


Live, undamaged cells fluoresced green while dead and damaged cells fluoresced red.  The 

squares on the cover slide were assigned numbers based on their position and numbers were 

randomly selected.  If gill was present in the section, the sample was photographed (Fig. 1).  

Triplicates of photographs were taken for each sample.  Total green and red cells were counted 

in each photograph.  A t-test (R) was used to determine differences between gills with and 

without ice-nucleating bacteria. 

 

Figure 1. Photographs of gill filament samples after application of LIVE/DEAD sperm viability kit. 

This procedure was repeated in February-April 2009 with winter-acclimatized Geukensia 

at -15, -16, -16.5 and -17°C. 

 

 

 

 

 

 



3. Results 

3.1 Bacterial growth equations 

 Psychrobacter sp. was present at higher cell densities at lower ABS than Shewanella sp., 

but was slightly lower in cell density than “INA A” (Figs. 2, 3, 4). 

 

Figure 2. Cell density of Psychrobacter sp. bacteria in LB broth medium against ABS. 



 

Figure 3. Cell density of Shewanella frigidimarina in LB broth medium against ABS. 

 

 

Figure 4.  Cell density of unknown bacteria 'INA A' in LB broth medium against ABS. 

 



3.2 Antibiotic effectiveness 

 The antibiotics were mostly equally effective on each bacterial strain (Fig. 5).  Penicillin 

G was significantly more effective on “INA A” than on Psychrobacter sp. 

 

Figure 5. The mean diameter of antibiotic halos.  An * indicates significant differences between antibiotics (p<0.05).   
 

3.3 Ice-nucleation activity 

Two of the isolated bacteria strains, Psychrobacter sp. and Shewanella sp., displayed 

INA consistently even at lower cell densities (Figs. 6, 7). 



 

Figure 6. The ice-nucleation profile of Psychrobacter broth cultures at varying dilution factors. 

 

 

Figure 7. The ice-nucleation temperatures for 20 droplets of Shewanella frigidimarina broth cultures at varying 
dilution factors. 



 

Unidentified bacterial strain “INA A” did not display any significant INA (Fig. 8).  

 

Figure 8. The temperature at which 20 droplets of bacterial broth cultures (INA A) of varying dilution factors 
nucleated on a cold plate reduced in temperature at 1°C/min. 
 
INA was similar for Psychrobacter sp. and Shewanella at all dilutions.  On average, undiluted 

(109 bacteria/mL) Psychrobacter sp. cultures nucleated at -5.91ºC and Shewanella nucleated at -

5.43ºC.  Psychrobacter sp. was used in subsequent LT50 and cell viability experiments due to its 

higher concentration and faster growth rate.  

3.4 Characterization of bacteria and optimal growth 

 Both Shewanella sp. and Psychrobacter sp. were found to be gram-negative rods.  

Psychrobacter display motility.  Both species are aerobic, growing more quickly when shaken. 

 Both bacteria were moderately psycrophilic, as they displayed maximal growth between 

15 and 25°C (Figs. 9 and 10).  The bacteria did not grow at 40°C. 



Figure 9.  Growth (log of number of bacteria) of 
hours of incubation. 

Figure 10. Growth (log of number of cells) of 
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3.5 DNA sequences 

 A phylogenetic tree shows that Psychrobacter sp. is most closely related to 

Psychrobacter glacincola and an unidentified species.  When sequenced with 1492r primers, the 

species is much less similar to other strains (Fig. 11). 

  

Figure 11. Phylogeny reconstructed from unidentified Psychrobacter sp. partial sequence in this study, various other 
species of Psychrobacter, and other distantly related species for outgroups.  Key: SW -27f = unidentified specimen 
27f primer sequence; AY1673011 = Psychrobacter glacincola strain ANT9253 16S ribosomal RNA gene, partial 
sequence; AB4537001 = Psychrobacter sp. T-3-2 gene for 16S rRNA, partial sequence; EF1015471 = 
Psychrobacter aquimaris strain KOPRI24929 16S ribosomal RNA gene, partial sequence; EU8805191 = 
Psychrobacter nivimaris strain P24a 16S ribosomal RNA gene, partial sequence; AY1673011 = Psychrobacter 
glacincola strain ANT9221 16S ribosomal RNA gene, partial sequence; M835482 AQ = Aquifex pyrophilus 16S 
ribosomal RNA gene, partial sequence; EU2846671 = Uncultured archaeon clone IP1SAT-H9 16S ribosomal RNA 
gene, partial sequence.  Bootstraps values are provided for each branch. 
 
