
Future directions
Continued investigation of regulatory regions that are candidates for underlying PON1 functional loss in 
pinniped sub-clades
PON1 region sequencing and enzymatic testing of blood plasma PON1 activity for additional pinnipeds to:

1) Improve power to test association of diving ability with PON1 functional loss
2) Further refine estimates of timing of PON1 functional loss
3) Identify species that should be monitored for signs of organophosphate toxicity if exposed to 
agricultural runoff

Characterization of PON1 activity in additional lutrid (otter) species

Diving mammals lose Paraoxonase 1 function in multiple different ways
Wynn K Meyer1,2, Jerrica Jamison1,3, Charlotte Cournoyer4, Irene Kaplow5, Alexis Michaels6, Jiaxuan
Yang1,7, Rebecca Richter8, Clement Furlong8, Nathan L Clark1,9

1) University of Pittsburgh, Pittsburgh, PA; 2) Office of Data Science Strategy, NIH, Bethesda, MD; 3) 
University of Toronto, Scarborough, ON, Canada; 4) University of Florida, Gainesville, FL; 5) Carnegie 
Mellon University, Pittsburgh, PA; 6) Duquesne University, Pittsburgh, PA; 7) Tsinghua University, Beijing, 
China; 8) University of Washington, Seattle, WA; 9) University of Utah, Salt Lake City, UT

email: wynn.meyer@gmail.com
twitter: @sorrywm

Main conclusions
The ancestors of extant semi-aquatic mammals lost PON1 protein function at least 4 times.
At least one functional loss was due to changes in regulatory sequence, and some conserved non-coding 
regions represent strong candidates for site(s) of the causal change(s).
PON1 functional loss may have been driven by changes in selective pressure due to diving and likely was not 
due to changes in diet.

References
1. Meyer WK, Jamison J, Richter R, Woods SE, Partha R, Kowalczyk A, et al. Ancient convergent losses of Paraoxonase 1 yield potential risks for modern marine 
mammals. Science. 2018;361:591–4. doi:10.1126/science.aap7714.

2. Richter RJ, Jarvik GP, Furlong CE. Paraoxonase 1 (PON1) status and substrate hydrolysis. Toxicol Appl Pharmacol. 2009;235:1–9. doi:10.1016/j.taap.2008.11.001.

3. SRA accessions SRX5812513, SRX5812506, SRX5812494, and SRX5812491.

4. kundajelab/atac_dnase_pipelines: ATAC-seq and DNase-seq processing pipeline. https://github.com/kundajelab/atac_dnase_pipelines. Accessed 17 Apr 2020.

5. ENCODE-DCC/atac-seq-pipeline: ENCODE ATAC-seq pipeline. https://github.com/ENCODE-DCC/atac-seq-pipeline. Accessed 17 Apr 2020.

6. Paten B, Earl D, Nguyen N, Diekhans M, Zerbino D, Haussler D. Cactus: Algorithms for genome multiple sequence alignment. Genome Res. 2011;21:1512–28. 
doi:10.1101/gr.123356.111.

7. Schliep KP. phangorn: Phylogenetic analysis in R. Bioinformatics. 2011;27:592–3. doi:10.1093/bioinformatics/btq706.

8. Kowalczyk A, Meyer W, Partha R, Mao W, Clark N, Chikina M. RERconverge: an R package for associating evolutionary rates with convergent traits. bioRxiv. 
2018;:451138.

9. Ives AR, Garland T. Phylogenetic Logistic Regression for Binary Dependent Variables. Syst Biol. 2010;59:9–26. doi:10.1093/sysbio/syp074.

10. Pauly D, Trites AW, Capuli E, Christensen Pauly V, to Pauly CD. Diet composition and trophic levels of marine mammals. ICES J Mar Sci. 1998;55:467–81.

11. Santhanam R. Nutritional Marine Life. Boca Raton: CRC Press Taylor & Francis Group; 2015.

12. Bottino NR. Lipid composition of two species of antarctic krill: Euphausia superba and E. crystallorophias. Comp Biochem Physiol Part B Comp Biochem. 
1975;50:479–84.

13. Zlatanos S, Laskaridis K, Feist C, Sagredos A. Proximate composition, fatty acid analysis and protein digestibility-corrected amino acid score of three 
Mediterranean cephalopods. Mol Nutr Food Res. 2006;50:967–70.

14. Stowasser G, Pond DW, Collins MA. Using fatty acid analysis to elucidate the feeding habits of Southern Ocean mesopelagic fish.

