2011; Cevik et al, 2012)
6 - AT4G18450 AP2; ERF ethylene Y2H (Ou et al, 2011)

7 ERF109 AT4G34410 AP2; ERF ethylene Y2H (Ou et al, 2011)

8 ORA59 AT1G06160 AP2; ERF ethylene Y2H (Cevik et al, 2012)

9 ERF15 AT2G31230 AP2; ERF ethylene Y2H (Cevik et al, 2012)

10 WIN1 AT1G15360 AP2; ERF ethylene - (Zhu et al, 2014)

11 EIN3 AT3G20770 EIN3; EIL ethylene Y2H, BiFC, Split-LUC (Yang et al, 2014)

12 EIL1 AT2G27050 EIN3; EIL ethylene Y2H,BiFC,Split-LUC (Yang et al, 2014)

13 BZS1 AT4G39070 DBB BR signaling Y2H (Ou et al, 2011; Cevik et al,, 2012)
14 WRKY10 AT1G55600 WRKY - Y2H (Cevik et al, 2012)

15 MYB104 AT2G26950 MYB - Y2H (Cevik et al, 2012)

16 ZFHD1 AT1G69600 ZF-HD Salt, drought, ABA Y2H (Elfving et al,, 2011)

17 POSF21 AT2G31370 bzIP Salt stress Y2H (Cevik et al, 2012)

18 PHL1 AT5G29000 Myb/SANT P starvation Y2H (Elfving et al,, 2011; Ou et al,, 2011)
19 mMYC2 AT1G32640 bHLH JA signaling Y2H (Cevik et al, 2012)

20 MYC3 AT5G46760 bHLH JA signaling P (Zhang et al,, 2015)

21 MYC4 AT4G17880 bHLH JA signaling Y2H (Cevik et al, 2012)

22 ABI5 AT2G36270 bzIp ABA signaling BiFC (Chen et al, 2012)

23 ARF7 AT5G20730 B3; ARF Auxin signaling Y2H (Ito et al, 2016)

24 ARF19 AT1G19220 B3; ARF Auxin signaling Y2H (Ito et al,, 2016)

25 TCP4 AT3G15030 TCP Flowering time Split-LUC (Liu et al, 2017)

26 FBH1 AT1G35460 bHLH Flowering time Split-LUC (Liu et al,, 2017)

27 PIF4 AT2G43010 bHLH Growth Split-LUC, BiFC this study

29 BZR1 AT1G75080 BES1 BR signaling Split-LUC this study

TF = transcription factor; ID acc = Arabidopsis gene identifier; Y2H = yeast two-hybrid assay; Split-LUC = biomolecular luciferase luminescence complementation; BiFC = biomo-

lecular fluorescence complementation; Ref = reference.

PFT19% (Klose et al, 2012). It was shown that PFT19% en-
hances light sensitivity downstream of phytochrome A
(phyA) and modulates phyB function, resulting in the expres-
sion of light-regulated genes in darkness (Klose et al, 2012).
In tomato (Solanum lycopersicum), MED25 is involved in FR
light (shade)-induced hypocotyl elongation (Hartman, 2020).
In contrast to Arabidopsis (Ou et al., 2011), MED25 was shown
to physically interact with PIF4 in tomato, and ChIP experi-
ments demonstrated that MED25 shows increased association
with the tomato YUCCAS locus under increased shade condi-
tions (Sun et al, 2020). By contrast, the silencing of MED25 in
rice (Oryza sativa) appears not to have an apparent effect on
plant growth and development (Zhang et al., 2021).

As indicated earlier, auxin has an important function in
elongation responses (Gray et al, 1998; Delker et al,, 2014;
Bours et al, 2015; Ibanez et al., 2018). MED25 was proposed
to play a role downstream of auxin signaling, as MED25 inter-
acts with auxin response factors (ARFs) (Ito et al, 2016).
However, the role of MED25 protein is pleiotropic and
MED25 interacts with a broader range of transcription fac-
tors involved in auxin, jasmonic acid, ABA, and ethylene
hormone-signaling pathways (Kazan, 2017). Therefore, in
the pft1-2 mutant, multiple hormone-signaling pathways
are affected, all of which potentially could affect hypocotyl
elongation responses under specific environmental condi-
tions (Castroverde and Dina, 2021).

Here, we investigated the role of Arabidopsis MED25 in
high-temperature signaling and thermomorphogenesis. We
demonstrate that, like tomato MED25, Arabidopsis MED25
can interact with PIF4. At the chromatin level, we found in-
creased binding of MED25 to the PIF4 and YUCCAS loci un-
der elevated temperature conditions. Moreover, we found
that MED25 also interacts with HDA9. Interestingly, both
PIF4 and HDAY interact with the same C-terminal polyQ-do-
main of MED25. However, the binding of PIF4 and HDA9 to
MED25 may not be mutually exclusive. Taken together, we
present a mechanism by which MED25 recruits HDA9 to
PIF4 target sites during mildly elevated temperatures.

Results

MED?25 affects Arabidopsis growth

To investigate the role of MED25 in the growth responses of
Arabidopsis thaliana, the leaf area and leaf petiole length of
wild-type (WT) and MED25 mutant (pft1-2) rosette plants,
grown at control temperature (22°C), were quantified.
Results show that the effects of MED25 are complex, as
young leaves are smaller, while older leaves are larger in
pft1-2 compared to WT (Supplemental Figure 1A). This could
be the result of initially reduced expansion combined with a
prolonged period of leaf expansion in pft1-2 compared to
WT. However, the average rosette area of 3-9-week-old
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pft1-2 mutants is smaller than that of WT plants, which can
be mainly attributed to the reduced leaf petiole length of the
largest leaves in the pft1-2 mutant (Supplemental Figure 1, B
and C). To test whether MED25 also affects thermomorpho-
genesis, hypocotyl length was quantified of WT, two mutant
alleles of MED25 (pft1-2 and pft1-3), and plants overexpres-
sing MED25 (35S:MED25myc, hereafter called MED25 OFE)
grown at control temperature (22°C) and warm temperature
conditions (27°C) in short-day photoperiod (8 h light/16 h
darkness). The hypocotyl length of WT and pft1 mutants is
similar at 4 days post-germination (Supplemental
Figure 1D) but differs 8 days post-germination. At 22°C,
hypocotyl length of pft1-2 was similar to WT, whereas
pft1-3 was slightly longer, and the MED25 OE line slightly
shorter, than WT (Figure 1A, Supplemental Figure 1E).
However, when grown at 27°C the average hypocotyl lengths
of both pft1-2 and pft1-3 and of MED25 OE were significantly
shorter than those of WT (Figure 1A, Supplemental
Figure 1E). The ratio of hypocotyl length at 27°C over 22°C
shows that both med25 mutants exhibit a consistently re-
duced sensitivity to heat (Figure 1B and Supplemental
Figure 1E). The effect of mutation of MED25 and overexpres-
sion of MED25 both result in reduced elongation at 27°C

A WT pfti-2 pft1-3 355-MED25

2270 127°C 22°C 27°C 22°C 27°C 22°C 27°%C

B "
B 27°¢/22°C
—_— a
E 25 F =
£ 27 : b
o
=
3 13
>
S 1
[o]
o
> 05
T
0 T T T |
Col-0 pft1-2 pftl-3  355-MED25

Figure 1 MED2S5 affects growth of Arabidopsis during thermomorpho-
genesis. A, image of representative WT, pft1-2, pft1-3, and MED25 OE
8-day old seedling grown at 22°C or 27°C. B, Ratio of hypocotyl length
of seedlings grown at 22°C or 27°C. Bars are means =+ SE (n =25 seed-
lings). Different letters indicate significant differences according to
the Tukey HSD post hoc test (P < 0.001). Additional experiment is re-
ported in the supplemental material, displaying similar results
(Supplemental Figure 1E).
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compared to WT. Overall, these results suggest a complex
role for MED25 during growth at elevated temperatures.

