
 
 

 
VISUAL SPECIALIZATIONS IN THE BRAIN OF THE SPLIT-EYED WHIRLIGIG  

BEETLE DINEUTUS SUBLINEATUS 

 
 

by 
 
 

Chan Lin 
 
 

____________________________ 
 
 
 

A Dissertation Submitted to the Faculty of the 
 
 

GRADUATE INTERDISCIPLINARY PROGRAM IN INSECT SCIENCE 
 
 

In Partial Fulfillment of the Requirements 
 

For the Degree of 
 
 

DOCTOR OF PHILOSOPHY 
 
 

In the Graduate College 
 
 

THE UNIVERSITY OF ARIZONA 
 
 
 
 

2014 



 

 

2 

 
THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 
 

As members of the Dissertation Committee, we certify that we have read the dissertation 
prepared by Chan Lin, titled “Visual Specializations in the Brain of the Split-eyed 
Whirligig Beetle Dineutus sublineatus“ and recommend that it be accepted as fulfilling 
the dissertation requirement for the Degree of Doctor of Philosophy. 
 
 
_______________________________________________________________________ Date: (August 22, 2014) 

Nicholas J. Strausfeld    
 
_______________________________________________________________________ Date: (August 22, 2014) 

Wulfila Gronenberg    
    
_______________________________________________________________________ Date: (August 22, 2014) 

Daniel R. Papaj    
 
_______________________________________________________________________ Date: (August 22, 2014) 

Goggy Davidowitz    

     

    
 
    
 
Final approval and acceptance of this dissertation is contingent upon the candidate’s 
submission of the final copies of the dissertation to the Graduate College.   
 
I hereby certify that I have read this dissertation prepared under my direction and 
recommend that it be accepted as fulfilling the dissertation requirement. 
 
 
________________________________________________ Date: (August 22, 2014) 
Dissertation Director:  Nicholas J. Strausfeld    

 



 

 

3 

STATEMENT BY AUTHOR 
 

This dissertation has been submitted in partial fulfillment of the requirements for 
an advanced degree at the University of Arizona and is deposited in the University 
Library to be made available to borrowers under rules of the Library. 
 

Brief quotations from this dissertation are allowable without special permission, 
provided that an accurate acknowledgement of the source is made.  Requests for 
permission for extended quotation from or reproduction of this manuscript in whole or in 
part may be granted by the head of the major department or the Dean of the Graduate 
College when in his or her judgment the proposed use of the material is in the interests of 
scholarship.  In all other instances, however, permission must be obtained from the 
author. 
 
 
 

SIGNED: Chan Lin 



 

 

4 

ACKNOWLEGEMENTS 
 
First and foremost, I would like to thank my mentor and advisor, Dr. Nicholas Strausfeld. 
Seven years ago, I came to the United States knowing little about neuroanatomy. Nick led 
me into his lab, showed me the Golgi preparations of whirligig beetle’s brain with great 
excitement, and has since then inspired me to strive for excellence in research and 
teaching. This work would have never been possible without his insights on the beetle’s 
brain in the first place, his patience with me, and his encouragement along the way. I 
would also like to thank other members of my graduate committee, Drs. Wulfila 
Gronenberg, Dan Papaj and Goggy Davidowitz, for their advice and support.  
 
Members of the Strausfeld and Gronenberg Lab, including Gabby Wolff, Mike 
Zimmerman, Drs. Sheena Brown, Dave Andrew, Laiyong Mu, Andre Riveros, James 
Phillips-Portillo and Tuan Cao, have provided me the most direct help on the nuts and 
bolts of my experiments, and shared my laughs and tears throughout these years. 
 
I would also like to thank my academic programs, the Entomology & Insect Science and 
Neuroscience, for making my school life enjoyable. Special thank to Sharon Richards, 
who kindly helped me prepare and pass the English-speaking test in my first year. I 
wouldn’t have been qualified for a graduate teaching assistantship and become a 
successful TA for the following five years without her help. 
 
I have been funded by generous grants from the graduate program in Entomology & 
Insect Science and the Center for Insect Science, teaching assistantships from the 
Department of Ecology & Evolutionary Biology and Molecular & Cellular Biology, and 
a scholarship from Taiwanese Ministry of Education for study abroad. 
 
 

 



 

 

5 

DEDICATION 
 

I dedicate this work to my parents, who always believe in me and provide unlimited love 
and support to me in pursuing my dream on the other hemisphere of the world; to my 
wife, Hsien-Fen Tseng, who has given me invaluable advice on all experiments and 
writing, encouraged me to be a better scientist and a better man, and always been there 
for me; and to my 3-year-old, Lindsay, who recharges my energy with smiles and hugs 
everyday and is always proud of whatever daddy is doing. 
 

 



 

 

6 

TABLE OF CONTENTS 

  
ABSTRACT………………………………………………………………...................... 7 

I. INTRODUCTION……………………………………………………………………. 9 

II. PRESENT STUDY………………………………………………………………….13 

REFERENCES……………………………………………………………………........16 

APPENDIX A. A PRECOCIOUS ADULT VISUAL CENTER IN THE LARVA  

DEFINES THE UNIQUE OPTIC LOBE OF THE SPLIT-EYED WHIRLIGIG  

BEETLE DINEUTUS SUBLINEATUS………………………………………….. 19 

APPENDIX B. VISUAL INPUTS TO THE MUSHROOM BODY CALYCES OF  

THE WHIRLIGIG BEETLE DINEUTUS SUBLINEATUS: MODALITY 

SWITCHING IN AN INSECT………………………………………………….. 54 

APPENDIX C. ABOVE-WATER LANDMARKS ENABLE SPATIAL LEARNING  

AND INDIVIDUAL POSITIONING IN THE WHIRLIGIG BEETLE  

DINEUTUS SUBLINEATUS……………………………………………………..90 

APPENDIX D. PERMISSIONS……………………………....................................... 121 



 

 

7 

ABSTRACT 

 
Whirligig beetles are gregarious aquatic insects living on the water surface. They are 

equipped with two separate pairs of compound eyes, an upper aerial pair and a lower 

aquatic pair, but little is known about how their brains are organized to serve such an 

unusual arrangement. In the first study of this dissertation, I describe the neural 

organization of their primary visual centers (the optic lobes) of the larval and adult 

whirligig beetle Dineutus sublineatus. I show that the divided compound eyes of adult 

beetles supply elaborate optic lobes in the brain that are also split into an upper and a 

lower half, each optic lobe comprising an upper and lower lamina, an upper and lower 

medulla, and a partly split bilobed lobula. The exception is the fourth neuropil, the lobula 

plate. Studies of their development show that the lobula plate Anlagen serving the upper 

and lower eyes develop at different rates and thus different developmental stages. The 

upper lobula plate develops precociously in the larva and is thought to process 

information that enables subaquatic ambush hunting. During metamorphosis the upper 

lobula plate degenerates and is lost as are the larval stemmatal eyes supplying it. The 

lower lobula plate develops later, during metamorphosis, and is present in the imago 

where it is supplied by the lower compound retina. By analogy with dipteran lobula 

plates it is proposed to support subaquatic locomotory balance.  

In the subsequent study, I describe the neural organization of the whirligig 

beetle’s mushroom bodies, a pair of prominent brain centers in the forebrain that are best 

known for their roles in higher olfactory processing and olfactory-based learning and 

memory. I found that unlike other insects examined so far, the calyces of the whirligig 

beetle’s mushroom bodies are exclusively supplied by visual neurons from optic lobe 
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neuropils serving the pair of upper aerial compound eyes, thereby showing a complete 

modality switch from olfaction to vision in this brain center. These findings, along with 

multiple evidence from hymenopteran insects and cockroaches, suggest that insect 

mushroom bodies are not merely olfactory-related but may be involved in visual tasks, 

such as memory of place.  

In the last study, I describe experiments to demonstrate that a group of D. 

sublineatus is able to learn their location with respect to visual cues provided from above 

the water line, and simultaneously establish and maintain their relative positions with 

each other within the group. These results provide an explanation as to how a collective, 

such as several hundred whirligig beetles, can maintain cohesion and remember 

landmarks that “anchor” the collective at a particular location in a pond or stream. 

Using techniques in comparative neuroanatomy, this dissertation documents 

visual specializations of an insect brain that has evolved to suit a unique group-living 

lifestyle on the water surface. In addition, the spatial learning paradigm described in the 

third study provides an essential assay for future lesion studies to determine if mushroom 

bodies are indeed required for visually mediated spatial learning and memory. 
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I. INTRODUCTION 

 
Evidence from early gene expression patterns and signaling pathways provides strong 

support that the centralized nervous systems of protostomes (such as insects) and 

deuterostomes (such as mammals) arose from a common bilaterian ancestor (Lichtneckert 

and Reichert, 2005). Transphyletic experiments, in which the mutant brains in 

Drosophila embryos lacking genes required for brain segmentation can be rescued by 

engineering the homologous genes from a mouse (and vice versa), suggest that the 

brain’s segmentation into a fore-, mid- and hindbrain has an ancient origin (Lichtneckert 

and Reichert, 2005). Further evidence has shown that the forebrains of insects and 

mammals are equipped with common fundamental circuits underlying action selection 

(Strausfeld and Hirth, 2013). Such ancestral ground pattern is likely to undergo 

modifications in response to natural selection.  

Comparing brains between extant animal lineages, certain regions are vastly more 

elaborate, whereas others appear reduced, or have been lost entirely. For example, the 

mammalian neocortex is thought to be evolved from the expansion and elaboration of the 

amphibian dorsal pallium and the reptilian dorsal cortex, whereas the mammalian lateral 

pallium, a proposed homolog of the dorsal ventricular ridge in reptiles and birds that is 

involved in sensory integration and motor control, becomes greatly reduced (Striedter, 

2005). Within mammals, the organization of neocortex also shares a basic ground pattern. 

This includes the common components and similar relative positions of primary visual 

(V1), auditory (A1) and somatosensory (S1) cortical fields involved in sensory 

processing, their similar patterns of connectivity from both the thalamus and other 

cortical fields, and neurons within these fields that show similar properties (Krubitzer, 



 

 

10 

2007). The size and morphology of those cortical fields and the amount of cortex devoted 

to processing inputs from a particular sensory system (sensory domain allocation), 

however, vary among taxa (Krubitzer and Seelke, 2012). These cortical phenotypic 

variations have been correlated with an animal’s lifestyle, their specializations of 

peripheral body parts, and their adaptive behaviors. An obvious example is 

michrochiropteran bats, which are equipped with enlarged ears and specialized cochlea 

associated with ultrasonic hearing (Davies et al., 2013). These morphological 

specializations, and the echolocating predatory lifestyle, have been argued to contribute 

to the disproportionate amount of their cortex devoted to auditory processing (Krubitzer 

and Stolzanberg, 2014). Likewise, the bizarre star-nosed moles spend most of their lives 

in complete darkness underground and use the appendages on the snout as their “eyes” to 

rapidly scan through the ground for food (Catania and Remple, 2005). This lifestyle 

contributes to the reduced eyes and visual cortex in the brain but correlates with huge 

somatosensory cortex for processing inputs from the specialized tactile organ (Catania, 

2005).  

Brain adaptations to an animal’s lifestyle also holds true for invertebrates. For 

example, the growth and differentiation of the insect mushroom body follows a ground 

pattern, in which two or four clones of Kenyon cells arise from the progeny of two 

clonally equivalent mushroom body stem cells, or neuroblasts (Farris, 2005). This ground 

pattern applies across insects, even though across different species the morphology of the 

calyx – a major input region – can be diverse. Within the Scarabaeidae, for instance, 

mushroom bodies of most terrestrial feeding specialists are equipped with fused calyces 

that are dominated by olfactory afferents that originate unilaterally from the antennal 
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lobes. In contrast, the calyces of most feeding generalist species are gyrencephalic: they 

are paired, each receiving segregated olfactory, visual, and gustatory inputs to specific 

calycal domains from the antennal lobes, optic lobes, and tritocerebrum, respectively 

(Farris and Roberts, 2005; Farris, 2008a,b). In anosmic species such as Dytiscidae, the 

loss of antennal lobes is accompanied by vestigial calyces that appear to receive no 

afferents at all (Strausfeld et al., 1998, 2009). However, as will be related below, the 

exception to this is found in the Gyrinidae. For this dissertation research, I have studied 

the brain and behavior of the whirligig beetle (Coleoptera: Gyrinidae). Here I document 

the unique brain organization of Dineutus sublineatus and relate its neural adaptations to 

their unique living strategies on the water surface. 

Whirligig beetles are aquatic insects usually found in groups on the water surface 

of ponds or streams. It has been claimed that a group can comprise hundreds of thousands 

of individuals (Heinrich and Vogt, 1980). When disturbed, individuals swim frenetically 

and erratically in circles, a behavior that may have evolved to confuse a predator. Vision 

in this group of beetles is distinguished by their split compound eyes: the optical axes of 

the ommatidia of the upper eyes are directed upwards above the water line whereas those 

of the lower eyes are directed downwards beneath the water line. In spite of this 

remarkable visual adaption that is thought to be used for predator avoidance from bird 

and fish attack respectively (Ferkinhoff and Gundersen, 1983), little is known about how 

the brains of whirligig beetles are organized to serve such unusual eyes. Using techniques 

for comparative neuroanatomy, the research included in this dissertation describes the 

unique brain organization of the whirligig beetle D. sublineatus. Major findings are 

presented as three independent manuscripts, included here as Appendices A and B. 
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Appendix A describes the general organization of the D. sublineatus brain, with an 

emphasis on the elaborate primary visual centers (the optic lobes) of their adults and 3rd 

instar larvae. Appendix B focuses on the neuroanatomy of mushroom bodies, a paired 

higher insect brain centers that in other insects are known for olfactory processing and 

olfactory-based learning and memory. A complete modality switch from olfaction to 

vision in the calyces of the whirligig mushroom bodies is documented. A third appendix, 

Appendix C, describes behavioral experiments that test visually guided spatial learning in 

D. sublineatus and from the results suggest possible brain areas that are involved in the 

observed learning and spatial orientation. 
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II. PRESENT STUDY 

 
The methods, results, and conclusions of this study are presented in three manuscripts 

appended to this dissertation. The first two manuscripts have been published in Frontiers 

in Zoology and Journal of Comparative Neurology, respectively. The third manuscript 

has been submitted to Proceedings of the Royal Society B: Biological Sciences. The 

following is a summary of the major findings. 