 Shewanella sp. also showed high similarity to other strains in that genus when a 
phylogeny was reconstructed, but like many other distinct species in its genus does not appear to 
be differentiable based on 16S rRNA (Fig. 12).  As with Psychrobacter, the 1492r primers 
produced radically different results. 



 
Figure 12. Phylogeny reconstructed from 27f and 1492r primer sequences of unidentified Shewanella sp. from this 
study and other Shewanella strains, along with other outgroups.  Key: 27fShewane = unidentified Shewanella sp. 
partial sequence 27f primer; FJ386509.1 = Shewanella sp. Q-2 16S ribosomal RNA gene, partial sequence; 
AM90878.1 = Shewanella vesiculosa partial 16S rRNA gene, strain M; SFU85902 = Shewanella frigidimarina 
ACAM 584 16S ribosomal RNA gene, partial sequence; AJ300834.1 = Shewanella livingstonis 16S rRNA gene, 
strain LMG19866T; M83548.2 = AQF16SRRN Aquifex pyrophilus 16S ribosomal RNA gene, partial sequence; 
EU284667.1 = Uncultured archaeon clone IP1SAT-H9 16S ribosomal RNA gene, partial sequence.  Bootstrap 
values are included. 
 
 
 
3.6 Decreasing bacterial ice-nucleator production at higher incubation temperatures 

 The average nucelation temperature of Psychrobacter sp. was higher than Shewanella sp. 

at all temperatures (Fig. 13).  With increasing incubation temperature, INA decreased 

substantially in both bacteria. 



 

Figure 13. The average ice nucleation temperature (°C) of bacterial broth cultures incubated at temperatures ranging 
from 5 to 25°C during 20-droplet freezing assays. 
 
3.7 Attempted isolation of ice+ genes 

 No PCR products were detected with any of the primers for either species of bacteria 

using conditions that were successful for previous studies (see Watanabe and Sato 1998 and 

Keikhasaber et al. 2007). 

3.8 Ciliary response to freezing 

 The mean ciliary beat frequency for untreated Geukensia was determined to be 13.5 

beats/sec.  The cilia of Geukensia exposed to -20ºC conditions for 24 hours or greater periods of 

times were damaged extensively, and were not measurable using strobe technique (Table 1). 

 
 
 
 
 
 



Table 1. The time Geukensia were exposed to -20ºC conditions and the condition of their cilia as observed under a 
microscope. 

Time (hrs) Observations     
0 
24 

13.5 beats/second 
Uncoordinated beating.  Visible damage. 

48 Few areas display movement.  Highly damaged. 
72 Completely degraded.  No individual cilia visible. 

3.9 Whole organism survival curves and LT50 

 The LT50 of each of the three treatments was significantly different (p<0.01).  Geukensia 

without bacteria were the least freeze tolerant, while winter-acclimatized were the most capable 

of surviving freezing at the lowest temperatures of the three treatments (Table 2). 

Table 2. LT50 of each Geukensia of each treatment type. 
Treatment LT50 (°C) 

Control -12.5 
Psychrobacter sp. added -15.0 
Winter acclimatized -16.5 

 

The survival curves of each treatment display results consistent with the LT50’s determined by 

PRISM (Fig. 14, Table 2)

 

Figure 15.  Whole organism survival curve for summer acclimatized Geukensia with Psychrobacter sp. added to 
their mantle cavity, summer-acclimatized without bacteria (control) and winter-acclimatized. 



 
3.10 Gill cell viability 

Damage was significantly greater (p<0.05) in specimens washed of palial fluid than in 

those with Psychrobacter sp. added at -13.5°C (Fig. 15).  The percentile difference in damage 

was not significant between Geukensia at -10, 13.5, or -15°C. 

 

Figure 15. The mean % damage for Geukensia gill cells at the indicated temperature and with Psychrobacter or no 
bacteria.  An * indicates signficance (p<0.05). 
 
