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First observations of annualism in Millerichthys robustus
(Cyprinodontiformes: Rivulidae)

Omar Dominguez-Castanedo*, Miguel Angel Mosqueda-Cabrera*
and Stefano Valdesalici**

Millerichthys robustus survives in ephemeral pond habitats from Papaloapan river basin in Mexico by producing
drought-tolerant diapausing embryos. Four stages in fertilized embryos were observed: Dispersion/re-aggrega-
tion, Diapause I, Diapause II, and Diapause III confirming its annualism. Eggs extracted from soil when the pool
was completely dry were found in Diapause I. The chorion surface ornamentation is reported for this species for

the first time.

Introduction

The cyprinodontiform family Rivulidae is a di-
versified group of killifishes, with currently more
than 324 valid species occurring between south-
ern Florida and northeastern Argentina (Costa,
2008). A part of the rivulid taxa, known as an-
nual killifishes (Myers, 1942), are uniquely found
in swamps and isolated pools that seasonally dry
(Nico et al., 1987; Costa, 1995, 1998). The ability
to survive in seasonal swamps and pools is due
to the thickened chorion eggs, which make eggs
resistant to water loss, and a complex embryonic
development including diapause (Wourms,
1972a-c).

Three rivulids species are reported in Mexico:
Cynodonichthys tenuis, Kryptolebias marmoratus,
and Millerichthys robustus (Huber, 1992; Costa,
2008). Millerichthys robustus is known from the
Papaloapan and Coatzacoalcos River drainages

(Miller & Hubbs, 1974), and was included in the
subfamily Rivulinae in Costa (1998, 2008) but not
in Costa (2011). To date, there is no data available
about its lifestyle (Huber, 1992; Costa, 1995, 1998).
The primary purpose of the present study is to
describe its annual nature.

Material and methods

We have studied a population of Millerichthys
robustus from a seasonal pond near Papaloapan
River in Tlacotalpan, Veracruz, Mexico. The pond
(18°37'39.3"N 95°38'53.0" W) was 30 x 20 m, with
a maximum depth of 90 cm.

Fish were caught primarily using dip nets and
transported to the laboratory in order to establish
a laboratory stock. The parameters of water qual-
ity were measured with a Hanna® C99 multi-
parametric spectrophotometer: NH,, NH;, NO,,
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Fig. 1. Millerichthys robustus: a, male; b, female. Scale
bars 10 mm.

PO,, P, carbonate hardness and aluminium. Dis-
solved oxygen, temperature, pH, electrical con-
ductivity and total dissolved solids were meas-
ured with the Hanna® multiparameter model HI
9828.

Adult fishes were housed in 38 1 glass aquar-
ia, with a proportion of one male per two females.
Tank bottom was left bare in order to simplify
cleaning and discourage unwanted spawning.
Physical and chemical conditions in which they
were maintained simulated the collecting site.
Mechanic, biological and chemical filtering was
also applied continuously with weekly renewal
of 5 of the water. Temperature was kept at
26+1 °C, with photoperiod set to 14 light hours
and 10 dark hours. Subjects were fed three times
aday with Artemia salina nauplii. A 12x 12 x20 cm
glass container was placed in each aquarium with
3 cm of sterilized peat moss as spawning sub-
strate. Substrates were examined twice a week.
Eggs were isolated from the peat moss with small
brooms and then cleaned and incubated for 24
hours in petri dishes at 26 + 1 °C in purified water.
After this procedure, the eggs were individually
placed in 2x2 cm hermetic closure plastic bags
with a sterilized wet, thick moss. Examinations
of the eggs was performed weekly in order to
determine development stage. Right after the
embryos were examined, they were immediately
returned to 26+1 °C and total darkness.

Soil samples were also collected on two dif-
ferent occasions: when the pond was completely
dry (June), and when the pond was wet at the
beginning of rainy season (July). Soil was sieved
with a 1.3 mm gap sieve and searching for eggs
was done with a stereoscopic microscope.
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The fishes were identified as M. robustus fol-
lowing Miller & Hubbs (1974). A microscope was
used in the study of developmental stages of
fertilized embryos. Definition of embryo stages
follow Wourms (1972a-c). Nomenclature for
chorion surface ornamentation follows Costa
(1998). All measurements are given in millimetres
unless stated otherwise and they are all shown
as the range followed by the mean =+ standard
deviation in parentheses.

Results

In February 2010 mature specimens were col-
lected (8 males and 20 females, Fig. 1). Water
parameters at the moment of fish harvesting were:
dissolved oxygen 7.9 mg-1™', temperature 18.4 °C,
pH7.6, NH, 0.7 mg-I"!, NH, 0.01 mg-1"!, NO,
1.30 mg-1!, PO, 0.05 mg-1", P 0.01 mg - 17, electri-
cal conductivity 0.001 pS-cm™, total dissolved
solids 484.6 mg-17".

