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Although significant progress has been made using insect taxa as model organisms, non-

© tracheated terrestrial arthropods, such as Collembola, are underrepresented as model species. This
underrepresentation reflects the difficulty in maintaining populations of specialist Collembola species
in the laboratory. Until now, no species from the family Neanuridae have been successfully reared.
Here we use controlled growth experiments to provide explicit evidence that the species Neanura
muscorum can be raised under laboratory conditions when its diet is supplemented with slime mould.
Significant gains in growth were observed in Collembola given slime mould rather than a standard

. diet of algae-covered bark. These benefits are further highlighted by the reproductive success of

: the experimental group and persistence of laboratory breeding stocks of this species and others
in the family. The necessity for slime mould in the diet is attributed to the ‘suctorial’ mouthpart
morphology characteristic of the Neanuridae. Maintaining laboratory populations of neanurid
Collembola species will facilitate their use as model organisms, paving the way for studies that will
broaden the current understanding of the environmental physiology of arthropods.

© Much progress in understanding the evolution of environmental tolerances has been made by integrating
- the outcomes of work on model organisms with investigations of non-model taxa. Work on Drosophila,
. which includes the model D. melanogaster, provides a compelling example!?. However, to determine
. how general the findings are from such studies, investigations across a range of other taxa are required.
Significant progress has been made in understanding the diversity of environmental responses in other
insect taxa** and non-arthropod groups®~”’, but for other terrestrial arthropods much remains unknown.
This is especially true for non-tracheated arthropods, such as springtails and spiders, and for those that
occupy important, but oft-underexplored habitats, such as soil and leaf litter.
The establishment of experimentally tractable populations, comparable to those of Drosophila, of
. novel taxa that occupy understudied habitats will help to address the challenges posed in generalising
. the findings of model organism studies. The broad geographic distribution of springtails® (Collembola;
. Arthropoda: Hexapoda), combined with their high abundances (up to 10°m™ in temperate regions®)
. and diversity'®!!, make them ideal organisms to fill this role. At least three Collembola species have
. been widely established as model organisms (Folsomia candida, Hypogastrura tullbergi, and Orchesella
. cincta'?"1), with a range of work also being done on field populations of these species!’*. A growing
. body of work likewise concerns the environmental tolerances of a range of springtail species, especially
. from temperate and polar environments®-*. Nonetheless, much remains to be known about this diverse
group, particularly in the context of responses of these soil dwellers to rapidly changing environments®.
Successfully maintaining laboratory cultures requires knowledge of how to maintain healthy,
disease-free laboratory colonies, and to avoid problems such as inbreeding and laboratory adaptation®*.
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Figure 1. Diagrammatic representation of the experimental design used in this study.

For some springtail species, including the three laboratory models, this knowledge is available given their
long history of culture'”. However, these species possess the more-typical ‘mandibulate’ mouthpart
morphology®?® associated with a generalist diet that may vary depending on resource availability®**.
In contrast, little is known of Collembola species that deviate from the typical ‘mandibulate’ mouthpart
morphology, such as those of the family Neanuridae.

Neanuridae, with c. 1417 species in 161 genera®, comprises about 20% of Collembola species!!. Unlike
their more generalist counterparts, the Neanuridae have ‘suctorial’ mouthparts?®*>*®, and have proven
difficult to culture in the laboratory. Neanurids apparently incorporate slime moulds into their diet**%’,
but whether slime moulds are their primary resource, ensuring growth and survival, or are incidental to
their diet remains uncertain. Other arthropod taxa, such as the aptly named slime mould beetles (e.g.
Agathidium spp.; Coleoptera, Leiodidae), rely almost exclusively on slime mould as a nutrient resource®.
The rearing of any neanurid Collembola species on a diet of slime mould has not been reported and
attempts to keep neanurids in the laboratory on generalist diets have proven unsuccessful, with no feed-
ing or reproductive behaviour observed®. In consequence, a diverse family of Collembola, which offers
the possibility of additional insights into the evolution and life history of this important class of soil
organisms, has to date largely been unavailable for laboratory investigation. Here we directly examine the
extent to which Neanuridae can survive, grow, and reproduce on slime moulds using Neanura muscorum
(Templeton, 1835) as a representative organism with a view to extend this technique to rear other nea-
nurid species. Specifically we establish a broadly applicable rearing method for this family, so improving
its tractability as a source of model organisms to broaden current understanding of the environmental
tolerances of soil invertebrates.

