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ABSTRACT

More than 97 percent of the world’s water is ocean and its average osmolality of
1000 mosmol/kg is much higher than the 300 mosmol/kg found in most of the intercel-
lular fluids of vertebrates. Many marine invertebrates are osmoconformers, meaning that
the osmolality of their extracellular fluid is the same as that of seawater. We report here
that marine invertebrates from diverse phyla have numerous DNA breaks in their cells
while they are exposed to normal seawater containing high NaCl, but that the DNA
breaks decrease or disappear when the animals are acclimated to the same water diluted
to 300 mosmol/kg. We speculate that, since DNA breaks cause mutations, salinity might
have important background effects on the rate and course of evolution.

Previous studies showed that high NaCl increases the number of DNA breaks in
mammalian cells in tissue culture,’? in mouse renal inner rnedullary cells in vivo? and in
cells of the soil nematode Caenorbabditis e/egans.3 Acute elevation of osmolality from 300
to 500—600 mosmol/ l(g by adding NaCl to medium bathing mIMCD3 cells increases the
number of DNA breaks!4 and arrests the cell cycle in all phases.5’6 The cell cycle arrest is
transient. After several hours, the cells adapt and begin proliferating again, despite the
continued presence of high NaCl.78 However, even after cells adapt to high NaCl and
reenter the cell cycle, numerous DNA breaks persist.2 Most surprisingly, numerous DNA
breaks are also present in normal cells in the mouse renal inner medulla,? where NaCl is
always high as part of the urinary concentrating mechanism.? Elevation of NaCl to an
excessive level, which differs between cell types, causes apoptosis.G However, it is clear that
increased number of DNA breaks that occurs at the more moderate levels of NaCl to
which cells can adapt are differ from the chromatin fragrnentation that occurs during
apoptotic cell death. When high NaCl induces DNA breaks in viable cells, there is no
activation of caspases, no nuclear condensation, and no formation of apoptotic bodies, as
occurs in apoptosis.2 Further, high NaCl-induced DNA breaks are reversible, whereas
those accompanying apoptotic cell death are not. DNA breaks in cells adapted to high
NaCl in tissue culture disappear rapidly when the NaCl is lowered,? and those that exist
in renal inner medullas of normal mice disappear quickly when the normally high inter-
cellular NaCl concentration is lowered by the diuretic furosemide.? The soil nematode,
Caenorbabditis e/egans is able to adapt to and live in a high NaCl environment.!© Recently
we showed that adaptation of Caenorbabditis e/egans to high NaCl is also accornpanied by
induction of DNA breaks.>

According to some estimates, about 80% of all Earth’s life lives in the ocean which has
an average osmolality of 1000 mosmol/ l(g, dominated by NaCl. Findings that high NaCl
is accornpanied by DNA breaks in both mammalian? and Caenorbabditis e/egamj cells
suggested the possibility that DNA breaks might be prevalent in all cells bathed by high
Nadl, including those of osrnoconforming marine invertebrates. Most marine invertebrates,
especially soft-bodied ones that have no irnperrneable coverings to reduce osmotic forces,
have NaCl in their extracellular fluids that is as high as in seawatet.!! Therefore, we tested
osmoconforming representatives from diverse phyla (Figs. 1 and 2) for DNA breaks. We
detected DNA breaks by in vitro labeling of their 3'-OH ends with biotinilated deoxynu-
cleotides in a reaction catalyzed by Terminal Deoxynucleotidyl Transferase (TdT) (TUNEL
assay). TdT catalyzes the addition of biotinilated deoxynucleotides to the 3'-OH DNA ends,
and the biotin is detected by irnmunocytochernistry. DNA breaks are present in cells of all
these animals while they remain in the seawater from which they were collected (Fig. 3).
However, the DNA breaks decrease or disappear in these cells after acclimation of the
animals to the secawater gradually diluted to 300 rnosmol/kg over a period of five days
(which approximates the osmolality of extracellular fluid of humans and other vertebrates)!!
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(Fig. 3). Such decrease of DNA breaks upon
lowering the salinity is similar to results
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seen with mammals? and soil nematode. Bilateria

