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Abstract. Batrachochytrium dendrobatidis (Bd) is a fungal pathogen which causes the emerging infectious disease
chytridiomycosis. Bd presents low host specificity and threatens amphibians worldwide, thus systematic inventory is
the key in order to detect and mitigate the effects of the disease. Extensive data collection was conducted in Hungary
in 2009-2015 from fourteen different areas. Combined data - recent field sampling on sixteen taxa and the examina-
tion of archived Bombina spp. specimens — from 1360 individuals were analysed with qPCR. Two sentinel taxa, Bom-
bina variegata and the members of the Pelophylax esculentus complex were marked to monitor the occurrence of Bd
in two core areas (Bakony Mts and Hortobagy National Park, respectively) of sampling. Climatic variables were also
examined in core areas to test their effect on prevalence and infection intensity. Among the sixteen sampled amphib-
ian taxa seven tested positive for Bd and the overall prevalence in Hungary was 7.46%. Among the ethanol-fixed Bom-
bina spp. individuals Bd was not detected. In the first core area (Bakony Mts) the overall prevalence in B. variegata
was 10.32% and juvenile individuals showed significantly higher prevalence than adults. On the other hand there was
a significant negative relationship between infection prevalence and monthly mean air temperature. Finally, in the
other core area (Hortobagy National Park) the overall prevalence in P. esculentus complex was 13.00%, and no differ-
ences were found in prevalence or infection intensity between sexes, sampling years or age classes.

Keywords. Chytridiomycosis, emerging infectious diseases, Pelophylax esculentus complex, Bombina variegata,
inventory, Central-Europe.

INTRODUCTION scale decline of numerous animal species globally (Dob-

son and Foufopoulos, 2001). One such emerging disease

Over the past decades several epidemics - caused is chytridiomycosis in amphibians caused by the fungal

by emerging infectious diseases — resulted in the large-  pathogen Batrachochytrium dendrobatidis [hereafter, Bd
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(Longcore et al., 1999)]. Bd is a highly generalist, water-
borne pathogen which is primarily transmitted through
direct contact with aquatic zoospores or infected individ-
uals (Fisher et al., 2009). Bd is responsible for population
declines, mass mortalities and even extinction of species,
and presents one of the greatest threats to amphibians
worldwide (Berger et al., 1998; Skerratt et al., 2007; Fisher
et al., 2009).

Bd is widespread on all continents where amphibians
occur (Olson et al., 2013), but the heaviest disease out-
breaks were observed in the American Neotropics, Aus-
tralia, North-America and Western Europe (Fisher et al,,
2009). In Europe, the first detection of Bd related mass
mortalities dates back to 1997 when the first recorded
population decline as a result of mass die-off after the
emergence of chytridiomycosis was observed in Central
Spain, in the Guadarrama Mountain National Park, and
targeted the Common midwife toad, Alytes obstetricans
(Bosch et al., 2001). Though, as a result of the increased
attention in the subsequent years, studies performed in
the same region revealed that other species are highly
susceptible to the disease as well (e.g. Salamandra sala-
mandra, Bufo spinosus; Bosch and Martinez-Solano,
2006; Bosch et al., 2007). Moreover, the evidenced strong
population declines of A. obstetricans, A. muletensis and
A. dickhilleni in the Iberian Peninsula (Bosch et al., 2001;
Walker et al., 2010; Bosch et al., 2013; Doddington et al.,
2013; Rosa et al,, 2013), and the high susceptibility of
these species made the midwife toads the “flagship” spe-
cies of European chytridiomycosis threat.

Central Europe harbours several amphibian species
that might be susceptible to chytridiomycosis, such as S.
salamandra, B. bufo, Bombina bombina or Bombina var-
iegata (Balaz et al., 2014a,b). In the recent years Bd infec-
tion was detected in various areas of the Czech Republic,
as a result of a systematic inventory (Civi$ et al., 2012).
Furthermore, the presence of the fungus was recently
reported in low prevalence from Luxembourg (Wood et
al., 2009), Poland (Sura et al., 2010; Kolenda et al., 2017),
Germany (Ohst et al., 2013), Austria (Sztatecsny and Gla-
ser, 2011), Slovakia (Balaz et al., 2014b) and Italy (Feder-
ici et al., 2008; Tessa et al., 2013). New data indicate that
the fungus is present also in the Balkans, e.g., in Serbia
(Mali et al., 2017), Albania, Montenegro and Macedo-
nia (Vojar et al., 2017). Though, interestingly, no nega-
tive effects or Bd-linked population declines have been
detected from Central-Eastern-Europe so far (Voros et
al,, 2014).

Some aspects of chytridiomycosis epizootics show
environmental correlates (Olson et al., 2013). Bd presents
a reasonably wide environmental tolerance under a vari-
ety of temperature and precipitation regimes (Ron, 2005),
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but previous studies postulated that climate (Berger et al.,
2004; Bosch et al.,, 2007; Murray et al., 2009; Blaustein
et al., 2010; Rohr et al., 2010; Rodder et al., 2010) and
elevation (Lips et al., 2008; Walker et al., 2010; Becker
and Zamudio, 2011) can significantly influence Bd out-
breaks. Furthermore, large intra- and interspecific vari-
ations exist, especially in the prevalence (Griindler et
al., 2012; Boll et al., 2014; Spitzen-Van Der Sluijs et al.,
2014), but also in the intensity of infection (Van Sluys
and Hero, 2009; Balaz et al., 2014a; Spitzen-Van Der Slui-
js et al., 2014). In addition, behavioural differences influ-
ence the susceptibility to Bd which is further affected by
the intraspecific variability related to sex and life stages
(Blaustein et al., 2005, Garcia et al., 2006, Williams and
Groves, 2014).