Methods

Leaf litter was collected in December 2013 from the Monash University, Clayton campus (Victoria,
Australia; 37.9119°S, 145.1317°E). Invertebrates were extracted from litter using Berlese-Tullgren fun-
nels®. Neanura muscorum individuals (n=31) were identified using morphological characteristics and
placed into closed 70ml containers with a plaster of Paris and charcoal (9:1) substratum. This sub-
stratum was regularly saturated with reverse osmosis treated water to maintain humidity*’. Containers
were kept in temperature-controlled rooms set at 15°C (mean/sd: 14.64 £ 0.61 °C; verified with iBut-
ton Hygrochron® temperature/humidity loggers, Maxim Integrated, San Jose, USA) on a 12:12hour
light:dark photoperiod.

Parental lines (FO) were provided with a combined diet of slime mould (Physarum polycephalum;
cultured on 1.5% agarose media at 25°C on a diet of oats) and algae-covered plane tree (Platanus sp.)
bark ad libitum. The latter is a standard diet used in rearing other Collembola species, which enables
individuals to select amongst a range of algae, cyanobacteria, and fungi to reach their optimal nutri-
ent target'>*?”. Collembola cultures were checked daily and eggs were removed to new containers and
incubated in the temperature-controlled room until hatching. Four batches of first-generation (F1) eggs
were used for experiments (Fig. 1). Subsequent clutches were combined and raised as a F1 breeding
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population under identical conditions to the parental line. Five batches of eggs laid by the F1 breeding
population were then used to create F2 populations for a repetition of the experiments undertaken with
the F1 generation (Fig. 1). Neanura muscorum F2 individuals that were not used for experimentation
were pooled and kept as laboratory stocks. These stocks continue to be maintained on a combined slime
mould and algae-covered plane tree bark diet.

Experimental design. On hatching, individuals from each F1 and F2 batch were randomly assigned
to either a control or an experimental group and raised in group and batch-specific containers. The con-
trol group were exclusively given algae-covered plane tree bark and the experimental group were given
only slime mould (P. polycephalum). Individuals sharing a container, hereafter referred to as a sub-group
(Fig. 1), were of a similar age (£2 days old). In total, four F1 batches and five F2 batches were divided
into nine control and nine experimental sub-groups of N. muscorum in a pairwise design. Owing to
the number of newly hatched individuals available at the founding stage, sub-group size was variable
amongst batches (6-40 individuals, median 12.5). However, the pairwise design of this study meant the
number of individuals in paired control and experimental sub-groups (e.g. E1 and C1, E2 and C2; Fig. 1)
was approximately equal (£1 individual). Food was supplied ad libitum and containers were checked
every second day to replenish food and water and check for eggs.

Multiple photographs of each sub-group (e.g. Fig. 2) were taken on a weekly basis using a calibrated
microscope (M205C, Leica Microsystems, Wetzlar, Germany). Measurements of total body length (ante-
rior of the head segment to the posterior of the ultimate abdominal segment) were made from these
photographs using Leica Application Suite Software (Leica Microsystems). We aimed to photograph and
measure at least five individuals from each sub-group. For large sub-groups, one photograph often cap-
tured more than five individuals so all specimens within the photograph were measured. Due to mor-
tality, some of the smaller sub-groups contained fewer than five individuals toward the end of the study,
in which case all individuals were photographed and measured. Measurements continued on a weekly
basis until either the control or experimental sub-group was determined to have reached sexual maturity.
The date of first egg-laying was noted for all sub-groups and all eggs were counted and removed to an
incubator to determine their viability.

Statistical Analyses. Second order robust least-squares regression models*! were fitted to body-length
measurements taken at regular time intervals to produce four separate growth curves for control and
experimental F1 and F2 sub-groups. Robust statistics were used to account for data heteroscedasticity.
Second order models were chosen to provide the best fit to sub-group growth curves, particularly to cap-
ture the expected asymptote in the curves as maturity is reached'>". Robust F-tests were used to compare
between fitted models and assess the effect of both treatment and generation. Cohen’s d was calculated
as a measure of effect size. The effect of treatment as a factor was tested using within-generation com-
parisons, while generation effects were tested using within-treatment comparisons. Bonferroni correction
was applied for all significance testing. All analyses were performed in R statistical software*?.

Results
Only sub-groups of N. muscorum given the P. polycephalum slime mould diet reached sexual maturity
and laid eggs. Six out of nine of these sub-groups laid eggs while the three remaining sub-groups, despite
appearing to be of comparable maturity, did not. This may be attributed to the relatively small size of
these sub-groups, which was dictated by the number of eggs available at the time of founding. F1 exper-
imental sub-groups laid eggs at a younger age than their F2 counterparts (mean/sd age at first egg laying:
52.5+5.20 and 75 =+ 14.14 days respectively; Fig. 3), but individuals in F2 sub-groups were smaller than
those in F1 sub-groups when viable eggs were laid.