Appendix A describes the peculiar optic lobe organization of the larval and adult 

whirligig beetle D. sublineatus. The divided compound eyes of adult beetles supply optic 

lobes that are split into two halves, an upper half and lower half, comprising an upper and 

lower lamina, an upper and lower medulla and a bilobed partially split lobula. However, 

the lobula plate, a fourth neuropil that in flies is known to be involved in mediating 

stabilized flight, exists only in conjunction with the lower lobe of the lobula. The missing 

upper lobula plate is found precociously developed in the subaquatic larval stage. In the 

larva it is supplied by three larval laminas serving the three dorsal larval stemmata, which 

are adjacent to the developing upper compound eye. Precocious development of the 

upper lobula plate represents convergent evolution of an ambush hunting lifestyle, as 

exemplified by the terrestrial larvae of tiger beetles (Cicindelinae), in which activation of 

neurons in their precocious lobula plates, each serving two large larval stemmata, releases 

reflex body extension and mandibular grasp. In both Cicindelinae and whirligig beetles, 

the precocious lobula plate is lost during pupal metamorphosis as a response to the 

degeneration of its afferent supply from the larval laminas associated with the relevant 

stemmata. In the Cicindelinae adults entirely lack lobula plates whereas in whirligig 

beetles only the lobula plate is lacking that would have normally served the upper eye. 
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Because the stemmata associated with the lower eyes are not used for prey detection, and 

presumably simply monitor light and dark, no larval lamina forms ventrally with the 

consequence that the lobula plate serving the lower eyes develops normally during 

metamorphosis. 

Appendix B describes the mushroom body organization of the D. sublineatus, 

which seems to be unique amongst insects thus far examined. The mushroom bodies are 

prominent lobed centers in the forebrain. Interpretations of their functions have been 

focused on higher olfactory processing, including olfactory-based learning and memory. 

Anatomical studies provide strong support that in terrestrial insects with mushroom 

bodies, the primary input region, or calyces, are predominantly supplied by olfactory 

projection neurons from the antennal lobe glomeruli. In aquatic species that generally 

lack antennal lobes, the calyces are vestigial or absent (Strausfeld et al., 2009). I found 

that as in other aquatic insects, the whirligig beetle lacks antennal lobes, but unlike 

mushroom bodies in other aquatic insects, its mushroom bodies possess robust calyces. 

Golgi impregnations and fluorescent tracer injections revealed that the calyces are 

exclusively supplied by visual neurons from the medulla of the upper eye optic lobes. No 

other sensory inputs reach the calyces, thereby showing a complete evolved switch of 

calyx modality from olfaction to vision in this highly adapted insect. 

Appendix C describes a new vision-based spatial learning paradigm to test the 

visual place learning and memory of D. sublineatus. Groups of 3 beetles are trained to 

associate a specific location in an arena with a positive food reward. After 2 days 

training, beetles in the experimental group established their own positions relative to each 

other, and following landmark rotation this spatial arrangement of the group was rapidly 
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regained. No such maintained spatial relationships were found in control groups, in which 

the food reward was provided at random locations. These results demonstrate that visual 

cues from above the water line are sufficient for a whirligig beetle to achieve its spatial 

relationship within its group. This study provides an essential assay for future lesion 

studies to determine if mushroom bodies, and/or other brain areas, are required for the 

visually mediated spatial learning. 
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Abstract 

Introduction Whirligig beetles (Coleoptera: Gyrinidae) are aquatic insects living on the 

water surface. They are equipped with four compound eyes, an upper pair viewing above 

the water surface and a lower submerged pair viewing beneath the water surface, but little 

is known about how their visual brain centers (optic lobes) are organized to serve such 

unusual eyes. We show here, for the first time, the peculiar optic lobe organization of the 

larval and adult whirligig beetle Dineutus sublineatus. 

Results The divided compound eyes of adult whirligig beetles supply optic lobes that are 

split into two halves, an upper half and lower half, comprising an upper and lower 

lamina, an upper and lower medulla and a bilobed partially split lobula. However, the 

lobula plate, a neuropil that in flies is known to be involved in mediating stabilized flight, 

exists only in conjunction with the lower lobe of the lobula. We show that, as in another 

group of predatory beetle larvae, in the whirligig beetle the aquatic larva precociously 

develops a lobula plate equipped with wide-field neurons. It is supplied by three larval 

laminas serving the three dorsal larval stemmata, which are adjacent to the developing 

upper compound eye.  

Conclusions In adult whirligig beetles, dual optic neuropils serve the upper aerial eyes 

and the lower subaquatic eyes. The exception is the lobula plate. A lobula plate develops 

precociously in the larva where it is supplied by inputs from three larval stemmata that 

have a frontal-upper field of view, in which contrasting objects such as prey items trigger 

a body lunge and mandibular grasp. This precocious lobula plate is lost during pupal 

metamorphosis, whereas another lobula plate develops normally during metamorphosis 
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and in the adult is associated with the lower eye. The different roles of the upper and 

lower lobula plates in supporting, respectively, larval predation and adult optokinetic 

balance are discussed. Precocious development of the upper lobula plate represents 

convergent evolution of an ambush hunting lifestyle, as exemplified by the terrestrial 

larvae of tiger beetles (Cicindelinae), in which activation of neurons in their precocious 

lobula plates, each serving two large larval stemmata, releases reflex body extension and 

mandibular grasp. 

 

Keywords 

Gyrinidae; optic lobe; lobula plate; motion detection; stemmata; Cicindela 

 

Introduction 

In insects, the optic lobes consist of three nested neuropils beneath the photoreceptive 

retina: the lamina, the medulla and the lobula complex. In coleopterans, as in several 

other insect orders, the lobula complex is divided into two discrete neuropils, a lobula and 

a lobula plate. The lamina, medulla and lobula are columnar neuropils sequentially linked 

by optic chiasmata, whereas the planar lobula plate receives uncrossed axons from the 

medulla and lobula and is characterized by wide-field tangential neurons [1]. Studies on 

dipterous insects have shown that these neurons, often having very large axon diameters, 

are tuned to visual flow-field stimuli by virtue of integration of signals carried by small-

field directional motion-sensitive neurons originating retinotopically in the lobula and 

medulla [2]. Along with relays from the lamina and medulla, which carry achromatic 

information to these retinotopic neurons [3], this system comprises the most direct and 
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thus fastest pathway in the optic lobes and is comparable to the color-insensitive 

magnocellular system of the vertebrate retina [4]. 

Although lobula plate tangential neurons are usually considered part of an adult 

circuit that contributes to the stabilization of flight, observations of the predatory larvae 

of tiger beetles (Cicindelinae) suggest that this neuropil can develop in the larva. Relays 

from two pairs of large single-lens eyes (stemmata), via an underlying larval lamina 

neuropil, supply a reniform neuropil (called the tectum [1]) equipped with wide-field 

tangential neurons that are tuned to movement of prey-sized objects across the opening of 

the larva’s burrow [5-8]. Responses by these neurons result in reflex-like extensions of 

the larva’s body and a mandibular grasp culminating in prey capture [9, 10]. At 

metamorphosis, the cicindelid stemmata degenerate, as do their photoreceptor axons. 

This results in a cascade of subsequent degeneration: first the larval lamina and then the 

underlying tectum containing wide-field neurons. On eclosion, the adult tiger beetle is 

equipped with compound eyes, each supplying a lamina, medulla, and lobula [1]. But the 

lobula plate, which is usually present in other terrestrial coleopterans, is absent. The 

larval tectum has thus been interpreted as resulting from the precocious development of 

the adult lobula plate, which is employed in the larva for visually mediated predation [1]. 

Is precocious use of an adult visual neuropil unique to tiger beetles? Might other 

predatory larvae use similar strategies? Here we provide evidence that at least one other 

coleopteran taxon has evolved this developmental strategy: the whirligig beetle Dineutus 

sublineatus (Coleoptera: Gyrinidae), the larvae of which are subaquatic ambush 

predators. Adult whirligig beetles are aquatic insects living on the water surface. They are 

equipped with four compound eyes, an upper (aerial) pair viewing above the water 
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surface and a lower (aquatic) pair viewing beneath the water surface. The upper and 

lower eyes supply a separate lamina and medulla, relays from which supply a bilobed 

lobula. A previous description demonstrated that a unique attribute of the upper eye 

medulla is its relays supplying exclusively the visual calyces of the paired mushroom 

bodies [11]. Here we describe a further peculiarity of this optic lobe, which is the 

presence of a lobula plate exclusively serving the lower eye. A lobula plate serving the 

upper eye is absent. Observations of the habits of the whirligig larva and its visual system 

resolve the likely cause of this deficit. 

 

Results 

Split optic lobes of the adult whirligig beetle D. sublineatus 

The compound eyes of whirligig beetles are divided into two parts, one half viewing the 

aerial scene, the other viewing beneath the waterline. Reduced silver-stained frontal 

sections show the characteristic columnar organization of retinotopically arranged 

neurons in the underlying optic lobes. The laminas and medullas are composed of as 

many columns as there are ommatidia, whereas in the lobula the periodicity of columnar 

neurons is coarsened, as it is in many other insect species. These basic arrangements in D. 

sublineatus are independent of its split optic lobes (Fig. 1A). The lobula appears fused in 

its most anterior parts (Fig. 1A), but is separated into an upper and lower lobe more 

posteriorly (Fig. 2). Each lobe receives its inputs from the corresponding upper and lower 

medullas and these receive their peripheral inputs from the corresponding upper and 

lower laminas.  



 

 

25 

 As is typical for coleopterous insects, the lobula complex is divided into a lobula 

and a planar stratified neuropil, the lobula plate. As in other insect orders that are 

similarly endowed, the lobula plate lies posterior to the lobula (dorsal to the lobula 

according to the neuraxis; Fig. 1B, C). However, in whirligig beetles, lobula plate 

neuropil is present only posterior to the lower lobe of the lobula, as shown in an 

immunostained horizontal section of the lower eye (lLOP in Fig. 1B). There is no 

corresponding lobula plate associated with the upper lobe of the lobula (Fig. 2). Figures 

1B and 1C compare the organization between optic lobe neuropils serving the whirligig’s 

lower eye (Fig. 1B) and an optic lobe serving the whole eye of the adult sunburst diving 

beetle Thermonectus marmoratus (Fig. 1C). Both optic lobes possess comparable 

laminas, medullas (divided into outer and inner layers), lobulas, and lobula plates. In both 

species, the medulla receives crossed inputs from the lamina, and the lobula receives 

crossed inputs from the medulla. The lobula plate receives uncrossed inputs separately 

from the medulla and lobula. Thus, optic lobe organization of the eyes (the lower 

compound eye of D. sublineatus and the entire compound eye of T. marmoratus) 

conforms to the terrestrial coleopteran ground pattern. 

 

Lobula plate neuropil in the lower half of the D. sublineatus optic lobe  

Absence of lobula plate neuropil posterior to the upper lobe of the lobula can be best 

demonstrated in a series of consecutive frontal brain sections. As illustrated in Fig. 2, 

eight of the sections show the split upper and lower laminas (uLA and lLA) and medullas 

(uME and lME). The upper and lower lobes of the lobula are fused anteriorly (Fig. 2A), 

but are separated more posteriorly (Fig. 2B-F). The first evidence of a discrete lobula 
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plate neuropil is an aerofoil-shaped structure immediately beneath the lower part of the 

undivided lobula (Fig. 2B, LOP shown magenta). This structure enlarges and expands 

upwards more posteriorly behind the lower lobe of the lobula. At this level, the lenticular-

shaped lobula plate receives uncrossed parallel inputs from the lower medulla (Fig. 2E-

H). Lobula plate neuropil never extends across the equator demarcating the upper and 

lower halves of the optic lobe. This means that the lobula plate can only serve the lower 

aquatic eye. Posteriorly, the upper lobe of the lobula appears split into smaller volumes 

imposed by parallel bundles of axons (Fig. 2C, D, arrows). These axons originate from 

the upper medulla and project inwards to the medial protocerebrum and then to the 

mushroom body calyces [11]. These observations suggest that in the adult whirligig 

beetle there are distinct functional differences between the upper aerial eyes and the 

lower aquatic eyes.  

 

The whirligig larval visual system  

Whirligig larvae (Fig. 3A) are subaquatic ambush predators preying on small arthropods 

using a lunge-and-snap action of their pincer-like mandibles. In the laboratory’s aquaria, 

larvae were observed hiding in gravel on the bottom and attacking prey above them 

(freshly thawed bloodworms Chironomus sp.). This behavior is interpreted as being 

triggered by visual stimuli: the bloodworms were immobile, providing no mechanical 

stimuli, and the beetle larvae are thought to be anosmic. Like the larvae of many 

holometabolous insects, whirligig larvae are equipped, on each side of the head, with six 

single-lens stemmata, three of which view an upper frontal visual field. The six stemmata 

on one side of the head can be best seen from a lateral view in Fig. 3B. Photoreceptor 
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axons under each stemma bundle together and project inwards to the larval brain (Fig. 

3C, D, arrows). The larval brain has distinct optic lobes that comprise three prominent 

neuropils, here referred to as larval laminas (Fig. 3D, arrowheads), and a deeper orbicular 

neuropil. Consecutive sections clearly show three spatula-shaped laminas supplied by 

three distinct bundles of photoreceptor axons (Fig. 3E-G, arrowheads). The three laminas 

send uncrossed axons to the deeper orbicular neuropil (Fig. 3E-G, asterisks). This 

uncrossed arrangement is characteristic of a lobula plate that, in the adult, would 

normally receive uncrossed inputs from the medulla and lobula [1]. In the orbicular 

neuropil of the larva, extensive wide-field processes are interspersed amongst the 

incoming parallel inputs and send bundled axons centrally to the brain (Fig. 3E-G, and 

inset to F). Wide-field tangential neurons are characteristic of adult lobula plates, where 

they respond to visual motion [2, 3]. Together, these observations indicate that visual 

information in whirligig larvae is processed by a well-developed optic lobe that consists 

of larval laminas supplying a lobula plate-like center. This feature likewise characterizes 

tiger beetle larvae, which are also ambush hunters [5-10]. 

