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ABSTRACT Ethylene regulates mycelial growth, primordium formation, and postharvest
mushroom maturation and senescence in the white button mushroom, Agaricus bisporus.
However, it remains unknown how ethylene is detected by the mushroom. In this study,
we found that two hybrid histidine kinases in the mushroom, designated AbETR1 and
AbETR2, showed domain structures similar to those of plant ethylene receptors. The trans-
membrane helices of AbETR1 and AbETR2 were expressed in yeast cells and showed eth-
ylene-binding activities. Mushroom strains with downregulated expressions of AbETR1
and AbETR2 showed reduced sensitivity to the ethylene inhibition of mycelial growth, eth-
ylene regulation of their own synthesis, postharvest mushroom maturation, and senes-
cence and expression of maturation- and senescence-related genes. Therefore, AbETR1
and AbETR2 are expected to be biologically functional ethylene receptors and exhibit a
different mode of action from that of the receptors of plants. Here, we fill gaps in the
knowledge pertaining to higher fungus ethylene receptors, discover a novel mode of
action of ethylene receptors, confirm ethylene as a novel fungal hormone, and provide a
facilitated approach for preventing the maturation and senescence of postharvest button
mushrooms.

IMPORTANCE Ethylene regulates diverse physiological activities in bacteria, cyanobacteria,
fungi, and plants, but how to perceive ethylene by fungi only remains unknown. In this
study, we identify two biologically functional ethylene receptors in the basidiomycete fungus
Agaricus bisporus, which fills the gaps of deficient fungal ethylene receptors. Furthermore, we
found that decreased expression of the ethylene receptors facilitates preventing the matura-
tion and senescence of postharvest button mushrooms, indicating that the two fungal ethyl-
ene receptors positively regulate the ethylene response, in contrast to that in plants.

KEYWORDS hybrid histidine kinase, ethylene receptor, basidiomycetes, ethylene-
binding domain, ethylene-binding activity, maturation- and senescence-related genes

Ethylene is an important plant hormone that regulates seed germination, seedling
growth and development, fruit ripening, organ maturation and shedding, and stress

responses (1, 2). Many bacteria and fungi also synthesize ethylene, including at least 88
yeasts and molds, such as Saccharomyces cerevisiae, Schizosaccharomyces, Cryptococcus
albidus, Rhizopus, Aspergillus, Penicillium, mycorrhizal fungi, edible-medicinal macrofungi,
phytopathogenic fungi, and human- and animal-pathogenic fungi (3). Plants synthesize
ethylene via the 1-aminocyclopropane-1-carboxylate (ACC) pathway, while fungi synthe-
size ethylene via the 2-keto-4-methylthiobutyric acid (KMBA) pathway and the ACC path-
way (4). Ethylene influences fungal growth, metabolism, and interactions with plants
(5, 6). However, how fungi perceive and respond to ethylene is still unknown.
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The perception of and response to ethylene in embryophytes, charophytes, and
chlorophytes occur through an ethylene signal transduction pathway consisting of eth-
ylene receptors (ETRs), ethylene signaling molecules, and ethylene-responsive tran-
scription factors (7). There are five ethylene receptors in the model plant Arabidopsis
thaliana that mediate its response to ethylene in a negatively regulated manner (8–
10). In contrast, incomplete ethylene signal transduction pathways are probably pres-
ent in the genomes of glaucophytes, rhodophytes, and cyanobacteria (11); specifically,
ethylene receptors found in Synechocystis sp. strain PCC 6803 (12, 13) and Geitlerinema
sp. strain PCC 7105 (14) can sense and respond to ethylene. Several putative ethylene
receptors are present in early diverging fungi, Mesomycetozoa, Amoebozoa, diatoms,
Zooxanthellae, and Chromerida (15, 16), but whether they sense and respond to ethyl-
ene is unknown. Interestingly, although Neurospora crassa and Rhizopus stolonifer have
been found to show [14C] ethylene-binding activity (17), the ethylene receptors of
higher fungi, including ascomycetes and basidiomycetes, have not been reported.

Plant ethylene receptors originate from a bacterial two-component signal transduction
system composed of a homodimeric histidine kinase (HK) and a response regulator (RR).
Two-component signal transduction systems exist in microorganisms and plants and are
not found in humans and metazoans (18). The two-component signal transduction system
evolved into a hybrid histidine kinase system with the fusion of HK and RR in most eukar-
yotes. The plant ethylene receptors are transmembrane proteins localized on the endoplas-
mic reticulum membrane showing a similar overall modular structure, as exemplified by
the representative ethylene receptor ETR1 in A. thaliana (AtETR1), which is composed of an
ethylene-binding domain (EBD; also referred to as a transmembrane sensor domain
[TMD]), GAF domain, histidine kinase domain, and receiver domain (19–21). Plants have a
family of ethylene receptors, which can be divided into two subfamilies on the basis of
their protein sequences and structural features. Subfamily I receptors have three trans-
membrane regions at their N-terminal ends and a conserved histidine kinase domain at
their C-terminal ends, such as AtETR1 and AtERS1 from A. thaliana; subfamily II receptors
have four transmembrane regions at their N-terminal ends and a diverged histidine kinase
domain at their C-terminal ends, such as AtETR2, AtERS2, and AtEIN4 from A. thaliana (22).

Cu(I) ions are essential cofactors for ethylene binding in the plant ethylene recep-
tors. The conservative amino acids C65 and H69 residing in the EBD of AtETR1 are con-
cerned with binding of the copper cofactor (23). Ag(I) ions can preferentially bind to
plant ethylene receptors but do not mediate ethylene signal transduction (23, 24). 1-
Methylcyclopropene (1-MCP) competes with ethylene to bind plant ethylene receptors
and acts as an ethylene-activity inhibitor (25).

The white button mushroom, Agaricus bisporus, is one of the most widely cultivated
and consumed edible fungi worldwide. In previous studies, we found that the ethylene
biosynthesis pathway of these button mushrooms is the ACC pathway; ethylene inhibits
mushroom mycelial growth and primordium formation (4, 26) but promotes postharvest
mushroom maturation and senescence and upregulates maturation- and senescence-
related genes. Maturation- and senescence-related genes have several plant ethylene
response elements in their promoter regions, and ethylene response elements such as W
boxes, ethylene responsive elements (EREs), and dehydration responsive element/C-repeat
(DRE/CRT) motifs can respond to ethylene regulation (27). However, how ethylene is per-
ceived by the mushroom remains unknown.

Diverse hybrid histidine kinases are coded in fungal genomes, which are divided
into 11 groups (28). Four hybrid histidine kinases are found in the button mushroom
genome, belonging to fungal hybrid histidine kinase group II, group III, group VI, and
group X. A protein (ID 201390 in JGI [https://jgi.doe.gov/]) in the A. bisporus var bispo-
rus (H97) genome exhibits all domain structures of plant ethylene receptors but
includes five transmembrane regions in the putative EBD, rather than the three found
in AtETR1, as observed in group II; another protein (ID 143539) shows similar domain
structures to the ID 201390 protein except that the GAF domain is absent, as observed
in group VI (29). Both proteins are likely potential ethylene receptors. In this study, we
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investigated the ethylene-binding activities of these two putative ethylene receptors
of A. bisporus and compared the ethylene response characteristics of the two putative
ethylene receptor gene antisense transformants to those of their parent strains.

RESULTS
Amino acid sequence alignment of EBDs between the putative ethylene recep-

tors of A. bisporus and the ethylene receptors of other species. The two potential
ethylene receptors of the button mushroom contained a cysteine residue (Cys130 and
Cys291) in transmembrane helix 3, as found in AtETR1, in which a cysteine residue
(Cys65) residing in transmembrane helix 2 is an essential amino acid for ethylene bind-
ing (23) (Fig. 1A). We designated them AbETR1 (ID 201390) and AbETR2 (ID 143539). In
addition, several predicted plant ethylene response elements existed in the promoter
regions of the AbETR1 and AbETR2 genes, including one W box in the AbETR1 promoter
region and three DRE/CRT motifs in the AbETR2 promoter region. The EBD amino acid
sequences of the putative ethylene receptors of the mushroom were aligned with the
ethylene receptors of A. thaliana, Lycopersicon esculentum, and cyanobacteria, and
AbETR1 and AbETR2 and the cyanobacterium receptors formed a distinct subfamily
(subfamily III) different from the other two subfamilies (subfamily I and subfamily II) of
plant receptors (Fig. 1B). The EBD amino acid sequences of AbETR1 and AbETR2 har-
bored two out of three essential residues that have been reported to be involved in
ethylene perception (17, 23) (Fig. 1C).

Ethylene-binding activities of AbETR1 and AbETR2. The EBDs of AtETR1, AbETR1,
and AbETR2 fused with enhanced green fluorescent protein (EGFP) were expressed in
yeast (see Fig. S1 in the supplemental material), and the amount of ethylene bound by
the yeast was assayed. Similar to AtETR1, both AbETR1 and AbETR2 had ethylene-bind-
ing activities; however, the amounts of ethylene binding were lower than that of
AtETR1, while AbETR1 had a higher ethylene-binding capacity than AbETR2 (Fig. 2).

