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Abstract: Pathogenic fungi require delicate gene regulation mechanisms to adapt to diverse living 9 

environments and escape host immune systems. Recent advances in sequencing technology have 10 

exposed the complexity of the fungal genome, thus allowing the gradual disentanglement of multi- 11 

ple layers of gene expression control. Alternative transcription start site (aTSS) usage, previously 12 

reported to be prominent in mammals and to play important roles in physiopathology, is also pre- 13 

sent in fungi to fine-tune gene expression. Depending on the alteration in their sequences, RNA 14 

isoforms arising from aTSSs acquire different characteristics that significantly alter their stability 15 

and translational capacity as well as the properties and biologic functions of the resulting proteins. 16 

Disrupted control of aTSS usage has been reported to severely impair growth, virulence, and the 17 

infectious capacity of pathogenic fungi. Here, we discuss principle concepts, mechanisms, and the 18 

functional implication of aTSS usage in fungi. 19 

Keywords: Alternative transcription start sites; fungi 20 

1. Introduction 21 

RNA molecules are synthesized in the cell by DNA- or RNA-dependent RNA poly- 22 

merases and mature through various processes, including splicing, capping, polyadenyl- 23 

ation, methylation, editing, and endonuclease and/or exonuclease digestion [1]. The nu- 24 

cleotide sequence of RNA molecules and the region surrounding the corresponding gene 25 

locus play critical roles in the control of these processes and significantly influence the 26 

transcriptome structure. Typically, eukaryotic RNA polymerase promoters consist of a 27 

core promoter and associated regulatory regions [2]. The core promoter can be defined as 28 

a genomic region harboring specific sequences that allow the recruitment and assembly 29 

of the pre-initiation complex (PIC) and that prime transcription at a basal level or upon 30 

stimulating signals [3,4]. Regulatory inputs from cis-acting elements are transduced at the 31 

core promoter to regulate RNA synthesis. After the formation of the PIC, the double- 32 

stranded DNA is melted to create the “transcription bubble” at the core promoter, allow- 33 

ing 5’-to-3’ scanning of RNA polymerase II and transcription initiation at the transcription 34 

start site (TSS) [4]. One conserved characteristic is that transcription of a given RNA gen- 35 

erally does not start at a unique nucleotide position. Rather, TSSs appear to form clusters 36 

in which TSS positions are located near one another. This represents the major TSS (mTSS) 37 

position, which is the most frequently used location for the initiation of RNA synthesis 38 

[4]. Each TSS cluster has a corresponding core promoter that spans the cluster and primes 39 

transcription initiation [4]. While core promoters are characterized by elements such as 40 

the “TATA box”, initiator element (Inr), and/or TFIIB recognition element (BRE), gene- 41 

specific regulatory elements are located upstream of the core promoter and control tran- 42 

scription [2–5]. 43 

 The general transcription machinery is highly conserved across eukaryotes. Accord- 44 

ingly, fungi share similarities with mammals, including cofactors, cis-elements that con- 45 
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trol RNA pol II initiation, and other parts of the transcription process [2,3,6–8]. In Saccha- 46 

romyces cerevisiae, the TATA box is typically located at positions from 40 to 120 bp up- 47 

stream of the TSS [3,9]. This distance between the TATA box and the TSS seems to be 48 

organism-dependent. For example, this distance is shorter in Schizosaccharomyces pombe 49 

(40 to 70 bp) [10–13]. Core promoters of genes in many pathogenic fungi, such as Ustilago 50 

maydis crg1 and mig2-1 to mig2-6, Nectria haematococca PDA1, and Coprinopsis cinerea clp1, 51 

contain a TATA box located around 40 to 46 bp upstream of TSS [14–16]. Likewise, BRE is 52 

found in the Magnaporthe grisea MPG1 gene, while analysis of 19 oomycete Phytophthora 53 

infestans genes revealed an Inr sequence that is highly similar to that of mammals 54 

[14,17,18]. In human fungal pathogens, a genome-wide analysis in Candida glabrata 55 

showed that the TATA box exists within the region from 200 to 1 bp upstream of the TSS 56 

[19]. In Cryptococcus neoformans and Cryptococcus deneoformans, the TATA box, when pre- 57 

sent, can be found 35-40 bp upstream of the mTSS (Dang and colleagues, manuscript in 58 

preparation).  59 

Recently, the analysis of the distance between the TATA box and TSS in 12 yeast 60 

species allowed the definition of two classes of transcription initiation mechanisms [20]. 61 

The first mechanism, referred to as the “classic model” because it seems to be more wide- 62 

spread among eukaryotes, involves direct recognition of the TSS from factors recruited to 63 

the PIC. The other model, referred to as the scanning model, is based on the recruitment 64 

of RNAPII to the PIC, the opening of the transcription bubble, and scanning by RNAPII 65 

from the PIC downstream region towards the 3’ end to find an acceptable TSS. Candida 66 

albicans is more likely to use the scanning model, while Cryptococcus utilizes the classic 67 

model of transcription initiation. 68 

The historical model of gene expression is that a gene is transcribed into a single 69 

mRNA that eventually serves as a template for the synthesis of a functional protein. The 70 

Beadle and Tatum “one gene, one enzyme” postulate imprinted the minds of scientists for 71 

decades before diverse transcriptional and post-transcriptional diversity was described. 72 

