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Myiasis, which is the dipteran parasitism of living

vertebrates, occurs in several forms – ranging from

benign to fatal, opportunistic to obligate – and seems to

have evolved through two distinct routes: sapropha-

gous and sanguinivorous. However, the convergent

evolution of morphological and life-history traits

seems to have had a major role in confusing the overall

picture of how myiasis evolved and this simplistic

division is further complicated by the existence of both

ectoparasitic and endoparasitic species of myiasis-

causing Diptera, the evolutionary affinities of which

remain to be resolved. As discussed in part I of this

review, if we are to elucidate how the different forms of

parasitism arose, it is essential to separate the evolution

of the various groups of myiasis-causing flies from the

evolution of the myiasis habit per se. Accordingly,

whereas we focused on recent landmark phylogenetics

studies in part I, we use this framework to analyse

relevant biochemical, immunological, behavioural, bio-

geographical and fossil evidence to elucidate the

evolution of myiasis in part II.
Interpreting the evolution of myiasis through life-history

characteristics

A robust phylogenetic framework enables the evolution-
ary relationships between myiasis-causing flies to be
interpreted and patterns of the evolution of myiasis per
se to be reconstructed, as discussed in part I of this
review [1]. Here, we adopt Zumpt’s [2] definition of
myiasis as being the infestation of the tissues of live
vertebrates (humans and/or animals) by dipterous
larvae (see Box 1 in part I for full explanation [1]).
Given such phylogenies, a wealth of morphological,
biochemical and immunological data can also be used to
provide independent evidence with which to interpret
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the evolution of life-history traits such as myiasis.
Additionally, such data can be supplemented by: (i) the
addition of studies of host biology to help interpret
patterns of parasite–host coevolution; and (ii) fossil
data, which can help to pinpoint the dates of divergence
events observed in phylogenies. Without fossil data,
tree-derived divergence times often depend on rates of
molecular evolution that are calculated from molecular
clocks, the reliability and characteristics of which vary
widely among genes, taxa and timescales.

A better understanding of the evolution of myiasis is
not only of intrinsic scientific interest but might also have
applied value, as alluded to in part I [1]. For example,
knowledge of the immunological, physiological and bio-
chemical strategies that enable the larvae of some
myiasis-causing species to survive nonspecific (e.g. natu-
ral killer cells and complement proteins) and specific (e.g.
antibodies and T cells) immunological responses of a host
provides ideal targets for the development of immunologi-
cal methods for the early detection of these species in
livestock [3,4]. Similarly, an understanding of larval
secretions has proven beneficial for understanding the
basis of larval therapy [5].

The recent studies that have reconstructed evolution-
ary relationships among the key lineages of myiasis-
causing flies – Calliphoridae (blowflies), Sarcophagidae
(flesh flies) and Oestridae sensu lato (bot flies) – were
reviewed in part I [1]. Having established a working
knowledge of the phylogenies available for Diptera that
parasitize vertebrates, we now focus on the diverse forms
of data available from a range of independent biological
and archaeological sources that are key to corroborating
or, indeed, contradicting the relationships defined by
these phylogenies.
Mechanisms of myiasis

Characteristically, members of the Oestridae family are
all obligate, host-specific gastrointestinal or subdermal
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larval parasites that undergo long periods of association
with the host and usually have relatively low levels of
pathogenicity. By contrast, not all species of Calliphoridae
and Sarcophagidae are parasitic. However, the species of
these families that are agents of myiasis are characterized
by lower host-specificity, shorter periods of larval feeding,
a relatively superficial or cutaneous location in the host
and relatively high levels of pathogenicity. Nevertheless,
fundamental common changes in behaviour and physi-
ology are likely to have been associated with the evolution
of all species towards parasitism. For example, the larvae
of all of the parasitic species must be able to survive the
immune challenge, the high body-temperatures of ver-
tebrates [6] and the differences in diet presented by a
living vertebrate host.

