MP2 - A Novel Super-Resolution Image Analysis Tool to Assist

in Unmasking the Structural Complexity of the Vaccinia Virion

at Subviral Resolutions

Supervised by Jason Mercer & Ricardo Henriques

Word count: 4910

Ben K. Margetts

Abstract

The structure of the Vaccinia virion has been studied for over 70 years, however the acquisition
of data on the location of its structural proteins, at subviral resolutions, has only recently become
possible. Modern super-resolution microscopy tools are leading the way in allowing us to detail this
structure, yet the computational tools required to analyse these datasets are limited. With this re-
port, we present a novel image analysis tool to help unmask the structural complexity of the Vaccinia
virion. We began by exploring scripts to extract viruses from image datasets, and progressed to nor-
malizing, aligning, and comparing the structure of these viruses. Results suggest that structurally
varied populations of virus are commonplace, and with this information we proceeded to produce
an average structural model of the virus. This structural model will act as the starting point for
future research endeavours; an aligned map for attaching the location of further fluorophore-labelled

structural proteins to.

1 Introduction

Poxviruses from the large family Poxviridae are
viruses known primarily for their infamous family
member, variola. Variola is the causative agent of
smallpox [1], thought to be responsible for some
300-500 million deaths in the 20th century before
its eradication in 1979 [2]. Among the members of
Pozxviridae also lies Vaccinia, a live virus that is
used as the key component of the naturally atten-
uated smallpox vaccine. Vaccinia is a well studied
virus, frequented as a laboratory prototype for the
study of its more infectious family members, and
although we have been aware of Vaccinia for many
years, the details of its uncommon viral structure
still elude us. Genome sequencing of the virus,
along with proteomic studies, have suggested that
it consists of at least 75 viral proteins and 23 host
proteins [3]. These proteins are encoded for by
a surprisingly large 190-kb double-stranded DNA
genome containing over 200 open reading frames,
leading to initial expectations of a significantly
larger proteome [4, 5].

The virus itself is a remarkably sizeable structure
composed of a large centralised viral core contain-
ing viral proteins, enzymes, and the DNA genome.
Two satellite-like lateral bodies lie adjacent to the

viral core, and this set of structures are all con-
tained within a viral envelope [6]. This structural
complexity exhibited by Vaccinia and its family
members is uncommon within DNA viruses, and is
partially attributed to its unique extranuclear repli-
cation site within the cell cytoplasm [7]. Its large
genome is thought to be needed for the production
of a variety of proteins associated with gene tran-
scription and DNA replication [8]. Briefly, during
the virus’s replication cycle, infectious forms of the
virions can be produced: the intracellular mature
virion, and the extracellular enveloped virion. Of
these, the intracellular mature virion is the most
abundant infectious form of the virus, and will be
the focus of this paper.

To date, the vast majority of structural investi-
gations into Vaccinia have taken place through a
variety of electron microscopy (EM) methodolo-
gies, and more recently through the use of atomic
force microscopy [9]. Vaccinia was first visualised
in 1942 by EM [10] and since then, a large variety
of EM techniques have been utilised in the study
of the virus. These have included high voltage EM
[11], deep-etch EM [12], and cryo-electron tomog-
raphy [13] to name a selection. The virions are
often described as being highly asymmetric and
either brick-shaped, barrel-shaped, or ellipsoidal



in appearance [14], with approximate dimensions
of 360 x 270 x 250 nm suggested by cryo-electron
tomography measurements [13].

This viral structure is contained within two
boundary-like elements, a lipid membrane that
envelops the entirety of the virion with a thickness
of approximately 5-6 nm [13], and two structural
layers that contain the internal core of the virus.
The outermost layer of this core wall consists of
a random alignment of hexagonal spike patches,
with the spikes appearing to be proteinaceous in
nature, and anchored in the innermost lipid layer
of the core wall [13]. This wall is estimated to be
18-19 nm thick and is significantly more complex
in nature then would be expected [15]. At two
distinct points in the virion, this core wall is sep-
arated from the membrane by the aforementioned
lateral body structures [1]. These cylindrical pro-
teinaceous structures are delivered alongside the
core into the host cell during host-cell infection,
and appear to act as ’delivery containers’ for viral
enzymes [16]. The structures themselves are disas-
sembled within the host cell cytosol through pro-
teasome activity, allowing the bound phosphatase,
VHI1, to dephosphorylate intracellular STAT1, pre-
venting interferon-y-mediated antiviral responses
from taking place [16]. This process is likely to
be very important for Poxviruses in establishing
viral populations within a host, and highlights the
importance of the lateral body structures for viral
function.

