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Abstract

Mangrove killifishes of the genus Kryptolebias have been historically classified as rare
because of their small size and cryptic nature. Major gaps in distribution knowledge
across mangrove areas, particularly in South America, challenge the understanding of
the taxonomic status, biogeographical patterns and genetic structuring of the line-
ages composing the self-fertilizing “Kryptolebias marmoratus species complex.” In this
study, the authors combined a literature survey, fieldwork and molecular data to fill
major gaps of information about the distribution of mangrove killifishes across west-
ern Atlantic mangroves. They found that selfing mangrove killifishes are ubiquitously
distributed across the Caribbean, Central and South American mangroves and report
14 new locations in South America, extending the range of both the “Central clade”
and “Southern clade” lineages which overlap in the Amazon. Although substantial
genetic differences were found between clades, the authors also found further
genetic structuring within clades, with populations in Central America, north and
northeast Brazil generally showing higher levels of genetic diversity compared to the
clonal ones in southeast Brazil. The authors discuss the taxonomic status and update
the geographical distribution of the Central and Southern clades, as well as potential
dispersal routes and biogeographical barriers influencing the distribution of the

selfing mangrove killifishes in the western Atlantic mangroves.
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their environment (Allendorf, 2017). Nonetheless, some environments
have inherent spatial and temporal complexities, which challenge the
access to biological information from its associated organisms. This is

the case of mangrove forests that, despite being some of the most
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species-rich habitats, are also one of the most threatened
(Branoff, 2017; Duke et al., 2007), with biodiversity information often
limited by the notorious difficulties of sampling mangrove systems
(Blaber & Barletta, 2016; Lugo et al., 2014).

Worldwide, mangrove forests occupy an area of c. 17 x 10° ha,
of which 4.5 x 10° (32.1%) are along the western Atlantic coast, from
south USA (29° N) to south Brazil (23° S), also surrounding the Carib-
bean archipelagos (Blaber & Barletta, 2016; Ferreira et al., 2015). The
mangrove killifishes (Kryptolebias spp.) are among the rare fish exclu-
sively associated with mangrove forests (Taylor, 2012). Kryptolebias is
a genus of non-seasonal and small-sized oviparous fishes within the
rivulids group (family Rivulidae), composed of seven species
(Vermeulen & Hrbek, 2005). Within the genus, the “mangrove
killifishes clade” consists of three androdioecious (i.e., populations
consisting of males and hermaphrodites) species: K. marmoratus
(Poey, 1880); K. hermaphroditus Costa, 2011; K. ocellatus
(Hensel, 1868), living in intermittent habitats, as crab burrows, tempo-
rary pools or leaf litter (Avise & Tatarenkov, 2015; Berbel-Filho
et al., 2016; Lira et al., 2015; Tatarenkov et al., 2017; Taylor, 2012,
Taylor et al., 2008).

The geographical distribution and taxonomic status of mangrove
killifishes are complex, particularly in South America (Berbel-Filho
et al., 2016; Costa et al., 2010), mainly because of morphological simi-
larities among sympatric species, and major gaps in sampling across
mangrove areas (Tatarenkov et al., 2017; Taylor, 2012). Kryptolebias
ocellatus was first described by Hensel (1868) using a single specimen
from Rio de Janeiro, Brazil, followed by Kryptolebias marmoratus
described by Poey (1880) based on specimens from the USA and/or
Cuba. Seegers (1984) suggested that in Rio de Janeiro there were two
species, the self-fertilizing (selfing) K. ocellatus and a yet undescribed
dimorphic androdioecious species, named Kryptolebias
caudomarginatus. Two decades later, Costa (2011) argued that
Hensel's K. ocellatus corresponded to K. caudomarginatus, which led to
reclassification of K. caudomarginatus as a junior synonym of K.
ocellatus. In addition, this study described the species composed of
selfing hermaphrodites as Kryptolebias hermaphroditus (Costa, 2011).
Nonetheless, given the ongoing debate about whether the original
species described by Hensel corresponded to either K. hermaphroditus
(sensu Costa, 2011) or K. caudomarginatus (sensu Seegers, 1984), the
discussion about the taxonomic status of the mangrove killifish spe-
cies is still under discussion, and taxonomic rearrangements are likely
to happen with further taxonomical research (Huber, 2017,
Tatarenkov et al., 2017, 2020).

Two of the mangrove Kkillifishes, Kryptolebias marmoratus and
Kryptolebias hermaphroditus, are the only known vertebrates capable
of self-fertilization (Tatarenkov et al., 2009, 2017). Despite the mor-
phological similarity, these species are readily distinguishable using
genetic data, with several phylogenetic studies on mangrove killifishes
supporting their sister-species status, forming the “Kryptolebias mar-
moratus species complex” clade (Kanamori et al., 2016; Murphy
et al., 1999; Tatarenkov et al., 2009; Tatarenkov et al., 2017;
Vermeulen & Hrbek, 2005), which is closely related to the obligate
outcrossing species K. ocellatus, restricted to southeastern
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(in sympatry with K. hermaphroditus in Guanabara and Sepetiba bays
in Rio de Janeiro state) and southern Brazil (Berbel-Filho et al., 2020).

