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ABSTRACT

Plants need to constantly surveil their surroundings to adapt to environmental fluctuations, which they
achieve primarily through transcriptional reprogramming. Thus, plants are excellent models for identifying
novel transcriptional regulatory mechanismes. In this study, we characterize the regulation mediated by long
non-coding transcription that initiates on the complementary strand in the 5' end of coding genes (conver-
gent antisense transcription, CASt). In Arabidopsis, CASt is associated with stress-responsive genes that
are highly expressed. Our analysis shows that CASt depends on a specific gene architecture that is evolu-
tionarily conserved in higher plants. CASt is present in genes with an extended first intron and over-
represented in genes encoding functional transporters in Arabidopsis, such as the AMINO ACID
PERMEASE (AAP) transporter family. Experimental evidence points to a role for CASt in priming their
host genes for stress responsiveness in evolutionary divergent plant species. Furthermore, we were able
to predict stress responsiveness in rice AAP genes based on the presence of a long first intron and
CASt. Collectively, we show an evolutionary strategy and regulatory mechanism specific to plants for
enhancing stress responsiveness through modification of gene architecture and antisense transcription.
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INTRODUCTION

Plant stress responses involve several layers of regulation,
including complex transcriptional mechanisms. Detecting fast
changes in transcription is crucial for understanding how plants
rapidly adapt to environmental challenges. However, many tran-
scriptional events are difficult to detect by steady-state methods
due to the rapid degradation of the synthesized RNA. Efficient
approaches for directly studying all genome-wide transcription
events measure active transcription by RNA polymerase ||
(RNAPII), the primary RNA polymerase in eukaryotic cells. For
example, native elongation transcript sequencing (NET-seq) cap-
tures the RNA attached to RNAPII and can detect transcription
events before degradation occurs. This enables the detection
of transcripts that are normally rapidly turned over (i.e., non-
coding transcripts) (Churchman and Weissman, 2011; Kindgren

et al., 2019). NET-seq in plants (plaNET-seq) has previously iden-
tified one class of long non-coding transcription, defined as
convergent antisense transcription (CASt) (Kindgren et al.,
2019). Arabidopsis thaliana possesses two types of antisense
transcription to a large degree, defined as CASt and poly(A)-
associated antisense transcription (PASt; initiates in the 3'
end of genes) (Kindgren et al.,, 2019). We have previously
characterized PASt in Arabidopsis, and it occurs frequently at
stress-responsive transcription factors (Meena et al., 2024).
However, despite being prominent in eukaryotic genomes,
antisense transcription is poorly studied.

CASt in Arabidopsis, as in metazoans, is often initiated at the first
exon-intron junction (Brown et al., 2018). Additionally, CASt in
Arabidopsis is detected at genes that display a certain 5'-end
gene structure and have, on average, a long first exon and intron
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(Kindgren et al.,, 2019). First introns harbor important DNA
sequences that dictate the expression of their host genes
(Zalabak and Ikeda, 2020). In human cells, the DNA sequences of
the first intron are the longest and most conserved compared to
other introns (Le Hir et al., 20083; Park et al., 2014; Jo and Choi,
2019). In plants, first introns are important determinants of proper
stress response, mostly being described in the process of
alternative splicing (Mastrangelo et al., 2012; Jabre et al., 2019).
However, how stress-responsive CASt influences the expression
of their long first intron-containing host genes is unknown.

In the present study, we found that Arabidopsis thaliana genes
harboring CASt predominantly encode stress-responsive trans-
porters. Transporters orchestrate plant stress responses by arapid
modulation of the influx and efflux of cellular components. For
instance, the distribution of nitrogen is partly controlled by the
amino acid/auxin permease (AAAP) family, a widely diverse super-
class of transporters including AMINO ACID PERMEASE (AAP)
and LYSINE-HISTIDINE-LIKE TRANSPORTERS (LHT) families
(Tegeder and Ward, 2012). However, not all AAAPs in a subclass
have CASt, suggesting specialization and a unique evolutionary
pressure for some members. We reveal a confluence of CASt
into an extended first intron within specific members of a protein
family. Experimental evidence shows that the combination of reg-
ulatory elements in the first intron and proper CASt of AMINO ACID
PERMEASE 1 (AAP1) play a role in the gene’s ability to respond to
cold stress. Moreover, we showed that the presence of CASt
at AAP transporters and low-temperature responsiveness is
conserved in maize and rice, evolutionary distant plant species.
Our study reveals CASt as an evolutionary conserved regulatory
mechanism to prime plant genes for stress response.

