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Abstract

SM-like (LSM) proteins are highly conserved among eukaryotes. By promoting alternative
splicing and modulating RNA levels, LSM proteins are key regulators of plant development
and response to environmental signals. Here, we report that Arabidopsis LSM7 is essential
for embryogenesis, and that downregulation of LSM7 results in temperature-dependent
developmental defects. Performing a comprehensive transcriptome analysis, we observed
that LSM7 modulates flowering, stress-responsive and auxin-related gene expression. Auxin
metabolic profiling correlates with our transcriptome analyses and indicates a role of LSM7 in
auxin homeostasis and signalling. We propose that LSM7 splicing activity is essential for plant
acclimation and survival at different ambient temperatures and that alterations in auxin content
are causally linked to the phenotypic defects in the mutant. This study highlights the essential
role of LSM proteins in plant development and provides new insights into the molecular and

metabolomic aspects underlying plant temperature acclimation.
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Introduction

Temperature is a critical environmental factor affecting plant development and limiting
their geographical distribution. Globally, plants have evolved mechanisms to survive a wide
range of climates. However, the capacity of any given plant species to adjust to changes in its
environment is usually much more limited. Several studies have shown that severe heat and
cold affect plant fithess and processes like seed germination and flowering and the underlying
molecular mechanisms have been intensively studied’. In contrast, understanding how plants
respond to suboptimal but non-stressful ambient temperature changes is lacking despite its
obvious importance given climate change.

To adjust to such subtle environmental changes, plants reprogram their transcriptome,
which involves regulation at the level of gene expression, RNA processing, and RNA stability.
RNA processing, and in particular alternative RNA splicing (AS), is a key mechanism that
enables plants to rapidly respond and acclimate to new environmental conditions®>. mMRNA
splicing is regulated by the spliceosome, a large ribonucleoprotein machinery, which
assembles around heptameric rings of SM and SM-like (LSM) proteins containing U-rich
snRNAs (U1, U2, U4, U5, and U6). While the SM ring is best known for its function in RNA
splicing, LSM rings have a dual function, depending on their composition. The nuclear-

localised heptameric LSM2-8 ring binds to the 3’ end of the spliceosomal snRNA U6* and


https://doi.org/10.1101/2023.03.28.534379
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.28.534379; this version posted March 29, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

participates primarily in RNA splicing®. In contrast, the LSM1-7 complex participates in mRNA
degradation by recognising mRNAs with short poly(A) 3' ends in the cytoplasm®. mRNA
degradation is mediated by the nonsense-mediated decay (NMD) surveillance pathway that
recognises MRNAs with premature termination codons (PTCs). The PTC-containing mRNAs
are generated by nonsense mutations or errors that occur during transcription and splicing,
and it eliminates the aberrant transcripts to protect the cell from producing potentially harmful
truncated proteins®. This coupling of alternative splicing and NMD can be used to co- or post-
transcriptionally regulate the level of mMRNA'.

Numerous lines of evidence implicate splicing in plant temperature acclimation®®.
However, the underlying molecular mechanisms, and in particular the contribution of core
spliceosome components, are still poorly understood. Heat stress experiments showed that
high temperature (37°C) affects subcellular localisation of the LSM3A, LSM3B, LSM4, and
LSM5 proteins'®. More extreme heat stress conditions (temperatures above 42°C) require a
functional LSM5, whose absence causes miss-splicing of heat shock transcription factors,
resulting in seedling lethality'". Other studies showed that LSM8 and PCP/SME1 are required

for cold (4°C) acclimation®"?

, indicating that (L)SM proteins participate in the acclimation to
both extreme heat and cold. Moreover, the core splicing gene PCP/ISME1 has also been
implicated in the regulation of growth and development in Arabidopsis thaliana within the non-
stressful ambient temperature range between 16°C to 27°C'3. Highlighting the importance of
RNA processing for proper plant development is the finding that mutations in key splicing
genes, including LSM genes, often cause embryonic or postembryonic lethality'. This
property, unfortunately, makes investigating the role of these core splicing genes in response
to environmental signals at a later point in growth and development extremely challenging.
The plant hormone auxin is well known for its role in establishing polarity in the plant
embryo as well as subsequent embryo development (for review'®). For example, after the first
zygotic division or later at the globular stage, the establishment of directional auxin transport
is critical for determining the apical-basal polarity of the embryo'. In adult plants, auxin
continues to control cell identity and consequently affects diverse processes such as root

growth', vascular strands and leaf venation'®, and flower development'®

. Auxin biosynthesis,
transport, perception, and signalling have also been shown to modulate plant responses to
different types of stress, both biotic and abiotic, including temperature®. For example, cold
(4°C) has been shown to affect the polar distribution of auxin in the root and its accumulation
in the root meristem modulates root growth and gravitropism?'. Importantly, the function of
auxin is not limited to responses to cold but numerous studies have implicated auxin
biosynthesis and signalling in thermomorphogenesis, the process in which plants elongate
their hypocotyl and petioles, decrease the size of their leaf blade and move their leaves

upwards to allow efficient airflow for cooling during heat stress?.
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Here we show that LSM7 directly interacts with PCP/SME1, a core component of the
spliceosome previously implicated in the regulation of temperature responses in
Arabidopsis™. Not surprisingly for a single-copy gene encoding an essential subunit of the
LSM ring, knock-out of LSM7 by a T-DNA insertion in the coding sequence (Ism7-1) resulted
in embryo lethality. However, viable homozygous mutant plants could be recovered for a
second allele, Ism7-2, which carries a T-DNA insertion in the 3’ UTR, resulting in a severe
reduction in LSM7 expression. ldentification of this strong knock-down allele enabled us for
the first time to investigate the function of LSM7 during vegetative and reproductive
development. We find that Ism7-2 plants are hypersensitive to a warm ambient temperature
of 27°C and display a massive alteration of the auxin-related transcriptome and metabolome.
Our results provide important insights into the interplay between RNA processing and the
regulation of auxin homeostasis in response to changes in ambient temperature, setting the
stage for exploring the potential of modulating RNA processing to mitigate the effects of global

warming on plant performance.

Results

Embryo and plant development require functional LSM7

Arabidopsis PCP, also known as SME1, is the ortholog of the human core
spliceosomal SNRPE and the yeast SME proteins and it is indispensable for normal plant
growth and development under cold and cool ambient temperatures'?. In a large-scale
protein-protein interaction screen®’, PCP has been shown to directly interact with LSM7, a
subunit of the LSM ring encoded by a single copy gene (AT2G03870) that has not previously
been characterised. Yeast-two-hybrid analysis confirmed that LSM7 indeed interacts with both
PCP and its paralog, PCP-like/SME2, and was therefore selected for further analysis
(Supplementary Fig. 1a,b).