For a long time, K. hermaphroditus was thought to be limited to
southeastern Brazil, in Rio de Janeiro (22° S) and Sao Paulo (23° S)
states (Costa, 2011). This geographical distribution contrasted with
that of K. marmoratus, distributed in Florida, the Bahamas, the Carib-
bean and parts of Central America (Tatarenkov et al., 2010, 2011,
2012). This distinct distribution formed a geographical gap of over 22°
in latitude. Nonetheless, recent studies have expanded the geographic
distribution K. hermaphroditus, which spans from north of Rio de
Janeiro to the Brazilian states of Espirito Santo (19° S) (Sarmento-
Soares et al., 2014), Bahia (14° S) (Silva et al., 2020), Alagoas (10° S)
(Costa, 2016), Rio Grande do Norte (05° S) (Lira et al., 2015) and Para
(0.9 N) (Guimaraes-Costa et al., 2017).

mtDNA and microsatellite data indicate that there is a clear
genetic differentiation within the K. marmoratus species complex
along the Atlantic coast, with three major clades: a “Northern” clade
in Florida, northern Cuba, Bahamas, Belize and Honduras
corresponding to K. marmoratus; a “Southern” clade along the Brazil-
ian coast corresponding to K. hermaphroditus; and a “Central clade” in
Panama, the Dutch Caribbean, Puerto Rico, Turks and Caicos, and
southern Cuba (Tatarenkov et al., 2017). Despite being in geographical
proximity (and sometimes in sympatry) with K. marmoratus
(Tatarenkov et al., 2018, 2020), specimens from the “Central clade”
are phylogenetically more related to K. hermaphroditus (1% genetic
distance at cox1 mtDNA gene) (Tatarenkov et al., 2017).

Yet, the data for large portions of the South American coast,
especially between east of Venezuela and northeast Brazil (c.
5678 km along the coast), as well as in between the northeastern and
southeastern portions of the Brazilian coast (c. 2400 km along the
coast), is limited and raises questions about the geographical bound-
aries between mangrove killifish clades of the “Kryptolebias mar-
moratus species complex,” as well the potential environmental factors
and geographical barriers influencing their dispersal and gene flow. To
address this knowledge gap, the authors combined a literature survey
with fieldwork and molecular analysis of new samples to: (a) identify
the distribution limits of the Central and Southern clades of the
“Kryptolebias marmoratus species complex,” including their potential
contact zone; and (b) evaluate the levels of mtDNA genetic structur-

ing and diversity within and between these clades.

2 | MATERIALS AND METHODS

2.1 | Literature, database and collection surveys

To identify the major sampling gaps of the Central and Southern cla-
des, the authors surveyed all literature on the species distribution
(Berbel-Filho et al., 2019, 2020; Guimaraes-Costa et al., 2017; Lira
et al., 2015; Sarmento-Soares et al., 2014; Tatarenkov et al., 2017,
2018), as well as online databases for sampling records (GBIF; www.
gbif.org) and scientific collections (CRIA - SpeciesLink; http://splink.
cria.org.br/), using the keywords “Rivulus ocellatus” (the previously
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FIGURE 1 Sampling points for populations of the “Kryptolebias marmoratus species complex” from the Central and Southern clades based on
data extracted from literature surveys and fieldwork. Sampling localities’ numbers are listed in Table 1. Lines along the coast correspond to the
boundaries for the marine provinces proposed by Spalding et al. (2007). The locations of the Central clade are represented with symbols in purple,
whereas the orange symbols correspond to the locations of the Southern clade

valid nomenclature for K. hermaphroditus before Costa, 2011) and
“Kryptolebias hermaphroditus,” only taking into account occurrence
records since the year 2000 made available with geographic coordi-
nate information.

In total, the authors gathered information from 44 sampling
localities for specimens of the “Kryptolebias marmoratus species
complex” in Central and South America, corresponding to the Cen-
tral and Southern clades. In all, 30 (69.19%) occurrence records on
localities came from literature and databases and 14 (31.81%) from
the authors’ new fieldwork collections (155 individuals sampled),
seven of these records were from conservation units in Brazil
(Table 1). Some samples represent the first record of Kryptolebias
in several Brazilian states (Amap4, Piaui, Cearad and Sergipe) filling
most of the previous distribution gaps in the north and east coast
of Brazil, including another record in Bahia State (Figure 1,
Table 1).

2.2 | Fieldwork

After the identification of the major sampling gaps on the distribution
of mangrove Kkillifishes based on previous data, fieldwork trips were
undertaken between 2017 and 2019 to sample two gaps previously
identified by Tatarenkov et al. (2017), such as the limits between the
Central clade (south of Trinidad and Tobago) and the Southern clade

(northeast Brazil), and the large gap found within the Southern
clade [in Brazil, between Alagoas (09° S) and Espirito Santo (19° S)].
Fish were collected using hand-nets in mangrove microhabitats and
euthanized using clove oil, following the recommended ethical proce-
dures (CEUA/UFRN 056.064/2017). Fin clips and small specimens
were preserved in 99% ethanol for molecular analysis, which were
sent for sequencing through the licence required from the Sistema
Nacional de Gestao do Patriménio Genético e do Conhecimento
Tradicional Associado (SISGEN), in compliance with the provisions of
Law No. 13,123/2015 and its regulations, under registration number
N° RB7FC3C. Individuals were fixed in formalin 10% and deposited at
the ichthyological collection of Universidade Federal do Rio Grande
do Norte. All fieldwork was carried out under the licence SISBIO
57145.