Hungary is situated in the Carpathian Basin, a region
with high amphibian diversity due to different climatic
and zoogeographical influences (Voros et al., 2014). Pre-
vious findings about the occurrence of Bd in Hungary are
restricted to a few areas and species where the presence
was initially detected (Gal et al., 2012; Balaz et al., 2014b,
Voros et al., 2014, Drexler et al., 2017). Therefore, no
large-scale distribution data on Bd presence is available to
date from the country.

Our study displays multiple goals. First, we present
a general overview on the occurrence of Bd in Hungary
summarising data collected between the years 2009-2015.
The data set includes the general occurrence of Bd on six-
teen amphibian taxa with a special focus on the yellow-
bellied toad Bombina variegata and water frogs belonging
to the Pelophylax esculentus complex. We selected these
two target taxa because these species may present high
levels of infection intensity in Europe and so they may
also act as sentinel taxa (Baldz et al., 2014b); in addition,
they can play a role in the spread and the persistence of
the disease (Balaz et al., 2014a).

Second, by studying B. variegata populations in Hun-
gary we assessed whether distinct phylogenetic lineages -
Alpine (West of the Danube) and Carpathian, occurring
in the North Hungarian Range East of the Danube (Voros
et al., 2006) — express differences in prevalence and infec-
tion intensity. Moreover, to explore the historical distri-
bution of Bd in Hungary field surveys were complement-
ed with available archived samples of Bombina spp. from
museum collections which comprise a dataset covering a
70 years’ time frame (1936-2005) prior to our field sam-
pling.

Third, in order to further monitor Bd infection lev-
els of amphibians in Hungary, we selected one popula-
tion of two of the most susceptible taxa in Central-East-
ern Europe, B. variegata and the P. esculentus complex
(Balaz et al., 2014b), and extensively sampled these
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populations for three consecutive years in two core
areas. Finally, we aimed to use climatic data (monthly
mean precipitation and monthly mean air temperature)
in these core areas to test if there is any correlation
between the previously mentioned climatic variables
and the occurrence of Bd.

MATERIALS AND METHODS
Data collection

Altogether 1233 specimens belonging to sixteen amphib-
ian taxa were studied in the field between 2009-2015. Sam-
pling was conducted in fourteen different regions in 45 distinct
sampling points throughout Hungary, covering a great vari-
ety of wetland habitats (i.e. irrigation canals, streams, marsh-
lands, ponds, fishponds, water reservoirs and temporary wet-
land habitats) and elevations ranging between 84 and 734 m
a.s.l. (Fig. 1, Table 1). Bombina variegata was surveyed in five
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regions from Transdanubia (Region 1, 2, 3, 5 and 8 in Table 1
and Fig. 1) representing the Alpine (Western) genetic lineage,
and in three regions from the North Hungarian Mountains
(Region 10, 12 and 13 in Table 1 and Fig. 1) representing the
Carpathian (Eastern) genetic lineage, covering the distribution
of the species in Hungary (Voros et al.,, 2006). Identification
of the two Bombina species and their hybrids was performed
considering morphological characters plus genetic information
provided by previous researches in Hungary (Voros et al., 2006,
2007). Members of the Pelophylax esculentus complex were
sampled in eight regions (Region 1, 3, 4, 7, 8, 9, 10 and 14 in
Table 1 and Fig. 1). Age classes were characterized as tadpoles,
juveniles and adults based on the external features of each spe-
cies examined in the field. In those cases when we couldn’t
distinguish between age and sex of an individual we discarded
the sample for further analysis. Additionally, 127 ethanol-fixed
specimens of Bombina spp., deposited in the Hungarian Natu-
ral History Museum (Budapest, Hungary) and Savaria Museum
(Szombathely, Hungary), collected between 1936 and 2005
from regions matching the current distribution of the species
were swabbed (Supplementary table S1).

Fig.1. Map of Hungary showing sampling locations of Bd negative (black filled circles), Bd positive (red triangles) and archived (white cir-
cles) samples. Pie charts indicate Bd prevalence of the fourteen studied geographic regions. Numbers of regions correspond to Table 1. The
two core areas are marked with asterisks (Region 3 and 14). Drawing of Bombina variegata and Pelophylax ridibundus are the courtesy of
Miérton Zsoldos.



