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Abstract

Marine snow aggregates are microhabitats for diverse microbial communities with various active metabolic
pathways. Rapid recycling and symbiotic transfer of nutrients within aggregates poses a significant challenge
for accurately assessing aggregate-associated turnover rates. Although single-cell uptake measurements are
well-established for free-living microorganisms, suitable methods for cells embedded in marine snow are cur-
rently lacking. Comparable cell-specific measurements within sinking pelagic aggregates would have the
potential to address core questions regarding aggregate-associated fluxes. However, the capacity to perform
microscale studies is limited by the difficulty of sampling and preserving the fragile aggregate structure. Fur-
thermore, the application of nano-scale secondary ion mass spectrometry (NanoSIMS) to aggregates is com-
plicated by technical requirements related to vacuum and ablation resistance. Here, we present a NanoSIMS-
optimized method for fixation, embedding, and sectioning of marine snow. Stable isotope labeling of
laboratory-generated aggregates enabled visualization of label incorporation into prokaryotic and eukaryotic
cells embedded in the aggregate structure. The current method is also amenable to various staining proce-
dures, including transparent exopolymer particles, Coomassie stainable particles, nucleic acids, and eukary-
otic cytoplasm. We demonstrate the potential for using structural stains to generate three-dimensional (3D)
models of marine snow and present a simplified calculation of porosity and fractal dimension. This multipur-
pose method enables combined investigations of 3D aggregate structure, spatial microbial distribution, and
single-cell activity within individual aggregates and provides new possibilities for future studies on microbial
interactions and elemental uptake within marine snow.

Marine aggregates play a crucial role in the sequestration of
photosynthetically produced organic matter, moving carbon
from the euphotic zone to the deep ocean, which has an impor-
tant impact on the global carbon budget (Turner 2015). They
range from small conglomerates of organisms to aggregates of
several millimeters in diameter, which also includes marine
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snow (aggregates > 500 um; Alldredge and Silver 1988). The pri-
mary components of marine snow are phytodetritus, discarded
appendicularian houses, fecal pellets, and other detrital material
which stick together due to a matrix of exuded polymeric
substances, including transparent exopolymer particles (TEP)
(Passow et al. 1994; Passow et al. 2001; Turner 2015). The latter
are defined as discrete exopolymers that consist predominantly
of surface-active acidic polysaccharides and that are stainable
with Alcian Blue (Alldredge et al. 1993; Cisternas-Novoa et al.
2015). Early studies revealed the importance of non-TEP extra-
cellular polymeric substances (Stoderegger and Herndl 1999;
Waite et al. 2005), and proteinaceous Coomassie stainable par-
ticles (CSP) (Long and Azam 1996) for aggregate structure. The
first marine snow microstructure investigations also confirmed
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these findings and provided insights into organism distribution
(Heissenberger et al. 1996a; Leppard et al. 1996).

Microorganisms within organic aggregates benefit from
highly concentrated substrate conditions (Shanks and Trent
1979; Lyons and Dobbs 2012) which characterize them as
microscale nutrient patches in an otherwise homogeneous
water column. Microbial abundances can be 10°-10°-fold
higher than in the surrounding water column (Waite et al.
2000) and are typically associated with comparatively high-
metabolic activity (Lyons and Dobbs 2012). Direct measure-
ments of primary and bacterial production (Gotschalk and
Alldredge 1989; Turley and Stutt 2000) and extracellular
enzymatic activity (Karner and Herndl 1992; Zoppini et al.
2005) typically display enhanced values on aggregates rela-
tive to the water column.

Genomic profiling has also revealed that phylogenetic
diversity of microbial assemblages associated with aggregates
can differ from free-living communities (DeLong et al. 1993;
Rath et al. 1998; Fontanez et al. 2015). Additionally, phylo-
genetic analyses revealed the presence of microbial commu-
nities capable of performing rare pelagic nutrient cycling
processes such as ammonification (Shanks and Trent 1979),
nitrification (Phillips et al. 1999), or methane production by
archaea (Marty 1993; Maarel et al. 1999). Early studies sug-
gested the potential existence of sub- or anoxic microzones
within aggregates (Gowing and Silver 1983; Paerl and Pinck-
ney 1996), and more recent work has demonstrated sub- and
anoxic metabolic processes, such as anammox (Woebken
et al. 2007), sulfate reduction (Vojvoda et al. 2014), or even
chemolithoautotrophy (Swan et al. 2011) within aggregates
from oxic or suboxic environments.

Based on a size-resolved particle model, Bianchi et al. (2018)
estimated very recently that the anaerobic niche in the world
oceans is expanded by particle-associated microenvironments
which increases the rates of denitrification and sulfate reduc-
tion in the water column massively. Direct quantification of
those and other nutrient turnover rates associated with marine
snow, however, is difficult because numerous aggregates are
required to generate results above measurable threshold values.
This in turn necessitates bulk measurements which can be
challenging to interpret due to the heterogeneous nature of
aggregates. Furthermore, there is potential overlap of opposing
metabolic pathways that can result in cryptic elemental cycling
within single aggregates, as recently observed for the pelagic
sulfur cycle in the Peruvian OMZ (Canfield et al. 2010). Emerg-
ing techniques such as single-cell measurements using nano-
scale secondary ion mass spectrometry (NanoSIMS), or other
modern technologies requiring vacuum conditions like elec-
tron dispersive X-ray, are powerful tools with the potential to
yield insights into aggregate-associated nutrient fluxes. How-
ever, microzone investigations on marine aggregates that com-
bine single-cell visualization, uptake measurements, and
porosity measurements pose a significant challenge. Notable
difficulties include (1) the preservation and handling of fragile
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marine snow to reduce material loss, (2) the possibility for spe-
cific structural staining processes with reduced sample loss and
dye precipitation, (3) the preservation of the three-dimensional
(3D) structure enabling structure reconstruction for calcula-
tions of porosity and 3D fractal dimension, (4) the suitability
for stable isotope enrichment measurements using NanoSIMS
analyses with minimal enrichment dilution, and finally (5) sta-
ble storage conditions to ensure effective analyses in the field
and at shore-based laboratories.

Here, we present a multidisciplinary method synthesis to
address the challenges stated above, resulting in a widely
applicable approach for microscopic investigations of marine
snow, uptake measurements employing NanoSIMS, and struc-
ture reconstruction to facilitate porosity calculations. The
characteristics of the resulting specimen matrix, including
vacuum stability and negligible nitrogen and sulfur content,
provide great potential for NanoSIMS-based flux investiga-
tions of individual organisms within an aggregate. Moreover,
a streamlined workflow for biological and structural fixation
combined with stable storage enables effective analyses in
the field or at shore-based laboratories. Our preliminary
investigations, as well as the recent literature (McGlynn et al.
2015), indicate that the fixation and storage conditions opti-
mized for NanoSIMS and structural staining are potentially
compatible with taxonomic staining procedures, such as fluo-
rescence in situ hybridization (FISH) or catalyzed reporter
deposition in situ fluorescence hybridization (CARDFISH),
but this aspect of the method requires further optimization
beyond the scope of the present objectives (see Supporting
Information Chapter 1). A complementary embedding
approach based on cryogel embedding is described in the
companion paper by Flintrop et al. (2018), which enables
taxonomic identification using FISH. We provide direct com-
parison of the two approaches (see “Discussion” section).

Using the plastic resin embedding procedure and struc-
tural stains, we describe a simplified calculation to determine
porosity and fractal dimension based on a 3D reconstruction
model. We also provide an alternative embedding protocol
for aggregates comprised of very dense and/or terrigenous
material, which allows structure-preserving bright field inves-
tigations and NanoSIMS measurements. A detailed descrip-
tion of the current methods and proposed applications is
provided, as well as a field test of the embedding and struc-
tural staining. Our preliminary application of this approach
demonstrates its potential to address existing gaps in our
knowledge concerning biogeochemical fluxes as anaerobic
cycling and microbial ecology of marine snow.

