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Abstract

Bathydraconidae (Notothenioidei) are a group of benthic fishes endemic to the Southern Ocean. Because of their recent
evolutionary radiation and limited sampling efforts due to their occurrence in remote regions, their diversity is likely
underestimated. Akarotaxis nudiceps, currently the only recognized member of its genus, is an especially poorly known
bathydraconid. Although 4. nudiceps has a circumpolar distribution on the Antarctic continental shelf, its deep habitat
and rarity limit knowledge of its life history and biology. Using a combination of morphological and genetic analyses,
we identified an undescribed species of this genus, herein named Akarotaxis gouldae sp. nov. (Banded Dragonfish). The
separation of this species was initially identified from archived larval specimens, highlighting the importance of early life
stage taxonomy and natural history collections. All currently known adult and larval 4. gouldae sp. nov. specimens have
been collected from a restricted ~400 km coastal section of the western Antarctic Peninsula, although this is possibly due
to sampling bias. This region is targeted by the epipelagic Antarctic krill fishery, which could potentially capture larval
fishes as bycatch. Due to the extremely low fecundity of 4. gouldae sp. nov. and near-surface occurrence of larvae, we
suggest the growing Antarctic krill fishery could negatively impact this speces.

Key words: Bathydraconinae, cryonotothenioid, Notothenioid, Bellingshausen Sea, Southern Ocean, krill fishing,
Antarctica

Introduction

Notothenioidei are a suborder of Perciformes comprising eight families and about 140 species found throughout the
Southern Ocean and nearby waters (Eastman & Eakin 2021). They form a unique radiation of fishes, representing
one of the few recognized examples of a marine species flock (Lecointre et al. 2013), resulting from their recent
endemic speciation and the oceanographic barriers of the Southern Ocean (Eastman & McCune 2000). Some
notothenioid species, such as Notothenia coriiceps Richardson 1844, Harpagifer antarcticus Nybelin 1947, and
Chaenocephalus aceratus (Lonnberg 1906), have been relatively well documented for their life history (Novillo et
al. 2019; Postlethwait et al. 2016), sensitivity to stressors (O’Brien et al. 2018; Saravia et al. 2021), and genetics
(Beck et al. 2022; Bilyk et al. 2019), in part because of their abundance and past exploitation, their occupation
of relatively shallow coastal habitats, and research interest in their unique physiological adaptations. However,
the diversity and biology of rare and deep-dwelling notothenioid taxa remain poorly understood. The presence of
cryptic diversity among notothenioids has recently been reported (Ceballos ez al. 2019; Dornburg et al. 2016). Sub-
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Antarctic islands, such as South Georgia, likely contain higher proportions of cryptic species compared to Antarctica
because they may have served as habitat refugia during glacial maxima and subsequently as source populations
during periods of glacial retreat (Dornburg et al. 2016, 2017). However, it is also possible that the deepest regions
of the continental shelf functioned as refugia, which could harbor unknown diversity in these hard-to-sample areas
(Dornburg et al. 2016; Riddle et al. 2007).

Bathydraconidae, or Antarctic dragonfishes, are a notothenioid family first defined by Regan (1913) and now
comprising 16 valid species (Eastman & Eakin 2021). Many of these species occur at depths greater than 500m,
are small, and are rarely collected (Eastman 2017; Gon & Heemstra 1990), thus little is known about their biology,
morphology, or population structure. Recent studies have focused on testing the monophyly of Bathydraconidae
with respect to the Channichthyidae (Derome et al. 2002; Near et al. 2018), describing their biology (Barrera-Oro &
Lagger 2010; Kuhn ef al. 2011; La Mesa et al. 2018; Novillo et al. 2018), and on early life stages and biogeography
(La Mesa et al. 2017; Desvignes et al. 2020; Corso et al. 2023).

The bathydraconid genus Akarotaxis (DeWitt & Hureau 1980) currently contains a single recognized species, A.
nudiceps (Waite 1916), which is known from the Bellingshausen, Weddell, Lazarev, Cooperation, Davis, D’Urville,
Ross, and Amundsen seas (Cao et al. 2022; Duhamel et al. 2014; Ekau 1990; Gon & Heemstra 1990; La Mesa et
al. 2019), suggesting a circumpolar distribution on the Antarctic continental shelf (Fig. 1). Although most adult
specimens of this species are from collections made over bottom depths ranging from 370 to 600 m, specimens of
A. nudiceps have been collected as deep as 1191 m (Eastman 2017). Due to the extremely low absolute fecundity
of A. nudiceps (<300 oocytes), La Mesa et al. (2007a) suggested that nest guarding is likely. The early life history
stages of A. nudiceps are also poorly known, likely due in part to their low fecundity, although Corso et al. (2023)
recently described the pelagic larval stages of A. nudiceps based on specimens derived from a long-term monitoring
program along the western Antarctic Peninsula (WAP) coast (Fig. 1).

- <] Agouldae n, sp.

===-Subarea 48,1

1000 km

7 @ |

#1,2,5-7,131 5,1.8-20.23»30 I:> J
oy W r ] [
)' )

western Antarctic Peninsula

FIGURE 1. Maps of a) all collection sites of specimens of Akarotaxis spp. referred to in this study, with 4. gouldae sp. nov.
marked by yellow arrows, the type specimens of A. nudiceps (#8, #9) by purple arrows, and all other A. nudiceps marked by
green arrows. b) a magnified visualization of all known Akarotaxis gouldae sp. nov. collection sites near the western Antarctic
Peninsula (WAP), with bathymetric information in meters. In both maps, numbers associated with each location correspond to
the Label # in Tables 1 and 3. The CCAMLR subarea 48.1 is shown by a dashed line.
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As part of the larval description of Akarotaxis nudiceps, Corso et al. (2023) sequenced two mitochondrial
markers (mt-nd2 and mt-col) from two larval specimens identified as A. nudiceps collected in the Bellingshausen
Sea (Fig. 1). Several nucleotide differences were noted between sequences from these specimens and sequences
from specimens collected in other areas of the Southern Ocean, suggesting that the larvae represented either a distinct
population or a separate species. In this study, we further explored these differences by combining morphological
and genetic analyses of additional specimens, ultimately demonstrating the presence of a previously undescribed
species of dragonfish in the genus Akarotaxis.