Judit Voros et alii

128

01 snpunqiprs xvjdydojpd  TT61  €SLV  0°9ST
4 stpria ofng YI'61  THLV  OTII
0TTLVET 1105 LL9€E LL9E ILV€-8€T 1t 81/¢ i4 vuquioq vuiquiog  €S'8T  ST'LF  0°00T ysadepng-/
1£'%2-00°0 000 €1/0 €1 snordosqop snangidl,  TI'61  199%  0'68 Spsumysry-9
€ dry vwdariva vuiquiog  €€'81  0T9Y  0'STH
8 dry vwdariva vuiquiod  FT8T  9T'9F  0°TET
78F%1-000 000 €C/0 Tl dry vwdariva vuiquiod  €€'81  TTOY 08¢ SINL YPSI9N -G
67 snpunqipts xvjdydoppd  80°LT  €9°Ly 0911
LET-STO 0,0 91°0 95°0 €CHT-T6' 60°6 g€/ ¢ ¥ vuquioq vuiquiod Y91 99°LF  O'€TT Sesuey-y
€8 vuLWp YUDY VoL €TLY  0'SHE
¥ ds xvjdydojod VoL €TLY  0'STE
vT snpunqiprd xvjdydoppd  S9'L1  €TLY  0°9SE
S SLIDSINA UOROSSIT  Y9'LT  €TLY  0'SHE
6€ stpria ofng SOLT  €TLY 0'95€
19 ofnq ofng S9'LT  €TLY 0'9S€
01¢€ dry vSorwa vuiquiod  ¥9°LT  €TLY  0°8FE
z vuquioq vuiquiod  Y9'LT  €TLY  0'SFE
ST vuLWYP YUDY 69'LT  LTLY 0'LTE
61 SLDSINA uoRUOSSIT  69°LT  LTLY  O°LTS
1 stgsadip vanvsofymdl  69°LT  LTLY  0°LTE
z ofnq ofng 69'LT  LTLY 0'LTE
SI dry vpdoriva vuiquiog  69°LT  LTLY  0°LTE
€ dry vpdaiva vuiquiod  FLLT STLY  091€
0€'01C-9T0  8S'SH 61°S ST'IT T€8-€€F 119 909 /L6 T vulquioq vuquiog  L9°LT  90'LY  0'SSH SIAL Luodyeg-¢
06'7-8%°0 €Tl 0¥'C S0'T 01'85-8¢'8 LS'8T AWA 4 dry vjwdoriva visquiod  8¥'9T  S9'LY  0'S6 sy uoidog-7
T vuviodwiay vuvy  FT9T  06'9%  0'SIE
I snyuapnaso xvjfydoppd €791 16'9F  0°L9T
I stysadip vanvsofynpp] 79T 06'9F  0°STE
8% dry vpwdaripa virquiog  $TIT  06'9F  0'SIE
i vuLLUYY DUDY €791  689% 0°€ST
1 sHpaiv vUvY €791 68°9% 0°€ST
I SLDSNA UOHAIOSSIT €91 68°9F  0'€ST
I vaioquv vIAH €791 689% 0'€ST
L dry vSarva vuiquiod  G¥'9T LS89V 0'F9T
8L781-0T0  T€'8S 10°S SYTE  8€'SE-60FT  €5°€T 89/91 ¢ drvy viwdorva vulquiog €191 L8'9%  0'STE 82s10-1
vIVSILIDA
omﬁﬁh m—mu Dm mo ENM_MOE mw ueowx mmu Anxuv Aﬁvv Ad1d ﬁwﬁaamm N q OWN‘OE: wwﬂuwmm mﬁo‘.— Je] uj\ Eo_wo.ﬁ mo IN
IO %56 4214 [2ATISOg VN

"sjua[eanba orurouan) = g0y oudeAdld = AdIJ ‘pajdures spenprarpur jo roquinN = N pmiduo = SuoT pmmne] = je ‘vwaLwva g jo
aseo oy} ur (dren) uverqiedre) 1o (d[y) surd[y se pajesrpur a1om safeaur] YN (IW AI0JUSAUT Ino Ul saads pajdures pue sajeurpiood ‘suoneso] urdures ‘suordar jo Arewrwmg 1 [qel,



129

Occurrence of Bd in Hungary

1 stsadpp vanvsofypypl  10°0T  88°LF  0°LTL
I ofnq ofng 1007 88'LF  0°LTL
43 dre) vwSara vuiquiod 66T  L8LF  0°9€9
vIvIaLivA
I X vuiquiog pusquiog 8661 6L OFOE
4 vuiquiog vuiquiogd  L6'61  T6'LY  0'C0¥
id dre) vSorpa vuiquiod €661  06'LF  0°0TL
I DIpUDUDIDS DIPUDWDIDS  TS'6T  L6'LY  091€
€ drep vSolpa puiquiog  96'61  S8'LY  0°L8S
4 vuiquioq vuiquiog  L6'61  06'Lv 0865
9 ELNQ:EEENRM B&%EESBNEM 6861 €6°LY 0'8¥9
4 drep vSorpa puiquiog  68'61  €6'LF  0'8%9
SS'€T-19°0 616 €I'e €69 0S°€1-8LC 089 €1/L T dre) vSara vuiquiog 86’61  06'LF  0°T6V SIAL BIRIN-01
4! snoiSosqop smamid],  €T61  9TLVF 096
€ vupUDp YUDY €T6L 9TLY 096
L1 stpaiD vUvy €T6L 9TLVF 096
I SHYALD DUDY ¥ELL 9LLF OTIT
1 snpunqipi xvjdydoppd  TT61  €SLY 0951
8€'9-00°0 000 95/0 0T SLVSINA uojjossIT  8€'61 €94V 0FTT SII'H 91I9P2D-6
z v1pI0dwa) vuvy 6681 8LLF 0T0€
8 snpunqipts xvjdydoppd 66’81  8LLy  0'TOS
(4 dry vjpSariva vuiquiod  90°61  TLLY  0'8SE
vyvJariva
I x vuiquioq vuiquiog 061 TLLY  08SE
¥ 'ds xvjdydojaq 6061 LLLY  0LOT
4 va10q4v vIA 6061 LLLV  0°LOT
1 vipuvwivIYs vipuvuvps 1161 S8V 0°60T
I vrpi0dwa) vuvy TI6T  S8LF 080T
€ ds xvjdydojod 88'8T 19LF O0FET
I 240quv VAL 88'8T 19/LV 0¥€C
/ DAPUDUDIYS DIpUvDIPS 16°8T  9L°LF  0°€81
4 vviodwa; vuvy G881 9LLF 06T
z vuiquiog vuiquiod 881  ¥9'L¥  0°91T
G¢ DAPUDIUD]DS DIPUDWDIDS  $6'8T LS,V 0'19C
I ofnq ofng V681 LSLF 0719
S DUHDWDP DUDY 0061 8LLF 081F
797 - 000 000 8L /0 I vuiquiog vuiquiod  F0'61  8LLF 0891 SHA IPBISSSIA-SI[IJ-8
v1v3oriva
guer go as o UBIPOW g0)  UBdW F0) (%) (%) A21g pajduwres N 9 ummo:: saradg SuoT  eT nv uor3a1 Jo "IN
1D %S6 4214 /2A11804 -




