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Water and ion transport across the eversible vesicles in the
collophore of the springtail Orchesella cincta
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ABSTRACT

Springtails (Collembola) are ancient close relatives of the insects. The
eversible vesicles are their unique paired transporting organs, which
consist of an epithelium located inside a tube-like structure called the
collophore on the first abdominal segment. The vesicles can be
protruded out of the collophore and several lines of evidence indicate
that they have a vital function in water uptake and ion balance.
However, the amount of water absorbed by the vesicles and which
other ions apart from Na* are transported remain unknown. Using
Orchesella cincta as a model, we developed protocols for two assays
that enabled us to study water and ion movement across the eversible
vesicles in whole living springtails. Using an inverse Ramsay assay
we demonstrate that the eversible vesicles absorb water from a
droplet applied onto their surface. Using the scanning ion-selective
electrode technique (SIET), we show that the vesicles absorb Na*
and CI~ from the bathing medium, secrete NH,*, and both absorb and
secrete K*. H* is secreted at a low level in the anterior part and
absorbed at the posterior part. We did not detect transport of Ca®* at
significant levels. The highest flux was the absorption of CI~, and the
magnitude of ion fluxes was significantly lower in fully hydrated
springtails. Our data demonstrate that the eversible vesicles are a
transporting epithelium functioning in osmo- and ionoregulation,
nitrogenous waste excretion and probably also acid—base balance.

KEY WORDS: Collembola, Transporting epithelium,
Osmoregulation, Excretion, Water absorption, Scanning
ion-selective electrode technique

INTRODUCTION
Springtails (Collembola) are a basal lineage of Hexapoda, which is a
group of terrestrial arthropods that also includes the insects (Hopkin,
1997; Misof et al., 2014). Compared to the insects, springtails lack
some of the advanced adaptations to terrestriality, including the
Malpighian tubules for excretion and ion balance. Besides being
important for understanding insect evolution, springtails also play a
key role in the soil and act as a model for ecotoxicology, and tolerance
to cold and drought (e.g. Cannon and Block, 1988; Rusek, 1998;
Roelofs et al., 2009; Worland et al., 2010; Holmstrup et al., 2015;
Faddeeva-Vakhrusheva et al., 2016). Despite their importance, many
basic aspects of springtail physiology remain unknown.

A defining characteristic of juvenile and adult springtails is the
collophore (ventral tube) (Hoffmann, 1905; Imms, 1906), a tube-
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like structure in the centre of the ventral side of the first abdominal
segment. The collophore originates from a pair of limbs that fuse
together during embryogenesis (Imms, 1906; Uemiya and Ando,
1987; Konopova and Akam, 2014). The terminal part of the
collophore is formed by the eversible vesicles, which are a special
transporting epithelium. The vesicles are normally closed inside the
tube, but can be everted by haemolymph pressure and retracted by
muscles located inside the collophore (Eisenbeis, 1976).

Although the collophore is important for the springtails, its
relevance to physiological processes of the animal remains unclear
(Konopova and Akam, 2014; Favret et al., 2015). The organ is
multifunctional, secreting, for instance, a substance with adhesive
properties (Favret et al., 2015). However, most evidence to date
indicates that its primary role is in uptake of water and transport of
ions carried out by the eversible vesicles (e.g. Nutman, 1941; Noble-
Nesbitt, 1963b; Eisenbeis, 1982; Eisenbeis, 1974; Eisenbeis, 1976;
Eisenbeis and Wichard, 1975a,b; Eisenbeis and Wichard, 1977).

The role of the collophore in water balance has long been
suspected (Noble-Nesbitt, 1963b). When a dehydrated springtail
encounters free water (e.g. in moist soil ), the vesicles are everted and
remain in contact with the water while the animal is drinking with its
mouth. That fluid passes through the vesicles has been demonstrated
by using vital dyes as indicators (Nutman, 1941). In the 1980s
Eisenbeis and colleagues developed an assay that enabled
estimation of the amount of water that is absorbed (Eisenbeis,
1982; Jaeger and Eisenbeis, 1984). Dehydrated springtails were
allowed to walk on a wet filter paper and observed as they everted
the vesicles. The rate at which water was taken up was calculated
from the increase in animal weight after the experiment. Each
springtail in these experiments had to be observed using a pocket
lens to confirm that only the eversible vesicles and not the mouth
were used for water uptake. Springtails seen drinking with their
mouth were excluded from calculations. Because of the small size of
the animals (about 5 mm) and the fact that they typically stand with
their heads close to the ground (our observation) it cannot be ruled
out that some of the water considered to be absorbed by the vesicles
was actually taken up by mouth. Absorption by the integument,
including as water vapour (e.g. Bayley and Holmstrup, 1999;
Karsgaard et al., 2004), cannot be controlled for in this assay.
Results from the earlier experiments (Eisenbeis, 1982; Jaeger and
Eisenbeis, 1984) indicated that the eversible vesicles are efficient in
absorption of water; however, because of the limitations of the
assay, the evidence that significant amounts of water are taken up
exclusively by the eversible vesicles is still lacking.

Studies by electron microscopy on a range of springtails showed
that the eversible vesicles have ultrastructural characteristics of
epithelia that also transport ions (Eisenbeis, 1974; Eisenbeis and
Wichard, 1975a,b; Eisenbeis and Wichard, 1977). However, only
the uptake of radioactively labelled sodium has been demonstrated
(Noble-Nesbitt, 1963b). The likely transport of chloride ions was
indicated by histological staining with silver salts as markers
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(Eisenbeis and Wichard, 1975a,b). It is unknown if other ions are
transported.

Here, we studied the springtail Orchesella cincta, which has
previously been adapted as a model for ecotoxicology and
developmental genetics (Konopova and Akam, 2014; Faddeeva-
Vakhrusheva et al., 2016). We had two main goals. First, to
establish a method for quantification of fluid transport specifically
by the eversible vesicles. Second, to develop a protocol for
electrophysiological measurement of ion transport across the
eversible vesicles of Orchesella and to examine whether transport
of selected ions by the vesicles indicates a role in osmo- and
ionoregulation (Na*, K*, CI~, Ca?"), nitrogenous waste excretion
(NH,") and acid-base balance (H").

To quantitatively measure uptake of water by the eversible vesicles,
we adapted the classical Ramsay assay, which was developed as an
in vitro assay of fluid secreted by insect Malpighian tubules (Ramsay,
1954). The original assay uses dissected tubules immersed in saline
under paraffin oil and the rate of fluid secretion is calculated from the
increasing size of a droplet secreted by the tubule. We show that an
inverse Ramsay assay can be used for whole, living Orchesella, in
which changes in the size of a droplet in contact with the eversible
vesicles are measured. Next, we present measurement of ion fluxes
across the eversible vesicles using the scanning ion-selective
electrode technique (SIET). We chose SIET because it enabled us
to record ion transport rates in whole living springtails and at several
different locations on the body in a single preparation. SIET uses ion-
selective microelectrodes to measure ion concentrations in the
unstirred layer of the measuring medium directly adjacent to the
transporting cells and then further away (Pifieros et al, 1998;
O’Donnell, 2009). From the differences in concentration of ions,
fluxes are calculated, thus providing values for ion absorption (influx)
or secretion (efflux). We show that the eversible vesicles absorb
water from a droplet and transport a range of physiologically relevant
ions. Our results demonstrate that the eversible vesicles are a
multifunctional transporting epithelium and an important component
of springtail osmoregulatory and excretory physiology.

MATERIALS AND METHODS

Animals

Orchesella cincta (Linnaeus 1758) were maintained in Petri dishes
with a base of plaster of Paris and fed with algae (Pleurococcus sp.)
and yeast, as described previously (Konopova and Akam, 2014).
The animals were kept and experiments carried out at room
temperature (23°C). Adults, mixed males and females, were used
for all measurements. Animals used in the experiments were first
mildly dehydrated. They were removed from the culture, i.e. from
the dishes that were kept continuously wet (distilled water or diluted
algal medium added with a plastic Pasteur pipette) and transferred
into a dry dish with food (algal medium dried out, yeast kept dry)
and kept there for 1-3 (mostly 2) days. The dry (experiments) and
wet (culture) dishes were kept in the same room and thus, under the
same relative humidity of 30%. Springtails on dry dishes stopped
laying eggs under this regime.

