Extreme polyploidy in a large bacterium
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Cells rely on diffusion to move metabolites and biomolecules.
Diffusion is highly efficient but only over short distances. Although
eukaryotic cells have broken free of diffusion-dictated constraints
on cell size, most bacteria and archaea are forced to remain small.
Exceptions to this rule are found among the bacterial symbionts of
surgeonfish; Epulopiscium spp. are cigar-shaped cells that reach
lengths in excess of 600 m. A large Epulopiscium contains thousands of times more DNA than a bacterium such as Escherichia coli,
but the composition of this DNA is not well understood. Here, we
present evidence that Epulopiscium contains tens of thousands of
copies of its genome. Using quantitative, single-cell PCR assays
targeting single-copy genes, we have determined that copy number is positively correlated with Epulopiscium cell size. Although
other bacteria are known to possess multiple genomes, polyploidy
of the magnitude observed in Epulopiscium is unprecedented. The
arrangement of genomes around the cell periphery may permit
regional responses to local stimuli, thus allowing Epulopiscium to
maintain its unusually large size. Surveys of the sequences of
single-copy genes (dnaA, recA, and ftsZ) revealed genetic homogeneity within a cell consistent with only a small amount (⬇1%) of
the parental DNA being transferred to the next generation. The
results also suggest that the abundance of genome copies in
Epulopiscium may allow for an unstable genetic feature, a long
mononucleotide tract, in an essential gene. With the evolution of
extreme polyploidy and large cell size, Epulopiscium has acquired
some of the advantages of eukaryotic cells.
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t is well appreciated that many eukaryotes are orders of
magnitude larger than all known members of the Bacterial and
Archaeal domains. Eukaryotes have broken free of constraints
on cell size by the development of sophisticated nutrient uptake
systems, subcellular compartmentalization, and the use of a
cytoskeleton and motor proteins to transport vesicles. With the
further advance of multicellularity, cell and tissue specialization
have allowed eukaryotes to attain tremendous dimensions (1, 2).
Until recently (3, 4), bacterial (and archaeal) cells were considered simple, displaying little subcellular organization. Although
we now know that bacterial cells are also highly organized,
possessing motor and cytoskeletal proteins, and even extensive
intracellular membranes in some instances (5), these cells are
believed to rely on diffusion to access nutrients and other
metabolically important chemicals. Diffusion coefficients of
small molecules may impose time constraints on metabolite flux
(6) that require bacterial cells to maintain very high surface-tovolume ratios. As a result, no part of the cytoplasm is very far
from the external environment, and so exchange is rapid enough
to sustain metabolic processes. Most large bacteria fit this
paradigm and maintain a very thin cytoplasm; they are extremely
long and slender, or if spherical they contain an intracellular
vacuole to press the cytoplasm into a thin layer just under the
cytoplasmic membrane (7–10). In addition, many large bacteria
contain intracellular mineral inclusions, which further reduce
the volume of active cytoplasm (11). Possible exceptions to this
standard are found within the Firmicutes (12).
Our model for studying the cell biology of large bacteria is
Epulopiscium sp. type B, which occurs in the intestinal tract of
the unicornfish Naso tonganus (13, 14). These type B cells attain
6730 – 6734 兩 PNAS 兩 May 6, 2008 兩 vol. 105 兩 no. 18