In the Oestridae family, such general adaptations to a
parasitic lifestyle have been accompanied by changes in
larval morphology and enzymic repertoire. For example,
the larvae of Oestrinae and Gasterophilinae (which infest
the nasopharyngeal region and the gastrointestinal tract,
respectively) have characteristic, relatively large mouth-
hooks and rows of well-developed spines on the dorsal
and/or ventral side of each body segment. These spines are
thought to be crucial for the migration of the larvae within
the host and, at an intergeneric level, their arrangement is
distinctive; within genera, however, they are unreliable
for phylogenetic analyses. The proteases produced by
these larvae are involved largely in enabling them to
survive the host immune system [3]. Nevertheless, such
morphological features are not universal in the Oestridae,
and in the Hypodermatinae the larval stages have only
vestigial mouth-hooks and poorly developed larval spinu-
lation. In contrast to the relatively limited larval protease
repertoire of Oestrinae and Gasterophilinae, however, the
first-stage larvae of Hypoderma spp. secrete three major
serine proteases (chymotrypsin and hypodermins) during
their migration through host tissue [3]. Importantly, these
proteases are involved not only in combating the host
immune responses but also in larval migration [7,8]. Thus,
changes in larval morphology in Oestridae complement
the development of appropriate enzymic characteristics
and seem to be associated with larval migration through
the tissues of the host.

Such characteristics are not seen in the parasitic
Calliphoridae and Sarcophagidae, in which there is no
feeding stage that migrates through the tissues. Many
species of Calliphoridae are saprophages that feed on
animal carcasses, whereas others are obligate parasites.
Indeed, for each of the calliphorid species that parasitizes
vertebrates, there is at least one closely related species
that does not display this behaviour [1,9]. For example,
the blowfly Lucilia sericata is an important facultative
ectoparasite in many parts of Europe [10] – particularly
the UK, where it infests more than one million sheep
annually [11]. The blowfly Lucilia richardsi, which is
sympatric in many parts of its range, is closely related to
L. sericata phylogenetically [9,12] and is also extremely
similar to it morphologically [13]. There is, however, no
record of the involvement of L. richardsi in ovine myiasis
and, despite their close relationship, L. richardsi and
L. sericata exhibit different larval behaviour. Similarly,
www.sciencedirect.com
recent phylogenetic analysis [9] has highlighted the
close relationships between important myiasis-causing
flies and non-parasitic, or facultatively parasitic, carrion-
breeding sister taxa, including both Old World and New
World screwworm flies (see part I [1]). In the Calliphor-
idae and Sarcophagidae, the saprophagous obligate or
facultatively parasitic sister species are all morphologi-
cally similar and are distinguished by only minor
character differences.

It is unknown why groups of morphologically similar
and closely related species of Calliphoridae and Sarco-
phagidae behave in such different ways. But, in the
absence of obvious morphological differences between the
larvae, it can be speculated that these distinct behaviours
might be mediated by differences in temperature toler-
ance, response to immune challenge and/or the production
of different arrays of enzymes, particularly those associ-
ated with feeding on the tissues of a living host.
Differences between adults of parasitic (obligate and
facultative) and strictly saprophagous species might be
controlled by their responses to semiochemical cues that
enable the parasitic species to locate and oviposit on a
living host, although there is no evidence to confirm this
hypothesis at present.

Morphology, convergent evolution and homoplasy

It is usually accepted that both molecular and morpho-
logical characters can be subject to convergent evolution
and homoplasy. Certainly, the lack of congruence observed
between phylogenies based on morphological characters
[14] and molecular sequence data [9,15] can be explained
only by the existence of homoplasy. Within each family,
however, the limitations of employing morphological
characters for phylogenetic and taxonomic purposes
seem different, especially with regard to immatures.

The Calliphoridae and Sarcophagidae are character-
ized by having typical musciform larvae that are
segmented and pointed at the anterior end with no head-
capsule, whereas the posterior end is broad and usually
truncate; the head and first thoracic segment contain the
cephaloskeleton, which bears the mouth-hooks, whereas
the last segment bears the posterior spiracles and the
anus. Perhaps surprisingly, an obvious relationship
between the structure and size of larval mouth-hooks
and the life-history strategy (i.e. saprophagy, secondary
parasitism or obligate parasitism) is not apparent, and
available information about associated enzymic reper-
toires is inconclusive.