Methods

The final method for embedding of marine snow into an
acrylic or epoxy resin consists of eight major steps (see Flow-
chart in Fig. 1): (1) The inactivation of biological activity
and aggregate fixation with formaldehyde solution with sub-
sequent washing in sterile seawater. Fixed aggregates are
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Fig. 1. Schematic outline of the presented method.
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subsequently (2) immobilized and stabilized by pre-
embedding in liquid agarose which can be followed by a
storage step in ethanol solution. The stabilized aggregate is
then (3) embedded in an acrylic or epoxy resin of choice,
resulting in final structural and biological preservation, (4)
sectioned and (5) stained using different structural, histologi-
cal, and molecular dyes. Images of stained TEP, CSP, cyto-
plasm, and nucleic acid compounds as well as chlorophyll a
(Chl a) auto-fluorescence are acquired and (6) structure is
reconstructed in two or three dimensions, to allow porosity
calculations. Finally, (7) embedded slices are prepared for
NanoSIMS investigations, including laser-marking of the
fields of interest, sputter coating, and fitting into the sample
holder, followed by (8) NanoSIMS- and post-analysis.

In order to create a method suitable for structural staining
and NanoSIMS analyses, we performed laboratory tests using
a range of laboratory-generated aggregates, produced under
controlled conditions (see details below). Mixed plankton
communities were supplemented with natural marine bacter-
ioplankton, and then incubated for 24 h with stable isotope-
labeled glucose, nitrate, and sulfate (see below). We tested
agarose as a pre-embedding matrix and the histological resin
methacrylate as a final embedding medium. We applied sev-
eral staining procedures, including Alcian Blue staining for
TEP, Coomassie Blue staining for proteins, DAPI staining for
nucleic acids, and eosin staining for eukaryotic cytoplasm
proteins. The different structural signals were merged and a
3D model was created to illustrate the preserved structural
features. NanoSIMS measurements were performed on one of
the test aggregates to demonstrate the capacity to investigate
single-cell element wuptake employing the presented
approach. To assess potential difficulties during the slicing
process for aggregates with dense or terrigenous material, we
also performed a test on dense aggregates, using agarose as a
pre-embedding matrix and the resin Araldite 502 as a final
embedding medium. This enables more precise sectioning
for dense aggregates.

Generation of aggregates from laboratory phytoplankton
cultures and surface water

Laboratory aggregates for methacrylate embeddings tests
included a mixture of Thalassiosira hyalina, T. marinoii, Emilia-
nia huxleyi, and Micromonas pusilla cultures in equal parts. This
ensures applicability of the method for a diversity of aggre-
gates by including soft as well as hard compounds, such as
diatom frustules and coccoliths. Cultures were grown in F/2r
medium (Guillard and Ryther 1962) with 12/12 h dark/light
cycles for 7 d until the culture was opaque (cell numbers or
growth phase not determined) before transfer of 1.8 L of cul-
ture mix into 2.1 L roller tanks. For bacterial colonization,
300 mL of 2 um prefiltered North Seawater sampled in May
off Bremerhaven (Germany) was added to the roller tanks (cell
numbers not determined). The cultures were allowed to aggre-
gate for 2 d at 2 rpm and 15°C in roller tanks in the dark.
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In order to create very dense aggregates for alternative
Araldite 502 embeddings, surface water sampled in March
off Helgoland (Germany) was aggregated in roller tanks as
described above for 4 weeks followed by direct fixation and
embedding (see iii (b) “Methods” section) without prior incu-
bation with stable isotope labeled compounds.

Stable isotope enrichment incubations

Aggregates containing stable-isotope-enriched organisms
for NanoSIMS tests were formed by incubating laboratory
generated aggregates in roller tanks with '*C-labeled glucose,
15N-labeled potassium nitrate, and **S-labeled sodium sulfate
(see details below). Background concentrations of nitrate and
sulfate in the sterile (0.2 um filtered) North Seawater (SNSW)
were measured prior to incubation using a QuAAtro39 Auto-
Analyzer (Seal Analytical) to ensure correct labeling of >N
and 3*S. All aggregate handlings and transfers were per-
formed very gently, using either a bore pipette or a 1 mL
pipette with cut pipette tips (see Table 1).

The lab aggregates were separated from free-living micro-
organisms by transferring each aggregate into a 50 mL cen-
trifugation tube filled with sNSW. The aggregates were
allowed to settle in the tube without reaching the bottom
and then transferred into another tube with fresh sNSW, fol-
lowed by transfer into a 50 mL roller tank. Triplicate 50 mL
roller tanks, including 20-30 “washed” aggregates, were
spiked with 10% '*NO;3 (Cambridge Isotope Laboratories,
Cat.-No. NLM-765-PK) and 15% 3*SO, (Sigma-Aldrich; Cat.-
No. 718882) of the respective ambient concentration (12.47
uM NO3, 25.44 mM SOy,), as well as 100 nM 13C-glucose (D-
glucose-"*Cg; Sigma-Aldrich; Cat.-No. 389374; background
concentration not determined). Roller tanks were closed
with a silicon stopper and rotated at 1.25 rpm and 15°C in
the dark for 24 h before harvesting and embedding. To ascer-
tain enrichment detection, triplicate controls were incubated
with the same amount of unlabeled compounds and both
groups analyzed to ensure an appropriate number of
enriched aggregates for the analyses.

Aggregate embedding and analysis protocol

Biological fixation in formaldehyde solution and washing
followed by immobilization in agarose is the first step in the
procedure (Fig. 1). This step is the only step executed in the
field. This prevents the risk of disaggregation during subse-
quent procedure and enables quick and easy sample han-
dling during field campaigns as well as stable storage. The
following dehydration, infiltration, and polymerization with
resin enables thin sectioning of the aggregates in preparation
for microscopy and SIMS analyses. A list of materials
required is provided in Table 1.

i. Inactivation of biological activity and aggregate fixation
At the end of the 24 h aggregate incubation period, or
immediately after aggregation in case of dense surface-
water aggregates, aggregates were fixed in petri dishes
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filled with 0.2 um-filtered 4% (v/v) formaldehyde/sNSW
solution for 2 h at room temperature or at 4°C overnight
(12 h). Stable isotope-labeled aggregates were subse-
quently washed in sSNSW for 10 min and dense aggregates
were washed for 30 min.
Pre-embedding in liquid agarose and storage

Agarose solution was heated to boiling using a micro-
wave. It was then kept at 40°C, along with the SNSW, in a
hot water bath.

ii.

Following fixation, aggregates of both types were pre-
heated by transferring them into 40°C warm sNSW for
10 min before transferring them into liquid, 40°C warm 6%
(W/v) low-melting-point agarose (Omnipur® Agarose Low-
Melting; EMD Chemicals) within silicon embedding molds.
After cooling of the agarose at 4°C for 2 h, aggregates were
cut out of the solid block using a sterile scalpel and forceps
and transferred immediately into 2 mL centrifugation tubes
filled with 0.2-um-filtered 50% (v/v) ethanol/sNSW solution
(molecular biology grade undenaturated absolute ethanol;
Serva) to reduce biological degradation. Samples were stored
at 4°C for 2 months.

iii. Embedding in acrylic resins

Final preservation was accomplished by embedding aggre-
gates in an artificial resin resulting in solid, dehydrated, and
sectionable blocks. Many resins for embedding were
excluded prior to testing due to background fluorescence,
polymerization temperatures above 60°C, or significant
nitrogen and sulfur content rendering them unsuitable for
potential rRNA-based hybridizations and NanoSIMS analyses,
respectively. Moreover, hard materials such as sediments
from terrigenous sources lead to rupture of the sections dur-
ing the slicing process. Therefore, we tested the histology-
originated methacrylate embedding medium for common
“open ocean” aggregate samples which were sliced using a
steel knife. We also tested the geology and soil sciences origi-
nated epoxy resin Araldite 502 which we sawed and polished
to the desired thickness (40-140 um).

(a) Methacrylate embedding for aggregates without terrig-
enous material

The methacrylate embedding protocol has been modified
from the standard protocol (Velde et al. 1977). Dehydration
was carried out in an increasing concentration series of ace-
tone: Pre-embedded aggregates were transferred into snap
cap vials and incubated twice with 50%, 70%, and 100% ace-
tone on a tumbler for 1 h at room temperature. The methac-
rylate monomer was prepared by thoroughly mixing
together 240 mL 2-hydroxyethyl methacrylate (Sigma
Aldrich), 36 mL ethylene glycol butyl ether (Sigma Aldrich),
and 0.81 g benzoyl peroxide (Luperox® A75; Sigma Aldrich).
Infiltration started with a washing step with methacrylate
monomer for 30 min followed by infiltration with monomer
on a tumbler overnight at room temperature. Activator was
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Table 1. List of required materials and instruments (n. d. = not

determined).

