HY5 and phytochrome activity modulate shoot to root coordination during thermomorphogenesis
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Abstract:

Temperature is one of the most impactful environmental factors to which plants adjust their growth and
development. While the regulation of temperature signaling has been extensively investigated for the
aerial part of plants, much less is known and understood about how roots sense and modulate their
growth in response to fluctuating temperatures. Here we found that shoot and root growth responses
to high ambient temperature are coordinated during early seedling development. A shoot signaling
module that includes HY5, the phytochromes and the PIFs exerts a central function in coupling these
growth responses and maintain auxin levels in the root. In addition to the HY5/PIF-dependent shoot
module, a regulatory axis composed of auxin biosynthesis and auxin perception factors controls root
responses to high ambient temperature. Together, our findings show that shoot and root
developmental responses to temperature are tightly coupled during thermomorphogenesis and

suggest that roots integrate energy signals with local hormonal inputs.
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Introduction

Over the course of their life, plants are subjected to constant environmental fluctuations.
Consequently, plants have evolved tremendous developmental plasticity that allows them to
precisely adjust their development to environmental conditions and therefore to thrive in
dynamically and often unpredictably changing environments. In particular, the early stage of
seedling development constitutes a critical moment at which plants need to sense their
environment and respond quickly to fine-tune their developmental programs and successfully
establish themselves as autotrophic seedlings (reviewed in (Ha et al., 2017)). Not surprisingly,
early life stages have been shown to strongly contribute to local acclimation (reviewed in
(Donohue et al., 2010)).

Temperature is a pervasive environmental parameter influencing biological systems at all scales
from the rate of biochemical reactions to the timing of developmental transitions (reviewed in
(Penfield, 2008)). In addition, temperature shows important geographical, diurnal as well as
seasonal variation. Importantly, plants are equipped with sophisticated molecular machineries to
perceive temperature fluctuations, which allows them to sense and translate these signals into
appropriate developmental responses. Accordingly, raising ambient temperature leads to
increased elongation of the hypocotyl and root —a process called thermomorphogenesis
(reviewed in (Quint et al., 2016)).

The molecular mechanisms underlying shoot thermo-responses have been largely investigated
(Quint et al., 2016). In this context, the photoreceptor Phytochrome B (phyB) enables perception
of higher ambient temperature by switching from an active to an inactive form (Legris et al.,
2016). This process of phytochrome thermal reversion subsequently prevents sequestration and
degradation of transcription factors such as the PHYTOCHROME INTERACTING FACTORSs
(PIFs) that can accumulate and promote the expression of downstream regulatory genes (Jung
et al., 2016; Kumar et al., 2012; Park et al., 2018).

Among the PIF clade, PIF4 acts as a central signalling hub during shoot thermomorphogenesis
(Quint et al., 2016; Koini et al., 2009) and recent studies showed that PIF7 also has a role in this
process (Chung et al., 2020; Fiorucci et al., 2020). Upon higher ambient temperature, PIF4
directly positively regulates the expression of a battery of genes including auxin biosynthetic
genes YUCCA8 (YUC8) and TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS1
(TAAL), thereby promoting an elevation of auxin levels and increased hypocotyl cell elongation
(Franklin et al., 2011; Sun et al., 2012). This regulatory circuit also integrates inputs from the
transcription factor LONG HYPOCOTYL5 (HY5) that can act antagonistically to PIF4 by
repressing PIF4 expression or by directly regulating key PIF4 target genes including YUCS8
(Delker et al., 2014; Gangappa and Kumar, 2017). Both HY5 and PIF4 expression levels and

protein abundance are tightly regulated by a plethora of factors (reviewed in (Lau and Deng,



37
38
39
40
41
42
43

45
46
47
48
49
50
51
52
53
54
55
56
S7
58
59
60
61
62
63
64
65
66
67
68
69
70
71

2012; Quint et al., 2016)). Among those, CONSTITUTIVE PHOTOMORPHOGENESIS
PROTEIN1 (COP1) and DEETIOLATED1 (DET1) trigger HY5 degradation and promote both
PIF4 expression and protein stabilization (Gangappa and Kumar, 2017; Osterlund et al., 2000;
Saijo et al., 2003; Yanagawa et al., 2004). The collective genetic activity of PIF4, HY5, COP1
and DET1 defines an intertwined regulatory module that acts at the interface between light and
temperature signalling (Delker et al., 2014; Gangappa and Kumar, 2017). Interestingly, HY5
protein has also been shown to translocate from the shoot to the root and to coordinate carbon
fixation with nitrogen uptake (Chen et al., 2016).

Importantly, roots can autonomously sense and respond to temperature (Bellstaedt et al., 2019),
which might allow them to reach deeper and cooler layers of the soil under warm surface
conditions (lllston and Fiebrich, 2017). However, in contrast to the shoot, the molecular
mechanisms underlying plant root thermo-responses have so far remained elusive. Similar to
the shoot, maintenance of auxin homeostasis is critical for the root response to temperature
(Wang et al., 2016). In line with this idea, auxin signaling increases upon perception of higher
ambient temperature (Hanzawa et al., 2013; Wang et al., 2016). In this context the auxin efflux
transporters PIN2 and PILS6 mediate auxin transport and local accumulation at the root, which
in turn triggers developmental response to temperature in the root (Feraru et al.,, 2019;
Hanzawa et al., 2013). Furthermore, the auxin receptors TIR1 and AFB2 are stabilized upon
increased ambient temperature by forming a protein complex with HEAT SHOCK PROTEIN 90
(HSP90) and its co-chaperone SUPPRESSOR OF G2 ALLELE SKP1 (SGT1). The
accumulation of TIR1 and AFB2 subsequently activates auxin signaling and mediates root
thermo-sensory elongation (Wang et al., 2016).

Although root and shoot thermomorphogenesis occur simultaneously during early seedling
development (Bellstaedt et al., 2019), it is still unclear whether these responses are coordinated
at the whole plant level. In this study, we leveraged a genetic approach combined with
comprehensive phenotypic analyses, transcriptional profiling and metabolic measurements to
further characterize the molecular circuits mediating root thermomorphogenesis. We found that
a shoot regulatory module including HY5, phytochromes and PIFs can also regulate the root
growth response upon perception of higher ambient temperature, demonstrating that shoot and
root growth responses are coupled during early seedling development. Furthermore, we show
that an additional regulatory axis composed of auxin biosynthesis and perception genes is
required during root thermomorphogenesis and propose that the relative abundance of auxin
and its downstream signaling activity in the shoot and in the root are critical to coordinately

control growth response to temperature in these organs.
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Results

HY5 controls the root thermo-response

The impact of increased temperature on plant development has been extensively investigated
(reviewed in (Quint et al., 2016)), however it is still unclear whether a core regulatory network
governs temperature sensing and signalling in multiple developmental contexts and whether
these responses are coordinated across multiple organs. To assess how ambient temperature
modulates root development, we grew plants at 21°C and analyzed their growth until three days
after transfer at either 21°C or 27°C. In line with previous reports (Feraru et al., 2019; Martins et
al., 2017; Wang et al., 2016), wild type plants grown at 27°C displayed an increased primary
root growth compared to plants kept at 21°C (Fig. 1A,B). Having established this experimental
set up to analyze the root response to temperature shifts, we went on to further characterize the
genetic mechanisms underlying this process.