MED25 limits expression of PIF4

Elongation responses during thermomorphogenesis are
governed by the activity of the transcription factor PIF4.
To test the effect of MED25 on the (diurnal) expression of
PIF4, a pPIF4:Luciferase (LUC) reporter line was constructed
in the Col-0 (WT) background and subsequently crossed
into the pft1-2 mutant background, thus allowing for direct
comparison of the LUC activity of the same transgene in the
different genetic backgrounds. In planta LUC activity was
imaged and quantified (van Hoogdalem et al, 2021).
Results show that pPIF4:LUC activity is higher in the pft1-2
mutant background compared to WT (Figure 2, A and B).
Moreover, the relative increase in pPIF4:LUC expression dur-
inga 12 h light/12 h darkness cycle is larger toward dusk, in-
dicating that the suppressive effect of MED25 likely occurs
primarily at the second half of the day (Figure 2C). To con-
firm these results, endogenous PIF4 mRNA levels were
quantified in 3-week-old WT and pft1-2 plants by
RT-gPCR. Samples were harvested at zeitgeber time (ZT)
=8 h near the peak of PIF4 expression (Figure 2C). Again,
at 22°C the expression of PIF4 is higher in the pft1-2 mutant
background compared to that in WT (Figure 2D). Moreover
at 27°C, the expression of PIF4 in WT increases as expected
(Koini et al., 2009; Ibanez et al., 2018), but PIF4 expression
increased even more in the pft1-2 mutant background as
compared to WT (Figure 2D).

The effect of MED25 on PIF4 expression was further con-
firmed in planta in a transient expression assay in N.
benthamiana leaves, using a pPIF4:LUC reporter and a 35S:
MED?25 effector construct. Results of LUC activity assessment
show that also in this assay MED25 suppresses expression
from the PIF4 promoter (Figure 2E). Next, the activity of tran-
siently expressed pPIF4:LUC with MED25 OE or with empty
vector (EV) was monitored during a 12 h light/12 h darkness
cycle and also in this transient assay in N. benthamiana
leaves, the relative suppression of pPIF4:LUC activity by
MED?25 increases toward the end of day (Figure 2F).

Combined, these results indicate that MED25 limits PIF4
expression at both temperatures. We note that the expres-
sion of PIF4 in pft1-2 at 22°C is similar to the expression of
PIF4 in WT at 27°C, while also at 27°C expression of PIF4 is
significantly higher in pft1-2 compared to WT (Figure 2D).
However, this increased expression of PIF4 in pft1-2 corre-
sponds with only a minor—but significant—increase in
hypocotyl elongation at 22°C (Figure 1B). Moreover, while
PIF4 expression in pft1-2 at 27°C is higher than in WT at 27°C,
the hypocotyl elongation in pft1-2 at 27°C is much reduced
compared to WT under the same conditions (Supplemental
Figure 1D). Thus, although increased PIF4 expression associ-
ates with longer hypocotyls in wild type (Koini et al., 2009;
Ibanez et al., 2018), in pft1-2 we see almost no effect of PIF4 ex-
pression (at 22°C) on hypocotyl length or the effect is even
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Figure 2 MED25 limits PIF4 expression. A, pPIF4:LUC activity imaged in 3-week-old WT and pft1-2 plants. B, Quantification of pPIF4:LUC activity in
2-week-old WT and pft1-2 plants. The data represent the mean + SE (n =5 seedlings). Different small letters indicate a significant difference as cal-
culated by a student T-test (P < 0.05). The experiment was repeated multiple times (with plants at different ages) with similar results. C, quantified
diurnal pPIF4LUC activity in 3-week-old WT and pft1-2 seedlings under 12 h light/12 h darkness of ZT. Error bars represent mean =+ SE. D,
Endogenous PIF4 expression in 2-week-old WT and pft1-2 seedlings at 22°C and 27°C. Sampling was at ZT =8 h, near the peak of PIF4 expression.
The data represent the mean =+ SE of three replicate samples containing at least 15 seedlings. Quantification was done by RT-qPCR using PIF4-specific
primers. Different small letters indicate a significant difference as calculated by a student T-test (P < 0.05), E, In planta pPIF4:LUC activity in transient
expression assay with EV; left) or in the presence of 355:MED25 (right) at 3 days post-agroinfiltration. F, Quantification of pPIF4:LUC activity in six
independent leaf disc from transient expression assay (shown in Figure 2E) over a 12 h light/12 h darkness of zeitgeber time (ZT). The LUC activity in
an interval of 5 min is monitored in these leaf discs every half hour. Error bars represent mean + SE (n =6 leaf disc).

opposite (at 27°C), indicating that the action of PIF4 in hypo-
cotyl elongation response requires MED25.

MED25 stimulates expression of YUCCAS8 at 27°C
Since elongation growth responses are tightly linked with
increased expression of auxin biosynthesis genes like the
PIF4 target gene YUCCA8 (Koini et al, 2009; Sun et al,
2012), we subsequently investigated the effect of MED25
on YUCCAS8 expression. Expression of YUCCA8 was quanti-
fied at ZT=8h in 2-week-old WT and pft1-2 seedlings
grown at 22°C or 27°C. Results show that the expression
of YUCCAS8 is similar in WT and pft1-2 at 22°C
(Figure 3A), despite the higher PIF4 expression in pft1-2 at
22°C (Figure 2). As expected, high temperature (27°C) led
to significantly increased expression of YUCCA8 in WT
(Figure 3A) (Koini et al., 2009; Sun et al., 2012). But this ef-
fect was limited in the pft1-2 mutant background
(Figure 3A), where again we also recorded a higher expres-
sion of PIF4 at 27°C (Figure 2).

The effect of MED25 on YUCCAS8 expression was next
tested in a transient expression assay at 22°C in N.

benthamiana leaves, using a pYUCCA8:LUC-reporter and
35S:PIF4 and 35S:MED25 effector constructs. The relative
pYUCCAS8:LUC activity was quantified in extracts of in-
filtrated leaves and normalized to the activity of a co-
infiltrated 35S:Renilla:LUC-reporter construct. Results
show that, in contrast to the effect of MED25 on PIF4 ex-
pression in Arabidopsis (Figure 2, E and F), the basal activ-
ity of pYUCCA8:LUC in N. benthamiana leaves is not
affected by MED25 (Figure 3B). When pYUCCAS8:LUC was
however co-infiltrated with the 35S:PIF4 effector con-
struct, the relative expression from the YUCCA8 promoter
was increased as expected (Oh et al.,, 2012). We also ob-
served that MED25 did not affect the PIF4 effect on
pYUCCAS8:LUC expression (Figure 3B). Thus, the effect of
MED25 on endogenous YUCCAS8 expression in Arabidopsis
cannot be reconstituted in a transient expression assay in
N. benthamiana.

Overall, our results hint to dual, but seemingly opposite
roles, for MED25 in thermomorphogenesis responses in
Arabidopsis. First, MED25 inhibits the expression of PIF4 at
normal and elevated temperatures, but at the same time,
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Figure 3 MED25 promotes the expression of YUCCA8 at warm tem-
peratures. A, Endogenous (relative) YUCCAS8 expression in 2-week-old
WT and pft1-2 mutant seedlings as quantified by RT-qPCR (pooled
seedlings, technical replicates n=3) Error bars represent mean =+ SD.
Different small letters indicate a significant difference as calculated
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pression assays. Leaves were infiltrated with reporter pYUCCA8:LUC
with effector constructs EV, 35S:PIF4, 35S:MED25, or combinations
thereof. LUC activity was monitored in at least eight leaf discs from in-
dependent infiltrated leaf areas. The data represent the mean + SE (n =
8). Different small letters indicate a significant difference as calculated
by a student T-test (P < 0.05).

