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The symbiosis between the diatom Hemiaulus hauckii and the heterocyst-forming
cyanobacterium Richelia intracellularis makes an important contribution to new
production in the world’s oceans, but its study is limited by short-term survival in
the laboratory. In this symbiosis, R. intracellularis fixes atmospheric dinitrogen in the
heterocyst and provides H. hauckii with fixed nitrogen. Here, we conducted an electron
microscopy study of H. hauckii and found that the filaments of the R. intracellularis
symbiont, typically composed of one terminal heterocyst and three or four vegetative
cells, are located in the diatom’s cytoplasm not enclosed by a host membrane. A second
prokaryotic cell was also detected in the cytoplasm of H. hauckii, but observations were
infrequent. The heterocysts of R. intracellularis differ from those of free-living heterocyst-
forming cyanobacteria in that the specific components of the heterocyst envelope seem
to be located in the periplasmic space instead of outside the outer membrane. This
specialized arrangement of the heterocyst envelope and a possible association of the
cyanobacterium with oxygen-respiring mitochondria may be important for protection of
the nitrogen-fixing enzyme, nitrogenase, from photosynthetically produced oxygen. The
cell envelope of the vegetative cells of R. intracellularis contained numerous membrane
vesicles that resemble the outer-inner membrane vesicles of Gram-negative bacteria.
These vesicles can export cytoplasmic material from the bacterial cell and, therefore,
may represent a vehicle for transfer of fixed nitrogen from R. intracellularis to the
diatom’s cytoplasm. The specific morphological features of R. intracellularis described
here, together with its known streamlined genome, likely represent specific adaptations
of this cyanobacterium to an intracellular lifestyle.

Keywords: cyanobacteria, diatom, Hemiaulus hauckii, heterocyst, membrane vesicles, Richelia intracellularis,
symbiosis
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INTRODUCTION

Diatoms (Bacillariophyceae) are a morphologically and
ecologically diverse group of algae that have a cell wall, known as
a “frustule,” that incorporates silica as a main component (Round
et al., 2007). The frustule consists of two halves (valves), the
smaller hypotheca and the larger epitheca, that fit one into the
other and can show radial or bilateral symmetry (Round et al,,
2007). Although diatoms are frequently found as single cells,
some can form chains of cells as in the case of Hemiaulus hauckii
(Pyle et al., 2020). As in other eukaryotes, the ultrastructure of
a diatom cell contains a nucleus, Golgi complex and abundant
mitochondria, but also chloroplasts (Bedoshvili and Likhoshway,
2012). Diatoms are distributed worldwide, and in oceanic
low-nutrient areas diatom-diazotrophic associations proliferate
widely (Mague et al., 1974; Venrick, 1974; Villareal et al., 2012;
Anderson et al., 2018; Pierella Karlusich et al., 2021), making an
important contribution to CO; fixation (primary productivity)
supported by N, fixation (diazotrophy) (Subramaniam et al,
2008; Karl et al., 2012). Some of these associations involve
a filamentous, heterocyst-forming cyanobacterium, Richelia
intracellularis, as the N,-fixing partner (Taylor, 1982; Villareal,
1992).

Cyanobacteria carry out oxygenic photosynthesis, and because
the N,-fixing enzyme, nitrogenase, is sensitive to oxygen, these
organisms usually separate nitrogen fixation from photosynthesis
in either time or space (Flores et al., 2015). In heterocyst-forming
cyanobacteria, N, fixation under oxic conditions is confined
to heterocysts, which are morphologically- and metabolically-
differentiated cells suited for N, fixation (Kumar et al., 2010).
Heterocysts provide the vegetative cells of the filament with
fixed nitrogen, and the vegetative cells provide the heterocysts
with reduced carbon that is needed to fuel N, fixation (Herrero
et al., 2016). Richelia sp. belongs to the order Nostocales and,
similar to young trichomes of Calothrix sp. and Scytonema
sp. (Rippka et al., 1979), forms short filaments with terminal
heterocysts (Villareal, 1991; Foster et al., 2011; Hilton et al.,
2013). Richelia intracellularis can be found associated with
diatoms such as Hemiaulus hauckii, H. membranaceus and
Rhizosolenia clevei. In the latter, the cyanobacterium is found
in a “periplasmic” location, i.e., situated between the diatom’s
cytoplasmic membrane and frustule (Villareal, 1990; Janson et al.,
1995), whereas in H. hauckii the cyanobacterium appears to be
located in the cytoplasm (Caputo et al., 2019). The draft genomes
of Richelia symbionts of H. hauckii and R. clevei differ, where the
internal Richelia genome is far reduced containing incomplete
sequences and lacking, for example, several N assimilatory
pathways (Hilton et al., 2013; Nieves-Morién et al., 2020).
Intracellular bacteria in eukaryotic cells can be found surrounded
by a membrane of the host (as in a membrane-bound vacuole)
or residing directly in the cytoplasm (Salje, 2021), but how
integrated the R. intracellularis is to the cytoplasm of H. hauckii
is unknown.