Within the Oestridae, however, a high level of
differentiation in larvae belonging to the four subfamilies
is apparent and could reflect the longer period in which
they have been parasites since their divergence from a
common ancestor [16]. In addition to substantial mor-
phological differences between species of the various
subfamilies, this hypothesis is also supported by a high
level of specialization in their life cycles and by some
immunological data, namely that some proteases pro-
duced by Hypodermatinae share epitopes with antigens
of other members of the same subfamily but do not
crossreact with members of the Oestrinae and Gaster-
ophilinae families [3]. Therefore, morphology-based
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Figure 1. The evolution of host choice in the Gasterophilinae subfamily. Parasite

and host phylogenies are compared. Modified, with permission, from Ref. [20].
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phylogenies of oestrids seem to be less equivocal than
comparable calliphorid and sarcophagid phylogenies
[14,17,18], although there is still much less support for
oestrid-subfamily-level phylogeny than for generic-
level relationships.
Host–parasite coevolution?

The nature of the relationships between parasitic Diptera
and vertebrate animals can take several forms but there
are twomain categories that are recognized. Oestridae are
usually obligate host-specific endoparasites with rela-
tively ancient associations with the host and relatively low
pathogenicity. By contrast, the Calliphoridae and Sarco-
phagidae families are usually less host specific than
Oestridae, with shorter periods of larval feeding and
higher pathogenicity; importantly, they have a broad
Cuterebrinae

Hypodermatinae + Oestrinae

Figure 2. Schematic oestrid fly phylogeny. Possible ancestral hosts of extant fly lineage
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range of life-history strategies and degrees of interaction
with their hosts, from saprophagy, through facultative
parasitism, to obligate parasitism. Some host specificity,
however, is observed; for example, Notochaeta bufonivora
and Lucilia bufonivora are parasites of toads, and
Cistudinomyia cistudinis and Notochaeta carolinensis
are obligate myiasis producers in reptiles.

Thus, the evolution of myiasis-causing Calliphoridae
and Sarcophagidae does not seem to be intimately linked
to the evolution of a particular host species (i.e. strict
host–parasite coevolution is not a defining characteristic
of these myiasis-causing flies). Fortunately, however, the
range of life-history strategies within Calliphoridae (i.e.
saprophagous, facultative and obligate), coupled with the
robust phylogenies that are available [9,15], provides the
essential prerequisites for meaningful comparative ana-
lyses of the evolution of parasitism within the Calliphor-
idae family (see Box 2 in part I [1]).

Conversely, although strict host–parasite coevolution is
not usually observed in oestrid flies (which are all
parasites that infect mammals), parallel evolution could
have had at least some role in the speciation of these flies,
with parasite lineages tracking host lineages through
evolutionary time. It is unlikely that this association
constitutes coevolution sensu stricto because, other than
at an immunological level, the only obvious signs of
adaptation of hosts to particular flies are some avoidance
behaviours [19]. Certainly, with onlyw150 extant species,
oestrid flies cannot be considered successful in terms of
their diversity. The strict association with mammals
Gasterophilinae

s are mapped. Modified, with permission, from Ref. [20].
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probably constrained Oestridae fly radiation by providing
restricted niche opportunities.

Recent work by Pape [20] indicates that oestrid flies
could have evolved originally from rodent (or rodent–
lagomorph) parasitism. In exploring this issue, Pape used
the programDIVA [21] to reconstruct the ancestral host by
coding hosts rather than geographic areas for the terminal
51520 10

Million years ago

Figure 3. Linearized phylogenetic tree. Tree was calibrated with the preliminary mitochon

(CO)I, COII, ND4 and ND4L sequences from Australian blowflies. Abbreviations denote th

Capital Territory; NSW, New South Wales; Qld, Queensland; SA, South Australia; Vic, Vi

primary, myiasis species; white circles represent facultative, mostly or exclusively seco

(earthworms). The role of Lucilia sericata as a predominantly secondary species in Austr

agent of myiasis. Figure redrawn using data from Ref. [15].
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taxa (DIVA is primarily a program for biogeographical
analysis). Pape’s results indicate that: (i) the large
majority of extant oestrid flies are – and, therefore,
probably were – restricted to one or a small number of
host species (e.g. Gasterophilinae) (Figure 1); and (ii)
parallel host–parasite evolution is not apparent. Pape
concludes that the oestrid fly ancestral host was either a
TRENDS in Parasitology 

 ?

