
 

 

 

1. Introduction 

Many genes possess multiple transcription start sites (TSSs), and the selective use of these TSSs 

enhances the diversity of mRNAs and proteins derived from a single genomic locus. This phenomenon 

is due to alternative promoters, although it does not necessarily imply the existence of multiple distinct 

promoter sequences 1. Instead, it involves TSS shifts within the same gene, resulting in transcript 

isoforms with different 5′ ends 2,3. This regulatory mechanism is particularly important for cellular 

responses to environmental stimuli because it enables rapid changes to gene expression patterns. In 

animals, many important findings regarding TSSs have been reported over the past three decades, 

including the well-known case of the tumor suppressor gene p53 being transcribed from multiple TSSs 

4,5. 
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events. Third, these duplications enabled the selective modification of cis-regulatory elements, contributing to 

increased APG expression (relative to DEG expression). Our findings suggest alternative promoters are essential 

components of the regulatory mechanism underlying the diversity in protein localization during plant stress 

responses, while also complementing well-characterized DEG-related stress responses. 
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The biological significance of alternative promoters in plant stress responses has gradually been 

revealed. Environmental conditions trigger TSS shifts in numerous genes; for example, light-induced 

photoinhibition in Arabidopsis thaliana (Arabidopsis) activates 2,104 alternative promoter genes 

(APGs) 1. This implies that the importance of APGs in plants is similar to the well-established 

significance of differentially expressed genes (DEGs). In fact, on average, Arabidopsis genes have 

four active TSSs 6. Moreover, current annotations in Arabidopsis and cassava reveal that 

approximately 33% and 20% of genes, respectively, possess multiple TSSs, reflecting the widespread 

potential for alternative promoter regulatio. These proportions are comparable to those in animals, in 

which 30% of genes are regulated by alternative promoters. Considering numerous studies have 

demonstrated the critical functions of alternative promoters in animals, plant alternative promoters 

likely have crucial roles in abiotic stress responses 7. 

Multiple TSS isoforms driven by alternative promoters enhance transcriptional plasticity, thereby 

influencing translational efficiency, tissue or developmental specificity, and protein isoform diversity 

due to N-terminal variability. For example, Arabidopsis GSTF8, a glutathione S-transferase family 

member, has 10 TSS isoforms that respond to abiotic stress in distinct tissues 8. These isoforms yield 

proteins with differing transit peptides, leading to altered subcellular localization after N-terminal 

truncation 8,9. Such examples highlight alternative promoters as versatile regulators of conditional 

expression, organ specificity, protein diversity, and subcellular targeting. Given their regulatory effects, 

alternative promoters may play a crucial role in plant stress responses. 

Despite the potential importance of alternative promoters, plant abiotic stress research remains 

mainly focused on DEGs because they are easily detected and abundant under abiotic stress conditions 

10-13. However, APGs may be as important, if not more so, as critical regulators of abiotic stress 

responses because mRNA isoform diversity may modulate expression levels, tissue specificity, 

translational efficiency, and protein functionality 1,14,15. A key challenge for identifying APGs is that 

conventional RNA-seq cannot distinguish TSS-specific isoforms. Advances in cap analysis gene 

expression (CAGE)-based sequencing technologies have enabled researchers to precisely map TSSs 

at single-nucleotide resolution in plants; the identified APGs may be useful for addressing knowledge 

gaps in stress biology research that DEG-centric approaches have failed to fill 16,17. This study was 

conducted to identify candidate APGs with critical functions in abiotic stress responses and 

differentiate their roles from those of DEGs. 

To investigate APGs important for abiotic stress response, we focused on cassava (Manihot 

esculenta), a tropical crop exhibiting extreme stress tolerance traits. More specifically, it is highly 

resilient to heat stress, but is sensitive to cold (i.e., ceases to grow below 16 °C) 18-20. By using a 

method for highly quantitative and positionally precise sequencing to comprehensively map APGs and 

DEGs identified under heat and cold stress conditions, we addressed the following three key questions: 

(1) What are the quantitative contributions and distinct functional properties of APGs and DEGs in 



stress responses? (2) How does APG-mediated protein diversity contribute to post-transcriptional 

regulation, particularly through altered subcellular localization? (3) Are stress-responsive APGs 

evolutionarily conserved or expanded lineage-specific manner? The results of our comprehensive 

analysis challenges the current DEG-centric paradigm and suggest that alternative promoters are 

indispensable regulators that have expanded the molecular toolkit for plant stress adaptations. 

 

2. Results 

2.1 Transcriptional responses of APGs and DEGs to heat and cold stress conditions 

To investigate the extent of the effects of heat and cold stresses on alternative promoters and 

differential expression, we constructed no-amplification non-tagging improved CAGE sequencing 

(nAnT-iCAGE-seq) libraries that were sequenced using Illumina platforms 21. For the nAnT-iCAGE-

seq analysis, we used RNA samples extracted from 1-month-old cassava plants incubated under 

normal, heat (42 °C), and cold (4 °C) conditions. 

 We mapped nAnT-iCAGE-seq reads to the cassava reference genome and confirmed that 

they were enriched at the annotated representative TSSs of individual gene. We detected 40,520 non-

redundant TSS peaks, including peaks for 33,408 TSSs that were assigned to 6,012 genes with multiple 

TSSs. To identify heat- and cold-responsive APGs, we compared the ratios of nAnT-iCAGE 

sequencing reads between TSS pairs (Fig. 1a). Using this approach, we identified 1,705 heat- and 491 

cold-responsive APGs (Fig. 1b). To identify heat- and cold-responsive DEGs, we compared the ratios 

of the total number of reads at TSSs assigned to each locus between normal and heat or cold conditions 

(Fig. 1a). The total number of reads at each locus was significantly correlated with gene expression 

levels determined in an earlier study using RNA-seq22. We identified 4,172 heat- and 582 cold-

responsive DEGs (Fig. 1b). Notably, 397 genes were identified as both heat-responsive APGs and 

DEGs (23% of 1,705 heat-responsive APGs), while 29 genes were identified as both cold-responsive 

APGs and DEGs (6% of 491 cold-responsive APGs). This limited overlap implies APGs and DEGs 

have distinct regulatory roles during stress responses. 