 

The larval lobula plate is supplied by relays from the three dorsal stemmata  

In holometabolous insects, throughout pupal metamorphosis and continuing into the adult 

stage, photoreceptor axons projecting into the brain from larval stemmata serve as 

guideposts for the ingrowth of developing photoreceptor axons of what will become the 

adult compound eyes [12, 13]. Interneurons belonging to larval optic neuropils, if present, 

have been suggested to provide templates for the development of corresponding neuropils 

that will become fully operational in the adult [12]. Why, then, in the adult whirligig 
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beetle is the upper eye’s lobula plate absent? To determine if this absence reflects the 

relationship of the developing upper eye with larval stemmata supplying relays to the 

lobula plate-like orbicular neuropil described in the previous section, we examined the 

external characteristics of the stemmata throughout their larval and pupal stages, 

subsequently focusing on the neuroanatomy of the 3rd instar visual system. Figure 4 

shows the disposition of the six stemmata of one side of the head at different immature 

stages. First instar larvae possess six approximately equal-sized stemmata on each side of 

the head, consisting of a front row (Fig. 4A, stemmata 1, 2 and 6) and a back row (Fig. 

4A, stemmata 3-5). In the 2nd and 3rd instar larvae, stemmata 5 and 6 become 

progressively smaller whereas stemmata 1 and 2 become larger (Fig. 4B, C). During 

pupation, the larval stemmata slowly degenerate (Fig. 4D-I) and the adult upper and 

lower compound eyes develop above and beneath the dorsoposterior and ventroposterior 

margins of the diminishing larval stemmata (Fig. 4E-I, uComp Eye and lComp Eye). 

Thus, stemmata 1, 5 and 6 are physically closer to the developing adult upper compound 

eye (Fig. 4C-E), whereas stemmata 2, 3 and 4 are physically closer to the adult lower 

compound eye (Fig. 4C-E). Figure 5 shows a series of nine consecutive horizontal 

sections of the 3rd instar whirligig larval visual system demonstrating the relationship of 

the orbicular larval neuropil with stemmata 1, 5 and 6. Serial sections, and the 

corresponding schematic drawings, show that the orbicular neuropil in the larval optic 

lobe (Fig. 5A-E, LrLOP) is supplied by bundles of uncrossed axons from the three 

spatulate larval laminas serving the three upwardly viewing stemmata 1, 5 and 6 (Fig. 

5A-D, LrLA). The ventral downwardly viewing stemmata 2, 3 and 4 supply axons that 
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extend inwards to optic lobe Anlage that will provide the adult lamina, medulla and 

lobula complex, but they do not appear to supply any larval neuropils (Fig. 5 E-I). 

 Stemmatal positions are therefore of crucial importance for interpreting adult 

optic lobe organization. Only the laminas supplied from the dorsal three stemmata, 1, 5 

and 6, relate to the underlying lobula plate-like neuropil. Because the three dorsal-most 

stemmata are physically closest to the developing upper compound eye, this arrangement 

supports the hypothesis that a lobula plate that would otherwise subtend the upper 

compound eye in the adult beetle indeed develops precociously in the larva where it 

serves to process information relayed from those upwardly viewing stemmata. The larval 

lobula plate neuropil does not survive metamorphosis, nor does it provide a “template” 

for the development of an adult lobula plate serving the upper eye; that neuropil is 

lacking in the imago. 

 

Discussion 

The optic neuropils of larval holometabolous insects 

The larval visual system of holometabolous insects consists of six single lens stemmata 

on each side of the head. These have evolved to various degrees of complexity [12]. 

However, compared with what has been documented for the optic lobes in adult insects, 

much less information is available on the organization of optic neuropils and their 

circuitry serving larval stemmata. There are exceptions, however. In the fruit fly 

Drosophila melanogaster, larval stemmata are reduced to just 12 photoreceptors that 

provide inputs for simple phototactic behaviors, classical conditioning [14], and the 

control of circadian rhythms [15]. Photoreceptor axons project into a small stalk-like 
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larval optic neuropil where they directly synapse onto lateral clock neurons involved in 

the entrainment of the circadian molecular clock and onto the optic lobe pioneer neurons 

that subsequently give rise to the adult optic lobes [16, 17]. Neither columnar optic 

neuropils nor true visual interneurons have been found in the larva, however. This 

contrasts with chaoborid and culicid Diptera, whose aquatic larvae are highly mobile and 

are visually efficient in mediating predator avoidance behavior [12]. In Chaoborus 

crystallinus, peramorphic (adult-like) compound eyes have been reported in larval and 

pupal stages [18]. Developing ommatidia of what will become the adult compound eye 

are connected to a columnar lamina connected by a chiasma to a columnar medulla. 

There are also two successive larval neuropils that are associated with persisting larval 

stemmata [19]. 

The most sophisticated stemmatal larval eyes have been reported in the larvae of 

adephagan Coleoptera, including the predatory sunburst diving beetle T. marmoratus and 

tiger beetles, such as Cicindela chinensis. In the predaceous larval T. marmoratus, two 

large tubular stemmata and four smaller spherical stemmata on each side of the head are 

equipped with distinctive arrangements of 28 asymmetric retinas [20]. Stemmatal 

photoreceptors from these retinas supply a larval optic lobe consisting of two 

exceptionally large neuropils and four smaller ones, each receiving receptor inputs from 

one of the stemmata [20, 21]. The two largest of these larval laminas have columnar 

arrangements of receptor endings that intersect layers [21]. The layers likely comprise 

processes of stratified interneurons that are likely to integrate information from the 

several retinas thereby mediating target detection by a larva that employs characteristic 
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vertical scanning movements to locate and seize its prey [22]. At metamorphosis, larval 

laminas degenerate and are substituted by the nested optic lobes of the adult beetle [21].  

Of particular interest are larval tiger beetles, which are ambush predators that 

make their burrows in sandy ground. Depending on the size and vertical distance relative 

to the burrow’s opening of an object passing over it, the larva exhibits either a predatory 

jump-and-snap, or it withdraws and hides deep within the burrow [9, 10, 23, 24]. Two 

enlarged stemmata located dorsally on each side of the head mediate this behavior [7, 10, 

23]. Each of the two stemmata has 4,000 – 5,000 retinular cells, the bundled axons of 

which project to an enlarged composite optic lobe composed of two nested neuropils, two 

adjacent regions lying distal to a large reniform neuropil beneath [1, 8, 25]. Toh & 

Mizutani [25] characterized four types of monopolar interneurons relaying from 

photoreceptor axon terminals in the first neuropils, which they called the larval 

“laminas”, to the second neuropil that they termed the larval “medulla”. However, 

because the monopolar neurons project uncrossed axons from the larval laminas to the 

second neuropil [8, 25], and because of its complement of large wide-field tangential 

neurons tuned to motion [5-7], it was proposed that this second neuropil is likely to be a 

precocious lobula plate [1]. Examination of the adult optic lobes demonstrated the 

absence of the lobula plate in the imago [1]. During pupal metamorphosis, the larval 

stemmata and the underlying lamina’s neural circuitry degenerate, as does the deeper 

reniform neuropil supplied by the larval laminas.  

 

Ambush hunting lifestyle and precocious lobula plates in tiger beetle and whirligig 

beetle larvae 
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Figure 6 illustrates the comparable optic lobe organization between the larval and adult 

stages of tiger beetles and whirligig beetles. In both taxa, uncrossed axons from the larval 

laminas terminate amongst the processes of wide field neurons in what we interpret as 

precocious lobula plates. In tiger beetle larvae, the lobula plate is partially split into two 

parts, each receiving inputs from one of the laminas. Electrophysiological studies of C. 

chinensis have demonstrated that motion detecting wide-field tangential neurons extend 

their dendrites either within one or both parts of the lobula plate [5, 7]. In contrast, the 

precocious lobula plate in D. sublineatus is an undivided neuropil that receives uncrossed 

inputs from the three laminas subtending the three upward-looking stemmata (Fig. 3D-G, 

Fig. 6 lower left). Although both of these coleopterans belong to Adephaga, the number 

and dispositions of their stemmata and larval laminas, and the differences in their lobula 

plate morphologies, suggest that the presence in both taxa of a precocious lobula plate 

does not derive from a common ancestor that possessed this peramorphic character but is 

the result of convergent evolution of homoplasic arrangements that support two 

distinctive visually guided ambush behaviors. In contrast, observations of the visual 

system of the larval sunburst diving beetle T. marmoratus, which also belongs to 

Adephaga and which exhibits visually guided scanning behaviors for detecting prey [22], 

lack any evidence of a lobula plate-like neuropil central to its six stemmatal laminas [21].  

In both whirligig and tiger beetles, the precocious larval lobula plates degenerate 

during pupal metamorphosis. As a consequence, the adult tiger beetle has no lobula plate, 

whereas the adult whirligig beetle lacks the lobula plate neuropil subtending the upper 

compound eye only (Fig. 6). 
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Functional implications of the lower lobula plate in the adult whirligig beetles 

In Lepidoptera, Coleoptera and Diptera, the adult lobula plate is hallmarked by wide-field 

tangential neurons [1]. In Lepidoptera and Diptera, such neurons respond predominantly 

to visual stimuli moving across the compound retina [2, 26, 27]. The lobula plate 

tangential neurons supply inputs to descending neurons that project to the thoracic 

ganglia where they supply motor circuits participating in the activation and control of 

flight and head movement [28, 29]. The essential role of the lobula plate is therefore to 

integrate visual flow field information and contribute to stabilized flight [30]. Like their 

aerial counterparts, lobula plates in adult aquatic coleopterans, such as the sunburst 

diving beetle T. marmoratus [21], are likely to possess motion detection circuits that 

serve comparable functions for motion stabilization in water. Indeed, body stabilization is 

as crucial for a swimming coleopteran as it is for an insect flying in the air. Because the 

lobula plate of the adult whirligig beetle D. sublineatus serves only the lower (aquatic) 

eyes, this suggests that those eyes alone contribute to locomotory balance under water. 

Their contribution to aerial flight is likely to be negligible: flight by a whirligig beetle is a 

rarity. 

 

Conclusions 

Here we have shown that in the elaborate visual brain of the four-eyed whirligig beetle D. 

sublineatus, each optic neuropil is divided into an upper and lower lamina, and an upper 

and lower medulla, together supplying a bilobed lobula. The exception is the lobula plate. 

The lobula plates serving the upper and lower eyes develop at different developmental 

stages. The upper lobula plate develops precociously in the larva and supports ambush 
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hunting. The lower lobula plate develops during metamorphosis and is present in the 

imago where it likely supports subaquatic locomotory balance. Precocious development 

of the lobula plates in tiger beetles and whirligig beetles suggests convergent evolution of 

larval visual systems for an ambush hunting lifestyle. 

 

Materials and methods 

Insects 

About 40 adult whirligig beetles (Dineutus sublineatus) and 20 sunburst diving beetles 

(Thermonectus marmoratus) were collected at Sycamore Canyon, Nogales, Arizona, and 

maintained in separate tanks (90x30x35 cm) in the laboratory at 24°C. They were fed 

daily with frozen fruit flies sprinkled onto the water surface and freshly thawed 

bloodworms (Chironomous sp.; Hikari Bio-Pure, Hayward, Calif.). Styrofoam sheets 

were provided in the whirligig tank for female whirligig beetles to lay eggs underneath 

them. After hatching, whirligig larvae swim to the bottom of the aquarium where they 

remain for most of their larval life. The total developmental time before adult emergence 

is about 6 weeks, including a week each in the egg and the 1st, 2nd and 3rd instar larval 

stages, in addition to 2 weeks of pupation. Right before pupation, the last (3rd) instar larva 

swims to the water surface and searches for a suitable terrestrial substrate on the 

riverbank. There it builds a sandy chamber (puparium) and pupates. In the present study, 

wandering larvae were transferred to another tank with shallow water and sand. Each 

larva uses the sand to build a puparium where it encloses itself and then pupates. Adult 

beetles, 3rd instar larvae and selected ages of whirligig pupae were used for the present 

account. 
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Bodian reduced silver staining 

Eight whirligig adults and 10 3rd instar larvae were used for silver staining following the 

procedures described previously [11]. In brief, the insects were cold anesthetized, the 

heads opened, fixed in AAF (17 ml 100% ethanol, 1 ml glacial acetic acid, 2 ml 37% 

formaldehyde), and the brains then freed from the head capsule. Brains were embedded 

in Paraplast Plus (Tyco, Mansfield, Mass.) and serially sectioned at 8-12 µm before 

processing using Bodian’s original method [31]. 

 

Immunohistochemistry 

Five adult whirligig and 5 adult sunburst diving beetles were used for comparative 

immunolabeling of their optic lobes, following the procedures described previously [32]. 

In brief, brains were fixed overnight in 4% paraformaldehyde in phosphate buffer (pH 

7.4), and then washed in phosphate-buffered saline (PBS), embedded in albumin gelatin, 

and sectioned at 60 µm with a vibratome (Leica, Nussloch, Germany). After being 

washed with PBS-TX (0.5% Triton X-100 in PBS), sections were blocked in 5% normal 

donkey serum (Jackson Immunoresearch Laboratories, West Grove, Penn.) for 1 hr, and 

then incubated overnight in monoclonal α-tubulin antiserum (1: 100; Developmental 

Studies Hybridoma Bank, University of Iowa, Iowa) on a shaker at room temperature. 

The following day, sections were washed with PBS-TX and incubated overnight in the 

secondary donkey anti-mouse immunoglobulins conjugated to Cy3 (dilution 3:1000; 

Jackson Immunoresearch Laboratories, West Grove, Penn.). The following day, sections 

were washed with PBS, incubated in the fluorescent nuclear stain Syto-13 (dilution 1: 
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4,000; Life Technologies, Grand Island, N.Y.) for 20 min, washed with Tris-HCl buffer 

(pH 7.4), and mounted on slides and coverslipped in a medium of 25% polyvinyl alcohol, 

25% glycerol and 50% PBS. 

 

Imaging and reconstructions 

Images of Bodian preparations were digitally collected using a Zeiss Axio Imager Z2 

microscope with AxioVision software. Broad area images were reconstructed at 20x, 

using optical sections taken in 0.5-1 µm steps through the section. Each layer was 

stitched with the adjacent fields and then montaged images were automatically 

reconstructed in the z-plane using Helicon Focus (Helicon Soft, Kharkov, Ukraine). 

Confocal reconstructions of immunolabeled optic lobes were made with an LSM 5 Pascal 

confocal microscope (Zeiss, Oberkochen, Germany). Images of 1,024 x 1,024 pixel 

resolution at 12-bit color depth were scanned using a 20/0.5 plan Neofluar objective. 

