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Eukaryotic release factor 1 (eRF1) is a translation termination factor that

binds to the ribosome at stop codons. The expression of eRF1 is strictly con-

trolled, since its concentration defines termination efficiency and frequency of

translational readthrough. Here, we show that eRF1 expression in Neu-

rospora crassa is controlled by an autoregulatory circuit that depends on the

specific 3’UTR structure of erf1 mRNA. The stop codon context of erf1 pro-

motes readthrough that protects the mRNA from its 3’UTR-induced non-

sense-mediated mRNA decay (NMD). High eRF1 concentration leads to

inefficient readthrough, thereby allowing NMD-mediated erf1 degradation.

We propose that eRF1 expression is controlled by similar autoregulatory cir-

cuits in many fungi and seed plants and discuss the evolution of autoregula-

tory systems of different translation termination factors.
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When a ribosome reaches a stop codon, the eukaryotic

release factor 1 (eRF1) binds to the A site and with

the help of eukaryotic release factor 3 (eRF3) termi-

nates translation. If a transcript contains specific sig-

nals and/or the cellular conditions do not favor

normal translation termination, alternative events such

as readthrough or nonsense-mediated decay (NMD)

can occur at the stop codon [1,2].

Readthrough occurs if a tRNA binds to the stop

codon and translation is continued till the next in-

frame stop codon (referred to as ‘next stop’ through-

out this manuscript) [3]. Readthrough produces C ter-

minally extended protein forms that can function

differently from the normal protein version [4–6].
Moreover, at least in fungi, readthrough is involved

in adaptation and evolvability [7]. Readthrough

frequency depends mainly on the sequence context of

the stop codon and on the level of proteins involved in

termination such as eRF1 (sees below). The stop-

CARYYA sequence is the most typical readthrough

promoting signal in eukaryotes [8]. The + 4C, the first

nucleotide downstream of the stop codon, is the most

important readthrough stimulating element [9].

NMD is a translation termination coupled eukaryotic

quality control system that identifies and rapidly

degrades premature termination codon containing aber-

rant mRNAs and controls the expression of several nor-

mal transcripts. It might also facilitate adaptive

evolution [10]. NMD is induced when the translation

termination is inefficient because the termination stimu-

lating 3’UTR signals are absent and/or termination

inhibitory signals are present in the 3’UTR. Unusually
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long 3’UTRs and introns located > 50 nt downstream

of the stop codon are the NMD-inducing signals [11].

The key NMD factor up-frameshift 1 (UPF1) is an

RNA-dependent helicase and ATPase that binds to

mRNAs including the 3’ untranslated regions [12]. Long

3’UTR induces NMD because it inhibits the binding of

the poly(A) binding protein (PABP) to the eRF3. Thus,

eRF3 can recruit UPF1 to the terminating ribosome,

and then, UPF1 is bound by the UPF2 and UPF3 pro-

teins and the UPF1-2-3 NMD complex triggers the

rapid decay of the mRNA. 3’UTR located introns can

also induce NMD (this branch of NMD is referred to as

EJC-dependent NMD). In certain eukaryotes including

vertebrates, plants, and Neurospora crassa, splicing

results in the deposition of a protein complex (called

exon–junction complex, EJC) onto the mRNA 20-24 nt

upstream of the new exon–exon boundary [13–15]. The
EJC is a binding platform for the UPF3 and UPF2

NMD factors. During translation, the ribosome dis-

places the EJCs and UPF1s from the 5’UTR, the coding

region and the first 20-25 nt of the 3’UTR, but fails to

remove from the 3’UTR [16,17]. These 3’UTR EJCs

trigger NMD efficiently presumably by increasing the

local concentration of UPF3 and UPF2. It was shown

that in N. crassa, the 3’UTR located introns can trigger

EJC-dependent NMD [14,18]. It was also demonstrated

that the UPF1, UPF2 and UPF3 NMD factors, the

eIF4A3, Y14, and Magoh EJC components and the pio-

neer translation specific cap-binding (CBC20 and

CBC80) proteins are required for the EJC-dependent

NMD in N. crassa. Upstream ORFs (uORF) present in

the 5’UTR of mRNAs can also activate NMD in N.

crassa although the mechanistic basis of uORF trig-

gered NMD is not known. NMD is regulated by vari-

ous autoregulatory circuits in different eukaryotes. In

N. crassa, eif4a3 and y14 mRNAs contain a 3’UTR

intron and are targets of the EJC-dependent NMD.

upf1 mRNA is also targeted by NMD in N. crassa

despite it does not contain intron in the 3’UTR [14].

All three events, translation termination, read-

through, and NMD, are physiologically important and

interconnected. It was shown that a certain level of

readthrough is required for viability in yeast and Droso-

phila [4,6]. NMD deficiency is lethal in vertebrates and

plants and leads to reduced growth in N. crassa and

yeast [14,19,20]. eRF1 concentration is critical for keep-

ing the balance between these events [21,22]. Low eRF1

protein level reduces termination efficiency, thereby

increasing the frequency of readthrough, while eRF1

overexpression reduces readthrough frequency below a

critical level and could lead to premature termination at

rare codons [23,24]. In plants, eRF1 overexpression also

intensifies NMD via an unknown mechanism [22]. Thus,

eRF1 expression has to be strictly regulated. Indeed,

altered eRF1 concentration leads to growth phenotype

and strong selection acts to maintain optimal termina-

tion efficiency in different yeast strains [7,25]. eRF1 and

near cognate tRNAs compete for the stop codon, and

hence, low termination efficiency leads to enhanced

readthrough. Moreover, in yeast, mammals and plants,

readthrough can protect mRNAs that contain NMD-

activating elements in their 3’UTR from NMD if the

stop codon of the ORF is in a readthrough context and

the next stop is not in an NMD-inducing position

[22,26–28]. It is postulated that when readthrough

occurs at the stop codon, the translating ribosome

removes NMD stimulatory signals including EJCs from

the 3’UTR region till the next stop codon, thereby

rescuing the mRNA from NMD [22,28].