RESULTS

CASt genes predominantly encode stress-responsive
transporters

CASt has earlier been detected and defined in Arabidopsis
(Kindgren et al., 2019). They are non-coding transcription events
that initiates at the 5' half of their host gene (CASt genes,
Supplemental Table 1), with over 90% of CASt initiating around
the first or second exon-intron junction (Figure 1A) (Kindgren
et al., 2019). CASt is often rapidly degraded in the plant cell,
and a nascent sequencing method is required to detect the
transcription events (Kindgren et al., 2019); an example can be
seen in Figure 1B. To further characterize CASt genes, we
measured their length. CASt genes were longer compared to
expressed genes (Figure 1C) and included a significantly longer
first intron (median of 342 bp) compared to non-CASt genes (me-
dian of 202 bp) (Supplemental Figure 1A). These features made
us evaluate whether there was evolutionary pressure on the
DNA region that includes the first intron and where CASt is
active. Thus, we calculated PhyloP scores, which measure
evolutionary conservation at individual alignment sites (high
values mean sequences are predicted to be more conserved).
We detected an increased positive PhyloP score for CASt
genes (Figure 1D, dashed box), suggesting that the interval
where CASt is initiated is an evolutionary feature in plants.

To better understand the biological importance of hosting CASt,
we performed a Gene Ontology (GO) analysis. CASt genes were
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enriched in those encoding transporters (Figure 1E,
Supplemental Table 2) and for terms related to the response
to different kinds of stimuli, including abiotic stress (Figure 1F,
Supplemental Table 2). 111 genes have previously been
assigned a transport role in the list of CASt genes
(Supplemental Table 3). For example, AVTJ1 has previously
been described as a salt-responsive transporter gene (Gong
et al., 2001). AVTJ1 is defined as a CASt gene with a long first
intron, and we confirmed that AVTJ1 is responding to low temper-
ature with plaNET-seq data (Supplemental Figure 1B). We
evaluated whether a long first intron alone could explain the
stress responsiveness in CASt genes. On the contrary, genes
with a long first intron but without CASt had different, non-
stress-related terms over-represented compared to CASt genes
(Supplemental Table 4). Corroborating these results, the first
introns of CASt genes compared to the first introns of non-
CASt genes with a long first intron were not enriched for stress-
related regulatory DNA elements (Supplemental Figure 1C,
Supplemental Table 5). However, when we compared the full-
length sequence of CASt genes including the promoter to ex-
pressed genes, we found a plethora of known stress-involved
regulatory motifs enriched (Supplemental Figure 1D). Together,
this indicates that the first introns of CASt genes are
evolutionary conserved but not preferentially occupied by cis-
regulatory elements involved in stress response. It further
suggests that the long first introns with CASt have evolved side
by side with regulatory motifs in the rest of the gene body and
promoter to make the gene stress responsive.

CASt genes are highly active in normal growth
conditions and responsive to cold stress

CASt has previously been found to be highly cold responsive with
transcriptional activity decreasing after 3 and 12 h at 4°C
compared to 22°C (Kindgren et al., 2019). To further characterize
the effects of CASt in the transcription regulation of their host
genes, we evaluated their chromatin context using available
genome-wide datasets. First, we detected a higher polymerase
(RNAPII) occupancy at CASt loci compared to the control set
(Figure 2A). Second, chromatin accessibility assessed by the
assay for transposase-accessible chromatin with sequencing
(ATAC-seq) corroborated that CASt genes have an open chro-
matin environment over the promoter and 5' end, suggesting that
CASt genes were highly active in normal growing temperatures
(Figure 2B). High-resolution genome-wide nascent transcription
data are so far only available after low-temperature (4°C) treatment
(Kindgren et al., 2019). Therefore, we focused our analysis on this
stress condition. Indeed, when looking at sense transcription, we
validated that CASt genes have enhanced low-temperature
response when compared with genes without CAS transcription
that were actively induced after 3 h at 4°C (Supplemental
Table 6). Additionally, we plotted plaNET-seq data centered on
the +1 nucleosome and CASt genes showed an augmented
RNAPII stalling (Figure 2C and 2D), indicating that CASt genes
are in a “stand-by” state for activation at 22°C. We observed
that genes without antisense transcription had a symmetric
stalling around the first nucleosome. In contrast, at CASt genes,
we observed an increased RNAPII occupancy downstream of
the stalling site compared to upstream, indicating increased
transcriptional activity along the gene body. A similar pattern
was detected when plotting active RNAPII transcription after 3 h
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Figure 1. CASt genes predominantly encode stress-responsive transporters.
(A) Graphical illustration of the definition of convergent antisense transcripts (CAS).

(B) plaNET-seq screenshot of a CASt gene, AT5G63800.

(C) Violin plot of the length of all expressed genes compared to CASt genes. p value (1.19e—11) was calculated with the Mann-Whitney U test.
(D) Average conservation using PhyloP scores calculated from 63 plant species across control genes or CASt genes. The coverage of scores is unscaled
from 500 bp upstream of the transcription start site (TSS) coordinate and downstream of the polyadenylation signal (PAS). Regions between TSS and PAS

are scaled.

