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Abstract
The European weatherfish Misgurnus fossilis (Linnaeus, 1758) is a threatened freshwater species in large 
parts of Europe and might come under pressure from currently establishing exotic weatherfish species. 
Additional threats might arise if those species hybridize which has been questioned in previous research. 
Regarding the hybridization of M. fossilis × M. anguillicaudatus (Cantor, 1842), we demonstrate that 
despite the considerable genetic distance between parental species, the estimated long divergence time 
and different ploidy levels do not represent a postzygotic barrier for hybridization of the European and 
Oriental weatherfish. The paternal species can be easily differentiated based on external pigment patterns 
with hybrids showing intermediate patterns. No difference in standard metabolic rate, indicating a lack 
of hybrid vigour, renders predictions of potential threats to the European weatherfish from hybridization 
with the Oriental weatherfish difficult. Therefore, the genetic and physiological basis of invasiveness via 
hybridization remains elusive in Misgurnus species and requires further research. The existence of prezy-
gotic reproductive isolation mechanisms and the fertility of F1 hybrids remains to be tested to predict the 
potential threats of globally invasive Oriental weatherfish species.
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Introduction

Freshwater fish biodiversity is declining at an alarming rate (Reid et al. 2019; Tickner et 
al. 2020). Among other factors, habitat loss and invasive alien species are major drivers 
of species extinction (Clavero and Garcia-Berthou 2005; Cucherousset and Olden 2011; 
Closs et al. 2016). Wetlands are disappearing worldwide due to low agricultural value, 
facilitating conversion to arable land or other land “developments”. Fishes specifically 
adapted to such habitats and serving as indicator species for the ecological status of wet-
lands, e.g. mudminnows (Umbra krameri, Walbaum 1792) (Wanzenböck 2004), are par-
ticularly affected (Tickner et al. 2020). Especially if habitat loss is combined with threats 
from closely related invasive species, effects might be non-additive and massive (Clavero 
and Garcia-Berthou 2005; Didham et al. 2007). Such a scenario is currently developing 
for the European weatherfish (Misgurnus fossilis, Linnaeus 1758) and the closely related, 
invasive Oriental weatherfish (Misgurnus anguillicaudatus (Cantor, 1842)).

The European weatherfish is a native species distributed across Europe and western 
Asia and is of significant conservation concern (Bohlen et al. 2007; Freyhof 2013). It is 
included in the list of freshwater fish species requiring international protection (Euro-
pean Union Habitats Directive and Bern Convention, see https://eunis.eea.europa.eu/
species/551#legal_status) and on a number of national red lists (Wolfram and Mikschi 
2007). Declining populations are primarily based on habitat loss (Wolfram and Mik-
schi 2007; Brys et al. 2020b) because the European weatherfish is specifically adapted 
to floodplain backwaters and wetlands of large rivers (Ràb et al. 2007). However, the 
invasion by the closely related Oriental weatherfish might contribute to the disappear-
ance of European weatherfish in the future (Riffel et al. 1994). The Oriental weather-
fish was imported as early as 1870 to Hawaii by Asian immigrants using it as food fish 
(Nico et al. 2019), and to the rest of the USA in the late 19th century by the ornamental 
pet fish industry as an aquarium and garden pond fish (Maceda-Veiga et al. 2013; Nico 
et al. 2019). Established populations in the wild have been found in many parts of the 
world (Milton et al. 2018) including Australia, Europe, South America (Abilhoa et al. 
2013) and the USA (Frable 2008; Nico et al. 2019). In Europe, feral exotic weatherfish 
were initially found in Germany by Riffel et al. (1994) reporting, besides their genetic 
study on fish from a pond, a wild individual of M. mizolepis (Günther) being caught 
in the Nahe river (Rhineland-Palatinate) in 1993. Subsequently, Oriental weatherfish 
were recorded in Italy (Razzetti et al. 2001), Germany (Freyhof and Korte 2005), Spain 
(Franch et al. 2008), the Netherlands (van Kessel et al. 2013), from where it presently 
expands into Belgium, (Verreycken pers. comm), to Southern Germany (Belle et al. 
2017), and recently to Austria (Zangl et al. 2020). However, there is some discrepancy 
regarding the taxonomy of different populations of exotic weatherfish found in Eu-
rope belonging to M. anguillicaudatus, M. bipartitus (Sauvage & Dabry de Thiersant, 
1874), Paramisgurnus dabryanus (Dabry de Thiersant, 1872) or M. mizolepis (Günther, 
1888) (Milton et al. 2018; Zangl et al. 2020; Belle et al. 2021).

A high probability of direct contact of the European and Oriental weatherfish in the 
same waterbody can be foreseen in the near future because of similar habitat preferences 

https://eunis.eea.europa.eu/species/551#legal_status
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(Meyer and Hinrichs 2000; Frable 2008; Brys et al. 2020a), however, predictions of po-
tential consequences for the native species are difficult. Apart from competition based on 
broadly overlapping ecological niches, threats are predictable based on close taxonomic 
relationship, facilitating hybridization (Riffel et al. 1994; Rhymer and Simberloff 1996; 
Rhymer 2008). In the case of successful hybridization, one could anticipate high risks 
based on competitive advantages of hybrids (Huxel 1999; Rosenfield et al. 2004; Schier-
enbeck and Elstrand 2009; Coulter et al. 2020), especially if the hybrids show heterosis 
effects. On the other hand, risks from hybrids might be low if hybrids are not viable or 
are infertile representing a post-zygotic isolation mechanism (Janko et al. 2017).

Therefore, we tested in a primarily qualitative study for 1) the presence/absence of 
postzygotic reproductive isolation measured as embryo/larval viability by conducting 
a reciprocal hybridization experiment, and 2) the presence/absence of heterosis effects 
manifested in a physiological trait such as standard metabolic rate in relation to ge-
nome size and/or ploidy levels.

Material and methods

Fish propagation

Eight adult individuals of the European native species (European weatherfish, M. fos-
silis, see Suppl. material 1: Fig. S1, Suppl. material 2: Fig. S2) were obtained from a 
wild population in the floodplain of the River March (=Morava, close to Baumgarten) 
forming the border between Austria and Slovakia. Electrofishing was used on March 
29, 2018, to catch adult fish intended primarily for artificial reproduction and re-
stocking of juveniles within a conservation project. They were transferred to Mondsee, 
Austria, and held in a large aquarium (350 Liter) for 8 weeks. Eggs of one large (23 cm 
total length) female (out of 4 females) and sperm from 3 adult males (out of 4 males) 
were used for the hybridization experiments.

Five adult fish of the non-native species M. anguillicaudatus, (see Suppl. mate-
rial 3: Fig. S3, Suppl. material 4: Fig. S4) were obtained from a garden pond popu-
lation in summer 2017. 10 morphometric parameters following Yi et al. (2017), 
identified them as M. anguillicaudatus and discriminated them from M. bipartitus, 
another exotic weatherfish species found in Europe (Zangl et al. 2020). The most 
discriminating ratio values (i.e. caudal peduncle length/body length, caudal pe-
duncle height/caudal peduncle length) were found to be 0.163±0.015 (mean±SD) 
and 0.619±0.085, respectively, and were always closer to the values given for 
M. anguillicaudatus than to M. bipartitus (table 1 in Yi et al. 2017). A misidenti-
fication with P. dabryanus can be excluded due to our genome size measurements 
which show a C-value of approx. 1.65 pg/nucleus. According to “Animal genome 
database” (T. Ryan Gregory https://www.genomesize.com/results.php?page=1) dip-
loid M. anguillicatudatus are in the range of 1.37–1.86pg/nucleus. P. dabryanus has 
significantly lower values in the range of 1.07–1.11 pg/nucleus. Furthermore, misi-

https://www.genomesize.com/results.php?page=1
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dentification with M. bipartitus can be excluded based on genetic identity analysis 
of the mitochondrial 12S marker according to Miya et al. (2015). Our individuals 
have been sequenced using MiFish primers and showed percent identity values of 
96.55–99.43 to M. anguillicaudatus sequences published in NCBI, whereas they 
showed values of only 93.6% to M. bipartitus. Percent identity values to P. dabry-
anus showed values of 86.71–87.86.