Another aspect of Vaccinia’s structure that demon-
strates complexity, is its storage of the DNA
genome. Contained within the viral core, the DNA
genome displays evidence of secure storage, as it is
intertwined within helical tubes 30-40 nm in diam-
eter [17, 14]. When treated with proteases, these
tubes are degraded, revealing 16 nm fibres that
appear to coat the supercoiled DNA [6]. The func-
tional relevance of this controversial finding appears
to be linked to compacting the genome, suggest-
ing that although the virus is large, it utilises its
biomass efficiently.

The DNA genome encodes a large variety of struc-
tural and functional proteins for the virus. Of the
potential 75 viral proteins, 65 have consistently
been detected within intracellular mature virions
with at least 22 proteins having been localised to
the viral membrane [18]. Of these 22 proteins, it
appears as though only 2 are enzymatic, with the
remaining 20 acting as structural proteins, a signif-
icant number for a virus. 47 of these proteins have
also been identified within the core fraction of the
virus, however this fraction, produced by reducing
the virus with an assay, contains both the viral

core and lateral bodies [19]. Only 19 of these are
not identified as having any enzymatic function,
and very few of them have been further localised
to a specific sub-structure within the core fraction.
Those that have, required significant work to lo-
calise using standard cell biology tools [20].

In 2006 this accumulated structural data was amal-
gamated to produce a rudimentary 3D model of the
Vaccinia virion [1]. The majority of these data, as
mentioned previously, are produced through EM
imaging and proteomic studies, with the key limit-
ing factor in these investigations being the optical
resolution available to us. It is a relatively simple
task to bind a fluorescent molecule to a specific
viral protein and image its location on the virus,
however the issue here lies in the resolvable point
spread function given by the excited fluorescent
molecules. With traditional tools such as confo-
cal microscopy, the diffraction limit of light simply
doesn’t allow us to resolve the sub-viral position of
a specific viral protein, however with newer super
resolution imaging techniques, this limit is being
slowly overcome. This report will focus on the ap-
plication of 2D structured illumination microscopy
(SIM) to this issue. SIM utilises a structured light
pattern to illuminate the sample and increase the
spatial resolution by measuring the fringes in this
projected Moire pattern. Information from the fre-
quency space outside of this observable region is
collected through the Fourier transform of the spa-
tial function projected. The phase of this Fourier
transform is then separated and reconstructed, with
the reverse of the Fourier transform returning a
super-resolution image with a theoretical spatial
resolution limit of 100 nm in the x, y plane and 200
nm resolution in the z plane [21].

With super resolution microscopy, we can begin to
construct a new structural model of Vaccinia, and
using computational tools, begin to localise struc-
tural proteins to specific viral substructures at sub-
viral resolutions.

2 Materials & Methods

2.1 DMaterials & Data Collection

The program presented with this report was written
for use with the Fiji distribution [22] of the Image]
platform (version 2.0.0-rc-24). Scripts for the plat-
form’s 'macro’ functionality were written primarily
in Jython (version 2.7b) and Python (version 2.7.7),
calling a variety of Java libraries (version 8, update
40), and inbuilt ImageJ functions. The software
was first tested on a set of pre-existing SIM .tif im-
ages. Following this, 2D and 3D SIM images were
collected from a Zeiss Elyra PS.1 system at room



temperature, specifically for the purpose of test-
ing the program. When collected from the Elyra
system, some image pre-processing was required to
construct a SIM image from Zeiss’s proprietary file
format (.czi) using the Zeiss Zen software package
(Service Pack 2). Throughout this report, lateral
bodies are demonstrated with green fluorescent pro-
tein bound to the lateral body protein F17, and vi-
ral cores with with the EGFP-mCherry stain bound
to the core protein A4 [16].