First, we isolated a line bearing a T-DNA insertion in the third intron of the gene
(designated as Ism7-1) (Fig. 1a). More than 100 /sm7-1 heterozygous (Ism7-1+/-) plants were
grown on soil, but no homozygous individuals were recovered. In addition, we observed that
circa 27% of the ovules checked (n=139) in the siliques of Ism7-1+/- plants were aborted. The
observed ratio of aborted ovules indicates that a single recessive mutation is the cause of the
embryo lethality in the Ism7-1-/- mutant. Whole mount analysis of ovules from Ism7-1+/- plants
showed that 24% (31 out of 130) of the embryos were arrested at the late globular stage (Fig.
1b). In the same siliques, Ism7-1+/- and wildtype embryos already reached the bend cotyledon
stage (Fig. 1b). We also observed infrequent other aberrations in the /Ism7-1-/- embryos, such
as enlarged suspensor, hypophysis, and defects in the division pattern in the embryo proper
(Fig. 1b). Expression of the LSM7 coding (pLSM7::cdsLSM7:tLSM7) or genomic
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(PLSM7::gLSM7::tLSM?7) regions rescued the mutant, confirming that the loss of LSM7 is the
cause of the embryo lethality in Ism7-1 (Fig. 1c, Supplementary Fig. 2a). It should be noted
that although all the randomly chosen T2 transgenic plants eventually resembled wildtype, the
margins of the first true leaves were curled upward (Supplementary Fig. 2b), suggesting that
the rescue constructs lack certain cis-regulatory elements.

Since Ism7-1 is embryo lethal, a second allele of LSM7, designated as Ism7-2 was
characterised. In contrast to Ism7-1, Ism7-2 is viable and further analysis showed that the T-
DNA insertion was inserted in the 3' UTR and not in the last exon as reported in public T-DNA
insertion databases (Fig. 1a). Given the location of the T-DNA insertion, we assumed that
Ism7-2 might be a knock-down allele. Indeed, we found that LSM7 expression was significantly
reduced in Ism7-2 compared to wildtype plants (Fig. 2a). Although Ism7-2 is not embryo lethal,
it does display pleiotropic defects when grown at 23°C, including a smaller rosette diameter
(lsm7-2, 3.72+0.44 cm; and Col-0, 7.24+0.47 cm), reduced leaf curvature, irregular leaf
margins, and darker colour (Fig. 2b). The reduced rosette size of the plants mirrors a smaller
shoot apical meristem (Fig. 2¢). In contrast, the root meristem structure appeared similar to
that of wildtype even though the total length of the root is drastically reduced in Ism7-2 (Fig.
2d; Supplementary Fig. 3a). Furthermore, Ism7-2 flowered earlier than Col-0 (Fig. 2e;
Supplementary Fig. 3b). We also confirmed by backcrossing Ism7-2 to Col-0 and analysing
the segregation rate in the F2 generation that the /sm7-2 phenotype is caused by a single
recessive mutation. Overall, our results highlight the need for a minimum level of LSM7

expression to ensure proper embryo and plant development.

LSM?7 is important for plant development across the ambient temperature range

LSM7 has been shown to interact with PCP, which is hypersensitive to cool ambient
temperatures. To test whether LSM7 plays a similar role in temperature response, we
recorded the phenotype of Ism7-2 and Col-0 plants at 16°C and 27°C. Interestingly, in addition
to the phenotype described above for Ism7-2 grown at 23°C (Fig. 2b), at 16°C Ism7-2 flowered
much earlier than wildtype plants (Fig. 2e; Supplementary Fig. 3b), while reduction in rosette
size in Ism7-2 was comparable between plants grown at 23°C and 16°C. In contrast to 23°C
and 16°C, an elevated ambient temperature of 27°C dramatically affected the growth of Ism7-
2. Plants grew very slowly and up to 82% of seedlings eventually died (Fig. 2b). To confirm
that the downregulation of LSM7 is responsible for the death of the seedlings at 27°C we
introduced the LSM7 genomic and CDS rescue constructs described above into Ism7-2. We
observed for each construct that multiple independent T1 plants (n>25) grown at 27°C
developed into wildtype-like plants able to set seeds (Fig. 2f; Supplementary Fig. 4a,b),
confirming that lsm7-2 is causing the phenotype. Given that the phenotype of Ism7-2 becomes

more severe with increasing temperatures, we tested whether LSM7 expression is modulated
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by ambient temperatures. We found that LSM7 expression was always significantly reduced
in Ism7-2 compared to Col-0 across all temperatures tested (16°C, 23°C, and 27°C) (Fig. 2a),
letting us hypothesise that other layers of regulation contribute to the temperature-specific
function of LSM7. Interestingly, Ism7-2 seems to be particularly sensitive to elevated ambient
temperature but not to PEG-induced osmotic stress and increasing concentrations of NaCl,
which significantly reduced root growth in Col-0 but had no additional effect on Ism7-2 (Fig.
2g; Supplementary Fig. 3a). It should be noted, however, that the root of /sm7-2 is much
shorter to begin with. Taken together, our results indicate an essential role for LSM7 in the
response to ambient temperature and especially to warm conditions, highlighting the

importance of RNA processing for plant temperature acclimation.

LSM?7 is ubiquitously expressed in plants and its protein accumulation is temperature-
independent

Since LSM7 protein is essential for plant development, we investigated the expression
pattern of the LSM7 protein using a 3xGFP-NLS reporter under the control of the LSM7
promoter and terminator (pLSM7::3xGFP-NLS::tLSM7). The GFP signal became detectable
in the suspensor and the embryo proper as early as the preglobular stage (Fig. 3a). GFP was
expressed evenly in all cells during the late globular and early heart stage, but expression
increased in the root and shoot meristem during later stages of embryogenesis (Fig. 3a).
Enhanced expression of the LSM7 reporter in the root and shoot meristem was also noticeable
in seven-day-old seedlings (Fig. 3b). Induction of LSM7 expression during early stages of
embryogenesis is in line with the embryo lethal phenotype of the Ism7-1 null mutant. Given
that the Ism7-2 mutant is temperature sensitive we prepared a genomic GFP-tagged line (Fig.
2f) to test the hypothesis that temperature might affect LSM7 protein accumulation. However,
western blot analysis using protein extracts prepared from whole seedlings showed no sign of
temperature specific LSM7 protein accumulation (Fig. 3¢), nor did the subcellular localisation
of LSM7-GFP changed significantly (Fig. 3d), indicating that lsm7-2 temperature-dependency

is controlled by regulatory mechanisms other than protein stability.

