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Abstract

Temperature affects plant growth by modulating the expression of genes and subsequent
processing of RNAs that govern essential physiological processes. Here, we show that Arabidopsis
thaliana Sm-like7 (LSM7), a core component of the splicing and decapping machinery, is
indispensable for embryogenesis and development. Hypomorphic /sm7-2 mutants display severe
developmental defects that are exacerbated by high temperatures. Transcriptome analysis verified
LSM7's extensive role in gene regulation. In particular, we found that the key regulator of
thermomorphogenesis, PHYTOCHROME INTERACTING FACTOR 4 (PIF4), and auxin-related
genes, including SMALL AUXIN UP-REGULATED (SAUR) genes, are misregulated in /sm7-2.
Auxin metabolic profiling confirmed that auxin homeostasis was disturbed in Ism7-2. Importantly,
overexpression of the auxin-responsive SAUR19 gene partially restored thermomorphogenesis
defects in Ism7-2 under high ambient temperature. Taken together, our research provides
mechanistic insights into the interplay between RNA processing, hormone homeostasis, and the
response to temperature regulation in plants and elucidates LSM7's essential function in plant
temperature acclimation and resilience.

Significance Statement

Given their sessile nature, plants cannot escape adverse environmental conditions such as cold or
heat. Instead, they continuously adjust their gene expression and RNA processing to regulate
growth and physiology in response to their surroundings. In this study, we investigated the role of
the core RNA processing factor LSM7 in temperature acclimation in Arabidopsis thaliana. We found
that LSM7 knockdown mutants were impaired in thermomorphogenesis and, as a result, were
hypersensitive to elevated temperatures. At the molecular level, we demonstrated that this
temperature sensitivity was caused by the misregulation of key regulators of
thermomorphogenesis, including PIF4, auxin homeostasis and signaling, and SAUR genes. Our
findings provide valuable insights into the role of RNA processing in plant temperature acclimation.

Main Text
Introduction

Temperature is a critical environmental factor affecting plant development. To adjust to
environmental changes, plants reprogram their transcriptome by regulating gene expression, RNA
processing, and RNA stability. Alternative RNA splicing (AS) is a key mechanism enabling plants
to rapidly respond to new environmental conditions(1). 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. While the SM ring is best known for its function in RNA
splicing, LSM rings have a dual function. The nuclear-localized heptameric LSM2-8 ring binds to
the 3' end of the spliceosomal snRNA U6(2) and participates in splicing(3). In contrast, the
cytoplasmic LSM1-7 complex participates in the degradation of mRNAs with short poly(A) 3’
ends(4) via the nonsense-mediated decay (NMD) surveillance pathway, thereby protecting the cells
from potentially harmful truncated proteins(5). This coupling of AS and NMD enables the cell to co-
or post-transcriptionally regulate the level of mMRNA(6).

Numerous lines of evidence implicate splicing in plant temperature acclimation(7, 8).
However, the contribution of core spliceosome components is still poorly understood. Heat stress
has been shown to affect the subcellular localization of several LSM proteins(9) and loss-off LSM5
causes mis-splicing of heat shock transcription factors, resulting in seedling lethality(10). Other
studies showed that LSM8 and PORCUPINE (PCP; SME1) are required for acclimation to cold
(4°C) and cool ambient temperatures (16°C)(11, 12,13), indicating that (L)SM proteins participate
in the acclimation to both heat and cold. The significance of RNA processing for proper plant
development is emphasized by the discovery that mutations in essential splicing genes frequently
result in embryonic or post-embryonic lethality(14).
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Auxin is important for establishing cell identity and polarity in embryos(15)(16) and in adult
plants, it affects diverse processes such as root growth(17), leaf venation(18), and flower
development(19). In addition, auxin biosynthesis, transport, perception, and signaling are known to
modulate plant responses to different types of stress(20, 21). In particular, auxin biosynthesis and
signaling have been implicated in thermomorphogenesis, the process in which plants elongate their
hypocotyl and petioles, decrease leaf blade growth, and reposition their leaves to improve airflow
for cooling during increased temperatures(22). A central regulator of ambient temperature signaling
and growth is PHYTOCHROME INTERACTING FACTOR4 (PIF4)(22), which also plays important
roles in the circadian clock(23), light signaling(24), and several phytohormone pathways, including
auxin(25). PIF4 binds to multiple auxin-related genes, and its activity is essential for PIF4-mediated
hypocotyl elongation during thermomorphogenesis(26). Cell expansion and hypocotyl elongation
during thermomorphogenesis are, in part, controlled by several SMALL AUXIN UP RNA (SAUR)
proteins, which regulate the proton ATPase activity in the plasma membrane and are themselves
regulated by PIF4 and auxin(22).