The transcription factor HY5 is a key regulator of shoot thermomorphogenesis, while at the
same time regulates root development and hormonal signaling pathways (reviewed in
(Gangappa and Botto, 2016)). Thus, we hypothesized that HY5 could regulate the root
response to increased ambient temperature. We analyzed the relative root growth of hy5 mutant
and wild type plants grown at 21°C and 27°C (Fig. 1A-D) and in line with our hypothesis, four
different allelic versions of hy5 mutants displayed reduced root growth response to temperature
compared to wild type. While wild type plants increased root growth by 80 to 120%, hy5 mutants
displayed an increase of only 20 to 40% (Fig. 1A-D). This reduced response was also observed
under a different growth condition with reduced light intensity (see material and methods; source
data file) as well as when roots were grown in the dark or on medium not supplemented with
sucrose (Fig. S1A-C), indicating that the reduced response observed in hy5 was not dependent
on light or nutrient conditions. To test whether this reduced response was also associated with
changes in root apical meristem activity, we measured the dynamics of the root meristem size
after temperature shift. Interestingly, hy5 mutants displayed a lower relative root meristem size
at all time points analyzed —from 24 hours to 72 hours after temperature shift— as well as
showed an earlier onset of cell elongation. This indicates that their meristem is hypersensitive to
increased ambient temperature compared to wild type plants (Fig. 1E,F; Fig. S1D). Together,
these data demonstrate that HY5 is required to mediate root responses to temperature.

While analyzing the root phenotypes of hy5 mutants, we observed that plants with a lower root
growth frequently displayed longer hypocotyls than plants with a higher root growth, suggesting
that shoot and root responses to temperature could be functionally connected. To test this
observation, we simultaneously measured hypocotyl and root growth on individual plants and

calculated the relative hypocotyl or root growth. Raising ambient temperature strongly promoted
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hypocotyl growth while decreasing root growth response in the hy5 mutant (Fig. S1E),
supporting the idea that these two processes could be coordinated during early seedling

development.

Phytochromes and PIF activity requlate the root response to higher ambient temperature

The phenotypic relation between hypocotyl and root growth response in the hy5 mutant
suggested that additional regulators of shoot thermomorphogenesis might also modulate the
root growth response. Previous studies had demonstrated a critical role of PHYB to sense
temperature in the shoot and to mediate hypocotyl growth (Jung et al., 2016; Legris et al., 2016),
leading us to hypothesize that the phytochromes might also regulate root thermo-responses.
Accordingly, both phyA and phyB single mutant plants displayed a reduction in the root
response to temperature compared to wild type. This difference was further enhanced in phyAB
double mutants, showing that phyA and phyB co-regulate this process (Fig. 2A,B, Fig. S1F).
The lower root growth in phyAB was also associated with a decreased relative root meristem
size, demonstrating that root meristematic activity was hypersensitive to increased ambient
temperature, similarly to what we observed in hy5 mutant plants (Fig. 2C,D; Fig. S1D).
Collectively, these data demonstrate that in addition to their function in the shoot, the
phytochromes are also required for root thermomorphogenesis.

Phytochromes mediate the phosphorylation of downstream factors including the PIFs, which are
then targeted for degradation (Lorrain et al., 2008). As PIF4 functionally interacts with HY5
during shoot thermomorphogenesis (Delker et al., 2014; Gangappa and Kumar, 2017), we
reasoned that PIF4 might also modulate root responses to temperature downstream of the
phytochromes. Thus, we tested whether PIF4 and other PIF family members could control the
root growth response to temperature. Similarly to previous studies (Martins et al., 2017), pif4
mutants did not show an impaired root response (Fig. 2E,F). Moreover, simultaneously
interfering with the function of multiple PIFs such as PIF1, PIF3, PIF4, PIF5 and PIF7 in pifq or
pif7 pifg mutants had no effect on the root response compared to wild type, indicating that the
PIFs were not required to regulate this process (Fig. 2E,F; Fig. S1G). Although the loss-of-
function mutants did not display impaired root response to higher temperature, we reasoned
that because phytochromes are negative regulators of PIFs, PIF activity might be increased in
phytochrome mutants, and that in turn might contribute to the reduction of the root thermo-
response in phyAB mutants. Thus, we next tested whether promoting PIF function could be
sufficient to modulate root growth response. In line with this idea, the gain-of-function
pPIF4:PIF4-FLAG mutant line (PIF40X; Gangappa and Kumar, 2017) showed a significant
reduction in the root response to higher temperature (Fig. 2G), demonstrating that while PIF4

function is not required, it is indeed sufficient to modulate this developmental response. As PIF
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activity is promoted in phytochrome mutants (Park et al., 2018, 2004), our results further
suggest that increased PIF4 activity in the phyAB could lead to a reduction of the root thermo-

response.

HY5-PIF activity co-requlate root thermomorphogenesis

Having shown that HY5 or phytochromes/PIF activity can modulate shoot and root responses to
temperature, we next hypothesized that HY5 and PIFs could co-regulate this process. To test
this idea, we first impaired HY5 function together with DET1 and COP1, which are regulators of
PIF4 expression and the hypocotyl response to temperature (Fig. S2A; Gangappa and Kumar,
2017)). In accordance with a previous report (Gangappa and Kumar, 2017), both hy5 detl and
hy5 copl double mutants suppressed the enhanced hypocotyl response of hy5 mutants (Fig.
3A,B). Interestingly, these lines also displayed a significant increase in root growth temperature
response compared to hy5 (Fig. 3C). The genetic interaction of HY5 and COP1 was highly
significantly dependent on temperature (ANOVA: p-value=1.85*10°), while the genetic
interaction of HY5 and DET1 was only marginally significant (ANOVA: p-value=0.0553). Overall,
these results demonstrated that impairing DET1 and COP1 function can partially rescue root
growth in response to higher ambient temperature. Importantly, neither detl nor copl single
mutants displayed an increased root growth response to temperature, suggesting that the
genetic interaction between HY5, DET1 or COP1 is critical to modulate root
thermomorphogenesis (Fig. 3C). To directly test whether HY5 and PIFs could co-regulate this
process, we next simultaneously interfered with HY5 and PIF function using the hy5 pifQ
guintuple mutant and analyzed growth responses to elevated temperature (Fig. 3D-F).
Consistent with this idea, both hypocotyl and root growth responses were significantly rescued
compared to hy5 mutants, demonstrating that HY5 and PIF pathways functionally interact to
regulate shoot and root responses to temperature (Fig. 3D-F). These results demonstrate that
the activity of a shoot signaling module including HY5 and PIF genes mediates root response to
temperature.