The cyanobacteria have a Gram stain-negative type of cell
envelope in which a cytoplasmic membrane, a peptidoglycan
layer and an outer membrane can be discerned (Hahn and
Schleiff, 2014). The heterocysts of free-living heterocyst-forming
cyanobacteria, including the model strain Anabaena sp. PCC

7120 (hereafter Anabaena), bear outside of the outer membrane
an extra envelope that is composed of an inner laminated
glycolipid layer (Hgl) and an outer homogeneous polysaccharide
layer (Hep) (Lang and Fay, 1971; Nierzwicki-Bauer et al., 1984;
Adams and Duggan, 1999; Flores et al.,, 2006). The Hgl layer
appears to restrict oxygen diffusion into the heterocyst whereas
the Hep layer seems to protect the Hgl layer from dispersal
into the medium (Xu et al., 2008; Nicolaisen et al., 2009).
Interestingly, Hemiaulus-associated Richelia produce distinct
glycolipids that contain ribose instead of the hexose and longer
aglycone moieties than those found in free-living heterocyst-
forming cyanobacteria (Schouten et al., 2013; Bale et al,, 2015).
In the heterocysts of Anabaena sp., the intracellular membranes
characteristic of cyanobacteria (the thylakoids that carry out
photosynthesis) are concentrated close to the heterocyst poles,
where they form a “honeycomb’-like structure (Lang and Fay,
1971). Terminal respiratory oxidases, which can consume oxygen
that enters the heterocyst through the heterocyst-vegetative cell
junctions, appear to be located at these honeycomb membranes
(Murry et al, 1981; Valladares et al., 2007; Torrado et al,
2019). Heterocysts can be found intercalary or terminally in
the Anabaena filaments. At the heterocyst pole next to a
vegetative cell, the heterocyst presents a narrowing that forms
the so called “heterocyst neck” (Flores and Herrero, 2010).
Cyanophycin, a nitrogen reservoir composed of aspartate and
arginine, accumulates within the heterocyst neck and next to it
(Sherman et al., 2000).

In this work, we present an electron microscopic study
of H. hauckii with an emphasis on its endosymbiont,
R. intracellularis. We show that R. intracellularis resides
directly in the cytoplasm of the diatom. Additionally, a
second prokaryotic organism, which was less frequently
observed, appeared also integrated in the H. hauckii cytoplasm.
The cell envelope of R. intracellularis contains numerous
membrane vesicles and shows a close association to the
diatom hosts mitochondria. We also found that heterocyst
morphology is different in R. intracellularis than in free-living
heterocyst-forming cyanobacteria.

MATERIALS AND METHODS

This study was performed with symbiotic Hemiaulus hauckii cells
grown from samples collected with net tows in the channel at Port
Aransas, Texas, Gulf of Mexico in Fall 2012. Late exponential
phase, dense cultures were prepared using an artificial seawater
medium as described in Pyle et al. (2020). Cultures were grown
at 25°C on a 12-h light:12-h dark cycle. From these cultures,
individual short chains of diatom cells containing symbionts were
isolated by micropipette under a stereomicroscope and pelleted
or attached to a fluorocarbon substrate (ACLAR) with poly-L-Lys
for subsequent processing.

