
PNAS  2023  Vol. 120  No. 12  e2219029120� https://doi.org/10.1073/pnas.2219029120   1 of 12

RESEARCH ARTICLE | 

Significance

RNA editing is hypothesized to 
facilitate adaptive evolution via 
flexibly diversifying the proteome 
temporally or spatially. However, 
direct experimental evidence is 
lacking. This study unveils the 
functional importance of 
conserved missense adenosine-
to-inosine (A-to-I) RNA editing 
(CME) sites in Fusarium 
graminearum and provides 
convincing experimental 
evidence for the adaptive 
advantages of two CME sites. 
The first CME site drives the 
CME5 gene gaining a new 
important function in ascus and 
ascospore formation during 
evolution. Having an editable A at 
this site is fitter than an 
uneditable A or a genomically 
encoded G. The second CME site 
in the CME11 gene confers a 
“heterozygote advantage” during 
ascosporogenesis, meaning that 
concurrently expressing both 
edited and unedited versions is 
more advantageous than either.
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Adenosine-to-inosine (A-to-I) editing is the most prevalent type of RNA editing in 
animals, and it occurs in fungi specifically during sexual reproduction. However, it 
is debatable whether A-to-I RNA editing is adaptive. Deciphering the functional 
importance of individual editing sites is essential for the mechanistic understanding 
of the adaptive advantages of RNA editing. Here, by performing gene deletion for 
17 genes with conserved missense editing (CME) sites and engineering underedited 
(ue) and overedited (oe) mutants for 10 CME sites using site-specific mutagenesis 
at the native locus in Fusarium graminearum, we demonstrated that two CME sites 
in CME5 and CME11 genes are functionally important for sexual reproduction. 
Although the overedited mutant was normal in sexual reproduction, the underedited 
mutant of CME5 had severe defects in ascus and ascospore formation like the deletion 
mutant, suggesting that the CME site of CME5 is co-opted for sexual development. 
The preediting residue of Cme5 is evolutionarily conserved across diverse classes of 
Ascomycota, while the postediting one is rarely hardwired into the genome, imply-
ing that editing at this site leads to higher fitness than a genomic A-to-G mutation. 
More importantly, mutants expressing only the underedited or the overedited allele 
of CME11 are defective in ascosporogenesis, while those expressing both alleles 
displayed normal phenotypes, indicating that concurrently expressing edited and 
unedited versions of Cme11 is more advantageous than either. Our study provides 
convincing experimental evidence for the long-suspected adaptive advantages of RNA 
editing in fungi and likely in animals.

RNA editing | adaptation | missense editing | sexual reproduction | Fusarium graminearum

RNA editing is an epitranscriptomic modification that alters RNA sequences by base inser-
tions, deletions, or modifications. Adenosine-to-inosine (A-to-I) editing of mRNA, mediated 
by members of the adenosine deaminase acting on RNA (ADAR) family (1), is the most 
prevalent type of RNA editing in the animal kingdom. Since the ADAR family is an ani-
mal-specific innovation (2), there is no ADAR ortholog in organisms outside the animal 
kingdom. Nevertheless, A-to-I RNA editing has been found in fungi recently, specifically 
during sexual reproduction with an unrecognized mechanism (3–8). A-to-I RNA editing 
seems to be a common feature in Sordariomycetes (9), one of the largest classes of Ascomycota, 
characterized by perithecial ascomata and inoperculate unitunicate asci.

Because I is recognized as guanosine (G) by translational machinery, A-to-I RNA editing 
has a similar functional consequence as an A-to-G substitution (1). Editing of protein-
coding sequences may lead to nonsynonymous substitutions, possibly affecting the func-
tion of proteins. However, unlike genomic mutations, RNA editing is seldom complete 
and leads to the presence of both edited and unedited transcripts in a cell. The percentage 
of edited transcripts over total transcripts at a given site (editing level) can be flexibly 
regulated in a tissue-specific, developmental stage-dependent manner (6, 10). Therefore, 
nonsynonymous A-to-I RNA editing has long been assumed to have evolutionary advan-
tages over genomic A-to-G substitutions (1, 11), as it increases the intraorganism proteome 
diversity by creating two protein isoforms per edited site concurrently, which may confer 
a “heterozygote advantage.” Alternatively, but not mutually exclusively, it can offer an 
edited version of proteins temporally or spatially that may be advantageous to organisms 
without affecting the genomically encoded A phenotype in tissues or stages where editing 
does not occur. However, whether RNA editing is adaptive or not is presently a point of 
debate. At present, experimental evidence on the adaptive advantages of nonsynonymous 
RNA editing is inadequate.

In animals, most A-to-I editing sites occur in noncoding regions associated with repetitive 
elements, and the fraction of nonsynonymous editing sites is low, especially in mammals 
(3, 12). The vast majority of nonsynonymous editing sites in mammals are functionally 
unimportant and nonadaptive (13, 14). In Drosophila and coleoid cephalopods, only the 
evolutionarily conserved nonsynonymous editing sites with higher editing levels were 
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suggested to be adaptive by evolutionary analysis (15–17). Unlike 
in animals, most of the A-to-I editing sites in fungi are nonsynon-
ymous (3, 4, 6, 7). Evolutionary analysis suggests that the prevalent 
nonsynonymous editing is generally adaptive in fungi (6, 18). 
Nevertheless, it is largely unknown which of the nonsynonymous 
editing sites is functionally important and what adaptive advantage 
can be gained from these editing events rather than genomic muta-
tions. Experimental studies of the functional and fitness conse-
quences of individual editing sites are challenging and time-extensive 
but essential for resolving these fundamental questions.