The rainy season began on the first days of
July and from this date onward the pond remained
wet until mid-August (pond wet) after the soil
was saturated with water and began to fill.
Subsequently it was flooded until February (pond
water), and remained completely dry from March
to June (pond dry) (Table 1).

In June, when pond was completely dry, 23
eggs were collected from substrate in Diapause I
(Fig. 2a). They had a diameter of 1.13-1.50 (1.30
+0.90). At the end July, about 20 days after the
beginning of the rainy season, 10 eggs were col-
lected from the wet substrate, nine of which were
in Diapause IIl and the other one was in Diapause
I. The diameter of the Diapause Ill eggs was 1.30-
1.70 (1.50 +0.83).

In laboratory the number of eggs collected
weekly were 1-115 (49.25+33.6), with a total
number of fertilized analyzed eggs being 575.

The fertilized eggs are spherical with a clear-
ly visible perivitelline space. Four stages in ferti-
lized embryos were observed in the laboratory
during the study: dispersion/re-aggregation
(D/R) stage, Diapause I, Diapause II, and Dia-
pause III (Fig. 2b-f). One oil droplet (or occasion-
ally several smaller ones) was present; they
usually fuse within the first 24 hours after ferti-
lization (Fig. 2b). During Diapause I the embryos
were in the dispersion phase of the amoeboid
blastomeres. When the arrested phase was con-
cluded there-aggregation occurred. The Diapause
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II occurs during embryogenesis; when the em-
bryos have had 38 somites and its optic lobes were
without pupil and the heart appeared as a non-
contractile tube, like a proto-heart. The heart
having contractions is the conclusion of this phase.
The embryos of M. robustus were observed to be
fully developed after 14 days when they entered
Diapause III, at which point the organs of the
embryos were fully formed and cardiac activity
ceased (Fig. 2e-f). Embryos remained in Diapause
IIT for a period of time, namely 47-189 days.
Rhythmic heart contractions mark the end of ar-
rest and at this developmental stage the embryo
is ready to hatch if the egg is placed into water.

The surface of the chorion is verrucated with
mushroom-like projections in an almost regu-
larly distributed pattern (Fig. 3a). Each verruca
has one filament on the distal tip and is observed
immediately after spawning (Fig. 3b) and meas-
ured 6.15-8.62 (7.75+0.80) micrometres of maxi-
mal width. The hair-like filaments are not present
during Diapause III but instead there is a pore
originating at the tip of the verruca (Fig. 3c). These
structures are absent around the micropyle area
(Fig. 3d).

Discussion

The evidence of the various stages of dispersion-
reaggregation and diapauses was clearly recog-
nized in fertilized eggs of Millerichthys. Millerich-
thys is clearly an annual fish, term coined by
Myers (1942), since their life cycle appears to be
completed within a single year (October-May).
Even better would be to use the term proposed
by Costa (2002) a seasonal fish.

The development of the system of three dia-
pauses seems not an exceptional event in the
evolution of killifishes and may have occurred
several times during the evolution of this group
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of fishes as proposed by Hrbek & Larson (1999).
At the contrary Costa (1990a) and Murphy &
Collier (1997) hypothesized that annualism may
correspond to a single event in the evolution of
the rivulids. The most parsimonious cladograms
obtained by Costa (1998) admit two equally par-
simonious interpretations: annualism may cor-
respond to a single event in the evolution of the
rivulids or two independent events, in Cynolebia-
tinae and in Neofundulidae. Indeed simultaneous
unique occurrence of apomorphic morphological
traits in members of annual aplocheiloid belong-
ing to different lineages may reflect some kind of
favoritism associated to annual life style (Costa,
1998). A deep body does not occur in non-annu-
al aplocheiloids, but occurs in distinct annual
rivulid lineages including Millerichthys (Huber,
1992). Similarly, the somewhat elaborate ce-
phalic neuromast pattern in annual rivulid (Cos-
ta 1998) is a condition similar to that in M. robus-
tus (Costa, 1995).

The results of all embryo in DI from the eggs
extracted from soil when the pool was com-
pletely dry were expected because in the natural
environment the eggs of annual fish can remain
dormant in Diapause I for months during dry
season (Scheel, 1990; Bellemans, 2000). After that
period the eggs begin to develop further and, at
this stage, enter Diapause II. The first rains of the
season do usually not, as already indicated, im-
mediately produce bodies of standing water. The
early rains will, at least, moisten the substrate or
create small shallow pools of water that may
evaporate or soak in after a short time. Field
evidence suggests that in the natural environment,
most eggs will enter Diapause III (Watters, 2009);
this was also confirmed in M. robustus.