MED25 seems required for full induction of the PIF4 target
gene YUCCAS8 at elevated temperatures. It is noted that
MED25 is a member of the Mediator multiprotein complex
and, therefore, while loss of MED25 in the pft7 mutants
equates to fewer complete intact Mediator complexes that
include MED?25, overexpression of MED25 may not necessar-
ily produce more copies of the Mediator complex and there-
fore, more MED25-dependent mediator action. However,
there are examples of MED25 overexpression exerting effects
as seen in this study, but which may be the result of MED25
acting independently of the complex (Xu and Li, 2011).
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MED25 protein can bind to PIF4 in in planta

We show that Arabidopsis MED25 limits the transcriptional
activity of PIF4 but stimulates the expression of the PIF4 tar-
get gene YUCCAS at warm temperatures. Since PIF4 can bind
to its own promoter (Chow et al, 2019), we hypothesized
that MED25 may influence the transcriptional activity of
PIF4 at the PIF4 promoter. Indeed, several potential PIF4
binding sites were detected at the PIF4 and YUCCAS8 promo-
ters (Supplemental Table 1). Although PIF4 was not identi-
fied as interactor of MED25 in Arabidopsis using a
yeast-2-hybrid assay (Ou et al, 2011), it was shown that to-
mato MED25 interacts with tomato PIF4 (Sun et al., 2020).
We, therefore, decided to test the putative interaction be-
tween Arabidopsis PIF4 and MED25 using in planta BiFC
and split-luciferase binding assays (Chen et al., 2008).

For the BiFC assay, Agrobacterium cells carrying either
nYFP-PIF4, MED25-cYFP, or mCherry with nuclear localization
signal (mCherry™"), were co-infiltrated into N. benthamiana
leaves. nYFP-6xmyc and 6xmyc-cYFP constructs were used as
a negative control. At 3 days post-agroinfiltration, reconsti-
tuted yellow fluorescent protein (YFP) activity was observed
in the nucleus where it also colocalized with the mCherry sig-
nal (Figure 4A). This indicates that PIF4 interacts with MED25
protein in the nucleus. The interaction between MED25 and
PIF4 was subsequently tested by Co-IP in Arabidopsis plants
expressing either immuno-tagged MED25 (35S:MED25-myc)
and/or tagged PIF4 protein (35S:PIF4-HA). Results show
that MED25 protein can be detected in the protein fraction
isolated from the double-tagged line using antibodies against
the HA-tagged PIF4 protein (Figure 4B), indicating that
MED?25 associates with PIF4 in Arabidopsis seedlings.

For the split-luciferase assay, expression constructs of
MED25 with an N-part of LUC (355:MED25-nLUC) and the ex-
pression construct of PIF4 with an N-terminal fusion with
cLUC (PIF4-cLUC) were developed and introduced into
Agrobacterium. Different combinations of the split-LUC fu-
sion proteins were co-expressed in N. benthamiana leaves
by co-agroinfiltration and at 3 days post-agroinfiltration
the in planta LUC activity was imaged and quantified.
Results show that the co-expression of MED25-nLUC with
PIF4-cLUC results in a reconstitution of luciferase activity,
again indicating an effective and direct interaction between
MED25 and PIF4 proteins in planta (Figure 4C) in line with
luciferase binding assays that have been used to demonstrate
the interaction of MED25 with TCP or COI1 (An et al, 2017;
Liu et al,, 2017).

The MED?25 protein contains multiple domains, each with
specific functions: the von Willebrand Factor A domain
(VWF-A), middle domain (MD), acidic acid domain (ACID),
and poly glutamine (Q) track (GD) (Supplemental Figure 2).
The GD domain contains glutamine repeats called the
polyQ tract (Cerdan and Chory, 2003; Backstrom et al,
2007; Elfving et al.,, 2011; Inigo, Giraldez, et al,, 2012; Rival
et al., 2014). These different subdomains of MED25 were
cloned separately, each provided with an ATG start codon
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and at the C-terminus fused in-frame to the nLUC se-
quence in expression constructs (VWF-A-nLUG; MD-nLUG
ACID-nLUC and GD-nLUC). The interaction of PIF4 with
each of these MED25 subdomains was tested in transient ex-
pression assays and LUC activity was imaged in infiltrated
leaves at 3 days post-agroinfiltration. Results show that PIF4
mainly interacts with the GD and Acid domains of MED25
(Figure 4, D-F).

Interaction of MED25 with the PIF4 and YUCCAS loci
increases at warm temperatures

Since MED25 affects the expression of PIF4 and YUCCAS,
subsequently, the ability of MED25 to associate with the

PIF4 and YUCCA8 loci was tested by chromatin-
immunoprecipitation (ChIP) assays using 3-day-old seed-
lings grown at either 22°C or 27°C. To this aim, we gener-
ated transgenic plants that overexpressed C-terminal
HIS-tagged MED25. Col-0 plants were included as negative
control. At 22°C, limited binding of MED25 to the PIF4 pro-
moter and exon was detected, as the signal was in the same
range of that of the negative control (Figure 5A). However,
the signal increased substantially in 27°C-grown plants, for
both MED25 binding to the PIF4 promoter and to the
PIF4 exon region (Figure 5A). In contrast to PIF4, binding
of MED25 was detected at different positions at the
YUCCAS locus already at 22°C. Overall, MED25 association
to the YUCCAS locus also increased at high temperatures
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Figure 5 MED25 association to the PIF4 and YUCS loci increases at warm temperature. A and B, Relative ChIP-gPCR signal of MED25 at the PIF4 (A)
and YUCCAS (B) loci, at DNA regions indicated in the schematics above the graphs, at 22°C and 27°C. Col-0 was used as negative control for both
temperatures. Black arrows and position +1 depict the transcription start site (TSS). Gray boxes indicate exons. Small gray arrows indicate the pos-
ition of the primers used for ChIP gPCR along the loci (Zhu et al,, 2016). Bars are means + SE (n = 4). Table S2 lists the putative PIF4 binding sites at
the PIF4 and YUCCA8 promoter according to Plant Pan 3.0 (Chow et al, 2019).

(Figure 5B). These results indicate that high temperature
leads to an increase of MED25 binding to PIF4 and
YUCCAS. Increased MED25 binding at PIF4 and YUCCAS8
loci could also be due to higher transcriptional activity re-
lated to warm temperature. Apparently, the full expression
of YUCCAS requires both PIF4 and MED25, as increased PIF4
expression in the pft1-2 mutant does not coincide with in-
creased YUCCAS expression (Figures 2 and 3). Results thus
support the hypothesis that MED25 may be required for
PIF4 transcriptional activity at the YUCCAS8 locus at warm
temperatures.

HDA9 binds to MED25 but not to PIF4 in planta
Our results so far indicate that MED25 is required for proper
hypocotyl elongation in response to high temperatures.
Similarly, the histone-modifying enzyme HDA9 is required
for this thermomorphogenesis response and for transcrip-
tional induction of YUCCAS8 (van der Woude et al,, 2019).
We tested the genetic interaction between MED25 and
HDAO9 using a pft1-2 hda9-1 double mutant and quantified
hypocotyl elongation in the respective single and double mu-
tants at 22°C and 27°C. Results show that the hda9-1 muta-
tion does not further suppress the already reduced hypocotyl
elongation by the pft1-2 mutation (Figure 6A), hinting to the
possibility that MED25 and HDA9 might work together in
the same pathway toward hypocotyl elongation.

It is not clear how HDA9 is recruited to the YUCCAS8 locus
during thermomorphogenesis (van der Woude et al, 2019).
We hypothesized that MED25 may be involved, and we inves-
tigated this by testing whether MED25 can interact with HDA9,

using Y2H, BIiFC, and split-luciferase assays. Indeed, in the
yeast-two-hybrid assays an interaction between HDA9 and
MED?25 proteins was detected (Figure 6B). For the BiFC assay,
HDA9 and MED25 CDS sequences were fused to N-terminal
and C-terminal of YFP, respectively. Co-expression of these fu-
sion constructs reconstituted YFP activity in the nucleus of co-
infiltrated N. benthamiana leaves, based on co-localization of
the YFP signal with the nuclear mCherry signal (Figure 6C),
confirming the interaction between HDA9 and MED25. For
the split-LUC assay, an expression construct encoding
cLUC-HDA9 was made and co-infiltrated with MED25-nLUC.
The co-expression resulted in a strong luminescence signal, fur-
ther confirming that MED25 can indeed interact with HDA9 in
planta (Figure 6, D and E). By contrast, co-infiltration of expres-
sion constructs encoding PIF4-nLUC and cLUC-HDA9 fusion
proteins did not result in substantial reconstitution of LUC ac-
tivity (Figure 6, D and E), corroborating our previous finding
(van der Woude et al., 2019) that HDA9 does not directly inter-
act with PIF4. Reconstituted split-LUC activity by interaction
between MED25 + PIF4 or MED25+HDA9 is not additive
upon co-expression of MED25 + PIF4 + HDA9 (Supplemental
Figure 3). MED25 subdomain mapping with split-LUC assays re-
vealed that the MED25-HDAJ9 interaction is mainly explained
by interaction between the GD domain of MED25, and less so
between HDA9 and the MED25 ACID and MD subdomains
(Figure 6, F and G).