0

Chrysomya incisuralis Qld
Chrysomya incisuralis NSW
Chrysomya rufifacies Vic
Chrysomya rufifacies SA
Chrysomya rufifacies Qld
Chrysomya rufifacies NSW
Chrysomya latifrons NSW
Chrysomya semimetallica Qld
Chrysomya semimetallica NSW
Chrysomya nigripes Qld
Chrysomya megacephala NSW
Chrysomya saffranea Qld
Chrysomya flavifrons Qld
Chrysomya varipes Qld
Chrysomya varipes Vic
Chrysomya varipes SA
Chrysomya varipes NSW
Hemipyrellia ligurriens Qld
Hemipyrellia fergusoni NSW
Lucilia papuensis Qld
Lucilia porphyrina NSW
Lucilia porphyrina Qld
Lucilia cuprina WA
Lucilia sericata Vic
Lucilia cuprina Qld
Lucilia cuprina NSW
Calliphora vicina SA
Calliphora vicina Vic
Calliphora nigrithorax Vic
Calliphora ochracea NSW
Calliphora centralis NSW
Calliphora fulvicoxa NSW
Calliphora macleayi NSW
Calliphorasternalis sternalis NSW
Calliphora fuscofemorata Qld
Onesia tibialis SA
Calliphora albifrontalis SA
Calliphora stygia Vic
Calliphora stygia SA
Calliphora stygia SA
Calliphora stygia NSW
Calliphora maritima Vic
Calliphora maritima SA
Calliphora gilesi SA
Calliphora fallax NSW
Calliphora varifrons WA
Calliphora sp.nov. SA
Calliphora hilli hilli Vic
Calliphora hilli hilli ACT/SA
Calliphora augur Vic
Calliphora augur SA
Calliphora augur NSW
Calliphora dubia WA
Calliphora dubia WA
Calliphora dubia SA
Calliphora dubia SA
Calliphora dubia SA
Calliphora dubia SA

drial DNA clock of Brower [43] based on mitochondrial cytochrome oxidase subunit

e Australian state or territory in which each specimen was collected: ACT, Australian

ctoria; WA, Western Australia. Black circles denote facultative, mostly or exclusively

ndary, myiasis species; white squares represent obligate parasites of invertebrates

alia is at odds with its behaviour elsewhere – especially the UK, where it is a primary
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rodent or a form of rodent–lagomorph during the
Cretaceous–Tertiary boundary and that the Oestridae
probably began to diversify in the midst of an extensive
mammal radiation. Host migrations, vicariance events
and host switches, followed by subsequent evolution
within different host lineages, all then had a part in
shaping the small but biologically and morphologically
diverse oestrid fly fauna that is present today [20]
(Figure 2).

Patterns in the evolution of myiasis: fossils,

biogeography and clocks

Calliphoridae

Evaluation of the distribution of taxa across phylogenies
(see Box 2 in part I [1]) can provide further clues to the
timing and pattern of blowfly evolution. In particular, the
association of various blowfly genera and subfamilies with
particular geographical regions (e.g. Cochliomyia in the
New World, Chrysomya in the Old World and Auchmer-
omyiinae in the Afrotropical and Oriental regions)
indicates that many parasitic blowfly groups could have
come into existence after major geographical isolation and
that they subsequently underwent localized divergence
and speciation. In geological time, such a situation was
present at the beginning of the Late Cretaceous period,
following the breakup of the southern supercontinent of
Gondwana, w105 million years before the present (mybp)
[22]. This was accompanied by the evolution and spread of
flowering plants in the Cretaceous period (146–65 mybp)
and the rapid diversification in the Tertiary period
(65–1.8 mybp) of the mammals that now constitute many
of the host species for Calliphoridae.