The elaborate chorion structure of aplocheiloid
killifishes was first reported by Carvalho (1957)
and Siegel (1958a-b), and its potential as a tool
for taxonomic studies by Scheel (1968). Costa

Table 1. Millerichthys robustus habitat and development egg state in a seasonal pond near Tlacotalpan, Veracruz,
Mexico. Darkened areas refer to in-the-field observations over the year 2010.

Month ] F M A

M| J | J | A]|] S| O] N/|D

Pond wet
Pond water
Pond dry

Diapause I
Development embryo
Diapause I1I
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pause II; and e-f, Diapause III. Scale bars 0.5 mm.

(1990a-b, 1998, 2009) used features of the chorion
structure as phylogenetic characters. The egg
surface of Millerichthys is similar to that of the
annual fish belonging to genera Cynopoecilus,
Leptolebias, Notholebias and Ophtalmolebias (all
belonging to the subfamily Cynolebiatinae) in

Fig.2. Eggs of Millerichthys robustus. a-b, Diapausel (a, dehydrated obtained in field; b, inlaboratory); c-d, Dia-

f

having mushroom-like projections (called m-
projections in Costa, 2009), a synapomorphic
condition not occurring in other aplocheiloid
killifishes (Costa, 1990a-b; Fava & Toledo-Piza,
2007).

In M. robustus spawning occurs within the
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Fig. 3. Egg surface morphology of Millerichthys robustus. a-b, Projections with hair-like filaments on distal tip of
eggs immediately after spawning; ¢, projections during Diapauselll; d, projections around micropylar region. Scale
bars: a-c, 20 pm; d, 100 pm.

substrate. A detailed description of its elaborated
reproductive behaviour is in preparation by the
authors. Our results about the reproductive nature
corroborate Costa’s classification, namely that
Millerichthys is a member of an annual fish clade
(Costa, 1998).

Millerichthys robustus is endemic to Mexico
and is considered in the ecological norm NOM-
059-Ecol-2001 in the list of species at risk in the
category “in danger of extinction” (D.O.F., 2010).
Efforts to collect this species by several investiga-
tors have been unsuccessful, however it was re-
cently found near Tlacotalpan, Veracruz Mexico
(Mosqueda-Cabrera & Ocampo-Jaimes, 2009);
habitat loss has occurred, and the introduction of
the piscivorous cichlid Petenia splendida in the
Papaloapan river basin has had a negative impact
(Miller, 2009). Finally, due to its conservation
status and its high vulnerability, studies on the
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distribution, habitat, and current status of popu-
lations are required.

Acknowledgements

This publication is dedicated to the memory of Samuel
Marafion Herrera. Special thanks go out to Victor Ro-
sales Pérez who assisted during fish sampling. We
would also like to thank Francesca Fontana for com-
ments and Stefan van der Voort for grammar and spell-
ing corrections. The authors thank also two anonymous
reviewers for valuable comments and suggestions on
earlier versions of the manuscript.

Literature cited

Bellemans, M. 2000. Mud hatching of N. virgatus & N. aff.
rubroreticulatus. BKA Killi News, 416: 63-72.



20

Carvalho, A. L. 1957. Notas para o conhecimento da
biologia dos peixes anuais. Revista Brasileira de
Biologia, 17: 459-466.

Costa, W. J. E. M. 1990a. Analise filogenética da familia
Rivulidae (Cyprinodontiformes, Aplocheiloidei).
Revista Brasileira de Biologia, 50: 65-82.

— 1990b. Classificagao e distribuicdao da familia Riv-
ulidae (Cyprinodontiformes, Aplocheiloidei). Re-
vista Brasileira de Biologia, 50: 83-89.

— 1995. Pearl killifishes — the Cynolebiatinae: system-
atics and biogeography of the neotropical annual
fish subfamily. Neptune City, T. F H. Publications.

— 1998. Phylogeny and classification of Rivulidae
revisited: Origin and evolution of annualism and
miniaturization in rivulid fishes (Cyprinodonti-
formes: Aplocheiloidei). Journal of Comparative
Biology, 3: 33-92.

— 2002. The neotropical seasonal fish genus Nema-
tolebias (Cyprinodontiformes: Rivulidae: Cynolebia-
tinae): taxonomic revision, with description of a
new species. Ichthyological Exploration of Fresh-
waters, 13: 41-52.

— 2008. Catalog of aplocheiloid killifishes of the world.
Universidade Federal do Rio de Janeiro. Depart-
mento de Zoologia, Rio de Janeiro, 120 pp.

— 2011. Phylogenetic position and taxonomic status
of Anablepsoides, Atlantirivulus, Cynodonichthys,
Laimosemion and Melanorivulus (Cyprinodonti-
formes: Rivulidae). Ichthyological Exploration of
Freshwaters, 22: 233-249.

