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Abstract A well-developed suction pump in the head repre-
sents an important adaptation for nectar-feeding insects, such
as Hymenoptera, Lepidoptera and Diptera. This pumping
organ creates a pressure gradient along the proboscis, which
is responsible for nectar uptake. The extremely elongated
proboscis of the genus Prosoeca (Nemestrinidae) evolved as
an adaptation to feeding from long, tubular flowers.
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According to the functional constraint hypothesis, nectar up-
take through a disproportionately elongated, straw-like pro-
boscis increases flower handling time and consequently
lowers the energy intake rate. Due to the conspicuous length
variation of the proboscis of Prosoeca, individuals with lon-
ger proboscides are hypothesised to have longer handling
times. To test this hypothesis, we used field video analyses
of flower-visiting behaviour, detailed examinations of the
suction pump morphology and correlations of proboscis
length with body length and suction pump dimensions.
Using a biomechanical framework described for nectar-
feeding Lepidoptera in relation to proboscis length and suc-
tion pump musculature, we describe and contrast the system in
long-proboscid flies. Flies with longer proboscides spent sig-
nificantly more time drinking from flowers. In addition, pro-
boscis length and body length showed a positive allometric
relationship. Furthermore, adaptations of the suction pump
included an allometric relationship between proboscis length
and suction pump muscle volume and a combination of two
pumping organs. Overall, the study gives detailed insight into
the adaptations required for long-proboscid nectar feeding,
and comparisons with other nectar-sucking insects allow fur-
ther considerations of the evolution of the suction pump in
insects with sucking mouthparts.

Keywords Diptera - Prosoeca - Flower handling - Nectar
feeding - Suction pump

Introduction

Flower-visiting animals, such as insects, birds and bats, show
convergence in specialised and elongated mouthpart adapta-
tions for nectar feeding (Johnson and Anderson 2010;
Muchhala and Thomson 2009; Pellmyr 2002). Such special-
isations particularly often occur among nectar-feeding,
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holometabolous insects (Krenn et al. 2005). Nectar offers
insects a readily available and often abundant, carbohydrate-
rich resource (Nicolson 2007). Several morphological adapta-
tions are, however, needed for efficient nectar uptake and
include elaborated sensory organs (Krenn et al. 2005), ad-
vanced flight capabilities (Dudley 2000) and a modified feed-
ing apparatus that consists of both sucking mouthparts and
pumping organs in the head (Borrell and Krenn 2006). A
suction pump situated in the head of nectar-feeding insects
creates a pressure gradient along the tubular proboscis that
enables them to rapidly suck up nectar from flowers
(Eberhard and Krenn 2005; Davis and Hildebrand 2006;
Borrell and Krenn 2006; Kim et al. 2011a). Whilst the nectar
with the highest sugar concentration would clearly offer the
greatest energy reward, biophysical reasoning indicates that the
exponential increase of viscosity with higher sugar concentra-
tions would make it more difficult to transport sugar-rich
liquids through a narrow food canal (Kim et al. 2011b;
Kingsolver and Daniel 1979). However, the optimal sugar
concentration appears to be independent of size and shape of
the proboscis, with insects selecting nectar that optimises their
energy gain. Various studies have shown that the optimal
concentration of sucrose for butterflies is approximately 35—
40 % (Daniel et al. 1989; Pivnick and McNeil 1985; May 1985;
Borrell 2004) or, alternatively, that a 20-25 % sucrose concen-
tration maximises the rate of energy intake, as suggested by
other authors (Heyneman 1983; Kingsolver and Daniel 1979;
Kim et al. 2011b).

The biophysical background of nectar feeding in butterflies
(Kim et al. 2011b; Daniel et al. 1989; Kingsolver and Daniel
1979; Pivnick and McNeil 1985; Heyneman 1983), together
with studies about the energy flux in suction feeding in orchid
bees (Borrell 2004, 2006), has contributed to a biomechanical
perspective of the evolutionary history of insect—flower inter-
actions. In addition, a recent study described the proboscis of
nectar-feeding butterflies as a combination of a nanosponge
with a drinking straw, underlining the importance of both
capillary force and the suction pump in Lepidoptera
(Monaenkova et al. 2012).