Verification of the A. bisporus antisense EBD transformants. To investigate the
effects of the downregulation of the putative ethylene receptors on the biological
characteristics of button mushroom, we constructed antisense EBD expression trans-
formants. Two stable transformants were obtained and designated Ab as-ETR1-2 and
Ab as-ETR2-17 after subculturing 5 times on complete yeast extract (CYM) (30) plates
or CYM plates containing 40 mg mL21 hygromycin. The hph genes and antisense
AbETR1 or antisense AbETR2 were amplified from the two transformant genomes using
PCR but were not amplified from their parent strain (wild type [WT]) (Fig. S2), and the
PCR products were confirmed using sequencing.

The AbETR1 and AbETR2 expression of Ab as-ETR1-2, Ab as-ETR2-17, and the WT in
mycelia was determined by quantitative reverse transcriptase PCR (RT-PCR) with and
without ethephon treatment. The mycelia were cultivated on nutrient-rich potato dex-
trose agar medium paved with cellophane at 25°C for 20 days. The cellophanes were
transferred to new plates containing the medium with or without 100 mM ethephon
and cultivation was continued for 24 h. The AbETR1 and AbETR2 expression of Ab as-
ETR1-2 and Ab as-ETR2-17 was downregulated by 23% and 37%, respectively, com-
pared to those of the WT without ethephon treatment; in contrast, their expression
was downregulated in Ab as-ETR1-2 and Ab as-ETR2-17 but upregulated in the WT
under treatment with ethephon for 24 h compared to those of the WT without ethe-
phon treatment (Fig. 3A). Similar AbETR1 and AbETR2 expression was found for the
postharvest fruiting bodies after storage for 1 h of Ab as-ETR1-2, Ab as-ETR2-17, and
the WT (Fig. 3B).

Mycelial growth rate and ethylene production of A. bisporus antisense EBD
transformants. The mycelial growth rates of Ab as-ETR1-2 and Ab as-ETR2-17 in sterile
compost tubes were 12% and 30% higher, respectively, than those of the WT (Fig. 4A).
Moreover, the ethylene production from the mycelia of Ab as-ETR1-2 and Ab as-ETR2-
17 growing in sterile compost was 31% and 57% higher, respectively, than those of the
WT, while that of Ab as-ETR2-17 was 19% higher than that of Ab as-ETR1-2 (Fig. 4B).
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FIG 1 Structural comparison and amino acid sequence alignment of the ethylene binding helices in EBDs between the selected ethylene
receptors. (A) Structural comparison of Arabidopsis thaliana ETR1 and the two putative ethylene receptors of Agaricus bisporus. The red

(Continued on next page)
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Ethylene production and appearance quality characteristics of the postharvest
fruiting bodies from the A. bisporus antisense EBD transformants. Postharvest but-
ton mushrooms accumulate reactive oxygen species (ROS) to trigger the synthesis of
ethylene. Endogenous and exogenous ethylene (such as ethephon) promotes the post-
harvest mushrooms’ maturation and senescence (27, 31). To examine the effect of en-
dogenous and exogenous ethylene on the postharvest mushrooms’ maturation and
senescence, the postharvest button mushrooms were immersed in 0.05% ethephon or
water (control) for 2 min and then stored at 20°C after being wiped gently with gauze
and air-dried. Without ethephon treatment, the ethylene production from the post-
harvest fruiting bodies of the two transformants increased from 24 h to 48 h and then
remained stable during storage at 20°C. Ethylene production from the postharvest
fruiting bodies of the WT increased from 24 h to 84 h and then remained stable. The
ethylene production from the postharvest fruiting bodies of Ab as-ETR2-17 was higher
than those of the WT and Ab as-ETR1-2 during storage (Fig. 5C). The cap opening and
browning of the postharvest fruiting bodies from Ab as-ETR1-2 and Ab as-ETR2-17
were delayed and reduced compared to those of the WT during storage at 20°C for 96
h. The cap opening of the postharvest fruiting bodies from Ab as-ETR1-2 and the WT
both took place from storage for 60 h, but subsequently, the cap opening rate of Ab
as-ETR1-2 was found to be 27% to 54% lower than that of the WT. The cap opening of
the postharvest fruiting bodies from Ab as-ETR2-17 took place from storage for 84 h,
and subsequently, the cap opening rate was found to be 70% to 78% lower than that

FIG 1 Legend (Continued)
boxes are transmembrane domains or ethylene binding domains. The essential cysteine residues to bind ethylene in the transmembrane
domain are indicated. HisKA, His kinase A (phosphoacceptor) domain; HATPase_c, histidine kinase-like ATPases; receiver domain, cheY-
homologous receiver domain; GAF domain, domain present in phytochromes and cGMP-specific phosphodiesterases. (B) Unrooted
dendrogram for amino acid sequences of the ethylene binding and signaling helices in EBDs between the putative ethylene receptors of
A. bisporus and the other elected ethylene receptors. (C) Amino acid sequence alignment of the ethylene binding and signaling helices in
EBDs between the putative ethylene receptors of A. bisporus and the other elected ethylene receptors. The amino acid residues in
AbETR1 and AbETR2 which are homologous to the other ethylene receptors are indicated with gray shading. The amino acids in EBD that
were conserved and essential for ethylene binding are indicated by white letters on red background marked with blue asterisks. AbETR1
and AbETR2, the putative ethylene receptors of A. bisporus with JGI protein ID 201390 and 143539; AtEIN4, AtERS1, AtERS2, AtETR1, and
AtETR2, the ethylene receptors of A. thaliana with the NCBI accession numbers NP_187108, NP_181626, NP_001323287, NP_176808, and
XP_002883407, respectively; SynEtr1, the ethylene receptor of Synechocystis sp. PCC 6803 with the NCBI accession number NP_440714;
GeiEtr1 and GeiEtr2, the ethylene receptors of Geitlerinema sp. PCC 7105 (14); LeETR1, LeETR2, LeETR4, LeETR5, LeETR6, LeETR7, and
LeNR, the ethylene receptors of Lycopersicon esculentum with the NCBI accession numbers NP_001234149, NP_001234153, NP
_001234205, NP_001234212, NP_001234150 (77), and NP_001233894, respectively.

FIG 2 Ethylene bound by the yeast cells expressing the fusion protein of EGFP and the ethylene
binding domain of the ethylene receptors from Agaricus bisporus and Arabidopsis thaliana. The yeast
cell pellets were packaged in sealed glass bottles. The bottles were evacuated and injected with
ethylene gas and then incubated at 22°C for 4 h. After ethylene gas not bound by cells was removed,
the bottles were evacuated and metal-bathed at 65°C for 90 min to release the bound ethylene. The
released ethylene gas was quantified by gas chromatography. AbEBD1-EGFP, fusion protein of EGFP
and the ethylene-binding domain AbEBD1 from A. bisporus ethylene receptor AbETR1; AbEBD2-EGFP,
fusion protein of EGFP and the ethylene-binding domain AbEBD2 from A. bisporus ethylene receptor
AbETR2; AtEBD1-EGFP, fusion protein of ethylene binding domain AtEBD1 from A. thaliana ethylene
receptor ETR1; pYES2/NT/A, unloaded plasmid. Data are expressed as the averages of nine samples 6
the standard error (SE) from three independent experiments, and different capital letters indicate that
the difference is very significant (P , 0.01) based on one-way analysis of variance (ANOVA).
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of the WT in the same period (Fig. 5A and D). The postharvest fruiting bodies from the
WT browned rapidly after storage for 60 h, whereas those from Ab as-ETR1-2 started
browning after storage for 72 h, and the degree of browning was lower than that of
the postharvest fruiting bodies from the WT in the same period. The postharvest fruit-
ing bodies from Ab as-ETR2-17 showed almost no browning during storage (Fig. 5A
and F).

With ethephon treatment, the cap opening and browning of the postharvest fruiting
bodies from Ab as-ETR1-2 and Ab as-ETR2-17 were also delayed and reduced compared to
those from the WT during storage for 96 h. The caps of the postharvest fruiting bodies
from the WT began to open after storage for 36 h, and subsequently, the cap opening rate
increased rapidly; when stored for 84 h, all of the caps opened. The cap of the postharvest
fruiting bodies from Ab as-ETR1-2 and Ab as-ETR2-17 began to open after storage for 48 h
and 60 h, and subsequently, the cap opening rates were found to increase slowly. The cap
opening rates of the postharvest fruiting bodies from Ab as-ETR1-2 and Ab as-ETR2-17
were only 60% and 45%, respectively, of that from the WT when stored for 96 h (Fig. 5B
and E). The postharvest fruiting bodies from the WT browned rapidly after storage for 48 h,
whereas those from Ab as-ETR1-2 and Ab as-ETR2-17 began to brown after storage for 60 h
and 84 h, respectively, and their degrees of browning were lower than that of the post-
harvest fruiting bodies from the WT in the same period (Fig. 5B and G).