To date, only a small number of strongly edited and conserved 
A-to-I editing sites have been functionally characterized in animals 
(1, 19). Although a few cases of editing sites were shown to have a 
clear effect on protein functions in vitro or in cell lines (20–26), the 
importance of these editing events for development and normal 
physiology in organisms has not been determined by genetic tar-
geting to ablate RNA editing. Only three editing sites have been 
demonstrated to have critical physiological significance using trans-
genic mice impaired in RNA editing, the Q/R site in GluR-B, the 
Q2341R site in FLNA, and the I/M site in CaV1.3. The ablation 
of the Q/R site editing in GluR-B resulted in early death in mice 
(27), while the mice deficient in the editing of the FLNA Q2341R 
site led to left ventricular hypertrophy and cardiac remodeling (28). 
It is worth considering that being functionally important does not 
necessarily mean that the editing site is adaptive. For example, the 
Q/R site editing in GluR-B is required to correct for a deleterious 
G-to-A genomic mutation (29, 30). According to the “harm-per-
mitting model” (16), this type of editing (restorative editing) is not 
adaptive as having a flexible editable A is no fitter than the original 
genomically encoded G. Instead of causing defects by disrupting 
editing, the mice deficient in the editing of the CaV1.3 I/M site had 
improved spatial learning and memory and neuronal plasticity (31). 
The selective advantage of this editing site is elusive. To the best of 
our knowledge, there is no direct experimental evidence for the 
heterozygote advantages of RNA editing, meaning that concurrently 
expressing both the edited and unedited isoforms of proteins is more 
advantageous than either an unedited or an edited one.

In fungi, our previous studies experimentally confirmed that 3 
premature stop codon correction (PSC) editing sites are function-
ally important for sexual reproduction in Fusarium graminearum 
(7, 32, 33), a predominant causal agent of Fusarium head blight 
(FHB), one of the most devastating diseases of cereal crops world-
wide. Sexual reproduction plays a critical role in the infection cycle 
of F. graminearum because ascospores discharged from perithecia 
(sexual fruiting bodies) are the primary inoculum of FHB (34). 
Although functionally important, these PSC editing sites are 
thought to be restorative editing and not adaptive. The overwhelm-
ing majority of nonsynonymous editing sites in F. graminearum are 
missense editing that changes one amino acid to a different amino 
acid (AA). It is yet unknown whether individual missense editing 
sites are functionally important and adaptive for sexual reproduc-
tion. It has been suggested that editing sites conserved among mul-
tiple species are likely functionally important and beneficial (35). 
Previously, we identified 454 conserved A-to-I sites among 
F. graminearum, Neurospora crassa, and Neurospora tetrasperma (6). 
Of these, 429 are conserved missense editing (CME) sites. The 
CME sites with higher editing levels are the best candidates for 
experimental validation of their biological roles.

In this study, we selected all of the 22 CME sites with editing 
levels of ≥50% in both F. graminearum and N. crassa for functional 
characterization in F. graminearum. Functions of the genes with 
CME sites were first validated by gene deletion. We then investigated 
the role of individual CME sites in the genes important for sexual 
reproduction by generating underedited (ue) and overedited (oe) 

mutants, respectively, using site-specific mutagenesis at the native 
locus. While only the edited version of proteins encoded by CME5 
is fully functional during ascus and ascospore formation, concur-
rently expressing both edited and unedited versions of Cme11 is 
important for ascosporogenesis. Conservation of amino acid residues 
at the CME sites was also revealed across different fungal classes. 
Taken together, our results provided convincing experimental evi-
dence for the long-suspected adaptive advantages of RNA editing.

Results

Identification and Expression Profiling of Genes Containing 
CME Sites with Higher Editing Levels. Among the 429 CME sites 
shared by F. graminearum, N. crassa, and N. tetrasperma (6), 22 
of them had editing levels of ≥50% in both F. graminearum and 
N. crassa (Fig. 1 and SI Appendix, Table S1). These 22 CME sites 
are in 21 genes (named CME genes) (Fig. 1A), with a single CME 
site in each CME gene except CME10. Over half of the CME 
sites have amino acid substitutions with different physicochemical 
properties, including lysine to glutamate (K-to-E), arginine to 
glycine (R-to-G), glutamine to arginine (Q-to-R), threonine to 
alanine (T-to-A), and tyrosine to cysteine (Y-to-C) (Fig.  1B), 
implying that these CME events potentially influence the function 
of recoded proteins.

Based on published RNA-seq data (7, 36) (SI Appendix, Table S2), 
the transcripts of these CME genes were abundant in conidia, veg-
etative hyphae, and perithecia in F. graminearum, except that a few 
were expressed at relatively low levels in vegetative hyphae (Fig. 1A). 
Because A-to-I RNA editing occurs specifically during sexual repro-
duction, we further examined the expression pattern of these genes 
with RNA-seq data of sexual development from 1 to 8 days post-
fertilization (dpf) in F. graminearum. The expression levels of most 
CME genes were relatively low from 1 to 5 dpf but began to rise at 
6 dpf and peaked at 8 dpf (Fig. 1A), suggesting that they may have 
roles at later stages of sexual development.

Seven CME Genes Are Important for Vegetative Growth. Among 
the 21 CME genes, deletion mutants of CME4, CME13, CME17, 
and CME18 have been generated in previous studies (33, 37, 38). For 
the remaining 17 CME genes, we obtained at least two independent 
deletion mutants for 15 of them (SI Appendix, Table S3). CME2 and 
CME20 seem to be essential genes in F. graminearum because we 
failed to isolate deletion mutants after repeated attempts. The deletion 
mutants of 10 CME genes were normal in examined phenotypes, 
while deletion of 7 CME genes resulted in defects in vegetative 
growth, including CME13 and CME17 reported previously  
(33, 37) (SI Appendix, Fig. S1 and Table S4). Although the cme3 
mutant was only slightly reduced (7%) in the growth rate compared 
to the wild-type PH-1 strain, the deletion mutants of CME10 and 
CME11 had severe defects in growth with the growth rate reduced 
by over 68% (Fig. 2 A and B). The growth rate of cme6 and cme7 
mutants was reduced by 19% and 36%, respectively. Although the 
deletion mutants of CME3, CME6, and CME7 were normal in 
colony morphology and hyphal branching, the cme10 and cme11 
mutants formed colonies with rare aerial hyphae on potato dextrose 
agar (PDA) plates. In addition, hyphae of the cme10 mutant often 
had swollen tips. The cme11 mutant produced wavy hyphae with a 
bigger branching angle. Although the cme3, cme6, and cme7 mutants 
were normal in conidiation, the cme10 and cme11 mutants produced 
only a few morphologically abnormal conidia in carboxymethyl 
cellulose (CMC) cultures (Fig. 2C). Conidia formed by the cme10 
mutant were smaller with fewer septa, while conidia of the cme11 
mutant were often inappropriately germinated in CMC cultures. 
Additionally, the cme10 mutant rarely formed clusters of phialides, 
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while the cme11 mutant did not produce phialides (Fig.  2D). 
Therefore, CME10 and CME11 are crucial for conidiation in 
F. graminearum. We reintroduced the corresponding full-length genes 
into these deletion mutants. The resulting complemented strains had 
similar phenotypes as PH-1 in growth rate, colony morphology, and 
conidiation (SI Appendix, Fig. S2), indicating that deletion of these 
genes is responsible for all the phenotypes observed in the mutants.