For a reference, we assessed the similarities in the transcriptional responses to heat and cold 

stresses. DEGs and TSS peaks in APGs were then classified as up- or down-regulated. Heat-responsive 

DEGs comprised 2,010 up- and 2,162 down-regulated genes, whereas cold-responsive DEGs included 

456 up- and 128 down-regulated genes. Each APG contained both up- and down-regulated TSSs. 

Moreover, 146 APGs and 201 DEGs were identified as genes that were non-directionally responsive 

to both heat and cold stress conditions, of which 100 APGs and 164 DEGs were similarly affected by 

both stresses (i.e., up- or down-regulated). Assuming a 50% probability of similar responses to heat 

and cold stresses (e.g., up–up or down–down vs up–down or down–up), the observed overlaps 

significantly exceeded expectations [APG: 100/146 and DEG: 164/201 (expected values: 73 and 

100.5); APG: P = 1.00 × 10−3, DEG: P = 1.10 × 10−11, chi-squared test]. 



As a contrasting reference, we further compared these abiotic stress-responsive DEGs with 

biotic stress-responsive DEGs identified in a previous study 23. The previous study detected 3,017 and 

3,889 DEGs in response to two biotic stress conditions in cassava. The proportion of DEGs with 

similar responses to heat/cold stresses (164/583 = 28%) was significantly higher than the proportion 

of DEGs with similar responses to abiotic/biotic stresses (435/3,017 = 14.4% and 490/3,889 = 12.6%) 

(P = 3.41 × 10−11 and 3.62 × 10−16, chi-squared test), confirming shared regulatory mechanisms unique 

to temperature stress responses. This indicates that temperature stress responses in cassava were 

regulated by specific network distinct from the biotic stress responses. 

  



Fig. 1: Detection of alternative promoter genes (APGs) and identification of APGs and 

differentially expressed genes (DEGs) under heat or cold conditions. 

(a) Schematic representation of how a single gene locus can switch between multiple TSSs, resulting 

in TSS isoforms (pre-mRNA variants) with distinct 5′ ends. Light gray boxes represent untranslated 

regions (UTRs), whereas dark gray boxes represent coding sequence (CDS) regions. The first exon 

transcribed from TSS2 can serve as either a UTR or part of the CDS, depending on the isoform. The 

lower panels show nAnT-iCAGE-seq read distributions, demonstrating TSS switching under stress 

conditions (with increased TSS2 usage indicating an up-regulated TSS). 

(b) Venn diagram showing the number of APGs and DEGs identified under heat or cold conditions. 

Overlapping regions indicate genes that are shared across multiple categories. 

  



2.2 TSS switching in stress-responsive APGs favors uORF-free isoforms 

Upstream open reading frames (uORFs) in UTRs of transcripts affect translational efficiency 

through ribosome stalling 3, and a previous study showed that this phenomenon can be induced by 

alternative promoters 24. Thus, heat- and cold-responsive alternative promoters can also switch TSS 

isoforms with and without uORFs. Therefore, we compared the proportions of transcripts with and 

without uORFs, which revealed that heat- and cold-responsive APGs had higher proportions of 

transcripts without uORFs [heat-responsive APGs: 29.9% (373/1,246), cold-responsive APGs: 27.4% 

(75/274)] than all cassava genes and expressed genes [all genes: 20.4% (6,676/26,129), expressed 

genes: 23.5% (5,027/21,404)] [Fig. 2; heat APG vs all: false discovery rate (FDR) = 7.42 × 10−16, cold 

APG vs all: 8.15 × 10−3, heat APG vs expressed: 2.57 × 10−16, cold APG vs expressed: 4.12 × 10−2, 

chi-squared test]. Moreover, heat- and cold-responsive APGs had higher proportions of transcripts 

without uORFs than heat- and cold-responsive up-regulated DEGs [heat: 27.2% (547/2,010), cold: 

21.7% (99/455)] (Fig. 2; heat APG vs up-regulated DEG: FDR = 4.12 × 10−2, cold APG vs up-regulated 

DEG: 4.12 × 10−2, chi-squared test). These results suggest that heat- and cold-responsive TSS isoforms 

tend to lack uORFs. Because of the lack of uORF, these TSS isoforms are likely translated efficiently, 

which may lead to the substantial abundance of proteins associated with heat and cold stress response 

mechanisms. 

  



Fig. 2: Proportion of transcripts with and without uORFs for all genes, expressed genes, APGs, 

and DEGs in cassava under heat and cold stress conditions. 

Schematic representation of alternative transcription start site (TSS) usage affecting the presence of 

an upstream open reading frame (uORF). Gray arrows indicate TSS1 and TSS2 positions. Dark and 

light gray boxes represent coding regions and untranslated regions, respectively. The blue box 

represents the uORF present in TSS isoform 1, but absent in up-regulated TSS isoform 2, 

demonstrating how alternative TSS usage can eliminate uORFs from transcripts. Bars represent the 

proportion of transcripts without uORFs (red) and with uORFs (blue) for all cassava genes, expressed 

genes, APGs up-regulated by heat and cold stresses, and DEGs up-regulated by heat and cold stresses. 

For all cassava genes and expressed genes, we identified 150 nt downstream from the representative 

TSS. For heat- and cold-responsive APGs, we identified 150 nt downstream from non-representative 

TSSs up-regulated under heat and cold stress conditions, respectively. For heat- and cold-responsive 

DEGs, we focused on up-regulated DEGs. Asterisks indicate significant differences (FDR <0.05). 

