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1  | INTRODUC TION

The introduction and establishment of invasive species are promot-
ing a pattern of global biotic homogenization via the replacement 
and extinction of endemic species (Bezerra et al., 2019; García-
Berthou, 2007; Olden, LeRoy Poff, Douglas, Douglas, & Fausch, 
2004). Freshwater ecosystems are particularly susceptible to bio-
logical invasions (Marchetti, Moyle, & Levine, 2004) and fishes are 

among the most introduced group of aquatic organisms globally 
(Gozlan, Britton, Cowx, & Copp, 2010). A primary vector for fish 
introductions is the establishment of populations for recreational 
fisheries (Ellender & Weyl, 2014; Ribeiro, Collares-Pereira, & Moyle, 
2009). As a result, many introduced sport fishes are apex predators 
in their introduced systems which is a conservation concern given 
their deleterious impacts on native fauna (Baxter, Fausch, Murakami, 
& Chapman, 2004; Pereira & Vitule, 2019; Weyl, Moor, Hill, & Weyl, 
2010).
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Abstract
Largemouth Bass (Micropterus salmoides) have been introduced on a global scale for 
sport fishing but represent a conservation concern given their documented nega-
tive impacts on native faunal diversity and abundance. Recent research using mo-
lecular data to characterize invasive Largemouth Bass populations elsewhere has 
demonstrated that populations are typically characterized by limited genetic diver-
sity, or represent a combination of Largemouth Bass and Florida Bass (Micropterus 
floridanus). To test whether these traits were consistent with invasive populations in 
Brazil, we generated mitochondrial sequence data from four established populations 
of Largemouth Bass collected in southern Brazil as well as a local aquaculture facil-
ity to confirm species identity and quantify levels of genetic diversity. We identified 
the exclusive presence of Largemouth Bass in the region and observed limited lev-
els of haplotype (haplotype diversity = 0.0684, SE = 0.038) and nucleotide diversity 
(0.0003, SE = 0.0002) which suggested the presence of a founder effect associated 
with introduction. Each of the four populations were dominated by a single haplo-
type that was identical to one recovered from a nearby aquaculture facility, which 
identified this facility as a potential introduction source.
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The Largemouth Bass (Micropterus salmoides) is an apex preda-
tor endemic to North America (Froese & Pauly, 2019) that has been 
introduced into more than 70 countries globally (Hargrove, Weyl, 
Allen, & Deacon, 2015; Robbins & MacCrimmon, 1974) where it 
has become the focus of a recreationally and economically import-
ant sport fishery (Hargrove, Allen, Weyl, Crandall, & Austin, 2018; 
Taylor, Weyl, Cowley, & Allen, 2015). The first introduction of 
Largemouth Bass into Brazil occurred in the 1920s (Godoy, 1954) 
and, as is the case elsewhere, they are now popular in recreational 
fisheries (Dairiki, Dias, & Cyrino, 2007). The intentional transfer of 
these fish between waterbodies has expanded their distribution 
to ponds and reservoirs in the southern and southeastern regions 
of Brazil from Rio de Janeiro to Rio Grande do Sul (Schulz & Leal, 
2005). To date, research on Largemouth Bass in Brazil has focused 
on describing their life-history and ecology but little effort has 
been directed towards understanding the details surrounding 
their introduction and subsequent spread.

