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Microscopy has greatly advanced our understanding of biology.
Although significant progress has recently been made in optical
microscopy to break the diffraction-limit barrier, reliance of such
techniques on fluorescent labeling technologies prohibits quantita-
tive 3D imaging of the entire contents of cells. Cryoelectron micro-
scopy can image pleomorphic structures at a resolution of 3–5 nm,
but is only applicable to thin or sectioned specimens. Here, we
report quantitative 3D imaging of a whole, unstained cell at a re-
solution of 50–60 nm by X-ray diffractionmicroscopy. We identified
the 3D morphology and structure of cellular organelles including
cell wall, vacuole, endoplasmic reticulum, mitochondria, granules,
nucleus, and nucleolus inside a yeast spore cell. Furthermore, we
observed a 3D structure protruding from the reconstructed yeast
spore, suggesting the spore germination process. Using cryogenic
technologies, a 3D resolution of 5–10 nm should be achievable by
X-ray diffraction microscopy. This work hence paves a way for
quantitative 3D imaging of a wide range of biological specimens
at nanometer-scale resolutions that are too thick for electron
microscopy.

coherent diffractive imaging ∣ equally sloped tomography ∣ lensless
imaging ∣ iterative phase-retrieval algorithms ∣ oversampling

Application of the long penetration depth of X-rays to the ima-
ging of large, unstained biological specimens has long been

recognized as a possible solution to the thickness restrictions of
electron microscopy. Indeed, using sizable protein crystals, X-ray
crystallography is currently the primary methodology used for de-
termining the 3D structure of protein molecules at near-atomic
or atomic resolution. However, many biological specimens such
as whole cells, cellular organelles, some viruses, and many impor-
tant protein molecules are difficult or impossible to crystallize
and hence their structures are not accessible by crystallography.
Overcoming these limitations requires the employment of differ-
ent techniques. One promising approach currently under rapid
development is coherent diffraction microscopy (also termed
coherent diffractive imaging or lensless imaging) in which the
coherent diffraction pattern of a noncrystalline specimen or a na-
nocrystal is measured and then directly phased to obtain an image
(1–28). The well-known phase problem is solved by using the
oversampling method (29) in combination with the iterative algo-
rithms (30–33). Since its first experimental demonstration in 1999
(1), coherent diffraction microscopy has been applied to imaging
a wide range of materials science and biological specimens
such as nanoparticles, nanocrystals, biomaterials, cells, cellular
organelles, viruses by using synchrotron radiation (2–21), high
harmonic generation (22–24), soft X-ray laser sources (23, 25),
and free electron lasers (26–28). Until now, however, the radia-
tion damage problem and the difficulty of acquiring high-quality
3D diffraction patterns from individual whole cells have pre-
vented the successful high-resolution 3D imaging of biological
cells by X-ray diffraction microscopy. Here, we report 3D quan-
titative imaging of a whole, unstained yeast spore at a resolution
of 50–60 nm. We identified the internal cellular structures includ-

ing spore wall, nucleus, nucleolus, vacuole, endoplasmic reticu-
lum, mitochondria, and granules in three dimensions.

In this study, we chose to image Schizosaccharomyces pombe
yeast spores due to their significance as a model organism in
cellular biology and their relative radiation robustness to X-rays.
One important property of the yeast life cycle is that, when en-
countering low nutrient conditions, formation of spores is often
initiated (34). Two different mating types of cells undergo sexual
development leading to the formation of four spores within a cell.
Major structural and morphological changes occur during the
spore formation. The S. pombe yeast spore samples were freshly
prepared (Materials and Methods). After fixation, unstained yeast
spores were suspended in deionized water and supported on
30-nm-thick silicon-nitride membranes. Single, well-isolated
spores were located with an optical microscope and studied by
the X-ray diffraction microscope.