lengths of 200–300 m and widths of 50–60 m (15) and
reproduce solely by the formation of multiple internal offspring
(Fig. 1). This reproductive strategy likely evolved from endospore formation (16). A large Epulopiscium contains a substantial amount of DNA arranged around the periphery of the
cytoplasm (17). This unusual feature may be key in the ability of
these large cells to maintain an active metabolism despite having
a low surface-to-volume ratio. To characterize the size and
conformation of the Epulopiscium sp. type B genome, we used
quantitative PCR to enumerate the copy number of genes in
individuals and in DNA extracted from populations of cells. The
results of these surveys suggest that Epulopiscium is highly
polyploid throughout its life cycle, and an individual contains
tens of thousands of copies of its genome.
Results and Discussion
DNA Content of Large and Small Epulopiscium Cells. Currently, no
Epulopiscium sp. is available in culture, which prevents the use
of standard methods (18) for assessing the composition or
conformation of the genome. Based on 16S rRNA gene sequence surveys, Epulopiscium type B populations are the most
homogeneous of the characterized Epulopiscium morphotypes
(13), and therefore they are well suited for the gene-based
studies presented here. By quantifying the amount of DNA
extracted from 5,000 purified large cells with mature offspring
(Fig. 1f ), and 5,000 cells with small, immature offspring (Fig. 1e),
we found that large cells contain ⬇250 pg of DNA, whereas small
cells contain ⬇85 pg of DNA. In contrast, a human diploid cell
contains 6 pg of DNA. The tremendous amount of DNA in
Epulopiscium is most likely in one of three conformations: (i) a
few copies of an enormous genome (19), (ii) thousands of copies
of a small genome (17, 20), or (iii) many copies of the complete
genome but with portions that are highly amplified. Because only
a small proportion of the mother-cell DNA is partitioned into
newly formed offspring, it is unlikely that Epulopiscium cells
possess only a few copies of an enormous genome (15). Instead,
we hypothesized that Epulopiscium has a genome comparable to
the size of other bacterial genomes (21), and that it is present in
very high numbers.
Ploidy of Large and Small Epulopiscium Cells. The composition of

DNA in individual Epulopiscium cells was assessed by using
real-time quantitative PCR. Four genes were assayed: ftsZ,
dnaA, recA, and the 16S rRNA gene. The first three of these are
generally unlinked, single-copy genes (22–24), and thus they
were used to represent the unit genome of Epulopiscium. Large
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Large-cell DNA*

Small-cell DNA*

Control DNA†

ftsZ
dnaA
recA
16S

42,600 ⫾ 5,820
38,200 ⫾ 7,940
41,900 ⫾ 8,330
285,000 ⫾ 36,000

31,900 ⫾ 1,640
36,500 ⫾ 7,000
26,300 ⫾ 4,300
177,000 ⫾ 11,200

290
120
30
40

*Mean ⫾ SD, n ⫽ 10.
†Mean negative controls, 150 pg of DNA extracted from surgeonfish gut
contents with no Epulopiscium cells, n ⫽ 3.

Fig. 1. Epulopiscium sp. type B life cycle. Offspring production follows a
circadian cycle. (a) Early in the day, a mother cell possesses small, internal
offspring. (b and c) Offspring size increases throughout the day (b) until they
fill the mother-cell cytoplasm (c). (d) Finally, ‘‘mature’’ offspring cells emerge
from the mother-cell envelope. Note that before emergence, these cells begin
to develop the next generation of offspring. (e and f ) Images of DAPI-stained
cells representing the populations of small (e) and large ( f) Epulopiscium cells
used in these studies. (Scale bar: 50 m.)

Epulopiscium cells on average possess 50,000 to 120,000 copies
of each of these markers (Table 1). The genomes of many
Firmicutes (low G⫹C Gram-positive bacteria) have multiple (as
many as 15) rRNA operons (25). The ribosomal RNA operon is
preferentially amplified in some eukaryotes (26–28). Ribosomal
RNA synthesis is the rate-limiting step in assembly of ribosomes
in many bacteria (29). For these reasons, we considered the
rRNA operon a good candidate for gene amplification in
Epulopiscium. Real-time PCR assays of the 16S rRNA gene
showed that large Epulopiscium cells have 240,000 to 740,000
copies of this gene (Table 1). Single-cell PCR amplification of
the internal transcribed spacer (ITS) between the 16S and 23S
rRNA genes showed that these cells have at least four unique
ITSs, indicative of multiple rRNA operons [supporting information (SI) Fig. S1]. These results suggest that Epulopiscium
type B also has multiple rRNA operons per genome; however,
the rRNA gene copy number in individuals is not large enough,
relative to single-copy markers, to indicate substantial
amplification of this operon.
It is difficult to determine from single-cell data whether all
single-copy markers are equally present in Epulopiscium type B
because cell size and gene copy number varied greatly in
individuals from a given population. Additionally, using cells
instead of purified genomic DNA in these real-time PCR assays
could introduce factors that may alter amplification efficiency.
We therefore assayed relative gene copy numbers by using
purified Epulopiscium genomic DNA. This approach also allowed for a rough estimation of genome size. Gene copy numbers
of the three single-copy markers were statistically similar in
genomic DNA extracted from large cells (one-way ANOVA, F ⫽
1.25, P ⫽ 0.301), with markers averaging 40,900 copies in 156 pg
of DNA (Table 2). These results support the idea that large
Table 1. Gene copy number in individual Epulopiscium
Gene

Copy number*

Range†

Control‡

ftsZ
dnaA
recA
16S

80,600
48,700
120,000
368,000

35,800–198,000
29,800–153,000
60,300–205,000
241,000–737,000

240
240
70
310

*Median gene copy number, n ⫽ 10.
†Copy number range (minimum – maximum).
‡Mean negative controls, surgeonfish gut contents without Epulopiscium
cells, n ⫽ 3.

