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Approaches for Coherent X-ray Diffraction Imaging 
of Paramecium bursaria Chlorella virus-1	

Coherent X-ray diffraction imaging
  X-ray free electron lasers (XFELs) produce very short, extremely bright and 
coherent X-ray pulses. These features allow the imaging of single particles, 
without the need for crystallization, using a technique named coherent X-ray 
diffraction imaging (CXDI or CDI). The feasibility of CDI has been shown for a 
wide variety of particles ranging from small organelles (Hantke et al., 2014), to 
large viruses (Seibert et al., 2011), to small living cells (van der Schot et al., 
2015) in 2D, and recently for mimivirus in 3D as well (Ekeberg et al., 2015). The 
resolution for 3D imaging however, is still limited. Our study will address several 
issues limiting the resolution, using a relatively structurally homogenous giant 
virus as a target.

Paramecium bursaria Chlorella virus-1 (PBCV-1)
  PBCV-1 belongs to the genus Chlorovirus of the Phycodnaviridae family. 
Chloroviruses infect algal cells and exist in a freshwater environment throughout the 
world. PBCV-1 has a large linear dsDNAs (331-kbp) (Yamada et al., 2006 ). The 
overall structure of the virus was determined by the cryo-electron microscopy and 
the outer capsid showed the symmetry of icosahedral T=169d. The inside of the 
outer capsid connected to a lipid bilayer membrane. The diameter of outer capsid is 
about 190 nm along the fivefold axis and 165 nm along the pseudo-two and 
pseudo-threefold axes (Yan et al., 2000). 
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Data collection
  The CDI experiment was carried out at the Atomic, Molecular and Optics (AMO) 
end-station of the LCLS. Virus particles were introduced into the XFEL focus 
using an aerosol injector was used for suplying the virus to the XFEL, and the 
diffraction data set were collected. The diffraction patterns of over 200,000 hits 
were identified and processed with the Cheetah software package. 	

the LCLS pulses. The X-ray energy was 1.80 keV (6.9-Å wavelength)
and the pulse length was 70 fs (full-duration at half-maximum). The
X-ray beam diameter at the interaction point was about 10mm (full-
width at half-maximum), with a maximum of 1.63 1010 photons per
square micrometre in the centre of this beam. This translates to a peak
power density of 6.53 1015Wcm22. Forward-scattered diffraction
patternswere recorded ona pair of pnCCDdetectors12. The direct beam
exited through an opening between the two detector halves and was
absorbed in a beam dump behind the detectors (Fig. 1). The detector
pair was placed 564mm away from the interaction point, giving
maximum full-period resolutions of 10.2 nm at the edges and 7.2 nm
at the corners of the compound detector at 1.8-keV photon energy.
Figure 2a, b shows single shotX-ray diffraction patterns of individual

mimivirus particles, and Fig. 2c shows a transmission electron micro-
graph of a single mimivirus particle. Each of the diffraction patterns
contains about 1,700,000 scattered photons. The lowest-resolution data
are missing between the two detector halves, so the total number of
scattered photons exceeds this number. Figure 2d, e shows autocorrela-
tion functions calculated from the diffraction patterns. Missing low-
resolution data act as a high-pass filter. For an object of extent D, the
extent of its autocorrelation is 2D and the diffraction intensities are
band-limited with a Nyquist rate of 1/2D. The size and shape of the
autocorrelation functions in Fig. 2d, e are indicative of hits on single
virus particles. Figure 2f, g shows the reconstructed exit wavefronts for
these mimivirus particles. The shapes and sizes of the reconstructed
objects agree with data from prior cryo-electron microscopy studies in
which 30,000 images were averaged7. In contrast, the reconstructed
structures in Fig. 2f, g come from single shots from single particles,
and demonstrate the power of this new imaging concept1.
We performed image reconstruction by iterative phase retrieval

implemented in the Hawk software package16, using the RAAR algo-
rithm17 enhanced with both reality and positivity constraints. The sup-
port was handled by a Shrinkwrap algorithm18 with the constraint of
having a specific area that was estimated from the autocorrelation func-
tion. Weakly constrained modes in the reconstructions were identified
and removed, using the formalism of ref. 19. This is a linear algebra
method to compensate for noise, or the lack of constraints in themissing
central region of the pattern. The uncertainty in the overall density was
less than 10% after the identification and removal of the unconstrained
modes. We then fitted these modes to match the total density of a
spherical or a suitably rotated icosahedral profile. The missing modes
were adjusted to give a total density that best matched the target.

Residual phase fluctuations were then suppressed by averaging many
reconstructions, using different random seeds. The results gave
improved image reliability. For details, see Methods.
We estimated the image resolution in the reconstruction by com-

puting the phase retrieval transfer function2,20 (PRTF; Fig. 2h, i), which
represents the confidence in the retrieved phases as a function of
resolution. No consensus has emerged so far on what single PRTF
value should be used as the measure of resolution (values between
0.5 and0.1 can be found in the literature; seeMethods).Wecharacterize
resolution by the point where the PRTF drops to 1/e (ref. 20), and this
corresponds to a full-period resolution of 32 nm in both cases. We
expect significantly higher resolutions in such experiments with shorter
and brighter photon pulses focused to a smaller area.
In principle, resolution could reach less than 1 nm in a single expo-