Convergent evolution has shaped greatly elongated mouth-
parts in a number of Hymenoptera, Lepidoptera and Diptera
that allow exclusive access to nectar in long-tubed flowers
(Borrell and Krenn 2006). Several species of South African
flower-visiting Nemestrinidae and Tabanidae have evolved
disproportionately long proboscides that are up to fourfold
longer than their body (Borrell and Krenn 2006). These rela-
tively large-bodied flies are highly accomplished fliers, hov-
ering over flowers and rapidly moving between flower
patches during feeding. Therefore, larger energy requirements
should be expected for these flies (Heinrich 1975) and asso-
ciated morphological adaptations towards efficient nectar
feeding, i.e. overcoming the biophysical limitations of taking
up sugar-rich nectar through a long and narrow proboscis.
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South African long-proboscid flies are linked into a broad
network of coevolution with more than 170 species of host plants
across various families (including Iridaceae, Geraniaceae,
Orchidaceae and Proteaceae) and represent important pollinators
across floristically rich regions of South Africa (Goldblatt et al.
1995; Johnson and Steiner 1997; Potgieter and Edwards 2005;
Goldblatt and Manning 1999, 2000). These flower guilds share a
similar morphology including an elongated and narrow, straight
or slightly curved floral tube containing nectar volumes up to
12.8 ul with a sugar concentration between 20 and 32 %
(Goldblatt and Manning 2000). Studies have indicated that flies
with longer proboscides were able to take up more nectar in a
single visit to deep-tubed flowers and therefore most likely
received an energy benefit (Pauw et al. 2009; Anderson and
Johnson 2008). However, according to the functional constraints
hypothesis (Kunte 2007), individuals with a disproportionally
long proboscis should have an increased flower handling time
and therefore increased energy cost compared with shorter-
proboscid individuals. Furthermore, flying with, aiming and
inserting a longer proboscis into a long, narrow flower is ex-
pected to be more difficult and energy expensive. In contrast,
flies with relatively longer proboscides can exclusively access
nectar from deep, narrow flowers that are otherwise inaccessible
to species with shorter proboscis lengths (Kunte 2007).

All Diptera are characterised by fluid-feeding mouthparts,
and elongated proboscides evolved independently among
many taxa with nectar or blood feeding (Krenn and Aspdck
2010; Krenn et al. 2005). Earlier studies have investigated the
feeding apparatus of short-proboscid Tabanidae, revealing a
two-pump system (Bonhag 1951), and of Bombyliidae, which
are equipped with an improved sclerotized cibarial pump
(Szucsich and Krenn 2000, 2002). However, the only mor-
phologically well-studied Diptera possessing a proboscis lon-
ger than the body are nemestrinid flies from the genus
Prosoeca. A recent morphological study of these flies con-
firmed a simple but unique composition of the extremely
elongated proboscides: proximally, the proboscis consists of
the labrum—epipharynx unit and the labium enclosing the
laciniae and the hypopharynx, and the distal half is composed
of the prementum which solely forms the food tube (Karolyi
et al. 2012). Nemestrinidae, like other nectar-feeding insects,
must optimise their foraging behaviour. Longer handling
times, due to their extremely elongated proboscis, would
clearly lower the rate of energy intake. In addition, they are
most likely required to feed quickly to minimise the threat of
predation (Kim et al. 2011b; Schowalter 2006).

The aim of this study was to survey flower handling time
differences between longer- and shorter-proboscid individuals
and to test the functional constraint hypothesis that flies with
longer proboscides are expected to have a longer handling
time. Additionally, the anatomy of the suction pump associ-
ated with an elongated proboscis and its allometric relation-
ship with proboscis length were investigated. The results give
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additional insights into the foraging behaviour of nemestrinid
flies and the morphological adaptations of the suction pump
for feeding from long-spurred flowers.

Materials and methods
Study organism and study sites

Throughout this study, the parasitoid nemestrinid fly Prosoeca
sp. nov 1 (Manning and Goldblatt 1996) (hereafter referred to
as Prosoeca sp.) from winter-rainfall Namaqualand (Le Roux
and Whal 2005), South Africa, was used. Specimens for ana-
tomical studies were collected between August and September
(2010-2012) from five different locations in the surroundings
of Nieuwoudtville, Northern Cape Province: Hantam National
Botanical Garden (31°24'43"S, 19°09'43"E), Grasberg Road
(31°20'54"S, 19°05'30"E), Wild Flower Reserve (31°22'00"S,
19°08'51"E), Glacial Pavement (31°2621"S, 19°08'42"E) and
Melkbosfontein (31°21'12"S, 19°10"22"E). Videos of fly feed-
ing activities on flowers were filmed at the botanical garden
and the flower reserve sites in 2011 and 2012. Both observation
sites provided a large population of the host plant Lapeirousia
oreogena (Iridaceae). For all captured individuals, proboscis
and body length were measured with a digital caliper (Helios
Digi-Met 1220; 0.01 mm).