The textbook definition of a gene is often given as a transcription unit with one core pro- 73 

moter; thus, a gene would have only one TSS. However, recent advances in sequencing 74 

technology have allowed a closer look at the diversity of RNA molecules, revealing the 75 

spectacular plasticity of the eukaryotic transcriptome [21–24]. In mammals, usage of alter- 76 

native splicing (aSpl),) alternative TSSs (aTSSs), and alternative Poly(A) sites (aPAS) is 77 

prominent [25–29]. These processes are developmentally regulated [30], and defects in 78 

these processes are associated with a number of genetic diseases, such as thalassemia, ret- 79 

initis pigmentosa, heart failure, and various types of cancer [31–38]. Interestingly, quanti- 80 

tative analysis of TSS usage suggested that aTSS and aPAS usage represents a major 81 

source of transcript isoform diversity in human tissues [39]. Thus, aTSS usage can have 82 

consequences on RNA stability, localization, and coding potential. aSpl, aTSS, and aPAS 83 

appear to be common in fungi [40]. However, these processes mostly result in unproduc- 84 

tive transcripts, which haves a limited impact on proteome diversity and thus the pro- 85 

cesses function more as a way to regulate gene expression [40–44]. Due to technical diffi- 86 

culties associated with their study, knowledge on aTSS was, up to recently, restricted to 87 

the model yeasts S. cerevisiae and S. pombe. Although less is known in pathogenic fungi, 88 

existing data suggest that these mechanisms might contribute into fine-tuning gene ex- 89 

pression during infection [45–47]. Here, we review recent literature on aTSS usage and 90 

regulation and the consequences on fungal biology. We focus on fungal pathogens and 91 

discuss the potential and the mostly unexplored consequences of these regulations on vir- 92 

ulence. 93 

2. Identification of alternative transcription start sites 94 

An aTSS is a TSS cluster that differs from the reference TSS most frequently used to 95 

initiate RNA synthesis under various environmental conditions. In the scanning model, 96 

the PIC may assemble at a single location but initiates transcription at different aTSS clus- 97 

ters [48,49]. For clarity, we will consider aTSS to have a similar meaning to alternative TSS 98 
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cluster, alternative promoter, or promoter switch, and the term is not related to the heter- 99 

ogeneity of TSSs within a TSS cluster as mentioned above. More than half of human genes 100 

have alternative promoters, and a human gene has an average of 4 TSSs [50]. This implies 101 

that a single human gene can harbor multiple core promoters that drive the transcription 102 

of RNA polymerase at distinct TSSs. Recently developed techniques, such as CAGE, TIF- 103 

seq, TL-seq, TSS-seq, and STRIPE-seq, provide insight into the TSS position at a single- 104 

nucleotide resolution and have confirmed the model of multiple TSS genes in eukaryotes 105 

[51–55]. Kimura and colleagues reported that at least 7674 genes, accounting for 52% of 106 

total human annotated genes, were regulated by putative alternative promoters [56]. In 107 

Drosophila, data from 5’ cap read sequencing revealed 34,664 discrete TSS clusters associ- 108 

ated with 8577 genes, suggesting comparable complexity of aTSS usage in the fruit fly 109 

compared to humans [57]. The situation appears to be similar in fungi. For instance, 1773 110 

S. pombe genes have at least 2 core promoters [58]. In S. cerevisiae, 56% of the genes have at 111 

least 2 TSS clusters, and alternative core promoter usage by a gene is widespread in re- 112 

sponse to changing environments [59]. Nevertheless, information about aTSS usage in 113 

pathogenic fungi is limited due to both the scarcity of genome-wide studies and caveats 114 

in data integration. Results from 5’-end-cDNA sequencing of C. glabrata showed that out 115 

of 4316 coding genes, only 10% (n = 435) were transcribed from a single TSS, but it is un- 116 

clear as to how many TSS clusters these TSSs belong [19]. A study in Aspergillus nidulans 117 

grouped 18,817,969 TSS positions into 17,992 putative TSS clusters, but further analysis of 118 

alternative usage of these clusters in various growth conditions has yet to be conducted 119 

[60]. Nonetheless, evidence of aTSS usage in pathogenic and non-pathogenic fungi has 120 

been published. In Neurospora crassa, the TSS positions of the circadian clock gene frq are 121 

distributed into two alternative major clusters depending on light exposure of the fungus 122 

[61]. In C. neoformans, aTSS usage results in the production of two alternative isoforms of 123 

