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Aim. To study the prevalence and identify viral agents affecting cultivated button mushrooms (Agaricus bisporus)
on mushroom farms in Ukraine, using molecular biological methods, and to assess the relative viral load. Methods.
Visual assessment of symptoms was conducted on samples of mushroom fruiting bodies and mycelia from farms in
the Kyiv, Ternopil, Rivne, Lviv, Dnipropetrovsk, and Odesa regions. Total RNA was isolated using a GeneJET Plant
RNA Purification Kit. Identification of viral agents (La France disease virus — LEDV; Mushroom bacilliform virus —
MBYV; Agaricus bisporus virus 6 — AbV6; Agaricus bisporus virus 16 — AbV16; Agaricus bisporus virus X — AbVX)
was performed using two-step Reverse Transcription quantitative Polymerase Chain Reaction (RT-qPCR) on a Rotor-
Gene 6000 amplifier. Glyceraldehyde-3-phosphate dehydrogenase II (GPDII) gene of A. bisporus was used as an in-
ternal control for normalization and assessment of RNA/cDNA quality. Melt curve analysis was performed, and the
relative amount of viral RNA was calculated using the ACt method. The study used a straightforward estimation of vi-
ral load based solely on the GPDII reference gene. It was used as a reference gene. This method serves as a preliminary
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step, acknowledging its limitations in precision. Results. Six A. bisporus samples with various morphological changes
were studied: a small cap and a strongly curved stipe (Ternopil), a thickened stipe (Kyiv), a small cap and an elon-
gated stipe (Rivne), a dense stipe and a flat cap with pink gills (Dnipro), browning of fruiting bodies (Lviv), and an
abnormal cotton-like mycelium (Odesa). The performed RT-qPCR analyses identified various combinations of LFDV,
MBYV, AbV6, AbV16, and AbVX. Noteworthy, mushroom virus X (MVX), associated with the “bare patch” disease,
was not detected in any of the samples. The most common viruses were MBV (detected in all 6 samples) and AbVX (in
5 samples). AbV6 and AbV16 viruses were detected in 4 samples, and LFDV in 3 samples. Mixed infections by more
than four viruses were detected in four samples. ACt calculation showed a significant relative level of MBV viral RNA
in most samples (especially in Dnipro and Lviv), as well as LEFDV, AbV6, and AbVX in the Lviv sample, compared to
the expression level of GPDII. Melt curve analysis confirmed the specificity of the PCR products. Conclusions. RNA
viruses were detected and identified in the culture of A. bisporus, and their quantitative representation was assessed.
On the surveyed mushroom farms, viruses LFDV, MBV, AbV6, AbV16, and AbVX are prevalent, often as mixed infec-
tions with different levels of relative viral load. The obtained results emphasize the need for implementing systematic
molecular monitoring of mushroom viral diseases in Ukraine to ensure phytosanitary safety and production stability.

Keywords: mushroom viruses, identification, RNA viruses, Agaricus bisporus, RT-qPCR, mixed infections.

The cultivation of button mushrooms (Agaricus
bisporus (Lange) Imbach) is a vital and rapidly
growing sector of global biotechnology (Shar-
ma et al., 2022). However, producers often face
various problems that lead to reduced yields
and deterioration of product quality. One of the
key causes of such losses is viral diseases, which
have recently become one of the most danger-
ous for mushroom cultures (Pudetko, 2010; Iva-
nova, 2021).

Mushroom viruses, or mycoviruses, are vi-
ruses that specifically infect fungi, including
cultivated edible mushrooms such as A. bispo-
rus, Pleurotus spp., and Lentinula edodes. Unlike
many plant or animal viruses, mycoviruses typi-
cally possess double-stranded RNA (dsRNA)
genomes and lack an extracellular phase, being
transmitted primarily through cytoplasmic ex-
change, such as hyphal anastomosis or spore
propagation (Ivanova, 2021).

A prerequisite for obtaining consistently
high mushroom yields is the use of high-qual-
ity virus-free spawn (mycelium), resistant to
pathogens. While many mycoviruses persist
asymptomatically within their fungal hosts,
certain viral infections can cause economically
significant diseases, particularly in commercial
mushroom production. For example, La France
disease in A. bisporus, caused by a dsRNA vi-
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rus complex, leads to reduced yield, malformed
fruiting bodies, and delayed pinhead forma-
tion. Similar viral syndromes have been docu-
mented in oyster mushrooms and shiitake, af-
fecting both yield and quality.

