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Abstract

The biological carbon pump is largely driven by the formation and sinking of marine snow. Because of their

high organic matter content, marine snow aggregates are hotspots for microbial activity, and microbial organic

matter degradation plays an important role in the attenuation of carbon fluxes to the deep sea. Our inability

to examine and characterize microscale distributions of compounds making up the aggregate matrix, and of

possible niches inside marine snow, has hindered our understanding of the basic processes governing marine

carbon export and sequestration. To address this issue, we have adapted soft-embedding and sectioning to

study the spatial structure and components of marine aggregates at high resolution. Soft-embedding enables

rapid quantitative sampling of undisturbed marine aggregates from the water column and from sediment traps,

followed by spatially resolved staining and characterization of substrates of the aggregate matrix and the micro-

organisms attached to it. Particular strengths of the method include in situ embedding in sediment traps and

successful fluorescence in situ hybridization (FISH)-probe labeling, supporting studies of microbial diversity and

ecology. The high spatial resolution achieved by thin-sectioning of soft-embedded aggregates offers the possi-

bility for improved understanding of the composition and structure of marine snow, which directly influence

settling velocity, microbial colonization and diversity, degradation rates, and carbon content. Our method will

help to elucidate the small-scale processes underlying large-scale carbon cycling in the marine environment,

which is especially relevant in the context of rising anthropogenic CO2 emissions and global change.

The world’s oceans play a key role in the global carbon

cycle because of their capacity to act as active carbon sinks

(Passow and Carlson 2012; Ciais et al. 2014). There is an

annual flux of 80 Pg C from the atmosphere to the ocean, of

which 0.1 Pg C are exported to the deep sea where carbon is

sequestered over timescales of�103 yr (IPCC 2013). A cen-

tral mechanism modulating marine carbon sequestration is

the large-scale export of organic matter to the dark ocean via

the Biological Carbon Pump: phytoplankton fix dissolved

inorganic carbon through photosynthesis and, upon sinking,

remove carbon from the euphotic zone in the form of partic-

ulate organic carbon (POC). Vertical carbon flux is

dominated by zooplankton fecal pellets and aggregated

organic matter, which together result in an estimated flux of

� 0.04 Pmol C yr21 (Honjo et al. 2008). Once aggregates are

larger than 500 lm in diameter they are collectively called

“marine snow” (Alldredge and Silver 1988). Zooplankton

grazing and microbial degradation of marine snow are

largely responsible for the attenuation of carbon flux to the

deep sea, respiring and consuming�97% of carbon fixed in

the surface ocean (Turner 2015).

Despite the important role of marine snow in the marine

carbon cycle, the in situ processes and mechanisms underly-

ing colonization and degradation by heterotrophic microor-

ganisms on a sub-aggregate level are relatively unexplored.

There are two main reasons for this: (1) the difficulty of sam-

pling undisturbed particles in situ, particularly at depths in

the water column where aggregate collection by scuba diving

is not possible, and (2) their intricate three-dimensional (3D)

structure and composition, which create a heterogeneous

habitat with several micro-niches. As a result, microbial colo-

nization and degradation vary in space and intensity both
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between and within aggregates, and information about bio-

geochemical processes and microbial interactions is lost

without the means to study marine snow at sub-aggregate

resolution. Solid, dense material regularly makes up less than

1% of the aggregate volume (Ploug et al. 2008) and consists

of a variety of organic and inorganic matter including phyto-

plankton, fecal pellets, phyto- and zoo-detritus, and ballast-

ing minerals like airborne dust, biominerals, and silt from

glaciers (Alldredge and Silver 1988; Ransom et al. 1998; Van

der Jagt et al. 2018). How tightly these solids are packed

affects the porosity of marine snow, which in turn affects

settling behavior and carbon remineralization (Ploug et al.

2008; Iversen and Ploug 2010). In addition to the solid frac-

tion, marine aggregates contain high amounts of extracellu-

lar polymeric substances (EPS) including transparent

exopolymer particles (TEP). TEP are defined as discrete par-

ticles that consist predominantly of surface-active acidic pol-

ysaccharides and are stained by Alcian Blue (Alldredge et al.

1993). They can exert significant control over carbon export

due to their sticky nature and molecular composition, which

influence aggregation dynamics and aggregate buoyancy

(Mari et al. 2017). TEP have also been proposed to render

aggregates impermeable due to clogging of aggregate pore

space (Ploug and Passow 2007). While there is a widely used

method to quantify TEP spectrophotometrically (Passow and

Alldredge 1995), no method currently exists to assess the

spatial distribution and extent of pore space reduction and

clogging caused by different fractions of EPS.

Organic matter distribution and quality are tightly inter-

linked with microbial colonization of aggregates. Bacterial

abundance, diversity, enzymatic activity, and carbon respira-

tion per volume aggregate are higher than in the surround-

ing water column due to increased substrate availability

(Alldredge and Gotschalk 1990; DeLong et al. 1993; Smith

et al. 1992; Ploug and Grossart 2000; D’Ambrosio et al.

2014). Krupke et al. (2016) showed how quorum sensing can

regulate enzymatic activity and POC degradation in sinking

aggregates, suggesting that the positioning and connectivity

of microbial clusters within aggregates is an important deter-

minant of microbial activity. This further corroborates the

importance of studying the spatial distribution of solid

material and EPS/TEP, especially in relation to the localiza-

tion of heterotrophic microorganisms, to better understand

the microbial ecology and small-scale degradation dynamics

of marine snow. Advances in the in situ collection of marine

snow, e.g., by using a Marine Snow Catcher (MSC; Riley

et al. 2012) or sediment traps containing gel-filled collection

cups (first proposed by Lundsgaard 1995), have made it pos-

sible to non-destructively sample individual aggregates, but

the spatial distribution of matter and cells inside aggregates

remains obscure without the means to preserve their 3D

structure during staining and microscopy.