 For winter-acclimatized Geukensia, adding Psychrobacter reduced damage significantly 
(p<0.05) at -15°C (Fig. 16).  At other temperatures, damage was less though not significantly in 
specimens with bacteria added. 



 
Figure 16.  %Damage to Geukensia gill cells in winter-acclimatized specimens with and without a Psychrobacter sp. 
and seawater (28 ppt) solution injected. 

 

 

 

 

 

 

 

 

 

 

 

 



4.0 Discussion 

4.1 Psychrobacter sp. 

 The genus Psychrobacter has only recently become well known, though it was originally 

described in 1986 (Juni and Heym 1986).  The bacteria are largely psychrophilic and grow best 

in salt water (Bowman 2006).  They have been isolated from habitats ranging from seawater (P. 

submarinus, Romanenko et al. 2002) to the lungs of lambs (P. pulmonis, Vela et al. 2003), 

though the former is much more common.  Psychrobacter are widespread, and have been 

isolated from Japanese coastal water (Venkatewaran et al. 1991) and salt marshes in South 

Carolina, where they appear to break down dimethylsulfoniopropionate, an algal osmoprotectant, 

(Ansede et al.  2001). 

Psychrobacter sp., isolated in this study, displayed relatively high INA when grown at 

5°C.  Though no Psychrobacter has yet shown INA, the species is strongly associated with cold 

temperatures and ice.  P. aquimaris (Yoon et al. 2005), P. aquaticus (Shivaji et al. 2005), P. 

nivimaris (Heuchert 2004) and P. glacincola (Bowman, Nichols and McMeeken 1997), all 

species that are closely related phylogenetically to Psychrobacter sp., were initially isolated from 

Antarctic sea ice and unidentified species of Psychrobacter with INA have also been isolated 

from Siberian permafrost (Ponder et al. 2005).   

In addition to our phylogenetic results, the fact that Psychrobacter are gram-negative and 

occasionally motile is consistent with our observations.  The antibiotic susceptibility of the genus 

is not well-studied (Bowman 2006), though some strains have been shown to be sensitive to 

streptomycin (Romanenko et al. 2002) in agreement with the results obtained in this study. 

The phylogenetic results combined with the characteristics of the unidentified bacteria in 

this study make us confident that it belongs in the Psychrobacter genus.  It is difficult to 



comment on the INA of this strain with regards to others in the genus, but with regards to other 

INA bacteria, its activity is moderate.  Consistent with other studies, Psychrobacter sp. loses its 

ice nucleating-activity as it is grown at higher temperatures. 

Further research should be conducted into the ice-nucleating activity of Psychrobacter, as 

it is very likely that more strains also have these abilities and knowledge of their ecological role 

could forward our understanding of how the Ice+ phenotype became prevalent. 

 

4.2 Shewanella sp. 

 Shewanella is a more thoroughly studied genus than Psychrobacter, having been 

identified as early as 1931 (Venkateswaran et al. 1999).  They are often identified as causing 

food spoilage (Shewan 1977) and can also be pathogenic.  The majority of identified strains are 

associated with aquatic environments, including Antarctic environments and Atlantic seawater 

(Bowman et al. 1977, Bozal et al. 2002, Venkateswaran et al. 1999). 

Of the strains of the genus, Shewanella frigidimarina has been tested for INA on at least 

one occasion (Junge and Swanson 2007) and was found to have no INA.  This study, discussed 

previously, was to test atmospheric ice-nucleation and therefore had no substrate, a factor that 

may have affected ice nucleation-activity.  No species in the genus has yet displayed activity.  

Consistent with our study, most strains are gram-negative and non-motile rods and some are 

psychrophilic.  Combined with our phylogenetic analysis, we can confidently label the bacteria 

isolated in this study as a member of the Shewanella genus. 

Like Psychrobacter sp., there is little to be said about the ice-nucleating activity of 

Shewanella sp.  It also decreased with warmer incubation, in accordance with other studies of 

INA bacteria.  It did not display any unexpected ice nucleation qualities. 