The detection and characterization of mush-
room viruses have improved significantly with
the use of molecular techniques such as qPCR,
next-generation sequencing (NGS), and dsRNA
profiling. However, effective management strate-
gies remain limited, as fungicides are ineffective
against viruses and breeding for resistance is still
under development (Ivanova, 2019).

More than twenty pathogenic viruses of dif-
ferent taxonomic groups including different
genome natures (RNA or DNA) have been de-
scribed for A. bisporus culture (Sharma et al.,
2022; Grogan et al., 2003; Deakin et al., 2017).
The most well-known are La France disease vi-
rus (LFDV or Agaricus bisporus virus 1, ABV1),
whose genome consists of nine segments of
double-stranded RNA (dsRNA) and is associ-
ated with growth retardation and deformation
of fruiting bodies (Romaine & Schlagnhaufer,
1995), and the complex of viruses known as
Mushroom Virus X (MVX), which is associated
with various symptoms, including browning
of caps, suppression of mycelial growth (“bare
patches”), deformation of fruiting bodies, and
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yield reduction (Grogan et al.,, 2003; Pudetko,
2010; O’Connor et al., 2021).

The MVX complex can include up to 26 differ-
ent dsRNA elements (Grogan et al., 2003), and
recent studies using next-generation sequencing
(NGS) have identified at least 18 unique RNA
viruses and 8 unique RNA ORFs in affected A.
bisporus samples (Deakin et al., 2017). Some of
these viruses, such as AbV6 and AbV16, are as-
sociated with specific symptoms, for example,
“bare patches” and browning of caps, respective-
ly (Deakin et al., 2017).

However, a serious problem is the lack of stan-
dardized and accessible methods for diagnosing
mycoviruses, particularly molecular biological
diagnostic kits for identifying mushroom viruses
(Ivanova et al., 2015). This complicates the time-
ly detection of infections, assessment of their
spread, and the development of effective control
measures. In the case of viral infection, mush-
room fruiting bodies can undergo morphologi-
cal changes and lose their taste and market value,
leading to significant economic losses (Grogan
et al., 2003). In severe cases, viral infections can
lead not only to a decrease in yield but also to the
death of the mycelium (Sahin et al., 2018).

Phenotypic changes such as mycelium brown-
ing, death of fruiting bodies, and cessation of
button growth over significant cultivation areas
(“bare patches”) are often observed, the causes
of which cannot always be quickly established
(Gaze et al., 2000; Ivanova, 2019). Although
some symptoms may resemble La France dis-
ease, diagnostic tests for this virus often yield
negative results (Gaze et al., 2000). There is an
opinion that the suppression of mycelial growth
may be associated not only with viral infection
but also with the intense development of other
pathogens, for example, bacteria or nematodes
in the substrate (Huang et al., 2023; Babych,
2020; Castillo, 2015).

Understanding mushroom viruses is critical
not only for disease prevention and control but
also for their potential biotechnological applica-
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tions, such as viral vectors for gene expression or
as models in virus-host interaction studies. Con-
tinued research into their taxonomy, transmis-
sion, symptomatology, and epidemiology will
support the development of more sustainable
and resilient mushroom cultivation systems.

Investigating the underlying factors and
mechanisms behind these symptoms is an im-
portant objective for applied mycology and phy-
topathology, as well as for advancing fundamen-
tal knowledge of biocenotic interactions within
A. bisporus cultivation systems.

The aim of our work was to study the preva-
lence of viral diseases of button mushrooms on
mushroom farms in Ukraine, to adapt and ap-
ply the RT-qPCR method to identify a complex
of RNA viruses (LFDV, Mushroom bacilliform
virus — MBYV, AbV6, AbV16, AbVX), and to
evaluate the relative viral load and the possibili-
ties of using molecular methods for phytosani-
tary control.

Materials and Methods. Sample collection.
A survey was conducted on mushroom farms in
the Kyiv, Ternopil, Rivne, Odesa, Poltava, Dni-
propetrovsk, Lviv, Ivano-Frankivsk, and Cherni-
hiv regions of Ukraine from 2023 to 2025. A total
of 25 farms were surveyed. Six A. bisporus sam-
ples were collected that had pronounced symp-
toms of abnormal development or suspicion of
a viral infection. They were collected during the
cultivation cycle to obtain a representative pic-
ture. Each sample was carefully packed in a ster-
ile container. Before analysis, a visual assessment
of the samples was performed.