Global effects of Ism7-2 on the Arabidopsis transcriptome

To better understand the effects of Ism7-2 on the transcriptome in response to changes
in ambient temperature a strand-specific RNA-Seq experiment was performed. Seedlings
were grown at 23°C for nine days before being shifted to either 16°C or 27°C, and samples
were taken 3h and 24h after the shift. Plants maintained at 23°C throughout the course of the
experiment served as a control (Fig. 4a). Principal component analysis shows that across all
the samples the genotype explains most of the variance (31.77%) observed in the data set,

followed by temperature (24.58%) (Fig. 4b). Differentially expressed (DE) and differentially
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alternatively spliced (DAS) genes were identified by comparing the mutant and wildtype
transcriptomes obtained at the three temperatures for each time point (Fig. 4c;
Supplementary Table 1 and 2). Not surprisingly given the major effect of the genotype on
the transcriptome, we detected a similar number of genes being up- or down-regulated at the
three temperatures. Nevertheless, the exposure to high and low temperatures increased the
number of DE genes between Ism7-2 and Col-0 by at least 33.5% and this increase is more
pronounced 24h after the shift (Fig. 4d; Supplementary Table 1). As expected for a mutant
affected in both AS and NMD, we observed more upregulated DAS genes in Ism7-2 in all

conditions tested (Supplementary Table 2).

LSM7 regulates the accumulation of flowering-related transcripts in Arabidopsis

Since the Ism7-2 mutant flowers significantly earlier than wildtype when grown at 16°C
and 23°C (Fig. 2e), we compared the transcriptome profiles of nine-day-old Col-0 and Ism7-2
seedlings before the temperature shift (Oh). We detected 2709 and 2840 genes that were
differentially expressed (DE) or differentially alternatively spliced (DAS), respectively, and in
total 445 genes that were DE and DAS up- or downwards (Fig.5a; Supplementary Table 1
and 2). Gene Ontology (GO) analysis of Biological Processes (BPs) revealed that genes
involved in regulating flowering and reproductive development were overrepresented among
the DE and DAS genes (Fig. 5b; Supplementary Table 3). Consistent with the early flowering
of Ism7-2 (Fig. 2e), our analysis showed that FLOWERING LOCUS T (FT) and
SUPPRESSOR OF OVEREXPRESSION OF CONSTANS (SOC1) were upregulated while
their direct repressor FLOWERING LOCUS C (FLC) was downregulated (Fig. 5¢). Expression
of CO (CONSTANS), an upstream regulator of FT, was not changed (Fig. 5¢). Interestingly,
several genes of the autonomous flowering pathway were DAS in Ism7-2 (Supplementary
Fig. 5a,b), suggesting that AS or inefficient splicing of these known upstream regulators of
FLC may contribute to its downregulation in /sm7-2, although this hypothesis needs to be
further investigated. Taken together, our results suggest that in /sm7-2 induction of FT and
SOC1 occurs independently of CO but might require downregulation of the floral repressor
FLC.

Since LSM7 is a core component of the spliccosome and the NMD pathway, FLC
downregulation in Ism7-2 may be due to impaired splicing and subsequent targeted RNA
degradation. However, even though RT-qPCR confirmed the down-regulation of FLC and
COOLAIR class ll, an antisense transcript implicated in FLC regulation, we did not observe
any differences in the half-life of the transcripts at FLC locus between Col-0 and Ism7-2
(Supplementary Fig. 5c-e). Taken together, our results suggest that LSM7 is required for

correct expression of FLC.
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Global effects of Ism7-2 on the temperature-responsive transcriptome

To assess the role of LSM7 in the responses to changes in temperature we performed
GO enrichment analysis on genes that were DE 3h (initial response) and 24h (late response)
after the shift to 16°C or 27°C (Supplementary Table 3). We found that exposure to low
ambient temperature had a strong impact on processes such as RNA processing and
maturation, ncRNA processing, regulation of translation, and ribosome biogenesis. The initial
response to 16°C also included GO categories related to “response to bacteria”, with more

GO terms related to “biotic stress”, “systemic acquired resistance”, and “response to salicylic
acid” appearing during the late response (24h) to low ambient temperature. In contrast,
exposure to high ambient temperature (27°C) had a strong effect on “photosynthetic-related”
processes, “response to light” and “temperature” (Fig. 6; Supplementary Table 3). Taken
together, and not too surprising for a component of the core spliceosome and NMD pathways,
our transcriptome analysis indicates that LSM7 participates in the regulation of many different
biological processes in the cell, which is in line with the strong pleiotropic phenotype of the

Ism7-2 knock-down mutant.

Ism7-2 modulates auxin metabolism and homeostasis

A number of GO categories that stood out in our analysis were those related to auxin
as these were overrepresented in all experimental conditions (Fig. 6; Supplementary Table
3). In particular, we found many auxin-responsive genes of the Gretchen Hagen 3 (GH3),
Auxin/Indole-3-Acetic Acid (Aux/IAA), auxin response factor (ARF), and small auxin up-
regulated RNA (SAUR) families to be miss-regulated in Ism7-2 at 23°C. The degree of
misregulation of these gene families was even more pronounced at elevated or cool ambient
temperatures (Fig. 7a), indicating that LSM7 plays a critical role in regulating auxin
homeostasis and signalling across the entire range of ambient temperature. We, therefore,
decided to investigate in more detail if part of the phenotypic defects in Ism7-2 could be
attributed to imbalanced auxin homeostasis or signalling.

Expression of genes involved in auxin biosynthesis was uninformative with some
genes being upregulated and others being downregulated in /sm7-2, and no clear correlation
with temperature (Supplementary Fig. 6a). Nevertheless, metabolic analysis revealed
significantly elevated levels of the auxin precursors IAN and IAM in /Ism7-2 at all three
temperatures whereas free IAA was significantly induced only in mutant plants grown at 23°C
(Supplementary Fig. 6b), suggesting plants strive to maintain IAA homeostasis, possibly by
activating IAA catabolism.

