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Abstract: Argonauts or paper nautiluses are pelagic octopod cephalopods with a cosmopolitan distri-
bution in tropical and subtropical waters around the world. Unlike other species of octopus, these
are characterized by the fact that the female has a shell that serves as the breeding chamber for the
eggs. Over time, this structure has been used as a taxonomic diagnostic character, causing problems
in the systematics of this genus, with around 50 synonymies reported. Only two species, Argonauta
argo and A. nouryi, have been reported in the Northern Humboldt Current System; however, there is
taxonomic uncertainty regarding these species, which is reflected in the paralarvae (the first stage of
life after hatching). In the paralarvae, the chromatophore patterns are considered to be conservative
and reliable taxonomic characteristics. The objective of this study is to demonstrate the extensive vari-
ability in the chromatophore arrangement of Argonauta paralarvae in the Northern Humboldt Current
using DNA barcoding and five species delimitation models. Our results include up to 11 different
paralarvae morphotypes according to the pattern of chromatophores (number and arrangement)
and 2 shell morphotypes. Species delimitation methods divided the 13 Argonauta morphotypes into
two consensus molecular taxonomic units (MOTUs), A. argo and A. nouryi. Additionally, the results
revealed an extensive morphological variability in the paralarvae and female shells of A. nouryi,
demonstrating the importance of molecular data in studies involving species with different life stages,
especially when this extensive morphological variability obscures conventional analyses.

Keywords: argonauts; cephalopods; DNA barcoding; chromatophore; paper nautilus

1. Introduction

The Humboldt Current System, a cold-water current, extends along the west coast of
South America from southern Chile (42◦S) up to the Galapagos Islands near the equator [1].
The Northern Humboldt Current System (NHCS), the northern area facing Peru, represents
less than 0.1% of the world’s ocean surface but currently produces about 10% of the world’s
fish catch [2]. In this region, the most important fish are Peruvian anchovy Engraulis ringens
(Jenyns, 1842), and the jumbo flying squid Dosidicus gigas (d’Orbigny, 1835) [3]. However,
there are other species of ecological importance such as the cephalopod genus Argonauta
(Linnaeus, 1758), which is an indicator of the approach of warm ocean waters to the coasts
of the Peruvian Sea [4], especially during El Niño events.

Argonauts or paper nautiluses (Argonautidae) are a family of pelagic octopuses that
inhabit tropical and temperate oceans of the world [5]. These group of octopuses are
easily differentiated from benthic octopuses due to the presence of a shell called a paper
nautilus, present only in females. This shell is secreted by the first pairs of arms and
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functions as the breeding chamber for the eggs and their subsequent fertilization [6]. For
many years, the morphological characteristics of these shells in adults have been used
as a taxonomic characteristic with which to differentiate species [7–10]. However, this
genus presents problems in the organization of its systematics around the world. Web
platforms such as WORMS (htpp://www.marinespecies.ogr) (accessed on 23 September
2023), ITIS (htpp://www.itis.gov) (accessed on 23 September 2023), and BoldSystems
(htpp://www.boldsystems.org) (accessed on 23 September 2023) show no consensus on
the number of species in this molluscan group.

Adults present difficulties in not only taxonomic identification [6,11] but also in their
first post-hatching life stages, known as paralarvae [12]. A specialized bibliography on
the taxonomic aspects of paralarvae is lacking worldwide, especially for the Pacific Ocean.
Some studies suggest that the chromatophore pattern is a conservative and reliable taxo-
nomic characteristic [13,14]. Thus, the number and distribution of each chromatophore,
the iridophore pattern, and the arm length formula are considered species-specific [11].
However, the analysis of these characters is problematic, not only because of their low
abundance in zooplankton samples (typically between 1 and 5 individuals per net [15]),
but also due to difficulties during the fixing of the paralarvae. For example, specimens
tend to invert the mantle muscle when dragged in the net during zooplankton sampling
collection, different chromatophores are discolored by the fixative, and appendages detach
(arms and/or tentacles), hindering determination by conventional morphometric analy-
sis [16]. Despite their small size, paralarvae are capable of evading high-speed sampler
equipment [15], which further reduces the possibilities to study them.