Selected images were digitally assembled and adjusted for brightness and contrast using 

Adobe Photoshop CS3 (Adobe Systems, San Jose, Calif.). Pictures of whirligig larvae 

were collected with a digital camera (Sony DSC-W80) connected to a dissecting 

microscope. Schematic illustrations were made using Adobe Illustrator CS3 (Adobe 

Systems, San Jose, Calif.). 
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Figure 1. Brain and optic lobe organization in the adult whirligig beetle Dineutus 

sublineatus and the sunburst diving beetle Thermonectus marmoratus. A: The split optic 

lobes of the whirligig beetle, including upper and lower laminas (uLA and lLA), 

medullas (uME and lME) and a bilobed lobula that is fused at this frontal level of section 

(LO). B, C: Comparison between the whirligig lower optic lobe (B) and the optic lobe of 

the sunburst diving beetle (C). Each is equipped with a comparable lamina (LA), medulla 

(ME, outer and inner layers), lobula (LO) and a tectum-shaped lobula plate (LOP, in 

brackets). Blue: α-tubulin immunoreactivity; magenta: SYTO 13 nuclear staining. A: 

frontal section with the rostral brain margin to the top (rostral R according to the neuraxis 

= upper (u) according to body axis; caudal C according to the neuraxis = lower (l) 

according to body axis); B, C: horizontal section with the posterior brain margin to the 
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top (D, neuraxis dorsal; p, body axis posterior; V, neuraxis ventral; a, body axis anterior). 

MB, mushroom body. Scale bars = 1mm in A; 100 µm in B, C. 
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Figure 2. The lobula plate is present only in the lower optic lobe in the adult whirligig 

beetle. A-H: Eight consecutive reduced silver-stained frontal brain sections taken from 

the anterior to posterior optic lobe, and the schematic drawings pertaining to each level, 

demonstrate the position of the lobula plate (LOP, magenta), which first appears just 

beneath the lower part of the lobula (B-D) and is then revealed to be restricted to the 

lower half of the optic lobe (E-H). The upper lobe of the lobula is fragmented by small 

parallel bundles of axons that project directly from the upper medulla towards the medial 
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protocerebrum (B-D, arrows). uLA and lLA, upper and lower lamina; uME and lME, 

upper and lower medulla; LO, lobula. All panels are of the same magnification (bar in A 

= 200 µm). 
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Figure 3. The visual system of 3rd instar whirligig beetle larva. A: A 3rd instar larva. B: 

Group of six stemmata located laterally on the head. C: Top-down view of the brain after 

removing the head capsule. Larval stemmata are connected to the brain by a fused 

stemmatal nerve (bundles of retinular axons, arrows). D: A horizontal silver-stained 

section showing the stemmatal nerve (black arrow), three major larval laminas (LrLA, 

white arrowheads) and precocious larval lobula plate (LrLOP). The lobula plate is 

supplied by uncrossed axons from the lamina (asterisk). E-G: Three consecutive 

horizontal brain sections of another preparation showing the three larval laminas (LrLA, 

white arrowheads) and the larval lobula plate (LrLOP), which receives uncrossed inputs 
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from the laminas (asterisks). Inset F: Reconstruction from serial Bodian-stained sections 

of the larval laminas and lobula plate showing dendrites and centrally projecting axons. 

Scale bars = 5mm in A; 500 µm in C; 50 µm in D-G. 
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Figure 4. External characteristics of larval stemmata and developing adult compound 

eyes during the immature stages of the whirligig beetle. A-C: The morphology and 

disposition of six stemmata of one side of the head in each of the three larval instars (1st -

3rd in). Stemmata 1 and 2 become comparatively larger and stemmata 5 and 6 become 

comparatively smaller in the 3rd instar. D-I: During pupation, the larval stemmata 

gradually degenerate and the adult upper and lower compound eyes (uComp and lComp 

Eye) are gradually formed on the dorsoposterior and ventroposterior side of the larval 
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stemmata. P1-13, day 1-13 of pupation at room temperature.
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Figure 5. The precocious lobula plate is supplied by the dorsal three stemmata, but not 

the ventral three stemmata, of the larval whirligig beetle. A-H: Nine consecutive reduced 

silver-stained horizontal sections of the 3rd instar larval visual system from dorsal to 

ventral, and their corresponding schematic drawings, show the three larval laminas 

(LrLA) and the precocious lobula plate (LrLOP, pink) supplied from the dorsal three 

stemmata (St6, orange; St1, yellow; St5, green), but not the ventral three stemmata (St2, 

teal; St4, blue; St3, purple). All panels are of the same magnification (bar in A = 50 µm). 
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Tiger beetle Cicindela

 Whirligig beetle Dineutus sublineatus

MELA

LO

Adult

uME

uLA

lME

uLO

lLO

lLOP

Adult

St 1 LA

St 2 LA

LrLOP

Larva

St 2

St 1

St 6 LA

St 1 LA

St 5 LA

LrLOP

Larva

St 1,5,6
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Figure 6. Schematics comparing the larval and adult optic lobes of the tiger beetle 

Cicindela (after [2,5]) and the whirligig beetle D. sublineatus. Upper and lower left: 

Both larvae are ambush predators and are equipped with precociously developed larval 

lobula plates (LrLOP, pink) that contain wide-field neurons supplied by uncrossed axons 

from prominent stemmatal laminas (St LA). These receive their inputs from the dorsal-

most stemmata in tiger beetle larva (St 1 and 2) and whirligig larva (St 1, 5 and 6). Upper 

and lower right: During pupal metamorphosis, larval stemmata and their underlying 
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optic neuropils degenerate. On eclosion, the adult tiger beetle possesses only a lamina 

(LA), medulla (ME), and lobula (LO), but lacks the lobula plate. In the adult whirligig 

beetle, the lower lobula plate (lLOP, pink) serving the lower aquatic eye develops 

normally, but the upper lobula plate is absent. 
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APPENDIX B. 

 
VISUAL INPUTS TO THE MUSHROOM BODY CALYCES OF THE WHIRLIGIG 

BEETLE DINEUTUS SUBLINEATUS: MODALITY SWITCHING IN AN INSECT 
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Abstract 

The mushroom bodies are prominent lobed centers in the forebrain, or protocerebrum, of 

most insects. Previous studies on mushroom bodies have focused on higher olfactory 

processing, including olfactory-based learning and memory. Anatomical studies provide 

strong support that in terrestrial insects with mushroom bodies, the primary input region, 

or calyces, are predominantly supplied by olfactory projection neurons from the antennal 

lobe glomeruli. In aquatic species that generally lack antennal lobes, the calyces are 

vestigial or absent. Here we report an exception to this in the whirligig beetle Dineutus 

sublineatus (Coleoptera: Gyrinidae). This aquatic species lives on water and is equipped 

with two separate pairs of compound eyes, one pair viewing above and one viewing 

below the water surface. As in other aquatic insects, the whirligig beetle lacks antennal 

lobes, but unlike other aquatic insects its mushroom bodies possess robust calyces. Golgi 

impregnations and fluorescent tracer injections revealed that the calyces are exclusively 

supplied by visual neurons from the medulla of the dorsal eye optic lobes. No other 

sensory inputs reach the calyces, thereby showing a complete switch of calyx modality 

from olfaction to vision. Potential functions of the mushroom bodies of D. sublineatus 

are discussed in the context of the behavioral ecology of whirligig beetles.  
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Introduction 

In dicondylic insects (i.e. those with two articulations for the mandibles), relay neurons 

project from their first order olfactory neuropils, the antennal lobes, to end in prominent 

lobed centers each side of the brain, called the mushroom bodies (Stocker et al., 1990). 

Each mushroom body is equipped with vertical and medial lobes that branch off from a 

stalk-like pedunculus that originates from a cap or cup-like structure, called the calyx, 

located at the dorsoposterior margin of protocerebrum. The mushroom body pedunculus 

and lobes are mainly composed of axon-like fibers that belong to intrinsic neurons, called 

Kenyon cells, which extend their dendritic trees in the calyx. In terrestrial insects the 

calyces are mainly supplied by input neurons from the antennal lobes or gustatory 

neuropils, although in many taxa the calyces receive contributions from the optic lobes as 

well (reviewed by Fahrbach, 2006; Farris, 2008b; Galizia and Rössler, 2010). The 

mushroom body lobes not only provide outputs to adjacent regions of protocerebrum, but 

studies have also shown that the Kenyon cell processes extending through the lobes have 

both pre- and postsynaptic specializations (Ito et al., 1998; Li and Strausfeld, 1999; 

Strausfeld, 2002; Tanaka et al., 2008), and that the lobes receive additional inputs from 

other brain areas, including a variety of modulatory aminergic neurons (Aso et al., 2010; 

Pitman et al., 2011; Séjourné et al., 2011).  

The close association between the presence of calyces and the antennal lobes has led 

to the assumption that the calyces relate primarily to an insect’s ability to detect air-borne 

odors. In addition, evidence from a few insect species provides strong support for the 

mushroom bodies’ involvement in higher olfactory processing, including odor 

discrimination and olfactory-based learning and memory. These studies include genetic 
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manipulations of fruit flies Drosophila melanogaster (de Belle and Heisenberg, 1994; 

Zars, 2000; Dubnau et al., 2001; McGuire et al., 2001; Thum et al., 2007) and 

electrophysiological studies of honey bees Apis mellifera (Mauelshagen, 1993; Menzel 

and Manz, 2005; Okada et al., 2007) and the locust Schistocerca americana  (Perez-Orive 

et al., 2002; Cassenaer and Laurent, 2007; Papadopoulou et al., 2011). However, in 

aquatic insects belonging to Ephemeroptera, Odonata, Hemiptera and Coleoptera, the 

antennal lobes and the antennal-protocerebral tracts to the calyces are drastically reduced 

or entirely absent. Correspondingly, in those taxa, mushroom body calyces are also 

vestigial or absent. Their vertical and medial lobes, however, are robust (Strausfeld et al., 

1998; Strausfeld et al., 2009). Therefore, the mushroom bodies are not olfactory-

dominant in all insects. 

 Here we describe a visual-dominant mushroom body in the whirligig beetle 

Dineutus sublineatus (Coleoptera: Gyrinidae) with its calyces exclusively supplied by 

visual neurons. As adults, gyrinid beetles live on the water in natural ponds, streams or 

any ephemeral water source. Whirligig beetles are usually found in groups of between a 

dozen to some hundred individuals, collectively scavenging on the water surface (Fig. 

1A). Each beetle is equipped with a minute pair of antennae that lie on the water surface 

and which are mechanosensory in function (Wilde, 1941; Kolmes, 1983). The head of 

this beetle bears two separate pairs of compound eyes: a dorsal pair facing up towards the 

sky (Fig. 1B) and a ventral pair viewing the water (Fig. 1C). Observations of Bodian 

silver-impregnated material demonstrated that their optic lobes are also split (Fig. 1E), 

the lamina and medulla of the dorsal eye being entirely separate from those of the ventral 

eye. In each optic lobe, the dorsal and ventral medullas provide inputs to a single lobula 
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(Fig. 1E). D. sublineatus lacks antennal lobes and tracts from them, yet possesses 

mushroom bodies equipped with calyces (Fig. 1E, 2A,G).  

 Gyrinidae belong to the suborder Adephaga, which includes ground beetles and 

tiger beetles, which have well developed antennal lobes. It is thus likely that the absence 

of antennal lobes and the antennal-protocerebral tracts in the brains of D. sublineatus is 

an acquired adaptation to an aquatic ecology. Nevertheless, unlike other species of 

aquatic coleopterans, the calyces of Gyrinidae are well developed. Here we describe the 

results of observations that investigate what kind of sensory inputs supply them. We 

show that the calyces are exclusively supplied by visual neurons from the optic lobes and, 

more specifically, from the medullas serving the dorsal aerial compound eyes. 

No insect has been hitherto described with an exclusive visual input to its mushroom 

body calyces although many taxa have calyces that receive neurons from visual and 

olfactory sensory neuropils. For example, there is only a very modest visual input to the 

calyx in the cockroach Periplaneta americana, which is supplied by the anterior superior 

optic tract and originating from the medulla of the optic lobe (Strausfeld and Li, 1999). 

Therefore, the cockroach calyces are considered as olfactory-dominant. Additionally, 

many species of social Hymenoptera possess multimodal calyces. In honey bees, each 

calyx is morphologically subdivided into three concentric zones, the lip, collar and basal 

ring. These receive segregated olfactory, visual, and other afferents (Gronenberg, 2001; 

Ehmer and Gronenberg, 2002; Schröter and Menzel, 2003; Farris, 2008b). Afferent 

neurons from three optic tracts, the anterior superior optic tract, the anterior inferior optic 

tract, and the lobula tract, that respectively originate in the dorsal medulla, ventral 

medulla and lobula, target discrete layers in the collar and basal ring where their 
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terminals interact with Kenyon cell dendrites (Ehmer and Gronenberg, 2002). However, 

plesiomorphic Hymenoptera, such as the sawfly Diprion pini, have small calyces 

supplied by the antennal lobes only (Strausfeld et al., 1998), suggesting that visual inputs 

to the calyces has evolved secondarily. It has also been shown that calyces of the feeding 

generalist beetles Popillia japonica, Maladera castanea and Cotinus mutabilis (Farris, 

2008a) and the butterfly Pieris rapae (Snell-Rood et al., 2009) receive visual afferents. 

However, the detailed anatomy of these visual input neurons remains unclear. In this 

study, we describe the unusual mushroom body calyces of the whirligig beetle D. 

sublineatus, their cellular organization, and evidence for their exclusive visual supply.  

 

Materials & Methods 

Insects 

Adult whirligig beetles, Dineutus sublineatus, were collected at Madera Canyon, Green 

Valley, Arizona, and maintained in an aquarium (90 x 30 x 35 cm) at 24°C. They were 

fed daily with frozen fruit flies sprinkled onto the water surface. Adults of unknown ages 

were used in this study. No detectable difference of general brain organization was 

observed between sexes.  

 

Bodian reduced silver staining 

Eight beetles were cold anesthetized and decapitated. The head capsules were opened and 

the brains removed for silver staining with Bodian’s (1936) original method. Brains were 

fixed in AAF (17 ml 100% ethanol, 1 ml glacial acetic acid, 2 ml 37% formaldehyde) for 

6 hrs at room temperature, dehydrated in an ethanol series, cleared in terpineol, 



 

 

61 

embedded in Paraplast Plus (Tyco, Mansfield, MA), and serially sectioned at 12 µm. 

