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living close to the equator. Those that are ectotherms, including insects, are generally
unab
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# The metric temperature scale introduced by Anders Celsius is based on prominent phase
changes of water; freezing at 0 °C and boiling at 100 °C at 1 atmosphere pressure. () Water phase
changes, solid from vapour, vapour from liquid, and liquid from solid, reflect temperature and
pressure. These meet at a single point called the triple point, where all three phases can coexist. (&)
However, supercooling of water occurs when temperature reduction below 0 °C is not accompanied
by crystallization. In biological systems the formation of ice decreases the density by nearly ~9%,
leading to an increase in volume of the crystalline structure (ice) that can disrupt tissues. Density
changes are illustrated over the ~40 °C range likely to be experienced by New Zealand alpine insects.
() Droplet size influences the temperature at which water phase change occurs (liquid to ice) as
demonstrated by Heverly (1949) [14] who cooled water droplets of different sizes to measure their
tempe
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# Insects that are freeze
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contribution of gut microbes to cold adaptation is now being recognized in a range of
animal hosts [57]. For example, brown bears benefit from their gut microbes during
hibernation, and mice inoculated with bear microbes gain a similar metabolic phenotype
[58]. Ininsects, freezing is typically initiated in the gut [24,30,59], and ice? activity is greater
in the gut contents of many insects than in their haemolymph [60,61] (Figure 3). Thus, the
gut and its microbiome may be the key to understanding freeze-tolerance in a range of
invertebrates (Figure 3).

Insects can shape their gut microbiota by ingesting food containing beneficial
microbes or ice*
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7¢ Three freeze-tolerant endemic Aotearoa-New Zealand insect species and their
phylogenetic relatives. ()) The Otago alpine cockroach (Celatoblatta quinquemaculata) is a nocturnal
omnivore. Alpine lineages are not monophyletic within New Zealand Celatoblatta (denoted with
blue star on tree). (&) The mountain tree weéta (Hemideina maori) is a nocturnal omnivore. Alpine
lineages are not monophyletic within the wéta clade. ( ) The southern alpine grasshopper (Sigaus
australis) is a diurnal herbivore within a cold-adapted endemic lineage. Phylogenetic relationships
were reconstructed from ())



Insects

, 14,89

10 of 17

Ice formation in this cockroach is thought to be intercellular, but gut cells of this
species are unusual in their ability to survive intracellular freezing [18,59,90,91]. Because
the gut is a closed system, the avenues available for ice to reach the haemolymph are
limited, but a possible pathway is through the cells forming the wall of the gut. When
freezing, 74% of an alpine cockroach’s body water is converted into ice [76]. Both thermal-
hysteresis (the lagging of freezing) and ice recrystallisation-inhibition activities are absent
from the haemolymph of C. quinquemaculata, although both types of chemical activity
occur in its gut tissue [59]. Preliminary analysis of whole cockroach ice shell extracts
showed evidence for three groups of ice-binding proteins; two small (8.4 kDa and 9.3 kDa)
and one larger (>50 kDa; unpublished data).

# Comparison of critical temperatures for three alpine insects from Aotearoa-New Zealand.

+ 2
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8t Gut microbiome of six New Zealand freeze-tolerant insects inferred from shotgun DNA
sequencing. Heatmaps generated using MEGAN v6.24.1 [105] and visualised as a Z-score for the
two samples from cockroaches (Celatoblatta quinquemaculata), weéta (Hemideina maori), and
grasshoppers (Sigaus australis) from Central Otago. Data are clustered by sample composition
similarity (above) and proportions of the data (right) showing all assigned nodes. The six samples
were analysed using the Kaiju webserver (using the nr-euk 2021_03 database), downloaded and
processed with a custom Perl script. Results are ()) visualised at the taxonomic level of kingdom
with only data above a normalised cut-off of 1 read per million sequences shown, and (&) visualised
at the taxonomic level of family with only data above a normalised cut-off of 100 reads per million
sequences shown.
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