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ABSTRACT

Ephemeroidea is a superfamily of Ephemeroptera that encompasses the only

species ofmayflies in which nymphs are adapted to live in buried shelters.

Polymitarcyidae is the most diverse family within this superfamily. Recently, the

systematic classification of neotropical representatives of Polymitarcyidae has been

revised in works based on conventional external morphological characteristics.

Polymitarycidae exhibits some unique biological aspects in Ephemeroptera, such as

adults having the shortest lifespan among mayflies and nymphs capable of silk

production. Campsurinae is the most species-rich family of Polymitarcyidae, with a

Pan-American distribution, showing greater diversity in the Neotropical region.

Campsurinae nymphs construct U-shaped shelters in various aquatic substrates, and

some species have been observed producing silk and manipulating silk fibers on

shelter walls. In this study, as a consequence of our investigations on internal

morphology, we describe the nymph of Tortopsis canum (Chapter I) and a new

species of Campsurus (Chapter II). In the main study of this work, the objective was

to analyze the histology and histochemistry of Malpighian tubules of Campsurinae

species and species not belonging to Polymitarcyidae but still within Ephemeroidea.

The studied Campsurinae species were Campsurus truncatus Ulmer, 1920,

Campsurus sp., and Tortopsis canum Gonçalves, Da-Silva & Nessimian, 2011, which

build shelters in different sediments (Chapter III). The studied species that do not

belong to Polymitarcyidae were Campylocia burmeisteri (Hagen, 1888)

(Ephemeroptera: Euthyplociidae) and Hexagenia albivitta (Walker, 1853)

(Ephemeroptera: Ephemeridae) (Chapter III). Additionally, we analyzed the

ultrastructure of the sperm of Campsurus violaceus Needham & Murphy, 1924 (IV).

The Malpighian tubules of the studied Campsurinae species exhibit anatomy similar

to the Malpighian tubules of C. burmeisteri and H. albivitta. However, the cell wall of

the Malpighian tubules of the Campsurinae species contains secretory columnar

cells, which are not found in the tubules of C. burmeisteri and H. albivitta. The

secretory
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columnar cells of the Campsurinae species display cytoplasm containing granules

that react positively to Periodic Acid-Schiff (PAS) and Bromophenol Blue tests,

confirming the secretion of glycoprotein material by the Malpighian tubules. The

morphology found in the sperm of C. violaceus shows variations that may serve as

important phylogenetic signals in evolutionary studies of mayflies, such as the pattern

of protofilaments in the accessory tubules, the arrangement of accessory bodies, and

the number of mitochondria.

Keywords: ephemeroidea, south america, mayflies, silk production, sperm,

ultrastructure



RESUMO

Ephemeroidea é uma superfamília de Ephemeroptera que engloba as únicas

espécies cujas ninfas são adaptadas a viver em túneis escavados. Polymitarcyidae é

a família mais diversa desta superfamília. Recentemente, a classificação sistemática

de representantes neotropicais de Polymitarcyidae tem sido revisada em estudos

baseados em características convencionais da morfologia externa. Polymitarcyidae

apresenta aspectos biológicos únicos em Ephemeroptera, como os adultos que

possuem o menor tempo de vida entre as efemerópteras e as ninfas que são

capazes de produzir seda. Campsurinae é a família mais especiosa de

Polymitarcyidae, possuindo distribuição panamericana, com maior diversidade na

região neotropical. As ninfas de Campsurinae constroem abrigos em formato de U

em diferentes substratos e algumas espécies foram observadas produzindo seda e

manipulando as fibras nas paredes dos abrigos. Neste trabalho, como consequência

da investigação sobre morfologia interna, nós descrevemos a ninfa de Tortopsis

canum Gonçalves, Da-Silva & Nessimian, 2011 (Capítulo I) e uma nova espécie de

Campsurus (Capítulo II). No principal estudo deste trabalho, o objetivo foi analisar a

histologia e a histoquímica de túbulos de Malpighi de espécies de Campsurinae e de

espécies não pertencentes à Polymitarcyidae, mas ainda dentro de Ephemeroidea.

As espécies de Campsurinae estudadas foram Campsurus truncatus Ulmer, 1920,

Campsurus sp. e T. canum, (Capítulo III). As espécies estudadas que não pertencem

a Polymitarcyidae foram Campylocia burmeisteri (Hagen, 1888) (Ephemeroptera:

Euthyplociidae) e Hexagenia albivitta (Walker, 1853) (Ephemeroptera: Ephemeridae)

(Capítulo III). Além disso, nós analisamos a ultraestrutura do espermatozoide de

Campsurus violaceus Needham & Murphy, 1924 (IV). Os túbulos de Malpighi das

espécies de Campsurinae estudadas apresentam anatomia similar aos túbulos de

Malpighi de C. burmeisteri e de H. albivitta. No entanto, a parede celular dos túbulos

de Malpighi das espécies de Campsurinae apresentam células colunares secretoras,

não encontradas nos túbulos de C. burmeisteri e de H. albivitta. As células
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colunares secretoras das espécies de Campsurinae apreentam citoplasma contendo

grânulos que reagem positivamente aos testes de Ácido Periódico de Schiff (PAS) e

Bromofenol Azul, confirmando a secreção de material glicoproteico pelos túbulos de

Malpighi. A morfologia encontrada no espermatozoide de C. violaceus exibe

variações que podem servir como importantes sinais filogenéticos em estudos

evolutivos de efemerópteros, como o padrão de protofilamentos nos túbulos

acessórios, o arranjo de corpos acessórios e o número de mitocôndrias.

Palavras-chave: ephemeroidea, américa do sul, efemerópteras, produção de seda,

espermatozoide, ultraestrutura
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INTRODUCTION 

 

Order Ephemeroptera 

Ephemeroptera, or mayflies, are the oldest lineage of winged insects, with 

PanEphemeroptera dating from the Carboniferous period (Kukalová-Peck, 1985; Brittain & 

Sartori, 2003). Mayflies are the only one among extant pterygotes to retain the primitive 

characteristics: caudal median filament and subimaginal molt (Grimaldi & Engel, 2005). In 

addition to these characteristics, adults of mayflies exhibit the following autapomorphies: 

vestigial mouthparts, enlarged compound eyes and an extra joint between the tibia and the first 

segment of the tarsus in males, palmén body, midgut filled with air, hindwing reduced, anal 

regions of wings reduced. The nymphs exhibiting tracheal gills on the lateral of the abdomen 

as an autapomorphy (Beutel et al., 2013). The nymphs of mayflies are entirely aquatic and get 

oxygen using tracheal gills (Brittain, 1982). The adults exhibit a swarming behaviour, often 

named “nuptial dance”, that is initiated by the emergence of males and soon numerous females 

mixed with the swarms (Brinck, 1957). 

 
Ephemeroidea 

Ephemeroidea, commonly known as burrowing mayflies, is a superfamily of 

Ephemeroptera with worldwide distribution (McCafferty, 1975). The colloquial name 

"burrowing mayflies'' is misleading for this superfamily because, although most Ephemeroidea 

species build and live in tunnels in various aquatic substrates, the nymphs of some families are 

found under rocks, on leaf litter, and on gravel (Nguyen & Bae, 2004; Gonçalves et al., 2017). 

Currently, Ephemeroidea comprises the families Ephemeridae, Euthyplociidae, Ichthybotidae, 

Palingeniidae, Potamanthidae, Behningiidae, and Polymitarcyidae (Miller et al., 2018). In the 

most recent phylogenomics of Ephemeroidea (Miller et al., 2018), Polymitarcyidae is 

recovered as the sister group of the clade (Behningiidae + Euthyplociidae) + (Ephemeridae + 

Ichthybotidae + Palingeniidae). 

 
Family Polymitarcyidae 

Polymitarcyidae is the most diverse family within Ephemeroidea, with 10 genera and 

84 species, exhibiting the greatest diversity in the Neotropical Region (Sartori & Brittain, 2015; 

Salles et al., 2024; Jacobus, 2024). The adults of Polymitarcyidae exhibit one of the shortest 

life among winged insects, emerging synchronously en masse and having an aerial stage as 

short as two hours (McCafferty & Bloodgood, 1989; Molineri, 2010). Other interesting 
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biological aspects of Polymitarcyidae is that the subimaginal molt occurs during the flight, with 

the cuticle peeling off like sun-burned skin (Domínguez et al., 2023). Furthermore, the legs of 

the adults are vestigial or reduced except for the forelegs of males wich are used to grasp the 

female during the copula (Domínguez et al., 2006). 