2.2 Program Design

The program was designed to begin by taking two
images as input, an image of the flurophore-labelled
viral cores, and an image of the flurophore-labelled
lateral bodies. If these two images were acquired
together in one file, then the user could easily split
the image by channel, separating the labelled lat-
eral bodies and viral cores into two files (see figure

1).

Viral Core Lateral Bodies

Vaccinia virus

Figure 1: Fluorescence labelled Vaccinia structures
split by channel.

The program then proceeds to detect expected vi-
ral features within the image. It does this by first
blurring the image by a Gaussian function, in an
attempt to smooth out the returned point spread
function from the image acquisition system. This
theoretically reduces the noise in the image, creat-
ing defined central peaks of fluorescence intensity
on viral structures (see figure 2). The Gaussian
function used in these images is defined as:
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where o represents the user defined radius of decay.

Core with Gaussian blur

Unaltered Core

Figure 2: Gaussian blur function, where ¢ = 3,
applied to a viral core.

After this has been applied, the program then runs
an ImageJ function (Find Maxima) to extract the

locations of pixels with peak intensity values. This
is filtered by an image noise threshold that is de-
fined by the user. This function returns a vector
of z,y values, detailing the position of these peak
intensities across the image’s x,y plane, which can
then be used to create a new image based on a rect-
angular selection taken around those coordinates.
Each of those images thereby theoretically details
a single viral structure, which can then be organised
into a stack of images (see figure 3).

T

Image Stack

Single Image

Figure 3: Visual representation of image stacks.

In an ideal image stack, each individual image, or
slice, would contain a single viral structure, how-
ever this is not the case in many scenarios. Vaccinia
virions can tend to clump together, and can natu-
rally overlap in dense cultures, leading to slices con-
taining multiple virions, biasing comparative anal-
yses. This issue was approached in two separate
ways, filtering out all possible slices where these sce-
narios present. For viral cores, the filter removes all
slices where two image peaks are identified within
the numerical image size values that are provided
by the user, and for lateral bodies, it looks for two
closely located image peaks to match. When these
are located, it defines a central point between these
two peaks, approximating the centre of the viral
core within the lateral bodies; all unmatched lat-
eral bodies are removed. This filtering methodol-
ogy effectively removes beads, anomalies, and non-
normally orientated viruses from the stacks. For
example, if a virus happens to be imaged from a
side-on orientation, only one lateral body will be
visible, and may be centrally aligned with the viral
core (see figure 4), obscuring the fluorophores from
the objective lens.

Virions of indiscernible orientation

Figure 4: Virions for which an orientation cannot
be determined.

Following this, an environment is initialised for nor-
malizing the pixel intensity values of the filtered
images. The images are normalized by returning a



numerical array of intensity values from each im-
age, extracting the minimum and maximum values
from this array, and running the following simple
image normalization function over each position in
the array:
F(Val) = Val — ]lim

Max—2
where Val is the intensity value for the current
pixel, Min is the minimum pixel intensity value
for each array, and Max is the corresponding max-
imum pixel intensity, giving an array of integers
between 0 and 100. These arrays are then returned
to the image processor, producing images of nor-
malized virions (see figure 5).

Pre-normalised virion Post-normalised virion

Figure 5: Virion pre and post normalization com-
parison.

At this point, the filtered stacks of viral struc-
tures are ready to be associated with each other.
Here, the coordinates of filtered viral cores are
matched with the central coordinates of filtered
lateral bodies, allowing for a small shift in z and y
to account for any chromatic aberrations presented
by the microscope’s objective lens. Any unmatched
slices are discarded, and the resulting pairs are co-
erced from individual 16-bit image processors into
combined RGB-colour processors, containing the
matched viral core and lateral bodies centred by
the intensity-defined centres of the structures.

Whilst in this stage of the program, the merged
stacks contain sets of matched, filtered virions that
cannot be analysed due to their random align-
ment. Each image must therefore be manipulated
so that they lie in vertical alignment based upon
the position of each virion’s major axis. Two align-
ment methodologies were trialled in our program
to tackle this issue, virion alignment by viral core
standard deviations, and virion alignment by rela-
tive lateral body location.