APGs tended to have TSS isoforms lacking uORFs.  



2.3 Heat- and cold-responsive alternative promoter usage promotes the truncation of N-terminal 

transit peptides and the formation of nuclear localization signals 

Since transit peptides often reside in the N-terminal region, where alternative promoter usage can 

induce truncation, we assessed whether such truncation alters subcellular localization of APGs in 

cassava under temperature stress 1,25. Assuming that the annotated reading frames were unaffected, we 

identified 499 and 146 genes predicted to encode multiple protein isoforms with different N-terminals 

from among the 1,705 heat- and 491 cold-responsive APGs, respectively (Fig. 3a). To assess the 

localization tendencies of the proteins encoded by these genes, we compared the subcellular 

localization of representative proteins and protein isoforms (Fig. 3a) using DeepLoc 2 26. We focused 

on the plastid, cell membrane, lysosome/vacuole, cytoplasm, and nucleus, whereas endoplasmic 

reticulum, mitochondrion, Golgi apparatus, extracellular, and peroxisome were combined (i.e., 

“others”) because relatively few proteins were localized in these cell organelles/regions. 

Representative proteins encoded by heat-responsive APGs tended to localize in the plastid, while 

representative proteins encoded by cold-responsive APGs tended to localize in the cell membrane or 

lysosome/vacuole [Fig. 3b; plastid: (heat) FDR = 2.03 × 10−15, (cold) FDR = 8.33 × 10−8, cell 

membrane: (heat) FDR = 2.09 × 10−2, (cold) FDR = 4.10 × 10−3, lysosome/vacuole: (heat) FDR = 4.02 

× 10−6, (cold) FDR = 8.74 × 10−4, chi-squared test]. By contrast, protein isoforms encoded by heat- 

and cold-responsive APGs were more likely to be localized in the cytoplasm [Fig. 3b; cytoplasm: 

(heat) FDR = 4.55 × 10−13, (cold) FDR = 2.50 × 10−9, chi-squared test]. These results suggest that 

representative proteins tend to have transit peptides that result in the localization in the plastid, cell 

membrane, or lysosome/vacuole, while many protein isoforms have an N-terminal that lacks these 

transit peptides (i.e., truncated N-terminal). 

On the basis of these findings, we hypothesized that many temperature-responsive APGs 

would produce representative proteins containing transit peptides, while their isoforms lack these 

sequences due to N-terminal truncation. To analyze these proteins, we examined the predicted 

subcellular localization changes between pairs of representative proteins and protein isoforms encoded 

by 293 heat- and 69 cold-responsive APGs. Because of the diverse combinations of predicted 

subcellular localizations and changes, we focused on the five most frequent changes (Fig. 3c). As 

expected, under heat stress conditions, the most common subcellular localization change was from the 

plastid to the cytoplasm. In response to cold stress, although subcellular localization changes involving 

the cell membrane and lysosome/vacuole were not among the five most common changes, we still 

detected many cytoplasm-localized isoforms. The most frequent change under cold conditions was 

from the plastid to the cytoplasm, confirming that the truncation of transit peptides in representative 

proteins due to alternative promoter usage leads to the localization of protein isoforms in the cytoplasm 

in both heat and cold stress responses. 

Notably, the proportion of genes encoding nuclear proteins was higher for APGs than for all 



cassava genes encoding representative proteins [Fig. 3a; 36.6% (APG) vs 31.0% (all), P = 6.02 × 10−5, 

chi-squared test]. This indicates that stress-responsive APGs may be regulated in terms of the 

localization of the encoded protein between the nucleus and other locations. This trend was observed 

for both heat- and cold-responsive APGs. Additionally, because there was no significant difference 

between representative proteins and protein isoforms, the proportion of nuclear localization signals 

(NLSs) exclusive to representative proteins or protein isoforms was almost the same. Therefore, we 

also speculated that there are many instances of representative proteins localized in the nucleus, while 

the corresponding protein isoforms are localized in the cytoplasm. As expected, subcellular 

localization changes between representative proteins and protein isoforms were in both directions 

between the nucleus and cytoplasm in response to heat and cold stresses. Considered together, these 

observations suggest that subcellular localization changes induced by temperature (i.e., heat and cold) 

stress-responsive alternative promoter usage are often associated with the truncation of transit peptides 

or the formation of NLSs. 

  



Fig. 3: Proportions of subcellular localizations and the directions of subcellular localization 

changes between representative proteins and protein isoforms. 

(a) Schematic representation of how alternative transcription start sites (TSS1 and TSS2) can generate 

different transcript isoforms; TSS isoform 1 encodes a protein that contains a transit peptide leading 

to the localization to chloroplasts, while TSS isoform 2 encodes a protein lacking this transit peptide, 

resulting in the localization to other cellular compartments. Light gray boxes: untranslated regions, 

dark gray boxes: coding sequences/exons; green circles: transit peptide sequence, other colored circles: 



amino acids. 

(b) Subcellular localizations of all cassava representative proteins as well as heat- or cold-responsive 

representative proteins and protein isoforms are shown as bar plots. Gray bars indicate the subcellular 

localization of all representative proteins as a benchmark. Asterisks indicate a significant difference 

between representative proteins and protein isoforms (FDR <0.05, chi-squared test). (c) Directions of 

the subcellular localization changes between representative proteins and protein isoforms are shown. 

Arrows indicate the change in subcellular localization (i.e., from representative proteins to protein 

isoforms). The top five subcellular localization changes are presented; arrow thickness and the number 

on arrows reflect the frequency of the subcellular localization change. Endoplasmic reticulum, 

mitochondrion, Golgi apparatus, extracellular, and peroxisome are included in “Others.” Plastid to 

cytoplasm was the most common subcellular localization change.  