The experiment was carried out on an undulator beamline
(BL29) at SPring-8. Fig. 1 shows the schematic layout of the
3D X-ray diffraction microscope. A coherent X-ray beam with
energy of 5 keV was defined by a 20-μm pinhole, which was
mounted at a distance of 1.49 m upstream of the sample. A silicon
aperture with beveled edges was positioned just in front of the
sample to serve as a guard slit and to eliminate the stray scattering
from the pinhole. The sample was mounted on a rotation stage
for 3D data acquisition. The diffraction intensity was measured by
a liquid-nitrogen-cooled CCD camera with 1340 × 1300 pixels
and a pixel size of 20 × 20 μm2. A beamstop was positioned just
in front of the CCD to block the direct beam. To enable direct
phase retrieval, the diffraction intensity was sampled on the
CCD with a spacing finer than the inverse of the sample size
(i.e., oversampling) (29). The degree of oversampling was con-
trolled by adjusting the distance between the sample and the
CCD, which was set 1.26 m in this experiment. To enhance the
dynamic range of the diffraction intensity, a low-resolution
(LR) and a high-resolution (HR) diffraction patterns were mea-
sured from an unstained yeast spore at each tilt angle. The acquisi-
tion time for each LR pattern was about 0.5 s∕exposure with
2,000 exposures, and for each HR pattern was about
50 s∕exposure with 80 exposures. The LR and HR patterns were
then used to assemble a complete 2D diffraction pattern. Fig. 2A
shows a representative 2D diffraction pattern. To enable quantita-
tive image reconstruction, we ensured the missing center (i.e., the
center intensities blocked by the beamstop) confined within the
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centro-speckle (35), shown inFig. 2A, Inset. Toobtain a 3Ddataset,
we acquired a set of 25 complete 2D diffraction patterns by tilting
the sample from −69.4° to þ69.4°. The diffraction patterns
between �69.4° and �90° were not measurable due to the inter-
ference of the sample holder with the incident beam at these tilt
angles, which constitutes the missing wedge problem. The total
radiation dose to the sample was estimated to be 5.25 × 108 Gy
(Materials and Methods). To examine the effect of radiation dose
on the cell structure, we took two diffraction patterns at the same
tilt angle before and after acquisition of the full 3D dataset. A
quantitative comparison of the two diffraction patterns indicated
that the structural changes due to the radiation dose are negligible
at this spatial resolution.

When the diffraction intensity is oversampled such that the
number of independently measured intensity points is more than
the number of unknown variables of the sample, the phases are in
principle uniquely encoded in the diffraction intensity (29) and
can be directly retrieved by using iterative algorithms (30–33).
In this experiment, we first reconstructed projectional images
from individual 2D diffraction patterns by an iterative algorithm
(32), where a projectional image represents the integral of the
sample along the x-ray beam direction at a certain orientation.
We then computed the 3D structure of the yeast spore cell from
the set of projectional images through tomographic reconstruc-
tion. Due to radiation damage to biological specimens, the
X-ray flux per projection as well as the number of projections have
to be limited, resulting in noisy diffraction patterns that make the
phase retrieval and tomographic reconstruction somewhat proble-
matic. To enhance the signal-to-noise ratio, we first numerically
integrated the diffraction intensity by binning 3 × 3 pixels into
1 pixel, and then removed the error due to intensity integration
through deconvolution (36). The size of each diffraction pattern
was reduced from 768 × 768 pixels to 256 × 256 pixels.

The phase retrieval of each diffraction pattern was conducted
by a variation of the GHIO (Guided Hybrid Input and Output)
algorithm (32), which incorporates edge-preserving image
regularization in order to guide the phase retrieval to the less
noisy state that is concurrently consistent with experimental data.
The GHIO algorithm began with 16 different random initial
phase seeds and the quality of each reconstruction was monitored
by an R factor (RF),