This family is divided into three subfamilies: Polymitarcyinae, Asthenopodinae, and 

Campsurinae (Molineri et al., 2015). Campsurinae is the most diverse subfamily, comprising 

63 species in 3 genera, Campsurus Eaton, 1868, Tortopus Needham & Murphy, 1924, and 

Tortopsis Molineri, 2010 (Jacobus, 2024; Salles et al., 2024). 

Campsurus is the most diverse genus of Campsurinae, comprising 44 species, with 40 

of them found in South America (Jacobus, 2024; Salles et al., 2024). The main diagnostic 

feature of the genus is the reduction of legs in the adult stage, with tibiae and tarsi absent, 

except for the male forelegs (Molineri & Salles, 2017). Other characteristics found in adults 

include forceps 1 segmented and an additional penis lobe, named thumb (Molineri et al., 2015; 

Molineri & Salles, 2017). Campsurus nymphs can be diagnosed by the following 

characteristics: mandibular tusks with prominent basal or sub-basal tubercule on the inner 

margin, outer margin of mandibular tusks with numerous setae, and bilamellate abdominal gill 

I (Molineri, 2010; Molineri et al., 2015). 

Tortopsis Molineri, 2010 is the most recently established genus of Polymitarcyidae, 

with a pan-American distribution, comprising 12 species, 9 of which are exclusive to South 

America (Molineri, 2010; Jacobus & McCafferty, 2024; Salles et al., 2024). The recent erection 

of Tortopsis from certain Tortopus species is justified by several morphological differences, 

such as in adults: male ninth abdominal sternum entire; parastyli more than 5 times the length 

of parastyli base, penes completely divided, and female forewing without intercalary veins 

between R2+3 and IR veins (Molineri, 2010). The diagnostic characteristics of the nymphs are: 

mandibular tusks with a single subapical tubercle on the median margin, and distal projection 

of fore-tibia tarsus ⅔ the length of the claw (Molineri, 2010). 

 
Silk production in Polymitarcyidae 

Polymitarcyidae is one of the families within Ephemeroidea whose nymphs build U- 

shaped tunnels in various aquatic substrates (McCafferty, 1975). Nymphs of Asthenopodinae 

build tunnels in aquatic vegetation, whereas nymphs of Campsurinae construct tunnels in both 

soft and hard clay sediments (Hartland-Rowe, 1958). An interesting aspect from an 

evolutionary perspective in certain Polymitarcyidae is the silk production by nymphs 

(Hartland-Rowe, 1958; Satler, 1967; Molineri & Emmerich, 2010). Nymphs of Povilla adusta 

Navas (Asthenopodinae) were observed secreting silk through the anus and moving the fibers 



 
 

13 
 

 

through the mouthparts and the front legs in a controlled environment (Hartland-Rowe, 1958). 

While for genera of Campsurinae, there is only field observation of silk-based structures built 

by species of Campsurus living in external shelters on rocks (Satler, 1967; Molineri & 

Emmerich, 2010; Salles, Boldrini & Pantoja, personal observation). Besides that, the organ 

responsible for silk production in Polymitarcyidae nymphs is still uncertain (Sutherland et al., 

2010). Satler (1967) analyzed the lumen of the Malpighian tubules of Asthenopus species and 

observed granules that test positive for the presence of amino acids. However, the histological 

characteristics of the Malpighian tubules of Polymitarcyidae has never been investigated. 

The silk production is an interesting biological aspect of mayflies. Compared with other 

insects, the physiology of silk-production is poorly known, with just observational and non- 

histological chemical studies (Hartland-Rowe, 1953; Hartland-Rowe, 1958; Satler, 1967), 

without a confirmation of the silk-producing organ. 

 
Sperm morphology 

Mayfly imagos copulate immediately after the emergence, showing rapid one-time 

mating and high fecundity values (Brittain & Sartori; Araújo et al., 2021). The short mating 

period in mayflies must have exerted selective pressure for adaptations in the reproductive 

system of the imagos, particularly in males, which have testes that are partially or entirely 

disintegrated and a swollen seminal duct, full of sperm, that opens directly onto the penis 

(Soldán, 1979a; Araújo et al., 2021). 

Despite these unique characteristics, the stage does not show great interspecific 

variation in the anatomy of components, aside from variations in the intrinsic musculature 

associated with the seminal ducts (Landa & Soldán, 1985; Britto et al., 2015). The best model 

for a comparative anatomy of the reproductive system in Ephemeroptera is the mature nymph, 

which is the last stage of mayflies in which the testes are complete (Sóldan, 1979a, Araújo et 

al., 2021). The mature nymphs of mayflies exhibit a pair of testes consisting of testicular 

follicles that connect directly to the seminal duct, not forming vasa efferentia and lacking 

accessory glands (Soldán, 1979a). The variation in the anatomical pattern of the male 

reproductive system in mature nymphs can be found in the shape and arrangement of the testes 

in relation to the body; in the shape, arrangement, and positioning of the testicular follicles in 

relation to the seminal duct; and in the shape of the seminal duct (Landa & Soldán, 1985). 

The variation in the morphological pattern of the anatomy of the reproductive system 

must be related to differences in characteristics of sperm in Ephemeroptera (Gaino & Mazzini, 

1991). The external morphology of mayflies’ sperm exhibit a great variation, with very 

remarkable difference in shape and size of the head and in the length of the flagellum (Soldán, 



 
 

14 
 

 

1979b). The flagellum is so variable in mayflies’ sperm that in some families it is 3 or 5 times 

the head length, and in one family, Leptophlebiidae, the sperms are aflagellate (Soldán, 1979b; 

Gaino & Mazzini, 1991; Brito et al., 2011). 

The ultrastructure of mayflies’ sperm is well studied in terms of representing each 

family (Bacceti et al., 1969; Gaino & Mazzini, 1991; Brito, 2012; Brito et al., 2015). Among 

the mayflies occurring in Brazil, for example, out of 10 families, only one lacks a representative 

species with known spermatic ultrastructure (Brito, 2012). There is a great variation in sperms 

from different families, but there is a lack of information about variation among species within 

the same family, either to confirm a family autapomorphy or to identify variations in sperm 

among species. The most studied species are from Leptophlebiidae, with 6 species described, 

whereas Polymitarcyidae only has 2 species with known spermatic ultrastructure (Bacceti et 

al., 1969; Grimm, 1985; Gaino & Mazzini, 1991; Brito, 2012; Brito et al., 2015). 

Polymitarcyidae is one of the most diverse families of mayflies, and the sperm 

ultrastructure for this family is known for only two species (Brito, 2012). The study of sperm 

morphology can contribute to species identification and to outlining the phylogenetic 

relationships in Polymitarcyidae based on the knowledge of variations in characteristics at the 

ultrastructural level among sperm of different species. 

 
OBJECTIVES 

 

Main Objective: The objective of this study is to expand the knowledge on the taxonomy, 

physiology and reproductive biology of the Ephemerotpera, with a focus on the Campsurinae 

(Polymitarcyidae). 

 
Specific Objectives: 

● To contribute to the systematics of Tortopsis, with the description of the nymph of 

Tortopsis canum; 

● To provide a key to the nymphs of all South American species of Tortopsis; 

● To describe a new species of Campsurus Eaton, 1868; 

● To describe the anatomy of the Malpighian tubules of Campsurus truncatus Ulmer, 

1920, a silk-producing species, and Campylocia burmeisteri (Hagen, 1888) a non- 

silk-producing species; 

● To analyze the histology and histochemistry of epithelial cells in the Malpighian tubules 

of Campsurus truncatus; Campsurus sp.; Tortopsis canum; Campylocia burmeisteri 

and Hexagenia albivitta (Walker, 1853); 
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● To understand the ultrastructural characteristics of sperm from Campsurus and to 

generate potential informative characters for new phylogenetic studies of 

Polymitarcyidae. 
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CHAPTER I - THE NYMPH OF Tortopsis canum Gonçalves, Da-Silva & Nessimian, 

2011 (Ephemeroptera: Polymitarcyidae) 
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CHAPTER II – A NEW SPECIES OF Campsurus Eaton, 1868 (Ephemeroptera: 

Polymitarcyidae) from the Doce River Basin, Brazil 
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CHAPTER III - EVIDENCE OF SILK PRODUCTION IN MALPIGHIAN TUBULES 

OF CAMPSURINAE (EPHEMEROPTERA: POLYMITARCYIDAE) NYMPHS 
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ABSTRACT 

PANTOJA, Gabriel Martins, Federal University of Viçosa, July, 2024. Evidence of silk 
production in Malpighian tubules of Campsurinae (Ephemeroptera: Polymitarcyidae) 
nymphs. Adviser: Frederico Falcão Salles. Co-adviser: José Eduardo Serrão. 