Non-native fishes were held in a large (400 Liter), unheated aquarium over the 
autumn 2017 and winter 2017/2018. Eggs of two females (18 and 22 cm total length 
respectively) and sperm of 3 adult males were used for the experiments. The aquarium 
was in an unheated room and was exposed to natural temperature rise in spring 2018, 
and natural daylight from a large window in close proximity. Three weeks before hor-
mone treatment was initiated (May 25), both aquaria inhabited by native and alien 
weatherfish respectively, were heated using aquarium heaters from 16 °C to 21 °C at a 
rate of 1 °C every other day.

Hormone treatment was performed following Kouril et al. (1996) and Schreib-
er et al. (2017) using Ovopel (http://ovopel.hu/en/). Brood fish were injected by 
Ovopel solutions into the dorsal muscle according to manufacturer’s instructions (1 
pellet per kg body weight) and gametes were stripped 48 hours later (May 27). Eggs 
were artificially inseminated in all four reciprocal mating combinations, i.e. eggs of 
one European weatherfish female (approx. 4,000) were divided in half and one por-
tion was inseminated with mixed sperm of three European weatherfish males, the 
second portion with mixed sperm of three Oriental weatherfish males. Similarly, 
mixed eggs of two Oriental weatherfish females (approx. 4,000) were divided in half 
and one portion fertilized with mixed sperm of three Oriental weatherfish males, the 
second portion with mixed sperm of three European weatherfish males. Fertilized 
eggs were incubated in jars which were placed in a 60 L aquarium (21 °C) and aer-
ated. Larvae hatched the next day (May 28). Unfortunately, we obtained only very 
few hybrid larvae of the mating between female M. anguillicaudatus and male M. 
fossilis due to accidental clogging of the incubation jar causing detrimental oxygen 
shortage. The groups of larvae were kept in separate 30 L aquaria each, containing 
lake water at a temperature 24 °C ± 2 °C, supplied with artificial light (day: night 
12 h:12 h). The few hybrid larvae produced from Oriental weatherfish females and 
European weatherfish males (estimated 5–10 individuals) disappeared during the 
following three days – the last larva observed was killed by a large copepod intro-
duced accidentally into the aquarium, thus excluding this group from further analy-
sis. Eggs (estimated to be 1,000–2,000 per group) and larvae developed normally in 
the other three groups, similar to previous artificial reproduction campaigns of M. 
fossilis, photographically documented in Schauer et al. (2013). Animals were fed ad 
libitum with dry feed, living Artemia nauplii (daily), and chopped worms (Tubifex) 
(once a week). In those groups, we obtained several hundred (>500) hatched larvae 
resulting in 200–500 juveniles each in autumn 2018. Exact quantification of survival 
rates in eggs and larvae/juveniles was not performed, and sex determination is not 
possible before maturity is reached (2 years).

http://ovopel.hu/en/
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Standard metabolic rate (SMR)

The Standard Metabolic Rate (SMR) is defined as the minimal amount of oxygen need-
ed to maintain the aerobic metabolism. There are eight different definitions on how to 
estimate the SMR (Chabot et al. 2016). A time and cost-effective way, and one of the 
most common estimates, is to take the average of the 10% lowest oxygen consumption 
values (one value for each 15 min. measuring cycle) during the measurement period 
(36 hours) after removing the five lowest ones as outliers (low 10%). This analysis was 
used here as follows: Three acrylic respirometer chambers with a volume of 133 ml 
each were submerged in a basin filled with 25 L of aerated and treated (sand filter, UV 
disinfection) lake water (100% oxygen saturation; temperature 20 °C). Water tempera-
ture was controlled by a heating (Lauda “Alpha“, Lauda, Regensburg, Germany) and 
a cooling unit (Lauda chiller). A Cyclobios respirometer controller was used to trigger 
the measuring intervals and flushing periods. Each measurement and flush interval was 
set to 15 min. Each cycle included three measurement intervals (one for each chamber) 
followed by one flush interval for all chambers simultaneously. One pump was used to 
flush the chambers, a second one pumped water from one chamber to an optical Oxy-
gen sensor (YSI-Pro ODo, ecoTech, Bonn, Germany) during the measuring period and 
back to the chamber in a closed loop. The flow rate was 400 ml/min. In all experiments, 
fish were starved for 24 h before introducing them into the chamber. One chamber 
was left empty to determine bacterial oxygen consumption as baseline control. Before 
measurements, fish were acclimatized in the chamber for 12 hours. Each experiment 
lasted for 48 hours (including 12 hours of acclimation time) under the natural light 
regime. All individuals were juveniles and their wet weight ranged between 0.122 g and 
1.98 g (mean: 0.65 g +/ – 0.416 g SD). If fish weight was less than one gram, measure-
ments were conducted in groups of up to six individuals. For weights above one gram, 
the fish were measured individually to keep biomass in the chambers relatively constant 
following standard procedures (Chabot et al. 2016). The number of replicates (N in 
Figs 6 and 7) refers to single chambers and not individuals in the experiments. Statisti-
cal comparisons among groups (M. fossilis, M. anguillicaudatus, and hybrids) were done 
with SigmaPlot (Systat Software, Inc., version 14.0) applying Analysis of Covariance 
(ANCOVA) using average individual fresh weight as covariable.

Ploidy

Relative genome size was determined in 10 individuals of each group, following the 
protocol of Lamatsch et al. (2000). Isolated nuclei of fin clips (taken for identification 
purposes) from juveniles (6 months old) were stained with DAPI (4′,6-diamidino-
2-phenylindole, Sigma-Aldrich, Vienna, Austria) and measured for fluorescence inten-
sity with a violet laser (405 nm) in a flow cytometer with acoustic focusing technology 
(Attune NxT, ThermoFisher Scientific, Vienna, Austria) using chicken red blood cells 
as internal standard (2.5 pg per nucleus; Vinogradov 1998). Ploidy levels were assessed 
in comparison to relative genome sizes given in Drozd et al. (2010).
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Results

Larvae developed normally without any apparent morphological aberrations in all 
three groups (M. fossilis, M. anguillicaudatus, and hybrids produced from M. fossilis 
females and M. anguillicaudatus males). Different pigmentation patterns for these two 
parental species became apparent during the first weeks of development, with hybrids 
showing intermediate pigmentation (Figs 1–4). Development to juveniles, judged 
from the disappearance of the larval fin-fold, occurred approximately 3 weeks later 
in M. fossilis compared to M. anguillicaudatus (when 50% individuals in the groups 
passed this stage) and was intermediate in hybrids.

The lateral side of M. fossils can be separated into 4 distinguishable color bands. 
The overall dorsal part is dark brown. The first band is light yellowish colored and 
clearly separates from the dark brown band along the lateral line. Ventral to the brown 
lateral line band another light yellowish color band follows. A thin but distinct dark 
brown color band separates the ventral side (brown to yellow or sometimes a slightly 
red color) from the second light yellowish color band. In all dark color bands, several 
small dark spots might be present. The dorsal dark brown color line on the lateral side 
can be dispersed into a loose line of brown dots and may end just below the dorsal 
fin. The most ventral brown color band extends from the basis of the pectoral fins to 

Figure 1. Pictures of weatherfishes taken one month after hatching (30.6.18) when larvae transformed 
into juveniles. Top panel: M. fossilis with larval fin fold still present. Center panel: Hybrid weatherfish with 
rests of larval fin fold present. Lower panel: M. anguillicaudatus – only small remnants of larval fin fold 
visible. Photographs: Sylvia Wanzenböck.
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the pelvic fins, and in some individuals to the basis of the anal fin. This band can be 
dispersed into a loose line or an interrupted row of brown dots.