2.4 Distinct functions of APGs and DEGs 

We performed a Gene Ontology (GO) enrichment analysis to functionally characterize heat- and cold-

responsive APGs and DEGs, with an emphasis on APG-specific terms. Of the 3,913 GO terms, 27, 16, 

54, and 43 were enriched among heat-responsive APGs, cold-responsive APGs, heat-responsive DEGs, 

and cold-responsive DEGs, respectively (Fig. 4). According to the significantly enriched GO terms, 

the heat- and cold-responsive APGs were related to similar processes, including transcription and gene 

expression, which were represented by the following GO terms: regulation of DNA-templated 

transcription (GO:0006355) and regulation of RNA metabolic process (GO:0051252). These results 

imply that APG transcription may be triggered in response to environmental stimuli. These terms were 

absent in DEGs, highlighting that a distinct role of APGs in transcriptional regulation during 

temperature stresses. 

Interestingly, response to auxin (GO:0009733) was an enriched GO term among 31 heat-

responsive APGs. Examples include the auxin-responsive genes Manes.11G033100 and 

Manes.04G134400, which encode proteins that negatively regulate auxin signaling; the degradation 

of these proteins activates ARF transcription factors that increase the expression of stress-responsive 

genes 27 (IAA26; https://pantherdb.org/). These genes, which were detected as heat-responsive APGs, 

are reportedly up-regulated genes in other plant species during responses to heat stress 28. Intriguingly, 

heat stress activates an alternative promoter of IAA26, leading to the N-terminal truncation of the 

encoded protein. This protein isoform was predicted to be localized in the cytoplasm (the 

corresponding representative protein was localized in the nucleus). We speculated that cytosol-

localized IAA26 cannot suppress downstream ARFs. This was supported by the fact earlier research 

showed that the transition of IAA26 from a nuclear protein to a cytosolic protein activates downstream 

ARFs in Nicotiana benthamiana 29,30. Therefore, heat stress may induce auxin signaling because the 

nuclear localization of IAA26 is inhibited. Several studies demonstrated that the application of auxin 

or activation of auxin signals ameliorates heat stress-induced grain loss or developmental inhibition in 

other crops 31. During the cassava response to heat stress, an alternative promoter may be critical for 

regulating auxin signals. 

  



Fig. 4: Enriched functional categories among heat- and cold-responsive APGs and DEGs. 

The degree of Gene Ontology (GO) term enrichment is represented by the −log(false discovery rate; 

FDR) value inferred by a chi-squared test. The horizontal dotted line indicates FDR <0.05. The x-axis 

presents enriched GO terms, with gray lines separating broad classifications of functional categories. 

Orange/light blue bars represent heat- and cold-responsive APGs, whereas gray bars represent heat- 

and cold-responsive DEGs. 

  



2.5 Conservation of heat- and cold-responsive APGs and DEGs between cassava and 

Arabidopsis 

To compare the evolutionary conservation of APGs and DEGs, we obtained TSS data for Arabidopsis 

under heat and cold conditions for an analysis of the conserved APGs and DEGs between Arabidopsis 

and cassava. First, we identified 10,236 orthologous gene pairs between Arabidopsis and cassava. 

Heat- and cold-responsive APGs and DEGs among these orthologous gene pairs are listed in Table 1. 

Of the heat-responsive genes, 8 APGs and 152 DEGs were conserved between Arabidopsis and 

cassava; the number of conserved DEGs was significantly higher than expected (Table 1; P < 0.05). 

The expected number (95% confidence interval) was determined by randomly selecting Arabidopsis 

and cassava genes to control the biased detection of Arabidopsis and cassava heat-responsive genes 

(Table 1). Among the cold-responsive genes, 6 APGs and 44 DEGs were conserved; the number of 

conserved cold-responsive DEGs was significantly higher than expected (P < 0.05). Accordingly, heat- 

and cold-responsive DEGs tended to be conserved between Arabidopsis and cassava. However, most 

heat- and cold-responsive genes emerged in a lineage-specific manner, as reflected by the fact the 

proportion of conserved orthologous gene pairs did not exceed 29% (152 of 533 Arabidopsis DEGs; 

Table 1). Therefore, both APGs and DEGs responsive to heat and cold stresses may have largely 

emerged in a lineage-specific manner or were lost in either Arabidopsis or cassava lineages.  



Table 1: Number of genes in orthologous gene pairs between Arabidopsis (At) and 

cassava (Me) 

 

Heat responsive Cold responsive 

APG DEG APG DEG 

At Me At Me At Me At Me 

The number of genes 77 752 533 1633 90 209 754 238 

Expected number of 

conserved genes (95% 

confidence interval) 

4-9 74-97 1-6 10-26 

The number of 

conserved genes 
8n.s. 152* 6n.s. 44* 

 

2.6 Transcriptional activity of APGs increased after gene duplication events 

To assess whether heat- and cold-responsive genes emerged or were lost in a lineage-specific manner, 

we focused on their lineage-specific paralogs. We subsequently investigated the proportions of 

lineage-specific paralogs among the heat- and cold-responsive APGs and DEGs. Specifically, we 

identified Arabidopsis and cassava paralogs that emerged in a lineage-specific manner using 

orthoFinder (v2.5.4) 32. The proportions of paralogs among all expressed genes were compared with 

the proportions of paralogs among heat- or cold-responsive genes. The ratios of genes with and without 

paralogs were significantly higher for heat- and cold-responsive APGs and DEGs than for all 

expressed genes [Fig. 5a; (Arabidopsis) heat APG: FDR = 3.84 × 10−7, heat DEG: 7.55 × 10−10, cold 

APG: 8.25 × 10−3, cold DEG: 1.20 × 10−18, (Cassava) heat APG: 3.12 × 10−7, heat DEG: 1.63 × 10−6, 

cold APG: 1.79 × 10−4, cold DEG: 9.36 × 10−2, chi-squared test]. These results suggest that the number 

of heat- and cold-responsive genes tended to increase in a lineage-specific manner via gene duplication 

events (with the exception of cold-responsive DEGs in cassava). This is consistent with the 

conservation of APGs and DEGs and the findings of previous studies that showed that genes related 

to abiotic stress responses tend to be duplicated 33,34. Moreover, it is reasonable that the number of 

cold-responsive DEGs in cassava did not increase. 