METHODS

Collection of species. Procerodis littoralis
(Platyhelminthes, Turbellaria), Lineus ruber
(Nemertea, Anopla), and Clitellio arenarius
(Annclida, Oligochacta) were collected
under intertidal rocks at the Marine
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Science Center, Northeastern University
(Nahant, MA). Nerita peloronta (Mollusca,
Gastropoda) and  Isognomon  alatus
(Mollusca, Bivalvia) were collected from
intertidal rocks at Knight Key (FL). Pagurus
longicarpus (Arthropoda, Crustacea) were purchased from Gulf
Specimen Marine Labs, Inc (Panacea, FL).

Adaptation to lower osmolality. Animals were either maintained
in the same marine water in which they were collected or they were
adapted to a lower salinity. The osrnolality was lowered to 300 mosmol/
kg by diluting the marine water with deionized water gradually over
five days.

Detection of DNA breaks. Control animals kept in the original
seawater and animals adapted to 300 rnosrnol/kg were fixed at the
same time with ice-cold 4% paraforrnaldehyde dissolved in PBS at
the same osmolality as the water in which they were living. Prior to
fixation, animals having a cuticle (Clitellio arenarius (Annelida,
Oligochacta) were frozen on dry ice to crack the cuticle and then
thawed. Nerita peloronta (Mollusca, Gastropoda) and Logromon alatus
(Mollusca, Bivalvia) were taken from their shells and cut into small
pieces before fixation. Pagurus longicarpus (Arthropoda, Crustacea)
were fixed inside their shells for 5 minutes, then taken out and put
back in 4% paraforrnaldehyde. All animals were left in 4%
paraformaldehyde overnight at 4°C. After fixation, animals were
paraffin-embedded, then sections were cut and mounted on
silanized slides (American Histolabs, Inc., Gaithersburg, MD).
Sections were deparaffinized with xylene and rehydrated ina graded
series of dilutions of ethanol. Endogenous peroxidase was quenched
by placing the slides in 3% hydrogen peroxide in methanol for 5 min.
A DNA fragrnentation Detection Kit (#QIA33, Calbiochem,
Darmstadt, Germany) was used, according to the manufacturer’s
instructions, to detect DNA breaks. In brief, the DNA breaks were
detected by in vitro labeling of their 3'-OH ends with biotinylated
nucleotides, using the reaction catalyzed by Terminal Deoxynucleotidyl
Transferase (TdT). TdT catalyzes the addition of biotinylated and
unlabeled deoxynucleotides to the 3'-OH ends. Biotinylated
deoxynucleotides were detected with streptavidin-peroxidase conju-
gate. The peroxidase was labeled by addition of 3,3'-diaminobenzidine
tetrahydrochloride (DAB) substrate, which produces a brown-colored
deposit.

DISCUSSION

As summarized in Figure 1, high extracellular salinity is accompa-
nied by DNA breaks in all animal phyla tested until now, independent
of their complexity and position on the evolutionary tree. These
high NaCl-associated DNA breaks could increase the rate of mutation
suggesting possible involvement of salinity in creating genetic
Variability—raw material for natural selection. Indeed, a mutagenic
effect of high NaCl has been described in yeast, where exposure of
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Figure 1. Evolutionary tree of bilaterian animals, showing phyla of those tested for DNA breaks asso-
ciated with high salinity. (") present study. (Umberlprevious studies.

Figure 2. Pictures of marine invertebrates tested for the DNA breaks.
(A) Clitellio orenorius {Annelida, Oligochaeta); (B) Lineus ruber (Nemertea,
Anopla); (C) Nerita peloronto (Mollusca, Gastropoda); (D) lsognomon olotus
(Mollusca, Bivalvia); (E) Procerodis littorolis (Platyhelminthes, Turbellaria); (F)
Pogurus longicorpus (Arthropoda, Crustacea).

Saccharomyces cerevisiae to high NaCl leads to base substitutions and
frameshift mutations.1?

