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Abstract

Background: FElucidating the spatial structure of host-associated microbial communities is essential for understand-
ing taxon-taxon interactions within the microbiota and between microbiota and host. Macroalgae are colonized by
complex microbial communities, suggesting intimate symbioses that likely play key roles in both macroalgal and
bacterial biology, yet little is known about the spatial organization of microbes associated with macroalgae. Canopy-
forming kelp are ecologically significant, fixing teragrams of carbon per year in coastal kelp forest ecosystems. We
characterized the micron-scale spatial organization of bacterial communities on blades of the kelp Nereocystis luet-
keana using fluorescence in situ hybridization and spectral imaging with a probe set combining phylum-, class-, and
genus-level probes to localize and identify > 90% of the microbial community.

Results: We show that kelp blades host a dense microbial biofilm composed of disparate microbial taxa in close
contact with one another. The biofilm is spatially differentiated, with clustered cells of the dominant symbiont Granu-
losicoccus sp. (Gammaproteobacteria) close to the kelp surface and filamentous Bacteroidetes and Alphaproteobacteria
relatively more abundant near the biofilm-seawater interface. A community rich in Bacteroidetes colonized the interior
of kelp tissues. Microbial cell density increased markedly along the length of the kelp blade, from sparse microbial
colonization of newly produced tissues at the meristematic base of the blade to an abundant microbial biofilm on
older tissues at the blade tip. Kelp from a declining population hosted fewer microbial cells compared to kelp from a
stable population.

Conclusions: Imaging revealed close association, at micrometer scales, of different microbial taxa with one another
and with the host. This spatial organization creates the conditions necessary for metabolic exchange among microbes
and between host and microbiota, such as provisioning of organic carbon to the microbiota and impacts of microbial
nitrogen metabolisms on host kelp. The biofilm coating the surface of the kelp blade is well-positioned to mediate
interactions between the host and surrounding organisms and to modulate the chemistry of the surrounding water
column. The high density of microbial cells on kelp blades (10°~10 cells/cm?), combined with the immense surface
area of kelp forests, indicates that biogeochemical functions of the kelp microbiome may play an important role in
coastal ecosystems.

Keywords: Biogeography, Spatial structure, Polymicrobial interaction, CLASI-FISH, Host-microbe, Epiphytic,
Endophytic, Nereocystis luetkeana

Background

Seaweeds are a diverse group of algae that evolved mul-
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icellularity more than a billion years ago in an ocean
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interdependent relationships with an array of bacteria
[2, 3], so bacteria associated with seaweed surfaces play
critical roles in host biology, for example by synthesiz-
ing essential vitamins, preventing biofouling, and pro-
viding signals essential for normal host development [4].
Bacterial-macroalgal symbioses are major contributors to
coastal nutrient cycling, as bacteria consume and rem-
ineralize organic carbon secreted by the host [5-8] and
may provision resources like nitrogen and vitamins to
their host [1, 4, 9]. Thus, the bacterial-macroalgal symbi-
osis is an ecologically important and potentially tractable
model system for investigating the principles of host-
microbe biology.

While the cast of characters in the macroalgal-bacterial
symbiosis is becoming clear, less clear is how the mem-
bers of the community interact with one another and
how intimately they associate with their host. The bacte-
rial colonizers that thrive on macroalgae are a subset of
those found in seawater as a whole and have been shown
to be both host-specific and also variable over time and
space [10-13]. They include members of such disparate
bacterial groups as Planctomycetes, Verrucomicrobia,
Bacteroidetes, and Alpha- and Gamma-proteobacteria.
Unresolved questions include whether each of these
taxa interacts directly with the host surface, are present
endophytically, or are epibionts on one another; whether
surface biofilms are characterized by large single-taxon
patches or by cell-to-cell mixing between taxa; how
microbial cell density changes with host tissue age; and
whether the biofilm structure changes in declining vs.
healthy macroalgal populations.

Addressing these questions will require new kinds
of information that are spatially resolved at the scale at
which microbes interact with one another. Microbes
interact by secretion of metabolites, inhibitors, and sign-
aling molecules as well as by direct contact. In open sys-
tems with fluid flow, these interactions occur primarily
between cells located no more than a few micrometers
to tens of micrometers apart [14—17]. Thus, the position-
ing of bacteria at micrometer scales reveals which part-
ners are potentially available for interaction. Sequencing
approaches have been enormously fruitful in advancing
our understanding of microbial communities but have
the disadvantage that the sample must be homogenized
for extraction of DNA, RNA, and other molecules of
interest, thereby destroying the information contained in
the micron-scale spatial structure of the sample. Imaging
approaches, by contrast, preserve this information and
permit us to ask an expanded range of questions about
host-microbe and microbe-microbe interactions.

In this study we investigated the micron-scale spatial
organization of microbial communities living on pho-
tosynthetic blades of bull kelp, Nereocystis luetkeana
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(order Laminariales), using combinatorial labeling and
spectral imaging—fluorescence in situ hybridization
(CLASI-FISH [18, 19]). This annual kelp displays extraor-
dinarily high growth rates during the spring and summer,
with photosynthetic kelp blades growing outwards from
the kelp thallus at rates of 0.5-2 cm per day [10]. We
leveraged this rapid growth to assess microbial spatial
organization at two different successional stages in a sin-
gle sampling: initial colonizers on tissues only a few days
old at the base of the blade, compared to later stages of
growth and development of the biofilm on tissues weeks
to months old, at the tip [10]. In addition, we assessed the
relationship between the health of the kelp and the struc-
ture of its microbiome by comparing biofilm structure on
a healthy N. luetkeana population to a geographically dis-
tinct population that has been in decline in recent years
[20, 21]. We show that pioneer taxa in the kelp micro-
biome provide surfaces for later colonization of a more
complex microbiota, that taxon distribution is mixed at
micron scales and thus provides the opportunity for syn-
trophy, and that the microbiota in a declining population
has both low density and low complexity.

Results

Relative abundance of kelp-associated microbial
community and CLASI-FISH strategy

To investigate the community structure of the kelp micro-
biota over time and in kelp populations at different loca-
tions in Washington State, we collected kelp blade tissue
samples from two sites reported in Weigel and Pfister
[10]: Squaxin Island, the site of a declining kelp popula-
tion in Southern Puget Sound [21], and Tatoosh Island,
the site of a persistent kelp population on the outer coast
of the Olympic Peninsula. To assess the microbial spatial
organization at two different successional stages, we col-
lected 2 samples per individual at Tatoosh Island: tissue
only a few days old at the meristematic base of the blade,
and tissue weeks to months old, at the tip. Characteriz-
ing the microbiome of N. luetkeana with 16S rRNA gene
sequencing, as previously reported [10], revealed a com-
munity that was diverse but composed of the same major
taxa at all sampled time points and both locations (Fig. 1).
The most abundant genus-level taxon was Granulosicoc-
cus sp. (Gammaproteobacteria), which accounted for an
average of 38.3% (£ 18.6%, std. error) of the microbial
community in samples from Tatoosh Island (Fig. 1); other
major taxa included Alphaproteobacteria (17.9 £ 10.6
%), Bacteroidetes (19.6 & 0.1%), Verrucomicrobia (14.5 +
0.12%), and Planctomycetes (0.90 £ 0.01%). In contrast,
samples from the declining kelp population at Squaxin
Island were dominated by the alphaproteobacterium
Robiginitomaculum sp. (76.7 £ 16.5%), while Granulosico-
ccus sp. (9.1 £ 0.98%), Bacteroidetes (1.7 = 0.91%), and
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Fig. 1 Relative abundance of bacterial taxa on the kelp N. luetkeana.
Sequences are grouped by phylum, class and genus-level taxonomy
to show taxa detected by our CLASI-FISH probe set. 16S rRNA
gene sequencing showed that bacterial composition was broadly
consistent throughout the summer. The most abundant taxa were
Gammaproteobacteria, Alphaproteobacteria, Bacteroidetes, and
Verrucomicrobia. The gammaproteobacterial genus Granulosicoccus
was highly abundant in samples from Tatoosh Island, while
Alphaproteobacteria were dominant at Squaxin Island. Collection date
is shown at the top, and collection site is shown at the bottom. Sample

numbers and portion of the kelp blade sampled (T = tip; B = base; M

= middle) are indicated in the x-axis labels

Verrucomicrobia (2.7 + 2.6%) were much less abundant
than at Tatoosh Island (Fig. 1).