Ongoing developments in genetic techniques and statistical 
analyses (Cristescu, 2015; Estoup & Guillemaud, 2010) have re-
sulted in the ability to reconstruct introduction pathways, quan-
tify demographic changes associated with establishment, and 
identify sources of introduction (Hargrove, Weyl, & Austin, 2017). 
In the context of Largemouth Bass, work from southern Africa 
using nuclear microsatellites has demonstrated that although 
multiple source populations were initially used for establish-
ment, levels of genetic diversity across introduced populations 
were low and consistent with a founder effect (Hargrove et al., 
2017). Furthermore, mitochondrial (mtDNA) sequence data was 
used to successfully identify a putative source population from 
within the native range. A follow up study by Weyl, Schirrmann, 
Hargrove, Bodill, and Swartz (2017) identified many popula-
tions of Largemouth Bass in South Africa were a combination 
of Largemouth Bass and its closely related sister species the 
Florida Bass (Micropterus floridanus). The dynamics of hybridiza-
tion among Largemouth Bass populations in southern Africa was 
further described by Hargrove, Weyl, Zhao, Peatman, and Austin 
(2019), which revealed a wider distribution of Florida Bass alleles 
than previously thought, and the presence of populations es-
tablished with Largemouth Bass that have through time become 
dominated by Florida Bass alleles. Combined, the above research 
on non-native populations of Largemouth Bass identified several 
important trends associated with their introduction. First, many 
populations have become successfully established from small 
number of propagules (Bai, Lutz-Carrillo, Quan, & Liang, 2008; 
Hargrove et al., 2017) which implies that limited genetic diver-
sity alone may not prevent establishment. Second, many popula-
tions of what were thought to be Largemouth Bass were actually 
a combination of Florida Bass, Largemouth Bass, and their hybrids 
(Hargrove, Weyl, et al., 2019; Weyl et al., 2017). From the con-
text of invasive species management, identifying which species of 
Black Bass (Micropterus spp.) are present is critically important, as 
Florida Bass and Largemouth Bass may be differentially impactful 
on native fishes and insects (Weyl et al., 2017).

To assess whether genetic trends in Largemouth Bass popula-
tions from southern Africa were also displayed by Largemouth Bass 
populations in Brazil, we utilized mitochondrial DNA sequence data 
to characterize four Largemouth Bass populations sampled from 
southern Brazil. Our objectives were to identify which species were 
present (i.e., Largemouth Bass, Florida Bass, or both) and to quantify 
genetic diversity within populations to characterize the details as-
sociated with introduction (e.g., presence of founder effects). In ad-
dition, we compared the haplotypes recovered from four reservoir 
populations with samples from an aquaculture facility to determine 
whether this was a likely a source of introduction.

2  | METHODS

2.1 | Study sites and sample collections

Samples were collected from four impoundments near the city 
of Curitiba in the state of Paraná, southern Brazil (Figure 1). Two 
water bodies represented public water supply reservoirs (Passauna 
and Piraquara I) and two were constructed for power generation 
purposes (Capivari and Vossoroca). The Passauna and Piraquara I 
reservoirs are administered by the Sanitation Company of Paraná 
(SANEPAR) and human activities such as swimming, boating, and 
fishing were not allowed at the time of the study. In contrast, the 
Capivari and Vossoroca reservoirs are administered by the Energy 
Company of Paraná (COPEL) and no restrictions on recreational 
use were in place at the time of the study (for reservoir details see 
Table 1). In addition, samples also were obtained at an aquaculture 
facility near the city of Toledo, in the west of Paraná state, which 
represents one of the main aquaculture sites in Brazil. Samples were 
collected by angling during spring (September-December) in 2015 
and a 5 mm2 portion of fin clip was removed from each individual 
and stored in 95% ethanol.

In the laboratory, a 1 mm2 portion of fin clip was extracted using 
the Invitrogen PureLink® Genomic DNA Kit following the manufac-
turer's protocol. Extracted DNA was quantified by spectrophotom-
eter and diluted to a standardized concentration (20 ng/µl) prior to 
PCR amplification. We selected to amplify an 860 base pair region 
of the mitochondrial D-loop (control region) gene because of its el-
evated rate of evolution relative to other mitochondrial genes (Cui, 
Liu, & Chu, 2010; Jacobsen, Fonseca, Bernatchez, & Hansen, 2015), 
suitability for discriminating among species of the genus Micropterus 
(Ray, Husemann, King, & Danley, 2012), and established use to eval-
uate population levels of genetic diversity in Black Bass (Smallmouth 
Bass: Borden & Stepien, 2006; Spotted Bass: Coughlin, Echelle, 
Bussche, Cofer, & Fisher, 2003; Ray, Husemann, Lutz-Carillo, King, 
& Danley, 2015; Largemouth Bass and Florida Bass: Ray et al., 2012). 
Up to fifteen individuals per population were amplified using the 
primer pairs CR-F (5′–GGATTTTAACCCYCACCMCT–3′) and CR-R 
(5′–TTCTAGGGCTCATCCTAACATCTTC–3′; Husemann, Ray, King, 
Hooser, & Danley, 2012). Polymerase chain reactions were per-
formed using the following chemistry: 2.5 μl 10× PCR buffer, 3 mM 
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MgCl2, 0.4 mM dNTP's, 0.25 mM of each primer, 1.5 units Taq DNA 
polymerase, 50 ng/μl of DNA template, and ddH2O to reach a final 
reaction volume of 25 μl. Thermal cycling conditions were: 94°C 
for 3 min, followed by, 30 cycles of 60 s at 94°C, 60 s at 58°C, and 
120 s at 72°C, followed by a final extension of 72°C for 10 min. PCR 
products were visualized using a 1.5% SYBR safe (ThermoFisher 
Scientific) dye stained gel to confirm appropriate amplicon length 
and reaction success. Successfully amplified DNA samples (i.e., 
PCR produced an amplified fragment of appropriate length) were 
further processed (i.e., purified and bi-directionally sequenced) at 
the Molecular Biology Laboratory, Paraná Federal University and 
WEMSeq Biotecnologia, Brazil, using their standard protocols. 

