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DNA in a human cell is approxi-
mately 2 m long but is compacted 
into micrometre-sized eukaryotic 

nuclei. To achieve this level of compaction, 
DNA is first wrapped up into nucleosomes, 
which are then thought to fold into fibres 
and loops. The basal unit of such folding 
is the 10 nm ‘beads on a string’ structure 
observed in all eukaryotic cells (Fig  1A; 
reviewed in [1]). The 10 nm fibre is subse-
quently folded into secondary and tertiary 
structures, the nature of which have been 
at the heart of a spirited debate for nearly 
30 years [2].

The first compelling description of the 
compacted interphase 30 nm chromatin 
fibre, found in all textbooks, originated from 
a seminal study by Finch and Klug, who 
used transmission electron microscopy and 
X‑ray diffraction to investigate cell-extracted 
nucleofilaments. Now, nearly 40 years after 
Finch and Klug proposed their landmark 
‘solenoid’ model, a series of papers includ-
ing one published in this issue of EMBO 
reports [3] have questioned the existence of 
30 nm chromatin fibres.

In their original study, Finch and Klug 
found that extracted chromatin appeared 
as a ‘solenoidal’ 30 nm wide helical fibre, 
with a radial distribution of adjacent nucleo
somes and bent linker DNAs coiling contin-
uously around a central axis (Fig 1B,C; [4]). 
This simple one-start helix required histone 
H1 for its stability, and in the absence of 
H1 collapsed back into the primary 10 nm 
fibre. Later, cryo-electron microscopy and 

computational modelling analyses showed 
that natural variations in DNA linker length, 
and nucleosome-free regions in vivo, affect 
the regularity of the 30 nm fibre [5]. These 
data supported an alternative model of 
chromatin fibre organization, namely the 
accordion-like two‑start helix containing 
an interdigitated arrangement of adjacent 
nucleosomes, with straight linker DNA 
criss-crossing the interstitial space (Fig 1D). 
This model correctly represented how a 
tetra-nucleosomal chromatin fibre folds 
in vitro [2,6]. In situ data also revealed the 
existence of 30 nm chromatin fibres in star-
fish sperm, chicken erythrocyte and mouse 
photoreceptor cells through several opti-
cal approaches—for example, transmission 
electron microscopy, cryo-electron micro
scopy, energy spectroscopic imaging and 
immunogold labelling (reviewed in  [2]). 
Furthermore, three‑dimensional traces of 
chromatin fibres from electron microscopy 
images of serially sectioned G1 nuclei pro-
vided evidence for fibres with diameters 
of not only 30 nm, but also 60–80 nm and 
100–130 nm, which seemed to have formed 
by progressive coiling of the 30 nm fibre [7]. 
In addition, analyses in live cells, where 
isolation or fixation artefacts cannot arise, 
revealed that tagged segments of chromatin 
domains decondensed on transcriptional 
activation into necklace-like structures, the 
overall length of which was consistent with 
an 80–100 nm fibre [8].

However, advances from cryo-electron 
microscopy, small-angle X‑ray scattering 
(SAXS) and energy spectroscopic imag-
ing approaches present cogent arguments 
for a eukaryotic nucleus composed of 
almost exclusively 10 nm fibres. In  situ 
mitotic chromosome analyses by cryo-
electron microscopy and SAXS have found 
the 10 nm chromatin fibre but no other 