We designed a probe set for CLASI-FISH to visual-
ize all bacterial types in the sample simultaneously. The
specificity of the probes ranged from domain to phy-
lum, class, and genus, so that most cells were identified
by hybridization of two or three probes at different phy-
logenetic levels of specificity (Table 1). This phylogenet-
ically nested probing strategy permitted imaging that
was both comprehensive, visualizing nearly all bacterial
cells, and specific, differentiating the major bacterial
groups including Alphaproteobacteria, Gammaproteo-
bacteria, Bacteroidetes, Verrucomicrobia, and genus
Granulosicoccus within the Gammaproteobacteria (see
Additional file 1: Fig. S1). We carried out CLASI-FISH
and imaging on a total of 15 samples: 3 from Squaxin
Island, collected on 21 June 2017, and 12 from Tatoosh
Island, collected at five time points spaced roughly 2
weeks apart from 11 June-22 August 2017 (see Addi-
tional file 2: Table S1). Imaging of the kelp-associated
microbial community presented issues of sample
preparation. We used several complementary sample
preparation and imaging approaches that allowed us to
minimize distortion and preserve spatial organization
(see Additional file 3: Fig. S2).

Page 3 of 20

Epiphytic and endophytic microbial communities
associated with kelp blades

Imaging of cross sections of kelp embedded in meth-
acrylate enabled us to visualize the relationship of the
microbiota to the underlying kelp tissue (Fig. 2A). The
kelp tissue was visible in a transmitted-light image as a
series of large irregularly shaped chambers (sieve tubes),
with a row of oblong photosynthetic cells along both the
upper and the lower surface of the blade (Fig. 2A). The
microbes were located primarily in a dense layer several
micrometers thick on the exterior of both the upper and
lower surface. Imaging at a magnification sufficient to
visualize individual bacterial cells showed each taxon as
single cells or small clumps, often immediately adjacent
to cells of different taxonomic identification (Fig. 2A,
insets i—iii). In addition to the surface layer, some bacteria
were present in the interior of the blade; a subset of the
community consisting largely of Bacteroidetes rods can
be seen within the kelp tissue immediately beneath the
surface layer (Fig. 2Ai), and a small cluster of mixed com-
position is visible near the center of the image (Fig. 2Aii).
Thus, a variety of interactions between microbiota and
host were visualized in a cross-sectional view.

By contrast, placing a whole mount of a kelp blade flat
on a microscope slide permitted imaging of a vertical
series (or z-stack) of images from the surface of the kelp
blade through the biofilm (Fig. 2B). This whole-mount
imaging revealed the relationship of microbial cells to one
another and the changing composition of the community
as a function of distance from the kelp blade. Moving up
from the plane in which the kelp photosynthetic cells are
visible (Fig. 2B), serial optical sections show first a largely
fluorescence-free region a few micrometers thick and
then dense colonization by a mixed microbial commu-
nity. At approximately 3 to 7 um from the surface of the
blade, clusters of Granulosicoccus cells are prominent and
diatoms are visible (Fig. 2B). In the region approximately
8 to 12 pum from the blade surface, filaments of Bacte-
roidetes and chains of Alphaproteobacteria are a more
prominent part of the community. Non-filamentous cells
of Alphaproteobacteria, Bacteroidetes, and Verrucomicro-
bia or Planctomycetes are present throughout the biofilm.
The whole-mount images, like the cross sections, show
that cells of disparate taxa are directly adjacent to one
another in the kelp surface biofilm.

In a perfectly flat whole-mount image one sees either
the algal surface or the microbiota but not both, unless
the microbiota has invaded into the tissue. In many
whole-mount images, however, the sample is tilted rela-
tive to the plane of imaging (Additional file 3: Fig. S2B),
such that the confocal microscope image is an opti-
cal section through the sample at an oblique angle and
a single plane of focus captures both the kelp blade and



Ramirez-Puebla et al. Microbiome (2022) 10:52 Page 4 of 20
Table 1 FISH probes used in this study

Probe Target taxon Probe sequence 5'-3’ Fluorophore Reference
Eub338-I Bacteria GCTGCCTCCCGTAGGAGT Dy490 or Atto532 [22]
Eub338-lI Planctomycetes GCAGCCACCCGTAGGTGT Dy415 [23]
Eub338-il Verrucomicrobia GCTGCCACCCGTAGGTGT Dy415 [23]

Alfo68 Alphaproteobacteria GGTAAGGTTCTGCGCGTT Dy490 or Atto620 [24]
Gam42a Gammaproteobacteria GCCTTCCCACATCGTTT Cy5 [25]
Bac1058 Bacteroidetes TGAATGGCTGCTTCCAAGCCAACA Rhodamine Red-X [26]
Gran737 Granulosicoccus sp. TCAGCGTCAGTATTGTTCCAGA Texas Red-X This study
Gran670 Granulosicoccus sp. CACCGCTACACCCGGAATTCCGC Texas Red-X This study

Probe name, target taxon, 5'-3' sequence, fluorophores used, and references are indicated

the overlying microbial community. In the example in
Fig. 2C, kelp cells are visible as large (~ 5 um x 10 pm)
oblongs at the right; Bacteroidetes spp. are intercalated
between the kelp cells. In the center of the image scat-
tered taxonomically mixed bacteria are located on or
between the kelp cells, while at the left-hand side of the
image the full microbial community is visible. As most
whole-mount preparations are not entirely flat, many
images represent to one degree or another an oblique-
angle view of the material.

Bacteria on kelp blades form mixed epiphytic

communities whose abundance is dependent on the age
of the underlying tissue

Due to the high growth rate of the kelp thallus, producing
multiple centimeters of new tissue in a single day [10], it
is possible to study how spatial structure and diversity of
the microbial community differ between newly produced
tissue vs. tissue that is weeks to months old. Although
the microbial community on older tissue contains more
diversity at the amplicon sequence variant level [10], the
composition and relative abundances of major taxa are
broadly consistent across young and old tissues (Fig. 1).
However, imaging showed a higher density of coloniza-
tion at the tip of the blade, which is months old, com-
pared to the tissue near the basal meristem, where newly
produced tissue is only days old (Fig. 3; Additional file 4:
Fig. S3A). At the tip (Fig. 3A—C), microbial cells form a
dense biofilm, whereas at the base only scattered micro-
bial cells are visible (Fig. 3D-F). This pattern is observed
in samples collected throughout the summer (Fig. 3). Cell
counts of each bacterial type are shown in Table 2; the
mean density of bacterial cells observed in images from
the base was 1.12 x 10° and in images from the tip was
2.17 x 107 cells/cm?.

The spatial arrangement of bacterial cells provides infor-
mation about the process of colonization. The major types
of cells—Granulosicoccus, Alphaproteobacteria, Bacte-
roidetes, and Verrucomicrobia/Planctomycetes—were

all observed adhered to young kelp tissue as single cells
independent of one another (Fig. 3D-F). This arrange-
ment suggests that each of these types is capable of inde-
pendent binding to the kelp surface. Images of the more
complex and well-developed biofilm at the tip, however,
show bacteria adhered to other bacteria rather than to
the kelp itself. Alphaproteobacterial rods, for example,
were observed surrounding a Bacteroidetes filament and
adhering to it at their tips, in a test tube brush formation
(Fig. 2B). Thus, our images provide evidence that the pio-
neer colonizers of the kelp surface can colonize directly
and independently but that later colonizers may bind
to the early colonizers rather than directly to the kelp
surface.