Taken together, our phenotypic analyses showed that enhanced shoot growth response was
associated with a decreased root response to temperature. We have observed a similar trend
when wild type plants where grown in dark and shifted to higher ambient temperature (Fig.
S2B,C). These results suggested that shoot and root thermomorphogenesis could be
quantitatively negatively correlated. To test this idea, we combined measurements of hypocotyl
and root growth of individual plants for nine different genotypes (wild type, hy5-221, hy5, hy5-
215, hy5 pifQ, hy5 copl, hy5 detl, phyAB and PIF40X) as well as for wild type and hy5-221
mutant under a different light environment. We then analyzed the relation between hypocotyl

and root growth rate at 21°C, 27°C or the relation between their normalized growth (Fig. 3G ;
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Fig. S2D-I). Remarkably, we observed that at 27°C, individual genotypes formed distinct groups
with root growth rate decreasing as the hypocotyl growth increased, supporting the idea that
these traits could be negatively correlated (Fig. 3G; Fig. S2D). We next applied a linear
regression model and observed a negative correlation between the root and the hypocotyl
growth rate at 27°C (R?*=0.365) (Fig. 3H). We have also observed this negative correlation under
the second light environment (R*=0.623) (Fig. S2E) indicating that root growth rate negatively
correlates with hypocotyl growth rate at 27°C. Interestingly, we did not observe this relation at
21°C (R?*=0.064) or when analyzing temperature responses (R?=0.035) (Fig. S2F-l), indicating
that this hypocotyl-root growth correlation is specific to higher ambient temperature conditions.
Together, these results show that upon increased ambient temperature, the HY5-PIF module is
required to balance hypocotyl with root growth responses and further suggest that a
developmental trade-off governs hypocotyl and root growth response at higher ambient

temperature.

A shoot to root developmental trade-off in response to higher ambient temperature

The observation that shoot and the root thermomorphogenesis were negatively correlated was
intriguing and prompted us to test whether modulating shoot thermo-response was sufficient to
impact root growth. To investigate this idea, we used a genetic chimera approach by taking
advantage of a HA-YFP-HA-HY5 fusion protein (DoF-HY5) that showed restricted cell-to-cell
movement and aimed at driving its expression specifically in the shoot of hy5 mutants using
CAB3 or CER6 promoters (Burko et al, 2020b; Procko et al., 2016). In line with previous studies
(Chen et al., 2016; Procko et al., 2016), we detected strong accumulation of DoF-HY5 in leaves,
petioles and at weaker level in hypocotyls for both constructs, confirming that our CAB3 and
CERG6 promoters were driving expression in the shoot (Fig. S3A-F; Burko et al, 2020b). While
we detected DoF-HY5 accumulation in the root of the pCER6:DOF-HY5 line, we did not detect
fluorescence signal in the root of the pCAB3:DOF-HY5 lines, indicating that expression driven
from the CAB3 promoter was specific to the shoot and that our tagged version of HY5 was not
able to move from the shoot to the root (Fig. 4A,C; Fig. S3A-F). To further confirm these
observations, we assessed the accumulation of DoF-HY5 fusion protein either in the root or in
the shoot using immunoblotting with a HY5 or a HA antibody (Fig. 4D,E). Consistent with our
microscopy observations, we observed that DoF-HY5 protein accumulated in the shoot of
pCAB3:DOF-HY5 lines whereas the detected protein levels were similar to hy5 mutant in the
root or were accumulating ubiquitously in the pCER6:DOF-HY5 line (Fig. 4D,E). This provided
us with valuable genetic material to further test whether HY5 local activity in the shoot could

regulate the root response to temperature.
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We went on to analyze the functionality of the DoF-HY5 fusion protein by measuring hypocotyl
and root growth upon response to increased ambient temperature in the pCER6:DOF-HY5 line.
Although hy5 displayed an increased relative hypocotyl growth and a reduced root growth
response, these responses were rescued to levels similar to wild type in the pCER6:DOF-HY5
line, demonstrating that the DoF-HY5 fusion protein was functional (Fig. S3G-I). These results
next prompted us to investigate the local function of HY5 in the shoot during temperature
response by analyzing the pCAB3:DOF-HY5 chimera rescue lines (Fig. 4F,G). In line with DoF-
HY5 accumulation in the shoot, both pCAB3:DOF-HY5 lines displayed a partial rescue of the
relative hypocotyl growth observed in hy5 (Fig. 4F). Strikingly, these two independent lines also
showed a significant rescue of the root growth response compared to hy5, demonstrating that
HY5 function in the shoot was sufficient to modulate root growth response to temperature (Fig.
4G).

However, the partial rescue of these lines also suggested that HY5 function could be required
locally for root thermomorphogenesis. To test this idea, we removed the shoot of seedlings and
assessed the root growth response upon temperature shift on these isolated roots. While root
elongation in isolated roots of wild type plants was lower than in intact plants, their relative
responses to the temperature shift were similar (Fig. S3K-M, Supplementary data). The root
growth response in whole seedlings and isolated roots of hy5 mutants was lower than that of
wild type, suggesting that HY5 function is indeed also required locally in the root (Fig. S3L). In
contrast to hy5 mutants, the relative response was fully rescued in isolated roots of phyAB
mutants, suggesting that the phytochromes act mainly in the shoot during
thermomorphogenesis (Fig. S3M). Together, these results reveal that modulating shoot
thermomorphogenesis by local HY5 rescue is sufficient to regulate root growth, but that local

root action of HY5 is required for the full root growth temperature response.

Transcriptional change of metabolic genes in response to temperature

Having shown that a developmental trade-off quantitatively couples shoot and root
thermomorphogenesis, we wanted to further delineate the regulatory mechanisms underlying
this process. To this end, we used a genome-wide approach and profiled the transcriptomes of
isolated shoots and roots after a short (4 hours) or a more prolonged (18 hours) temperature
treatment using RNAseq.