2.3 | DNA extraction and amplification

DNA extraction from 155 individuals collected along 26 sampling sites
in Brazil (Figure 1) was performed using Qiagen® DNeasy blood and
tissue extraction kit following the manufacturer's protocol. A 615 bp
region of the mitochondrial gene cytochrome oxidase subunit | (cox1)
gene was amplified using primers and amplification protocol described
in Tatarenkov et al. (2017). Both forward and reverse DNA strands
were sequenced and assembled using Geneious v. 9.1.8 (www.
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TABLE 1  Sampling localities and respective sampling codes for the Kryptolebias marmoratus species complex

Sample ID Location Major area Latitude

1.55Vv¢ Oyster Lake San Salvador Island 24° 06’ 39.0" N

2. T&CC Turks and Caicos Turks and Caicos 21° 47" 25.2" N

3.GIT® Guantanamo Bay Cuba 19° 54’ 38.6" N

4. PRN€ Punta Maracayo Puerto Rico 18° 29" 284" N

5. PRS® Puerto Rico, Southwest Puerto Rico 17° 56’ 57.0" N

6. ALM® Almirante Bay Panama 09° 21" 12.2" N

7.CHI® Chiriqui Lagoon Panama 09° 00" 40.7" N

8. ARB® Parkietenbos Dumpsite ~ Aruba 12°29' 31.5" N

9. BNR® Lac Bay Bonaire 12° 06’ 37.7" N

10. BAR® Graeme Hall Swamp Barbados 13° 04’ 21.0" N

11. TET® Mangrove in Trinidad Trinidade e Tobago 10° 03’ 36.0" N
and Tobago

12. CAU® Mangrove in Caussade French Guiana 05° 06’ 33.9” N

13. MAT® Mangrove in Matoury French Guiana 04° 50’ 20.1” N

14. AMCC Mangrove in Amapa N Brazil 02° 04’ 32.30" N
State

15. MJNC ESEC Maraca-Jipiéca A' N Brazil 02° 04’ 54.25" N

16. MJSE© ESEC Maraca-Jipiéca B N Brazil 02° 07’ 16.50" N

17. MJUC ESEC Maraca-Jipiéca C* N Brazil 01° 55 25.28" N

18. MAR® Mangrove in Marajé N Brazil 00° 48 3.50” S
Island

19. VIG® Mangrove in Vigia N Brazil 00° 51’ 39.30” S

20. AJUS Ajuruteua Beach N Brazil 00° 51’ 05.69" S

21. POR®S Portinho River, Luis NE Brazil 02°53'41.9"S
Correia?

22. COR® Coreau River, Camocim NE Brazil 02° 52" 529" S

23. JERS Mangrove in NE Brazil 02° 50" 26.6" S
Jericoacoara®

24. MACS Mangrove in Macau NE Brazil 05° 06’ 19.9” S

25. GRE® Mangrove in Guamaré NE Brazil 05° 06’ 29.1" S

26. CEAS Ceara-Mirim River, NE Brazil 05° 40’ 25.88” S
Extremoz

27. CUR® Curimatau River, Baia NE Brazil 06° 21' 32.5” S
Formosa

28. MPES Maracaipe River, Ipojuca  NE Brazil 08° 31’ 06.6"” S

29. MUN® Mundau Lagon, Maceid NE Brazil 09° 40’ 52.0" S

30. SER® Sergipe River, Sergipe NE Brazil 10° 58 13.7” S

31.TIS Tijuipe River, Itacaré NE Brazil 14° 25' 17.6" S

32.SALS Salgado River, Terra NE Brazil 15° 32" 47.17" S
Firme*

33.CcoQ° Coqueiral Beach, Aracruz  SE Brazil 19° 56’ 3.44" S

34. PIR® Piragué-Acu River, SE Brazil 19° 57" 9.38” S
Aracruz

35. ARAS Araruama Lake, Iguaba SE Brazil 22° 50" 31" S
Grande

36. IRIS Irirf River, Magé® SE Brazil 22° 39’ 48.79" S

37.GNB® Guanabara Bay, Rio de SE Brazil 22°52'248"S
Janeiro

38. MRP® Marapendi Lake, Rio de SE Brazil 23° 00’ 52" S

Janeiro
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Longitude

074° 27" 47.8" W
071° 40’ 11.9" W
075° 11’ 44.5" W
066° 47" 40.3" W
066° 52’ 06.0" W
082° 15’ 31.5" W
081°47' 27.1" W
070° 00’ 30.8” W
068° 13’ 02.4" W
059° 34’ 38.0" W
061° 53’ 48.6" W