Seven CME Genes Are Important for Sexual Reproduction. 
Deletion of seven CME genes resulted in severe defects in sexual 
reproduction (Fig. 2E). Consistently with their severe growth 
defects, the cme10 and cme11 mutants failed to form perithecia at 
8 dpf on carrot agar. The cme6 mutant generated slightly smaller 
perithecia without cirrhi formation and spore firing. Elongated 
asci and matured ascospores were not observed in perithecia 
at 8 dpf. The cme1, cme3, cme5, and cme7 mutants produced 
normal perithecia with reduced cirrhi formation and spore firing. 
Microscopical examination showed that the number of asci per 

perithecium was reduced in these four mutants (Fig. 2 F and G). 
Moreover, they often produced fewer than eight ascospores per 
ascus (Fig. 2 F and H). Particularly, over three-quarters of asci in 
perithecia of cme1 and cme7 mutants contained no ascospores. 
The complemented strains exhibited normal phenotypes in sexual 
reproduction as PH-1 (SI Appendix, Fig. S2). Therefore,  CME10 
and CME11 are essential for perithecium formation; CME6 is 
crucial for ascus formation; CME1, CME3, CME5, and CME7 
are important for ascus formation and ascosporogenesis in F. 
graminearum.

Eight CME Sites Are Dispensable for Normal Sexual Development. 
A-to-I RNA editing has strong base preferences, and the preferred 
bases at −2 to +4 positions of editing sites, especially at the −1 
position, are important for editing in F. graminearum (39). 
Among the ten CME sites in the two essential genes and the 
seven genes important for sexual development, eight are in the first 
codon position with preferred thymine (T) at the −1 position of 
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Fig. 1. Expression patterns of 21 CME genes and editing information of 22 CME sites. (A) Heatmaps showing the log2-normalized or row Z-score scaled TPM 
values of 21 CME genes from RNA-seq data of conidia (Coni), hyphae (Hyp), and perithecia (Sex) as well as sexual development from 1 to 8 days postfertilization 
(P1 to P8). See SI Appendix, Table S2 for accession numbers of RNA-seq data used. (B) Editing levels, residue positions, and codon/amino acid (AA) changes of 22 
CME sites in F. graminearum and N. crassa. Edited A is marked in red. Editing levels in F. graminearum were calculated from RNA-seq data of the Sex sample (7). 
Editing levels in N. crassa were the largest editing levels calculated from RNA-seq data of perithecia 3 to 6 days postfertilization (6).
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editing sites and the other two were in the second codon position 
with preferred cytosine (C) at the −2 position of editing sites 
(SI Appendix, Fig. S3). To characterize the function of these CME 
sites, we generated underedited mutants by changing the preferred 
base at the wobble position of the codon immediately preceding 
the edited codon (the −1 or −2 position of CME sites) into an 
unpreferred base in situ in PH-1 (SI Appendix, Fig. S3), aiming 
to abolish or reduce editing without alteration of amino acid 
sequences. Reverse-transcription (RT)-PCR product sequencing 
revealed that two peaks (A and G) occurred at the CME sites of 
CME1, CME2, CME3, CME6, CME7, CME10, and CME20 in 
Sanger sequencing traces in PH-1 (Fig. 3A). In the underedited 

mutants, however, only one A peak was observed at the CME sites 
except for the site in CME20 and the first site in CME10, which 
also had a minor G peak. These results confirm that editing at the 
CME sites is abolished or markedly reduced in these underedited 
mutants. The underedited mutants had no obvious defect in 
vegetative growth and sexual development (Fig. 3B), suggesting 
that the edited versions of proteins are not essential for sexual 
reproduction. We also generated overedited mutants (equivalent 
to 100% edited) for CME1, CME3, CME6, CME7, CME10, and 
CME20 by replacing edited A with G in situ (SI Appendix, Fig. S3). 
All the overedited mutants were normal in vegetative growth and 
sexual development (Fig. 3B), suggesting that the edited versions 
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of proteins alone are fully functional during sexual reproduction. 
Because CME10 contains two CME sites, we also simultaneously 
mutated for both sites. The double underedited (CME10ue1,2) 
and overedited (CME10oe1,2) mutants had no observed defects in 
vegetative growth and sexual reproduction (Fig. 3B). Therefore, the 
eight CME sites in CME1, CME2, CME3, CME6, CME7, CME10, 
and CME20 are dispensable for normal sexual development.

The Edited but Not Unedited Version of Cme5 Has Important 
Functions during Ascus and Ascospore Formation. We generated 
the underedited (CME5ue) and overedited (CME5oe) mutants by 
site-specific mutagenesis at the native locus of CME5 in PH-1 
(SI Appendix, Fig. S3). Editing of CME5 transcripts was abolished 
in the CME5ue mutant (Fig. 4A). Quantitative real-time RT-PCR 
analysis showed that the expression level of CME5 in CME5ue 
and CME5oe mutants was comparable to that in PH-1 (Fig. 4B). 

The CME5oe mutant was normal in sexual reproduction, but the 
CME5ue mutant was defective in ascus and ascospore formation 
(Fig. 4C). Like the cme5 mutant, the CME5ue mutant formed 
perithecia with smaller and fewer cirrhi. It was also defective 
in ascospore ejection and produced fewer ascospore masses in 
ejection assays. The average number of asci per perithecium was 
reduced by approximately 60% in the CME5ue mutant, and 
more than 80% of asci had fewer than eight ascospores (Fig. 4 
D and E). Therefore, the edited but not unedited version of 
Cme5 is functional during sexual reproduction, and the CME 
event plays important roles in ascus and ascospore formation in 
F. graminearum. Furthermore, DAPI staining revealed that the 
nuclear division in developing asci at 6 dpf was defective in the 
CME5ue mutant similar to the cme5 mutant. The fraction of asci 
with abnormal numbers (5, 6, 7, and >9) of nuclei was increased 
compared with PH-1 (Fig. 4F). Delimitation of the spore initial 
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in the ascus was observed. Each of the eight nuclei was enclosed 
by a spore membrane in the CME5oe mutant and PH-1. In the 
CME5ue mutant and cme5 mutant, however, two or more nuclei 
enclosed by a spore membrane were often observed (Fig. 4G). 
Consistently with these observations, the CME site of CME5 had 
the highest editing level at 6 dpf during sexual development, up 
to 94% (Fig. 4H). These results indicate that the edited version 
of Cme5 is important for the nuclear division and ascospore 
delimitation in the ascus.