Video analyses

To estimate the effective flower visiting time and mean drink-
ing time of Prosoeca sp., individuals were filmed during
foraging on flowers of L. oreogena. The violet-coloured
flowers have a long, narrow perianth tube containing between
2.5 and 7.3 ul sucrose-rich nectar with an average concentra-
tion of 25.8 % (Goldblatt et al. 1995). Both flies and L.
oreogena are endemic to the region, and Prosoeca sp. is the
flowers’ sole pollinator (Manning and Goldblatt 1997).
Observations were conducted on warm and sunny days be-
tween 10:00 am and 3 pm (16-30 °C), which represented the
peak activity of flies. In addition to recording total flower
handling time (Fig. 1), flower handling behaviour was sepa-
rated into three phases: (1) hovering phase (Fig. 2a) where the
proboscis was moved into feeding position while the fly was
hovering above the flower; (2) drinking phase (Fig. 2b), the
head is in contact with the anthers, and the fly remains more or
less stationary; and (3) removing phase (Fig. 2¢), the probos-
cis is pulled out, and the fly moves away from the flower.
Filmed flies were captured, measured and marked with a black
dot on the wing with a permanent pen to prevent measure-
ments of recaptured individuals. Videos were taken with a
Sony HDR-XR550V video camera and analysed using
Observer XT 11.0.

MicroCT and serial semithin sections

Collected flies were fixed in FAA solution (35 % formalin,
100 % glacial acetic acid, 90 % alcohol) and later stored in
70 % ethanol. All specimens were dehydrated to absolute
ethanol and stained with 1 % iodine in 100 % ethanol over-
night. Prior to scanning, samples were washed in 100 %
ethanol (Metscher 2009). Specimens were scanned with a
MicroXCT-200 system (optical lens 2%; tungsten source at
40 kVand 200 pA; reconstructed isotropic voxel size 9.9 um).
For 3D reconstructions of the suction pump, AMIRA 5.3.3
software was used. The food canal and suction pump muscles
were manually segmented in the Amira segmentation editor.
After segmentation, structures were visualised in the Amira
Viewer using both volume and surface rendering.

For investigations of the food canal, serial semithin sec-
tions of the proboscis of additional (N =5) flies were conduct-
ed. Preserved specimens were dehydrated and embedded in
Agar Low Viscosity Resin (Pernstich et al. 2003). Sections of
1 pm at the proximal labium and the distal end of the
prementum were cut with a Leica EM UC6 microtome using
a diamond knife. Serial semithin sections were stained in a
mixture of azure I (1 %) and methylene blue (1 %) in hydrous
borax solution (1 %), diluted 1:20, at 90 °C for 20 s.
Micrographs were taken with a Nikon Eclipse ES800 micro-
scope equipped with a Nikon Digital Sight DS-Fi2 camera.
Food canal dimensions were measured with the NIS-Elements
Imaging Software version 4.00.

Statistics

Data analyses were conducted using the statistical computing
software R 2.15.2 (R Core Team 2012). Proboscis length and
body length were correlated using model II regression (major
axis regression) within the ‘smatr package’ (Warton et al.
2012). Relations between suction pump dimensions and pro-
boscis lengths were calculated using linear regression models
for cibarial and pharyngeal dilator muscles, for compressor
muscles, and for cibarial retractor and protractor muscles.

Data for each feeding phase were transformed to attain
normal distribution (square root transformation for hovering
and drinking phase, inverse transformation for removing
phase), and these were modelled in relation to proboscis
length using linear regression. All graphs were designed with
SigmaPlot 11.0.

Results
Flower handling time and nectar uptake

The mean flower handling time on flowers of L. oreogena
was 2.59 s+0.7 SD with a minimum of 0.72 s and maximum
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R2=0.10, P=0.007

total flower handling time [s]

35 45
proboscis length [mm]

Fig. 1 Linear regression between total flower handling time and probos-
cis length of Prosoeca sp. on flowers of L. oreogena

0f6.76 s. Linear regressions revealed a significant relationship
between total flower handling time and increasing proboscis
length (R*=0.10; p=0.007) (Fig. 1). The flower-visiting be-
haviour of Prosoeca sp. on L. oreogena was divided into
three proceeding functional phases. After approaching the
flower in horizontal flight, the proboscis was swung
forward from lying under the abdomen pointing poste-
riorly, into the feeding position while hovering above a
flower for a few seconds (Fig. 2a). After contact with
the flower, the fly alights down, inserting the proboscis
into the spur as deep as possible, pushing the head and labral

base against the anthers (Fig. 2b). Finally, after drinking, the
proboscis was removed with a rapid upward movement
(Fig. 2c). In total, 75 individuals were filmed over a period
of 2 years.