Here, we show that the downregulation of LSM7, a core component of the spliceosome,
results in increased seedling lethality, specifically at elevated temperatures (27°C). Transcriptomics
and metabolomics analyses suggest that this hypersensitivity is due to an imbalance in auxin, most
likely caused by improper mRNA processing of important auxin-responsive genes, including
SAURs. In line with this hypothesis, constitutive overexpression of SAUR19 partially rescued the
temperature-sensitive phenotype of the hypomorphic Ism7-2 mutant. Our study provides important
insights into the mechanisms by which RNA processing modulates thermomorphogenesis through
auxin homeostasis and signaling and suggests the possibility of modifying RNA processing to
mitigate the effects of global warming on plant growth.

Results

LSM?7 is essential for embryo development

LSM7 is encoded by a single-copy gene (AT2G03870) and was previously shown to
directly interact with PCP(27), which is indispensable for normal plant growth and development
under cold and low ambient temperatures(12, 13). Yeast-two-hybrid analysis confirmed that LSM7
interacted with PCP and its paralog, PCP-like/SME2 (Fig. S1a,b), and was therefore selected to
further investigate its role in temperature-dependent plant development.

Insertion of a T-DNA in the third intron of LSM7 (Ism7-1) (Fig. 1a) caused embryo lethality,
with no homozygous mutants being recovered from a Ism7-1 heterozygous (Ism7-1+/-) parent plant
(>100 seeds tested). Furthermore, 27% of the ovules (n=139) in Ism7-1+/- plants were aborted,
indicating that a single recessive mutation was causing the embryo lethality. 24% (31 out of 130)
of the embryos analyzed in detail were arrested at the late globular stage (Fig. 1b). In the same
siliques, Ism7-1+/- and wildtype embryos in the non-aborted ovules had already reached the bend
cotyledon stage (Fig. 1b). /Ism7-1 embryos also displayed other defects, such as enlarged
suspensor, hypophysis, and aberrant division patterns in the embryo (Fig. 1b). Expression of LSM7
coding (pLSM7::cdsLSM7::tLSM7) or genomic (pLSM7::gLSM7:t{LSM7) sequence under its
regulatory sequences rescued Ism7-1 embryogenesis defects (Fig. 1c), confirming that loss of
LSM7 was causing the embryo lethality in Ism7-1. Overall, our results identified LSM7 as an
essential gene, complete loss-of-function of which resulted in early embryo abortion.

An LSM7 hypomorphic mutant is temperature-sensitive

In contrast to Ism7-1, Ism7-2 carries a T-DNA insertion in the 3' UTR (Fig. 1a), resulting in
severe knock-down of LSM7 expression (Fig. S2a). This hypomorphic mutant is viable but
displayed pleiotropic defects including a smaller rosette diameter, reduced leaf curvature, irregular
leaf margins, darker color, and smaller shoot apical meristem (Fig. 1d). Interestingly, these
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phenotypes increased in severity at higher temperatures (Fig. 1d), and more than 80% of seedlings
grown at 27°C eventually died. Expression of LSM7 (pLSM7::.gLSM7:tLSM7 or
pLSM7::cdsLSM7::tLSM?7) fully rescued the Ism7-2 phenotype (>25 independent T1 lines) (Fig.
1e), confirming that the downregulation of LSM?7 is causal for the developmental defects in the
mutant. Importantly, LSM7 expression was significantly reduced in /Ism7-2 compared to wildtype
(Col-0) at all three temperatures tested (Fig. S2a), indicating that the differences in phenotype
severity at the different temperatures were not due to differences in the degree of knock-down.
Furthermore, LSM7 protein is ubiquitously expressed (pLSM7::gLSM7-GFP::tLSM7) in seven-day-
old wildtype seedlings and neither its abundance nor subcellular localization was affected by
temperature change (Fig. S2b,c) and can therefore not explain the changes in phenotype severity
at elevated temperatures.