Judit Voros et alii

130

€eCl [eloL
(4 ds xvjdiydojoq LUTT SVLF  0F8
T snpunqipts xvjdydoppd  ¥1°1C ¥¥'Lv 0S8
0T smuapnosa xvidydopd 11T ¥VLY 0S8
Z1 ds xvjdiydojod 80'1C €9/¥ 098
9g snpunqipti xvjdydoppd  L0°1T  19°Lv  0°98
4 smuapnasa xvjdydopd  80°'1T  TYLF  0°S8
z snpunqipls xopdydoppd  ¥6°07  LS'LV 098
I avuossa] xvjdydoppd  88°0C 09°L¥  0F8
16'25-79°0 86°L1 8’1 8701 6TF1-€TS 66'8 8/1/91  8I smuajnosa xvjdydoppd  ¥6'0T  LS'LF 0'98 A3eqo10H-$1
I dre) vpSativa vuiquiod  SY'IT  O0F'8Y  0'6FF
¥ DAPUDUD]DS DApUDIUDIDS TE'TC  8%'8Y 0 1¥E
1 vrvioduiay vuvy TEIT  8Y8F  O'TFE
9 dre) vpdariva vuiquiod €617 8F'8Y  0'18C
¥S788-€0'€T  €F'8TE ST'101 00%PC  TTOS-€LOT  LTLT /9 o1 drep vSorpa vuiquiod 67T LTSy 0'89% SIN upjdwaz-¢1
9 DUPUDUD]YS DIPUDIDIDS $9°0T  €5°8Y  0'8€T
9%'92-00°0 000 T/ 0 9 drep vSariva vuiquiod  99°07  ¥S'8Y  0°98C  IsTeY YIPI33V-T1
1 vrvioduiay vuvy 800 SI'8F 0°0¢€
9 stsadip vanvsofynpd]  95°07 08y 0'EHY
1 vLvioduiay vuvy 010 SI'8F 00T
YN VN 01’8 01’8 ST'8H-8T0 111 6/1 I ofnq ofng yT0T T8k 0'6hC SIN PIRd-T1
I snpuapnasa xvjdydoppd  96'61  €6'LF  O°TTF
z drep vSora puiquiog 96’61 €6y O'TTH
ppSariva
S X pusquioq purquiog 661 6LV 0°9€9
(A dre) vpSarva vuiquiod  11°0T  68°'LF  0°€€9
pISariva
I X pusquioq pusquiog 10T 16LF 0L
9 vuiquioq vuiquiog  01°0T  68°LF  0°TTS
I drep vvSorva vulquiod 9461  €6'LF  0°TIE
€ vuiquioq vuiquiog  YL61  06'LF 079
¢ Q\ﬁ:QEENEm 3&%&3:&&3% 10°0C 88 LY 0LTL
I vivioduay vuvy 1007 88'LV  0°LTL
I smuapnasa xvjdydopd  96'61  €6'LV 01T
v1v3oriva
uer go as 1o UBIPOW g0)  UBdW F0) (%) (%) A21g pajduwres N 9 ummu:: saradg SuoT T nv uor3ar Jo "IN
IO %56 A21d /2ATISOg VN




Occurrence of Bd in Hungary

Systematic sampling of sentinel taxa in two core areas

Core areas were selected based on the prevalence found
previously or in the first year of sampling (Gdl et al., 2012;
Balaz et al,, 2014b). In Bakony Mts, B. variegata was systemati-
cally sampled in 2010-2012. Data of 2010 were published previ-
ously (G4l et al., 2012), thus our analyses includes a comparison
of data from 2010 and new data from 2011 and 2012. Surveys
were completed between March and September in 2010, April
and September in 2011, May and July in 2012. The assigned
locality, Tharkut (see asterisk on Fig. 1), is an old open baux-
ite mine, where human activities are common due to being
a famous paleontological research site (Osi et al, 2012). In
Tharkat we were able to locate only two water bodies: a small
lake and a nearby stream. Because of the close proximity (ca.
50 meters) and the presumed connection of the two habitats, all
the toads belonged to the same population.

Members of the P esculentus complex were screened for Bd
in the Hortobagy National Park (HNP; see asterisk on Fig. 1).
HNP is the largest continuous alkaline steppe in Europe cover-
ing 80.000 hectares. This natural reserve is abundant in wetland
habitats like alkaline marshes, fishponds, wet grasslands and wet
meadows (Ecsedi, 2004). Pelophylax species were sampled in
three sites at HNP - Nadudvar-Kosély canal near the city Nadud-
var, a fish pond system located eastwards to Hortobdgy village
and a marshland system at Egyek-Pusztakdcs village — between
April and October during three consecutive years (2012-2014).

Taxonomic identification of Pelophylax esculentus complex

Water frog taxon identification was determined using the
technique described by Hauswaldt et al. (2012), and is based
on allele-size polymorphism in intron-1 of the serum albumin
gene (SAI-1; Plotner et al.,, 2009) named RanaCR1, was identi-
fied in the serum albumin intron-1 (SAI-1, with a slight modi-
fication in PCR protocol (Herczeg et al.,, 2017). To verify SAI-
1 fragments we sequenced representative alleles on a Hitachi
3130 Genetic Analyzer (Applied Biosystems, UK). Consensus
sequences were compiled using BioEdit version 7.0.9.0 (Hall,
1999) and aligned manually. If genetic samples were not avail-
able we referred to the individuals as Pelophylax sp.

Sampling protocol

We collected Bd samples following Hyatt et al. (2007) by
either swabbing the skin of the individuals or clipping one of
the toes. According to Hyatt et al. (2007) skin swabbing and
toe clipping show similar performances in detectability of Bd.
Skin swabbing was performed using two types of sterile swabs
(SWA90006; Biolab, Budapest, Hungary, 5 mm diameter; and
MW100-100; Medical Wire and Equipment, Wiltshire, England,
3 mm diameter). We collected each sample in a standardized
way with three strokes on each side of the abdominal midline,
the inner thighs, hands and feet. Toe clipping was performed
using sterilized scissors and toe clips were stored in 70% EtOH
in a freezer at -80 "C. Skin swabs were stored dry in individu-
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ally labelled vials and transferred to a freezer for longer storage
throughout the field season. For both sampling procedures we
used a new pair of disposable gloves per individual, and after
each sampling event we sterilized all the used sampling equip-
ment in order to avoid cross-contamination. Mouthpart (oral
disc) of larvae were swabbed following Hyatt et al. (2007). Eth-
anol-fixed specimens of Bombina spp. were screened by skin
swabbing following methodology presented above.