When handling time was split into its three distinct phases,
linear regressions showed that the time required for inserting
and removing the proboscis was independent of probos-
cis length, whereas there was a significant increase in drink-
ing time associated with the increase in proboscis length
(Fig. 2d-1).

Suction pump anatomy

Suction pump muscles and their hypothesised functions
are summarised in Table 1. The suction pump was
composed of two functionally distinct parts with corre-
sponding inlet valves. The cibarial pump was located in
a slightly oblique position behind the clypeus and the
frons. It was separated from the cone-shaped pharyngeal
pump by the cibarial-pharyngeal valve (Fig. 3a, b).
Both pumping organs consisted of a set of paired dilator
muscles, and the pharynx was additionally equipped
with two visceral compressor muscles. The lumina of these
consecutive pumps formed a right angle with the oesoph-
agus, which proceeded from the posterior pharynx
through the brain to the occipital foramen at the back of the
head (Fig. 3a).

d e f
3.5 35 0.40 220,00
| 2| =0.00, n.s.
4ol F000.ns, — 30 R2=0.10, P<0.01 _ _ 035 .
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proboscis length [mm]

Fig. 2 Linear regression between flower handling time and proboscis
length of Prosoeca sp. on flowers of Lapeirousia oreogena divided into
three successive phases. In addition, for each phase, illustrating pictures
are given above: a, d hovering fly with proboscis in feeding position; b,
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proboscis length [mm]

proboscis length [mm]

e drinking with proboscis fully inserted into the flower spur with the head
in contact with the anthers; ¢, f proboscis is removed in a rapid move-
ment. Of these, only drinking time shows a positive relationship to
proboscis length
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Table 1 Suction pump muscles of cibarial and pharyngeal pump of
Prosoeca sp. including muscle name, abbreviations and function

Muscle Function

abbreviation

Muscle

M. labro-epipharyngealis mle Cibarial valve dilator

M. clypeo-cibarialis mcc Cibarial dilator
M. clypeo-pharyngealis mcpv Pharyngeal dilator
ventralis
M. clypeo-pharyngealis mcpd Pharyngeal dilator
dorsalis
M. pharyngealis anterior mpa Pharyngeal
compressor
M. pharyngealis posterior mpp Pharyngeal
compressor
M. fronto-pharyngealis mfp Pharyngeal dilator
M. geno-cibarialis mgc Cibarial retractor
M. fronto-cibarialis mfc Cibarial protractor
Cibarial pump

A paired dilator muscle was responsible for operating the
cibarial pump. Musculus clypeo-cibarialis (mcc) originated
on the clypeus and inserted on the anterior cibarial wall
(Fig. 3a, b). In addition, an unpaired muscle controlled the
valve of the cibarial pump; at the base of the proboscis, m.
labro-epipharyngealis (mle) extended between the labral base
and the epipharynx (Fig. 3a, b).

Lateral to the suction pump, two paired muscles were
attached to a cuticular ledge protracting dorsolaterally on the
cibarium (Fig. 3e, f). Originating on the frons, next to the m.
fronto-pharyngealis (Fig. 3f), m. fronto-cibarialis (mfc) at-
tached to a dorsal tendon protracting from the cibarium ledge.
Musculus geno-cibarialis (mgc) originated on the gena and
extended obliquely to its insertion on the cibarium.

Pharyngeal pump

The pharyngeal pump was operated by three paired dilator and
two unpaired compressor muscles. Musculus clypeo-
pharyngealis ventralis (mcpv) originated on the clypeus and
inserted on the cibarial-pharyngeal valve (Fig. 3c, d). The
main pharyngeal dilator, m. fronto-pharyngealis (mfp), origi-
nated on the frons and was attached to the concave dorsal wall
of the pharynx (Fig. 3¢, d). The secondary pharynx dilator, m.
clypeo-pharyngealis dorsalis (mcpd), extended between the
clypeus and the pharynx (Fig. 3¢, d). Two unpaired muscles
enclosed the anterior and posterior pharynx surface (Fig. 3c).
Musculus pharyngealis anterior (mpa) extended between the
anterior dorsal pharynx ridge and the cibarial-pharyngeal
valve and was breached by the fibres of m. clypeo-
pharyngealis dorsalis. Lying against the posterior pharynx

surface, m. pharyngealis-posterior (mpp) extended between
the oesophagus outlet and the cibarial-pharyngeal valve.
Finally, two small muscles, m. tentorio-oesophagialis dorsalis
and lateralis (mtod, mtol, respectively), resided between the
posterior tentorial arms and the oesophagus near the occipital
foramen (Fig. 3c).