We first asked whether a core regulatory network could mediate responses to temperature in
the shoot and in the root. To strengthen our approach and to alleviate the influence of the
genotypes on the response, we compared the transcriptional changes in wild type, hy5 and
phyAB plants. Using this method, we identified 327 genes in the shoot and in the root that were

temperature regulated in all genotypes for the early time point while we found that 550 and 904
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genes were commonly regulated at the late time point (Fig. 5A,B; Fig. S4A,B). Consistent with
the temperature treatment imposed onto the plants, the shared regulatory signatures were
associated with heat response (‘response to heat”, “response to hydrogen peroxide” and
“response to high light intensity”) (Fig. 5A; Fig. S4A,B). We also observed contrasting regulatory
responses in the shoot and root, which were mainly related to metabolism. In particular, we
detected a significant enrichment for members of the glucosinolate biosynthetic among genes
specifically responding in the root, whereas we observed that flavonoid biosynthesis genes were
enriched in the shoot (Fig. 5A,B; Fig. S4A,B). Moreover, we observed a greater proportion of
genes involved in sucrose transport in the root and sucrose response in the shoot, suggesting
that increased ambient temperature modulates energy metabolism (Fig. 5B, Fig. S4A,B).
Together, these results show that in addition to common core regulatory signatures, shoots and
roots display specific responses to elevated temperature, with roots differentially re-adjusting
their metabolism in response to higher temperature.

To further characterize the regulatory function of HY5 and phytochromes during root
thermomorphogenesis, we next identified genes misregulated in hy5 and phyAB compared to
wild type at 27°C (Fig. 5C). Strikingly, we observed significant overlap (hypergeometric test;
p<0.001) in the sets of genes that were upregulated or downregulated in hy5 and phyAB mutant
roots or shoots at both time points (Fig. S4C,D). This overlap supports our previous genetic
analyses and demonstrates that HY5 and phytochromes regulate a set of common genes in the
root (Fig. 5C, Fig. S4C). Among the co-regulated genes, we identified known HY5 target genes
— such as HY5 HOMOLOG (HYH), SUPPRESSOR OF PHYA (SPA) gene family and FHY1-
LIKE (FHL)- as well as known light signaling genes, which confirmed the quality of our dataset
(Fig. S4E;(Burko et al., 2020; Ciolfi et al., 2013; Lee et al., 2007; Li et al., 2010)). Importantly,
we also detected an enrichment for misregulated genes involved in the generation of precursor
metabolites, suggesting that the metabolic status was altered in hy5 and in phyAB mutant roots
(p=2.6e-14; Fig. 5C). Accordingly, all genes belonging to the GO category “generation of
precursor metabolites and energy precursor” were significantly downregulated either in hy5 or
phyAB at both time points, indicating that HY5 and phytochrome activities are required for the
expression of energy metabolism genes in the root (n=35/35, Fig. 5D). These results also show
that the reduced root growth response observed in hy5 and phyAB mutants correlates with a
substantial downregulation of genes involved in the chemical reactions and pathways resulting
in the formation of substances from which energy is derived or genes involved in releasing
energy from these metabolites. Taken together, the analysis of transcriptional responses
suggests that HY5 and phytochrome activity regulate root growth at higher temperature by

modulating energy metabolism.
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Auxin perception, signalling and biosynthesis are involved in root thermomophogenesis

Having shown that HY5 and phytochromes are required for the expression of energy precursor
genes in the root, we next wanted to investigate whether other signals could regulate root
thermomorphogenesis downstream of the HY5-PIF module. Some reports have demonstrated
that auxin transport and signaling are required for the root response to higher ambient
temperature (Feraru et al.,, 2019; Hanzawa et al., 2013; Wang et al., 2016), however these
regulatory interactions have also been challenged and debated (Martins et al., 2017). This
prompted us to first confirm the function of auxin homeostasis in our root growth assays.

Shifting plants from 21°C to 27°C led to increased auxin signaling as shown by the increased
signal of the pDR5v2:3xYFP-NLS transcriptional reporter at the root tip and increased IAA29
gene expression (Fig. SBA-C, (Wang et al.,, 2016)). Genetically interfering with the auxin
receptors TIR1 and AFB2 in tirl, afb2 and tirl afb2 mutant also led to a slight but significant
reduction when considering the root growth response to temperature (Fig. 6A). However, we
note that when considering root growth rates without normalizing, the single knockouts were not
significantly responding to temperature and the genetic interaction of TIR1 and AFB2 was
interacting with  temperature only marginally significant (two-way ANOVA for
AFB1:TIR1:temperature interaction P-value=0.0967) . To complement these data, we impaired
another branch of auxin signaling by interfering with TMKs function, which are membrane
localized receptor like kinases involved in the perception of auxin independently of the TIR/AFB
system (Cao et al., 2019; Xu et al., 2014). Like suggested by the TIR/AFB related mutants, we
found a reduced root elongation in tmk1,4 compared to wild type during the root temperature
response (Fig. 6B). Together, these results confirmed that auxin perception and signaling are
required for root thermomorphogenesis.

We next hypothesized that auxin biosynthesis and the control of the hormone level at the root
might also modulate root thermomorphogenesis. Thus, we examined the function of auxin
biosynthesis by genetically interfering with YUC gene activity in the yuc3,5,7,8,9 (yucQ)
quintuple mutant. Accordingly, yucQ displayed a reduced root growth response compared to
wild type, demonstrating that auxin biosynthesis through the activity of the YUCs is also
required for root elongation upon higher ambient temperature (Fig. 6C). Together, these data
demonstrate that auxin biosynthesis is required for root thermomorphogenesis, and further

suggest that auxin perception and signaling plays a role in it.

HY5 and phytochromes regulate auxin homeostasis at the root

Having confirmed the function of auxin signaling during root thermomorphogenesis, we next
asked whether HY5 and phytochromes could regulate this hormonal pathway. In our root

transcriptome, we analyzed the overlap between genes misregulated in hy5 or phyAB at 27°C
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and auxin responsive genes in the root as obtained from RNA-seq after 6 hours of indole 3-
acetic acid (IAA) treatment (Omelyanchuk et al., 2017). Interestingly, we found a significant
overlap of genes that were transcriptionally responding to IAA treatment and misregulated in
hy5 and phyAB at both early and late time points (Fig. 6D, Fig. S6E). We also found that a
significant proportion of genes whose transcriptional response to temperature was differentially
regulated in hy5 or phyAB mutants were also responding to auxin in the root (Fig. S6F).
Together these results demonstrated that HY5 and phytochromes activities converged with the
auxin regulatory network and further suggested that these factors might control auxin
homeostasis during root thermomorphogenesis.