Material Company
Fixation

Formaldehyde Sigma Aldrich
sterile (0.2 um filtered) seawater n. d.

Petri dish n. d.

Pre-embedding

1 mL pipette Eppendorf

Cut 1 mL pipette tips Eppendorf

Bore pipette n. d.

Agarose low-melting

Sterile (0.2 um filtered) seawater

Embedding molds

Microwave

Water bath

Scalpell

Forceps

50 mL centrifugation tubes

Storage

2 mL centrifuge tubes

Ethanol (undenaturated for
molecular biology)

Sterile (0.2 um filtered) seawater

Methacrylate embedding

Forceps

Scalpell

Embedding molds

Holder blocks

Tumbler

Refrigerator (4°C)

Cooling blocks

Snap cap vials

Ultra-pure water

Acetone

2-hydroxyethyl methacrylate

Ethylene glycol butyl ether

Benzoyl peroxide Luperox® A75

Polyethylene glycol 200

N,N-dimethylaniline

Methacrylate slicing

Semi-automatic microtome

Humidity chamber

Ultra-pure water

Acetone

Biobond

Slides

Heat plate

Araldite 502 embedding

Forceps

Scalpell

Embedding molds

Tumbler

Omnipur®; EMD chemicals
n. d.

n. d.

Sharp

Thermo Fisher Scientific

n. d.

n. d.

Sarstedt

Eppendorf
Serva

n. d.

n. d.

n. d.

n. d.

Custom made
Custom made
n. d.

n. d.

n. d.

Millipore
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich

Leica

n. d.
Millipore
Sigma Aldrich
EMS

Unimark

n. d.

n. d.
n. d.
n. d.
Custom made
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TABLE 1. Continued

Material Company
Snap cap vials n. d.
Oven n. d.
Ultra-pure water Millipore
Ethanol (undenaturated for Serva
molecular biology)
Propylene oxide Sigma Aldrich

Araldite 502 kit including
DDSA and DMP-30

Araldite 502 sectioning

Grinding wheel

Carbid powder

Tap water

Ethanol

Korapox 439

Stone saw Woco 50

Grinding machine MPS 2 120

Grinding machine MPS 2 R 300

Aluminium oxide powder

DAPI counterstaining

Cover slips

Ethanol for cleaning

4’,6-diamidino-2-phenylindole

Citifluor

Vectashield

Ultra-pure water

Sodium dodecyl sulfate

Alcian Blue staining

Alcian Blue 8GX

Ultra-pure water

Acetic acid

Ethanol (undenaturated for
molecular biology)

Eosin staining

Alcoholic eosin Y/phloxine B solution

Ultra-pure water

Acetic acid

Coomassie Brilliant Blue staining

Coomassie Brilliant Blue G

Ultra-pure water

Ethanol (undenaturated for
molecular biology)

Acetic acid

Electron microscopy sciences

Wirtz

Theodor Ehrich
n. d.

n. d.

Sikora

Conrad

G&N

G&N

Buhler

Thermo Fisher Scientific
Merck

Sigma Aldrich

Electron microscopy sciences
Vector laboratories

Millipore

Merck

Sigma Aldrich
Millipore
Merck

Serva

Merck
Millipore
Merck

Sigma Aldrich
Millipore

Serva

Merck

prepared by mixing 2 mL polyethylene glycol 200 (Sigma
Aldrich) and 0.2 mL N,N-dimethyl aniline (Sigma Aldrich).
All the infiltrated agarose blocks were carefully placed into
individual embedding molds before 2 mL activator was
added to 92 mL methacrylate monomer. The activated resin
was added quickly into the molds, a holder block was placed
on top of the molds and the embedding form was carefully
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placed on a —20°C precooled cooling block and transferred
into a 4°C refrigerator to avoid high temperatures during the
exothermic reaction. After polymerization, resin blocks were
cleaned of nonpolymerized resin using paper towel and were
allowed to dry for several days at room temperature to final-
ize the hardening.

(b) Alternative Araldite 502 embedding for aggregates con-
taining hard or terrigenous material

In order to embed dense aggregates, we used the Araldite
502 Kit (Electron Microscopy Sciences; Cat.-No. 13900).
Embedding medium, consisting of 100 mL Araldite 502
(Sigma-Aldrich), 110 mL dodecenyl succinic anhydride
(DDSA), and 4 mL 2,4,6-Tris(dimethylaminomethyl)phenol
(DMP-30) was mixed thoroughly and stored at 4°C in sealed
syringes until further processing.

Agarose blocks were dehydrated in snap-cap-vials on a
tumbler, using an increasing concentration series of ethanol
(molecular biology grade undenaturated absolute ethanol;
Serva): 70% ethanol for 10 min, followed by two times 100%
ethanol for 10 min. Afterward, ethanol was replaced by pro-
pylene oxide by incubating the blocks twice for 10 min in
100% propylene oxide, which enhanced the following infil-
tration with monomer.

Dehydrated agarose blocks were incubated in snap-cap-
vials on a specimen rotator in an increasing concentration
series of embedding medium and propylene oxide: starting
with 25%, 50%, and finally 75% Araldite embedding
medium in propylene oxide for 1 h, respectively. At last, aga-
rose blocks were incubated in 100% embedding medium
overnight (12 h) before transferring them into embedding
molds and removing air bubbles in a desiccator under vac-
uum. Afterward, polymerization was carried out at 60°C for a
minimum of 12 h.

i. Sectioning

To study the microscale 3D structure in aggregates of dif-
ferent densities, embeddings were sectioned using different
approaches. Methacrylate embeddings were sliced on a semi-
automatic microtome using steel knives, similar to the prep-
aration of biological tissue samples, while Araldite 502
embeddings were sectioned by sawing and polishing; similar
to petrographic thin sections.

In order to reconstruct the aggregate structure in three
dimensions, we sectioned a 142 ym thick portion of one of
our methacrylate embedded laboratory aggregate. To demon-
strate the possibility for porosity and 3D fractal dimension
estimation, we used 23 of the resulting 71 planes for the
structural model.

(a) Sectioning of methacrylate embeddings

Methacrylate resin blocks were sliced with a thickness of
2 pym on a semi-automatic microtome (Leica) using a steel
knife. Prior to slicing, resin blocks were placed in a humidity
chamber (wet paper towel in closed plastic box) for at least
30 min to soften them and ease the slicing process. Slices
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were placed on a drop of ultrapure water (UW; 18.2 Q) on a
clean glass slide (Unimark) followed by drying on a heat
plate for 1 h (< 50°C).

(b) Sectioning of Araldite 502 embeddings

Alternative Araldite 502 embeddings were grinded and
polished to different thicknesses down to 40 ym at the geol-
ogy section of the University of Bremen. Samples were pol-
ished on a grinding wheel (Wirtz) using silicon carbid
powder (Theodor Erich) and tap water until samples were
level before they were cleaned with ethanol and adhered
without air bubbles onto a transparent specimen holder
using Korapox 439 resin (Sikora). Specimens were sawed
using a Woco 50 stone saw (Conrad) to a thickness of 500-
1000 um before rough polishing down to the approximate
thickness using a MPS 2 120 grinding machine (G&N).
Finally, fine grinding to the final thickness of 40-140 um
and ultra-plane surface was done on a MPS 2 R 300 grinding
machine (G&N) using aluminum oxide powder (Buhler).

ii. Structural and histological staining

To prevent overlapping of individual stains, staining and
microscopy was performed in succession. After DAPI stain-
ing, DAPI signal and Chl a auto-fluorescence was acquired,
followed by Alcian Blue staining and acquisition, eosin/
phloxine staining and acquisition, and finally, Coomassie
Blue staining and acquisition.

(a) DNA staining

Methacrylate slices were embedded with DAPI oil, consist-
ing of 1% (v/v) 4/,6-diamidino-2-phenylindole (DAPI; Sigma-
Aldrich) solution (100 ug mL™'), 85% (v/v) Citifluor AF1
(Electron Microscopy Sciences) and 14% (v/v) Vectashield
(Vector Laboratories), and closed with a cover slip (Thermo
Fisher Scientific). After image acquisition (see vi in
“Methods” section) of the DAPI and Chl a signal, the cover
slip was removed very gently and DAPI-oil was washed off
the specimen using 1% (v/v) sodium dodecyl sulfate solution
for 15 min at room temperature followed by a washing step
in UW for 10 min at room temperature and air drying.