Costa, W.]. E. M. & F. Leal. 2009. Egg surface morphol-
ogy in the Neotropical seasonal killifi sh genus
Leptolebias (Teleostei: Aplocheiloidei: Rivulidae).
Vertebrate Zoology, 59: 25-29.

Diario Oficial de la Federacién. 2010. Norma Oficial
Mexicana NOM-059-SEMARNAT-2010, Proteccion
ambiental — Especies nativas de México de flora y
fauna silvestres — Categorias de riesgo y especifi-
caciones para su inclusién, exclusién o cambio —
Lista de especies en riesgo. Diario Oficial de la
Federacion, 30 de diciembre de 2010.

Fava, D. & M. Toledo-Piza. 2007. Egg surface structure
in the annual fishes Simpsonichthys (subgenera
Ophthalmolebias and Xenurolebias) and Nematolebias
(Teleostei: Cyprinodontiformes: Rivulidae) variabil-
ity and phylogenetic significance. Journal of Fish
Biology, 71: 889-907.

Hrbek, T. & A. Larson. 1999. The evolution of diapause
in the killifish Family Rivulidae (Atherinomorpha,
Cyprinodontiformes): A molecular phylogenetic
and biogeographic perspective. Evolution, 53: 1200-
1216.

Huber, J. H. 1992. Review of Rivulus: ecobiogeography —
relationships. Société Frangaise d‘Ichtyologie, Paris.

Miller, R. R. 2009. Peces dulceacuicolas de México.
CONABIO, Sociedad Ictiolégica Mexicana, El Co-
legio de la Frontera Sur y el Consejo de Peces del
Desierto, México — Estados Unidos. Ciudad de
México, México, 559 pp.

Copyright © Verlag Dr. Friedrich Pfeil

Miller, R. R. & C. L. Hubbs. 1974. Rivulus robustus, a
new cypronodontid fish from southeastern México.
Copeia, 1974: 865-869.

Mosqueda-Cabrera, M. A. & A. Ocampo-Jaimes. 2009.
Abnormalities on cephalic hooklets of advanced
third-stage larvae from Gnathostoma Owen, 1836
(Nematoda: Gnathostomidae) collected from Mex-
ican Rivulus Millerichthys robustus Costa, 1995
(Ciprinodontiformes: Rivulidae) in Tlacotalpan,
Veracruz, Mexico. Parasitology Research, 105: 1637~
1642.

Murphy, W. J. & G. E. Collier. 1997. A molecular phy-
logeny for aplocheiloid fishes (Atherinomorpha,
Cyprinodontiformes): the role of vicariance and the
origins of annualism. Molecular Biology and Evolu-
tion, 14: 790-799.

Myers, G. S. 1942. Studies on South American freshwa-
ter fishes I. Stanford Ichthyological Bulletin, 2:
89-114.

Nico, L. G., D. C. Taphorn & J. E. Thomerson. 1987.
Datos limnologicos sobre el habitat de los peces
anuales (Cyprinodontidae) de los Llanos vene-
zolanos con una clave para su identificacién. Biol-
lania, 5: 129-144.

Podrabsky, E. J., Tingaud-Sequeira, A. & J. Cerda. 2010.
Metabolic dormancy and responses to environmen-
tal desiccation in fish embryos. Topics in Current
Genetics, 21: 203-226.

Scheel, J. J. 1968. Rivulins of the Old World. T. F. H.
Publications, Neptune City, 480 pp.

— 1990. Atlas of Killifishes of the Old World. T.F.H.
Publications, Neptune City, 448 pp.

Siegel, G. 1958a. Interessante Neuigkeiten iiber boden-
laichende siidamerikanische Zahnkarpfen, DATZ,
11: 200-202.

— 1958b. Zur Morphologie der Eihiillen siidamerika-
nischer Zahnkarpfen. Wissenschaftliche Zeitschrift
der Friedrich-Schiller-Universitat Jena, 7: 229-231.

Watters, B. R. 2009. The ecology and distribution of
Nothobranchius fishes. Journal of the American Kil-
lifish Association, 42 (2): 37-76.

Wourmes, J. P. 1972a. Developmental biology of annual
fishes. I. Stages in the normal development of Aus-
trofundulus myersi Dahl. Journal of Experimental
Zoology, 182: 143-168.

— 1972b. Developmental biology of annual fishes. II.
Naturally occurring dispersion and reaggregation
of blastomeres during the development of annual
fish eggs. Journal of Experimental Zoology, 182:
169-200.

— 1972c. Developmental biology of annual fishes. III.
Pre-embryonic and embryonic diapause of variable
duration in the eggs of annual fishes. Journal of
Experimental Zoology, 182: 389-414.

Received 24 July 2012
Revised 18 January 2013
Accepted 6 February 2013

Dominguez-Castanedo et al.: Millerichthys