MED?25 affects HDA9-LUC activity
Previous work indicated that HDA9 protein is likely stabi-
lized in young seedlings in response to warm temperatures
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Figure 6 MED25 interacts with HDA9. A, Hypocotyl length assay of hda9-1 and pft1-2 mutants and their double mutant combination. Average
Arabidopsis hypocotyl length with st. error bars (N = 46 seedlings). Plants were grown for 7 days after germination at 22°C or 27°C in 8 h light/6
darkness, under mixed (R, B, F) LED lights. Different letters indicate significant differences as calculated by a Tukey HSD post hoc test (P <
0.001). B, Y2H assay showing HDA9 interaction with MED25 in yeast. Yeast transformants were plated on SD medium lacking Leu and Trp amino
acids (—2aa) and SD medium lacking His, Ade, Leu, and Trp amino acids (—4aa). All plates were incubated at 30°C for 3 days. C, BiFC assay showing
HDA9 and MED25 protein interaction in the nucleus. nYFP-HDA9 and MED25-cYFP constructs were premixed with mCherry™" and co-infiltrated
into N. benthamiana leaves. Confocal image was taken at 3 days post-agroinfiltration. D, Split-LUC assays indicating that HDA9 physically interacts
with MED25, but not PIF4. The design of the co-infiltrations is shown above the images. A single LUC activity image was taken of all discs at 3 days
post-agroinfiltration. Shown are selected discs from each infiltration, digitally cut from single LUC activity image. E, Quantification of relative LUC
activity of HDA9-PIF4 and HDA9-MED?25 split-LUC interactions indicated in (D). The data represents the mean + SE (n = 6). Different small letters
indicate a significant difference as calculated by a student T-test (P < 0.05). F, HDA9 interacts most strongly with the GD domain of MED25. The
design of the co-infiltrations is shown on top. Added to legend: A single LUC activity image was taken of all discs at 3 days post-agroinfiltration.
Shown are selected discs from each infiltration, digitally cut from single LUC activity image. G, Quantification of relative LUC activity of HDA9
and MED25 subdomains interaction in split-LUC interactions indicated in Added to legend: A single LUC activity image was taken of all discs at
3 days post-agroinfiltration. Shown are selected discs from each infiltration, digitally cut from single LUC activity image (F). The data represent
the mean + SE (n = 6). Different letters indicate significant differences as calculated by a student T-test (P < 0.05).

€20z AeIN 80 U0 1sanB Aq 6.69769/285/1/26 L /101e/sAyd|d/woo dno oiwspese//:sdny wouy papeojumoq



MED25 integrates action of PIF4 and HDA9

and this stabilization is proposed to trigger histone deace-
tylation events required for H2A.Z eviction and subsequent
YUCCAS transcriptional activation by PIF4 (van der Woude
et al., 2019). Since MED25 interacts with HDA9 at the pro-
tein level, we investigated whether this interaction affects
HDA9 protein stability. To this aim, a fusion between
HDA9 protein and luciferase was expressed under control
of the constitutive 35S promoter (35S:HDA9-LUC) (van
der Woude et al., 2019). The construct was first introduced
into the WT background and subsequently crossed into the
pft1-2 mutant background and into a MED25 overexpres-
sion line (355:MED25). By crossing into the tested back-
grounds, a potential genomic position effect (Matzke and
Matzke, 1998) on LUC activity is excluded. HDA9-LUC ac-
tivity was measured in 7-day-old homozygous seedling in
the LUMINATOR setup under diurnal 12 h light/12 h dark-
ness conditions at 22°C. The second day, temperature was

A 22°C
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switched to 28°C 3 h after the start of the photoperiod
(Figure 7).

Quantification of the HDA9-LUC signal reveals a striking
increase of HDA9-LUC activity during the night.
Interestingly, in the pft1-2 background, the average
had9-LUC activity was consistently higher than in WT, indi-
cating that the stabilization hadHDA9 is antagonized by
MED25 (Figure 7A). This was confirmed by testing a line
that overexpressed MED25, wherein we observed the oppos-
ite, namely a severely supprhaded HDA9-LUC activity. At 27°C
in the light, the LUC activity was slightly higher than at 22°C,
while at 27°C during the night LUC activity was almost three-
fold higher than at 22°C in the dark in the wild type
(Figure 7B). Control experiments show that transcription
fromhade 35S:HDA9-LUC constructs is higher at 27°C than
at 22°C (Supplemental Figure 4A). Taking this into account,
it cannot fully be excluded that higher LUC activity during
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Figure 7 HDA9-LUC stability is affected by MED25. Seeds of 355:HDA9-LUC-reporter lines in the WT (bla, pft1-2, and 355:MED25 (MED250E) back-
grounds were stratified and germinated in growth cabinets under diurnal fluorescent white light (12 h light/12 h darkness). At 6 days after germin-
ation plants were sprayed with substrate luciferin (1 mM) and placed in the LUMINATOR setup. A, 355:HDA9-LUC in WT (black line), pft1-2 (red
line), and 355:MED25 (blue line) under 12 h light/12 h darkness of zeitgeber time (ZT) and constant 22°C and (B) at 27°C. At least 18 seedlings were
tested for each reporter line. Error bars represent mean + SE. C, In a separate reporter line, eGFP-HDA9 protein levels were measured in seedlings
expressing 355:eGFP-HDA9 at 4 h in light and at 4 h in darkness at 22°C or 27°C. Intensity of the band detected by anti-GFP is quantified relative to
protein level at T = 0. Loading was normalized to Rubisco staining on the blot. The experiment was done in the absence (—) or presence (+) of the

proteasome inhibitor MG132.
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warmth is, at least in part, explained by increased transcription
at 27°C. Transcriptihadfrom 35S:HDA9-LUC is highest in the
MED25 OE background (Supplemental Figure 4A), while LUC
activity is very low in this line (Figure 7B). This confirms the
destabilization effect by the ectopic high MED25 levels on
the HDA9-LUC fusion protein in these plants. The observed
differences in transcription levels from 355:HDA9-LUC in the
WT, pft1-2, and MED25 OE lines (Supplemental Figure 4A)
could be an indication that MED25 also affects transcription
from the exogenous 35S promoter. It also cannot be excluded
that the observed increase in 35S-HDA9-LUC activity at 27 de-
grees results from a temperature effect on LUC enzymatic ac-
tivity. However, the effect of temperature on 35S:LUC activity
is less extreme than observed for 35S:HDA9-LUC plants
(Supplemental Figure 4B). While endogenous MED25 contri-
butes to the destabilization of HDA9-LUC protein in the light,
the relative increase of HDA9-LUC activity in the dark is similar
at 22°C and 27°C. This suggests that in the dark MED25 has no
further effect on HDA9-LUC (Figure 7, A and B). The fact that
HDA9-LUC protein stability is seemingly negatively regulated
by ectopic high expression of MED25 may explain why plants
overexpressing MED25 show a phenotype similar to the pft1-2
and hda9-1 mutant (Figures 1B and 6A). While HDA9 protein
is more stable at 27°C in the presence of low endogenous
MED25 levels, in the presence of high ectopic MED25 protein
levels, the destabilizing effect of MED25 on HDA9 protein may
become dominant over the temperature effect on HDA9 pro-
tein stability (Figure 7). Western blot analysis was used to test
for HDA9-GFP fusion protein levels at the two different tem-
peratures. Results show a decrease rather than an increase of
eGFP-HDA9 protein level at elevated temperatures, both in
light and in dark (Figure 7C). The fusion protein levels were
also tested in presence of the proteasome inhibitor MG132,
which resulted in increased eGFP-HDA9 protein levels at ele-
vated temperature, both in light and in dark (Figure 7C), con-
firming previous results indicating that HDA9 is affected by
proteasome activity (Mayer et al, 2019). The experiment
was repeated with similar results (Supplemental Figure 5).