Ism7-2 has widespread consequences on the transcriptome

To better understand the molecular process that underlie the temperature-sensitive nature
of the hypomorphic Ism7-2 mutant we performed strand-specific RNA-Seq. Seedlings were initially
grown at 23°C for nine days and then shifted to 16°C or 27°C or maintained at 23°C for a further
3h and 24h (Fig. 2a). Principal component analysis revealed that 31.77% and 24.58% of the
variance could be attributed to the different genotypes and temperature, respectively (Fig. 2b).
Differentially expressed (DE) and differentially alternatively spliced (DAS) genes were identified for
each time point at the three temperatures by comparing the mutant and wildtype transcriptomes
(Fig. 2c; Dataset S$1,2). Unsurprisingly, given the major effect of the genotype on the
transcriptome, we found a similar number of genes up or downregulated at the three temperatures.
Nevertheless, exposure to high and low temperatures increased the number of DE genes between
Ism7-2 and Col-0 (Fig. 2d; Dataset S1). As expected for a mutant involved in mRNA processing,
we observed more upregulated DAS genes in Ism7-2 versus Col-0 in all conditions (Dataset S2).
GO term analysis of DE genes demonstrated the central role of LSM7 in controlling genes involved
in key processes such as growth, development, hormone signaling, and responses to
environmental changes (Fig. 2e, Dataset S3).

LSM7 modulates auxin metabolism and homeostasis

Interestingly, GO categories related to hormone signaling pathways, especially auxin, were
overrepresented in all experimental conditions (Fig. 2e; Dataset S3). DE and DAS auxin-related
genes included many members 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 (Dataset S2). Importantly, even though many of these genes were already
differentially regulated at 23°C, misregulation of these gene families increased at elevated or cooler
ambient temperatures (Dataset S2), indicating that LSM7 plays a crucial role in regulating auxin
homeostasis and signaling across the entire ambient temperature range (Fig. 2e).

In line with our transcriptome analyses, metabolic analysis revealed significantly elevated
levels of the auxin precursors IAN and IAM in Ism7-2 at all three temperatures (Fig. S3a). However,
free 1AA was induced significantly only in mutants grown at 23°C (Fig. S3b), suggesting plants
strive to maintain IAA homeostasis, possibly by activating IAA catabolism. In agreement with this
hypothesis, GH3 genes encoding proteins involved in conjugating IAA to amino acids for storage
or degradation were highly overrepresented among the DE and DAS genes in Ism7-2 (Fig. S4;
Dataset S1,2). This induction was reflected in a significant increase of IAA-Asp, IAA-Glu, and IAA-
Ala conjugates in Ism7-2 at all three temperatures (Fig. $3). Furthermore, other genes involved in
IAA conjugation and catabolism, including ILR1, DAO2, and UGT74D1, were also significantly
upregulated (Fig. S4), correlating with an increase in oxIAA and oxIAA-Glc in Ism7-2 Fig. S3b).
Interestingly, we observed increased IAA-GIc only after shift to 27°C, in agreement with a previous
report* (Fig. S3b). Taken together our results indicate that the pool of auxin is increased in /sm?7-
2. The concomitant downregulation of the IAA influx genes and the upregulation of IAA efflux genes
in Ism7-2 (Fig. S4) likely reflects the plant’s effort to balance cellular auxin levels.


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 November 28, 2024. 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.

LSM7 is required for hypocotyl elongation during thermomorphogenesis

The finding that the /sm7-2 phenotype was strongly enhanced at 27°C even though our
transcriptome and metabolome analyses detected misregulation of auxin homeostasis and
signaling across the entire examined temperature range suggested that LSM7 might participate in
regulating thermomorphogenesis. Supporting this hypothesis, we found that PIF4, a key regulator
of thermomorphogenesis, was significantly downregulated in Ism7-2 after 24h (Fig. 3a). We,
therefore, investigated if LSM7 could act through PIF4 and auxin to modulate
thermomorphogenesis.