 
Silk glands are present in species of spiders, myriapods, and insects. Among insects, these 

glands may be present in the labium, epidermis, or as cells derived from Malpighian tubules. 

Nymphs of Polymitarcyidae (Insecta: Ephemeroptera) use silk to incase tunnels built in plant 

tissues and sediments. However, silk production in nymphs of this family has only been 

observed for species of Asthenopus, in wich the Malpighian tubules lumen exhibits protein 

content. Histological studies of silk production in Ephemeroptera nymphs are lacking. Here, 

we analyzed the histology and histochemistry of Malpighian tubules cells from three 

Campsurinae species that construct shelters in different sediments: Campsurus truncatus, 

Campsurus sp., and Tortopsis canum. Besides these three species, we analyzed the Malpighian 

tubules of species from two other families of Ephemeroidea, Campylocia burmeisteri (Hagen, 

1888) (Ephemeroptera: Euthyplociidae) and Hexagenia albivitta (Walker, 1853) 

(Ephemeroptera: Ephemeridae), as a control group. The species of Campsurinae present 

Malpighian tubules with columnar secretory cells, containing glycoprotein granules in the 

cytoplasm. This kind of cells is absent in malpighian tubules of C. burmeisteri and H. albivitta 

The presence of glycoprotein-secreting cells in the Malpighian tubules of the studied species 

provides evidence that silk production is widespread among Polymitarcyidae with different 

habitats, whether they build shelters with mineral materials or construct tunnels in clay. This 

study presents the first histological evidence of protein-secreting cells in the Malpighian 

tubules of Ephemeroptera. 
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INTRODUCTION 

Silk is utilized by arthropods to build nests, shelters, cocoons, and webs (Maschwitz et 

al, 1990; Vollrath, 1999; Quicke et al., 2004; Chang et al., 2006). These structures exhibit a 

certain resistance to adverse environmental conditions, mainly due to physical properties of 

silk, such as water insolubility, mechanical resistance, and elasticity (Seibt & Wickler, 1990; 

Vollrath & Knight, 2001). Silk acquires these properties during the synthesis process, which 

consists of converting an aqueous solution of proteins into fibers (Jin & Kaplan, 2003). Storing 

silk as an aqueous solution enables the rapid synthesis of fibers in response to specimen 

development and environmental cues (Sutherland, 2010). 

Silk fibers are synthesized exclusively in arachnid, myriapod and insects by organs 

named silk glands, which have a range of classes with different evolutionary origins (Sehnal & 

Akkai, 1990; Craig, 1997 Sutherland, 2010; Scott et al., 2018). Whereas the silk glands in 

myriapod are unknown, in arachnids they are tubular or acinous and specialized for fiber 

production in the opisthosoma (Kovoor, 1987). In insect species, silk glands are classified as 

labial and dermal glands, as well as specialized cells in the Malpighian tubules (Sehnal & 

Akkai, 1990; Sutherland, 2010). 

The labial gland is the most common class of silk gland in insects (Snodgrass, 1935; 

Sehnal & Craig, 2009). Labial silk glands occur in adults of Gryllacrididae and 

Anostostomatidae (Orthoptera), Psocoptera, Sphecidae (Hymenoptera) and in larvae of 

Hymenoptera, Siphonaptera, “Nematocera” (Diptera), Lepidoptera and Trichoptera (Morton & 

Rentz, 1983; Maschwitz et al., 1990; Lawrence & Foil, 2002). This paired gland is tubular with 

two regions: the posterior, with silk secretory cells, and the anterior region, with a secretory 

duct that opens between the labium and the hypopharynx (Snodgrass, 1935; Tashiro, 1968). 

These regions may exhibit anatomical and histological variations among species. Larvae of 

Trichoptera and Lepidoptera have the anterior region of the gland with a muscle complex that 

plays a role in the silk extrusion (Engster, 1976; Guo et al., 2019). Additionally, these insects 

have an extension of the anterior region of the silk gland that reaches the area outside the 

mouthparts (Sorensen et al., 2006; Spanhoff, 2003; Guo et al., 2019). Meanwhile, in social 

wasps, Anthophorinae bees, and poneromorph ants, the posterior glandular region is acinar, 

providing a larger secretory area to the gland (Landolt & Akre, 1979; Cavasin-Oliveira & Cruz- 

Landim, 1998; Lommelen et al., 2002). 

Dermal silk glands in insects belong to class III, according to the classification by 

Noirot & Quennedey (1974) for epidermal gland cells (Young, & Merrit, 2003; Serrão, 2005). 

In the silk gland of this class, the secretory units are located below and distant from the cuticle, 
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connected to it by a secretory canal (Nagashima et al., 1991; Serrão, 2005). The secretory units 

are composed of numerous secretory cells and a lumen formed by the invagination of the apical 

plasma membrane of the cells (Kenchington, 1972; Young & Merrit, 2003).The lumen is 

connected to a secretory canal, which links the secretory units of the gland to specialized setae 

(Serrão & Campos, 2000; Young & Merrit, 2003). In immature and adult Embioptera, these 

setae are present on the first and second tarsomeres of the forelegs, while the secretory setae of 

males of the tribes Hilarini and Empidini (Diptera: Empididae) are found only on the first 

tarsomere (Nagashima, 1991; Young & Merrit, 2003). However, in adult females of some 

Pemphredoninae (Hymenoptera: Sphecidae), the secretory setae are located on segments IV 

and V of the metasoma (Melo, 1997; Serrão, 2005). Another dermal silk glands are the 

accessory glands of females of Chrysopidae (Neuroptera) and Hydrophilidae (Coleoptera) (La 

Mun, 1988). However, the anatomy and histology of these glands are unknown. 

Silk-secretory cells derived from Malpighian tubules are found in immature stages of 

some Cercopidae (Hemiptera), Curculionidae (Coleoptera), and Chrysopidae (Neuroptera) 

(Spiegler, 1962; Marshall, 1973; Kenchington, 1983). These cells possess invaginations by an 

arboriform complex of channels, where silk exocytosis occurs, reaching the lumen of the 

tubules (Marshall, 1973). In species of Cercopidae and Curculionidae, silk secretion occurs in 

the distal region of the Malpighian tubules (Marshall, 1973; Kenchington, 1983). Meanwhile, 

in species of Chrysopidae, the secretory cells are present in the proximal region, close to the 

opening into the gut (Spiegler, 1962). 

Some silk-based structures can also be found in aquatic environments, due to the 

insolubility of the fibers (Case et al., 1994). These structures are built by representatives of 

Trichoptera, which construct fixed or mobile shelters with gravel and plant parts (Kiel & Roder, 

2002), Simuliidae and Chironomidae (Diptera), which anchor themselves to the substrate using 

silk fibers, facilitating the interception of suspended material (Mackay, 1979; Kiel & Roder, 

2002), females of Hydrophilidae (Coleoptera) and Gomphidae (Odonata) that use silk to cover 

eggs (Anderson, 1976; Trueman, 1990). 

In Ephemeroptera, silk production has been exclusively investigated in three genera of  

Polymitarcyidae (Hartland-Rowe, 1953; Satler, 1967; Molineri & Emmerich, 2010). This 

family belongs to a group of Ephemeroptera named Ephemeroidea, which includes several 

families whose nymphs live buried in the substrate (McCafferty, 1975). The first report of silk 

production in Polymitarcyidae was made by Verrier (1951), who observed tunnels of Povilla 

adusta Navás, 1912 (Asthenopodinae) covered with a film probably produced by nymphs in 

rivers of Congo, Africa. Satler (1967) observed an adhesive secretion on the walls of tunnels 

built in plant stem by nymphs of Asthenopus sp. Eaton, 1871 (Asthenopodinae: 
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Polymitarcyidae), and on grains of sand from shelters occupied by Campsurus Eaton, 1868 

(Campsurinae: Polymitarcyidae) in the Amazon. Decades later, Molineri & Emmerich (2010) 

reported nymphs of Campsurus argentinus Esben-Petersen 1912 (Campsurinae) living in silk 

structures adhered to the wall of rocks in Uruguay. 

The production and release of silk are interesting biological aspects of Polymitarcyidae. 

Hartland-Rowe (1958) observed nymphs of P. adusta secreting silk through the anus and using 

mouthparts and forelegs to shape and transport the fibers (Hartland-Rowe, 1958). The silk is 

used to coat the walls of the tunnels built by the nymphs in plant parts and sediments (Hartland- 

Rowe, 1958; Satler, 1967; Molineri & Emmerich, 2010). It is likely silk provides support to 

the shelter and enhances the nymphs' adherence to the tunnel, allowing stability during feeding, 

which occurs through particle filtering (Hartland-Rowe, 1958; Satler; 1967). During feeding, 

the nymphs rhythmically move their gills, generating the circulation of water and suspended 

particles into the tunnel (Hartland-Rowe, 1953). Furthermore, the presence of silk may 

decrease the lumen of the tunnel, resulting in less space between suspended particles and the 

filtering bristles on the forelegs and mouthparts of the nymphs, thereby facilitating filtration 

(Hartland-Rowe, 1958). 