Previously, we have demonstrated that in plants

eRF1 is controlled by a complex autoregulatory circuit

in which both readthrough and NMD are involved

[22]. In higher plants, eRF1 is always present in multi-

ple copies, and one of the eRF1 copies (eRF1-1) has a

specific 3’UTR structure (Fig. 1A) called Read-

through-NMD (RT-NMD) structure [22], [29–31]. The
RT-NMD structure of eRF1-1 mRNA has three criti-

cal elements: (i) the stop codon context of eRF1-1

mRNA facilitates readthrough, (ii) eRF1-1 has an

intron in the 3’UTR that can activate EJC-dependent

NMD (referred to as NMD intron), and (iii) the next

stop of eRF1-1 is not in EJC-dependent NMD-induc-

ing position (it is located downstream or closer than

50 nt to the intron). We found that in A. thaliana,

eRF1-1 is the only transcript that has RT-NMD struc-

ture and that this unique structure is required for the

eRF1 autoregulation. eRF1-1 mRNA is targeted by

NMD and the readthrough partially rescues the eRF1-

1 transcript from it. If eRF1 protein level is unusually

high, the frequency of readthrough is reduced and

NMD targets more efficiently the eRF1-1 mRNA.

Thus eRF1-1 protein production and consequently the

total eRF1 protein concentration is reduced [22]. As it

was shown that in N. crassa eRF1 is a single copy gene

that has an NMD-inducing intron in the 3’UTR [14],

we hypothesized that N. crassa erf1 mRNA, like plant

eRF1-1 transcript, has an RT-NMD structure and it is

also autoregulated. We show that N. crassa erf1 has a

functional RT-NMD 3’UTR, its 3’UTR induces NMD

while the readthrough partially protects the transcript

from NMD. We also found that N. crassa erf1 is

autoregulated, overexpression of eRF1 leads to

reduced endogenous erf1 mRNA level. Our finding

that erf1 overexpression without the autoregulatory

RT-NMD 3’UTR structure leads to slightly slower

growth supports the assumption that eRF1
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autoregulation is physiologically relevant. Further-

more, we demonstrate that unusually long 3’UTR can

activate NMD in N. crassa and that it plays a role in

NMD autoregulation by targeting the mRNA of key

NMD factor UPF1. The evolution of different transla-

tion termination factor autoregulatory systems will be

discussed.

Materials and Methods

Strains

FGSC #2489 (74-OR23-1VA, wild-type), FGSC#11229

(NCU04242, Dupf1), FGSC#15706 (NCU05267, Dupf2),
FGSC #11679 (NCU03435, Dupf3), and the FGSC#6103

(1-234-723) Dhis-3 N. crassa strains were obtained from the

Fungal Genetics Stock Center (FGSC). The his-3 marker

was introduced into the Dupf1 strains by crossing

FGSC#6103 (his-3, mat A) with FGSC#11229 (mat a). The

strains used in this study are listed at Table S1.

Plasmid construction and transformation

Vectors and primers used in this study are listed at

Table S1, and the details of cloning are described in Sup-

plementary Material and Methods. pCCG3XFLAG and

pMF270 vectors were obtained from the FGSC. Codon-op-

timized firefly luciferase was amplified from the pBM60-

Pfrq-luc-trpC [32] vector and cloned with BamHI and SpeI

into pCCGN3XFLAG vector (pAK01). Different luc.

reporter plasmids were generated by incorporating the vari-

ous stop codon context-terminator regions into pAK01.

eRF1- and Dom34-overexpressing plasmids were generated

in pMF270 backbone (for details, see Appendix S1). Plas-

mids were linearized with NdeI and integrated into the his-

3 locus of wild-type (wt) or Dupf1 by electroporation per-

formed with a BTX Electro Cell Manipulator 600 (2,1 kV,

25 µF, 480 Ω).

Culture conditions

Conidia were obtained from cultures grown in 100-mL

Erlenmeyer flasks containing 25 mL VM/2% sucrose/2%

agar [33]. Cultures were grown at 25 °C, 12 : 12 h L : D

for 7 days in a growth chamber (Forma Diurnal Growth

Chamber, Thermo Fisher Scientific, Corston, Bath, UK).

Conidia were washed with 20 mL VM/2% sucrose and fil-

tered through cheesecloth. Conidial concentration was

counted with a hemacytometer. 2 9 108 conidia were inoc-

ulated into 25 mL VM/2% sucrose and germinated at

30°C/LL for 6 h with 150 rpm shaking. Cells were har-

vested with vacuum filtration onto Whatman 541 filter

paper, and then, the paper was washed with 4 °C sterile

eRF1-1
109

AA

N.st.

21 248

RT-NMD 3’ UTR
RT st.

A

B

UGACGGUUC

erf1
140

AA

N.st.

29 480

RT st.

A. thaliana A. nidulans

Total: 3088

NMD intron
+4C

RT-NMD 3’UTR

A. nidulans 3’UTR

Total: 8871

N. crassa 3’UTR

39

UGACAAGUU

erf1
211

AA

N.st.

23 560

RT st.

N. crassa

Fig. 1. The N. crassa erf1 mRNA has a functional RT-NMD 3’UTR. (A) Schematic, nonproportional representation of Arabidopsis eRF1-1,

N. crassa erf1, and A. nidulans erf1 mRNAs. Green hexagon shows stop codon in readthrough (RT st.) context. The next stop (N. st.), which

is not in a readthrough context, is represented as a red circle. The 3’UTR intron is shown as a pale blue diamond. Numbers indicate the

distance in nucleotides. (B) The RT-NMD 3’UTR structure is very rare in N. crassa and A. nidulans. The annotated 3’UTRs of N. crassa and

A. nidulans. The RT-NMD structure is defined as the intron is at least 50 nt downstream from the stop codon (NMD intron), the stop codon

is in a readthrough promoting context (+4 is C), and the next stop located downstream or is closer than 50 nt to the intron.
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water and cut into ~ 0,1 g pieces. The samples were quickly

frozen in liquid nitrogen and stored at �70 °C until RNA

or protein isolation.