Inverse Ramsay assay

Adult springtails were briefly anaesthetized with CO, and immersed
in heavy paraffin oil (Caledon Laboratory Chemicals, Georgetown,
Canada) in a Sylgard-coated dish (Sylgard 184, World Precision
Instruments, Sarasota, FL, USA). They were restrained between
minutien pins to keep them in place and to isolate the collophore
from moving appendages. Care was taken so that the integument
remained intact without haemolymph leaks. The collophore was

brought into contact with a droplet of fluid mimicking ground water
(modelled after Schouten and van der Brugge, 1989) (in mmol 17):
0.1 KCI, 0.2 NaCl, 0.3 NH4Cl, 0.17 CaCl,, 0.15 MgSOy, 1.7 KNO;,
1 HEPES, pH=6.0. The diameter (d) of the droplet that was pipetted
onto the everted vesicles (experiment) or freely into the oil (control)
was measured at 800x magnification using a calibrated ocular
micrometer. The absorption rate (AR, nl min™") by the vesicles was
calculated from the change in droplet volume (4/3n73, where r is the
droplet radius) over 30 min. This rate was divided by the absorptive
area of the vesicles (0.110 mm~2), which was determined for
Orchesella previously (Eisenbeis, 1982), to estimate the rate per
unit area; note that we did not measure this if our animals were the
same size (e.g. body length) as the animals in the previous study.

SIET

The hardware, software and methodology for acquiring SIET data
and calculating ion fluxes have been described previously (Donini
and O’Donnell, 2005; O’Donnell and Ruiz-Sanchez, 2015; Kolosov
etal., 2018a). Briefly, SIET measurements were made with hardware
from Applicable Electronics (Forestdale, MA, USA) and Automated
Scanning Electrode Technique (ASET) software (version 2.0;
Science Wares, Falmouth, MA, USA). Micropipettes were pulled
on a P-97 Flaming-Brown pipette puller (Sutter Instruments Co.,
Novato, CA, USA) from 1.5 mm borosilicate glass (World Precision
Instruments Inc., Sarasota, FL, USA). At each measurement site, the
ion-selective microelectrode was vibrated perpendicular to the tissue
surface between two positions separated by 50 um. The measured
voltage gradients between the two points were converted into
concentration gradients using the following equation:

AC = Cy x 1005) — ¢, (1)

where AC is the concentration gradient between the two points
measured in umol cm—>; Cy is the background ion concentration,
calculated as the average of the concentrations at each point
measured in umol 1'; AV is the voltage gradient obtained from
ASET in uV; and S is the slope of the electrode.

Fluxes were estimated from the measured concentration gradients
using Fick’s law:

DIAC
- 2
h=—x 2)

where J; is the net flux of the ion in pmol cm™ s~'; Dy is the
diffusion coefficient (Robinson and Stokes, 1968) of the ion
(1.55x1073 cm? s~! for Na* and C17; 1.92x1073 ecm? s~! for K*;
1.19x107° cm? s~! for Ca®", 9.4x10~> cm? s~' for H" and
2.09x1075 em? 57! for NH4"); AC is the concentration gradient in
umol cm>; and Ax is the distance between the two points measured
in cm. Microelectrodes were constructed with the following
ionophores (Sigma-Aldrich, St Louis, USA) [backfill and
calibrating solutions (in mmol 17!) indicated in brackets]: Na*
ionophore X cocktail (3.5% Na" ionophore X, 0.6% potassium
tetrakis chlorophenyl borate, 95.9% nitrophenyl octyl ether), (150
NaCl backfill, 0.15/1.5 NaCl calibrations); K™ ionophore I, cocktail
B (150 KCI backfill, 1.5/15 KCI calibrations); C1~ ionophore I,
cocktail A (150 KCI backfill, 0.15/1.5 NaCl calibrations); Ca>*
ionophore I, cocktail A (100 CaCl, backfill, 0.15/1.5 CaCl,
calibrations); H" ionophore I, cocktail B (100 NaCl/100 Na-Citrate
pH=6 backfill, | HEPES, pH=6/7 calibrations); NH," ionophore I,
cocktail A (100 NH4C1 backfill, 0.15/1.5 NH4CI calibrations). For
measurements of Na*, K and Ca?*, the bathing medium was that
described above for the inverse Ramsay assay. To avoid interference
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of competing ions with ionophores employed in SIET, the original
recipe had to be modified for the measurement of NH," ions
(0.1 mmol I=" KNO; and 1.7 mmol 17! KCI were replaced with N-
methyl-D-glucamine chloride to avoid K" interference with NH,"
ionophore) and CI~ ions (1.7 mmol 17! KNO; was replaced with
0.85 mmol 17! K,SO, to avoid NO;~ interference with CI~
ionophore). H" was measured in the medium adapted for NH,"
measurements. Because protons may diffuse freely or in association
with buffers in the saline, proton transport rates were corrected for
buffering using equations described in Messetli et al. (2006).

The scanning was carried out as follows: each scan started at the
anteriormost part of one of the paired vesicles and continued at
25 um intervals until the posterior-most part. Protocol 1: if no
regional signal heterogeneity was observed (Na*, CI~, NH, "), three
to five values surrounding the signal maximum were averaged and
used as a representative n=1 for the biological replicate. Protocol 2:
if anterior-posterior heterogeneity was observed (H"), three to five
values surrounding signal maxima were averaged independently in
the anterior and posterior lobes of the vesicle. Protocol 3: if anterior-
posterior heterogeneity was present only in some of the samples,
approaches 1 or 2 were followed depending on whether that
particular sample exhibited the heterogeneity.

Measurement of haemolymph ion concentration
Springtails were immersed in paraffin oil and one or two antennae
were cut off at the midway point. Haemolymph was collected at the
cut end of the antenna using a glass microcapillary pulled to a fine
point. Samples were expelled under oil in a separate dish and
analysed with ion-selective microelectrodes as described previously
(Naikkwah and O’Donnell, 2011; Kolosov et al., 2018b). Collecting
samples from the antennae is a convenient method that provides
relatively clean haemolymph as compared to sampling from around
the collophore, which contains fat body. The haemolymph
composition is expected to be similar in different parts of the body.
Preliminary results indicated that an unknown factor interfered
with Na* ionophore X-based electrodes in haemolymph samples as
reported previously (Kolosov et al., 2018b). Therefore, Na* ionophore
[II-based electrodes were used to avoid this. A solid-state Cl™
microelectrode was employed (construction described in Donini and
O’Donnell, 2005) as CI~ ionophore I ionophore is affected by other
anions abundant in the haemolymph (e.g. HCO5™). The K™ and Ca?"
microelectrodes were based on the ionophores and backfill solutions
described above for SIET. Calibration solutions were as follows: Na*,
15mmol ™' and 150 mmol ™! NaCl; K*, 1.5mmoll™' and
15 mmol 17! KCI; CI~, 150 mmol 17! and 15 mol I=! KCI; Ca?",
0.15 and 1.5 mmol 17! CaCl,; H*, 1 mmol I=!' HEPES pH=8 and
pH=O.

Statistics

Significant differences in (1) transport of C1~ between fully hydrated
and mildly dehydrated springtails and (2) H" flux between anterior
and posterior collophore regions were determined using a Student’s
t-test in SigmaPlot (version 11), with a P<0.05 limit.

Image processing
Brightness and contrast in micrographs was adjusted using Adobe
Photoshop CC 2017.1.1.

RESULTS

An inverse Ramsay assay quantifies the water absorbed
specifically by the eversible vesicles of living Orchesella

The original Ramsay assay that we adapted here uses dissected
organs immersed in paraffin oil. Our setup uses whole living
adult Orchesella (Fig. 1A). Because the cuticle on the body of
springtails is highly hydrophobic (Gundersen et al., 2017), the
animals immerse easily into the oil. They survive the immersion
well and stay alive for several hours under oil. Unlike the rest of the
body, the cuticle on the eversible vesicles is hydrophilic and
together with the claws they represent the only parts of the
animal that are wettable (Fig. 1B) (Noble-Nesbitt, 1963a). The
quantification of fluid absorption by the vesicles is based on
measuring the decrease in size of a droplet that is dispensed onto
their surface.