Published works exploring aggregates that were structur-

ally preserved include studies of the structure and coloniza-

tion of resin-embedded, microtome-sectioned marine

aggregates using Transmission Electron Microscopy (Heissen-

berger et al. 1996; Leppard et al. 1996), confocal laser scan-

ning microscopy (CLSM) of whole marine aggregates

(Holloway and Cowen 1997; Waite et al. 2000), riverine

aggregates (Neu 2000; B€ockelmann et al. 2002) and

microtome-sectioned sludge aggregates (Chu et al. 2004),

and cryosectioning of riverine aggregates (Luef et al.

2009a,2009b). To study the 3D structure of marine snow

with special regard to the localization of matrix components

and microbial colonizers, we have developed cryosectioning

of gel-embedded, in situ collected marine snow. This

approach is suited for rapid subsampling of aggregates col-

lected in situ using sediment trap gels, and for probing of

aggregates with bioactive markers such as FISH. We present a

modular workflow that enables spatially resolved visualiza-

tion of individual aggregates and their components, and will

advance the study of small-scale processes governing micro-

bial assemblages in marine snow and their connection to

carbon cycling in the marine environment.

Materials and procedures

The workflow is divided into (1) aggregate collection, (2)

aggregate embedding and sectioning, (3) visualization and

imaging of the aggregate matrix, including staining of EPS,

3D-reconstruction, and assessment of aggregate porosity, and

(4) visualization of aggregate colonizers, including nucleic

Table 1. Oligonucleotide probes used in this study with specified target organism, oligonucleotide sequence, formamide (FA) con-
centration in hybridization buffer, and FISH method(s) the probe was used with (mono-FISH, CARD-FISH and/or Mil-FISH).

Probe Target Sequence (50–30) FA (%) FISH method

EUB338 Most bacteria GCTGCCTCCCGTAGGAGT 35 mono, CARD, MiL

EUB II Planctomycetes GCAGCCACCCGTAGGTGT 35 mono, CARD, MiL

EUB III Verrucomicrobiales GCTGCCACCCGTAGGTGT 35 mono, CARD, MiL

CF319a Bacteroidetes TGGTCCGTGTCTCAGTAC 35 CARD

ALT1413 Alteromonas/Colwellia TTTGCATCCCACTCCCAT 40 CARD

SYN405 Synechococcus AGAGGCCTTCATCCCTCA 30 CARD

NON338 Control ACTCCTACGGGAGGCAGC 35 mono, CARD, MiL
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acid (DAPI) staining and probing of selected bacterial clades

using FISH. Please refer to the accompanying flow chart

(Fig. 1) for a step-by-step breakdown of the procedures

involved.

Sample collection

Samples were collected during the research cruises

POS495 and POS508 (RV Poseidon) to Cape Blanc, Maureta-

nia in 2016/2017, and DY050 (RRS Discovery) to the Porcu-

pine Abyssal Plain observatory in 2016, using a Marine Snow

Catcher and free-drifting sediment traps containing gel-filled

collection cups. The MSC was lowered to a chosen depth

and closed using a drop weight. Back on deck, aggregates

contained in the 100 L volume of seawater were left to settle

for any desired amount of time (� 2 h for fast-settling par-

ticles, longer for a broader range of particles). Hereafter, the

water in the top part of the MSC was gently drained and the

base of the MSC containing the sedimented aggregates was

removed.

For passive handling and to collect samples over depth

and time, drifting sediment traps containing gel-filled collec-

tion cups were deployed (Fig. 2a). Prior to deployment, one

1 m-long trap cylinder per depth was fitted with a collection

cup containing 200 ml of frozen Tissue-TekVR O.C.T.TM Com-

pound (Sakura FineTek; from here on referred to as “Tissue-

Tek” or “cryogel”) (Wiedmann et al. 2014; Thiele et al.

2015). Tissue-Tek is a viscous transparent cryogel and was

selected as the embedding medium to allow a slow diffusive

exchange of pore water with the cryogel during settling. To

allow for analysis of the microbial community with FISH, a

three-layer salinity gradient containing 2% v/v formaldehyde

solution (diluted from 37% formaldehyde solution with fil-

tered seawater) in the middle layer was added to each tube

by dissolving different concentrations of sodium chloride

(2&, 4&, or 6&) in GF/F filtered seawater (see Thiele et al.

2015 for a detailed description of the in situ fixation

method). The cylinders were suspended gyroscopically at

depths of 100 m, 200 m, and 400 m, and any aggregates set-

tling directly into the trap cylinders were first fixed with 2%

formaldehyde, then washed in the lower and densest water

layer before they settled into the gel, where they were recov-

ered after 24 h (Fig. 2b). Prior to removing the gel cup,

aggregates contained in the trap cylinder were left to settle

for 6–12 h (depending on the height of the trap tube) to

ensure that slow-settling particles would also be embedded

in the gel. Gel cups were photographed at high magnifica-

tion (Fig. 2c,d) and stored at 2208C until further processing.

Embedding and slicing

Aggregates picked from the detached base of the MSC

were transferred to a disposable embedding mold (22 3 22 3

20 mm) containing Tissue-Tek with a wide-bore pipette. To

maximize structural preservation, aggregates were not added

directly to the gel, but to an approximately 5 mm thick layer

of filtered seawater added on top, and left to settle into the

Fig. 1. Work flow of soft-embedding method. Boxes framed by dashed
lines denote a “mix-and-match” process depending on the targeted sub-

strate and the required imaging technique. The order in which staining
and FISH are carried out depends on the FISH method used. Please refer
to “Materials and procedures” section for details.
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gel. Prior to freezing, the position of the aggregate was

marked to facilitate the localization of the sample when

mounted on the cryotome.

Aggregates embedded in situ in the drifting traps were cut

out directly from the frozen collection cup using a small

corer. The frozen embedded samples were mounted on a

CM-3050S cryostat (Leica Biosystems). Knowing the position

of the embedded aggregate, the block containing the sample

was cut to size with a razor blade for better handling. Using

an object temperature of 2308C and a chamber temperature

of 2358C, samples were cut into sections ranging from 5 lm

to 100 lm (Fig. 2e). Immediately after cutting, sections were

mounted on SuperfrostTM Plus slides (ThermoFisher Scien-

tific) and stored at 48C for short-term processing (within

weeks) or at 2208C for longer-term storage (months to

years). For microscopic examination, sections were embed-

ded in mounting medium made up of 80% (v/v) Citifluor

AF1 (Electron Microscopy Sciences) and 20% (v/v) Vecta-

shield (Vector Laboratories) and covered with a cover slip

(ThermoFisher Scientific). The cover slip was sealed with nail

polish to avoid smearing the underlying sample.