PUM1 regulated by sexual development growth phase [62]. Our recent TSS-seq data anal- 124 

ysis in two Cryptococcus species revealed the existence of more TSS clusters than coding 125 

genes, suggesting widespread aTSS usage in these pathogenic yeasts [63]. While global 126 

studies will provide more understanding of the extent and dynamics of aTSS usage in 127 

various fungal species, the biological functions and mechanism of aTSS in pathogenic 128 

fungi is of particular interest. 129 

3. Biological consequences of aTSS in fungi 130 

During the 2000s, promoter switching events associated with mammalian develop- 131 

ment and disease etiology have been the subject of reviews that have cited results from 132 

hundreds of studies [64–67]. aTSS usage is expected to have a similar impact on the fungal 133 

transcriptome and proteome. Although aTSS likely affects lncRNAs in addition to 134 

mRNAs, we focus on mRNAs and discuss the consequences of aTSS usage on fungal 135 

mRNA level, mRNA diversity, and proteome diversity. 136 

3.1. Alternative transcript isoforms share the same ORF but differ in leader (5’UTR) sequence 137 

aTSSs can be found upstream or downstream of the annotated TSS, which modulates 138 

the 5’UTR length. This modulation can result in the inclusion or exclusion of sequences 139 

containing important regulatory elements (Figure 1). For instance, the presence of one or 140 

more upstream open-reading frames (uORFs) within this region can dramatically alter 141 

mRNA stability and translation efficiency. In mammals, an uORF-linked regulatory mech- 142 

anism has been illustrated in the mouse with the cyclin-dependent kinase inhibitor 143 

(p18INK4c) and peroxisome proliferator-activated receptor (PPAR) beta/delta [68,69]. In 144 

S. cerevisiae, 791 mRNAs contain uORFs in their transcript leader sequence [70], and 252 145 

genes contain conserved uORFs [71]. Although the function of most uORFs has not been 146 

explored in detail, examples of uORF-dependent–regulation associated with alternative 147 

TSS usage exist. For instance, alternative promoter usage of the NDC80 gene produces 148 

either a nonfunctional long transcript bearing several uORFs or a short translatable 149 
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mRNA, allowing versatile management of protein expression [72]. The NDC80 gene en- 150 

codes a subunit of the outer kinetochore, which plays a key role in meiosis. The controlled 151 

expression of two NDC80 mRNA isoforms are responsible for the inactivation and reacti- 152 

vation of the kinetochore during cell division through Ndc80 protein level. The translata- 153 

ble short isoform is highly expressed in vegetative growth, but at the beginning of meiosis, 154 

100% of cells express only the nonfunctional long isoform, which harbors 9 uORFs. Hence, 155 

no Ndc80 protein is produced at the meiotic prophase, thereby ensuring proper removal 156 

of the kinetochore at this stage. Mutating all 9 AUGs led to an increase in Ndc80 protein 157 

during prophase, confirming the inhibitory effect of uORFs on the translation of the main 158 

coding sequence. This abnormal expression of NDC80 from the mutated long mRNA iso- 159 

form led to abnormal chromosome segregation during cell division. In pathogenic fungi, 160 

uORFs in the 5’UTR contribute to the control of translation and RNA stability in response 161 

to environmental cues [73,74]. In C. neoformans, a robust, transient transcriptome modifi- 162 

cation is triggered upon exposure to reactive oxygen species [75], which is explained by 163 

translation inhibition through Gcn2-mediated eIF2α phosphorylation [73]. This likely fa- 164 

vors the efficient translation of the oxidative stress response gene ERG110 and GCN4, 165 

which both contain uORFs in the transcript leader (TL) of their mRNA [73,76]. In addition, 166 

the production of an alternative transcript isoform containing an uORF has been reported 167 

for the Metarhizium robertsii Mr-OPY2 gene [43]. The plant- and fly-infecting fungus M. 168 

robertsii requires precise regulation of the Mr-OPY2 membrane anchor protein during sap- 169 

rophyte-to-insect pathogen transition. During saprophytic growth, Mr-OPY2 mRNA con- 170 

tains 2 uORFs that impede the translation of the main coding sequence. The elevated level 171 

of Mr-OPY2 protein during infection stages is achieved through the production of a short 172 

mRNA isoform that does not contain the 2 uORFs. Mutant strains that fail to express Mr- 173 

OPY2 proteins were impaired in appressorial formation and infection capacity. Artificial 174 

constitutive expression of the major open reading frame (ORF) during saprophytic growth 175 

results in the fluffy phenotype, aberrant conidiophores, and significantly reduced conidial 176 

production. These findings illustrate that aTSS- and uORF-associated regulatory strate- 177 

gies are exploited by both fungi and mammals as a flexible tool to regulate protein levels. 178 

 Genome-wide data analyses of TL structure performed in Saccharomyces, Cryptococ- 179 

cus, Aspergillus, Candida, and Neurospora species confirmed the repressive effect of uORFs 180 

on translation efficiency [53,60,63,77]. The translation efficiency of annotated ORFs is neg- 181 

atively correlated with the number of uORFs present in the 5’UTR. This is in agreement 182 

with the observation in mouse fibroblasts that uORF-containing longer mRNA isoforms 183 

are enriched in the monosome fraction, which is indicative of a lack of translation of the 184 

main ORF [78]. Analysis of Ribo-seq data revealed some examples of such regulation in 185 

Cryptococcus. At the CNAG_06246 and CNAG_03140 loci, only uORF translation was ob- 186 

served in the tested conditions, whereas the main ORF translation was completely abol- 187 

ished, suggesting tight regulation of gene expression [63]. 188 

 Although the general view is that uORF translation would eventually trigger mRNA 189 

to degrade via nonsense-mediated mRNA decay (NMD), as suggested in Cryptococcus and 190 