Epulopiscium cells contain tens of thousands of copies of a fully
replicated, ⬇3.8 Mb genome. However, the marker numbers
obtained from small-cell genomic DNA varied (F ⫽ 11.82, P ⫽
0.000). These small cells were taken at an early stage of their
growth cycle, which is presumably a time of active DNA replication. This supposition is supported by the observation that the
replication origin-linked marker dnaA (30) was more numerous
than ftsZ or recA.
Cell Volume per Genome. Bacillus subtilis (also a member of the

Firmicutes) maintains a fairly constant cell-volume-to-genomicDNA ratio over a variety of exponential growth rates (31). We
took advantage of the natural variation in cell size in Epulopiscium populations to investigate whether genome copy number
varied with respect to cytoplasmic volume, and whether this ratio
was similar to that of B. subtilis. The genome copy number proxy
ftsZ was assayed in individuals taken from two natural Epulopiscium type B populations that represent the extremes of
offspring development and cell size (examples shown in Fig. 1 e
and f ). A linear relationship between cell size and copy number
was observed in the two populations (Fig. 2). Cells maintained
an average ratio of one genome for every 1.9 m3 of cytoplasm
over a range of volumes from 28,200 to 436,000 m3. When
analyzed separately, the means of ratios for cells of the two
Epulopiscium populations were not significantly different (t test,
P ⫽ 0.481). In comparison, B. subtilis in exponential growth in
rich media harbors one chromosome per 0.7 m3 of cytoplasm
(based on data from Sharpe et al. in ref. 31). Epulopiscium cells
appear to follow the same rules as other bacteria that link cell
growth and DNA replication (31–33); however, at least in the
populations we compared, Epulopiscium maintains a larger
cytoplasmic-volume-to-genome ratio than B. subtilis. Further
studies are needed to determine whether all cytoplasmic regions
of these large bacterial cells are functionally equivalent.
Factors Leading to Extreme Polyploidy. The significance of the

substantial polyploidy and genetic expansion recorded for Epulopiscium may be considered with respect to the two dominant
attributes of this bacterium: its nutritional biology as a symbiont
and its extraordinarily large size. Genetic amplification is seen in
diverse organisms (bacteria, archaea, protists, fungi, plants, and
animals). Amplification provides resources to support rapid
growth and division, cell specialization and adaptation, and may
enhance repair of genetic lesions (34–40). For some bacteria,
polyploidy is allied with metabolic adaptation and symbiont
differentiation. Buchnera aphidicola, the proteobacterial symbiont of aphids, contains on average 120 copies of its chromosome,
and expansion of genetic resources correlates with host development and presumably increased host demand for the essential
biomolecules provided by Buchnera (41). During differentiation
to symbiotic bacteroids, some species of rhizobia undergo modest genome proliferation (42). Therefore, one factor that may
have led to polyploidy in Epulopiscium is selection pressure for
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Table 2. Gene copy number in 156 pg of Epulopiscium
genomic DNA
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Fig. 2. The relationship between gene copy number and cytoplasmic volume in Epulopiscium sp. type B cells. The pink circles represent data from individuals
of the small-cell population (n ⫽ 26), and the blue diamonds represent data from the large-cell population (n ⫽ 31).

