
Soft X-ray Tomography (SXT)

National Center for X-ray Tomography 
Supported by NIH-NIGMS & DOE-BER



• Imaging whole, hydrated 
cells in the native state 

• No fixatives, no stains 

• Cryo-immobilized 

• 50 nm isotropic resolution 
(not limit; source is 2.4 nm) 

• See molecules using 
correlated fluorescence and 
x-ray tomography

Soft X-ray Tomography (SXT)



jc/ALSaerial/11-96

Lawrence Berkeley National Laboratory

The Advanced Light Source



Soft x-ray microscope, Xm-2
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Mirror
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• Condenser zone plate focuses source onto specimen 

• Objective zone plate magnifies object onto CCD camera

Soft x-ray microscope, Xm-2



Zone plate lenses - diffractive optics
Condenser lens Objective lens

Diameter = 1 cm 
Outer zone width = 50  nm

Diameter = 63 μm 
Outer zone width = 50  nm

Center for X-ray Optics, LBNL

• Resolution determined by width of outermost zone of the lens


• As resolution of zone plate increases, depth of focus decreases
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Le Gros et al (2014). J Synchrotron Radiation. 21, 1370-1377.



Image between K shell absorption edges of C (284 eV) & O2 (543 eV)

Contrast:  Imaging in the ‘water window’



Absorption is linear with thickness & concentration

Hanssen et al (2012). J. Struct. Biol. 
177, 224-232 

Contrast:  Imaging in the ‘water window’
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Figure 1
Structure of the olfactory system. (a) Pseudostratified organization of the principal cell types of the main
olfactory epithelium. Mitotically active globose basal cells (GBCs) differentiate into sustentacular cells and
olfactory sensory neurons to replace cells lost to cell death. Quiescent horizontal basal cells differentiate into
GBCs as needed (dotted arrow), particularly in the case of injury. For clarity, most olfactory sensory neuron
(OSN) dendrites and axons are not shown. (b) OSNs expressing three different olfactory receptors (ORs)
( green, orange, and blue). Neurons expressing each OR are scattered throughout the tissue. Axons from
neurons expressing the same OR converge onto the same target glomerulus (ovals) in the olfactory bulb.

OLFACTORY RECEPTOR CHOICE DEFINES OLFACTORY
SENSORY NEURON IDENTITY
The MOE is lined with neurogenic, pseudostratified epithelium (Figure 1a), which is home to
OSNs and various non-neuronal cell types, including supporting sustentacular cells. In addition,
the MOE is home to two basally located stem cell populations: a cycling population of globose
basal cells (GBCs), which give rise to OSNs and sustentacular cells, and a quiescent population of
horizontal basal cells (HBCs), which can regenerate the GBCs. OSNs have variable but finite life
spans, and are continuously regenerated from the cycling GBC population (Kondo et al. 2010).
Mature OSNs reside toward the apical side of the tissue and extend dendritic cilia into the nasal
lumen, providing a surface for OR proteins to bind odorants from the environment. The axon
of each OSN projects from the basal surface of the neuron. Axons from many OSNs fasciculate
into bundles, cross the cribriform plate separating the nasal cavity from the brain, and extend,
without branching, into the olfactory bulb. Olfactory axons project to specialized structures in the
olfactory bulb called glomeruli. In these glomeruli, olfactory axons form synapses with dendrites
from mitral and tufted neurons of the olfactory bulb. After initial processing in the olfactory bulb,
olfactory information is relayed to higher brain regions, such as the piriform cortex and the medial
amygdala (Sosulski et al. 2011).