S. cerevisiae [53,63], some uORF-based regulation appears to be more complex [79]. A clas- 191 

sic example is the S. cerevisiae GCN4 gene, which has 4 small uORFs in the 5’ leader se- 192 

quence of its mRNA [80]. In amino acid–rich media, ribosomes are dissociated after pass- 193 

ing a GC-rich region at the end of the fourth uORF within GCN4 mRNA. Therefore, ribo- 194 

some re-initiation scanning is hindered after translation of the fourth uORF, and no pro- 195 

tein is synthesized from the main ORF.  196 

 Given the small length of uORF-born peptides, one question is whether these short 197 

peptides possess any biological function. Examples of functional small peptides (<100 198 

amino acids in length) are available in vertebrates and Drosophila [81]. In fungi, N. crassa 199 

arg-2 mRNA contains an evolutionarily conserved uORF coding a 24-amino acid peptide 200 

called arginine attenuator peptide (AAP), which participates in the control of ribosome 201 

movement [82]. Nevertheless, the features of repressive uORFs are evolutionarily main- 202 

tained rather than their amino acid sequence [83]. This suggests that conserved uORFs are 203 
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mostly involved in regulation of translation of the downstream major ORF rather than 204 

encoding functional protein [84].  205 

 A longer 5’ leader sequence of transcripts resulting from an upstream aTSS can po- 206 

tentially form a secondary structure that interferes with translation initiation [85]. Once 207 

assembled, the 43S complex scans the TL sequence to identify the correct translation start 208 

site [86]. Though the ribosome has the ability to process helicase activity, RNA secondary 209 

structures, such as the stem-loop hairpin structure, can block translation initiation via 210 

blockage of the scanning process [87,88]. For instance, under hypoxic conditions, S. pombe 211 

transcribes a translationally silent transcript from an upstream promoter at the TCO1 lo- 212 

cus [89]. The additional 751-nucleotide sequence of this alternative transcript is computa- 213 

tionally predicted to form a stable stem-loop structure thought to block translation initia- 214 

tion by impairing 43S scanning.  215 

 Additional cis-regulatory sequences included within the 5’ leader sequence upon 216 

aTSS usage can alter mRNA translation potential. An interesting example is the Pumilio 217 

protein family PUM1 gene in C. neoformans [62]. Pum1 is an RNA-binding protein re- 218 

quired for hyphal formation and is known to indirectly enhance the mRNA stability of 219 

the master filamentation regulator Znf2 [90]. In yeast cells, the Pum1 protein binds to its 220 

own transcript leader sequence, blocking ribosome scanning and shutting off mRNA 221 

translation [62]. In filaments, C. neoformans utilizes an alternative downstream TSS to pro- 222 

duce a shorter isoform lacking the Pum1 binding site [62]. Thus, aTSS usage prevents auto- 223 

inhibition, thereby allowing full expression of PUM1 and activation of ZNF2. 224 

 225 

Figure 1. aTSS usage regulates gene expression without impacting protein diversity. aTSS usage 226 
includes or excludes regulatory elements within the transcript leader sequence, such as the uORF 227 
or secondary structure. This regulates the translation, stability, or subcellular targeting of the 228 
produced mRNA. 229 

3.2. Alternative transcripts are translated into N- termini-truncated proteins 230 

Although aTSS usage maintains an intact ORF in 60% to 80% of studied cases in mam- 231 

mals, it can also be a source of proteome diversity [65]. Thus, the usage of TSS clusters 232 

within coding sequences potentially results in novel protein isoforms. The translationally 233 

active downstream ATG (dATG) is typically found in-frame with the annotated ATG 234 

(aATG), so the alternative protein is a N-terminus–truncated version of the annotated one. 235 

This shorter polypeptide can maintain the same functional domains but lacks sequences 236 
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critical for protein localization (Figure 2). For instance, the plant Arabidopsis thaliana grow- 237 

ing in shaded conditions uses aTSS to produce a cytosolic isoform of GLYK, a photorespi- 238 

ration enzyme believed to solely reside in the chloroplast [91]. Such aTSS regulation of 239 

protein localization by N-terminus truncation has been described for some S. cerevisiae 240 

tRNA synthetase genes. In these examples, instead of having a dedicated gene for cyto- 241 

solic and mitochondrial tRNA-synthetase, a single gene generates both enzymes [92]. Both 242 

cytoplasmic and mitochondrial versions of histidinyl, valinyl, and cysteinyl tRNA synthe- 243 

tases are encoded by a single gene (HST1, VAS1 and CRS1, respectively) [92–94]. At these 244 

loci, aTSSs generate either a long or short transcript isoform leading to alternative protein 245 

versions of Hts1, Vas1, and Crs1. The truncated versions lack the mitochondria targeting 246 

signal (MTS) at the N terminus and remain in the cytosol, while the full-length versions 247 

are translocated into the mitochondria. In the fungal pathogen C. neoformans, both tRNA 248 

synthetase activities are encoded by a single gene for most amino acids [63]. The expres- 249 

sion of the 2 protein isoforms can be controlled by aTSS usage to produce a long and a 250 

short transcript, and the long isoform can produce both cytosolic and mitochondrial en- 251 

zymes. Another layer of regulation is the selection of the translation initiation position, 252 

which is based on the consensus level of the associated Kozac context of the long transcript 253 

[63]. However, aTSS–dependent protein localization has been reported for other C. neofor- 254 

mans genes. For instance, C. neoformans synthesizes a long UVE1 mRNA isoform which 255 

codes a protein, following UV exposure, specifically targeted to the mitochondria [95]. 256 