Materials and Methods
Morphological analysis

Specimens for morphological analysis are from the collections of the Nunnally Ichthyology Collection at the
Virginia Institute of Marine Science, William & Mary, Gloucester Point, Virginia, USA (VIMS), the Collection
d’Ichthyologie at the Muséum national d’Histoire naturelle, Paris, France (MNHN), Oregon State University
Ichthyology Collection, Corvallis, Oregon, USA (OS), and the Peabody Museum of Natural History at Yale
University, New Haven, Connecticut, USA (YPM ICH). Digital images and x-rays of two paratype specimens,
AMS 1A.484 and AMS 1A 485, of A. nudiceps were obtained from Australian Museum, Sydney, N. S. W., Australia
(AMS). Collection abbreviations follow Sabaj (2020). Information about the specimens used in the morphological
analyses is provided in Table 1.

TABLE 1. Collection information of Akarotaxis spp. specimens examined morphologically in this study (4. gouldae sp. nov.
and A. nudiceps). We were unable to measure the holotype for A. nudiceps (#8) and the genus Akarotaxis (#9) directly, but used
measurements published in Dewitt & Hureau (1980).

Label Species Voucher ID SL Collection Capture Depth Latitude Longitude
# (mm) date Location (m)
1 A. gouldae sp. YPM ICH 24241 140.8  22-Apr-2010 Hugo-Anvers 675 -64.739  -65.433
nov. (holotype) Trough, WAP
2 A. gouldae sp. YPM ICH 36536 135.8  22-Apr-2010 Hugo-Anvers 675 -64.739  -65.433
nov. Trough, WAP
3 A. gouldae sp. YPM ICH 20043 129.3  15-May-2008  Banana Trench, 692 -66.266  -66.546
nov. WAP
4 A. gouldae sp. YPM ICH 20045 127.3  15-May-2008  Banana Trench, 692 -66.266  -66.546
nov. WAP
5 A. gouldae sp. VIMS 45856 136 9-May-2018 Hugo-Anvers 698-700 -64.753  -65.505
nov. Trough, WAP
6 A. gouldae sp. 0OS 26108 133 20-Aug-2017  Hugo-Anvers 690-705 -64.746  -65.481
nov. Trough, WAP
7 A. gouldae sp. 0OS 26109 133 20-Aug-2017  Hugo-Anvers 690-705 -64.746  -65.481
nov. Trough, WAP
8 A. nudiceps SAM F-369 119 28-Jan-1914 Shackleton Ice 439 -65.330  95.450
(holotype) Shelf
9 A. nudiceps UMOD 148-1 129 26-Feb-1972 Adelaide Island,  630-650 -67.260  -70.200
(paratype) WAP
10 A. nudiceps MNHN-2009- 1052 31-Dec-2007  D’Urville Sea 839-860 -66.737 144.640
1057
11 A. nudiceps MNHN-2009- 117.3  4-Jan-2008 D’Urville Sea 689-710 -66.316  143.301
1074
12 A. nudiceps MNHN-2009- 97.2 4-Jan-2008 D’Urville Sea 689-710 -66.316  143.301
1075
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We used Mitutoyo 500-752-20 digital calipers for all measurements, which were recorded to the nearest 0.01
mm. We followed the methods of DeWitt & Hureau (1980), in which measurements are defined as follows and
illustrated in Figure 2: standard length (SL; from the tip of the upper jaw to the posterior end of the hypural bone),
head length (HL; from the tip of the upper jaw to the posterior tip of the operculum), head width (HW; widest
point of the head), head depth (HD; distance from dorsal to ventral sides of head at mid-orbit), orbital diameter (O;
greatest horizontal distance between the eye socket rims), snout length (SnL; from the tip of the upper jaw to the
most anterior margin of the orbit), interorbital width (IO; the shortest distance between the dorsal margins of the
orbital rim at mid-orbit), upper jaw length (UJL; from tip of upper jaw to posterior end of maxilla), caudal peduncle
length (CPL; posterior insertion of dorsal fin to the posterior end of the hypural bones), caudal peduncle depth
(CPD; from the dorsal to ventral sides of caudal peduncle at the widest point), body depth [BD(AO); from the dorsal
to ventral sides of the body at the anterior origin of the anal fin], predorsal-fin distance (Sn-D; from the tip of the
upper jaw to the anterior origin of the dorsal fin), preanal-fin distance (Sn-AO; from the tip of the upper jaw to the
anterior origin of the anal fin), distance between anal-fin origin and caudal-fin base (AO-C; anterior origin of anal
fin to the posterior end of the hypural bones), distance between pelvic-fin base and anal-fin origin (AO-V; anterior
origin of anal fin to the anterior base of the pelvic fin), pectoral-fin length (PL; base to tip of fin rays with preference
for the left side if available), pelvic-fin length (VL; base to tip of fin rays; on the left side if available), caudal-fin
length (CL; distance from posterior end of the hypural bones to the tip of the fin rays). Mean (+ standard deviation)
for each measurement are reported in Table 2.
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FIGURE 2. Measurements used in this study depicted on an illustration of A. gouldae sp. nov., including standard length
(SL), head length (HL), head width (HW), head depth (HD), orbital diameter (O), snout length (SnL), interorbital space (10),
jaw length (UJL), caudal-peduncle length (CPL), caudal peduncle depth (CPD), body depth [BD(AO)], predorsal-fin distance
(Sn-D), preanal-fin distance (Sn-AO), distance between anal-fin origin and caudal-fin base (AO-C), distance between pelvic-fin
base and anal-fin origin (AO-V), pectoral-fin length (PL), pelvic-fin length (VL), caudal-fin length (CL). Large bony vacuities
enclosed by a thin membrane (i.e., pores) found on the heads of 4karotaxis spp. are colored according to their names
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TABLE 2. Mean (+ Standard Deviation) and ranges of meristic information of all Akarotaxis spp. specimens listed in
Table 1. Means are reported as a percentage of standard length (SL). Meristic data highlighted in the manuscript are
italicized. Meristics for 4. nudiceps type specimens are from Dewitt & Hureau (1980). Vertebral counts (abdominal and
caudal) for type specimens of A. nudiceps were not available and are based on the paratypes AMS 1A.484 and AMS

1A.485 (see Remarks).

