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The Artemis missions are planning to have humans on the Moon by 2024 and will act as a steppingstone for getting to Mars (10). Long-
term settlements in space will have to be self-sufficient, producing their own resources, while keeping in mind transport constraints. 
Yeast is a perfect candidate for use on these missions as it is relatively resilient, well understood, and it is small and lightweight. It is an 
effective biofactory and can produce biodegradable plastic, spider silk, and milk (1-4). But if there was an environmental failure within 
the colonist’s developed biosphere, and the yeast samples were exposed to the extreme environmental conditions that exist on the Moon 
(-248°C to 123°C) or Mars (-140°C to 30°C, with an average of -63°C), most of the samples would die, which could be catastrophic for 
colonists (11, 12). This research is part of the development of a strain of Saccharomyces cerevisiae (S. cerevisiae) with the goal of surviv-
ing these temperatures through the use of antifreeze proteins (AFPs). A genetically modified strain of S. cerevisiae capable of surviving 
cold conditions could give long term exploration of terrestrial and extraterrestrial areas access to a hardier material and food supply. 

INTRODUCTION
Ice binding proteins are typically small proteins with the ability 
to absorb to the surface of ice crystals (6, 7). AFPs, a subclass of 
ice binding protein, are able to inhibit the growth of ice crystals 
through an absorption-inhibition mechanism. These proteins are 
thought to interact with water molecules and organise them into 
an ice-like lattice on the ice-binding site, then absorb onto the qua-
si-liquid layer of ice, freezing the AFP onto the crystal. This caus-
es a micro-curvature of the surface of the crystal, which makes it 
thermodynamically difficult for water molecules to freeze onto the 
surface and allow for the ice crystal to increase in size. This results 
in a depression of the freezing point, as well as a slight increase 
in the melting point, which is known as thermal hysteresis. The 
difference between the melting and freezing point is known as the 
thermal hysteresis gap (7, 8). AFPs from different organisms vary 
in activities, insect AFPs being generally the most active (9).
The cfAFP-501 isoform is a hyperactive β-solenoid AFP originat-
ing from Choristoneura fumiferana (spruce budworm) (Figure 1). 
Zvafp13 is a moderately active globular AFP which originates from 
Zoarces viviparus (viviparous eelpout) (Figure 2).  In this research, 
the Zvafp13 and cfAFP-501 genes were inserted into plasmids (cir-
cular strands of DNA) and, through heating of the yeast-membrane, 
were separately introduced into S. cerevisiae. The samples were 

then frozen at -30°C, -80°C, and -196°C for 3 hours, 24 hours, 7 
days, and 28 days, with the goal of increasing the survival of the 
engineered S. cerevisiae as a result of the addition of the AFPs. 
This research builds on work conducted in 2018, where S. cere-
visiae was engineered with green fluorescent protein (GFP) and 
tested for survival in varying temperatures. 

This work is licensed under: 
https://creativecommons.org/licenses/by/4.0

Figure 1. cfAFP-501 Protein Structure. (Protein Data Bank 
code 1m8n) protein structure (left). Yellow indicates the 
amino acid Threonine (which plays a key role in the function 
of the cfAFP-501) in the ice binding site. The image in this 
figure was generated using Chimera.
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METHODS
Transformation of S. cerevisiae with Plasmid DNA
1-2uL of S. cerevisiae was suspended in 100uL of yeast transfor-
mation mix (100mM Lithium Acetate, 40% PEG 8000, 0.1mg/
mL Salmon Sperm DNA) at 4°C. 10uL of plasmid DNA was add-
ed per sample and incubated at 42°C for an hour, after which 
the samples were incubated at room temperature overnight before 
plating.

Expression of AFPs in S. cerevisiae
SDS polyacrylamide gel electrophoresis (SDS-PAGE) was used 
to confirm the expression of the plasmid in engineered S. cerevi-
siae samples. It is important to note that there is no data for the 
cfAFP-501-engineered S. cerevisiae, as it had not been success-
fully engineered at the time the SDS-PAGE gels were run. The 
TEF1 promoter was used in all plasmids.

Freeze Testing
Engineering of the cells was conducted using plasmids with G418 
resistance. The AFPs expressed were Zvafp13 and cfAFP-501, 
while the ASTU and RFP proteins acted as negative controls. The 
ASTU protein was used to confirm that any survival advantage 
was not caused by the selection marker, and the RFP protein was 
used to confirm that any survival advantage was not caused by the 
introduction of a non-native protein.

All samples were tested at -30°C, -80°C, and -196°C (liquid 
nitrogen). Liquid nitrogen samples were transferred to Cryotubes, 
while the rest of the samples were in regular microcentrifuge 
tubes. Samples were frozen for 3 hours, 24 hours, 7 days, and 
28 days to see how long engineered yeast, both with and without 

AFPs, could survive in cold conditions. Testing in each time and 
temperature zone was conducted in duplicate. Survival was mea-
sured against control samples stored at 4°C for 7 days, as drying 
issues with some 3 hour and 24-hour samples made this the most 
reliable control for comparison. In some cases, this results in sur-
vival percentages exceeding 100%. Average cell survival count 
per tube was found, then standard deviation and standard error of 
the mean was applied. Only samples with a minimum of 2 colo-
nies were used, any sample with 1 colony was removed. 