Visualization and imaging of the aggregate matrix

Staining of EPS

To visualize the EPS matrix, we stained aggregate sections

with dyes commonly used for marine snow such as Alcian Blue

and Coomassie Brilliant Blue and tested dyes targeting differ-

ent EPS fractions, including Ruthenium Red, Periodic Acid

Schiff-base stain, and the fluorophore-conjugated lectin stain

Concanavalin A. Acidic polysaccharides were stained with 0.2

lm-filtered 0.02% Alcian Blue (Sigma-Aldrich) dissolved in

0.06% (v/v) acetic acid (pH 2.5) for 5 s and washed with ultra-

pure water (UPW; Passow and Alldredge 1995; Long and Azam

1996). A-mannopyranosyl- and a-glucopyranosyl residues of

other EPS fractions were targeted with Concanavalin A conju-

gated with FITC (FITC-ConA; Sigma-Aldrich) or Alexa647

(Alexa647-ConA; Life Technologies) dissolved in 0.3% NaCl

was tested at concentrations ranging from 100 lg/mL to 1000

lg/mL (after Uthicke et al. 2009). Proteinaceous particles were

stained with Coomassie Brilliant Blue (Sigma-Aldrich). Proteins

were stained with 0.2 lm-filtered 0.04% (w/v) Coomassie Bril-

liant Blue G-250 dissolved in UPW (pH 7.4) for 30 s and washed

with UPW (Passow and Alldredge 1995; Long and Azam 1996).

Glycosaminoglycans were stained with 0.05% (w/v) Ruthe-

nium Red (Sigma-Aldrich) dissolved in UPW for 10 min fol-

lowed by washing with UPW (Tiessen and Stewart 1988), and

with a Periodic Acid-Schiff kit (Sigma-Aldrich) following the

protocol enclosed. Briefly, sections were stained with Periodic

Acid Solution for 5 min, with Schiff’s reagent for 15 min and

counterstained with Hematoxylin Solution, Gill No. 3, for 90 s

including intermediate washing steps with UPW.

All stains were applied to untreated sections as well as to

sections embedded in 25 lL 0.1% LE agarose prior to stain-

ing to test if agarose-embedding can minimize sample loss,

as reported for filtered samples. (N.B. in this study, “agarose-

embedding” refers to applying a drop of agarose to the sam-

ple, and must not to be confused with embedding of intact

whole aggregates in agarose).

Fig. 2. Collecting and embedding marine snow in situ (counter-clockwise). (a) annotated sediment trap cylinder (SW 5 seawater; NaCl 5 sodium

chloride); (b) top view of gel collection cup with in situ embedded aggregates; (c) close-up of the gel cup; (d) microscopic image of gel-embedded
aggregate; (e) 10 lm thin-section of in situ embedded aggregate.
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Aggregate porosity

For a direct, optical measure of porosity (from here on

referred to as “optical porosity”), thin-sections were photo-

graphed at 200X magnification with phase-contrast micros-

copy. In addition to in situ collected marine snow, we also

examined the optical porosity of marine snow formed in the

laboratory from cultures of the diatom Skeletonema marinoi

to compare porosity between structurally complex, in situ

collected aggregates and homogeneous aggregates formed

from a monoculture (see Iversen and Ploug 2013 for a

detailed protocol of diatom culturing and marine snow for-

mation). To assess the reduction of pore space caused by

EPS, aggregates were stained with combinations of Alcian

Blue, Ruthenium Red, and FITC-ConA/Alexa647-ConA

(please refer to “Staining of EPS” for a detailed staining pro-

tocol). Alcian Blue and Ruthenium Red-stained sections were

photographed at 200X magnification using a light micro-

scope. FITC-ConA/Alexa647-ConA stained sections were

imaged at 200X magnification with an epifluorescence

microscope (FITC Ex/Em 490 nm/525 nm; Alexa647 Ex/Em

590 nm/617 nm).

All images where processed with the image processing

software package FIJI/ImageJ (Schindelin et al. 2012, 2015;

Schneider et al. 2012). Images of partial sections (“tiles”)

were stitched with the FIJI TrakEM2 plug-in (Saalfeld et al.

2010, 2012; Cardona et al. 2012). For processing, images

were converted to 8-bit and a threshold value was chosen to

separate the aggregate from the background. To measure

optical porosity, the area of the solid or stained fraction was

measured using the “Analyze Particles” function in ImageJ,

divided by the total area of the section and the quotient sub-

tracted from 1. Optical porosity was then compared (1) to

the most commonly used method of calculating porosity,

where porosity is indirectly inferred from aggregate volume,

solid hydrated density, and dry weight (Alldredge and Got-

schalk 1988); (2) between and across sections of the same

aggregate to assess the distribution of pore space within indi-

vidual aggregates; (3) between sections of stained and

unstained aggregates to assess the respective contributions of

selected EPS fractions to changes in porosity.

3D-reconstruction

Two fully sectioned aggregates were selected for 3D recon-

struction: one Alcian Blue-stained aggregate sectioned into

50 slices of 10 lm thickness, of which 46 were successfully

recovered for alignment; and one unstained aggregate that

had been incubated with fluorescently labeled bacteria and

was sectioned into 38 sections of 10 lm thickness, of which

35 were successfully recovered. Recovered sections were pho-

tographed at 200X magnification using light or epifluores-

cence microscopy. Image tiles were stitched using the FIJI

TrakEM2 plug-in followed by alignment of stitched tiles of

consecutive sections in the z-direction using the same plug-

in. Sections were aligned based on the positioning of Alcian

Blue-stained or green fluorescent material. The aligned sec-

tions were exported and rendered in 3D using the 3D viewer

plug-in in ImageJ (Schmid et al. 2010).