The Preediting Residue of Cme5 Represents the Ancestral State 
at the CME Site and the Postediting Residue Is Rarely Hardwired 
into the Genome. CME5 is orthologous to Saccharomyces cerevisiae 
KIP3, which encodes a kinesin-8 motor involved in the regulation 
of microtubule dynamics and spindle organization (40). Like yeast 
Kip3, Cme5 contains an N-terminal motor domain, followed 
by a short coiled-coil domain and a C-terminal tail domain 
(Fig.  5A). Cme5 and its orthologs in filamentous ascomycetes 
have a relatively long C-terminal tail compared to yeast Kip3 
(SI Appendix, Fig. S4). The tail domain contains a high proportion 
of positively charged lysine (K) and arginine (R) residues (Fig. 5A). 
The CME site causes a replacement of R986 to glycine (G) in the 
N-terminal part of the Cme5 tail domain. Orthologs of CME5 are 
widely distributed in diverse fungal lineages (SI Appendix, Dataset 
S1). Phylogenetic analysis indicated that the preediting R residue 
represented the ancestral state at this site in ascomycetes (Fig. 5B). 
Therefore, according to previous definitions (16), the R986G 
editing in CME5 is unlikely the restorative editing that converts 
the amino acid state back to an ancestral state. The R residue 
at the CME site is conserved during evolution in filamentous 
ascomycetes. In contrast, the postediting G residue was rarely 
observed at this site in ascomycetes (Fig. 5B). These results imply 
that having an editable A at this site leads to higher fitness than 
a genomically encoded G. Although no significant alteration in 
the growth rate, conidial production, and virulence was observed 
for the CME5oe mutant relative to PH-1 and the CME5ue mutant 
(SI Appendix, Fig. S5), exclusively expressing the edited version 
of Cme5 may be potentially deleterious in asexual stages where 
editing does not occur.

Concurrently Expressing Both Edited and Unedited Versions of 
Cme11 Is Required for Ascosporogenesis. Likewise, we generated 
both the underedited (CME11ue) and overedited (CME11oe) 
mutants for CME11 (SI Appendix, Fig. S3). Editing was confirmed 
to be abolished in the CME11ue mutant (Fig. 6A). Surprisingly, 
although the growth rate, conidial production, and virulence had 
no significant alteration, both CME11ue and CME11oe mutants 
were defective in sexual reproduction (Fig. 6B and SI Appendix, 
Fig. S6). On average, 12% and 9% of asci in matured perithecia had 
fewer than eight ascospores, and 0.8% and 0.6% of asci contained 
ascospores with morphological abnormalities in CME11ue and 
CME11oe mutants, respectively (Fig.  6 C and D). In contrast, 
the defects were rarely observed in the control check strain that 
contains the same selectable marker inserted at the equivalent 
genomic locus. The expression level of CME11 had no obvious 
changes in both mutants (Fig. 6E), excluding the possibility that 
the defect is caused by changes in mRNA stability. We further 
transformed an overedited allele of CME11 into the CME11ue 
mutant. The resulting transformant (CME11ue-oe) expressing 
both underedited and overedited alleles of CME11 showed 
normal phenotypes in sexual reproduction. Therefore, these 
results indicate that neither the edited version nor the unedited 
version of Cme11 is fully functional during sexual reproduction, 
and ascosporogenesis needs the concurrent expression of both 

versions of Cme11 in F. graminearum. Compared with CME5, 
CME11 had a relatively stable, moderate editing level at the CME 
site during sexual development after 5 dpf (Fig. 6F), which may 
ensure that both versions of Cme11 are properly expressed during 
ascosporogenesis.

The Preediting Residue of Cme11 Is Potentially Phosphorylated 
and Relatively Conserved in Sordariomycetes during Evolution. 
CME11 is orthologous to S. cerevisiae YTA7 and Schizosaccharomyces 
pombe abo1/2, which encode a chromatin-binding ATPase involved 
in the regulation of chromatin dynamics (41, 42). Cme11 contains 
two AAA+-type ATPase domains and a TBP7_like bromodomain. 
The CME site is in the N-terminal region preceding the ATPase 
domains, resulting in a T304A replacement (Fig.  6G). Notably, 
the N-terminal regions of Yta7 and Abo1/2 contain many 
phosphorylated serine (S)/T residues (Fig.  6G). We, therefore, 
speculated whether the CME site of CME11 was phosphorylated 
during sexual reproduction. The substitution of T with A by editing 
could mimic the dephosphorylation of Cme11 at this site. Indeed, 
the T304 was predicted as a phosphorylated residue in Cme11 by 
both GPS5.0 (43) and NetPhos-3.1 (44). The T/S residues at this 
site in its orthologs were also predicted as phosphorylated residues. 
Therefore, RNA editing fine-tunes the function of CME11 during 
sexual reproduction possibly via regulating the phosphorylation 
level at the CME site. To confirm phosphorylation at this site, 
we generated transformants expressing the CME11-GFP fusion 
construct. The recombinant Cme11 protein was detected in 16-h 
hyphae but not in 7-dpf perithecia by western blotting (SI Appendix, 
Fig. S7), implying that Cme11 is an unstable protein and subjected 
to regulation specifically during sexual reproduction. We identified 
26 phosphorylation sites in Cme11 proteins isolated from hyphae 
after multiple independent experiments using a triple quadrupole 
mass spectrometer but did not detect any peptides that cover the 
T304 (Fig. 6G and SI Appendix, Fig. S7). There may be a special 
structure blocking enzyme digestion near this site. The orthologs 
of CME11 are widely distributed in the fungal tree of life, specially 
conserved in ascomycetes and basidiomycetes (Fig.  6H and 
SI Appendix, Dataset S1). Phylogenetic analysis suggests that the 
preediting T residue has arisen at this site at least in the last common 
ancestor of Dothideomycetes, Eurotiomycetes, Leotiomycetes, 
and Sordariomycetes (Fig.  6H). The T residue at the CME site 
was replaced by S in many fungal species in Dothideomycetes 
and Eurotiomycetes during evolution but generally conserved 
in Sordariomycetes and Leotiomycetes. Furthermore, T-to-A 
substitution at this site occurred frequently in Dothideomycetes and 
Leotiomycetes but rarely in Sordariomycetes (Fig. 6 H and I). The 
editable A is likely evolutionary maintained in Sordariomycetes to 
enable the concurrent expression of both versions of Cme11 via RNA 
editing. The T304 is just located downstream of a stretch of aspartate 
(D) and glutamate (E) residues and upstream of multiple R residues 
(Fig. 6I). In fact, the N-terminal tail of Cme11 and its orthologs is 
rich in both the positively charged R residue and negatively charged 
D/E residues (SI Appendix, Fig. S8), which are potentially involved 
in interaction with the chromatin. Phosphorylation of Cme11 at 
the T304 and other S/T residues in the N-terminal tail possibly 
regulates dynamic protein-chromatin interactions.