Chromatograms were edited and assembled using ChromasPro v 
1.7.7 (Technelysium).

2.2 | Genetic analyses

Following processing, consensus sequences were inputted into the 
National Center for Biotechnology Information (NCBI) search algorithm 
BLAST (Altschul, Gish, Miller, Myers, & Lipman, 1990) to retrieve the 
closest match for species identification. Previous research has validated 
the use of the control region for species identification in Largemouth 
and Florida Bass based on fixed nucleotide differences between the 

F I G U R E  1   A map showing the sampling locations for Largemouth Bass (Micropterus salmoides) sampled from four reservoirs in southern 

Brazil

TA B L E  1   Characteristics of reservoirs in the metropolitan region of Curitiba, Paraná, Brazil that were sampled for Largemouth Bass 
(Micropterus salmoides)

Reservoir Latitude (S) Longitude (W) Pupose Fishing Opening year Size (km2)

Capivari 25°8′40.50′′ 48°52′1.03′′ Power generation Allowed 1970 13.5

Passauna 25°31′40.40′′ 49°23′15.44′′ Public supply Not-allowed 1990 14

Piraquara I 25°30′16.82′′ 49°1′30.48′′ Public supply Not-allowed 1979 3.3

Vossoroca 25°49′18.73′′ 49°4′3.79′′ Power generation Allowed 1949 36
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two species (Ray et al., 2012). An important caveat is that identification 
of hybrids (e.g., offspring born to a Florida Bass × Largemouth Bass) is 
not possible using mitochondrial DNA sequence data due its matrilineal 
nature of inheritance in vertebrates (Ballard & Whitlock, 2004). As a 
result, our primary focus was to detect the presence or absence of spe-
cies and not the detection of hybrid individuals.

Estimates of haplotype diversity (HD; Nei, 1987), nucleotide di-
versity (π; Nei & Tajima, 1981), and number of haplotypes (Nh) were 
generated for the overall and population-specific dataset using DnaSP 
(Rozas, Sánchez-DelBarrio, Messeguer, & Rozas, 2003). Largemouth 
Bass DNA sequences from Brazil were aligned with M. salmoides and 
M. floridanus D-loop sequences retrieved from GenBank (Table S1). This 
alignment was constructed using the Clustal × algorithm using default 
parameters as performed in mega7 (Kumar, Stecher, & Tamura, 2016; 
Thompson, Gibson, Plewniak, Jeanmougin, & Higgins, 1997). The com-
bined sequence set was collapsed into unique haplotypes and DNA 
sequences of variable length were trimmed to the shortest sequence 
using FaBox v 1.41 (Villesen, 2007). A minimum spanning haplotype 
network was generated in PopART (Leigh & Bryant, 2015) with unique 
haplotypes recovered from Brazil (n = 3) and sequences that contained 
sequence data for the control region (n = 37) retrieved from GenBank 
(Table S1). All sequences generated as part of this study were depos-
ited in GenBank under accession numbers (MN717182-MN717239). In 
addition to the minimum spanning haplotype network, we generated a 
neighbor-joining tree in mega 7 using unique haplotypes recovered from 
Brazil and sequences retrieved from GenBank for Largemouth Bass, 
Florida Bass (Micropterus floridanus), and Spotted Bass (Micropterus 
punctulatus; used as an outgroup). The purpose of our neighbor-join-
ing tree was two-fold, to confirm species identity and to identify the 
most closely related samples from within the native range. The tree 
was constructed using 2,500 bootstrap iterations and the Tamura-Nei 
substitution model. The final tree was condensed to show only boot-
strap support values >50%.