At the conclusion of the experiment, sub-groups ranged from 78 to 110 days old. The mean body length
of individuals from the experimental (slime mould-fed) F1 sub-groups was 1.66 mm (sd £ 0.29 mm),
while the control (bark-fed) group had a mean body size of 0.83mm (sd £+ 0.11 mm) at the end of the
experimental period. This contrast in final body size of experimental and control sub-groups was mir-
rored in the F2 generation (1.18 £+ 0.27 mm and 0.796 + 0.09 mm, respectively). Fitted models demon-
strated differences in growth rate between treatment groups and generations (Fig. 3). Both the F1 and
F2 sub-groups feeding on slime mould showed significantly faster growth rates than their control coun-
terparts (interaction between time since hatching and treatment; F1, F; 45, =793.62, p < 0.0001, Cohen’s
d=1.9372; F2, F; o4 =363.51, p<0.0001, d=1.2657). Generation effects were also observed with F1
individuals growing faster than those in the F2 sub-groups (interaction between time since hatching
and generation; slime, F; ¢4 = 628.33, p < 0.0001, d = 1.631; bark, F; 5,,=75.44, p < 0.0001, d = 0.6082).
As of February 2015 N. muscorum laboratory stocks had produced fourth generation (F4) individuals.

Discussion

The importance of slime moulds in the diet of the Neanuridae has been suggested previously, but clear
evidence for them as a primary food source has been lacking. Owing to the similarities in the habitats
occupied by neanurid Collembola and slime moulds, both are frequently found in in damp litter, soil,
or logs®#®, it is perhaps unsurprising that Neanuridae can utilise slime mould as a nutritional resource.
Anecdotal observations®~*” and stable isotope studies*** have lent support to the idea that they might be
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Figure 2. Photographs representing various Neanura muscorum growth-stages.Neanura muscorum
hatchling (a <1 day old), juvenile N. muscorum before first moult (b <5 days old), and adult N. muscorum

laying eggs (c).

important, but here we present explicit evidence that at least one species of the family, Neanura musco-
rum, is able grow and reproduce when given a diet of slime mould. When given slime mould, significant
gains in growth rate over bark-fed counterparts were observed. The benefits of a slime mould diet are
further highlighted by the reproductive success of the experimental group. Six out of nine experimental
sub-groups given slime mould produced viable eggs and healthy, reproductively active sub-groups of N.
muscorum continue to persist in the laboratory on a diet including a slime mould. In contrast, growth is
inhibited and no reproduction occurs when the slime mould resource is absent.

Based on the shared mouthpart morphology across the Neanuridae it is likely that the dependence
on slime mould holds true for other members of the family. Previous studies on mouthpart morphol-
0gy*>* and feeding behaviour®*¢%7 of other members of this family further suggest that this is the case.
Members of the Neanuridae have ‘suctorial’ mouthparts (sensu Macnamara®®) and, unlike the major-
ity of Collembola families, lack a molar plate, which is necessary to process hard food items*. The
molar plate enables non-neanurid Collembola to subsist on a generalist diet*”*, and hence be reared on
standard algae-covered bark and yeast diets'>'*¥. By contrast, Neanuridae mouthparts form a tube-like
structure?®™° that is better suited for piercing and sucking®. Neanurids also lack the necessary enzymes
to digest fungal cell walls*” and stable-nitrogen isotope analyses indicate that Neanuridae species have
higher protein content in their diets than other springtail taxa***. Therefore, neanurid springtails require
protein-rich fluid-based diets or small particles in suspension'®#”>!, Slime moulds clearly fit this descrip-
tion.

As evidenced here, P. polycephalum is a viable food source for lab-rearing N. muscorum. Neanura mus-
corum is one of the most common and widespread Collembola in Europe and is invasive in many parts
of the world®, including Australia. It is also the only member of the subfamily Neanurinae that is known
to be parthenogenetic®*™. It can therefore be argued that N. muscorum is easier to keep and breed than
other species of Neanuridae owing to the broad environmental tolerance associated with being invasive,
and the reproductive flexibility afforded by parthenogenesis®*. However, when used to supplement the
standard algae-covered bark diet, slime mould has also been used to rear six other species across different
tribes in the Neanuridae (Table 1; Supplementary Information online). The successful rearing of other,
indigenous and non-parthenogenetic, Neanuridae species demonstrates that N. muscorum represents the
rule rather than the exception.