Allometric relationship of body and proboscis length

The proboscis measurements of Prosoeca sp. are
summarised in Table 2. Proboscis lengths were twofold lon-
ger than the body, with length variations from 28 to 43 mm
and with a proximal diameter of 170 to 209 wm and a distal
diameter of 110 to 144 pum. The major axis regression re-
vealed a positive allometric relationship between body and
proboscis length (Fig. 4a). For every 1 mm body length gain,
the proboscis length increased by 3.32 mm (95 % CI 2.64—
4.41 mm; Fig. 4a). In addition, all dilator muscles of the
cibarium and pharynx displayed a significant positive rela-
tionship with proboscis length (Fig. 4b, c; for further details,
see Supplemental Material 1). Furthermore, volumes of the
pharyngeal compressor muscles significantly increased
with proboscis length (Fig. 4c). Regarding the cibarial
protractor and retractor muscles, both showed a significant
positive relationship with increasing proboscis length
(cibarial retractor: R*=0.68, P<0.001; cibarial protractor:
R?=0.60, P<0.001).

Discussion
Foraging efficiency with an elongated proboscis

Long-proboscid nemestrinids co-occur with several, mostly
nectar rewarding flowers that have elongated, cylindrical
flower tubes (Goldblatt and Manning 2000). Proboscis and
floral tube length vary between different populations within
the same species and have been regarded as a reciprocal
adaptation between the flower and the fly (Anderson and
Johnson 2008; Pauw et al. 2009). Although allometric rela-
tionships between body size and proboscis length have al-
ready been shown in a previous study (Anderson and Johnson
2008), corolla tube lengths have been regarded as the signif-
icant predictor variable for the proboscis length. Nevertheless,
given the positive scaling relationship between body and
proboscis length in Prosoeca sp., allometry could be regarded
as an important factor in generating the proboscis length
variations in long-proboscid flies.

Given the high variation in proboscis lengths in Prosoeca
sp., a difference in flower handling time was expected be-
tween individuals with different proboscis lengths as shown in
Fig. 1. However, in detail, this relationship was verified only
for the time spent drinking from a flower. Kunte (2007)

@ Springer
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Fig. 3 MicroCT head scans of
Prosoeca sp. displaying the
cibarial pump (blue) and the
pharyngeal pump with
oesopharynx (both green). a, b
Lateral and frontal view with
cibarial valve, cibarial dilator and
cibarial-pharyngeal valve. ¢, d
Frontal and lateral view with
pharyngeal dilator and
compressor muscles together with
oesopharyngeal dilators. e,
Cibarial protractor and retractor
attached to a dorsolateral cuticular
ledge on the cibarium. Ch
cibarium, cpv cibarial—
pharyngeal valve, mcc musculus
clypeo-cibarialis, mcpd m.
clypeo-pharyngealis dorsalis,
mcpv m. clypeo-pharyngealis
ventralis, mfc musculus fronto-
cibarialis, mfp m. fronto-
pharyngealis, mgc m. geno-
cibarialis, mlc m. labro-cibarialis,
mtod m. tentorio-
oesopharyngealis dorsalis, mtol
m. tentorio-oesopharyngealis
lateralis, oe oesopharynx, ph
pharynx

explained the strong positive relationship between proboscis
length and increased handling time as a function of a dispro-
portionate relationship between the cibarial muscles and an
elongated proboscis. With a given body size and cibarial
muscle mass, longer proboscides should produce more fric-
tion to nectar travelling up the proboscis due to their greater
food canal surface area. However, in Prosoeca sp., cibarial
and pharyngeal muscle masses showed a positive allometric
relationship with body size and proboscis length; thus, an

@ Springer

efficient nectar uptake rate would be expected due to the
increased muscle mass compensating for an increased probos-
cis length. Nonetheless, drinking time of flies was seen to
increase with an elongated proboscis, supporting the conten-
tion that longer proboscides do offer some limitations, as
suggested by the functional constraint hypothesis.
Additionally, longer drinking times could also be influ-
enced by long-proboscid individuals being able to take
up the full complement of nectar out of long, narrow
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Table 2 Proboscis length and food canal diameter of Prosoeca sp. and
three nectar-feeding butterflies with comparable proboscis lengths.
Figures indicate mean +1 standard deviation; sample size is in brackets.
C is the ratio of the proximal to distal diameter of the food canal. The

proboscis length and food canal diameters are parameters used previously
in the Kingsolver and Daniel (1979) model regarding the fluid flow in
lepidopterous proboscides