Visualization of aggregate colonizers

DAPI staining

To visualize microbial cells, cryosections were stained

with 1 lg/mL 40,6-diamidino-2-phenylindole (DAPI) for 10

min at room temperature in the dark. After careful rinsing

with UPW, sections were air-dried and embedded in mount-

ing medium for microscopic identification. Alternatively, 1%

(v/v) DAPI solution (100 lg/mL) was added directly to the

embedding medium. DAPI-stained cells were imaged with

epifluorescence or confocal laser scanning microscopy (DAPI

Ex/Em 358 nm/461 nm).

Fluorescence in situ hybridization (FISH)

For a more targeted identification of different bacterial

groups, we used existing protocols for mono-labeled fluores-

cence in situ hybridization (mono-FISH), catalyzed reporter

deposition fluorescence in situ hybridization (CARD-FISH;

Amann et al. 1990; Pernthaler et al. 2002) and multi-labeled

fluorescence in situ hybridization (MiL-FISH; Schimak et al.

2015) for staining aggregate thin-sections on glass slides (see

Table 1 for a list of organisms targeted in this study and

their corresponding oligonucleotide probes). Prior to stain-

ing, sections were circled with a hydrophobic PAP pen

(Sigma-Aldrich) to retain buffer solutions. Sections were

embedded in 25 lL 0.1% low-melting point agarose to maxi-

mize structural preservation. For mono- and multi-labeled

FISH, hybridization buffer (5M NaCl, 1M TrisHCl, 20% SDS,

formamide) with 50 ng/lL probe at a ratio of 15 : 1 was

applied followed by hybridization at 468C for 2 h and subse-

quent washing at 488C for 15 min with the adjusted washing

buffer (5M NaCl, 1M Tris/HCl, 20% SDS, 0.5M EDTA). For

CARD-FISH, thin-sections were treated with lysozyme

(50 mg lysozyme dissolved in 500 lL 0.5M EDTA 1 500 lL

1M Tris/HCl 1 4 mL UPW) for 30–60 min at 378C for cell

wall permeabilization. Hybridization buffer (900 mM NaCl,

20 mM Tris-HCl (pH 7.5), 0.02% sodium dodecyl sulphate

(SDS), 10% dextran sulphate (w/v) and 1% (w/v) Blocking

Reagent) was mixed with the probe at a buffer : probe ratio

of 300 : 1 and applied to the sample. Hybridization at 468C

for 3 h was followed by a subsequent 10 min wash step at

488C with the adjusted washing buffer (14–900 mM NaCl,

20 mM Tris/HCl, pH 8, 5 mM EDTA, pH 8 and 0.01% SDS).

Amplification buffer (31 PBS [pH 7.3], 0.0015% [v/v] H2O2,

1% Alexa Fluor 488 or 594 dye ThermoFisher Scientific, Wal-

tham, Massachusetts, U.S.A.) was prepared and slides incu-

bated for 1 h at 468C in a humid chamber until a final wash

for 10 min in 31 PBS. After washing, sections were incubated

with a 1 lg/mL DAPI solution for 5–10 min at room tempera-

ture in the dark, washed with UPW, air-dried and embedded

with 4 : 1 Citifluor/Vectashield mounting medium. Mounted

samples were imaged with an epifluorescence microscope
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(Ex/Em 490 nm/525 nm for FITC-labeled probes or tyra-

mides, Ex/Em 358 nm/461 nm for CY3-labeled probes or

tyramides).

Assessment

Embedding and slicing

We assessed the feasibility of aggregate embedding and

thin-sectioning based on criteria relating to the direct ease of

the procedure, the cost and time involved, and the quality

of the sections obtained. Embedding of marine snow in

Tissue-Tek was a fast and simple process. All aggregates col-

lected from the MSC for this study were ballasted enough to

sink into the cryogel within less than 1 h. Moreover, aggre-

gates embedded in situ were spread evenly across the collec-

tion cup, enabling clear differentiation between aggregate

types before slicing (Fig. 2b,c). Close examination showed

very good structural preservation of gel-embedded aggregates

with intact pigments and clearly identifiable components,

e.g., diatoms protruding from the center of the aggregate

(Fig. 2c,d). To avoid gradual dehydration of the Tissue-Tek

during frozen storage, we recommend leaving a layer of 0.2

lm-filtered seawater on top of the gel and placing the frozen

embedded samples in air-tight bags. During thawing, the rel-

atively higher density of the cryogel prevents mixing with

the water layer, which can be removed gently before the gel

is re-frozen, mounted, and sectioned.

Tissue-Tek embedded marine snow was successfully sec-

tioned with a mounting efficiency of 90% (6 10%). The

material properties of Tissue-Tek permitted cutting sections

between 5 lm and 100 lm in thickness, which enabled spa-

tially resolved examination of organisms and structures

spanning two orders of magnitude. Sections below 5 lm

were prone to rupturing, probably because the supporting

embedding matrix was not rigid enough to allow structurally

preserved slicing of ultra-thin sections. Sections thicker than

100 lm on the other hand were prone to breaking during

sectioning because of the rigidity of frozen cryogel. Thick

sections (> 50 lm) yielded optimal results when studying

the distribution of larger organisms such as phytoplankton

cells or flagellates within an aggregate, or in conjunction

with CLSM, where optical sectioning of nano- to

micrometer-thick slices can be combined with cryotome-

sectioning to reduce physical disturbance. However, Tissue-

Tek is liquid (albeit highly viscous) at room temperature and

in sections thicker than 50 lm the gel was observed to spill

over the original boundaries of the section after thawing,

resulting in flattening and possible distortion of the 3D

structure. Therefore, we recommend a section thickness of

50–100 lm when studying larger organisms, and a section

thickness of 5–50 lm for porosity measurements and recon-

struction of the aggregate matrix.

Other possible artifacts introduced through slicing include

smearing of the sample due to high amounts of silica and

lithogenic material found in marine snow which can break

along fault lines or be dragged across the section, resulting

in the displacement and rupture of material. While this is a

potentially strong contraindication against soft-embedding,

we did not observe smearing in sections thicker than 5 lm

and successfully reconstructed entire aggregates in three

dimensions from thin-sections (see “3D-reconstruction” sec-

tion). Optionally, cutting relatively thick sections (> 30 lm)

combined with optical sectioning using CLSM can be used

to obtain high depth resolution while avoiding smearing.