The potential for high salinity to increase mutation rates implicates
changes in salinity as possible contributors to changes in evolution
rates, for example, to the Cambrian explosive radiation of animal
species. Before the Cambrian period began about 544 millions years
ago, there was little animal fossil evidence. Then, in the geologically
abrupt interval of several million years, an evolutionary explosion
littered the fossil record with recognizable remains of every basic
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Figure 3. DNA breaks are present in marine inver-
tebrates while exposed to normal marine water but
the breaks decrease or disappear after the seawa-
ter is diluted to 300 mosmol/kg. Tissue sections
were stained with hematoxylin and eosin {HE stain-
ing) for general histology: nuclei are blue. DNA
breaks were detected on the tissue sections by label-
ing of 3"“OH ends of broken DNA with biotinylated
nucleotides (TUNEL assay): positive labeling is
brown. (A) Clitellio orenorius (Annelida,
Oligochaeta); (B) Lineus ruber (Nemertea, Anopla);
(C) Nerito peloronto (Mollusca, Gastropodal; (D)
Isognomon olotus  {Mollusca, Bivalvia); (E}
Procerodis littorolis (Platyhelminthes, Turbellaria); (F)
Pogurus longicorpus (Arthropoda, Crustacea).

form of animal that we know today.13 14 A great variety of skeletal taxa
appeared in rocks estimated to be about 530 million years old,14
preceded by fossils of soft-bodied animals in rocks about 560 million
years old.!®> Cambrian radiation was not restricted to the fauna; at
the same time, many algae and protists appeared or radiated.1® Such
coincident events in animals, algae and protozoans suggest a ubiqui-
tous, ecologic trigger. Our results suggest that salinity increase has a
potential to be such a trigger. Indeed, conditions were appropriate
for local increases in salinity in the Precambrian-Cambrian period.
Cambrian diversification coincided with fragrnentation of the Late
Proterozoic supercontinent Rodinia.l” Geologic and paleornagnetic
data suggest that the supercontinent began to disintegrate 600-500
million years ago.17 Breakup of megacontinents usually generates an
array of epicontinental seas and bays, where water level can fall due
to evaporation, leading to increased salinity, as evidenced by formation
of thick and often rnultiple salt layers at the boundaries of continent
ril:ting18 and at places where such epicontinental seas or bays are
located.!? We suggest that an increased mutation rate, associated
with elevated salinity in such basins could have been a factor in
explosive radiation. Consistent with this idea, the greatest diversity
of fossils is located at the margins of rifting continents in shallow
marine sedimentary rocks,1415:20-23
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Given that the DNA breaks associated with high extracellular
salinity in osmoconforming invertebrates increases the rate of evolu-
tion, modern vertebrates with their relatively low and constant
extracellular osrnolality should have lower incidence of DNA breaks
and slower evolution rate. Indeed, estimates from molecular clocks
of the rates of evolution show that the rates decreased significantly
in vertebrates before the origin of Osteichthyes.24 It is striking that
this slowing coincided with developrnent of precise osrnoregulation
that maintains interstitial osmolality constant at about 300 mosmol/ kg,
independent of the salinity of the external environment.!!

In conclusion, finding of the present study that high salt induces
DNA breaks in marine invertebrates together with previous data
showing the same phenornenon in mammals? and soil nematode?
suggests that induction of DNA breaks by high extracellular
osmolality is a general phenomenon that affects all animals and
might affect the rate and course of evolution.

2006; Vol. 5 Issue 12



1.

10.

11.

13.
14.

15.

16.

17.
18.

19.
20.

21.

22.

23.

24.

www.landesbioscience.com

Salt-Induced DNA Breaks and Animal Evolution

References

Kulez D, Chakravarty D. Hy‘pemsmolality in the form of elevated NaCl but not urea causes

DNA damage in murine kidney cells. Proc Natl Acad Sci USA 2001; 98:1999-2004.

. Dmitrieva N1, Cai Q, Burg MB. Cells adapted to high NaCl have many DNA breaks and
impaired DNA repair both in cell culture and in vivo. Proc Natl Acad Sci USA 2004;
101:2317-22.

. Dmitrieva N1, Celeste A, Nussenzweig A, Burg MB. Ku86 preserves chromatin integrity in
cells adapted to high NaCl. Proc Natl Acad Sci USA 2005; 102:10730-35.