For these reasons, the selection of alternative techniques such as DNA barcoding
over conventional ones is necessary. This molecular identification tool uses a short and
standardized section of the mitochondrial gene Cytochrome Oxidase I (COI) [17] and has
been proven efficient in evaluating diversity in the marine ecosystem [18,19]. Recently,
molecular data together with species delimitation methods were used to reveal the diversity
of cephalopods [20–23].

Therefore, we used a DNA barcoding approach together with species delimitation
methods to identify the Argonauta paralarva diversity in the NHCS, distinguishing molecu-
lar operational taxonomic units (MOTUs) and revealing the morphological variability in
the number and arrangement of chromatophores. This work contributes to updating the
list of species of the genus in the NHCS.

2. Materials and Methods
2.1. Sampling

A total of 15 paralarvae and 1 juvenile of Argonauta were obtained from zooplankton
samples collected using different nets (Figure 1, Table 1). The individuals were separated
onboard and placed into 2 mL cryovials containing 96◦ ethanol and stored at 4 ◦C for one
week. Additionally, two female adults with shells were collected via pelagic trawl during
research cruises of the Instituto del Mar del Perú (IMARPE) (Table 1). Egg masses from
these individuals were stored in 96◦ ethanol for molecular analysis.

Table 1. Paralarvae of Argonauta sampled along the Northern Humboldt Current System (NHCS)
between 2017 and 2023.

Barcode Accession
Number Sex Dorsal Mantle

Length (mm) Latitude Longitude Net Year

PMZPK063_20 M 1.1 8◦5.954 S 83◦45.008 W Bongo 300 µm 2017

PMZPK064_20 M 1.0 7◦33.569 S 82◦49.057 W Bongo 300 µm 2017

PMZPK065_20 F 1.2 7◦3.598 S 83◦19.075 W Bongo 300 µm 2017

PMZPK066_20 F 1.0 7◦31.346 S 84◦6.873 W Bongo 300 µm 2017

PMZPK070_20 F 1.2 6◦39.534 S 81◦56.751 W Bongo 300 µm 2017

htpp://www.marinespecies.ogr
htpp://www.itis.gov
htpp://www.boldsystems.org
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Table 1. Cont.

Barcode Accession
Number Sex Dorsal Mantle

Length (mm) Latitude Longitude Net Year

PMZPK071_20 F 1.0 6◦39.534 S 81◦56.751 W Bongo 300 µm 2017

PMZPK072_20 F 1.7 6◦40.1 82◦38.677 W Bongo 300 µm 2017

PMZPK073_20 F 1.0 6◦0.039 S 82◦57.959 W Bongo 300 µm 2017

PMZPK078_20 F 0.9 6◦54.661 S 81◦41.04 W Bongo 300 µm 2017

PMZPK079_20 F 0.8 8◦011 S 83◦34.898 W Bongo 300 µm 2017

PMZPK085_20 F egg mass 13◦28.921 S 77◦0.538 W Pelagic trawl 2019

PMZPK086_20 F egg mass 13◦28.921 S 77◦0.538 W Pelagic trawl 2019

PMZPK143-23 - 2.2 9◦48.171 S 80◦08.640 W IKMT 2022

PMZPK144-23 - 1.0 14◦ 4.001 S 77◦29.002 W CUFES 2019

PMZPK145-23 F juvenile (3.5 mm) 12◦03.440 S 77◦10.0405 W Bongo 300 µm 2023

PMZPK146-23 - 2.5 13◦26.627 S 78◦12.331 W Bongo 300 µm 2019

PMZPK147-23 - 1.0 10◦44.882 S 80◦36.264 W Bongo 300 µm 2019

PMZPK148-23 - 1.3 6◦30.058 S 82◦10.967 W Bongo 300 µm 2019Diversity 2024, 16, x FOR PEER REVIEW  3  of  14 
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2.2. Morphological Description