Despite evidence regarding silk production in Polymitarcyidae nymphs, knowledge 

about the producing organ is limited to the study by Sattler (1967). The author observed 

granules positive for amino acids obtained from the lumen of Malpighian tubules of Asthenopus 

(Asthenopodinae). Studies on the biological aspects of silk production in Polymitarcyidae are 

restricted to two species of Asthenopodinae (Hartland-Rowe, 1953, 1958; Satler, 1967), 

whereas the family comprises two more subfamilies: Polymitarcyinae and Campsurinae. 

Campsurinae is the sister group of Asthenopodinae, both the sister group of Polymitarcyinae 

(Fig.1) (Molineri et al., 2021). In Campsurinae genera, therefore, it has not been verified 

whether Malpighian tubule cells also produce protein, found in high levels in silk fibers, and 

whether silk production is restricted only to Campsurus species that build external shelters. 

Additionally, the structure of the protein-secreting cell in Ephemeroptera is still unknown. 

Therefore, the aim of this study is to search for evidence of silk production by Malpighian 

tubules in Ephemeroptera and to provide new records of silk-producing species through 

histological and histochemical analyses of the Malpighian tubules from nymphs of 

Campsurinae species.  

 

MATERIAL AND METHODS 

Selected species 

The Campsurinae species studied were Campsurus truncatus Ulmer, 1920 (Fig 1A), 
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Campsurus sp. and Tortopsis canum Gonçalves, Da-Silva & Nessimian, 2011 (Fig 1B). In 

addition, species from two other families of Ephemeroidea were selected: Campylocia 

burmeisteri Hagen, 1888 (Euthyplociidae; Fig 1C) and Hexagenia albivitta (Walker, 1853) 

(Ephemeridae; Fig 1D). Therefore, both clades of Campsurinae [Campsurus and (Tortopsis + 

Tortopus); Fig 2)] (Molineri et al., 2021) are represented in this study. We could not collect 

alive nymphs of Polymitarcyinae because this is a holarctic group. As a control group, we 

selected nymphs of Campylocia and Hexagenia because these genera are closely related groups 

to Polymitarcyidae (Fig 2; Miller et al., 2018). 

 

Fig 1. Nymphs of studied species. Campsurus. truncatus (A); Tortopsis canum (B); Campylocia burmeisteri (C); 

Hexagenia albivitta. 
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Fig 2. Cladogram of suborder Ephemeroidea (Modified from Miller et al., 2018 and Molineri et al., 2021) 
 
 
Species habitats 

The nymphs of Campsurus sp., T. canum, Cy. burmeisteri and H. albivitta were 

collected in lotic systems, while the nymphs of Cs. truncatus were collected in lentic systems 

(Table 1). The nymphs of Cy. burmeisteri were found under rocks in backwater areas, and the 

nymphs of H. albivitta were found buried in silty sediment near the riverbank. Among the 

Polymitarcyidae nymphs, those of Campsurus. sp. inhabited shelters, attached to rocks, built 

with mineral material and an adhesive substance (Fig 3A). Meanwhile, the nymphs of T. canum 

were found buried in a bank of consolidated clay substrate, and those of Cs. truncatus were 

found buried in soft clay substrate. The Campsurinae species studied here represent the two 

different types of nymphal behaviour seen in this subfamily: nymphs that build helters on rocks 

and nymphs that construct U-shaped tunnels in clay sediments (Fig 3B; Molineri & Emmerich, 

2010; Molineri et al., 2021; Salles, Pantoja & Boldrini, personal observation), allowing for the 

comparison of silk production in relation to the different habitats. Nymphs of H. albivitta, like 
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Campsurinae nymphs, construct U-shaped tunnels, but in sediments of larger particle sizes than 

clay, primarily with a predominant silt fraction (Fremling, 1960; Fremling & Schoening 1973). 

Nymphs of Hexagenia build tunnels without exhibiting silk production activity (Fremling & 

Schoening 1973). The nymphs of Cy. burmeisteri are interstitial dwellers in mixed substrate 

that do not form burrows (Bae & McCafferty, 1995). 

 
Table 1. Annotated species and locations 

 

Species Locality County State Coordinates 

Cy. burmeisteri Cruzeiro Waterfall Ervália MG 20°46'36.4"S 
42°29'50.3"W 

H. albivitta Ribeirão Lajes river Carolina MA 7°20'44.9"S 47°26'39.1"W 

Cs. sp. Arraias river Bonfim RR 3°21'34.1"N, 
59°53'51.6"W 

Cs. truncatus Cond. dos lagos Viçosa MG 20°46'11.3"S,42°50'24.8"
W 

T. canum Doce river basin Pingo-d’água MG 19°46'03.3"S 
42°28'35.7"W 

 
 

 

Fig 3. Type of habitats of nymphs in Campsurinae. A) External shelters on rocks made by nymphs of  

Campsurus sp. (Boldrini & Pantoja, 2021). B) Schematic drawing of U-shaped tunnels in clay sediments. 
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Collection and rearing of specimens 

The insects were manually collected using tweezers, trays, and sieves. The nymphs of 

Cs. truncatus and Cy. burmeisteri were transferred alive to the Entomology Museum of the 

Federal University of Viçosa (UFVB) for dissection and description of the Malpighian tubules 

anatomy. Another set of Cy. burmeisteri and Cs. truncatus nymphs were reared in order to keep 

the organisms alive for a period of time. During transport from the field to the laboratory, the 

live nymphs of Cy. burmeisteri were placed in a delicate laundry washing bag submerged in 

water, preventing the nymphs from escaping. To maintain water temperature, the trays were 

stored in thermal boxes. In laboratory, nymphs of Cy. burmeisteri were placed in cups 

positioned on a floating structure that remained in an aquarium with two oxygen pumps 

(Velásquez, 2023).The cups had an opening covered with voile fabric at the bottom to allow 

water flow, and the top was also covered with voile fabric to allow air exchange and thus 

prevent perspiration inside the cup. Stones were placed in each cup for the nymphs to anchor 

themselves. For the rearing of Cs. truncatus, nymphs were placed in delicate laundry washing 

bags in aquariums with water and clay substrate. The nymphs of Cs. truncatus were not placed 

in an aquarium with oxygen pumps because these nymphs inhabited a low-oxygen 

environment. 

 
Anatomy of Malpighian tubules 

For the description of anatomical features of Malpighian tubules, five alive immature 

nymphs of Cs. truncatus and Cy. burmesteri were cold-immobilized, dissected in 0.15 M 

sodium phosphate buffer at pH 7.3 (PBS) under a Leica M205A stereomicroscope. Illustrations 

were created using Adobe Illustrator software version 2022. The anatomy of the Malpighian 

tubules can only be accurately depicted when the insect is alive during dissection, and among 

the collected species, Cs. truncatus and Cy. burmeisteri were the species in which this 

procedure could be performed. We were unable to keep the other species alive until dissection 

due to the time and transport conditions to the laboratory. However, according to Soldan 

(1985), there is no difference in the anatomy of the Malpighian tubules among Campsurinae 

species. 

 
Dissection 

The nymphs were dissected with forceps on a Petri dish containing saline solution (0.1 

M NaCl + 0.1 M KH2PO4 + 0.1 M Na2HPO4), and the digestive systems with Malpighian 

tubules were transferred to Zamboni fixative (Stefanini et al., 1969). 
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Histology 

Three samples of the digestive tract with Malpighian tubules from Cs. truncatus, 

Campsurus sp., T. canum, Cy. Burmeisteri and H. albivitta were dehydrated in an increasing 

series of ethanol (70, 80, 90, and 95%) and embedded in historesin (Leica Biosystem Nussloch 

GmbH, Wetzlar, Germany). Sections with a thickness of 2 μm were obtained with glass knives 

in a rotatory microtome (Leica). Some sections were stained with hematoxylin and eosin, while 

others were submitted to histochemical tests and analyzed using an Olympus BX60 optical 

microscope. 

 
Histochemical tests 

Periodic Acid-chiff 

( (PAS) 

The PAS test was used to detect glycoproteins in Malpighian tubules cells. Unstained 

histological slides were incubated in 0.4 M periodic acid for 30 minutes. They were then 

washed in running water and transferred to Schiff's reagent for 1 hour in the dark. Finally, the 

samples were washed with running water, mounted, and analyzed under a light microscope. 