3  | RESULTS

Bidirectional sequences were generated for a total of 58 individu-
als representing 4–16 fish sampled per population (Table 2). The 
final length of control region DNA sequences from Brazilian sam-
ples was 809 base pairs. A total of three unique haplotypes were 
recovered with a single haplotype being common to all populations. 
The most frequent haplotype was shared by 56 individuals (97% of 
all samples). Two additional haplotypes were recovered, one being 
private to the Vossoroca reservoir population and the other to the 
Piraquana I reservoir population (Table 2).

We conducted a BLAST (Basic Local Alignment Search Tool) of 
the DNA sequences we generated and all three haplotypes were 
most closely related to Largemouth Bass. The percent identity (i.e., 
the percent of submitted sequence that was identical to a GenBank 
sequence) for each haplotype was a 99% match (range 97%–99%) to 
Largemouth Bass records. Sequence similarity between Brazil sam-
ples and the second highest match (Florida Bass; M. floridanus) was 
94%–95% percent identity.

Levels of genetic diversity were low for all sampled popula-
tions; the average haplotype diversity across populations was 
0.0684 (SE = 0.038, range = 0.0000–0.1667) and the average 
nucleotide diversity was 0.0003 (SE = 0.0002, range = 0.000–
0.0008; Table 2). A total of seven variable positions (segregat-
ing sites) were detected. When placed into a haplotype network, 
the most commonly observed haplotype from Brazil (Haplotype 
A; Table 2) was identical to two separate sequences from North 
America, one generated from Lake Erie and a second from New 
York (Figure 2). A DNA sequence from a Largemouth Bass sampled 
in Pennsylvania, USA was separated by a single base pair differ-
ence from the Brazil samples.

A neighbor-joining tree displaying evolutionary relationships 
among Largemouth Bass, Florida Bass, and Spotted Bass (used as an 
outgroup) showed samples collected from Brazil nested within a clade 
of Largemouth Bass with high bootstrap support (Figure 3). Brazilian 
haplotypes A and C were most closely related to two haplotypes 
(MH301075 and MH301076) which were sampled in New York and 
Lake Erie, respectively. Haplotype B displayed the smallest genetic 
distance to a sequence sampled in Pennsylvania (MH301074). While 
bootstrap support among subtrees containing Largemouth Bass was 
moderate, the division among species was stronger. Polytomies were 
observed among 9 of the 49 reference sequences (those downloaded 
from GenBank) used in analysis and were removed from the final tree 
as they provided no additional phylogenetic information (GenBank ac-
cession no. JN979681, JN979677, JN979717, JN979686, JN979680, 
JN979692, JN979670, JN979669, and JN979723).

4  | DISCUSSION

Using a dataset of mitochondrial DNA (mtDNA) sequences, we 
identified the exclusive presence of Largemouth Bass in a region 
of Brazil with extensive aquaculture operations. Furthermore, we 

TA B L E  2   Summary statistics by population for mitochondrial 
D-loop gene sequences generated for Largemouth Bass 
(Micropterus salmoides) collected from four southeastern Brazil 
populations

Population N nH nPH HF h (±SD) π (±SD)

Capivari 12 1 0 A (1.00) 0.0000 0.0000

Piraquana I 14 2 1 A (0.93)
B (0.07)

0.1429 0.0005

Passauna 16 1 0 A (1.00) 0.0000 0.0000

Vossoroca 12 2 1 A (0.92)
C (0.08)