In agreement with this hypothesis, we found that genes encoding GH3 proteins, which
are involved in the conjugation of free IAA to amino acids for storage or degradation, were

highly overrepresented among the DE and DAS genes in Ism7-2. This induction of GH3s was
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reflected in a significant increase of IAA-Asp, IAA-Glu, and IAA-Ala conjugates in the mutant
at all three temperatures (Fig. 7a,b). Furthermore, we found that other genes involved in IAA
conjugation and catabolism, namely ILR1, DAO2 and UGT74D1 were also significantly
upregulated (Fig. 7a), correlating with an increase in oxIAA and oxIAA-Glc in Ism7-2 at all
three temperatures (Fig. 7b). Interestingly, we observed an increase of IAA-Glc only after 24h
shift to 27°C, which was previously reported under high-temperature condition®. Taken
together these results indicate that the total pool of auxin is increased in Ism7-2. This
overaccumulation of auxin is also consistent with the downregulation of the IAA influx genes
and the upregulation of IAA efflux genes we observe in Ism7-2 (Fig. 7a), which likely reflects
the plant’s effort to decrease cellular auxin levels by pumping out IAA.

As auxin metabolism and homeostasis seem to be disturbed in Ism7-2, the question
arises which auxin signalling genes are misregulated and realise the growth responses
observed in the mutant. We found that several Aux/IAA genes (16 out of 32) and ARF genes
(8 out of 23), well-known regulators of the transcriptional response to auxin, were DE in Ism7-
2. However, the most interesting gene group related to auxin signalling were the SMALL
AUXIN UP-REGULATED RNA (SAUR) genes, which play a central role in the regulation of
IAA-induced growth®. Of the 79 SAUR genes in the Arabidopsis genome, 42 were DE, of
which 35 were significantly downregulated in /sm7-2, especially at elevated ambient
temperature (Fig. 7a). Importantly, central heat shock genes (HSP90.1, HSP70.4 and
HSFB2A) were induced similarly to wildtype plants (Supplementary Fig. 6¢) when grown at
27°C, suggesting that temperature sensing per se in Ism7-2 is intact. In summary, our
combined transcriptomic and metabolomic analysis suggest that LSM7 has a key role in the
regulation of auxin homeostasis and signal transduction to ensure proper plant growth and

development, in particular at elevated ambient temperatures.

Discussion

Sessile organisms, such as plants, cannot escape adverse environments. Instead,
they have evolved intricate mechanisms to monitor their surroundings and to detect and
respond to perturbations. A signal that is of particular importance for the coordination of plant
growth and development is temperature, which acts on different scales, ranging from the more
subtle variations a plant experiences over the course of a day to extreme summer heat and
winter cold. While recent years have seen tremendous progress in the understanding of the
molecular pathways involved in temperature perception, how these signals actually modulate
plant growth and development is less well understood.

Here, we show that LSM7, a core component of the spliceosome and NMD pathway,

is essential for Arabidopsis development. Complete loss of function causes embryo lethality,
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which is not surprising given that in Arabidopsis LSM7 is encoded by a single copy gene. What
is more surprising is that LSM7 knock-down plants are extremely temperature sensitive and
unable to survive even to a moderate increase in ambient temperature from 23°C to 27°C.
This extreme temperature sensitivity distinguishes Ism7-2 from mutations in another subunit
of the LSM ring, LSM5. Ism5/sad1 mutants have been reported to be able to withstand much
higher temperatures than Ism7-2, but perish when exposed to unphysiological temperature of
42°C". To the best of our knowledge, /sm7-2 is the only mutant that exhibits such severe
temperature sensitivity and dies at a moderately increased ambient temperature of 27°C. Our
results emphasise the importance of co- and post-transcriptional RNA processing in plant
ambient temperature acclimation. While seedling lethality at elevated temperature is the most
prominent phenotype of Ism7-2, the mutant displays pleiotropic defects also at lower ambient
temperatures between 16°C to 23°C. The pleiotropic nature of the Ism7-2 phenotype highlights
a general problem when working with mutants affected by essential cellular machinery such
as the spliceosome and/or the NMD pathway.

One way forward is to focus on a particular trait, as we have done in analysing the flowering
time in Ism7-2. At the molecular level, early flowering in Ism7-2 is associated with increased
expression of the flowering time integrator genes FT and SOC1. This is similar to what Huertas
et al. (2019)? reported for the sme1/pcp?1 mutant, which also displayed an early flowering
phenotype and elevated expression of both FT and SOC7. Another commonality between
Ism7-2 and sme1l/pcp1 is the downregulation of FLC and COOLAIR class Il transcripts. Albeit
LSM7 and SME/PCP are part of different spliceosomal protein complexes, they nevertheless
converge on and participate in the regulation of common downstream genes and pathways. It
will be interesting to see if this pattern holds as more and more mutants in core spliceosome
genes become available, or if Ism7-2 and sme1/pcp1 are an exception. In this context, it is
important to note that even though FLC is downregulated in both Ism7-2 and sme1/pcp1, DAS
of autonomous pathway genes, such as FLD and FLK, important upstream regulators of FLC,
has not been reported in sme1/pcp1. This suggests that even though LSM7 and SME/PCP
might converge on the same targets, the means by which mutations in these core spliceosome
genes affect FLC expression might nevertheless be different. Although Ism7-2 is an AS-NMD
mutant, we could not correlate FLC low expression in the mutant to changes in its mMRNA
stability or to an alternative or impaired splicing of FLC gene. The absence of altered RNA
degradation indicates that in the Ism7-2 FLC is not a direct target of NMD.

An alternative to studying specific aspects of a pleiotropic phenotype, as we have done
in the case of flowering time regulation, is to perform analyses at the system level. Here we
combined transcriptomic and metabolomic analyses to identify molecular pathways involved
in translating RNA processing defects in Ism7-2 into a phenotype. Transcriptome and GO

analyses revealed that Ism7-2 affected a range of different biological processes. However,
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GO categories related to the phytohormone auxin stood out as they were consistently
overrepresented in all our analyses. Free auxin (IAA) regulates plant growth and development
by controlling the fundamental processes of cell division, expansion, and differentiation.
However, while IAA in low concentrations stimulates growth and development, higher
concentrations can be deleterious to the plant (reviewed in ?’). To maintain auxin homeostasis,
plants need to coordinate auxin synthesis, conjugation, and degradation.