Sections were arranged on glass slides, stretched by warming to 50oC, blotted, and then 

deparaffinized, rehydrated, and silver impregnated overnight at 60°C with 2.5 g 

Protargol-S (Roques, Paris, France), 250 ml ddH2O and 2 g clean copper filings. The 

following day, tissue was developed in 1% hydroquinone and 2% sodium sulfite, toned in 

1% gold chloride, differentiated in 2% oxalic acid, and fixed in 5% sodium thiosulfate. 

Tissue was dehydrated again in an ethanol series before being mounted with Entellan 

(Electron Microscopy Science, Hatfield, PA) and coverslipped. 

 

Golgi impregnations 

Combined Golgi Colonnier and Golgi rapid procedures (Li and Strausfeld, 1997) were 

used on 25 beetles to reveal detailed arborizations of individual neurons. Brains were 

freed from the head capsule under 2.5% potassium dichromate solution with 1.3% 

sucrose, then placed in 5 parts of this solution with 1 part of 25% glutaraldehyde and kept 

in complete darkness for 5 days at room temperature. Next, in preparation for the second 

chromation step, brains were washed several times in 2.5% potassium dichromate 

solution (omitting sucrose) and then incubated in 99 parts of 2.5% potassium dichromate 

solution with 1 part of 1% osmium tetroxide for 3 days at room temperature. Brains were 

then washed several times in 0.75% silver nitrate solution in distilled water and left in 

this solution for 3 days. Finally, brains were washed in distilled water, dehydrated, 

infiltrated in Durcupan plastic (Sigma, St. Louis, MO), polymerized, and the blocks 

serially sectioned at 20µm. Sections were mounted with Permount (Electron Microscopy 

Science, Hatfield, PA) and coverslipped. 
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Fluorescent tracer injections 

Forty beetles were used for tract tracing experiments. Beetles were cold anesthetized and 

immobilized using dental utility wax (Darby Dental Supply, Westbury, NY). Cuticle of 

the head capsule was removed to reveal the brain. Pulled glass capillaries tipped with 

crystals of dextran-conjugated Texas Red (molecular weight 3000kDa, Life Technologies, 

Grand Island, NY) were inserted into specific brain areas, including dorsal and ventral 

optic lobes (anterograde fills) and the mushroom body calyces (retrograde fills), as well 

as other brain regions to sample a broad spectrum of neuropil that might contribute to the 

mushroom body calyces (see Results). The head capsules were then resealed with 

Vaseline. The beetles were kept alive at 4°C overnight to allow tracer uptake and 

diffusion through neurons. Afterwards, their brains were freed from the head capsule 

under fixative. This was made up from 4% paraformaldehyde in phosphate buffered 

saline. After overnight fixation, brains were dehydrated, embedded in Spurr’s plastic 

(Electron Microscopy Science, Hatfield, PA), serially sectioned at 20µm, mounted with 

Fluoromount (Serva, Heidelberg, Germany) and coverslipped. 

 

Imaging and reconstructions 

Images of Bodian and Golgi preparations were digitally collected using a Zeiss Axio 

Imager Z2 microscope with AxioVision software. Broad area images were reconstructed 

at 20x, using optical sections taken in 0.5-1 µm steps through the section. Each layer was 

stitched with the adjacent fields and then montaged images were automatically 

reconstructed in the z-plane using Helicon Focus software (Helicon Soft, Kharkov, 
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Ukraine) to reveal neural arrangements collapsed onto one plane. Confocal 

reconstructions of fluorescent tracer injections were made with an LSM 3 Pascal confocal 

microscope (Zeiss, Oberkochen, Germany). Images of 1,024x1,024 pixel resolution at 

12-bit color depth were scanned using a 20/0.5 plan Neofluar, 40/1.0 oil iris plan 

apochromat, or 63/1.4 oil differential interference contrast (DIC) planapochromat 

objectives. Large-scale reconstructions were made by manually aligning and merging 

projections of consecutive sections using Photoshop CS3 (Adobe Systems, San Jose, CA) 

to reveal the cellular organization of visual afferents from the optic lobes to the calyces. 

Final images were adjusted for brightness and contrast.  

 

Results 

Calycal organization and their inputs 

As in many other insects, the protocerebrum of D. sublineatus is equipped with paired 

mushroom bodies. Their lobes are formed by the fiber prolongations of Kenyon cells, the 

cell bodies of which are located dorsolaterally above the superior protocerebrum. In 

terrestrial insects, Kenyon cells provide dendritic branches in a superficial neuropil called 

the calyx. In aquatic insects lacking antennal lobes and calyces, Kenyon cells are 

“naked,” providing fibers to the lobes that are undecorated by dendrites or at most 

sparsely decorated as in some Odonata (Strausfeld et al., 2009). In D. sublineatus, 

however, Kenyon cells give rise to dendrites that arborize throughout their prominent 

calyces. Kenyon cells provide approximately parallel arrangements of axon-like 

processes that form a stalk-like structure called the pedunculus. The stalk extends 

ventrally and anteriorly to the front of the brain where each parallel process bifurcates to 
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contribute tributaries extending into a vertical and medial lobe (Figs. 2C,D). This 

organization is typical of Kenyon cells of terrestrial insects, described in classical and 

recent accounts (see (Kenyon, 1896; Strausfeld, 1976; Fahrbach, 2006).  

Whereas the brain of D. sublineatus lacks glomerular antennal lobes (Fig. 1E, 

enlarged area), it nevertheless retains robust calyces (Figs. 2A, B). Each is composed of 

three distinct territories, which distinguish these calyces from the paired cup-like 

structures that surmount the pedunculus of mushroom bodies in cockroaches or honey 

bees, for example. We have termed this structure in D. sublineatus the tripartite calyx, 

each part of which consists of densely packed microglomeruli (Fig. 2A at arrows). Other 

studies have shown these units are indicative of characteristic synaptic complexes formed 

by afferent terminals synapsing onto numerous  Kenyon cell dendritic profiles 

(Yasuyama et al., 2002; Groh and Rössler, 2011). Golgi impregnations of D. sublineatus 

reveal a prominent supply of afferent neurons invading both calyces (Fig. 2G). The 

terminals of these input neurons are equipped with characteristic presynaptic boutons that 

consist of ovoid swellings from which arise short digitiform processes (Figs. 2E-G black 

arrows). These input terminals are surrounded by claw-like dendritic processes (Fig. 2F 

white arrowheads) like those of Class II Kenyon cells that are commonly found in 

terrestrial insects (Strausfeld, 1976; Larsson et al., 2004; Farris, 2005). The morphology 

and cellular organization of the whirligig beetle’s mushroom body lobes are thus 

comparable with those of terrestrial insects. Unlike terrestrial insects, however, these 

input neurons do not originate from the olfactory neuropil in the deutocerebrum or from 

gustatory centers in the tritocerebrum. They arise from the optic lobes. 
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 The visual nature of these input neurons to the calyces has been confirmed by 

fluorescent tracer injections. After applying fluorescent tracer into the dorsal optic lobes, 

two visual tracts are labeled across the brain. A lower tract extends directly across the 

brain in the protocerebrum at a level inferior to the calyces without providing any inputs 

to them. The upper tract, however, gives rise to collateral processes that invade the 

calyces on both sides of the brain (Fig. 3A). Terminals in the calyx of these visual 

afferent collaterals comprise blebbed presynaptic specializations identical to those seen in 

the Golgi preparations (Figs. 3B and 2G) and their distribution reflects the three ovoid 

calycal territories (Figs. 3B and 2A, B). In addition, these collateral terminals are not 

restricted to small areas in the calyx, as might be expected in certain hymenopterans and 

coleopterans possessing multimodal mushroom bodies (see Discussion), but are 

distributed throughout the entirety of the calyx, suggesting an exclusively visual role of 

the whirligig calyces.  

 Large-scale reconstructions show that visual neurons extend from the medulla of 

the dorsal eye to the protocerebrum where they provide collaterals innervating the 

ipsilateral calyx (Fig. 3E). The axons of these neurons project further, however, 

extending anterior to the protocerebral bridge of the central complex (Fig. 3A white 

arrow) and then terminating in the contralateral calyx (see below). Application of the 

same tracer to the neuropils belonging to the ventral (aquatic) eye (n=15) revealed a 

labeled tract similar to the lower tract originating from the medulla of the dorsal (aerial) 

eye (Figs. 3A, C, D white arrowheads). However, no neurons were found to enter the 

calyces (Fig. 3C). Thus, innervation of the calyces is supplied solely by visual neurons of 

the dorsal eyes.  
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To further characterize the cellular organization of the calycal input neurons, 

fluorescent tracers were applied to single calyces in order to retrogradely follow axons 

back from their terminal arrangements in the calyces to their dendritic arborizations of 

origin (Fig. 4A). A frontal section of the optic lobe (Figs. 4C) from the same preparation 

as that used for Fig. 4A shows the path of a few labeled neurons from the left calyx 

passing back into and through the dorsal half of the left lobula (Figs. 4A, C arrows) 

finally originating from dendritic arborizations in the outer layer of the medulla serving 

the dorsal aerial eye (Fig. 4C, arrowhead). This result confirms that the visual afferents to 

the calyx are exclusively from the optic lobes of the dorsal eyes, but not the ventral eyes. 

The detailed organization of these visual neurons is best resolved after applying massive 

fills, such as shown in Figures 4D-G. Figures 4D-F show three consecutive sections of 

one preparation demonstrating these neurons penetrating through the dorsal half of lobula 

(Fig. 4D arrow) and the inner layers of the dorsal eye medulla (Figs. 4E, F arrows). The 

dendritic arborizations are mainly restricted to the outermost layer of the medulla (Figs. 4 

D, E arrowheads). Cell bodies of these neurons are labeled and three of them are visible 

in the dorsoanterior corner of the dorsal eye medulla in Fig. 4F (arrowheads). In another 

preparation, numerous cell bodies of these neurons were labeled between the dorsal 

lamina and the dorsal medulla (Fig. 4G). 

When fluorescent tracer was injected into a single calyx (n=5) the contralateral calyx 

was also labeled (Fig. 4A boxed area and 4B), thus providing further evidence showing 

that these visual neurons supply both calyces. A fortuitous labeling of a single neuron in 

one preparation clearly illustrates that its axon terminated as a set of arborizations in the 

contralateral calyx (Figs. 4H, I). Notably, these terminal branches are not confined to a 



 

 

67 

small area within any one of the three territories of the calyx but provide a branch into 

each (Fig. 4I). 

Next, we asked whether the calyx receives inputs from other brain areas. Control 

injections (n=10) of the tracer to other parts of the protocerebrum as well as the 

deutocerebrum failed to reveal any processes leading into the calyx. These observations 

provide further evidence that the calyces of D. sublineatus are likely to be unimodal, 

exclusively provided by afferents from the medullas of the dorsal eye pair. 

 

Diverse calycal structure within Coleoptera 

The growth and differentiation of the coleopteran mushroom body follows a ground 

pattern, in which two or four clones of Kenyon cells arise from the progeny of two 

clonally equivalent mushroom body stem cells or “neuroblasts” (Farris, 2005). This 

ground pattern applies across Coleoptera, even though across different species the 

morphology of the calyces can be diverse. These phenotypic variations have been argued 

as reflecting different ecological constraints. Within the Scarabaeidae, mushroom bodies 

of most terrestrial feeding specialists are equipped with fused calyces that are dominated 

by olfactory afferents that originate unilaterally from the antennal lobes (Fig. 5A). In 

contrast, the calyces of most feeding generalist species are found to be paired and to 

receive olfactory, visual and gustatory inputs from the antennal lobes, optic lobes and 

tritocerebrum respectively (Farris and Roberts, 2005; Farris, 2008ab; Fig. 5B). In 

anosmic species such as Dytiscidae, the loss of antennal lobes is accompanied by 

vestigial calyces that appear to receive no afferents at all (Strausfeld et al., 1998; 

Strausfeld et al., 2009; Fig. 5C). In comparison, the whirligig beetle (Gyrinidae), which is 
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anosmic, is nevertheless equipped with tripartite calyces receiving solely visual inputs 

(Fig. 5D). However, because each of the whirligig beetle’s mushroom bodies is formed 

by four clusters Kenyon cell bodies, these are likely to correspond to the quadripartite 

arrangement of Kenyon cells found in many other insect orders, including Diptera (Ito et 

al., 1997; Strausfeld et al., 2003). We suggest that in D. sublineatus, either two sets of 

Kenyon cells contribute to the outer calyx, and the other two sets supply the middle and 

inner calyces (Fig. 5D) or, as in Tribolium castaneum (Zhao et al., 2008), three 

populations of neuroblasts provide a tripartite calyx. 

 

Discussion 

Unlike other anosmic insect taxa that possess only vestigial mushroom body calyces or 

have completely lost them (Strausfeld et al., 1998; Strausfeld et al., 2009), the whirligig 

beetle Dineutus sublineatus is equipped with elaborate tripartite calyces. We have shown 

that these calyces are exclusively supplied by visual relay neurons originating from the 

outer medulla of the dorsal optic lobe. In honey bees (Apis mellifera), the calyces are 

supplied by olfactory and visual inputs; a broad zone of the calyces receives visual relays 

from the medulla and the lobula (Gronenberg, 2001). Might the whirligig beetle’s visual 

afferents be homologous to those found in honey bees? Although both species have 

visual afferents originating in the medulla, and in both species individual relay neurons 

from the medulla show a similar bilateral innervation pattern to both calyces, visual 

afferents in the whirligig beetle are unlikely to be homologous to those in either of the 

two medulla-mushroom body tracts (anterior superior optic tract or anterior inferior optic 

tract) of honey bees. This conclusion is based on the locations of the cell bodies and the 
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distribution of their dendritic arborizations. The whirligig beetle’s visual afferents have 

their cell bodies located between the lamina and medulla (Fig. 4F, G) and their dendrites 

are restricted to the outermost layer of dorsal medulla (Figs. 4C-E). However, afferent 

neurons from the honey bee’s anterior superior optic tract have their cell bodies situated 

dorsally between the inner layer of the medulla and the lobula, and their dendrites are 

restricted to the medulla’s serpentine layer (interposed between the inner and outer 

medulla) within the dorsal half of medulla (Ehmer and Gronenberg, 2002). The cell 

bodies of the anterior inferior optic tract in honey bees are located ventrally, between the 

outer surface of the lobula and the ventral margin of the medulla, and their dendrites 

extend from the serpentine layer into the outer two thirds of the central half of the 

medulla (Ehmer and Gronenberg, 2002; Paulk and Gronenberg, 2008).  

