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ABSTRACT 
What is the cold limit of life? How do microbes survive and grow in cold 

subzero environments? Most of the earth’s ecosystems exist in permanently cold 
environments where the mean temperature never rises above 15°C. Permafrost, 
soil that has been frozen for more than two consecutive year, accounts for 27% of 
all soil ecosystems on earth. These environments host diverse, living microbial 
communities. However, our understanding of microbial life in these habitats, 
their growth, activities, and adaptations, remains limited. Polar habitats serve as 
some of the best terrestrial analogues to Mars, Europa, and Enceladus and can 
provide important insights into the potential for subzero life and the cold limits of 
life both here on Earth and in our Universe. There is also significant interest in 
the potential discovery of novel antimicrobial compounds from polar microbes 
and the biotechnological applications of cold-active enzymes. Given the overall 
lack of research focusing on microbes isolated from permafrost and permafrost-
affected soils, the goal of the research in this thesis was to characterize cold 
growth, especially subzero growth, and cold adaptive properties of subzero 
growing microorganisms isolated from permafrost environments. 

The bacterium Planococcus halocryophilus is capable of growth down to -
15 °C, making it ideal for studying adaptations to subzero growth. Proteomic 
analysis, comparing growth at -10 °C, 23 °C, and 23 °C with salt, revealed a 
closely tied relationship between salt and cold stress adaptation. This is not 
unexpected given that P. halocryophilus likely inhabits small pockets of salty 
liquid water in permafrost. Cellular processes which displayed the largest 
changes in protein abundance at -10 °C, and which are likely to play an important 
role in subzero growth, were peptidoglycan and fatty acid (FA) synthesis, 
translation processes, methylglyoxal metabolism, DNA repair and recombination, 
and protein and nucleotide turnover. We identified intriguing targets for further 
research at -10 °C, including PlsX and KASII (FA metabolism), DD-
transpeptidase and MurB (peptidoglycan synthesis), glyoxalase family proteins 
(reactive electrophile response), and ribosome modifying enzymes (translation 
turnover). PemK/MazF may have a crucial role in translational reprogramming 
under cold conditions. At -10 °C P. halocryophilus induces stress responses, uses 
resources efficiently, and carefully controls its growth and metabolism to 
maximize subzero survival.  

We next examined features of cold adaptation in bacteria capable of subzero 
growth (cryophiles), isolated from permafrost, through comparative genomic 
analyses with closely related mesophiles. The cryophiles possess many genes 
typically associated with cold adaptation, including cold shock proteins, RNA 
helicases, oxidative stress proteins, and carotenoid synthesis enzymes, as well as 
cell wall and membrane modifications. Higher abundances of genes associated 
with compatible solute and sodium transport, traits important for osmoregulation, 
were observed and likely necessary for survival in the brine veins of permafrost. 
We investigated the presence of amino acid (AA) substitutions in the permafrost 
isolates that would indicate increased flexibility at cold temperatures, but found 
few significant differences between the cryophiles and mesophiles. However, 
there were exceptions, and we found significantly higher proportions of AA 
changes that would confer increased flexibility at cold temperature in several 



cryophiles, namely differences in proline, serine, glycine, and aromaticity. 
Comparing the average of all cryophiles to all mesophiles, we found that overall 
cryophiles had a much higher ratio of cold adapted proteins for serine (higher 
serine content), and to a lesser extent, proline and acidic residues (fewer 
prolines/acidic residues).  

Lastly, we performed transcriptomic analyses on two cryophilic permafrost 
isolates with different growth profiles in order to characterize and compare their 
low temperature growth and cold-adaptive strategies.  The two organisms, 
Rhodococcus sp. JG3 and Polaromonas sp. Eur3 1.2.1, shared several common 
responses during low temperature growth, including induction of translation and 
ribosomal processes, upregulation of nutrient transport, increased oxidative and 
osmotic stress responses, and stimulation of polysaccharide capsule synthesis. 
Recombination appeared to be an important adaptive strategy for both isolates at 
low temperatures, likely as a mechanism to increase genetic diversity and the 
potential for survival in cold systems. While Rhodococcus sp. JG3 favored 
upregulating iron and amino acid transport, sustaining redox potential, and 
modulating fatty acid synthesis and composition, Polaromonas sp. Eur3 1.2.1 
increased transcription involved in primary energy metabolism and the electron 
transport chain, in addition to signal transduction and peptidoglycan synthesis. 
The increase in energy metabolism may explain why Polaromonas sp. Eur3 1.2.1 
is able to sustain growth rates at 0 °C comparable to higher temperature growth. 
For Rhodococcus sp. JG3, flexibility in use of carbon sources, iron acquisition, 
control of fatty acid composition in membrane, and modulating redox and co-
factor potential may be ways in which this organism can grow at subzero 
temperatures in addition to sustaining growth over a wider range of temperatures 
(-5 to 30 °C). 

The results outlined in this thesis describe mechanisms and adaptations that are 
important for growth and survival of microorganisms in the subzero environment 
of permafrost. Overall, they point to the existence of multiple adaptive strategies 
that can support growth at subzero temperatures. While some appear to be shared, 
namely, sustaining translation processes, use of genomic redundancy and 
isozyme exchange, accumulation of compatible solutes, and induction of various 
stress responses, others are specific to each organism and reflect the potential for 
multiple approaches towards subzero adaptation and growth in cryophiles.  
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