 More procedures need to be conducted to confirm the identity of the bacteria isolated in 

this study, but it appears that they have not been previously identified.  Their well-documented 

presence in cold Atlantic seawater and ice might explain the difference in freeze tolerance of 

Geukensia collected in the winter. 

 Both of the bacteria in this study are quite similar.  Psychrobacter is more often 

associated with cold environments, but Shewanella also have connections to these environments.  

At present, their role in salt marshes is unknown. 

 One further procedure that deserves comment is our attempt to isolate the Ice+ genes of 

both strains using previously identified primers.  Further attempts with different annealing 

temperatures could yield results, though the temperatures used in this study did not.  Because the 

C and N sites are highly conserved in all genes so far identified, the primers designed by 

Watanabe and Sato (1998) and Keikhasaber et al. (2007) should work on other INA bacteria and 

were in fact used cross-species in each study. 

 

4.3 Geukensia freezing tolerance and the effects of Psychrobacter sp. 

 The data collected in this study strongly support INA bacteria of multiple species as a 

mechanism for freeze tolerance in Geukensia.  To date, three bacterial species isolated from the 

pallial fluid of Geukensia have been shown to display INA.  This study has also shown that INA 

bacteria can significantly increase the survival of summer-acclimatized Geukensia, allowing 

them to survive to temperatures 2.5°C colder. 

This study marks the first time the presence of INA bacteria has been shown to 

significantly increase the freezing tolerance of an animal.  Winter-acclimatized Geukensia are 

still more tolerant of freezing than summer-acclimatized Geukensia, even with added ice 



nucleators, probably due to the presence of INA bacteria in their palial fluid.  The LT50 of 

winter-acclimatized Geukensia found in this study (-16.5°C) is lower than the value (-13.76°C) 

Murphy and Pierce obtained in 1977 for Geukensia acclimated to 0°C temperatures.  It is 

unknown why the Geukensia we collected were able to survive to lower conditions than in a 

previous study, though it is probably be due to differing environmental conditions and climate.  

Winter-acclimatized Geukensia are able to tolerate colder temperatures than summer-

acclimatized specimens.  This result was expected due to the fact that Geukensia produce various 

cryoprotectants when exposed to cold temperatures (Storey and Churchill 1995). 

 The results of gill cell viability tests indicate that INA bacteria significantly protect the 

gills from damage, though our strobe lighting technique did not provide as much insight and 

simply served to show that upwards of 24 hours of freezing cause irreversible damage to gills.  

Gill survival is important due to their function in both feeding and respiration.  We were unable 

to show that gills are the site of nucleation in Geukensia, but the fact that they are directly 

exposed to ice within the mantle cavity and yet still show significantly less damage when 

inoculated with INA bacteria lends further strength to this idea.  If the gills were the site of 

nucleation, we might expect them to show very little damage when INA bacteria are present due 

to the fact that nucleation would be at the warmest temperature and therefore the slowest near the 

gills.  This observation by no means proves this hypothesis, but shows that it merits further 

investigation. 

 Overall, the data collected in this study strongly suggest that INA bacteria are one of the 

primary mechanisms by which Geukensia tolerate freezing.  It has been previously shown that 

Geukensia do not produce ice-nucleating agents themselves (Loomis and Zinser 2001).  With 

this study, we see that INA bacteria are in fact capable of increasing whole-organism survival 



and reducing gill damage in Geukensia.  We propose that the presence of INA bacteria in salt 

marshes provided Geukensia with no need to evolve mechanisms to produce their own ice 

nucleators, like in the case of the similar bivalve Mytilus edulis (Aunaas 1982).  This relationship 

is more likely than any sort of mutualistic relationship due to the facts that Geukensia gills filter 

bacteria, which are therefore only incidentally present in their palial fluid, and because bacteria 

are abundant in nutrient rich salt marsh ecosystems. 

 These findings are also important in that they reveal New England salt marshes as a 

wholly untapped resource in the field of INA bacteria research.  At least three bacteria have been 

isolated from the palial fluid of Geukensia, and it is our belief that their function within this 

context is incidental and that they naturally are present in the water.  The relative ease with 

which these three bacteria have been isolated from such an unlikely source suggests numerous 

research possibilities.  Many more are likely present in salt marshes and their function within this 

complex ecosystem remains to be further explored. 
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