the evolution of a symbiotic relationship that contributes to host
metabolism.
Alternatively, the extreme polyploidy in Epulopiscium may be
more tightly linked with cell size. In insect and plant cells, an
expansion of genomic resources is accompanied with an increase
in size (42–45), although size is not always proportionate to
ploidy (46). Although the advantage of large cell size in Epulopiscium spp. has yet to be determined, two features of the
symbiont’s environment should be considered. The host feeding
behavior varies substantially on a daily basis, with concentrations
of food occurring at different points in the relatively long
alimentary tract. Populations of large Epulopiscium cells migrate
to distinct regions of the intestinal tract at different times of day
(47), presumably in response to host digestive processes. We
speculate that large size allows these motile cells better control
over their position along the length of the intestinal tract of the
host. In addition, the alimentary microbial community of the
host is complex and supports very high numbers of ciliate
bacterial predators (48). Epulopiscium type B cells appear to
avoid predation by all but the largest ciliates that inhabit the N.
tonganus intestinal tract (49).
The biased distribution of DNA within the cytoplasm of
Epulopiscium permits functional compartmentalization and regional specialization within these large cells. A similar peripheral
arrangement of nucleoids has been reported in another large
bacterium, Thiomargarita namibiensis (50), although the composition of these nucleoids has yet to be determined. Single
spherical cells of Thiomargarita are generally 100–300 m in
diameter but cells as large as 800 m occur. Each Thiomargarita
cell contains a large, fluid-filled vacuole, which takes up ⬇98%
of the cell volume. This central vacuole confines the active
cytoplasm to a shallow, 0.5– to 2-m layer just under the
cytoplasmic membrane. As with all bacteria, the close association of DNA with the cell membrane accommodates transertion
(51), the linked processes of transcription, translation, and
insertion of proteins into the cytoplasmic membrane. In large
bacteria, genomic copies arrayed around the cellular periphery
would permit transcription of any gene at disparate locations
within the cell, thus reducing transit time of proteins and
metabolites from site of synthesis or entry to site of action. In this
way, a large bacterium could function like a microcolony, with
different regions of the cell independently responding to local
stimuli, which would alleviate some of the pressure to remain
small for the sake of rapid intracellular diffusive transport. In
stark contrast to Thiomargarita, the central cytoplasm of Epulopiscium is relatively free of DNA but apparently active. This
subcellular arrangement allows for the rapid growth of internal
offspring, as seen in the related, but smaller (12–35 m long),
endospore-forming bacterium Metabacterium polyspora (16). It
6732 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0707522105

still remains to be seen whether other mechanisms in large
Epulopiscium cells enhance movement of molecules throughout
the bulk of the central cytoplasm.
Polyploidy and Intracellular Genetic Diversity. It is coming to light

that genome duplication and subsequent divergence of orthologs
has been an important driving force in genome evolution and the
generation of morphological complexity (44, 52). Polyploidy in
Epulopiscium could allow for diversification of genome copies
while supporting an increase in cell size. Such a simple cellular
modification may have been an important advance toward the
development of the contemporary eukaryotic cell. In a previous
study, we estimated that ⬇1% of the DNA in an Epulopiscium
sp. type B cell is inherited (15). For an average type B cell, this
amount of DNA could comprise 230 genome equivalents. Although reproduction imposes a significant genomic population
bottleneck, some genetic diversity could be passed on to the
offspring.
To evaluate gene diversity in Epulopiscium, we followed an
approach used by Mark Welch and Meselson (53, 54) to study
bdelloid rotifers. There is mounting evidence for functional
divergence of genes that were once alleles in these asexual, but
highly successful, rotifers (55). For Epulopiscium gene surveys,
we cloned the PCR products from single-cell amplification
reactions targeting single-copy genes ftsZ, dnaA, or recA (SI
Text). As mentioned above, multiple ITS sequences have been
recovered from an Epulopiscium single-cell PCR amplification
(Fig. S1), so this method should allow for the recovery of
abundant variants in single-copy genes, if present. Alignments of
single-copy gene clones revealed that a consensus gene sequence
was predominant in each library; however, we did detect sequence variants (SI Text and Tables S1, S2, and S3). For ftsZ and
recA, clones varied from the consensus by 1 or 2 nt, and all
variants were unique (Tables S1 and S2). Single-nucleotide
changes appeared to be transitions and the vast majority coded
for nonsynonymous amino acid substitutions. The overall frequency of nucleotide differences was comparable to published
TaqDNA polymerase PCR error rates (56–58). For dnaA, we
observed similar trends (Table S3). During our analysis of dnaA,
however, we were surprised to find a common, single-nucleotide
deletion in 12 of the 30 dnaA clones (SI Text and Table S3). The
deletion occurred within a mononucleotide tract of 10 adenines.
Further investigations (SI Text and Fig. S2) indicate that at least
some of these deletion variants are produced during amplification with thermostable polymerases. A high frequency of slippage in mononucleotide tracts of this length during PCR amplification has been observed by others (59, 60). Long,
mononucleotide repeats are common in eukaryotic genomes,
but rare in bacterial or archaeal genomes (61–63). In bacteria,
Mendell et al.