(b) TEP staining

Alcian Blue, a polyvalent basic dye, was used to stain the
TEP-fraction of aggregates. Alcian Blue stain solution con-
sisted of 0.125% (w/v) Alcian Blue 8GX (Sigma Aldrich), 10%
(v/v) acetic acid, 25% (v/v) ethanol, and 64.875% UW.
Destain solution consisted of 25% ethanol, 10% acetic acid,
and 65% UW. Sliced samples were incubated for 18 h in 0.2
um filtered Alcian Blue stain solution at 4°C followed by a
washing step in destain solution for 30 min to remove excess
stain and to enhance contrast before 1 min of UW-washing
and air drying.

(c) Cytoplasm staining

Cytoplasm structures, including proteins were stained
with Eosin; a negatively charged acidic dye that stains basic
and acidophilic structures. A mixture of eosin Y and phlox-
ine B was used to enhance bright field signal intensity. Due
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to the fluorescent properties of phloxine B, this combination
of stains improved signal isolation during subsequent over-
lapping of images required for the structural model. Acetic
acid was added to alcoholic eosin Y/phloxine B solution
(Merck) to a final concentration of 0.25% (v/v). Samples
were incubated at room temperature for 8 min in 0.2 ym fil-
tered stain solution and subsequently washed in 0.25% (v/v)
acetic acid in 90% ethanol/UW (v/v) for 30 min at room
temperature to remove excess stain and to enhance contrast
before 1 min of UW washing and air drying.

(d) Protein staining

Protein staining was accomplished by using the triphenyl-
methane dye Coomassie Brilliant Blue in an alcoholic and
acetic solution. Coomassie Brilliant Blue solution consisted
of 0.1% (w/v) Coomassie Brilliant Blue G 250 (Sigma
Aldrich), 20% ethanol, and 3.75% acetic acid in UW. Slides
were incubated in 0.2 um filtered Coomassie Brilliant Blue
solution for 1 h at 4°C, and washed for 30 min in 20% etha-
nol and 0.4% acetic acid at room temperature in UW to
remove stain and enhance contrast. After a short washing
step (1 min) in UW, the samples were air dried.
ili. Image acquisition, two-dimensional and three-
dimensional reconstruction, and porosity calculation

Images were acquired on an Axioskop 2 plus epifluores-
cence microscope (Zeiss) equipped with a Ph1l Plan-Neofluar
10X objective and an Axiocam MRcS camera (Zeiss) using
Zeiss’ Axiovision software. Alcian Blue, eosin Y/phloxine B,
and Coomassie Blue images were acquired using bright field
whereas DAPI, Chl a autofluorescence, and phloxine using
the respective excitation and emission filter set. Using the
software GIMP 2 (GNU Image Manipulation Program; Kim-
ball et al. 1997-2017), images were contrast and brightness
corrected. For overlap images, respective specific original
channels (Coomassie and Alcian Blue, blue; DAPI, blue and
cyan; Chl a autofluorescence as well as eosin/phloxine, red)
were overlapped whereas residual channels were converted
to the transparent alpha channel. For better visibility, colors
were changed, i.e., when combining Alcian Blue and Coo-
massie Blue resulting in two blue channels (See figure
descriptions). For the 3D model, aggregate positions of the
individual planes were aligned manually (shift and rotation
function) followed by aligning the dimensions (cut func-
tion). Construction of the 3D model was accomplished by
importing all planes per channel as hyperstack into the Fiji-
Bundle (Schindelin et al. 2012) of ImageJ (Schneider et al.
2012; Schindelin et al. 2015) using the importer of the Bio-
formats plugin (Linkert et al. 2010). The selected channel
stacks were merged and the model calculated using the 3D-
Viewer plugin (Schmid et al. 2010).

Porosity calculations were accomplished by merging all
channels and thresholding the resulting stack with the opti-
mal value to a binary stack. In every plane, the aggregate
was defined manually by using the ROI-Manager tool (region
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of interest [ROI]) followed by interpolating those ROIs into
three dimensions using the Interpolate ROIs tool of the
Image] plugin BoneJ (Doube et al. 2010). Afterward, the per-
centage of pore volume to total aggregate volume inside the
interpolated 3D-ROI was calculated using the surface mesh-
based Volume Fraction function of Bone] resulting in % of
empty space or % porosity. The aggregate inside the interpo-
lated 3D ROI (surface mesh) was visualized within the 3D-
Viewer plugin of Image].

Three-dimensional fractal dimension was calculated using
the Fractal Dimension tool of Bone]. The tool estimated the
fractal dimension of the binary image stack by applying the
box-counting algorithm as described for trabecular bone else-
where (Fazzalari and Parkinson 1996). The program scanned
boxes of diminishing size over the images and the number
of boxes of each size containing foreground (aggregate) is
counted. As the box size decreases, the proportion of boxes
containing foreground increases in a fractal structure. The
slope of the resulting linear function equals the fractal
dimension.

iv. NanoSIMS preparations

Laser marking of spots of interest as well as bright field
and DAPI image acquisition for later identification was car-
ried out using a LMD7000 microscope (Leica) for labeled
samples as well as controls. LMD-marked samples were cut
to sample holder size using a glass cutter (Silberschnitt) and
sputter coated with 25 nm gold using a 108 auto sputter
coater (Cressington).

v. NanoSIMS measurements of single cells, image acquisi-
tion, and data processing

In order to measure single-cell uptake of stable-isotope-
labeled glucose, nitrate, and sulfate, NanoSIMS imaging was
performed using a NanoSIMS 50L instrument (Cameca,
France) at the Leibniz-Institute for Baltic Sea Research War-
nemiinde (IOW). A '*3Cs* primary ion beam was used to
erode and ionize atoms of the sample surface. Six mass
detectors equipped with electron multipliers (Hamamatsu)
were used to record the received secondary ions '*C~, '*C~,
2CcHN~, 2CN7, 3287, and *S™ from the LMD-marked
areas simultaneously. To suppress interferences, the mass
resolving power was adjusted, allowing the separation of,
e.g., "’C"N~ from interfering ions such as "*C'*N~. Sample
areas were sputtered for 1 min with 600 pA prior to analysis
to reach the steady state of secondary ion formation. The
primary ion beam current during the analysis was 2-3 pA;
the scanning parameters were 512 X 512 px for areas of 20
X 20 ym to 60 X 60 um, with a dwell time of 250 us per
pixel. Up to 120 planes were recorded.

The scans of each mass were accumulated and shift-
corrected using the software Look@NanoSIMS (LANS; Pole-
recky et al. 2012). Cells were defined as ROI based on the
12CMN signal using the interactive threshold tool of the
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same software. Isotope abundances for '*C, N, and 3'S
were calculated and exported for each cell. Prokaryotic and
algal cells were identified by shape using the DAPI, Chl g,
and Bright Field image acquired prior to analysis.

Isotope abundances of individual ROIs of the labeled sam-
ples were corrected using the methacrylate resin as internal
standard. The average stable isotope abundance of the resin
of the unlabeled control measurements was subtracted from
the stable isotope abundance of the resin of each measure-
ment of each labeled sample. The resulting correction value
was then added to each ROI of the respective measurement.

Enrichment threshold was defined for each type of heavy
isotope as the maximum Poisson Error, calculated by LANS,
of the unlabeled standard cells, respectively. Cells containing
values greater than the threshold were defined as enriched.
NanoSIMS images of the different isotope ratios were pre-
pared as hue, saturation, and intensity (HSI) images using
the software Image] and the plug-in OpenMIMS (Gormanns
et al. 2012).

Field test using in situ collected marine snow

Aggregate samples were collected during the research
cruise PS99 in July 2016 on board RV Polarstern west off
Svalbard (78°58.85'N, 9°30.58'E) using a marine snow catcher
(Osil, UK) with a volume of 100 L at 50 m depth. After
recovery of the marine snow catcher, aggregates were
allowed to settle down to the bottom chamber. The bottom
chamber was then removed, and aggregates were harvested
by hand using a 1 mL pipette with cut pipette tips. Fixation,
storage, and methacrylate embedding as well as sectioning,
DAPI, and TEP staining were performed as described in the
main protocol above.