Discussion

MED25 forms a potential link between PIF4 and
HDA9 at the YUCCAS locus

The hypocotyl elongation response of Arabidopsis seedlings
under warm temperature conditions is mediated by many
different transcription factors and phytohormone biosyn-
thesis and signaling pathways (reviewed in (Casal and
Balasubramanian, 2019)). Thermomorphogenesis responses
also involve epigenetic processes (Perrella et al, 2022).
Among the most notable are the epigenetic changes occur-
ring at the YUCCAS8 locus, via the action of PWR and
HDA9. These factors trigger a net eviction of H2A.Z-
containing histones from the YUCCAS locus, allowing access
to transcription factors, like PIF4 (Tasset et al., 2018; van der
Woude et al, 2019). PIF4-mediated induction of YUCCAS

Shapulatov et al.

then results in a higher auxin biosynthesis capacity, which
triggers the elongation response (Bellstaedt et al,, 2019).

Despite the known PIF4 association to the YUCCAS gen-
omic region (Franklin et al, 2011; Sun et al,, 2012), so far it
was not clear how HDAJ is specifically recruited to this locus
under warmth (van der Woude et al,, 2019). Our research
provides evidence that a specific component of the
Mediator complex, MED25, can bind to both PIF4 and
HDA9 (Figures 4 and 6) and associates to the YUCCAS locus
mainly at 27°C (Figure 5). Accordingly, MED25 is required for
YUCCAS induction at high temperatures (Figure 3) and ther-
momorphogenesis (Figure 1).

The amino terminus of MED25 has a conserved von
Willebrand Factor Type A (VWF-A) domain, which mediates
the interaction between MED25 and the Mediator complex
via binding with the subunit MED16 (Yang et al, 2014)
(Supplemental Figure 2). The VWF-A domain also interacts
with MBR1 and MBR2, which are involved in the degradation
of MED25 (Inigo, Giraldez, et al, 2012). Transcription factors
such as AP2/ERF and MYCs and suppressors such as JAZ proteins
interact with the ACID (activator interacting domain) domain of
MED25 (Supplemental Figure 2). At the C-terminus, MED25 has
a conserved glutamine rich (polyQ) tract, named GD domain,
and it has been speculated that this domain is involved in tran-
scriptional activation (Cerdan and Chory, 2003; Backstrom et al,,
2007; Elfving et al, 2011). Moreover, the length of this polyQ-rich
region affects MED25-mediated flowering (Rival et al,, 2014). Our
interaction studies of different MED25 subdomains with PIF4
and HDA9 (Supplemental Figure 2) indicate that PIF4 can inter-
act with the ACID and GD domain (Figure 4), while HDA9 inter-
acts mainly interacts with the GD domain (Figure 6). In tomato,
in the context of the shade-induced elongation responses, an
interaction between the tomato MED25 and the homolog of
PIF4 has also been demonstrated (Sun et al, 2020). Although
both PIF4 and HDA9 interact with the GD domain of MED25,
this interaction may not be mutually exclusive. Indeed, when
HDA9 was co-expressed with MED25 and PIF4 in the split-LUC
assays, the reconstituted luciferase activity is equal to or larger
than that of reconstituted luciferase by the MED25 + PIF4 inter-
action alone (one example shown in Supplemental Figure 3). The
fact that PIF4 can bind to target loci, while MED25 can interact
both with PIF4 and HDA9 suggests that MED25 plays a role in
recruiting HDA9 to PIF4 target loci.

Are other transcription factors also involved in
recruiting HDA9 to YUCCAS locus?

In Arabidopsis, loss of either HDA9 or MED25 results in a re-
duced hypocotyl elongation response, with no additive effect
for hypocotyl elongation in the pft1-2 hda9-1 double mutant
(Figure 6). This could suggest that HDA9 and MED25 func-
tion in the same pathway toward high-temperature-induced
elongation. Besides PIF4, transcription factor BZR1 is also lim-
iting for the high-temperature-induced expression of
YUCCAS (Bai et al., 2012; Oh et al., 2012). We found evidence
for interaction between MED25 and BZR1 using our
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split-LUC assay (Supplemental Figure 6). Therefore, we
speculate that even in the absence of PIF4, HDA9 may still
be recruited to the YUCCA8 locus via BZR1 and MED25.
Activation of YUCCAS8 at 27°C is also associated with histone
deacetylation (van der Woude et al., 2019). The transcription
regulator SEUSS (SEU) was shown to affect H3K4me3 methy-
lation at loci of growth-stimulating genes (Huai et al., 2018).
SEU can interact with PIF4 protein only at elevated tempera-
tures, because at normal temperatures both SEU and PIF4 are
destabilized through their interaction with PHYB (Huai et al.,
2018). On the other hand (changes in) histone acetylation le-
vels at the YUCCAS locus at 27°C are dependent on HDAJY,
but not on PIF4, as pif4-2 mutant at 27°C displays similar
H3K9K14AC levels compared to the wild type (van der
Woude et al,, 2019). Like HDA9, the transcriptional regulator
SEU may therefore be recruited to YUCCAS8 by other factors
besides PIF4. Interestingly, the homolog of SEU in
Arabidopsis, LEUNIG, has been shown to interact with
MED?25 in the context of MYC2-dependent transcriptional
activation (You et al, 2019). Future research will need to
show how and when all these different factors can interact
and are recruited to affect growth-regulating genes during
thermomorphogenesis.

MED25 functions differently at the PIF4 locus
compared to the YUCCAS locus

While the action of MED25 at the YUCCAS locus is required
for full activation of transcription at elevated temperatures,
MED25 seemingly limits PIF4 transcription, both at 22°C
and at 27°C, as demonstrated by the PIF4:LUC reporter and
by qPCR, testing endogenous PIF4 expression in WT and
pft1-2 (Figure 2). Our ChIP-gPCR experiments however indi-
cate that unlike at the YUCCAS locus, at the PIF4 locus the
association with MED25 protein increases at elevated tem-
peratures (Figure 5). Figure 8, A and B, shows a putative mod-
el for the role of MED25 in the expression of PIF4. At 22°C
MED?25 is limiting expression of PIF4. At present, it is not clear
how this is achieved, but two alternatives are proposed (in-
dicated as 1 and 2 In the figure). The high-temperature-
induced expression of PIF4 is associated with reduced H3K9
acetylation levels at the +1 nucleosome of PIF4 (Tasset et al,,
2018). Although it was suggested that POWERDRESS (PWR),
an interacting partner of HISTONE DEACETYLASE 9 (HDA9),
is required for H3K9 deacetylation at the PIF4 locus, HDA9
itself has no substantial effect on PIF4 transcription at neither
control nor warm temperatures (van der Woude et al,, 2019).
Hence, epigenetic control of PIF4 expression is, at least for a
large part, HDA9 independent, suggesting that other HDACs
rather than HDA9 may have a role. Also, at 27°C MED?25 is
limiting expression of PIF4. MED25 may regulate PIF4 expres-
sion directly by regulating PIF4 locus accessibility through re-
cruitment of HDACs, other than HDAJY, at both 22°C and 27°
C (indicated by HDA? In Figure 8). Alternatively, MED25 may
affect PIF4 expression indirectly, by affecting the recruitment
of transcription factors (TFs) effectively responsible for PIF4
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expression, or by affecting co-factor activity for these TFs,
both at 22°C and 27°C. The overall effect of MED25 would
thus be reduced PIF4 transcription. One likely candidate for
this MED25-dependent recruitment to the PIF4 locus could
be BZR1 but could also involve PIF4 itself through binding
of PIF4 to its own promoter. In addition, TEOSINTE
BRANCHED 1/CYCLOIDEA/PCF (TCP) transcription factors
TCP5, TCP13, and TCP17 could be involved, as they are re-
quired for elongation responses and elevated expression of
PIF4 at 27°C (Zhou et al., 2019). For TCP17 it has been shown
that it interacts with PIF4 (Zhou et al, 2019). Although an
interaction between TCP17 and MED25 has not been de-
monstrated, it has been shown that MED25 interacts with
TCP4 in the context of the regulation of flowering (Liu
et al, 2017). An increased association of TCP4 and MED25
at the promoter region of flowering gene CONSTANS (CO)
is related to enhanced CO transcription and induction of
flowering (Yao et al., 2019), while MED25 was found to asso-
ciate with the promoter region of CO, which is also occupied
by TCP4 (Liu et al, 2017).