Discussion

Tens of thousands of A-to-I RNA editing sites have been detected 
specifically during sexual reproduction in fungi. Identifying func-
tional important editing sites from the sea of editing will allow a 
mechanistic understanding of why RNA editing is advantageous 
in these cases and how it is co-opted for sexual development in 

http://www.pnas.org/lookup/doi/10.1073/pnas.2219029120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2219029120#supplementary-materials
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fungi. In this study, we found 2 CME sites in CME5 and CME11 
which are both functionally important and adaptive for sexual 
reproduction in F. graminearum by large-scale gene deletion and 
site-specific mutagenesis. Note that both CME sites led to amino 
acid changes with different physicochemical properties.

Deletion of CME5 caused no apparent effect on vegetative growth 
but significant defects in ascus and ascospore formation in F. gramin-
earum. In S. cerevisiae, however, KIP3 is dispensable for mitotic 
growth and sexual reproduction (45). The deletion mutant of KipB, 
the ortholog of KIP3, is also normal in vegetative growth and sexual 
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Fig. 4. Defects of the underedited mutant of CME5 during ascus and ascospore formation. (A) Sequencing traces for flanking sequences of the CME site of 
CME5 amplified from cDNA of 7-dpf perithecia of PH-1 (WT) and the underedited mutant CME5ue. The red line and black triangle mark the CME site and mutated 
site, respectively. (B) Relative expression of CME5 in perithecia of the marked strains at 7 dpf. Mean and SD were calculated with data from three independent 
repeats (n = 3). Statistical differences (P < 0.05) relative to PH-1 (WT) are based on the t-test (ns, not significant). (C) Three-day-old PDA cultures and 5-/8-dpf 
mating cultures of the marked strains were examined for colony morphology, perithecium formation, ascospore discharge, and asci/ascospores morphology. 
White arrows indicate the ascospore cirrhi. Bar = 0.5 mm (Upper); bar = 50 μm (Middle); bar = 20 μm (Bottom). (D) The number of asci per perithecium produced 
by the marked strains at 5 dpf. Mean and SD were calculated with data from three independent repeats (n = 3) with at least 30 perithecia examined in each 
repeat. Different letters indicate significant differences based on one-way ANOVA followed by Turkey’s multiple range test (P < 0.05). (E and F) The percentage 
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t-test (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001). (G) Asci of the marked strains stained with DAPI and examined by epifluorescence microscopy 
at 6 dpf. The delimitation of ascospores is marked with white dashed lines. Bar = 10 μm. (H) Read coverages (bar chart) and editing levels (line chart) at the CME 
site of CME5 during sexual development from 1 to 8 dpf.
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reproduction in Aspergillus nidulans (47). The sexual stage-specific 
function of CME5 was most likely to be acquired during evolution. 
The tail domain of Kip3 promotes the binding of Kip3 to micro-
tubule plus ends and plays a critical role in the destabilizing and 
stabilizing effects of Kip3 on microtubule dynamics (48). 
Interestingly, the CME site is just located in the tail domain of 
Cme5, resulting in an R986G substitution. The edited but not 
unedited version of Cme5 performed normal function during ascus 
and ascospore formation, indicating that the R986G editing is cru-
cial for the function of CME5 during sexual reproduction. Because 
the positively charged residues in the tail domain of the kinesin-8 
motors are involved in the binding of the negatively charged tubulin 
surface (48, 49), the R986G editing potentially regulates the inter-
action of Cme5 with microtubules. Although also identified in a 

Pezizomycetes species P. confluens (8), A-to-I RNA editing is com-
mon in Sordariomycetes and likely originated independently in the 
two fungal classes based on our latest evidence. Therefore, the emer-
gence of the R986G editing in Sordariomycetes may promote 
CME5 to gain a new function in sexual reproduction.

If the edited version of Cme5 is simply fitter than the unedited 
one during sexual reproduction, it is expected that the postedit-
ing G is hardwired into the genome during evolution. However, 
the preediting residue R986 is evolutionarily conserved, and the 
postediting G is rarely observed in Sordariomycetes. This raises 
the question that why CME5 maintains the flexible editable A 
instead of evolving a genome-encoded G. It is most likely that 
expressing the edited version of Cme5 in the asexual stage may 
lead to lower fitness because it is specifically generated and 
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from EnsemblFungi. Colored circles on the branches indicate corresponding taxa. Residues are colored according to their polarity. The CME site is boxed in red.



PNAS  2023  Vol. 120  No. 12  e2219029120� https://doi.org/10.1073/pnas.2219029120   9 of 12

b

a

Yta7

abo1

B

GT T CA/G GT A CC
WT CME11ue

ns ns

R
el

at
iv

e 
ex

pr
es

si
on

 

0.5

0.0

1.0

1.5

CK

CME11
ue

CME11
oe

D

E

CME11

CK

CME11
ue oe

0

5

10

15

%
 o

f a
sc

i w
ith

 a
sc

os
po

re
s

   
   

   
 le

ss
 th

an
 e

ig
ht

   

C

a

b
b

1

0.0

0.2

0.4

0.6

0.8

1.0

b

   
   

  %
 o

f a
sc

i w
ith

 
ab

no
rm

al
 a

sc
os

po
re

s 

18

53 54
65 67

0

20

40

60

80

100

R
ea

d 
co

ve
ra

ge
 (x

)

Ed
iti

ng
 le

ve
l (

%
)

Sexual development (dpf)