Specimen Group

A. gouldae sp. nov.
(n=7)

A. nudiceps type specimens (n=2)

A. nudiceps (n=3)

Standard length (SL)

Head length (HL)

Head width (HW)

Head depth (HD)

Orbital diameter (O)

Snout length (SnL)

Interorbital space (10)

Jaw length (UJL)

Caudal-peduncle length (CPL)

Caudal peduncle depth (CPD) max
Body depth [BD(A0)]

Predorsal-fin distance (Sn-D)
Preanal-fin distance (Sn-AO)

Dist. between A origin and C base (AO-C)
Dist. between V base and A origin (AO-V)
Pectoral length (PL)

Pelvic length (VL)

Caudal length (CL)

Orbital diameter / snout length (O/SnlL)
Snout length / head length (SnL/HL)
Jaw length / head length (UJL/HL)

Mean (+/- SD)
131.7+£5.4
333+1.0
142+04
105+ 1.4
9.0+0.4
103+0.4
2.7+0.3
10.7+0.5
7.7+0.3
4.1+£0.8
12.7+2.7
42.1+1.3
532+23
472+1.2
250+1.4
21.7+1.6
19.1+0.8
15.0+0.6
87.7+4.4
309+1.2
32.0+1.5
Range

Mean (+/- SD)
124 £7.1
33.9+2.7
159+3.2
12.5+2.1
94+13
10.6 £0.9
2.6+04
11.8+1.8
7.0+0.8
34+0.1
10.5+0.4
442 +3.1
53.4+3.4
439+1.6
24.7+0.3
23.8£1.6
21.0+0.5
179+ 0.4
88.9+4.3
31.1+0.2
347+2.7
Range

Mean (+/- SD)
106.6 £ 10.1
33.8+0.9
143+0.6
9.5+0.8
84+0.5
11.0+0.1
3.1+<0.0
11.3£0.2
6.7+1.0
5.0+0.7
8.8+0.3
449+0.3
53.3+04
46.7+0.8
231+ 1.1
22.8+1.0
19.9+2.0
153+1.2
76.5+5.2
32.6+1.2
33.5+0.5
Range

Anterior gill rakers (Ant GR)
Posterior gill rakers (Post GR)
Dorsal fin rays (D)

Anal fin rays (A)

Caudal fin rays (C)

Pectoral fin rays (P)

Middle lateral line scales (MLL)
Upper lateral line scales (ULLt)
Branchiostegal rays (Br)
Preoperculo-mandibular canal pores (PMP)
Infraorbital canal pores (IOP)
Supraorbital pores (SOP)
Temproal pores (TP)
Supratemporal canal pores (STP)
Abdominal vertebral

Caudal vertebral

(7-9) + 0 + (18-20)
(3-4)+ 0 + (14-18)
28-31

25-28

12-13

20-22

84-91

3-5t

6

(8-9)/ (7-9)

717

4+1+4

4/4

5-6

16-17

31-33

9+ 0+ (19-20)
4+ (0-1) + (17-18)
33-31

27-28

12-13

22-23

86-88

4-5t

6

8/8

7117
(3-4)+0+(3-4)
(3-5)/ (3-4)

3

16-17*

31-32%

(7-8) + 0+ (17-21)
(3-4) + 0 + (14-15)
27-28

24-25

12

21

71-74

4-6t

6

(7-9)/ (7-8)

717

4+1+4

4/4

5-6

16-17

31
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In addition to measurements, we also collected meristic data following DeWitt & Hureau (1980), including:
anterior gill rakers (Ant GR; leading edge of first arch), posterior gill rakers (Post GR; trailing edge of first
arch), dorsal-fin rays (D), anal-fin rays (A), caudal-fin rays (C), pectoral-fin rays (P), tubular scales along the
upper lateral line (ULLt), scales along the middle lateral line (MLL), branchiostegal rays (Br). We also counted
preoperculomandibular canal pores (PMP), infraorbital canal pores (IOP), supraorbital pores (SOP), temporal pores
(TP), and supratemporal canal pores (STP) which are illustrated in Figure 2. Pores are reported as bilateral counts,
except for STP, which are reported as total counts. Ranges for counts are reported in Table 2.

Mapping of catch sites

Maps were created in ArcGIS Pro (Version 3.1.1, Environmental Systems Research Institute) with bathymetry data from
the International Bathymetric Chart of the Southern Ocean Version 2 (Dorschel et al. 2022). The Commission for the
Conservation of Antarctic Marine Living Resources (CCAMLR) provided data to map Subarea 48.1 (Fig. 1).

Fecundity data

One gravid female (Label #14, SL = 153 mm, Total weight = 29.93 g) was dissected to estimate fecundity and
reproductive investment. This specimen was captured on 08-20-2017 in Hugo-Anvers Trough and was originally
identified as A. nudiceps. Fresh ovaries weighing 5.1 g were fixed intact in Bouin’s fixative. After fixation, the
ovaries weighed 3.536 g. A portion of one ovary (0.384 g) was separated, rinsed in 70% ethanol, and oocytes of all
stages were dissociated and imaged on a Leica M165 FC stereomicroscope equipped with a Leica DFC425 C digital
camera. Absolute fecundity was estimated by scaling the number of developing (i.e., late vitellogenic) oocytes
counted in the studied fragment to the entire gonad weight. Egg diameter was measured using ImagelJ and egg size
distribution was studied using R.

Mitochondrial DNA amplification and sequencing

We sequenced three mitochondrial gene regions—the full length of NADH dehydrogenase 2 (mt-nd2), and a portion
of each cytochrome ¢ oxidase I (mt-col) and cytochrome b (mt-cyb) from a total of 23 specimens of Akarotaxis
captured from WAP coastal sites. Specimen and catch locations are detailed in Table 3. DNA from six specimens
from the YPM and VIMS collections were isolated and purified with magnetic beads following Corso et al. (2023).
DNA from 17 individuals from the University of Illinois and University of Oregon (vouchers not retained for the
majority of them, see Table 3) captured from Lapeyrere Bay and Anvers-Hugo Trough were isolated using Qiagen
DNeasy Blood and Tissue Kit (Hilden, Germany). PCR amplification of the three mitochondrial gene sequences
utilized published primer sets (primer sequences and references in Appendix 1; Desvignes et al. 2019; Ivanova et al.
2007; Kocher et al. 1995; Matschiner et al. 2011) and Qiagen’s Taq Core PCR kit. PCR amplicons were purified,
Sanger sequenced using BigDye Terminator v.3.1 Cycle Sequencing chemistry (Applied Biosciences, USA), and
electrophoresed on an ABI 3500 or 3730x] capillary sequencer. The sequence reads were edited and assembled
using Sequencher 5.3.6 (Gene Codes Corp., USA) or ChromasPro (Technelysium, Australia).