(E and F) GO term enrichment (top 5) of CASt genes (E) molecular function and (F) biological processes. The numbers indicate the detected number of

genes in respective GO term.

at 4°C (Figure 2E and 2F). The low-temperature response was
greatly enhanced in CASt genes compared to upregulated
genes without antisense transcription. Thus, our data strongly
suggest that CASt genes have an enhanced response to 4°C
compared to upregulated genes without antisense transcription.
This “ready state” of low-temperature regulation at control
temperatures indicates that a main function for CASt is already
active at 22°C.

CASt as a mechanism of evolutionary divergence in
amino acid transporters

To further investigate the biological role of CASt in their host
genes, we explored the list of CASt genes with transporter func-
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tion and divided them into their protein families (Supplemental
Figure 2A) (Fischer et al., 1998; Li et al., 2002; Ahn et al., 2004;
Maurino et al., 2006; Kang et al., 2011; Jelesko, 2012; Denancé
et al., 2014; Nifo-Gonzalez et al., 2019; Hao et al., 2020; Ji
et al., 2022). We noted that relatively few genes from each
investigated family hosted CASt. The highest occurrence was
found in the AAAP family (11 CASt genes of 44 total members),
warranting further analysis. We observed that the few genes host-
ing CASt in each AAAP subclass coincidently presented the
longest first intron among its members (Figure 3A,
Supplemental Figure 2B-2E). This phenomenon was also found
in other transporter families (Supplemental Figure 2F and 2G),
indicating a general gene-architecture specialization for some
members in distinct subclasses in Arabidopsis. To evaluate
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Figure 2. CASt genes are active and highly responsive to stress.

(A) Metagene profile of RNAPII chromatin immunoprecipitation sequencing data.
(B) Metagene profile of ATAC-seq data along the whole scaled gene body, with unscaled plotting from 500 bp upstream of the transcription start site

(TSS) coordinate and downstream of the polyadenylation signal (PAS).

(C and D) Metagene profile of plaNET-seq data at 22°C centered on the (C) +1 nucleosome and (D) TSS of CASt genes (UP 3h at 4°C), compared to non-
responding genes, and other upregulated genes at 3h 4°C without antisense transcription.

(E and F) Metagene profile of plaNET-seq data at 3 h at 4°C centered on the (E) +1 nucleosome and (F) TSS of CASt genes (UP 3 h at 4°C), compared to
non-responding genes, and other upregulated genes at 3 h at 4°C without antisense transcription.

whether AAAP CASt genes in Arabidopsis were generally
responding to stress, we used published plaNET-seq data at
control (22°C) temperature and during low-temperature expo-
sure. All but one CASt gene showed significant changes in cold
stress, while none of the genes without CAS transcription re-
sponded to low temperature (examples can be seen in
Supplemental Figure 3). Together, these results pinpoint long
introns, and their hosted CASt, as a possible mechanism of
divergent regulation between members of a gene family.

The AAP family mediates uptake and distribution of amino acids
across plant tissues, thereby playing central roles in nitrogen allo-
cation, seed development, and plant growth, yet their role in cold
stress response has not been explored. Within this family, two
genes hosted CASt. AAP1 is primarily involved in amino acid
import during early seedling development and contributes to ni-
trogen partitioning, while AAP5 functions in the uptake of cationic
amino acids and regulates amino acid homeostasis, especially
under stress and during root-to-shoot transport (Lee et al,
2007; Svennerstam et al., 2008, 2011). Both genes belong to
subclasses with multiple members. Thus, we chose these CASt
genes for a more detailed analysis (Figure 3A). The amino
acid sequence of the six AAPs is highly conserved between
members, supporting their common ancestry, but their gene

structure is highly variable (Supplemental Figure 2H-2I). Our
analysis showed that AAP7 and AAPS5, and their CASt, are highly
responsive to low temperature at a steady state and nascent level
(Figure 3B-3E). In contrast to their host gene, the CASt of AAP1
(@sAAP1T) and AAP5 (asAAP5) was downregulated during cold
stress (Figure 3D and 3E, Supplemental Figure 4A and 4B).
Available cap analysis of gene expression (CAGE) and direct
RNA sequencing (DRS-seq) data showed the start and end of
CASt at AAP1 and AAP5 (Supplemental Figure 5A and 5B).
CASt initiates at the fourth and second exon-intron junctions,
respectively. Both transcripts had an increased CAGE signal in
hen2-2 and rrp4-2 mutants, indicating a rapid turnover by the nu-
clear exosome. Thus, our analysis pinpoints AAP1 and AAP5 as
novel players in the low-temperature response and CASt as a pu-
tative mechanism of their regulation.