The large repertoire of OR genes gives rise to diversity among the OSNs of the MOE. Each
OSN expresses only one of the approximately 1,100 functional OR genes (Chess et al. 1994,
Clowney et al. 2012). Moreover, only one allele of the chosen OR gene is expressed (Chess
et al. 1994, Shykind et al. 2004). The identity of the OR expressed by an OSN defines its odorant
sensitivity (Bozza et al. 2002), although some variability in odorant sensitivity and response kinetics
have been reported for OSNs expressing the same OR (Grosmaitre et al. 2006). As a result,
monogenic OR choice effectively defines the odorant sensitivity of approximately 1,100 distinct
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Bend 
magnet Mirror

Condenser 
zone plate

Specimen
Objective 
zone plate CCD

• Whole, hydrated cells in near-native state (cryo-immobilized)
• Natural, quantitative contrast; absorption of x-rays linear

Projection images (180-360)

Soft X-ray Tomography

5 minutes to collect data

2 minutes to reconstruct data

Reconstruct data



Comparing reconstruction methods 

Filtered back 
projection (FBP)

Conjugate Gradient 
Least Squares

Penalized-
Likelihood

L1 regularized 
Conjugate Gradient 

Least Squares

Kremer et al. 1996 Parkinson et al. 
1996

Stayman & Fessler 
2004

Vandeghinste et al. 
2011)  
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• Whole, hydrated cells in near-native state (cryo-immobilized)
• Natural, quantitative contrast; absorption of x-rays linear

Projection images (180-360)

Reconstruct data

Segmentation

Soft X-ray Tomography

5 minutes to collect data

2 minutes to reconstruct data
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Segmentation - machine learning

Pelt & Sethian. (2018). PNAS doi/10.1073/PNAS.1715832114.

Manual MachineOrthoslice



Isotropic resolution



Figure 2
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Biological applications



Segmentation of E. coli

YFP, inclusion bodies



Structural organization of S. cerevisiae

Haploid

Diploid

G1 MG2S

Nucleus
Nucleolus
Mitochondria

Lipid 
Vacuole

Uchida et al. (2011) Yeast. 28, 227-236



Quantitative analysis of S. cerevisiae

Cell volume Organelle volume Organelle surface area

Uchida et al. (2011) Yeast. 28, 227-236



Phenotypic consequences of genetic knockouts

Wildtype dnm1 KO fzo1 KO

Mitochondria

Blocks fission Blocks fusion



Photosynethisis,
Bioenergy

Krishna Niyogi 

University of California 
Berkeley & HHMI



Chromochloris zofingiensis

Chloroplast
Starch
Mitochondria
Nucleus
Lipid bodies

Single cell

16 cells

Roth et al. (2017) PNAS. E4296-E4305, doi/10.1073/pnas.1619928114  
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Testing drugs to 
treat sickle cell 
disease

SCD, Hypoxia, No Treatment Sickled Red Blood Cells        

Darrow et al. (2016) J. Cell Science. 129, 3511-3517



Testing efficacy of drugs to reverse sickling

Darrow et al. (2016) J. Cell Science. 129, 3511-3517

Figure 2. Continuum of the Stages of Sickling. Following volumetric analysis to correlate protrusion number with density, a 
hallmark of SCD, data were binned into four categories. The None category is composed of RBCs with zero or one protrusion; 
the Early category is composed of RBCs with eight, nine, ten or greater protrusions; the Mid category is composed of RBCs 
with five, six or seven protrusions; and lastly, the Late category is composed of RBCs with two, three or four protrusions. 
Multiple examples of RBCs that would fall into each of these categories are displayed here.  

1 μm

None Early Mid LateStage

#  of 
Protrusions 0, 1 8, 9, 10+ 5, 6, 7 2, 3, 4

Mild Moderate SevereNone



Malaria-infected 
red blood cells

Leann Tilley 
Eric Hanssen 

University of Melbourne 
Australia



Malaria-infected RBC
Sexual stage Asexual stage

Hanssen et al. (2012) J. Structural Biol. 177, 224-232



Role of nuclear organization 

in gene expression



Neurogenesis: from stem cell to neuron
• About 1200 Olfactory Receptor (OR) genes found in 18 

mouse chromosomes 
• Each neuron transcribes one out of ~2400 OR alleles 
• Allele selection occurs during neurogenesis