 We further investigated the types of genes (i.e., heat APGs, cold APGs, heat DEGs, cold 

DEGs, expressed genes, or non-expressed genes) that tended to acquire alternative promoters through 

gene duplication events. Specifically, we analyzed the closest paralogs, which can reveal the origins 

of heat- and cold-responsive APGs and DEGs. The closest paralogs were identified on the basis of the 

lowest E-value for the similarity between paralog pairs. According to the results, most paralogs were 

derived from expressed genes. Notably, the proportion of non-expressed paralogs was lower for 

Arabidopsis heat-responsive APGs and cassava heat- and cold-responsive APGs than for all expressed 

genes and DEGs [Fig. 5b; (Arabidopsis) heat APG: FDR = 4.71 × 10−6, heat DEG: 0.83, cold APG: 



0.15, cold DEG: 0.30, (Cassava) heat APG: 7.32 × 10−17, heat DEG: 0.20, cold APG: 2.37 × 10−3, cold 

DEG: 0.072, chi-squared test]. These results indicate that APGs were likely not derived from non-

expressed genes. Therefore, when non-expressed genes are duplicated, they are less likely to become 

APGs (compared with DEGs and all genes). This suggests that stress-responsive APGs are often 

derived from genes that are already responsive to the same conditions (e.g., heat and cold stresses) and 

acquire additional transcriptional activity from a new TSS after the duplication event. 

To examine the possibility that increased transcriptional activity of APGs was acquired after 

duplication, we compared APG expression levels with those of the closest paralogs. Previous studies 

did not clarify whether genome-wide APGs form primarily through the dispersion of highly expressed 

genes or through the simple addition of new TSSs mediating increased transcriptional activity 35. We 

hypothesized that if an APG is more highly expressed than its paralog, additional transcriptional 

activity was acquired after duplication. Our analysis revealed that Arabidopsis heat- and cold-

responsive APGs as well as cassava heat-responsive APGs had transcriptional activities that were 

significantly higher than the transcriptional activities of their paralogs [Fig. 5c; (Arabidopsis) heat 

APG: FDR = 3.34 × 10−2, heat DEG: 0.95, cold APG: 3.37 × 10−4, cold DEG: 0.95, (Cassava) heat 

APG: 3.33 × 10−2, heat DEG: 0.95, cold APG: 0.12, cold DEG: 0.83, paired t-test]. Thus, the 

transcriptional activities of these APGs increased (relative to the transcriptional activities of their 

paralogs) following duplication. This finding supports the model in which transcriptional activity 

increases for APGs derived from the duplication of expressed genes. Interestingly, this enhanced 

transcriptional activity was observed consistently across all analyzed Arabidopsis and cassava heat- 

and cold-responsive APGs. In contrast, among DEGs, it was observed only for cassava cold-

responsive DEGs. This difference suggests that during evolution, APGs and DEGs emerged via 

different mechanisms, with APGs more consistently acquiring new transcriptional regulatory elements 

after duplication events. The increased expression levels may be attributed to the acquisition of 

enhancers or promoters; previous research showed that alternative promoters may form from 

enhancers 35.  



 



Fig. 5: Evolutionary relationships of heat- and cold-responsive genes and their paralogs in 

Arabidopsis and cassava. 

(a) Schematic representation of paralog classification. Evolutionary relationships between genes with 

lineage-specific paralogs (teal branch) and genes without paralogs (pink branch) in Arabidopsis or 

cassava lineages are presented. Additionally, the proportion of genes with and without lineage-specific 

paralogs among heat- and cold-responsive APGs, DEGs, and all expressed genes in Arabidopsis and 

cassava is indicated. Genes with paralogs (light blue) are significantly enriched among temperature-

responsive genes (compared with the genomic background), suggesting that gene duplication events 

played a crucial role in the evolution of stress response mechanisms. Genes without paralogs are 

shown in pink. Asterisks indicate significant differences (FDR <0.05). 

(b) Classification of the closest paralog of each APG on the basis of the expression status (non-

expressed, heat/cold-responsive APG, heat/cold-responsive DEG, or expressed) to elucidate the 

evolutionary origins of alternative promoter usage. The closest paralogs were differentiated in terms 

of expression (expressed, non-expressed, APG, and DEG) for each gene category. Note the relatively 

low proportion of non-expressed paralogs among heat-responsive APGs in both species and cold-

responsive APGs in cassava, indicating that APGs tended to evolve from expressed genes rather than 

from silent genomic regions. 

(c) Ratios of expression levels between target genes and their closest paralogs among heat-responsive 

APGs, heat-responsive DEGs, cold-responsive APGs, and cold-responsive DEGs. Considering APGs 

were expressed at significantly higher levels than their paralogs (particularly Arabidopsis heat/cold-

responsive and cassava heat-responsive APGs), these genes likely acquired enhanced transcriptional 

activity following duplication events, probably through the acquisition of novel enhancer elements 

rather than promoters alone. This distinguishes the evolutionary trajectory of APGs from that of DEGs, 

with the former consistently gaining new transcriptional regulatory elements after duplication events.  



2.7 Difference in heat or cold response-related motifs between APGs or DEGs and their paralogs 

Because APGs were expressed at higher levels than their paralogs, we compared the factors potentially 

contributing to the differences in transcriptional activity between APGs or DEGs and their paralogs. 