 
Mercury Bromophenol Blue 

For the detection of proteins in the unstained Malpighian tubules, samples were 

incubated in mercury bromophenol solution (100 mL 2% acetic acid; 0.05 g bromophenol blue; 

1.5 g mercury II chloride) for 2 hours and 15 minutes. Subsequently, the samples were 

transferred to 0.5% acetic acid for 10 minutes, washed with running water for 15 minutes, 

mounted, and analyzed under a light microscope. 

 
RESULTS 

Anatomy of the Malpighian tubules of Cy. burmeisteri and Cs. truncatus 

The Malpighian tubules of Cs. truncatus are formed by four main trunks that originate 

at the junction of the midgut and hindgut (Fig 4A). Each main trunk presents four ramifications 

that can be classified as (i) a cylindrical branch that originates from the main trunk named 

secondary branches (Fig 4B-D); (ii) branches from the distal portion of the secondary 

branch,the tertiary branches (Fig 4B-D), which varies in number, from six (Fig 5B), four (Fig 

4C) or two units (Fig 4D), with no specific distribution pattern along the main trunks; (iii) 

filiform structures that originate from the distal portion of tertiary branches (Fig 4B-D); and 

(iv) a coiled structure that originates from the distal portion of the filiform structure (Fig 4B- 
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D). 

The Malpighian tubules of Cy. burmeisteri are also divided into four main trunks (Fig 

5A). However, these trunks originate from a distal region in the middgut and are forked at base 

(Fig 5A). The main trunks in Cy. burmeisteri present two branches; (i) the cylindrical secondary 

branch, that can be bifurcated (Fig 5B), trifurcated (Fig 5C), or with four ramifications (Fig 

5D), without a distribution pattern, and (ii) the coiled structure which originates from the distal 

portion (Fig 5B-D), similar to those of Cs. truncatus. 

 
 
 
 
 

Fig 4. Anatomy of Malpighian tubules of Campsurus truncatus nymph. (A) General view. (B), (C) and (D) detail 

of shown structures. Four main trunks (t) originate at the junction of the midgut (im) and hindgut (ip). From the 

main trunk (t) emerges the secondary branch (s). The tertiary branch (e) can vary in number, from six (B), four 

(C) or two (D) units. Filiform structuture (f) at the end, linking it to coiled structure (c). Arrow: Attached forms. 
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Fig 5. Anatomy of Malpighian tubules of Campylocia burmeisteri nymph. (A) General view. (B), (C) and (D) 

detail of shown structures. Main trunks (t) emerging farther from the intersection between the midgut (im) and 

hindgut (ip) than in Campsurus truncatus. From the main trunk (t) originates the secondary branch (s) which can 

be bifurcated (A), trifurcated (B), or with four branches (C). Coiled structure (c) at the end of the secondary branch. 

Arrow: Attached forms. 

 

Histology 

The Malpighian tubules of Cy. burmeisteri and H. albivitta present a single layer 

epithelium with cuboidal and pyramidal cells (Fig 6A-B). These cells are mononucleated, with 

a median oval nucleus rich in decondensed chromatin and invaginations on the basal surface in 

contact with the hemocoel (Fig 6A-B). Pyramidal cells are present in the coiled branch (Fig 6A) 

and cuboidal ones in the main trunks and secondary branches (Fig 6B). The Malpighian tubules 

of Cs. truncatus, Campsurus sp., and T. canum also present pyramidal and cuboidal cells (Fig 

7A-C). Pyramidal cells are found in coiled branches and cubic cells in the main trunks 
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and the secondary and tertiary branches. Unlike Cy. burmeisteri and H. albivitta, the coiled 

branches of Cs. truncatus, Campsurus sp., and T. canum present columnar cells. Some of these 

columnar cells have non-basophilic cytoplasm (Fig 7B), whereas others have strongly 

basophilic cytoplasm (Fig 7B). 

 

Fig 6. Light micrographs of the Malpighian tubules of Campylocia burmeisteri stained with hematoxylin and eosin. 

(A) Pyramidal cells of the coiled structure showing a median nucleus (arrow) with decondensed chromatin and 

basal surface (s) with invaginations; (h) hemocoel. (B) Cuboidal cells in the secondary branch with a nucleus 

(arrow) featuring decondensed chromatin and invaginations on the basal surface (s); (l) lumen; (h) hemocoel. 
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Fig 7. Light micrographs of Malpighian tubules of Campsurus truncatus stained with hematoxylin and eosin. (A) 

Pyramidal cells of the coiled structure showing a median nucleus (arrow) with decondensed chromatin and basal 

surface (s) with invaginations; (h) hemocoel. (B) Columnar cells with strongly basophilic (cb) and non-basophilic 

(cnb) cytoplasm; (l) lumen; (h) hemocoel. (C) Cuboidal cells in the secondary branch with a nucleus (arrow) 

featuring decondensed chromatin and invaginations on the basal surface (s); (l) lumen; (h) hemocoel. (*) Branches 

of Malpighian tubules of Cs. truncatus. 

 

Histochemical tests 

In Malpighian tubules of Campsurus sp., Cs. truncatus, and T. canum, histochemical 

tests revealed the presence of granules strongly reactive to both P.A.S and mercury 

bromophenol blue tests in the cytoplasm of columnar cells in Malpighian tubules of Campsurus 

sp., Cs. truncatus and T. canum (Fig 8A and 8B) which are lacking in H. albivitta and Cy. 

burmeisteri. 
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Fig 8. Light micrographs of the coiled branches of Tortopsis canum. (A) Granules strongly reactive to the P.A.S 

test in the cytoplasm of columnar cells. (B) Granules strongly reactive to the mercury-bromophenol blue test in 

the cytoplasm of columnar cells. (n) nucleous; (h) hemocel. 

 

DISCUSSION 

In Ephemeroptera, the Malpighian tubules emerge as individual trunks or in clusters 

from the posterior region of the midgut or the anterior portion of the hindgut (Soldan, 1973). 

Regarding the connection to the gut, the emergence of Malpighian tubules as individual main 

trunks is considered by Landa & Soldán (1985) as the plesiomorphic state in Ephemeroptera, 

as seen in both Cs. truncatus and Cy. burmeisteri. Concerning the number of trunks in 

Ephemeroidea, Campsurinae and Asthenopodinae have the same number as in Euthyplociidae, 

with four trunks. While six main trunks are present in Polymitarcyinae, one of the subfamilies 

of Polymitarcyidae, as in Potamanthidae, Ephemeridae and Palingeniidae. Species of 

Behningidae exhibit the highest number of trunks in the superfamily, with eigth trunks (Landa, 

1969). Campsurus truncatus and Cy. burmesteri have one of the smallest number of main 

trunks (four) among Ephemeroptera species. Species of Drunella Needham, 1905 

(Ephemerellidae) have eight trunks, species of Hagenulus Eaton, 1882 (Leptophlebiidae) have 

a pair of trunks (Landa & Soldán, 1985). According to Landa & Soldán (1985), a trend in 

Ephemeroptera is the reduction in the number of main trunks in the Malpighian tubules. Like 

in Cs. truncatus and Cp. burmeisteri, Malpighian tubules of Ephemeroptera species have 

secondary branches (Landa & Soldán, 1985; Gaino & Rebora, 2000). The secondary branches 

of Ephemeroptera seem to enhance the surface area of the tubules, thus increasing the efficiency 

of hemolymph osmotic regulation (Nocelli et al., 2016). 

Among insects, Malpighian tubules may present different shapes, but the morphology 

of the cells is similar, being either cuboidal or pyramidal (Chapman, 1998; Nocelli et al., 2016). 

In most species, such as the fire ant Solenopsis saevissima Fore, 1904, and the 
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grasshopper Melanoplus differentialis (Thomas, 1865), the tubules are formed by epithelium 

with a single layer of cuboidal cells (Garayoa, 1992; Arab & Caetano, 2002; Delakorda et al., 

2009; Koçakoglu & Candan, 2020; Koçakoglu, 2021). Meanwhile, the Malpighian tubules of 

the bumblebee Bombus morio (Swederus, 1817) are formed by a single layer of intercalating 

pyramidal and cuboidal cells, without presenting regionalization of the cells (Gonçalves et al., 

2014). In addition to Campsurinae nymphs, other insects also exhibit Malpighian tubules with 

cell regionalization, as the beetle Melanotus communis (Gyllenhal, 1817), which exhibits a 

simple tubule with cuboidal cells in the proximal and pyramidal cells in the distal region 

(Wilder & Smith, 1938). 