The LUC signal intensities of 35S:HDA9-LUC in established
(7 days old) seedlings and 3 weeks old plants do not show a
strong increase in LUC activity at the onset of light at ele-
vated temperature as it was observed in 3-day-old seedlings
(van der Woude et al.,, 2019), while the total HDA9-LUC pro-
tein levels do not show a strong increase at elevated tem-
perature in older plants (Figure 7). Therefore, activation of
the elongation response by HDA9 activity at high tempera-
tures is not due to the stabilization of HDA9 protein in older
plants, but rather may be explained by regulation of nuclear
HDAJ levels at elevated temperature (Mayer et al., 2019).

Figure 8, C and D shows a putative model for the role of
MED25 in regulating expression of YUCCAS. At 22°C, binding
of BZR1 to the PIF4 locus may be limited due to (among
others) low BR signaling and low BZR1 nuclear import
(Ibanez et al, 2018). Accessibility for PIF4 and MED25 to
the chromatin of the YUCCAS8 locus is limited by high levels
of repressive H2A.Z histone occupancy in these conditions
(van der Woude et al., 2019). In addition, at 22°C, the binding
of co-activator SEU and histone-modifying enzymes (HME)
to chromatin of auxin biosynthesis genes like YUCCAS is
also limited (Huai et al, 2018). Possibly, access to the
YUCCAS8 locus at 22°C is also limited for BZR1 (lbanez
et al,, 2018). At 27°C, nuclear import of BZR1 is increased, re-
sulting in increased expression of PIF4 (Ibanez et al., 2018).
While in established seedlings (8 days old) HDA9 protein le-
vels are similar at 22°C and 27°C degrees (Figure 7), nuclear
HDA9 activity or HDA9 post-transcriptional modification
may be increased at elevated temperatures (Mayer et al,
2019), thereby influencing HDA9 recruitment over YUCCAS8
locus, possibly via interaction with MED25. Increased
HDA9 activity at the YUCCA8 locus triggers local
H3K9K14ac deacetylation. This results in net low levels of
H2A.Z at YUCCAS, proposedly because H2A.Z incorporation
is less efficient (van der Woude et al,, 2019). HDA9 does not
directly interact with PIF4 in split-LUC (this study) and Y2H
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Figure 8 Proposed model of the roles of MED25 during thermomorphogenesis. A and B, At both control and elevated temperatures the increase in
transcriptional output of PIF4 is limited by MED25. C—F, By contrast, at elevated temperatures, MED25 stimulates expression of YUCCAS, presumably
by recruiting HDA9 through binding of MED25 to PIF4 and binding of HDA9 to MED25. Nuclear HDA9 protein activity may be increased at elevated
temperatures (Mayer et al.,, 2019). The action of HDA9 activity at the YUCCAS locus is limited by the destabilization of HDA9 protein through the
interaction with MED25 and histone re-acetylation activity upon return to normal temperature. For further details see text. Dashed arrows: very
weak interaction; Lines with blunt end: negative interaction. Thin/thick arrows: weak/strong interaction. Dashed arrows: very weak interaction. Very
thick arrows between subfigures indicate progression complex formation at the locus.

and BiFC (van der Woude et al,, 2019) assays and deacetyla-
tion at the YUCCAS locus still occur in pif4 mutant. This in-
dicates that HDA9 recruitment to YUCCAS is not dependent
on PIF4 and that other transcription factors/DNA-binding
proteins acting at the YUCCA8 locus are likely involved
(e.g. BZR1, which also interacts with MED25: Supplemental
Figure 6). Increased binding of BZR1 over the YUCCAS locus
at 27°C has been demonstrated (Ibanez et al., 2018). The net
depletion of histone H2A.Z from the YUCCA8 chromatin at
27°C allows the increased frequency of binding of PIF4
and possibly also BZR1 and MED25, while HDA9 protein
is proposedly sequestered (inactivated) by its interaction
with MED25 (Figure 7). At 27°C, PIF4 at the YUCCAS locus
interacts with the scaffolding protein co-activator SEU,
which is required to stimulate the expression of YUCCAS8

(Huai et al, 2018). BZR1 has also been implemented in
modulating YUCCAS8 levels (Oh et al, 2012). Therefore,
the interaction between PIF4 and SEU could also involve
an interaction with BZR1. SEU is a homolog of LEUNIG
(LEU) and affects histone methylation status at target
genes, suggesting that it interacts with HME. Presumably,
the “active chromatin” state of the YUCCAS8 locus can be
maintained as long as HDA9 protein activity is maintained.
Upon return to 22°C HDA9 protein is no longer stabilized, re-
sulting in re-acetylation of H3K9K 14 at the YUCCAS8 locus and
efficient incorporation of repressive H2A.Z. This likely limits
access for BZR1, PIF4, and MED25, while at the same time nu-
clear levels of BZR1 and expression of PIF4 also decrease. In
addition, the expression of HDA9 in germinating seedlings
is transient (van der Woude et al, 2019). Finally, it was
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suggested that MED25 is a negative regulator of PHYB/D/E
(Wollenberg et al, 2008). If indeed MED25 reduces
PHYB level/stability, the absence of MED25 is expected
to correspond with increased PHYB level/stability, which
in turn would reduce PIF4 protein stability. This may be
part of the explanation why the higher transcription
level of PIF4 in pft1-2 does not correspond with increased
expression of YUCCA8 and will be subject for future
investigations.

Finally, during the submission of this manuscript, a similar
role for MED14 during thermomorphogenesis was shown
(Bajracharya et al,, 2022). Similar to what is shown here for
MED25, MED14 protein also interacts with PIF4 protein
and shows enhanced presence at PIF4 gene targets at ele-
vated temperatures. Indeed, a role for MED25 in hypocotyl
elongation during thermomorphogenesis was demonstrated,
but without going into details of this function of MED25
(Bajracharya et al, 2022). Therefore, thus far an impressive
number of proteins have been identified that interact direct-
ly with PIF4 protein during thermomorphogenesis: PHYB
(Yamashino et al,, 2013), TOC1 (Zhu et al., 2016), HEMERA
(Qiu et al, 2019), MED14 (Bajracharya et al, 2022), and
MED?25 (this paper). Disruption of the Mediator complex
by the absence of key components like MED14 or MED25
could exert similar effects, but some Mediator mutants do
not show specific effects during thermomorphogenesis
(Bajracharya et al, 2022). MED25 binding to different types
of transcription factors has been tested in high through-
put screening (Ou et al, 2011) and MED25 shows select-
ivity for a specific subset of transcription factors
(Table 1). While there clearly is an overlap in transcription
factor targets between MED25 and MED 14, a comprehen-
sive screen for MED14 binding to different types of tran-
scription factors has not been performed. More research
is needed to unravel the interaction mechanism between
all these proteins and the specificity imposed by different
Mediator components during different growth responses
in plants.

Materials and methods

Plant material and growth conditions

Arabidopsis (Arabidopsis thaliana) Col-0 wild-type genetic
background was used for all experiments. All genotypes
used are listed in Supplemental Table 1B. T-DNA insertion
mutants were obtained from the Nottingham Arabidopsis
Stock Centre (www.arabidopsis.info), and homozygous mu-
tant genotypes were confirmed by PCR using gene-specific
and T-DNA-specific primers (Supplemental Table 2). The
double/triple mutant combinations were obtained by cross-
ing and confirmed by PCR.