0.1667 0.0008

Hatchery 4 1 0 A (1.00) 0.0000 0.0000

Total 58 3 – – 0.0684 0.0003

Note: Listed are the population name, sample size (N), number of 
haplotypes (nH), number of private haplotypes (nPH), haplotypes and 
their frequencies within populations (HF), haplotype diversity (h), and 
nucleotide diversity (π). Haplotype IDs presented in Figures 2 and 3 
(e.g., A, B, and C) are the same as those in column HF.

info:ddbj-embl-genbank/JN979681
info:ddbj-embl-genbank/JN979677
info:ddbj-embl-genbank/JN979717
info:ddbj-embl-genbank/JN979686
info:ddbj-embl-genbank/JN979680
info:ddbj-embl-genbank/JN979692
info:ddbj-embl-genbank/JN979670
info:ddbj-embl-genbank/JN979669
info:ddbj-embl-genbank/JN979723
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recovered low levels of genetic diversity across introduced popu-
lations, a pattern consistent with founder effects stemming from 
establishment with small numbers of individuals (Hargrove et al., 
2017). Lastly, we identified a haplotype, common to all Brazilian 
populations, that was identical to samples collected from the 
northeastern USA. Combined, these data provide useful descrip-
tive information that may help fisheries managers understand the 
dynamics and details associated with Largemouth Bass regional 
introductions in Brazil.

The failure to detect Florida Bass haplotypes in Brazil represents 
an important finding. Florida Bass are native to subtropical and 
tropical regions of peninsular Florida (Bailey & Hubbs, 1949), and 
are capable of spawning over a longer time period (Rogers, Allen, & 
Porak, 2006), living longer (Neal & Noble, 2002), and reaching larger 
maximum lengths and weights relative to Largemouth Bass (Horton 
& Gilliland, 1993) in warmer climates. Curitiba has a subtropical high-
land climate that may be conducive to the establishment and success 
of Florida Bass. Given their larger maximum sizes and persistence 
in warmer climates, the presence of Florida Bass may result in an 
introduced species that is more impactful on native biota (Weyl et 
al., 2017).

The level of haplotype diversity observed across introduced 
Largemouth Bass populations was consistently low and sugges-
tive of founder effects; specifically, small numbers of individuals 
from few sources were likely used to seed populations. The re-
covery of few haplotypes from the populations we surveyed was 
not altogether unexpected as similar trends have been observed 
in other introduced fish species (Kinziger, Nakamoto, Anderson, 
& Harvey, 2011; Mabuchi & Nishida, 2008) as well as among in-
troduced Largemouth Bass populations (Bai et al., 2008; Hargrove 
et al., 2017; Weyl et al., 2017). For example, Bai et al. (2008) used 
microsatellite markers to investigate genetic diversity in popula-
tions of Largemouth Bass collected from aquaculture facilities in 
China, and showed that both allelic variation and observed hetero-
zygosity were severely depleted relative to populations surveyed 
in the native range. Both Hargrove et al. (2017) and Weyl et al. 
(2017) assessed sequence diversity among invasive Largemouth 
Bass populations and recovered only few haplotypes, suggestive 
of founder effects.

A haplotype network constructed with DNA sequences from Brazil 
and the native range of Largemouth Bass revealed an identical match 
between the most common Brazilian haplotype and samples from both 

F I G U R E  2   Haplotype network 
of mitochondrial D loop sequence 
data showing the relationship among 
Largemouth Bass (Micropterus salmoides) 
haplotypes recovered from introduced 
populations in Brazil (identified by white 
circles) and specimens collected from 
their native range (B). Tick mark denotes 
a single base pair difference. Labeled 
Brazilian haplotypes correspond to 
those referenced in Table 2 (column HF). 
See Supplemental Material 1 for source 
information for all other haplotypes
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Lake Erie and New York, USA. While this observation highlights this 
region within the United States as a potential source population, we 
advise caution in drawing such a conclusion because the distribution 
of control region haplotypes across the native range is poorly docu-
mented. For example, of the 37 control regions downloaded from 
GenBank for use in our haplotype network, 34 of them were from a 
single study (Ray et al., 2012). Future studies examining the source 
of origin of introduced populations of Largemouth Bass should con-
sider using genes with greater coverage from the native range (i.e., 
cytochrome b, Hargrove et al., 2017). DNA sequences from a local 
Largemouth Bass aquaculture facility were identical to those recov-
ered in each of the four sampled populations suggesting these oper-
ations as a potential source for introductions. Although the breeding, 
transport, and trade of the invasive Largemouth Bass are forbidden 
in the state of Paraná (IAP Ordinance 59, 2015), such activities are 
common due to lack of enforcement. As in other parts of the world 
(Cambray, 2003; Ellender & Weyl, 2014), sport fishery has been the 
main vector of introduction of this invasive fish in Brazil (Frehse, Braga, 
Nocera, & Vitule, 2016), where anglers can buy fish from aquaculture 
facilities for release at sites where they want to promote sport fishing 
activities (Vitule, Bornatowski, Freire, & Abilhoa, 2014).