052° 40’ 08.0" W
052° 18 27.3" W
050° 36’ 34.70" W

050° 29" 55.28" W
050° 25' 47.40" W
050° 27" 56.70" W
048° 32" 35.35" W

048° 07’ 39.70" W
046° 36’ 00.14” W

041° 40" 17.1" W

040° 57" 41.5" W
040° 34' 39.5" W

036° 37" 32.2" W
036° 20" 17.6" W
035° 14’ 14.48" W

035° 01’ 54.8" W

035° 00" 36.8" W
035° 45" 36.0" W
037° 3 132" W
039° 01’ 20.48" W
038° 57" 40.30" W

040° 7' 48.13" W
040° 9' 55.50" W

042° 12" 26" W

043° 5/ 12.20" W
043° 13" 27.48" W

043° 24’ 20" W

Cox1 K
3 |
NA |
1 |
1 |
|
4 |
12 |
4 Il
Il
NA 1l
NA Il
NA 1l
NA 11}
4 1
4 1
2 1l
2 I
6 1
4 1
NA v
4 v
\Y,
4 \Y,
6 v
\Y,
4 \Y,
4 v
4 v
NA v
2 v
NA \Y,
5 v
5 \%
3 \%
NA V
30 \%
29 \%
NA V

Reference

Tatarenkov et al., 2018
Tatarenkov et al., 2017
Tatarenkov et al., 2017
Tatarenkov et al., 2017
Tatarenkov et al., 2017
Tatarenkov et al., 2017
Tatarenkov et al., 2017
Tatarenkov et al., 2017
Tatarenkov et al., 2017
Robins, 2019

Millen, 2019

Robert Soléne, 2019
Robert Soléne, 2019
This study

This study
This study
This study
This study

This study

Guimaraes-Costa
et al., 2017

This study

This study
This study

Costa, 2016
Costa, 2016
Tatarenkov et al., 2017

Tatarenkov et al., 2017

Tatarenkov et al., 2017
Costa, 2016

This study

Silva et al., 2020

This study

Costa, 2016
This study

Costa, 2016

This study
Costa, 2016

Costa, 2016

(Continues)
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TABLE 1 (Continued)
Sample ID Location Major area Latitude Longitude Cox1 K Reference
39. POT® Portinho River, Rio de SE Brazil 23°00' 25" S 043° 33 06" W NA V  Costa, 2016
Janeiro
40. GUA®S Piracao River, Guaratiba SE Brazil 23° 00’ 06.7" S 043° 34’ 51.6" W 30 V  Costa, 2016
41. SEP® Sepetiba Bay, Itaguai SE Brazil 22° 5401”7 S 043° 49’ 31" W NA V Costa, 2016
42. MAG® Mangaratiba Beach, SE Brazil 22° 57" 54" S 044° 02' 36" W NA V  Costa, 2016
Mangaratiba
43. PICS Fazenda River, SE Brazil 23°22'01.0"S 044° 50’ 13.4" W 2 V  Tatarenkov et al., 2017
Picinguaba®
44. PER® Guarad River, Peruibe”  SE Brazil 24° 22/ 16.62" S 047° 01’ 1.44" W 3 V  This study
Total 200

Note: The superscript letters C and S in Sample ID correspond to individuals from the Central and Southern clades, respectively. Localities’ names in bold
represent sampling points within conservation units in Brazil, as follows: 1 - Estagao Ecolégica Maraca-Jipioca; 2 - Area de Protecao Ambiental Delta do
Parnaiba; 3 - Parque Nacional de Jericoacoara; 4 - Reserva Extrativista de Canavieiras; 5 - Area de Protecao Ambiental de Guapimirim; 6 - Parque
Estadual da Serra do Mar - Nucleo Pincinguaba; 7 - Estacao Ecoldgica Juréia-Itatins.

geneious.com), and the sequences were deposited in GenBank (acces-
sion numbers: MT900628-MT900721).

24 | Geographical distribution, mtDNA clades,
genetic structure and diversity

The final data set for the phylogeographical analysis of genetic struc-
ture, diversity and genetic clustering included 45 additional cox1
sequences retrieved from previous studies (Tatarenkov et al., 2017,
2018) (Supporting Information Table S1). This data set included
sequences from individuals of the Central clade collected in Cuba, San
Salvador Island, Puerto Rico, Panam3, Aruba and Bonaire. In total, the
cox1 data set contained sequences from 200 individuals (155 from
this work, 45 retrieved from GenBank) corresponding to 31 locations
of the 44 sampling points (Table 1).

The authors used principal component analysis (PCA) with the
coxl haplotypes in the R package “adegenet” v. 2. 1. 2.
(Jombart, 2008). To infer whether a particular mtDNA haplotype
belonged to the “Central” or “Southern” clades classified in
Tatarenkov et al. (2017). According to which cluster of the PCA a par-
ticular haplotype was classified to, the authors identified it as belong-
ing to either the “Central” or “Southern” clade. To infer the lineage
from the data retrieved from previous literature without molecular
data available, the authors defined a geographical criterion, which
assumes that if a sampling point is geographically located between
two other sampling sites confirmed by molecular identification as
belonging to a certain clade, the individuals from that locality were
classified as belonging to the same clade. To visualize the genetic rela-
tionships among haplotypes, the authors generated a haplotype net-
work using the software POPART v. 4.8.4 (Leigh & Bryant, 2015).

In addition, the authors of this study used Geneland v.4.0.7
(Guillot et al., 2008) to identify spatial genetic structure. Geneland
integrates mtDNA and spatial data, allowing for uncertainty in the

position of sampled individuals. The most likely number of genetic

clusters (K) was determined using haplotype data for all 200 individ-
uals with sequences together with the geographical coordinates from
their localities. K values ranged from 2 to 10. Nine independent runs
were performed, each with 1,000,000 iterations, sampled every 1000
iterations, with a burn-in of 200 iterations.