We first established that Col-0 hypocotyls elongated significantly over three days and that
this effect was further enhanced in response to treatment with exogenous auxin (picloram) (Fig.
3b). In contrast, hypocotyl length remained constant in Ism7-2 and was significantly shorter than
that of Col-0 by the end of the treatment (Fig. 3b), indicating that LSM7 was required for basal and
auxin-induced hypocotyl elongation. We further observed that the hypocotyls of five-day-old pif4-2
and pif4-2 Ism7-2 plants were significantly shorter than those of Col-0, Ism7-2, and 35S::PIF4 Ism7-
2 (Fig. 3b), confirming that hypocotyl growth is in part mediated by PIF4. However, hypocotyls of
both pif4-2 and pif4-2 Ism7-2 grew throughout the experiment and this growth was further enhanced
by exogenous auxin. Interestingly, overexpression of PIF4 (35S::PIF4) by itself did not promote
hypocotyl elongation in Ism7-2 (Fig. 3b), indicating that PIF4 requires LSM7 to induce hypocotyl
growth. However, the application of picloram induced strong hypocotyl elongation in 35S::PIF4
Ism7-2 (Fig. 3b), demonstrating that exogenous auxin when combined with high levels of PIF4 was
able to partially compensate for the reduced LSM7 expression in Ism7-2. Supporting this notion,
the response to exogenous auxin was fully restored in the gLSM7 Ism7-2 rescue lines (Fig. 3c).
Surprisingly, picloram application also resulted in moderate hypocotyl elongation in pif4-2 and pif4-
2 Ism7-2, indicating that auxin-mediated hypocotyl elongation is not exclusively regulated by PIF4.

To test whether the function of LSM7 was specific to temperature we determined if
hypocotyl elongation in Ism-7-2 was also affected under shade-mimicking conditions (low red/far-
red light ratio). We found that shade-mimicking conditions promoted hypocotyl elongation close to
wildtype levels and that this effect was largely independent of PIF4 (Fig. 3d). Taken together, our
results suggest that the temperature sensitivity of Ism7-2 can at least in part be explained by the
failure to execute thermomorphogenesis responses such as hypocotyl elongation. Our results
further indicate that PIF4 and LSM7-dependent auxin signaling act in parallel or converge on the
same targets to achieve this effect.

Overexpression of SAUR19 rescues the Ism7-2 hypocotyl elongation defect

Since PIF4 activity is reduced in Ism7-2 and treatment with picloram combined with PIF4
overexpression could restore Ism7-2 hypocotyl defect (Fig. 3b), we explored our transcriptome
data for common PIF4 and auxin targets that could explain the /sm7-2 hypocotyl elongation defects.
Among the auxin-responsive genes that were misregulated in our transcriptome analyses (Fig. 2e,
Dataset S1), the SAUR family, key regulators of auxin-, temperature-, and PIF4-mediated growth
responses such as hypocotyl elongation during thermomorphogenesis and shade avoidance(28—
30), was the most severely affected. Of the 79 Arabidopsis SAUR genes, 42 were DE, of which 35
were significantly downregulated in Ism7-2 (Fig. 4a). Of these, SAUR19 was the most strongly
downregulated SAUR gene at elevated ambient temperature. Importantly, SAUR19 overexpression
resulted in full rescue of Ism7-2 hypocotyl elongation (Fig. 4b), indicating that restoration of
SAUR19 expression could partially relieve developmental defects of Ism7-2.

Overall, our findings highlight the role of RNA processing in general and LSM7 in particular
in temperature and hormonal signaling. LSM7 contributes to auxin homeostasis and signaling by
controlling the transcriptional efficiency and accuracy of essential temperature and auxin-
responsive genes. Ultimately, the integration of PIF4 and LSM7-mediated modulation of auxin-
responsive genes such as the SAURs controls hypocotyl elongation at high ambient temperature,
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a key aspect of thermomorphogenesis and an important developmental response at elevated
temperatures (Fig. 4c).