Epithelial

Maturing (progenitor)

Mature OSN

Stem cells
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Figure 1
Structure of the olfactory system. (a) Pseudostratified organization of the principal cell types of the main
olfactory epithelium. Mitotically active globose basal cells (GBCs) differentiate into sustentacular cells and
olfactory sensory neurons to replace cells lost to cell death. Quiescent horizontal basal cells differentiate into
GBCs as needed (dotted arrow), particularly in the case of injury. For clarity, most olfactory sensory neuron
(OSN) dendrites and axons are not shown. (b) OSNs expressing three different olfactory receptors (ORs)
( green, orange, and blue). Neurons expressing each OR are scattered throughout the tissue. Axons from
neurons expressing the same OR converge onto the same target glomerulus (ovals) in the olfactory bulb.

OLFACTORY RECEPTOR CHOICE DEFINES OLFACTORY
SENSORY NEURON IDENTITY
The MOE is lined with neurogenic, pseudostratified epithelium (Figure 1a), which is home to
OSNs and various non-neuronal cell types, including supporting sustentacular cells. In addition,
the MOE is home to two basally located stem cell populations: a cycling population of globose
basal cells (GBCs), which give rise to OSNs and sustentacular cells, and a quiescent population of
horizontal basal cells (HBCs), which can regenerate the GBCs. OSNs have variable but finite life
spans, and are continuously regenerated from the cycling GBC population (Kondo et al. 2010).
Mature OSNs reside toward the apical side of the tissue and extend dendritic cilia into the nasal
lumen, providing a surface for OR proteins to bind odorants from the environment. The axon
of each OSN projects from the basal surface of the neuron. Axons from many OSNs fasciculate
into bundles, cross the cribriform plate separating the nasal cavity from the brain, and extend,
without branching, into the olfactory bulb. Olfactory axons project to specialized structures in the
olfactory bulb called glomeruli. In these glomeruli, olfactory axons form synapses with dendrites
from mitral and tufted neurons of the olfactory bulb. After initial processing in the olfactory bulb,
olfactory information is relayed to higher brain regions, such as the piriform cortex and the medial
amygdala (Sosulski et al. 2011).

The large repertoire of OR genes gives rise to diversity among the OSNs of the MOE. Each
OSN expresses only one of the approximately 1,100 functional OR genes (Chess et al. 1994,
Clowney et al. 2012). Moreover, only one allele of the chosen OR gene is expressed (Chess
et al. 1994, Shykind et al. 2004). The identity of the OR expressed by an OSN defines its odorant
sensitivity (Bozza et al. 2002), although some variability in odorant sensitivity and response kinetics
have been reported for OSNs expressing the same OR (Grosmaitre et al. 2006). As a result,
monogenic OR choice effectively defines the odorant sensitivity of approximately 1,100 distinct
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Cut-through

Heterochromatin organization during neurogenesis
Surface rendered

Le Gros MA, Clowney EJ, Magklara A, Yen A, Markenscoff-Papadimitriou E, Colquitt B, Myllys 
M, Kellis M, Lomvardas S, and Larabell CA. In review.
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From stem cell to neuron
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genes

Nuclear structure and gene selection

SXT
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Glomeruli specificity

K Monahan and S. Lomvardas (2015) Ann Rev Cell Dev Biol. 31, 721-40



Does 3D organization of the 
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Figure 1
Structure of the olfactory system. (a) Pseudostratified organization of the principal cell types of the main
olfactory epithelium. Mitotically active globose basal cells (GBCs) differentiate into sustentacular cells and
olfactory sensory neurons to replace cells lost to cell death. Quiescent horizontal basal cells differentiate into
GBCs as needed (dotted arrow), particularly in the case of injury. For clarity, most olfactory sensory neuron
(OSN) dendrites and axons are not shown. (b) OSNs expressing three different olfactory receptors (ORs)
( green, orange, and blue). Neurons expressing each OR are scattered throughout the tissue. Axons from
neurons expressing the same OR converge onto the same target glomerulus (ovals) in the olfactory bulb.