Seeds were first incubated for 3—4 days at 4°C in darkness.
After cold treatment, the water-imbibed seeds were sown
onto rock wool. Plants were then grown in cycles of 12 h
light, 22°C/12 h darkness, and 12°C (unless specified
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otherwise) on rock wool on half-strength
Hoagland-nutrient solution. Growth experiments were un-
der mixed (R, B, FR) LED lights with FR ramping at start and
end of the photoperiod to mimic natural changes in FR
light conditions at the start and end of the day (van
Hoogdalem et al,, 2021).

Plasmid constructs

For expression constructs, the full-length PIF4, BZR1, HDASY,
and MED25 CDS was amplified from a Col-0 cDNA library
using gene-specific primers, including 5’overhang Xbal and
3’overhang Notl restriction sites (Supplemental Table 4). The
expected PCR products were digested and ligated with T4
DNA ligase (#M1801, Promega, Madison, USA) into pIV1A2.1
entry vector (Plant Research International, Wageningen,
Netherlands) between the CaMV35S promoter and RbcST ter-
minator. For MED25 with cmyc-Hls-tag, the full-length MED25
CDS was amplified using a specific primer set (without stop
codon) including 5’overhang Xbal and 3'overhang Notl restric-
tion sites. Then, the PCR product was digested and ligated into
pIVA2.1-cmyc-His tag entry vector. For the luciferase (LUC) re-
porter constructs, the promoter sequence for YUCCA8 was
used as predicted by (Sun et al, 2012). The fragment was amp-
lified from gDNA using primers with 5’overhang Ascl and 3’
overhang Xbal restriction sites (Table-S4). The PCR products
were first digested with restriction enzymes and then ligated
into plV1A2.1 entry vector in front of LUC. All entry vectors
were then cloned into the Gateway-compatible binary
vectors pKGW-Red Seed (https://gatewayvectors.vib.be/) or
pBA by an LR reaction. Thereafter, the expression and reporter
vectors (Supplemental Table 2) were transformed into the
Agrobacterium tumefaciens AGL-0 strain, which was used in
transient expression assays in Nicotiana benthamiana or was
used for stable Arabidopsis (Col-0) transformation using the
floral dip method as described before (Zhang et al, 2006).
Transgenic Arabidopsis TO seeds were identified by DsRed
pigmentation of the seed coat or by LUC-reporter activity.
Seeds were harvested from T1 plants and homozygous
plants were selected based on Mendelian segregation of
DsRed fluorescence in the progeny population(s). For each
transformation, a representative homozygous line was se-
lected from at least 10 primary transformants for further
experiments.

For the split-LUC assays, pDEST-cLuc and pDEST-nLuc vec-
tors were used as a backbone for the different fusion protein
constructs (Chen et al, 2008) (see Supplemental Table 3).
The entry vectors containing either full length of HDA9
CDS, PIF4 CDS, BZR1 CDS, MED25 CDS, or MED25 domain se-
quences were cloned into pDEST-cLuc and pDEST-nLuc vec-
tors respectively. As a negative control, the 35S:cLuc
(pCAMBIA-cLuc) and 35S:nLuc (pCAMBIA-nLuc) expression
constructs were used (Chen et al., 2008).

Hypocotyl elongation assays
Col-0, pft1-2 (SALK_129555C), pft1-3 (SALK_ 059316C),
hda9-1 (SALK_007123), pft1-2/hda9-1 double mutant and

€20z AeIN 80 U0 1sanB Aq 6.69769/285/1/26 L /101e/sAyd|d/woo dno oiwspese//:sdny wouy papeojumoq


http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac581#supplementary-data
https://www.arabidopsis.info
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac581#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac581#supplementary-data
https://gatewayvectors.vib.be/
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac581#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiac581#supplementary-data

596 | PLANT PHYSIOLOGY 2023: 192; 582-600

355:MED25 OE seeds were gas sterilized and stratified at 4°C
for 3 days. The seeds were then sown onto half-strength MS
medium and placed into a climate chamber with mixed LEDs
(blue B), red (R), and far-red (FR), under the following condi-
tions: 20°C and 8 h light/16 h darkness. The photoperiod
started with a ramping period in the first and last hour,
with 30 umol m™ s~ and a B:R:FR ratio of 1:2:1. The remain-
ing 6h had 100 pmol m™>s™' and B:R:FR ratio of 3:6:1
(van Hoogdalem et al,, 2021). After 24 h of acclimatization,
half of the plates were placed at 28°C (high-temperature
treatment) for 8 days. After 8 days pictures of the plates
were taken, and the hypocotyl was measured using Image)
(Bethesda, Maryland, USA). A 2-way ANOVA followed by a
TUKEY HSD post hoc test was used to statically compare
the hypocotyl lengths.

Gene expression analysis by reverse transcription
quantitative PCR (RT-qPCR)

Total RNA was isolated using homogenized young leaf tissues
with the InviTrap® Spin Plant RNA Kit and treated with
Ambion® TURBO DNA-free Kit according to the manufac-
turer’s instructions. cDNA synthesis was performed using
the iScrip Il mix reagent that included 10 mM oligo (dT) pri-
mer according to the manufacturer’s instruction (Bio-Rad,
CA, USA). RT-qPCR was performed using iQ SYBR Green
Super mix (Bio-Rad, CA, USA) on a CFX Connect Real-Time
System (Bio-Rad, CA, USA). The IPP2 was used as a reference
for the normalization of relative expression levels. Gene ex-
pression levels were calculated from the average level de-
tected in three biological replicate samples (pooled
material from three plants per sample) (van Hoogdalem
et al, 2021).

ChIP-gPCR assays

ChIP assays were performed as previously described (Bowler
et al,, 2004; Perrella et al., 2018; van der Woude et al, 2019).
DNA was sheared using an ultrasonic bath (FALC instru-
ments LABSONIC LBS2.10), cooled at 4°C using the max-
imum kHz frequency of 20 cycles 45s ON, 15s OFF.
Anti-6XHis tag (Abcam ab9108) was used to IP the chroma-
tin according to the manufacturer’s instructions. ChIP-qPCR
was performed using the following cycles: 95°C X 2 min, 95°C
X 3's, 59.5°C X 30 s for 50 cycles, 95°C X 1 min, and 60°C X
30s to estimate the melting curve. Oligonucleotides for
YUCCAS8 and PIF4 DNA genomic regions were designed based
on Lee et al. (2014) and Zhu et al. (2016). Relative ChIP DNA
abundance was calculated as previously described (Kaiserli
etal, 2015). In detail, MED25 enrichment over loci was deter-
mined by normalizing immuno-precipitated DNA against
genomic DNA for the indicated regions and temperature
conditions and indicated as a percentage of nuclear DNA
(%Input). DNA was also immunoprecipitated from Col-0
wild-type plants and used as a negative control for
ChIP-gPCR amplifications.
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Imaging and quantification of in planta luciferase
activity in Arabidopsis

For the imaging of LUC-reporter activity in stably trans-
formed Arabidopsis plants, the plants were sprayed with
1 mM b-luciferin  (Duchefa Biochemie, Haarlem, The
Netherlands) 24 h prior to imaging to inactivate accumu-
lated luciferase protein. Spraying with D-luciferin was re-
peated 1 h before imaging. Imaging was performed with
our LUMINATOR setup consisting of an air-cooled (—80°C)
CCD Pixis 1024B camera system (Princeton Instruments,
Massachusetts, USA) equipped with a 35 mm, 1:1.4 Nikkon
SLR camera lens (Nikon, Tokyo, Japan) fitted with a DT
Green filter ring (Image Optics Components Ltd, Orsay,
France) to block chlorophyll fluorescence (van Hoogdalem
et al, 2021). Exposure time for the LUC activity measure-
ments is as indicated in the figure legend. In the diurnal
LUC activity experiment, spraying with D-luciferin was re-
peated once a day. For each reporter line, the average LUC
activity is indicated from at least eight individual plants.
Relative luminescence from LUC activity was quantified
from images using Image) (Bethesda, Maryland, USA), using
background subtraction (van Hoogdalem et al., 2021). Note
that the resulting numbers do not represent the number
of photons produced by LUC activity, but rather a “gray” va-
lue in arbitrary units and the graphs present the changes in
these arbitrary units relative to those of the first image in
the image sequence. Quantification of the in planta LUC ac-
tivity depends on tissue size, distance to camera, and expos-
ure time. Within each experiment, these were held constant,
but between experiments they may differ. The quantification
of LUC activity (as determined from the “gray value” in the
image) is given as relative units: Relative LUC activity. For
Figures 2C and 7, A and B the average LUC activity in four
groups of at least ten seedlings was quantified. For
Figure 2F (n = 6), Figure 4F (n = 5), Figure 6G (n = 6) the aver-
age LUC activity in n independently infiltrated leaf discs of N.
benthamiana, was quantified at 3 days post-agroinfiltration.
For Figure 3B YUCCAS8:LUC activity was quantified in ex-
tracts of at least eight independently infiltrated leaf discs of
N. benthamiana leaves and normalized to the Renilla LUC ac-
tivity from the co-infiltrated 35S:Renilla LUC construct
(ffLUC/rLUC).