15. Wold A, Jæger I, Hop H, Gabrielsen GW, Falk-Petersen S. Arctic seabird food chains explored by fatty acid composition and stable isotopes in Kongsfjorden, 
Svalbard. Polar Biol. 2011;34:1147–55.

16. Golet GH, Irons DB. Raising young reduces body condition and fat stores in black-legged kittiwakes. Oecologia. 1999;120:530.

17. Mirceta S, Signore A V., Burns JM, Cossins AR, Campbell KL, Berenbrink M. Evolution of Mammalian Diving Capacity Traced by Myoglobin Net Surface 
Charge. Science (80- ). 2013;340:1234192–1234192. doi:10.1126/science.1234192.

Methods
Determining PON1 status (functional/not functional)

Semi-aquatic mammals lost PON1 
function at least 4 distinct times.

Diving depth shows a weak association with PON1 functional loss.
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Regulatory changes in candidate 
regions may have driven PON1 
functional loss.

Results

Main conclusions
The ancestors of extant semi-aquatic mammals lost PON1 protein function at least 4 times.
At least one functional loss was due to changes in regulatory sequence, and some conserved non-coding 
regions represent strong candidates for site(s) of the causal change(s).
PON1 functional loss may have been driven by changes in selective pressure due to diving and likely was not 
due to changes in diet.

Motivating question: How and why did diving mammals lose PON1 function?

Background
Paraoxonase 1 (PON1) shows the strongest signature of 
convergent functional loss among aquatic mammals 
genome-wide. 
PON1encodes a bloodstream enzyme involved in 
oxidation of lipoprotein fatty acids that incidentally 
protects humans and other mammals from 
organophosphate toxicity.
Whereas PON1 function was lost >50 MYA in cetaceans 
and sirenians, it appears to have been lost more recently 
in pinnipeds, which display functional variability 
(Figure 1) (1).
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Figure 1. PON1 function is lost in all cetaceans 
and sirenians but only some pinnipeds.

-- Terrestrial lineages
-- Aquatic lineages
* PON1 function lost

Figure 4. Dietary ⍵-6/⍵-3 ratio is not associated with PON1 function in the expected direction, but 
maximum dive time shows a weak trend in the expected direction, with longer divers more likely to have lost 
PON1 function. 
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Figure 2. Patterns of PON1 function and lack of 
function in extant species enable inference of three 
independent losses in Carnivora. Not pictured: 
fourth functional loss in Rodentia (beaver, genus 
Castor).

●●

●

● ●

●● ●●

●

20 40 60 80 100 120

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

n = 10
p = 0.34

Maximum Dive Time (min)

PON1 
functional

PON1 not 
functional

●●

●

●●

●● ● ●

●

0.60 0.65 0.70 0.75 0.80 0.85

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0PON1 

functional

PON1 not 
functional

n = 10
p = 0.58 

1 - omega-6 : omega-3

terrestrial aquatic terrestrial aquatic

SS371 NS448 NS580
No Plasma 

activity

Evidence for PON1 loss of function

●●●

●
●
●

●
●

●●●●

●
●

●●●

●
●
●
●

●
●

●●

●

●

●

●

●

●

●
●
●

●●

●
●
●

●

●●

●
●
●●●
●

−4 −2 0 2 4
relative rate

B
ra

nc
he

s

Northern elephant 
seal

Hawaiian monk seal

Weddell seal

Monachinae
ancestor

Weddell+
N.elephant
ancestor

Weddell seal
Northern elephant seal

Hawaiian monk seal

SS = splice site substitution
NS = nonsense substitution

Figure 3. Top: Each species in the clade 
Monachinae shows different evidence for PON1 loss 
of function. Bottom: A putative carnivoran enhancer 
(overlapping an ATAC-seq peak in dog liver) evolves 
rapidly in Monachinae relative to other carnivorans.
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Identifying candidate regulatory substitutions associated with PON1 
functional loss

Testing for association between PON1 functional loss and 
dietary and diving phenotypes
Phylogenetic logistic regression (9):

PON1 status ~ ⍵-6 / ⍵-3 
PON1 status ~ maximum dive time

PON1 status: 
PON1 function = 1

no PON1 function = 0

Estimated total 
dietary ⍵-6 and ⍵-3 

from reported 
pinniped diet 

composition (10-16)

Derived maximum 
dive time from 

Mirceta et al. (17)