The morphological descriptions of the paralarvae were performed in specimens be-
tween 0.8 and 2.5 mm in dorsal mantle length (ML). The morphological determination was
performed after consulting a specialized bibliography of cephalopod paralarvae [11,24–26].
The shells of females were identified according to Finn [6]. The ML was measured (mm)
with a Nikon SMZ 1270 stereomicroscope equipped with a digital camera and NIS Element
D v. 4.13 image capture software. The funnel-locking apparatus was reviewed. Speci-
mens were sexed due to sexual dimorphism. Males have a hectocotylized third arm that
is wrapped in a bag called a “pouch”. Chromatophore pattern (number, position, and
formula) of the DHCP (dorsal head chromatophore pattern), VHCP (ventral head chro-
matophore pattern), dorsal mantle (DM), ventral mantle (VM), dorsal eye (DE), ventral eye
(VE), digestive gland (DG), funnel, arms, and hectocotylus (for males) on each morphotype
were described according to De Silva-Dávila [24] (Figure 2). Likewise, diagrams (drawings)
were made using a camera lucida suitable for the stereomicroscope. The voucher specimens
were deposited in the scientific collection of the Laboratorio de Zooplancton y Producción
Secundaria of IMARPE.
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Figure 2. Argonauta paralarva chromatophore pattern diagram (ML: 1 mm): dorsal head chro-
matophore pattern (DHCP), ventral head chromatophore pattern (VHCP), dorsal mantle (DM),
ventral mantle (VM), dorsal eye (DE), ventral eye (VE), digestive gland (DG), funnel, arms (AI-AIV),
and hectocotylus (for males).

2.3. DNA Extraction, Amplification and Sequencing

DNA extraction was performed using the HotSHOT method [27]. Tissues were trans-
ferred into 0.2 mL microtubes containing 50 µL of alkaline lysis buffer (25 mM NaOH,
0.2 mM EDTA, pH 8.0) and were ground using a sterile micropipette tip. The samples were
incubated at 95 ◦C for 30 min, followed by 4 ◦C for 4 min in a thermocycler. Then, 50 µL of
neutralizing solution (40 mM Tris-HCl, pH 5.0) was added, followed by a vortex (to ho-
mogenize) and a spin in a mini-centrifuge. All samples were stored at 4 ◦C for use directly
in the PCR. For species identification, the cytochrome oxidase subunit I (COI) gene of mito-
chondrial DNA (mtDNA) was amplified with the primers ZplankF1_t1/ZplankR1_t1 [28].
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The PCR was performed using 1X of Taq buffer, 0.25 mM of each dNTP, 0.4 mM of each
primer, 2.5 mM of MgCl2, 0.5 U of Vazyme Taq DNA polymerase, and 2 µL of DNA in
15 µL of the final reaction volume. Other PCRs were performed using the HotStartTaq Plus
Master Mix kit (QIAGEN). The PCR conditions were an initial denaturation at 95 ◦C for
5 min, followed by 36 cycles at 95 ◦C for 40 s, 45 ◦C for 50 s, and 72 ◦C for 1 min, with a final
extension of 72 ◦C for 7 min. All reactions were evaluated via electrophoresis in 1% agarose
gels, and amplified products with the expected size were then bidirectionally sequenced
on a genetic analyzer ABI 3500 (Applied Biosystems) using both a commercial service and
at IMARPE. The contigs were assembled using the software CodonCode Aligner v. 6.0.2
(Codon Code Corporation, Dedham, MA, USA). Primer sequences and bad-quality regions
were trimmed. The consensus sequences and all specimen data were deposited in the
dataset BOLD (https://www.boldsystems.org/, accessed on 6 January 2024) under dataset
code DS-ARGNT.

2.4. Species Delimitation

To infer MOTUs using different species delimitation methods, our sequences were
combined with thirteen COI sequences from three Argonauta species from different oceans
(Accession numbers AF000028, MT216541, MT216542, MK034303, AB191273, ON367817,
OP132805, OP132808, OP132809, OP132810, LC596061, KY649285, and OR234732) retrieved
from GenBank (www.ncbi.nlm.nih.gov/genbank/, accessed on 6 January 2024).