Effects of ethephon on the expressions of the two ethylene receptor genes in
the postharvest fruiting bodies of the A. bisporus antisense EBD transformants.
The expressions of two ethylene receptor genes in the postharvest fruiting bodies
were determined by quantitative RT-PCR duration storage for 48 h at 20°C. Increased
expressions of AbETR1 and AbETR2 were observed in the WT treated with ethephon af-
ter 1 h compared to those of the WT without ethephon treatment, whereas, the

FIG 3 The expression level of the putative ethylene receptor genes in mycelia and postharvest fruiting
bodies of Agaricus bisporus antisense EBD transformants and their parent strain As2796 with and without
ethylene treatment. The mycelia grown on cellophanes were transferred to new plates containing the
medium with or without 100 mM ethephon and cultivation continued for 24 h. After that, the mycelia
were collected and used to extract total RNA for quantitative RT-PCR. The postharvest mushrooms were
treated with 0.05% ethephon or water and then stored at 20°C. (A) Mycelia treated with ethephon for 24
h; (B) the postharvest fruiting bodies for storage for 1 h. WT, wild-type As2796; 1-2, Ab as-ETE1-2; 2-17, Ab
as-ETR2-17. Data indicate the mean 6 SE (n = 3) of three independent experiments. Data marked with
different lowercase letters are statistically different at P , 0.05 based on one-way ANOVA.
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expressions of AbETR1 and AbETR2 in Ab as-ETR1-2 and Ab as-ETR2-17 were lower than
those in the WT in both treatment groups regardless of ethephon application. The
expressions of two receptors all reduced in the same transformant under the same
treatment and at the same time compared with that in the WT (Fig. 6).

Effects of ethephon on the selected gene expression in the postharvest fruiting
bodies of the A. bisporus antisense EBD transformants. Many genes are involved in
postharvest button mushroom maturation and senescence (27, 31, 32), including respi-
ratory burst oxidase or NADPH oxidase (Nox), antioxidant enzymes, ethylene synthase,
browning enzymes, cell wall macromolecule-degrading enzymes, and autophagy-
related enzymes (27, 33). The primary respiratory burst oxidase in fungi is NoxA (34).
Throughout postharvest storage, Cu-Zn superoxide dismutase (SOD1) activity in but-
ton mushrooms is maintained at a high level and is the only antioxidant enzyme nega-
tively correlated with the hardness of mushrooms (35, 36). The ethylene biosynthesis
pathway of the button mushroom is the ACC pathway (4). ACC oxidase (ACO) is often
the rate-limiting step of high ethylene production in ripening fruit (37). The button
mushroom genome harbors only one copy of the gene encoding ACO (38). Polyphenol
oxidases (PPOs) are major contributors to the browning of button mushrooms. The
content of PPO4 is the highest among the six PPOs in button mushrooms (39). Glucan
is the major fungal cell wall polysaccharide and is closely related to the firmness of but-
ton mushrooms during storage (40). b-glucan and exo-beta-1,3-glucanase 1 (Exg1) are
the main polysaccharide and glucanase, respectively, in button mushrooms (41, 42).
Autophagy occurs in the young and mature fruiting bodies of Pleurotus ostreatus (43)
and results in fruit ripening (44, 45). Atg8 is highly conserved in eukaryotes and usually
serves as a marker to monitor autophagosome formation (46). Thus, the six genes,
NoxA, SOD1, ACO, PPO4, Exg1, and Atg8, were selected to investigate the expression
pattern in the antisense EBD transformants. During storage at 20°C for 48 h, the expres-
sion of the six genes of the WT treated with ethephon were higher than those not
treated with ethephon. Without ethephon treatment, the expressions of all genes of
the two antisense EBD transformants were lower than those of the WT, except NoxA.
With ethephon treatment, the expressions of all genes of the two antisense EBD trans-
formants also were lower than those of the WT, except Atg8 (Fig. 7).

FIG 4 (A and B) Mycelial growth rate (A) and ethylene production (B) of Agaricus bisporus antisense EBD
transformants and their parent strain growing in sterile mushroom compost tubes. The mycelial biomass
of A. bisporus was represented by laccase activities. 1-2, Ab as-ETR1-2; 2-17, Ab as-ETR2-17; La, laccase; WT,
wild-type As2796. Data indicate the mean 6 SE (n = 3) of three independent experiments. Data marked
with different lowercase letters are statistically different at P , 0.05 based on one-way ANOVA.
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DISCUSSION

There is much evidence that higher fungi exhibit ethylene receptors with properties
similar to those of plant ethylene receptors. Ethylene induces appressorium formation
in Colletotrichum, but AgNO3 inhibits their induction by ethylene (47). 1-MCP eliminates
the inhibitory effect of endogenous ethylene on aflatoxin synthesis by Aspergillus (48)
and decelerates the maturation and senescence of the button mushroom after harvest
(27). Therefore, higher fungi can be expected to exhibit ethylene receptors similar to
those of plants.

The classic approach for ethylene receptor identification is to express the ethylene-
binding domain in yeast and determine the amount of [14C] ethylene bound by the
yeast cells or disrupted cells (12, 17, 19, 23, 49, 50). This method is sensitive and has a
low threshold for ethylene quantitative determination; furthermore, the saturability of
ethylene receptor binding to ethylene can be determined. However, this method
requires radiolabeled ethylene and is difficult for most laboratories to perform. Gas
chromatography (GC) with flame ionization detection (FID) and a photoionization de-
tector (PID) achieves a much lower ethylene detection limit on the order of nL L21 (51)
and has been used to identify the ethylene released from the Arabidopsis ethylene re-
ceptor ETR1 protein expressed by yeast (19). However, the saturability of ethylene re-
ceptor binding to ethylene cannot be determined by GC. In this study, the amount of
ethylene released from yeast expressing the EBDs of AbETR1 and AbETR2 was 67% and
43%, respectively, of the amount released from yeast expressing the ethylene-binding

FIG 5 Changes in appearance characteristics and ethylene production of the postharvest fruiting bodies from Agaricus bisporus antisense EBD
transformants and their parent strain during storage at 20°C for 96 h. (A) Fruiting bodies without ethephon treatment; (B) fruiting bodies with ethephon
treatment; (C) ethylene production; (D) cap opening of fruiting bodies without ethephon treatment; (E) cap opening of fruiting bodies with ethephon
treatment; (F) browning index of fruiting bodies without ethephon treatment; (G) browning index of fruiting bodies with ethephon treatment. C, cap; B,
bottom; WT, wild-type As2796; 1-2, Ab as-ETR1-2; 2-17, Ab as-ETR2-17. The cap opening rate was determined by calculating the percentage of the number
of veils opened to the total number of mushrooms. The browning index was obtained by counting the rate of browning area to cap surface and scoring
from 1 to 5 points: 1, no browning on the cap surface; 2, the browning area does not exceed 1/4 of the cap surface; 3, the browning area occupies 1/4 to
1/2 of the cap surface; 4, the browning area exceeds 1/2 of the cap surface; 5, the cap surface is completely browned. Data indicate the mean 6 SE (n = 3)
of three independent experiments. Data marked with different lowercase letters are statistically different at P , 0.05 based on one-way ANOVA.
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domain of the Arabidopsis ethylene receptor ETR1, indicating the high ethylene-bind-
ing activities of EBDs of AbETR1 and AbETR2.

The mycelial growth rates of Ab as-ETR1-2 and Ab as-ETR2-17 in sterilized compost
were higher than that of their parent, and their ethylene production was also higher
than that of their parent strain, suggesting that the two antisense ethylene receptor
transformants had reduced sensitivity to ethylene’s inhibition of mycelial growth and
to the regulation of ethylene synthesis. Accordingly, downregulated expressions of
AbETR1, AbETR2, and most of the selected postharvest mushroom maturation- and se-
nescence-related genes were observed in Ab as-ETR1-2 and Ab as-ETR2-17 regardless
of ethylene application compared to those of their parent strain, showing insensitivity
to ethylene’s regulation of gene expression.

The two ethylene receptors in A. bisporus belong to subfamily III, the same as the
ethylene receptors in cyanobacteria. Deletion of only one receptor leads to a constitu-
tive ethylene response in Synechocystis, indicating that the ethylene receptor nega-
tively regulates the ethylene response, which is similar to that found in plants (12, 13,
52). Reduced expression of either of the two ethylene receptors resulted in not only
decreased expression of the other ethylene receptor but also decreased ethylene sensi-
tivity in the button mushroom. Thus, the two ethylene receptors in A. bisporus likely
positively regulate the ethylene response, in contrast to that which occurs in plants
and Synechocystis.

It is suggested that hormones must have a specific receptor (53). According to this
proposition, the only fungal hormones are pheromones that have corresponding receptors
that have been identified (54). Animal hormone binding proteins have been discovered in
various fungi (55, 56); however, whether these binding proteins are hormone receptors has
not been determined. 10-Oxo-trans-8-decanoic acid, 1-octen-3-ol, and hercynine are con-
sidered to be fungal hormones, all derived from A. bisporus (57), but their receptors have
not been reported. The identification of the ethylene receptors of A. bisporus in this study
strongly suggests that ethylene is a fungal hormone and fills the gaps in the knowledge
pertaining to the absence of ethylene receptors in higher fungi.