structures  [9,10], although interactions 
between adjacent fibres leading to a more 
compact structure were described in the 
same study. In addition, an energy spectro-
scopic imaging study of several cell types 
and constitutive heterochromatin did not 
reveal the 30 nm fibre [11]. Finally, data 
presented in this issue of EMBO reports, 
as well as a study published in Nucleus, 
further support the argument that the 
30 nm fibre does not exist [3,12]. Energy 
spectroscopic imaging is a spectrographic 
approach that can distinguish phosphorus 
atoms and thereby enable a ‘trace’ of the 
path of the DNA in a chromatin fibre. By 
using this method, Fussner and colleagues 
have found that although they can detect 
approximately 24 nm fibres in starfish 
sperm—serving as a control for the most 
compacted chromatin structures—chroma-
tin in cultured mouse embryonic fibroblasts 
and native mouse tissues has almost exclu-
sively 10 nm fibre organization. More pro-
vocatively, Joti and colleagues have used 
cryo-electron microscopy and ultra-SAXS 
to show that previous SAXS data indicative 
of 30 nm fibres can potentially be attributed 
to contamination from ribosomes, which 
are arranged in a 30 nm periodicity when 
they coat mitotic and interphase chromatin 
preparations. Indeed, when the chromo
somes and nuclei are extensively washed 
to remove ribosomes, only the 6 nm and 
11 nm peaks remain in the SAXS profile, 
representing individual nucleosomes and 
the 10 nm chromatin fibre, respectively.

These data fundamentally contradict 
decades of previous work which have 
argued for the presence of 30 nm and thicker 
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chromatin fibres. Is there any way to recon-
cile the two opposing views? As suggested 
above, a potential answer might be that the 
conditions used for chromatin extraction 
studies favoured the assembly of the thicker 
30 nm fibre that Fussner and co-workers 
found in starfish sperm—for example, mag-
nesium, sodium chloride and chromatin 
concentrations in such studies are typically 
far lower than those found in vivo. Previous 
electron microscopy studies are also subject 
to the concern that fixation or staining pro-
cedures might generate thicker fibres due to 
cross-linking artefacts. It is also conceivable 
that studies using either light or transmission 
electron microscopy missed isolated 10 nm 
fibres because their staining intensity was 
too weak for detection relative to the higher 
signal density of 30 nm fibres. The issue is 
more perplexing when one considers some 
of the intact cell studies in which specimens 
were neither stained nor fixed. The simplest 
explanation might be that it is nearly impos-
sible to distinguish between two discon-
tiguous 10 nm fibres that are interdigitated 
in a polymer melt, folded in a boustro
phedon fashion or otherwise annealed 
by proteins, and a true contiguous 30 nm 
fibre composed of an one‑start or two‑start 
helix (Fig 1E).

Does it matter whether chromatin organ-
izes itself as a 10 or 30 nm fibre? Although 
it might seem an esoteric argument, the 

functional difference between 10  and 
30 nm chromatin fibres is profound. The 
30 nm fibre theory was satisfying precisely 
because it held that the genome-wide tran-
scriptional quiescent state would be main-
tained by lack of access to DNA (Fig  1). 
RNA polymerases or transcriptional activa-
tors could not easily reach a gene buried 
within the solenoidal core sealed by the his-
tone H1. By contrast, the emerging 10 nm 
fibre model is a free-for-all, with all poten-
tial target sites accessible. In this scenario, 
gene regulation becomes largely depend-
ent on the local affinity of a chromatin site, 
and perhaps also on the speed at which that 
site can be reached depending on the local 
density of 10 nm fibres. This hypothesis is 
supported by ENCODE data which dem-
onstrate that large swathes of the genome, 
previously thought to be quiescent, are 
accessible and transcriptionally active, thus 
supporting a paradigm shift in our view 
of stochastic protein–chromatin-binding 
in vivo.

Precise structure–function relation-
ship questions can be addressed by using 
tools for single-molecule tracking of tran-
scriptional activators, RNA polymerases 
and other factors in nuclear domains. Also 
crucial for future work is the application 
of energy spectroscopic imaging, cryo-
electron microscopy and emerging tech-
nologies such as cryo‑X-ray tomography to 

some of the classic systems in which 30 nm 
or thicker fibres were visualized. Only by 
this direct cross-validation of approaches 
can we ultimately resolve the chromatin 
structure conundrum that confronts us. 
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Fig 1 | Models of chromatin organization. (A) 10 nm fibre. (B) Side-view of a 30 nm fibre or solenoid. (C) Top-down view of the solenoid. (D) Zig-zag model of 
the 30 nm fibre. (E) Interdigitation of two 10 nm fibres (blue against green) forming a boustrophedon. Numbered circles are nucleosomes in an array; red arrow 
follows the path of the DNA; blue arrow represents a gene promoter.
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