To further examine this idea, we assessed the state of the auxin metabolic pathway by
measuring the concentration of IAA and its precursors in roots of wild type, hy5 and phyAB
mutants 12 hours after a temperature shift. Surprisingly, we did not observe a change in total
auxin level after temperature shift in wild type roots, suggesting that a change in total auxin level
is not required for root thermomorphogenesis, unlike what has been reported for the shoot (Fig.
5E;(Gray et al., 1998)). While we observed a slight decrease in IAA levels as well as some of
the auxin precursors in hy5 and phyAB roots compared to wild type demonstrating that HY5 and
phytochromes are required to maintain IAA levels in the root independently of temperature (Fig.
6E, Fig. S5G-H), the interaction of genotypes with temperature was not statistically significant
when conducting a two-way ANOVA (Supplementary source data). When comparing the ratio of
root IAA levels, we observed a decrease in the relative IAA level in hy5 and phyAB mutants
compared to wild type upon increased ambient temperature, indicating that the dynamics of
auxin accumulation in the root might be impaired upon loss of HY5 and phytochrome activity
(Fig. 6F). Together these results show that HY5 and phytochrome are required to maintain auxin
levels, but that further data will be required to thoroughly test the role of hy5 and phyAB

dependent auxin levels in root thermomorphogenesis.
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Discussion

In this study, we investigated the regulatory mechanisms controlling root thermomorphogenesis.
Using a genetic approach combined with phenotypic analyses, we find that a regulatory module
—including HY5 and phytochromes— modulates the shoot to root growth coordination of
responses to higher temperature. In addition, we gain insight on the function of auxin signaling
pathway and its connection with HY5 and phytochromes during root thermomorphogenesis (Fig.
7). Together, our findings highlight that a developmental trade-off governs shoot and root growth
responses and further suggests that roots integrate energy signals with hormonal inputs during
thermomorphogenesis.

We showed that HY5 and the phytochromes are required for the root response to temperature.
In line with published reports, interfering with PIF activity did not lead to impaired root growth
responses to temperature, which previously led to the conclusion that PIFs were not regulating
root responses to temperature (Martins et al., 2017). However, we observe that a PIF4 gain-of-
function phenocopies the hy5 and phyAB mutant phenotypes, showing that PIF4 is sufficient to
regulate root thermomorphogenesis. Furthermore, HY5 acts antagonistically to PIF4 at the
promoter of multiple target genes and interfering with HY5 function could enhance PIF4-
mediated gene regulation (Gangappa and Kumar, 2017). Accordingly, shoot and root
phenotypes in hy5 mutants are suppressed by dampening PIF expression, demonstrating that
HY5 genetically interacts with PIFs during shoot and root thermomorphogenesis. Thus, our
results support a model where PIF4 acts downstream of the phytochromes and functionally
converges with HY5 to regulate root thermomorphogenesis. Future experiments interfering with
phytochromes and PIFs function in higher order mutants will be important to further dissect the
function of this regulatory circuit during thermomorphogenesis.

In this context, HY5 also genetically interacts with COP1 and DET1 as shown by the
suppression of hy5 phenotypes in hy5 detl and hy5 copl. Interestingly, while the detl-1 mutant
responds similarly to control plants, copl-4 shows decreased root growth in response to
temperature. Moreover, while the genetic interaction of COP1 and HY5 is statistically highly
significant, the DET1 HY5 genetic interaction with temperature is only marginally significant.
Taken together, these results are intriguing since DET1 and COP1 act together in order to
promote HY5 degradation (reviewed in (Lau and Deng, 2012)). Thus, our results also suggest
that COP1 can signal independently from HY5 during root thermomorphogenesis.

Our finding that a shoot regulatory module can control hypocotyl growth response and can
concomitantly modulate root growth raises interesting questions as to how these two processes
are coordinated. Our current data suggest two putative mechanisms that could act in parallel to

coordinate shoot with root thermomorphogenesis.
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First, we observe that a reduced root growth response is associated with a strong promotion of
hypocotyl growth. Such increase in growth is promoted by the temperature shift and could
impact the availability of elements such as water as well as have indirect effect on root
metabolism. Accordingly, our data suggest that temperature responses are tightly connected
with the energy metabolism. The observed negative correlation between hypocotyl and root
growth responses and the associated downregulation of metabolic precursor genes that play a
role in chemical reactions and pathways from which energy is released indicate these two
processes could be coordinated by a limitation of metabolic resources that are required during
enhanced hypocotyl growth. This hypothesis is consistent with classical studies on biomass
allocation between shoots and roots (Shipley and Meziane, 2002; Thornley, 1972). In this
context, one possible relevant energy signal could be sucrose, which is produced in the shoot
through photosynthesis and has been shown to act as a long-distance signal to promote root
growth (Kircher and Schopfer, 2012). Interestingly we found in our genome-wide expression
analysis of root responses to temperature that a significant proportion of genes involved in
sucrose transport was enriched, suggesting that changes in sugar availability could regulate
shoot-to-root growth coordination upon increased ambient temperature. In addition, HY5-PIF4
have been shown to directly regulate the expression of photosynthetic genes and consequently
the production of chlorophyll content in young seedlings. Accordingly, hy5 mutants display lower
chlorophyll content than wild type at 27°C (Toledo-Ortiz et al., 2014), which could have a direct
impact on the production of photosynthesis-derived sucrose and consequently on root growth.
Given that hy5 mutant still displayed a reduced root response to increased ambient temperature
in medium that was not supplemented with sucrose (Fig. S1C), we believe that external sucrose
would have limited impact on this process. Together these data suggest that shoot growth could
influence the availability of energy signals and in turn modulate root growth response upon
increased ambient temperature. To uncouple growth mechanism from energy balance, it would
be interesting to analyze root growth response to temperature upon overexpression of
expansins in the shoot (Cosgrove, 2000).