Phenotypic analyses and measurement of

growth rate

For phenotypic analyses, N. crassa strains were grown on

VM slant tubes (VM, 2% glucose, 2% agar, 0,05% biotin)

at 25 °C, 12 : 12 h L:D for 7 days in a growth chamber

(Forma Diurnal Growth Chamber, Thermo Fisher Scien-

tific). The growth rate was measured in race tube assay.

Cultures were inoculated onto standard race tube media

(VM, 3.2% agar, 0,17% arginine, 0,05% biotin) or media

supplemented with 4% NaCl, or the indicated amount

(75 µM, 100 µM) of menadione. Race tubes were incubated

at 25 °C or for the NaCl assay at 30 °C, in constant light

(Infors HT Minitron, Ser.Nr.:#111033). Growth rates were

calculated by distance grown and time elapsed (mm�min�1).

DNA isolation and selection of homokaryotic

transformants

Genomic DNA was extracted from conidia as described

[34]. PCR amplification from genomic DNA was conducted

with MyTaq Red DNA polymerase (2x) (Izinta).

Homokaryotic isolates were obtained by microconidiation

and confirmed by PCR with HisFor and HisRev homokar-

yon-specific primers (Table S1). A ~ 200 nt fragment is

amplified from heterokaryotic strains, but no fragment is

amplified from homokaryons. eRF1For and eRF1Rev pri-

mers were used to confirm template quality.

RNA isolation and qRT-PCR

Total RNA was isolated as described [35] with Trizolate

reagent. Following the DNAse treatment (DNAse, Fermen-

tas, Thermo Fischer Scientific, Waltham, MA, USA),

cDNA was synthesized from 200 ng of total RNA using

Revertaid Reverse Transcription Kit (Thermo Scientific).

Transcript levels were quantified by quantitative real-time

PCR (qPCR) with Fast Start Essential DNA Green Master

Mix (Roche, Basel, Switzerland) in a Light Cycler 96 Real-

Time PCR instrument (Roche). The quantification was rel-

ative to vmaI mRNA level. Primers used for qRT-PCR

assays are listed in Table S1.

Luciferase assays

Protein extracts were prepared as described [35]. Protein

concentration of the extracts and the BSA standards was

determined by Bradford assay [36]. Absorbance was mea-

sured with Eppendorf Biophotometer at OD 595. Lucifer-

ase activity measurements were performed in a Chameleon

microplate reader (Hidex) by mixing 10 µL of protein

extract (diluted to 10 ng�µL�1) and 10 µL firefly luciferase

assay reagent (25 mM glycylglycine, 15 mM potassium phos-

phate solution pH 8.0, 15 mM MgSO4, 4 mM EGTA, 2mM

ATP, 1 mM DTT, 0.1 mM CoA, and 0.075 mM luciferin)

[37]. Luciferase activity was normalized to protein amount.

Statistics and Bioinformatics

Comparisons between groups were done by ANOVA and

Tukey’s test or Wilcoxon test to determine P-values. The

P-values were calculated in R Statistical Environment. Sta-

tistical significance was set at *P < 0.05, **P < 0.01, and

***P < 0.001. Venn diagram was made in R Statistical

Environment.

JGI MycoCosm [38] and EnsemblFungi [39] databases

were used to collect erf1 or dom34 transcripts from fungi.

N. crassa transcript analysis was made by using JGI Myco-

cosm database. The Dupf1 RNA-seq data sets were

obtained from the GEO database (GSE97157) [18]. RNA

logos were created with WebLogo software from 122 fun-

gal mRNAs [40].

Results

N. crassa erf1 mRNA has a potential RT-NMD

3’UTR structure

Plant eRF1-1 mRNA has an RT-NMD 3’UTR struc-

ture, it contains an NMD intron in the 3’UTR, a stop

codon in a readthrough-stimulating context and a next

stop, which is not in an EJC-dependent NMD-induc-

ing position (Fig. 1A left panel). This unique 3’UTR

structure allows autoregulation of plant eRF1 [22]. It

was reported that the N. crassa erf1 mRNA also har-

bors an EJC-dependent NMD-inducing intron in its

3’UTR (234 nt downstream from the stop codon). In

line, erf1 is overexpressed in NMD mutants [14]

(Fig. S1). To assess whether N. crassa erf1 mRNA has

a potential RT-NMD structure, we studied the stop

codon context and the position of the next stop. We

found that the stop codon is in a potentially efficient

RT context as the + 4 is C and the sequence down-

stream of the stop codon deviates only slightly from

the canonical RT context (consensus RT context

C+4ARYYA, N. crassa potential RT context

C+4AAGTT). Moreover, the erf1 mRNA has an UGA

stop codon, known to allow the highest readthrough

frequency (Fig. 1A middle panel) [2,9]. The next stop

of N. crassa erf1 is only 23 nt upstream to the 3’UTR

intron, and thus, it is not in an EJC-dependent NMD-

inducing position. These data show that the N. crassa

erf1 mRNA has a potential RT-NMD 3’UTR
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structure. This 3’UTR structure (defined as containing

an intron> 50 nt from the stop, the stop context has

a + 4 C, and the next stop is downstream or closer

than 50 nt to the intron) is rather uncommon in N.

crassa (Fig. 1B), only 9 mRNAs (out of 8871 N. crassa

genes having annotated 3’UTR) have an RT-NMD

3’UTR structure. Based on our data that (i) the eRF1

mRNAs have RT-NMD 3’UTR structure in plants as

well as in N. crassa even though that this structure is

very rare in these organisms, and that (ii) in plants,

RT-NMD 3’UTR structure plays a critical role in

eRF1 autoregulation, we assumed that the RT-NMD

3’UTR structure of erf1 mRNA is also physiologically

important in N. crassa.