RF ¼
∑
kx;ky

jjFmðkx;kyÞj − jFcðkx;kyÞjj

∑
kx;ky

jFmðkx;kyÞj
; [1]

where jFmðkx;kyÞj and jFcðkx;kyÞj are the measured and calculated
Fourier modulus, respectively. To optimize the initial random
phase seeds, we generated each of the 16 seeds from 40 random
phase sets by choosing the smallest R factor after a number of
iterations (25). Additionally, for a portion of the iterations we
supplemented the GHIO algorithm with image regularization
through the total-variation minimization on the image which
allows for edge preserving and suppression of noise. The total-
variation minimization was computed by the Rudin–Osher–
Fatemi technique (37). In order to ensure complete consistency
with experimental data, the regularization was lifted in the last
cycle of iterations. In each GHIO reconstruction, we first em-
ployed a rectangular loose support and then updated it with a rec-
tangular tight support. The size of the tight support depends on the
tilt angles, which ranges from 131 × 123 pixels to 131 × 89 pixels.
The GHIO algorithm was terminated after the R factors became
stabilized, which were around 6–8%.

Fig. S1 shows the 25 final images reconstructed from the dif-
fraction patterns with tilt angles ranging from −69.4° to þ69.4°.
The final image of each GHIO run was obtained by averaging
the five best images with the smallest R factors. To illustrate the

Fig. 1. Schematic layout of the 3D X-ray diffraction microscope. A 20 μm
pinhole and a guard slit were used to define a clean X-ray beam. Over-
sampled diffraction patterns, measured on a CCD camera, were directly
phased to obtain 2D projectional images. The 3D image of a whole cell
was reconstructed from the set of 2D projectional images by a tomographic
method.

Fig. 2. Representative diffraction pattern and reconstructions of a whole
yeast spore cell. (A) A 2D diffraction pattern (768 × 768 pixels) measured
from the yeast spore. The diffraction intensity, displayed in a logrithmatic
scale (zero valued pixels are set to a very small number to avoid infinity), ex-
tends to q ¼ 24.6 μm−1 at the edge. The inset shows the missing center
(15 × 17 pixels) is confined within the centro-speckle. Color scale shows
the number of photons. (B) The corresponding reconstructed projectional
image. The arrow indicates the thick spore wall, which was estimated to
be ∼120 nm. (C) Isosurface rendering of the reconstructed 3D image where
the rough surface of the yeast spore is clearly visible. The dotted square
indicates that a sporeline likely protrudes from the spore surface. (D) SEM
image of a different yeast spore formed at the same condition. (Scale bar:
500 nm.)
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accuracy of the reconstructions, we performed a few independent
GHIO runs on each 2D diffraction pattern. Fig. S2A shows
two representative final images reconstructed from the same dif-
fraction pattern. The line scans (Fig. S2B) and the quantitative
comparison indicate the consistency of the independently recon-
structed images (SI Text).

The 25 projectional images, reconstructed from the 2D diffrac-
tion patterns, were used for the 3D tomographic reconstruction.
This process consists of two steps: aligning the projectional
images to a common tilt axis and then performing 3D tomo-
graphic reconstruction. Because the projectional images can have
an arbitrary shift along the x and y axes, they must be aligned
before the 3D reconstruction. Although there exists a variety
of image alignment approaches, we chose the method based
on the moment of charge density distribution (38), which has
been experimentally tested (12). Using this method, we aligned
the 25 images to a common tilt axis (Materials and Methods). The
3D image reconstruction was computed by the equally sloped
tomography (EST) method (39, 40). Because only a limited num-
ber of projections was acquired due to concerns about radiation
damage to the yeast spore cell, conventional tomographic recon-
struction methods, such as filtered back projection (FBP), do not
usually yield satisfactory results. To address this problem, the EST
method, an iterative reconstruction method that aims to solve for
a portion of the missing projection data, was employed for the
tomographic reconstruction. The EST method is coupled with
an acquisition scheme for which the projections are acquired
at equal slope intervals, instead of equal angle intervals, which
results in the elimination of interpolative inaccuracies in conven-
tional tomographic methods (12, 39, 40). EST iterates back and
forth between real and reciprocal space. In real space, the nega-
tive density and the density outside a support are pushed to zeros.
Unlike the phase-retrieval algorithms which usually require a
tight support, EST performs well with a loose support. In recipro-
cal space, the Fourier coefficients with both the magnitudes and
phases, which are obtained from the reconstructed projections,
are updated in each iteration, while the other Fourier coefficients
remain unchanged. The convergence of EST is monitored by an
error function, defined as the difference between the calculated
Fourier coefficients and those obtained from the experimental
data (39, 40). In our reconstructions, we terminated the algorithm
after ∼150 iterations when the error function became stabilized.
Both numerical simulations and experimental results from cryoe-
lectron microscopy have indicated that EST produces superior
results relative to FBP and the algebraic reconstruction technique
when there is a limited number of projections as well as the miss-
ing wedge problem (12, 39, 40). After the 3D image was obtained
by EST, we verified the fidelity of the reconstruction by calculat-
ing 25 diffraction patterns from the reconstructed 3D image.
We then compared these computed diffraction patterns to the
measured ones and found good agreement, thus confirming
the fidelity of the 3D reconstruction.