Typical images of the tip community (Fig. 4) show
that bacteria at the tip of kelp blades are mixed at
micron scales. Granulosicoccus, the most abundant
genus revealed by 16S rRNA gene sequencing, formed
patches or clusters up to 15 um in diameter in some
samples (Fig. 4A); close inspection reveals cells of other
taxa nestled within the clusters (Fig. 4A). The frequent
appearance of Granulosicoccus as pairs or tetrads of
cells (Figs. 2C and 3A, C, E, and F) suggests cell division
and growth of the Granulosicoccus as a mechanism for
the formation of clusters, although accretion or aggre-
gation of existing cells is another possible mechanism.
Alphaproteobacteria, Bacteroidetes rods, Verrucomicro-
bia, and Planctomycetes did not form large clusters but
instead are intermixed in the biofilm. In whole-mount
preparations, Bacteroidetes filaments lie on top of the
other bacteria (Figs. 3A—C and 4A, B), suggesting that
they are in a different level of the biofilm and become
flattened onto the sample during the FISH and mount-
ing procedure. This observation is reinforced by cross-
sectional images, which show a biofilm typically 3 to 7
pum thick, with filaments projecting approximately 10
pum from the biofilm before either ending or moving out
of the plane of the section (Figs. 4C and 5). The consid-
erable length of the Bacteroidetes filaments viewed in
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Fig. 2 Cross-sectional, whole-mount, and oblique optical section images give different views of the biofilm on kelp. N. luetkeana blades were
subjected to CLASI-FISH with a probe set for the 5 major bacterial groups. A Cross-sectional image of a kelp blade embedded in methacrylate.
Merged transmitted light and confocal images show the microbial biofilm on both sides of the kelp blade, with some microbial cells in the center.
(i), (ii), and (iii) are enlarged images of the dashed rectangles in panel (A). Bacteroidetes rods within the autofluorescent region of kelp tissue in panel
(i) fluoresce more brightly than rods in the surface biofilm and therefore appear overexposed in the image. B Whole-mount preparation imaged as
a z-stack; planes 1 micrometer apart in the z dimension are shown. C Oblique optical section showing the microbial biofilm at left and kelp surface
at right. Bacteroidetes rods are visible between kelp surface cells (right)
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whole-mount preparations (e.g., 50 pm or more in Fig. 3)
again suggests the growth of this taxon in situ.

In addition to a dense bacterial biofilm, colonies of
diatoms were observed in samples collected on Tatoosh
Island in June and July (Fig. 4A). In a cross-sectional
image, diatoms can be seen embedded within the biofilm
and a layer of bacteria is observed between them and the
kelp tissue (Fig. 4D), suggesting that bacteria colonized
the host before adhesion of the diatoms. No specific asso-
ciation between diatoms and particular bacterial taxa was
observed.

The thickness of the bacterial biofilm is best observed
in cross-sectional images, which are not subject to the
flattening that occurs in whole mounts, and was vari-
able both between and within sections (Fig. 5). The most
frequently observed thickness ranged between 3 and 7
pum while the thickest patch measured was 32 pm in one
sample (Fig. 5A). Regions of 0-pum thickness were also
observed (Fig. 5C). We did not detect any trend toward
either increasing or decreasing thickness of the biofilm
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over the growing season. This relatively consistent thick-
ness suggests that the addition of bacteria by coloniza-
tion and replication is balanced by lateral expansion of
the blade surface or by a process of biofilm loss, perhaps
due to shedding of material from the surface of the kelp
tissue.

Endophytic bacteria and direct interactions with the blade
surface

Imaging of cross sections permitted the identification
of bacteria inside kelp tissue. Bacteroidetes rods and,
less abundantly, other members of the community were
observed colonizing intercellular spaces of the outer-
most layer of kelp cells in samples from July (Figs. 24,
C and 6). These endophytic Bacteroidetes were located
adjacent to kelp cells that showed strong autofluores-
cence, suggesting a different physiological state from the
rest of the thallus: either higher metabolic activity or a
process of tissue damage and repair. Microbes occasion-
ally colonized the surface layer of cells directly (Fig. 6B),

Alphaproteobacteria Bacteroidetes

Fig. 3 Bacterial cell abundance of the surface biofilms of old and young tissue. Whole-mount images of kelp blade tip tissues (old) and base tissues
(young) collected from the same kelp frond. Three individuals from different collection dates are shown. Older tissue from the tip of the kelp blade
(A, B, C) is densely colonized compared to young tissue from the base of the blade (D, E, F). The same pattern is observed throughout the summer
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Table 2 Cell size and density of major taxa

Taxon Cell area Tatoosh tip Tatoosh tip Tatoosh base Tatoosh Squaxin Squaxin Ratio Ratio tip:
um? (SD) (old) cell (old) cells/cm? (young) cell  base (young) cellcount cells/cm? tip:base Squaxin

count (SD) count (SD) cells/cm? (SD)

Granulosicoccus 060 (0.16) 29212 (1853.5) 647 x 10° 24.9(29.9) 550 x 10* 153(17.5) 338 x 10* 118 192

Verrucomicrobia+  0.53 (0.08) 24499 (1174.0) 542 x 10° 54(9.2) 1.18 x 10* 296 x 10 458 183

Planctomycetes

Alphaproteobac- 0.30(0.10) 28790 (1783.1) 637 x 10° 10.0 (20.4) 221 x 10* 54.7 (85.7) 121 x 10° 288 53

teria

Bacteroidetes 1.62 (0.50) 16454 (9826) 3.64 x 10° 10.5(21.3) 231 x 10* 6.3(13.3) 138 x 10* 157 263

Four major taxa NA 98132 (4058.7) 2.17 x 10’ 50.7 (49.1) 112 % 10° 896(121.0) 198 x10° 194 110

Analysis was performed across 10 individuals (2-11 images each; n = 56 images); each image measured 212.55 x 212.55 pm. Mean cell area, mean cell number
(count) perimage, and calculated cell densities are given for each bacterial taxon for samples from the tip (older tissue) and base (young tissue) of blades at Tatoosh
Island and from the center of blades at Squaxin Island. Standard deviation is shown in parentheses

but in contrast to the Bacteroidetes-rich invasion into
highly autofluorescent regions, no obvious preference
for any underlying morphology of the kelp was detected.
We also observed a mixed microbial community form-
ing small clusters on the interior of the frond (Fig. 2Aii)
or forming a strand running through the kelp inner tis-
sue (Fig. 6C, D). While our probe detected Bacteroidetes
at the phylum level, 16S sequencing results showed that
Saprospiraceae and Flavobacteriaceae were the two
most common families within this phylum in these sam-
ples [10]. Determining the identity and functional role
of these apparent endophytic bacteria is an interesting
avenue for future work.

Unipolar labeling of adherent Alphaproteobacteria

with wheat germ agglutinin

Wheat germ agglutinin (WGA) is a lectin that binds to
N-acetylglucosamine and N-acetylmuramic acid resi-
dues that can be present both in bacterial cell walls and
in host mucilage secretions. We stained samples with
fluorophore-labeled WGA and observed staining in
spots on the kelp tissue itself, in cells hybridizing with
the Granulosicoccus probe, and most intriguingly, on
cells hybridizing with the Alphaproteobacteria probe that
reacted asymmetrically with the WGA, showing fluo-
rescence at only one end of the cell (Fig. 7). This pattern
was observed across multiple individual kelp collected in
different months and sites (Fig. 7D, E) including on the
kelp from Squaxin Island (Fig. 8D, E). In cross-sectional
images, the WGA signals were present at the end of the
cell that was in contact with the kelp surface (Fig. 7F) sug-
gesting a potential role of the WGA-stained structure in
the adhesion of the microbe to the kelp. These microbes
may be members of the genus Robiginitomaculum, as
one Alphaproteobacteria ASV that matched with 96%
sequence identity to Robiginitomaculum antarcticum had

76% relative abundance at Squaxin Island. This genus has
been shown to produce thin, stalk-like structures called
prostheca at one end of the cell [27], which might be the
component that is being labelled by the WGA probe. Fur-
ther research may determine whether this structure is
involved in attachment to the kelp surface.