To find out at what rate the eversible vesicles likely absorb water
in nature we let them absorb a medium that mimics the
composition of ground water (Schouten and van der Brugge,
1989) and which Orchesella is likely to encounter in its natural
habitat. A 1 pul droplet of the medium was dispensed onto the
everted vesicles of springtails that had been mildly dehydrated
(see Materials and Methods). Previous studies indicated that the
main absorption period after the vesicles come into contact with
water is 10-30 min (Eisenbeis, 1982). We monitored the change in
size of the droplet after 30 min and from the values calculated a
rate of fluid uptake of 2.55+0.40 nl min~!' (N=8; mean+s.e.m.).
Expressed per absorptive area of the vesicles, the rate was
23.18 nl mm~2 min~' (see Materials and Methods). All springtails
used in this experiment remained alive after they were removed
from the oil. As a control, 1 pl droplets of the medium were kept
under oil without contact with the springtail; none of the five
droplets that we observed changed in size after 30 min. This
demonstrates that the decrease in size detected in the experiment
did not take place by diffusional loss of water into the oil. Taken
together, the inverse Ramsay assay is a suitable method for precise
measurement of the rate of fluid absorption by the eversible
vesicles.

Fig. 1. Measurement of water uptake by the eversible vesicles of
Orchesella cincta using an inverse Ramsay assay. (A) Adult
Orchesella were immersed in paraffin oil and a droplet of fluid was
dispensed onto the everted vesicles. The springtails usually everted
the vesicles under the oil themselves or were forced to do so by
gentle pressure on the abdomen. (B) The cuticle on the vesicles is
hydrophilic and attached well to the droplet. The everted vesicles are
marked with an arrow. Anterior is to the top left in A and to the top in
B. d, droplet of the measuring fluid; p, pins; t, tube of the collophore.
Scale bar: 0.5 mm.
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SIET detects significant fluxes of Na*, Cl-, K*, H* and NH,*
but not Ca?* ions across the eversible vesicles of Orchesella
Animals were restrained for SIET as for the inverse Ramsay assay,
but were bathed in medium mimicking ground water instead of
paraffin oil. Because of their hydrophobic cuticle the springtails
tended to float on the surface of the medium and were restrained
with bent minutien pins (as shown in Fig. 2A,A"). The springtails
remained alive during the recording, moved occasionally and fully
recovered after the experiment.

Fig. 2. Preparation for SIET measurement of ion fluxes across the
eversible vesicles of Orchesella. (A) Adult Orchesella were immersed into
the measuring medium. The collophore protrudes through the loop

made from a pin. The animal in this photograph moved immediately after it was
returned to the culture; after a few minutes of rest it crawled away. The
dotted line with an arrow around the vesicles indicates how the scanning was
done from anterior to posterior. The inset (A’) shows the dish with the
preparation. (B) Representative scan from SIET. Uptake of Cl~ in the anterior
part of the eversible vesicles is shown. The length and direction of the arrows
indicate the magnitude and direction of the flux, respectively. The magnitude is
expressed as the difference in voltage between recording by the
microelectrode close to the cells of the vesicles and then farther away (marker
5 mV). The values were then used for calculation of concentration

difference, which was converted into the net flux (pmol cm=2 s~"). Head to the
top and ventral side to the left in all photographs. a, abdomen; c, collophore; f,
furca; h, head; Ip, pin making a loop; p, pins. Scale bars: 1 mm (A); 1 cm (A’).

We used SIET to determine if we could detect the transport of
Na*, Cl7, K*, Ca?", NH," and H" across the vesicles (Fig. 2B). All
our experimental animals were mildly dehydrated (see Materials
and Methods), as in the inverse Ramsay assay. The microelectrode
recordings were carried out at several locations around the sphere of
one of the everted vesicles from anterior to posterior (Fig. 2A).
Vesicles remained everted during the whole time of recording, as
monitored by a camera on the stereomicroscope that was attached to
the SIET rig. Significant fluxes of all selected ions except Ca** were
detected across the vesicles (Fig. 3). To check whether our
microelectrodes detect ions specifically in the proximity of the
everted vesicles rather than anywhere around the animal, we also
made recordings of Na" on two separate preparations of the
collophore with retracted vesicles and on a special abdominal
appendage called the furca that is used for jumping (Hopkin, 1997).
No measurable flux was detected, but it is worth noting that due to
the hydrophobicity of the cuticle (including the tube of the
collophore and furca) there was no direct contact with the
medium to allow exchange of ions under these conditions.

Na* and CI~ ions were absorbed by the vesicles of all animals and
across all anterior to posterior locations on the vesicles that we
examined. Mean values were —104 and —1541 pmol cm=2 s~!, for
Na" and CI~, respectively (Fig. 3A). K ions were taken up by half of
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Fig. 3. lon fluxes across the eversible vesicles of Orchesella measured by
SIET. Fluxes of ions implicated in osmo- and iono-regulation (A), nitrogenous
waste excretion (B) and acid—base balance (C) were measured on mildly
dehydrated springtails (see Materials and Methods). The asterisk in C
indicates significant difference between anterior and posterior as determined
by a Student’s t-test (t=297, P<0.001). Values are meansts.e.m. Numbers in
brackets above the bars indicate the number of animals examined (N).
Negative values indicate ion uptake (influx), positive values indicate ion loss
(efflux).
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the animals, but secreted by others (Fig. 3A). Both influx and efflux
of K* occurred in all anterior to posterior locations on the vesicles,
suggesting that unidirectional movement is not regionalized. The
magnitudes of influx, —83+16 pmolcm™ s~!, and efflux, 86+
18 pmol cm™2 s~!, were similar. These results were obtained on
animals examined during the same round of measurement (the same
day), one animal measured after the other using the same rig and
taken from the same dish. The distribution of animals demonstrating
K" influx or efflux was random within the group (e.g. one animal
showed influx, the following one efflux, the next one influx). NH,"
ions were secreted by all animals at all anterior to posterior locations
on the vesicles (Fig. 3B). The values were 56+8.1 pmol cm™2s~!. H*
ions were secreted in the anterior half of the vesicles (efflux 21+
1.8 pmol cm™2 s7') and simultaneously absorbed (influx —7.8+
3.6 pmol cm~2 s™!) across the posterior half (Fig. 3C) in all animals.
In summary, these experiments demonstrate that the eversible
vesicles transport a range of ions and the notably highest fluxes in
our experiments were of C1™.

Uptake of Cl~ ions is lower in fully hydrated springtails

Next, we examined whether the mild dehydrations of our
experimental animals had any effect on the ion fluxes. As an
example, we chose the CI~ ion, for which we recorded the highest
flux across the vesicles, and compared the flux between fully hydrated
springtails and those that were dehydrated for 3 h at ~30% RH. We
found that the eversible vesicles of fully hydrated Orchesella still
absorbed Cl1~ ion, but this influx was ~13 times (significantly) lower
(Fig. 4). Thus, mild dehydration of the whole animal leads to more
pronounced fluxes of CI~ across the eversible vesicles.

Haemolymph concentrations of Na*, Cl- and K" indicate that
the eversible vesicles transport these ions against the
concentration gradient

Finally, we determined whether the exchange of ions between the
eversible vesicles and external medium takes place against the
concentration gradient, thus likely by an active transport. We
compared the concentrations of Na*, C1~ and K* in the haemolymph
and in the medium. Haemolymph concentrations were measured
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Fig. 4. The level of Orchesella hydration affects the amount of Cl~ uptake
by the eversible vesicles. Springtails kept at optimal humid conditions (‘wet’)
showed significantly lower uptake of CI~ by their eversible vesicles
compared to animals previously exposed to mild dehydration (‘dry’). The data
for mildly dehydrated animals are from Fig. 3A. Values are meansts.e.m.
Numbers in brackets above the bars indicate the number of animals examined
(N). Asterisk indicates significant difference between dry and wet as
determined by Student’s t-test (=5.09, P<0.001).

using ion-selective microelectrodes and concentrations in the
medium were calculated from the recipe. The concentration of all
these three ions in the haemolymph is higher than in the measuring
medium (Table 1). This indicates that the uptake of such ions takes
place against a concentration gradient.

DISCUSSION

Eversible vesicles in the collophore of Orchesella are potent
water-absorbing organs

By employing the inverse Ramsay assay we found that the pair of
eversible vesicles of mildly dehydrated Orchesella absorbs water at
a rate of 23.18 nl mm™2 when expressed per absorptive area of the
vesicles. How does this value compare (1) to the absorption rate
measured on springtails previously and (2) to the transport rate
across fluid transporting epithelia of insects?

