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Cryo-electron tomography (cryo-ET) has emerged as a powerful tool to provide in-situ detailed, nanometer to
sub-nanometer level three-dimensional (3D) information on cellular ultrastructure and macromolecular
complexes during host-virus interactions [1]. However, a few challenges remain when using cryo-ET for in
situ structural studies, that include difficulties in locating and identifying features of interest within complex
cellular surroundings and the thickness of some samples. Electrons are prone to inelastic scattering in
biological samples thicker than 300 nm, e.g., regions away from thin cell periphery of eukaryotic cells, this
results in image blurring and decreased resolution. To visualize them, cryo-focused ion beam (FIB) milling
coupled with scanning electron microscopy (cryo-FIB/SEM) has been used to generate thin lamella from
vitrified eukaryotic cells, making a wide variety of exciting biological events accessible for cryo-ET [2]. Cryo-
correlative light and electron microscopy (cryo-CLEM), the coupling of fluorescent light microscopy (FLM)
and transmission electron microscopy (TEM), adds temporal and spatial information from FLM to cryo-ET,
facilitating identification of rare or dynamic events during viral infection [3]. Thus, multi-modal and -scale
microscopy under cryo-conditions has been explored to locate fluorescent regions of interest by cryo-FLM, in
a thin lamella of the vitrified eukaryotic cell produced by cryo-FIB/SEM, for high-resolution cryo-ET study

[4].

Respiratory syncytial virus (RSV), an enveloped RNA virus of the Pneumoviridae family, is a leading cause
of serious lower respiratory tract illness in infants and immuno-suppressed adults [5]. Recent studies show that
mitochondrial organization and its functions have been usurped by RSV to facilitate virus production in
infected cells [6]. While high-resolution live-cell FLM quantitative imaging [6] and conventional TEM on
resin-embedded cells [7] have greatly advanced our understanding of mitochondria morphology, details in the
ultrastructural features of mitochondria and the in-situ morphological changes mitochondria undergo during
RSV infection remain unclear. Here, we present a correlated multi-modal pipeline to explore native
mitochondrial ultrastructure in RSV-infected cells by coupling cryo-FLM and FIB/SEM of vitrified thin
lamella, then visualized by high resolution cryo-ET, using CorRelator [8], an interactive and cross-platform
software we developed for flexible real-time high-precision cryo-correlative microscopy.

Briefly, HelLa cells were grown on Quantifoil gold grids and infected with RSV rA2-mK+. Samples were also
stained with live-cell MitoTrackerGreen. The grids were imaged with a Leica DMi8 widefield fluorescent
microscope at room-temperature prior to plunge freezing. Single-sided, back blotting, and plunge-freezing was
performed using a Leica EMGP. The vitrified samples were imaged by a Leica EM Cryo-CLEM microscope
system. Correlated cryo-FIB/SEM was then conducted to generate uniform thin lamellas (thickness of ~200
nm) of the mitochondria-rich region inside the infected or uninfected/mock cells. The lamellas were
subsequently imaged by a Leica EM Cryo-CLEM system to verify the milling location. We then collected tilt
series of these vitrified lamellas on a Titan Krios or Talos Arctica equipped with a Gatan BioQuantum filter
and K3 direct electron detector, using SerialEM [9]. Throughout the whole workflow, CorRelator was flexibly
applied for correlation between cryo-FLM and cryo-FIB/SEM and cryo-ET for real-time high-precision cryo-
correlative ET data collection. Tomographic reconstructions were prepared with IMOD [10] and segmentation
using EMAN2.2 neural network [11].
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Cryo-FLM and cryo-FIB/SEM correlation allows us to locate mitochondria-rich regions in RSV-infected and
uninfected cells and generate thin lamella suitable for high resolution cryo-ET studies (Figure 1, top panel A-
G). Post-FIB/SEM cryo-CLEM further confirmed the milled region of interest (Figure 1, bottom panel A-C).
Correlated cryo-ET of targeted lamella (Figure 1, bottom panel D-E) show the impact of macromolecular and
vesicular crowding in the cytoplasm along with the presence of the mitochondrial targets near microtubules.
ATP-synthase complexes embedded in the cristae membranes (red arrowheads, Figure 2) were highlighted.
This workflow presented here demonstrates the flexibility of a multi-modal cross-platform microscopy. Future
developments of CorRelator include high-precision 3D correlation between cryo-FLM and cryo-FIB/SEM for
subsequent cryo-ET data collection.
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Figure 1. Figure 1. Multi-modal cryo-CLEM-FIB/SEM -ET lamellae of HelLa cells infected by RSV (red),
stained to study mitochondria (green). Top Panel: (A) A diagram of CorRelator-facilitated multi-modal
correlative microscopy. (B) Merged live-cell fluorescent microscopy (FLM) grid montage of RSV rA2-mK+
infected HeLa cells. (C) Cryo-FLM grid montage of grid in (B) after plunge-freezing. (D) GUI Screenshot of
correlated cryo-FLM (C) and cryo-SEM maps using CorRelator to guide the milling process. Red boxes in (B-
D) are region of interest. (E-G) Cryo-FIB/SEM thin lamellae of the target cells (red boxed cells in B-D). Milled
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cells (~200 nm thickness) visualized by cryo-SEM (2eV, E) and cryo-FIB (F and its 45-degree rotation G).
The deposited Pt layer (white arrow heads) is distinguishable from the vitrified cell on the front edge of the
lamellae. Micro-expansion joints (white arrows) are labeled. Bottom Panel: (A-C) Cryo-FLM of the lamellae
in (Top: E-G) to show the cell before milling (A) and post-milling (B), and the superimposition (C) of cryo-
FLM (B) and lamellae (Top: E). (D-E) Correlative real-time cryo-ET of the lamellae. White boxed area (D
where high pass-filtering applied) and red asterisk show the mitochondria region of interest. (E) Screenshot of
real-time correlative cryo-ET collection of the same lamellae using CorRelator and SerialEM.
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Figure 2. Figure 2. Cryo-EM imaging and cryo-ET on lamellas. (Left) Tomographic slice through a
mitochondria-rich region in RSV-infected cells, reconstructed with IMOD, which shows the mitochondria
highlighting ATP-synthase complexes embedded in the cristae membranes (red arrowheads). (Right) cryo-EM
image display mitochondria and the crowded surrounding cellular context (top) and the segmentation (bottom)
highlighting mitochondria (blue), multilamellar vesicles (yellow) and microtubules (green)
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