Bacterial density differences between samples

from healthy and declining kelp populations

Imaging revealed dramatically lower densities of micro-
bial cells on Squaxin Island kelp (Fig. 8) compared to the
tip of Tatoosh Island kelp blades. The absolute abundance
of bacterial cells was two orders of magnitude higher in
samples collected from the persistent kelp forest located
on the outer Pacific Ocean site of Tatoosh Island than in
the locally declining population at Squaxin Island [21],
located in Southern Puget Sound (Table 2). This dif-
ferential abundance occurred for all taxa but was less
extreme for Alphaproteobacteria (Table 2) because of
their high relative abundance in kelp from the Squaxin
site. Kelp at Squaxin Island were sampled from the mid-
dle of the blade, where the tissue was approximately 2
months old, similar to the age of the tissue collected
from the tip of the kelp blade on Tatoosh Island (Addi-
tional file 2: Table S1). The density of microbes imaged at
the base of Tatoosh Island blades resembled that at the
middle of Squaxin blades (compare Figs. 3D-F and 8).
Thus, samples from the base of the Tatoosh blades that
were less than 1 week old had similar microbial densities
to these 2-month-old biofilms from the declining kelp
population on Squaxin Island, suggesting that the host-
microbial symbiosis is actively maintained by the host
and/or microbial partners and collapses in the absence
of host health, or that environmental differences between
these two distant sites exerted a significant influence on
the density of the microbial biofilm. Further research is
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Alphaproteobacteria Bacteroidetes
Autofluorescence

Fig. 4 Spatial structure of the epiphytic microbial community at the tip of N. luetkeana blades. Bacteria at the tip of kelp blades form a dense
biofilm. A and B show whole-mount images of samples collected on different dates; C is a cross section showing the thickness of the surface
biofilm relative to the kelp cell surface. Microorganisms are intermixed, always within 10 microns of other taxa, and often directly adjacent to cells

of disparate taxa or diatoms (red arrowheads). Granulosicoccus aggregate in clusters while other taxa are more dispersed. Abundant Bacteroidetes
filaments appear to be lying across the other taxa in (A) and (B). In the cross section (C), filaments of Bacteroidetes and Gammaproteobacteria project
into the water column. D Cross section showing diatoms embedded within the bacterial biofilm

necessary to determine the cause of reduced microbial
cell densities on kelp from Southern Puget Sound.

Quantification and micron-scale spatial arrangement

Quantification of cell abundance in FISH images showed
that mean abundances as assessed by imaging were
broadly consistent with relative abundance estimates
from sequencing, and that community composition
in the biofilm closest to the kelp surface differed from
that near the water column. We calculated the mean
bacterial abundance on blades of 10 Nereocystis indi-
viduals. Granulosicoccus was the most abundant taxon
both at the tip and at the base of Tatoosh samples and

Alphaproteobacteria was the most abundant on Squaxin
samples, consistent with the 16S rRNA gene sequenc-
ing (Table 2, Additional file 4: Fig. S3B). Cell densities
of the major taxa varied according to the tissue age and
collection site. The blade tip presented the highest den-
sity (2.17 x 107 cells/cm?), which is 110 and 194 times
higher than from the mid-blade at Squaxin (1.98 x 10°
cells/cm?) and Tatoosh blade base (1.12 x 10° cells/
cm?) densities, respectively. Mean bacterial abundance
was higher in the layers of the biofilm closer to the kelp
surface compared to the layers closer to the water col-
umn (Fig. 2B; Additional file 5: Fig. S4). Community
composition shifted with distance from the host, with
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Autofluorescence

Alphaproteobacteria Bacteroidetes

Fig. 5 Variation of biofilm thickness. Cross-sectional images showing the variation of the biofilm thickness within and among samples. A A patch
of biofilm up to 32um thick with adjacent thinner biofilm of 3 to 6 um. B The most common thickness observed in the kelp biofilm was 3 to 7 um,
with chains and filaments extending further into the water column. C A sparse biofilm including a region with no visible biofilm (red arrowhead)

Granulosicoccus detected primarily close to the kelp sur-
face. Mean cell area differed among taxa, with Granu-
losicoccus measuring 0.60 pm?, Verrucomicrobia 0.53
um?, Alphaproteobacteria 0.30 um? and Bacteroidetes
1.62 pm? (Table 2).

Quantitative analysis of micron-scale spatial arrange-
ment showed auto-correlation at short distances, and
weaker cross-correlation of taxa with respect to one
another in these images. We measured auto- and cross-
correlation using linear dipole analysis, a stereological

method for determining pair cross-correlation func-
tions over a range of distances, as implemented for
image analysis using the program daime [28]. We
analyzed within- and between-taxon associations for
Granulosicoccus, Alphaproteobacteria, and the Verru-
comicrobia-Planctomycetes (hereafter referred to as
simply Verrucomicrobia) taxa for each of 8 kelp indi-
viduals using whole-mount images. Results showed
that all three taxa were positively autocorrelated. Gran-
ulosicoccus had the highest autocorrelation (Table 3,
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Alphaproteobacteria Bacteroidetes Autofluorescence

Fig. 6 Endophytic bacteria of N. luetkeana. A Cross section showing Bacteroidetes rods colonizing intercellular spaces of brightly autofluorescent
kelp surface cells. B A region in which the biofilm is directly adjacent to the kelp tissue and some Granulosicoccus are observed between kelp cells.
C Bacteria were also detected colonizing deeper areas of the tissue, in this instance around 120 pum from the surface. D Enlarged image of the
dashed rectangle in (C)

Additional file 6: Fig. S5A) which reached a maximum
at 1.5 um and reached half the maximum amplitude at
1 to 3 um, reflecting the size of clusters visible in the
images. Verrucomicrobia and Alphaproteobacteria cells
showed self-attraction at distances of 1 to 3 um and 1 to
4.5 pum, respectively (Table 3, Additional file 6: Fig. S5).
Values of cross-correlation between taxa were lower
(Additional file 6: Fig. S5B). Cross-correlation between
Alphaproteobacteria and Verrucomicrobia peaked at
1.5 um. Only slightly elevated cross-correlation was
observed between Granulosicoccus and Verrucomicro-
bia and between Granulosicoccus and Alphaproteobac-
teria at distances under 10 pum, perhaps reflecting the
presence of microbe-free patches in the images leading
to a modest apparent clustering relative to a random
distribution. Cross-correlations at distances below 0.5
microns were negative, reflecting the inability of dif-
ferent cells to occupy the same physical space. We did
not carry out spatial arrangement analysis for cells of
Bacteroidetes spp. because these cells consisted largely
of filamentous forms that likely would have extended

from the biofilm into the surrounding seawater in life
but were flattened across the biofilm in the whole-
mount preparations (e.g., Fig. 3A—-C), so their spatial
arrangement in images would not accurately reflect
their arrangement in vivo.

Unidentified bacteria attach to Granulosicoccus cells

In some images, we detected bacteria that were iden-
tified only with the near-universal but not any of
the taxon-specific probes, and which showed a pre-
sumably epibiotic lifestyle. They stood out for their
small size and their position consistently adjacent to
Granulosicoccus cells (Fig. 9A—C). These small bac-
teria were observed in samples collected on different
dates during the summer on Tatoosh Island. Interest-
ingly, despite being surrounded by numerous cells of
different taxa, they were always observed touching
Granulosicoccus, suggesting a specific attachment to
this taxon. Further research is necessary to determine
whether the relationship between these taxa is symbi-
otic or parasitic.
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Alphaproteobacteria

Alphaproteobacteria Bacteroidetes
Autofluorescence

Alphaproteobacteria

Autofluorescence

Fig. 7 Unipolar labeling of adherent Alphaproteobacteria by wheat germ agglutinin. Wheat germ agglutinin was used to stain N-acetylglucosamine
and N-acetylmuramic acid residues. Staining was observed on Alphaproteobacteria rods at only one end, showing apparent polarity with

respect to the cells. A Hybridization of a kelp sample with probes for Alphaproteobacteria (cyan) and Granulosicoccus (magenta). B Signal from
fluorophore-labeled WGA (red) in the same field of view as (A). C Merged image of A and B showing that WGA staining was observed in cells
hybridizing with the Granulosicoccus and Alphaproteobacteria probes. WGA staining was detected surrounding the Granulosicoccus cells while

the stained Alphaproteobacteria showed fluorescence at only one end of the cell. WGA signal associated with Alphaproteobacteria was brighter

and more localized than that associated with Granulosicoccus. D and E Representative images of FISH on whole-mount samples from kelp blades
collected in different months from Tatoosh Island. F Cross-sectional image showing Alphaproteobacteria rods with the polar polysaccharide end
adjacent to the kelp surface