The thirty-one DNA sequences (627 pb) were aligned in the FASTA format, and five
species delimitation methods were performed using pipeline SPdel [29]: ABGD (automatic
barcode gap discovery) [30], ASAP (assemble species by automatic partitioning) [31],
GMYC (generalized mixed yule coalescent approach) [32], bPTP (Bayesian Poisson tree
processes) [33], and mPTP (multi-rate Poisson tree processes) [33]. For bPTP and mPTP
methods, an ultrametric tree was generated using BEAST v2.5 [34], with a log-normal
relaxed clock model and HKY+G substitution model suggested by the Bayesian Information
Criterion (AIC) in jModeltest 2 [35]. The analysis was implemented with 100,000,000
MCMC generations and with a burn-in of 10%. Consensus MOTUs were generated by
comparing the five delimitation methods. Values of intragroup and intergroup Kimura
2-parameter (K2P) genetic distances for nominal species and consensus MOTUs were
calculated using SPdel.

3. Results
3.1. Morphological Determination

After the morphological revision, 13 different morphotypes were determined, includ-
ing 11 different chromatophore patterns (n = 16; Argonauta M1 (n = 2), Argonauta M5 (n = 1),
Argonauta M6 (n = 1), Argonauta M7 (n = 2), Argonauta M8 (n = 1), Argonauta M10 (n = 1),
Argonauta M12 (n = 1), Argonauta M13 (n = 1), Argonauta M15 (n = 1), Argonauta M17 (n = 1),
and Argonauta M18 (n = 4)). The two female adults were identified as A. nouryi based on
shell morphology. In accordance with the morphotypes reported by Finn [6], the females
exhibited two different shell morphotypes A. nouryi shell type I (st_I), (n = 1) and A. nouryi
shell type II (st_II), (n = 1) (Figure 3k,i and Table 2),

https://www.boldsystems.org/
www.ncbi.nlm.nih.gov/genbank/
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Table 2. Morphological and meristic characteristics of the Argonauta paralarvae collected in the NHCS. M = male; F = female. The chromatophore pattern is related
to the number of chromatophores. (The DHCP, VHCP, dorsal mantle, ventral mantle, and funnel columns are read from top to bottom, each row separated with a “+”
sign. In the arms column, the reading extends from the base to the distal part of the appendages. In the dorsal and ventral eye area columns, the number inside the
parentheses refers to the number for both eyes. In the digestive gland and hectocotyl columns, the number refers to the total chromatophore count.)

Barcode Accession
Number

Morphotype ML (mm) Sex
Chromatophore Pattern

DHCP VHCP DM VM DE VE DG Funnel Arms Hectocotyl

PMZPK145-23 M1 3.5 F - - - - - - - 1 + 2 BI:1b + 19dr/BII:1b + 11dr/BIII:1b
+ 11dr/BIV:1b + 14dr

PMZPK146-23 M1 2.5 2 + 4 2 + 2 - - 2(2) 1(2) - 1 + 2 -

PMPZK063-20 M5 1.1 M 2 + 4 2 + 2 4 + 4 + 2 + 1 4 + 3 + 3 + 2 + 1 2(2) 1(2) 9 2 BI-BIII:1b + 1/BIV:1b + 1 + 1 10

PMPZK066-20 M6 1 F 2 + 4 2 + 2 5 + 2 + 1 5 + 3 + 2 + 2 + 2 1(2) 1(2) 8 1 BI-BIII: 1b/BIV: 1b + 1 -

PMPZK064-20 M7 1 M 2 + 4 2 + 2 4 + 4 + 2 + 1~ 5 + 1 * + 4 + 2 + 1 2(2) 1(2) 10 1 + 2 + 1 * BI-BIII: 1b + 1 + 1dr (d)/BIV: 1b + 2
+ 1dr(d) 33