The authors of this study used Mega v.7 (Kumar et al., 2016) to
calculate Kimura-2-Parameter genetic distances between clades
(Central and Southern) and among genetic clusters within clades
(identified in Geneland). They used Arlequin v. 3.5 (Excoffier &
Lischer, 2010) for calculating Fst values (with 1000 permutations), as
well as for metrics of mtDNA genetic diversity per clade and genetic
clusters within clades, such as number of haplotypes (H), number of
polymorphic sites (S), haplotype (h) and nucleotide diversity (r). Finally,
Arlequin v. 3.5 was also used to run Tajima's and Fu's neutrality tests
to detect the possible scenarios of demographic expansion across
genetic lineages

The authors used IBD v. 1.52 (Bohonak, 2002) to test for the
association between genetic and geographic distances among genetic
clusters within major clades as indicated in Geneland. On this soft-
ware, they ran a Mantel test between the matrices of pairwise Fst
values among genetic clusters and estimated geographic distance in
kilometres among genetic clusters. For this latter matrix, the authors
selected the centre point of geographical distribution for each genetic
cluster and calculated the pair-wise distance among the midpoints of
each genetic cluster along the coast.

The authors tested three major hypotheses of genetic structuring
using AMOVA with 1000 permutations in Arlequin v. 3.5 (Excoffier &
Lischer, 2010). First, the clade division was proposed by Tatarenkov
et al. (2017), with two major groups with individuals belonging to
either the Central or Southern clades. A second hypothesis followed
the marine provinces proposed by Spalding et al. (2007), represented
by four coastal regions along the western Atlantic, which is based on
regimes of surface temperature and humidity of ocean currents, envi-
ronmental factors known to affect the dispersal and gene flow levels

of species inhabiting mangrove habitats (Mori et al., 2015). A third
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FIGURE 2 Genetic structure and (a)

variation for the “Kryptolebias

marmoratus species complex” based

on cox1 sequences. (a) First two axis

of a principal component analysis

(PCA) for cox1 haplotypes. Individuals

were classified as belonging to either o=
the Central (in purple) or Southern §
clade (in orange) according to which g
genetic cluster in the PCA their S
haplotypes belong to. (b) Haplotype o
network based on 615 bp cox1 gene

from 200 individuals of the

“Kryptolebias marmoratus species

complex” and its geographical

distribution. Each colour on the map

denotes a sampling location. Only the

Eigenvalues

Hap8

31 locations which had cox1 data
were included in the map. Each circle
in the haplotype network corresponds
to a unique haplotype and its size is
proportional to its frequency. Ticks on (b)
branches represent mutational steps.
Acronyms for sampling points are
described in Table 1. Asterisks in
acronym names represent new
sampling records. Numbered
rectangles (from | to V) correspond to
the genetic clusters identified using
Geneland (see “Results™)

SAMPLE SIZE

AMOVA followed the genetic clusters suggested by the result of Gen-
eland analysis.

3 | RESULTS

31 |
clades

classification and distribution of mtDNA

The mtDNA data set consisted of 17 cox1 haplotypes, 13 (76.47%) of
them exclusive to unique localities, whereas the other 4 were found in
at least five sampling sites (Figure 2; Supporting Information Table S2).
The first two axes of the PCA (explaining 37.44% of the overall variation)
revealed two major haplogroups, one containing the haplotypes from
the central and other those from the Southern clade (Figure 2a;

|
|
\
|
|
\
\
1
|
\
\
1
\
\
\
\
\
[
1
%
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PC 1 (26.62%)
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Supporting Information Figure S1). These haplogroups were also
observed in the haplotype network, which showed a clear geographical
structure (Figure 2b). The Central clade haplogroup contained nine hap-
lotypes (haplotypes 1-9) distributed along 14 localities, from San Salva-
dor Island, Cuba, Puerto Rico, Panama, Aruba, Bonaire and north Brazil,
in Amapa and Para states. The Southern clade haplogroup, restricted to
Brazil, was separated by four mutational steps from the Central clade
and exhibited eight haplotypes (haplotypes 10-17) along 17 localities,
from Piaui to Sao Paulo states (Figure 2b and Supporting Information
Table S2). Fst was significantly different between the Central and South-
ern clades (P > 0.001; Fst = 0.85). K2P genetic distance between Central
and Southern clades was 1%.

Despite having fewer individuals sequenced (55 vs. 145), the Cen-
tral clade showed higher values of genetic diversity when compared
to the Southern clade (Table 2). Neutrality tests (Fu F's and Tajima's
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TABLE 2 Genetic diversity indexes for (a) mtDNA clade and (b) genetic clusters for the Kryptolebias marmoratus species complex
N H S h z x 100 F's Fu Tajima's D

(a) Clades

Central clade 55 9 10 0.74 0.26 —2.00* -0.81*

Southern clade 145 8 8 0.44 0.09 —4.24* —1.43*
(b) Genetic clusters

I. San Salvador/Cuba/Puerto Rico/Panama 24 4 4 0.36 0.10 -0.90* -1.14*

1. Aruba/Bonaire 9 2 1 0.55 0.09 1.01 1.40

Il. North Brazil 22 3 3 0.17 0.04 —-1.25* -1.72*

IV. Northeast Brazil 43 7 7 0.33 0.07 -5.77* —2.02*

V. Southeast Brazil 102 1 0 0 0 0 0

Note: N, samples; H, number of haplotypes; S, number of polymorphic sites; h, haplotype diversity; z, nucleotide diversity multiplied by 100; F's Fu,
statistical neutrality test of Fu and Tajima's D, statistical neutrality test of Tajima. *P < 0.05.