1611 aa

A F

G

0 0 0

-

T

other

A
S

NA

Dothideomycetes (35)

Eurotiomycetes (39)

Leotiomycetes (16)

Sordariomycetes (66)

Xylonomycetes (1)

Orbiliomycetes (3)

Pezizomycetes (3)

Saccharomycotina (56)

Taphrinomycotina (9)

Agaricomycotina (76)

Pucciniomycotina (12)

Ustilaginomycotina (15)

T

As
co

m
yc

ot
a

Basidiomycota

H

ATPase ATPase

ATPase ATPase

ATPase ATPase

1 2 3 4 5 6 7 8

Bromo

Bromo

Bromo

Xylariales

Hypocreales
Microascales
Glomerellales
Ophiostomatales
Magnaporthales
Diaporthales
Togniniales
Sordariales
Coniochaetales

Order:

I

CK CME11ue CME11oe CME11ue-oe

a
a

ue
-oe

0

20

40

60

80

100

T304A
Fusarium gr
Fusarium verticillioides
Fusarium solani
Beauveria bassiana
T

Ophiocordyceps camponoti.
Ophiocordyceps australis

T
Purpureocillium lilacinum
Drechmeria coniospor
Pochonia chlamy

Moelleriella liber
Cla
Stach
T
Trichoderma virens
Trichoderma reesei
Escovopsis weberi

Lomentospor
Thielaviopsis punctulata
Cer
Colletotrichum gloeospori.
Colletotrichum orbiculare
V
Sporothrix br

Grosmannia claviger
Magnaporthe oryzae
Gaeumannomy
Diaporthe ampelina
Valsa mali var. p

Madurella my

Sordaria macrospor
Neurospora crassa

Pseudomassariella v
P
R
Eut
Daldinia sp
Hypoxylon sp.

aminearum

Neonectria ditissima
orrubiella hemipterigena

Acremonium chrysogenum

olypocladium ophioglossoi.
Hirsutella minnesotensis

a 
Metarhizium acridum

dosporia
Ustilaginoidea virens

a 
viceps purpurea

ybotrys chartarum
richoderma asperellum

Scedosporium apiospermum
a prolificans

atocystis platani 

erticillium dahliae
asiliensis

Sporothrix insectorum
Ophiostoma piceae

a

ces tritici

yri
Coniella lustricola
Phaeoacremonium minimum

cetomatis 
Chaetomium globosum

a 

Coniochaeta ligniaria
exata

estalotiopsis fici 
osellinia necatrix

ypa lata
. 

CME11

CME11
CK

CME11
ue oe

ue
-oe

CME11

CME11

Fig. 6. Function and evolution of the CME site in CME11. (A) Sequencing traces for flanking sequences of the CME site of CME11 amplified from cDNA of 7-dpf 
perithecia of PH-1 (WT) and the underedited mutant CME11ue. The red line and black triangle mark the CME site and mutated site, respectively. (B) Three-day-old 
PDA cultures and 8-dpf mating cultures of the control check strain (CK) and the underedited (CME11ue) and overedited (CME11oe) mutants were examined for 
colony morphology, perithecium formation, and ascospore morphology. Red arrows indicate the ascospores with morphological abnormalities. Bar = 0.5 mm 
(Middle); bar = 20 μm (Bottom). (C and D) The percentage of asci containing less than eight ascospores (C) or containing ascospores with morphological abnormalities 
(D) for the marked strains at 8 dpf. Mean and SD were calculated with data from three independent repeats (n = 3) with at least 30 perithecia examined in each 
repeat. Different letters indicate significant differences based on one-way ANOVA followed by Turkey’s multiple range test (P < 0.05). (E) Relative expression 
of CME11 in perithecia of the marked strains at 7 dpf. Mean and SD were calculated with data from three independent repeats (n = 3). Statistical differences 
(P < 0.05) relative to CK are based on the t-test (ns, not significant). (F) Read coverages (bar chart) and editing levels (line chart) at the CME site of CME11 during 
sexual development from 1 to 8 dpf. (G) Conserved domains and phosphorylation sites of S. cerevisiae Yta7, S. pombe abo1, and Cme11. Phosphorylation sites are 
marked with black arrows. The location of the CME site and molecular structures of the preediting residue threonine (T) and postediting residue alanine (A) are 
shown. (H) Conservation of amino acid residues at the CME site in Cme11 orthologs across different taxa of Ascomycota and Basidiomycota. The dendrogram 
is drawn based on the MycoCosm tree (41). The number of species in each taxon examined is indicated in the bracket. Each pie chart shows the proportion of 
fungal species with a preediting residue (T), a postediting residue (A), a serine residue (S), other types of amino acid residues (other), or missing information 
(-) at the CME site or without the gene (NA). The inferred ancestral residue T at the CME site in the last common ancestor of leotiomyceta is indicated on the 
dendrogram. (I) Sequence alignment showing amino acid residues at the CME site and neighboring positions in representative species of Sordariomycetes. The 
phylogenetic tree is drawn based on the gene tree of CME11 orthologs from EnsemblFungi. Colored circles on the branches indicate corresponding orders in 
Sordariomycetes. Residues are colored according to their polarity. The CME site is boxed in red.
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adapted for the sexual stage (Fig. 7). This situation can be per-
fectly resolved by employing RNA editing, which offers an 
edited version of proteins specifically during the sexual stage but 
without affecting the genomically encoded A phenotype in the 
asexual stage. Although defects of the overedited CME5oe mutant 
were not observed in vegetative growth, conidiation, and plant 
infection, our results do not rule out the possibility of more 
subtle phenotypic consequences under certain conditions. 
Alternatively, but not mutually exclusively, the unedited version 
of Cme5 may also have a minor role in sexual reproduction that 
is not replaced by the edited one. Either way, our results demon-
strated the adaptive advantage of the R986G editing site in 
CME5.