Discussion Imaging results show that the different microbes do not
The micron-scale spatial organization we observed colonize the host in separate, distinct patches, as might
provides evidence about the nature of the interactions be expected if colonization and growth by one microbe
between disparate members of this complex microbiota. ~ produced strong local inhibition of colonization by
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Alphaproteobacteria Bacteroidetes
Verrucomicrobia-Plat

Fig. 8 Low microbial density on kelp blades from a declining kelp population at Squaxin Island. A and B Whole mount FISH showing sparse
bacteria on the mid-blade kelp surface. € Cross section in which no dense biofilm was observed on the surface, but a few bacteria were visible.
Strong autofluorescence of kelp cells was observed. D, E, and F are enlarged images of the dashed squares in (A), (B), and (C), respectively

other microbes or if the host presented spatially dis-
tinct patches of binding sites or niches for colonization
of different microbes. Instead, microbial distribution was
nearly random at micrometer scales, with a modest but
significant tendency for Verrucomicrobia/Planctomycetes
and Alphaproteobacteria to be more closely associated
than random at distances between 1 and 5 um. Thus, the
spatial organization of the microbiota is consistent with
syntrophy or metabolic interaction between disparate
microbes.

Our results suggest that competition for space is not
a primary driver of community structure in this system.
Colonization is sparse in samples from young tissue near
the basal meristem, with apparently ample host surface
available for microbial attachment. Even on the older
tissue at the tip, we observed a patchy biofilm in which
direct access to the host tissue appeared to be available.
Thus, models such as the competitive lottery model [29],

which require that the first colonizer can physically or
metabolically exclude later colonizers, appear not to be
supported. Instead, the micron-scale organization within
the biofilm suggests that the different microbes may
enhance rather than inhibit one another’s growth. There
is increasing evidence that host-associated microbes have
reciprocal, positive effects in marine ecosystems [30].
For example, a possible mechanism for such a growth-
enhancing effect is the provision of different essential
nutrients by different members of the community. A
recent study shows that in a marine microbial commu-
nity Rhodobacterales (Alphaproteobacteria) synthesize
vitamin B-12, Flavobacteria (Bacteroidetes) synthesize
vitamin B-7, and Verrucomicrobia synthesize vitamin
B-1 [31]. These same groups are represented in the kelp
microbiota imaged here, and such metabolic interde-
pendencies may underlie the community structure we
observe.




Ramirez-Puebla et al. Microbiome (2022) 10:52

Table 3 Spatial correlation of major taxa on tip biofilm using linear dipole analysis in daime
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Probe

Distance of maximum spatial
autocorrelation (um)

Distance of maximum
spatial cross-correlation
(pum)

Granulosicoccus

Verrucomicrobia/Planctomycetes

Alphaproteobacteria

Granulosicoccus vs. Verrucomicrobia/Planctomycetes
Granulosicoccus vs. Alphaproteobacteria
Alphaproteobacteria vs. Verrucomicrobia/Planctomycetes
Bacteroidetes

15
1.1

1.1

NA
NA
NA
NA

NA

NA

NA
471074
4.7

1.1

NA

Functional implications of the kelp microbiota

The functional importance of the dense microbial biofilm
revealed through CLASI-FISH is relatively unknown, but
the position of the biofilm at the interface between the
host tissue and the surrounding water column suggests the
possibility that it modulates light and nutrient availability
to the host kelp, influences biofouling, and participates
in host-microbe metabolic exchange. At this interface,
mucilage production by kelps may play a critical role in
providing structure for surface-associated microbes. By
associating with macroalgal surfaces, microbes likely ben-
efit from a predictable source of dissolved organic mat-
ter [5] and a persistent substrate for colonization. In turn,
potential benefits of these microbes to the host kelp may
include generation of antibacterial compounds that pro-
tect the host against biofouling and pathogens [1, 11, 32—
34] or competitors [35], or the metabolisms that provision
nutrients and vitamins to the host [4, 9].

Imaging revealed close association, at micrometer
scales, of different microbial taxa with one another and
with the host, a spatial organization that creates the
conditions necessary for metabolic exchange among
microbes [36] and between host and microbiota. While
recent studies have described microbial communities in
association with kelp through genomics [11, 37-39], the
metabolic role of the microbes relative to the host has yet
to be clarified. Possible functional interactions between
macroalgae and their epibionts, both detrimental and
potentially beneficial, have been the subject of several
recent reviews [40—43]. Nutrient exchanges between host
and microbes are functionally significant in phytoplank-
ton (e.g., [44]). N. luetkeana at Tatoosh Island release ~
16% of fixed carbon into the surrounding seawater as dis-
solved organic carbon (DOC) [5], a quantity consistent
with DOC release estimates for other kelp species [45,
46]. By living on the kelp surface, biofilm microbes are

Alphaproteobacteria Bacteroidetes

different dates during the summer on Tatoosh Island

Unidentified bacteria

Fig. 9 Epibiotic bacteria associated with Granulosicoccus cells. Small bacteria identified only with the near-universal Eub338-1 probe were observed
adjacent to Granulosicoccus despite being surrounded by numerous bacteria of different taxa. A-C Representative images of samples collected on
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presented with a consistent and labile metabolic resource,
in addition to the structural kelp polymers that kelp
microbes can degrade [47]. The release of carbohydrate
exudates likely favors heterotrophic microbial metabo-
lisms, and the Granulosicoccus sp. sequence variant in
this study shares 97% sequence identity to Granu-
losicoccus antarcticus [48], which is a heterotrophic
microbe that contains urease and both nitrate and nitrite
reductase genes [49]. As a heterotroph, Granulosicoccus
sp. likely uses the abundant DOC, while nitrogen trans-
formation genes suggest nitrogen metabolisms, includ-
ing ammonification, that may impact the host kelp. The
finding that Granulosicoccus is ubiquitous across the
Atlantic Ocean on the foundational brown alga spe-
cies Fucus vesiculosus [50] suggests it could be a core
taxon for marine macrophytes. Likewise, studies of
microbial nutrient transformation in near-shore waters
of Tatoosh Island showed that these microbial nitrogen
metabolisms were strongest in association with the sur-
faces of a red alga, Prionitis sternbergii, rather than in
seawater or associated with inert substrates [51]. This
finding suggests that epibiont communities on algae are
enriched for microbes carrying out ammonium oxida-
tion and nitrate reduction, both of which might serve
to retain and recycle dissolved inorganic nitrogen near
the surface of the alga. Future work combining analy-
sis of spatial organization through CLASI-FISH with
microbial metagenomics or functional assays will pro-
vide insight into the functional importance of the kelp
microbiome.

Comparison of the Nereocystis microbiota to other
microbiomes

CLASI-FISH revealed the microbiota of N. luetkeana to
be dense and complex. This result is consistent with pre-
vious work by investigators who used standard FISH to
highlight individual taxa within the bacterial community
growing on or within macroalgal fronds [52-54]. The
simultaneous identification of the major groups enabled
by CLASI-FISH permits analysis of the relative distribu-
tion of the major groups and their potential for direct
spatial interaction at micron scales. Our results lay out a
framework that can be furthered by future experiments
using more complex probe sets.

The microbial biofilm visualized here is notable for its
high density but moderate thickness. In the most densely
colonized samples, our images show a biofilm several
cells thick and comparable to the density of 10’-108 cells/
cm? measured for the brown alga Fucus vesiculosus [55)
and 10-10 cells/cm? for Laminaria hyperborea [56).
Other marine organisms have a lower surface coloniza-
tion density; for example, the density of microbes in coral
mucus is estimated at only 10°~10° per cm?® [57, 58], on
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the same order of magnitude as typical microbial density
in seawater. The thickness of the kelp microbiota, in the
range of 10 microns, is small compared to the potentially
hundreds of microns in thickness reached by biofilms
in other settings characterized by fluid flow and regular
abrasion, such as the human mouth [59-61].