In addition to cells involved in the osmoregulatory and excretory activity (Chapman, 

1998), the Malpighian tubules of the three evaluated species of Campsurinae have specialized 

cells that exhibit secretory activity of glycoprotein evidenced by the co-localization of positive 

reactions to P.A.S. and mercury-bromophenol. Furthermore, these cells are columnar, a shape 

associated with regions with secretory activities and uncommon in Malpighian tubule epithelia 

(Chapman 1998, Nocelli et al., 2019). This type of cell has a larger cytoplasm than cuboidal 

cells and, thus, can have a greater number of organelles related to the production of 

glycoprotein granules, such as the Golgi complex and rough endoplasmic reticulum (Caro & 

Palade, 1964; Marshall, 1973). Malpighian tubules that secrete proteinaceous material have a 

specialized region for this function (Spiegler, 1962; Marshall, 1973; Kenchington, 1983). In 

other species of insects that produce silk, such as Chrysopidae (Neuroptera), Cercopidae 

(Hemiptera), and Curculionidae (Coleoptera), secretory cells are located in the distal portion 

of the Malpighian tubules (Spiegler, 1962; Marshall, 1973; Kenchington, 1983). In 

Campsurinae, this also occurs, and the protein-secretory cells are located in the coiled branches, 

in the distal portion of the secondary branches of the main trunk. 

The observation of proteinaceous material in the lumen of the Malpighian tubules of 

Asthenopodinae (Satler, 1967), and the presence of protein-secretory cells in the tubules of 

Campsurinae herein studied, are strong evidence that silk secretion is widespread in 

Campsurinae + Asthenopodinae regardless of the species' habitat. Given the evidence here 

presented, the production of silk has probably evolved, at least, in the common ancestor of 

Asthenopodinae + Campsurinae (Molineri et al., 2015). To confirm protein secretion in 

Malpighian tubules as an apomorphy of Polymitarcyidae, studies on the biology and 

physiology of nymphs of Polymitarcyinae, the sister group of the clade Asthenopodinae + 

Campsurinae (Ogden, 2009), are necessary. The absence of proteinaceous material in the cells 

of the Malpighian tubules of Cy. burmesteri and H. albivitta is further evidence that silk 

production is an evolutionary novelty in Polymitarcyidae nymphs. 



 
 

49 
 

 

Currently, there are hypotheses regarding the evolutionary pressure that likely led to 

the silk production in Polymitarcyidae: (1) silk provides greater stability to the walls of tunnels 

constructed by nymphs, preventing the collapse of the shelter (Salter, 1967); (2) silk provides 

greater body stability for nymphs while they perform movements with legs and gills, thereby 

increasing the efficiency of particle filtration (Hartland-Rowe 1953); and (3) silk may reduce 

the size of the lumen of tunnels and, thus, decrease the possible space between suspended 

particles and filtering structures of the anterior legs, increasing the efficiency of particle 

filtration by nymphs (Hartland-Rowe 1958). The first hypothesis is weakened by our study, as 

nymphs of H. albivitta apparently do not produce silk and yet they also construct and inhabit 

U-shaped tunnels in substrates of lower cohesion than those in which Campsurinae nymphs 

build their tunnels. Framling (1943) states that Hexagenia nymphs keep their gills moving 

while inside the tunnel, similar to Campsurinae, and that when the nymph stops beating its gills 

or leaves the shelter, the walls begin to collapse, indicating that, in addition to substrate 

cohesion, water flow in the tunnel may be responsible for shelter stability. 

The hypothesis proposed by Hartland-Rowe (1953), is not supported here, as nymphs of 

H. albivitta, which also filter particles inside the U-shaped tunnels, do not seem to produce 

silk. Hexagenia nymphs rhythmically beat their gills, creating a particle flow inside the shelter, 

and these particles are caught by filter setae on the femur and tibia of the fore legs, similar to 

nymphs of Polymitarcyidae (Framling, 1943; Hartland-Rowe, 1953). However, Hexagenia 

nymphs are able to efficiently filter particles without being anchored in silk on the tunnel walls. 

The most likely hypothesis is Hartland-Rowe's (1958). The head, especially the tusks, 

is used to make the initial tunnel perforation, and thus, the tunnel lumen size is directly related 

to the width of the head and tusks (Keltner & McCafferty, 1986). The tusks of Hexagenia are 

slender, not heavily armed or sclerotized, and do not possess spines or crenulations (Keltner & 

McCafferty, 1986). On the other hand, the tusks of Polymitarcyidae are rounded basally, robust, 

and have spines and crenulations on the outer margin of the tusks (Bae & McCafferty, 1995). 

Likely, the ratio of tunnel lumen size to nymph body width is greater in Polymitarcyidae than in 

Hexagenia, making it more difficult for Polymitarcyidae nymphs to intercept suspended 

particles. Consequently, silk on walls of shelters and tunnels, as observed here and by Satler 

(1967), reduces the tunnel lumen size, allowing Polymitarcyidae nymphs to intercept 

suspended particles more efficiently. Behavioral studies are needed to confirm the factor that 

drove silk production to be an evolutionary novelty in Polymitarcyidae nymphs.  

This is the first histological investigation about the silk-production in mayflies. The 

report of glycoprotein-secretory cells in Malpighian tubules of Campsurinae species provides 

strong evidence for the silk production occurring in this organ. Furthermore, the knowledge of 
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the anatomy of Cs. truncatus allowed for the placement of the glycoprotein-secretory cells in 

the coiled branches of the Malpighian tubules. Behavioral studies of Polymitarcyidae nymphs 

report the presence of silk only in the shelters of Campsurinae, and we observed that nymphs 

inhabiting tunnels also exhibited strong physiological evidence of silk production. This result 

indicates that silk production is widespread in the subfamily. To know if the silk production is 

a synapomorphy of Campsurinae + Asthenopodinae or its an apomorphy of Polymitarcyidae, 

further investigations into the behaviour and physiology of the Malpighian tubules of species 

Polymitarcyinae are necessary. Furthermore, ultrastructural analysis of the secretory cells can 

improve the knowledge about the physiology of silk production in mayflies. 
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CHAPTER IV - SPERM ULTRASTRUCTURE OF Campsurus violaceus Needham & 

Murphy, 1924 (Ephemeroptera: Polymitarcyidae) 
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ABSTRACT 

PANTOJA, Gabriel Martins, Federal University of Viçosa, July, 2024. Sperm ultrastructure 
of Campsurus violaceus Needham & Murphy, 1924 (Ephemeroptera: Polymitarcyidae). 
Adviser: Frederico Falcão Salles. Co-adviser: José Eduardo Serrão. 

 
Polymitarcyidae is the most diverse family of burrowing mayflies. Recently, the systematic 

classification of neotropical representatives of the family has been revised in works based on 

external morphological characteristics. The search for new informative characters is recurrent 

in phylogenetic studies, and sperm morphology can be a source of valuable information. 

However, knowledge of sperm morphology in Polymitarcyidae is still limited. The present 

study describes the ultrastructure of Campsurus violaceus to improve the knowledge of 

spermatic morphology of Polymitarcyidae and on Ephemeroptera. The sperm of C. violaceus 

exhibits some autapomorphies of mayflies, such as an axoneme with the 9+9+0 microtubule 

pattern and the lack of outer dynein arms in the microtubule doublets. The morphology found 

in C. violaceus sperm exhibits variations that could serve as important phylogenetic signals in 

evolutionary studies of mayflies, such as the pattern of protofilaments in accessory tubules, the 

arrangement of accessory bodies, and the number of mitochondria. The morphological 

variations found in the sperm of C. violaceus can provide useful characters for future 

phylogenetic studies in Polymitarcyidae as well as in Ephemeroptera. 
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INTRODUCTION 

Insect spermatozoa display the highest structural variability among animals, exhibiting 

notably rapid and divergent selection (Simons, 2002). Despite the limited number of 

components, insect spermatozoa is a complex cell that show a great variation of characteristics 

that can generate valuable phylogenetic information (Gottardo et al., 2016). The evolutionary 

process of the general structure of spermatozoa of a particular group begins with alterations in 

a single component due to a cascade of events related to reproductive biology, such as sperm 

competition and mating strategies (Gaino & Mazini, 1991; Dallai et al., 2016). Normally, the 

evolution process of insect spermatozoa morphology occurs with changes in elements of the 

acrosome, flagellar axoneme, and centriole, with an evolutionary trend towards flagellum loss 

and thus sperm motility loss (Dallai et al., 2006; Dallai et al., 2016). Insect orders exhibit 

variations in the evolution of these characters (Dallai, 2014). In some orders, these characters 

may remain conserved, as in Lepidoptera and Odonata, whereas in others, spermatozoa exhibit 

a high evolutionary rate, as in Ephemeroptera (Gottardo et al., 2016). 