(a) Number of clusters along the
chain after burnin

(b) Estimated cluster membership

02 03 04

Density

00 01

—]
[ T T T 1

2 4 6 8 10
Nb. of clusters along the chain

I Cluster|
I Cluster i

[ Cluster I
1 Cluster IV

Cluster V

(after a burnin of 200x1000i t.)

FIGURE 3

Geneland clustering results for the “Kryptolebias marmoratus species complex” based on cox1 sequences. (a) Most likely number of

genetic clusters after burn-in period according to Geneland analysis from 200 cox1 sequences from individuals “Kryptolebias marmoratus species
complex.” (b) Geographical distribution of genetic clusters according to Geneland. Each colour represents a unique genetic cluster, with their

respective sampling points within them

D) were negative and significant, indicating that both Central and
Southern clades may have undergone recent population expansion, or
potential selection at the mitochondrial DNA.

Of the total records, 31 (72.09%) had at least one individual
sequenced for cox1, allowing mtDNA lineage identification. Following the
molecular and geographical criteria, 19 of the sampling sites have individ-
uals who belonged to the Central clade and 25 to the Southern clade.
With the new records, the southern limit of the Central clade, previously
attributed to Bonaire, is expanded 2630 km south to the Brazilian state of
Para, with sampling records in Barbados, Trinidad and Tobago, French
Guiana and Brazil. In Brazil, this lineage is occurring in both sides of the
Amazon River, in Amapa and Para states, respectively (Figure 1).

The results of this study also fill gap in the distribution of the
Southern clade along the Brazilian coast. The authors identified man-
grove killifish specimens from this clade in the state of Piaui state (02°

S) and two sampling sites in the state of Ceara. In the eastern coast of

Brazil, they have now included two new sampling records in Sergipe
and Bahia states, besides a few new records in southeastern Brazil
(Table 1). With the new record in Peruibe (Sao Paulo State), the
authors extended the southernmost distribution of the Southern clade
(corresponding to K. hermaphroditus) by 248 km.

3.2 | mtDNA genetic structure and diversity
between and within clades

Geneland results indicated further genetic subdivision within Central
and Southern clades, with five being the most likely number of genetic
clusters (K, in Table 1). Three of those belonged to the Central clade:
(a) San Salvador, Cuba, Puerto Rico and Panama; (b) Aruba and Bon-
aire; and (c) north Brazil (Amapéa and Para states), whereas the other

two were within the geographical limits of the Southern clade:
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T.A BLE 3 Pf;ur-Wlse Fst values (below Genetic cluster | I m v v
diagonal) and Kimura-2-parameter (K2P)
genetic distance (in percentage above Cluster | (San Salvador, Cuba, Puerto Rico and Panama) 0.3 0.4 11 12
diagonal) among genetic clusters Cluster Il (Aruba and Bonaire) 0.68* 0.3 1.0 1.1
indicated in Geneland Kryptolebias Cluster Ill (north Brazil) 082° 079 07 08
marmoratus species complex

Cluster IV (northeast Brazil) 0.92* 0.92* 0.91* 0.2

Cluster V (southeast Brazil)

0.98*  0.99* 099 0.88*

Note: Asterisks represent P < 0.05.

(d) northeast Brazil (from Piaui to Bahia states in Brazil) and
(e) southeast Brazil (Espirito Santo to Sao Paulo) (Figure 3; Supporting
Information Figure S2). In terms of genetic diversity, the genetic clus-
ters within the Central clade (I and Il) have the highest values of
genetic diversity, whereas the genetic cluster V (in southeast Brazil)
only had one cox1 haplotype, despite being the one with more individ-
uals sequenced (Table 2). The neutrality tests for genetic clusters |, llI
and IV were also negative and significant, suggesting geographic or
demographic expansion (Table 2). All pair-wise Fst comparisons
among genetic clusters were highly significant (P > 0.001) (Table 3).
Average Fst values among genetic clusters were 0.89, with the
highest values found between genetic clusters within the Central
clade (I, Il and 1ll) in comparison to the genetic cluster in southeast
Brazil (V). The lowest Fst value was found between the genetic clus-
ters | and Il. The average genetic distance values among clades were
0.7, ranging from 1.2 (between genetic clusters | and V) to 0.2
(between northeast and southeast Brazil) (Table 3).

Despite the geographically structured configuration of haplo-
types, they did not display isolation-by-distance (R? = 0.49; P = 0.06).

AMOVA results found significant genetic differences (P < 0.001)
for the three hypotheses tested, with the greatest amount of genetic
partition found among the five genetic clusters revealed by Geneland
(94.20%), followed by the four marine provinces (89.66%), and finally
the two genetic clades (84.48%) (Table 4).