In parallel to this pathway, another important signal could be the phytohormone auxin. Previous
studies have shown that auxin transport and signaling regulate root growth upon shift at higher
temperature (Feraru et al., 2019; Hanzawa et al.,, 2013; Wang et al., 2016), while the
brassinosteroid pathway regulate this process upon long term exposure (Martins et al., 2017).
Furthermore both studies from Feraru et al. and Wang et al. shifted plants to 29°C which could
also be perceived as a stress by the plants, thereby possibly confounding root response to
higher ambient temperature with temperature stress pathway (Bielach et al., 2017). These
studies highlight the important function of auxin in controlling various environmental fluctuations

(Kazan, 2013; Zhao, 2018). By conducting our temperature shifts to 27°C, we have now



422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443

445
446
447
448
449
450
451
452
453
454
455
456
457

confirmed that auxin perception and signaling are required for root response to higher ambient
temperature. We also obtained genetic evidence for the requirement of auxin biosynthesis for
the root growth response to elevated temperature, suggesting that the control of auxin levels is
critical to regulate root thermomorphogenesis. Our measurements of auxin levels show that hy5
and phytochrome mutants display lower auxin levels at 21°C and at 27°C than wild type.
However, while the levels seem to mildly decrease upon increased ambient temperature in
these mutants, these changes are not statistically significant from wild type with our limited
experimental replication at a single time point. Given our genetic evidence that suggests that
auxin signaling is required for root thermormorphogenesis and has a permissive role rather that
an inductive role, it is possible that auxin levels might be controlled in a more complex and
dynamic manner. Moreover, auxin signaling output is tightly connected to its transport within and
across tissues (reviewed in (Benjamins and Scheres, 2008). For instance, during shoot
responses to temperature, auxin is produced in the cotyledons and transported to the hypocotyl
to promote cell elongation (Bellstaedt et al., 2019). Furthermore, the modulation of auxin long-
distance transport from the shoot to the root can regulate root developmental responses to
environmental light conditions (Sassi et al., 2012). As the molecular mechanisms controlling the
shoot-to-root auxin transport during thermomorphogenesis remains elusive, it will be critical to
further investigate the dynamics of auxin production, signaling and transport as well as to how it
is coordinated between shoot and root.

Together with our findings, these hypotheses open new avenues to further characterize the
communication between shoot and root, which could have important implications for plant
growth and biomass allocation upon environmental challenges. Studies have commonly used
micro-grafting experiments to investigate long distance signaling between the shoot and the root
(Chen et al., 2006, 2016). Given that we analyzed growth response to temperature at early
seedling stage, this strategy remains technically challenging as the impact of sectioning on the
growth response might override the effect of the genetic backgrounds used as scion. Instead we
have used domain-specific rescue approach (Hacham et al., 2011; Kang et al., 2017) by driving
a tagged version of HY5 under a shoot-specific promoter. In line with the specificity of the shoot
expression, we did not detect fluorescent signal, nor HY5 protein accumulation in the root by
immuno-blotting. Although these experimental methods cannot fully exclude that traces of HY5
protein are still present, the levels would be considerably lower than the wild type and unlikely to
have strong impact on the observed phenotype. The use of large tags fused to HY5 such as
3xYFP could further immobilize the protein and could be used in combination with organ specific
promoters to probe the HY5 domain-specific function. To complement the chimera approach, we
have used a mechanical approach by removing shoots and have observed that HY5 function

might be locally required in the root for thermomorphogenesis while phytochrome might act



458
459
460
461
462
463
464
465
466
467
468
469
470
471

mainly from the shoot. This observation could be further tested using shoot-specific or root-
specific genetics with tools such as the CAB3 or the INORGANIC PHOSPHATE
TRANSPORTER 1-1 (PHT1:1) promoters (Procko et al., 2016; Vijaybhaskar et al., 2008) could
be valuable to further elucidate how the shoot and the root communicate during
thermomorphogenesis.

Based on our results, we propose a model where roots integrate systemic signals modulated by
a shoot module including HY5, phytochromes with more locally acting auxin signaling during
thermomorphogenesis (Fig. 7). The integration of signals that are relayed from the shoot as well
as more local ones in the root could constitute a flexible system to adapt growth in response to
changes in air temperature perceived in the shoot while at the same time tuning growth locally
by modulating hormonal homeostasis. Thus, it will be important in the future to further
understand to what extent these two signaling pathways interact and how they are coupled at

the temporal level.
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Material and methods

Plant material and growth conditions

In this study we used the following published lines: phyAB (Zheng et al., 2013), hy5 (Jia et al.,
2014), hy5-221, hy5-215, hy5-1 (Oyama et al., 1997), phyA-211 (Reed et al., 1994), phyB-9
(Reed et al., 1993), pif4-101 (Lorrain et al., 2008), pif1,3,4,5 (pifQ)(Leivar et al., 2008), PIF4-OX
(pPIF4:PIF4-FLAG)(Gangappa and Kumar, 2017), hy5 pifQ (Jia et al., 2014), detl-1 (Pepper et
al., 1994), copl-4 (McNellis et al., 1994), hy5 detl (Gangappa and Kumar, 2017), hy5 copl
(Rolauffs et al., 2012), tirl-1, afb2-3, tir afb2 (Parry et al., 2009), tmk1 tmk4 (Dai et al., 2013),
yucca3d,5,7,8,9 (yucQ) (Chen et al., 2014), DR5v2 (Liao et al., 2015). CAB3, CER6 promoters
were previously described (Procko et al. 2016) and the DoF (HA-YFP-HA) tag was described in
(Burger et al. 2017). HY5 rescue lines were generated by inserting pCAB3:HA-YFP-HA-HY5
and pCER6:HA-YFP-HA-HY5 in the hy5 background (Lian et al., 2011) as described in (Burko
et al, 2020b).

When not specified, plants were grown in long day conditions (16/8h) in walk-in growth
chambers (Conviron, Winnipeg, Manitoba, Canada) at 21°C or 27°C, 60% humidity, at 146 PAR
(see source data for light spectra). During nighttime, temperature was decreased to 15°C and
21°C respectively. In our growth condition 2, plants were grown in reach-in growth chambers at
60% humidity, 122 PAR (see source data for light spectra), temperature was kept constant at
either 21°C or 27°C. Environmental conditions were established and monitored with commercial
software (Valoya, Helsinki, Finland).

Plants were cultivated on plates containing ¥2 Murashige Skoog (Caisson, Smithfield, UT, USA),
1%MES (Acros Organic, Hampton, NH, USA), 1% sucrose (Fisher Bioreagents, Hampton, NH,
USA) and 0.8% Agar powder (Caisson, Smithfield, UT, USA). For temperature shift experiments,
plants were germinated and grown until 3 days after germination at 21°C to synchronize their
development. On the third day, plants were shifted at ZT1-3 at 27°C and grown for 3 additional
days at 21°C or 27°C.

For dark-grown seedlings the plates were left in the light for 24 hours at 21°C, then isolated from
light using aluminum foil and grown at 21°C for an additional two days. After three days, half of
the plates moved to 27°C. After 24 hours, half of the plates from 21°C or 27°C scanned, then
after 72 hours, the rest of the plates were scanned.

Roots grown on plates in the dark were isolated from light using metal combs that contained
holes and plates were wrapped with aluminum foil.