Phylogenetic analysis

In addition to the newly generated sequences from the WAP, additional Akarotaxis mitochondrial sequences were
sourced from GenBank (Table 3). To place the Akarotaxis specimens in a phylogenetic context spanning all Antarctic
dragonfish species, a sequence of each species was also included when available (Appendix 2). A sequence from
N. coriiceps served as an outgroup to root the trees. Combined sequences were aligned using MAFFT version 7
webserver (Katoh et al. 2019) and trimmed. Sequence alignments were analyzed in a Maximum-Likelihood (ML)
framework using ModelTest-NG (Darriba et al. 2020) implemented in raxmlGUI 2.0 (Edler ez a/. 2021) to determine
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the best fitting substitution model based on the corrected Akaike information criterion (AICc) (TIM3+1+G4 for all
three mitochondrial markers). ML trees were constructed using the RAXML-NG web-server (Kozlov et al. 2019)
using 50 parsimony and 50 random starting trees and a bootstrapping cutoff of 0.03.

Genetic diversity and structure

The level of genetic polymorphism was determined for each species and each locus using standard diversity indices
including number of segregation sites (S), number of haplotypes (h), haplotype diversity (H,), and nucleotide
diversity () using the methods implemented in ARLEQUIN v.3.5.2.2 (Excoffier & Lischer 2010). Tajima’s D test
of selective neutrality was performed to assess deviation from the neutral model of sequence evolution. The m#-co!
locus was used to estimate the level of genetic differentiation between the two Akarotaxis species through mean
pairwise differences (@, using the Kimura-2P model) and haplotype frequencies (F;) in ARLEQUIN v3.5.2.2
(Excoffier & Lischer 2010), using 10,000 permutations to assess significance. Genealogical relationships were
estimated for each mitochondrial marker by constructing a median-joining haplotype network (Bandelt ez al. 1999)
of all available sequences of Akarotaxis using PopArt (Leigh & Bryant 2015).

Time calibrated phylogeny

Phylogenetic reconstruction and divergence time analyses were performed with BEASTv.2.7.1 (Bouckaertezal. 2019)
using a partitioned dataset of concatenated mt-col, mt-nd2, and mt-cyb sequences and applying a relaxed lognormal
molecular clock. The dataset included all 17 bathydraconid species known to date (16 previously described species and
the one described herein). Most species were represented by the three mitochondrial loci; Psilodraco breviceps Norman
1937 and Bathydraco joannae DeWitt 1985 were represented by a single marker and Parachaenichthys georgianus
(Fischer1885), Vomeridensinfuscipinnis(DeWitt&Hureau 1980),B. scotiaeDollo 1906,and B. antarcticus Giinther 1878
were represented by two markers. Accession numbers of the sequences used in this analysis are provided in Appendix 2.

An Optimized Relaxed Clock model was used along with a HKY+G nucleotide substitution model and a
Birth-Death model of speciation. Sequences from N. coriiceps were included as outgroup. Time calibration of the
phylogeny used two Log Normal monophyletic priors based on estimates from the most recent genome-wide time-
calibrated phylogeny of notothenioids (Bista et al. 2023): divergence of N. coriiceps and bathydraconids around
7.24 MYA (2.5-97.5 inter-percentile range: 5.38-9.76 MYA) and the origin of bathydraconid group around 4.75
MYA (3.34-6.76 MYA). BEAST2 was run for 100 million MCMC iterations sampled every 10,000 generations.
Convergence was assessed using Tracer v.1.7 (Rambaut ez al. 2018) and to confirm all ESS were >2,500. A maximum
clade credibility tree with common ancestor node heights was generated using TreeAnnotator 2.7.1 and visualized
with FigTree 1.4.4 (Bouckaert et al. 2019).

To place the time-calibrated phylogeny in a paleoclimatic context, benthic 6'*0 (%o) data were converted to sea-
surface temperature anomalies in degrees Celsius (°C) with respect to average global temperature from 1961-1990
(Westerhold et al. 2020) with overlaid Loess smoothed curves of sea surface temperature evolution with a window
span corresponding to 40,000 years (blue curve) and 1 million years (red curve).

Taxonomy

Akarotaxis DeWitt & Hurcau 1980: 784

Type species. Bathydraco nudiceps Waite 1916. Davis Sea, Antarctica. By original description.

Diagnosis. A genus of Bathydraconinae (Regan 1913) with the following combination of characters: body
covered with ctenoid scales; presence of two lateral lines; a small hook on the posterodorsal end of the opercle; six
branchiostegal rays; small, conical teeth present; gill rakers are well-developed (Gon & Heemstra 1990).

Remarks. The genus Akarotaxis was erected as monotypic by DeWitt & Hureau (1980; see Sheiko 2019 for the
correct date of this publication, which is frequently cited as 1979) for a species of Bathydraco Giinther 1878 described
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by Edgar R. Waite (Waite 1916) based on three specimens collected in January 1914 from a coastal area of the Davis
Sea off east Antarctica (Fig. 1; Table 1). Waite and others collected these specimens while conducting benthic trawls
to sample fishes of the “glacial ooze”, or fine sediment deposited at the marine terminus of nearby glaciers (Waite
1916). The type specimen of 4. nudiceps was collected at a depth of 439 m. After collecting Bathydraco nudiceps
during an expedition to the Bellingshausen Sea off the western Antarctic Peninsula (WAP; Fig. 1; Table 1), DeWitt
& Hureau (1980) noticed several major differences between B. nudiceps and the other members of Bathydraco and
named the genus Akarotaxis for this species. Most notably, Bathydraco spp. possess a single lateral line, whereas
A. nudiceps has two. In the same report, DeWitt & Hureau (1980) also described the monotypic genus Vomeridens
(Bathydraconidae), which also possesses two lateral lines. However, the upper lateral line in A. nudiceps has 10 or
fewer tubular scales, while Vomeridens possess 4750 tubular scales.

Etymology. A combination of axapng (= Akaros; Greek, meaning short, or small) and toyig (=taxis; Greek,
meaning row or line) referring to the short upper lateral line (DeWitt & Hureau 1980).