CME11 encodes a conserved AAA ATPase. Its orthologs in 
yeasts and N. crassa are all important for nucleosome positions as 
a chromatin remodeler. Deletion of YTA7 caused a progressive 
shift of nucleosomes toward the 5′-end of genes in S. cerevisiae, 
while loss of abo1 led to nucleosome disorder and lower nucle-
osome signals at gene bodies and transposable elements underlying 
heterochromatin in S. pombe (43, 50). The dim-1 deletion mutant 
of N. crassa displayed a slow growth rate and atypically spaced 
nucleosomes throughout the genome (51). In F. graminearum, 
CME11 may also play a conserved role in nucleosome positioning 
as the cme11 mutant exhibited severe defects in vegetative growth 
and both asexual and sexual reproduction. The CME site is located 
in the N-terminal region of Cme11, resulting in a T304A replace-
ment. Both the underedited and overedited mutants of CME11 
were defective in ascosporogenesis, suggesting that normal sexual 
development in F. graminearum requires the concurrent expression 
of both versions of Cme11 rather than simply an edited or 
unedited one. This is experimental evidence of the “heterozygote 
advantages” of RNA editing (Fig. 7).

Why is expressing both the edited and unedited versions of 
Cme11 more advantageous than either one? Evolutionary analysis 
can indicate only whether a fraction of editing sites have heterozy-
gote advantages (proteome diversification) but does not explain 
how the heterozygote advantages arise. Interestingly, the T304 was 
predicted as a phosphorylated residue. The T304A editing could 
therefore reduce the level of phosphorylation at this site. Cme11 
at both hypophosphorylated and hyperphosphorylated states may 
not be normally functional during sexual reproduction. It is, there-
fore, not hard to understand why having a flexible editable A 
would be advantageous over either an uneditable A or a fixed G 
allele. The current study indicates that the heterozygote advantages 
of RNA editing might be achieved by regulating the levels of 
protein posttranslational modifications. Considering a high frac-
tion of nonsynonymous editing occurred at the K, R, S, and T 
sites of proteins in fungi (6, 7), which are potential sites for protein 
acetylation, methylation, phosphorylation, and ubiquitination, 
RNA editing may add another layer of regulation to posttransla-
tional modifications of proteins during sexual reproduction.

Besides CME5 and CME11, we found additional seven genes 
(CME1, CME2, CME3, CME6, CME7, CME10, and CME20) 
important for F. graminearum. The two potentially essential genes 
CME2 and CME20 are orthologous to yeast TAD3, an essential 
gene encoding for the subunit of tRNA-specific adenosine-34 
deaminase (52), and yeast KIP1 and CIN8, two functionally redun-
dant genes required for mitotic spindle assembly and chromosome 
segregation (53), respectively. CME3 is orthologous to yeast DAD2, 
which encodes a subunit of the DASH complex involved in the 
positive regulation of microtubule polymerization and attachment 
of spindle microtubules to the kinetochore (54). DAD2 is essential 
for cell viability in S. cerevisiae (55). Deletion of DAD2 in S. pome 
resulted in abnormal chromosome segregation in both mitosis and 

meiosis (56). Consistently with an important role in meiotic and 
mitotic chromosome segregation, the cme3 mutant had defects in 
both growth and ascosporogenesis in F. graminearum. CME6 
encodes a regulator of the Skp1-Cul1-Fbx (SCF) complex (57, 58). 
In A. nidulans, the CME6 ortholog is important for vegetative 
growth, conidiation, and sexual reproduction (59, 60). Although 
CME6 is also important for vegetative growth and sexual reproduc-
tion, it is dispensable for conidiation in F. graminearum. CME10 is 
an ortholog of N. crassa ham-2, which encodes a putative trans-
membrane protein required for hyphal fusion (anastomosis) (61). 
Since hyphal fusion is essential for growth and development in 
filamentous fungi, similar to the ham-2 deletion mutant, the cme10 
mutant displayed a slow growth rate and failed to produce perithecia 
and clusters of phialides in F. graminearum. The function of CME1 
and CME7 orthologs was not reported previously. We found that 
CME1 is required specifically during ascus and ascospore formation, 
while CME7 plays an important role in both vegetative growth and 
ascospore formation in F. graminearum. The proteins encoded by 
both genes contain an Smc domain for chromosome segregation 
ATPase. Cme1 also possesses a centrosome microtubule-binding 
domain of Cep57 at its C terminus. Therefore, both genes may be 
involved in cell division. Interestingly, among the 9 CME genes 
important for F. graminearum, five (CME1, CME3, CME5, CME7, 
and CME20) are directly associated with cell division. Cell division 
likely requires dynamic and precise regulation by RNA editing dur-
ing sexual reproduction.

Except for CME5 and CME11, the CME sites in the other CME 
genes important for F. graminearum likely play no important role in 
sexual reproduction. Consistently with these results, all the CME 
sites without an important role in sexual reproduction led to amino 
acid changes with similar physicochemical properties, except those 
of CME7 (K-to-E) and CME20 (Q-to-R). It is important to empha-
size that the phenotypes of underedited and overedited mutants have 
all been assayed under standard laboratory conditions, and only a 
limited number of parameters have been assessed. It remains to be 
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Fig. 7. Proposed models depicting the adaptive advantages of the CME sites 
in CME5 and CME11 over genomic mutation. The CME site of CME5 may have 
a stage-specific regulatory advantage by offering an edited version of Cme5 
that has higher fitness in the sexual stage but potentially lower fitness in the 
asexual stage. The CME site of CME11 confers a “heterozygote advantage,” 
meaning that concurrently expressing both edited and unedited versions of 
Cme11 during sexual reproduction is more advantageous than either. Because 
the edited version of proteins is specifically generated and adapted for the 
sexual stage, its expression in the asexual stage may be potentially deleterious.
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determined whether the functions of these CME sites during sexual 
reproduction may only be subtle or under specific conditions.

Materials and Methods

Strain Culture Conditions. The F. graminearum PH-1 strain and its derived 
mutants/transformants were routinely cultured on PDA plates at 25 °C. The growth 
rate and colony morphology were measured after 3 d of growing on PDA plates 
or 15 d of growing in race tubes. Conidiation was assayed in 5-d-old CMC media. 
For sexual reproduction, 7-d-old aerial hyphae on carrot agar cultures (250 g/L) 
were pressed down with sterile 0.1% Tween-20 and cultured under black light 
at 25 °C. Ten-day-old hyphae on carrot agar cultures were used for cme10 and 
cme11 mutants due to their severe growth defects. Perithecia, asci, ascospores, 
and ascospore discharge were examined as described (5, 32). Infection assays 
with wheat coleoptiles were performed as described (5).