Assessment

The key challenges of microscale research on intact
marine snow are (1) to reduce the loss of material, (2) ensure
specific staining of structural compounds, (3) preserve the
3D structure to enable structure reconstruction for calcula-
tions of porosity and fractal dimension, (4) produce suitable
samples for stable isotope enrichment measurements using
nano-scale secondary ion mass spectrometer analyses with
reduced enrichment dilution, and (5) to optimize the storage
period to ensure effective analyses in the field and at shore-
based laboratories. We tested how the method overcomes
these challenges on laboratory-generated phytodetritus and
also provide a (6) field test of the embedding principle by
applying nucleic acid and TEP stain on methacrylate embed-
ded marine snow sampled west off Svalbard.

Loss of material

While our method prevents loss of insoluble material dur-
ing the washing and staining procedures that follow embed-
ding, it is very difficult to estimate any loss of material
during the embedding process itself. Appropriate approaches
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to address material loss during handling are currently lack-
ing. Considering the limited physical interaction with the
aggregate surface following pre-embedding, it is reasonable
to assume that the risk of losing insoluble material is limited
to the period prior to completion of pre-embedding. Until
this point, however, aggregates should be handled very care-
fully to reduce material loss and retain structural integrity
during transfer. In particular, it is important to minimize the
volume of water surrounding the aggregate to <200 uL when
it is transferred into agarose. Otherwise, dilution effects can
result in soft pre-embeddings that perturb structure. Follow-
ing these careful handling techniques, TEP structures and
proteins remain undisturbed and are clearly arranged around
algal cells (Fig. 2A,C, Supporting Information Fig. S1), dem-
onstrating the procedure is capable of preserving aggregate
structure.

It is also difficult to fully account for the loss of soluble
material in water and the organic solvents (acetone or etha-
nol) used during resin embedding and the staining process.
Nevertheless, we could clearly observe visible pigments in
the chlorophyll auto-fluorescence signal (Fig. 2B), suggesting
that pigments remain intact and can be used to visualize
chloroplasts.

One possible limitation of our method is that the pres-
ence of very hard compounds, such as terrigenous material
and diatom frustules, may lead to rupture of the specimen
during the slicing process. We found that ensuring the use
of newly sharpened knives on the microtome was able to
prevent sample rupture in the presence of numerous diatom
frustules. However, this is more problematic in the case of
terrigenous material since the risk of damaging the micro-
tome knife is very high. For aggregates of this nature, we rec-
ommend Araldite 502, instead of methacrylate, which is a
more appropriate resin for hard embeddings (Fig. 3). Araldite
502 can be sawed and polished down to different section
thicknesses. The equipment we had available when applying
the Araldite 502 embedding procedure produced relatively
thick sections (> 40 ym) that showed optimal characteristics
for NanoSIMS as reported elsewhere (Herrmann et al. 2007;
Mueller et al. 2012; Kaiser et al. 2015). However, structural
staining was not applicable to Araldite 502 slices>40 um
and it was only possible to prepare one slice per aggregate.

During the staining of methacrylate resin slices, detach-
ment of the slice from the microscope slide may lead to the
establishment of folds and sample loss. In order to address
this limitation, we experimented with the use of adhesive
coated slides (Biobond; Electron Microscopy Sciences), which
proved successful for structural staining. However, also other
adhesives, such as poly-L-lysine are widely used for this pur-
pose (Huang et al. 1983; McGlynn et al. 2015). In our tests,
also the use of a mixture of 2-10% acetone in UW as bed-
ding between the slide and slice resulted in improved bond-
ing characteristics that eliminated folding artifacts.
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Fig. 2. Image overlap of the staining approaches. (A) Structural com-
pounds TEP (green) and Coomassie stained proteins (magenta). (B) Dis-
tribution of nucleic acids stained with DAPI (blue), chlorophyll (red), and
eukaryotic cytoplasm stained with eosin Y/phloxine B (yellow). (C) Over-
lap of all compounds mentioned above. Note that nucleic acid-rich areas
without chlorophyll represent prokaryotes. Prokaryotes are distributed
around algal cells and within a TEP matrix. Original images of each
channel are provided in the Supporting Information Figs. S2-S7.
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Fig. 3. Bright-field micrograph of an 80 um thick slice through an Aral-
dite 502 embedded aggregate formed from surface water off Helgoland,
Germany. The resin did not allow structural staining, but valves and pig-
ments are clearly visible. Araldite 502 sections are also amenable to
NanoSIMS.

Stainability

The result of the different staining approaches for polysac-
charides, proteins, cytoplasm, and nucleic acids are summa-
rized in Fig. 2. Figure 2A exemplifies structural TEP and CSP
staining, Fig. 2B shows organism distribution by visualizing
nucleic acids, chlorophyll, and eosin, and Fig. 2C is an over-
lap of all channels. Examples for original images are pro-
vided in the Supporting Information Figs. S2-S7.

DAPI staining showed clear results that were distinguish-
able from background values, especially under higher magni-
fication (Fig. 4). Prokaryotic cells were densely distributed
around algal cells embedded within TEP-structures (Fig. 2B
and Supporting Information Fig. S2). While the use of DAPI-
oil is fast and convenient, we observed that even with anti-
fading solution (Vectashield) bleaching of the dye occurred
relatively quickly, by observation with UV-light (~ 5 min).
An aqueous staining approach followed by embedding in
anti-fading solution as reported for methacrylate embedded
tissue might provide better results in cases where longer
observation times are required (Bako et al. 2015).

Staining with Alcian Blue is a well-established method,
which enables the visualization of negatively charged, sul-
fated, and carboxylated polysaccharides (Decho 1990) and
was first reported for transparent exopolymeric particles by
Alldredge et al. (1993). There are no reports of Alcian Blue
staining of TEP-compounds with methacrylate embedded
samples; however, we were able to achieve successful stain-
ing when applied in an ethanol solution. The stain is dis-
tinctly visible and the localization of TEP around algal cells
follows the expectation that phytoplankton exudates would
be present in aggregates (Fig. 2A, Supporting Information
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7

Fig. 4. Two micrometer thick slice of the methacrylate embedded
aggregate used for NanoSIMS: The overlap of the DAPI stained nucleic
acid channel in blue and the red Chl a autofluorescence channel enables
the identification and distribution of prokaryotes and algae. Bigger cells
with red compartments are chloroplast containing algae which are
mostly surrounded by small prokaryotes without chlorophyll. The inset
area represents area analyzed by NanoSIMS (see “Utility for stable iso-
tope enrichment measurements” section). Note that cells and compart-
ments that are not in focus are located in deeper slice layers and might
not appear in the surface based NanoSIMS image.

Fig. S1). Importantly, dye coagulation or interference with
salts which lead to overestimations of TEP signals as reported
for staining in situ or on filters (Passow and Alldredge 1995;
Cisternas-Novoa et al. 2015), can be excluded here. Since
aggregate sections are still embedded within the resin during
the staining process, it is possible to remove Alcian Blue par-
ticles by intense washing without risking sample loss.

Eosin, a halogenated derivative of fluorescein, binds to
basic poly-amino acids, such as histidine, arginine, lysine,
and tryptophan under acidic conditions (Waheed et al.
2000). It is a well-established and commonly used method
to stain eukaryotic cytoplasm in histology (e.g., Veta et al.
2014), whereas mainly negatively charged bacterial cyto-
plasm may be stained with other dyes instead (Becerra et al.
2016). In combination with phloxine B, a chemically related
compound to eosin Y, it is possible to increase bright-field
intensity and enhance fluorescence signals (Carvalho and
Taboga 1996; Aylon et al. 2016) (Fig. 2B, Supporting Infor-
mation Figs. S5, $6). In our laboratory aggregates, the signal
of eosin Y/phloxine B overlapped with chlorophyll, which is
expected since eukaryotic organisms were the only cyto-
plasm containing cells stainable with eosin. This results in a
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combined approach necessary for total cytoplasm visualiza-
tion in future studies.