Previous quantification of water absorption by eversible vesicles
of Orchesella and closely related Tomocerus was based on
weighing springtails before and after they were allowed to absorb
fluid from a wet filter paper (Eisenbeis, 1982; Jaeger and Eisenbeis,
1984). The absorption rate, given by weight gain over a period of
time, was expressed per mm? of absorptive area of the vesicles. The
rates from the filter paper absorption-weighing assay for Orchesella
were 8 times higher for distilled water and 5 times higher for
25 mmol 17! NaCl (solutions with lower and higher osmolarity than
the medium used in the present experiments) compared with our
results. Our absorption rate is closest to the minima previously
obtained for 25 mmol 17! NaCl (Eisenbeis, 1982). Why are the
results from the two assays different? While the assay introduced by
Eisenbeis and colleagues simulates natural conditions better, our
inverse Ramsay assay is specific. It measures only the fluid taken up
by the eversible vesicles and excludes drinking and absorption by
other tissues. The method used to dehydrate the springtails (thus,
likely the level of dehydration) also differs between the two assays:
dehydration by keeping the springtails in laboratory conditions
without access to water for a few days in our assay (see Materials and
Methods) versus several cycles of dehydrations at relative humidity
33% followed by rehydration in the previous assay (Eisenbeis,
1982). Other experimental conditions also may differ.

How does the rate of absorption by the eversible vesicles compare
to transport by other epithelia? The Ramsay assay on tissue
immersed in paraffin was used for measurement of the rate of
secretion from the Malpighian tubules. A single Malpighian tubule
has a basal (unstimulated) secretory rate of typically less than
I nlmin~' (e.g. Ramsay, 1954; Dow et al., 1994; Beyenbach,
2003), but up to 15 nl min~! in some species (Kolosov et al., 2018a)
(compare with absorption by the eversible vesicles 2.55 nl min~!).
Expressed per size of secretion area, the maximal rate of secretion
by the Malpighian tubules measured on a wide range of insects is
about 0.05-13 nl mm™2 min~! (Philips, 1981), typically less than

Table 1. Comparison of ion concentration in the haemolymph and
medium

Concentration (mmol I-")

lon Haemolymph Medium (calculated)
Na* 131.8+5.3 (16) 0.20
cI- 178.346.9 (13) 0.94
K* 5.9+0.7 (21) 1.80

Haemolymph ion concentrations were measured with ion-selective
microelectrodes. Values are meansts.e.m. (N). lon concentrations in the
measuring medium were calculated from the chemical composition in the
protocol.
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half the absorption rate for the eversible vesicles of Orchesella
measured in the current study (23.18 nl mm~2 min~"!). The Ramsay
assay was also used to quantify secretion by the ‘fastest fluid-
secreting cell known’, the cells in the Malpighian tubules of
Rhodnius prolixus (Maddrell, 1991). After the blood-meal, the
secretion rate increases up to 46 nl mm~2 min~' (expressed per the
area of the secretory part) (Bradley, 1983). Based on these
approximate comparisons, it appears that the eversible vesicles of
Orchesella transport water at approximately half the speed
measured in the tubules of a blood-feeding hemipteran
specifically adapted for rapid fluid secretion.

The eversible vesicles transport ions at levels comparable

to other transporting epithelia of insects

Our microelectrode recordings across the eversible vesicles using
SIET detected significant fluxes of Na*, K", C17, NH," and H". In
the transporting epithelia of insects, the magnitudes of fluxes
measured by SIET typically range from 10 to 1000 pmol cm=2 s~
(e.g. Donini and O’Donnell, 2005; Nguyen and Donini, 2010;
Naikkhwah and O’Donnell, 2012; Pacey and O’Donnell, 2014;
Paluzzi et al., 2014; Robertson et al., 2014; O’Donnell and Ruiz-
Sanchez, 2015; D’Silva et al., 2017; Kolosov et al., 2018a). The
fluxes that we obtained for Na*, C1~, K™ and NH,* (=104, —1541,
—83/+86, +56 pmol cm™2 s~!, respectively; Fig. 3A,B) are of
comparable magnitude. The influx of Na* recorded is consistent
with previous observations showing that the eversible vesicles pick
up radiolabelled Na* from ground water (Noble-Nesbitt, 1963b).
The influx of CI~ is particularly remarkable. For comparison, the
anal papillae of mosquitoes absorb Cl™ in vivo at a rate of
230 pmol cm™2 s~! (Donini and O’Donnell, 2005).

Chloride uptake exceeded the sum of the uptake rates of the
measured cations. The uptake of cations that we have not measured
(e.g. Mg®") or the efflux of other anions (sulphate, phosphate,
carbonates, organic anions) across the eversible vesicles may
partially offset the imbalance. Alternatively, the difference may
reflect non-steady state conditions during recording, with CI~
uptake measured sooner after transfer of the animals to the
experimental chamber, or small differences in hydration status,
which can greatly alter ion uptake.

The eversible vesicles function in osmo- and ionoregulation,
excretion and likely acid-base balance
Our data provide support for the function of the eversible vesicles in
osmo- and ionoregulation. Na*, C1~ and K* are among the major ions
in the haemolymph. These were the most intensively transported ions
in our mini screen using SIET (Fig. 3A). We suggest that when the
springtail encounters free water in the soil, it uses the eversible
vesicles to replenish ions and maintain internal homeostasis (Fig. 5).
Half of the animals in our experiments absorbed K" and half of them
excreted it. This might reflect as yet unknown physiological
differences in K* homeostasis between the animals. It is consistent
with previous observations showing that K* transport by epithelia is
affected by the hydromineral status of the animal (e.g. Naikkhwah
and O’Donnell, 2011; O’Donnell and Ruiz-Sanchez, 2015). The
uptake of Na*, Cl~ and K" likely takes place by an active transport,
because their concentrations measured in the haemolymph were
higher than in the external medium (Table 1). The active uptake of
Na*, CI~ and K then probably osmotically draws water into the cells
(Maddrell, 1969). This may also bring in small organic molecules,
such as urea or glycerol (Schreiber and Eisenbeis, 1985).

The concentrations of Na*, C1~ and K" in Orchesella haemolymph
were measured previously (Klein et al., 2008) and the relative

Fig. 5. How the eversible vesicles of springtails are used. Springtails on a
dry surface (top) keep their eversible vesicles inside the tube of the collophore.
When the springtail encounters water (bottom), either free water in moist soil or
a droplet (typically in laboratory conditions), the vesicles are everted. Water is
absorbed and ions are exchanged: Na*, ClI~ are absorbed, K* absorbed or
secreted, NH,* secreted, H* secreted at the anterior part of the vesicles and
absorbed at the posterior part. The length of the arrow corresponds only
roughly to the magnitude of the ion flux.

values that we obtained for our springtails were 0.86, 1.56 and 0.85
times different, respectively. The observed differences could be
caused by different methodology used in the previous study (Na*
and K" determined by optical emission spectrometry, CI~ by
micropotentiometry on samples diluted in hydrazine monohydrate;
compared with our approach in the Materials and Methods).

Previous studies on Orchesella and Tomocerus have shown that
the maximum rate of water absorption occurred from distilled
water (Eisenbeis, 1982). The same pattern has been demonstrated for
water uptake by the coxal vesicles of the jumping bristletails
(Archaeognatha) Petrobius brevistylus (Houlihan, 1976) and
Trigoniophthalmus  alternatus ~ (Eisenbeis,  1983).  These
observations suggest that water can be absorbed by a mechanism,
such as the standing gradient hypothesis (Diamond and Bossert,
1967), that does not involve co-transported ions. Recycling of Na*
and ClI7, and differential expression of aquaporins in the vesicle
epithelial membranes could allow for water uptake in the absence of
net ion uptake. However, the data presented in our study indicate that
absorption of water could be explained on the basis of solute-coupled
water flow as we found a link between dehydration and increased C1~
uptake (Fig. 4). Further studies on springtails with defined levels of
dehydration will clarify this.

Several physiological mechanisms contribute to osmoregulation
in springtails. When Tomocerus and Orchesella were exposed to
drought in laboratory experiments they did not show any ability to
osmoregulate (Verhoef, 1981; Verhoef and Prast, 1989). Osmotic
pressure of the haemolymph rose during dehydration and decreased
during rehydration. But during slow dehydration in nature,
Orchesella regulated haemolymph osmotic pressure (Verhoef,
1981). Maintaining the stable ion concentrations of the
haemolymph during dehydration in Orchesella involves both ion
excretion and ion storage (Verhoef and Prast, 1989). Springtails
inhabiting marine littoral zones, such as Isotoma viridis and
Hypogastrura viatica, hyper-regulate haemolymph osmotic and
ionic concentrations when exposed to low salt concentrations in the
soil water (Witteveen et al., 1987). The intertidal species Anurida
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maritima is physiologically tied to salt environment and behaves as
an osmoconformer that is unable to survive fresh water conditions;
to live at high salinities it produces free amino acids (FAA), such as
glutamine, alanine and proline, which function as osmolytes in the
haemolymph (Witteveen et al., 1987).