Akarotaxis gouldae sp. nov.
Banded Dragonfish
Figures 3—5

Akarotaxis nudiceps (Waite 1916): genetics (Near et al. 2012); (Bista et al. 2023)
Akarotaxis nudiceps (Waite 1916): early life history (Corso et al. 2023)

Holotype. YPM ICH 24241 (=YFTC 20826; OVERT 05053; Label #1), 140.8 mm SL, sex not determined, collected
by Kuhn, K.L. and Detrich, H.W. aboard the ARSV Laurence M. Gould on 22 April 2010 at -64.739 S, -65.433 W.
Paratypes. YPM ICH 36536 (YFTC 20827; Label #2, 135.8 mm SL, sex unknown, collected by Kuhn, K.L.
and Detrich, H.W. aboard the ARSV Laurence M. Gould on 22 April 2010, -64.739 S, -65.433 W); YPM ICH 20043
(YFTC 12874, Label #3, 129.3 mm SL, sex unknown, collected by Detrich, H.W. aboard the ARSV Laurence M.
Gould on 15 May 2008, -66.266 S, -66.546 W); YPM ICH 20045 (YFTC 12876, Label #4, 127.3 mm SL, sex
unknown, collected by Detrich, H.W. aboard the ARSV Laurence M. Gould on 15 May 2008, -66.266 S, -66.546
W); VIMS 45856 (Label #5, 136 mm SL, female, collected by Desvignes, T. aboard the ARSV Laurence M. Gould
on 7 May 2018, -64.753 S, -65.505 W), OS 26108 (Label #6, 133 mm SL, male, collected by Desvignes, T. aboard
the ARSV Laurence M. Gould on 20 August 2017, -64.753 S, -65.505 W); OS 26109 (Label #7, 133 mm SL, male,
collected by Desvignes, T. aboard the ARSV Laurence M. Gould on 20 August 2017, -64.746 S, -65.481 W).

Diagnosis. A species of Akarotaxis distinguished from A. nudiceps by the presence of two dark vertical bands
of pigment on the body (Figs. 3, 4); larger body depth at the origin of the anal fins (Table 2; Fig. 4); and a shorter
snout and jaw length (Figs. 4, 5; Table 2).

Description. Body slender, head depressed with wide snout and elongate mouth. Dentary extends slightly past
the premaxilla, with dense array of small, conical teeth on jaws (Fig. 5). Enlarged, ovoid eyes. Dorsal and anal fins
high anteriorly and decrease in height posteriorly, both terminating at the beginning of the caudal region; commonly
depressed in live and preserved animals (Fig. 3). Pectoral fins long, extending to anus. Caudal fin truncate. Body
covered in mostly ctenoid scales; cycloid scales on the breast anterior to pelvic fins, on nape between head and
dorsal fin, and on body at base of pectoral fin; no scales on head. Two lateral lines present; these are difficult to
distinguish because the neuromasts are not enclosed in a canal in the scales. Both lateral lines originate near the
dorsal insertion of the pectoral fin: one (the upper lateral line) ending at about the level of the seventh to tenth
dorsal-fin ray (the number of non-tubular scales in this row were not counted) and the other (the middle lateral
line) extending the length of the lateral flank of the body to the caudal peduncle; anteriorly the middle lateral line
is partially obscured by the pectoral fin; (Fig. 3); there are 84-91 ctenoid scales on the middle lateral line (Table 2).
There are 3 to 5 tubular scales at the beginning of the upper lateral line that are restricted to a position just dorsal to
the shoulder girdle (ending at about the level of dorsal insertion of the pectoral fin).

Head covered in enlarged cephalic canals (see Fig. 2) with large openings in the bones covered by a thin
membrane. These openings in the canals are mostly, though variably, open to the environment (i.e., represent
true pores). No coronal pore present (i.e., the membrane covering the interorbital bony pore is not open to the
environment). Six branchiostegal rays. Posterior end of opercle terminates in a hook shape. Morphometric data
from seven A. gouldae sp. nov. type specimens summarized in Table 2. Dorsal-fin rays (D) 28-31; anal-fin rays (A)
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25-28; pectoral-fin rays (P) 20-22; caudal-fin rays (C) 12—13; anterior gill rakers (GRA) (7-9) + (18-20); posterior
gill rakers (GRP) (3—4) + (14-18); abdominal vertebrae 16-17; caudal vertebrae 31; total vertebrae 47-48.

Color in life. Body pale brown with two dark vertical bands that extend down the sides of the body. Band
width and location varies among specimens, but one band is typically centered above the hindgut while the other
is positioned above the posterior portion of the anal fin (Figs. 3, 4). Some specimens show one or two additional
darker spots near the dorsal fin, but these do not extend downwards. The fleshy nostril is darkly pigmented. Caudal,
pectoral fins, and opercula are generally darker than the body. Pelvic and anal fins are occasionally darker as well.
Ventral surface of the abdominal region is generally lighter and more silvery than the rest of the body.

a)

FIGURE 3. 4. gouldae sp. nov. a) live specimen, collected and photographed by C.-H.C. Cheng and Elliot DeVries, off the
western Antarctic Peninsula (WAP) on 08-09-2014; not preserved, b) holotype (YPM ICH 24241), c¢) CT scan of YPM ICH
24241 (OVERT 05053), and d) illustration by Marissa Goerke.

Color in alcohol. Body dark tan. Two vertical bands can be less apparent but still distinct. Caudal, pectoral,
anal, and pelvic fins range from tan to black (Figs. 3, 4).

Remarks. Measurements for the two specimens of A. nudiceps presented by DeWitt & Hureau (1980) do not
closely align with our data for 4. nudiceps collected in the D’Urville Sea (Table 2). For example, the caudal length
(CL), pelvic length (VL), orbital diameter (O), and head depth (HD) presented by Dewitt & Hureau (1980) are
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all substantially greater than our measurements for both species (Table 2). Despite multiple attempts, we did not
receive access to images or data taken directly from these specimens. However, we were able to obtain photographs
of two paratypes of 4. nudiceps, AMS 1A.484 (Figs. 4h and 5h) and AMS [A.485, which lack bands and resemble
the morphology described for A. nudiceps. These paratypes were collected January 29", 1914 in same region as
Waite’s (1916) holotype. Photographs that have been presented online of freshly caught 4. nudiceps collected in the
D’urville Sea also lack bands (https://v3.boldsystems.org/index.php/Taxbrowser Taxonpage?taxid=159627).

DeWitt & Tyler (1960) described Akarotaxis wohlschlagi, a junior synonym of A. nudiceps, based on two
specimens collected in the southwestern portion of the Ross Sea. This description is the most comprehensive for the
morphology of A. nudiceps, and it is notable that there is no suggestion of the dark bands on the body of these two
specimens. We did not examine the type specimens of A. wohlshlagi, so we cannot comment on its synonymy with
A. goudae. Reexamination of all Akarotaxis specimens, including the type specimens, should be made in the future
to better distinguish between these species.

The smallest adult specimen of 4. gouldae sp. nov. we examined was 127.3 mm SL (YPM ICH 20045; Fig. 4),
although the sex was not determined. It is unknown when the characteristic dark vertical bands develop in 4. gouldae sp.
nov., although they do not appear on larvae up to 20.7 mm SL (Corso et al. 2023). The presence of these bands was not
reported by Waite (1916) or Dewitt & Hureau (1980) and are absent on two genetically-verified specimens of A. nudiceps
(Fig. 6).