The freezing process during soft-embedding has also been

reported to cause damage, mainly through tissue rupturing

due to ice crystal formation (Tokuyasu 1973). Ice crystal for-

mation can be minimized through freezing at 2808C or

snap-freezing in liquid nitrogen, although no freezing arti-

facts were observed in cryosections of marine snow frozen at

2208C, possibly due to loose connectivity of the solid frac-

tion and thorough infiltration of pore space by the cryogel.

Soft-embedding and cryosectioning required low-cost con-

sumables, and costs could be reduced further by using non-

coated glass slides, applying a coating, or only mounting

every nth section of the aggregate, depending on the purpose

of sectioning. We conclude that due to easy manipulation

and mounting of frozen embedded samples and high recov-

ery efficiency of sections, soft-embedding is a feasible tool

for users with little to no previous experience with thin-

sectioning.

Visualization and imaging of the aggregate matrix

Staining of the aggregate matrix was assessed based on

the coverage and visibility of the stain, the compatibility

with cell stains, the compatibility with soft-embedding, and

the comparison to whole-aggregate staining. Generally, any

stain applicable to aggregates filtered as a whole could also

be used on aggregate sections. Concerning the brightness

and visibility of any stain, the issue of strong autofluores-

cence of aggregate components applied here as much as it

has been noted to be a problem for whole aggregate exami-

nation (Fig. 3; Woebken et al. 2007; Thiele et al. 2015).

When using fluorescent stains, we found that examining

sections prior to staining helped with selecting a suitable

stain with little overlap in the spectrum of autofluorescent

material. We observed the highest amount of autofluores-

cence to be emitted in the green spectrum, while autofluor-

escence was weakest in the blue, red and deep red spectra.

However, this may change according to aggregate composi-

tion and is highly dependent on organic matter quality, as

e.g., chlorophyll a emits red fluorescence and was observed

to have high fluorescent intensities in laboratory-formed

aggregates containing healthy, active diatom cells, but not

in in situ collected marine snow.

Staining of EPS

Alcian Blue successfully stained TEP of the aggregate

matrix (Fig. 4a–c), as previously reported for whole, filtered
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marine snow (Passow and Alldredge 1995; Cisternas-Novoa

et al. 2015). Coomassie Brilliant Blue staining yielded visible

but weak signals of CSP and we observed CSP to be consider-

ably less abundant than TEP, if not completely absent, which

could be explained by the higher solubilization of proteins

compared to polysaccharides in marine snow (Smith et al.

1992). FITC-ConA and Alexa647-ConA also successfully

stained the aggregate matrix at concentrations as low as 100

lg/mL (Figs. 4d, 7), which was expected as lectin stains have

been explored in considerable depth for staining EPS in bio-

films (Neu et al. 2001; Strathmann et al. 2002), river snow

(Neu 2000; B€ockelmann et al. 2002), and sludge aggregates

(McSwain et al. 2005; Weissbrodt et al. 2013). Compared to

Alcian Blue, FITC-ConA/Alexa647-ConA covered similar areas

of the aggregate matrix but stained slightly distinctive fea-

tures. A similar observation was made for Ruthenium Red

(Fig. 4). All three stains partially overlapped in their specificity

for certain polysaccharides, but also bound to substrates not

targeted by any of the other tested stains, highlighting the

necessity to further explore polysaccharide diversity and their

respective effects on particle aggregation (their “stickiness”),

pore space reduction and degradation dynamics.

Special attention must be paid to avoid sample loss dur-

ing rigorous staining or washing because of the solubility of

cryogel in water. The SuperFrost PlusTM coating of the glass

slides used in this study is designed to confer maximum

samples adherence, but there is a risk of material being

washed off, especially of thicker sections where material is

not in direct contact with the adhesive coating of the slide.

Decreased adhesion was seen in sections that had been

stored for>1 yr, meaning that swift processing of sections is

advisable. We found that carefully applying the staining or

washing solution with a pipette, removing the liquid with a

pipette and lint-free wipes, and letting the sample dry face

up (not tilted) caused negligible displacement or washing off

of material, resulting in well preserved, distinctly stained sec-

tions. However, there was a limit of staining and washing

steps before sample loss became difficult to avoid. For exam-

ple, PAS staining successfully stained matrix components

(Fig. 4g–i) but the intense staining and washing protocol led

to visible disruption of section integrity (Fig. 4g). For stain-

ing procedures involving multiple staining and washing

steps, agarose-embedding of sections added structural stabil-

ity and improved section integrity and preservation. How-

ever, agarose-embedding is limited by non-specific binding

to agarose by lectins (as observed in our study and reported

by Bennke et al. 2013). Staining prior to embedding in cryo-

gel may be considered to sidestep this problem, but limits

the possibility of combining incompatible stains across con-

secutive slices and excludes aggregates embedded in situ.

Aggregate porosity
Optical porosity vs. calculated porosity Optical porosity of

aggregate thin-sections ranged from 0.8 to 0.97 (void volume/

total volume), and was found to be about 5–10% lower than

calculated porosity (Alldredge and Gotschalk 1988). A possible

cause was the integration of multiple layers of matter across

the thickness of the section, leading to the omission of pore

space and therefore underestimation of porosity. To minimize

pore space omission, sections for measuring optical porosity

should be cut as thinly as possible, i.e., 5–10 lm using our

soft-embedding technique. Combining cryosectioning with

optical sectioning (i.e., CLSM) improved resolution across

depth, but was dependent on autofluorescence of solids or

fluorescently stained substrates. Boundaries of aggregate thin-

sections proved to be hard to determine due to loose connec-

tivity and heterogeneous distribution of the solid fraction. We

found that optical porosity varied by up to 50% depending on

how the aggregate boundary was determined. This strongly

suggested that a consistent approach for defining the section

boundary was necessary. We compared various shapes for

approximating the outer boundary of the sectioned aggregate

(convex hull fittings, various ellipsoid fittings, polygons), and

observed that the most robust approach for determining the

outer boundary, and consequently to estimate the total area

Fig. 3. Autofluorescent matrix components of unstained aggregate sec-
tions. (a) phase-contrast image of 10 lm-thick section; (b) the same
section imaged with fluorescence microscopy; (c) unidentified structure

with sparse bacterial attachment (DAPI-stained cells in blue); (d) heavy
colonization of copepodide legs by DAPI-stained bacteria (blue); (e, f)
unidentified structures.