Species

Prosoeca sp. E. lycisca® A. vanilla® P. sennae®
Proboscis length [mm] 37.28+5.04 (20) 36.5+4.1 (20) 19.2+1.8 (18) 29.5+2.2 (9)
Proximal diameter [pum] 196.42+16.14 (5) 74 (1) 79.5+£3.31 (4) 86.5+£3.44 (2)
Distal diameter [pm] 129.51+15.65 (5) 58(1) 59.74£2.20 (4) 55.4+27.1 (2)
C 1.53+0.12 (5) 1.28 1.33+0.09 1.56+0.01

#Bauder et al. (2011). Data for proximal and distal diameter were calculated from Fig. 2C of the original publication

°May (1985)

flowers, e.g. up to 7 ul per flower (Goldblatt et al. 1995;
Manning and Goldblatt 1996).

Surprisingly, the time required to insert a long proboscis
into a flower of L. oreogena appeared to be independent of
proboscis length. Previous studies of the flower-visiting be-
haviour of Prosoeca sp. on L. oreogena revealed the impor-
tance of the white arrow markings as functional nectar guides
to minimise flower handling times. Flies were no longer able
to insert their proboscis into flowers with artificially manipu-
lated nectar markings (Hansen et al. 2011). These nectar
guides may help to reduce the negative effects of flower
handling with an elongated proboscis. Inserting a proboscis
of this length into a long-spurred flower could, however, be
negatively influenced by wind and vegetation growing

between and over host flowers, as was seen for some foraging
flies during field experiments. This might explain the large
variation observed between minimum (0.16 s) and maximum
inserting times (6.6 s). Removing time was consistently rapid
across all individuals observed. Flies leave flowers with a fast,
forceful movement, possibly to overcome the friction between
proboscis and flower, and therefore, no overall differences
between individuals could be recorded.

Similar to apid bees, nemestrinid flies can be regarded as
high-speed, continuous foragers (Pivnick and McNeil 1985),
which should prefer nectar with sugar concentrations between
30 and 50 %. Concentrations in long-spurred flowers have
been recorded to be lower than in flowers with short perianth
tubes (Plowright 1987). Similar results have been shown for

Fig. 4 Linear regression of a b
suction pump muscles, proboscis %51 Re=0.80, P<0.001 0407 e_0.64, P<0.001
and body lengths. a Positive _ 0.35 1
correlation between proboscis and E € 0.0,
body length. b Cibarial pump. ¢ = £
Pharyngeal dilator (triangles) and = g 0251
compressor muscles (circles). % 2 0207
Both cibarial and pharyngeal K] E) 0.151
pump muscles are positively .§ § 0101
correlated to proboscis length s €
0.05 1
154, . i i i 0.00-
16 18 20 22 24 25 30 35 40 45
body length [mm] proboscis length [mm]
C
0.40
R2=0.64, P<0.001 A
0.35{ R2=0.64, P<0.001
I
£ ]
£ 0.30
o 0.25 1
£
2 0201
>
o 0.15
3
3 0.10
IS
0.05
0.00 -
25 30 35 40 45

proboscis length [mm]
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Lapeirousia species in Namaqualand (Goldblatt et al. 1995),
and typical flowers visited by Prosoeca sp. only produce
nectar with sugar concentrations of 20-30 % (Goldblatt
etal. 1995). Both flowers and flies occur in a semi-arid habitat
(Manning and Goldblatt 1997), where preferred nectar con-
centrations are expected to shift to more dilute nectar to
counter water loss as predicted by mathematical models
(Pivnick and McNeil 1985). Kim et al. (2011b) discovered
that optimal nectar concentration is strongly related to the
drinking style of foraging insects, being higher for viscous
dippers, e.g. bees, than suction feeders, such as long-
proboscid Nemestrinids, thus possibly offering an explanation
for the relatively dilute concentrations of nectar in Prosoeca
sp.’s host plants.

Suction pump design

Like in Lepidoptera (Monaenkova et al. 2012), the proboscis
of Prosoeca represents a two-level fluidic system, combining
a nanosponge with a straw. The mouthpart morphology sug-
gests that Nemestrinidae are suction feeders that rely on
pressure gradients within the proboscis (Karolyi et al. 2012).
While feeding, on the first microlevel, paired labella at the tip
of the proboscis function as a nanosponge. Rutted with a
pseudothracheal system, they take in liquid via capillary ac-
tion, filling the distal part of the food canal (Kingsolver and
Daniel 1979). On the second microlevel, the food canal works
as a pump-operated drinking straw, transporting fluids to the
mouth. However, sucking up nectar from long, narrow floral
tubes through a long, straw-like proboscis requires an en-
hanced pumping organ. Nearly all insects feature a pharyngeal
pump, while a cibarial pump is developed only in insects with
true sucking mouthparts (Peters 2003).

