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Variation in the size of cells, and the DNA they contain, is a basic feature of multicellular
organisms that affects countless aspects of their structure and function. Within humans, cell
size is known tovary by several orders of magnitude, and differences in nuclear DNA content
among cells have been frequently observed. Using published data, here we describe how the
quantity of nuclear DNA across 19 different human cell types increases with cell volume.
This observed increase is similar to intraspecific relationships between DNA content and cell
volume in other species, and interspecific relationships between diploid genome size and
cell volume. Thus, we speculate that the quantity of nuclear DNA content in somatic cells of
humans is perhaps best viewed as a distribution of values that reflects cell size distributions,
rather than as a single, immutable quantity.

Our understanding of the complexity of
multicellular organisms, and the diverse

cells of which they are comprised, has dramat-
ically increased over the past several decades.
Yet, we still lack an understanding of some of
the most basic features of the cells that consti-
tute multicellular organisms. For example, the
number of different cell types in an organism,
or the rate at which different cells grow, divide,
and die, remain poorly understood (see Niklas
2015). But perhaps most important, we lack an
understanding of the size and abundance of
cells that constitute an organism (see Amodeo
and Skotheim 2015). Cell size, in particular, af-
fects virtually all structural and functional attri-
butes of multicellular organisms, from the mo-
lecular level to the whole organism level.

One key feature of organisms that may vary
with cell size is the amount of nuclear DNA.

Across species, genome size has long been
known to correlate positively with cell and nu-
clear volume (Price et al. 1973; Szarski 1976;
Olmo 1983). But within species, too, the nucle-
ar DNA content of somatic cells has been shown
in a few instances to increase with cell size in
species such as Daphnia (Beaton and Hebert
1989) and Arabidopsis (Jovtchev et al. 2006).
Such increases in nuclear DNA content can
have important consequences for cell function,
in general, and gene expression, in particular
(Hancock et al. 2008; Lee et al. 2009; De Veylder
et al. 2011; Marguerat and Bähler 2012).

In the case of humans, substantial differenc-
es in DNA content have been observed in many
human cell types. Indeed, since Watson and
Crick described the structure of DNA, studies
of healthy human tissues have reported the
presence of polyploid cells (Winkelmann et al.

Editors: Rebecca Heald, Iswar K. Hariharan, and David B. Wake

Additional Perspectives on Size Control in Biology: From Organelles to Organisms available at www.cshperspectives.org

Copyright # 2015 Cold Spring Harbor Laboratory Press; all rights reserved; doi: 10.1101/cshperspect.a019091

Cite this article as Cold Spring Harb Perspect Biol 2015;7:a019091

1

mailto:gillooly@ufl.edu
mailto:gillooly@ufl.edu
http://www.cshperspectives.org
http://www.cshperspectives.org
http://www.cshperspectives.org


1987; Biesterfeld et al. 1994). The cell types in
which this has been observed appear to have
little in common, except that they are generally
stable, fully differentiated cells (Winkelmann et
al. 1987). Still, these observations have done lit-
tle to change the traditional view that all healthy
somatic cells in the human body hold the same
characteristic quantity of DNA (�7 billion base
pairs) based on the long-standing principle of
DNA constancy (Mirsky and Ris 1949). Devia-
tions from the diploid quantity of DNA in hu-
mans, like other animals, are still often viewed as
exceptional, tissue-specific, or indicative of pa-
thology. A more synthetic view of differences in
nuclear DNA content across human cell types
may provide some clarity on these and other
issues.

In this review, we compile and analyze pub-
lished data to examine the extent to which nu-
clear DNA content varies across diverse human
cell types, and whether such variation is corre-
lated with cell size. We then compare these re-
sults with previously reported relationships be-
tween nuclear DNA content and cell size within
four other species. Finally, we compare these
results with the relationships between diploid
genome size and cell size observed across species
in several broad taxonomic groups. These anal-
yses suggest that systematic variation in nuclear
DNA content is a more ubiquitous phenome-
non in human cells than was previously appre-
ciated. However, as we later discuss, the mecha-
nisms underlying these patterns remain in
question.

THE RELATIONSHIP OF NUCLEAR DNA
CONTENT TO CELL SIZE IN HUMANS

Methodology

Our analysis for this work used published data
from healthy human cell populations represent-
ing 19 different cell types, as designated in the
original studies (data provided in Table 1). In
the original studies, DNA content was estimated
using the Feulgen staining method, and the size
of cells or cell nuclei were directly measured.
Feulgen staining (Feulgen and Rosenbeck
1942) has been the most widely used method

for estimating DNA content for several decades,
and is still generally considered a reliable meth-
od for making quantitative measurements of
DNA content (Chieco and Derenzini 1999; Bies-
terfeld et al. 2011). Measurement errors are typ-
ically ,5% using this method (Gregory 2005),
which for our analyses is negligible given the
orders of magnitude variation in DNA content
among the cells we consider. The method works
by staining DNA owing to the reaction of Schiff
or pseudo-Schiff reagents with aldehydes, which
are converted from deoxyribose in DNA after
HCl hydrolysis (Chieco and Derenzini 1999).
The light absorbance of the stained genetic ma-
terial is then measured to quantify the relative
DNA content of cells.