Coomassie Brilliant Blue, originally used to stain proteins
in polyacrylamide gels (Fazekas et al. 1963), is a common
dye for proteinaceous particles in the water column (Long
and Azam 1996). We show that when applied in an alcoholic
and acidified solution, it is also possible to stain methacry-
late sections (Supporting Information Fig. S7). However, we
only detected distinct CSP signals within internal algae struc-
tures (Fig. 2A), i.e., no external signals were visible. It is pos-
sible that since Coomassie Brilliant Blue staining was done
after TEP staining the stains overlapped precluding the iden-
tification of CSP structures within the aggregate. Alterna-
tively, the lack of areas with exclusive extracellular CSP
labeling might also be explained by aggregate composition.
Differences would be expected in aggregates with TEP-
producing eukaryotic algae and microbes only, compared to
different types of particles (CSP) produced by different spe-
cies such as cyanobacteria at different growth phases (Cister-
nas-Novoa et al. 2015). However, due to the observation of
stained protein-containing algal structures, CSP remains a
possibility for staining in future studies. As reported for
Alcian Blue staining above, an overestimation of CSP by dye
precipitation can be excluded by intense washing of the
specimen without sample loss.

Alternative Araldite 502 embeddings for dense aggregates
were not stainable with any of the dyes tested above. How-
ever, observation of nontransparent compounds, such as
frustules and pigments was possible (Fig. 3).

Three-dimensional aggregate structure

Two-dimensional visualizations enable investigations on
organism distributions, including algae-bacteria associations
or inter-cellular material distributions such as TEP or CSP
(see Fig. 5SC). However, structural investigations on porosity
or fractal dimension require the implementation of the third
dimension. Therefore, we demonstrate the reconstruction of
a 3D structure using 23 of 71 planes of a 142 um thick seg-
ment of a laboratory-generated aggregate (Fig. 5).

Using the plugin BoneJ, we calculated the number of vox-
els (volumetric pixels) filled by particulate material (merged
channels of TEP, CSP, nucleic acid chlorophyll, and cyto-
plasm) and the total number of voxels. Definition of the
aggregate boundary is difficult and controversial, and cur-
rently beyond the scope of this study. To illustrate the possi-
bility of porosity calculation, using our embedding method,
we defined the boundary manually as close as possible to the
particulate material while including pores (see Fig. 5C). For
future investigations, we recommend a standardized
approach to define the boundary, such as by applying a
modified script of the automatic ROI definition tool in
Image] or elliptical approximations of the boundary using
the estimated cross-sectional area as reported elsewhere
(Dorgens et al. 2015; Flintrop et al. 2018). In this
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Fig. 5. Three-dimensional reconstruction of an aggregate segment. (A)
Structural compounds TEP (green) and Coomassie Brilliant Blue stained
proteins (magenta). (B) Nucleic acids (blue) and chlorophyll (red) as
well as eukaryotic cytoplasm (yellow). (C) Visualization of the porosity
calculation using Bone). All channels were merged and converted to a
binary stack, whereas a 3D ROI (blue) defined the boundary of the
aggregate.

demonstration, we used 23 of 71 planes, but we recommend
using as many planes as possible to increase precision. We
estimated a porosity of 66.5% in our test aggregate compart-
ment. This is somewhat low compared to other calculations
of phytodetritus aggregates (97-99.9%; Alldredge and Got-
schalk 1988) and is closer to values reported for copepod
fecal pellets (Ploug et al. 2008). Previous estimates of marine
aggregate porosity are based on volume to dry weight ratios
(Alldredge and Gotschalk 1988; Ploug et al. 2008). The
approach employed here was based exclusively on volumet-
ric ratios, i.e., the ratio of stained hydrated compounds to
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total aggregate volume. Water-containing compounds in
bacteria or algae, as well as TEP or CSP may have higher vol-
umes when hydrated leading to lower porosity estimates in
our approach. This is of course a matter of definition, but
when considering, that these values may be used in hydro-
dynamic models for aggregate and particle settling behavior,
our approach might provide realistic results because water
does not flow through enclosed water intrusions such as
organisms, or hydrated matter as TEP or CSP. For the same
aggregate portion, we also calculated a 3D fractal dimension
of 2.13. Natural aggregates are characterized by fractal
dimensions between 1 (tenuous and stringy) and 3 (dense
and opaque) (Kranenburg 1994). The fractal dimension cal-
culated in this approach is comparable to aggregates sampled
at depths>400 m (Risovi¢ 1998), when considering the
likely differences that exists between laboratory-generated
and natural aggregates.

Utility for stable isotope enrichment measurements

Methacrylate embedded samples investigated via Nano-
SIMS were characterized by a plane surface and a stabilized
structure under ultra-high vacuum conditions with no out-
gassing observed. This is also evident from comparisons of
epifluorescence (Fig. 4) and secondary electron images of the
same region (Fig. 6). The airlock reached full vacuum (3.7-
8 mbar) in 60 h after loading three 2 ym thick methacrylate
samples into the chamber. When the samples were loaded
into the NanoSIMS analysis chamber, normal operation vac-
uum (2.5-10 mbar) was reached within 15 min. This behav-
ior indicates negligible outgassing of methacrylate when
applying a slice thickness of 2 um. Several failures on the
surface, such as scratches and holes could be observed in the
secondary electron image (Fig. 6), which was likely due to
slightly rough handling while placing the sample into the
holder. Negative effects, such as ablation, however, were not
observed.

Element uptake into single cells was successfully visual-
ized and calculated based on NanoSIMS measurements of
methacrylate embedded aggregates. We observed one '°N
and several **S enriched organisms in laboratory generated
aggregates incubated with stable isotope tracer compounds
occurring predominantly in prokaryotic cells (Figs. 7 and 8).
The low number of '*N enriched cells may, next to inactive
cells, be explained by the use of alternative nitrogen sources
such as ammonia. Moreover, the location of enzymes
involved in prokaryotic nitrate reduction may prevent
uptake: only assimilatory reductase enzymes (Nas) are
located within the cytoplasm, whereas respiratory (Nar), and
dissimilatory  nitrate reductase (Nap) enzymes are
membrane-bound or located in the periplasm, respectively
(Moreno-Vividn et al. 1999). The latter enzyme leads to
direct export of nitrate reduction products out of the cell
after uptake inside the periplasm.
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Fig. 6. Structural characteristics of methacrylate embeddings during the NanoSIMS measuring process: DAPI and bright field (BF) images were taken
on a Laser Micro Dissection microscope (LMD7000, Leica) and the secondary electron image was acquired in the NanoSIMS 50L (Cameca). Structural
differences caused by ultra-high vacuum as inflation, contraction, or detachment could not be observed compared to the sample structure at atmo-
spheric pressure. Visible effects as the hole on the bottom or the scratch in the right middle were caused by sample treatment using forceps. Note
that fluorescence differences to Fig. 4 are caused by removed DAPI stain and immersion oil prior to Laser marking.

Original abundance values of cells from '*C incubations
have on average an approximately 1%, lower '*C abun-
dance compared to control incubations (Supporting Infor-
mation Fig. S16). Higher Poisson errors associated with
these cells indicate internal measurement effects as a likely
explanation for this difference. These may include a differ-
ent angle of the primary ion beam or slightly shifted detec-
tor positions on the mass peak of the respective isotopes
due to the separation of measurements by several days.
Based on the fact that all our methacrylate samples were
embedded using the same batch of resin mixture at the
same time, we were able to use an abundance correction
approach based on resin abundances serving as internal
standard. This calculation eliminates the internal measure-
ment effects and enables correct result interpretation (Fig.
8 vs. Supporting Information Fig. S16). Taking these consid-
erations into account, we might interpret a trend toward
enrichment for a small number of '*C-incubated cells as
well. It is also probable that a matrix effect leads to dilu-
tion of the 'C-signal in methacrylate resin embeddings.
However, quantifying the dilution factor is challenging
because of variable and unconstrained infiltration in differ-
ent aggregates that is partly related to material density.
This should be considered when combining quantitative
measurements, as, e.g., total uptake measurements, with
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qualitative NanoSIMS measurements of aggregates of differ-
ent density. The background content of N and S in methac-
rylate resin is negligible, resulting in stronger signals and
low dilution of N and **S enrichments (Fig. 7). Secondary
ion yields were comparable to previous applications, such
as bacterial samples on gold sputtered polycarbonate filters
(Rogge et al. 2017), signifying adequate ionization efficien-
cies in embedded samples.

The utility of Araldite 502 embeddings for ultra-high vac-
uum applications, such as NanoSIMS, has been demonstrated
previously (Herrmann et al. 2007; Clode et al. 2009; Mueller
et al. 2012; Kaiser et al. 2015). Key attributes include very
low outgassing characteristics as well as structural stability
without ablation. In this study, we did not specifically test
its efficacy.