The whirligig beetle’s mushroom body calyces may represent a true evolutionary 

innovation in providing the mushroom body calyces with exclusive visual supply. 

Although we refer to this as a “modality switch” from olfaction to vision, we cannot 

exclude that an ancestral organization included both visual and olfactory inputs, meaning 

that the present condition represents an evolved loss. In many respects, the organization 

of Kenyon cells in the whirligig beetle’s calyces shows features seen in terrestrial species, 

in which the calyces receive olfactory inputs. In D. sublineatus, the calyces are primarily 

composed of Kenyon cells with claw-like dendritic arborizations in the calyx (Figs. 2E, 

F). Each of the tripartite calyces also consists of a concentric organization of Kenyon 

cells to provide a “shaft” and a “sleeve” arrangement in the pedunculus (Fig. 2A). This 

organization is similar to those provided by Class II and III Kenyon cells found in 

Pachnoda marginata, which are postsynaptic to olfactory inputs (Larsson et al., 2004) 



 

 

70 

and it is possible that this organization is conserved within all terrestrial coleopterans 

(Panov, 2010ab). Again, this suggests that despite an exclusively visual input to the 

calyces, a ground pattern of organization typifying terrestrial Coleoptera has been 

retained in whirligig beetles. It is thus conceivable that organization in D. sublineatus 

derives from an ancestral organization, in which both visual and olfactory inputs reached 

the calyces, as proposed for certain extant Scarabaeidae that are generalist feeders (Farris 

and Roberts, 2005). 

 The mushroom bodies of D. sublineatus are peculiar in having three-component 

calyces. Insects with mushroom body calyces consisting of two cup-like parts and an 

intermediate lobe–a condition we here refer to as tripartite–are rare and have only been 

identified in species belonging to Dermaptera, Neuroptera, in a predacious coleopteran, 

Scarites subterraneus, and in the flour beetle, Tribolium castaneum (Jawlowski, 1936; 

Strausfeld et al., 1998; Farris and Roberts, 2005; Farris, 2008b, Zhao et al., 2008). 

Whether there is some neuronal organization that is peculiar to tripartite calyces has not 

yet been established. Nevertheless, the structure and organization of the mushroom body 

lobes appears to be retained across Coleoptera, irrespective of calycal arrangement or 

modality. The present study suggests that, where they exist, calyces receive modality-

specific inputs that provide context-specific modulation of microcircuits in the lobes 

involving Kenyon cell processes and inputs from other regions of the brain. 

Electrophysiological studies that compare olfactory dominated mushroom bodies of 

scarab beetles and those of whirligig beetles would offer a unique opportunity to resolve 

the roles of sensory inputs in mushroom body processing.  
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Functional implication of the whirligig beetle’s mushroom bodies 

Recent studies have suggested that the expansion of the mushroom body calyces to 

provide territories for multisensory inputs relates to a taxon’s ability to employ spatial 

orientation and place memory (Snell-Rood et al., 2009; Farris and Schulmeister, 2010; 

Stieb et al., 2010). In Hymenoptera, the enlarged mushroom body calyces have been 

found to coincide with the acquisition of a parasitoid lifestyle (Farris and Schulmeister, 

2010). There, mushroom bodies are suggested to play a role in spatial learning of 

previously identified host locations, such as keeping track of their hosts over days or, in 

kleptoparasitic solitary species, constant monitoring of the host burrows. Among ants, the 

blind species Cerapachys biroi possesses only a vestigial collar. Their calycal region is 

exclusively targeted by olfactory afferents (Gronenberg and Hölldobler, 1999). Each 

calyx of the long distance visual navigator Cataglyphis bicolor is equipped with one of 

the largest collars in ants, which receives visual inputs (Gronenberg and Hölldobler, 

1999). In those Coleoptera possessing doubled and multimodal “gyrencephalic” 

mushroom body calyces, these have been attributed to functions in perceiving and 

processing more complex food cues and remembering their locations for later visits 

(Farris and Roberts, 2005; Farris, 2008a).  

 In the whirligig beetle D. sublineatus, we have found that the mushroom body 

calyces are elaborate in size and tripartite (Figs. 2A, B). Their visual inputs derive from 

the dorsal eyes above the water surface, but not the ventral eyes. Any olfactory-related 

function is undoubtedly absent in these calyces because of the complete loss of the 

antennal lobes (Fig. 1E enlarged area) and the lack of olfactory input. Might these 

mushroom bodies play a role in spatial orientation? And, what kind of cues might be 
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essential for their behavioral ecology? Early studies on gyrinid behavioral patterns 

showed that gyrinid beetles tend to aggregate at the same place during the daytime on the 

surface of ponds or streams all year round (Brown and Hatch, 1929). It was proposed this 

pattern is a result of landmark orientation, where each beetle has the ability to orient itself 

with regard to an aerial landmark (such as a big tree on land) and maintain a stable 

position on the water surface (Brown and Hatch, 1929). Fitzgerald (1987) reported that 

certain individuals within a group of D. nigrior and D. discolor exhibit territorial 

behaviors, where dominant males defend their own unique locations on the periphery of 

the group while females and subordinate males stay in the center. In addition to this herd-

like and territorial behavior by males, it has been shown that all members in a group of D. 

discolor exhibit positional preference in relation to others depending on a combination of 

factors including size, age, sex, nutritional state, and recent predator exposure (Romey, 

1995; Romey and Galbraith, 2007; Morrell and Romey, 2008; Romey and LaBuda, 2010). 

For example, hungry beetles tend to occupy edge positions whereas sated ones tend to be 

in the center (Romey, 1995). How each beetle is aware of its position relative to other 

group members and to the surroundings is not yet known.  

Such positional awareness may likely be formed and mediated by its mushroom 

bodies, a function that has been proposed in many insects, although more direct evidence 

of the role of mushroom bodies in place memory comes only from one study on 

cockroaches Periplaneta americana (Mizunami et al., 1998). Another study on crickets 

has confirmed the ability of insects to use spatial cues for place memory in conditions 

like those used to test place memory in mammals (Wessnitzer et al., 2008). Nevertheless, 

in comparison with Periplaneta, which possesses olfactory dominant calyces, the 
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mushroom bodies of aggregating whirligig beetles may suggest the most likely neuropil 

relating to visual place memory. Neuroanatomical evidence alone suggests that the calyx 

of D. sublineatus, which receives exclusively visual inputs, must support some crucial 

role by mushroom bodies in behaviors that occur within a visual context.  
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Figure 1. The whirligig beetle Dineutus sublineatus: form, disposition and brain structure. 

A: D. sublineatus grouped on the water surface. B, C: Each whirligig beetle is equipped 
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with two completely separate pairs of compound eyes, the dorsal pair (D-Eye) is aerial 

and the ventral pair (V-Eye) is submerged in the water. D, E: Frontal view of the brain (D) 

and a frontal section of the Bodian reduced silver-stained preparation (E) showing the 

optic lobes split into dorsal and ventral parts (D-OL and V-OL), with split dorsal and 

ventral laminas (D-La and V-La) and medullas (D-Me and V-Me), and one single lobula 

(Lo). Asterisks in D indicating the position of the paired mushroom bodies showed in E. 

Enlargement of the boxed area in E showing the lack of glomerular antennal lobes in the 

deutocerebrum. MB, mushroom body; SEG, subesophageal ganglion. Scale bars = 10 

mm in A; 1mm in B,C,E; 0.5 mm in D. 
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Figure 2. Morphology of the D. sublineatus mushroom bodies and their calycal input 

neurons. Reduced silver staining (A) and Golgi impregnation (B) show top-down views 

of one mushroom body calyx (Ca) showing its tripartite form, each part consisting of 

densely packed microglomeruli (black arrows in A) and a characteristic shaft (sh) and 
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sleeve (sl) structure (white arrowhead and bracket in A). C, D: The mushroom body 

lobes are comparable to those of other insects, consisting of Kenyon cell processes that 

extend from the cell bodies (Kcb in A and white arrowheads in E) through the 

pedunculus (ped) and bifurcate into the vertical and the medial lobes (arrows, V-Lo and 

M-Lo). E-G: The calyx is supplied by afferent neurons characterized by their presynaptic 

bouton-shaped terminals (black arrows). F: Close association between the presynaptic 

afferent terminals (black arrows) and the postsynaptic clawed-like Class II Kenyon cell 

dendrites (white arrowheads) in a higher magnification. G: Reconstructed overview 

showing the morphology of input neurons entering both mushroom body calyces from the 

side (white arrowhead) but not from the deutocerebrum (antennal lobes). Scale bars = 100 

µm in A-D,G; 50µm in E; 10µm in F. 
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Figure 3. The calycal input neurons from the optic lopes and selectively from the dorsal, 

but not ventral, optic lobes in D. sublineatus. A: Two visual tracts were filled after 
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applying fluorescent tracer in the dorsal optic lobes. Neurons in the upper tract (arrow) 

project to the brain, anterior to the protocerebral bridge (Pb) of the central complex, and 

send collaterals to both calyces (Ca). The lower tract passes across the brain without 

supplying the calyces (arrowhead). B: Enlargement of the boxed area (calyx) in A 

showing the characteristic presynaptic bouton-shaped terminals of its visual input 

neurons that innervating all three territories of the calyx. C, D: After applying fluorescent 

tracer in the ventral optic lobes only the lower tract was labeled (arrowheads) across the 

brain; no neurons were labeled in the calyces (Ca). E: Large scale reconstruction showing 

visual input neurons from the dorsal optic lobe passing through the dorsal medulla (D-Me) 

and the dorsal part of the lobula (Lo) to the brain, with their collaterals supplying the 

ipsilateral tripartite calyx. V-Me, ventral medulla. Scale bars = 100 µm.  
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Figure 4. Cellular organization of calycal input neurons. A, C: After applying 

fluorescent tracer to a single mushroom body calyx, the calycal input neurons were 

retrogradely filled (arrow in A) through the dorsal half of the lobula (Lo, arrow in C) to 

terminate at the outer layer of the dorsal medulla (D-Me, arrowhead in C). D-F: A 

massive retrogradely filled preparation showing axons of calycal input neurons through 

the dorsal part of lobula (Lo, arrow in D) and inner layers of the dorsal medulla (D-Me, 

arrows in E, F). Their dendritic branches are situated in the outermost layer of the dorsal 

medulla (arrowheads in D, E). Three of their cell bodies are labeled at the dorsoanterior 

corner of the outer medulla (arrowheads in F). In another preparation, more cell bodies of 

these neurons are labeled between the dorsal lamina and the dorsal medulla (G). When 

applying the fluorescent tracer to one mushroom body calyx, the contralateral calyx is 

always labeled (boxed area in A; panel B). H: Reconstruction of a fortuitous preparation 

showing a single filled calycal input neuron with its axonal arborization terminating in 

the contralateral calyx (Ca). I: Enlargement of the boxed area in H shows a single input 

neuron supplying all three territories of the contralateral calyx. Pb, protocerebral bridge; 

V-Me, ventral medulla. Scale bars = 100 µm in A-F, H, I; 50µm in G. 
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Figure 5. Schematics comparing calycal structures and their afferent supply across 

coleopterans. A: Most feeding specialist terrestrial beetles are equipped with a fused 

single ovoid-shaped calyx (Ca) on each mushroom body supplied by unilateral olfactory 
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inputs (red solid lines) from the antennal lobes (AL). Some species also receive direct 

unilateral gustatory inputs (GU) from tritocerebrum. B: In most feeding generalist 

terrestrial beetles, each mushroom body possesses double calyces (a lateral and medial 

calyx), each of which receives segregated olfactory and gustatory inputs (red solid lines) 

and visual inputs (green dashed line), although the origin of these is not yet known. C: In 

anosmic beetles, such as the predacious diving beetle (Dytiscidae), the absence of 

antennal lobes is accompanied by vestigial calyces or complete loss of them, but the 

mushroom body lobes (medium grey) are large. D: In the whirligig beetle Dineutus 

sublineatus (Gyrinidae), each mushroom body is formed by four groups of Kenyon cell 

bodies (cb), two of which together provide the outer calyx, the others provide the middle 

and the inner calyx. The calyces receive exclusively bilateral visual inputs (green solid 

lines) that originate from the outer medulla of the dorsal optic lobes. Abbreviations: La, 

lamina; D-La, dorsal lamina; V-La, ventral lamina; Me, medulla; D-Me, dorsal medulla; 

V-Me, ventral medulla; Lo, lobula; LoP, lobula plate; cb, Kenyon cell bodies, dark grey; 

Ca, calyx; LH, lateral horn. Mushroom body lobes shown medium grey, calyx light grey. 
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APPENDIX C. 

 
ABOVE-WATER LANDMARKS ENABLE SPATIAL LEARNING AND 
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Summary 

Whirligig beetles are gregarious aquatic insects living on the water surface, each 

equipped with divided compound eyes including an upper aerial pair and a lower aquatic 

pair. Although it was originally thought that individual beetles maintained their own 

positional preferences within their group, how beetles would recognize those positions is 

unknown. Here we describe a new vision-based spatial learning paradigm, where groups 

of 3 whirligig beetles are trained to associate a specific location in an arena with a 

positive food reward. After 2 days training, beetles in the experimental group established 

their own positions relative to each other, and following landmark rotation this spatial 

arrangement of the group was rapidly regained. No such maintained spatial relationships 

were found in control groups, in which the food reward was provided at random 

locations. We demonstrate that visual cues from above the water line are sufficient for a 

whirligig beetle to achieve its spatial relationship within its group. Because Dineutus 

sublineatus possesses exclusively visual inputs from its aerial compound eyes to its 

mushroom bodies, a brain center implicated in spatial learning and memory, the present 

study provides an essential assay for future lesion studies to determine if mushroom 

bodies are required for the visually mediated spatial learning. 