Genetic analysis of Bd samples

DNA was extracted using PrepMan Ultra Sample Prepa-
ration Reagent (Thermo Fisher Scientific, Waltham, Massa-
chussetts, USA) following the recommendations of Boyle et al.
(2004). Because of size differences between swabs (i.e. 3 mm vs.
5 mm; see above), only the top 3 mm of the larger swabs was
used in all cases. Extracted DNA was analysed using real-time
quantitative polymerase chain reaction (QPCR) following the
amplification methodology of Boyle et al. (2004) and Hyatt et
al. (2007) targeting the partial ITS-1 - 5.8S rRNA regions. Sam-
ples were run in triplicate and an internal positive control was
included (TagMan exogenous internal positive control reagents;
4308323; Thermo Fisher Scientific, Waltham, Massachussetts,
USA) to detect potential inhibitors present in the DNA extrac-
tions. We considered evidence of infection if genomic equiva-
lents (GE) were > 0.1 and we considered a sample positive if
all three wells returned a positive reaction. When a sample
returned an equivocal result, it was re-run. If it again returned
an equivocal result, it was considered negative (N = 17, 1.3% of
total samples). The templates were run on a Rotor-Gene 6000
real-time rotary analyser (Corbett Life Science, Sydney, Aus-
tralia). GE were estimated from standard curves based on posi-
tive controls of 100, 10, 1, 0.1 developed from the Bd isolate IA
2011, from Acherito Lake, Spain. Finally, GE values of the three
positive replicates were averaged.

In order to identify lineages of Bd found on amphibians in
Hungary, 2 ul of DNA extract from three individuals (one juve-
nile P. ridibundus plus one juvenile B. variegata from Bakony
Mts, and one adult B. variegata from Orség) were selected as
template for amplification of a partial fragment of ITS-1 rRNA.
Nested PCR approach described by Gaertner et al. (2009) was
performed. The amplified fragments were sequenced on an
Applied Biosystems/Hitachi 3130 Genetic Analyser (Thermo
Fisher Scientific, Waltham, Massachussets, USA). Sequences
were aligned manually using BioEdit version 7.0.9.0. (Hall,
1999) and were blasted against available sequences from Gen-
Bank for identification.

Climatic data

Climatic data were provided by the Hungarian Meteoro-
logical Service (OMSZ). For the core areas of B. variegata and P
esculentus complex climatic data were obtained from the closest
meteorological station of each sampling site: Papa city (47.29,
17.37), 135.5 m a.s.], 21.5 km distance from Iharkdt (Bakony
Mts), and Kunmadaras village (47.46, 20.89), 88.8 m a.s.l. 12.5



132

km distance from Egyek-Pusztakdcs (HNP), which is the closest
sampling point to the station. We used monthly mean precipi-
tation and monthly mean air temperature data for the period
2010-2014 to test if any relationship between climate and preva-
lence or infection intensity exists.

Statistical analyses

Statistical analyses were performed in R (version 3.4.4; R
Core Team, 2018). Prevalence was expressed as a discrete bino-
mial variable (uninfected vs. infected). Infection intensity was
expressed through GE value. First, we calculated infection prev-
alence (%) of different amphibian species together with their
95% Clopper-Pearson confidence intervals (95% CI) as follows.
Prevalence values were obtained by dividing the cumulative
number of positive samples with the total number of samples
per species and multiplied with 100 to obtain percentile values,
while 95% CI values were calculated using the R package ‘Prop-
CIs’ (function ‘exactci’; Scherer, 2018). In Bd infected species
we calculated the mean, median, SD and range of GE values as
well. Second, we tested whether prevalence and infection inten-
sity differed between phylogenetic lineages of B. variegata, and
in the two sentinel taxa (i.e. B. variegata and P. esculentus com-
plex) we also tested for differences between study years, sexes
and age classes. Prevalence values were compared with Chi-
square tests, while infection intensities were compared using
Mood’s median test, as implemented in the R package ‘RVAide-
Memoire” (function ‘mood medtest’; Hervé, 2018).

Finally, in the two sentinel taxa we tested the relationship
between climatic variables and prevalence and infection inten-
sity. We note here that the data set of the P. esculentus complex
was restrained only on P. ridibundus, as the Bd infection of P
esculentus was very low (i.e. two infected individuals in total)
and the sample size of P. lessonae was also not representative (N
= 1). The relationship between the climatic factors and infection
prevalence was tested using generalized linear mixed models
(GLMMs) with binomial error distribution term and the rela-
tionship between the climatic factors and infection intensity was
analysed using linear mixed models with Gaussian distribution
(LMMs). Prevalence and infection intensity, respectively, were
entered as dependent variables in the models, while the focal
climatic variable (i.e., air temperature or precipitation) was
set as continuous predictor. In all models sampling year was
entered as a random effect to control for the interannual vari-
ations in infection prevalence or intensity. Additionally, in the
case of P. ridibundus, collection site ID within the HNP was
entered also as a random factor to account for the variations in
prevalence and intensity between collection sites. To assure the
adequate distribution of model residuals, for the LMMs GE val-
ues were log(x+1)-transformed. Prior entering into the models,
log(x+1)-transformed GE values and the continuous predictors
(i.e. climatic variables) were scaled to mean = 0 and SD =1 to
improve model convergence (see also Schielzeth 2010). Model
fits were checked visually by plot diagnosis. In all cases for the
statistical comparison of infection intensities only infected indi-
viduals were used. Mixed models were constructed using the
‘lme4” package for R (Bates et al., 2015), and P-values for the
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linear mixed models were obtained using the function ‘Anova’
(type III) from the R package ‘car’ (Fox and Weisberg, 2011).
We used a significance level of P < 0.05 throughout.