Similarly, accumulation of FAA and other osmolytes (sugars and
polyols) was also found in soil-inhabiting (i.e. non-marine)
springtails exposed to drought (Bayley and Holmstrup, 1999;
Holmstrup et al., 2001; Karsgaard et al., 2004; Holmstrup and
Bayley, 2013; Holmstrup et al., 2015). The osmolytes increase the
overall osmolarity of the animals and thus prevent water loss, and in
springtails with highly permeable cuticle they even enable
absorption of water vapour. Orchesella, as a representative of
surface-dwelling (epedaphic) springtails, has a largely impermeable
cuticle and does not produce osmolytes (sugars and polyols) in
response to desiccation stress (Kearsgaard et al., 2004). This
suggests that this species would be more dependent on water
balance by the eversible vesicles. Determining the functional
roles of the eversible vesicles in osmoregulation of springtails
with diverse ecological adaptations will require experiments
that combine measurements of osmolarity and haemolymph
composition with measurements of ion transport across the vesicles.

An observation not anticipated from previous studies was the
secretion of NH,4 " (Fig. 3B). This suggests that the eversible vesicles
also function in nitrogen (metabolic) waste excretion. Generally,
terrestrial insects excrete nitrogen waste as urea or uric acid, and
aquatic insects excrete primarily NH3/NH, ", collectively known as
ammonia (O’Donnell and Donini, 2017). While excreting ammonia
is energetically advantageous, accumulation of this molecule in
tissues is toxic. In aquatic animals, ammonia is carried away by the
surrounding water. Perhaps the springtails use the opportunity to
release NH,4" into the free water in the soil while water and ions are
being absorbed (Fig. 5).

Measurements on whole body excretion rates of NH," were
previously done by an alternative method (Sjursen and Holmstrup,
2004) and indicated that this might be the most important nitrogen
waste product of springtails, as in other soil animals. It will be of
interest in future studies to examine effects of variations in dietary
nitrogen load and hydration status on NH," excretion by the vesicles.

Finally, we found that the eversible vesicles transport H ions,
although at relatively low levels (Fig. 3C and discussed above). This
result suggests that the epithelium might also function in acid—base
homeostasis (pH), similarly to the anal papillaec of mosquito larvae
(Donini and O’Donnell, 2005). We showed that H" is secreted in the
anterior part and that there is a lower level of H" absorption in the
posterior part. The difference in direction of the flux suggests that
there is a functional specialization between the anterior and posterior
part of the vesicles. It is worth noting that the H'-selective
microelectrode will detect transport of any ion that can buffer
protons, such as HCO5 ™. Thus, the detected regional heterogeneity of
H* transport may indicate transport of different ions. It is also worth
noting that the anterior half of the collophore and the vesicles contain
the ventral groove (linea ventralis). This groove in the cuticle extends
from the labial glands in the head and contains fluid excreted by the
glands (called urine), which contains uric acid (Hoffmann, 1905;
Verhoef et al., 1979, 1983). Possibly, the urine in the anterior of the
vesicles influences the H" concentration.

The eversible vesicles in the collophore are an important
part of springtail physiology

The eversible vesicles are a multifunctional epithelium (Imms,
1906; Hopkin, 1997). The absorption of water is clearly important

as it helps to speed up rehydration of animals living in the soil where
water content might be changeable. Arctic and Antarctic springtails
use dehydration as a strategy to survive extremely low temperature
(Cannon and Block, 1988; Worland et al., 2010; Serensen and
Holmstrup, 2011). When favourable conditions return, and the
springtails need to intake an amount of water, they ‘drink’ with both
their mouth and the vesicles (William Block, British Antarctic
Survey, personal communication).

A peculiar feature of springtail physiology is the absence of
Malpighian tubules (Humbert, 1974), a key insect organ for osmo-
and ionoregulation, acid-base balance and excretion. How can
springtails cope without them? In insects, the Malpighian tubules
(secretory epithelium) together with the hindgut (absorptive
epithelium) make the ‘functional kidney’. Although springtails
excrete nitrogen waste by accumulating it in the midgut epithelium
that is removed at each moult (springtails continue moulting as
adults) (Humbert, 1974, 1978), previous research suggests that the
labial glands and the eversible vesicles form the ‘kidney’ (Verhoef
et al., 1979, 1983). Whether the secretion from the labial glands is
re-absorbed at the eversible vesicles (Verhoef et al., 1983) is
unclear. This will be the subject of future research.

The protocols for the inverse Ramsay assay and SIET developed
here will enable future studies on the eversible vesicles. Together
with molecular genetic methods, they will help to identify what
specific transporters (such as ATPases, water and ion channels)
function in the organs (Chintapalli et al., 2013). SIET and the
methods developed in this paper may also be used in studies on the
absorption of soil pollutants, such as toxic metals, by springtails
(Hopkin, 1997; Roelofs et al., 2009).

Acknowledgements

Data were collected during B.K.’s visit to the lab of M.J.O.; she acknowledges all
members for hosting. B.K. thanks Simon Maddrell for a discussion on the project and
his suggestion of the inverse Ramsay assay and Michael Akam for mediating this
discussion. We thank Barry Denholm and William Block for comments on the draft.
B.K. thanks Kristen Panfilio and Gregor Bucher for financial support.

Competing interests
The authors declare no competing or financial interests.

Author contributions

Conceptualization: B.K.; Methodology: B.K., D.K., M.J.O.; Validation: B.K., D.K.;
Formal analysis: D.K.; Investigation: B.K., D.K., M.J.O.; Resources: B.K., D.K.,
M.J.O.; Writing - original draft: B.K.; Writing - review & editing: B.K., D.K., M.J.O;
Visualization: B.K., D.K.; Supervision: M.J.O.; Project administration: B.K., D.K.,
M.J.O.; Funding acquisition: M.J.O.

Funding

Research in M.J.O.’s laboratory was supported by a Discovery grant from the Natural
Science and Engineering Council of Canada (NSERC) and a Discovery
Accelerator Supplement (RGPIN-2015-05359). D.K. was supported by an NSERC
postdoctoral fellowship (PDF-516737-2018). B.K. was supported by a postdoctoral
stipend from the University of Cologne, laboratory of Kristen Panfilio (Deutsche
Forschungsgemeinschaft grant PA 2044/1-1) and a postdoctoral fellowship from the
the appointment funds, laboratory of Gregor Bucher (University of Géttingen).

References

Bayley, M. and Holmstrup, M. (1999). Water vapor absorption in arthropods by
accumulation of myoinositol and glucose. Science 285, 1909-1911. doi:10.1126/
science.285.5435.1909

Beyenbach, K. W. (2003). Transport mechanisms of diuresis in Malpighian tubules
of insects. J. Exp. Biol. 206, 3845-3856. doi:10.1242/jeb.00639

Bradley, T. J. (1983). Functional design of microvilli in the Malpighian tubules of the
insect Rhodnius prolixus. J. Cell. Sci. 60, 117-135.

Cannon, R. J. C. and Block, W. (1988). Cold tolerance of microarthropods. Biol.
Rev. 63, 23-77. doi:10.1111/j.1469-185X.1988.tb00468.x

Chintapalli, V. R., Wang, J., Herzyk, P., Davies, S. A. and Dow, J. A. T. (2013).
Data-mining the FlyAtlas online resource to identify core functional motifs across
transporting epithelia. BMC Genomics 14, 518. doi:10.1186/1471-2164-14-518

7

)
(@)}
9
§e
(2]
©
-+
c
()
£
—
()
o
x
NN
Y—
(©)
‘©
c
—
>
(®)
-_



https://doi.org/10.1126/science.285.5435.1909
https://doi.org/10.1126/science.285.5435.1909
https://doi.org/10.1126/science.285.5435.1909
https://doi.org/10.1242/jeb.00639
https://doi.org/10.1242/jeb.00639
https://doi.org/10.1111/j.1469-185X.1988.tb00468.x
https://doi.org/10.1111/j.1469-185X.1988.tb00468.x
https://doi.org/10.1186/1471-2164-14-518
https://doi.org/10.1186/1471-2164-14-518
https://doi.org/10.1186/1471-2164-14-518

RESEARCH ARTICLE

Journal of Experimental Biology (2019) 222, jeb200691. doi:10.1242/jeb.200691

Diamond, J. M. and Bossert, W. H. (1967). Standing-gradient osmotic flow. A
mechanism for coupling of water and solute transport in epithelia. J. Gen. Physiol.
50, 2061-2083. doi:10.1085/jgp.50.8.2061

Donini, A. and O’Donnell, M. J. (2005). Analysis of Na+, Cl-, K+, H+ and NH4+
concentration gradients adjacent to the surface of anal papillae of the mosquito
Aedes aegypti: application of self-referencing ion-selective microelectrodes.
J. Exp. Biol. 208, 603-610. doi:10.1242/jeb.01422

Dow, J. A., Maddrell, S. H., Gortz, A., Skaer, N. J., Brogan, S. and Kaiser, K.
(1994). The malpighian tubules of Drosophila melanogaster. a novel phenotype
for studies of fluid secretion and its control. J. Exp. Biol. 197, 421-428.