Storage life

In our tests, we started the final resin embedding 2
months after sampling when the agarose blocks were still
intact. This time should be sufficient for sample storage dur-
ing periods between most field collections and lab-based
processing. We observed that 50% sterile seawater and stor-
age above the freezing point prevents cell bursting and the
presence of ethanol serves as biological preservative. Ethanol
is also used as a rRNA preservative for FISH (Shiraishi et al.
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Fig. 7. Secondary ion mass spectrometry measurements on a 2 um thick methacrylate embedded lab aggregate: The '>C'*N~ signal as overview image
was used to identify biomass and to locate spots for detailed ratio measurements. Significant and visible enrichments of >N could be detected in one
prokaryotic cell in the upper spot while significant and visible enrichments of **S could be detected in the middle and lower spot. A low background in
the N and S signal enables the precise definition of cells. Isotope ratios are presented as HSI-image enabling brightness adjustion of each pixel based on
respective ion counts whereas black areas correspond to areas with low ion counts. The scales of isotope ratios are presented in per mill.

2008). We did not perform a time-course study of preserva-
tion properties of agarose-embedded and preserved aggre-
gates, as it was secondary to the main issue of optimizing
embedding techniques for NanoSIMS analyses. However,
given previous findings using ethanol as a preservation solu-
tion for both nucleic acids and biofilm samples (Shiraishi
et al. 2008), we are confident that biological components
were stabilized.
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Field test using in situ collected marine snow

To test aggregate handling and pre-embedding in more
realistic conditions at sea, we performed aggregate sampling
in Fram Strait close to the coast of Svalbard using a marine
snow catcher. No difficulty in aggregate handling, leading to
material loss due to disaggregation during transfer steps,
could be observed. Even though the aggregates were rela-
tively close to the coast and Kongsfjorden, the content of
terrigenous material was low, so that slicing of methacrylate
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Fig. 8. Isotope abundances in %, including Poisson Errors as error bars, of
all measured prokaryotic and phytoplankton cells as well as the resin itself
corrected by using the resin as internal standard. The dashed line indicates
the enrichment threshold (maximum value of the Poisson error of con-
trols). Respective ROIls are shown in Supporting Information Figs. S8-S15.

was successful. As shown in Fig. 9, chlorophyll and nucleic
acid signals are distinct and TEP compounds are intensely
stained. Also the storage time was adequate for this field
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Fig. 9. Overlap micrograph of marine snow sampled off Svalbard, Nor-
way: DAPI stained nucleic acids (blue) and Chl a (red) as well as Alcian
Blue stained TEP (green) in top image of a slice through the whole
aggregate. The bottom image, showing a part of the aggregate in
higher magnification, exemplifies nucleic acid staining (blue) and Chl a
(red).

trip: samples were resin embedded approximately 3 months
after sampling and pigment localization and concentration
as well as the structure is still undisturbed.

Discussion

The microstructure of marine snow is likely to impact the
scale and availability of diverse microbial niches within
these particles. In turn, microbially mediated transforma-
tions of particulate matter can influence the regeneration of
(sometimes limiting) nutrients and carbon-specific reminer-
alization rates. These specific processes within marine snow
may affect the efficiency of the biological carbon pump,
pelagic-benthic coupling, and physical transport of microbial
communities. Understanding the importance of these pro-
cesses within aggregates is currently limited by a lack of suit-
able methods. To broaden our knowledge on microscale
structures, microbial communities, and uptake rates associ-
ated with marine snow, we sought to develop a multipur-
pose method for the preservation and slicing of marine snow
that was compatible with different structural stains and
NanoSIMS investigations.

Several approaches for the investigation of marine snow
have been developed during recent decades. To date, these
have mainly focused on characterizing features on whole
aggregates, such as Alcian Blue and Coomassie Blue staining
on membrane filters for total exopolymer equivalents (Busch
et al. 2017) or fingerprinting and sequencing techniques for
aggregate-associated microbial community structure (DeLong
et al. 1993; Rath et al. 1998; Fontanez et al. 2015). For such
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objectives, capturing particles and aggregates on membrane
filters is sufficient. However, such sampling methods lead to
loss of 3D structure and material and are not suitable for
addressing the microscale structure of individual marine
aggregates. The idea of slicing marine snow was developed
for TEM investigations using the melamine resin Nanoplast®”
(Heissenberger et al. 1996b; Leppard et al. 1996). This resin,
however, requires high-hardening temperatures of 60°C,
which does not ensure intact rRNA for potential taxonomic
staining (see below). Moreover, melamine contains high
amounts of nitrogen, which leads to dilution of nitrogen
enrichments within organisms.

Other embedding matrices for CARDFISH and NanoSIMS
analyses of other types of samples include paraffin (e.g., Jae-
kel et al. 2013 or Musat et al. 2007) and cryogels (e.g., Wil-
banks et al. 2014). Those are, however, not useful for
detailed single-cell analyses in marine snow due to the
impossibility of section preparations thinner than 5 um.
Additionally, paraffin must be removed after sectioning to
allow staining and secondary ion mass spectrometry which
increases the risk of material loss due to the high fragility of
the marine snow sections dramatically. Cryogels, on the
other hand, enable uninterrupted staining but the vacuum
resistancy is likely to be suboptimal, and shrinking can be
expected, limiting the use for biovolume-corrected enrich-
ment calculations.

As described by Kopf et al. (2015), hard plastic resins are
often too dense to allow a variety of staining techniques
including CARDFISH. Kopf et al. (2015) and McGlynn et al.
(2015) wused Technovit, a commercially available acrylic
resin. In our tests it turned out, that the also broadly used
acrylic resin LR-white (Nussbaumer et al. 2006; Gros and
Maurin 2008) showed a high-background fluorescence and
was thus not useful for fluorescent stains, such as DAPI.

For our study, we chose a well-established embedding
medium mixture based on methacrylate. Key benefits of this
medium are that it enables the dissipation of heat during
the exothermic polymerization and is characterized by negli-
gible nitrogen and sulfur contents which can affect the sig-
nificance of enrichment measurements. The medium was
optimized for the investigation of human and animal tissue
(Burkhardt 1966; Velde et al. 1977) which, like most eumeta-
zoan tissues, contains collagen that acts as a stabilizing
matrix during embedding. In contrast, the absence of colla-
gen in marine aggregates leads to disaggregation during the
dehydration and infiltration steps. In order to circumvent
this limitation, our method employs a pre-embedding step
to supplement marine snow with an agarose matrix. Agarose
has been used previously as an embedding matrix for marine
snow pellets concentrated by centrifugation (Biddanda 1986;
Carlough 1994) or for small zooplankton fecal pellets (Gow-
ing and Silver 1983). Agar embedding has been intensively
used as for methanotrophic consortia from marine sediments
(McGlynn et al. 2015) as well as centrifuged pellets of
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bacteria and algae cells (Slaveykova et al. 2009; Kopf et al.
2015). However, as far as we are aware, our method is the
first application of an agarose pre-embedding step for pre-
serving structure of undisturbed marine snow. We used low
melting-point agarose (liquid state above gelling range of
24-29°C), which facilitates infiltration into typically porous
marine aggregates. Furthermore, carbon and hydrogen, the
only constituents of agarose, are an advantage when per-
forming isotopic enrichments with nitrogen and sulfur.
Combined with the very low nitrogen and sulfur content in
the methacrylate resin, dilutions of those elements are
reduced. Carbon uptake measurements, on the other hand,
require a higher labeling concentration for precise enrich-
ment identification under the same conditions.

The objective of the present study was to develop a work-
ing protocol capable of coupling observations of the physical
microstructure of marine snow with single-cell uptake rates
of organisms within the aggregates. The aggregates, when
treated with agarose-methacrylate embedding method, could
be consistently sliced to a thickness of 2 ym and exhibited
no background fluorescence from the embedding matrix.