The hybrids of M. fossils and M. anguillicaudatus show a brown-yellowish speckled 
overall pattern on the dorsal (and part of the lateral) side. The edge of this pattern often 
consists of a more or less continuous alignment of dark brown dots. It stretches from 
the eye to the base of the caudal peduncle. Often there is a loose and interrupted row 
of dots between the base of the dorsal fin and the caudal peduncle. The first color band 
is light yellowish and filled with several small dark brown dots. It stretches from the 
gill openings to the base of the caudal peduncle and contains various numbers of small 
brown dots, which increase in number with age. This color band is not as distinct as in 
M. fossilis. A dark brown color band along the lateral line from the gill openings to the 
base of the caudal peduncle forms the second color band. This one is also not as clearly 
distinct as in M. fossilis. The third light yellowish band, just next to the second one, is of-
ten filled with fine brown dots, and stretches from the base of the pectoralis to the base 
of the caudal peduncle. This more or less strongly dotted yellowish line is sometimes 
not clearly distinguishable from the fourth color band which is often dispersed into an 
interrupted and incomplete alignment of big brown dots. It extends from the basis of 
the pectoral fin to the ventral fin and in some individuals until the basis of the anal fin.

Figure 2. Pictures of weatherfishes taken two months after hatching (21.7.18) when development to 
juveniles was nearly completed. Top panel: M. fossilis with larval fin fold still visible. Center panel: Hybrid 
weatherfish without larval fin fold. Lower panel: M. anguillicaudatus – juvenile and no larval fin fold vis-
ible. Photographs: Sylvia Wanzenböck.
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The basic coloration of M. anguillicaudatus varies from gray to sand-colored. On 
the dorsal and lateral side of the body more or less clearly visible dark dots are recogniz-
able in an irregular pattern. Individuals with a high number of dark dots on the lateral 
side show a thin light band along the lateral line from the gill openings to the base of 
the caudal peduncle. Just before the dark bow on the very end of the caudal peduncle 
(sometimes divided, forming a dorsal and ventral black dot), a light half-moon shaped 
line is located. But there are also individuals without any dots. Pigmentation patterns 
were variable between individuals (Fig. 5).

Standard metabolic rate (SMR) was found to depend negatively on fresh weight 
even when oxygen consumption values were calculated per unit weight (gram fresh 
weight – Fig. 6). Nevertheless, regressions of groups (equal slopes, Fig. 6) and average 
values (Fig. 7) were statistically not significantly different between parental species and 
hybrids (ANCOVA, fresh weight as covariable, p = 0.667)

Measurements of ploidy levels revealed relative genome sizes of 5.20 (±0.123) pg/
nucleus, 4.77 (± 0.07), and 3.33 (±0.03) on average for M. fossilis, M. hybrids and 
M. anguillicaudatus, respectively (Fig. 8). Differences between groups were found to be sta-
tistically significant (ANOVA, p < 0.001), and pairwise comparisons (Holm-Sidak meth-
od) revealed significant differences among all group pairs (p < 0.001). Since these measure-

Figure 3. Pictures of weatherfishes taken three months after hatching (26.8.18) when development to 
juveniles was completed. Top panel: M. fossilis. Center panel: Hybrid weatherfish. Lower panel: M. anguil-
licaudatus. Photographs: Lukas Fuxjäger.
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ments are consistent with genome size estimates and chromosome counts of Drozd et al. 
(2010, see discussion), we categorized M. anguillicaudatus as diploid (2n), and M. fossilis as 
tetraploid (4n). The hybrids, however, showed an average genome size of 4.77 (± 0.07) pg/
nucleus which is 0.5 pg higher than the expected average between the two parental species.

Discussion

Based on a genetic study using enzyme electrophoresis, Riffel et al. (1994) assumed that 
hybridization between European and Asian weatherfish might be hampered due to their 
genetic distance (Nei) of 0.9651, and a difference in ploidy level. The relatively high 
estimated divergence time between the two species (15–25.5 MYA; www.timetree.org; 
Tang et al. 2008) supports this hypothesis. We found, however, no postzygotic barrier 
in embryo survival or larval viability for interspecific F1 hybrids. Whether hybridization 
is qualitatively possible in both directions (M. fossilis females and M. anguillicaudatus 
males and vice versa) remains to be studied. However, based on our observations and 
hybridization studies in the weatherfish group (e.g. M. anguillicaudatus × P. dabryanus, 

Figure 4. Pictures of weatherfishes taken four months after hatching (1.10.18) showing advanced ju-
venile stages. Top panel: M. fossilis. Center panel: Hybrid weatherfish. Lower panel: M. anguillicaudatus. 
Photographs: Sylvia Wanzenböck.
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Huang et al. 2017) it seems very likely, given that the low survival of eggs and larvae of 
the hybrids produced from M. anguillicaudatus females and M. fossilis males could be 
linked to accidental events. However, we cannot yet determine if hybridization prob-
ability and hybrid viability are equal in both directions, or if embryonic and larval 
mortality is quantitatively asymmetric. Larval development in hybrid individuals was 
basically similar to pure species and successful. However, there was an indication of el-
evated malformations in hybrids (personal observation). Determining if hybrids attain 
sexual maturity and are fertile would be extremely important to assess the potential for 
hybrid swarms threatening wild populations of the native species (Rhymer 2008) and 
for our general understanding of the relationship between asexuality, hybridization, 
and speciation in fishes (Lamatsch and Stöck 2009; Janko et al. 2017).

Differentiation between M. fossilis and various exotic weatherfish (in our case 
M. anguillicaudatus) was found to be easily possible based on pigmentation patterns 
(see also Kottelat and Freyhof 2007). In concordance to other authors (e.g., Freyhof and 
Korte 2005; Kottelat and Freyhof 2007), we found that species identification is clear-
cut based on longitudinal, characteristic and alternating dark and light pigment bands 
in M. fossilis which are absent in M. anguillicaudatus and other non-native species. We 
agree that the black dot in the dorsal part of the caudal base is an unsuitable characteris-

Figure 5. Pictures of weatherfishes taken four months after hatching (1.10.18) showing advanced ju-
venile stages and individual variation in pigmentation patterns. Left column: M. fossilis. Center column: 
Hybrid weatherfish. Right column: M. anguillicaudatus. Photographs: Sylvia Wanzenböck.
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tic for differentiation of M. fossilis vs. M. anguillicaudatus, as a black dot is also found in 
M. fossilis, at least in our juveniles (see Fig. 5). However, we want to stress that genetic 
methods, although reliable in Misgurnus (e.g., Miya et al. 2015; Yi et al. 2017; Belle et 
al. 2021) are not the only tool to correctly differentiate the native European weatherfish 
from introduced Oriental weatherfish, and identification should be possible by trained 
experts using morphological characters i.e., pigmentation patterns. Anyhow, the dis-
crimination of each of the parental species versus their hybrids, solely on pigmentation 
patterns may seem difficult although it looked quite obvious to us (Fig. 5).

Our estimates of SMR, measured as oxygen consumption (VO2), were compa-
rable to previous estimates in a closely related loach species, i.e. the spined loach, Co-
bitis sp. (Maciak et al. 2011). Our obtained average values of approximately 0.1 mg 
O2 g

-1 h-1 are higher compared to their values of approx. 0.05 mg g-1 h-1. However, 
lowest values are similar (Fig. 6). Given the fact that VO2 values are generally highly 
variable and are mostly presented as logarithmically transformed values, we consider 
those values to correspond nicely. Our fish were too large and methods were too 
different for making meaningful comparisons with measurements on early larval 
European weatherfish by Schreiber et al. (2017), or those for Oriental weatherfish 
by White et al. (2017).

Figure 6. Standard metabolic rate (measured as oxygen uptake per gram fresh weight per hour of juvenile 
M. fossilis (N = 8), juvenile hybrids (N = 7) and juvenile M. anguillicaudatus (N = 9) versus fresh weight (aver-
age of lowest 10% measurements over time ± SD). Note that N in this figure refers to number of chambers.
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We observed a negative trend in VO2 per gram wet mass with increasing body 
mass, which is a well – known pattern in the early ontogeny of larval and juvenile fish 
(Chabot et al. 2016) and reflects lower weight-specific metabolic rates with increasing 
body mass as the scaling exponent between oxygen consumption and mass is typically 
lower than one (Clarke and Johnston 1999; Isaac and Carbone 2010). The decreasing 
trends were similar for parental species and hybrids.