AAP1 and AAPS5 are involved in amino acid homeostasis
in response to low temperature

Although AAP1 and AAP5 have not previously been linked to the
low-temperature response, the polyamines they transport are
well known to contribute to abiotic stress tolerance, including
cold stress (Chen et al., 2019; Ramazan et al., 2023; Blazquez,
2024). To test their biological function, we used transfer DNA

Molecular Plant 18, 1920-1931, November 3 2025 1923
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Figure 3. Members in the AAAP transporter gene family present a long first intron.
(A) The length in base pairs of the first intron in members of the AAP class.
(B and C) The relative steady-state level measured by RT-gPCR following exposure to 4°C at indicated time points of 10-day-old seedlings of (B)
AAP5 and (C) AAP1. Steady-state levels were normalized to WT levels at 22°C. The mean values are from three biological replicates. Error bars
represent +SEM. Statistical significance was calculated with Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001).

(D and E) Graphical illustration of the gene (upper panel), plaNET-seq screenshots of sense transcription (black, middle panel), and plaNET-seq
screenshots of antisense transcription (red, lower panel) of (D) AAP5 and AT1G44100 and (E) AAP1 and AT1G58360.

(knockout) mutant lines of AAP71 and AAP5. To assess growth at
low temperature, we compared plants that stayed in 22°C with
plants moved to 10°C (growth at 4°C is minimal, hence the use
of 10°C). Both aap mutants showed impaired growth at 10°C
(Figure 4A and 4B) and increased tolerance to freezing after
cold acclimation compared to wild type (WT) (Supplemental
Figure 6A). This tradeoff effect between growth and freezing
tolerance is a common phenotype in mutants impaired in the
low-temperature response in Arabidopsis (Jaglo-Ottosen et al.,
1998; Gilmour et al., 2000).

In addition, we performed a relative growth rate (RGR) assay
(Nunes et al., 2013) and found that loss of AAP5 resulted in
increased plant growth boost after plants returned to 22°C
compared to WT (Supplemental Figure 6B). app7-3 mutants

1924 Molecular Plant 18, 1920-1931, November 3 2025

recovered with a delay compared to WT plants with a peak at
11 h. Plants that grew continuously at 22°C had no significant
differences (Supplemental Figure 6C). To confirm that there
was an imbalance in polyamine content after short-term low-
temperature exposure in our mutants, we measured the meta-
bolic composition of polyamines, their precursors, and their de-
rivatives. Glutamate in the form of glutamic acid had an overall
lower concentration in both mutants compared to the WT
(Figure 4C). Both AAP1 and AAP5 transport glutamate and it
is a key metabolite for all polyamines (Boorer and Fischer,
1997; Perchlik et al., 2014). Glutamic acid has been implicated
as an important molecule in the low-temperature response in
plants (Barand et al., 2015; Lee et al., 2021). Additionally, we
observed a misregulation of the levels of other polyamines in
response to low temperature in the mutants (Figure 4D,
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Supplemental Figure 7). Taken together, our data show that
AAP1 and AAP5 are important for the low-temperature
response in Arabidopsis.

Impaired CASt correlates with a loss of AAP1 induction
after exposure to low temperature

Next, we tested the impact of CASt in the low-temperature
response on their hosting genes. We aimed to generate stable
CRISPR-Cas9 deletion lines where parts of the first intron of
AAP1 and AAP5 would be deleted. We were unable to attain
AAP5 lines but succeeded for AAP1 (aap1-cr, Figure 5A). Our
isolated line fulfilled two important criteria. Firstly, we did not
interfere with the transcription start site (TSS) of the CAS
(@asAAPT). Secondly, we did not interfere with the expression
of sense AAP1 at control conditions (Figure 5B), nor did we
interfere with the splicing or stability of sense AAP7T mRNA
(Supplemental Figure 6). When seedlings were exposed to low
temperature, we did not detect an induction of AAP71 steady-
state levels in aap7-cr (Figure 5B). In addition, we detected
lower levels of asAAP1 in aapl-cr in control conditions
compared to WT and did not detect any low-temperature-
induced response (Figure 5C). This suggests that the deleted
sequence of the first intron is important for regulation of
asAAP1 rather than AAP1 at 22°C. During exposure to 4°C,
the deleted sequence is important for stress-induction of
AAP1 and repressing asAAP1 expression. The aap71-cr mutant
showed a similar cold-sensitive growth phenotype to the aap7
mutant, indicating that impaired low-temperature response in
aap1-cr has a biological role (Figure 5D). The results from
aap1-cr corroborate our hypothesis that asAAP17 and regulatory
sequences in the first intron are required for proper regulation of
AAP1. It also suggests that the expression of asAAP1T partly dic-
tates the regulation of the host gene.