Our metabolite data indicate that levels of free IAA are only moderately higher in Ism7-
2 than in wildtype, whereas precursors such as IAM and IAN, and even more so auxin
conjugates such as IAA-Ala, IAA-Glu and IAA-Asp are strongly induced. The latter correlates
well with the marked upregulation of GH3s genes, which catalyse the conjugation of IAA with
amino acids for inactivation and storage. Furthermore, the finding that products of IAA
oxidation such as oxIAA and oxIAA-Glc are also significantly accumulated supports our
hypothesis that Ism7-2 promotes |AA storage and inactivation to prevent overaccumulation of
bioactive IAA?. The downregulation and upregulation of genes involved in IAA influx and
efflux, respectively, are also consistent with this hypothesis.

Despite all these compensatory mechanisms, auxin homeostasis is clearly perturbed
in Ism7-2, which in conjunction with disturbed auxin signalling, partially explains the growth
defects observed in the mutant. Importantly, these defects cannot be attributed to individual
auxin signalling factors. Instead, Ism7-2 appears to cause the misregulation of a large fraction
of the AUX/IAA, ARF, and SAUR genes encoded in the Arabidopsis genome. Aux/IAA proteins
play a crucial role in repressing the transcription of ARF target genes in the absence of auxin?®,
and are known to regulate each other's expression in intricate feedback regulation®.
Interestingly, although expression of most Aux/IAAs does not change or is induced at 23°C
and 16°C, IAA6, IAA19, and IAA29 are significantly repressed specifically at 27°C, which could
result in the deregulation of auxin responses, particularly in warm ambient temperatures.

More interestingly, we observed a massive downregulation of SAUR genes in Ism7-2.
SAUR proteins have mainly been implicated in the regulation of plant growth via induction of
cell elongation®', although some of these genes may also participate in other processes such
as in leaf senescence or cell division (reviewed in ?°). Franklin et al. (2011)* reported that high
ambient temperature induces the expression of several SAUR genes (SAUR19-24 and
SAURG61-68), that participate in hypocotyl elongation and ultimately thermomorphogenesis.
Interestingly, all of these SAUR genes, among others, are downregulated in Ism7-2 at 27°C,
suggesting that the mutant fails to induce thermomorphogenesis, which in turn might explain
the seedling lethal phenotype at this temperature. In addition, it is well known that disturbed
auxin homeostasis and signalling activate stress response pathways*, many of which are

deregulated in Ism7-2, thereby affecting growth and development indirectly.
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Our results suggest that LSM7 is required for the correct RNA expression and
processing of numerous auxin-related genes, from auxin biosynthesis to signalling and
transport, thereby coordinating the response of plants to ambient temperature. We propose
that the misregulation of auxin genes, and especially the downregulation of numerous SAUR
genes, disrupts auxin homeostasis and signalling and contributes to the /Ism7-2 phenotypes,
particularly at 27°C, where disruption of auxin-mediated thermomorphogenesis causes
seedlings to die. Taken together, our study provides valuable insights into the role of a basal
component of the splicing and RNA degradation machinery, LSM7, in responding to small

changes in ambient temperature.

Methods

Plant material, growth conditions, and ambient temperature phenotyping

All genotypes used in this research were in Columbia background and mutants were obtained
from Nottingham Arabidopsis Stock Center (NASC), Ism7-2 (SALK_065217 or N565217) and
Ism7-1 (SALK_066076C or N677766) (Supplementary Table 4). Seeds were surface
sterilised with ethanol 70% and stratified at 4°C in the dark for 72 h before being sown on soil
or plates. Plants were grown in long-day conditions (LD), 16h light/8h dark, in Percival
chambers equipped with full range LED illumination at an intensity of 120-150umol*ms™, with
controlled humidity (RH 70%) at different ambient temperatures (16°C, 23°C and 27°C) as
specified in the text. Drought (25% PEG) and salt (100/200 mM NaCl) treatments were

conducted on seven-day-old seedlings grown on %2 MS medium3:.

Microscopic analysis of embryos

Immature seeds were dissected by hand and cleared in Hoyer’s solution (7.5g gum arabic, 5
mL glycerol, 100 g chloral hydrate and 30 mL water, diluted 2:1 with 10% (w/v) gum arabic
solution) as described previously®. Three days after incubation, differential interference
contrast (DIC) images were taken with a Zeiss Axio Imager equipped with AxioCam HRc

camera.

Protein-protein interactions

The coding sequence of LSM5 (AT5G48870), LSM7 (AT2G03870) and its truncated form
LSM7-1t, PCP (AT2G18740), and PCP-like (AT4G30330) were cloned into the modified yeast
vectors pGADT7 or pGBKT7%. Oligos used in the cloning are listed in Supplementary Table
4. The yeast strain AH109 was used in the yeast two-hybrid assays. Transformants and
interactions were screened on SD-glu medium lacking leucine (-L), tryptophan (-W), and

histidine (-H). A positive interaction results in the activation of auxotrophic marker genes inside
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the yeast nucleus and the growth of yeast in the selective media. Auto-activation was

determined for all bait vectors to exclude false positive interactions.

Plasmid construction and plant transformation

The overexpression and rescue lines were created using the GreenGate system*’. The coding
region or genomic region of LSM7 was amplified from Col-0 seedlings cDNA (cLSM?7) or
genomic DNA (gLSM7) and cloned into the GreenGate module C entry vector. For
overexpression lines, the final GreenGate reaction was performed using the 35S promoter as
A module, empty B module, the C module carrying the cLSM7, empty D module, rbcS
terminator in module E, and BASTA resistance as a selection marker in F module. For rescue
lines, the promoter (2140 bp upstream of the start codon) and terminator (256 bp downstream
of the stop codon) regions of LSM7 were amplified from Col-0 seedlings gDNA and cloned in
A module (pLSM?7), and E module (t{LSM), respectively. The cLSM7 or gLSM7 in the C module
were assembled with pLSM7 in the A module, empty B module, empty D module, {LSM7 in
the E module, and BASTA resistance as a selection marker in the F module. All the GreenGate
assemblies used pGGZ003 as a destination vector. For overexpression lines, A. thaliana Col-
0 grown at 23°C were transformed by floral dipping using Agrobacterium tumefaciens-
mediated gene transfer®, and for the rescue lines, Ism7-2 or Ism7-1 mutants were transformed
by the same method. Transformants were selected by BASTA application. The constructs are

listed in Supplementary Table 5.

Histological techniques and microscopy

For visualisation of the fluorescent proteins in embryos, ovules were removed from valves of
siliques collected on plants grown for five weeks at 23°C. Ovules were gently squeezed to
collect the embryos, then immediately used for imaging at the epifluorescence microscope
Leica DMi8. For the visualisation of meristem organisation and fluorescent proteins in
seedlings, a modified protocol of ClearSee was used**“°. Polysaccharide cell walls were
stained with 0.1% calcofluor white M2R*°. Confocal laser scanning microscopy experiments
were performed in an LSM780 or LSM880 microscope (Zeiss). Combinatorial fluorescence
analysis was run as sequential scans. The following excitation and emission settings were
used: EGFP, 488/500 to 550 nm; calcofluor white, 405/425 to 475 nm and Hoechst 33342,
430/480 to 405 nm.