The relationship between metabolic rates and heterosis (or hybrid vigor, specifically 
in growth, i.e. “metabolic heterosis” sensu Ginn (2017)), does not show clear-cut trends: 
While decreased (i.e. more efficient) metabolic rates in hybrids are widely found in ger-
minating plants (Sinha and Khanna 1975; Goff 2011), especially in crops, and could 
be expected based on molecular and cell physiological principles (Chen 2010, 2013; 
Goff 2011; Ginn 2017; Govindaraju 2019), the findings in animals are controversial. 
In marine bivalves Hedgecock et al. (1996) observed more efficient protein metabolism 
coupled with lower oxygen consumption in three out of four replicate experiments, 
whereas in geckos lower SMR was observed in hybrids in only one out of three regions 
(Kearney and Shine 2004). In fish, hybridization is widespread (Chevassus 1983; Scrib-
ner et al. 2000) and used mainly for aquaculture purposes (Wang et al. 2019). Lower 
metabolic rates and thus more efficient protein turnover rates were found in more het-

Figure 7. Average Standard metabolic rate (±SD) measured as oxygen uptake per gram fresh weight per 
hour for juvenile M. fossilis (N = 8), juvenile hybrids (N = 7) and juvenile M. anguillicaudatus (N = 9). 
Note that N in this figure refers to number of chambers.
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erotic individuals within a single strain of rainbow trout, i.e. intraspecific (Danzmann 
et al. 1988), and in hybrid bass compared to pure striped bass, i.e. interspecific (Tuncer 
et al. 1990). However, there are also many negative reports of hybrid strains showing no 
useful heterotic traits for breeding, e.g. chinook salmon (Bryden et al. 2004). In con-
clusion, the effect of heterosis and its relationship to physiological traits such as SMR 
in animals and specifically in fish remains elusive and is constrained by a low number 
of studies measuring those traits in intra- and interspecific hybrids. Therefore, we need 
more studies to test for genotype-phenotype relationships (Fiévet et al. 2018) involving 
not only the ultimate outcome such as growth and biological success (invasiveness) but 
also the underlying characters such as metabolic rates and physiological performance. 
Anyhow, there are several examples for interspecific hybrids showing heterotic, superior 
performance compared to parental species (e.g. in Misgurnus, Luo et al. 2021). Further-
more, there are cases where hybrids are threatening e.g. Pecos pupfish (Rosenfield et al. 
2004) or showing superior invasiveness e.g., hybrid Chinese carps (Coulter et al. 2020), 
shiners (Blum et al. 2010), or bleak (Almodóvar et al. 2012).

Since representatives of the genus Misgurnus were found to show various ploidy 
levels (Ràb et al. 2007 and citations therein), correlating negatively with SMR (Maciak 
et al. 2011), ploidy needs to be considered to correctly interpret our results. M. fossilis 
from a population in the Czech Republic (158 km away from the population studied 

Figure 8. Relative genome sizes (DAPI stained) of individual fishes (N = 10 for each group) in pg/nu-
cleus (average ± SD) relative to chicken red blood cells (2.5 pg/nucleus, Vinogradov 1998).
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here, but from the Elbe drainage) were found to be dominated by tetraploid individu-
als (66%, Drozd et al. 2010). However, triploid and aneuploid individuals were also 
detected (17% each). Ploidy status was confirmed by karyotyping, and the c-values for 
diploid cells (gametes) were found to be 2.02 pg/nucleus, slightly lower than the esti-
mate of 2.6 pg/nucleus (Timofeeva and Kafiani (1964), cited in Animal Genome Size 
data base from Gregory (2020)). However, the database value corresponds to our rela-
tive genome sizes of 5.2 pg/nucleus for somatic cells. Because of this correspondence, 
we categorized our M. fossilis individuals as tetraploids. C-values of diploid M. anguil-
licaudatus (2n = 50 chromosomes, e.g. Zhang and Arai 2003) range from 1.37 pg (Park 
and Chung 1985) or 1.4 pg (Hinegardner and Rosen 1972) to 1.86 pg (Suzuki 1992). 
The C-values of Drozd et al. (2010) for 1n cells of diploid M. anguillicaudatus (1.65) 
correspond well with our average value of 3.3 pg/nucleus for 2n cells. This confirms 
our classification of M. anguillicaudatus being diploid. Hybrids showed an intermedi-
ate relative genome size and are therefore presumably triploid (3n). However, their 
genome size was slightly higher than the mean value of the two parental species. This 
might be due to the already observed aneuploidy and/or microchromosomes which 
can only be resolved by karyotyping.

Higher metabolic rates were found to correlate negatively with ploidy level in an-
other loach species, i.e. spined loach, by Maciak et al. (2011). Because of this, we 
expected lower metabolic rates in the tetraploid European weatherfish compared to 
the diploid Oriental weatherfish. However, this was not apparent in our dataset. On 

Figure 9. Example of flow cytometer measurements. The first peak from the left is the internal standard 
(chicken red blood cells; similar in all measurements). The following peaks represent M. anguillicaudatus 
(green), hybrids (red), M. fossilis (purple).
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the contrary, there was a slight, though insignificant, tendency of a direct relationship 
between ploidy level and metabolic rate, i.e. the diploid Oriental species had a slightly 
lower SMR compared to the tetraploid European species with triploid hybrids showing 
intermediate SMR values (Fig. 7 and Fig. 8). The definitive lack of lower metabolic 
rates in the European weatherfish might be interpreted as a hint towards the secondary 
rediploidization in M. fossilis (Spóz et al. 2017).

Conclusion

We showed that there is no postzygotic barrier for hybridization between the European 
and Oriental weatherfish despite the assumption given by Riffel et al. (1994) that genetic 
introgression might be hampered by the large genetic distance (D = 0.9651), and ploidy 
level differences of the parental species. The existence of prezygotic reproductive isolation 
mechanisms and fertility of F1 hybrids remains to be tested. A lack of observable heterosis 
effects (hybrid vigour) in standard metabolic rate (SMR) renders predictions of poten-
tial augmented threats to the European weatherfish from hybridization with an Oriental 
weatherfish difficult. Therefore, the genetic and physiological basis of invasiveness via hy-
bridization remains elusive within the genus Misgurnus species and requires further research. 
However, the European weatherfish is most probably threatened by the globally invasive 
Oriental weatherfish through competition, even without hybridization. A fact that should 
be considered in managing and conserving natural freshwater fish biodiversity in Europe.

Acknowledgements

We are grateful to Julie Blommaert for English-language editing. The support of Sabine 
Wanzenböck during experiments and manuscript preparation is highly appreciated. 
Many thanks to Florian Glaser and Michael Schauer for providing material. Open ac-
cess funding support was provided by the University of Innsbruck.