In cases in which the relative content of DNA
was originally expressed in “arbitrary units” in
the original studies, we converted these mea-
sures to pg DNA given that the Feulgen staining
method results in a linear relationship between
light absorbance and DNA content (Biesterfeld
et al. 2011). In each case, a specific conversion
factor was used for each cell type based on the
observed relationship between light absorbance
and DNA content in the particular study (see
Table 1). This was done to avoid any bias as-
sociated with differences in DNA compaction
level or uptake of stain across cell types. The
conversions used for each cell type are given in
Table 1.

Finally, in many studies considered here,
only the population means of cell size and
DNA content were reported. Thus, to remain
consistent, for those studies that reported indi-
vidual cell measurements, we calculated mean
values and used these in the analyses. So, all
points shown in the figures for humans repre-
sent means of DNA content and cell size from
cell populations. In Table 1, we give all values for
cell size and DNA content reported in the orig-
inal sources, both population mean values and
individual cell values. In the majority of cases,
cell volumes were not directly reported, so we
estimated these volumes from measures of nu-
clear size based on a published relationship be-
tween nuclear volume and cell volume across
human cell types (see Table 1 for further details
of methodology and data) (Swanson et al. 1991).
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We evaluated the relationship between mean
nuclear DNA content (pg) and cell volume (m3)
using a linear mixed model of the form log10

(DNA) ¼ a þ b log10 (cell volume) þ C þ D
þ E, where a and b are regression coefficients, C
and D represent random effects of cell type (ran-
dom slope and intercept, respectively), and E
represents residual errors (Pinheiro and Bates
2000). This statistical model accounts for with-
in-group autocorrelation, allowing us to include
cells from multiple cell types in a single analysis.
To determine whether DNA content was corre-
lated with cell volume within cell types, we used
ordinary least-squares regression. We verified
normality of residuals using quantile–quantile
plots.

Results

Our analyses of these data indicate that the
amount of DNA in human cells varies system-
atically with cell size among cell types, such that
larger cells contain substantially more DNA
(Fig. 1A) (mean log10 [DNA] ¼ 21.4 þ 0.77
log10 [cell volume], r2 ¼ 0.82, F1, 175 ¼ 36.6,
P , 1 � 1029). Figure 1A shows that the mean
DNA content forcell populations varies from 1.8
to 68.6 pg across cell types ranging from haploid
sperm to polyploid megakaryocytes. For 17 of
the 19 cell types shown in this relationship,
cell volume was calculated based on some mea-
sure of nucleus size. Without converting to cell
volume, we still observed a significant, positive
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Figure 1. Mean DNA content for cell populations. (A) Mean nuclear DNA content versus cell volume for healthy
human cell populations from 19 cell types (log10 [DNA]) ¼ 21.3 þ 0.74 log10 [cell volume], r2 ¼ 0.81; data in
Table 1). The characteristic diploid human cell contains 7 pg DNA. (B) Relationship between DNA content and
cell size in humans (blue) in comparison to previously reported relationships in the rat (Rattus norvegicus, log10

[DNA] ¼ 21.3 þ 0.77 log10 [cell volume] [Heizer 1955]), frog (Pseudacris obscura, log10 [DNA] ¼ 20.6 þ
0.57 log10 [cell volume] [Bachmann et al. 1966]), crustacean (Daphnia pulex, log10 [DNA] ¼ 22.3 þ 0.87 log10

[cell volume] [Beaton and Hebert 1989]), and plant (Arabidopsis thalania, log10 [DNA] ¼ 23.1 þ 1.1 log10

[cell volume] [Jovtchev et al. 2006]). Lines were fitted to data for nonhumans using ordinary least-squares
regression. The human data shown here are the same as those shown in A.
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relationship between nuclear volume and DNA
content among these cell types (log10 [DNA,
pg] ¼ 20.25 þ 0.54 log10 [nuclear volume,
m3], P ¼ 3.8 � 10210). For the two remaining
cell types in which we had direct measures of cell
diameter (cardiomyocytes and megakaryocytes),
we also observed a significant positive relation-
ship between DNA content and cell volume
(log10 [DNA] ¼ 20.71 þ 0.52 log10 [cell vol-
ume], P ¼ 1.0 � 10210).