For electron microscopy, cells were initially fixed overnight
at room temperature, in a mixture of EM-grade aldehyde
fixatives: 4% glutaraldehyde and 2% formaldehyde in 0.1 M
cacodylate buffer at pH 7.4 with 35 mg/mL Instant Ocean.
After rinses in buffer with decreasing salinity, the cells were
fixed in reduced osmium (a mixture of 2% osmium tetroxide
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and 2% potassium ferrocyanide in 0.1 M cacodylate buffer, pH
7.4). Before additional processing, the cell preparations were
dehydrated in an ethanol series, in which 2% uranyl acetate
was incorporated in the 70% ethanol step. From this point
there were two paths: (i) cells for scanning electron microscopy
(SEM) were dehydrated with critical point drying (CPD) and
then coated with 15 nm of platinum-palladium and imaged with
a Zeiss Supra 40VP SEM; (ii) cells for transmission electron
microscopy (TEM) were embedded in Epon Hard 812 (Electron
Microscopy Sciences)', from which 70-nm sections were picked
up on Formvar-coated grids and imaged with a Tecnai T12 TEM,
operated at 80 kV.

Measurements of cell characters were made in Image]
(Schneider et al., 2012). Briefly, select images were imported into
Image], the embedded scale bar from the micrograph was used
to calibrate the scale using the line tool, and three consecutive
linear measurements were made for the following cell characters:
heterocyst and vegetative cell dimensions (circular cross-section
and cell length), frustule and spine dimensions (diameter and
length), and distance between cells for a chain of H. hauckii.
The average and standard deviation of the three measurements
is reported. Additionally, the numbers of chloroplasts per
H. hauckii were also enumerated when cross sectioning allowed
full visualization.

The search for specific genes in the genome sequence of
R. intracellularis strain HHO1 (available at https://img.jgi.doe.
gov/cgi-bin/m/main.cgi) was performed by BLASTp analysis
(Altschul et al., 1997) using proteins from Anabaena sp. strain
PCC 7120 as queries.

RESULTS

Chains of Hemiaulus hauckii Cells

A sample of H. hauckii visualized by scanning electron
microscopy (SEM) showed chains of diatom cells (Figure 1).
In these chains, the cells are joined by elevations with
terminal spines (Hasle and Syvertsen, 1996) of the frustule;
the length (15.6 £ 3.7 wm) and width (1.35 £ 0.3 pm) of
the elevations varied nearly two-fold in combined observations
(Figure 1 and Table 1). The distance between the cells varied
from 5 to 12.5 pm. The cells in this sample were about
20 pm wide and 44-82 pm long (Table 1). The longest cells
as viewed by scanning microscopy can indeed be frustules
containing two cells, each of which contains a endosymbiotic
cyanobacterium, R. intracellularis (Figure 1B). The frustule was
observed to contain one large pore on its surface (Figure 1A,
inset and Supplementary Figures 1A,B; pore width, about
200 nm) and numerous small pores in its internal face
(Supplementary Figures 1C,D). Diatoms possess different types
of pores with complex structures and function, including the
labiate process and pores that can allow nutrient and waste
diffusion through the frustules (Medlin et al., 1986; De Tommasi
etal., 2017).

Uhttps://www.emsdiasum.com

FIGURE 1 | Chains of Hemiaulus hauckii cells. (A) Scanning electron
micrograph of a chain of cells that are joined by thin parallel extensions
(elevations) of the frustule. Inset, magnified view of elevations; the circle
highlights the possible external opening of the labiate process. (B) Overlay of
light and epifluorescence micrographs (excitation filter at 490 nm; emission,
565 nm) of part of a chain of H. hauckii cells (water mount) illustrating that the
longer frustules in panel A can contain two diatom cells each including
endosymbiotic Richelia intracellularis (filaments of cells with yellow-orange
fluorescence).