To estimate the resolution achieved, we first calculated the
spatial resolution of the diffraction patterns by d ¼ λ∕2 sinðθÞ
where λ is the wavelength and 2θ is the diffraction angle subtended
by the distance from the center to the edge of the CCD. In this
experiment, λ ¼ 2.48 Å, and the distance from the center to the
edge of the CCD is 7.68 mm. Thus we obtained θ ¼ 0.174° and
d ¼ 41 nm (i.e., a pixel size of 20.5 nm). Fig. S3 shows the power
spectrum density of a representative 2D diffraction pattern, indi-
cating the diffraction signal actually extends beyond a spatial re-
solution of 40 nm. Based on the estimated pixel size, we quantified
the 3D resolution of the reconstructed image by using the phase-
retrieval transfer function (PRTF) (8, 10) (SI Text). Fig. S4A andB
show the PRTF curves for the tilt angles of 0° and 69.4°, respec-
tively. Based on the criterion of PRTF ¼ 0.5, we estimated the
3D resolution to be 50–60 nm (SI Text). We further verified the
3D resolution by plotting the density variation across an exemplary

mitochondrion (Fig. 3), indicating a resolution of∼41 nm (i.e., the
full width at half maximum) along the x and y axes and ∼62 nm
along the z axis. Both the PRTF and the line plotting across a
mitochondrion confirmed a 3D resolution of 50–60 nm achieved
in this experiment.

Results and Discussion
Fig. 2 A and B show a representative 2D diffraction pattern and
the corresponding projectional image of the unstained yeast
spore. The colors in the projectional image represent variation
in density. One distinctive feature in Fig. 2B is the thick yeast
spore wall. We estimated the thickness of the spore wall to be
∼120 nm, which is consistent with measurements from sectioned
transmission electron microscope images (41). The cellular orga-
nelles are not readily distinguishable in the 2D projectional image
due to the overlapping of the complex structures inside the cell.
Fig. 2C shows an isosurface rendering of the reconstructed 3D
image. The rough surface of the yeast spore is clearly visible,
which is consistent with the SEM image (Fig. 2D, a different yeast
spore formed under the same conditions) as well as the previous
report (42).

By measuring the incident and diffracted X-ray intensities, we
quantified the density of the reconstructed 3D image (43)
(Materials and Methods). The average density of the yeast spore
was determined to be ∼1.14 g∕cm3, which is in good agreement
with other measurements (44). Based on the intrinsic density
variation, we identified the cellular organelles in the yeast spore
cell (Materials and Methods). Fig. 4A shows a volume rendering
of the 3D image, in which the nucleus is in orange, the endoplasm
reticulum (ER) in green, the vacuole in white, themitochondria in
blue and the granules are in light blue (Movie S1). The outermost
layer of the spore was omitted in order to illustrate the internal
structures. Fig. 4B shows a zoomed view of the mitochondria,
the ER, and the nucleus. The mitochondria with an elongated
shape have relatively high density and their length was estimated
to be ∼200–300 nm. The network-like structure of the ER, com-
posed of fibril-like structure connecting the nucleus and the spore
membrane, was visualized. The nucleus exhibits a very high density
with a volume of 0.28 μm3, which accounts for ∼5% of the cell
volume. A region near the center of the nucleus has the highest
density in the cell, which is likely the nucleolus (Fig. 4B, Inset).
The highest density is possibly related to the condensation of