CASt are found concurrently across plant evolution

An interesting question derives from our results in Arabidopsis:
has the mechanism of low-temperature response via CASt

first retrieved the sequence of the AAP

family in different species of the green line-
age; a chlorophyte (Coccomyxa subellipsoidea), two bryophytes
(Physcomitrella patens and Marchantia polymorpha), and a lyco-
phyte (Selaginella moellendorffii) (Zhang et al., 2020). We also
included four higher plants; Arabidopsis thaliana (Tegeder and
Ward, 2012), Oryza sativa (Taylor et al., 2015), Populus
trichocarpa (Bai et al., 2019), and Zea mays (Islam et al,
2024). Comparative analysis showed that at least one member
of the AAP family had an extended intron compared with the
other members, suggesting a targeted selection of a long first
intron in all species investigated (Figure 6A, Supplemental
Table 7). The occurrence of long first introns was more
prevalent in higher plants, indicating that this evolutionary
strategy is more common among these species. To confirm
this, we used available precision run on sequencing data in
maize and rice to identify CASt (Joly-Lopez et al., 2020;
Lozano et al., 2021). We chose subclasses with multiple
expressed members (only one subgroup in maize and three in
rice) with and without CASt. This made it possible to
investigate genes where their encoded amino acid sequences
are highly similar but with different gene structures. Similar to
Arabidopsis, maize and rice genes with the longest first intron
in each subclass had an associated CASt (Supplemental
Figures 9 and 10). For example, the CASt gene ZmAAP6 has
been shown to respond strongly to drought compared to the
other subgroup members (Islam et al., 2024). In rice, the
expression of all genes in Supplemental Figure 9 was
monitored with RT-gPCR in control and after 4°C exposure
(OsAAP14, OsAAP5, OsAAP17, and OsAAP2 were not
detectable in our conditions). In perfect alignment with our
hypothesis, all CASt genes in rice were more responsive to
cold stress than their close homologs without antisense
transcription (Figure 6B). This indicates that the AAP family of
transporters has been under evolutionary pressure to adopt a
member-specific gene structure, tightly correlated to their low-
temperature responsiveness. Collectively, our study highlights
the conservation of gene architecture across evolutionary diver-
gent plant species and points to a general role for CASt to prime
transporter genes for the response to low temperature.
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(A) Graphical illustration of the position of the
deletion in aap7-cr. The gPCR probe used for
amplification of asAAP17 in (D) is shown.

(B) The relative steady-state level measured by
RT-gPCR at 22°C and following low-temperature
exposure (12 h at 4°C) of AAP1 in WT and aap1-cr
seedlings grown for 10 days. Steady-state levels
were normalized to WT levels at 22°C. The mean
values are from three biological replicates. Error

C
°C+12h4°C

1

Steady state level (asAAP1/REF)

2.0 o m 22°C
O 22°C +12h 4°C

1.6

1.24

0.8

0.8

0.4

Biomass (norm. to WT)

0.4 -

Steady state level (AAP1/REF)

0.8 4
WT

22°C(5w.) | +

bars represent +SEM. Statistical significance was
calculated with Student’s t-test (**p < 0.01).

(C) The relative steady-state level measured by
RT-gPCR at 22°C and following low-temperature
exposure (12 h at 4°C) of asAAP1 in WT and
aap1-cr seedlings grown for 10 days. Steady-
state levels were normalized to WT levels at
22°C. The mean values are from three biological
Kok replicates. Error bars represent +SEM. Statistical
% significance was calculated with Student’s t-test

aap1-cr
22°C 3 w.)

10°C (2 w.)

(*p < 0.05).

(D) The relative weight (wet) of WT and aap1-cr
plants after 5 weeks at 22°C and after 3 weeks
at 22°C and 2 weeks at 10°C. Statistical signifi-

WT aap1-cr

DISCUSSION

An essential prerequisite for a sessile organism is the ability to
rapidly and transiently be able to respond to fluctuations in its sur-
rounding environment. In plants, transcriptional regulation of
coding and non-coding DNA sequences are a central part of
the response. While coding transcription is well studied, non-
coding transcription in response to stress is less so. A common
form of non-coding transcription in plants occurs on the anti-
sense strand of coding genes (Kindgren et al., 2019; Reis and
Poirier, 2021). Antisense transcription has emerged to be an
important regulatory element in many developmental and
stress-related decisions made by the plant (Reis and Poirier,
2021). Recently, we showed that PASt of specific transcription
factors promotes their low-temperature responsiveness (Meena
et al., 2024). Here, we characterize another class of antisense
transcription in Arabidopsis, CASt. In contrast to PASt, CASt
initiates in the 5' end of genes. Interestingly, the regulatory
functions of CASt in plants seem to differ from metazoans,
where they are the dominant form of antisense transcription
(Mayer et al., 2015). Plant CASt genes are associated with high
transcription activity, while human genes with CAS transcription
are mostly lowly expressed (Mayer et al., 2015; Brown et al.,
2018). However, no correlation with a long first intron has been
investigated in human cells (Mayer et al., 2015; Brown et al.,
2018). Exons are phased to nucleosomes, leaving the exon-
intron junction at the end of the DNA wrapped around the
nucleosome (Andersson et al., 2009; Chodavarapu et al., 2010;
Jabre et al., 2021). Consequently, the initial DNA sequence of
an intron is less nucleosome rich, and, indeed, the TSS of CASt
in Arabidopsis is downstream of a nucleosome-depleted region
(Kindgren et al., 2019). Although CASt in humans and plants
share some features, it is also evident that different organisms
have diverging functions for antisense transcription.
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cance was calculated with Student’s t-test (**

WT 'aap1-cr' p<
0.001).