Flintrop et al. Embedding and slicing of marine snow

345



of the section, was to fit an ellipse to the maximum aggregate

width and height (Fig. 5). The same approach is used for mea-

suring aggregate volume for porosity calculations (Alldredge

and Gotschalk 1988) which is why this fitting resulted in the

closest match to calculated porosity.

Pore size distribution between and across aggregate sections Op-

Optical porosity values were relatively constant across

stacked aggregates sections, with mean values of 0.975

(SD 6 0.013) measured for the unstained aggregate. Porosity

and pore size was much more variable across single sections

where we generally observed regions with high porosity inter-

spersed by regions of low porosity, with pore space being dis-

tributed more heterogeneously in aggregates collected in situ

(Fig. 5a,b,d–f,h) compared with aggregates formed from dia-

tom monocultures in the laboratory (Fig. 5c,g). Further, we

observed large reductions in porosity down to 0.8454 (SD 6

0.040) in sections stained with Alcian Blue (Fig. 5g,h). Direct

Fig. 4. Overview of matrix components in two separate thin-sections stained with selected dyes (section I a–d, section II e–i). (a) 10 lm-thick section
I stained with Alcian Blue; (b) section I stained with Alcian Blue and Ruthenium Red; (c) close-up of section I stained with Alcian Blue and Ruthenium
Red; (d) close-up of section I stained with Alcian Blue and FITC-ConA; (e) unstained 20 lm-thick section II imaged with brightfield microscopy; (f) sec-

tion II imaged with fluorescence microscopy; (g) section II stained with PAS; (h) close-up of section II imaged with fluorescence microscopy; (i) close-
up of section II imaged with fluorescence and brightfield microscopy.
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assessment of thin-sections not only enabled the determina-

tion of porosity defined as the fraction of solid components to

overall aggregate volume, but also of the effective porosity, i.e.,

porosity defined as the fraction of “non-void” components,

including the EPS matrix, to aggregate volume. While Alcian

Blue-staining reduced porosity by approximately 10%, we

observed that Ruthenium Red reduced optical porosity by

another 5–10%, but these observations can be expected to vary

greatly depending on aggregate type and source. Thus, a com-

bination of stains covering a broad range of polymers found in

the marine snow matrix could potentially help to obtain more

accurate estimates of effective aggregate porosity.

3D-reconstruction

3D reconstruction from cryosections highlighted the

porous nature and heterogeneity of marine snow because of

the possibility to examine aggregates from any chosen angle.

The decrease in effective pore size by TEP became especially

obvious when comparing the unstained with the Alcian

Blue-stained reconstructed aggregate (Fig. 6). However, the

patchy distribution of visible substrates and large amount of

pore space complicated alignment of sections along the z-

axis and stains with higher coverage (e.g., Alcian Blue) facili-

tated more precise alignment because of better cross-

referencing between consecutive sections. To enable align-

ment independent of staining, we suggest introducing an

external reference into the embedding matrix, which we so

far have not achieved.

Visualization of aggregate colonizers

In addition to staining the aggregate matrix, we tested

methods of staining bacteria in aggregate sections. Nucleic

acid (DAPI) staining clearly visualized bacterial cells and

their localization relative to autofluorescent and ConA-

stained substrate, showing close bacteria-substrate associa-

tions (Figs. 3c,d, 7, 8).

Of the three FISH methods tested (mono-labeled FISH,

multi-labeled FISH, and CARD-FISH), we determined multi-

labeled FISH to be the most versatile method for staining

selected clades of bacteria or archaea in soft-embedded sec-

tions: mono-labeled FISH (Fig. 8d) resulted in low fluores-

cent signal intensity and labeling success, possibly due to

high autofluorescence of the samples (Fig. 3). CARD-FISH

(Fig. 8c, e–g) yielded distinctive signals, but CARD-chemistry

necessitates additional permeabilization and washing steps

that can destabilize the integrity of the section and thus

requires agarose-embedding of sections prior to CARD-FISH.

Multi-labeled FISH combines the high signal intensity of

CARD-FISH with the low amount of washing and sample

handling of mono-labeled FISH (Fig. 8a,b). An additional

advantage of multi-labeled FISH is the option of multiplex-

ing several probes on the same section without the horserad-

ish peroxidase inactivation necessary for CARD-FISH.

Following the FISH protocol without prior embedding of

sections in 0.1% LE agarose led to some sections being lost

in the process. Although not all sections were washed off,

we observed that soft-embedding cannot provide sufficient

structural support during FISH to guarantee sustained integ-

rity of the sections, and recommend agarose-embedding

before FISH.

Agarose-embedding has been found to limit the use of lec-

tins in conjunction with CARD-FISH, as unspecific binding

to agarose prohibits staining after CARD-FISH, but staining

prior to embedding and CARD-FISH leads to severely reduced

fluorescent signal intensity of the lectin stain. However, we

did not observe any impact on the quality of the lectin stain

following the mono- or multi-labeled FISH protocols. We

attributed this to the lower number of washing steps com-

pared to CARD-FISH which reduces loss of the label ligand as

well as to the absence of protein-denaturing buffer solutions

that are part of the CARD-FISH protocol. This endorses the

use of multi-labeled FISH to be used in conjunction with EPS

staining, as a protective agarose coating can be applied to

the section after lectin staining but prior to multi-labeled

FISH. Combining multi-labeled FISH and lectin staining in

structurally preserved sections, we could see the accumula-

tion of bacteria inside small channels in the polysaccharide

matrix (Fig. 8a).