Description of the samples studied:

= Ternopil: A sample from the Ternopil region
(Fig. 1). The fruiting bodies had a small cap and
an elongated, severely curved stipe.

= Kyiv: A sample from the Kyiv region (Fig. 2).
The fruiting bodies had an abnormally thick-
ened stipe.

» Rivne: A sample from the Rivne region
(Fig. 3). The fruiting bodies were characterized
by a small cap and an elongated stipe.
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Fig. 1. A. bisporus sample from the Ternopil region with
a deformed stipe and a small cap

Fig. 2. A. bisporus sample from the Kyiv region with an
abnormally thickened stipe

Fig. 3. A. bisporus samples from the Rivne region with
small caps and elongated stipes (circled)
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Fig. 4. A. bisporus sample from the Dnipropetrovsk
region with an abnormally thickened stipe and a flat cap

Fig. 5. A. bisporus sample from the Lviv region with
signs of cap browning (circled)

Fig. 6. Abnormal cotton-like mycelium from the Odesa
region (circled)
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Table 1. Threshold cycle (Ct) and relative viral load (ACt) values
for viruses and the GPDII control gene in button mushroom samples

Sample Name
Target Name

Ternopil Kyiv Rivne Dnipro Lviv Odesa
GPDII Ct 24.90 22.31 23.61 25.72 23.09 25.60
LFDV Ct 25.05 — 22.78 25.38
LFDV ACt 0.15 — — — -0.31 -0.22
MBYV Ct 21.96 23.27 26.13 22.22 19.07 23.05
MBV ACt -2.94 0.96 2.52 -3.50 -4.02 -2.55
AbVe6 Ct 28.30 — 36.90 21.80 32.08
AbV6 ACt 3.40 — — 11.18 -1.29 6.48
AbV16 Ct 33.11 34.21 35.99 — 32.87
AbV16 ACt 8.21 11.90 12.38 — 7.27
AbVX Ct 27.48 — 25.01 24.69 20.07 27.95
AbVX ACt 2.58 — 1.40 -1.03 -3.02 2.35

« >

—” — not detected (Ct value is missing); ACt = Ct(virus) — Ct (GPDII); a negative ACt value indicates a higher

relative amount of viral RNA compared to GPDII.

» Dnipro: A sample from the Dnipropetrovsk
region (Fig. 4). The mushrooms had a shortened,
dense stipe, a flat cap with a prematurely open
partial veil and pink gills. Such mushrooms did
not grow to a large size.

= Lviv: A sample from the Lviv region (Fig. 5).
The fruiting bodies showed signs of browning
and were collected near areas with suppressed
mycelial growth (“bare patches”).

» Odesa: A sample from the Odesa region
(Fig. 6). Represented by mycelium that had an
abnormal cotton-like, very dense structure,
filled the space between the lumps of casing
soil, and formed exudate droplets on the sur-
face. No fruiting bodies were formed near such
mycelium.

Molecular identification of viruses and as-
sessment of relative viral load. Using RT-qPCR
analysis, a screening was performed for the pres-
ence of the genomes of five viruses — LFDV,
MBYV, AbV6, AbV16, and AbVX — in all six col-
lected samples. The data on virus detection by
RT-qPCR and the corresponding Ct and ACt
values are summarized in Table 1. The viruses
were found in mixed infections, confirming the
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Table 2. Melting temperatures (Tm, °C)
of PCR products for identified viruses
and the GPDII control gene

Target Gene | Mean Tm (°C) + SD Tm Range (°C)
GPDII 87.54+0.11 87.5—87.7
LEDV 83.67 £0.29 83.5 —84.0
MBV 84.22 +0.26 83.5—84.5
AbV6 84.5+1.77 83.5 — 86.0
AbV16 85.43 +£0.32 85.0 — 85.8
AbVX 86.48 +0.22 86.2 — 86.7

Calculated based on data from Melt Reports files for
positive results.

tendency for co-infection and indicating the
manifestations of a multi-viral lesion.