We can show that the presence of CASt in Arabidopsis, maize, and
rice is correlated to the presence of a long first intron and, conse-
quently, host gene stress responsiveness. Our data show a tar-
geted evolution of specific members of AAAP transporters, only
one or a few of each subclass have a long first intron and CASt.
We experimentally show that part of the first intron of AAP1 in Ara-
bidopsis is responsible for the regulation of CASt (asAAPT). The
first intron is known to regulate sense expression in plants
(Wang et al., 2014; Questa et al., 2016), but it is far less known
how these sequences determine antisense expression. Previous
work has shown that antisense transcription can be either a
positive or a negative regulator of sense transcription (Zhao
et al., 2018; Zacharaki et al., 2023; Meena et al., 2024). Our work
on the AAP1 locus suggests that asAAP7 is more important to
prime the host gene for low-temperature response rather than
regulating sense expression in normal growing conditions, similar
to what was found for PASt genes (Meena et al., 2024). It is unlikely
that CASt, which is complementary to the mRNA of its host gene,
has a direct role in regulating mRNA levels. The CASt is rapidly
degraded by the nuclear exosome (Kindgren et al., 2019;
Thieffry et al., 2020) and would have limited temporal ability to
form double-stranded RNA. In corroboration, our results show
that a lower level of asAAPT does not affect the stability of
AAP1. Therefore, a more likely mechanism is that the act of anti-
sense transcription regulates the host genes. For example, anti-
sense transcription has been shown to promote post-
translational modifications of histone tails (Questa et al., 2016)
and the formation of DNA:RNA hybrids (Ariel et al., 2020).
Exactly how CASt performs their functions is still unanswered
and an obvious avenue for future studies.

In conclusion, the integration of gene architecture with antisense
transcription constitutes a conserved mechanism among plant
species to diversify functions among gene families to cope with
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(Svennerstam et al., 2011) and aap5-1
(SALK_041999) (Svennerstam et al., 2008).
Seeds were sterilized using 70% ethanol and
0.05% Triton-X, air dried, and sown on » MS
medium, pH 5.7, 1% sucrose, and 1% agar.
Plates were kept in the dark at 4°C for 48 h for
stratification and then moved to a growth cham-
ber with 100 pEm~2s~" light on long-day (16-h
light/8-h dark, 22°C day/18°C night) conditions.
10-day-old seedlings were collected either
directly or post low-temperature treatment (4°C
with 20-25 pEm~2s~" light). Three independent
biological replicates were collected, flash-
frozen in liquid nitrogen, and stored at —80°C
until further use. For weighing of plants at control
and 10°C, plants were grown in short-day condi-
tions with 100 uEm~2s~" light (8-h light/16-h
dark, 22°C day/18°C night) for 3 weeks and
then kept at control or transferred to 10°C with
similar light conditions. Plants were weighed
14 days after transfer. The aap7-cr mutant was
created by CRISPR-Cas9 using the pHSE401 bi-
nary vector (Xing et al., 2014) and gRNA1 and
gRNA2 (Supplemental Table 8). Primers for
genotyping the deletion can be found in
Supplemental Table 8. Rice seeds from the
japonica cultivar (Oryza sativa ssp. japonica cv.

fluctuating environmental conditions. Antisense transcription
coupled with an extended first intron establishes a novel mecha-
nism to prime low-temperature responsiveness in plants.

METHODS

Plant material and growing conditions

Arabidopsis thaliana WT (Col-0) was used in this study. Additional mu-
tants used have been described elsewhere: aap7-3 (GABI-135G05)

Nipponbare) were sown in jars on % MS medium with vitamins and
without sucrose. Seedlings were grown for 10 days (three-leaf stage)
in 100 pmol m~2 s continuous light at 28°C. Half of the jars were
then moved to 4°C and sampled in biological triplicates at 3, 12, and
24 h (with the respective controls at 28°C). Only the third active leaf

was sampled from seedlings of a similar developmental stage.