This long Uve1 protein is functionally active as a DNA damage repair endonuclease and 257 

protects the mitochondrial genome from potentially lethal UV-induced DNA damage. 258 

Similarly, C. neoformans employs aTSSs as a novel layer of regulation of superoxide dis- 259 

mutase activities. The genes SOD1 and SOD2 encode genes with cytoplasmic Cu-depend- 260 

ent and mitochondrial manganese-dependent superoxide dismutase activities, respec- 261 

tively [96]. Upon Cu shortage, an aTSS is used to regulate both gene products: a transla- 262 

tionally repressed SOD1 mRNA is produced while a shorter version of SOD2 mRNA pro- 263 

duces a functional cytosolic version of manganese-dependent superoxide dismutase Sod2. 264 

Thus, during infection, a condition in which copper is limited in host cells, the Cryptococ- 265 

cus manganese-dependent superoxide dismutase typically located in the mitochondria is 266 

translocated to the cytosol to maintain the cytosolic redox equilibrium against oxidative 267 

stress [96]. TSS switch-driven subcellular localization of proteins is not restricted to mito- 268 

chondrial and cytosolic targeting. For instance, aTSS usage regulates the alternative pro- 269 

duction of the secreted, glycosylated version of the S. cerevisiae invertase SUC2 in glucose- 270 

rich culture instead of its constitutive intracellular, non-glycosylated form [97]. 271 

 272 
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 273 

Figure 2. Alternative transcripts leading to N-terminus–truncated proteins with different localiza- 274 
tion to that of the canonical protein. Condition 1: mRNA is transcribed from TSS1. This mRNA is 275 
translated into a protein with a localization target signal (mitochondria targeting signal [MTS] in 276 
this example) at its N terminus. The protein is targeted to the mitochondria. Condition 2: mRNA is 277 
transcribed from TSS2. The shorter transcript isoform is translated into an N-terminus–truncated 278 
protein lacking the MTS. The resulting alternative protein localizes to cytosol. 279 

Alternative transcription initiation can be used to produce a shorter protein that loses 280 

important functional domains (apart from the localization signal) and in turn acts as an 281 

inhibitor of its full-length counterpart (Figure 3). An example in fungi is the ZEB2 gene of 282 

the cereal- infecting fungus Fusarium graminearum in which aTSS not only impacts protein 283 

localization but also alters its function [98]. The full-length Zeb2 protein (Zeb2L) localizes 284 

exclusively to the nucleus. This long isoform has a basic leucine zipper (bZIP) DNA-bind- 285 

ing domain and functions as a transcription factor that induces the production the polyke- 286 

tide mycotoxin zearalenone (ZEA), a chemical compound leading to hyperestrogenic syn- 287 

drome in infected cereals. ZEA accumulation triggers the synthesis of an N-terminally 288 

truncated protein (Zeb2S) that lacks the bZIP domain and exists in both the nucleus and 289 

cytoplasm. The short isoform forms heterodimers with Zeb2L and thus impedes the DNA- 290 

binding activity of Zeb2L in an autoregulatory process [98]. Similarly, in S. pombe wtf 291 

genes encode killer meiotic drivers which are selfish DNA sequence. Interestingly, the wtf 292 

drivers use alternative TSS to produce two protein isoforms [99]. Here, the long protein 293 

isoform Wtf4antidote neutralizes the short protein isoform Wtf4poison via heterodimerization. 294 

Moreover, the expression of both isoforms is tightly controlled in timing and localization 295 

to give the driver a transmission advantage into the next generation [99]. 296 
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 297 

Figure 3. Alternative TSS usage leads to the production of an N-terminal–truncated protein with an 298 
alternative function. Condition 1: The mRNA is transcribed from the TSS1. The produced protein 299 
contains the functional domain (green). Condition 2: The mRNA is transcribed from the TSS2. The 300 
aTSS (TSS2) is located within the annotated coding sequence. The resulting protein does not contain 301 
the functional domain and might function as an inhibitor of the full-length protein, as in the case of 302 
the Fusarium graminearum protein Zeb2. 303 

 aTSS can result in the production of alternative protein isoforms encoded by alterna- 304 

tive ORFs. To our knowledge, there are only 2 characterized examples in mammals: cy- 305 

clin-dependent kinase inhibitor 2A gene (CDKN2A) and p21 in humans [100,101]. Each 306 

encodes 2 protein isoforms with different reading frames resulting from an alternative 307 

promoter coupled with different splicing patterns. Until recently, reports of similar aTSS- 308 

induced out-of-frame proteins have been unavailable in fungi. However, genome-wide 309 

proteomics approaches that sequence the N-terminal peptide have enabled studies on the 310 

impact on the proteome and the discovery of out-of-frame peptides [102–104]. These pu- 311 

tative detected out-of-frame peptides are clearly not degradation products of annotated 312 

proteins that have a different reading frame. Rather, they likely result from bona fide pro- 313 

teins that are translated starting from an out-of-frame dATG or an in-frame dATG in the 314 

presence of alternative splicing. It is likely that such alternative proteins exist in patho- 315 

genic fungi, but their impact on the biology and virulence of these organisms remains to 316 

be studied. 317 

3.3. Transcript isoforms are similar in coding sequence and translational efficiency 318 

In some cases, aTSS usage does not impact protein output or translation efficiency 319 