OLFACTORY RECEPTOR CHOICE DEFINES OLFACTORY
SENSORY NEURON IDENTITY
The MOE is lined with neurogenic, pseudostratified epithelium (Figure 1a), which is home to
OSNs and various non-neuronal cell types, including supporting sustentacular cells. In addition,
the MOE is home to two basally located stem cell populations: a cycling population of globose
basal cells (GBCs), which give rise to OSNs and sustentacular cells, and a quiescent population of
horizontal basal cells (HBCs), which can regenerate the GBCs. OSNs have variable but finite life
spans, and are continuously regenerated from the cycling GBC population (Kondo et al. 2010).
Mature OSNs reside toward the apical side of the tissue and extend dendritic cilia into the nasal
lumen, providing a surface for OR proteins to bind odorants from the environment. The axon
of each OSN projects from the basal surface of the neuron. Axons from many OSNs fasciculate
into bundles, cross the cribriform plate separating the nasal cavity from the brain, and extend,
without branching, into the olfactory bulb. Olfactory axons project to specialized structures in the
olfactory bulb called glomeruli. In these glomeruli, olfactory axons form synapses with dendrites
from mitral and tufted neurons of the olfactory bulb. After initial processing in the olfactory bulb,
olfactory information is relayed to higher brain regions, such as the piriform cortex and the medial
amygdala (Sosulski et al. 2011).

The large repertoire of OR genes gives rise to diversity among the OSNs of the MOE. Each
OSN expresses only one of the approximately 1,100 functional OR genes (Chess et al. 1994,
Clowney et al. 2012). Moreover, only one allele of the chosen OR gene is expressed (Chess
et al. 1994, Shykind et al. 2004). The identity of the OR expressed by an OSN defines its odorant
sensitivity (Bozza et al. 2002), although some variability in odorant sensitivity and response kinetics
have been reported for OSNs expressing the same OR (Grosmaitre et al. 2006). As a result,
monogenic OR choice effectively defines the odorant sensitivity of approximately 1,100 distinct
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Clowney et al. (2012) Cell. 151, 724-737
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Glomeruli specificity

Clowney et al. Cell. 151, 724-737
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Chromatin 
condensation 
during 
neurogenesis

Stavros Lomvardas 
Columbia University 



Chromatin networks

TEM

Le Gros et al. (2016) Cell Reports. 17(8), 2125-2136

Heterochromatin
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No islands of heterochromatin



Stem cell Differentiated cell

Le Gros et al. (2016) Cell Reports. 17(8), 2125-2136

Chromatin networks



Le Gros et al. (2016) Cell Reports. 17(8), 2125-2136.



New information about the nucleus

• Heterochromatin ~ 30% more compacted 
(crowded) than euchromatin 

• Increased compaction of heterochromatin 
during differentiation 

• Chromatin networks; no islands of chromatin 

• Nuclear volume directly proportional to 
euchromatin volume (active gene region)

Le Gros et al. (2016) Cell Reports. 17(8), 2125-2136



Nuclear 
reorganization 
during 
hematopoiesis

Camilla Forsberg 

University of California 
Santa Cruz

Increasing 
chromatin 

condensation

Ugarte et al. (2015) Stem Cell Reports. 5(5), 728-470



Hematopoiesis:  
from stem cell to blood cell

Embryonic stem cell

Myeloid progenitor

Ugarte et al. (2015) Stem Cell Reports. 5(5), 728-740Neutrophil Neutrophil
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From stem cell to blood cell

During differentiation: 

Nuclear volume decreases and 
peripheral heterochromatin thickens

Ugarte et al. (2015) Stem Cell Reports. 5(5), 728-470



HU multimerization shift controls nucleoid compaction 

Hammel et al., (2016) Science Advances. doi: 10.1126/sciadv.1600650.
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Fig.#5.#Nucleoid#condensation#upon#HUβ and#ectopic#HUα38#expression.#
(A)! Soft! X;ray! tomography! (SXT)! displays! nucleoid! organization! for! wild! type! MG1655! and! mutant!