sure with a biological object of similar size to the mimivirus particle3.
This resolution would require a free-electron laser pulse shorter than
about 5 fs at 1.8-keV energy and a photon flux on the sample of more
than 33 1011 photons per square micrometre3. This pulse length and
photon flux are beyond the initial capabilities of the LCLS, although
there have already been indications of nearly transform-limited LCLS
pulses lasting only a few femtoseconds and containing about 53 1011

photons per pulse in the unfocused beam21.
With very short pulses, exposures could be over before there is time

for significant Auger emission or for the development of secondary
electron cascades in the sample1. The conventional handicap of X-rays
relative to electrons in imaging could thus be reversed andmade into a
net gain over a broad range of sample sizes. First experiments at the
LCLS show a significant drop in the photoelectric cross-section of
hollow atoms22. This effect was predicted earlier1, but it is larger than
expected and can already be measured with LCLS pulses 20–80 fs in
duration22. The results show photoabsorption decreased 20-fold in
hollow neon to equal the cross-section of coherent scattering22. In
addition, neon ions with double core holes had an extended lifetime22.
At 1.8-keV photon energy, more than 90% of the total photoelectric
cross-section of carbon, nitrogen and oxygen can be attributed to 1s
electrons. Ejection of these electrons at the beginning of an intense and
short pulse could practically stop photoionization without signifi-
cantly changing the elastic cross-sections of outer-shell electrons.
We see no measurable sample deterioration. With the X-ray pulses

used in this study, the explosion of micrometre-sized objects is hydro-
dynamic3 and the sample burns from the outside inwards, rarefying and
destroying outer contours first. Trapped electrons move inwards to neu-
tralize an increasingly positive core, and leave behind a positively charged
outer layer, which then peels off over some picoseconds23. The recon-
structedexitwavefrontof themimivirusparticle showswell-definedouter
contours and gives a sample size consistent with the intact virus capsid
(we do not expect to see the thin viral fibrils at the length scales accessible
here). Other studies of protein nanocrystals24 at the LCLS at 0.9-nm
resolution show no measurable deterioration of Bragg peaks during illu-
mination with pulses similar to those used here. The size of these protein
nanocrystals was similar to the size of the mimivirus particles.
At this stage, it is unclear how reproducible is the interior structure

of mimivirus particles (or that of any other viral particles) in terms of
atomic positions, and this will need further study. The viral inner
capsid consists of a thin protein shell (about 7 nm thick) lined with
phospholipid membranes. The structure of the protein shell seems to
be reproducible to at least 6.5 nm resolution7. Figure 2d, e suggests an
inhomogeneous interior structure for the virion. The interior structure
does not necessarily follow the pseudo-icosahedral outer shape (the
capsid is believed to have a single, five-fold symmetry axis7).
The penetration depth of X-rays permits studies on the interiors of

large objects. The methods applied here require no modifications to
the sample such as staining, freezing, sectioning, radiolabelling or
crystallization, and can also be used to image cells that are alive at
the time of the exposure. The amount of missing data can be reduced
by adding an additional detector pair behind the first pair. Another
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Figure 1 | The experimental arrangement. Mimivirus particles were injected
into the pulse train of the LCLS at the AMO experimental station13 with a
sample injector built in Uppsala. The injector was mounted into the CAMP
instrument12. The aerodynamic lens stack is visible in the centre of the injector
body, on the left. Particles leaving the injector enter the vacuum chamber and
are intercepted randomly by the LCLS pulses. The far-field diffraction pattern
of each particle hit by an X-ray pulse is recorded on a pair of fast p–n junction
charge-coupled device (pnCCD) detectors12. The intense, direct beam passes
through an opening in the centre of the detector assembly and is absorbed
harmlessly behind the sensitive detectors. Some of the low-resolution data also
go through this gap and are lost in the current set-up.
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Run#
Time 

(H:M:S)
# of 

hit images
1 0:01:12 background
2 0:13:49 36,452
3 0:08:30 21,822	
4 0:03:30 7,978
5 0:10:22 19,800	
6 0:06:01 11,834
7 0:07:25 14,898
8 0:02:52 5,739
9 0:00:32 520

10 0:08:15 18,325
11 0:04:57 21,920	
12 0:19:25 50,552

Total 1:25:38 209,840

Finding center of images & recovering missing regions 
  The quadrant of collected images were noisy and a poor quality. To recover 
missing or low quality regions, the center of diffractions were determined using by 
Friedel’s law. 
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Streak finding
  To support for the orientation recovering in 
reciprocal space, the direction of streaking 
patterns were estimated from diffraction 
images.

160 nm	

Phase retrieval
  Phases were retrieved with the Hawk software (Maia et al., 2010). Reconstructions were carried out 
starting from random initial phases. These reconstructions consisted of 2,000 iterations with the RAAR 
algorithm, using a Shrinkwrap algorithm for support determination, and concluded with 2,000 iterations by 
the ER algorithm. Resolution for each reconstructions was estimated from the Phase retrieval transfer 
function (PRTF).  Each reconstruction was iterated 100 times with independent and random starting 
phases.

or	

Sizing of particles from diffraction images
  The size of PBCV-1 was calculated from autocorrelation functions. The 
size of PBCV-1 from cryo-EM map is ca.160nm. The size distribution of 
collected images roughly fitted to the suggested size.	