References

Abilhoa V, Bornatowski H, Vitule JRS (2013) Occurrence of the alien loach Misgurnus anguilli-
caudatus in the Iguaçu River basin in southern Brazil: a note of concern. Journal of Applied 
Ichthyology 29: 257–259. https://doi.org/10.1111/jai.12007

Almodóvar A, Nicola GG, Leal S, Torralva M, Elvira B (2012) Natural hybridization with in-
vasive bleak Alburnus alburnus threatens the survival of Iberian endemic calandino Squalius 
alburnoides complex and Southern Iberian chub Squalius pyrenaicus. Biological Invasions 
14: 2237–2242. https://doi.org/10.1007/s10530-012-0241-x

Belle CC, Stoeckle BC, Cerwenka AF, Kuehn R, Mueller M, Pander J, Geist J (2017) Genetic 
species identification in weatherfish and first molecular confirmation of Oriental weather-

https://doi.org/10.1111/jai.12007
https://doi.org/10.1007/s10530-012-0241-x


Josef Wanzenböck et al.  /  NeoBiota 69: 29–50 (2021)44

fish Misgurnus anguillicaudatus (Cantor, 1842) in Central Europe. Knowledge & Manage-
ment of Aquatic Ecosystems 418: 1–5. https://doi.org/10.1051/kmae/2017025

Belle CC, Stoeckle BC, Cerwenka AF, Kuehn R, Pander J, Geist J (2021) Taxonomic require-
ments for better documenting and understanding biological invasions – the example of 
genetic weatherfish Misgurnus/Paramisgurnus sp. identification. BioInvasions Records 10: 
506–520. https://doi.org/10.3391/bir.2021.10.3.01

Blum MJ, Walters DM, Burkhead NM, Freeman BJ, Porter BA (2010) Reproductive isola-
tion and the expansion of an invasive hybrid swarm. Biological Invasions 12: 2825–2836. 
https://doi.org/10.1007/s10530-010-9688-9

Bohlen J, Šlechtová V, Doadrio I, Ráb P (2007) Low mitochondrial divergence indicates a rapid 
expansion across Europe in the weather loach, Misgurnus fossilis (L.). Journal of Fish Biol-
ogy 71: 186–194. https://doi.org/10.1111/j.1095-8649.2007.01547.x

Bryden CA, Heath JW, Heath DD (2004) Performance and heterosis in farmed and wild Chi-
nook salmon (Oncorhynchus tshawytscha) hybrid and purebred crosses. Aquaculture 235: 
249–261. https://doi.org/10.1016/j.aquaculture.2004.01.027

Brys R, Neyrinck S, Halfmaerten D, Auwerx J, Van Wichelen J, Verreycken H (2020a) [Orien-
tal Weather Loach: a new invasive fish species in Flanders that remains no longer invisible 
via its eDNA]. Natuur.focus 19(2): 70–74 [in Dutch]

Brys R, Halfmaerten D, Neyrinck S, Mauvisseau Q, Auwerx J, Sweet M, Mergeay J (2020b) 
Reliable eDNA detection and quantification of the European weather loach (Misgurnus 
fossilis). Journal of Fish Biology 98: 399–414. https://doi.org/10.1111/jfb.14315

Chabot D, Steffensen JF, Farrell AP (2016) The determination of standard metabolic rate in 
fishes. Journal of Fish Biology 88: 81–121. https://doi.org/10.1111/jfb.12845

Chen ZJ (2010) Molecular mechanisms of polyploidy and hybrid vigor. Trends in Plant Science 
15: 57–71. https://doi.org/10.1016/j.tplants.2009.12.003

Chen ZJ (2013) Genomic and epigenetic insights into the molecular bases of heterosis. Nature 
Reviews Genetics 14: 471–482. https://doi.org/10.1038/nrg3503

Chevassus B (1983) Hybridization in fish. Aquaculture 33: 245–262. https://doi.
org/10.1016/0044-8486(83)90405-2

Clarke A, Johnston NM (1999) Scaling of metabolic rate with body mass and temperature in teleost fish. 
Journal of Animal Ecology 68: 893–905. https://doi.org/10.1046/j.1365-2656.1999.00337.x

Clavero M, Garcia-Berthou E (2005) Invasive species are a leading cause of animal extinctions. 
Trends in Ecology and Evolution 20: e110. https://doi.org/10.1016/j.tree.2005.01.003

Closs GP, Krkosek M, Olden JD [Eds] (2016) Conservation of Freshwater Fishes Cambridge Univer-
sity Press, 581 pp. [ISBN: 9781107616097] https://doi.org/10.1017/CBO9781139627085

Coulter AA, Brey MK, Lamer JT, Whitledge GW, Garvey JE (2020) Early generation hybrids 
may drive range expansion of two invasive fishes. Freshwater Biology 65: 716–73. https://
doi.org/10.1111/fwb.13461

Cucherousset J, Olden JD (2011) Ecological Impacts of Nonnative Freshwater Fishes. Fisheries 
36: 215–230. http://dx.doi.org/10.1080/03632415.2011.574578

Danzmann RG, Ferguson MM, Allendorf FW (1988) Heterozygosity and components of fit-
ness in a strain of rainbow trout. Biological Journal of the Linnean Society 33: 285–304. 
https://doi.org/10.1111/j.1095-8312.1988.tb00813.x

https://doi.org/10.1051/kmae/2017025
https://doi.org/10.3391/bir.2021.10.3.01
https://doi.org/10.1007/s10530-010-9688-9
https://doi.org/10.1111/j.1095-8649.2007.01547.x
https://doi.org/10.1016/j.aquaculture.2004.01.027
https://doi.org/10.1111/jfb.14315
https://doi.org/10.1111/jfb.12845
https://doi.org/10.1016/j.tplants.2009.12.003
https://doi.org/10.1038/nrg3503
https://doi.org/10.1016/0044-8486(83)90405-2
https://doi.org/10.1016/0044-8486(83)90405-2
https://doi.org/10.1046/j.1365-2656.1999.00337.x
https://doi.org/10.1016/j.tree.2005.01.003
https://doi.org/10.1017/CBO9781139627085
https://doi.org/10.1111/fwb.13461
https://doi.org/10.1111/fwb.13461
http://dx.doi.org/10.1080/03632415.2011.574578
https://doi.org/10.1111/j.1095-8312.1988.tb00813.x


Hybrids of European and Oriental weatherfish 45

Didham RK, Tylianakis JM, Gemmell NJ, Rand TA, Ewers RM (2007) Interactive effects of 
habitat modification and species invasion on native species decline. Trends in Ecology & 
Evolution 22: 489–96. https://doi.org/10.1016/j.tree.2007.07.001

Drozd B, Flajšhans M, Ráb P (2010) Sympatric occurrence of triploid, aneuploid and tetra-
ploid weatherfish Misgurnus fossilis (Cypriniformes, Cobitidae). Journal of Fish Biology 77: 
2163–2170. https://doi.org/10.1111/j.1095-8649.2010.02794.x

European Union Habitats Directive and Bern Convention (undated) Mud loach – Misgurnus 
fossilis (Linnaeus, 1758). https://eunis.eea.europa.eu/species/551#legal_status

Fiévet JB, Nidelet T, Dillmann C, de Vienne D (2018) Heterosis is a systemic property emerging 
from non-linear genotype-phenotype relationships: evidence from in vitro genetics and com-
puter simulations. Frontiers in Genetics 9: e159. https://doi.org/10.3389/fgene.2018.00159

Frable B (2008) Oriental Weatherfish, Misgurnus anguillicaudatus (Cantor, 1824). Invasive 
Species Profile, FISH 423., http://depts.washington.edu/oldenlab/wordpress/wp-content/
uploads/2013/03/Misgurnus-anguillicaudatus_Frable.pdf

Franch N, Clavero M, Garrido M, Gaya N (2008) On the establishment and range expansion 
of Oriental weatherfish (Misgurnus anguillicaudatus) in NE Iberian Peninsula. Biological 
Invasion 10:1327–1331. https://doi.org/10.1007/s10530-007-9207-9

Freyhof J (2013) Misgurnus fossilis. The IUCN Red List of Threatened Species 
2013:  eT40698A10351495. http://dx.doi.org/10.2305/IUCN.UK.2008.RLTS.
T40698A10351495.en

Freyhof J, Korte E (2005) The first record of Misgurnus anguillicaudatus in Germany. Journal of 
Fish Biology 66: 568–571. https://doi.org/10.1111/j.0022-1112.2005.00606.x

Ginn BR (2017) The thermodynamics of protein aggregation reactions may underpin the 
enhanced metabolic efficiency associated with heterosis, some balancing selection, and 
the evolution of ploidy levels. Progress in Biophysics and Molecular Biology 126: 1–21. 
https://doi.org/10.1016/j.pbiomolbio.2017.01.005

Goff SA (2011) A unifying theory for general multigenic heterosis: energy efficiency, protein 
metabolism, and implications for molecular breeding. New Phytologist 189: 923–937. 
https://doi.org/10.1111/j.1469-8137.2010.03574.x

Govindaraju DR (2019) An elucidation of over a century old enigma in genetics—Heterosis. 
PLoS Biology 17: e3000215. https://doi.org/10.1371/journal.pbio.3000215.