Readthrough partially protects the N. crassa erf1

mRNA from its 3’UTR intron-induced NMD

In plants, readthrough partially rescues the eRF1-1

mRNA from its 3’UTR intron-induced NMD. To test

whether the readthrough stop codon context also alters

the NMD sensitivity of erf1 transcript, three ccg1 pro-

moter-driven luciferase (luc) reporter constructs hav-

ing erf1 3’UTR with different stop codon context

(Fig. 2A) were generated. The constructs were inte-

grated into the his-3 locus of wild-type and UPF1

mutant (Dupf1) N. crassa strains, and then, their

expressions were compared. At the first construct, the

luc was fused to the stop and terminator region of N.

crassa eRF1 gene (L-RTst for Luciferase with eRF1

Readthrough Stop context and eRF1 3’UTR/Termina-

tor). The L-RTst mRNA level was ~ 2 times higher in

the NMD-deficient Dupf1 than in the wild-type strain.

In line, the Luc. activity was also ~ 2-fold more

intense in the Dupf1 strain (Fig. 2B). These data con-

firmed previous results (obtained with a similar repor-

ter controlled by cox-5 promoter) that the 3’UTR of

erf1 induces NMD [14] and suggested that erf1 read-

through stop context cannot completely protect the

transcript from the 3’UTR activated NMD. To test

whether the readthrough stop context can partially

protect the transcript from NMD, the + 4 C of the L-

RTst construct was modified to G (L-C/Gst). It is

known that replacing the + 4 C with G dramatically

reduces the readthrough frequency [2]. We assumed

that if readthrough context partially protects the

mRNA from NMD, the L-C/Gst reporter mRNA will

be more sensitive to NMD than the L-RTst transcript.

Indeed, in the wild-type background, the + 4 C to G

change led to reduced reporter mRNA level and

weaker Luc. activity (Fig. 2C left panels, compare col-

umn 1 to 2). In contrast, the L-C/Gst and L-RTst

reporter transcripts expressed similarly in the NMD-

deficient Dupf1 background (Fig. 2C right panels).

These data suggest that in N. crassa readthrough par-

tially rescues the erf1 mRNA from its 3’UTR-induced

NMD. In plants, readthrough can only protect the

transcript from the 3’UTR intron-induced NMD if the

next stop is not in an NMD-inducing position. To test

whether it is also essential for NMD rescue in N.

crassa, a third reporter construct was generated in

which an in-frame stop codon was inserted 9 nt down-

stream from the normal stop (L-stst). This artificial

next stop is still in an EJC-dependent NMD-inducing

position. In the wt background, the L-stst reporter

mRNA was expressed at significantly lower level than

the L-RTst control transcript, while the two reporters

had similar expression levels in the Dupf1 strain

(Fig. 2C). These data suggest that readthrough can

protect erf1 mRNA from NMD only if the next stop

is not in an NMD-inducing position. To directly con-

firm that the next stop of erf1 is not in an NMD-acti-

vating position, an additional reporter construct was

generated (L-nxst) by replacing the stop codon with a

coding codon, and thus, translation terminates at the

(original) next stop. As expected, the L-nxst was not

targeted by NMD, and the reporter transcript was

expressed at enhanced levels relative to the L-RTst

control mRNA in the wt background, while the two

transcripts accumulated to comparable levels in the

Dupf1 strain (Fig. 2D).

To exclude that the expressional differences are due

to different splicing efficiency, we compared the splic-

ing of the reporter transcripts. RT-PCR experiments

showed that the 3’UTR intron was efficiently spliced

from all reporter mRNAs in both wild-type and Dupf1
backgrounds (Fig. 2E).

Taken together, these results show that the RT-

NMD 3’UTR structure functions similarly in plants

and N. crassa, the readthrough can partially rescue the

erf1 mRNA from the 3’UTR intron-induced NMD

when the next stop is not in an NMD-inducing

position.

N. crassa eRF1 is autoregulated, overexpression

of eRF1 leads to reduced endogenous erf1 mRNA

level

As the RT-NMD 3’UTR structure of eRF1 transcript

allows autoregulation in plants [22], we assumed that

the RT-NMD structure of erf1 mRNA also allows

autoregulation in N. crassa. To address this issue, an

eRF1-overexpressing strain was generated (eRF1oe),

in which the eRF1 coding region was cloned between

the ccg1 promoter and the ADH1 terminator into the

his3 site (Fig. 3A). A nontransgenic strain and a
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transgenic strain, in which the Luc was targeted to the

same position, were used as controls (Fig. 3A). We

found that the total erf1 mRNA (transgenic + endoge-

nous erf1 mRNAs) level was very similar in the wild-

type and Luc transgenic strains, while it was signifi-

cantly increased in the eRF1oe strain. Moreover, the

level of the endogenous erf1 transcript was moderately

but significantly reduced relative to the wild-type in

the eRF1oe but not in the Luc transgenic strains

(Fig. 3B). Two independent transformants were ana-

lyzed with similar results (Fig. S2) We have also tested

whether overexpression of the eRF1 paralog Dom34
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Fig. 2. Readthrough partially rescues the transcript from erf1 3’UTR-induced NMD in N. crassa. (A) Schematic, nonproportional

representation of the reporter transcripts used in this experiment. Codon-optimized luciferase reporter (Luc) is fused to the RT-NMD 3’UTR

of erf1 (L-Rtst) or to the modified versions of this 3’UTR in which the readthrough stop codon context is mutated (L-C/Gst) or an artificial

next stop is incorporated (L-stst) or the stop codon is changed to a coding codon (L-nxst). C-ex. represents the C-terminal extension. Green

hexagon shows stop codon in readthrough (RT st.) context and red circle represents a stop codon in nonreadthrough context. N. st. marks

the next stop. The 3’UTR intron is shown as a pale blue diamond. Numbers indicate the distance in nucleotides. (B) erf1 3’UTR activates