 

Keywords 

Gyrinidae; aggregation; vision; landmark; spatial learning; group structure; individual 

positioning 

 

1. Introduction 
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When in groups, many species of vertebrates show tightly coordinated adaptive 

behaviours. Examples are herding behaviour and predator defense of buffalo [1], 

schooling by fish [2], and flight coordination within a flock of birds [3]. Amongst 

invertebrates, swarms of locusts [4, 5] and armies of ants [6] are often cited examples of 

coordinated mass behaviour. A number of studies on such collective behaviours have 

focused on their behavioural descriptions and discuss their adaptive significances, such as 

the minimization of risk by increased cohesiveness and the relevance of position in the 

group as protection from predation [7]. Others have devised algorithms and artificial 

networks as heuristic explanations as to how individuals might collaborate to maintain 

and execute coordinated actions [8-10]. Despite the many descriptive observations, there 

have been few studies specifically aimed at elucidating the neural basis for such 

coordinated behaviour: identifying sensory systems that assess risk and the cognitive 

centers involved in place memory and group cohesion. Here we describe experiments on 

a species of beetle that shows herd-like behaviour, which demonstrate the acquisition of 

place memory by individuals and concomitant acquisition of neighbourhood relationships 

by conspecifics.  

Whirligig beetles (Coleoptera: Gyrinidae) are group-living aquatic scavengers on 

the surface of water. Their vision is distinguished by split compound eyes: the optical 

axes of the ommatidia of the upper eyes are directed upwards above the water line 

whereas those of the lower eyes are directed downwards beneath the water line. In spite 

of this remarkable adaptation, visually guided behaviours by these insects are not well 

studied. It has been observed that whirligig beetles tend to aggregate at the same location 

of ponds or streams throughout a season or even from one year to the next [11]. An 
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aggregation can reach hundreds of thousands of individuals [12]. When disturbed, the 

aggregate disintegrates and the beetles swim frenetically and erratically, some even 

diving beneath the water surface. Nevertheless this dispersed group later reassembles, 

often at exactly the same location as it had previously [11]. It has been proposed that the 

tendency to return to the same location is a result of habituation to visual cues 

surrounding the beetles at their “home location”, such that each individual has the ability 

to orient itself spatially with regard to surrounding visual cues and thereby maintain a 

stable range of excursions on the water surface within the range of those cues [11]. 

Furthermore, it has been shown that, within a group, individual whirligig beetles exhibit 

their own positional preferences in relation to other beetles depending on a combination 

of factors including size, age, sex, nutritional state, and recent predator exposure [13-17]. 

For example, in a study manipulating hunger level, food-deprived beetles were found at 

the periphery of the group while well-fed beetles occupied a more central position within 

the group [13].  

In this report, we address the question as to how beetles achieve coherence, 

asking whether individual beetles show fidelity to a visual location and how they 

maintain their positions relative to one another. We describe a vision-based spatial 

learning paradigm that demonstrates that whirligig beetles are able to learn their location 

with respect to visual cues and simultaneously establish and maintain their relative 

positions with each other. 

 

2. Materials and methods 

(a) Animals 
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About 60 adult whirligig beetles (Dineutus sublineatus) were collected from May to 

October, 2013 at Madera Canyon, Green Valley, Arizona, and maintained in two tanks 

(90x30x35 cm) in the laboratory at 24°C, 12 h/12 h photoperiod. They were fed daily 

with frozen fruitflies sprinkled onto the water surface. The sex ratio of males to females 

is approximately 1:5; therefore, only females were used in the study in order to perform 

enough replications while keeping the subject gender consistent. No females were used 

more than once in the experiment.  

Beetles were not fed for 3 days before each experiment in order to increase their 

responsiveness to food reward in the training trials. After food deprivation, 3 female 

beetles were randomly selected from either tank, cold anesthetized on ice, measured for 

body length from head to the end of elytra, and individually marked with red, yellow or 

white nontoxic paint (Sharpie oil-based fine point paint marker) on the elytra. The beetles 

were allowed to stay on ice for 5 more minutes for the paint to dry, and then were 

transferred into the experimental arena overnight before the experiment. The paint had no 

observable effect on their behaviour. 

 

(b) Experimental arena 

The arena consisted of a circular transparent Plexiglas pool (Innovative Designs Inc., 

Leominster, Mass.) with a diameter of 37 cm and filled with distilled water to a depth of 

13 cm. A cylinder (50 cm in diameter x 80 cm tall) made by white paper board was used 

to cover the entire arena as shown in figure 1a. Three visual landmarks, including black 

vertical gratings, horizontal gratings and concentric circles (10 x 10 cm each) were 

attached 120 degree apart from each other to the inner wall of the cylinder above the 
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arena’s water line (figure 1a,b). Six small windows (2 x 7.5 cm), 3 directly above each 

visual landmark and the other 3 located between any two landmarks, were cut into the 

wall to allow for release of food reward (described later). Between the arena and the 

cylinder, a ring (47 cm in diameter x 2 cm in thickness) was placed to serve as a rail, so 

that the cylinder can be easily rotated clockwise or counterclockwise without touching 

the central arena. The arena was illuminated by a 45W compact fluorescent light bulb 

with 5500K colour temperature (Cowboy Studio, Texas) and 6 red LEDs (peak 

wavelength λ = 630 nm) located 120 cm above the arena. The beetles’ behaviour was 

recorded with a digital camera (Sony DSC-W80) at the rate of 25 frames per second 

located approximately 100 cm above the arena. 

 

(c) Experimental protocol 

The experiment consisted of 2 types of training trials: landmark pre-translocational (trial 

1-5, in which the landmarks remained at the same positions as in the previous trial) and 

translocational (trial 6-11, in which the landmarks were  rotated after the onset of each 

trial, see below) trials. After acclimation overnight, the 3 females in the arena were 

trained for 11 trials. Trial 1-5 is composed of a 30s “light off” period, during which the 6 

red LEDs remained on, followed by a 5 min “light on” period. Ten seconds after the start 

of “light on”, a food reward (2 freshly frozen fruitflies) was dropped through the cylinder 

window onto the water surface at the arena’s edge between the vertical and the horizontal 

landmarks (figures 1a,b, asterisks). Trial 6-11 started with the same 30s “light off” period 

except that the cylinder, and the 3 landmarks within it, was rotated through a specified 

number of degrees depending on the trial number (figure 1d), after which followed a 5 
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min “light on” period. Two dead fruitflies were provided 10s after the onset of “light on” 

at the same location relative to the two landmarks used in the trial 1-5. In short, this 

experiment was designed to associate the food reward with a specific location in the 

arena, namely between the vertical and the horizontal landmarks. This location was fixed 

in trial 1-5, and then shifted accordingly with the rotation of the landmarks in trial 6-11. 

The same 3 beetles were trained for 3 consecutive days using the same protocol each day. 

A total of 5 groups of 3 beetles were put through this experimental protocol.  

A control experiment was conducted using the same protocol except that the 

rewarding locations across 11 training trials were not consistently through the particular 

window between the vertical and the horizontal landmarks on the cylinder. To determine 

the reward location in each trial, the 6 windows on the cylinder were named from number 

1 to 6, and then a list of 11 numbers (for 11 trials daily) between from 1 to 6 was 

randomly generated using Excel RANDBETWEEN (1,6) function. Special care was 

taken so that no single number appeared more than twice on the list. The same 3 beetles 

in the control were also trained for 3 consecutive days, and a new list of reward numbers 

was used daily. A total of 5 groups of 3 beetles were put through this control protocol. 

To test whether or not the visual cues provided from above the water surface were 

perceived by the beetle’s upper pair of compound eyes only, a second control experiment 

was conducted. Non-toxic nail polish (Zoya, Art of Beauty Inc., Cleveland, Ohio) was 

applied selectively to occlude the aerial eyes or the aquatic eyes of 3 fresh beetles. After 

30 min acclimation in the experimental arena, a negative stimulus made of a black bird-

shaped cutout (10 x 8 cm) attached to a stick (20 cm) was used to approach the beetles 

from above and below the arena pool to see if the characteristic startle response could be 
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elicited. After a 30 min interval, the nail polish was carefully removed from the beetles 

and new polish was applied to the opposite pair of eyes, and the experiment was repeated. 

After another 30 min interval, the second application of polish was removed and the 

stimulus was repeated again. A total of 5 groups were put through this control protocol. 

 

(d) Data collection 

We recorded: 1) the body length of each beetle in each group; 2) which beetle of the three 

actually captured the fruitflies in each trial; and 3) each beetle’s final distance to the 

designated reward site before fly release. The latter is defined as the average distance 

from the beetle to the midpoint between the vertical and the horizontal landmarks within 

the last second (second 9-10) before fly release in each trial. To measure this parameter, 

all movie clips were analyzed in ImageJ (version 1.45s, National Institutes of Health, 

Bethesda, Maryland) and each beetle’s position (x,y coordinates) was tracked at the rate 

of 5 frames per second in each trial before fly release using the Manual Tracking plugin 

(an example is shown in supplemental movie S1). Each beetle’s distance to the 

designated reward site was then determined by comparing the x,y coordinates of the 

beetle’s position and that of the midpoint between the vertical and the horizontal 

landmarks in each trial. 

 

(e) Statistical analyses 

Daily fly capture percentage between experimental and control groups was analyzed by a 

two-sample t-test. Comparisons of daily fly capture percentage within experimental or 

control group were analyzed by ANOVA. Daily comparisons of distance to designated 
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reward site within experimental or control group were analyzed by ANOVA. Significant 

results were further analyzed using Tukey-Kramer honest statistical difference (HSD) or 

Student’s least significant difference (LSD). The relationship between beetle’s fly capture 

number and their body lengths was analyzed using linear regression. Trial by trial 

comparisons of the distance to the designated reward site between individual beetles of 

experimental or control group or among the 3 beetles within groups were evaluated using 

repeated measures ANOVA. All analyses were performed using JMP version 5.0.1 (SAS 

Institute).    

 

3. Results 

Perhaps due to their group-living nature, the behaviour of single beetles or pairs of 

beetles differed from that of beetles maintained in larger groups. Beetles held alone or in 

pairs were found either submerged for a long time below the water line, frenetically 

circulating along the arena edge, or completely motionless on the water surface, and they 

rarely showed any interest in the fruitfly rewards. In contrast, when 3 beetles were placed 

in the arena together, they remained on the water surface throughout the experiments, 

apparently interacting with each other as seen in nature, and were responsive to the food 

reward within a short period of time (fruitflies were found and captured within 5s after 2 

trials). The study, therefore, was carried out always using groups of 3 beetles. 

 

(a) Fly capture number and body length 

When turning off the light illuminating the arena, with only the red LEDs remaining on, 

beetles moved randomly in the arena. Rotating the cylinder and hence the landmarks 
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around the arena under red LEDs did not appear to change the beetle’s behaviour. There 

were 11 trials and a total of 22 fruitflies provided as food reward daily (figure 1c) in each 

experimental or control group. No statistical difference was found between the 

experimental and control groups regarding the beetles’ daily fly capture percentage (two-

sample t-test, t28 = 0, P = 1.0). Within both groups, the flies were not equally shared by 

the 3 beetles, hence the designation beetle A, was assigned to the beetle that captured the 

most flies, and the designation beetle C to the beetle that captured the fewest (figure 2a; 

ANOVA, experimental group: F2,12 = 6.12, P = 0.01; control group: F2,12 = 26.62, P < 

0.0001). A further Tukey-Kramer HSD test showed that within both experimental and 

control groups, beetle C captured significantly fewer fruitflies than the other 2 group 

members (P < 0.05). For neither group was the inferior performance of beetle C 

explained by difference related to body size (figure 2b; linear regression, experimental 

group: R2
 = 0.04, P = 0.18; control group: R2

 = 0.02, P = 0.35). 

 

(b) Individual spatial structure formed on day 3 

Each beetle’s final distance to the designated reward site was calculated as the mean 

distance to that site within the last second before food release across 11 trials. The 

difference in mean final distance among beetles within the experimental group was not 

significant on days 1 or 2, although beetles A and B appeared to occupy a slightly closer 

position to the designated reward site relative to the center-positioned beetle C before fly 

release (figure 3a left), and beetles A and B did capture most of the flies (figure 2a top). 

Contesting a location near the fly release site was observed between beetle A and B 

before and after the fly was consumed. One beetle usually defended its position by 
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bumping the other away (supplemental movie S2). On day 3, the mean positional 

differences among the 3 beetles in the experimental group were evident (figure 3a left, 

Day3; ANOVA, F2,157 = 9.82, P < 0.0001), especially in the translocational trials (trial 6-

11, ANOVA, F2,82 = 10.80, P < 0.0001). A further Student’s LSD test showed that in the 

translocational trials Beetle A occupied a significantly closer position to the designated 

reward site before release of the fly than the other two beetles; Beetle C swam mainly in 

the center of the arena and beetle B was now located at a position furthest away from the 

designated reward site (Student’s LSD, P < 0.05). No such positional differences were 

found among beetles in the control group (figure 3a right, Day3, ANOVA, F2,162 = 0.79, 

P = 0.45). Figures 3b and c show one example of the trajectories of the three beetles and 

their respective distances from the designated reward site before fly release in each 

translocational trial (trial 6-11) on day 3. After each landmark rotation, beetle A (blue) 

moved toward the designated reward site (asterisks) and beetle B (green) moved away 

from that site, while beetle C (red) moved mainly in the center of the arena (figure 3b 

left). As a result, the distance between the beetle and the designated reward site was 

segregated among the 3 beetles before fly release. Following rotation of visual landmarks 

above the water line, beetle A shifted its position accordingly and occupied a nearby 

position, beetle C at the center and beetle B at the opposite end (yellow box in figure 3c 

top). However, no clear pattern was found in the control group when the fly release site 

(arrows in figure 3b right) was not paired with the designated reward site (asterisks in 

figure 3b right); all 3 beetles appeared to move randomly in the arena (figures 3b right 

and 3c bottom).  

 



 
 

 

102 

(c) Within group positional comparison 

A trial-by-trial comparison within the experimental group on day 3 showed that the final 

distance to the designated reward site was significantly different among the three beetles 

when including pre-translocational and translocational trials (figure 4 top, repeated 

measures ANOVA among beetles, F2,9 = 3.46, P = 0.001). All beetles maintained their 

final distances to the designated reward site over the 11 trials (time effect, P = 0.60; time 

x difference among beetles, P = 0.39). Further analyses separating pre-translocational and 

translocational trials showed that the positional differences among beetles were 

contributed by the translocational trials alone (pre-translocational trials: repeated 

measures ANOVA among beetles, F2,12 = 0.31, P = 0.19; translocational trials: repeated 

measures ANOVA among beetles, F2,9 = 2.56, P = 0.003). No statistically significant 

difference was found among the beetles in the control group (figure 4 bottom, repeated 

measures ANOVA among beetles, F2,12 = 0.13, P = 0.49; time effect, P = 0.44; time x 

difference among beetles, P = 0.08). 