Unfortunately, fossil evidence that is relevant to this
issue is sparse and its interpretation is far from unequi-
vocal, with most reports not dealing with epochs earlier
than the Lower Eocene [23,24]. There are, however, some
exceptions. McAlpine [25] described the puparia of the
extinct calliphorid Cretaphormia fowleri from Upper
Cretaceous (105–65 mybp) deposits in Canada, although
this material has subsequently been reassessed as prob-
ably not being calliphorid in origin [26] (Y.Z. Erzinçlioglu,
PhD thesis, University of Durham, 1984). A second report
concerns fly larvae, possibly Calliphoridae, found in the
interior of bones of the extinct tapirLophiodon fromEocene
(54–38 mybp) deposits in the Geiseltal in Germany [27].
Gautier and Schumann [28] note that such associations
between maggots and fossilized mammals might be more
frequent than is commonly realized; larvae are likely to
preserve poorly and be hidden from view inside cavities,
thus escaping attention.

Further insights into the timing of blowfly evolution
can be derived from the work of Wallman et al. [15], who
applied a molecular-clock approach to studying
the divergence of Australian carrion-breeding calliphor-
ids. In the resultant tree (Figure 3), the age of the root
node – the node separating the Chrysomyinae from the
Luciliinae and Calliphorinae – was estimated to be
21.7 mybp. Based on this estimate, the divergence of the
Calliphorinae and Luciliinae occurred approximately two
million years later, whereas divergences within genera
occurred mostly between approximately one and 15 mybp.
www.sciencedirect.com
The origins of the clades within whichmyiasis occurs seem
to be mainly in the period between five and 15 mybp.

Other evidence of a relatively recent evolution of a
parasitic lifestyle within Calliphoridae comes from studies
of Lucilia blowflies. The artificial selection of animals for
domestication and greater meat, milk and wool pro-
ductivity has frequently been associated with a reduction
in resistance to ectoparasites and the unintentional
exaggeration of features that confer greater susceptibility
to ectoparasite infestation (Box 1). For example, the outer
coat of primitive sheep such as the mouflon (Ovis
musimon) is stiff and hairy, and covers a woolly undercoat;
this outer coat is absent from domesticated sheep (Ovis
aries), the fleece of which consists entirely of the woolly
undercoat. Selection for a longer, thicker fleece has
increased the susceptibility of sheep to various diseases
and ectoparasites, particularly blowflies. Other than in
domesticated sheep, however, blowfly myiasis of healthy
hosts is uncommon and it seems likely that parasitism of
sheep by Lucilia blowflies has arisen in response to the
opportunities created by sheep domestication, probably in
the relatively recent past.

Sarcophagidae

Fossil evidence of flesh flies is scarce, as is the case for all
calyptrate families. An unidentified Sarcophaga has been
recorded from Baltic amber [29] but this requires
verification. No other specific indications of the timing of
the origins of this family have been forthcoming.

Oestridae

Dating the origin and subsequent evolution of oestrid flies
seems to be equally difficult because of a similar lack of
conclusive evidence. As such, several Eocene fossils that
were initially thought to have affinity with Oestridae [30]
have been discounted [17,20], although there remains the
possibility of oestrids described from Baltic amber
(35–40 mybp) and aTertiary deposit of unknown origin [31].

Despite the paucity of fossil evidence, species distri-
bution and knowledge of vicariance events and biogeo-
graphy could help to date major divergence events.
Certainly, the presence in Australia of the nasal bot fly
Tracheomyia macropi has important implications for the
minimum age of bot fly ancestry [20]. With a host-borne
immigration from South America into Australia, via
Antarctica, being most likely [32], separation of the
Tracheomyia lineage from its sister group within the
Oestrinae should have aminimum age of at least 38 mybp,
after which South America became separated from
Antarctica [33]. Considering the basal dichotomy of the
Oestridae between the New World and the Old World as
a vicariance event [20], the minimum age of the oestrid
flies would be pushed even further back to the separation
of South America and Africa (w100–90 mybp [34]),
although an absence of clear-cut schizophoran fossils
from before the Cretaceous–Tertiary boundary is at odds
with an age of Oestridae that is more than 65 mybp.