PMZPK147-23 M7 1.3 2 + 4 2 + 2 - - 2(2) 1(2) - 1 + 1 + 2 -

PMZPK148-23 M8 1 2 + 4 2 + 2 - - 2(2) 1(2) - 2 + 1 + 2 -

PMPZK071-20 M10 1 F 2 + 4 2 + 2 4 + 2 + 2 + 1 4 + 3 + 5 + 1 + 2 2(2) 1(2) 8 1 + 2 + 2 BI:1b + 1 * + 1dr(d)/BII:1b +
1/BIII:1b/BIV: 1b + 1 10

PMPZK072-20 M12 1.7 F 2 + 4 2 + 2 5 + 2 + 1 54 + 1 + 2 2(2) 1(2) 10 1 + 2 + 1 BI- BIII: 1b/BIV: 1b + 1 -

PMZPK070-20 M13 1.2 F 2 + 4 2 + 2 4 + 2 + 2 + 1 + 2 4 + 2 + 3 + 2 2(2) 1(2) 10 1 + 1 BI: 1b + 1 + 1dr(d)/BII-BIII: 1b +
1/BIV:1b + 1 + 1 -

PMPZK078-20 M15 0.9 F 2 + 4 2 + 2 5 + 1 * + 2 4 + 3 + 2 + 1 2(2) 1(2) 11 2 + 1 BI-BIII: 1b/BIV: 1b + 1 -

PMPZK073-20 M17 1 F 2 + 4 2 + 2 3 + 7 + 1 * + 2 +
1 4 + 4 + 2 1(2) 1(2) 9 2 + 1 + 2 BI: 1b + 1 + 1dr(d)/BII-BIII: 1b +

1/BIV: 1b + 1dr + 1 -

PMZPK065-20 M18 1.2 F 2 + 4 2 + 2 4 + 3 + 2 4 + 3 + 2 2(2) 1(2) 9 2 + 2 BI & BIV: 1b + 1/BII-BIII: 1b -

PMPZK079-20 M18 0.8 F 2 + 4 2 + 2 4 + 2 + 1 4 + 3 + 1 + 2 1(2) 1(2) 9 2 + 2 BI & BIV 1b + 1/BII-BIII: 1b -

PMZPK143-23 M18 2.2 F 2 + 4 2 + 2 5 + 4 + 4 + 3 + 2
+ 1 5 + 5 + 4 + 5 2(2) 1(2) - 2 + 2 BI: 1b + 4dr/BII: 1b + 4sr/BIII: 1b +

3sr/BIV: 1b + 5dr -

PMZPK144-23 M18 - 2 + 4 2 + 2 - - 2(2) 1(2) - 2 + 2 - -

PMZPK086-20 st_I F Egg mass of female with shell type I (Finn 2013) - -

PMPZK085-20 st_II F Egg mass of female with shell type II (Finn 2013) - -

Note: b: at base, d: distal, dr: double row, sr: simple row, *: only found on one of the sides (considering the bilateral symmetry), (): in total from each eye.
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Figure 3. Argonauta paralarvae, ventral side (a–j) and shell, lateral side (k,l) of an adult female
collected in this study. Sample codes: (a) PMZPK063-20 (M5), (b) PMPZK064-20 (M7), (c) PMPZK065-
20 (M18), (d) PMPZK066-20 (M6), (e) PMPZK070-20 (M13), (f) PMZPK071-20 (M10), (g) PMPZK072-20
(M12), (h) PMPZK073-20 (M17), (i) PMPZK076-20, (j) PMPZK078-20 (M15), (k) PMPZK086-20 (st_I)
and (l) PMPZK085-20 (st_II).

The most variable chromatophore pattern was observed in the funnel, by which indi-
viduals were delimited into different morphotypes (Table 2, Figure 4). The chromatophore
arrangements that remained consistent in all organisms were the DHCP (2 + 4) and VHCP
(2 + 2). The number of chromatophores in the digestive gland ranged from 8 to 11 in
all paralarvae, and only one chromatophore was observed at the base of each arm (1b).
Due to fixation, the arrangement, number, and disposition of the chromatophores on the
dorsal and ventral sides of the mantle and in the hectocotylus could be observed in only a
few individuals.