LSM7 subcellular quantification
PLSM7::LSM7::GFP Ism7-2 rescue seedling grown for 9 days at 23°C were shifted for 24h to
16°C or 27°C, or kept at 23°C as control, time after which were live imaged. To determine

LSM7-GFP enrichment in the nucleus, 10-day-old rescue seedlings were counterstained* in
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ClearSee with 10 ug/mL Hoechst 33342 for 1 day™. In order to reduce exposing cells to any
other factor than the temperature treatment, LSM7-GFP observations were performed in
seedlings mounted in water right after taking them out of incubators. Imaging of epidermal
cells in the root tip was recorded in z-plane stacks. For measurements, optical stack slices in
a 5uM-thick section, spaced 1uM between each other, were converted into a maximum
projection file, in 8-bit depth. Mean intensity was quantified in regions of interest (ROI) in the
nucleus and cytoplasm ranging between 1 and 2 ym? The mean intensity, which is the
average fluorescence per area unit, was calculated by adding the fluorescence intensity (in a
8-bit scale of 0 to 255) of each pixel in an area, divided by the number of pixels in that area.
At least two cells showing clearly visible nuclei were considered per stack file, having each
cell associated with a ROl in the nucleus and another to the cytoplasm. The mean intensity of
measurements of different pictures were analysed together. Images were processed and

analysed using the Fiji package of ImagedJ (https://fiji.sc).

Immunoblot analysis

For LSM7 protein expression, nine days old /Ism7-2 and Col-0 seedlings bearing the
pLSM7:GFP:gLSM7:tLSM?7 construct were grown at 23°C in LD conditions and shifted to 16°C
or 27°C, or kept at 23°C for 24h. Samples were collected at ZT6, and total proteins were
extracted with the TCA/Acetone method. Proteins were resolved in 4-15% pre-cast SDS-
PAGE (Biorad cat n® 4561085) at 80V for two hours and transferred to PVDF membrane
(Immobilon-P; Millipore) for immunoblot analysis. Two identical gels and relative membranes
were made at the same time for the detection of GFP-LSM7 and tubulin (loading control). First,
the membranes were blocked with 3% BSA in PBS for two hours. Then, one membrane was
incubated with anti-GFP antibody (1/4000 Abcam cat. n°® Ab290) with 3% BSA in PBS and the
other with anti-Tubulin (1/10000 Agrisera cat. n°® AS10-680) in 3% skimmed milk in PBS for
two hours at room temperature. Both membranes were washed with TBS-T (Tween 20; 50-
mM Tris, 150-mM NaCl, and 0.05% [v/v] Tween 20) three times and incubated with the anti-
rabbit IgG-HRP antibody (1/20,000, Agrisera cat. n® AS10-1014) in 3% w/v BSA (anti-GFP) or
3% milk (anti-tubulin) in PBS for two hours. After three washes with TBS-T, the membranes
were incubated with Chemiluminescent Substrate (Amersham cat. n° RPN2232) for 1 min.

Proteins were visualised with the Azure Imaging System (Azure Biosystems, Inc).

Transcriptomics and bioinformatics analysis
To analyse variation in splicing patterns in response to a change in temperature, plants were
grown for nine days at 23°C in LD conditions and shifted to 16°C, 27°C or kept at 23°C in LD,

for 3h or 24h. Three pools of ten seedlings’ aerial parts for each line in each temperature were
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collected after the shift at ZT6 in liquid nitrogen. Frozen samples were ground to a fine powder,
and total RNA was extracted with Qiagen Plant RNeasy kit according to the manufacturer's
instructions and treated with DNAsel (Thermo Scientific). RNA concentrations and integrity
were determined using Qubit RNA kit (Thermo Scientific) and Bioanalyser RNA Nano kit
(Agilent). Strand-specific mMRNA-Seq was conducted by Novogene using NEB Next® Ultra
RNA Library Prep Kit for Illumina. Briefly, mMRNA was purified from total RNA using poly-T
oligo-attached magnetic beads. After fragmentation, the first-strand cDNA was synthesised
using random hexamer primers followed by the second-strand cDNA synthesis, followed by
repair, A-tailing, adapter ligation, and size selection. After amplification and purification, the
insert size of the library was validated on an Agilent 2100 and quantified using quantitative
PCR (qPCR). Libraries were then sequenced on lllumina NovaSeq 6000 S4 flowcell with
PE150. The data analysis was conducted using R and Bioconductor with some modifications.
The quality of the sequences was confirmed using Trimmomatic*? and FastQC. Reads were
mapped to the ATRTD2-QUASI transcriptome annotation®® using Salmon*. After
normalisation, the profiles of the samples were assessed by principal component analysis
(PCA). Differentially expressed (DE) genes between temperatures and genotypes across the
time points were identified at each time point using limma-voom likelihood ratio tests after
negative binomial fittings using the package in the 3D pipeline*®. Genes with False Discovery
Rate (FDR)-corrected-values < 0.05 and fold-change (log2) threshold of 0.5 were classified
as differentially expressed (Supplementary Tables 2 and 3). To identify processes potentially
involved in the plant response to the different temperatures at the different time points, GO
Enrichment Analysis was performed using online David software version 20214

(Supplementary Table 4).