Etymology. gouldae, in honor of the U.S. Antarctic Research and Supply Vessel (4RSV) Laurence M. Gould (LMG),
for several decades this vessel has supported Antarctic Science and exploration, including the collection of the holotype and
all known paratypes. The name is thus not connected to the Antarctic explorer Laurence M. Gould after which the ARSV
LMG was named. Noun; feminine, following maritime tradition of referring to ships as female.

a) A. gouldae n. sp. e) A. nudiceps

b) A. gouldae n. sp.

c) A. gouldae n. sp. a) A. nudiceps

d) A. gowldae n. sp

FIGURE 4. Images of preserved 4. gouldae sp. nov. [a) YPM ICH 20043, b) YPM ICH 20045, ¢c) YPM ICH 24241, and d)
YPM ICH 36536] and Akarotaxis nudiceps [€) MNHN 2009-1057, f) MNHN 2009-1074, g) MNHN 2009-1075, and h) AMS
1A.484]. All scale bars are 1 cm.
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a) A. gouldae n. sp. e) A. nudiceps

FIGURE 5. Snout comparison of 4. gouldae sp. nov. [a) YPM ICH 20043, b) YPM ICH 20045, ¢) YPM ICH 24241, and d)
YPM ICH 36536] and Akarotaxis nudiceps [e¢) MNHN 2009-1057, f) MNHN 2009-1074, g) MNHN 2009-1075, and h) AMS
1A.484]. All scale bars are 2 mm, color images were converted to grayscale in order to highlight morphology.
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FIGURE 6. Photographs of two fresh specimens that were genetically verified as 4. nudiceps a) MNHN-2009-1057, Label #10
(Tables 1-3) and b) PS77-248-3, Label #37 (Table 3), taken by Michael Matschiner. Note the absence of dark bands on both

specimens.

Habitat, Genetics, Biogeography, and Speciation
Habitat and biology

Akarotaxis nudiceps and A. gouldae sp. nov. display similar bathymetric distributions. The depth of capture of 4.
gouldae sp. nov. ranged from 600 to 705 m for adults and from 215 to 964 m for larvae (Tables 1, 3) (Corso et
al. 2023). As adults, A. nudiceps has been found at depths ranging from 103 to 1191 m (Eastman 2017; Li et al.
2022). Habitats at these depths in coastal regions of Antarctica are likely composed of similar fine sediments, as
noted by Waite (1916). The difference in jaw length between species (see Table 2; Fig. 5) suggests that trophic
mode may differ (Kopf ef al. 2021). However, given probable habitat similarities Akarotaxis spp. would likely
encounter similar prey types, especially as most smaller, deep-dwelling bathydraconids possess generalist “sit-and-
wait” feeding strategies (La Mesa et al. 2004, 2007b; Miinster ef al. 2017). An analysis of gut contents of Akarotaxis
spp. is necessary to further examine this hypothesis.

30+

Oocyte count

0.
00 05 10 15 20 25 30
Oocyte diameter (mm)

FIGURE 7. Oocyte (egg) diameter of one gravid A. gouldae sp. nov. (Aka 17 6, uncatalogued, SL = 153 mm).
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We estimated that the absolute fecundity of the gravid female we examined was approximately 322 eggs (35
maturing oocytes in the ovarian fragment representing ~11% of the complete ovary weight). The bimodal size-
frequency distribution of oocyte diameters aligns with observations in other bathydraconids, suggesting ovaries
follow group synchronous development with likely a single spawning event (Fig. 7) (La Mesa et al. 2007a, 2018,
2021). The distribution of larger oocytes averaged 2.44 + 0.15 mm (Fig. 7), which indicates the fish was preparing
to spawn based on egg size of A. nudiceps (1.6-2.6 mm) (La Mesa et al. 2007a). The low fecundity of 4. gouldae
sp. nov. and high reproductive investment (Gonadosomatic Index of the maturing female GSI = 17%) may suggest
a nesting behavior, similarly to what was proposed for A. nudiceps and has been observed in other bathydraconids
(Barrera-Oro & Lagger 2010; Evans et al. 2005; La Mesa et al. 2007a, 2021).

Bathydraconidae phylogeny and placement of Akarotaxis spp.

We produced and/or retrieved sequences for 23 specimens of 4. gouldae sp. nov. and 19 specimens of 4. nudiceps
(Table 3), including 22 mt-nd2, 22 mt-col, four mt-cyb of A. gouldae sp. nov. and one m¢-nd2, 16 mt-col, one
mt-cyb, and one complete m¢ genome sequence of Akarotaxis nudiceps (Table 3). In addition, we included single
mt-nd2 and mt-col sequences from 13 other bathydraconid species and single mt-cyb sequences from 11 other
bathydraconid species (see Fig. 8; Appendix 2).

Our phylogenetic analyses recovered A. gouldae sp. nov. and A. nudiceps as sister species with ML bootstrap
support values of 100 for mz-nd2 and mt-cyb for both species, and of 97 and 88 for mt-col for A. gouldae sp. nov.
and 4. nudiceps, respectively (Figs. 8a, 8b, 8c). Corrected average pairwise difference @, and pairwise F  based on
mt-col confirms a significant difference between the two species (D, =0.155, p=<0.001; F, = 0.157, p=<0.001).
Further, the sister species haplogroups were separated by many mutational steps: 17 for m#-col, 29 for mt-cyb, and
43 for mt-nd2 (Figs. 8d, 8e, 8f). Our analyses further supports the monophyly of Akarotaxis with ML bootstrap
support of 56, 82, and 91 for mt-col, mt-nd2, and mt-cyb, respectively (Figs. 8a, 8b, 8c).

Akarotaxis is resolved as the sister genus to Bathydraco, with a posterior probability of 1 in the three-marker
time-calibrated phylogeny (Fig. 9). Akarotaxis and Bathydraco form Bathydraconinae, along with the monotypic
genera Racovitzia (Dollo 1900), Prionodraco (Regan 1914), and Vomeridens (DeWitt & Hureau 1980). While the
two other dragonfish sub-families Gymnodraconinae and Cygnodraconinae were also unambiguously resolved as
monophyletic with posterior probabilities of 1, the position of the Bathydraconinae as sister to Gymnodraconinae
and Cygnodraconinae is supported with a posterior probability of only 0.83 (Fig. 9).

Biogeography of Akarotaxis spp.