Evolutionary Implications of Extreme Polyploidy in Bacteria. Together, the findings support the idea that Epulopiscium sp. type
B cells are highly polyploid throughout their life cycle. Gene
sequence surveys suggest that the bottleneck imposed on Epulopiscium genomes during reproduction may restrict diversification of orthologs in an individual. Nevertheless, extreme
polyploidy may allow Epulopiscium to harbor unstable genetic
features, such as mononucleotide tracts, within essential genes,
without detriment.
The functional dichotomy of ‘‘somatic’’ and ‘‘germ-line’’
genomes within an enormous and highly polyploid bacterium
represents a unique intermediate between the ‘‘typical’’ asexual, single-celled microorganism and a multicellular organism.
The genetic material of a successful, solitary bacterium is
replicated and faithfully passed on to its offspring. For multicellular organisms, only the germ line may be inherited; the
waste of genetic resources in somatic cells is offset by the
diversification of cellular function, which commonly leads to
increased size, enhanced access to resources, and improved
metabolic capacity. Compared with a solitary existence, colonial microbes (e.g., some actinobacteria) or populations of
cooperative microorganisms (e.g., cellular slime molds, myxobacteria) benefit from improved metabolic potential and
perhaps better dispersal at the cost of the genomes of cells that
play a supporting role (64, 65). The enormous, polyploid
Epulopiscium cell has converged on the advantages of social
microbes but with additional benefits (exceptional motility,
enhanced resistance to predation) normally found in large
eukaryotic microbes or multicellular organisms.

Methods
Epulopiscium Collection. Epulopiscium sp. morphotype B cells were obtained
from N. tonganus, collected by spearfishing on reefs around Lizard Island,
Australia. Sections of the gut were removed, and intestinal contents were
fixed in 80% ethanol and stored at ⫺20°C. Individual Epulopiscium cells
were collected from gut contents by using a standard Gilson micropipettor
and a dissecting microscope (Nikon SMZ-U). Cells were transferred five
times through sterile ethanol wash buffer [80% ethanol, 145 mM NaCl, 50
mM Tris䡠HCl (pH 8.0), 0.05% Igepal] and rinsed in sterile deionized water.
DNA Extraction and Quantification. DNA was extracted from 5,000 handpicked,
washed cells. DNA extraction and quantification protocols were based on
standard procedures (66). Epulopiscium cells were lysed by incubation in
proteinase K (100 g/ml in 10 mM Tris, pH 8.0) at 50°C for 1 h followed by six
rounds of freeze–thaw. Cell lysate was extracted twice with phenol/
chloroform/isoamyl alcohol (25:24:1), and the nucleic acids were precipitated
with 0.3 M sodium acetate and ethanol. The pellet was rinsed with 70%
ethanol and air-dried. The pellet was dissolved in sterile water and treated
with RNase A (10 g/ml) at 37°C for 30 min.
PicoGreen assays to quantify genomic DNA were performed as follows.
DNA from bacteriophage lambda was diluted in TE [10 mM Tris (pH 8.0), 1 mM
EDTA] to generate a dilution series ranging from 500 to 10 ng/ml. Genomic
DNA from Epulopiscium was diluted 1:5,000 in TE. Aliquots (50 l) of the
standards and genomic DNA were dispensed in triplicate into wells of a
microtiter plate. PicoGreen (Molecular Probes) was prepared according to the
manufacturer’s instructions, and 50-l aliquots were mixed with the DNA
solutions in each microtiter plate well. Relative fluorescence was determined
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by using a Perkin–Elmer LS50B fluorometer. Genomic DNA was also quantified
by using an ethidium bromide spot test. For the spot test, lambda DNA was
used to generate a serial dilution ranging from 50 to 1 g/ml. Equal volumes
of DNA (unknowns or standards) and a 2 g/ml solution of ethidium bromide
were mixed, and 10 l of each mixture was spotted on a Petri dish. The spots
were illuminated with UV light and photographed. The fluorescence intensity
of each unknown was compared with the fluorescence intensities of the DNA
standards.
Primer and Probe Design for Quantitative PCR. Epulopiscium type B dnaA
(GenBank accession no. EF127641) and recA (GenBank accession no. EF127642)
genes were cloned by using an approach previously used to clone ftsZ (67).
TaqMan probes and primer sequences for Epulopiscium dnaA (probe: 5⬘TTCTTTCTTTTCCGGCGATAAATTGAATATCATCTATTAG; forward primer: 5⬘GACCAACCTCCTGCCTTCAGAAATAAA; reverse primer: 5⬘-GTGTTAAATGTATGGAAAAATTCTTCTTGT), ftsZ (probe: 5⬘-CACAGGTGACTCGACACTTGCAATC;
forward primer: 5⬘-ATTAAAGGTGCAGGTGGCGTACT; reverse primer: 5⬘GCTAGCTCCCGCAT TCAACT), recA (probe: 5⬘-TTAAGAATAAAATTGCTCCTCCATTTAAACAAGCAG; forward primer: 5⬘-TGCGACAGAAATAATCGGCAGCAAAA; reverse primer: 5⬘-AGAAGAAATTCCTTCGCCATAGATAA), and the
16S rRNA gene (probe: 5⬘-CCATGCCGCCTACACACCCTTTACA; forward primer:
5⬘-ATTAAAGGTGCAGGTGGCGTACT; reverse primer: 5⬘-GCTAGCTCCCGCATTCAACT) used in real-time PCR were designed by using Primer Express (Applied Biosystems). TaqMan probes used in the real-time PCR assays were 5⬘
end-labeled with the reporter dye 6-carboxyfluorescein (FAM) and 3⬘-labeled
with the quencher dye carboxytetramethylrhodamine (TAMRA).