D’Silva, N. M., Donini, A. and O’Donnell, M. J. (2017). The roles of V-type H+-
ATPase and Na+/K+-ATPase in energizing K+ and H+ transport in larval
Drosophila gut epithelia. J. Insect Physiol. 98, 284-290. doi:10.1016/j.jinsphys.
2017.01.019

Eisenbeis, G. (1974). Licht- und elektronmikroskopische Untersuchungen zur
Ultrastruktur des Transportepithels am Ventraltubus arthropleoner Collembolen
(Insecta). Cytobiologie 9, 180-202. doi:10.1007/bf01880653

Eisenbeis, G. (1976). Zur Morphologie des Ventraltubus von Tomocerus-spp
(Collembola: Tomoceridae) unter besonderer Beriicksichtigung der Muskulatur,
der cuticularen Strukturen und der Ventralrinne. Int. J. Insect Morphol. Embryol. 5,
357-379. doi:10.1016/0020-7322(76)90011-8

Eisenbeis, G. (1982). Physiological absorption of liquid water by Collembola:
absorption by the ventral tube at different salinities. J. Insect Physiol. 28, 11-20.
doi:10.1016/0022-1910(82)90017-8

Eisenbeis, G. (1983). The water balance of Trigoniophthalmus alternatus
(Archaeognatha: Machilidae). Pedobiologia 25, 207-215.

Eisenbeis, G. and Wichard, W. (1975a). Feinstructureller und histochemischer
Nachweis des Transportepithels am Ventraltubus symphypleoner Collembolen
(Insecta, Collembola). Z. Morphol. Tiere 81, 103-110. doi:10.1007/BF00290074

Eisenbeis, G. and Wichard, W. (1975b). Histochemischer Chloridnachweis im
Transportepithel am Ventraltubus arthropleoner Collembolen. J. Insect Physiol.
21, 231-236. doi:10.1016/0022-1910(75)90082-7

Eisenbeis, G. and Wichard, W. (1977). Zur feinstrukturellen Anpassung des
Transportepithels am Ventraltubus von Collembolen bei unterschiedliches
Salinitét. Zoomorphologie 88, 175-188. doi:10.1007/BF01880653

Faddeeva-Vakhrusheva, A., Derks, M. F. L., Anvar, S. Y., Agamennone, V.,
Suring, W., Smit, S., van Straalen, N. M. and Roelofs, D. (2016). Gene family
evolution reflects adaptation to soil environmental stressors in the genome of the
collembolan Orchesella cincta. Genome Biol. Evol. 8, 2106-2117. doi:10.1093/
gbe/evw134

Favret, C., Tzaud, M., Erbe, E. F., Bauchan, G. R. and Ochoa, R. (2015). An
adhesive collophore may help direct the springtail jump. Ann. Entomol. Soc. Am.
108, 814-819. doi:10.1093/aesa/sav078

Gundersen, H., Leinaas, H. P. and Thaulow, C. (2017). Collembola cuticles and
the three-phase line tension. Beilstein J. Nanotechnol. 8, 1714-1722. doi:10.3762/
bjnano.8.172

Hoffmann, R. W. (1905). Uber den Ventraltubus von Tomocerus plumbeus L. und
seine Beziehung zu den gropen unteren Kopfdriisen. Ein Beitrag zur Kenntnis der
Collembolen. Zool. Anz. 28, 87-116.

Holmstrup, M. and Bayley, M. (2013). Protaphorura tricampata, a euedaphic and
highly permeable springtail that can sustain activity by osmoregulation during
extreme drought. J. Insect Physiol. 59, 1104-1110. doi:10.1016/j.jinsphys.2013.
08.015

Holmstrup, M., Sjursen, H., Ravn, H. and Bayley, M. (2001). Dehydration
tolerance and water vapour absorption in two species of soil-dwelling Collembola
by accumulation of sugars and polyols. Funct. Ecol. 15, 647-563. doi:10.1046/j.
0269-8463.2001.00565.x

Holmstrup, M., Slotsbo, S., Rozsypal, J., Henriksen, P. G. and Bayley, M. (2015).
Accumulation of free amino acids during exposure to drought in three springtail
species. J. Insect Physiol. 82, 114-121. doi:10.1016/j.jinsphys.2015.09.005

Hopkin, S. P. (1997). Biology of the Springtails (Insecta: Collembola). Oxford, UK:
Oxford University Press.

Houlihan, D. F. (1976). Water transport by the eversible abdominal vesicles
of Petrobius brevistylis. J. Insect Physiol. 22, 1683-1695. doi:10.1016/0022-
1910(76)90062-7

Humbert, W. (1974). Localisation, structure et genese des concretions minerals
dans le mesenteron des Collemboles Tomoceridae (Insecta, Collembola).
Z. Morphol. Tiere 78, 93-109. doi:10.1007/BF00298468

Humbert, W. (1978). Cytochemistry and X-Ray microprobe analysis of the midgut of
Tomocerus minor Lubbock (Insecta, Collembola) with special reference to the
physiological significance of the mineral concretions. Cell Tissue Res. 187,
397-416. doi:10.1007/BF00229605

Imms, A. D. (1906). Anurida. In Liverpool Marine Biology Committee. L.M.B.C.
memoirs on typical British marine plants and animals. No. 13 (ed. W. A. Herdman).
London: Williams and Norgate.

Jaeger, G. and Eisenbeis, G. (1984). pH-dependent absorption of solutions by the
ventral tube of Tomocerus flavescens (Tullberg, 1871) (Insecta, Collembola). Rev.
Ecol. Biol. Sol 21, 519-531. doi:10.1016/0022-1910(85)90043-5

Keersgaard, C. W., Holmstrup, M., Malte, H. and Bayley, M. (2004). The
importance of cuticular permeability, osmolyte production and body size for the

desiccation resistance of nine species of Collembola. J. Insect Physiol. 50, 5-15.
doi:10.1016/j.jinsphys.2003.09.003

Klein, G., Swennen, Q. and Van Kerkhove, E. (2008). Midgut electrophysiology of
a small insect (Orchesella cincta (L.) Collembola): regional differences. In
Molecules to Migration: The Pressures of Life (ed. S. Morris and A. Vosloo), pp.
111-129. Bologna: Medimond International Proceedings.

Kolosov, D., Piermarini, P. M. and O’Donnell, M. J. (2018a). Malpighian tubules of
Trichoplusia ni: recycling ions via gap junctions and switching between secretion
and reabsorption of Na(+) and K(+) in the distal ileac plexus. J. Exp. Biol. 221,
jeb172296. doi:10.1242/jeb.172296

Kolosov, D., Taugir, M., Rajaruban, S., Piermarini, P. M., Donini, A. and
O’Donnell, M. J. (2018b). Molecular mechanisms of bi-directional ion transport in
the Malpighian tubules of a lepidopteran crop pest, Trichoplusia ni. J. Insect
Physiol. 109, 55-68. doi:10.1016/j.jinsphys.2018.06.005

Konopova, B. and Akam, M. (2014). The Hox genes Ultrabithorax and abdominal-
A specify three different types of abdominal appendage in the springtail
Orchesella cincta (Collembola). Evodevo 5, 2. doi:10.1186/2041-9139-5-2

Maddrell, S. H. P. (1969). Secretion by the Malpighian tubules of Rhodnius. The
movements of ions and water. J. Exp. Biol. 51, 71-97.