The first alignment methodology: viral core align-
ment, begins by returning to the filtered viral core
stack, and extracting each viral core slice in-turn.
A thin rectangular selection, the height of the im-
age and 1 pixel wide, is then positioned centrally on
the image, so that it lies vertically across the mid-
point of the slice. The standard deviation of this
rectangular selection is then calculated and stored
in an array, before the selection is rotated by a user

defined value. This process is then repeated until
the selection has rotated 180 degrees on its point of
origin, where the major axis is given as the angle
of rotation required to return the greatest standard
deviation, and the minor axis is given as the angle
of rotation required to return the lowest standard
deviation (see figure 6). If this method of align-
ment is selected, the major axis angle is then used
to rotate the image processor for the correspond-
ing matched core and lateral bodies, theoretically
aligning all matched virions along their major axis.

Selection rotation

Rectangular selection Axis mapping

Figure 6: Visual representation of viral core align-
ment.

The second alignment methodology: lateral body
alignment, utilises the central peak of each individ-
ual lateral body to align the two. Once the lateral
bodies have been filtered, it can be assumed that
the peak point of each lateral body is roughly equiv-
alent to the centre of its structure. Therefore, if
there are two guaranteed detectable intensity peaks
in every image, we can use this information to align
the virions. This process is initialised by return-
ing the coordinates of both peaks, and then draw-
ing a line between them. The angle of this line is
then used to calculate the angle that the virion is
aligned to (see figure 7). The image processor for
the corresponding virion is then simply rotated by
this amount, vertically aligning it.

Peak selection

Angular line adjustment

Figure 7: Visual representation of viral lateral body
alignment.

After viral alignment, the images can be coerced
into a base structural model of the virus. The pro-
gram achieves this through a z-projection of the
aligned image stack. This z-projection calculates
the average intensity value for each pixel in the x,
y plane from a vector of values taken from the z
plane of the aligned image stack. These averaged
values are then used to create a reconstructed image
of the average virus from the information derived
from raw SIM images (see figure 8).



1. Structure detection

2. Structural filtering

3. Matching & normalizing
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4. Creation of structural
model & analysis

Figure 9: Flowchart demonstrating program design.

Average virion

Average core Average lateral body

Figure 8: Example z-projections.

Following the creation of this structural model,
each slice in the image stack can be compared
against the average virus to obtain an estimation of
the intra-viral variation. For this comparison, the
mean-squared error metric was utilised due to the
weighting it places on outlying values. The mean

squared error (MSE) for this program is defined as:

1 n
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where n represents the number of slices in the stack,
X; gives the pixel intensity values obtained from the
structural model, and Y; gives the observed pixel
intensity values obtained from the image slices.

This program is accessible to the end-user from a
graphical user interface (GUI), where the user can
modify a variety of the parameters discussed previ-
ously, and can enable/disable some of these image
processing steps, i.e. the filtering, matching, nor-



malization, and z-projections, to match their de-
sired output.

3 Results & Discussion

3.1 Detection & Filtering

Out of 25 test datasets (comprising of 1 viral core
image and 1 lateral body image per set), the pro-
gram was able to detect all visible viral structures
in 23 of these datasets following the implementa-
tion of some minor parameter adjustments. Issues
didn’t tend to present through virions remaining
undetected, but instead presented through how sen-
sitive the detection methodology was to extracting
anomalous data such as imaging beads, and minor
fluctuations in pixel intensities.

The techniques that we utilised to filter anomalous
selections from these datasets proved exception-
ally effective, frequently removing over 50% of all
selected points. The results obtained with these fil-
tering and extraction tools are inherently variable,
and based primarily upon the users parameter se-
lection choices; however in our general experience,
when calibrated effectively, the program didn’t
pass a single non-viral structure through the filter,
and only occasionally passed images through where
multiple virions were present (see figure 10). These
cases tended to be isolated, and primarily caused
by the threshold ranges given to the Find Maxima
function, where the program simply hadn’t regis-
tered a second virion structure as being present in
the image, due to its intensity peaks falling below
the user-defined thresholds. Issues did arise when
the program was subjected to non-ideal datasets,
where very large populations of the virus crowded
the image, or where issues with fluorophore binding
lead to inconclusive results.