Fig. 3. Quantification of the 3D resolution. (A) The density variation across a
mitochondrion was plotted along the x, y, and z axes, which was used to
estimate the 3D resolution of the reconstructed yeast spore. Color scale is
in g∕cm3. (B and C) A resolution of ∼41 nm (i.e., 2 pixels) along the x and
y axes was achieved. (D) A resolution of ∼62 nm (i.e., 3 pixels) along the z
axis was achieved.
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the chromatin. The nuclear size is regulated by several cellular
functions such as nucleocytoplasmic transport, lipid metabolism,
and ribosome biogenesis. Our imaging technique provides a quan-
titative approach to directly measure the size, morphology, struc-
ture, and density of these organelles. Fig. 4C shows the 3D
structure of the vacuole, having an irregular 3D morphology.
The volume of the vacuole was determined to be ∼0.7 μm3, which
accounts for∼12% of the spore volume. The cross-sectional image
(Fig. 4C, Inset) indicates the existing of high-density spots inside
the vacuole, which may be vacuolar granules and aggregation of
proteins. A thin slice of the reconstructed yeast spore and a line
scan across the slice are illustrated in Fig. 4 D and E, showing
the density variation across a mitochondrion and the vacuole.

Yeast spores germinate when they encounter enriched nutrient
conditions. The germination process includes four successive
steps: a loss of refractility (darkening) of spores, protrusion of
a new cell body, nuclear division, and septation. A genetic pro-
gram dictates this germination process, in which the cAMP-PKA

(protein kinase A) pathway and Ras signaling pathway are known
to play an important role (45). In our reconstructed yeast spore
structure, we observed a 3D structure protruding from the spore
surface, shown in Fig. 2C (the squared region). To visualize the
3D internal structure of the protruded region, we numerically
sectioned it slice by slice along two perpendicular directions.
Fig. 5 A and B shows a series of successive slices of the 3D struc-
ture along the horizontal and vertical directions, respectively,
with each slice being 20.5-nm thick. A high-density region (white
arrow) and a low-density region (yellow arrow) are clearly visible.

Conclusion
We have demonstrated quantitative 3D imaging of a whole, un-
stained yeast spore cell at a resolution of 50–60 nm by X-ray dif-
fraction microscopy, and quantified the 3D morphology and
structure of the internal cellular organelles in the cell. Compared
to lens-based soft X-ray microscopy (46), the resolution of X-ray
diffraction microscopy is ultimately limited by radiation damage

Fig. 4. Three-dimensional visualization of the cellular organelles inside the yeast spore cell. (A) A 3D volume rendering of the reconstructed yeast spore,
showing nucleus (orange), ER (green), vacuole (white), mitochondria (blue), and granules (light blue). (Scale bar: 500 nm.) (B) Zoomed view of the 3D
morphology and structure of the nucleus, ER, and mitochondria. Inset shows the nucleolus (orange). (Scale bar: 200 nm.) (C) A 3D morphology and structure
of the vacuole. Inset shows a cross-sectional image of the vacuole. (Scale bar: 200 nm.) (D and E) A thin slice of the reconstructed yeast spore and a line scan
along the dashed line, showing the density variation across a mitochondrion and the vacuole.