HUα38!(SK3842)!E.coli!strains!at!all!stages!of!the!cell!cycle.!Three!representative!reconstructions!are!

shown! for! lag,! exponential! and! stationary! phase.! Nucleoid! volume! (yellow! surface! rendering)! was!

segmented!from!the!tomographic!reconstruction!using!the!3D!linear!absorption!coefficient!(LAC)!at!the!

LAC!value!=!0.25μm;1.!A!representative!orthoslice!for!non;segmented!image!is!shown!for!each!growth!

phase! within! the! LAC! 0.22! ;0.29! μm;1! (yellow! to! blue).! (B)! Quantification! of! the! total! volume! of! the!

nucleoid! by! SXT! at! the! LAC=0.25μm;1! revealed! that! MG1655! cells! in! late! growth! phase! had! a!

decreased!nucleoid!volume!from!3.5μm3!to!1.5μm3.!Condensation!in!SK3842!is!more!dramatic!with!the!

nucleoid!volume!of!<1μm3!in!all!growth!phases.!
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HU - histone like protein

HU𝝱

HU𝝰38

E. coli

https://dx.doi.org/10.1126%2Fsciadv.1600650


Topology of the human genome

First 3D structural models of the human genome at 4Mb resolution

Tjong et al. (2016) PNAS. Mar 22; 113 E1663-1672



Imaging molecules in context

Correlated fluorescence and x-ray tomography



Cryo confocal tomography

Le Gros et al. (2009) J. Microscopy. 235(1), 1-8
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Cryo-light tomography

Cryo-immobilize

3D fluorescence

Optical sections

A B

Do et al. (2015) Arch Biochem & Biophys 581:111-121.



Correlated fluorescence and x-ray tomography

Do et al. (2015) Arch Biochem & Biophys 581:111-121.



Inactive X chromosome

Smith et al. (2014) Biophysical Journal. 107(8), 1988-96



Inactive X chromosome

Fluorescence X-ray Overlay

Smith et al. (2014) Biophysical Journal. 107(8), 1988-96



Inactive X chromosome

Smith et al. (2014) Biophysical Journal. 107(8), 1988-96



Fluorescence X-ray
High LAC 

0.34-0.36 μm-1

Medium LAC 
0.32-0.34 μm-1

Low LAC 
0.30-0.32 μm-1

Inactive X chromosome

Smith et al. (2014) Biophysical Journal. 107(8), 1988-96



Mid51-GFP foci at ER - mitochondria contact sites

20#sec# 40#sec# 60#sec#
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C# 0#sec# 0#sec# 60#sec#

Fig.#4#

Elgass et al. (2015) J. Cell Science. 128(15), 2795-2804



Elgass et al. (2015) J. Cell Science. 128(15), 2795-2804

Cryo Fluorescence 
(MiD51-GFP) 

Soft X-Ray 
Tomography 

Overlay of Cryo Fluorescence  
and Soft X-Ray Tomography 

V
irt

ua
l S

ec
tio

n 
1 

V
irt

ua
l S

ec
tio

n 
2 

V
irt

ua
l S

ec
tio

n 
3 

V
irt

ua
l S

ec
tio

n 
4 

0.1 0.55 LAC (µm-1) 

Fluorescence Intensity 

Figure 5: 2D correlative SXT slices revealing MiD51-GFP fluorescence at ER-mitochondria contact sites. 
Fluorescence, SXT and correlative 2D slices are shown. Magnifications show ER-mitochondria contact 
sites at positions of MiD51-GFP fluorescence (white arrowheads). 

Mid51-GFP foci at ER - mitochondria contact sites



Mid51-GFP foci at ER - mitochondria contact sites

Elgass et al. (2015) J. Cell Science. 128(15), 2795-2804
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