Maddrell, S. H. P. (1991). The fastest fluid-secreting cell known: the upper
malpighian tubule of Rhodnius. BioEssays 13, 357-362. doi:10.1002/bies.
950130710

Messerli, M. A., Robinson, K. R. and Smith, P. J. S. (2006). Electrochemical
sensor applications to the study of molecular physiology and analyte flux in plants.
In Plant Electrophysiology: Theory and Methods (ed. A. G. Volkov), pp. 73-107.
Berlin, Heidelberg: Springer Berlin Heidelberg.

Misof, B., Liu, S., Meusemann, K., Peters, R. S., Donath, A., Mayer, C.,
Frandsen, P. B., Ware, J., Flouri, T., Beutel, R. G. et al. (2014). Phylogenomics
resolves the timing and pattern of insect evolution. Science 346, 763-767. doi:10.
1126/science.1257570

Naikkhwah, W. O’Donnell, M. J. (2011). Salt stress alters fluid and ion transport by
Malpighian tubules of Drosophila melanogaster: evidence for phenotypic
plasticity. J. Exp. Biol. 214, 3443-3454. doi:10.1242/jeb.057828

Naikkhwah, W. and O’Donnell, M. J. (2012). Phenotypic plasticity in response to
dietary salt stress: Na+ and K+ transport by the gut of Drosophila melanogaster
larvae. J. Exp. Biol. 215, 461-470. doi:10.1242/jeb.064048

Nguyen, H. and Donini, A. (2010). Larvae of the midge Chironomus riparius
possess two distinct mechanisms for ionoregulation in response to ion-poor
conditions. Am. J. Physiol. Regul. Integr. Comp. Physiol. 299, R762-R773. doi:10.
1152/ajpregu.00745.2009

Noble-Nesbitt, J. (1963a). Transpiration in Podura aquatica L. (Collembola,
Isotomidae) and the wetting properties of its cuticle. J. Exp. Biol. 40, 681-700.

Noble-Nesbitt, J. (1963b). A site of water and ionic exchange with the medium in
Podura aquatica L. (Collembola, Isotomidae). J. Exp. Biol. 40, 701-711.

Nutman, S. R. (1941). Function of the ventral tube in Onychiurus armatus
(Collembola). Nature 148, 168-169. doi:10.1038/148168b0

O’Donnell, M. J. (2009). Too much of a good thing: how insects cope with excess
ions or toxins in the diet. J. Exp. Biol. 212, 363-372. doi:10.1242/jeb.023739

O’Donnell, M. and Donini, A. (2017). Nitrogen excretion and metabolism in insects.
In Acid-base balance and nitrogen excretion in invertebrates (ed. D. Weihrauch
and M. O’'Donnell), pp. 109-126. Cham: Springer International Publishing.

O’Donnell, M. J. and Ruiz-Sanchez, E. (2015). The rectal complex and Malpighian
tubules of the cabbage looper (Trichoplusia ni): regional variations in Na+ and K+
transport and cation reabsorption by secondary cells. J. Exp. Biol. 218,
3206-3214. doi:10.1242/jeb.128314

Pacey, E. K. and O’Donnell, M. J. (2014). Transport of H(+), Na(+) and K(+) across
the posterior midgut of blood-fed mosquitoes (Aedes aegypti). J. Insect Physiol.
61, 42-50. doi:10.1016/j.jinsphys.2013.12.008

Paluzzi, J.-P., Vanderveken, M. and O’Donnell, M. J. (2014). The heterodimeric
glycoprotein hormone, GPA2/GPBS5, regulates ion transport across the hindgut of
the adult mosquito, Aedes aegypti. PLoS ONE 9, e86386. doi:10.1371/journal.
pone.0086386

Philips, J. (1981). Comparative physiology of insect renal function. Am. J. Physiol.
241, R241-R257.

Piferos, M. A., Schaff, J. E. and Kochian, L. V. (1998). Development,
characterization, and application of cadmium-selective microelectrode for the
measurement of cadmium fluxes in roots of Thlaspi species and wheat. Plant
Physiol. 116, 1393-1401. doi:10.1104/pp.116.4.1393

Ramsay, J. A. (1954). Active transport of water by the Malpighian tubules of the stick
insect, Dixippus morosus (Orthoptera, Phasmidae). J. Exp. Biol. 31, 104-113.

Robertson, L., Donini, A. and Lange, A. B. (2014). K+ absorption by locust gut and
inhibition of ileal K+ and water transport by FGLamide allatostatins. J. Exp. Biol.
217, 3377-3385. doi:10.1242/jeb.101774

Robinson, R. A. and Stokes, R. M. (1968). Electrolyte Solutions. London, UK:
Butterworths.

Roelofs, D., Janssens, T. K., Timmermans, M. J., Nota, B., Marién, J.,
Bochdanovits, Z., Yistra, B. and Van Straalen, N. M. (2009). Adaptive
differences in gene expression associated with heavy metal tolerance in the soil
arthropod Orchesella cincta. Mol. Ecol. 18, 3227-3239. doi:10.1111/j.1365-294X.
2009.04261.x

)
(@)}
9
§e
(2]
©
-+
c
()
£
—
()
o
x
NN
Y—
(©)
‘©
c
—
>
(®)
-_


https://doi.org/10.1085/jgp.50.8.2061
https://doi.org/10.1085/jgp.50.8.2061
https://doi.org/10.1085/jgp.50.8.2061
https://doi.org/10.1242/jeb.01422
https://doi.org/10.1242/jeb.01422
https://doi.org/10.1242/jeb.01422
https://doi.org/10.1242/jeb.01422
https://doi.org/10.1016/j.jinsphys.2017.01.019
https://doi.org/10.1016/j.jinsphys.2017.01.019
https://doi.org/10.1016/j.jinsphys.2017.01.019
https://doi.org/10.1016/j.jinsphys.2017.01.019
https://doi.org/10.1007/bf01880653
https://doi.org/10.1007/bf01880653
https://doi.org/10.1007/bf01880653
https://doi.org/10.1016/0020-7322(76)90011-8
https://doi.org/10.1016/0020-7322(76)90011-8
https://doi.org/10.1016/0020-7322(76)90011-8
https://doi.org/10.1016/0020-7322(76)90011-8
https://doi.org/10.1016/0022-1910(82)90017-8
https://doi.org/10.1016/0022-1910(82)90017-8
https://doi.org/10.1016/0022-1910(82)90017-8
https://doi.org/10.1007/BF00290074
https://doi.org/10.1007/BF00290074
https://doi.org/10.1007/BF00290074
https://doi.org/10.1016/0022-1910(75)90082-7
https://doi.org/10.1016/0022-1910(75)90082-7
https://doi.org/10.1016/0022-1910(75)90082-7
https://doi.org/10.1007/BF01880653
https://doi.org/10.1007/BF01880653
https://doi.org/10.1007/BF01880653
https://doi.org/10.1093/gbe/evw134
https://doi.org/10.1093/gbe/evw134
https://doi.org/10.1093/gbe/evw134
https://doi.org/10.1093/gbe/evw134
https://doi.org/10.1093/gbe/evw134
https://doi.org/10.1093/aesa/sav078
https://doi.org/10.1093/aesa/sav078
https://doi.org/10.1093/aesa/sav078
https://doi.org/10.3762/bjnano.8.172
https://doi.org/10.3762/bjnano.8.172
https://doi.org/10.3762/bjnano.8.172
https://doi.org/10.1016/j.jinsphys.2013.08.015
https://doi.org/10.1016/j.jinsphys.2013.08.015
https://doi.org/10.1016/j.jinsphys.2013.08.015
https://doi.org/10.1016/j.jinsphys.2013.08.015
https://doi.org/10.1046/j.0269-8463.2001.00565.x
https://doi.org/10.1046/j.0269-8463.2001.00565.x
https://doi.org/10.1046/j.0269-8463.2001.00565.x
https://doi.org/10.1046/j.0269-8463.2001.00565.x
https://doi.org/10.1016/j.jinsphys.2015.09.005
https://doi.org/10.1016/j.jinsphys.2015.09.005
https://doi.org/10.1016/j.jinsphys.2015.09.005
https://doi.org/10.1016/0022-1910(76)90062-7
https://doi.org/10.1016/0022-1910(76)90062-7
https://doi.org/10.1016/0022-1910(76)90062-7
https://doi.org/10.1007/BF00298468
https://doi.org/10.1007/BF00298468
https://doi.org/10.1007/BF00298468
https://doi.org/10.1007/BF00229605
https://doi.org/10.1007/BF00229605
https://doi.org/10.1007/BF00229605
https://doi.org/10.1007/BF00229605
https://doi.org/10.1016/0022-1910(85)90043-5
https://doi.org/10.1016/0022-1910(85)90043-5
https://doi.org/10.1016/0022-1910(85)90043-5
https://doi.org/doi
https://doi.org/doi
https://doi.org/doi
https://doi.org/doi
https://doi.org/10.1242/jeb.172296
https://doi.org/10.1242/jeb.172296
https://doi.org/10.1242/jeb.172296
https://doi.org/10.1242/jeb.172296
https://doi.org/10.1016/j.jinsphys.2018.06.005
https://doi.org/10.1016/j.jinsphys.2018.06.005
https://doi.org/10.1016/j.jinsphys.2018.06.005
https://doi.org/10.1016/j.jinsphys.2018.06.005
https://doi.org/10.1186/2041-9139-5-2
https://doi.org/10.1186/2041-9139-5-2
https://doi.org/10.1186/2041-9139-5-2
https://doi.org/10.1002/bies.950130710
https://doi.org/10.1002/bies.950130710
https://doi.org/10.1002/bies.950130710
https://doi.org/10.1126/science.1257570
https://doi.org/10.1126/science.1257570
https://doi.org/10.1126/science.1257570
https://doi.org/10.1126/science.1257570
https://doi.org/10.1242/jeb.057828
https://doi.org/10.1242/jeb.057828
https://doi.org/10.1242/jeb.057828
https://doi.org/10.1242/jeb.064048
https://doi.org/10.1242/jeb.064048
https://doi.org/10.1242/jeb.064048
https://doi.org/10.1152/ajpregu.00745.2009
https://doi.org/10.1152/ajpregu.00745.2009
https://doi.org/10.1152/ajpregu.00745.2009
https://doi.org/10.1152/ajpregu.00745.2009
https://doi.org/10.1038/148168b0
https://doi.org/10.1038/148168b0
https://doi.org/10.1242/jeb.023739
https://doi.org/10.1242/jeb.023739
https://doi.org/10.1242/jeb.128314
https://doi.org/10.1242/jeb.128314
https://doi.org/10.1242/jeb.128314
https://doi.org/10.1242/jeb.128314
https://doi.org/10.1016/j.jinsphys.2013.12.008
https://doi.org/10.1016/j.jinsphys.2013.12.008
https://doi.org/10.1016/j.jinsphys.2013.12.008
https://doi.org/10.1371/journal.pone.0086386
https://doi.org/10.1371/journal.pone.0086386
https://doi.org/10.1371/journal.pone.0086386
https://doi.org/10.1371/journal.pone.0086386
https://doi.org/10.1104/pp.116.4.1393
https://doi.org/10.1104/pp.116.4.1393
https://doi.org/10.1104/pp.116.4.1393
https://doi.org/10.1104/pp.116.4.1393
https://doi.org/10.1242/jeb.101774
https://doi.org/10.1242/jeb.101774
https://doi.org/10.1242/jeb.101774
https://doi.org/10.1111/j.1365-294X.2009.04261.x
https://doi.org/10.1111/j.1365-294X.2009.04261.x
https://doi.org/10.1111/j.1365-294X.2009.04261.x
https://doi.org/10.1111/j.1365-294X.2009.04261.x
https://doi.org/10.1111/j.1365-294X.2009.04261.x