Postharvest button mushrooms are highly perishable with a very short shelf life
(58). Endogenous and exogenous ethylene speeds up the maturation and senescence
and upregulates the maturation- and senescence-related genes of postharvest button
mushrooms, the same as that of climacteric fruits (27, 59). The molecular mechanism is
that the promoter regions of the maturation- and senescence-related genes in button
mushrooms harbor ethylene response elements and can be induced by ethylene, simi-
larly to plants (27). Applied individually or in combination with cooling, modified
atmosphere packaging or 1-MCP treatment inhibits ethylene biosynthesis or ethylene-

FIG 6 The expression of the two ethylene receptor genes in the postharvest fruiting bodies from Agaricus
bisporus antisense EBD transformants and their parent after treatment without and with ethephon and
storage at 20°C for 48 h. WT, wild-type As2796; WT1ETH, wild-type As2796 with ethephon treatment; 1-2,
Ab as-ETR1-2; 1-21ETH, Ab as-ETR1-2 with ethephon treatment; 2-17, Ab as-ETR2-17; 2-171ETH, Ab as-
ETR2-17 with ethephon treatment; ETR1, AbETR1; ETR2, AbETR2. Data indicate the mean 6 SE (n = 3) of
three independent experiments. Data marked with different lowercase letters are statistically different at
P , 0.05 for the same storage time based on one-way ANOVA.
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FIG 7 The expression of the selected genes related to postharvest fruiting body maturation and senescence in the postharvest fruiting bodies
from Agaricus bisporus antisense EBD transformants and their parent after being treated without and with ethephon and stored at 20°C for 48 h.

(Continued on next page)
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induced quality deterioration and prolongs shelf life (27, 60, 61). This study showed
that reducing the expression of each of the two putative ethylene receptors of A. bispo-
rus was an effective approach for preventing ethylene from binding and eliciting its
action. In particular, reducing the expression of AbETR2 was more effective than reduc-
ing the expression of AbETR1. AbETR2 did not have a GAF domain, the amount of ethyl-
ene bound to its EBD was lower than that of AbETR1, and the ethylene production of
the mycelia and harvested fruiting bodies from Ab as-ETR2-17 was also higher than
that from Ab as-ETR1-2, but the mycelial growth rate of Ab as-ETR2-17 was higher than
that of Ab as-ETR1-2. The cap opening and browning of the harvested fruiting bodies
from Ab as-ETR2-17 were prolonged and reduced compared to those from Ab as-ETR1-
2. The reason for this may be that the reduced expression of AbETR2 caused the strain
to be less sensitive to ethylene than AbETR1.

In this study, we used ethephon instead of ethylene to investigate the effect of exoge-
nous ethylene on the expression of the button mushroom ethylene receptors and on the
mycelial growth and postharvest mushroom maturation and senescence of the antisense
ethylene receptor transformants because ethylene gas may not be conveniently available
to nonethylene laboratories for occasional use (62–64). Ethephon is a widely used chemical
replacement for ethylene that is expediently added to media at concentrations of 10 nM
(65) or 100 mM (27), sprayed at 25 to 100 ppm (173 nM to 692 nM) (66) or 1,000 mg L21

(6.9 mM) (67), or used as an immersion solution for several minutes at a strength of 0.05%
(3.4 mM) (27) or 2 mg/mL (13.8 mM) (68). Ethephon (2,4-dichlorophenoxyacetic acid)
decomposes slowly to produce ethylene and simultaneously produces phosphate and
chloride at a pH above 4.0 (64). Therefore, using ethephon as a replacement for ethylene
treatment may not be appropriate for quantitative experiments accompanied by adverse
effects with a low pH condition resulting from phosphate and chloride and a long ethylene
response window (64).

Beet discs are placed in 100 mg L21 (0.69 mM) (pH 3.1) ethephon, which increases beta-
cyanin leakage from the beet root discs, while pigment leakage is not influenced by bub-
bling ethylene through a neutral medium containing the beet discs (69), implying that the
strong acid produced by ethephon decomposition misdirects the physiological processes of
ethylene. In contrast, when rice and watergrass seeds are maintained in liquid medium con-
taining 1,000 mg L21 (6.9 mM) ethephon, germination percentages are not significantly
influenced until higher ethephon concentrations are used (70). Over a 3-day decomposition,
the solution pH of ethephon (8.3 mM to 1,000 mM) in disodium hydrogen phosphate buffer
(Na2HPO3, 5 mM) remains above 7.40 (63). An SH medium (comprising 2.0% glucose, 0.5%
peptone, and 0.5% yeast extract) is used. When 0.01 mM to 1.0 mM ethephon with an initial
pH value of 7 is used to cultivate Komagataeibacter xylinus for cellulose production, the pH
value of the medium is slightly higher than that of the untreated control for the first 5 days,
slightly lower than that of the control on days 6 to 12, and higher than that of the control
for the 13th to 14th days of the 14-day culture period. Furthermore, the same concentration
of phosphate-chloride does not inhibit bacterial growth and does not influence cellulose
production or the final pH of cultures compared to those of the untreated control (71). This
indicates that with the use of a normal concentration and time period, employing ethephon
by adding it to the medium, or by spraying or immersing experimental materials in it for a
short time, the adverse effects of the acid from ethephon degradation should not be a
consideration.

In addition, the ethylene production reaches a maximum value over a 3-day decom-
position of 100 mL of 8.3 mM to 1,000 mM ethephon in disodium hydrogen phosphate

FIG 7 Legend (Continued)
WT, wild-type As2796; WT1ETH, wild-type As2796 with ethephon treatment; 1-2, Ab as-ETR1-2; 1-21ETH, Ab as-ETR1-2 with ethephon treatment;
2-17, Ab as-ETR2-17; 2-171ETH, Ab as-ETR2-17 with ethephon treatment; ACO, ACC oxidase gene (GenBank accession number JQ314344); Atg8,
autophagy-associated Atg8 gene (GenBank accession number XM_006458408); Exg1, exo-1,3-beta-glucanase gene (GenBank accession number
XM_006454084; protein ID 196962); NoxA, NADPH oxidase A gene (GenBank accession number XM_006454614); PPO4, tyrosinase (PPO4) gene
(GenBank accession number GU936494); SOD1, superoxide dismutase 1 gene (JGI protein ID 207393). Data indicate the mean 6 SE (n = 3) of
three independent experiments; Data marked with different lowercase letters were statistically different at P , 0.05 for the same storage time
based on one-way ANOVA.
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buffer (Na2HPO3, 5 mM). Ethylene was released rapidly on the first day, but the rate of
release then slowed dramatically. The amount of ethylene released is 25% to 32% of
the maximum value within the first 6 h and reaches 56% to 71% of the maximum value
within the first day (63). Similar results are also observed in a buffer containing ethe-
phon and tobacco leaf discs (72). Interestingly, treatment with 10 mL/L ethephon,
10 mM gibberellic acid (GA), or 4 mM indoleacetic acid (IAA) for 1 h generates similar
depressed activities of catalase, peroxidase, and polyphenol oxidase in the excised pea
stem tissue segments (73). Thus, when the treatment time is 1 day or more, the insta-
bility of ethylene produced by ethephon decomposition should have little effect on
the experimental results.

In summary, we first demonstrated that the transmembrane regions of the two hybrid
histidine kinases of A. bisporus had ethylene-binding activities, and the essential amino
acids for ethylene binding were similar to those of Arabidopsis ETR1. Each of the two hybrid
histidine kinase gene antisense RNA strains revealed reduced sensitivity to the ethylene in-
hibition of mycelial growth, regulation of ethylene synthesis, postharvest mushroom matu-
ration and senescence, and expression of maturation- and senescence-related genes. To
our knowledge, this is the first report on the biologically functional ethylene receptors in
higher fungi, and their mode of action was different from that of plant and cyanobacte-
rium ethylene receptors. Ethylene should be considered a novel fungal hormone. Reduced
expression of ethylene receptors may facilitate the prevention of the maturation and se-
nescence of postharvest button mushrooms.

MATERIALS ANDMETHODS
Strains and DNAs. A. bisporus As2796 was provided by the Edible Fungi Research Institute of the

Fujian Academy of Agricultural Sciences and was maintained and incubated on nutrient-rich potato dex-
trose agar medium (27). The plasmid pBHG-BCA1-gpd was kindly provided by Baogui Xie of Fujian
Agriculture and Forestry University. The plasmid pBHG-BCA1-gpd harbored a hygromycin B phospho-
transferase gene (hph), which was selected as a resistance marker. The plasmid pEGFP-C1 was purchased
from Clontech (Mountain View, CA, USA), and Saccharomyces cerevisiae INVSC1 and the expression vec-
tor pYES2/NT/A were purchased from Shanghai Beinuo Biotechnology Co., Ltd. (Beinuo, Shanghai,
China). The primers used for PCR amplification are listed in Table S1.

Bioinformatics analysis. Functional domain prediction for the two putative ethylene receptors of A.
bisporus was performed by using the Simple Modular Architecture Research Tool (SMART) (http://smart
.embl-heidelberg.de/). Multiple alignments of amino acid sequences were conducted with Clustal
Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/). The ethylene response elements in the promoter
regions of the two putative ethylene receptors were predicted by using PlantCARE (http://bioinformatics
.psb.ugent.be/webtools/plantcare/html/) (74) and PLACE (https://sogo.dna.affrc.go.jp/cgi-bin/sogo.cgi
?lang=%20en=pj=640=action=page=page=newplace) (75).