Discussion

Recent studies have shown that splicing-associated proteins are essential for plant growth
and development under suboptimal temperatures(7, 10, 12, 13). Here, we found that LSM7, a
mRNA processing factor involved in RNA splicing and the NMD pathway, is essential for
Arabidopsis embryo and plant development (Fig. 1c). In contrast to the embryo lethal Ism7-1 allele,
the knock-down mutant /sm7-2 is viable, but displays pleiotropic developmental defects that
become more severe with warmer temperatures, culminating in seedling lethality at temperatures
as low as 27°C (Fig 1e). Although other Sm and LSm proteins have been implicated in temperature
responses(7), Ism7-2 is the only mutant with reduced viability under such moderately warm ambient
temperatures. This unique feature distinguishes LSM7 from other mRNA processing factors and
highlights its critical role in temperature acclimation. Importantly, temperature is not regulating
LSM?7 gene expression or protein per se (Fig. S$2), suggesting that the temperature sensitivity of
Ism7-2 is due to its function in processing mMRNAs of important downstream genes.

Transcriptomic analyses (Fig. 2) verified that downregulation of LSM7 modulates the
expression of genes involved in several key biological processes (Fig. 2e), including auxin
homeostasis (biosynthesis, conjugation, and degradation) and signaling. Auxin regulates plant
growth and development in a concentration and tissue-dependent manner and controls
fundamental processes such as cell division, expansion, and differentiation(31). In agreement with
the transcriptome data, targeted auxin-associated metabolite analysis (Fig. S4) showed that levels
of free auxin (IAA), the precursors IAM and IAN, and auxin conjugates such as I1AA-Ala, IAA-Glu,
and IAA-Asp accumulate in /sm7-2. The latter also correlates with the upregulation of the GH3s
genes (Fig. S3), which catalyzes the conjugation of IAA with amino acids for inactivation and
storage(32). The finding that products of IAA oxidation, such as oxIAA and oxlAA-Glc, are
significantly accumulated in Ism7-2 supports our hypothesis that downregulation of LSM7 promotes
IAA storage and inactivation to prevent overaccumulation of bioactive IAA(33). The misregulation
of genes involved in 1AA influx and efflux, respectively, are also consistent with this hypothesis (Fig.
S3).

Despite these compensatory mechanisms, auxin homeostasis and expression of key auxin
signaling genes such as AUX/IAAs and ARFs are perturbed in Ism7-2. It is known that warm
temperature promotes hypocotyl growth via the PIF4-auxin pathway, which regulates the
expression of auxin-responsive genes required for elongation(24). Unexpectedly, the application of
auxin was not sufficient to restore the hypocotyl elongation defect in Ism7-2 at high ambient
temperature, whereas PIF4 overexpression had a minor effect (Fig. 3b), suggesting that LSM7
could act in parallel to the PIF4-auxin pathway to converge on a common set of targets. In
agreement with this hypothesis, SAURs were among the most misregulated gene families (Fig.
4a). SAURs are involved not only in thermomorphogenesis(28) but also in other processes, such
as in leaf senescence, or cell division and expansion(34). Their broad range of functions could not
only explain the hypocotyl defect in high ambient temperatures but also contribute to the
developmental defects of Ism7-2 in normal ambient temperatures. SAUR genes are rapidly induced
by both auxin and PIF4. The SAUR proteins, in turn, interact with PP2C.D enzymes to inhibit their
repressive activity on H+-ATPase, which reduces the apoplastic pH and promotes cell elongation
by cell wall loosening and increasing water uptake(35). SAURs are divided into groups based on
their partially overlapping functions. The group of SAUR19-24 has previously been identified as
downstream targets of the PIF4-auxin pathway(28). Our transcriptomic analyses ranked SAUR19
as the most downregulated SAUR gene and overexpression of SAUR19 could restore hypocotyl
elongation in Ism7-2 at 27°C (Fig. 4b). Taken together, our results identify LSM7 as an essential
factor for auxin-responsive gene transcription at high ambient temperature to ensure successful
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integration of PIF4 and auxin signaling. Importantly, the effect of LSM7 on hypocotyl elongation
seems to be specific to temperature as shade-mimicking conditions, which also trigger the
elongation of hypocotyls via the PIF-auxin pathway by inducing SAURs and other auxin-responsive
genes(24, 36, 37), could restore hypocotyl elongation in /Ism7-2 close to wildtype levels (Fig. 3d).
A possible explanation for these differences could be that warm temperatures are known to
increase the expression of auxin-responsive genes moderately, whereas low R/FR ratios have a
much more pronounced effect(38). Notwithstanding, this will be an interesting aspect to further
investigate in future work.