The most common virus was MBV, present in
all six samples. In most samples, the ACt values
for MBV were negative or close to zero, demon-
strating a significant transcriptional load of vi-
ral RNA compared to the reference GPDII gene,
especially in the Dnipro and Lviv samples. The
AbV6 virus was also characterized by a high
frequency of detection among the analyzed
samples (4 of 6 experimental objects). How-
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ever, in the samples from Kyiv, Dnipro, and
Rivne, elevated Ct and ACt values (ACt > 11)
were recorded, indicating minimal accumula-
tion of viral RNA relative to the reference gene.
Conversely, in the Lviv sample, the ACt value
for the AbV6 virus was negative (-1.29), which
indicates a high relative level of viral RNA. The
AbVX virus was identified in five samples, with
low ACt values observed in samples from Dni-
pro (-1.03) and Lviv (-3.02). The LEDV virus
was detected in three samples, and its relative
level by the ACt value was significantly elevated
in the Lviv and Odesa samples. The AbV'16 vi-
rus was detected in four samples, but high ACt
values (7.27—12.38) indicate a low relative level
of its RNA. The mycelium samples from Odesa
and the Ternopil region contained five different
viruses each, which indicates a high degree of
mixed viral infection.

Melt curve analysis. Melt curve analysis was
performed for all positive RT-qPCR results.
The melting temperatures (Tm) of the viral am-
plicons and the GPDII control gene remained
stable across different samples and correspond-
ed to theoretically expected values, which con-
firms the high specificity of the amplification
and the absence of a significant number of non-
specific products.

Discussion. The results of the study indicate
a significant prevalence of a complex of RNA
viruses in A. bisporus samples collected from
mushroom farms in six regions of Ukraine. The
use of the RT-qPCR method allowed for the
identification of five viral agents: LFDV, MBYV,
AbV6, AbV16, and AbVX. The widespread
distribution of the MBV virus (detected in all
samples) and the high frequency of detection of
AbV6, AbV16, and AbVX confirm data from the
literature that A. bisporus often carries a complex
of viruses (Deakin et al., 2017).

In our samples, mixed infections also pre-
vailed (67% of samples contained four or five
viruses), which complicates the establishment
of a direct correlation between a specific virus
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and the corresponding symptom. The assess-
ment of relative viral load using the ACt meth-
od (Table 1) provides additional information.
Very low (negative) ACt values for MBV in
most samples (especially Dnipro and Lviv) and
for LFDV, AbV6, and AbVX in the Lviv sample
indicate their high level of replication or accu-
mulation compared to the expression level of
the GPDII gene. This may indicate their signifi-
cant role in the phenotypic changes observed
in the studied samples. Conversely, high ACt
values for AbV6 (in Kyiv, Rivne, Dnipro) and
AbV16 (in all positive samples) may indicate a
latent infection or a low level of replication of
these viruses under such conditions, although
their presence may still affect the physiology
of the mushroom or contribute to the devel-
opment of symptoms in a complex with other
viral infections.

The detection of a complex of viruses in the
abnormal mycelium sample from Odesa empha-
sizes the importance of controlling mycelium
as a source of infection, which can persist and
spread even in the absence of fruiting bodies
(O’Connor et al., 2021).

The use of two-step RT-qPCR with melt
curve analysis confirmed its high sensitivity
and specificity for diagnosing mushroom vi-
ruses (Romaine & Schlagnhaufer, 1995). This
method allows for rapid screening and assess-
ment of the relative viral load, which is impor-
tant for phytosanitary control and the develop-
ment of strategies for managing viral diseases
in mushroom cultivation in Ukraine (Ivanova,
2015, 2021).

Conclusions. As a result of the study of
A. bisporus samples from six regions of Ukraine
(Kyiv, Ternopil, Rivne, Lviv, Dnipropetrovsk,
and Odesa) using the RT-qPCR method, the
prevalence of RNA viruses LFDV, MBV, AbVé,
AbV16, and AbVX was established. The most
prevalent were the viruses MBV (100% of sam-
ples), AbVX (83%), AbV6, and AbV16 (67%).
Cases of mixed infections were frequently ob-
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served with different relative viral loads, esti-
mated by the ACt method. MBV demonstrated
the highest relative level of replication in most
samples.