PCR for the cloning of the ethylene-binding domain genes. Total RNA was extracted from the
mycelia of A. bisporus grown in a petri dish and from A. thaliana leaves by using an RNAiso Plus total
RNA extraction kit (TaKaRa, Dalian, China) according to the manufacturer’s instructions. Subsequently,
cDNA was synthesized using the Maxima first-strand cDNA synthesis kit for RT-qPCR (no. K1641)
(Thermo Fisher Scientific, Waltham, MA, USA). The ethylene-binding domains (EBDs) of AbETR1, AbETR2,
and AtETR1 were cloned by PCR using cDNA as a template with the primer pairs SGD-R and SGD-F, Type-
R and Type-F, and AtETR1-F and AtETR1-R. The three EBDs were designated AbEBD1, AbEBD2, and
AtEBD1. The EGFP gene expression cassette was amplified by PCR using the plasmid pEGFP-C1 as a tem-
plate and EGFP-R and EGFP-F as primers. Fusion fragments of the EBDs and EGFP were produced by PCR
using the obtained PCR products as templates with the primer pairs EGFP-F and SGD-OV-EGFP, EGFP-F
and Type-OV-EGFP, and EGFP-F and AtETR1-OV-EGFP. The antisense EBDs of AbETR1 and AbETR2 were
obtained by PCR using A. bisporus cDNA as a template with the primer pairs SGD-SspeI and SGD-Xba I
and Type-SpeI and Type-XbaI.

Construction of EBD expression vectors and yeast transformation. The fusion fragments of the
EBDs and EGFP were digested with BamHI and EcoRI and ligated into the yeast expression vector pYES2/
NT/A to generate the fusion protein expression vectors. The fusion protein expression vectors were then
transformed into yeast INVSC1 using the LiAc/SS carrier DNA/PEG method (76).

Protein expression and cell ethylene-binding test. Transformed yeast INVSC1 colonies were culti-
vated in SC-Ura medium containing 2% glucose at 30°C and 220 rpm until the optical density at 600 nm
(OD600) reached 0.4. The cultures were centrifuged at 4,000 rpm for 5 min to harvest the cells. The cells were
suspended in SC-Ura medium with 2% galactose and 1% raffinose instead of glucose and cultivated for 24 h.
The expressed fusion proteins were examined using a laser confocal fluorescence microscope (DMi8; Leica
Microsystems, Germany). Whole-cell ethylene binding was tested using gas chromatography. The details of
the test to determine the concentration of ethylene bound by the yeast cells are as follows. The cell pellets
(0.6 g fresh weight) were transferred to 5-mL rubber-sealed glass bottles (Taidian, Yiwu, China). After the
application of vacuum, each bottle was injected with 3,000mL L21 of ethylene gas and incubated at 22°C for
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4 h. During incubation, the bottles were gently shaken so the cells would be fully exposed to the ethylene
gas. After the binding was complete, the lids were opened, the bottles were ventilated for 10 min, and the
cells were transferred to new bottles. The bottles were sealed and subjected to vacuum application and then
placed in a 65°C metal bath for 90 min to release the bound ethylene in the cells. The gas in the headspace
of the bottles was sampled with a gas-tight syringe, and the ethylene concentrations were measured with a
gas chromatograph (GC-2010 Plus, Shimadzu, Japan). The chromatographic conditions were as follows: a
GDX-502 capillary column (2 m by 3 mm inside diameter [i.d.]), column temperature of 60°C; hydrogen ion
flame detector (FID), detector temperature of 150°C; carrier gas N2, flow rate of 20 mL min21; combustion gas
H2, flow rate of 40 mL min21; and injector temperature of 110°C. The bound ethylene of the EBDs was
expressed as nmol ethylene g21 fresh weight yeast cells.

Construction of antisense EBD expression vectors and transformation. The as-EBDs of AbETR1
and AbETR2 were processed by using SpeI and XbaI and ligated into the pBHG-BCA1-gpd plasmid, gen-
erating the antisense EBD expression vectors pBHG-asEBD1-gpd and pBHG-asEBD2-gpd. The as-EBD
expression vectors were transformed into A. bisporus using the Agrobacterium-mediated fruit body tissue
culture transformation method (77).

Mycelial growth rate tests. To detect the mycelial growth of the A. bisporus As2796 and antisense EBD
transformants, the mycelia were inoculated into test tubes containing sterilized compost and cultivated at 25°C
for 30 days. Mycelial elongation was measured at intervals of 4 days to calculate the mycelial growth rate.

Postharvest fruiting body storage. A. bisporus As2796 and antisense EBD transformants were rou-
tinely cultivated. Harvested mushrooms were treated with water as a control and 0.05% ethephon and
then stored at 20 6 1°C and an rH of 85 to 90% (27). The stored mushrooms were sampled at intervals
of 12 h for quality measurement and liquid nitrogen preservation. The cap opening rate and browning
index were tested as described previously (27, 78). The cap opening rate was defined as the percentage
of the number of veils opened to the total number of mushrooms. The browning index was the rate of
browning area to cap surface scoring from 1 to 5 points.

Ethylene production determination. Ethylene production was determined by gas chromatography
as described previously (26, 27) when the mycelia colonized 2/3 of the sterilized-compost test tubes,
and the postharvest fruiting bodies were stored for 24 h to 96 h. Ethylene production of the mycelia was
expressed as nmol h21 per 100 U of laccase. Ethylene production of the fruiting bodies was expressed as
nmol ethylene h21 kg21 fresh weight.

Laccase activity assays. The mycelial biomass of A. bisporus in compost is positively correlated with the
activity of laccase; therefore, the measurement of laccase activity in culture compost allows the mycelial bio-
mass of A. bisporus to be easily characterized (79). The laccase activity of the A. bisporus culture compost was
assayed by a method involving 2,29-azobis(3-ethylbenzothiazole-6-sulfonaic acid) (ABTS) as the substrate (80).

Detection of gene expression in mycelia and postharvest fruiting bodies by quantitative RT-
PCR. Gene expression in the mycelia and postharvest fruiting bodies was tested by quantitative RT-PCR
as previously described (27).

Data availability. All data generated during this study are included in full in this paper and its sup-
plemental information files.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.5 MB.

ACKNOWLEDGMENTS
This work was financially supported by the Science and Technology Department of

Henan Province (202102110044, 202102110019, and 222102110302) and Zhongyuan
Science and Technology Innovation Leading Talents Program (214200510011). We thank
Huaen Yuan and Liangyu Hou for technical support in cultivating themushrooms.

We declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

L.Q. and C.Z. conceived and designed the experiments. C.Z., D.S., Y.Z., and X.G.
conducted the experiments. C.Z., D.L., Y.G., Y.L., and Y.Q. analyzed the data. L.Q., D.L.,
and C.Z. wrote the paper. All the authors approved the contents of the paper.

REFERENCES
1. Dubois M, Van den Broeck L, Inzé D. 2018. The pivotal role of ethylene in

plant growth. Trends Plant Sci 23:311–323. https://doi.org/10.1016/j.tplants
.2018.01.003.

2. Vandenbussche F, Van Der Straeten D. 2018. The role of ethylene in plant
growth and development, p 219–242. In McManus MT (ed), Annual plant
reviews online. Wiley-Blackwell, Oxford, UK.

3. Arshad M, Frankenberger JW. 2012. Factors affecting microbial production of
ethylene, p 97–138. InArshadM, FrankenbergerWT, Jr (ed), Ethylene: agricultural
sources and applications. Kluwer Academic/PlenumPublishers, New York, NY.

4. Zhang C, Huang T, Shen C, Wang X, Qi Y, Shen J, Song A, Qiu L, Ai Y. 2016.
Downregulation of ethylene production increases mycelial growth and primor-
dia formation in the button culinary-medicinal mushroom, Agaricus bisporus
(Agaricomycetes). Int J MedMushrooms 18:1131–1140. https://doi.org/10.1615/
IntJMedMushrooms.v18.i12.80.

5. Chanclud E, Morel JB. 2016. Plant hormones: a fungal point of view. Mol
Plant Pathol 17:1289–1297. https://doi.org/10.1111/mpp.12393.

6. Carlew TS, Allen CJ, Binder BM. 2020. Ethylene receptors in nonplant spe-
cies. Small Methods 4:1900266. https://doi.org/10.1002/smtd.201900266.

Ethylene Receptors in Basidiomycetes Microbiology Spectrum

September/October 2022 Volume 10 Issue 5 10.1128/spectrum.02411-22 13

https://doi.org/10.1016/j.tplants.2018.01.003
https://doi.org/10.1016/j.tplants.2018.01.003
https://doi.org/10.1615/IntJMedMushrooms.v18.i12.80
https://doi.org/10.1615/IntJMedMushrooms.v18.i12.80
https://doi.org/10.1111/mpp.12393
https://doi.org/10.1002/smtd.201900266
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02411-22


7. Ju C, Chang C. 2015. Mechanistic insights in ethylene perception and sig-
nal transduction. Plant Physiol 169:85–95. https://doi.org/10.1104/pp.15
.00845.

8. Kieber JJ, Rothenberg M, Roman G, Feldmann KA, Ecker JR. 1993. CTR1, a
negative regulator of the ethylene response pathway in Arabidopsis, enc-
odes a member of the Raf family of protein kinases. Cell 72:427–441.
https://doi.org/10.1016/0092-8674(93)90119-b.