Studies on the morphology of Ephemeroptera spermatozoa began in the late 1960s and 

have intensified from the 1990s onwards. The first published study on the topic examined the 

spermatozoa ultrastructure of Cloeon dipterum (Linnaeus, 1761) (Baetidae) (Baccetti et al., 

1969). A decade later, the sperm morphology of 11 families from Central Europe was studied 

using light microscopy (Soldán, 1979). This was the first study reporting aflagellate 

spermatozoa in Leptophlebiidae. Almost 10 years later, the spermatozoa ultrastructure of 

Dolania americana Edmunds and Traver, 1959 (Behningiidae) was analyzed by Fink & Yasui 

(1988). A short time later, Dallai & Afzelius (1990) analyzed the architecture of the axoneme 

of C. dipterum. One year later, Gaino & Mazzini (1991) confirmed the reduction of tail 

axoneme in Leptophlebiidae when they analyzed the spermatozoa ultrastructure of 

Habroleptoides umbratilis (Eaton, 1884), Habrophlebia eldar Jacob & Sartori 1984, and 

Choroterpes picteti (Eaton, 1871). The aflagellate sperm in Leptophlebiidae was also observed 

by Brito et al. (2011) in a study on the characteristics of the male reproductive system and 

sperm of Massartela brieni (Lestage), Farrodes carioca (Domínguez et al) and Miroculis 

Mourei (Savage & Peters). Mencarelli (2014) studied the ultrastructure of the axoneme of C. 

dipterum and Ecdyonurus venosus (Fabricius, 1775) (Heptageniidae). The most recent work on 

spermatic morphology was published by Brito et al. (2015), when the authors investigated the 

structure and ultrastructure in Hexagenia albivitta (Walker, 1853) (Ephemeridae). From these 

studies, the established autapomorphic characteristics of Ephemeroptera are a monolayered 

acrosome, a 9+9+0 axoneme microtubule pattern, accessory microtubules exhibiting 13 

protofilaments, axonemal microtubules doublets exhibiting only inner dynein arms, a single 
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mitochondria and two crystalline accessory bodies (Dallai, 2014). 

Polymitarcyidae is a group of burrowing mayflies that exhibit a worldwide distribution, 

except for Australia and Pacific Islands (Sartori & Brittain, 2015). Campsurus Eaton, 1868 is 

the most diverse genus of Polymitarcyidae, with 44 species, of which 39 are reported only for 

South America (Jacobus, 2024; Salles et al., 2024). Recently, the systematics of the Neotropical 

representatives of the family was revised in studies based on external morphological characters 

involving the genera Campsurus Eaton, 1868 (Molineri & Salles, 2013); Tortopus Needhan & 

Murphy, 1924 (Molineri, 2010; Molineri et al., 2021); Tortopsis Molineri, 2010 (Molineri et 

al., 2021), Asthenopus Eaton, 1871, and Asthenopodes Ulmer, 1924 (Molineri et al., 2015). 

Despite these recent studies, some relationships within Polymitarcyidae are still poorly 

understood and the addition of anatomical data may help resolve evolutionary trends in the 

group. 

This study analyzes the spermatozoa ultrastructure of Campsurus violaceus Needham 

& Murphy 1924 (Polymitarcyidae), in order to contribute to the knowledge of the evolutionary 

process of spermatozoa structures in this family and to generate potential informative 

characters for new phylogenetic studies of Polymitarcyidae and Ephemeroidea 

 
MATERIAL AND METHODS 

Male imagos of C. violaceus were collected with a light trap on Santa Branca farm, 

Goiânia, Goiás state, Brazil (16° 25' 10.7" S; 49° 05' 20.4"W). 

Alive males of C. violaceus were dissected in sodium phosphate buffer (0.1 M, pH 

7.2) and the seminal ducts were transferred to Karnovsky’s solution (2.5% glutaraldehyde 

and 4% paraformaldehyde). The ducts were post-fixed with 1% osmium tetroxide solution for 

1 h, dehydrated in an acetone series and embedded in epoxy resin. Ultrathin sections (∼70 nm) 

were stained with 3% aqueous uranyl acetate and 0.2% lead citrate, and analyzed with a 

Transmission Electron Microscope (Zeiss EM109), operating at 80 kV, at the Center for 

Microscopy and Microanalysis at Universidade Federal de Viçosa. 

 
RESULTS 

The sperm of Campsurus violaceus exhibits two regions: head and flagellum. The 

head has an acrosome and the nucleus (Fig 1A). The first proximal structure of the head is the 

acrosome, which exhibits a single layered conical shape, filled with homogeneous electron 

dense content (Fig. 1A). The nucleus is located below the acrosome, separated from it by an 

electron lucent layer (Fig. 1A-B). 

The nucleus has an oval shape in cross section and is filled with condensed chromatin 
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with some translucent areas (Fig. 1B). 

The nucleus-flagellum transition exhibits an adjunct centriole filled with medium 

electron density content (Fig. 1C). The centriolar adjunct has a lateral extension that 

surrounds the initial portion of the axoneme (Fig. 1C). We could not observe the centriole in 

the centriolar region. 

The flagellum of C. violaceus spermatozoa consists of three long structures: the 

axoneme, the accessory body and the mitochondrion. The axoneme exhibits a 9+9+0 

microtubule pattern: 9 accessory microtubules, 9 axonemal microtubule doublets and the 

central sheath without microtubules (Fig. 1D-E). The accessory microtubules exhibit a 

translucent lumen and tubulin protofilaments, but the number of these structures could not be 

counted (Fig. 1D). Each accessory tubule is connected with an axonemal microtubule 

doublets by an arm. The axonemal doublets show a electron-lucent lumen and inner dynein 

arms (Fig. 1E). The central sheath exhibits a large electron lucent lumen and connected to the 

microtubules doublets by radial spokes (Fig 1D-E). The axoneme is the last structure to be 

disorganized in the most distal region of the flagellum (Fig. F-H). The microtubule doublets 

is the longest structure of the axoneme (Fig. F-H). 

The accessory body is an electron-dense layer, width 0.05 μm, which surrounds nearly 

the whole mitochondrion, except for the region adjacent to the axoneme (Fig. 1D-E). The 

accessory body ends after the mitochondrion but before the axoneme (Fig. 1F-G). 

The mitochondria is arranged in a single circular matrix that is surrounded by accessory 

bodies (Fig. 1D-E). The mitochondria extends along the flagellum, parallel to the axoneme, 

and ends before reaching the accessory body and the axoneme (Fig. 1D-F). We did not obtain 

a longitudinal-section of an entire flagellum, but it was possible to observe slides with more 

than one mitochondria along a matrix (Fig. 1I). The mitochondria exhibit an electron-dense 

content into the intermembrane space, and the mitochondrial matrix shows an electron-lucid 

material (Fig. 1D). No cristae or paracrystalline material were observed in the mitochondria. 
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Figure 1. Transmission electron micrographs of the sperm of Campsurus violaceus. (A) Longitudinal section of 

the head, (a): acrosome, (n): nucleus; (B) Longitudinal section of the nucleus (n); arrow: translucid areas; (C) 

Longitudinal sectional of nucleus-flagellum region, (n): nucleus, (ca): centriolar adjunct, (ax): axoneme; (D) Cross- 

section of the flagellum; (ax): axoneme, (arrow): accessory tubules; (ab): accessory body, (m): mitochondria, (i) 

inner and (o) outer membrane of mitochondria; (E) Cross-section of the flagellum; (ab) accessory body, (d) 

axonemal doblets, (c) central sheath, (arrow) inner dynein arms; (F-H) Cross section in different region of the 

flagellum, (ax) axoneme, (ab) accessory body; (I) Longitudinal section of the flagellum, (ax) axoneme, (m) 

mitochondria. Scale bar = 0.1μm 
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DISCUSSION 

The hexapod spermatozoa groundplan exhibits a three or two layer acrossome, while a 

monolayered one is considered a derived characteristic (Dallai, 2014; Dallai, et al., 2016). A 

monolayered acrosome is established as an autapomorphic character state in Ephemeroptera 

(Dallai, 2014) and probably the bilayered acrosome arose independently in two species of 

Baetidae, Callibaetis jocosus and Tupiara ibirapitanga and in Lachlania sp. (Oligoneuriidae), 

which are species from phylogenetically distant families (Appendix 1) (Ogden et al., 2009; 

Brito, 2012). The monolayered acrosome is found in most of the mayfly species studied, 

including Cloeon dipterum (Baetidae), Traverhyphes yuati (Leptohyphidae), Coryphorus 

aquilus (Coryphoridae), species of Caenidae, and Leptophlebiidae (Baccetti et al., 1969 Gaino 

& Mazzini, 1991; Brito, 2012). In addition to C. violaceus, a monolayered acrosome has been 

observed in other species of Ephemeroidea, such as Asthenopus curtus and Campsurus sp. 