(Figure 4). Possible explanations of multiple promoters for essential genes include to en- 320 

sure expression level regardless of diverse initiation environments, such as the available 321 

transcription factor pool, or to diminish the fatal effects of mutations within the promoter 322 

[66]. For example, in the fungus Aspergillus oryzae, most glycolysis-reversible enzyme-cod- 323 

ing genes have multiple TSSs even though they are constitutively expressed [105]. Carbon 324 

source–dependent aTSS usage is only observed in two genes: those encoding enolase 325 

(enoA) and fructose-bisphosphate aldolase (fbaA), where 2 promoters are alternatively 326 

used in response to nutritional signals. Thus, with the exceptions of enoA and fbaA, the 327 

existence of multiple TSSs in other glycolysis/gluconeogenesis genes probably functions 328 
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to maintain a constant level of protein in any environmental condition. On the other hand, 329 

enoA is an interesting case because the use of the two promoters depends on the carbon 330 

source. This gene is transcribed into two mRNAs that differ only in the 5’UTR; the short 331 

isoform is specific to glycolytic conditions, and the long transcript is highly expressed in 332 

gluconeogenic conditions. Replacing the 5’UTR of one enoA mRNA isoform with another 333 

5’ UTR of the reporter gene does not alter translational activity. However, mutations abol- 334 

ishing transcription from the upstream TSS prevent cell growth in acetate, while transcrip- 335 

tion from the downstream TSS is important for cell proliferation in glucose. Thus, A. oryzae 336 

requires transcription of enoA from distinct TSS/promoters for environmental adaptation, 337 

but no clear functional differences between the two mRNA isoforms can be observed. 338 

Here, A. oryzae might use aTSSs to adapt to the different availability of some transcription 339 

factors so as to satisfy the different demands of an important reversible enzyme in glycol- 340 

ysis and gluconeogenesis. 341 

 342 

Figure 4. Alternative transcript isoforms code identical proteins and possess the same translation 343 
capacity. Condition 1: Canonical mRNA from TSS1 is produced. Condition 2: Alternative mRNA 344 
from TSS2 is transcribed. The alternative TSS results in transcript isoforms that differ in the 5’ UTR 345 
but have the same coding sequence. This alternative isoform does not significantly impact stability 346 
or translational efficiency. 347 

4. Mechanism of alternative TSS usage control 348 

As discussed in examples above, some transcripts produced from alternative TSSs 349 

are functional and critical to the cell. Fungi actively control their synthesis by employing 350 

both cis-elements and trans-factors to accurately produce the correct mRNA isoforms at 351 

the correct time. 352 

4.1. Transcription factors regulate alternative TSS usage 353 

Transcription can be initiated from aTSS via binding of transcription factors (TFs) to 354 

its dedicated promoter, with evidence available both in mammals and yeasts. The pro- 355 

moter switch of the rodent gene satb1 during T-cell development is controlled by the tran- 356 

scription factor TCF1 [85]. In S. pombe, transcription from the upstream aTSS of the tco1+ 357 

gene in hypoxic conditions is triggered by the oxygen-sensitive TF Sre1 [89]. S. cerevisiae 358 

Gcn4 is a striking example of a TF that induces unconventional transcription: 546 Gcn4 359 

ChIP-seq peaks were enriched during amino acid starvation vs control nutrient-rich me- 360 
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dia. Nearly 60% of Gcn4 genic binding sites are not located at the canonical promoter re- 361 

gion, but rather are found inside coding sequences (CDSs) [106]. Many of these Gcn4 sig- 362 

nals within CDSs are adjacent to induced TATA-binding protein peaks, suggesting the 363 

existence of cryptic internal promoters. Indeed, Gcn4 binds to its site within the ORF of 364 

POS1, SNX41, SPO21, and COG1 and induces both the noncanonical antisense and sense 365 

transcriptions starting around 100 bp upstream or downstream. The H3 histone occu- 366 

pancy profile suggests that Gcn4 does not bind to the pre-existing nucleosome-depleted 367 

region. Rather, Gcn4 binding is more likely to stimulate gentle histone removal at the sur- 368 

rounding region, suggesting that Gcn4 actively provokes transcription initiation. This im- 369 

plies active regulatory activities of Gcn4 on aTSS usage.  370 

 TFs function not only as inducers but also as repressors of alternative promoters. 371 

Examples in mammals include the transcription factor Chx10, which negatively regulates 372 

the synthesis of the 2 transcript isoforms (H- and D-Mitf), but not 8 other isoforms of MIFT 373 

gene, in the retina during murine eye development [107]. Examples of TFs that negatively 374 

control the transcription of a particular alternative mRNA isoform have yet to be discov- 375 

ered in yeast. However, S. cerevisiae transcription factor Rap1 is reported to bind at the 376 

promoters of highly expressed genes and repress pervasive transcription from these pro- 377 

moters, possibly by contributing to nucleosome positioning [108,109].  378 

 TFs are reported to mediate feedback regulation on aTSS usage at their encoding 379 

gene. In humans, the pluripotent stem cell transcription factor NANOG binds to and auto- 380 