Gregory TR (2020) Animal Genome Size Database. http://www.genomesize.com
Hedgecock D, McGoldrick DJ, Manahan DT, Vavra J, Appelmans N, Bayne BL (1996) Quanti-

tative and molecular genetic analyses of heterosis in bivalve molluscs. Journal of Experimental 
Marine Biology and Ecology 203: 49–59. https://doi.org/10.1016/0022-0981(96)02569-5

Hinegardner R, Rosen DE (1972) Cellular DNA content and the evolution of tel-
eostean fishes. The American Naturalist 106: 621–644. https://doi.org/10.1017/
CBO9781139627085

Huang S, Cao X, Tian X, Wang W (2017) Ploidy and growth performance of hybrid progeny 
between tetraploid Misgurnus anguiliicaudatus and Paramisgurnus dabryanus. Aquaculture 
Research 48: 2981–2988. https://doi.org/10.1111/are.13131

Huxel GR (1999) Rapid displacement of native species by invasive species: Effects of hybridization. 
Biological Conservation 89: 143–152. https://doi.org/10.1016/S0006-3207(98)00153-0

https://doi.org/10.1016/j.tree.2007.07.001
https://doi.org/10.1111/j.1095-8649.2010.02794.x
https://eunis.eea.europa.eu/species/551#legal_status
https://doi.org/10.3389/fgene.2018.00159
http://depts.washington.edu/oldenlab/wordpress/wp-content/uploads/2013/03/Misgurnus-anguillicaudatus_Frable.pdf
http://depts.washington.edu/oldenlab/wordpress/wp-content/uploads/2013/03/Misgurnus-anguillicaudatus_Frable.pdf
https://doi.org/10.1007/s10530-007-9207-9
http://dx.doi.org/10.2305/IUCN.UK.2008.RLTS.T40698A10351495.en
http://dx.doi.org/10.2305/IUCN.UK.2008.RLTS.T40698A10351495.en
https://doi.org/10.1111/j.0022-1112.2005.00606.x
https://doi.org/10.1016/j.pbiomolbio.2017.01.005
https://doi.org/10.1111/j.1469-8137.2010.03574.x
https://doi.org/10.1371/journal.pbio.3000215
http://www.genomesize.com
https://doi.org/10.1016/0022-0981(96)02569-5
https://doi.org/10.1017/CBO9781139627085
https://doi.org/10.1017/CBO9781139627085
https://doi.org/10.1111/are.13131
https://doi.org/10.1016/S0006-3207(98)00153-0


Josef Wanzenböck et al.  /  NeoBiota 69: 29–50 (2021)46

Isaac NJB, Carbone C (2010) Why are metabolic scaling exponents so controversial? Quan-
tifying variance and testing hypotheses. Ecology Letters 13: 728–735. https://doi.
org/10.1111/j.1461-0248.2010.01461.x

Janko K, Pačes J, Wilkinson‐Herbots H, Costa RJ, Roslein J, Drozd P, Iakovenko N, Rídl J, 
Hroudová M, Kočí J, Reifová R (2017) Hybrid asexuality as a primary postzygotic barrier 
between nascent species: On the interconnection between asexuality, hybridization and 
speciation. Molecular Ecology 27: 248–63. https://doi.org/10.1111/mec.14377

Kearney M, Shine R (2004) Morphological and physiological correlates of hybrid parthenogen-
esis. The American Naturalist 164: 803–813. https://doi.org/10.1086/425986

Kottelat M, Freyhof J (2007) Handbook of European Freshwater Fishes. Publications Kottelat, 
Cornol, Switzerland.

Kouril J, Hamácková J, Adámek Z, Sukop I, Stibranyiová I, Vachta R (1996) The artificial 
propagation and culture of young weatherfish (Misgurnus fossilis L.). In: Kirchhofer A, 
Hefti D (Eds) Conservation of Endangered Freshwater Fish in Europe, Birkhäuser Verlag, 
Basel, 305–310. https://doi.org/10.1007/978-3-0348-9014-4_30

Lamatsch DK, Steinlein C, Schmid M, Schartl M (2000) Noninvasive determination of genome 
size and ploidy level in fishes by flow cytometry: detection of triploid Poecilia formosa. Cy-
tometry 39: 91–95. https://doi.org/10.1002/(SICI)1097-0320(20000201)39:2<91::AID-
CYTO1>3.0.CO;2-4

Lamatsch DK, Stöck M (2009) Sperm-dependent parthenogenesis and hybridogenesis in tel-
eost fishes. In: Schön I, Martens K,  Van Dijk P (Eds) Lost sex! The Evolutionary Biology 
of Parthenogenesis, Springer, Dordrecht, 399–432. https://doi.org/10.1007/978-90-481-
2770-2_19

Luo W, Zhang N, Wang D, Xu Z, Wang T, Zhang X, Gao T, Liao M, Long Y, Du Z (2021) 
Assessment of the heterosis of F1 hybrids of Misgurnus anguillicaudatus and Paramisgurnus 
dabryanus using microsatellite-based parentage assignment. Aquaculture International 29: 
1331–1341. https://doi.org/10.1007/s10499-021-00700-x

Maceda-Veiga A, Escribano-Alacid J, De Sostoa A, García-Berthou E (2013) The aquarium 
trade as a potential source of fish introductions in southwestern Europe. Biological Inva-
sions 15: 2707–2716. https://doi.org/10.1007/s10530-013-0485-0

Maciak S, Janko K, Kotusz J, Choleva L, Borori A, Juchno D, Kujawa R, Kozlowski J, Kon-
arzewski M (2011) Standard metabolic rate (SMR) is inversely related to erythrocyte and 
genome size in allopolyploid fish of the Cobitis taenia hybrid complex. Functional Ecology 
25: 1072–1078. https://doi.org/10.1111/j.1365-2435.2011.01870.x

Meyer L, Hinrichs D (2000) Microhabitat preferences and movements of the weatherfish, 
Misgurnus fossilis, in a drainage channel. Environmental Biology of Fishes 58: 297–306. 
https://doi.org/10.1023/A:1007681313916

Milton J, Paray BA, Rather IA (2018) A review on the biology and physiology of loach Misgur-
nus anguillicaudatus in China. Indian Journal of Geo Marine Sciences 47: 759–765. http://
nopr.niscair.res.in/handle/123456789/44255

Miya M, Sato Y, Fukunaga T, Sado T, Poulsen JY, Sato K, Minamoto T, Yamamoto S, Yamana-
ka H, Araki H, Kondoh M, Iwasaki W (2015) MiFish, a set of universal PCR primers for 
metabarcoding environmental DNA from fishes: detection of more than 230 subtropi-

https://doi.org/10.1111/j.1461-0248.2010.01461.x
https://doi.org/10.1111/j.1461-0248.2010.01461.x
https://doi.org/10.1111/mec.14377
https://doi.org/10.1086/425986
https://doi.org/10.1007/978-3-0348-9014-4_30
https://doi.org/10.1002/(SICI)1097-0320(20000201)39:2%3C91::AID-CYTO1%3E3.0.CO;2-4
https://doi.org/10.1002/(SICI)1097-0320(20000201)39:2%3C91::AID-CYTO1%3E3.0.CO;2-4
https://doi.org/10.1007/978-90-481-2770-2_19
https://doi.org/10.1007/978-90-481-2770-2_19
https://doi.org/10.1007/s10499-021-00700-x
https://doi.org/10.1007/s10530-013-0485-0
https://doi.org/10.1111/j.1365-2435.2011.01870.x
https://doi.org/10.1023/A:1007681313916
http://nopr.niscair.res.in/handle/123456789/44255
http://nopr.niscair.res.in/handle/123456789/44255


Hybrids of European and Oriental weatherfish 47

cal marine species. Royal Society Open Science 2(7): e150088. https://doi.org/10.1098/
rsos.150088

Nico L, Fuller P, Neilson M, Larson J, Fusaro A, Makled TH, Loftus B (2019) Misgurnus 
anguillicaudatus (Cantor, 1842): U.S. Geological Survey, Nonindigenous Aquatic Species 
Database, Gainesville FL. https://nas.er.usgs.gov/queries/FactSheet.aspx?SpeciesID=498 
[Access Date: 11/19/2019]

Park EH, Chung CY (1985) Genome and nuclear sizes of Korean cobitid fishes (Teleostomi: 
Cypriniformes). Korean Journal of Genetics 7: 111–118.