Depending on the identity of the Dewitt and Hureau (1980) specimen, A. nudiceps and A. gouldae sp. nov. may have
allopatric distributions or parapatric distributions with small overlaps. All adult specimens of 4. gouldae sp. nov.
examined in the present study and the larvae described in Corso ef al. (2023) were captured along a ~400 km coastal
section of the WAP between Lapeyrere Bay in the North and Adelaide Island in the South (Fig. 1). In contrast, 4.
nudiceps appears to possess a near circumpolar distribution in high-Antarctic coastal areas (Duhamel ez al. 2014;
Gon & Heemstra 1990). Only one specimen of A. nudiceps has been recorded in the coastal WAP region (DeWitt
& Hureau 1980) and was used to describe the genus. This specimen, however, could not be examined here, and it is
possible that it is a member of A. gouldae sp. nov. based on its capture location (Label #9 in Fig. 1).

Timing and mode of speciation

H, and © were comparable between species (Appendix 3), with mt-col H, values of 0.79 for A. gouldae sp. nov. and
0.90 in 4. nudiceps and mt-col © values of 0.0021 for A. gouldae sp. nov. and 0.0029 in A. nudiceps. The star-like
topology of the mt-co I haplotype network for 4. gouldae sp.nov. (Fig. 8d) and significant Tajima’s D test for neutrality
(D=-2.05915,p=0.0071, Appendix 3), suggests past contraction-expansion processes, such as population expansion
following a genetic bottleneck due to drastic reductions in population size (Hewitt 2004; Provan & Bennett 2008;
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FIGURE 8. Maximum likelihood-estimated phylogenetic trees (a-c) and haplotype networks (d-f) for mitochondrial genes used in
this study—mt-col (a, d), mt-cyb, (b, €), and mt-nd?2 (c, f). Circles corresponding to Akarotaxis spp. in the trees are colored to match
the haplotype diagrams and distribution map (inset). Scales bars for trees indicate substitution rate and scale circles for haplotype
networks indicate effectives for each haplotype. Each bar on branches of the haplotype networks represents one nucleotide change.
For ease of reading, the number of nucleotide changes between 4. gouldae sp. nov. and A. nudiceps respective networks is given.
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FIGURE 9. a) Time-calibrated phylogeny of Bathydraconidae based on three markers (mt-nd2, mt-col, and mt-cyb). Divergence-
time estimates are labeled at each node, with blue shading representing the 95% highest posterior density interval (HPD). All
posterior probabilities were equal to 1 except when mentioned in parentheses. b) Sea surface temperature anomalies with
respect to average global temperature from 1961-1990 following (Westerhold et al. 2020). Loess smoothed curves are overlaid
with a window span corresponding to 40,000 years (blue) and 1 million years (red) and the Mid-Pleistocene Transition (MPT)
highlighted in blue. ¢) Lineage-through-time plot for Bathydraconidae based on the time-calibrated phylogeny, with orange
shading corresponding to 95% confidence interval and the Mid-Pleistocene Transition (MPT) highlighted in blue.

Marko et al. 2010; Maturana et al. 2022). While no population structure was observed in either Akarotaxis spp., the
reticulated genealogy of the A. nudiceps mt-col haplotype network (Fig. 8d) suggests that the population has not
undergone a recent bottleneck. Consistently, Tajima’s D test for neutrality was not significant for A. nudiceps (D
=-0.32219, p = 0.4145, Appendix 3) suggesting that 4. nudiceps populations evolve neutrally with no evidence of
selection.

The disruptive and relatively rapid expansion of ice sheets during intermediate to maximum glacial states drove
speciation among notothenioids by isolating populations in sub-Antarctic island refugia (Daane & Detrich 2022;
Dornburg et al. 2017). Our age estimate of 4. gouldae sp. nov., at approximately 0.78 MYA (95% highest posterior
density interval (HPD): 0.33-1.25 MYA) (Fig. 9a), occurs during an especially volatile period of glacial growth and
collapse in West Antarctica (Collins et al. 2020; Pollard & DeConto 2009). The Mid-Pleistocene Transition (MPT),
from 1.2 to 0.7 Mya (Fig. 9b, 9c), was characterized by a shift in Earth’s climate cycles, changing from a periodicity
of ~41 Kyr to 100 Kyr (Elderfield et al. 2012; Sutter et al. 2019). The warm, super-interglacial period, Marine
Isotope Stage (MIS) 25 around 0.9 MYA was followed by the first 80—-120 Kyr period of unperturbed Antarctic Ice
Sheet growth (Sutter ef al. 2019). Ice advances and retreats may have isolated Akarotaxis populations leading to the
divergence of the two sister species by allopatric speciation.

Based on our time calibrated molecular phylogeny, which is the first to date to include all known
Bathydraconidae, several lineages diversified during or immediately following the MPT (Fig. 9). The congeneric
species Parachaenichthys charcoti (Vaillant 1906) on the WAP and P. georgianus, also from South Georgia,
diverged around 1.1 MYA (95% HPD: 0.50-1.74 MYA), and the sister species Acanthodraco dewitti (Skéra 1995)
in Antarctica and Psilodraco breviceps, also from South Georgia, diverged around 0.7 MYA (95% HPD: 0.23-1.24
MYA). Both sister-species pairs thus fit the model of sub-Antarctic island refugia as a source of species diversity.
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In contrast, the diversification within Antarctic waters of Akarotaxis and Bathydraco around 0.65 MYA (95% HPD:
0.28-1.0 MYA), suggests a mechanism of diversification during past glacial maxima differing from the sub-Antarctic
island refugia hypothesis. The apparent isolation of A. gouldae sp. nov. in deep areas of the WAP and Akarotaxis
and Bathydraco being the two deepest-dwelling bathydraconid genera (Eastman 2017), supports instead the in-shelf
refugium hypothesis for these species (Barnes & Kuklinski 2010; Clarke & Crame 2010; Dornburg et al. 2016).
In this scenario, an ancestral species of Akarotaxis was able to survive ice progression following MIS25 through
an isolated population localized in deep areas (e.g., canyons) off the WAP which diverged from the other almost
circumpolar population. Based on the current range, it is unclear why 4. gouldae sp. nov. was unable to expand to a
wider range outside the WAP region and did not interbreed with 4. nudiceps during subsequent interglacial periods
(Barnes & Hillenbrand 2010; Marino ef al. 2013).