Fig. 5. Successive slices of the sporeline along the horizontal (A) and vertical (B) directions with each slice being 20.5-nm thick. A high-density region (white
arrow) and a low-density region (yellow arrow) are clearly visible. (Scale bar: 200 nm.)
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to biological specimens. Using cryogenic technologies, the radia-
tion damage problem can be mitigated (19, 20), and a 3D resolu-
tion of 5–10 nm should be achievable (47, 48). Compared to
superresolution optical microscopy (49), which allows for the se-
lection of the fluorescently labeledmolecules or molecular assem-
blies, X-ray diffractionmicroscopy is based on the intrinsic density
variations of biological specimens, and accordingly, enables quan-
titative 3D imaging of the entire contents of cells and cellular
organelles. Furthermore, due to the long penetration length of
X-rays, this work may also be applied to imaging larger biological
specimens such as tissue slices. As coherent X-ray sources, such as
next-generation synchrotron radiation, X-ray-free electron lasers,
high harmonic generation, and soft X-ray lasers, are currently
under rapid development, this work enables the initiation of
quantitative 3D imaging of a broad range of biological specimens
at the nanometer-scale resolution using such emerging sources.

Materials and Methods
Sample Preparation. The cell used for the study was the fission yeast Schizo-
saccharomyces pombe spore, a homothallic haploid strain, which was freshly
prepared as previously described (50). S. pombe strain FY155, provided by
The Susan Forsburg Lab (www-rcf.usc.edu/~forsburg), was grown on the
plate of yeast extract with supplements at 30 °C. The cells were picked from
fresh colonies, streaked ontomalt extract agar plate, and incubated for 3 days
at 25 °C to induce mating, meiosis, and spore formation. After incubation,
the cells, including nonmating haploid cells, zygotes, ascospores, and single
spores, were treated with glusulase for 1 day to digest the cells except for
spores. To fix spores with formaldehyde and glutaraldehyde, the obtained
single spores were washed twice with sterile water and treated with 3.2%
formaldehyde (final concentration) for 1 min, followed by adding 12% of
glutaraldehyde to 0.25% of final concentration.

Radiation Dose Estimation for the Yeast Spore Cell. Quantifying the radiation
dose to biological cells is an important issue as the cellular structure can, in
principle, be altered at appreciable resolutions by the X-ray beam (47, 48).
However, in this experiment we found that the structure changes due to
the radiation dose are negligible at the achieved resolution. We verified this
both experimentally and by calculating the total radiation dose delivered to
the cell. Here, we detail the radiation dose calculation.

i. The incident X-ray flux: Although the average beam intensity at SPring-8
BLXU-29 has been well characterized, we also used a silicon detector to
measure the incident X-ray flux. This approach is more reliable as the
beam was spatially filtered and the beam intensity might fluctuate dur-
ing our experiment. We computed the incident X-ray flux from the silicon
detector counts after a 20 μm pinhole,

F ¼ negw∕E; [2]

where F is the X-ray flux, ne the number of electron counts, g the ampli-
fier gain, w the energy required to create an electron-hole pair in the
silicon detector, and E the incident X-ray energy. In this experiment, w
is 3.6 eV, g is 107, and E is 5 keV. For each measured angle, we acquired
a LR and a HR diffraction patterns to enhance the dynamic range of the
intensity. Generally, the silicon detector readout is ∼1.2 × 105 counts for
the LR pattern and ∼1.6 × 105 counts for the HR pattern, where the
monochromator was slightly adjusted to reduce the flux for measuring
the LR pattern. The incident X-ray flux for the LR and HR patterns was
estimated to be

LR: FL ¼ 0.86 × 109 photons∕s

HR: FH ¼ 1.15 × 109 photons∕s [3]

ii. The total incident X-ray photons per projection: The total acquisition time
was about 1,000 s for each LR pattern and about 4,000 s for each HR pat-
tern. The total incident X-ray photons (PT ) per projection was estimated
to be