Although the specificity of these filtering techniques
bordered on exclusive, rather than inclusive, we
feel that this is a minor flaw, given the high qual-
ity datasets that it can produce. Within the con-
text of this area of research, many images can be
taken per experiment within a relatively short time-
frame, meaning that there is no shortage of datasets
that can be fed into the program, and therefore no
shortage of output. We feel that the use of such
specific filtering strategies is instead flawed in the
sense that it is not directly applicable to other fam-
ilies of virus, meaning that use of this program is,
at least initially, limited to the study of Vaccinia.

Unaligned & filtered viral cores

Figure 10: Representative filtered output from pro-
gram with potential anomaly highlighted.

3.2 Centering & Alignment

Manual centering of matched viral and lateral bod-
ies was frequently found to be necessary even in
SIM images that were preprocessed to remove chro-
matic aberrations (with the Zeiss Zen software
package). Subjectively based off of the appearance
of image outputs, our rudimentary centering tech-
nique appears to be somewhat effective in reducing
the appearance of chromatic aberrations (see figure
11), although is prone to errors, and relies purely
on the structure of the virions for its effectiveness.

Uncentered virions

Centered virions

Figure 11: Uncentered virions compared to cen-
tered virions.

Issues with this technique revolve around its po-
tential to centre a viral core and pair of lateral
bodies together, that are not associated with each
other. This would likely arise in cases where the
viral matching ranges are set at higher levels than



default, and is relatively unlikely. Occurrences of
this issue would also be relatively easy to identify
from the misaligned rotations that would be ap-
plied to the viral core and the lateral bodies in the
alignment stage.

The two alignment methodologies that we trialled
with this program produced drastically different
results. The first, viral core alignment, proved to
be surprisingly ineffective at determining the ro-
tations that needed to be applied to the virions.
Its estimations of major and minor axis placement
varied wildly between virions, with a mean angle
of 67 degrees + 39 between the two axis. From the
results, it is clear that viral core alignment mis-
rotates a large number of the virions, and takes a
significant portion of the overall computation time
for the program (approximately 56% of the overall
computation time on a 2.7 Ghz Intel Core 15 iMac).
We attribute these errors in viral core alignment
primarily to the non-Gaussian intensity spreads
commonly exhibited by EGFP-mCherry labelled
viral cores. Ideally, when these cores are labelled,
the fluorescence emitted would be detected in the
form of a Gaussian point spread function from the
centre of each flurophore, however this also assumes
that the stains are evenly bound across the surface
of the core. In images we have collected, this
assumption is often incorrect, with uneven pixel
intensities visible across the viral core, leading to
uneven, and incorrect alignment measurements.

The alternative alignment methodology that we tri-
alled, lateral body alignment, proved to be signifi-
cantly more effective at consistently aligning sets of
virions in comparison with viral core alignment (see
figure 12). Computationally, lateral body align-
ment was also a substantial improvement over vi-
ral core alignment, reducing computation time by
an approximate 41% on test data. Negatives as-
sociated this technique are centred around its re-
liance on lateral body structure and peak detection.
This technique, although an improvement, is still
far from the consistency required for such a tech-
nique, for example: if the centre of a lateral body
is incorrectly located, then the virion will be mis-
aligned by the program in every instance. This is
further impacted by the constraints that this align-
ment technique places on the end-user, as for it to
be enabled, the lateral bodies must be filtered to
ensure that two lateral body centres can be located
in each image. This constraint is not required with
viral core alignment, and therefore produces two
separate recommendations: the use of filtered lat-
eral body alignment is recommended in all cases
where there are enough datasets to facilitate the
loss of data through lateral body filtering, and in
cases where data is limited, we recommend unfil-

tered viral core alignment to generate the greatest
possible amount of output.

Virions - unaligned

Virions — aligned by viral cores

Virions — aligned by lateral bodies

Figure 12: Comparison of virion alignment tech-
niques.