Policy Implications

Based on known occurrences, A. gouldae sp. nov. has one of the most limited distributions of fishes endemic to the
Southern Ocean (Duhamel et al. 2014). Adults and larvae have all been captured in the coastal WAP area, which is
located within the Commission for the Conservation of Antarctic Marine Living Resources (CCAMLR) Subarea
48.1 (Fig. 1; CCAMLR 2017). This region, especially near the Bransfield Strait, is historically one of the regions
that is most heavily targeted by the international fishery for Antarctic Krill (Euphausia superba Dana 1850), which
is managed by CCAMLR (CCAMLR Secretariat 2022; Meyer et al. 2020). Fishing vessels capture krill in the
epipelagic zone (0-250m) by using either midwater trawls, beam trawls, or a continuous method that pumps the net
contents directly onto the ship (CCAMLR 2021). Although fishing effort was historically the greatest during austral
summer (December—February), vessels have recently been fishing later into the austral autumn (March—May) to
target more lipid-rich krill (CCAMLR Secretariat 2022; Meyer et al. 2020). Over the last five years (2017-2021),
vessels averaged an aggregate annual harvest of 154, 972 tons of krill (CCAMLR Secretariat 2022).

Although there are efforts towards ecosystem-based management of Antarctic krill by CCAMLR, many current
and proposed restrictions are focused on reducing the direct impact of the fishery on seabirds, adult finfishes, and
marine mammals (Brooks et al. 2016, 2022; Meyer et al. 2020; Nicol & Foster 2016; Trathan et al. 2022; Watters
et al. 2020). In contrast, the potential impacts of the fishery on the early life stages of Antarctic finfishes are
poorly understood. In 2005, observation of the bycatch of juvenile fishes was identified as a research priority by
the CCAMLR Scientific Committee (SC) (Sabourenkov & Appleyard 2005). Over a decade later, the CCAMLR
SC continues to emphasize the difficulties in correctly identifying larval and juvenile finfish bycatch based on
morphology (SC CAMLR 2018), while the costs of genetic methods of species identification (e.g., DNA barcoding)
prevent their widespread use by monitors.

The potential endemism of 4. gouldae sp. nov. to Subarea 48.1 (Fig. 1), its low fecundity, and the presence of
early life stages in the epipelagic zone suggests that this species could be impacted by the krill fishery. Although
bathydraconid larvae are not listed as one of the frequently captured groups of finfish bycatch (CCAMLR Secretariat
2015), the early larval stages can easily be confused with other listed nototheniids. Corso et al. (2023) found A.
gouldae sp. nov. larvae from January—February, with several occurring near Marguerite Bay. We suggest that the
exceptionally high prevalence of larval 4. gouldae sp. nov. and other notothenioid larvae during the austral summer
near the coastal WAP region be considered as CCAMLR continues to develop seasonal and regional closures for the
krill fishery. It is critical that this vulnerable assemblage of unique fishes is protected from threats of bycatch as they
are increasingly impacted by climate change (Corso ef al. 2022; Mintenbeck et al. 2012).

Conclusions

The study of museum-archived 4. nudiceps larvae by Corso et al. (2023) led to the discovery of 4. gouldae sp. nov.,
highlighting the importance of studying the early life stages of fishes to reach a comprehensive understanding of
biodiversity. These combined efforts also demonstrate the continued importance of long-term ecological research
(Ducklow et al. 2022) and of natural history collections (Hilton ef al. 2021). Repeated annual sampling, such as
that performed by the Palmer LTER, increases the likelihood of encountering rare organisms. Further, publicly
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accessible repositories that care for vouchered specimens and data allow researchers to study these organisms
in perpetuity, and are particularly important for coordinated efforts to studying the unique ecology of Antarctica
(O’Brien et al. 2022). With these structures in place, our understanding of Antarctic ichthyofaunal diversity will
undoubtedly continue to expand.
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Appendices

Appendix 1. Primers used for mitochondrial DNA amplification and sequencing, including full length NADH
dehydrogenase 2 (mt-nd?2), and partial length cytochrome c oxidase I (m#-col) and cytochrome b (m#-cyb).

Species Label #

mt-nd2 primers

mt-col primers

mt-cyb primers

A. gouldae sp. nov. 1-4, 16,
17
A. gouldae sp. nov. 5, 13-15

A. gouldae sp. nov. 18-30

GLN and ASN (Kocher et al.
1995)

GLN and ASN (Kocher et al.
1995)

GLN and ASN (Kocher et al.
1995)

COI Fish F1t1/R1tl (Ivanova et NotCytBf, L14724t, H15915t

al. 2007)

Noto-col-F1/R1 (Desvignes et

al. 2019)

COI _Fish F1t1/R1tl (Ivanova et

al. 2007)

(Matschiner et al. 2011)

Appendix 2. Accession numbers of additional sequences used in the phylogenetic analyses. * Sequences used for the

time-calibrated phylogeny.

Species mt-col mt-nd2 mt-cyb
Acanthodraco dewitti MN160073 MN160075 MN160078
Bathydraco antarcticus IN640774 HQ170113 N/A
Bathydraco joannae EU326322 N/A N/A
Bathydraco macrolepis IN640779 HQ170110 AF490630
Bathydraco marri HQ712882 HQ170111 AF490632
Bathydraco scotiae IN640790 HQ170115 N/A
Cygnodraco mawsoni HQ712951 HQI170116 KJ721593
Gerlachea australis NC_ 057668 NC 057668 NC 057668
Gymnodraco acuticeps NC 057669 NC 057669 NC 057669
Parachaenichthys charcoti KP300644 KP300644 KP300644
Parachaenichthys georgianus N/A HQ170123 KJ721595
Prionodraco evansii HQ713198 HQ170127 AF490628
Psilodraco breviceps N/A N/A AF490634
Racovitzia glacialis HQ713210 HQ170130 AF490629
Vomeridens infuscipinnis HQ713358 HQ170133 N/A
Notothenia corriceps NC_ 015653 NC 015653 NC 015653
Akarotaxis gouldae sp. nov.* PQ048200 PQ043695 PQ049613
Akarotaxis nudiceps * NC 057664 NC 057664 NC 057664

Appendix 3. Results of the genetic polymorphism analysis. Grey cells highlight results of analyses performed for
thoroughness but however unreliable due to too small sample sizes.

Sequences#  Segregatingsites  Haplotype# Haplotype Diversity —Nucleotide Diversity Tajima’s Test
Marker  Species N S h H, D p-value
mi-col A nudiceps 16 7 9 0.9 0.002949 -0.32219  0.4145
A. gouldae sp. 19 11 11 0.7895 0.002069 -2.05915  0.0071
nov.
mt-nd2  A. nudiceps 2 5 2 1 0.004808 0 1
A. gouldae sp. 22 29 21 0.9957 0.005179 -1.24154  0.0956
nov.
mt-cyb  A. nudiceps 0 0 0 1
A. gouldae sp. 4 4 1 0.002016 -0.06501  0.5894
nov.
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