Furthermore, we were able to demonstrate the successful
staining of methacrylate embedded slices with Alcian Blue
for TEP structure, Coomassie Brilliant Blue for proteins, eosin
Y for cytoplasm proteins, and DAPI for nucleic acids.
Microbes embedded within TEP exudates around algal cells
within individual aggregates could be clearly visualized. In
contrast, extracellular proteinaceous compounds were not
observed in significant amounts, in the aggregates we stud-
ied. Moreover, excess Alcian Blue and Coomassie Brilliant
Blue dye could be removed without sample loss, reducing
any overestimation of TEP and CSP due to precipitation (Pas-
sow and Alldredge 1995; Cisternas-Novoa et al. 2015).

We were able to reconstruct the 3D structure of an aggre-
gate portion with its biological (bacterial, algae, eukaryotic
cytoplasm) as well as structural (TEP, CSP) compounds.
Moreover, we provided a first step toward alternative poros-
ity and 3D fractal dimension calculations using the software
Bone] and its tools originally constructed for trabeculae
bone analyses. We have identified further need for a stan-
dardized aggregate boundary definition approach.

Thin methacrylate (2 um) embedded slices had sufficient
structural integrity for NanoSIMS analyses under ultra-high
vacuum conditions (107! mbar) with workable ionization
efficiencies. Retention of specimen structural integrity is abso-
lutely critical for the calculation of cell volume-corrected ele-
mental enrichments. This was recently demonstrated with
pelagic bacteria (Rogge et al. 2017), and is important for cal-
culating the differential uptake of specific elements by hetero-
geneously sized environmental microorganisms.

We were able to detect and localize prokaryotic uptake of
nitrate and sulfate in our sliced marine aggregate prepara-
tions. While a dilution of carbon enrichment signals is likely
given the C-rich embedding media, even in incubations with
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low glucose concentrations (100 nM), a trend toward enrich-
ments was observed visually. The use of higher labeling con-
centrations in future studies should provide more pronounced
results. Moreover, the resin surrounding the organic matter of
the aggregate can be used as internal standard to correct abun-
dance calculations and enables precise interpretations.

As an alternative approach for very dense marine snow or
marine particles with incorporated terrigenous material, we
performed Araldite 502 embeddings. Resulting specimens
could be sectioned to a minimum thickness of 40 um. The
applicability for NanoSIMS has already been proven else-
where (Herrmann et al. 2007; Mueller et al. 2012; Kaiser
et al. 2015). Structural staining, however, was not possible
with the greater thicknesses, thereby restricting the use of
this resin to investigations of nontransparent compounds,
such as frustules, pigments, or terrigenous material, and
uptake measurements using NanoSIMS.

Finally, we show that our method is also effective for nat-
ural aggregates, and we demonstrate the method using
aggregates from polar waters off Svalbard. Even though
NanoSIMS analyses were not performed on these samples,
the reduction of material loss during processing as well as
adequate stainability properties could be exemplified. We
used the same resin and slice thickness for these samples as
for the lab-generated aggregates, and the natural marine
snow particles were characterized by identical or similar vac-
uum resistance specifications as our laboratory generated
aggregates.

Future applications for marine snow would benefit from a
combination of single cell uptake measurements with identi-
fication methods such as rRNA-based catalyzed reporter
deposition in situ hybridization (CARDFISH) and related
approaches, as demonstrated by several authors for pelagic
bacteria (Musat et al. 2008; Krupke et al. 2013; Rogge et al.
2017). This would enable the investigation of physical and
metabolic co-location and community structure analyses in
marine snow as shown for microbial consortia from marine
sediments (McGlynn et al. 2015). In parallel tests, which
were not the main focus of this study, we achieved corre-
sponding signals to both positive and negative controls.
However, final hybridization optimization and stringency
was never achieved and further development would be
required. The protocol applied is provided in the Supporting
Information Chapter 1 and a similar approach presented by
McGlynn et al. (2015).

The method synthesis developed in the present study
meets our objective for investigations on marine snow. The
pre-embedding procedure maintains 3D structure of the sam-
ples and minimizes sample loss primarily because aggregate
sections remain embedded in resin during staining process.
We demonstrated the ability to identify structural compo-
nents such as TEP and alkaline amino acids. The identifica-
tion of prokaryotes and photoautotrophic organisms was
also possible using a combination of successful nucleic acid
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and eukaryotic cytoplasm staining as wells as Chl a auto-
fluorescence of the embedded aggregate slices. Critically,
rRNA stays intact during sample preparations with methacry-
late resins enabling potential taxonomic staining using
CARD-FISH techniques in future applications.

The present protocol provides an opportunity to preserve
the structure of marine snow sampled at sea, and investigate
microbial activity at the single-cell level within aggregates.
We envisage that when our method is applied more broadly
to a range of field samples, it will facilitate the development
of new insights into aggregate types, sizes and structures,
microbial interactions, and aggregate transformation. It will
provide input for a new understanding of particle dynamics,
as well as for microbial ecology.

We note that in our laboratory-generated aggregates, we
also observed the uptake of SO, a result which will be of
particular interest to follow up in the field, as it points to
the potential use of alternative electron acceptors in anoxic
microzones within aggregates. The global distribution of
aggregate-associated anoxia which increases the global rate
of sulfate reduction in the water column was very recently
predicted by Bianchi et al. (2018) and our work protocol rep-
resents the first tool to investigate those processes in the
marine environment. Additionally, slight modifications of
the sampling and pre-embedding protocol, such as preaccu-
mulation of aggregates using an elutriation system (Peterson
et al. 2005) would enable the investigation of smaller less
visible aggregates (< 500 um). High vacuum tolerance of
methacrylate and Araldite resins also allows the use of other
modern technologies such as scanning transmission electron
microscopy coupled to electron dispersive X-ray analyses,
ultimately enabling quantitative element measurements
inside organisms, and thus even further possibilities for
future applications. A combination of aggregate-related turn-
over rates with noninvasive optical quantification systems,
such as the Underwater Vision Profiler or other systems
(Iversen et al. 2010; Picheral et al. 2010; Biard et al. 2016)
would ultimately allow us to calculate the contribution of
different size classes of aggregates as well as the proportion
of involved organisms on regional turnover rates.

We envisage future incorporation into our method of the
wide variety of staining protocols already available, enabling
further development of application for diverse future
investigations.

The cryogel approach presented by Flintrop et al. (2018)
focused on structural investigation of marine snow sampled
with a Marine Snow Catcher or directly from drifting sedi-
ment traps coupled to taxonomic microbial identification
using FISH. An overview of major differences and overlaps
between plastic resin and the cryogel embedding methods
utilized by Flintrop and coworkers is presented in Supporting
Information Table S1. In brief, use of a cryogel enables more
detailed observations of hydrous compounds due to mini-
mized dehydration, while the resin-embedding process’ use
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of formaldehyde for chemical fixation, and ethanol or ace-
tone for dehydration, leads to potential loss of diffusible
compounds (Grovenor et al. 2006; Kilburn and Clode 2014).
If desirable, samples for SIMS analyses of diffusible com-
pounds can be dehydrated using the freeze-approach as
described for X-ray microanalyses by Marshall (1980) and
more recently for NanoSIMS by Kilburn and Clode (2014).
For analyses of nondiffusive compounds, however, acetone
dehydration and plastic resin embedding is in fact a widely
used method (Herrmann et al. 2007; Clode et al. 2009; Sla-
veykova et al. 2009; Mueller et al. 2012; Kaiser et al. 2015).
Soft and hard plastic embedding resins, particularly methac-
rylate and Araldite 502, are characterized by ultra-high vac-
uum-stability, such as minimized shrinking and ablation.
Those features, together with the low N and S content,
enable cell-volume corrected enrichment calculations with
as low as possible isotope dilution effects as reported else-
where (Rogge et al. 2017). In combination with applicable
basic stains (see Supporting Information Table S1), detailed
elemental uptake investigations of single cells with mechani-
cally undisturbed localization within surrounding organic
matrices are possible. Smearing of embedded samples during
slicing can go undetected, despite the fact that such smear-
ing significantly reduces their optical resolution and overall
effectiveness for analysis. In contrast, any distortion of the
sample in a resin can immediately detected because of
instantaneous rupture of the slice. Moreover, the alternative
embedding matrix Araldite 502, described in this manu-
script, enables uptake investigations of marine snow contain-
ing very hard compounds as, e.g., terrigenous material. A
complementary application of the methods described in this
and the manuscript by Flintrop et al. (2018) would enable a
wide variety of possible investigations of the microbial ecol-
ogy and biogeochemical cycling within marine snow as well
as effects on the biological carbon pump.
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