For individuals between 0.8 and 2.2 mm, the number of VE chromatophores remained
the same (one in each eye). However, the number of chromatophores on the dorsal side (DE)
varied. In Argonauta M6 (PMPZK066-20), Argonauta M17 (PMPZK073-20), and Argonauta
M18 (PMPZK079-20), only one chromatophore associated with the eye was observed, while
the other morphotypes described showed two. For the juvenile (3.5 mm) Argonauta M1
(PMZPK145-23), only the oldest chromatophores (brown) in the funnel were considered
(1 + 2) as, in the other parts of the body, it was impossible to establish a pattern due to the
number of new chromatophores that appeared (orange).
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Figure 4. Bayesian tree showing the clustering of the MOTUs resulting from ABGD, ASAP, bPTP,
and mPTP analysis, and consensus MOTUs. The black vertical bars represent the numbers of species
delimited by ABGD, ASAP, GMYC, bPTP, and mPTP methods; and the red vertical bars represent
consensus MOTUs. The scale bar indicates the nucleotide substitutions per site. The codes in
parentheses refer to the described morphotype of Argonauta, and the subsequent code to the barcode
accession number. Note the different morphotypes (schemes) corresponding to the A. nouryi MOTU.



Diversity 2024, 16, 320 9 of 12

3.2. DNA Barcode Analysis and Species Delimitation

We obtained 18 sequences from the 13 morphotypes. The final alignment of COI
sequences resulted in 627 bp with 102 parsimony-informative sites. The ABGD, ASAP,
GYMC, bPTP, and mPTP analyses resulted in four MOTUs (Figure 4). SPdel summarized
the different delimitation results in four consensus MOTUs (Figure 4). From the 13 mor-
photypes, the individual determined as Argonauta M17 was grouped with Argonauta argo
from Japan and the Mediterranean Sea in MOTU 01. Meanwhile, the other 12 morphotypes
were grouped into MOTU 04, including two female adults of A. nouryi (Figure 4). The other
two MOTUs corresponded to Argonauta nodosus and Argonauta hians from New Zealand
and Taiwan, respectively. The genetic intra-MOTU and inter-MOTU distances are shown
in Table 3. The highest maximum intra-MOTU distance was 0.97% for MOTU 04 (A. nouryi)
and the lowest minimum inter-MOTU distance was 4.63% between MOTU 02 (A. hians)
and MOTU 04 (A. nouryi).

Table 3. Genetic K2-P distance of the MOTUs of Argonauta: mean intra-MOTU divergence (Mean),
maximum intra-MOTU divergence (Max), nearest neighbor (NN), and distance to the nearest neighbor
(DtoNN).

Consensus MOTUs Mean Max NN DtoNN

MOTU 01 (A. argo) 0.22 0.64 MOTU 04 8.80
MOTU 02 (A. hians) 0.16 0.16 MOTU 04 4.63
MOTU 03 (A. nodosus) 0.16 0.32 MOTU 02 11.01
MOTU 04 (A. nouryi) 0.28 0.97 MOTU 02 4.63

4. Discussion

Our results supported four consensus MOTUs corresponding to the four known
nominal species: A. argo, A. hians, A. nodosus, and A. nouryi [6]. From these, two species of
the Argonauta genus are considered to be distributed in the Northern Humboldt Current
System at the adult level: A. argo and A. nouryi [36]. Previous studies also reported the
presence of A. hians [36–38]; however, Finn reported A. hians as being restricted to the
Atlantic and Indian oceans, and Arabian, Chinese, and Philippine seas after a global review
of the systematics and distribution of the genus [6]. At the paralarva level in the NHCS, it
had previously only been possible to identify different morphotypes as Argonauta spp. [4].
Our results show the presence of the two species A. argo and A. nouryi in the NHCS, in
accordance with Finn [6], the latter being a new public BIN (BOLD:ABA3205) for the
BOLDSystem database.