NMD. L-Rtst is expressed in wild-type (wt) and Dupf1 backgrounds (black and gray columns, respectively). Reporter mRNA levels (mRNA

expression) and fluorescence (Luc. activity) were measured. Average values of four independent samples (n = 4) were calculated, and then,

the wt average was taken as 1 and the other average values were normalized to it. Data are represented as means � SD. (C) Readthrough

partially rescues erf1 RT-NMD 3’UTR containing transcripts from NMD in N. crassa. L-C/Gst and L-stst test and L-Rtst control transcripts

were expressed in wt and Dupf1 backgrounds (left and right panels, respectively), and mRNA expression and Luc. activity were measured

(upper and bottom panels). (D) The next stop of erf1 is not in an NMD-inducing position. (E) The erf1 3’UTR intron is efficiently spliced. RT-

PCR shows (cDNA) that the intron is comparable spliced from each reporter in both backgrounds. PCR from genomic DNA(gDNA) with the

same primers was used as control. Wilcoxon (2B and D) or Tukey’s (2C) statistical test was used.
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can modify the erf1 level. As Fig. 3C shows, Dom34

overexpression (Dom34oe) did not alter the erf1

mRNA level. In contrast, the dom34 mRNA expres-

sion was reduced in the eRF1oe strain, suggesting that

via an unknown mechanism eRF1 protein inhibits the

expression of its paralog.

These findings showing that eRF1 (but not Luc or

Dom34) overexpression led to lower endogenous erf1

mRNA level suggests that eRF1 is autoregulated in N.

crassa. Alternatively, eRF1 overexpression intensifies

NMD and decreases the expression of all EJC-depen-

dent NMD targets. To distinguish between these possi-

bilities, we measured the expression of eif4a3 EJC-

dependent NMD target (Fig. S1). eif4a3 expression

was not modified in the eRF1oe strain (Fig. 3B right

panel), suggesting that eRF1 overexpression selectively

reduced erf1 level. To further support our results, we

generated a transgenic strain in which the genomic

copy of N. crassa eRF1 gene was targeted into the his-

3 position (eRF1oe2). To measure independently the

transgenic and endogenous erf1 mRNAs, a 200 nt seg-

ment was deleted from the 5’ UTR region of the trans-

genic copy (Fig. 3D). Relevantly, unlike the previously

used erf1oe transgenic mRNA, the erf1oe2 mRNA has

an RT-NMD 3’UTR. As in the erf1oe2 strain, both

the transgenic and the endogenous erf1 transcripts are

sensitive to the eRF1 protein level, we expected that

the total erf1 level will be barely (if at all) enhanced

and that the endogenous erf1 mRNA expression will

be only slightly reduced. Indeed, we found that the

endogenous erf1 mRNA level was slightly but signifi-

cantly reduced in the eRF1oe2 transgenic strain, while
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Fig. 3. eRF1 is autoregulated in N. crassa. (A) Schematic, nonproportional representation of the constructs used in this experiment. Codon-

optimized luciferase reporter (Luc), N. crassa eRF1 (eRF1oe), and Dom34 (Dom34oe) genes were fused to the terminator region of ADH

(ADH-T). The ccg1 promoter (P-ccg1) regulates the transcription. Red circle represents stop codon in nonreadthrough context. (B-D) The

eRF1 is autoregulated. (B) eRF1 overexpression leads to reduced erf1 mRNA level. qRT-PCR assays were conducted to measure the total

(endogenous + transgenic) and the endogenous erf1 and the eif4a3 mRNA levels in nontransgenic (wt), eRF1-overexpressing (eRF1oe), and

Luc transgenic N. crassa strains (black, gray, and dark gray columns, respectively). (C) Overexpression of the Dom34 does not lead to

reduced erf1 level. Total and endogenous erf1 and dom34 transcript levels were measured in wt, eRF1oe-, and Dom34oe-overexpressing

strains. Note that the overexpression of Dom34 does not modify the erf1 level, while eRF1 overexpression reduces the dom34 mRNA level

showing that eRF1 regulates the expression of the Dom34 paralog. (D) Transgenic expression of the genomic eRF1 copy (eRF1oe2) leads

to reduced endogenous mRNA level. The construct contains the promoter (p-eRF1), the coding (eRF1), and the terminator (eRF1-T) regions

of the N. crassa eRF1 gene. Green hexagon and red circle show stop codon in readthrough and nonreadthrough context, respectively. N. st.

marks the Next stop. The 3’UTR intron is shown as a pale blue diamond. Blue triangle shows a short segment that is deleted from the

5’UTR region to allow selective PCR detection of transgenic and endogenous erf1 transcripts. mRNA expressions and Luc. activities were

calculated and shown as described at Fig. 2B. Wilcoxon (3 D) or Tukey’s (3B and C) statistical test was used.
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the total erf1 mRNA was not altered (Fig. 3D). It is

likely that the autoregulation controls the expression

of both transgenic and endogenous erf1 transcripts,

and thus, it can keep the total erf1 level close to wild-

type level. In contrast, in the eRF1oe strain, the trans-

genic transcript is not regulated by the eRF1 protein.

Therefore, the eRF1oe transgene can express more

intensively thereby repressing more effectively the

endogenous erf1 levels.