RESULTS
SDS-PAGE results
SDS-PAGE results (Figure 3) showed faint lines underneath both 
Zvafp13 samples at the proper kDa level (7.7kDa) for the protein, 
suggesting the expression of the Zvafp13.

cfAFP-501-engineered S. cerevisiae survival
cfAFP-501-engineered S. cerevisiae at -30°C demonstrates a 
3-hour survival advantage, the survival percentage at 3 hours was 
100.12% (error bars go over 125.0% and under 75.0%), while at 
24 hours this was reduced to 43.99% (Figure 4A).

The cfAFP-501-engineered S. cerevisiae at -80°C demon-
strated a 7-day survival advantage, the survival percentage at 3 
hours was 197.31% (error bars range from just over 100.0% to 
over 275.0%), at 24 hours was 83.14% (error bars range from just 
over 50.0% to over 100.0%), and at 7 days was 44.23% (error bars 
range from just over to under 50.0%) (Figure 4B).
The cfAFP-501-engineered S. cerevisiae at -196°C demonstrated 
no survival advantage, the survival percentage was highest at 24 
hours (2.77%, error bars range from just over 0.0% to over 5.0%) 
(Figure 4C). 

Figure 2. Zvafp13 Protein Structure. (Protein Data Bank 
code 4ur4) protein structure (right). Pink indicates the key 
amino acids in the primary prism plane ice binding site, 
while teal indicates the key amino acids in the pyramidal 
plane ice binding site (13). The image in this figure was gen-
erated using Chimera.

Figure 3. SDS-PAGE results. Lanes (left to right): blank S. 
cerevisiae (un-engineered), Zvafp13-engineered S. cerevisiae, 
GFP-engineered S. cerevisiae, protein size (kDa) standard 
ladder, Zvafp13-engineered S. cerevisiae, GFP-engineered S. 
cerevisiae, ASTU-engineered S. cerevisiae. Red boxes indicate 
the suggested expression of the Zvafp13.
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Zvafp13-engineered S. cerevisiae
The Zvafp13-engineered S. cerevisiae demonstrated a long term 
survival advantage at -30°C, -80°C, and -196°C, the survival per-
centage was the greatest at 24 hours (70.20% for -30°C, error bars 
ranging from just under 50.0% to just under 100.0%, 95.83% for 
-80°C, error bars ranging from under 75.0% to ~125.0%) (Figures 
4A, 4B) and 3 hours (2.17%, error bars range from ~1.0% to over 
3.0%) (Figure 4C), respectively.  

DISCUSSION
Survival percentage analysis
For Zvafp13-engineered S. cerevisiae, there is a noticeable pattern 
in the general survival percentage at -30°C and -80°C, there was a 
peak seen in survival at 24 hours, the second highest survival was 
at 3 hours, then 7 days and 28 days. The only temperature where 
this differs is at -196°C, where the highest survival was at 3 hours, 
then 24 hours, 7 days, and 28 days. This change in survival pattern 
at -196°C could be because species express moderately active Type 
III AFPs at much higher temperatures than -196°C (5). 

For cfAFP-501-engineered S. cerevisiae,  a general decrease 
in survival was seen over time, with two exceptions: at -80°C, a 
slight improvement in survival was seen between 7 days and 28 
days; and at -196°C, the greatest survival percentage was achieved 
at 24 hours. When all data is compared on the same scale, there is 
an apparent survival peak at -80°C, with a severe drop in overall 
survival at -196°C.

CONCLUSION
Through analysis of the SDS PAGE gels, there is a likelihood that 
the Zvafp13 is being expressed in S. cerevisiae, while cfAFP-501 
expression has not yet been determined. The -30ºC and -80ºC 
freezing results are suggestive of a possible short-term survival 
advantage for the cfAFP-501-engineered S. cerevisiae in colder 
temperatures of 24 hours and 7 days respectively, though because 

of the small sample size further research needs to be conduct-
ed. The trendline for the Zvafp13-engineered S. cerevisiae has 
little change over time in all three temperature zones, which is 
suggestive of a longer-term survival advantage. Since Zvafp13 is 
moderately active, it is expected that the Zvafp13-engineered S. 
cerevisiae would initially have lower survival. Building on this 
research, work is currently being conducted to develop a yeast 
actin-cfAFP-501 polymer able to exceed the activity of the AFPs 
used in this research. S. cerevisiae (both with and without AFPs) 
could theoretically survive some of the temperatures of Mars, sur-
vival is not high enough to supply enough resources for colonists 
were there to be a systems failure.
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Figure 4. Survival percentage data comparison. Blue (cfAFP-501-engineered S. cerevisiae), yellow (Zvafp13-engineered S. cere-
visiae), green (ASTU-engineered S. cerevisiae), and red (RFP-engineered S. cerevisiae). (A) Survival data comparison for -30°C 
percentiles with error bars. (B) Survival data comparison for -80°C percentiles with error bars. (C) Survival data comparison for 
-196°C percentiles with error bars.
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