Ràb P, Bohlen J, Rabova M, Flajshans M, Kalous L (2007) Cytogenetics as a tool box in fish 
conservation: The present situation in Europe. https://doi.org/10.1201/b10746-8

Razzetti E, Nardi PA, Strosselli S, Bernini F (2001) Prima segnalazione di Misgurnus anguil-
licaudatus (Cantor, 1842) in acque interne italiane. Annali del Museo Civico di Storia 
Naturale di Genova 93: 559–563. 

Reid AJ, Carlson AK, Creed IF, Eliason EJ, Gell PA, Johnson PT, Kidd KA, MacCormack TJ, 
Olden JD, Ormerod SJ and Smol JP, Taylor WW, Tockner K, Vermaire JC, Dudgeon D, 
Cooke SJ (2019) Emerging threats and persistent conservation challenges for freshwater 
biodiversity. Biological Reviews 94: 849–873. https://doi.org/10.1111/brv.12480

Rhymer JM (2008) Hybridization, introgression, and the evolutionary management of 
threatened species. In: Carroll SP, Fox CW (Eds) Conservation Biology: Evolution 
in Action. Oxford University Press, New York, 130–140. https://books.google.at/
books?hl=de&lr=&id=HYKNXVH-70sC&oi=fnd&pg=PA130&dq=rhymer+oxford+u
niversity+press+hybridisation+introgression&ots=fhCY9w-O0N&sig=o_CXA9ksNO-
4DCAjXe52GE_zY1s#v=onepage&q&f=false

Rhymer JM, Simberloff D (1996) Extinction by hybridization and introgression. Annual Review 
of Ecology and Systematics 27: 83–109. https://doi.org/10.1146/annurev.ecolsys.27.1.83

Riffel M, Schenk M, Schreiber A (1994) Electrophoretic differentiation between European 
loach (Misgurnus fossilis L.) and Oriental weatherfish (Misgurnus mizolepis Günther), an 
autochtonous and a feral species of central European freshwater fish. Zeitschrift für Ange-
wandte Zoologie 80: 473–483.

Rosenfield JA, Nolasco S, Lindauer S, Sandoval C, Konric-Brown A (2004) The role of hybrid 
vigor in the replacement of Pecos pupfish by its hybrids with Sheepshead minnow. Conser-
vation Biology 18: 1589–1598. https://doi.org/10.1111/j.1523-1739.2004.00356.x

Schauer M, Ratschan C, Wanzenböck J, Gumpinger C, Zauner G (2013) Der Schlammpei-
tzger (Misgurnus fossilis, Linnaeus 1758) in Oberösterreich. Österreichs Fischerei 66: 54–
71. https://www.zobodat.at/pdf/Oesterreichs-Fischerei_66_0054-0070.pdf

Schierenbeck KA, Ellstrand, NC (2009) Hybridization and the evolution of invasiveness in plants and 
other organisms. Biological Invasions 11: 1093 https://doi.org/10.1007/s10530-008-9388-x

Schreiber B, Monka J, Drozd B, Hundt M, Weiss M, Oswald T, Gergs R, Schulz R (2017) Ther-
mal requirements for growth, survival and aerobic performance of weatherfish larvae Mis-
gurnus fossilis. Journal of Fish Biology 90: 1597–608. https://doi.org/10.1111/jfb.13261

Scribner KT, Page KS, Bartron ML (2000) Hybridization in freshwater fishes: a review of case 
studies and cytonuclear methods of biological inference. Reviews in Fish Biology and Fish-
eries 10: 293–323. https://doi.org/10.1023/A:1016642723238

https://doi.org/10.1098/rsos.150088
https://doi.org/10.1098/rsos.150088
https://nas.er.usgs.gov/queries/FactSheet.aspx?SpeciesID=498
https://doi.org/10.1201/b10746-8
https://doi.org/10.1111/brv.12480
https://books.google.at/books?hl=de&lr=&id=HYKNXVH-70sC&oi=fnd&pg=PA130&dq=rhymer+oxford+university+press+hybridisation+introgression&ots=fhCY9w-O0N&sig=o_CXA9ksNO-4DCAjXe52GE_zY1s#v=onepage&q&f=false
https://books.google.at/books?hl=de&lr=&id=HYKNXVH-70sC&oi=fnd&pg=PA130&dq=rhymer+oxford+university+press+hybridisation+introgression&ots=fhCY9w-O0N&sig=o_CXA9ksNO-4DCAjXe52GE_zY1s#v=onepage&q&f=false
https://books.google.at/books?hl=de&lr=&id=HYKNXVH-70sC&oi=fnd&pg=PA130&dq=rhymer+oxford+university+press+hybridisation+introgression&ots=fhCY9w-O0N&sig=o_CXA9ksNO-4DCAjXe52GE_zY1s#v=onepage&q&f=false
https://books.google.at/books?hl=de&lr=&id=HYKNXVH-70sC&oi=fnd&pg=PA130&dq=rhymer+oxford+university+press+hybridisation+introgression&ots=fhCY9w-O0N&sig=o_CXA9ksNO-4DCAjXe52GE_zY1s#v=onepage&q&f=false
https://doi.org/10.1146/annurev.ecolsys.27.1.83
https://doi.org/10.1111/j.1523-1739.2004.00356.x
https://www.zobodat.at/pdf/Oesterreichs-Fischerei_66_0054-0070.pdf
https://doi.org/10.1007/s10530-008-9388-x
https://doi.org/10.1111/jfb.13261
https://doi.org/10.1023/A:1016642723238


Josef Wanzenböck et al.  /  NeoBiota 69: 29–50 (2021)48

Sinha SK, Khanna R (1975) Physiological, biochemical, and genetic basis of heterosis. Advances 
in Agronomy 27: 123–174. https://doi.org/10.1016/S0065-2113(08)70009-9

Spóz A, Boron A, Ocalewicz K, Kirtiklis L (2017) Polymorphism of the rDNA chromosomal 
regions in the Weatherfish Misgurnus fossilis (Teleostei: Cobitidae). Folia Biologica 65: 63–
68. https://doi.org/10.3409/FB65_1.63

Suzuki A (1992) Chromosome and DNA studies of eight species in the family Cobitidae (Pi-
sces, Cypriniformes). La Kromosomo II 67/68: 2275–2282.

Tickner D, Opperman JJ, Abell R, Acreman M, Arthington AH, Bunn SE, Cooke SJ, Dalton 
J, Darwall W, Edwards G, Harrison I, Hughes K, Jones T, Leclere D, Lynch AJ, Leonard 
P, McClain ME, Muruven D, Olden JD, Ormerod SJ, Robinson J, Tharme RE, Thieme 
M, Tockner K, Wright M, Young L (2020) Bending the curve of global freshwater biodi-
versity loss: an emergency recovery plan. BioScience: biaa002. https://doi.org/10.1093/
biosci/biaa002

Timofeeva MJ, Kafiani CA (1964) Nucleic acids in unfertilized eggs and developing embryos 
of loach. Biokhimia 29: 110–15.