As a determinant of transcriptional activity, we focused on the motifs in promoter regions. APGs and 

DEGs were compared with their paralogs in terms of the number of promoter motifs. SEA (v5.5.7) 

was used to identify heat or cold response-related motifs in 100 bp regions (50 bp upstream and 

downstream of TSSs) in the most highly expressed genes (top 10%) because these genes are most 

likely to contain stress-responsive regulatory elements 36,37. We found 260 and 108 significantly 

enriched motifs as heat and cold response-related motifs. 

 The differences in the number of motifs between APGs and their paralogs were compared 

with the corresponding differences for DEGs and other genes; positive and negative differences 

indicated that APGs, DEGs, or other genes had more and fewer motifs than their paralogs, respectively. 

The differences for heat- and cold-responsive APGs were larger than those for DEGs and other genes 

in the positive range (Fig. 6; heat APG vs DEG: FDR = 7.31 × 10−6, heat APG vs other: 1.06 × 10−21, 

cold APG vs DEG: 4.73 × 10−1, cold APG vs other: 1.94 × 10−2, Wilcoxon rank sum test). Accordingly, 

the number of heat or cold response-related motifs tended to increase in APG promoters after 

duplication events. 

Notably, when the analysis was repeated for motifs unrelated to temperature stress responses 

(gray boxplots in Fig. 6), we found no significant differences among APGs, DEGs, and other genes 

(heat APG vs DEG: FDR = 0.483, heat APG vs other: 0.275, cold APG vs DEG: 0.473, cold APG vs 

other: 0.0610, Wilcoxon rank sum test). This suggests that the enrichment of stress-responsive motifs 

in APGs is not a general phenomenon involving all types of regulatory elements. Instead, it represents 

a selective accumulation of functionally relevant motifs. Collectively, these findings imply that gene 

duplication events followed by the acquisition of stress-responsive cis-regulatory elements contributed 

to the emergence of APGs with enhanced expression levels under temperature stress conditions. This 

represents a molecular mechanism for the functional diversification after the duplication of genes 

associated with stress response pathways. 

  



Fig. 6: Comparison of the number of motifs related to heat and cold responses in APGs and 

DEGs. Boxplots show the difference in the number of motifs (target minus paralog) for heat- and cold-

responsive APGs, DEGs, and other genes. The horizontal dotted line indicates no difference in the 

number of motifs between a target gene and its paralog. Heat response-related motifs (orange) and 

cold response-related motifs (blue) that differed significantly between APG and DEG categories are 

indicated by asterisks. Other motifs (gray) did not differ significantly among categories. 

  



3. Discussion 

Our comprehensive analysis revealed that APGs contribute to a distinct and essential regulatory 

mechanism mediating plant responses to temperature stress. This mechanism complements the well-

characterized DEG mechanism. We identified many stress-responsive APGs (1,705 and 491 

responsive to heat and cold conditions, respectively), demonstrating that alternative promoter usage is 

a widespread phenomenon comparable in scale to differential expression. On the basis of the study 

findings, we provide answers to the following questions raised in the Introduction section: (1) What 

are the quantitative contributions and distinct functional properties of APGs and DEGs in stress 

responses? Although not as prominent as DEGs, there are many APGs with distinct roles (i.e., 

regulating gene expression and auxin signaling); (2) How does APG-mediated protein diversity 

contribute to post-transcriptional regulation, particularly through altered subcellular localization? 

Truncating transit peptides results in cytoplasmic localization or NLS formation; (3) Are stress-

responsive APGs evolutionarily conserved or expanded lineage-specific manner? They were not 

highly conserved, but temperature stress-responsive APGs emerged following the duplication of genes 

that were already expressed under the same temperature stress conditions. Building on previous reports 

describing the involvement of APGs in light stress responses 1,38,39, our results indicate that 

temperature-responsive APGs are involved in a general stress response mechanism that should be 

investigated as extensively as DEG-related stress response mechanisms 40,41. 

 

3.1 Number of uORFs in APG transcripts 

APG transcripts had fewer uORFs than the transcripts of all genes, expressed genes, and DEGs. This 

suggests that improved translational efficiency contributes to rapid protein synthesis under stress 

conditions. By contrast, earlier research showed that the transcripts of blue light-responsive APGs tend 

to have many uORFs 24. This discrepancy indicates that plant responses to changes in the light 

environment and temperature are mediated by different mechanisms. Considering that rapid protein-

coding gene expression at high levels is crucial for plant responses to temperature stress, it is 

reasonable that the expression of heat- and cold-responsive APGs commonly results in transcripts with 

relatively few uORFs 42. 

 

3.2 Temperature-responsive APGs with inverted isoform expression patterns as breeding targets 

APGs represent promising candidates for breeding to improve heat or cold stress tolerance in plants. 

These genes encode protein isoforms with substantial changes in expression and subcellular 

localization during responses to heat and cold conditions. Manes.01G075000, Manes.05G077600, 

Manes.05G197600, Manes.07G024700, Manes.11G055100, Manes.15G142950, and 

Manes.17G066700 are heat-responsive genes, whereas Manes.05G097100 is a cold-responsive gene. 

These genes had high read counts (minimum read count of >50 for a specific stress condition), with 



inverted protein isoform expression patterns under normal and stress conditions. The length of the 

protein isoforms was more than 50% of that of the corresponding representative proteins, suggesting 

the likelihood of their transcript being targeted for nonsense-mediated decay is relatively low 43,44. 

Although these genes have not been thoroughly annotated, their substantial response to heat or cold 

stress indicates they may confer temperature stress tolerance. Thus, they may be relevant to breeding 

temperature stress-tolerant cassava. This crop species reproduces clonally and exhibits flowering that 

is not easily induced; however, it is relatively easy to transform 45-48. 