RESULTS
Bd occurrence in Hungary

In Hungary, nine regions were infected with Bd and
the overall prevalence was 7.46% (95% CI: 6.05-9.07), indi-
cating a low presence of the fungus in the country (Table
1). Among the sixteen sampled amphibian taxa seven
were found infected with Bd, including one unidentified
Pelophylax individual (Table 2). Details on prevalence and
summary statistics of GE values are presented in Table 2;
while the geographic distribution of the sampling sites
with the site-specific prevalence is shown in Fig. 1.

Bd occurrence in Bombina variegata

In B. variegata the overall prevalence was 12.69%
(95% CI: 9.91-15.92). Details on prevalence and sum-
mary statistics of GE values for the different regions are
presented in Table 3. We found no significant difference
between the two lineages of B. variegata in infection
prevalence (Nyjpine = 422, Nearpathian = 825 X* = 0.155, df =
1, P = 0.693) and intensity (Napine = 52, Nearpathian = 12, P
= 0.750). Bd was not detected among the ethanol-fixed B.
variegata specimens.

In Bakony Mts between 2010 and 2012 we sampled
310 individuals of B. variegata, among which 32 individ-
uals were found to be infected with Bd. Here the overall
prevalence was 10.32 % (95% CI: 7.16-14.25), and the
mean, median, SD and range of GE values were 15.92,
5.09, 38.60 and 0.159-210.3, respectively. There was no
significant difference in infection prevalence (N,q,, = 80,
Nooi1 = 144, Ny, = 86; X2 = 4.980, df = 2, P = 0.082) nor
in intensity between the three study years (N, = 13,
N,o1; = 14, Ny, = 5, P = 0.201), and we found no sig-
nificant difference in prevalence (N ies = 113, Nemates =
90; x2 = 0.241, df = 1, P = 0.623) and infection intensity
between sexes (N tes = 8> Niemates = 2, P = 0.545). How-
ever, there was a significant difference in prevalence
between the two age classes (Njyyeniies = 105, Nygys = 2045
x* = 11.563, df = 1, P < 0.001), with juveniles being more
infected than adults (proportion of individuals infected:
19.04% versus 5.88%). Differences in infection intensity
between the two age classes were not significant (N,
veniles = 205 Noguis = 12, P = 0.273). There was significant
negative relationship between infection prevalence and
monthly mean air temperature (x> = 4.482 df = 1, P =
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Table 2. Batrachochytrium dendrobatidis (Bd) infection in amphibian species sampled in Hungary between the years 2009 and 2015. Prev =
prevalence; GE = genomic equivalents of zoospores.

Positive/ Prev 95% CI

Species Sampled Prev (%) (%) GE mean GE median GE SD GE range
Order Anura

Family Bombinatoridae

Bombina bombina 1/29 3.45 0.09-17.76 16.41 16.41 NA NA
Bombina variegata 64 / 504 12.70 9.92-15.92 40.08 4.96 120.76 0.16-882.54
Bombina bombina x variegata 0/8 0.00 0.00-36.94

Family Bufonidae

Bufo bufo 0/66 0.00 0.00-5.44

Bufo viridis 2/43 4.65 0.57-15.81 36.77 36.77 50.11 1.34-72.20
Family Hylidae

Hyla arborea 0/4 0.00 0.00-60.24

Family Ranidae

Pelophylax esculentus 2/ 66 3.03 0.37-10.52 1.07 1.07 0.41 0.78-1.36
Pelophylax lessonae 0/1 0.00 0.00-97.5

Pelophylax ridibundus 21/ 164 12.80 8.10-18.91 20.21 1.59 41.72 0.15-164.30
Pelophylax sp. 1/33 3.03 0.08-15.76 15.75 15.75 NA NA
Rana dalmatina 0/120 0.00 0.00-3.03

Rana arvalis 0/19 0.00 0.00-17.65

Rana temporaria 0/11 0.00 0.00-28.49

Order Caudata

Family Salamandridae

Salamandra salamandra 0/63 0.00 0.00-5.69

Triturus dobrogicus 0/27 0.00 0.00-12.77

Lissotriton vulgaris 0/45 0.00 0.00-7.87

Ichthyosaura alpestris 1/30 3.33 0.08-17.22

Total 92 /1233 7.46 6.05-9.07

Table 3. Batrachochytrium dendrobatidis (Bd) detection in regions representing the surveyed local populations of B. variegata in Hungary.
Prev = prevalence; GE = genomic equivalents of zoospores.

L . Positive/ o Prev 95% CI .
Genetic lineage ~ Region Sampled Prev (%) (%) GE mean GE median GE SD GE range
Alpine Orség 16 / 57 28.07 16.97-41.54 34.45 5.01 58.32 0.20-182.78
Soproni Mts 4/14 28.57 8.39-58.10 2.05 2.40 1.13 0.48-2.90
Bakony Mts 32/328 9.76 6.77-13.49 15.93 5.09 38.61 0.16-210.30
Mecsek Mts 0/23 0.00 0.00-14.82
Pilis-Visegradi 0.00 0.00-84.19
Mts
Carpathian Matra Mts 6/58 10.34 3.89-21.17 5.36 1.86 8.97 0.61-23.55
Aggtelek Karst 0/ 6 0.00 0.00-45.93
Zemplén Mts 6/16 37.50 15.20-64.57 244.00 101.15 328.43 13.03-882.54
Total 64 / 504 12.59 9.83-15.80

0.034), and a marginally significant positive relationship  tionship between infection intensity and monthly mean
between prevalence and monthly mean precipitation (x>  air temperature (x> = 0.180, df = 1, P = 0.671). Howev-
=3.611, df = 1, P = 0.057). There was no significant rela-  er, there was a significant positive relationship between
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infection intensity and monthly mean precipitation (x?
= 4227, df = 1, P = 0.039); though, this significant rela-
tionship disappeared after removing one outlier GE value
from the data set (x*= 1.510, df = 1, P = 0.219).