Tang Q, Freyhof J, Xiong B, Liu H (2008) Multiple invasions of Europe by east Asian cobitid 
loaches (Teleostei:Cobitidae). Hydrobiologia 605(1): 17–28. https://doi.org/10.1007/
s10750-008-9296-1

Tuncer H, Harrell RM, Houde ED (1990) Comparative energetics of striped bass (Morone sax-
atilis) and hybrid (M. saxatilis × M. chrysops) juveniles. Aquaculture 86: 387–400. https://
doi.org/10.1016/0044-8486(90)90327-J

Van Kessel N, Dorenbosch M, Crombaghs B, Niemeijer B, Binnendijk E (2013) First records 
of Asian weather loach Misgurnus anguillicaudatus (Cantor, 1842) in the River Meuse ba-
sin. BioInvasions Records 2: 167–171. http://dx.doi.org/10.3391/bir.2013.2.2.14

Vinogradov AE (1998) Genome size and GC‐percent in vertebrates as determined by flow 
cytometry: the triangular relationship. Cytometry 31 100–109. https://doi.org/10.1002/
(SICI)1097-0320(19980201)31:2<100::AID-CYTO5>3.0.CO;2-Q

Wang S, Tang C, Tao M, Qin Q, Zhang C, Luo K, Zhao R, Wang J, Ren L, Xiao J, Hu F, 
Zhou R, Duan W, Liu S (2019) Establishment and application of distant hybridiza-
tion technology in fish. Science China Life Sciences 62: 22–45. https://doi.org/10.1007/
s11427-018-9408-x

Wanzenböck J (2004) European Mudminnow (Umbra krameri) in the Austrian floodplain of 
the River Danube. In: Akcakaya H, Burgman M, Kindvall O, Wood C, Sjögren-Gulve P, 
Hatfield J, McCarthy M (Eds) Species conservation and management: case studies. Oxford 
University Press, New York, 200–207.

White LM, Meade ME, Staton BA (2017) Physiological Ecology of Four Endemic Alabama Species 
and the Exotic Asiatic Weatherfish, Misgurnus anguillicaudatus (Cantor, 1842) Southeastern 
Fishes Council Proceedings: No. 57. http://trace.tennessee.edu/sfcproceedings/vol1/iss57/3

Wolfram G, Mikschi E (2007) Rote Liste der Fische (Pisces) Österreichs. In: Zulka KP (Ed.) 
Rote Listen gefährdeter Tiere Österreichs Teil 2. Grüne Reihe des Bundesministeriums für 
Land- und Forstwirtschaft, Umwelt und Wasserwirtschaft, Band 14/2, Österreich, 61–
198. http://www.dws-hydro-oekologie.at/wp-content/uploads/wolfram_mikschi_2007_
rotelistefische.pdf

https://doi.org/10.1016/S0065-2113(08)70009-9
https://doi.org/10.3409/FB65_1.63
https://doi.org/10.1093/biosci/biaa002
https://doi.org/10.1093/biosci/biaa002
https://doi.org/10.1007/s10750-008-9296-1
https://doi.org/10.1007/s10750-008-9296-1
https://doi.org/10.1016/0044-8486(90)90327-J
https://doi.org/10.1016/0044-8486(90)90327-J
http://dx.doi.org/10.3391/bir.2013.2.2.14
https://doi.org/10.1002/(SICI)1097-0320(19980201)31:2%3C100::AID-CYTO5%3E3.0.CO;2-Q
https://doi.org/10.1002/(SICI)1097-0320(19980201)31:2%3C100::AID-CYTO5%3E3.0.CO;2-Q
https://doi.org/10.1007/s11427-018-9408-x
https://doi.org/10.1007/s11427-018-9408-x
http://trace.tennessee.edu/sfcproceedings/vol1/iss57/3
http://www.dws-hydro-oekologie.at/wp-content/uploads/wolfram_mikschi_2007_rotelistefische.pdf
http://www.dws-hydro-oekologie.at/wp-content/uploads/wolfram_mikschi_2007_rotelistefische.pdf


Hybrids of European and Oriental weatherfish 49

Yi S, Zhong J, Huang S, Wang S, Wang W (2017) Morphological comparison and DNA 
barcoding of four closely related species in the genera Misgurnus and Paramisgur-
nus (Cypriniformes: Cobitidae). Biochemical Systematics and Ecology 70: 50–59, 
https://doi.org/ 10.1016/j.bse.2016.10.019

Zangl L, Jung M, Gessl W, Koblmüller S, Ratschan C (2020) Oriental or not: First record of an 
alien weatherfish (Misgurnus) species in Austria verified by molecular data. BioInvasions 
Records 9(2): 375–383. https://doi.org/10.3391/bir.2020.9.2.23

Zhang Q, Arai K (2003) Extensive karyotype variation in somatic and meiotic cells of the loach 
Misgurnus anguillicaudatus (Pisces: Cobitidae). Folia Zoologica 52: 423–429.

Supplementary material 1

Figure S1
Authors: Josef Wanzenböck, Mathias Hopfinger, Sylvia Wanzenböck, Lukas Fuxjäger2, 
Hans Rund, Dunja K. Lamatsch
Data type: Jpg file
Explanation note: Female Misgurnus fossilis used in the crossing experiment.
Copyright notice: This dataset is made available under the Open Database License 

(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License 
(ODbL) is a license agreement intended to allow users to freely share, modify, and 
use this Dataset while maintaining this same freedom for others, provided that the 
original source and author(s) are credited.

Link: https://doi.org/10.3897/neobiota.69.67708.suppl1

Supplementary material 2

Figure S2
Authors: Josef Wanzenböck, Mathias Hopfinger, Sylvia Wanzenböck, Lukas Fuxjäger2, 
Hans Rund, Dunja K. Lamatsch
Data type: Jpg file
Explanation note: Males of Misgurnus fossilis used in the crossing experiment.
Copyright notice: This dataset is made available under the Open Database License 

(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License 
(ODbL) is a license agreement intended to allow users to freely share, modify, and 
use this Dataset while maintaining this same freedom for others, provided that the 
original source and author(s) are credited.

Link: https://doi.org/10.3897/neobiota.69.67708.suppl2

https://doi.org/
https://doi.org/10.3391/bir.2020.9.2.23
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/neobiota.69.67708.suppl1
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/neobiota.69.67708.suppl2


Josef Wanzenböck et al.  /  NeoBiota 69: 29–50 (2021)50

Supplementary material 3

Figure S3
Authors: Josef Wanzenböck, Mathias Hopfinger, Sylvia Wanzenböck, Lukas Fuxjäger2, 
Hans Rund, Dunja K. Lamatsch
Data type: Jpg file
Explanation note: Female Misgurnus anguillicaudatus used in the crossing experiment.
Copyright notice: This dataset is made available under the Open Database License 

(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License 
(ODbL) is a license agreement intended to allow users to freely share, modify, and 
use this Dataset while maintaining this same freedom for others, provided that the 
original source and author(s) are credited.

Link: https://doi.org/10.3897/neobiota.69.67708.suppl3

Supplementary material 4

Figure S4
Authors: Josef Wanzenböck, Mathias Hopfinger, Sylvia Wanzenböck, Lukas Fuxjäger2, 
Hans Rund, Dunja K. Lamatsch
Data type: Jpg file
Explanation note: Male Misgurnus anguillicaudatus used in the crossing experiment.
Copyright notice: This dataset is made available under the Open Database License 

(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License 
(ODbL) is a license agreement intended to allow users to freely share, modify, and 
use this Dataset while maintaining this same freedom for others, provided that the 
original source and author(s) are credited.

Link: https://doi.org/10.3897/neobiota.69.67708.suppl4

http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/neobiota.69.67708.suppl3
http://opendatacommons.org/licenses/odbl/1.0/
https://doi.org/10.3897/neobiota.69.67708.suppl4

	First successful hybridization experiment between native European weatherfish (Misgurnus fossilis) and non-native Oriental weatherfish (M. anguillicaudatus) reveals no evidence for postzygotic barriers
	Abstract
	Introduction
	Material and methods
	Fish propagation
	Standard metabolic rate (SMR)
	Ploidy

	Results
	Discussion
	Conclusion
	Acknowledgements
	References