upregulates the usage of its own proximal promoter [110]. In C. neoformans, the RNA- 381 

binding protein Pum1 autoregulates the expression of its encoding gene by binding ZNF2 382 

mRNA, thus regulating the expression of this TF [62]. In turn, Znf2p binds to the PUM1 383 

proximal promoter, inducing the synthesis of a short isoform that lacks the sequence re- 384 

quired for translational repression as in the long isoform [62].  385 

 Identification of the TFs regulating aTSS usage is suggested by the analysis of the 386 

sequence surrounding these TSSs and confirmed through genetic and/or ChIP-based anal- 387 

yses [85,111,112]. For instance, the binding site of 2 TFs in A. oryzae (AcuK and AcuM) are 388 

detected at the upstream promoter of the enoA gene, suggesting that these TFs could reg- 389 

ulate the expression of the long transcript of the enoA gene in glucose starvation condi- 390 

tions. Accordingly, mutating the potential binding motif of AcuK and AcuM at the up- 391 

stream promoter of the enoA gene reduces expression of the long transcript in acetate 392 

culture conditions but not in glucose-rich conditions [105].  393 

 Some TFs can affect aTSS usage of multiple genes, as observed in mammals and 394 

plants [91,113]. In S. cerevisiae, the TFs Ume6 and Ime1 form a heterodimer to activate 395 

transcription from alternative promoters upstream of meiotic genes specifically during 396 

meiotic prophase. This allows the downregulation of these meiotic specific genes through 397 

the combined act of translational and transcriptional repression. Thus, the production of 398 

5’ extended transcripts down-regulates the expression of the short isoforms through tran- 399 

scriptional interference of the downstream promoters. Whereas, these long mRNA 400 

isoforms are enriched in uORFs , leading to translational repression of the main ORF [114]. 401 

Accordingly, Ume6 binding sites are highly enriched at the promoter of these non-canon- 402 

ical transcripts. Similarly, Gcn4 likely functions as the master regulator controlling the use 403 

of a number of aTSSs at different loci in response to amino acid limitation [106]. In addi- 404 

tion, Zap1 regulates aTSS usage at the RTC4 and RAD27 loci through zinc-responsive el- 405 

ements (ZREs) [115]. In C. neoformans, the TF Cuf1 controls aTSS usage at the SOD1 and 406 

SOD2 loci via Cu-responsive elements (CuREs) [96]. 407 

 408 

4.2. cis regulatory transcription activity and chromatin conformation remodeling control alterna- 409 

tive transcription 410 

 Either alternative promoters are independently activated by different pathways via 411 

distinct transcription factors, or their usages are intertwined with each other through tran- 412 

scriptional interference. In S. cerevisiae, transcription through a promoter can impede its 413 

activity [72,116] (Figure 5). For instance, transcription of the short functional NDC80 414 
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mRNA isoform is inhibited by the transcription event starting upstream that generates a 415 

5’ extended isoform [72]. This repression likely results from co-transcriptional chromatin 416 

remodeling [117,118]. During transcription from the upstream TSS of NDC80, the histone 417 

methyl transferases Set1 and Set2 regulate H3 lysine 4 dimethylation (H3K4me2) and H3 418 

lysine 36 trimethylation (H3K36me3) levels, respectively [119]. Global mapping of epige- 419 

netic imprinting showed that H3K36me3 and, to a lesser extent, H3K4me2 are strong pre- 420 

dictors of transcription repression mediated by upstream transcription [114]. The repres- 421 

sive histone marks H3K4me2 and H3K36me3 are read by histone deacetylases Set3 and 422 

Rpd3S, respectively, to promote histone deacetylation at these regions [119]. Histone 423 

deacetylation enhances the electrostatic interaction between histones and DNA, thus pro- 424 

moting nucleosome occupancy and inhibiting local transcription initiation [120]. Tran- 425 

scription activity from upstream TSSs is likely associated with low-level histone acetyla- 426 

tion followed by a tighter wrapping of the histone core by the DNA string at the gene 427 

body. The converse can be true, where limited upstream transcription activity brings 428 

about permissive histone marks at the gene body, thereby allowing downstream tran- 429 

scription. For instance, low transcriptional activity of S. cerevisiae lncRNA IRT2 induces 430 

the acetylation of histone H3 lysine 56 (H3K56ac). The associated relaxed chromatin con- 431 

formation allows binding of the TF Rme1 at the promoter of lncRNA IRT1, which is lo- 432 

cated downstream and facilitates its transcription [121]. However, not every gene express- 433 

ing 5’ extended transcripts is associated with a reduction in the abundance of the short 434 

transcripts [114]. Further, the effect of expressing distal promoters on proximal ones can 435 

range from repression to activation [122]. Interestingly, this effect appears to be dependent 436 

on the distance between the distal and proximal TSS. Enhanced transcription from the 437 

upstream TSS can repress transcription from the downstream TSS if located more than 80 438 

bp from one another, while a smaller distance is linked to positive correlation of their 439 

usage [122]. It is possible that a downstream TSS distantly separated from the upstream 440 