 

(d) Between groups positional comparison 

A significant treatment effect was found when comparing the trial-by-trial differences of 

the “A” beetles between the experimental and control groups on day 3, based on their fly 

capture percentage (figure 5 top, repeated measures ANOVA treatment effect between 

experimental and control for 11 trials, F1,6 = 16.79, P < 0.0001). The final distance to the 

designated reward site did not change over trials (time effect, P = 0.68; time x treatment 

effect, P = 0.56). The significant positional differences were again contributed by the 

results in the translocational trials, but not in the pre-translocational trials (pre-
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translocational trials: repeated measures ANOVA between experimental and control, F1,8 

= 0.21, P = 0.23; translocational trials: repeated measures ANOVA between experimental 

and control, F1,6 = 1.69, P = 0.019). For beetle A, the distance to the designated reward 

site was consistently shorter in the experimental group than in the control group after 

each landmark rotation (figure 5 top, red box).  

No significant differences were found regarding the positions of the “B” beetles 

between the experimental and control groups (repeated measures ANOVA treatment 

effect between experimental and control for 11 trials, F1,8 = 0.02, P = 0.73; time effect, P 

= 0.36). However, a significant “time x treatment” interaction was found (time x 

treatment effect between experimental and control, P = 0.01). This result indicates that 

the “B” beetle in the experimental group responded differently over time: compared that 

to the control group, the distance to the designated reward site was smaller in the 

experimental group in the pre-translocational trials but became larger in the 

translocational trials (figure 5 middle). 

There was no statistical difference between distances of the “C” beetles of the 

experimental and control groups (figure 5 bottom, repeated measures ANOVA treatment 

effect between experimental and control for 11 trials, F1,7 = 0.006, P = 0.84 ; time effect, 

P = 0.56; time x treatment effect, P = 0.82). No statistically significant results were found 

within neither pre-translocational nor translocational trials (pre-translocational trials: 

repeated measures ANOVA between experimental and control, F1,8 = 0.04, P = 0.59; 

translocational trials: repeated measures ANOVA between experimental and control, F1,7 

= 0.04, P = 0.61) 
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(e) Upper eye vision for above-water cues 

Before beetle’s eyes were occluded, the approaching black bird cutout from both above 

and below the water line elicited characteristic startle response in the beetles; all the 

beetles swam erratically and frenetically and moved furthest away from the direction of 

stimulus. Blocking the upper aerial eyes resulted in no observable startle response to the 

bird movement when it was presented above the water line. Blocking the lower aquatic 

eyes resulted in no response to the stimulus when it was presented below the water line 

but did not abolish the startle response when the stimulus was presented above the water 

line. After removing all paint, the startle response to stimuli above and below the water 

line was reestablished. 

 

4. Discussion 

Using a visual pattern (black stripes) slowly rotated around a circular tank, Brown and 

Hatch [11] tested the hypothesis that the stream-dwelling D. discolor’s ability to 

aggregate at the same location all year round is a result of spatial memory of visual 

landmarks in their natural scene. However, they failed to find conclusive evidence in 

support of this hypothesis. In their experiments, beetles did not respond to the moving 

pattern at all and kept swimming about in the neighbourhood of their original locations 

[11]. They suggested that in conducting such experiment, before moving the visual 

pattern it might be vital to make certain regions within the experimental tank profitable in 

order to give beetles an incentive to remain at particular locations [11]. Here we have 

shown that it is possible to create a profitable region within the experimental tank using 

dead fruitflies as a food reward. By adding a rotatable landmark panorama around the 
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arena, the reward location could be altered so as to provide evidence of positional 

learning in relation to visual landmarks (figure 1). 

 

(a) Individual positioning within group-living animals 

Environmental factors (e.g. temperature, habitat features, time of day, season) as well as 

an animal’s endogenous factors (e.g. energy expenditure, reproduction opportunities, 

predator avoidance, feeding competition, sex, size, age) have been found to be correlated 

with the spatial positioning of individuals within a swarm, school, flock, or herd 

[reviewed in 18]. Yet the proximate mechanisms of how individual animals recognize 

their own positions relative to other group members remain largely unknown. Vision has 

been demonstrated to be essential for maintaining group cohesion and the coordination of 

individual motion. For example, it was found that natural populations of the fish 

Astyanax spp. living in groups in rivers exhibit schooling behaviour (swim synchronously 

in an oriented manner relative to one another), whereas other natural populations of the 

same species have become adapted to a troglodytic lifestyle [reviewed in 19]. These 

cavefish of the same species not only showed a decreased tendency to congregate in a 

group, but have also lost the schooling behaviour [20]. Using same groups of surface fish, 

a recent study found that in the dark they swam significantly farther apart than did in the 

light. By removing lenses of one or both eyes in surface fish larvae, the authors further 

found that the adult surface fish retaining one eye schooled indistinguishably from 

control fish, but for those fish with both eyes removed their schooling ability was 

significantly diminished [21].  
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In the whirligig beetle D. discolor, individual positioning was found to be related 

to the beetle’s size, age, sex, nutritional state, and recent predator exposure [13-17]. In 

one study, two hypotheses were proposed to explain how this positioning could be 

achieved [13]. First, using vision for detecting visual profiles, and mechanoreception for 

detecting water surface vibration, individual beetles might perceive all other group 

members and detect where they are in relation to others. They would thus move with their 

group according to their own preferred positions. Alternatively, individual beetles may 

not be aware of where they are in relation to others. The spatial structure may be 

achieved simply as the result of optimal nearest-neighbour distances that individual 

beetles maintain by virtue of their achieved physiological state and previous experience. 

For example, hungry beetles keep a larger nearest-neighbour distance than do the well-

fed ones. As a result, hungry beetles are found more on the periphery of the group while 

sated beetles are found more at the center of the group [13]. By occluding one side of 

both upper and lower compound eyes or removing one side of the antennae, Romey et al. 

[22] recently found that the entire group diameter of the unilaterally vision-deprived D. 

discolor beetles was significantly larger than the un-manipulated control or the 

unilaterally antenna-deprived beetles, whereas the antenna-deprived beetles collided 

more often with each other than did the control and the vision-deprived group. Vision, 

rather than detection of the surface vibration, therefore appears to be more important in 

affecting the whirligig beetle’s spatial structure of the group.  

In the present study, we have shown that when the landmark panorama was 

rotated, the positions of the group members shifted accordingly. In translocational trials, 

the “A” beetle consistently swam in the immediate vicinity of the designated reward site, 
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whereas the  “B” beetle adopted the position furthest from the “A” beetle, and the “C” 

beetle occupied an intermediate (central) position (figures 3-5). After landmark 

translocation, beetles eventually retained these relative positions. Our results therefore 

provide direct evidence to support that individuals within the group are aware of their 

relative position with respect to each other and move accordingly to maintain the spatial 

structure of the group with the help of visual cues situated above the water line. We do 

not know, however, whether or not all 3 beetles were using the landmark panorama to 

reestablish their relative positions after landmark rotation. It is possible that beetles B and 

C do not learn the landmarks and simply maintain their positions relative to beetle A 

before, during and after beetle A recognizes the designated reward site. That this scenario 

appears likely is suggested by the trajectories of the 3 beetles, which began to reestablish 

this pattern before beetle A had moved toward the reward target site (figure 3c top). 

Follow-up experiments that would test the positions of the beetles B and C when beetle A 

would be removed from the arena would resolve the question further. 

  

(b) Implications for the brain regions associated with spatial learning and memory  

The invention of the Morris water maze, in which a rodent had to learn the position of an 

invisible submerged platform by virtue of its location with respect to distant visual cues, 

demonstrated that the spatial representation of the visual world is encoded in the 

mammalian hippocampus [reviewed in 23, 24]. Similarly, brain lesion experiments on 

birds that employ visual place memory for retrieving cached food demonstrated that the 

hippocampal formation (which in birds comprises the hippocampus and area 

parahippocampalis) is the primary brain center that supports spatial learning and memory 



 
 

 

108 

[reviewed in 25]. In insects, however, the identity of a functionally equivalent brain 

region is still under debate. Studies on Hymenoptera have indicated that mushroom 

bodies are likely to be the center for spatial learning and memory [26, 27]. Anatomically, 

the mushroom bodies are enlarged in size and neuron number at the base of 

Euhymenoptera, which includes parasitoids and central place foragers (bees, ants and 

wasps) that use visually guided spatial information to keep track of their host or nest site 

[28]. In contrast, the mushroom bodies of other ancestral hymenopteran lineages are 

small and simple [28]. Moreover, volumetric enlargement of the mushroom bodies is 

directly correlated with the onset of visual foraging, as shown for the worker honey bee 

Apis mellifera and the desert ant Cataglyphis bicolor [29, 30]. The role of the mushroom 

bodies as a spatial learning center was further indicated by a recent study that showed 

that a gene called Early growth response protein (Egr) is exclusively expressed in the 

mushroom bodies of honey bees during the first 30 minutes of exploration flights during 

which were learned visual cues and landmarks associated with the nest before foraging 

[31]. A homolog of vertebrate Egr-1 is expressed in the hippocampus of rodents similarly 

engaged exploratory visual behaviour during the first period of visual place learning [32]. 

 A Morris water maze analog, in which heat substituted for water and an invisible 

cold area for the hidden platform [33], provided further evidence that insects can learn 

spatial positions using visual cues alone, in these cases the cockroach Periplaneta 

americana and the cricket Gryllus bimaculatus [33, 34]. Lesion experiments in 

cockroaches showed that ablations of the medial lobes of the mushroom bodies abolished 

this spatial learning task but did not abolish spatial learning when the cold area was itself 

visible [33].  
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 In a previous study, we have shown that the calyces of the whirligig beetle’s 

mushroom bodies are exclusively supplied by visual neurons from the pair of upper 

compound eyes [35]. These anatomical observations, combing with the present spatial 

learning data, suggest that the mushroom bodies are possible candidate brain regions that 

support the whirligig beetle’s positional awareness and positional memory. The present 

study therefore provides a useful assay for future lesion studies seeking to determine if 

the mushroom bodies are required for spatial learning both with respect to far-field visual 

cues and with respect to other individuals within the whirligig group. 
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Figure 1. Experimental setup and the spatial training paradigm. (a): A schematic 

illustration of the experimental apparatus. (b): A top-down view of the arena taken from a 

camera above the apparatus. (c): The spatial training paradigm was composed of an 

acclimation overnight, followed by 5 pre-translocational trials (Training trials I) and 6 

translocational trials (Training trials II). See text for additional explanation. (d): The 

location of the designated reward site remains the same in trial 1-5 (black asterisk), but 

shifted accordingly following the rotation of the landmarks in trial 6-11 (red asterisks). 

Fly rewards were provided consistently at the designated reward site across all trials for 
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beetles in the experimental groups, but at a random position from 1 of the 6 windows 

shown in (a) for beetles in the control groups.  
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Figure 2. Total fly-captured percentage by each beetle within a group and the 

relationship between the daily fly capture number and the beetle’s body size. Same 

groups of beetles were trained for 3 consecutive days using the same paradigm each day. 

(a): Within both experimental and control groups, one beetle (beetle C, red) captured 

significantly fewer flies for the entire 3-day period (different letters indicate a statistically 

significant difference between the beetles). (b): No statistically significant correlation 

between daily fly capture number and body length in neither experimental or control 

groups.  
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Figure 3. Spatial structure among beetles within experimental groups was formed on day 

3. (a): Average final distance to the designated reward site before food release across 11 

trials was significantly different among the 3 beetles in the experimental group (left; 

different letters indicate a statistically significant difference using Tukey-Kramer HSD), 

but not in the control group (right). (b),(c): An example showing the actual trajectories of 

each beetle in trial 6-11 on day 3 from light on to a second before food release (b) and the 

calculated distance to the designated reward site at each time point (positions of a beetle 

were tracked at the rate of 5 frames per second) (c). Except for the trial 11 in the 

experimental group, beetle A (blue) moved and occupied the proximity of designated 

reward site in each trial following the landmark rotation, whereas beetle B (green) moved 

consistently away from the designated reward site (b left), thus at the end each beetle 

within the group occupied a specific position and this spatial relationship shifted 

accordingly following the rotation of visual landmarks (c top, yellow box). No such 

spatial structure was found in the control group (b right and c bottom). Blue, green and 

red filled circle in the arena indicate the final positions of those beetles right before the 

food release (b). Asterisks and arrows in (b) indicate the designated reward site with 

respect to the visual landmarks and the actual food release site on the 10th second, 

respectively. Food was always rewarded at the designated reward site in the experimental 

group (b left), but was provided at random location in the control group (b right). In (a) 

and the following figure 4 and 5, each beetle’s final distance to the designated reward 

site was calculated as the mean distance to that site within the last second before food 

release, i.e. the mean values within the yellow box in (c). 



 
 

 

117 

 

 

Figure 4. Trial-by trial comparisons among the 3 beetles’ final distance to the designated 

reward site within experimental and control groups on day 3. Within the experimental 

group (top), beetle A (blue, who captured most of the flies on day 3) started to move 

closer to the designated reward site in trial 3 and more significantly in the translocational 

trials (trial 6-11); Beetle B (green) did not show a positional preference until trial 6, 

which overlaps with the position of beetle A and then moved away from the designated 

reward site following each landmark translocation; Beetle C stayed at the central position 
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throughout the trials. Within the control group (bottom), no spatial segregation among 

the beetles was found. Bars indicate mean ± SE. Red box indicates the translocational 

trials (trial 6-11).  
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Figure 5. Trial-by trial comparisons of the final distance to the designated reward site 

between beetles of the experimental and control groups based on their fly capture number 
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on day 3. Repeated measures ANOVA indicates that the positional differences are 

significant between the two beetle A’s of the two groups (top), and a significant 

interaction between beetle B’s positional difference and time. Compared to the control, 

beetle B’s final distance to the designated reward site in the experimental group was 

smaller in trials 1-6 but larger in the following translocational trials (middle). No 

difference was found in beetle Cs between the 2 groups (bottom). Bars indicate mean ± 

SE. Red box indicates the translocational trials (trial 6-11).  
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