4 | DISCUSSION

The results of this study expand the known spatial distribution of
mangrove Kkillifishes in South America, with 14 new records covering
5434 km of the Brazilian coast, and 13 of them confirmed with molec-
ular data. This information indicates a broader geographical distribu-
tion of both the Central and the Southern clades than previously
thought and reveals different levels of mtDNA genetic diversity and

structuring both between and within clades.

41 | Lineage distribution and taxonomic
implications

Mangrove killifishes were first described as “rare and unknown in the
wild” (Harrington & Kallman, 1968). Nonetheless, it is likely that a
combination of factors has contributed to this presumed “rarity.”

Mangrove killifishes, as most killifish species, are small and cryptic and
often inhabit mangrove microhabitats (e.g., crab burrows, shallow
temporary pools and mangrove leaf litter), which makes them difficult
to sample (Barletta et al, 2010; Costa, 1998; Sarmento-Soares
et al., 2014; Taylor, 2012). The results of this study indicate that the
selfing Kryptolebias species extensively occupy mangroves in Central
and South America, even in areas where it has been historically con-
sidered absent, and where particular biogeographical barriers (e.g.,
Amazon river or a gap in distribution of 1100 km along the Brazilian
eastern coast) previously suggested by other studies (Costa, 2016;
Taylor, 2012) could have constrained its dispersal and colonization.

The Central and Southern clades are identified based on mtDNA
and microsatellite differences (Tatarenkov et al., 2017), but their iden-
tity as separate lineages, or as different species, still needs to be con-
firmed given the large gap in geographical and genetic information
between Venezuela and northeast Brazil. The data of this study iden-
tified, for the first time, the presence of the Central clade from Aruba
and Bonaire to Para in north Brazil. The cox1 similarity between Cen-
tral and Southern clades (five in Tatarenkov et al., 2017, four here) as
well as the low genetic distance between them indicate that Central
and Southern clades are likely to belong to the same species.

If the hypothesis of a single species from south San Salvador to
Brazil is confirmed, future taxonomic rearrangements will need to
consider the fact that some Kryptolebias species (e.g., Kryptolebias
heyei Nichols 1914; Kryptolebias bonairensis Hoedeman 1958) have
been described in the Caribbean region before the description of
K. hermaphroditus. Nonetheless, a full update on the taxonomic status
of K. hermaphroditus still depends on further molecular evaluation of
its original type-material (fixed in formalin), as there is some debate on
whether K. hermaphroditus (sensu Costa, 2011) represents a junior
synonym of K. ocellatus (Hensel, 1868; Huber, 2017). In either sce-
nario, it is likely that the taxonomic validity of K. hermaphroditus will
change (i.e., either as K. ocellatus or a junior-synonym of one of the
Caribbean species). Therefore, the authors conservatively suggest
considering the specimens belonging to the Central and Southern
clade as K. hermaphroditus; nonetheless, they are aware that a formal
taxonomic work is urgently needed to elucidate the taxonomic status
of the selfing Kryptolebias species.

Geographically, the newly discovered southern limit of the Cen-
tral clade (in Vigia, Para state in Brazil) is only 180 km North from
Ajuruteua (AJU), a sampling site where the Southern clade had previ-
ously been identified (Tatarenkov et al., 2017). Extensive hybridization
and introgression between individuals from the Northern clade,
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TABLE 4 AMOVA for three levels of hierarchical structure of populations for K. marmoratus species complex in the Central and Southern

clades, based on cox1 data

Source of variation df.

Test 1 (structure: Phylogeny; two clades)

Among groups (Fcr) 1
Among populations within groups (Fsc) 29
Within populations (Fst) 169
Total 199

FCT: 084, Fsc: 0.86, FST: 0.97

Test 2 (structure: marines provinces by Spalding et al. (2007), four regions)

Among groups (Fcr) 3
Among populations within groups (Fsc) 27
Within populations (Fst) 169
Total 199

FCT: 089, Fsc: 0.71, FST: 0.97

Test 3 (structure: genetic clusters by Geneland, five clusters)

Among groups (Fct) 4
Among populations within groups (Fsc) 26
Within populations (Fst) 169
Total 199

FCT: 094, Fsc: 0.49, FST: 0.97

Sum of squares % of variation Significance (P)

201.83 84.48 <0.001
70.68 13.44 <0.001
10.33 2.08 <0.001

282.85

246.84 89.66 <0.001
25.67 7.37 <0.001
10.33 2.96 <0.001

282.85

261.90 94.20 <0.001
10.61 2.85 <0.001
10.33 2.95 <0.001

282.85

Note: The marine provinces proposed by Spalding et al. (2007) are shown in Figure 1.

corresponding to K. marmoratus, and individuals from the Central
clade in San Salvador Island and Bahamas has been recently reported,
despite the fact that these two clades are genetically more divergent
from each other (3% K2P distance at cox1) than the Central and
Southern clades (1%) (Tatarenkov et al., 2018, 2020). If genetic simi-
larity is a proxy for reproductive isolation (Sanchez-Guillén
et al., 2014), it is possible that hybridization and introgression may
also happen between individuals from the Central and Southern cla-
des. Based on the data of this study, the authors suggest a possible
contact zone between the Central and Southern clades is on the coast
of the Para state, between Vigia and Ajuruteua. Nonetheless, given
the inherent limitations of mtDNA data (e.g., matrilineal inheritance),
the authors cannot discard the possibility that these clades are already
introgressing in north Brazil. Further research is needed to shed light
on the distinctiveness, the potential contact zone, as well as degree of
gene flow between these clades in the northern portion of South

America.