TSS is likely to have its own promoter, so its activity is regulated by transcriptional inter- 441 

ference. Nevertheless, this cis regulation through transcriptional interference of aTSS us- 442 

age remains to be described in pathogenic fungi. 443 

 444 

Figure 5. Regulatory action in cis and chromatin conformation control alternative transcription. 445 
Condition 1: There is no transcription from TSS1. Acetylated histones (orange circle) at the gene 446 
body downstream TSS1 are associated with a relaxed chromatin state. The transcription factor Y, 447 
which activates transcription at the TSS2, can bind. Condition 2: Transcription from TSS1 leads to 448 
histone deacetylation. This reduction in histone acetylation leads to a more condensed chromatin 449 
conformation that occludes the binding of transcription factor Y, thereby repressing transcription 450 
from TSS2. 451 
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In many situations discussed above, it is puzzling that the cell uses so many resources on synthe- 452 
sizing a translationally deficient mRNA. A possible explanation for this “unnecessary” energy con- 453 
sumption resides on the regulatory cis action of alternative transcription as discussed above. In S. 454 
cerevisiae, aTSS usage driven by alternative promoters has cis regulatory activities, mostly via tran- 455 
scriptional activation. However, even if the RNA species produced from these aTSS are not cod- 456 
ing/translated, we cannot exclude that at least some may have additional trans regulatory activities. 457 
In metazoans, several examples exist of trans-acting lncRNA acting on chromatin through binding 458 
chromatin modifiers or remodelers [123]. Thus, it is possible that this regulatory activity could occur 459 
in fungi as well.  460 

 Though not yet reported in yeast and fungi, several lines of evidence suggest the 461 

involvement of DNA methylation in the regulation of aTSS usage in mammals. Cap-tar- 462 

geted and bisulfite genomic sequencing data reveal variation in methylation patterns 463 

among alternative promoters of tissue-biased genes [124]. In human and viruses, the ac- 464 

tivity of alternative promoters is negatively correlated with hypermethylation of its CpG 465 

islands [124–128]. In conditions in which demethylation of aTSS is observed, the active 466 

promoter-associated histone modification H3K4me3 is detected spanning the promoter, 467 

implying genuine transcriptional activities [124,125]. How DNA methylation and TFs in- 468 

terfere with each other, and impact promoter expression is still controversial. In the hu- 469 

man gene garp, an in vitro DNA-protein binding assay demonstrated an inhibitory effect 470 

of methylated CpG flanking the alternative promoter on the binding capacity of the 2 pos- 471 

itive transcriptional regulators NFAT and Foxp3 [124]. Thus, steric hindrance of the me- 472 

thyl groups associated with DNA methylation at alternative promoters can repress TF 473 

binding to the corresponding cis-elements [129]. Conversely, TF binding can also affect 474 

local DNA methylation patterns and induce transcription through passive demethylation 475 

of the bound region [129,130]. Although cytosine methylation has been identified in at 476 

least 16 yeast species [131], the impact of DNA methylation on transcription requires clar- 477 

ification in model yeasts and pathogenic fungi.  478 

5. Conclusions and remaining challenges   479 

aTSS usage is a major mechanism regulating gene expression and proteome diversity 480 

in eukaryotes. Use of alternative promoters results in alterations in mRNA that can sig- 481 

nificantly modify transcript stability and translational efficiency, as well as protein se- 482 

quence localization and function. Thus, aTSS has a potential critical impact on cell growth, 483 

differentiation, and adaptation. This type of regulation of both the transcriptome and the 484 

proteome structure is still poorly studied in pathogenic fungi. However, data produced 485 

in fungal model organisms, such as N. crassa, S. cerevisiae, and S. pombe, suggest that reg- 486 

ulation of gene expression via aTSS may be common in pathogenic fungi as well. Accord- 487 

ingly, genome-wide analysis in 2 species of Cryptococcus and in C. albicans identified sev- 488 

eral aTSS clusters associated with coding genes, although the regulation of their expres- 489 

sion and the associated molecular mechanisms remain to be explored [20,63]. Fungal path- 490 

ogens need to adapt to diverse conditions and efficiently produce virulence factors to es- 491 

cape the host immune system and potentially acquire drug resistance. This suggests so- 492 

phisticated and precise gene regulation mechanisms, such as aTSS usage, to regulate their 493 

biology and virulence.  494 

 The analysis of aTSS usage in model organisms revealed a significant number of 495 

multiple-promoter genes showing no promoter switch in different conditions. In this case, 496 

it is possible that transcript isoforms are regulated under unknown conditions. They can 497 

also be co-regulated. Cells uniformly express both alternative transcripts across condi- 498 

tions, but a population of cells could express a specific isoform while the alternative tran- 499 

script would be expressed in the other part of the cell population. In the latter scenario, 500 

analysis of the whole population at once does not capture the true picture of aTSS usage 501 

[132]. Thus, single-cell TSS analysis would allow more accurate findings. However, this 502 

type of analysis is challenging in fungi. TSS likely plays major role in host-pathogen in- 503 

teractions given the heterogeneity of in vivo and in vitro fungal populations [133]. 504 
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 Overall, the handful of studies on aTSSs in pathogenic fungi suggest wide usage and 505 

should prompt exploration of the mechanisms regulating the expression of virulence fac- 506 

tors, drug resistance, or in vivo fungal cell biology. Although a limited number of se- 507 

quence datasets have been produced, no genome-wide analysis of the regulation of aTSS 508 

usage has been performed in any pathogenic fungi.   509 
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