Transient expression assays using agro-infiltration in
N. benthamiana leaves

To probe YUCCAS transcriptional activity, N. benthamiana
leaves were agro-infiltrated with the pYUCCAS8:LUC-reporter
and -effector construct 35S:PIF4, with or without the 35S:
MED25 expression construct. Relative gene dosage of the dif-
ferent expression constructs was kept equal by complement-
ing the agro-infiltration with an Agrobacterium containing
an EV construct when necessary. Agro-infiltration also in-
cluded a P19 expression construct to suppress gene silen-
cing (Saxena et al, 2011) and a 35S:Renilla luciferase
expression construct for normalization of agro-infiltration
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efficiency. At least six leaves were agro-infiltrated per treat-
ment. After 4 days, the co-infiltrated leaves were harvested
for further analysis. From each leaf, three disks (1 cm size)
of infiltrated material were taken as technical replicates.
Leaf disks were frozen and grinded in liquid nitrogen and
200 p of passive lysis buffer was added to each sample, vor-
texed and after 10-15 min on ice, samples were vortexed
again and leaf residue was pelleted. For each sample,
100 pl supernatant was pipetted into the 96-wells plate
for measurement of Firefly- and Renilla luciferase activity
according to the specifications of the Promega dual lucifer-
ase assay kit in a Glomax microplate reader. Relative Firefly
luciferase activity in different samples was normalized to
the Renilla LUC activity in each sample.

Yeast-two-hybrid assay

Full-length  HDA9 and MED25 were cloned into
Gateway-compatible pDonr/Zeo vector via a BP reaction.
The pDONR-HDA9 was then cloned into the pGAD424-GW
vector and the pDONR-MED25 was cloned into pGBT9-GW
vector using LR clonase, to generate AD-HDA9 and
BD-MED?25. Both constructs were transformed into the yeast
AH109 strain by the lithium acetate method according to the
manufacturer’s instructions (Clontech). Positive yeast col-
onies were plated on SD medium lacking Leu and Trp
(—2aa) and SD medium lacking His, Ade, Leu, and Trp
(—4aa) to test for protein interactions. The plates were incu-
bated at 30°C for 3 days.

Bimolecular fluorescence complementation assays
Full-length HDA9 and MED25 were cloned into pBA3134 and
pBA3132 by Gateway cloning to generate nYFP-HDA9 and
MED25-cYFP vectors, respectively (Seo et al, 2017).
nYFP-6xmyc and 6xmyc-cYFP vectors were used as a negative
control. Destination constructs were transformed into
Agrobacterium  tumefaciens  strain  GV3101. Cultured
nYFP-HDA9 and MED25-cYFP Agrobacterium cells were co-
infiltrated with P19 and mCherry™™ Agrobacterium cells
into leaves of 3-week-old Nicotiana benthamiana plants.
YFP fluorescence signals were detected using an Olympus
FV3000RS confocal laser scanning microscope (Olympus) 3
days after infiltration. Two types of filters were used:
mCHERRY, excitation 587 nm, emission 610 nm; EYFP, exci-
tation 490-510 nm, emission 520-550 nm. Exposure time
was 5.22 ms for all experiments. The images were captured
with a 20X and 40X objective lenses.

Split-luciferase assays in N. benthamiana leaves

Spit luciferase assays were performed by transient expression
in N. benthamiana. Expression constructs were transformed
to Agrobacterium tumefaciens strain AGL-0 and grown at
27°C in an LB medium containing 10 ugml~" Rifampicin
and 50 pgml~" kanamycin. The Agrobacterium tumefaciens
cells were resuspended in agro-infiltration buffer including
10 MM MES (2-morpholino ethanesulfonic acid, Duchefa
Biochemie, Haarlem, NL), 10 mM MgCl, and 100 mM
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acetosyringone (4’-hydroxy-3’,5’-dimethoxyacetophenone,
Sigma Aldrich, USA) and incubated at room temperature
for 3 h under modest shaking. For the assay an equal volume
of two Agrobacterium strains (OD600 = 0.3) was mixed and
co-infiltrated into 5-week-old N. benthamiana leaves. At least
6 N. benthamiana leaves were used for each tested combin-
ation. After 72 h post-agroinfiltration the leaves were har-
vested. For the imaging of LUC activity, the leaves were
sprayed with T mM D-luciferin at 24 and 1 h before imaging.
LUC activity was captured using the previously described
LUMINATOR setup using 7 min of exposure. The relative
LUC activity in the images was quantified by Image] software
(Bethesda, Maryland, USA).

Immunoblotting

Seedlings expressing 35S:eGFP-HDA9 were grown at 22°C.
After 7 days seedlings were transferred to a medium contain-
ing MG132 (50 pM) or DMSO (control) for another 4 h at 22°C
light or dark and 27°C light or dark, respectively. Total proteins
were extracted in buffer containing 100 mM Tris—HCI [pH 7.5],
300 mM NaCl, 2 mM EDTA [pH 8.0], 1% Triton X-100 v/v, 10%
glycerol v/v, 50 UM MG132, and protease inhibitor. Proteins
were size-separated on 10% SDS-PAGE gel. eGFP-HDA9 fusion
protein (75 kDa) was detected on a western blot using anti-
bodies against GFP protein (50430-2-AP, Proteintech, 1:5000).
The signal of the eGFP protein on the western blot was normal-
ized to that of the Rubisco staining on the blot. Signals were
quantified in Image J.

Co-immunoprecipitation assay in A. thaliana
Homozygous 355:MED25-myc, 35S:PIF4-HA, and the heterozy-
gous F1 generation of 355:MED25-myc 35S:PIF4-HA transgenic
lines were used for Co-IP experiments. Ten-day-old transgen-
ic seedlings were grown under white light at 22°C and trans-
ferred to 27°C for overnight exposure, before extraction of
protein. About 40 seedlings were ground in liquid nitrogen
and resuspended in 500 pl IP buffer (50 mM Tris—HCI pH
7.5, 1 mM ethylenediaminetetraacetic acid [EDTA], 75 mM
NaCl, 0.5% v/v Triton X-100, 5% Glycerol v/v, 2 mM DTT,
and 1 mM protease inhibitor mixture). After centrifugation
at 14,000g for 10 min under 4 °C, the supernatant was mixed
with 50 pl Anti-HA Magnetic Beads (Cat#: 88836, Thermo
Fisher Scientific) and incubated at 4°C for 2 h. The beads
were washed five times with washing buffer (50 mM Tris—
HCI pH 8.0, 150 mM NaCl, and 0.1% Triton X-100 v/v) and
eluted with a 2X SDS loading buffer at 95°C for 10 min.
Immunoprecipitated products were detected using western
blotting with anti-MYC (cat#16286-1-AP, Proteintech,
1:3000), or anti-HA (sc-7392, Santa Cruz Biotechnology,
1:500) monoclonal antibodies.

Accession numbers
Accession number of all genes mentioned in this paper can
be found in Supplemental Table 1A.
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