 

3.3 Selection pressure and alternative promoter acquisition 

Selection pressure for high expression generally maintains gene functional redundancy 49,50. Moreover, 

although TSS changes have been frequently discussed in previous reports, their relevance to gene 

duplications, abiotic stress responses, or high expression levels has not been demonstrated 51,52. We 

determined that APGs tend to have more promoter motifs than their paralogs; these motifs were related 

to responses to heat and cold conditions. This suggests that APG promoter regions comprise specific 

motifs, reflecting the effects of selection pressure on expression patterns. In fact, APGs were expressed 

at higher levels than their paralogs, implying that they may be subject to selection pressure favoring 

increased expression. Additionally, the relatively high proportion of duplicate genes among APGs 

might be attributable to the high total expression level due to this selection pressure. 

 

3.4 Functional specialization of APGs revealed by a GO analysis 

The enriched GO terms among heat- and cold-responsive APGs were related to transcription and 

expression. In addition, heat-responsive APGs were associated with signal transduction. This is 

consistent with the observation that many APGs encode protein isoforms that are localized in the 

nucleus. Consequently, these genes may be involved in plant responses to heat and cold stresses. If 

this involvement is experimentally verified, these genes may be useful for elucidating the temperature 

stress responses of cassava. For example, the heat-responsive APG Manes.08G049500, which encodes 

a calcium-dependent protein kinase (CDPK), was annotated with the GO term signaling 

(GO:0023052). Although the representative protein consists of 531 amino acids and is localized in the 

cell membrane, the production of its protein isoform, which contains 425 amino acids and is localized 

in the cytoplasm, is up-regulated under heat stress conditions. Because heat stress alters membrane 

fluidity to trigger temperature stress-related signaling, calcium ion channels respond accordingly, with 

CDPK playing a crucial role in the transmission of signals to the cytoplasm 53,54. Thus, an increase in 

the abundance of the protein isoform encoded by Manes.08G049500 may contribute to a positive 

feedback loop in response to calcium ion signals. Accordingly, APGs are important for cassava 

temperature stress responses. Alternative promoters should be thoroughly investigated to 

comprehensively characterize abiotic stress responses. 



Auxin signaling is involved in the induction of tuber formation, a key trait in cassava 55. In 

fact, processes related to tuber formation, such as cell differentiation and signal transduction, were 

associated with APGs, but not DEGs (Fig. 4). Furthermore, a previous study on potato showed that 

heat stress decreases tuber yield and that heat-responsive APGs may regulate upstream signaling 

pathways affecting this process 56. Therefore, it is plausible that key genes involved in regulating auxin 

signaling and related processes, including signal transduction and cell differentiation, are regulated by 

alternative promoters 57. Accordingly, APGs annotated with the GO terms cell differentiation and 

signal transduction deserve attention as candidate genes involved in cassava tuber formation. 

 

3.5 Studies on alternative promoter usage in tropical plants: methodological and data 

implications 

Research on alternative promoters in tropical plants has been scarce. The nAnT-iCAGE-seq method 

used in this study, which is characterized by a lack of PCR amplification, restriction enzyme digestion, 

or hybridization, generates minimally biased expression data and selectively collects capped RNAs, 

making it specific to TSSs 21. Therefore, it is ideal for the quantitative detection and identification of 

TSSs, which are necessary for studying alternative promoters. Although there are methods for 

determining full-length cDNA sequences using long-read sequencers to detect TSSs, previous studies 

on cassava that were conducted to elucidate cold response mechanisms on the basis of long-read 

sequencing had specific limitations (e.g., low quantitativeness). Thus, the methods used in these earlier 

studies are inappropriate for the quantitative detection of alternative promoters 44,58. By contrast, the 

method used in the current study is conducive to the simultaneous detection of DEGs and APGs. 

Furthermore, it can improve the accuracy of inference when combined with other analyses. Therefore, 

the data generated in this study may form the basis of future diverse analyses. 

 

4. Materials and Methods 

4.1 Plant materials and growth conditions 

Cassava cultivars KU50 and ECU72 were used in this study 59,60. Heat and cold stress tests were 

performed using both cultivars. The data from both cultivars were analyzed together to increase 

reliability. Cassava seedling stems were cut into 2.0 cm segments with one bud and placed on solid 

MS medium (0.1% agar) in plates. All plates were incubated in a greenhouse set at 28 °C with a 12-h 

photoperiod. One-month-old plants were transferred to a chamber for 5-h heat and cold treatments at 

42 °C and 4 °C, respectively. The youngest leaves and shoot apices were then collected and 

immediately frozen in liquid nitrogen prior to storage at −80 °C until used for RNA extractions. 

 

4.2 nAnT-iCAGE-seq and bioinformatics analysis 

A previously described method was used to construct nAnT-iCAGE libraries 21. The nAnT-iCAGE-



seq analysis of ECU72 and KU50 using Illumina instruments generated 212 and 210 mega-reads, 

respectively. Adapter and low-quality sequences were eliminated using Trimmomatic (v0.39) 

(parameters: TRAILING: 34; MINLEN: 20) 61. According to their low-quality scores, approximately 

0.002% of the reads were eliminated. The remaining reads were mapped to the cassava reference 

genome sequence from Phytozome (v13) (https://phytozome-next.jgi.doe.gov/) using Bowtie2 

(v2.4.4) software 62. A total of 47, 39, and 52 mega-reads for ECU72 and 65, 39, and 37 mega-reads 

for KU50 were mapped to the cassava reference genome under normal, heat stress, and cold stress 

conditions, respectively. Mapped sites were clustered for each experimental condition using RECLU 

(v1.0) 63 to identify TSSs (TPM score >0.1; IDR score >0.1). If TSSs overlapped by ≥1 bp under 

different conditions, they were re-defined as one TSS peak 1. TSS peaks overlapping other TSS peaks 

were merged for all KU50 and ECU72 samples under normal, heat stress, and cold stress conditions, 

resulting in the identification of 40,520 non-redundant TSS peaks. 