RNA extraction, cDNA synthesis, RT-PCR, and qPCR

RNA was extracted with the EZNA Plant RNA Kit (Omega Bio-tek) accord-
ing to the manufacturer’s instructions. Total RNA was DNase treated with
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Turbo DNase (Ambion). cDNA synthesis was performed with gene-
specific primers with a tag to avoid any residual gDNA amplification and
Superscript IV (Invitrogen) to ensure strand specificity (see Supplementary
Data 1 for primers). RT-PCR was performed with Phusion polymerase
(Thermo Fischer), run on 2% agarose gels, and imaged with a Gel-doc
system (Bio-Rad). gPCR reactions were performed with iTag Universal
SYBR Green Supermix (Bio-Rad) in 384-well plates. gPCR was run in a
CFX384 Touch Real-Time PCR Detection System (Bio-Rad) and moni-
tored by the CFX Manager software (Bio-Rad). Threshold values were
subsequently exported to Excel (Microsoft Office) and further analyzed.
For each sample, three independent biological replicates with two to three
technical replicates were used. Two internal reference genes (ACT2
[AT3G18780] and UBQ10 [AT4G05320]) were used for relative gene-
expression calculations. For rice experiments, 1 pg of total RNA was ex-
tracted using the Maxwell RSC Plant RNA Kit (Promega), and first-
strand cDNA synthesis was performed using the NZY FirstStrand cDNA
Synthesis Kit (NZYTech). Real-time PCR (Light Cycler 480; Roche) using
SYBR Premix Ex Taqg (Roche) was performed in three independent biolog-
ical replicates, and at least two technical replicates were used for each of
the biological replicates. OsUBQ was used as reference. Two-tailed t-test
was used for all statistical analyses. All primers used in this study can be
found in Supplemental Table 8.

Electrolyte-leakage assay

Electrolyte-leakage measurements were done according to a previous
study (Kindgren et al., 2015). Briefly, plants were grown in short days (8-
h light/16-h dark cycle) for 4 weeks. For the cold-acclimation
experiments, WT and mutant plants were transferred to a cold chamber
set at 4°C for 4 days without changing photoperiodic conditions.
Randomized leaf disks of 1-cm diameter, for each genotype in
triplicates from several similar sized leaves, were prepared for
acclimated or non-acclimated plants and carefully placed horizontally in
clean glass tubes filled with 200 pl of deionized distilled water so that
the leaf disks touched the water. Tubes containing two leaf disks were
then transferred to a programmable freezing bath (FP51, Julabo, Ger-
many) set at —2° C. After 60 min, icing was induced manually in each
tube with the help of liquid N, and a metallic stick. Temperature decrease
occurred at the rate of —1°C per 30 min, and samples were taken out at
designated temperature point(s) followed by incubation on ice for at least
1 h in the cold room (4°C). Subsequently, 1.3 mL of water was added to
each tube and placed on a shaker overnight, and conductivity was
measured using a conductivity cell (CDM210, Radiometer, Denmark) on
the next day. Finally, all tubes were subjected to flash freeze using liquid
N, and left on a shaker overnight at room temperature. To obtain the total
electrolyte content from leaf disks, conductivity was measured again,
and the percentage of electrolyte leakage was calculated using the
following formula: (conductivity before flash freeze/conductivity after flash
freeze) x 100. Data were fitted into a sigmoidal dose-response curve us-
ing GraphPad Prism software, and significant differences in the fit were
determined with an extra sum-of-squares F test.

RNA-stability assay

RNA-stability measurements to determine the half-life (t1/2) of transcripts
were performed according to the previous report (Fedak et al., 2016). In
summary, 10-day-old WT seedlings were grown in a long-day photope-
riod (16-h light/8-h dark, 22°C day/18°C night) over /» MS medium supple-
mented with 1% sucrose (w/v). On day 10, seedlings were transferred to
liquid Y2 MS medium and acclimatized while maintaining 22°C or 4°C
growth temperatures for respective sample sets under the same light con-
ditions. Further, samples from 22°C or 4°C were transferred to incubation
buffer (1 mM PIPES at pH 6.25, 1 mM trisodium citrate, 1 mM KCI, and
15 mM sucrose) in 12-well plates for 30 min followed by the addition of
150 mg/I cordycepin (3'-deoxyadenosine, Sigma Aldrich). Immediately af-
ter cordycepin addition, samples were vacuum infiltrated (5 min two
times). 15 seedlings for each of the samples in triplicates were collected
at 0, 15, 30, 60, and 120 min after cordycepin treatment. Subsequently,
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total RNA extraction and strand-specific RT-qPCR analyses were carried
out by using cDNA as a template synthesized with SuperScript IV Reverse
Transcriptase (Invitrogen) and gene-specific primers. EUKARYOTIC
TRANSLATION INITIATION FACTOR 4A1 (EIF4A1 and AT3G13920) was
used as an internal assay control. Cq values at 15, 30, 60, and
120 min were normalized with Cq at 0 min and the RNA degradation curve
obtained following the equation [Cq(n) = (In (Cg/Cq (0)) x (—10)]. Finally, t1/
2 of transcripts were calculated from the obtained slope [t1/2 = (In2)/
slope]. The oligos used can be found in Supplemental Table 8.