Kelp biofilm thickness and its relationship to biofilm
dynamics and host health

The limited thickness of the microbial biofilm on N. [uet-
keana raises questions about mechanisms by which the
thickness of the biofilm may be limited. We hypothesize
that there may be a dynamic process of biofilm loss and
re-growth over weeks to months, resulting in overall
stability in biofilm structure and thickness at the tip of
the blade throughout the growing season. This loss may
occur via host shedding of the mucilaginous coating to
which the biofilm is adhered. Alternatively, biofilm thick-
ness may be limited by the intrinsic rate of growth of the
microbes, by grazing of the biofilm by micro- or macro-
invertebrates [62], or by lateral spread of the underly-
ing kelp blade surface itself. Future studies with highly
resolved time course sampling or live imaging will be
necessary to gain a comprehensive understanding of the
dynamic processes shaping the kelp microbiome; none-
theless, comparing the micron-scale spatial structure of
new and old kelp tissues provided some insight into the
process of microbiome community assembly. Rather than
a well-mixed community that might result if assembly
occurred through the continual settlement of microbes
onto kelp tissue, we found a spatially structured biofilm
with compositional distinctions between microbes asso-
ciated with the kelp surface and microbes at the outer
edge of the biofilm. We also observed clustering of Gran-
ulosicoccus sp. cells that are likely the result of growth
and cell division. Finally, a phylogenetic analysis of our
previous 16S sequencing results revealed that the N. [uet-
keana microbiome from both new and older kelp tissues
is comprised of taxa that are phylogenetically clustered
relative to the regional species pool [10]; thus, commu-
nity assembly is non-random and the kelp surface may
be acting as a selective filter for the specific taxonomic
groups that we visualized here. Further investigations
into the specific functions of these microbes will reveal
their overall importance to the kelp microbiome.

Shifts in microbial composition between healthy and
stressed macroalgae have been reported [9], but the
low density of bacteria on the kelp from Squaxin Island
was unexpected, as we had initially assumed that a
population in decline would be more likely to be over-
run with microbes than nearly devoid of them. N. luet-
keana from Squaxin Island released DOC at a lower rate
compared to those from Tatoosh Island [5]; however,
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further research is necessary to determine the relation-
ship between DOC exudation and microbial cell density.
The lack of microbes on individuals from the declining
Squaxin population may reflect a host that is not provi-
sioning the ideal resources for bacterial growth. Alterna-
tively, it may result from stress-related sloughing of the
mucus layer, or it may reflect the influence of the envi-
ronment on the microbiota at each location. The extent
to which potentially stressed macroalgae are associated
with a distinct and depauperate microbiome certainly
deserves further study, especially as kelp forests con-
tinue to decline in South Puget Sound [21] and in many
locations globally [63].

The majority of the bacterial epibionts at Squaxin were
shown by both sequencing and imaging to be Alphaproteo-
bacteria, represented by a single highly-abundant ampli-
con sequence variant from the genus Robiginitomaculum,
family Hyphomonadaceae. Alphaproteobacteria from
the order Rhizobiales produce unipolar adhesins which
are essential for cell-cell adhesion, biofilm formation, and
effective root colonization [64, 65]. The exopolysaccharide
N-acetylglucosamine, synthesized by bacterial cells, plays
an important role in biofilm formation in Staphylococcus
aureus [66, 67] and Escherichia coli [68]. The consistent
presence of N-acetylglucosamine or N-acetylmuramic acid
residues at one end of Alphaproteobacteria cells suggests
that it may be involved in cell adhesion to the kelp sur-
face, and it may be indicative of the prostheca structures
of Robiginitomaculum sp. The high relative abundance of
Alphaproteobacteria (Robiginitomaculum sp.) in Squaxin
kelp samples, in which the observed bacterial density is
low, might reflect their potential to attach to the kelp sur-
face more permanently or more readily than other mem-
bers of the microbiota.

Conclusions

Our detailed imaging with CLASI-FISH has shown that
photosynthetic blades of the canopy-forming kelp Nereo-
cystis luetkeana host a complex microbial biofilm that is
both dense and spatially differentiated. Within this com-
munity, microbes of different taxa are in intimate cell-to-
cell contact with one another; microbial cells invade the
interior of kelp cells as well as cover their external sur-
faces, and a subset of the surface microbiota projects into
the water column. Close spatial associations highlight the
potential for metabolic interactions between key mem-
bers of the kelp microbiome as well as between microbes
and their host. The biofilm coating the surface of the kelp
blade is well-positioned to mediate interactions between
the host and surrounding organisms and to modulate the
chemistry of the surrounding water column. A mecha-
nistic understanding of this symbiosis will broaden our
understanding of host-microbiome interactions and
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potentially enable better management of macroalgae for
conservation, restoration, aquaculture, biofuels, and bio-
logical carbon sequestration.

Methods

Sample collection and 16S rRNA gene sequencing
CLASI-FISH microscopy was carried out on a subset
of samples analyzed previously with 16S rRNA gene
sequencing and reported in Weigel and Pfister [10].
We carried out CLASI-FISH and imaging on a total of
15 samples: 12 from a persistent population at Tatoosh
Island and 3 from a declining population at Squaxin
Island (Additional file 2: Table S1). On Tatoosh Island,
Washington in the United States (48° 23’ 37.0” N 124° 44/
06.5” W), photosynthetic blade tissues of N. luetkeana
were sampled at five time points spaced roughly 2 weeks
apart (11 June-22 August 2017), spanning the peak in
annual biomass. At each time point, two tissue samples
(2 x 1 cm?) were collected from a single blade—one at
the basal meristem, roughly 2 cm from where the blade
connects to the stipe, to capture recently produced tissue
(~ 24 to 48 h old) and another near the apical end of the
blade tip to sample older tissue (weeks to months old).
Samples were collected from different kelp individuals at
each date. The 12 imaged samples from Tatoosh Island
include samples from 8 kelp individuals: 4 pairs (n = 8
samples) from both the base (near the meristematic tis-
sue) and the tip (older tissue) of the same kelp frond over
the time series, and an additional 4 samples from the tip
of different kelp blades in June and July (Additional file 2:
Table S1). Total blade length and linear blade growth
rates were measured to approximate the age of tissues
sampled [10]. Kelp blade tissue samples were also col-
lected from Squaxin Island, in the Southern Puget Sound
(47° 10’ 38.7" N 122° 54/ 42.2" W) on 21 June 2017. At
this site, kelp tissue samples were collected from the mid-
dle of the kelp blade, and samples from 3 individuals were
selected for imaging. Kelp blade tissues for CLASI-FISH
and 16S rRNA gene sequencing were collected together
from adjacent locations on the kelp blade. Samples col-
lected for CLASI-FISH were preserved in 95% ethanol
and stored at — 20 °C, while samples for 16S rRNA gene
sequencing had no preservatives and were temporar-
ily frozen at — 20 °C until they were shipped to — 80°C.
DNA for 16S rRNA gene sequencing was extracted from
whole kelp tissues; details of DNA extraction, 16S rRNA
gene sequencing, and sequence analysis are contained
in Weigel and Pfister [10]. Sequence quality control and
processing included chimera detection and removal,
sequence error elimination, singleton exclusion, sequence
trimming, removal of chloroplast and mitochondrial
reads, and generation of amplicon sequence variants
(ASVs) [10]. The relative abundance barplot (Fig. 1) was
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generated with unrarefied 16S sequence data due to low
bacterial read counts in samples from the base of the kelp
blade; bacterial read counts per sample after sequence
quality control are listed in Additional file 2: Table S1.