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. We demonstrated that LSM7 is a key regulator required for efficient mMRNA expression
and processing of numerous auxin-related genes, from auxin biosynthesis to signaling and
transport, thereby coordinating the response of plants to ambient temperature. Based on these
findings, we propose that the misregulation of auxin genes, and especially the downregulation of
numerous SAUR genes, prevents Ism7-2 from correctly executing thermomorphogenesis,
ultimately leading to increased seedling lethality at moderately warm temperatures.

Materials and Methods

Plant material and growth conditions

Ism7-1 (SALK_066076C), Ism7-2 (SALK_065217), and pif4-2 (SAIL_1288_EQ7) seeds were
obtained from Nottingham Arabidopsis Stock Center (NASC). Rescue lines (cLSM7, gLSM7 or
gLSM7-GFP) were created using the GreenGate system(39). The promoter (2140 bp upstream of
the start codon) and terminator (256 bp downstream of the stop codon) regions of the LSM7 gene
(gLSM7) were amplified from Col-0 seedlings and cloned in pGGA000 (pLSM7), and pGGE000
(tLSM?7), respectively. The cLSM7 was also amplified from Col-0 cDNA and cloned in the pGGC000
and the pGGF004 for BASTA resistance as a plant selection marker. The pGGZ003 was used as
the destination vector for all the final constructs. Col-0, Ism7-1 or Ism7-2 plants were grown at 23°C
and transformed by floral dipping using Agrobacterium tumefaciens-mediated gene transfer(40).
Overexpression lines for PIF4 (35S::PIF4) and SAUR19 (35S::SAUR19) were created by
transforming the Ism7-2 mutant. The 35S::SAUR19 lines were created by amplifying SAUR79 CDS
from Col-0 cDNA and cloned in the pGGCO000 and the pGGF004 for BASTA resistance as a plant
selection marker, in final GreenGate vector pGGZ003. The plasmid pCF402 (35S::PIF4-HA) to
create the 35S::PIF4 lines was a gift from Prof. Christian Fankhauser(41). Transformants were
selected by BASTA application. or GFP-seed coat screening for the overexpression lines 35S::PIF4
(Dataset S4).

Seeds were surface sterilized with 70% ethanol and then stratified at 4°C in the dark for 72 hours
before sowing on soil or half-strength MS medium plates. Plants were cultivated in long-day
conditions (16 hours light/8 hours dark) in Percival chambers with full-range LED illumination and
photosynthetically active radiation (PAR) of 120-150 ymol™2s!, controlled humidity (RH 70%) at
three ambient temperatures (16°C, 23°C, and 27°C) as specified in the text. Flowering time was
recorded in soil-growth seedlings when apical meristems were visible (DAS — days after sowing),
and rosette and cauline leaves were then counted. Hypocotyl elongation measurements were taken
in plate-growth seedlings. Briefly, seedlings were grown on vertical plates in Percival chambers at
23°C for five days under light and grow conditions as described above. High ambient temperature
(27°C) and low R/FR treatment started on day five at ZT6. For picloram (Sigma-Aldrich, Steinheim,
Germany, P5575) treatment, nylon meshes were transferred on day five before the temperature
shift to half-strength MS medium with 2uM picloram and 0.1% dimethyl sulphoxide (DMSQO) for
mock treatment. Seedling imaging and measurements were performed on day eight with the Fiji
package from ImageJ software (https://fiji.sc).
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Seed survival determination

For seed survival determination, siliques at mature stages of development were dissected under a
Leica MZ16 stereomicroscope, and seeds from 20 siliques of 15 individual plants were analyzed.
The percentage represents the developed versus the total number of seeds counted in the siliques
for each line. Plants were grown at 23°C and long day conditions as described above.