TaqMan Quantitative PCR Assays. Primer sets were tested in standard PCR
amplifications using Epulopiscium cells, microbial community DNA extracted
from surgeonfish intestinal contents, and genomic DNA from five other
Firmicutes. A proteinase K solution (as above) was irradiated for 3 min by using
a UV transilluminator (FisherBiotech) and then aliquoted into each tube in a
96-well PCR plate. One washed Epulopiscium was added to each tube and
incubated at 50°C for 1 h. The plate was heated, 95°C for 15 min, to inactivate
the proteinase K. TaqMan assay reaction mixtures were prepared on ice and
contained 1⫻ TaqMan Universal Master Mix (ABI), 900 nM of the appropriate
forward and reverse primers, and 200 nM of the appropriate fluorogenic
probe. To determine the copy number of genes in Epulopiscium genomic DNA,
the DNA extracts from large- and small-cell populations were diluted 1:10 and
1:100 in TE. The concentrations of all dilutions were determined by using the
PicoGreen assay described above, except 1 l of diluted Epulopiscium DNA was
used in the assays. The small-cell DNA concentration was adjusted to 156 pg/l
to match the concentration of the large-cell DNA sample. For gene quantification, 1 l of DNA was added to PCR plate well containing the TaqMan
reaction mixture. Each genomic DNA sample was run in triplicate for each
gene assay. Quantification standards were generated from serial dilutions of
plasmid DNA (2.0 ⫻ 107 copies to 2.0 ⫻ 102 copies per l) containing dnaA, ftsZ,
recA, or the 16S rRNA gene cloned from Epulopiscium type B. Standards were
run in duplicate, and no template controls were run in triplicate for each assay.
Thermal cycling conditions were as follows: 2 min at 50°C, 10 min at 95°C
followed by 40 cycles of 15 s at 95°C and 1 min at 60°C. Data were compiled and
analyzed by using Sequence Detection Software, version 1.3 (ABI).
Cell Volume and Gene Copy Number Comparisons. Images of Epulopiscium cells
were acquired with a Cooke SensiCam CCD camera and an Olympus BX61
microscope equipped with a LCPlanF1 ⫻40 objective. Using Slidebook software (calibrated with a stage micrometer), the cell length and width were
determined. The cell volume was calculated by using the formula for a prolate
ellipsoid. After image acquisition, each cell was transferred into a well of a
96-well plate and processed for quantitative PCR as described above. Statistical analyses (t test and ANOVA) were performed with SAS software, version
9.1 of the SAS system for Windows.
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