CLASI-FISH probe set design and validation
To investigate the spatial organization of the kelp micro-
biota we developed a probe set for CLASI-FISH (com-
binatorial labeling and spectral imaging—fluorescence
in situ hybridization) including 7 oligonucleotide probes
to enable simultaneous identification and imaging of the
major bacterial groups. For comprehensive coverage of
bacteria, we used the probes Eub338-1, II, and III [22, 23]
using one fluorophore for probe Eub338-I and a differ-
ent fluorophore to label both Eub338-II and Eub338-I1I,
to differentiate the Verrucomicrobia and Planctomycetes
from the rest of the Bacteria. For greater taxonomic res-
olution within the bacteria identified by Eub338-I, the
probe set contained probes specific for the major groups
comprising the N. [uetkeana microbiota: Bacteroidetes,
Alphaproteobacteria, and Gammaproteobacteria. For
added taxonomic resolution within Gammaproteobac-
teria, we designed two new probes targeting the most
abundant genus, Granulosicoccus. Thus, the probe set
targeted nested levels of taxonomic identification, with
cells identified by combinations of one, two, or three fluo-
rophores. Probes used in this study are listed in Table 1.
Probes for the genus Granulosicoccus were designed
based on prior amplicon sequencing results. An align-
ment of the most abundant amplicon sequence variants
(ASVs) from all taxa in the community, plus all the Gran-
ulosicoccus ASVs, was performed using Geneious 11.1.3.
The alignment was reviewed manually to look for can-
didate regions for probe design. We selected candidate
probes which were a perfect match to most or all Granu-
losicoccus sequences and which had at least two strong
mismatches to all other taxa. Predicted hybridization effi-
ciency on target and non-target taxa was then evaluated
using mathFISH [69], a tool for thermodynamic mod-
eling of hybridization efficiency of RNA-targeted probes,
and probe target position and length were adjusted to
maximize the predicted specificity of hybridization.
Based on these results, two probes were designed which
we used interchangeably: Gran670 (5-CACCGCTAC
ACCCGGAATTCCGC-3') and Gran737 (5-TCAGCG
TCAGTATTGTTCCAGA-3'). We tested probe specific-
ity by applying the set of 7 probes (Eub338-I, Eub338-
II, Eub338-1II, Alf968, Gam42a, Bac1058, and Gran670
or Gran737) to 5 pure cultures and imaged the cultures
under the same conditions as kelp samples. Each probe
hybridized with its target taxa (positive control) and only
faint hybridization was observed with nontarget taxa
(negative control, Additional file 7: Fig. S6).
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Bacterial strains and growth conditions

Granulosicoccus coccoides DSM 25245 and G. antarcticus
DSM 24912 were cultured in Bacto Marine Broth media
(DIFCO 2216) (pH 7.5 and 7 for G. coccoides and G. ant-
arcticus, respectively). Cultures were incubated with agi-
tation (180 rpm) at 25 °C or 21 °C for 2 (G. coccoides) or
7 days (G. antarcticus). Cells were fixed with 2% PFA on
ice for 90 min, washed, transferred to 50% ethanol, and
stored at — 20 °C until use.

Embedding and sectioning for imaging

For methacrylate embedding, kelp samples stored in
95% ethanol at — 20 °C were placed in 100% ethanol for
30 min followed by acetone for 1 hour, infiltrated with
Technovit 8100 glycol methacrylate (EMSdiasium.com)
infiltration solution for 3 h (replacing with fresh solu-
tion every hour), followed by a final infiltration over-
night at 4°C. Samples were then transferred to Technovit
8100 embedding solution and solidified for 12 h at 4 °C.
Blocks were sectioned to 5 pm thickness using a Leica
microtome (RM2145) and sections were applied to Ultra-
stick slides (Thermo Scientific). Sections were stored at
room temperature.

Combinatorial labeling and spectral imaging fluorescence
in situ hybridization

We used two methods to visualize the spatial structure
of the kelp microbiota: whole-mount agarose prepara-
tions and methacrylate sections. When possible, we
used pieces of the same kelp sample for both methods.
For the whole-mount-agarose method, one piece of kelp
was placed on a slide and 50 pl of 1% low-melting-point
agarose was dropped on it and the sample was allowed
to cool on ice for 10 min before the CLASI-FISH proce-
dure. Methacrylate sections were subject to CLASI-FISH
directly on slides.

Hybridization solution [900 mM NaCl, 20 mM Tris, pH
7.5, 0.01% SDS, 20% (vol/vol) formamide, each probe at
a final concentration of 2 pM] was applied to kelp pieces
and incubated at 46 °C for 2 h in a chamber humidified
with 20% (vol/vol) formamide. Whole-mount-agarose
preparations were maintained in horizontal position
and were washed with 100 ul of pre-warmed wash buffer
(215 mM NacCl, 20 mM Tris, pH 7.5, 5mM EDTA) five
times at RT followed by three washes with 500 ul of wash
buffer at 48 °C for 5 min each. The hybridization condi-
tions were the same for methacrylate sections, but wash-
ing was carried out by incubating the slides in 50 ml of
washing buffer for 15 minutes at 48 °C. Samples were
then incubated with wheat germ agglutinin (20 pug ml™?)
conjugated with Alexa Fluor 680 at room temperature for
30 min in the dark. Agarose-coated samples were washed
with 100 pl of sterile cold water three times. Excess
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agarose was cut off with a disinfected razor. Methacrylate
sections were washed by dipping the slide into 50 ml
of ice-cold water to remove excess salt. Samples were
mounted in ProLong Gold antifade reagent (Invitrogen)
with a #1.5 coverslip and cured overnight in the dark at
room temperature before imaging.

Image acquisition and linear unmixing

Spectral images were acquired using a Carl Zeiss LSM
780 confocal microscope with a Plan-Apochromat 40x,
1.4 N.A. oil immersion objective. Images were captured
using simultaneous excitation with 405-, 488-, 561-, and
633-nm laser lines. Linear unmixing was performed
using ZEN Black software (Carl Zeiss) using reference
spectra acquired from cultured cells hybridized with
Eub338-1 probe labeled with one of the 6 fluorophores in
the probe set and imaged as above. Unmixed images were
assembled and false-colored using FIJI software [70].

Cell quantification and spatial analysis of CLASI-FISH
images
Cell quantification was carried out using FIJI soft-
ware [70]. A 3 x 3 median filter was applied to the
images to reduce noise and preserve edges. The images
were then thresholded using the Bernsen method
for the Alphaproteobacteria channel and the IsoData
method for the Granulosicoccus, Bacteroidetes, and
Verrucomicrobia/Planctomycetes channels. In parallel,
a binary mask was generated from the original 16-bit
image using the “Find maxima” function with “segmented
particles” output type. The binary mask was pasted onto
the thresholded image to separate adjacent cells. Occa-
sionally, we observed inconsistent hybridization signal
resulting from cross-reaction of probes with non-target
cells; for example, Alphaproteobacteria cells hybridized
with the Eub338-I probe as expected, but we sometimes
observed a reaction of the Alphaproteobacteria probe
with cells that hybridized not with Eub338-I but with the
Eub338-II and III probes for Verrucomicrobia and Planc-
tomycetes (Additional file 8: Fig. S7). To exclude cells with
such signals from quantification, we removed them from
the segmented images for the relevant channel. As an
additional check, for each segmented cell (or ROI, region
of interest) we assessed its intensity in each probe chan-
nel. We set a threshold to discriminate between ambigu-
ous and conclusive signal: when the mean signal intensity
of the ROI in the channel of the expected taxon was at
least 2x its intensity in any of the other channels, it was
considered conclusively identified. Cell abundance, size,
and density measurements were generated using only
conclusively identified cells.

We used the software daime [28] to analyze the spa-
tial structure of the biofilm from the tip of N. luetkeana
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blades (n = 8 kelp individuals, n = 20 images total). We
imported the segmented images for each probe chan-
nel separately as “tif” files. Image size was 212.55 pum
x 212.55 pm and 2048 x 2048 pixels. For stereological
analysis, we quantified spatial distribution using the 2D
linear dipole algorithm for analysis of single and multiple
populations. Software settings were to use “scan whole
reference space” to a distance of 50 pm, record the corre-
lation at every 0.15 pm, and to classify very small objects
and overlapping regions between different taxa as noise.
Bacteroidetes were excluded from the daime analysis
because most biomass of this taxon in our images con-
sisted of filaments that became flattened onto the sample
during the FISH and mounting procedure, which is not
their original location in the biofilm and would result in
inaccurate conclusions.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540168-022-01235-w.