Expression analysis by quantitative real-time PCR (qPCR)

RNA samples were treated with DNasel RNase-free (Thermo Scientific) for 30 min at 37°C to
remove DNA contamination and retro-transcribed with RevertAid First Strand cDNA Synthesis
kit (Thermo Fisher) in accordance with the manufacturer’s instructions. Primers were designed
with Primer 3 software*” using as criterion amplified products from 80 to 180 bp with a Tm of
60 + 1°C (primer sequences are listed in Supplementary Table 5). Both target and reference
genes were amplified from cDNA. cDNA samples were used in qPCR reactions with
LightCycler Sybr (Roche), using CFX96 Real-time System (Biorad). The relative expressions
were calculated through a normalised expression ratio using an efficiency-(E)-calibrated
model with the experimental significance was estimated through 2000 randomisations of Cq
data in each experimental comparison using REST software (version mcs) (http://rest.gene-
quantification.info/). Three technical and three biological replicates were performed for each

sample.
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RNA half-life determination

Col-0 and Ism7-2 seedlings were grown for nine days on vertical plates containing 2 MS
medium 1% agar pH 5.7, then transferred to a six-well-plate containing incubation buffer (1
mM PIPES pH 6.25, 1 mM trisodium citrate, 1 mM KCI, 15 mM sucrose). After 30 min of
incubation, cordycepin (3’deoxyadenosine, Sigma-Aldrich) was added to a final concentration
of 150 mg/L and internalised using a vacuum pump (two cycles of 5 min). Seedlings were
collected at 0, 15, 30, 45, 60, and 90 min and frozen in liquid nitrogen. To estimate RNA half-
lives of FLC and COOLAIR Il RNAs, total RNA was isolated using Trizol (Thermo Fisher),
treated with Turbo DNAse (Thermo Fisher), reverse transcribed, and gene expression
analysed by RT-gPCR (as described in the previous section). Short- and long-lived transcripts
EXPANSIN-LIKE1 (Expansin L1) and Eukaryotic translation initiation factor 4A1 (EIF4A1A)
were used as unstable and stable controls, respectively. Ct-values were normalised by the Ct-
value at time point 0 [Ct(n) = (In(Ct/Ct(0))*(-10)] and plotted as degradation curves. Slopes of
the curves were used to calculate RNA half-lives [t1/2 = (In2)/slope] as described by Jia et

al.,*®. Primers are listed in Supplementary Table 5.

IAA and IAA-conjugate measurements

Seedlings of Ism7-2 and Col-0 were grown for nine days at 23°C in LD conditions and then
shifted to 16°C or 27°C or kept at 23°C for 24 h. Five pools of 20 mg seedling’ shoots for each
genotype at each temperature were collected at ZT6 in liquid nitrogen. The extraction,
purification, and LC-MS analysis of endogenous IAA, its precursors, and metabolites were
carried out according to Novak and collaborators*. A bead mill (27 Hz, 10 min, 4°C; MixerMill,
Retsch GmbH, Haan, Germany) was used to homogenise 20 mg of frozen material per
sample, which was then extracted in 1 ml of 50 mM sodium phosphate buffer containing 1%
sodium diethyldithiocarbamate and a mixture of *Ce- or deuterium-labelled internal standards.
After centrifugation (14 000 RPM, 15 min, 4°C), the supernatant was divided into two aliquots.
The first aliquot was derivatised using cysteamine (0.25 M; pH 8; 1 h; room temperature;
Sigma-Aldrich); the second aliquot was immediately further processed as follows: the pH of
the sample was adjusted to 2.5 by 1 M HCI and applied on a preconditioned solid-phase
extraction column, Oasis HLB (30 mg 1 cc, Waters Inc., Milford, MA, USA). After sample
application, the column was rinsed with 2 ml of 5% methanol. The compounds of interest were
then eluted with 2 ml of 80% methanol. The derivatised fraction was similarly purified. Mass
spectrometry analysis and quantification were performed by an LC-MS/MS system comprising
a 1290 Infinity Binary LC System coupled to a 6490 Triple Quad LC/MS System with Jet

Stream and Dual lon Funnel technologies (Agilent Technologies, Santa Clara, CA, USA).
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Statistical information

Microsoft Excel and R Studio were used for statistical analysis (Rv4.0.2). Statistical
information is included in figures and figure legends (P-value, P-value levels, and sample
number). For the RNA-seq analysis, the FDR-corrected values prevented significance. P-
value levels are indicated on the figures by asterisks as follows: * (p<0.05), ** (p<0.01), ***
(p<0.001).

Code availability
The code used for the RNA-seq analysis is available in the GitHub public repository:
https://github.com/snardeli/Nardeli_et al 2023.

Data availability

The RNA-seq data generated in this study have been deposited at the European Nucleotide
Archive (ENA, https://www.ebi.ac.uk/ena) under the accession number XXX. Lists of
differentially expressed genes and transcripts are made available as Supplementary Files.
Other data that support the findings of this study are available from the corresponding author

upon request.
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Figure 1. Ism7-1 knock-out mutant is embryo lethal. a Scheme of the LSM7 gene and the
T-DNA mutants used in this study. Dark grey boxes represent exons, light grey boxes are
UTRs, and lines are introns. Inverted triangles indicate T-DNA insertions. b Wildtype and Ism7-
1-/- embryos collected from Ism7-1+/- plants grown at different temperatures. Photos were
taken 36 days after sowing at 16°C and 18 days after sowing in case of plants grown at 23°C
and 27°C. The scale bar is 100pm. ¢ Ectopic expression of LSM7 rescues Ism7-1 embryo
lethality. The indicated flowering time refers to the days from sowing to the emergence of
visible flower buds. Data for Col-0 and different T2 lines are shown, where # represents the
line numbering. Numbers on the x-axis are numbers of individuals. One-way ANOVA was
used for statistical analysis. Different letters above the box plots indicate categories that are
statistically different (p <0.05).
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Figure 2. LSM7 is important for correct plant growth at both low and high ambient
temperatures. a Relative LSM7 expression (log2FC) in different temperatures is shown as the
ratio of Ism7-2/Col-0 expression values. The significance of FC values are indicated by three
asterisks (p<0.001). b Phenotype of wild-type and mutant plants grown at different
temperatures. Scale bar is 1 cm. ¢-d Overview of the shoot apical meristem and the cell
organisation in the meristematic zone of the root tip in seven-day-old wild-type and mutant
seedlings. Cell organisation is observed in median longitudinal confocal sections (scale bar is
20uM). E, Epidermis; C, Cortex; En, Endodermis; St, Stele. e-f The indicated flowering time
refers to the days from sowing to the emergence of visible flower buds. Numbers on the x-axis
are numbers of scored individuals. One-way ANOVA was used for statistical analysis. Different
letters indicate categories that are statistically different (p<0.05). e Data refer to Ism7-2 and
Col-0 grown under different temperatures. f Ectopic expression of LSM7 rescues Ism7-2
lethality at 27°C. T1 plants expressing different constructs in Ism7-2 background were scored
at 27°C. g Root length (cm) of Ism7-2 and Col-0 seedlings grown on plates under different
media. MS, Murashige and Skoog; NaCl, Natrium Chloride; PEG, Polyethyleneglycol.
Numbers on the x-axis are numbers of individuals. One-way ANOVA was used for statistical