The suction pump of Prosoeca sp. is here hypothesised to
combine the systaltic motion of two pumping organs regulated
by two valves, each controlled by dilator muscles, dividing the
feeding process into three functional phases as shown in
Fig. 5. During the first phase, the functional mouth valve
opens, and the cibarial pump is extended by the cibarial
dilator. Due to the emerging partial vacuum in the cibarial
chamber, nectar is sucked from the food canal into the
cibarium (Fig. 5a). In the second phase, relaxation of the
cibarial pump and combined contraction of the pharyngeal
dilators draw nectar through the now opened cibarial-pharyn-
geal valve into the pharyngeal chamber (Fig. 5b). During the
last phase, the pharyngeal dilator muscles relieve tension, and
the compressor muscles push the nectar into the oesopharynx.
Finally, dorsal and lateral dilators open the distal oesophagus
valve to the midgut (Fig. 5c). According to this model,
Prosoeca is able to efficiently suck up viscous nectar using
two well-coordinated suction pumps.

Additionally, two paired lateral muscles in the head
(Fig. 3e, f) most likely provide a supporting function.

@ Springer

Contraction of the cibarial and pharyngeal dilators exerts a
force on the suction pump. Simultaneous contraction of the
cibarial retractor and protractor holds the pump stationary by
working antagonistically against the massive dilator muscles.

Although this feeding model has been hypothesised based
on 3D reconstructions acquired from microCT scans, similar
systems have been described in detail for short-proboscid
Tabanidae (Bonhag 1951), Bombyliidae (Szucsich and
Krenn 2000) and female mosquitoes (Kim et al. 2011a; Kim
et al. 2012; Snodgrass 1959). Compared to Tabanidae, a
massive posterior compressor and an additional pharyngeal
dilator exist in Prosoeca sp., enhancing the pharyngeal pump.

The morphological adaptation of a two-pump system has
been explained by Kim et al. (2011a). Although a rectangular
path is inevitable to connect the food canal within the
orthognathe proboscis with the midgut, it also leads to energy
loss along the curved path. Therefore, an additional pump is
necessary to regulate the flow effectively. Similarly to mos-
quitoes (Snodgrass 1959) and based on the morphological
studies presented here, nemestrinid flies appear to be able to
suck liquid efficiently using the phase-shifted motion of
cibarial and pharyngeal pump in conjunction with two valves.

Compared to nemestrinid flies, the suction pump of
Lepidoptera consists of only a main buccal lumen, formed
by the epi- and hypopharynx, operated by several dilator and
compressor muscles (Davis and Hildebrand 2006; Eberhard
and Krenn 2005). In addition, a cibarial upstream valve con-
trols the entrance to the actual pump, and a posterior valve
regulates the influx to the oesophagus. In Nymphalidae, the
cibarial oral valve also regulates the outflow of saliva into the
proboscis (Eberhard and Krenn 2005). In contrast, the hypo-
pharynx of Prosoeca sp. is part of the proximal proboscis,
housing the salivary duct, while the epipharynx provides the
lining for the food canal (Karolyi et al. 2012).

Relationship between muscle volume and proboscis length

Mechanical properties of the feeding apparatus, like the mus-
culature needed to maintain a constant pressure gradient, are
potentially limiting factors in nectar-sucking insects. Detailed
considerations about biophysical and biomechanical proper-
ties of the feeding mechanism are given by Kingsolver and
Daniel (1979). However, May (1985) indicated that nectar
flow is not steady in butterflies and that the pressure drop
(i.e. the pressure difference between the proximal and distal
end of the feeding channel) is variable during nectar feeding.
He further noted that butterflies with a longer proboscis have a
higher energy intake rate due to greater pressure drops and
greater uptake rates at any given nectar concentration.

Kunte (2007) hypothesised that insects that depend exclu-
sively on nectar as food source should have a greater cibarial
muscle mass to increase the rate of nectar uptake. Our results
support this hypothesis, as seen in the positive linear
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a

Fig. 5 Three-phase suction pump of Prosoeca sp. based on microCT
scans. Contracting muscles are drawn in red with orange arrows;
relaxing muscles are hollow with blue arrows. a Cibarial dilator muscles
open the cibarial valve and suck nectar into the cibarium. b Pharyngeal
dilators pump nectar through the cibarial-pharyngeal valve into the
pharynx. In phase A and B, the cibarial protractor and retractor (/ight
red) work as antagonists to the main dilator muscles to hold the pump
stationary. ¢ Pharyngeal compressor muscles push the nutrition into the

relationship between proboscis length and sucking pump di-
mensions in Prosoeca sp., indicating that a longer proboscis
demands larger pumping organs. These correlations underline
the importance of both pumps in nemestrinid flies.