(Polymitarcyidae); Campylocia anceps (Euthyplociidae); and in Hexagenia albivitta 

(Ephemeridae) (Brito, 2012; Brito et al., 2015), indicating that this pattern has been maintained 

in this superfamily. 

In spermatic studies of mayflies, the observed variation in the nucleus relates to the 

chromatin. Chromatin is found condensed in the nucleus of C. violaceus and in most of the 

mayfly species studied. Variation is found in Lachlania sp. (Oligoneuridae) and Caenis fittkaui 

(Caenidae) with granular chromatin, and in Brasilocaenis renata (Caenidae) with decondensed 

chromatin (Brito, 2012). The nucleus with condensed chromatin is possibly widespread in 

Ephemeroptera, and the variation in chromatin condensation patterns has evolved 

independently in some lineages of Oligoneuriidae and Caenidae. However, more data on 

mayfly spermatozoa morphology are necessary for robust phylogenetic inferences within the 

order. 

The centriolar adjunct is a finely granular dense material that surrounds a centriole and 

the presence of this structure is considered one of the characteristics supporting the clade 

Insecta (Dallai, 2014; Gottardo et al., 2016). The function of this region remains unclear; the 

first hypothesis was that its function was to connect the flagellum to the spermatozoa head 

(Philips, 1970), but Dallai (2014) contest this hypothesis affirming that “...it does not explain 

how the two sperm regions could be connected when the centriole adjunct material is 

missing.”, basing this statement in eight species of Hemiptera that did not exhibit the centriolar 

adjunct (Dallai & Afzelius, 1980). In the early studies on spermatozoa ultrastructure in 

mayflies (Bacceti, 1969; Fink & Yasui, 1988; Gaino & Mazzini, 1991), the centriolar adjunct 

was also not observed in species of Heptageniidae, in Cloeon dipterum (Baetidae) and in 

Dolania americana (Behningiidae). The first observation of the centriolar adjunct was made 
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by Brito (2012) and Brito et al. (2015), who reported this organelle for 13 species from nine 

families of mayflies. The nucleus-flagellum region of C. violaceus corroborates the presence 

of the centriolar adjunct in spermatozoa of Ephemeroptera species. The mayfly species in 

which this organelle was not observed probably had a weak or scarce centriolar adjunct (Brito 

et al., 2015). 

The flagellum of C. violaceus spermatozoa exhibits an axoneme with a 9+9+0 

microtubule pattern, which is an autapomorphy of mayflies (Dallai, 2014). The only variation 

in the axoneme microtubule pattern was reported by Fink and Yasui (1988) when they 

observed a dark central element in the center of the axoneme of Dolania americana 

(Behningiidae), suggesting that the axoneme pattern could be 9+9+1. However, in the same 

article, the authors write: "We cannot confirm, based on our present ultrastructural results, 

whether the central element is or is not a singlet microtubule." (Fink and Yasui, 1988). 

Therefore, except for Leptophlebiidae species which are aflagellate, all mayflies studied to 

date exhibit a 9+9+0 axoneme pattern. We could not observe the number of protofilaments in 

the accessory microtubules of C. violaceus, but probably this species exhibits 13 tubulin 

protofilaments, which is a well-established pattern for Ephemeroptera species (Dallai & 

Afzelius, 1990; Brito et al., 2015; Dallai, 2006). There is no subunit inside the accessory 

tubules of C. violaceus presenting a clear lumen, similar Campurus sp. and Asthenopus curtus, 

and the phylogenetically related Campylocia anceps (Euthyplociidae) (Appendix 1; Brito, 

2012), whereas another species of Ephemeroidea, Hexagenia albivitta (Ephemeridae), exhibits 

7 subunits inside the accessory tubules (Appendix 1; Brito, 2012). The accessory tubules with 

7 subunits is considered an autapomorphy of Ephemeroptera, and probably the accessory 

tubules without subunit pattern is an evolutionary novelty in mayfly lineages such as 

Polymitarcyidae and Euthyplociidae. 

The morphological groundplan of hexapod spermatozoa exhibits the flagellum with 

two mitochondria (Dallai et al., 2014; Dallai et al., 2016). The flagellum with one mitochondria 

is a derived state and is considered an autapomorphy of Ephemeroptera (Gottardo et al., 2016). 

Campsurus sp. is the only species that exhibits a flagellum with more than one mitochondria 

among the 17 species of mayflies studied to date (Baccetti et al., 1969; Fink & Yasui, 1988; Gaino 

& Mazzini, 1991; Brito 2012; Brito et al., 2015). Campsurus violaceus also presents flagella 

with more than one mitochondria, which is an indication that this characteristic is an 

autapomorphy of Campsurus or of some species group of the genera Campsurus. 

The arrangement of the accessory body in the flagellum is one of the most variable 

characteristics in Ephemeroptera spermatozoa (Bacceti et al., 1969; Gaino & Mazzini, 1991; 

Brito, 2012, Brito et al., 2015). Most species present the accessory body between the 
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mitochondrion and the axoneme, but the arrangement of this structure can vary into a central 

cluster, into two lateral triangular lobes, and it can be paracrystalline or not. Some species also 

present the accessory body surrounding the mitochondrion, which is not a common 

organization among the species studied to date. This characteristic is found in C. violaceus and 

the other two species of Polymitarcyidae, as well as in a species of Oligoneuriidae and Caenidae 

(Brito, 2012). The accessory body surrounding the mitochondrion likely arose independently 

in the Polymitarcyidae since this characteristic is observed in species of Caenidae and 

Oligoneuriidae, which are phylogenetically distant from Polymitarcyidae (Appendix 1). 

However, the sperm of other Ephemeroidea species need to be studied to understand the 

evolutionary history of the accessory body organization in this superfamily. 

The sperm of C. violaceus presents some Ephemeroptera autapomorphies, such as the 

9+9+0 axoneme pattern and axonemal doublets with only inner dynein arms. Furthermore, the 

morphology of C. violaceus sperm exhibits characteristics that could serve as important 

phylogenetic signals in evolutionary studies of mayflies, such as the pattern of protofilaments 

in accessory tubules, the arrangement of accessory bodies, and the number of mitochondria. 

Considering the highly accelerated evolutionary rate of sperm in mayflies (Gottardo et 

al., 2016) and the limited number of Polymitarcyidae species studied, further research on 

spermatic morphology in this family is necessary to reduce the gap in knowledge about mayfly 

sperm. Studies of spermatic ultrastructure of mayflies could generate characters with strong 

phylogenetic signals for Ephemeroptera systematics. 
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CONCLUSIONS 

Chapter I - Knowledge of the morphology of Tortopsis canum can contribute to phylogenetic 

studies of Campsurinae by highlighting important character states for the phylogeny of this 

group. Of the 10 described species of Tortopsis, nymphs are known for only five. Therefore, 

studies describing the nymphs of Tortopsis are necessary to diminish the gap between the 

number of described species and the known nymphs. 

 
Chapter II – Diversity of Neotropical Polymitarcyidae is much greater than currently 

known. The description of the new Campsurus species reduces the Linnean deficit of 

Polymitarcyidae and contributes to ecological and biogeographical studies involving 

mayflies. 

 
Chapter III - Our study is the first to report secretory cells in the Malpighian tubules of 

Ephemeroptera. The presence of these secretory cells with lumens filled with glycoprotein 

material provides a strong evidence that the Malpighian tubules of Campsurinae are 

responsible for silk production in nymphs. Additionally, Malpighian tubules with secretory 

cells were found not only in nymphs of species that construct tunnels in clay but also in nymphs 

of species that build shelters with mineral material, indicating that the physiology of silk 

production is widespread among Campsurinae species. To better understand the functioning 

of these cells, ultrastructural studies are necessary to observe organelles related to 

glycoprotein synthesis, such as the Golgi complex. Furthermore, behavioral studies on the 

function of silk in mayflies can elucidate the evolutionary aspects of the emergence of cells 

derived from Malpighian tubules in Polymitarcyidae lineages. 

 
Chapter IV - Our study confirms the presence of unique characteristics in Campsurus sperm 

compared to other mayflies, such as the accessory body surrounding the mitochondrial 

matrix, the presence of multiple mitochondria, and the accessory tubules without subunit. 

These characteristics can be useful for phylogenetic analysis in Polymitarcyidae, as well as 

in Ephemeroptera. Further studies on the sperm ultrastructure of Polymitarcyidae species can 

highlight characters with valuable phylogenetic signals and enable greater precision in 

evolutionary inferences regarding sperm characteristics in this family. 