The intergenerational differences in growth-rate and onset of reproduction found for N. muscorum
may be due to differences in maternal and grandmaternal investment, although other factors may also
be important. F1 individuals that were fed the slime mould P. polycephalum grew significantly faster than
their F2 counterparts and reproduced at a much younger age. However, when F2 individuals ultimately
reached reproductive maturity they were substantially smaller than reproductively active F1 individuals.
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Figure 3. Body length change over time for two generations (F1, F2) of Neanura muscorum. Red points
represent the experimental group provided with slime mould diet, blue points represent the control group
on algae-covered plane tree bark. Fitted models shown with 95% confidence intervals (F1: experimental,
y=1.4205+6.1211 x — 1.5328 x2, weighted-R?= 0.6906; control, y=0.7486 + 0.9638 x+ 0.1662 x?,
wR?=0.6315. F2: experimental, y=0.9771 + 3.8062 x+ 1.0992 x*, wR>=0.6976; control, y=0.7181+ 0.4565
x+ 0.3624 x%, wR?=0.7575. Shaded area represents respective F1 or F2 sub-group age range at first egg
laying event.

Although less pronounced, differences in growth rate were mirrored in the control, bark-fed, group.
Folsomia candida exhibits remarkable flexibility in its reproductive investment in response to food supply
and crowding™, and food availability influences age at maturity and reproductive output through mater-
nal and grandmaternal effects®. Comparable transgenerational effects arising from nutrient variability
have been found to span at least two generations in Drosophila melanogaster™”>%. The parents of F1 and
F2 study-groups (FO and F1 respectively) were raised on identical diets of slime mould and algae-covered
plane tree bark in plentiful supply. While we know grandparents of F2 groups (F0) were also given this
diet, grandparents of F1 groups were wild and their diet and nutritional intake is unknown. It is there-
fore possible that maternal and grandmaternal effects, comparable to those reported for F candida®, are
contributing toward the generational differences reported in this study. A test of this hypothesis was not
possible, however, unpublished results indicate a growth trajectory in the F3 generation similar to that
of the F2 generation.

On initial assessment the inter-generation differences observed in this study suggest that slime mould
is a sub-optimal resource for N. muscorum as the F2 generation mature later and at a smaller size than
their F1 counterparts, which is characteristic of depreciating diet quality in F. candida®®. However, two
important factors must be considered that strongly support slime mould as a food source. First, we have
reared N. muscorum to four generations on this diet and, although viability of offspring was highly varia-
ble for all generations, no obvious decline in viability was observed amongst generations. Successful rear-
ing and maintenance would not be possible if insufficient nutrition was provided. The bark-fed control
group demonstrate that, when nutritional resources are poor, little growth and no reproduction occurs.
Second, the control group also show a decrease in growth rate and body-length. This second point in
particular suggests that the inter-generation differences are due to the aforementioned parental effects or
to unknown laboratory-effects rather than resource limitation of slime mould. Various laboratory effects
have been documented in cultures of Drosophila®***% and, while it is suggested that caution is needed
when extrapolating from model organism studies, these effects are generally believed to have negligible
impacts.

Our success in creating a laboratory culture of N. muscorum using a slime mould diet provides us
with a methodology that can be used to culture other members of the Neanuridae family in a laboratory
setting. Alternative nutritional resources, or resource combinations, may provide further gains over a
slime mould diet, but have not been tested. While algae-covered bark is clearly not a suitable food source
for neanurid springtails it may have value beyond that of a nutrient resource in providing shelter or an
egg-laying surface. Therefore, we suggest that providing bark, or an inert alternative, alongside the slime
mould diet will better replicate the natural habitat of leaf litter or decaying wood in which Collembola
are found®. We have utilised this feeding regime to raise an additional six Neanuridae species (Table 1;
Supplementary Information online), and it may also be used to rear other Collembola species with suc-
torial mouthparts. This new method will facilitate the future use of neanurid Collembola as model taxa,

SCIENTIFIC REPORTS | 5:11957 | DOI: 10.1038/srep11957 5



www.nature.com/scientificreports/

Neanurinae Neanurini Neanura muscorum F4
Neanurinae Paleonurini ?Australonura sp. F3
Neanurinae Paleonurini Unknown sp. 1 F2
Neanurinae Anuridini Anurida c.f. granaria F2
Pseudachorutinae Pseudochorutini ?Pseudachorutes sp. F2
Neanurinae Lobellini Unknown sp. 2 F2
Neanurinae Lobellini Unknown sp. 3 F2

Table 1. Species of Neanuridae (Collembola) that have been successfully reared on a diet of slime
mould and algae-covered bark using the methods recommended in this study. Latest generations as of
February 2015. All lines are ongoing. See Supplementary Table 1 online for sample collection data.

so providing further opportunities to broaden current understanding of the environmental physiology
of arthropods by integrating investigations of model and non-model species.
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