Shoot sectioning was performed by cutting at the apex of the hypocotyl to prevent damage of
the root. Sections were done 3 days after germination and were then transferred at 21°C or
27°C.
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Root measurements and analysis

Root images were acquired using a multiplex scanning system as described in (Slovak et al.,
2014). Images were processed using the Fiji software (https://fiji.sc/). Root and hypocotyl
lengths were measured at 3DAG (before temperature shift) and at 6DAG. Growth rate were
obtained by subtracting the length at 6DAG and 3DAG. Normalized growth was calculated by
dividing root growth rate at 27°C by the average growth rate at 21°C. Raw values for individual
temperatures can be found in the source data file.

For the time course analysis of normalized root growth, plates were scanned at 0, 12, 24, 48, 72
hours after temperature shift. Images were stacked with Image J and root length was measured
at individual time points.

Cumulative root meristem cell size was conducted on Fiji using the Cell-O-Tape plugin (French
etal., 2012)

Statistical analysis was performed using Excel (Microsoft, Redmond, WA, USA) or R software
(https://www.r-project.org/). Linear regression was performed using the Im function in R and
graph displayed with ggplot2 (https://www.r-project.org/) (codes are available upon request).
Confocal pictures were acquired on a Zeiss 710 inverted microscope (Zeiss, Oberkochen,
Germany) or on Zeiss CSU Spinning Disk Confocal Microscope (Salk Biophotonics Core).
Pictures were processed using Fiji software (https://fiji.sc/). Root meristem size was measured
from the quiescent center to the first cortical cell that is twice as long as wide as was previously
described (Feraru et al., 2019).

Dot plots were generated using the plots of data online tool (Postma and Goedhart, 2019).

Immunoblotting

Western blots were performed as described in (Li et al., 2012) with minor modifications. 25 roots
and 20 shoots were harvested at 6DAG and extracted in 2X loading buffer (36ul bME+1ml 4x
loading buffer). Loading buffer was added to roots (70ul) and shoots (140upl) and then boiled
for 5 min. Bis-tris gel 4-12% (Invitrogen, Carlsbad, CA, USA) and semi-dry transfer (Pierce G2
Fast Blotter, Thermo Scientific, Waltham, MA, USA) were used. Primary antibodies used were
aHA-HRP 1:2000 (12013819001 Roche), aHY5(N) 1:5000 (R1245-1b ABicode), aActin
1:30,000 (A0408 Sigma).

Gene expression analysis




543 Biological triplicates were analysed. Total RNA was extracted from roots or shoot of plants 6
544  DAG using RNA easy kit (Qiagen, Hilden, Germany). RNA was treated with DNAse using the
545 Turbo DNA-free kit (Invitrogen, Carlsbad, CA, USA) and further purified on columns from the
546 RNA easy Kkit.

547 Next generation sequencing (NGS) library was generated using the TruSeq Stranded mRNA
548 library prep kits (lllumina, San Diego, CA, USA). Libraries were sequenced on HiSeq2500
549 (lllumina, San Diego, CA, USA) as single read 50bases. Raw reads can be found at GEO under
550 the number: GSE138133.

551 NGS analysis was performed using Tophat2 for mapping reads on the Arabidopsis genome
552 (TAIR10) (Kim et al., 2013, p. 2), HT-seq for counting reads (Anders et al., 2014) and EdgeR for
553 quantifying differential expression (Robinson et al., 2009). We set a threshold for differentially
554 expressed genes (Fold change (FC) >2 or FC<-2, FDR<0.01). Genotype x Environment
555 interaction analysis was performed using linear model and type Il ANOVA in R (codes are
556 available upon request).

557 Gene ontology analysis was performed using AgriGOv2 online tool (Tian et al., 2017). Venn
558 diagrams were generated with the ViB online tool
559 (http://biocinformatics.psb.ugent.be/webtools/\Venn/).

560

561 Auxin measurements

562 For auxin measurement, plants were shifted at ZT1-3 at 27°C, grown at 21°C or 27°C and
563 harvested at ZT 13-15.

564 The extraction, purification and the LC-MS analysis of endogenous IAA, its precursors and
565 metabolites were carried out according to (Novak et al., 2012). Briefly, approx. 10 mg of frozen
566 material per sample was homogenized using a bead mill (27 hz, 10 min, 4°C; MixerMill, Retsch
567 GmbH, Haan, Germany) and extracted in 1 ml of 50 mM sodium phosphate buffer containing 1%
568 sodium diethyldithiocarbamate and the mixture of 13Ce- or deuterium-labeled internal standards.
569 After centrifugation (14000 RPM, 15 min, 4°C), the supernatant was divided in two aliquots, the
570 first aliquot was derivatized using cysteamine (0.25 M; pH 8; 1h; room temperature; Sigma-
571 Aldrich), the second aliquot was immediately further processed as following. The pH of sample
572 was adjusted to 2.5 by 1 M HCI and applied on preconditioned solid-phase extraction column
573 Oasis HLB (30 mg 1 cc, Waters Inc., Milford, MA, USA). After sample application, the column
574 was rinsed with 2 ml 5% methanol. Compounds of interest were then eluted with 2 ml 80%
575 methanol. Derivatized fraction was purified alike. Mass spectrometry analysis and quantification
576 were performed by an LC-MS/MS system comprising of a 1290 Infinity Binary LC System
577 coupled to a 6490 Triple Quad LC/MS System with Jet Stream and Dual lon Funnel
578 technologies (Agilent Technologies, Santa Clara, CA, USA).
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Raw measurements for individual temperatures can be found in the source data file.
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Figure Legends

Figure 1: HY5 mediates the root response to higher ambient temperature

(A) Wild type and hy5 allelic mutant seedling plants 6DAG and 3 days after transfer at 21°C or 27°C. (B-
D), Normalized root growth (27°C/21°C) in wild type, hy5, hy5-221, hy5-1 and hy5-215. (E) Root meristem
in wild type and hy5-221 5DAG and 2 days after transfer at 21°C or 27°C. Asterisks mark the root
transition zone. (F) Normalized root meristem size (27°C/21°C) in wild type and hy5-22 at 24, 48 and 72
hours after temperature shift. Statistics: n indicates the number of individual seedlings measured.
Measured seedlings were obtained in one (F) or two (B,C,D) independent replications of the experiment.
One-way ANOVA, Tukey HSD post-hoc test P<0.05 (A). Student’s t-test (C,D,F). Red bar represents the
mean (B,C,D,F). Scale bar: 5mm (A), 100um (E).