Microscopic analysis of embryos

For microscopic analysis, 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(42). 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 PCP (AT2G18740), PCP-like (AT4G30330), LSM5 (AT5G48870), LSM7
(AT2G03870) and its truncated form LSM7-1t were cloned into the modified yeast vectors pGADT7
or pGBKT7(43) (Dataset S4). Yeast two-hybrid (Y2H) assays were conducted, and plasmids were
co-transformed in AH109 yeast strain. Transformants and interactions were screened on SD-
glucose medium lacking leucine (-L), tryptophan (-W), and histidine (-H). Auto-activation was
determined for all bait vectors to exclude false positive interactions.

LSM7 subcellular localization and quantification

For LSM7 protein subcellular quantification, /sm7-2 and Col-0 seedlings bearing the
pLSM7:GFP:gLSMT7:tL SM7 construct were grown for nine days at 23°C in LD conditions and shifted
for 24h to 16°C or 27°C, or kept at 23°C before been live imaged. To determine GFP-LSM7
enrichment in the nucleus, ten-day-old rescue seedlings were counterstained in ClearSee with 10
pg/mL Hoechst 33342 for one day(44). To minimize the risk of exposing the cells to any other factor
than the temperature treatment, gLSM7-GFP observations were performed in seedlings mounted
in the 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 an 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, with each cell associated with an ROI in the nucleus and another in the cytoplasm.
The mean intensities of measurements of different pictures were analyzed together. Images were
processed and analyzed using the Fiji package of Imaged (https:/ffiji.sc).

LSM7 protein expression analysis

For LSM7 protein expression, nine-day-old /sm7-2 and Col-0 seedlings bearing the
pLSM7:GFP:gLSMT7:tLSM7 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
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using 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 NacCl, 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 visualized with the Azure Imaging System (Azure Biosystems,
Inc).

Transcriptomic analysis

To analyze transcriptomic changes in response to different ambient temperatures, /sm7-2 and Col-
0 seedlings were grown for nine days at 23°C in LD conditions and shifted at ZT6 (time-point Oh)
to 16°C, 27°C or kept at 23°C in LD and sampled after 3h and 24h. Three pools of ten seedlings’
aerial parts were collected per tested condition. 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
mRNA-Seq was conducted by Novogene using NEB Next® Ultra RNA Library Prep Kit for lllumina.
Briefly, mRNA was purified from total RNA using poly-T oligo-attached magnetic beads. After
fragmentation, the first-strand cDNA was synthesized 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(45) and FastQC. Reads were mapped to the AtRTD2-QUASI transcriptome
annotation(46) using Salmon(47). After normalization, 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(48). Genes
with False Discovery Rate (FDR)-corrected-values < 0.05 and fold-change (log2) threshold of 0.5
were classified as differentially expressed (Dataset S1,2). 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 2021(49) (Dataset S3).

Gene expression analysis by quantitative real-time PCR (qPCR)

RNA samples were treated with DNasel, RNase-free (Thermo Scientific), and then retro-
transcribed using the RevertAid First Strand cDNA Synthesis kit (Thermo Fisher) according to the
manufacturer's instructions. Primers were designed using Primer 3 software® with the criterion of
generating amplified products from 80 to 180 bp with a Tm of 60 + 1°C (Dataset S4). The cDNA
samples were used in gPCR reactions with LightCycler Sybr (Roche), using the CFX96 Real-time
System (Biorad). A normalized expression ratio was calculated using an efficiency (E)-calibrated
model, and the experimental significance was estimated through 2000 randomizations of Cq data
in each experimental comparison using REST software (version mcs)'* Three technical and three
biological replicates were performed for each sample.
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IAA and IAA-conjugate measurements

Col-0 and Ism7-2 seedlings were grown for nine days at 23°C in LD conditions and shifted to
ambient temperatures of 16°C or 27°C, or kept at 23°C for 24 hours. At ZT6, five pools of 20mg
seedling shoots for each genotype at each temperature were collected in liquid nitrogen. The
extraction, purification, and LC-MS analysis of endogenous IAA, its precursors, and metabolites
were carried out according to Novak et al'®. A bead mill (27 Hz, 10 min, 4°C; MixerMill, Retsch
GmbH, Haan, Germany) was used to homogenize 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 13C6- or deuterium-labeled internal standards. After
centrifugation (14 000 RPM, 15 min, 4°C), the supernatant was divided into two aliquots. The first
aliquot was derivatized 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 derivatized 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).