4.2 | Phylogeographic patterns and
biogeographical barriers

Determining the potential climatic/biogeographical drivers influencing
the patterns of genetic structure in mangrove Kkillifishes is particularly
challenging given that mangrove killifishes rarely share microhabitats
with other fish species (Taylor, 2012), limiting the possibility of tracing
phylogeographical parallels between mangrove killifish species and

other fish species. Nonetheless, phylogeographic studies with other
mangrove organisms (e.g., plants and crabs) from the same region have
generally revealed similar patterns of genetic structuring compared to
the ones found for the mangrove Kkillifishes. Overall, the populations
of the “K. marmoratus species complex” from the Central clade
harbour the highest genetic diversity followed by populations in
northeast and southeast Brazil, where a single mtDNA cox1 haplotype
was found across an extension of 1236 km. The indication of popula-
tion expansion in the Southern clade, although it can also be inter-
preted as evidence of selection in the mtDNA (Rand, 2001), agrees
with the absence of genetic differences previously found in southeast
Brazil, even using highly variable microsatellite loci (Tatarenkov
et al., 2011, 2017). These results reinforce the idea that K. hermaphro-
ditus spreads southwards along South American coast and has
recently colonized the mangroves in southeast Brazil (Berbel-Filho
et al., 2020). Similarly, Pil et al. (2011) observed that populations of
the mangrove tree Rhizophora mangle L. from north Brazil harboured
higher levels of genetic diversity than the populations in higher lati-
tudes, suggesting that during the last glacial event, mangrove forests
had retracted and were restricted to the equatorial regions (see
Hewitt, 2000, 2004) which worked as refuge areas for the western
Atlantic mangroves. After the last glaciation, temperature and humid-
ity (two of crucial predictor of mangrove trees distribution) began to
rise along with sea levels (Mori et al., 2015; Takayama et al., 2013),
providing a gradual expansion of the distribution of R. mangle along
coastal regions in southern Brazil. Palynological data support south-

ward expansion of R. mangle along the Brazilian coast, with records of
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mangrove populations from north Brazil dating c. 5-7x older than the
records in southeast (Pil et al., 2011). On the contrary, other mangrove-
dwelling organisms, such as Decapoda crustaceans [e.g., Cardisoma gua-
nhumi Latreille, 1828, Ucides cordatus (Linnaeus, 1763), Uca maracoani
(Latreille, 1802)], form panmitic populations along the Brazilian coast
(Buranelli et al., 2019; Moksnes et al., 2014; Oliveira-Neto et al., 2008;
Wieman et al, 2013). These differences among genetic patterns of
genetic structure among mangrove organisms might be attributed to
different dispersive and colonization strategies (Buranelli et al., 2019;
Sereneski-Lima et al., 2020). Given the similar mode of long-term dis-
persal (via viviparous propagules in the trees and fertilized eggs for the
fish) and the strict ecological association between mangrove plants and
its associated organisms (Davis et al., 1995; Richards et al., 2011), the
patterns of genetic structuring observed here in “K. marmoratus species
complex” may more specifically resemble those of mangrove tree them-
selves, R. mangle, Avicennia spp. and Laguncularia recemosa (L.) than
other mangrove-dwelling organisms.

The five genetic clusters revealed by Geneland explained the
highest partition of the genetic variation. The geographical limits of
these genetic clusters generally match those of the marine provinces
(Spalding et al., 2007), another partition shown to significantly influ-
ence the genetic structure of the mangrove killifishes along the west-
ern Atlantic mangroves. These results reinforce the potential role of
humidity and temperature biotic and abiotic variables in structuring
genetic variation among mangrove populations (Hodel et al., 2018;
Sereneski-Lima et al., 2020). Nonetheless, the actual ecological effects
of those ecoregions for the dispersal of mangroves killifishes remain
largely unknown. Further research is needed to investigate which and
how different environmental factors influence the dispersal capacity

of mangrove Kkillifishes, especially via fertilized eggs.

5 | CONCLUSION

The size of mangrove ecosystems is shrinking at an alarming rate
(Romanach et al., 2018), and information about their associated organ-
isms is relatively scarce. This study has helped to clarify the distribution
of mangrove killifishes in Central and South American mangroves and
revealed contrasting patterns of genetic structure and diversity across
their distribution. K. hermaphroditus, although cryptic and microhabitat-
specific, seems to be ubiquitously distributed along Caribbean, Central
and South American mangroves. The new information provided here
should be used to re-evaluate the conservation status of
K. hermaphroditus, currently classified as near-threatened (Brasil, 2014),
particularly considering the geographically structured levels of genetic
diversity of the species and the marked differences in threats imposed
by different human activities (e.g., aquaculture and urbanization) in dif-

ferent areas across western Atlantic mangrove forests.
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