Figure 2: Phytochrome signaling regulates the root response to higher ambient temperature

(A) Wild type (WT) and phyAB mutant seedlings 6DAG and 3 days after transfer at 21°C or 27°C. (B)
Normalized root growth (27°C/21°C) in wild type and phyAB. (C) Root meristem in wild type and phyAB,
5DAG 2 days after transfer at 21°C or 27°C. Asterisk marks the root transition zone. (D) Normalized root
meristem size (27°C/21°C) in wild type and phyAB, 48 and 72 hours after temperature shift. (E) Wild type,
pif4, pifQ and PIF4 OX mutant seedlings 6DAG and 3 days after transfer at 21°C or 27°C. (F-G)
Normalized root growth (27°C/21°C) in wild type, pif4, pifQ (F) and PIF4 OX (G).Statistics: n indicates the
number of individual seedlings measured. Measured seedlings were obtained in one (F) or two (B,D,G)
independent replications of the experiment. One-way ANOVA, Tukey HSD post-hoc test P<0.05 (F).
Student t-test (B,D,G). Red bar represents the mean (B,D,F,G). Scale bar: 5mm (A,E), 100um (C).

Figure 3: HY5-PIF module regulates the root response to temperature.

(A) Wild type, hy5, hy5 detl and hy5 copl mutant seedlings 6DAG and 3 days after transfer at 21°C or
27°C. (B-C) Normalized hypocotyl (B) and root growth (C) (27°C/21°C) in wild type, copl, detl, hy5, hy5
detl and hy5 copl. (D) Wild type, pifQ, hy5 and hy5 pifQ mutant seedlings 6DAG and 3 days after
transfer at 21°C or 27°C. (E-F) Normalized hypocotyl (E) and root growth (F) (27°C/21°C) in wild type,
pifQ, hy5-215 and hy5 pifQ. (G-H) Relation between root and hypocotyl growth rate at 27°C as shown
with measurements on individual wild type (n=23), hy5-221 (n=24), phyAB (n=43), PIF40X (n=22), hy5
(n=22), hy5 detl (n=20), hy5 copl (n=22), hy5-215 (n=23), hy5 pifQ (n=22) plants (G) and after non-
parametric regression analysis (H). Statistics: n indicates the number of individual seedlings measured.
Measured seedlings were obtained in one (G,H) or three (B,C,E,F) independent replications of the
experiment. One-way ANOVA, Tukey HSD post-hoc test P<0.05 (C,F). One way ANOVA after logl0
transformation (B,E), linear regression method, Pearson correlation (H). Red bar represents the mean
(B,C,E,F). Scale bar: 5mm (A,D).



Figure 4: Shoot response to temperature is sufficient to modulate root growth response

(A-C) Brightfield or false color view of wild type seedlings 6DAG (A) and two independent lines of hy5
carrying pCAB3:DOF-HY5 (B,C). (D-E) Immunoblotting of shoot (D) or root tissues (E) in wild type (WT),
hy5, two independent lines of hy5 carrying pCAB3:DOF-HY5, hy5 carrying pCER6:DOF-HY5 and
pCAB3:DOF-HY5 lines at 27°C. DoF-HY5 protein was detected using HA or HY5 antibodies. Amido black
staining and actin antibody were used as controls. (F) Normalized hypocotyl growth (27°C/21°C) in wild
type, hy5 and pCAB3:DOF-HY5 rescue lines. (G) Normalized root growth (27°C/21°C) in wild type, hy5
and pCAB3:DOF-HY5 recue lines. Statistics: n indicates the number of individual seedlings measured.
Measured seedlings were obtained in two (D-G) or three (A-C) independent replications of the experiment.
One-way ANOVA, Tukey HSD post-hoc test P<0.05 (F,G). Red bar represents the mean (FG). Scale bar:
100um (A-C).

Figure 5: Genome-wide analysis of root response to temperature.

(A-B) Genes regulated 4 hours (A) or 18 hours (B) after temperature shift in wild type, hy5 and phyAB
roots. Gene ontologies (GO) characterize the biological processes enriched among the temperature-
regulated genes that are shared between wild type, hy5 and phyAB. (C) Overlapping misregulated genes
in hy5 and phyAB roots at 27°C. (D) Differentially regulated genes belonging to the GO category
“Generation of precursor metabolites and energy genes” in hy5 and phyAB roots at 27°C. Statistics:

biological triplicate are analyzed; p-value as calculated with AgrigoV2 (A-C).

Figure 6: Auxin homeostasis regulates root thermomorphogenesis

(A-C) Normalized root growth (27°C/21°C) in wild type, tirl, afb2, tirl afb2 (A), tmk1,4 (B), yucQ (C) .

(D) Differentially regulated genes in hy5 and phyAB roots at 27°C that are auxin responsive according to
(Omelyanchuk et al., 2017), 18 hours after temperature shift. (E) IAA concentration (pmol / g of fresh
weight (FW)) in roots of seedlings 6DAG, 12 hours after transfer at 21°C or 27°C (n>3). (F) Relative 1AA
content in root compared to shoot tissues of seedlings 6DAG, 12 hours after transfer at 21°C or 27°C
(n>3). Statistics: n indicates the number of individual seedlings measured (A-C) or the number of
biological replicates (E,F). Measured seedlings were obtained in three (A-C) independent replications of
the experiment. One-way ANOVA, Tukey HSD post-hoc test p<0.05 (A,E). Student’s t-test (B,C).
Hypergeometric test (D). One-way ANOVA, Student-Newmann Keuls’s post hoc test p<0.05 (F). Red bar

represents the mean (A-C).

Figure 7: A genetic model for organ growth coordination during plant thermomorphogenesis
Model of root thermosensory response. Roots integrate regulatory signals coming from the shoot through
the activity of phytochromes and HY5 with auxin signals mediated by biosynthetic genes (YUC) and
signaling (TIR, AFB, TMK).
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4h

Col-0 21°C/
Col-0 27°C

hy5 21°C /
hyb 27°C

phyAB 21°C /

phyAB 27°C
GO category p-value
Response to heat 9.30e-18
Response to hydrogen peroxide 5.30e-15
Glucosinolate biosynthetic 5 80e-14
process
Response to high light intensity 2.40e-11
Root
Col-0 27°C / Col-0 27°C /
phyAB 27°C phyAB 27°C
4hours 18hours
Col-0 27°C/ Col-0 27°C /
hy5 27°C hy5 27°C
4hours 290 18hours
GO category p-value
Photosynthesis 1.20e-34
Response to abiotic stimulus 1.90e-23
Generation of precursor > 60e-14

metabolites and energy

-

Generation of precursor

18h

Col-0 21°C/
Col-0 27°C

hy5 21°C /
hyb 27°C

phyAB 21°C /

phyAB 27°C
GO category p-value
Oxidation-reduction process 1.3e-16

Secondary metabolite biosynthetic 5.4e-16
process

Glucosinolate biosynthetic 4.1e-10
process
Response to sucrose transport 5.60e-5

metabolites and
energy genes (n=35)
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