Additional file 1: Figure S1. Probes for 4 major groups collectively iden-
tify most bacterial cells on kelp samples. (A, D and G) show the signal from
4 group-specific probes (Alphaproteobacteria, Bacteroidetes, Granulosicoc-
cus and Verrucomicrobia + Planctomycetes) each labeled with a different
fluorophore. (B, E, and H): Signal from Eub338-I (green) and Eub338-Il +
Eub338-Ill (blue) collectively identifying most bacteria. (C, F and I): Overlay
shows that most bacteria hybridizing with Eub338 are also identified

by one of the 4 group-specific probes; only a small number of cells are
labeled only with the Eub338-I probe and are otherwise unidentified (red
ovals). Collection date is shown at left. Probe names and target taxon
names (in parentheses) are shown at bottom of each column.

Additional file 2: Table S1. Samples of N. luetkeana kelp used for CLASI-
FISH, their collection date and location, total blade length, estimated
tissue age, total number of 165 rRNA gene sequences from each sample,
number of 16S rRNA gene sequences identified as bacterial, and the
percent of all 16S rRNA gene sequences that were identified as bacterial
rather than host chloroplast. Note that samples from the base of the blade
had a low proportion of bacterial sequences compared to those from the
top of the blade.

Additional file 3: Figure S2. Strategy for sample preparation and orienta-
tion. (A) We used both whole-mounts and embedding and sectioning as
complementary preparation methods on portions of the same samples to
confirm and validate findings on spatial organization of the kelp biofilm.
Pieces of kelp frond, over the course of hybridization and washing steps,
sometimes came apart into their component layers. We found that
coating the tissue with a layer of agarose helped the sample to remain
intact during manipulations. In addition to whole-mount preparations, we
employed an alternative preparation procedure in which the fixed sample
was embedded in methacrylate resin followed by sectioning and FISH.
This procedure minimized distortion and preserved spatial organization
by immobilizing the sample in the resin. It permitted imaging of thin
cross-sections through the kelp blade, with the benefit of providing a
clear view of the biofilm on both surfaces and interior of the blade. (B) In
many whole-mount images the sample is tilted relative to the plane of
imaging, such that the confocal microscope image is an optical section
through the sample at an oblique angle and a single plane of focus
captures both the kelp blade and the overlying microbial community

(Fig. 2C). lllustration not to scale.

Additional file 4: Figure S3. Bacterial abundance on surface of old and
young tissue in N. luetkeana. (A) Cell abundance differed depending on
collection site and portion of the kelp blade sampled. Cell counts per field
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of view (FOV) are shown as boxplots showing all data points as well as
the median (line) and first and third quartiles for each taxon; n = 20 FOV
for Tatoosh base and tip and 16 FOV for Squaxin. Bacterial abundance on
older tissue (tip) is higher compared to young tissue (base) or declining
kelp (Squaxin). Collection site and portion of the kelp blade sampled (Tip;
Base; Mid = middle) are indicated in the x-axis labels. (B) Relative abun-
dance estimated by imaging is comparable to that estimated by 16S rRNA
gene sequencing. Relative abundance based on total cell counts from
individual samples is shown; n = 2 to 9 FOV per sample. Sample numbers
(cf. Table S1) and portion of the kelp blade sampled (T = tip, B = Base,

M = middle) are indicated in the x-axis labels. Collection site is shown

at the bottom. Abundance estimates from imaging and from 165 rRNA
gene sequencing (Fig. 1) were similar despite the different methods and
different scale of sampling: imaging was from fields of view of 0.04 mm?
while DNA extraction for sequencing was from an entire tissue sample of
2cm?[10].

Additional file 5: Figure S4. Bacterial abundance close to and far from
kelp surface. Taxon abundance changes depending on distance from the
kelp surface. All taxa were more abundant near the kelp and diminished
far from the surface; Granulosicoccus made up a larger fraction of the com-
munity near the surface than near the water column. Cell counts were
measured from z-stack images of whole mounts where the sample was
flat enough that most cells in the field of view were a similar distance from
the kelp surface, and where the z-stack was thick enough to clearly dis-
tinguish cells close to and farther from the kelp surface. Two fields of view
from different samples collected on the same day (July 10) satisfied these
criteria. From these z-stacks we selected the plane containing microbes
closest to the kelp surface and the plane 5 to 6 micrometers farther
toward the water column, which was the last plane in which microbes
were abundant. Cells were segmented and identified to taxon and the
abundance of each taxon at each distance (mean and range) is shown.

Additional file 6: Figure S5. Linear dipole analysis quantifies clustering
of major taxa in whole-mount images of the kelp surface. The correlation
function (dark line) and 95% confidence intervals (shaded regions) are
shown. The pair correlation values indicate to what degree the taxa are
positively or negatively correlated at each distance. Values >1 indicate
attraction, <1 indicate repulsion and =1 indicate random distribution. (A)
Each taxon showed significant autocorrelation indicating a tendency of
cells to form single-taxon clusters. Granulosicoccus cells showed maximum
autocorrelation at 1.5 um with a typical cluster size (estimated by the full
width at half maximum) of 1 to 3 um. Verrucomicrobia and Alphaproteo-
bacteria cells each showed maximum autocorrelation at approximately

1 um. (B) Spatial cross-correlation between different taxa was modest.
Peak cross-correlation between Alphaproteobacteria and Verrucomicro-

bia occurred at T um. The slightly elevated cross-correlation between
Granulosicoccus and Alphaproteobacteria and between Granulosicoccus
and Verrucomicrobia at distances under 10 um may reflect the presence of
microbe-free patches in the images, leading to a modest apparent cluster-
ing relative to a random distribution of cells throughout the image. The
mean (solid line) and 95% confidence interval (ribbon) are shown based
on 8 individual kelp with 2 to 3 censuses (fields of view) from each.

Additional file 7: Figure S6. Validation matrix of a set of 7 probes. Each
probe was labeled with a distinct fluorophore except for Eub338-Il and
Eub338-Ill which were both labeled with the fluorophore Dy415. To
validate the probes for specificity, we applied the set of probes to pure
cultures, hybridized and imaged under the same conditions as kelp sam-
ples. Results show that each specific probe hybridized with its expected
target taxa; some cross-reactions are visible (e.g,, Gam42a probe with
Bacteroidetes cells) but are faint relative to hybridization of those same
cells with the probe targeting them (e.g., Bac1058 probe with Bacteroi-
detes cells). Probe name is shown at top of each column. Bacterial culture
names are shown in left column. Target taxon for each probe is shown in
row in the bottom.

Additional file 8: Figure S7. Faint cross-reaction of Alphaproteobacteria
probe. (A, B and C) show hybridization of a kelp sample with Eub338-I
almost-universal, Eub338-Il/1ll Verrucomicrobia-Planctomycetes (hereafter
referred to as simply Verrucomicrobia) and Alf968 Alphaproteobacteria
probes, respectively. (D): Merged image of panels (A) and (B) showing

non-overlapping signals demonstrates that the Eub338-I and Eub338-Il/
Il probes hybridize with different and mutually exclusive target cells. (E)
Merged image of panels (B) and (C) showing that some cells hybridize
with both Eub338-II/1ll and Alf968 probes. (F) Merged image of panels (A),
(B) and (C) showing that some cells hybridize with both Alphaproteobac-
teria and Eub338-1 probes as expected, while others hybridize with both
Alphaproteobacteria and Verrucomicrobia probes suggesting that there

is a slight nonspecific reaction of the Alphaproteobacteria probe with
Verrucomicrobia. Probe names are shown below each panel. Target taxon
name is shown in parentheses.

Additional file 9: Table S2. Each ASV is shown together with its rep-
resentative sequence, taxonomic identification, and distribution across
sequenced samples. This is a subset of the 16S rRNA sequence data from
Weigel and Pfister 2019 [10].
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