All the three sequences (i.e. sequences obtained from
juvenile P. ridibundus and B. variegata from Bakony Mts,
and one adult B. variegata from Orség) were identi-
fied as ITS-1 rRNA of Bd, belonging to the globally dis-
persed Bd-GPL lineage (GenBank accession numbers:
MH745069-71). One sequence showed 100% identity
with Bd from Cape Cod (GenBank accession number:
FQ176489.1, FQ176492.1), South Africa (JQ582903-
4, 15, 37), and Italy (FJ010547). The second sequence
was 100% identical with a sequence of Bd from Equa-
dor (FJ232009.1), and the third sequence represented a
unique haplotype. Genetic distance (p-distance) among
sequences ranged between 0.005-0.035.

Bd occurrence in Pelophylax ridibundus

In Hortobagy between 2012 and 2014 we sampled
100 individuals of P ridibundus, among which 13 were
found to be infected with Bd. Here the overall prevalence
was 13.00% (7.10-21.20), and the mean, median, SD and
range of GE values were 11.52, 1.59, 19.63 and 0.635-
57.905, respectively. We found a significant difference in
infection prevalence between years (N, = 35, N, 3 = 48,
Nyo1s = 17; X2 = 27.750, df = 2, P < 0.001); all the infected
individuals being captured in 2012 (prevalence: 37.14%),
while no infected individuals being found in 2013-2014.
We found no significant difference in prevalence (N, s =
42, Niepales = 305 x> = 0.002, df = 1, P = 0.958) and infec-
tion intensity between sexes (N5 = 7, Neemales = 6, P =
1.000). Age classes did not differ in infection prevalence
(Niuvenites = 9 Nogurs = 725 X2 = 0.827, df = 1, P = 0.363).
Infection intensities of the different age classes cannot
be compared because no infected juveniles were cap-
tured. We found no significant relationship between
infection prevalence and monthly mean air temperature
(x*=2.375, df = 1, P = 0.123), and between prevalence
and monthly mean precipitation (x*= 0.010, df =1, P =
0.920). Since infection prevalence was relatively low in
the P esculentus complex and infected individuals were
captured in the same month and year, the relationship
between climatic variables and infection intensity could
not be tested in this taxa.

DISCUSSION

Low Batrachochytrium dendrobatidis prevalence was
experienced throughout the country (Table 1, Table 2),
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with similar or slightly lower values than in neighbouring
countries e.g. Czech Republic (Balaz et al., 2014a; 19%
average at country level), Austria (Sztatecsny and Gla-
ser, 2011; 5.9-45% at country level) or Poland (Kolenda
et al., 2017; 18% average at country level). Overall, seven
taxa carried the infection: Bombina bombina, Bombina
variegata, Bufo viridis, Pelophylax ridibundus, Pelophy-
lax esculentus, Pelophylax sp. and Ichthyosaura alpestris.
In accordance with previous studies in Central Europe
(Ohst et al., 2013; Balaz et al., 2014a,b; Kolenda et al.,
2017), B. variegata and the members of the P. esculentus
complex showed the highest prevalence and Bd infec-
tion intensity in Hungary. On the other hand, there was
no difference in prevalence and infection intensity was
detected between the two ancient phylogenetic lineages
of B. variegata. Bd was present in nine of the fourteen
studied regions. The highest prevalence was experienced
in the Alpine foothills at Orség (Region 1), Soproni Mts
(Region 2), and in the Zemplén Mts (Region 13). These
three regions represent the margins of the Alps and Car-
pathians (respectively) hosting populations with continu-
ous distribution towards the higher regions. On the other
hand, the remnant mountain regions, where prevalence
was much lower (Regions 3, 10 and 11), are geographi-
cally isolated from other higher elevations. In contrast,
amphibians from five regions (Regions 5, 6, 8, 9 and 12)
seemed to not carry Bd. This either indicates that Bd has
not reached these parts of the country yet, or more com-
prehensive sampling would be needed to locate its pres-
ence.

The Carpathian Basin combines the characteristics
of the neighbouring regions. Despite the relatively small
extent of Hungary, the climatic elements have distinct
temporal and spatial characters (Mez3si, 2017). Although
the majority of the country has an elevation of less than
300 m a.s.l., Hungary has several moderately high ranges
of mountains and the highest peak located in the Matra
Mts at 1014 m a.s.l. (Table 1, Region 10). Overall, our
results rather supporting the relationship between the
measured climatic variables and prevalence or infection
intensity. We found significant relationship regarding B.
variegata individuals in the Bakony Mts core area, where
prevalence was negatively affected by monthly mean tem-
perature. Furthermore, the monthly mean precipitation
positively affected the Bd infection intensity. Nonetheless,
the robustness of the latter result is questionable, since
the relationship disappeared when we excluded an out-
lier value from the analysis. This substantial effect of one
outlier value could have on the outcomes of this analy-
sis suggests the need for an extensive sampling in order
to test whether this result is a statistical artefact or a real
biological phenomenon.
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To determine the time and location of the emergence
or introduction of Bd in different regions worldwide,
it is important to study archived specimens deposited
to museum collections. To examine the historical pres-
ence of the fungus in Hungary we screened archived
specimens of Bombina spp. collected in the regions 1, 2,
3, 8, 10, 12, 13 and the K&szeg Mts (archived data only)
between 1936 and 2005. In total 127 specimens were
analysed and all of the samples were Bd negative. Both
for field and for museum samples we used the same
detection methodology, following Hyatt et al. (2007).
The detection probability with qPCR is more sensitive
and accurate compared to conventional PCR or histol-
ogy (Annis et al., 2004; Boyle et al., 2004; Kriger et al.,
2006). There is no difference in regard of Bd detectability
between sample collection techniques (i.e., skin swabbing,
brushing or scraping). Nonetheless, preservation meth-
odology and storage history may have influence on the
results (Soto-Azat et al., 2009). The Amphibian Collec-
tion of the Hungarian Natural History Museum is stored
in ethanol, but no record is available about the mode of
initial preparation. As formaldehyde is known to inhib-
it PCR reaction, there is therefore a slight chance that
qPCR reactions failed to detect Bd in our archived sam-
ples; however, this may be an unlikely possibility.