9. Zhou X, Liu Q, Xie F, Wen CK. 2007. RTE1 is a Golgi-associated and ETR1-
dependent negative regulator of ethylene responses. Plant Physiol 145:
75–86. https://doi.org/10.1104/pp.107.104299.

10. Liu C, Zhao A, Zhu P, Li J, Han L, Wang X, Fan W, Lü R, Wang C, Li Z, Lu C, Yu
M. 2015. Characterization and expression of genes involved in the ethylene
biosynthesis and signal transduction during ripening of mulberry fruit. PLoS
One 10:e0122081. https://doi.org/10.1371/journal.pone.0122081.

11. Ju C, Van de Poel B, Cooper ED, Thierer JH, Gibbons TR, Delwiche CF,
Chang C. 2015. Conservation of ethylene as a plant hormone over 450
million years of evolution. Nat Plants 1:14004. https://doi.org/10.1038/
nplants.2014.4.

12. Lacey RF, Binder B. 2016. Ethylene regulates the physiology of the cyanobac-
terium Synechocystis sp. PCC 6803 via an ethylene receptor. Plant Physiol 171:
2798–2809. https://doi.org/10.1104/pp.16.00602.

13. Lacey RF, Allen CJ, Bakshi A, Binder BM. 2018. Ethylene causes transcrip-
tomic changes in Synechocystis during phototaxis. Plant Direct 2:e00048.
https://doi.org/10.1002/pld3.48.

14. Allen CJ, Lacey RF, Binder Bickford AB, Beshears CP, Gilmartin CJ, Binder
BM. 2019. Cyanobacteria respond to low levels of ethylene. Front Plant
Sci 10:950. https://doi.org/10.3389/fpls.2019.00950.

15. Van de Poel B, Cooper ED, Delwiche CF, Chang C. 2015. An evolutionary
perspective on the plant hormone ethylene, p 109–134. In Wen CK (ed),
Ethylene in plants, Springer, Dordrecht, The Netherlands.

16. Hérivaux A, Dugé de Bernonville T, Roux C, Clastre M, Courdavault V,
Gastebois A, Bouchara JP, James TY, Latgé JP, Martin F, Papon N. 2017.
The identification of phytohormone receptor homologs in early diverging
fungi suggests a role for plant sensing in land colonization by fungi. mBio
8:e01739-16. https://doi.org/10.1128/mBio.01739-16.

17. Wang W, Esch JJ, Shiu SH, Agula H, Binder BM, Chang C, Patterson SE,
Bleecker AB. 2006. Identification of important regions for ethylene binding
and signaling in the transmembrane domain of the ETR1 ethylene receptor of
Arabidopsis. Plant Cell 18:3429–3442. https://doi.org/10.1105/tpc.106.044537.

18. Capra EJ, Laub MT. 2012. Evolution of two-component signal transduc-
tion systems. Annu Rev Microbiol 66:325–347. https://doi.org/10.1146/
annurev-micro-092611-150039.

19. Schaller GE, Bleecker AB. 1995. Ethylene-binding sites generated in yeast
expressing the Arabidopsis ETR1 gene. Science 270:1809–1811. https://
doi.org/10.1126/science.270.5243.1809.

20. Qu X, Schaller GE. 2004. Requirement of the histidine kinase domain for
signal transduction by the ethylene receptor ETR1. Plant Physiol 136:
2961–2970. https://doi.org/10.1104/pp.104.047126.

21. Gao Z, Wen CK, Binder BM, Chen YF, Chang J, Chiang YH, Kerris RJ, III, Chang C,
Schaller GE. 2008. Heteromeric interactions among ethylene receptors mediate
signaling in Arabidopsis. J Biol Chem 283:23801–23810. https://doi.org/10.1074/
jbc.M800641200.

22. Yang C, Lu X, Ma B, Chen SY, Zhang JS. 2015. Ethylene signaling in rice
and Arabidopsis: conserved and diverged aspects. Mol Plant 8:495–505.
https://doi.org/10.1016/j.molp.2015.01.003.

23. Rodríguez FI, Esch JJ, Hall AE, Binder BM, Schaller GE, Bleecker AB. 1999. A
copper cofactor for the ethylene receptor ETR1 from Arabidopsis. Science
283:996–998. https://doi.org/10.1126/science.283.5404.996.

24. Beyer EM. 1976. A potent inhibitor of ethylene action in plants. Plant
Physiol 58:268–271. https://doi.org/10.1104/pp.58.3.268.

25. Sisler EC. 2006. The discovery and development of compounds counter-
acting ethylene at the receptor level. Biotechnol Adv 24:357–367. https://
doi.org/10.1016/j.biotechadv.2006.01.002.

26. Chen S, Qiu C, Huang T, Zhou W, Qi Y, Gao Y, Shen J, Qiu L. 2013. Effect of
1-aminocyclopropane-1-carboxylic acid deaminase producing bacteria
on the hyphal growth and primordium initiation of Agaricus bisporus.
Fungal Ecol 6:110–118. https://doi.org/10.1016/j.funeco.2012.08.003.

27. Li T, Zhang J, Gao X, Chen J, Zheng Y, Gao Y, Qiu L. 2019. The molecular
mechanism for the ethylene regulation of postharvest button mush-
rooms maturation and senescence. Postharvest Biol Technol 156:110930.
https://doi.org/10.1016/j.postharvbio.2019.110930.

28. Catlett NL, Yoder OC, Turgeon BG. 2003. Whole-genome analysis of two-
component signal transduction genes in fungal pathogens. Eukaryot Cell
2:1151–1161. https://doi.org/10.1128/EC.2.6.1151-1161.2003.

29. Lavín JL, García-Yoldi A, Ramírez L, Pisabarro AG, Oguiza JA. 2013. Two-com-
ponent signal transduction in Agaricus bisporus: a comparative genomic anal-
ysis with other basidiomycetes through the web-based tool BASID2CS. Fun-
gal Genet Biol 55:77–84. https://doi.org/10.1016/j.fgb.2012.09.012.

30. Sherman F, Fink GF, Lawrence CW. 1983. Methods in yeast genetics: a labora-
tory manual. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY.

31. Eastwood DC, Kingsnorth CS, Jones HE, Burton KS. 2001. Genes with
increased transcript levels following harvest of the sporophore of Agari-
cus bisporus have multiple physiological roles. Mycol Res 105:1223–1230.
https://doi.org/10.1016/S0953-7562(08)61993-0.

32. Chen M, Liao J, Li H, Cai Z, Guo Z, Wach MP, Wang Z. 2017. iTRAQ-MS/MS
proteomic analysis reveals differentially expressed proteins during post-
harvest maturation of the white button mushroom Agaricus bisporus.
Curr Microbiol 74:641–649. https://doi.org/10.1007/s00284-017-1225-y.

33. Wang K, Wang C, Liu Y, Jiang W, Li W, Cheng F, Ma C, Nie Y. 2021. Effects
of hydrogen sulfide on the quality deterioration of button mushrooms
and the interaction with ethylene. Food Bioprocess Technol 14:
1983–1995. https://doi.org/10.1007/s11947-021-02702-2.

34. Tanaka A, Takemoto D, Hyon GS, Park P, Scott B. 2008. NoxA activation by
the small GTPase RacA is required to maintain a mutualistic symbiotic
association between Epichloë festucae and perennial ryegrass. Mol Micro-
biol 68:1165–1178. https://doi.org/10.1111/j.1365-2958.2008.06217.x.

35. Liu Z, Wang X. 2012. Changes in color, antioxidant, and free radical scavenging
enzyme activity of mushrooms under high oxygen modified atmospheres.
Postharv Biol Technol 69:1–6. https://doi.org/10.1016/j.postharvbio.2012.02.008.

36. Liu J, Wu YC, Kan J, Wang Y, Jin CH. 2013. Changes in reactive oxygen spe-
cies production and antioxidant enzyme activity of Agaricus bisporus har-
vested at different stages of maturity. J Sci Food Agric 93:2201–2206.
https://doi.org/10.1002/jsfa.6027.

37. Argueso CT, Hansen M, Kieber JJ. 2007. Regulation of ethylene biosynthe-
sis. J Plant Growth Regul 26:92–105. https://doi.org/10.1007/s00344-007
-0013-5.

38. Morin E, Kohler A, Baker AR, Foulongne-Oriol M, Lombard V, Nagy LG, Ohm
RA, Patyshakuliyeva A, Brun A, Aerts AL, Bailey AM, Billette C, Coutinho PM,
Deakin G, Doddapaneni H, Floudas D, Grimwood J, Hildén K, Kües U, Labutti
KM, Lapidus A, Lindquist EA, Lucas SM, Murat C, Riley RW, Salamov AA,
Schmutz J, Subramanian V, Wösten HA, Xu J, Eastwood DC, Foster GD,
Sonnenberg AS, Cullen D, de Vries RP, Lundell T, Hibbett DS, Henrissat B,
Burton KS, Kerrigan RW, Challen MP, Grigoriev IV, Martin F. 2012. Genome
sequence of the button mushroom Agaricus bisporus reveals mechanisms
governing adaptation to a humic-rich ecological niche. Proc Natl Acad Sci
U S A 109:17501–17506. https://doi.org/10.1073/pnas.1206847109.