When DNA content and cell volume were
averaged over all cells for each cell type, we ob-
served a similar relationship between mean
DNA content and cell volume (Fig. 2) (mean
log10 [DNA] ¼ 21.3 þ 0.72 log10 [cell vol-
ume], r2 ¼ 0.82, F1,17 ¼ 86.8, P ¼ 4.3 �
1028). Note, however, that the range in DNA
content of individual cells from these popula-
tions was even greater, as one would expect. At
one extreme, the largest megakaryocytes con-
tained 448 pg of DNA (see Royere et al. 1988
in Table 1). This indicates that these cells have
likely undergone six genome duplication events
from their diploid state.

Moreover, within cell types, the same corre-
lations between nuclear DNA content and cell
volume were observed in five of the six cases in
which mean cell volume varied by a factor of
5 or more (megakaryocytes, hepatocytes, lym-
phocytes, hepatic parenchymal cells, and amni-
on epithelial cells). In these five cases, DNA
content was positively correlated with cell vol-
ume (ordinary least-squares [OLS] regression,
all P � 1.6 � 1029). In the case of cardiomyo-
cytes, however, we did not observe a statistically
significant correlation (P ¼ 0.1).

RELATIONSHIP OF NUCLEAR DNA
CONTENT TO CELL SIZE: HUMANS
COMPARED WITH OTHER SPECIES

Methodology

To determine whether the relationships between
cell size and DNA content were similar in hu-
mans and in other species, we used data from
the few studies available on intraspecific var-
iation in cell size and nuclear DNA content

Amnion epithelial cell
Cardiomyocyte
Cytotrophoblast
Endocrine pancreatic cell
Endothelial cell
Exocrine pancreatic cell
Hepatic parenchymal cell
Hepatocyte
Lymphocyte
Lymphocyte polymorph
Megakaryocyte

Human cell volume (µ3)

102 103 104

Monocyte
Primary spermatocyte
Secondary spermatocyte
Spermatid
Spermatongium
Spermatozoon
Syncytiotrophoblast
Villous stroma

1

10

100

H
um

an
 n

uc
le

ar
 D

N
A

 c
on

te
nt

 (
pg

)

Figure 2. Relationship between mean nuclear DNA content and mean cell size in diploid and polyploid human
cells by cell type for data shown in Figure 1. Each point represents mean cell size and DNA content from all cell
populations of a given cell type.
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(Heizer 1955; Bachmann et al. 1966; Beaton and
Hebert 1989; Jovtchev et al. 2006). Studies of
nonhuman cells typically reported nuclear size
instead of cell size. To convert nuclear volume to
cell volume, we used the formula log10 (cell vol-
ume) ¼ 0.88 þ log10 (nuclear volume), which
we obtained by fitting a linear function to log10-
transformed cell and nuclear size measurements
from vertebrate (Olmo 1983) and plant (Price
et al. 1973) cells from a diverse assortment of
species using ordinary least squares.

Results

The relationship between nuclear DNA content
and cell volume in humans is similar to that
previously reported for other species. DNA con-
tent is similarly correlated with cell volume
in the rat Rattus norvegicus, the frog Pseudacris
obscura, the crustacean Daphnia pulex, and
the plant Arabidopsis thalania (Fig. 1B). These
results indicate that concomitant changes in

cell volume and nuclear DNA content may
occur across very different cell types and spe-
cies, although this has only rarely been inves-
tigated.

The relationship between nuclear DNA con-
tent and cell volume in humans also appears
similar to the relationships observed between
diploid genome size and cell volume in plants
(Price et al. 1973), vertebrate animals (Olmo
1983), and unicellular eukaryotes (Fig. 3A)
(Shuter et al. 1983). Interestingly, the range of
nuclear DNA content in human cells is compa-
rable to the range of diploid genome sizes across
all vertebrates (Fig. 3B). However, one must be
cautious in interpreting similarities and differ-
ences among these interspecific relationships
given possible differences in methodology, pos-
sible differences in the relationship between
nuclear volume and cell volume among taxa
and, in some cases, a fairly limited sampling
of species from these groups (e.g., unicellular
eukaryotes).