analysis. Different letters indicate categories that are statistically different (p<0.05).
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Figure 3. LSM7 distribution and stability are not affected by changes in ambient
temperature. a LSM7 promoter activity in Arabidopsis thaliana embryos at different
developmental stages. BF, bright field. Scale bar is 30uM. b LSM7 promoter activity in cells of
the shoot apical meristem and root tip. BF, bright field. Scale bar is 50uM. ¢ Accumulation of
LSM7-GFP expressed under native promoter and terminator in plants grown under different
ambient temperatures. Detection of LSM7-GFP by Western Blot using an anti-GFP antibody.
Anti-TUBULIN is used as a loading control. d Subcellular localisation of LSM7-GFP in plants
grown at different temperatures. Each dot within the violin plots represents an independent

measurement. Mean intensity indicates mean fluorescence signal intensity with 8-bit depth.
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Figure 4. Ism7-2 transcriptome upon shifts in ambient temperature. a RNA-seq
experimental design. b Principal Component Analysis (PCA) for RNA-seq samples. Each data
point from the RNA-seq data reflects the average gene expression (n = 3). ¢ Number of genes
or transcripts that are only regulated by transcription (DE), only by alternative splicing (AS), or
both transcription and alternative splicing (DAS) is shown. d Intersection of differentially
expressed genes (DEGs; log2FC Ism7-2/Col-0) of seedlings in each tested condition detected
by RNA-seq is visualised using an Upset plot. The total intersection sizes are displayed above

each bar, and the number of genes (set sizes) are represented by black bars.
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Figure 5. Downregulation of LSM7 modulates the flowering transcriptome. a Up- or
down-regulated differentially expressed genes (DEGs) and differentially alternatively spliced
genes (DAS) in nine-day-old /sm7-2 and Col-0 seedlings grown at 23°C. The intersection of
DEGs (log2FC Ism7-2/Col-0) of seedlings in each tested condition detected by RNA-seq is
visualised using an Upset plot. Total intersection sizes are displayed in black above each bar.
b Representative Gene Ontology (GO) terms for enriched Biological Processes (BP) for DAS
genes in Ism7-2. The number of genes are represented by the circle sizes and the false
discovery rate (FDR) by colours. ¢ RNA-seq expression levels (TPM: transcripts per million)
of FLC, CO, FT and SOCT1 in Ism7-2 and Col-0 nine-day-old seedlings. Genes’ isoform

annotations were retrieved from the ATRTD2 database.
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Figure 6. LSM7 participates in the regulation of many different biological processes.

Selected Biological Processes (BPs) for enriched Gene Ontologies (GOs) for DEGs of Ism7-

2 compared to Col-0 of nine-day-old seedlings after initial (3h) and late (24h) exposure to

different ambient temperatures (16°C, 23°C and 27°C). The number of genes are represented

by the circle sizes and the false discovery rate (FDR) by colours. Stars mark auxin-related

GOs.

28


https://doi.org/10.1101/2023.03.28.534379
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.28.534379; this version posted March 29, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

IAA Conjugation log,FC Ism7-2(Col-0 IAA Signaling l0g,FC Ism7-2(Col-0
—————
-5 0 5 1056 0 05 1
GH3.8 ARF10
GH3.17 ARF19
o
H3.
GH3.19 | | ARF9
GH3.5 ARF17
GH3.10 ARF6
GH3.3 | | ARF11
GH3.12 log FC Ism7-2/Col-0
GH3.15 S ——
UGTT4E2 " AUR19
[ ]
AMT1 - SAUR13
o S
LR1 AUR22
UGT74D1 AURGS
DAO2 AUR3
|| AUR7
IAA Signaling log,FC Ism7-2/Col-0 SAUR28
T ShURS
3240123 anrr SRS
IAAS SAUR56
IAA30 SAUR32
IAA2 SAURS59
Az SAURT1
e SAUR12
IAA2E SAURT78
AASy SAUR10
Ve SAUR79
AAD SAUR16
IAA3 SAUR14
IAATT SAUR72
a1 SR
s e
e
-21Col-0
1AA influx log FC Ism7-2/Col. ﬂggég
2o SAUR26
': LAX1 AUR76
e e AR
IAA efflux ﬁggeg
5(
oing SAUR63
PING SAUR27
PIN5 SAUR24
B == =i SaURzT
5 5 85 5 & % & 5 & 5 & 5
o & o & | & o & o & ) &
% o o o o o % o o o o o
e % B § K & e % & & K &
2 & o N e Q ~ &
b 1AA-Asp 1AA-Glu JAA-Ala
25 200 o . 9 b 4,000
4 180 8 b 3,500
E » T be 14 e 3,000
o15 od bed 120 5 . 2,500
3 abc 100 : 2 2,000
goy = W b 2 B 3 ILRY 100
s g o 2 anmd 1000
20 1 DAO1/2 500
0 0 0 o
S SO S PO OLOLOo QOO o oo 0o oo oo 0o oo oo
o o o» & K © o @ o N K © o o o KK © o @ o N K © o W o N K
2RI eI e RIKA e RIS e RRA
AN SN N LYy AN GEN EN LYy LYy
3 % B8 %t B8 % 3 % B8 't oo 3 % B8 't B % T % B8 oo 5 % B8 't oo
ogogog ogogog ugugog UEUEUE ugogog
ILR1l]GH3s
IAA IAA-GIc
300 20,000 b
c 18,000
= 250 16,000
[ 14,000
o 5 2 a zo00] .,
3 150 10,000 2 a g,
£ 100 I s % uerrapt 200 "
50 4,000 i i
2,000
0 ' 0
S S i S S
PR N G S PR S
eI e RIKRK
2 Y2 82N 222
P N T w3 oL 3o
8§ 5858 ¢ 8585 8 ¢

Figure 7. Auxin pathway is modulated in the Ism7-2 mutant. a Heatmaps of significant
differentially expressed auxin-responsive genes’ expression (log2FC [Ism7-2/Col-0) in
seedlings exposed to different ambient temperatures, organised according to their function.
Shades of red indicate up-regulated genes and shades of blue indicate down-regulated genes
in Ism7-2. b Analysis of IAA and IAA metabolites under different temperatures in the Ism7-2
mutant (dark grey) and Col-0 (light grey). Error bars represent the standard deviation (SD) of
mean values from five biological replicates and letters the statistical differences among the
genotypes and conditions based on ANOVA and Tukey’s HSD test. Quantification is presented
as pmol/gram of fresh weight (pmol/g FW). Arrows indicate the main genes involved in the

step. Solid lines indicate direct reactions, dashed lines indirect reactions.
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