Our data clearly suggest that eRF1 is autoregulated

in N. crassa. As plant eRF1 autoregulation is based

on the RT-NMD 3’UTR structure of eRF1-1 mRNA,

and because the N. crassa erf1 transcript also harbors

an RT-NMD 3’UTR and shows autoregulation, we

propose that the eRF1 autoregulation acts similarly in

plants and N. crassa. Based on these data, we propose

a model (Fig. 4A) in which high eRF1 protein level

reduces the frequency of readthrough, and thus, the

NMD can target more efficiently the autoregulated

erf1 transcripts. As a result, the reduced erf1 mRNA

expression leads to lower expression of the eRF1 pro-

tein (Fig. 4A).

In yeast, even slight over or underexpression of

eRF1 (<2x) results in altered protein synthesis and

modified growth [25]. To test whether moderate over-

expression of eRF1 also results in modified growth in

N. crassa, we compared the growth of wild-type and

the eRF1oe and eRF1oe2 transgenic strains (Fig. S3A,

B). As the total erf1 mRNA level was increased in the

eRF1oe strain in which the transgenic erf1 mRNAs are

not autoregulated, but not in the eRF1oe2 strain, in

which the transgenic erf1 transcripts are autoregulated

(Fig. 3), we assume that the total eRF1 protein level is

slightly enhanced in the eRF1oe strain relative to both

wild-type and eRF1oe2 strains. We found that growth

of the eRF1oe strain was slightly retarded, and in race

tube assays, its growth rate was moderately but signifi-

cantly lower than the wild-type or the eRF1oe2 trans-

genic strain (Fig. S3B). As the total erf1 mRNA level

was only slightly higher in the eRF1oe strain (1.5–1.8
X), the small differences are not surprising. Under salt

(4%NaCl) stress condition the reduced growth of

eRF1oe strain relative to the wild-type was more pro-

nounced. The effect was especially strong at the first

day (Fig. S3C). In contrast, eRF1oe strain grew com-

parably or even slightly better than the wild-type when

ROS-inducing menadione treatment was applied

(Fig. S3D). These data that eRF1oe strain grows more

slowly than the wild-type under normal and salt

stressed conditions support that in N. crassa, even

moderately enhanced eRF1 level is slightly detrimental

and suggest that erf1 autoregulation can prevent

erf1 AA

N.st.

eRF1 
proteinReadthrough

NMD

erf1

A B

Fig. 4. Eukaryotic release factor 1 autoregulation was present in the common ancestor Mucoromycota and Dikarya. (A) Model of the eRF1

autoregulation in N. crassa. eRF1 protein reduces the frequency of readthrough at the erf1 stop, and thus, NMD targets the erf1 mRNA

more efficiently and reduces the eRF1 protein level. (B) erf1 RT-NMD 3’UTR structure in fungi. Tree was modified and redrawn from JGI

MycoCosm and Nagy et al. (2017). JGI mycocosm tree represents the relationship between major groups of fungi. Thick branches

represent well-known relationship, and thin branches mark uncertainties in our understanding of fungal relationships. The phyla, in which

erf1 transcripts with RT-NMD 3’UTR structure were found, are blue boxed.
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overaccumulation of the termination factor. Thus in

N. crassa, eRF1 autoregulation plays an important

role in keeping the eRF1 concentration close to the

optimal level.

eRF1 RT-NMD 3’UTR structure was already

present in the ancestor of Dikarya and

Mucoromycota fungi

To understand the evolution of eRF1 autoregulation in

fungi, we studied the 3’UTRs of 124 annotated fungal

eRF1 genes from 27 fungal groups (class, subphyla or

phyla) (Fig. S5. and Table S2). We found that 28 tran-

scripts (in 10 classes) have NMD intron in their 3’UTRs

and 49 mRNAs have + 4 C features (found in 11

classes). The NMD intron in the 3’UTR was present

more frequently among transcripts that contained + 4C

feature (22/49), while it was underrepresented in tran-

scripts with no + 4C feature (6/75) (Fig. S3). Rele-

vantly, we found that all of the transcripts, which

contained both NMD intron and + 4C, have RT-NMD

structure (the next stop is not in NMD-inducing posi-

tion), supporting that these three features co-evolved

and function together. We identified RT-NMD 3’UTR

in Mucoromycota phylum and in both phyla (Ascomy-

cota and Basidiomycota) of the Dikarya subkingdom

(Fig. 4B, Fig. S4). On the other hand, we did not find

RT-NMD 3’UTR in the early-diverging Chytridiomy-

cota, Blastocladiomycota, Neocallomastigomycota, and

Zoopagomycota phyla (Fig. S5. and Table S2). Thus,

we propose that the eRF1 RT-NMD 3’UTR structure

was already present in the common ancestor of Dikarya

and Mucoromycota.

In most of the studied fungal species including N.

crassa the eRF1 gene is present in a single copy (100 out

of 112 species), while in the other species, presumably as

a result of recent gene duplications [41], it is present in

two copies (Table S2). Out of the 22 RT-NMD eRF1

containing species, only three harbors a second eRF1

copy and these second copies do not have RT-NMD

structure (Table S2). We propose that in these species,

like in plants [21], RT-NMD 3’UTR containing erf1

transcripts are regulated by the total eRF1 protein

levels, and therefore, the second eRF1 copy does not

have to retain the autoregulatory element [42].