39. Mauracher SG, Molitor C, Michael C, Kragl M, Rizzi A, Rompel A. 2014.
High level protein-purification allows the unambiguous polypeptide
determination of latent isoform PPO4 of mushroom tyrosinase. Phyto-
chemistry 99:14–25. https://doi.org/10.1016/j.phytochem.2013.12.016.

40. Zivanovic S, Busher RW, Kim KS. 2000. Textural changes in mushrooms (Agar-
icus bisporus) associated with tissue ultrastructure and composition. J Food
Sci 65:1404–1408. https://doi.org/10.1111/j.1365-2621.2000.tb10621.x.

41. Palanisamy M, Aldars-García L, Gil-Ramírez A, Ruiz-Rodríguez A, Marín FR,
Reglero G, Soler-Rivas C. 2014. Pressurized water extraction of beta-glu-
can enriched fractions with bile acids-binding capacities obtained from
edible mushrooms. Biotechnol Prog 30:391–400. https://doi.org/10.1002/
btpr.1865.

42. Williams A, Hamill MJ, Silver NW, Chen YJ, Berry DA, Erbe DV, Lee CW, Hamm
L. 2018. U.S. patent no. 9,878,004. U.S. Patent and Trademark Office, Washing-
ton, DC.

43. Ozaki Y, Aimi T, Shimomura N. 2022. Detection of autophagy-related
structures in fruiting bodies of edible mushroom, Pleurotus ostreatus. Mi-
croscopy (Oxf) 71:222–230. https://doi.org/10.1093/jmicro/dfac020.

44. López-Vidal O, Olmedilla A, Sandalio LM, Sevilla F, Jiménez A. 2020. Is
autophagy involved in pepper fruit ripening? Cells 9:106. https://doi.org/
10.3390/cells9010106.

45. Sánchez-Sevilla JF, Botella MA, Valpuesta V, Sanchez-Vera V. 2021.
Autophagy is required for strawberry fruit ripening. Front Plant Sci 12:
688481. https://doi.org/10.3389/fpls.2021.688481.

46. Klionsky DJ, Cuervo AM, Seglen PO. 2007. Methods for monitoring
autophagy from yeast to human. Autophagy 3:181–206. https://doi.org/
10.4161/auto.3678.

47. Flaishman MA, Kolattukudy PE. 1994. Timing of fungal invasion using host's
ripening hormone as a signal. Proc Natl Acad Sci U S A 91:6579–6583.
https://doi.org/10.1073/pnas.91.14.6579.

Ethylene Receptors in Basidiomycetes Microbiology Spectrum

September/October 2022 Volume 10 Issue 5 10.1128/spectrum.02411-22 14

https://doi.org/10.1104/pp.15.00845
https://doi.org/10.1104/pp.15.00845
https://doi.org/10.1016/0092-8674(93)90119-b
https://doi.org/10.1104/pp.107.104299
https://doi.org/10.1371/journal.pone.0122081
https://doi.org/10.1038/nplants.2014.4
https://doi.org/10.1038/nplants.2014.4
https://doi.org/10.1104/pp.16.00602
https://doi.org/10.1002/pld3.48
https://doi.org/10.3389/fpls.2019.00950
https://doi.org/10.1128/mBio.01739-16
https://doi.org/10.1105/tpc.106.044537
https://doi.org/10.1146/annurev-micro-092611-150039
https://doi.org/10.1146/annurev-micro-092611-150039
https://doi.org/10.1126/science.270.5243.1809
https://doi.org/10.1126/science.270.5243.1809
https://doi.org/10.1104/pp.104.047126
https://doi.org/10.1074/jbc.M800641200
https://doi.org/10.1074/jbc.M800641200
https://doi.org/10.1016/j.molp.2015.01.003
https://doi.org/10.1126/science.283.5404.996
https://doi.org/10.1104/pp.58.3.268
https://doi.org/10.1016/j.biotechadv.2006.01.002
https://doi.org/10.1016/j.biotechadv.2006.01.002
https://doi.org/10.1016/j.funeco.2012.08.003
https://doi.org/10.1016/j.postharvbio.2019.110930
https://doi.org/10.1128/EC.2.6.1151-1161.2003
https://doi.org/10.1016/j.fgb.2012.09.012
https://doi.org/10.1016/S0953-7562(08)61993-0
https://doi.org/10.1007/s00284-017-1225-y
https://doi.org/10.1007/s11947-021-02702-2
https://doi.org/10.1111/j.1365-2958.2008.06217.x
https://doi.org/10.1016/j.postharvbio.2012.02.008
https://doi.org/10.1002/jsfa.6027
https://doi.org/10.1007/s00344-007-0013-5
https://doi.org/10.1007/s00344-007-0013-5
https://doi.org/10.1073/pnas.1206847109
https://doi.org/10.1016/j.phytochem.2013.12.016
https://doi.org/10.1111/j.1365-2621.2000.tb10621.x
https://doi.org/10.1002/btpr.1865
https://doi.org/10.1002/btpr.1865
https://doi.org/10.1093/jmicro/dfac020
https://doi.org/10.3390/cells9010106
https://doi.org/10.3390/cells9010106
https://doi.org/10.3389/fpls.2021.688481
https://doi.org/10.4161/auto.3678
https://doi.org/10.4161/auto.3678
https://doi.org/10.1073/pnas.91.14.6579
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02411-22


48. Gunterus A, Roze LV, Beaudry R, Linz JE. 2007. Ethylene inhibits aflatoxin
biosynthesis in Aspergillus parasiticus grown on peanuts. Food Microbiol
24:658–663. https://doi.org/10.1016/j.fm.2006.12.006.

49. Binder BM, Rodriguez FI, Bleecker AB, Patterson SE. 2007. The effects of group
11 transition metals, including gold, on ethylene binding to the ETR1 recep-
tor and growth of Arabidopsis thaliana. FEBS Lett 581:5105–5109. https://doi
.org/10.1016/j.febslet.2007.09.057.

50. McDaniel BK, Binder BM. 2012. Ethylene receptor 1 (ETR1) is sufficient and
has the predominant role in mediating inhibition of ethylene responses
by silver in Arabidopsis thaliana. J Biol Chem 287:26094–26103. https://
doi.org/10.1074/jbc.M112.383034.

51. Cristescu SM, Mandon J, Arslanov D, De Pessemier J, Hermans C, Harren
FJ. 2013. Current methods for detecting ethylene in plants. Ann Bot 111:
347–360. https://doi.org/10.1093/aob/mcs259.

52. Kuchmina E, Klähn S, Jakob A, Bigott W, Enke H, Dühring U, Wilde A. 2017.
Ethylene production in Synechocystis sp. PCC 6803 promotes phototactic
movement. Microbiology (Reading) 163:1937–1945. https://doi.org/10.1099/
mic.0.000564.

53. Kumar PP. 2013. Plant hormones and their intricate signaling networks:
unraveling the nexus. Plant Cell Rep 32:731–732. https://doi.org/10.1007/
s00299-013-1435-0.

54. Kothe E. 2008. Sexual attraction: on the role of fungal pheromone/recep-
tor systems (a review). Acta Microbiol Immunol Hung 55:125–143. https://
doi.org/10.1556/AMicr.55.2008.2.5.

55. Lenard J. 1992. Mammalian hormones in microbial cells. Trends Biochem
Sci 17:147–150. https://doi.org/10.1016/0968-0004(92)90323-2.

56. Clemons KV, Shankar J, Stevens DA. 2016. Mycologic endocrinology, p
337–363. In Lyte M (ed), Microbial endocrinology: interkingdom signaling
in infectious disease and health. Springer, New York, NY.

57. Champavier Y, Pommier M-T, Arpin N, Voiland A, Pellon G. 2000. 10-Oxo-
trans-8-decenoic acid (ODA): production, biological activities, and comparison
with other hormone-like substances in Agaricus bisporus. Enzyme Microbe
Technol 26:243–251. https://doi.org/10.1016/S0141-0229(99)00139-8.

58. Zhang K, Pu YY, Sun DW. 2018. Recent advances in quality preservation of
postharvest mushrooms (Agaricus bisporus): a review. Trends Food Sci
Technol 78:72–82. https://doi.org/10.1016/j.tifs.2018.05.012.

59. Adamicki F. 2016. Mushroom, p 415–417. In Gross KC, Wang CY, Saltveit
ME (ed), The commercial storage of fruit, vegetables, and florist and nurs-
ery stocks. Agriculture handbook no. 66. U.S. Department of Agriculture,
Agricultural Research Service, Washington, DC.

60. Sun B, Chen X, Xin G, Qin S, Chen M, Jiang F. 2020. Effect of 1-methylcy-
clopropene (1-MCP) on quality of button mushrooms (Agaricus bisporus)
packaged in different packaging materials. Postharvest Biol Technol 159:
111023. https://doi.org/10.1016/j.postharvbio.2019.111023.

61. Wu W, Ni X, Shao P, Gao H. 2021. Novel packaging film for humidity-con-
trolled manipulating of ethylene for shelf-life extension of Agaricus bispo-
rus. LWT 145:111331. https://doi.org/10.1016/j.lwt.2021.111331.

62. Zhang W, Hu W, Wen C-K. 2010. Ethylene preparation and its application
to physiological experiments. Plant Signal Behav 5:453–457. https://doi
.org/10.4161/psb.5.4.10875.