An important consideration for studies that seek to identify spe-
cies distributions using mitochondrial sequence data (Hargrove et al., 
2017; Weyl et al., 2017) involves the nature of inheritance of the se-
lected marker. Both a BLAST search and neighbor-joining tree identi-
fied all individuals from Brazil as Largemouth Bass; but hybridization 
among members of the genus Micropterus is common, and the current 
study analyzed sequence data from the mitochondrial genome which 
is uniparentally inherited and therefore inappropriate for identifying 
individuals that are of hybrid origin (e.g., an F1 or F2 hybrid or late stage 
backcross). However, we argue a population that included hybrids 
would contain haplotypes from both maternal species except in rare 
cases of asymmetrical hybridization (e.g., where male of species 1 only 
mates with female of species 2 and not vice versa; Avise et al., 1997). 
The probability of failing to detect one of two species present can be 
predicted mathematically as a function of the admixture level in the 
population (A), the number of markers assayed per individual (m), and 
the number of individuals analyzed (n, Pn,m = (1 – A)2nm; Della Croce, 
Poole, Payn, & Gresswell, 2017). Applying this equation to our sys-
tem, the probability that we failed to detect Florida Bass by random 
chance alone was very small (7.5 × 10–10) at moderate rates of admix-
ture (A = 0.5) given our sample scheme (n = 13.5 fish per population, 

F I G U R E  3   A neighbor-joining tree 
displaying phylogenetic relationships 
among mitochondrial D loop sequences 
generated for Largemouth Bass 
(Micropterus salmoides) sampled from 
introduced populations in Brazil and 
those retrieved from Largemouth Bass, 
Florida Bass (Micropterus floridanus), and 
Spotted Bass (Micropterus punctulatus) 
retrieved from GenBank. The evolutionary 
distances were computed using the 
Tamura-Nei method with units equal to 
the number of base substitutions per site. 
Spotted Bass was used as an outgroup
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m = 1 − which is a conservative value given sequence data revealed 
multiple diagnostic sites between Largemouth Bass and Florida Bass). 
At modest levels of admixture (A = 0.25) the probability of failing to 
detect a species is still very low (4.2 × 10–4), and only under low levels 
of admixture (A = 0.10) does the probability of failing to detect Florida 
Bass begin to rise (0.06). Thus, given our sampling scheme we are con-
fident that the failure to detect Florida Bass was not an artifact of ran-
dom chance but instead reflected the absence of Florida Bass within 
our focal populations. Recent developments in sequencing technology 
have produced larger numbers of species-diagnostic markers distrib-
uted across the genome to assess hybridization among Bass species 
(e.g., single nucleotide polymorphisms SNPs; Li et al., 2015; Zhao et al., 
2018), which affords greater resolution and accuracy in mapping spe-
cies distributions (Hargrove, Rogers, Kacmar, & Black, 2019; Hargrove, 
Weyl, et al., 2019).

In conclusion, our study demonstrated the exclusive presence 
of Largemouth Bass in reservoirs around Curitiba. Although these 
populations have been established for at least 25 years (J. R. S. 
Vitule, unpublished data), limited levels of haplotypes and nucle-
otide diversity were found, indicating a founder effect associated 
with introductions. We also indicate the role of aquaculture facili-
ties associated with sport fishing as the main vectors for this species 
introduction, reinforcing the need for extensive control over such 
activities.
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SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section. 
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