 

4.3 Identification of APGs and DEGs 

TSS peaks in the region from 500 bp upstream of the representative TSS to the midpoint between the 

representative TSS and the transcription termination site were assigned to the corresponding gene 64. 

We identified 92 peaks whose closest loci differed from the assigned genes. Thus, 33,408 peaks were 

assigned to 21,404 annotated cassava genes. These genes were defined as expressed genes. We focused 

on 6,012 genes with multiple TSS peaks. Specifically, we counted the number of nAnT-iCAGE reads 

in each TSS peak. In every pair of multiple TSS peaks, the ratios of nAnT-iCAGE reads were 

compared between the normal and heat/cold stress conditions via a chi-squared test 1. The FDR value 

was calculated from P values 65. The criterion used to determine heat/cold-responsive alternative 

promoter selection was FDR <0.05 (chi-squared test; normal vs heat and normal vs cold). Using this 

approach, we identified 2,933 heat- and 1,835 cold-responsive APGs in ECU72 and 3,062 heat- and 

1,538 cold-responsive APGs in KU50. For rigorous analyses, we used 1,705 heat- and 491 cold-

responsive APGs whose heat- and cold-responsive peaks and response directions (i.e., up- or down-

regulated) were the same for ECU72 and KU50. 

 To identify DEGs, the expression level of each gene was calculated as the number of nAnT-

iCAGE reads that were mapped to the region from 500 bp upstream of the representative TSS to the 

midpoint between the representative TSS and the transcription termination site. By comparing the 

expression levels of each gene between the normal and heat/cold stress conditions using DESeq2 (FDR 

<0.05), we detected 4,172 heat- and 582 cold-responsive DEGs. To examine the accuracy of 

expression levels estimated on the basis of nAnT-iCAGE-seq data, we compared the total number of 

reads at each locus with previously reported expression levels under control and cold stress conditions 

22. To exclude the influence of genes unrelated to temperature stress responses or non-expressed genes, 

the comparison was completed using only 1,521 DEGs identified according to the data generated by 

https://phytozome-next.jgi.doe.gov/


a previous study. The NCBI SRA database lacks transcriptome data for heat stress conditions. 

 Additionally, Arabidopsis sequencing data capturing TSS information under heat and cold 

stress conditions were obtained from NCBI SRA and GEO databases (DRX026748 and GSE129523) 

6,66. Applying the same procedure to Arabidopsis data, 15,476 expressed genes, 183 heat- and 194 

cold-responsive APGs, and 1,075 heat- and 1,756 cold-responsive DEGs were identified. Biotic stress-

responsive DEGs were obtained from a previous study 23, in which DEGs were identified using 

DESeq2 67, similar to the current study. We focused on the 3,887 and 4,911 DEGs identified by 

comparing cassava samples at 2 and 5 days post-infection with their respective controls, with 

annotations based on cassava v4. The conversion to v8 yielded 3,017 and 3,889 DEGs, respectively. 

 

4.4 Identification of uORFs 

Because the average 5′ UTR length in Arabidopsis is 155 nt 68, we focused on uORFs located 150 nt 

downstream of up-regulated TSS in APGs. The uORFs were identified using uorf4u (v0.9.6) 69. The 

number of uORFs was compared for all cassava genes, all expressed genes, and heat- and cold-

responsive APGs and DEGs. For all cassava genes and all expressed genes, we identified 150 nt 

downstream from the representative TSS. For heat- and cold-responsive APGs, we identified 150 nt 

downstream from non-representative TSSs up-regulated under heat and cold stress conditions, 

respectively. In terms of DEGs, we focused on the 2,010 and 455 up-regulated DEGs under heat and 

cold conditions, respectively. 

 

4.5 Identification of N-terminally truncated protein isoforms 

We assumed that the coding sequences in TSS isoforms were in the same reading frame as the cassava 

genes encoding annotated proteins because of nonsense-mediated decay. Accordingly, when the 

midpoint of a TSS peak coincided with the 5′ upstream region of the representative start codon, the 

first ATG within that region was designated as the start codon for the corresponding TSS isoform. If 

TSS peaks were located downstream of the representative start codon, the first ATG following the 3′ 

TSS peak was designated as the start codon for the TSS isoform. We used diamond (v2.1.6.160) to 

screen for the same reading frame and candidate genes for protein isoforms 70. 

 

4.6 Analysis of promoter region motifs and identification of heat and cold response-related 

motifs 

Promoter motifs in a 100 bp windows (50 bp upstream and downstream of a TSS) were detected using 

MEME Suite (v5.5.7) 71. Heat and cold response-related motifs were identified on the basis of the 

enriched motifs among highly expressed genes (top 10% expression levels under heat and cold stress 

conditions). Using SEA (v5.5.7), the proportions of motifs in the highly expressed genes were 

compared with the proportions of motifs in all cassava genes 36,37. For an APG, TSS pairs were 



classified as up- and down-regulated TSSs according to expression level fold-changes. Thus, we used 

up-regulated TSSs in APGs and representative TSSs of up-regulated DEGs. 

 

4.7 Calculation of 95% confidence intervals for a conservation analysis 

To calculate 95% confidence intervals, a random sampling approach was used to evaluate whether the 

number of conserved genes between Arabidopsis and cassava was statistically significant. We 

randomly selected the same number of genes from Arabidopsis and cassava and used them as random 

orthologous gene pairs. The number of conserved APGs or DEGs in these random orthologous gene 

pairs was determined. This process was repeated 10,000 times. To determine 95% confidence intervals, 

the 2.5th and 97.5th percentiles were extracted from the distribution of random sampling results. 
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