Clock calibration

A note of caution is needed with regard to clock
calibration. Estimates of the divergence times of the
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Box 1. Domestication creates new opportunities for

parasitism

Evidence accumulated from a broad range of mammal and bird

groups indicates that artificial selection (domestication) of animals

for greater meat, milk and wool productivity and the associated

unintentional exaggeration of certain features have increased host

susceptibility to exploitation (infection) by a range of previously non-

parasitic organisms. In the case of blowflies, the domestication of

sheep seems to have provided opportunities for previously

nonspecifically adapted, probably saprophagous, organisms (ances-

tral blowflies) to be classified as parasites – not through evolution of

the parasite but by changes in the nature of the potential host

organism (the sheep).

As proposed by Stevens and Otranto [44], based on patterns

observed in previous phylogenetic studies [9,45], the association

between obligate parasites and their hosts and between facultative

parasites and their hosts might also have a phylogenetic component.

Stevens and Otranto proposed a possible link between parasite

status (i.e. facultative or obligate) and the relative degree of

molecular evolution (as measured by phylogenetic branch lengths);

specifically, they suggested that obligate parasites, which often

exhibit a range of specialist phenotypic adaptations to parasitism

(e.g. marked larval spinulation and thickened larval tegument), also

seem to be associated with phylogenetic lineages that exhibit

relatively high degrees of molecular evolution (longer branch

lengths). At the moment, however, the datasets required to test

such a hypothesis fully are being gathered and, moreover, it should

be remembered that long branches on their own might be caused

simply by inadequate sampling of evolutionarily adjacent taxa.

Nevertheless, the two phenomena seem to be complementary

(Figure I) and might eventually provide further insight into the

evolutionary basis of even relatively recent host–parasite associ-

ations. Certainly, it seems that the transition of species such as the

sheep blowfly Lucilia sericata from saprophage and opportunistic

exploiter of diseased, moribund or wounded living animals into a

parasite of major veterinary importance could be more a result of

changes in the conformation of the domesticated host than a marked

evolutionary change in the adult or larval forms of the potentially

parasitic fly.

TRENDS in Parasitology

Obligate

Obligate

Saprophagous or facultative

Saprophagous or facultative

Susceptibility to
parasites

Susceptibility to
parasites

Susceptibility to
parasites

Susceptibility to
parasites

(a)

(b)

Figure I. Potential effects of ungulate domestication on host susceptibility

profile in relation to dipteran parasitism. Schematic representation of how

changes to a non-susceptible host (a), such as those caused by artificial

selection (domestication) of animals for greater meat, milk and wool

productivity, have provided new opportunities for exploitation by a range

of previously non-parasitic organisms without requiring significant

evolutionary change in the potential parasite (b). Phylogenies of obligate

parasites in relation to the host are also shown in each panel for

comparison, with changes in host susceptibility having little or no effect

on the extent of host–parasite interaction.
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Calliphoridae, Sarcophagidae and Oestridae families
based on geographic distributions are valid only if the
underlying assumption of the causative vicariance event
is correct and that such distributions are not the product
of more-recent biotic interchange (or, for that matter, were
caused by even older vicariance events). Similarly,
sequence divergence data are valid only if there is
evidence that molecular rates of evolution have been
inferred correctly. Portions of a phylogeny might
exhibit true clock-like behaviour but rate variation
among lineages is widespread, particularly among para-
sites – the evolution of a parasite lineage might be
additionally affected by the evolution of their host
(or hosts) [35]. Rate differences might also be apparent
between genes and, although molecular clocks might be
useful tools for evolutionary dating, a rigorous approach
www.sciencedirect.com
should be taken in their calculation and calibration [36].
As Gaunt and Miles [37] highlight, given the lack of
reliable fossils for calibrating evolutionary rates within
phylogenies, calibrations often assume the isolation of
populations following tectonic movements such as the
breakup of Gondwana (as has been speculated for the
oestrids). However, such geographic events might not be
the only source of speciation. Pending refinement of the
putative fossil evidence for families of myiasis fly, the
dating of molecular phylogenies for these groups will
continue to rely on assumptions from biogeography and
from evolutionary rates among other arthropod lineages.
Evolution of myiasis in humans