The paralarvae characterized herein were grouped into two consensus MOTUs: MOTU
01 (A. argo) and MOTU 04 (A. nouryi). The MOTU 01 was identified as A. argo using
sequences from previous studies [39], including sequences from adult individuals [39]. The
MOTU 04 was identified as A. nouryi based on the two female adults herein sequenced. In
these MOTUs, paralarvae with different dispositions and numbers of chromatophores in the
funnel clustered together, showing high morphological variability. There are many studies
that report and analyze the abundance, frequency, and spatial distribution associated with
different oceanographic conditions of A. nouryi [40,41]. However, there is no morphological
description of its paralarvae, only references to the fact that it was previously named
Argonauta boettgeri [24] in the Mexican Pacific Ocean [42], with an arrangement of 1 + 2
in the funnel, 2 + 2 in the VHCP, and 2 + 4 in the DHCP. Our results for A. nouryi show a
wide variability in the number and arrangement of chromatophores in the funnel: 2 + 4 in
the DHCP, 2 + 2 in the VHCP, 02 chromatophores in each eye (dorsal side), and between
8 and 11 in the digestive gland (Table 2). This highlights the significant challenge of
taxonomic determination based solely on morphological characteristics, especially the
chromatophore pattern. This complexity increases when we consider that some ancient
descriptions did not mention the chromatophore arrangement [43]. However, over the
years, some authors have incorporated this information into descriptions, such as that of A.
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argo (~1 mm) with a 2 + 2 arrangement in the funnel, with 2 chromatophores on the dorsal
side of the head [11,25], and 2 + 4 DHCP [24]. In the present work, A. argo is reported
with a chromatophore arrangement of 2 + 1 + 2 in the funnel, 2 + 4 in the DHCP, 2 + 2 in
the VHCP, 1 chromatophore in each eye (dorsal side), and 9 in the digestive gland, also
showing morphological variability. Descriptions of the paralarvae of A. hians (1.0 mm) are
scarcer [11,43,44], where some authors describe2 + 2 in the funnel and in the VHCP [24], an
arrangement of 4 chromatophores (rectangle shape) on the dorsal side of the head [26], and
4 + 4 in the DHCP [24,40–42]. Although the paralarvae of Argonauta nodosus were reported
by [45,46], there is no morphological description of them.

Cephalopod chromatophores comprise an elastic saccule containing pigment, to which
a set of diagonally striped radial muscles are attached, each with its associated nerves and
glial cells [47,48]. As chromatophores are neuronally controlled, an individual can select
and display one particular body pattern among many at any time (e.g., at fixation) [49],
hindering taxonomic work. In some groups, such as the Loliginidae family, chromatophores
are considered good taxonomic characters that allow the identification of larval and juvenile
stages [50–52]. However, our results show that in Argonauta, the observed chromatophores
patterns are more variable than previously reported, including overlapping patterns. Future
studies including a large number of individuals of each species are required to determine
the variability of chromatophore patterns. This involves seeking constant and repeatable
patterns and assessing whether they could be considered to be a taxonomic characteristic
of Argonauta.

The shell of the female Argonauta is not a true mollusk shell; it is a secondary structure
of calcite secreted by networks at the distal ends of the first pair of (dorsal) arms [53].
Although these shells were used in the past to delimit species of this genus, it is now
known that they cannot be used for this purpose since they present a wide plasticity in
their shape [6]. In particular, the shells of A. nouryi present a dramatic variation, also ob-
served in this study, where the individuals with the type I shell (PMZPK086-20, Figure 3k),
with thin ribs and without ears (the conventional shell of A. nouryi), and the type II shell
(PMZPK085-20, Figure 3l), with larger keel tubercles and larger ears (characteristics histori-
cally attributed to the synonym Argonauta cornutus) [6], were grouped in the same MOTU
(MOTU 04) of A. nouryi.

These results confirm the importance of implementing molecular tools such as DNA
barcoding and bioinformatics tools like single-locus species delimitation methods. Fur-
thermore, our results highlight the importance of integrating molecular data into studies
involving species with different life stages, especially when extensive morphological vari-
ability hinders conventional taxonomic determination. In addition, the application of these
results will allow us to practice better ecologic management of these species, especially in
the case of Argonauta, whose paralarvae play the role of indicator species for the approach
of warm oceanic waters toward the coast in El Niño events in the NHCS [4].
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