Statistical analysis

Each section provides information on statistical tests, which are included in figures and figure
legends (P-value, P-value levels, and sample number).

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 PRJEB77534. Lists of
differentially expressed genes and transcripts are made available as Supplementary Files. Other
data supporting this study's findings are available from the corresponding author upon request.
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Figure 1. LSM7 is essential for embryo development and proper plant growth at low and
high ambient temperatures. a Scheme of the LSM7 gene locus and the T-DNA mutants used in
this study. Exons are represented by grey boxes, UTRs are represented by light grey boxes, introns
are represented by lines, and inverted triangles indicate T-DNA insertions. b Wildtype and Ism7-1-
/- embryos collected from Ism7-1+/- plants. The scale bar is 100um. ¢ Seed survival rate (%) for
Col-0 (white bar), T2 pLSM7::cdsLSM7::{LSM7 Ism7-1 (light grey bar) and pLSM7::gLSM7::tLSM7
Ism7-1 (dark grey bar) rescue lines. Error bars indicate standard deviation and letters significant
differences for p<0.001 (t-test). d Wildtype and /sm7-2 plants grew at different temperatures (the
scale bar is 1cm), with an overview of the shoot apical meristem in seven-day-old wildtype and
mutant seedlings (23°C). Cell organization is observed in median longitudinal confocal sections
(the scale bar is 20uM). E, Epidermis; C, Cortex; En, Endodermis; St, Stele. e 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. One-way ANOVA was used for statistical analysis. Letters above
the box plots indicate statistically different categories (p <0.05). Error bars are standard deviation
(SD) of mean values. n, Number of individual plants; #, line numbering.
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Figure 2. 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) are shown. d Number of differentially expressed genes (DEGs; log2FC
Ism7-2/Col-0) in each tested condition detected by RNA-seq divided by up- or down-regulation. e
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 circle sizes and the false discovery rate (FDR)
by colours represent the number of genes. Stars highlight the auxin-related GOs.
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Figure 3. Ism7-2 hypocotyl elongation defect is temperature-dependent. a RNA-seq
expression of PIF4 (log2FC Ism7-2/Col-0) in 10 days-old seedlings. The significance of FC values
is indicated by three asterisks (padj<0.001). b-d Hypocotyl length of seedlings grown for five days
at the indicated temperature and then transferred to the indicated treatment for three days or
maintained at 23°C. The number of seedlings (n) is shown at the bottom of each box. Different
letters denote statistical differences (p <0.05) among samples as assessed by one-way ANOVA
and Tukey HSD. Boxes indicate the first and third quartiles and the whiskers indicate the minimum
and maximum values, the black lines within the boxes indicate the median values and grey dots
mark the individual measurements. d, number of days. The different treatments are coloured with
different shades of grey.
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Figure 4. SAUR genes are misregulated in Ism7-2. a Heatmaps of significant differentially
expressed SAUR genes (log2FC Ism7-2/Col-0) in seedlings exposed to different ambient
temperatures, organized according to their function. Shades of red indicate up-regulated genes,
and shades of blue indicate downregulated genes in Ism7-2. b Hypocotyl length of 8-day-old
seedlings grown at 27°C. The number of seedlings (n) is shown at the bottom of each box. Different
letters denote statistical differences (p <0.05) among samples as assessed by one-way ANOVA
and Tukey HSD. Boxes indicate the first and third quartiles and the whiskers indicate the minimum
and maximum values, the black lines within the boxes indicate the median values and grey dots
mark the individual measurements. ¢ Working model summarizing our results on the LSM7 role at
high ambient temperatures.
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