3.3 Structural Models

From our relatively simplistic technique for gen-
erating structural models of the average Vaccinia
virion within viral populations, some interesting re-
sults were revealed. We calculated the MSE of pixel
intensity values between filtered virions, and the
averaged structural model, for both viral cores and
lateral bodies. The results of these measurements,
taken from the most representative image sets, are
summarised in figure 13.

Virion Lateral Body MSE Core MSE

1 86 17
2 74 19
3 50 18
4 116 31
5 70 92
6 103 26
7 90 10
8 231 16
9 175 12
10 141 33

Average: 113.6 274

Figure 13: Mean squared error of viral cores and
lateral bodies.

These data, at first glance, suggest a striking differ-



ence in structural variation between the viral cores
and lateral bodies, with lateral bodies exhibiting
significantly more variation from the model then
the viral cores. There is little-to-no evidence of
structural variation within the literature-base to
support these claims, however this lack of data can
be explained by the methodologies used in previ-
ous studies, where access to these structures was
limited by resolution and visibility. There is a
difference in recorded size of whole virions within
the literature [1], however this can be explained
through variations in how the virus was prepared
for imaging, and also through the techniques used
to image the virus. There has simply been very
little study on intra-virion variation within a viral
population, which leaves us unsure on the validity
of this result. This same result is repeated across
numerous datasets, yet the confidence that can be
placed in some of these results is limited by the
quality of the SIM image. Based on this, we have
started contemplating whether this structural vari-
ation could potentially be advantageous in nature,
however there doesn’t appear to be much support-
ing evidence for this hypothesis. Advantages in
virion variation tend to lie in structural plasticity,
where a host’s innate immune response is evaded
through the plasticity exhibited by the virus, or
where faulty viral replication leads to significant
changes in viral structure, again leading to suc-
cessful evasion of the immune response. These
advantages don’t appear to logically correlate with
the structural variation suggested by these data, as
the lateral bodies are contained within the outer
viral envelope, and therefore are only likely to inter-
act with the immune system indirectly as discussed
earlier.

Plausible explanations for this variation can instead
be presented based on the fundamental principles
this program is built on. To begin with, although
our filtering system accounts for side-orientated
viruses, it is possible that within these cultures, a
small percentage of virions are orientated in such
a way that both lateral bodies are visible, but the
virus is still tilted to the side. In this scenario,
a reduced body of fluorescence would be visible
and would therefore result in a visual representa-
tion of one smaller lateral body, and one larger lat-
eral body, which would differ significantly from the
average lateral body projection. Another plausi-
ble explanation for this phenomena is based on the
z-projection technique used for creating the struc-
tural model. This technique assumes that each
structural element is aligned along an identical axis,
whereas in reality if this axis is even slightly incor-
rect, the pixel to pixel comparison outside of the
centre of the virion would be unrepresentative, in-
creasing in misrepresentation the further out from

the centre that you measure. In the case of the lat-
eral bodies, this would lead to strong fluorescence
from the centre of a lateral body being compared
against the less intense edge of the model lateral
body. This, combined with the issues presented
through incorrectly centred structures, leads to a
less defined gap between the two lateral bodies (see
figure 14), thereby accounting for the varied mean
squared errors presented where intensity differences
exhibited between individual lateral bodies don’t fit
the profile of the averaged datasets.
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Figure 14: Horizontal pixel slice from a single pair
of lateral bodies (blue) against model data (red).

This issue is potentially a symptom of the relatively
small amounts of structures used for model cre-
ation, where outliers take up a significant portion
of the dataset, skewing the important intensity dis-
tinction exhibited between lateral bodies. As this
overall structure can be assumed to be constant
within the Vaccinia virions, a potential progression
from this point could be to filter numerical outly-
ing pixel values from the datasets, and class those
as misaligned/incorrectly centred structures. An-
other solution in data-rich landscapes, would be to
extend this z-projection technique over very large
image stacks containing many virions. In these
large datasets, outlying values may be outweighed
by values that fall within normal ranges, and the
data that defines these average structures may be-
gin to convene on two defined peaks, allowing for
stronger comparisons with individual virions.