LR: FLΔtL ¼ 0.86 × 1012 photons

HR: FHΔtH ¼ 4.6 × 1012 photons

Total: PT ¼ FLΔtL þ FHΔtH ¼ 5.46 × 1012 photons [4]

iii. The total incident X-ray photons per projection and per unit area
(through the 20 μm pinhole) was determined by

ηPT∕A ¼ 1.46 × 1010 photons∕μm2; [5]

where η ¼ 83.8% is the fraction coefficient, taking into account the flux
in the first speckle, and A the area of the pinhole.

iv. The radiation dose delivered to the yeast cell per projection was
obtained as

Dose ¼ ðηPT∕AÞμE∕ρ ¼ 2.1 × 107 Gy; [6]

where ρ is the density of the cell, μ is the linear absorption coefficient,
and the mass absorption coefficient (μ∕ρ) is 18 cm2∕g. Thus the total dose
delivered to the yeast spore cell for the acquisition of the 3D dataset (i.e.,
25 diffraction patterns) was about 5.25 × 108 Gy.

Alignment of the 25 Projectional Images. The reconstructed projectional
images can have arbitrary shifts relative to each other along the x and y axes
where the x axis is assumed to be the tilt axis and the incident X-ray beam is
along the z axis. In our analysis, we first aligned the 25 images along the x axis
by projecting each 2D image onto the x axis and then aligning the 25 pro-
jected 1D curves. To align the 25 images along the y axis, we first chose a
reference coordinate with the origin at the center of the y axis, in which
all the projections were assumed to be aligned. We then calculated the mo-
ment of charge density for each 2D image (38), which is similar to the calcu-
lation of the center of mass. By choosing the images with the tilt angles of
45°þ θ and 45° − θ (i.e., symmetric along the 45° tilt angle), we calculated the
y axis shift of each image relative to the reference coordinate based on the
moment of charge density. The detailed alignment procedure can be found
in ref. 40.

Quantification of Electron Density and Conversion from Electron to Mass Den-
sity. We quantified the electron density of the yeast spore by (43)

Ið0;0Þ ¼ I0r2e jFð0;0Þj2
Δs
r2

; [7]

where Ið0;0Þ is the number of diffracted X-ray photons in the centro-pixel of
the CCD, I0 the incident X-ray flux per unit area, re the classical electron ra-
dius, jFð0;0Þj the Fourier modulus at the center pixel which is equal to the
total number of electrons in the yeast spore, Δs the area of the centro-pixel,
and r the distance from the sample to the CCD. Although I0 was experimen-
tally determined by a photodiode, Ið0;0Þ could not be directly measured due
to the beamstop. To determine Ið0;0Þ, we ensured the missing center con-
fined within the centro-speckle (35), which enables recovering Ið0;0Þ directly
from the measured diffraction intensities.

To convert the electron-to-mass density, we used the composition elemen-
tal formula of yeast, C1H1.56O0.52N0.16 (51), from which we estimated the per-
centage of the electrons in H, C, O, and N atoms. For C, O, and N, the atomic
mass is approximately twice of the number of electrons. Thus the relationship
between molecular weight (M) and the total number of electrons (Ne) is
M ¼ 1.88Ne. By using the volume of the reconstructed 3D structure, we con-
verted electron-to-mass density for the yeast spore cell.

Identification of Internal Cellular Organelles. To identify the internal cellular
organelles, we manually segmented the reconstructed 3D image and visua-
lized each segment with Amira (Mercury Computer Systems). The initial as-
signment of the organelles in the segmented images was carried out on the
basis of the density and the organelle appearance of the segmented objects.
We determined the average density of each organelle and divided them into
five categories, corresponding to different color scales. Based on the mea-
sured density, size, distribution, and morphology of each organelle, we iden-
tified the organelles, including nucleus, nucleolus, endoplasmic reticulum,
vacuole, mitochondria, and granules inside the yeast spore. Fig. S5A shows
3D volume rendering of the yeast spore with cellular organelles identified,
which is in good agreement with the corresponding 2D projection image at
the same orientation, Fig. S5B.
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