Generation of Gene Deletion and Complemented Strains. All gene dele-
tion mutants were generated by the split-marker approach (62) as described 
(63). About 0.8-kb upstream and 0.8-kb downstream fragments of the target 
gene were amplified and connected to the hygromycin-resistance cassette by 
overlapping PCR. PCR products were cotransformed into PH-1 protoplasts. 
Transformants resistant to hygromycin were screened with 300 μg/mL hygromy-
cin-B (H005, MDbio, China) and confirmed by PCR assays. For complementation 
assays, DNA fragments containing the promoter and coding region of each gene 
were amplified and cloned into a pFL2 vector by the yeast gap-repair approach 
(64). The complementation construct was confirmed by DNA sequencing and 
transformed into protoplasts of corresponding deletion mutants. Transformants 
harboring complementation constructs were screened with 150 μg/mL geneticin 
(Sigma-Aldrich, St. Louis, MO) and confirmed by PCR assays. Because defects of 
deletion mutants of CME1, CME5, CME6, CME7, CME10, and CME11 could not 
be fully complemented by ectopic expression of the pFL2 complementation con-
structs, we then adopted a recyclable marker module to delete and complement 
them as described (39). Deletion mutants generated by the recyclable marker 
module had indistinguishable phenotypes from mutants generated by previous 
methods. DNA fragments containing about 1.0-kb upstream and 1.0-kb down-
stream homologous arms were transformed into the protoplasts of corresponding 
deletion mutants. Transformants resistant to 25 μg/mL Floxuridine (HY-B0097, 
MCE, USA) were screened and then assayed by PCR. All gene deletion and com-
plemented strains and primers used were listed in SI Appendix, Tables S3 and 
Dataset S2, respectively.

Site-Specific Mutagenesis and Allelic Exchange. Based on codon redundancy 
and the functional importance of adjacent base preferences for editing (39), 
underedited alleles of CME genes were generated by mutating the third posi-
tion of the codon preceding the edited codon by overlapping PCR (SI Appendix, 
Fig. S3). For editing sites located in the first positions of codons, the preferred T 
at the −1 position of editing sites was mutated into unpreferred G or C. For 
editing sites located in the second positions of codons, the preferred C at the −2 
position was mutated into unpreferred G. Overedited alleles of CME genes were 
generated by directly replacing the A with G at editing sites. For allelic exchanges 
at the native locus, underedited or overedited allelic fragments were fused to 
the N-terminal region of the hygromycin-resistance gene (hyg) by overlapping 
PCR. About 1.0-kb downstream fragments of the target gene were amplified 
and fused to the C-terminal region of hyg by overlapping PCR. Both upstream 
and downstream homologous arms were cotransformed into PH-1 protoplasts. 
Transformants resistant to hygromycin were screened by PCR, and desired muta-
tions were confirmed by DNA sequencing. Quantitative PCR was used to con-
firm the transformants without unintended integration of allelic fragments. The 
CME11ue-oe transformant was generated by targeted integration of an overedited 
allele of CME11 into the FG1G36140 locus in CME11ue mutants. DNA fragments 
containing the overedited allele of CME11, the geneticin-resistance marker, and 

upstream and downstream homologous arms of FG1G36140 were generated 
by overlapping PCR and transformed into the protoplasts of CME11ue mutants. 
Transformants resistant to geneticin were screened with 150 μg/mL geneticin 
and confirmed by PCR assays. All the strains and primers used were listed in 
SI Appendix, Tables S3 and Dataset S2, respectively.

RT-PCR. Total RNA was isolated from 7-dpf perithecia with the TRIzol rea-
gent (Invitrogen). Three biological replicates were prepared for each strain. 
Complementary DNA (cDNA) synthesis was performed with RevertAid Master Mix 
(Thermo Scientific) following the manufacturer’s instructions. RT-PCR products 
were gel-purified and subjected to direct sequencing. Sanger sequencing traces 
were visualized using SnapGene Viewer 4.3 (https://www.snapgene.com/snap-
gene-viewer/). Quantitative real-time RT-PCR was performed using the 2−∆∆CT 
method with the GzUBH gene as an internal control. All the primers used were 
listed in SI Appendix, Dataset S2.

Identification of Phosphorylation Sites in Cme11. Phosphorylation sites of 
Cme11 were identified as described (65). Briefly, the PRP27-CME11-GFP fusion 
construct was generated by the yeast gap-repair approach and transformed into 
PH-1 protoplasts. Hygromycin-resistant transformants expressing the fusion 
constructs were identified by PCR and confirmed by western blotting with the 
anti-GFP antibody (11814460001, Roche, USA). Total proteins isolated from the 
transformant were incubated with anti-GFP affinity beads (Smart-Lifesciences, 
China). Proteins eluted from anti-GFP beads were detected by western blotting 
and Coomassie blue staining. The Cme11 band was cut out from the SDS-PAGE 
gel. In-gel digestion was carried out with trypsin (Promega, USA) and/or glutamic 
acid endopeptidase (GluC) (NEB, USA) enzymes according to the manufacturer’s 
instructions. Peptides were analyzed by the Thermo Scientific™ TSQ Quantum™ 
Access MAX triple quadrupole mass spectrometer.

Bioinformatic Analysis. RNA-seq data of PH-1 (SI Appendix, Table S2) were 
downloaded from the NCBI SRA database. Low-quality reads and reads containing 
adapters were removed by Trimmomatic (66) with default settings. The latest 
genome sequences and gene annotations of PH-1 (36) were obtained from 
FgBase (http://fgbase.wheatscab.com/). RNA-seq reads were mapped to the PH-1 
genome using HISAT2 (67) with the two-step model as described (68). Quality 
control of RNA-seq alignments was performed with Qualimap 2 (69). The number 
of reads aligned to each gene (count data) was calculated using featureCounts 
(70) and normalized by Transcripts Per Million (TPM). Heatmaps of TPM values 
were plotted by R 4.1.3. Gene orthologs were identified according to the ort-
holog families in EnsemblFungi and by BLASTp search in the NCBI nr database. 
Multiple sequence alignments were performed with M-Coffee (71) with default 
settings. Protein-conserved domains were identified by NCBI CD-Search (https://
www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) and visualized by IBS (72). The 
AlphaFold structure of Cme5 was downloaded from the EMBL-EBI database and 
visualized by UCSF Chimera 1.16 (73). Phosphorylation sites were predicted by 
GPS5.0 (44) with the high threshold and NetPhos-3.1 (45) with default settings. 
Statistical significance tests were performed with GraphPad Prism version 8.0.0 
for Windows (San Diego, California USA).

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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