100 200 300 400 5000

Nuclear DNA content (pg)

Human  2–448

Fishes  1–266

Amphibians  2–260

Reptiles  2–11

Mammals  3–17

Birds  2–4

Nuclear DNA content in humans relative
to diploid genome size in vertebrates

Human

Vertebrates

Plants

Unicellular eukaryotes

Cell volume (µ3)

N
uc

le
ar

 D
N

A
 c

on
te

nt
 (

pg
)

10
–1

10
10

3

103 105104102

A B

Figure 3. Relationship between nuclear DNA content and cell volume in humans. (A) Relationship be-
tween nuclear DNA content and cell size in diploid and polyploid human cells (blue) in comparison to
previously reported relationships for diploid cells of vertebrates (log10 [DNA] ¼ 21.91 þ 1.07 log10 [cell
volume]), unicellular eukaryotes (log10 [DNA] ¼ 22.81 þ 0.945 log10 [cell volume]), and angiosperms
(log10 [DNA] ¼ 21.75 þ 0.912 log10 [cell volume]). Lines were fitted to previously reported relationships
using ordinary least-squares regression. The range of unicellular eukaryote cell and genome sizes is truncated to
clearly show data for other groups. Note that the human data shown in this figure are the same as those shown in
Figure 1A. (B) Range of nuclear DNA content in individual human cells in comparison to ranges of diploid
genome sizes within vertebrate groups. DNA content was rounded to the nearest whole number.
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CONCLUSIONS

Our analysis of previously published data raises
questions regarding the prevalence of endo-
replication in human cells and its relationship
to cell size. It remains to be seen whether the
relationship presented here extends across the
hundreds of different cell types in the human
body. Our common assumption of DNA con-
stancy across somatic cells in humans and other
species has not been adequately investigated.
The number of animal species for which we
have measured the amount of DNA in different
cell types of different sizes is restricted to only a
handful of model organisms. Endoreplication
may be a common and/or functional trait in
the somatic cells of humans and other animals
(Lee et al. 2009; Ullah et al. 2009; Anatskaya and
Vinogradov 2011; De Veylder et al. 2011), as it
has long been viewed in plants. Some have ar-
gued that perhaps this process serves to provide
extra gene copies as an insurance policy against
DNA damage, or that larger cells simply require
greater levels of protein synthesis for mainte-
nance and production (Lee et al. 2009; De
Veylder et al. 2011). Certainly, in some human
cell types (e.g., megakaryocytes), polyploid nu-
clei are considered normal and functional. And
in other cell types not considered here (e.g.,
muscle cells), multinucleated cells are common
and functional. The relationship between cell
size, nuclear DNA content, and gene expression
within and across cell types is only beginning to
be explored (Marguerat and Bähler 2012), but
clearly genomes are much more dynamic than
was previously thought (Parfrey et al. 2008).

We have moved beyond the view that ge-
nomes are immutable blueprints. Most of the
cells shown in Figure 1 are presumably postmi-
totic, but many show quantities of nuclear DNA
well beyond the expected value of about 7 pg.

The notion that human cells may have quite
different genetic constitutions depending on
their size would have profound implications
for our understanding of cell structure and
function.

The data shown here suggest that perhaps
the quantity of nuclear DNA content in human
cells is best viewed as a distribution of values
that reflects cell size distributions, rather than

as a single value. That is, most cells may be of a
similar size and contain something close to the
characteristic amount of nuclear DNA, but a
relatively small number of cells may be large
with high amounts of DNA.

Changes in the DNA content of somatic
cells may occur by endoreplication of individual
genes or the entire genome (i.e., polyploidiza-
tion). Often, it is assumed that genome dupli-
cation via endoreplication is responsible for any
increases in nuclear DNA content beyond the
typical diploid quantity. Of the cell types shown
here, it is simply not possible to generalize the
extent to which this may be the case because
most data are averages of cell populations. How-
ever, for the two cell types for which we have
data on the individual cells of a cell population
(amnion epithelial cells and hepatocytes), a
closer look at the data provides some clues
(see Table 1). In these data, the increases in
DNA content with cell size appear to cluster
around values expected from endopolyploid-
ization (e.g., 7, 14, 28, etc.), but there is consid-
erably more variation than one would expect
simply based on error. Thus, the data suggest
DNA content has increased as a result of some
combination of partial and complete genome
duplication in these two cell types.

However, the results shown here do not ad-
dress the question of whether genome size con-
trols cell size, or cell size controls genome size.
This has long been debated in the literature, and
has yet to be resolved. It is our hope that our
comparisons of DNA–cell size relationships
within species to genome size–cell size relation-
ships across species may help point to a more
general understanding. We were surprised by
the qualitatively similar relationships between
the two. They highlight the fact that we have
much to learn about the various mechanisms
that lead to increases in cellular DNA content,
and how such increases affect gene expression
(Therman et al. 1983; Marguerat and Bähler
2012). Again, here, broadly comparative ap-
proaches may be insightful. In particular, we
suggest that it may be useful to relate relevant
structural features (genome size and cell size)
and functional features (gene expression and
polyploidization) to the life span, replication
rate, and metabolic rate of cells.
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