Discussion

In this study, we showed how combining soft-embedding

with thin-sectioning of in situ collected aggregates provides

insight into their physical structure and the distribution and

diversity of microbial colonizers. A particular strength of this

method lies in the minimal amount of active handling, partic-

ularly of aggregates embedded in situ in gel-filled collection

cups. Without the possibility to analyze the composition and

3D structure of intact, non-embedded macro-aggregates, the

degree of structural preservation during embedding and slic-

ing cannot be assessed quantitatively. However, the consistent

agreement of our findings regarding stainability, porosity, and

composition to existing literature (as discussed in the

“Assessment” section) strongly suggest minimal disturbance

of aggregates during embedding and slicing. Good structural

preservation during embedding is further supported by obser-

vations of natural aggregates collected with gel traps in previ-

ous studies (Ebersbach and Trull 2008; Laurenceau-Cornec

et al. 2015; Wiedmann et al. 2016). Although some distur-

bance during sectioning and staining cannot be ruled out we

have provided recommendations on how potential disturban-

ces can be minimized (see “Assessment” for details). This is fur-

ther supported by good alignment of consecutive sections

enabling 3D reconstruction. The relative ease, lack of hazard-

ous chemicals or specialized equipment, and low time expen-

diture for the embedding process make this method especially

suited for ship- or field-based sampling. The compatibility

with existing FISH protocols offers a previously unattainable

spatial resolution of the distribution of microbial groups
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within individual aggregates, with the added possibility of

studying their co-localization with selected substrates of the

aggregate matrix.

Preserving aggregate structure throughout staining and

microscopy can shed light on attributes of marine snow that

could so far not be examined because of disaggregation and

Fig. 5. Sections used to test optical porosity measurements. (a, b) Unstained 10 lm section of in situ collected aggregates; (c) Alcian Blue-stained 10

lm section of laboratory-formed S. marinoi aggregate; (d) Alcian Blue and Ruthenium Red-stained 10 lm section of in situ collected aggregate; (e–h)
corresponding thresholded images used for measuring the area of solid or stained fractions (black) and ellipses fitted using the maximum width and
height of the section to measure the total area of the section (overlay in gray).
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structural disturbance during filtering. Several studies have

explored the use of confocal laser scanning microscopy for the

examination of structurally intact marine, riverine, and sludge

aggregates (Thill et al. 1998; Neu 2000; Waite et al. 2000;

B€ockelmann et al. 2002). Compared to optical sectioning,

embedding followed by physical sectioning can introduce sec-

tioning artifacts (see “Assessment” section). However, optical

sectioning also produces artifacts such as effects of self-

shadowing, reduced fluorescent signal intensity with increas-

ing scanning depth, bleaching of fluorescent signals, and lim-

ited working distance for larger samples (Dixon et al. 1991).

Marine snow regularly reaches sizes of several millimeters,

thereby limiting the resolution at which aggregates can be

studied using Confocal Laser Scanning Microscopy alone.

Embedding enables structurally preserved storage of samples,

whereas optical sectioning requires immediate analysis as sam-

ples lack a supporting embedding matrix to retain structural

integrity. Perhaps most importantly, we showed how physical

sectioning offers the possibility of applying different stains to

consecutive sections of the same aggregate to study the distri-

bution of different matrix components across the aggregate (a

form of pseudo-multiplexing), thus reducing limits imposed by

overlapping color spectra of stains, fluorescent quenching, and

stain incompatibility or interference. We do not consider opti-

cal section to be a feasible stand-alone method for analyzing in

situ collected marine snow, but as we demonstrated in this

study it can be a valuable complement to physical sectioning

by increasing resolution across section depth, which is espe-

cially useful with respect to porosity measurements.

An alternative to the soft-embedding method presented

here is embedding aggregates in hard resin (Leppard et al.

1996; Chu et al. 2004). Hard-embedding matrices support

sectioning of ultra-thin slices (< 1 lm), which can be partic-

ularly useful for the investigation of sub-cellular structures

and compartments (Heissenberger et al. 1996). Moreover,

the resin matrix cannot be re-dissolved after polymerization,

effecting high structural cohesion during washing and stain-

ing. Transport and long-term storage of hard-embedded sam-

ples is also more convenient, as it is not dependent on

maintaining sub-zero temperatures. However, it is impossible

Fig. 6. 3D reconstruction of two 10 lm-sectioned aggregates based on
(a) green autofluorescence and (b) Alcian Blue staining. Aggregates are

pictured from three different angles, with a gradual change in color rep-
resenting an increase in z-depth (frontback). Rotating video clips of both

aggregates are available as Supporting Information.

Fig. 7. (a) Section stained with Alexa647-ConA; (b–d) details showing ConA matrix (purple) with DAPI-stained bacteria embedded (blue).
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Fig. 8. FISH-probing of marine snow thin-sections. (a) EUB-labeled bacteria (green) embedded in channels inside the aggregate EPS matrix stained
by conA (purple); (b–d) comparison of EUB labeling efficiency and fluorescent signal intensity for the three FISH methods used in this study: (b) MiL-

FISH (green-fluorescent fluorophores); (c) CARD-FISH (green-fluorescent tyramides); (d) mono-FISH (red-fluorescent fluorophores); (e–g) thin-section
from one in situ collected aggregate (phytoplankton autofluorescence shown in red) stained with probes for selected bacterial clades (green) using
CARD-FISH: (e) Synechococcus spp.-specific probe; (f) Bacteroidetes-specific probe; (g) Alteromonadales-specific probe (arrows indicate localization of

hardly visible FISH-stained bacteria). Rotating video clips of aggregate sections (e–g) are available as Supporting Information.
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to equip sediment traps with hard resins to embed aggre-

gates in situ. We consider direct fixation, washing, and

embedding in situ to be one of the most substantial features

of soft-embedding, as the absence of active handling pre-

vents any risks of handling artifacts. The handling steps for

soft-embedding of aggregates collected with a Marine Snow

Catcher exclude the heating and complete dehydration that

are needed for hard-embedding. The compatibility with FISH

protocols furthermore enables taxonomic analysis of aggre-

gate colonizers.

Practical applications of soft-embedding

Aggregate structure and porosity

By successfully staining the matrix of soft-embedded aggre-

gate thin-sections using established staining protocols, we

could visualize the spatial distribution of TEP and other EPS.