Evolutionary origin of the sucking pump

In various insects with sucking mouthparts, the suction pump
has evolved from the cibarium, the pharynx or both (Davis
and Hildebrand 2006). Snodgrass (1944, 1935) determined
the evolutionary origin of the insect sucking pump as primar-
ily cibarial with a minor pharyngeal component. He further
described the frontal ganglion as a stomodaeal—cibarial bor-
der, suggesting that all muscles proceeding between clypeus
and buccal cavity are cibarial. In contrast, Davis and
Hildebrand (2006) postulated a stomodaecal origin of the buc-
cal cavity, since the visceral muscles enveloping the sucking
pump are characteristic of the stomodaeum. While the
cibarium only forms the pre-oral valve, the main sucking
pump is recognized as pharyngeal. In Prosoeca sp., the
cibarial and pharyngeal pumps can be clearly assigned by
their attached dilator and visceral muscles. Snodgrass (1959)
described the two-part suction pump of the female mosquito
which included a connectional alimentary canal with two
antagonistic muscles, which represented the true mouth, and
a pharyngeal pump positioned after the brain. However, in
Prosoeca sp., both pumps are located anterior to the brain, and

oe

oesopharynx, and the posterior dilator muscles open the oesopharyngeal
valve. Cuticle elasticity of both pump chambers provides restoration force
to reset the suction pump for the next food intake phase. Cb cibarium, cbd
cibarial dilator, cbp cibarial protractor, cbr cibarial retractor, cpv cibarial—
pharyngeal valve (true mouth), cv cibarial valve (functional mouth), oe
oesophagus, ph pharynx, phc pharyngeal compressor, phd pharyngeal
dilator

the alimentary canal is modified to the cibarial-pharyngeal
valve. The oesophagus traverses the brain, with an additional
posterior valve. This is quite similar to the model described for
Tabanidae (Bonhag 1951), suggesting that the ancestors of
Nemestrinidae might have been blood-sucking insects
(Grimaldi and Engel 2005).

Dimensions of the food canal

The feeding mechanism associated with a long proboscis can
be regarded as a simple pipe flow system with a laminar nectar
flow. The food canal represents a long, thin cone, changing its
diameter at a constant rate (Kingsolver and Daniel 1979).
Intake of fluids depends on viscosity, and an increasing sugar
concentration results in a curvilinear increase in the weight of
sucrose per unit time which leads to an increase of viscosity
(Heyneman 1983). Therefore, nectar containing 40 % sucrose
is six times more viscous than water at the same temperature
(Chapman 1998).

The pressure drop created by the suction pump depends
also on the morphological characteristics of the proboscis.
Furthermore, according to the Hagen—Poiseuille equation, a
longer proboscis results in a reduced nectar flow (Kingsolver
and Daniel 1979) as long as all other parameters remain
constant. However, nectar flow also depends on the fourth
power of the radius of the food canal. In order to maintain a
constant flow rate within individuals with different proboscis
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lengths, flies with longer proboscides would require corre-
spondingly increased suction pump dimensions but a relative-
ly small increase of the food tube diameter. Reinforced suction
pump musculature has also been recorded for extremely long-
proboscid riodinid butterflies (Bauder et al. 2013).

Compared to Lepidoptera with similar proboscis length
variations (May 1985; Bauder et al. 2011), the food canal
dimensions of Prosoeca sp. are relatively large, indicating
that they possibly compensate the excess length of the pro-
boscis with extended food canal dimensions. Flower-visiting
insects, like nemestrinid flies, that use energy-expensive feed-
ing techniques benefit from minimised feeding times
(Heyneman 1983), which can be achieved with efficient suc-
tion pumps and an increased nectar flux through extended
food canal dimensions.

Conclusion

The present study has described the flower-visiting behaviour
of long-proboscid Prosoeca sp. on flowers of L. oreogena
and has verified that individuals with a longer proboscis spent
more time drinking from long-spurred flowers. These results
suggest that longer proboscid individuals are able to take up
more nectar in a single visit and therefore gain a possible
advantage over individuals with an average proboscis length.
In addition, this study has shown that feeding from elongated
floral tubes not only requires an efficient two-part suction
pump in the head, but also a positive allometric relationship
between proboscis length and suction pump muscle mass.
These results indicate that Prosoeca sp. represents a highly
adapted and efficient nectar feeder.
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