RGR experiment

RGR experiments were performed according to Nunes et al. (2013).
Briefly, seedlings grew with 0.5% (w/v) sucrose for 7 days at 22°C
(t-24h), after which medium was changed and either transferred to 4°C
for 24 h and then back to 22°C or held at 22°C throughout. Harvests
were all performed at 22°C and at time points —24, 0, 4, 11, 24, and
48 h starting at ZT4 (t0). Five plants were harvested for each replicate
and time point. Medium change was performed 4 h after the start of the
light period. The RGR was calculated using the method indicated by
Hoffmann and Poorter (2002).

Targeted metabolites measurement

Col-0, aap1-3, and aap5-1 seeds were surface sterilized and grown under
long-day conditions for 10 days. On day 10, half of the seedlings were
exposed to low temperature (4°C with 20-25 pEm~2%"" light) for 3 h while
the rest remained at 22°C. Seedlings were sampled at the end of the 3 h for
both conditions. The samples were ground to a fine powder and weighed.
20 mg of fine-ground tissue was used for polyamine quantification, with
five biological replications per condition and genotype and two technical
replicates for each sample. Samples were extracted, analyzed, and run in
a randomized order as previously described (Liebsch et al., 2022). Quality
controls for the metabolite analysis were similar to Liebsch et al. (2022).
Metabolite extraction and analysis was performed by the Swedish
Metabolomics Center, Umed, Sweden.

Genome-wide analyses

Detailed bioinformatic methods can be accessed at https://github.com/
peterkindgrengroup/Zacharaki-et-al-2024. Briefly, a control set of genes
without CAS transcription was curated from all expressed genes (22°C
RNA-seq data; Meena et al., 2024). For RNA-expression analysis, we
normalized values using the Z score method and compared the
expression of the different subsets of genes. To better define the gene
coordinates of both controls and CASt genes, we used TSS sequencing
data from Table S4 in Nielsen et al. (2019) in combination with the TTS
from TAIR10. Gene length was calculated from these curated genomic
features. For intron analysis, we used Araport11 annotation (Cheng
et al., 2017) to curate the first-intron whole-genome dataset (available at
GitHub). Next, we subset control genes and CASt genes to calculate the
mean length of the first introns. A set of control genes with similar expres-
sion levels and first-intron length as the whole CASt subset was curated to
correct for these variables when studying chromatin features. Publicly
available data (bigwig files) for ATAC-seq (GSM6062224) (Liang et al.,
2024) were retrieved from Gene Expression Omnibus. Bedgraphs from
samples GSM2522253 for Poll_WT were converted to bigwig (Kent
et al., 2010). Deeptools (Ramirez et al., 2016) was used to compute
chromatin immunoprecipitation sequencing score matrices and to
generate metaplots along the gene body. PhyloP conservation scores
for Arabidopsis calculated from 65 plants were downloaded from the
PlantRegMap database (Tian et al., 2019) and used to plot the average
sequence conservation of the region surrounding each TSS using
deeptools (the 63 plant species used in the analysis can be found
in Supplemental Table 9). To build the plaNET-seq metaplots, the
raw sequences (SRR9117170-SRR9117181) were downloaded from
GSE131733 (Kindgren et al., 2019) and processed as indicated in the
GitHub repository. The differentially expressed genes from this published
plaNET-seq study were also used in our analysis. As described in GitHub,
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the bam files were generated using STAR 2.7.10a (Dobin et al., 2012), and
ngs.plot (Shen et al., 2014) was used to generate the metagene profiles
using the in-built TAIR10 genome and the gene lists of interest. CAGE
(Thieffry et al., 2020) and DRS sequencing data (Schurch et al., 2014)
were obtained from earlier studies.

Phylogenetic analysis of AAP

The protein and genomic sequences for the AAPs of the seven selected
species, Coccomyxa subellipsoidea, Physcomitrella patens, Marchantia
polymorpha, Selaginella moellendorffii, Arabidopsis thaliana, Oryza sativa,
Populus trichocarpa, and Zea mays were obtained from the Phytozome
website (version 13) (Goodstein et al., 2011). Phylogenetic inference
was performed using protein sequences. Initially, the protein sequences
underwent alignment using MAFFT software (version 7) (Rozewicki
et al.,, 2019), and phylogenies were reconstructed in Igtree software
(version 2.3.4) (Nguyen et al., 2014) utilizing likelihood methodology with
1000 bootstrap replications to establish branch-support values. The
reconstructed tree was then visualized using the Interactive Tree of Life
software (ltol, version 6) (Letunic and Bork, 2024). Finally, the sizes of
the first introns were assessed in the retrieved genomic sequences and
annotated with asterisks (*) in the reconstructed tree.
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