Interestingly, we found that A. nidulans erf1 mRNA

also has an RT-NMD 3’UTR structure although this

structure is very rare in A. nidulans. Only 4 mRNAs

contain both + 4C and NMD intron features (out of

3088), and 3 of them have RT-NMD 3’UTR (Fig. 1A,

B right panels and Fig. S4C). Relevantly, the erf1 is

the only mRNA that has RT-NMD 3’UTR in both N.

crassa and A. nidulans. However, it was reported that

EJC-dependent NMD does not function in A. nidulans

[43] although the EJC components are present in the

genome. In Drosophila, EJC-dependent NMD only

degrades a small fraction of 3’UTR intron containing

transcripts [44,45]. We hypothesize that EJC-dependent

NMD also functions selectively in A. nidulans, it tar-

gets only a subset of 3’UTR intron containing mRNAs

including erf1 mRNA. Thus, we predict that eRF1

expression is also controlled by an RT-NMD based

autoregulatory circuit in A. nidulans.

Long 3’UTR triggers NMD in N. crassa and

readthrough can partially rescue the mRNAs

from long 3’UTR-induced NMD

It was shown that 3’UTR introns and 5’UTR uORFs

can induce NMD in N. crassa. To test whether unusu-

ally long 3’UTRs can also activate NMD in N. crassa,

the expression of a control and two long 3’UTR repor-

ter constructs was compared in wild-type and Dupf1
strains (Fig. 5A). At the control construct, the Luc

reporter was fused to the ADH1 terminator (L-RTst-

A), while in the long 3’UTR test constructs the 3’UTR

was extended by incorporating an 500 or 800 nt long

stuffer sequence between the Luc and the ADH termi-

nator (RT-500 and RT-800). The stuffer did not con-

tain in-frame stop codon, and thus, if readthrough

occurs, the ribosome terminates translation at the stop

codon of the ADH 3’UTR. The erf1 readthrough stop

context was used in all three constructs. Figure 5B

(left panel) shows that the L-RTst-A control transcript

was not overexpressed in the Dupf1 strain confirming

that the ADH 3’UTR does not trigger NMD. In con-

trast, the RT-500 and RT-800 mRNAs expressed to

significantly enhanced levels in the Dupf1 background

(Fig. 5B). Moreover, in the wild-type strain, the RT-

500 mRNA expressed to higher levels than the RT-800

transcript (Fig. 5C). Thus, we conclude that unusually

long 3’UTR induces NMD in N. crassa, and that long

3’UTR activated NMD acts gradually, the longer the

3’UTR, the stronger the NMD. We postulate that

NMD can play an important role in the fine tuning of

expression of mRNAs having longer than average

3’UTR (see below).

Next, we asked whether readthrough can also par-

tially protect from long 3’UTR-induced NMD. The

readthrough stop context of the RT-500 and RT-800

constructs was altered (Fig. 5A) by changing the + 4

C to G (C/G-500 and C/G-800), and then, the expres-

sions were compared. As Fig. 5D shows, the reporter

transcripts having readthrough stop context expressed

to higher levels relative to their corresponding C/G-

mutated version in the wild-type background but not
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in the Dupf1 strain (Fig. 5D compare upper and bot-

tom panels). Thus, readthrough can partially rescue

the transcripts from both 3’UTR intron and long

3’UTR-induced NMD in N. crassa.

The upf1 mRNA is downregulated by long 3’UTR-

induced NMD

N. crassa NMD is autoregulated as the mRNAs of dif-

ferent NMD factors including upf1 is targeted by

NMD. N. crassa upf1 has an intronless 3’UTR

(Fig. S1 and Fig. S6) but harbors an uORF in the

5’UTR and has an unusually long 3’UTR [14]. To

clarify whether upf1 mRNA is targeted by long 3’UTR

or uORF activated NMD, Luc. reporter transcripts

containing the 3’UTR or the 5’UTR of upf1 were

expressed in wild-type and Dupf1 strain. As only the

upf1 3’UTR containing reporter mRNAs were overex-

pressed in Dupf1 background (Fig. 6), we concluded

that the 3’UTR of upf1 induces NMD. Previously it
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Fig. 5. Readthrough partially rescues the transcript from unusually long 3’UTR-induced NMD in N. crassa. (A) Schematic, nonproportional

representation of the reporter transcripts used in this experiment. Luciferase reporter (Luc) is fused to 3’UTR of adh (ADH1-T) with the erf1

readthrough stop codon context (L-Rtst-A). Long 3’UTR test constructs were generated by incorporating 500 and 800 nt long stuffer

sequences into the 3’UTR (RT-500, RT-800). The same reporters with mutated stop codon context (C/G-500, C/G-800) were used to study

the effect of readthrough. Note that the stuffers do not have in-frame stop codon. (B) Long 3’UTR activates NMD in N. crassa. The RT-500

and RT-800 test transcripts but not the L-Rtst-A control mRNAs are overexpressed in Dupf1 relative to the wild-type (wt) background (gray

and black columns, respectively). (C) Long 3’UTR-induced NMD acts gradually in N. crassa. (D) Readthrough partially protects mRNAs from

long 3’UTR triggered NMD. Long 3’UTR test transcripts and their readthrough stop codon context mutated versions were expressed in wt

and Dupf1 backgrounds. mRNA expressions and luc. activities were calculated and shown as described at Fig. 2B. Wilcoxon statistical test

was used.
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was reported that the mRNAs of the eIF4A3 and Y14

EJC components are targeted by EJC-dependent

NMD [14]. Here, we show that the transcript of the

key NMD factor UPF1 is downregulated by long 3’

UTR-induced NMD. These data confirm that NMD

intensity is adjusted by different autoregulatory circuits

in N. crassa and suggest that the activity of EJC-de-

pendent and the long 3’UTR-induced NMD might be

differently regulated.

Discussion

The expression of the key translation termination fac-

tor should be finely adjusted as both low and high

levels can modify the intensity and fidelity of transla-

tion. It is likely that different regulatory mechanisms

ensure the optimal translation termination factor

levels. Autoregulation, which significantly stabilizes

gene expression [46], would be an efficient ‘solution’ to

stabilize the expression of translation termination fac-

tors. However, these factors are required for the

expression of all protein coding genes [47], and thus,

for efficient autoregulation, they have to contain speci-

fic sensitizing elements that make them especially sensi-

tive to the concentration of termination factor. In

prokaryotes, the RF2 translation termination factor is

autoregulated as the RF2 mRNA contains a sensitizing

element, an early stop codon in a frameshift context.