RESEARCH ARTICLE

Journal of Experimental Biology (2019) 222, jeb200691. doi:10.1242/jeb.200691

Rusek, J. (1998). Biodiversity of Collembola and their functional role in the
ecosystem. Biodivers. Conserv. 7, 1207-1219. doi:10.1023/A:1008887817883
Schreiber, R. F. and Eisenbeis, G. (1985). The uptake of organic molecules by the
ventral tube of Tomocerus flavescens (Tullberg, 1871) (Insecta: Collembola).

J. Insect Physiol. 31, 59-70. doi:10.1016/0022-1910(85)90043-5

Schouten, A. J. and van der Brugge, I. R. (1989). Acute toxiciteit van aluminium en
H*-ionen concentratie voor bodemnematoden uit een zuur en kalkrijk dennenbos.
Ontwikkeling en toepassing van een toets in waterig medium. Report Number
718603001, National Institute of Public Health and Environmental Protection,
Bilthoven, the Netherlands.

Sjursen, H. and Holmstrup, M. (2004). Direct measurement of ammonium
excretion in soil microarthropods. Funct. Ecol. 18, 612-615. doi:10.1111/j.0269-
8463.2004.00877.x

Sorensen, J. G. and Holmstrup, M. (2011). Cryoprotective dehydration is
widespread in Arctic springtails. J. Insect Physiol. 57, 1147-1153. doi:10.1016/.
jinsphys.2011.03.001

Uemiya, H. and Ando, H. (1987). Embryogenesis of a springtail, Tomocerus
ishibashii (Collembola, Tomoceridae): external morphology. J. Morphol. 191,
37-48. doi:10.1002/jmor.1051910105

Verhoef, H. A. (1981). Water balance in Collembola and its relation to habitat
selection: Water content, haemolymph osmotic pressure and transpiration during
an instar. J. Insect Physiol. 27, 755-760. doi:10.1016/0022-1910(81)90065-2

Verhoef, H. A. and Prast, J. E. (1989). Effect of dehydration on osmotic and ionic
regulation in Orchesella cincta (L.) and Tomocerus minor (Lubbock) (Collembola)
and the role of the coelomoduct kidneys. Comp. Biochem. Physiol. 93A, 691-694.
doi:10.1016/0300-9629(89)90485-4

Verhoef, H. A., Bosman, C., Bierenbroodspot, A. and Boer, H. H. (1979).
Ultrastructure and function of the labial nephridia and the rectum of Orchesella
cincta (L.) (Collembola). Cell Tissue Res. 198, 237-246. doi:10.1007/BF00232007

Verhoef, H. A., Witteveen, J., Van Dert Woude, H. A. and Joosse, E. N. G. (1983).
Morphology and function of the ventral groove of Collembola. Pedobiologia 25, 3-9.

Witteveen, J., Verhoef, H. A. and Letschert, J. P. W. (1987). Osmotic and ionic
regulation in marine littoral Collembola. J. Insect Physiol. 33, 59-66. doi:10.1016/
0022-1910(87)90105-3

Worland, M. R., Grubor-Laj$i¢, G., Pura¢, J., Thorne, M. A. S. and Clark, M. S.
(2010). Cryoprotective dehydration: clues from an Insect. In Dormancy and
Resistance in Harsh Environments. Topics in Current Genetics 21 (ed. E.
Lubzens J. Cerda and M. Clark), pp. 147-163. Berlin, Heidelberg: Springer.

>

(@)}
9
2
(2]
©
o+
c
(]
£
-
()

o
x
NN
Y—
(©)
©
c
S
>
(®)
_


https://doi.org/10.1023/A:1008887817883
https://doi.org/10.1023/A:1008887817883
https://doi.org/10.1016/0022-1910(85)90043-5
https://doi.org/10.1016/0022-1910(85)90043-5
https://doi.org/10.1016/0022-1910(85)90043-5
https://doi.org/10.1111/j.0269-8463.2004.00877.x
https://doi.org/10.1111/j.0269-8463.2004.00877.x
https://doi.org/10.1111/j.0269-8463.2004.00877.x
https://doi.org/10.1016/j.jinsphys.2011.03.001
https://doi.org/10.1016/j.jinsphys.2011.03.001
https://doi.org/10.1016/j.jinsphys.2011.03.001
https://doi.org/10.1002/jmor.1051910105
https://doi.org/10.1002/jmor.1051910105
https://doi.org/10.1002/jmor.1051910105
https://doi.org/10.1016/0022-1910(81)90065-2
https://doi.org/10.1016/0022-1910(81)90065-2
https://doi.org/10.1016/0022-1910(81)90065-2
https://doi.org/10.1016/0300-9629(89)90485-4
https://doi.org/10.1016/0300-9629(89)90485-4
https://doi.org/10.1016/0300-9629(89)90485-4
https://doi.org/10.1016/0300-9629(89)90485-4
https://doi.org/10.1007/BF00232007
https://doi.org/10.1007/BF00232007
https://doi.org/10.1007/BF00232007
https://doi.org/10.1016/0022-1910(87)90105-3
https://doi.org/10.1016/0022-1910(87)90105-3
https://doi.org/10.1016/0022-1910(87)90105-3