By aligning consecutive sections along the z-axis we suc-

ceeded in rendering a 3D reconstruction of entire aggregates

based on solid and Alcian Blue-stained fractions of the matrix.

Aside from an increased appreciation of the aggregate-scale

distribution of selected matrix fractions, 3D rendering enables

clearer determination of aggregate boundaries in any direc-

tion than can be achieved by analyzing single sections. The

current standard of quantifying TEP (and by extension EPS)

developed by Passow and Alldredge (1995) involves filtering

of organic material onto polycarbonate filters followed by

staining and subsequent dissolution in sulfuric acid for spec-

trophotometric analysis, meaning no inferences can be made

about the spatial distribution of TEP in aggregates.

In combination with spectrophotometric Alcian Blue

assays (or lectin quantification assays as developed by Uthicke

et al. 2009), and/or incubation experiments, examining the

distribution and patchiness of EPS on a sub-aggregate level

can advance our knowledge of what determines “stickiness”

of aggregates and their components both during formation

and disaggregation, and of the contribution by different EPS

fractions to effective pore-space reduction. We also showed

how applying several stains to cover a range of EPS could be

used as a measure for “non-void,” i.e., effective porosity,

which can be used to approximate aggregate permeability. A

separation into total and effective porosity can be useful to

better understand mass transport of particulate and dissolved

matter between aggregates and ambient water, as solid matter

is restricted to being transported via actual pores, whereas flu-

ids and gases can diffuse into and out of the aggregate matrix,

which is of significance for colonization, nutrient release, oxy-

gen supply, settling velocities, and mass fluxes.

Measuring the area of the solid or stainable fraction relative

to the total area of thin-sections enabled us to estimate the

optical porosity of sectioned aggregates and to give a spatially

resolved structural description of intact marine snow. We do

not suggest that the “optical porosity method” introduced

here is superior to calculated porosity, as the inherent chal-

lenges (definition of the aggregate boundary, integration of

matter across section depth) require further revision of this

method. However, we regard it as a valuable complement to

existing methods of calculating porosity, as direct visualiza-

tion of matrix fractions and pore space can address questions

that could so far not be resolved, including the effect of differ-

ent solid and EPS fractions on porosity and pore distribution,

and the variability of pore space across single sections. Fur-

thermore, optical porosity can be estimated from singles

aggregates, whereas calculating porosity according to All-

dredge and Gotschalk (1988) requires averaging of values

obtained from multiple aggregates due to methodological

constraints. Analysis of pore distribution-connectivity across

single sections together with alignment of consecutive sec-

tions and 3D reconstruction as demonstrated in this study,

can enable detection of any channels through the aggregate

matrix that could permit advective flow (i.e., channels that

are connected to the outside of the aggregate and have a diam-

eter greater than the Kolmogorov length scale of 5 lm, below

which advection is drastically limited by viscosity). Exploring

the presence and extent of advective flow remains a key goal,

as advection has the potential to influence metabolic pro-

cesses inside marine snow through influx of oxygenated water

that reduces the occurrence or increases the patchiness of pro-

cesses other than aerobic respiration (e.g., denitrification).

Microbial colonization and taxonomic diversity

Because of the preserved structure of embedded aggre-

gates, we could spatially resolve the distribution of microbial

colonizers inside individual aggregates. We consider this an

important step toward exploring microbial colonization of

marine snow in situ which can help resolve many outstand-

ing questions about the colonization and succession dynam-

ics on settling aggregates. Chemotactic, pelagic bacteria have

been shown to be highly successful at seeking out small-

scale nutrient patches like diatom cells or chains (Stocker

et al. 2008; Smriga et al. 2016) and settling particles, which

were newly colonized on scales of minutes to hours (Kiørboe

et al. 2002, 2003; Grossart et al. 2003, 2006). Because of the

dynamic aggregation and disaggregation of marine aggre-

gates it is particularly hard to study in situ bacterial coloniza-

tion and succession patterns. Often, such studies have been

restricted to laboratory model systems (Datta et al. 2016) or

inferences made from comparing community composition

of free-living and particle-attached bacteria using filtered

size-fractions (e.g., Mestre et al. 2017). Unfortunately, taxo-

nomic composition of filter fractions has been shown to

deviate notably from that of non-fractionated samples (Craig

1986; Padilla et al. 2015). In situ gel-embedding of marine

aggregates sidesteps this issue as aggregates can be picked

selectively from the gel to analyze their microbial composi-

tion, e.g., using FISH (Thiele et al. 2015). Thin-sectioning of

embedded aggregates further allows high resolution studies

of microbial colonization processes and dynamics in relation

to small-scale aggregate structure and composition.
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With preserved spatial structure, we showed the accumula-

tion of bacteria inside small channels in the polysaccharide

matrix. These channels could be formed through hydrolysis of

the substrate by colonizing bacteria, or during aggregation

and direct advective and diffusive flow of water carrying

microorganisms through the aggregate matrix. Analyzing the

localization of microbial groups or clusters inside aggregates

over water depth and/or time could provide a way to study the

respective importance or dominance of the bacterial commu-

nity originally present during aggregate formation with that

of bacteria attaching to (or being scavenged by) the aggregates

during settling. Imaging of bacterial clades co-localized with

substrates or degradation products also presents a way to

directly visualize microbe–substrate interactions and comple-

ment current techniques used to infer microbial activity such

as tracer addition to incubation experiments, transcriptomics,

or single-cell uptake measurements.

Marine carbon fluxes and closing statement

Collecting and embedding aggregates in situ using drifting

sediment traps not only minimizes active handling but

presents a new and exciting possibility to study the micro-scale

structure, composition and diversity of the aggregate matrix

and aggregate colonizers in combination with particle charac-

teristics, biogeochemical fluxes, and molecular methods

applied to sediment trap material (e.g., DNA/RNA extraction).

We consider this an important step toward understanding the

ecology and connectivity of the pelagic zone with strong

potential to open up new possibilities to research the microbial

processes controlling the biological carbon pump and recy-

cling of organic matter in the water column.
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