. Dmitrieva NI, Bulavin DV, Burg MB. High NaCl causes Mrell to leave the nucleus, disrupt—
ing DNA damage signaling and repair. Am J Physiol Renal Physiol 2005; 285:F266-74.

. Kultz D, Madhany S, Burg MB. Hyperosmolality causes growth arrest of murine kidney
cells. Induction of GADD45 and GADD153 by osmosensing via stress-activated protein
kinase 2. J Biol Chem 1998; 273:13645-51.

. Michea L, Ferguson DR, Peters EM, Andrews PM, Kirby MR, Burg MB. Cell cycle delay
and apoptosis are induced by high salt and urea in renal medullary cells. Am J Physiol Renal
Physiol 2000; 278:F209-18.

. Capasso JM, Rivard CJ, Berl T. Long-term adaptation of renal cells to hypertonicity: Role
of MAP kinases and Na-K-ATPase. Am ] Physiol Renal Physiol 2001; 280:F768-76.

. Santos BC, Pullman JM, Chevaile A, Welch W], Gullans SR. Chronic hyperosmolarity
mediates constitutive expression of molecular chaperones and resistance to injury. Am J
Physiol Renal Physiol 2003; 284:F564-74.

. Bankir L. Urea and the kidney. 1n: Brenner BM, Rector E eds. The Kidney. Sth ed.

Philadelphia: Saunders, 1996:571-606.

Lamitina ST, Morrison R, Moeckel GW, Strange K. Adaptation of the nematode

Caenorhabditis elegans to extreme osmotic stress. Am J Physiol Cell Physiol 2004; 286:C785-91.

Sherwood L, Klandorf H, Yancey P. Fluid and acid-base balance. Animal Physiology. From

Genes to Organisms. Belmont: Thomson Learning, 2005:572-611.

. Parker KR, von Borstel RC. Base-substitution and frameshift mutagenesis by sodium

chloride and potassium chloride in Sﬂrclmmmyre: cereviside. Mutat Res 1987; 189:11-14.

Knoll AH, Carroll SB. Early animal evolution: Emerging views from comparative biology

and geology. Science 1999; 284:2129-37.

Bowring SA, Grotzinger JB Isachsen CE, Knoll AH, Pelechaty SM, Kolosov P. Calibrating

rates of early Cambrian evolution. Science 1993; 261:1293-98.

Martin MW, Grazhdankin DV, Bowring SA, Evans DA, Fedonkin MA, Kirschvink JL. Age

of neoproterozoic bilatarian body and trace fossils, white sea, russia: lmplications for

metazoan evolution. Science 2000; 288:841-5.

Knoll AH. Proterozoic and early Cambrian protists: Evidence for accelerating evolutionary

tempo. Proc Natl Acad Sci USA 1994; 91:6743-50.

Torsvik TH. Geology. The Rodinia jigsaw puzzle. Science 2003; 300:1379-81.

Pautot G, Auzende JM, Le Pichon X. Continuous deep sea salt layer along north atlantic

margins related to early phase of rifting. Nature 1970; 227:351-4.

Kerr RA. Evolution: A trigger for the cambrian explosion? Science 2002; 298:1547.

Li ZX, Powell CM. An outline of the palaeogeographic evolution of the Australasian region

since the beginning of the Neoproterozoic. Earth-Science Reviews 2001; 237-277.

Morris S, Conway SO. Burgess shale faunas and the cambrian explosion. Science 1989;

246:339-46.

Hou X.-G., Aldridge RJ, Bergstrom J, Siveter DJ, Feng X.-H. The Cambrian fossils of

Chengjiang, China: The ﬂowering of early animal life. Oxford: Blackwell Science Ltd,

2004.

Brasier M, Antcliffe J. Paleobiology: Decoding the ediacaran enigma. Science 2004;

305:1115-7.

Peterson KJ, Lyons ]B, Nowak KS, Takacs CM, Wargo M], McPeck MA. Estimating

metazoan divergence times with a molecular clock. Proc Natl Acad Sci USA 2004;

101:6536-41.

Cell Cyclc

1323