Low RF2 results in frequent frameshift at the early

stop codon and efficient synthesis of the functional

RF2 protein, while high RF2 leads to frequent termi-

nation at the early stop codon [48]. Giant viruses also

encode an autoregulated eRF1, whose transcript con-

tains two early stop codons as sensitizing elements,

one is in a frameshift and one is in a readthrough pro-

moting context [49]. In these cases, the functional pro-

tein is generated by stop codon recoding (readthrough

and/or frameshift) events, whose frequencies depend

on the concentration of the encoded translation termi-

nation factor. eRF1 autoregulated yeast mutants were

also isolated, in which the eRF1 harbored an early

stop codon in readthrough facilitating contexts

[23,47,50]. However, these yeast mutants growth

slowly. As recoding is inefficient in eukaryotes [2], we

assume that recoding-based eRF1 autoregulation

would not be functional in eukaryotes.

eRF1 is also autoregulated in plants [22] and fungi

(this study). However, in these eukaryotes, the func-

tional eRF1 protein is generated during normal trans-

lational termination (instead of recoding) and the

highly specific RT-NMD 3’UTR could act as sensitiz-

ing element. Previously, we have shown that in higher

plants autoregulation of eRF1 is based on the RT-

NMD 3’UTR structure of eRF1-1 [22]. Here, we

demonstrated that the N. crassa eRF1 gene also con-

tains an RT-NMD 3’UTR structure and that it is also
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Fig. 6. The upf1 mRNA triggers long 3’UTR-induced NMD in N. crassa. (A) Schematic, nonproportional representation of the endogenous

upf1 mRNA and the reporter transcripts used in this experiment. The red circle shows stop codon in nonreadthrough context. The 5’UTR

intron is shown as a pale blue diamond. The gray box marks the uORF. Numbers indicate the distance in nucleotides. Luciferase reporter

(Luc) was fused to 5’UTR or 3’UTR of upf1 (L-upf5’, L-upf3’, respectively) and the reporters were expressed in Dupf1 or wild-type (wt)

backgrounds (gray and black columns, respectively). mRNA expressions were calculated and shown as described at Fig. 2B. Wilcoxon

statistical test was used.
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autoregulated (Figs 1-3). We propose that plant and

fungal eRF1 autoregulation function similarly: The

stop codon of the eRF1 transcript is in a relatively

strong readthrough context, and the readthrough can

partially protect the transcript from the 3’UTR-in-

duced EJC-dependent NMD. The readthrough fre-

quency and, consequently, the efficiency of NMD

rescue depend on the concentration of eRF1 protein.

Low eRF1 level leads to efficient readthrough-based

NMD rescue and intense eRF1 synthesis, while high

eRF1 level results in inefficient readthrough-based

NMD rescue and low eRF1 synthesis rate (Fig. 4A).

However, in plants but not in N. crassa, high eRF1

level intensifies NMD [22]. Thus plant eRF1 autoregu-

lation could be more effective, high eRF1 level reduces

the readthrough-based NMD rescue at eRF1-1 mRNA

and intensifies NMD, and therefore, the readthrough

does not protect eRF1-1 mRNAs and the boosted

NMD can efficiently eliminate it.

As eRF1 autoregulation is associated with the RT-

NMD 3’UTR of eRF1 transcript in plants and Neu-

rospora, we propose that the presence of eRF1 RT-

NMD 3’UTR strongly indicates that eRF1 is autoreg-

ulated. eRF1 RT-NMD 3’UTR is present in all seed

plants but we could not find it in early-diverging

plants, yeasts, or animals [22]. Here, we show that the

eRF1 RT-NMD 3’UTR structure was already present

in the ancestor of Mucoromycota and Dikarya fungi

(but not in the early branching fungi) and that it was

lost in many Mucoromycota and Dikarya lineages. We

hypothesize that RT-NMD 3’UTR based eRF1

autoregulatory circuit has evolved independently at

least twice in eukaryotes, once in the ancestor of seed

plants [22], and once in the ancestor of Mucoromycota

and Dikarya. A less likely alternative is that it was

already present in the common ancestor of all eukary-

otes, and then, it was lost in almost all eukaryotic

branches.

RT-NMD 3’UTR structure-based eRF1 autoregula-

tion is more conserved in plants than in fungi. We

found that all seed plants harbors at least one RT-

NMD 3’UTR structure containing eRF1 copy (eRF1-

1) [22], while the RT-NMD 3’ structure of eRF1 was

independently lost in many branches of Dikarya and

Mucoromycota; for example, it is not present in yeast

or fission yeast (Fig. 4B, Fig. S5, and Table S2). Cou-

ple of factors could contribute to that RT-NMD struc-

ture of eRF1 is so easily lost in fungi but never in

plants. It is known that massive intron loss has

occurred in many fungal lineages including those that

led to the Saccharomycotina and Taphrinomycotina

subphyla [51]. Intron loss could be associated with the

loss of EJC-dependent NMD (for instance at yeast)

and might explain the lack of RT-NMD erf1 struc-

tures in certain branches (Fig. S5).

While eRF1 is a single copy gene in most fungi, it is

always present in multiple copies in plants. As multiple

eRF1 copies could lead to more fluctuating expression,

autoregulation based stabilization of eRF1 level might

be more important in plants. Finally, it is likely that

eRF1 is controlled by multiple systems in all eukary-

otes. It is possible that these alternative eRF1 regula-

tory systems act more efficiently in fungi, hence loss of

RT-NMD 3’UTR-based eRF1 autoregulation is more

tolerable.
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