Although with testing archived specimens we did not
find evidence on when Bd might have been introduced
into the country, our genetic analyses showed that the
fungus found on amphibians in Hungary is a member of
the Bd-GPL lineage. This was confirmed by a recent study
tracking the origin of Bd using a full genome approach,
which detected Bd-GPL lineage in Hungary (from
Tharkat, Bakony Mts; O’Hanlon et al., 2018) and is in line
with previous findings reporting that this lineage has a
widespread distribution in Europe (Farrer et al., 2007).

During the surveys in the core area of Bakony Mts
(Region 3, Table 1) juvenile B. variegata individuals
showed a significantly higher prevalence compared to
adults. The same pattern was observed for two B. var-
iegata populations in a seven-year period study in the
Netherlands, which the authors explained by the less
developed immune responses, or immunosupression,
following the stress of metamorphosis (Spitzen-van der
Sluijs et al., 2017). Quite surprisingly, during our study,
two juveniles changed infection state once (recovered
from Bd positive). It is a relatively common phenomenon
in the field, when infected adult frogs lose and regain the
infection which may be caused by overwintering tadpoles
or larvae acting as reservoirs (Briggs et al., 2010, Spitzen-
van der Sluijs et al., 2017). In contrast, it is less frequent
with juvenile individuals as it was experienced in our
study. Similar pattern was observed for Epidalea calamita
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in Spain, where juveniles changed infection state towards
the end of metamorphosis, possibly mediated by the
increasing water temperature in permanent ponds (Bosch
et al., unpublished).

In Tharkat (Bakony Mts), during our study period the
environmental conditions changed unexpectedly. The lake
which hosted most of the amphibian species — including
B. variegata - dried out after the first season of sample
collection. In the second year only four individuals of
B. variegata were captured around this locality, however
the rest of the specimens (N = 181) found shelter in a
nearby stream unsuitable for breeding. During the third
year the lake kept dry and only seven out of 87 individu-
als were found in or around the lake. Even though there
was no difference in prevalence between the three years,
they showed a downward trend towards significance.
Already low prevalence (23%) dropped down to 11% in
the second and to 5% in the third year. This trend could
be associated with the differences in habitat type, as it
was observed for Salamandra salamandra in the Guadar-
rama National Park, Spain (Medina et al., 2015). Here,
Bd infection was greater in salamander larvae from per-
manent ponds, while it was absent or weak in tempo-
rary water bodies and permanent streams. Also, infec-
tion intensity in larval cohorts was reduced when water
was flowing rather than standing. Same authors suggested
that increased water flow rate reduce the likelihood of
successful pathogen transmission.

Chytridiomycosis is limited to the keratinized tissues
of the host individual, therefore tadpoles and post-met-
amorphic amphibians are mostly affected by the disease
(Rachowicz and Vredenburg, 2004). Our dataset cov-
ered all life stages of amphibians and the presence of the
infection was not detected in tadpoles of B. bufo and R.
dalmatina (N = 39). On the other hand, post-metamor-
phic and juvenile individuals were found infected in the
regions 1, 3, 10 and 13 of B. variegata and the members
of the P. esculentus complex, even though all sampled
individuals apparently didn’t display any clinical sign of
chytridiomycosis.

In Central Europe the P esculentus complex is
formed by two sexual species, the P. ridibundus and the
P. lessonae and their interspecific mating produces the
hybridogenetic P. esculentus. Overall, our results in the
core area of Hortobagy National Park showed higher
Bd prevalence in P. ridibundus compared to the hybrid
P esculentus (Table 2) which is related to the fact that
the hybrids have more effective peptide defence system
against Bd and have a richer peptide repertoire than both
parental species (Daum et al., 2012). Further, contrary to
what was observed in B. variegata in the Bakony Mts core
area, we did not find differences in Bd infection between
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life stages and sexes in P. ridibundus individuals.

Our results fit into the general pattern showing sig-
nificant variability in the effects of chytridiomycosis
across Europe. The marked difference in species sus-
ceptibility between amphibian species/communities of
Western and Central-Eastern Europe might be deter-
mined by multiple linked factors, e.g. virulence of dif-
ferent Bd strains (Farrer et al., 2007), genotype (Savage
and Zamudio, 2011), behaviour (Williams and Groves,
2014), microbial skin community compound of host spe-
cies (Bletz et al., 2013), or structure of amphibian com-
munities (Becker et al., 2014). In the Iberian Peninsula
— that received the most attention due to mass amphib-
ian mortalities caused by chytridiomycosis - infection
was clustered within high-altitude areas, where environ-
mental conditions are the most optimal for growth of Bd
(Piotrowski et al.,, 2004). In contrast, Hungary harbours
only low-elevation mountains, where environmental con-
ditions might be less favourable for Bd-linked epidemics.
Differences in elevation might explain the relatively lower
impact and infection values of amphibians in Hungary,
than it was reported for surrounding countries in Central
and Eastern Europe (e.g., Austria, Sztatecsny and Gla-
ser, 2011; Czech Republic, Balaz et al., 2014a or Poland,
Kolenda et al., 2017).

Since Bd-related disease outbreak have been proven
to be climate-driven (Bosch et al., 2007), amphibians of
Central-Eastern Europe might be heavily impacted in
the future due to global climate change. Changes in the
climate might alter Bd diffusion and make it’s spreading
less predictable, thus areas not yet affected by epidemics
require particular attention and constant monitoring.
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