The adapted method for RNA isolation and
RT-qPCR with subsequent analysis of the results
using the ACt method is an effective tool for
identifying a complex of mushroom viruses and
assessing the relative viral load. It can be recom-
mended for use in phytosanitary monitoring and
quality control of spawn mycelium in Ukraine.
The obtained data emphasize that viral infections
are a relevant problem, as they can manifest both
clinical symptoms and asymptomatic carriage,
which creates a significant risk for mushroom
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Mushroom bacilliform virus — MBV; Agaricus bisporus virus 6 — AbV6; Agaricus bisporus virus 16 — AbV16;
Agaricus bisporus virus X — AbVX; Mushroom virus X — MVX) spilicHIOBa/I MeTOLOM IIOTiMepasHOL /1aH-
110roBoi peakuii B peanpHomy 4aci (RT-qPCR) 3i ceundiunnmu mpaiimepamu Ha amiutigikaropi Rotor-Gene
6000. B AK0CTi BHyTPillIHLOTO KOHTPOIO AA HopMarnisanii Ta oninkn Axocti PHK/xITHK BukopucToByBanu ren
rninepanpperin-3-docdar perinporenasu II (glyceraldehyde-3-phosphate dehydrogenase I1I, GPDII) A. bisporus.
ITpoBopunn aHanmis KpMBMX IIaB/IEHHA Ta pO3paxOBYBaIM BilHOCHY KinbkicTh BipycHoi PHK sa metogom ACt.
Pesynbraru. JocmimkeHo micTb 3paskis A. bisporus 3 pisHuMy MopdonoriyauMy 3miHaMu: pibHa IIanyMHKa Ta
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BukpusieHa Hbkka (Ternopil), morosiena nixkka (Kyiv), gpi6Ha mannuka Ta Bugosxena Hixxka (Rivne), mizpaa
HDKKa Ta IIOCKA LIIAIIMHKA 3 poxkeBuMM IacTuHKamu (Dnipro), mo6ypinss mwiogosux tin (Lviv), a Takox aHO-
MaspHMit Barormopi6umit minerniit (Odesa). MeTogoM fBOeTamHOI 3BOPOTHOI TPAaHCKPUILiT KiNbKiCHOI oniMepas-
Hoi naHIorosoi peakuil (RT-qPCR) B gocmimkennx 3paskax izeHtndikosano Bipycu LEDV, MBV, AbV6, AbV16
ta AbVX y pisHux xomb6inanisx. Hait6inpu nommpenumy Buasuncs Bipycu MBV (BusBieHo y Bcix 6 3paskax)
ta AbVX (y 5 3paskax). Bipycu AbV6 i AbV16 BusBieno B 4 3paskax, a LFDV — y 3 spaskax. Criocrepirany 3ami-
maHi indexuii (y 4 i3 6 3paskiB BuAsieHo 6inblre 4 Bipycis). Pospaxynox ACt mokazas 3Ha4HUII BifHOCHMII piBeHb
PHK sipycy MBV B 6inbmocti 3paskiB (oco6muso B Dnipro ta Lviv), a Takoxx LFDV, AbV6 ta AbVX y 3pasky
Lviv, nopiBHsHo 3 piBHeM ekcrpecii GPDII. AHasis KpMBUX IJIaB/IeHHs HiATBEPAUB CIeNM(IUHICTD OTPUMAHNX
IUIP-npopykriB. BucHoBkm. Bussneno rta igenrudikosano PHK-Bipycu B KynbTypi medepuili fBOCIopoBoi Ta
OLIiHEHO piBeHb IX Ki/IbKiCHOTO IpefCcTaBlIeHHs. B 06CcTeXXeHnX IpUOHNX TOCIOAAPCTBAX MOLINPIOIOTHCS Bipycn
LFDV, MBV, AbV6, AbV16 Ta AbVX, yacTo y BUI/IAAI 3Milmanux iH(eKIiit 3 pisHUM piBHeM BifHOCHOTO Bipyc-
HOTO HaBaHTaXeHHA. OTpMMaHi pe3ynIbTaTu MiKPecTonTb HeoOXiTHICTh BIPOBA/IKEHHA CHCTEMHOTO MOJIEKY-
JIIPHOTO MOHITOPMHTY BipyCHMX 3aXBOPIOBaHb Iledepyllb B YKpaiHi 1/ 3abe3nedeHHs ¢irocaHiTapHOI Oe3exu
Ta CTabIIbHOCTI BUPOOHMIITBA.

Kmiouosi cnosa: sipycu neuepuyi dsocnoposoi, idenmudixayis, PHK-sipycu, Agaricus bisporus, RT-qPCR, 3miuiani
iHpexuii.
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