Based on these findings, an argument could be
made that the MSE is an inappropriate metric to
use, as the datasets contain outlying values that
give large differences between the model and actual
data. The MSE will therefore place an exponen-
tially greater emphasis on these errors due to the
method used to calculate the metric, and is likely
to highlight these over structurally varied virions.
Although this is true for these test datasets, if ei-
ther of the previous suggestions are implemented,
the mean squared error could be a valuable metric



for measuring this difference between the observed
data and the model. Adjustments to these metrics
could not be produced for this report due to time
constraints.

3.4 Strengths & Limitations of the
Program

We believe that the strengths of this program are
demonstrated by what it achieves in comparison
with the initial aims of the project. The software
is a product of the overarching goal to engineer
the codebase needed for localising proteins to Vac-
cinia sub-structures at sub-viral resolutions. A key
strength of it lies in its usability and dynamic GUI
(see figure 15), where the user can select from a va-
riety of options to display very specific configura-
tions of virus, allowing the program to be useful for
automating basic feature extraction tasks that are
time consuming for wet-laboratory scientists. The
limitations with the program are currently most ev-
ident in the alignment and centering portions of the
code, where erroneous data can be produced. The
structural models it produces of viral cores tend to
be reasonably accurate, yet lateral body models are
less representative. Other limitations with the pro-
gram include occasional software-bugs, and unnec-
essary long computation times due to the higher-
level language it was written in.

Display Settings

) Display Viral Cores

I Display Viral Lateral Bodies

Display Matched Viral Cores & Lateral Bodies
Display Results in a Montage

@ Display the Average Virus

Virus Selection Settings

Virus Selection Area Size 10
Core Gaussian Blur Size: 1
Lateral Body Gaussian Blur Size: 0

Core Peak Detection Noise Tolerance: 5000

Lateral Body Peak Detection Noise Talerance: 500

Filtering, Matching & Results

Lateral Body Filtering Inclusion Range: 5
Core/Lateral Body Match Range 5
Alignment Accuracy Angle: 5

Filter Viral Cores

Filter Viral Lateral Bodies

Centre Matched Cores and Lateral Bodies

) Align Viruses by Viral Cores

Align Viruses by Lateral Bodies
Normalize Fluorescence Intensity

I Calculate Mean Square Error

Figure 15: A section of the program’s graphical user
interface.

3.5 Future Directions

Future directions for this project can be split into
two distinct disciplines, computational and biolog-
ical sciences. Computational future directions for

this project begin with improving the general sta-
bility of the program, and simplifying the code.
The program could then be rewritten in a lower
level language, i.e. Java, to significantly improve
computation times, and could be rewritten to re-
duce its dependance on the ImageJ API, which can
be error prone and unpredictable in certain cases.
A key focus could then be to work on improving
the alignment and centering functionality of the
program, potentially by analysing the structure
of the lateral bodies based on the boundaries of
emitted fluorescence. Lastly, the program could
be extended to include and analyse 3D SIM image
stacks, thereby providing richer data on the locali-
sation of specific proteins of interest.

Biologically, the research can be tackled from the
perspective of a data collection project, as to create
a structural map of the Vaccinia virion, a significant
amount of work will be required in labelling and
imaging each identified structural protein. This will
theoretically create a detailed map of the Vaccinia
virion, where gaps in the map can be investigated to
gain further insight into its structural complexity.
This process can then be run over a large collec-
tion of datasets to enable a representative analysis
of structural variation.

4 Conclusions

With this project, we set out to create a simple-to-
use tool for wet-laboratory biologists, wherein they
could provide it with a selection of raw SIM images,
and from there, automatically produce structural
models of the virions contained within those im-
ages. We feel that these goals were met, with the
finished program existing as a lightweight, easily
accessible tool, that carries out those aforemen-
tioned tasks. The output of this program can be
easily manipulated through a simple GUI, produc-
ing a variety of useful image selections for further
analysis by the biologist.

Although the program has faults within its align-
ment and centering methodologies, we feel that
these faults are overshadowed by the codebase that
we provided, which can be further iterated and im-
proved upon in future work.

Future research in this area, along with this pro-
gram, will allow us to improve the resolution and
accuracy of the structural maps that we prototyped
in this report, moving us ever closer to a point at
which Vaccinia’s structural complexity can be un-
masked.
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