For thousands, possibly tens of thousands, of years,
humans have lived in close proximity to their domesti-
cated livestock and companion animals, with all the

http://www.sciencedirect.com


Review TRENDS in Parasitology Vol.22 No.4 April 2006 187
parasites, flies and vermin that accompany them (see Box
1 in part I [1]). Although the thought of sharing our homes
with thousands of flies might seem unpalatable, the
findings from excavations of various ancient human
settlements (e.g. the Viking Greenland settlements [38])
indicate that, until just a few hundred years ago, humans
would have lived in continuous close proximity to many
different species of flies, together with an assortment of
lice, fleas and other parasites. Myiases in humans could be
a byproduct of a changed host–parasite interface that
enabled predominantly animal-infecting species to
become parasites of humans. In socioeconomically dis-
advantaged regions that have less-developed public health
standards, myiasis in humans (mainly children and the
elderly) still occurs; as recently as 1993, Zhang and Li [39]
reported human hypodermosis rates of up to 7% in some
regions of China. Even in wealthy societies with a
technologically advanced health care system, elderly and
homeless people without a social network could be prone
to severe myiasis [40]. It should be mentioned, however,
that the capacity of certain blowflies to cause myiasis can
also be beneficial to humans; sterile-bred blowfly maggots
are now widely used for larval therapy as an efficient
alternative to traditional antibiotics to heal complicated
wounds and persistent bedsores [41].

Concluding remarks

Evidence relating to the evolution of myiasis and the
major groups of fly taxa that exhibit this life-history
strategy can be compiled from several sources, including
biogeography and clade–taxon complement, molecular
clocks and fossils – all of which can be of value in helping
to fix divergence events in evolutionary time. Certainly,
the overall picture of myiasis evolution relies on infor-
mation from each of these sources and can be summarized
as follows. The Oestridae seem to have appeared 100–
90 mybp at most and seem to have evolved and spread
across the continents in close association with a rapidly
radiating mammal fauna. At least one lineage (Tracheo-
myia) dispersed into Australia via Antarctica 38 mybp at
least. The situation for the Calliphoridae and Sarcopha-
gidae families is less straightforward. Stevens [9] inter-
preted the distribution of blowfly taxa in clades defined by
his phylogenetic analysis as indicating that themajority of
calliphorid subfamilies were already in existence and
globally distributed at the time of the breakup of
Gondwana (w100 mybp); subsequent divergence occurred
in response to biogeographical vicariance and faunal
movements. However, the molecular-clock analysis by
Wallman et al. [15] indicates that the extant subfamilies
Calliphorinae, Chrysomyinae and Luciliinae might have
shared a common ancestor as recently as w25 mybp.
Although further work is obviously required to resolve a
difference in divergence estimates of 75 million years, this
disparity highlights the limitations of such evolutionary
inferences when they cannot be based on direct fossil
evidence. Indeed, the limitations of mitochondrial-only
studies of blowflies are well recognized [42], reiterating
the need for multigene, total-evidence-based analyses.

Finally, the analyses carried out so far indicate that
Zumpt’s hypothesis that the myiasis habit arose by one
www.sciencedirect.com
of two evolutionary trends, ‘the saprophagous and
the sanguinivorous roots [sic]’ [2], is partly supported,
although it might be oversimplistic. Certainly, it seems
that myiasis has arisen by at least two distinct evolution-
ary pathways in Calliphoridae: one sanguinivorous, as
exhibited in several extant taxa such as the Congo floor
maggot (Auchmeromyia luteola) and various species of
bird blowflies (Protocalliphora spp.), another sapropha-
gous, as exhibited by a broad range of other myiasis-
causing calliphorid flies. However, both forms of myiasis
are polyphyletic within this group, each having evolved
independently on more than one occasion – the sanguini-
vorous form on at least two occasions [9] and the
saprophagous form numerous times, possibly also in
other families of higher Diptera [1,9]. Where, if at all,
the oestrid flies and flesh flies fit into these evolutionary
scenarios remains to be resolved and the range of life
histories exhibited by extant taxa in these groups
indicates several possible alternative ancestral strategies.
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