63. Zhang W, Wen CK. 2010. Preparation of ethylene gas and comparison of
ethylene responses induced by ethylene, ACC, and ethephon. Plant Phys-
iol Biochem 48:45–53. https://doi.org/10.1016/j.plaphy.2009.10.002.

64. Tucker M, Wen CK. 2015. Research tool: ethylene preparation: treatment
with ethylene and its replacements, p 245–261. In Wen CK (ed), Ethylene
in plants. Springer, Dordrecht, The Netherlands.

65. Roblin G, Pérault JM. 1985. Effects of ethephon, 1-aminocyclopropane-1-
carboxylic acid, and inhibitors of ethylene synthesis on the gravitropically

induced movement of Mimosa pudica Pulvinus. Plant physiol 77:922–925.
https://doi.org/10.1104/pp.77.4.922.

66. Lee B-R, Zaman R, La VH, Park S-H, Kim T-H. 2021. Ethephon-induced eth-
ylene enhances protein degradation in source leaves, but its high endog-
enous level inhibits the development of regenerative organs in Brassica
napus. Plants 10:1993. https://doi.org/10.3390/plants10101993.

67. Hayashi T, Heins RD, Cameron AC, Carlson WH. 2001. Ethephon influences
flowering, height, and branching of several herbaceous perennials. Sci
Hortic 91:305–324. https://doi.org/10.1016/S0304-4238(01)00225-4.

68. Chen J, Liu F, Ismail BB, Wang W, Xu E, Pan H, Ye X, Liu D, Cheng H. 2022.
Effects of ethephon and low-temperature treatments on blood oranges (Citrus
sinensis L. Osbeck): anthocyanin accumulation and volatile profile changes dur-
ing storage. Food Chem 393:133381. https://doi.org/10.1016/j.foodchem.2022
.133381.

69. Reid MS, Paul JL, Young RE. 1980. Effects of pH and ethephon on betacya-
nin leakage from beet root discs. Plant Physiol 66:1015–1016. https://doi
.org/10.1104/pp.66.5.1015.

70. Southwick KL, Lamb N, Storey R, Mansfield DH. 1986. Effects of ethephon and
its decomposition products on germination of rice and watergrass. Crop Sci
26:761–767. https://doi.org/10.2135/cropsci1986.0011183X002600040028x.

71. Augimeri RV, Strap JL. 2015. The phytohormone ethylene enhances cellu-
lose production, regulates crp/fnrkx transcription and causes differential
gene expression within the bacterial cellulose synthesis operon of Koma-
gataeibacter (Gluconacetobacter) xylinus ATCC 53582. Front Microbiol 6:
1459. https://doi.org/10.3389/fmicb.2015.01459.

72. Domir SC, Foy CL. 1978. A study of ethylene and CO2 evolution from ethe-
phon in tobacco. Pestic Biochem Physiol 9:1–8. https://doi.org/10.1016/
0048-3575(78)90058-5.

73. Henry EW, Jordan W. 1977. The enzymic response of pea (Pisum sativum)
stem sections to applied indoleacetic acid, gibberellic acid and ethrel: cat-
alase, peroxidase and polyphenol oxidase. Z Pflanzenphysiol 84:321–327.
https://doi.org/10.1016/S0044-328X(77)80145-1.

74. Lescot M, Déhais P, Thijs G, Marchal K, Moreau Y, Van de Peer Y, Rouzé P,
Rombauts S. 2002. PlantCARE, a database of plant cis-acting regulatory
elements and a portal to tools for in silico analysis of promoter sequen-
ces. Nucleic Acids Res 30:325–327. https://doi.org/10.1093/nar/30.1.325.

75. Higo K, Ugawa Y, Iwamoto M, Higo H. 1998. PLACE: a database of plant cis-
acting regulatory DNA elements. Nucleic Acids Res 26:358–359. https://doi
.org/10.1093/nar/26.1.358.

76. Gietz RD, Schiestl RH. 2007. High-efficiency yeast transformation using
the LiAc/SS carrier DNA/PEG method. Nat Protoc 2:31–34. https://doi.org/
10.1038/nprot.2007.13.

77. Chen X, Stone M, Schlagnhaufer C, Romaine CP. 2000. A fruiting body tis-
sue method for efficient Agrobacterium-mediated transformation of
Agaricus bisporus. Appl Environ Microbiol 66:4510–4513. https://doi.org/
10.1128/AEM.66.10.4510-4513.2000.

78. Dhalsamant K, Dash SK, Bal LM, Panda MK. 2015. Effect of perforation
mediated MAP on shelf life of mushroom (Volvariella volvacea). Sci Hortic
189:41–50. https://doi.org/10.1016/j.scienta.2015.03.027.

79. Vos AM, Heijboer A, Boschker HT, Bonnet B, Lugones LG, Wösten HA.
2017. Microbial biomass in compost during colonization of Agaricus bis-
porus. AMB Express 7:12. https://doi.org/10.1186/s13568-016-0304-y.

80. Terrón MC, López-Fernández M, Carbajo JM, Junca H, Téllez A, Yagüe S,
Arana-Cuenca A, González T, González AE. 2004. Tannic acid interferes with
the commonly used laccase-detection assay based on ABTS as the substrate.
Biochimie 86:519–522. https://doi.org/10.1016/j.biochi.2004.07.013.

Ethylene Receptors in Basidiomycetes Microbiology Spectrum

September/October 2022 Volume 10 Issue 5 10.1128/spectrum.02411-22 15

https://doi.org/10.1016/j.fm.2006.12.006
https://doi.org/10.1016/j.febslet.2007.09.057
https://doi.org/10.1016/j.febslet.2007.09.057
https://doi.org/10.1074/jbc.M112.383034
https://doi.org/10.1074/jbc.M112.383034
https://doi.org/10.1093/aob/mcs259
https://doi.org/10.1099/mic.0.000564
https://doi.org/10.1099/mic.0.000564
https://doi.org/10.1007/s00299-013-1435-0
https://doi.org/10.1007/s00299-013-1435-0
https://doi.org/10.1556/AMicr.55.2008.2.5
https://doi.org/10.1556/AMicr.55.2008.2.5
https://doi.org/10.1016/0968-0004(92)90323-2
https://doi.org/10.1016/S0141-0229(99)00139-8
https://doi.org/10.1016/j.tifs.2018.05.012
https://doi.org/10.1016/j.postharvbio.2019.111023
https://doi.org/10.1016/j.lwt.2021.111331
https://doi.org/10.4161/psb.5.4.10875
https://doi.org/10.4161/psb.5.4.10875
https://doi.org/10.1016/j.plaphy.2009.10.002
https://doi.org/10.1104/pp.77.4.922
https://doi.org/10.3390/plants10101993
https://doi.org/10.1016/S0304-4238(01)00225-4
https://doi.org/10.1016/j.foodchem.2022.133381
https://doi.org/10.1016/j.foodchem.2022.133381
https://doi.org/10.1104/pp.66.5.1015
https://doi.org/10.1104/pp.66.5.1015
https://doi.org/10.2135/cropsci1986.0011183X002600040028x
https://doi.org/10.3389/fmicb.2015.01459
https://doi.org/10.1016/0048-3575(78)90058-5
https://doi.org/10.1016/0048-3575(78)90058-5
https://doi.org/10.1016/S0044-328X(77)80145-1
https://doi.org/10.1093/nar/30.1.325
https://doi.org/10.1093/nar/26.1.358
https://doi.org/10.1093/nar/26.1.358
https://doi.org/10.1038/nprot.2007.13
https://doi.org/10.1038/nprot.2007.13
https://doi.org/10.1128/AEM.66.10.4510-4513.2000
https://doi.org/10.1128/AEM.66.10.4510-4513.2000
https://doi.org/10.1016/j.scienta.2015.03.027
https://doi.org/10.1186/s13568-016-0304-y
https://doi.org/10.1016/j.biochi.2004.07.013
https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.02411-22

	RESULTS
	Amino acid sequence alignment of EBDs between the putative ethylene receptors of A. bisporus and the ethylene receptors of other species.
	Ethylene-binding activities of AbETR1 and AbETR2.
	Verification of the A. bisporus antisense EBD transformants.
	Mycelial growth rate and ethylene production of A. bisporus antisense EBD transformants.
	Ethylene production and appearance quality characteristics of the postharvest fruiting bodies from the A. bisporus antisense EBD transformants.
	Effects of ethephon on the expressions of the two ethylene receptor genes in the postharvest fruiting bodies of the A. bisporus antisense EBD transformants.
	Effects of ethephon on the selected gene expression in the postharvest fruiting bodies of the A. bisporus antisense EBD transformants.

	DISCUSSION
	MATERIALS AND METHODS
	Strains and DNAs.
	Bioinformatics analysis.
	PCR for the cloning of the ethylene-binding domain genes.
	Construction of EBD expression vectors and yeast transformation.
	Protein expression and cell ethylene-binding test.
	Construction of antisense EBD expression vectors and transformation.
	Mycelial growth rate tests.
	Postharvest fruiting body storage.
	Ethylene production determination.
	Laccase activity assays.
	Detection of gene expression in mycelia and postharvest fruiting bodies by quantitative RT-PCR.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