Hemiaulus hauckii Cellular Structures

Samples of H. hauckii were prepared for transmission electron
microscopy (TEM). Longitudinal (Figures 2A,B) and transverse
(Figures 2C,D) sections of single diatom cells or pairs of
cells were frequently observed. As expected, the diatoms
were surrounded by their frustule, and in some micrographs
internal structures such as the nucleus (including the nucleolus),
mitochondria, Golgi bodies, and numerous chloroplasts or
chloroplast lobes (8 & 2 per H. hauckii, n = 20; Figure 2C and
Supplementary Figure 2) were evident. A developing valve can
be observed in the lower-left part of the diatom cell in Figure 2D,
indicating that it is a cell in the process of division. Magnification
of an area including the internal valve showed that it is within
a membrane vesicle (Supplementary Figures 3A,B), suggesting
that it is indeed a recently synthesized valve that is still within
the silicalemma or silica-deposition vesicle (Crawford, 1981;
Hildebrand et al., 2018). A magnified view of an area including
chloroplasts showed the presence of plastoglobules (lipid
droplets) in one of them (Supplementary Figure 2B). Other
than the diatom structures, cyanobacterial cells or filaments
were observed in most diatom cells (e.g., Figures 2A,C,D and
Supplementary Figure 2A), and we did not generally notice the
presence of other bacterial endosymbionts (see, however, below).

Richelia intracellularis Resides in the
Hemiaulus hauckii Cytoplasm

We next focused on the cyanobacteria that could be observed
within the diatom cells. As shown in Figure 1B, H. hauckii
contains filaments of the heterocyst-forming cyanobacterium
R. intracellularis. Depending on the orientation of the specimen,
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TABLE 1 | Summary of cell measurements from scanning electron microscopy (SEM) and transmission electron microscopy (TEM) micrographs of Hemiaulus

hauckii-Richelia intracellularis symbioses.

Cell character Number of observations Average diameter + SD Average length + SD
(min-max), pm (min-max), pm
Hemiaulus hauckii frustule 8 20.6 £0.98 62.3+16.4
(19.1-21.8) (44.2-82.1)
Cell—cell linking elevation 6 1.35+£0.3 15.6 £ 3.7
(0.92-1.7) (12.7-22.7)
Richelia heterocyst 8 3.97 £0.74 3.42 £ 0.91
(2.65-4.90) (2.36-4.82)
Richelia vegetative cells 69 2.62 £0.85 2.13+0.87
(0.67-4.41) (0.42-3.95)
Full Richelia filaments 6
Vegetative cell 1 1.96 £+ 0.26 244 +0.4
(1.53-2.21) (1.99-3.0)
Vegetative cell 2 1.67 £0.27 221 +£0.36
(1.35-1.97) (1.82-2.75)
Vegetative cell 3 1.62 +£ 0.50 2.06 +0.58
(0.78-2.07) (1.26-3.03)
Vegetative cell 4 1.55 +£0.59 1.63 £ 0.54
(0.69-2.38) (0.92-2.29)

Full Richelia filaments defined as four vegetative cells and one terminal heterocyst; cell 1-4, closer to farther to/from the heterocyst. SD, standard deviation.

FIGURE 2 | Transmission electron micrographs of H. hauckii. Longitudinal sections of a single cell (A) or of a pair of cells (B) and transverse sections of single cells
(C,D) can be observed. Filaments of R. intracellularis (Rint) can be seen in panels (A,D) (Het, heterocyst), and a transverse section of a cyanobacterial cell (CB) can
be seen in (C) (this cell is likely a vegetative cell of a R. intracellularis filament). Additionally, some diatom structures are evident: frustules (f) can be seen as the
outermost layers in the cells of the four micrographs, a developing valve can be seen in the lower left part of the cell in panel (D) (dv), and the nucleus (N), including
the nucleolus (nu), and several chloroplast lobes (Ch) are evident in the diatom cell in panel (C).
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FIGURE 3 | Transmission electron micrograph of a H. hauckii cell.

(A) Transverse section of the diatom containing two cyanobacterial cells (CB)
also mainly in transverse section; f, diatom frustule. (B) Magnified view of the
diatom cytoplasm and part of the cyanobacterium indicated by the dotted
square in panel (A). Note components of the cyanobacterial cell envelope:
CM, cytoplasmic membrane; PG, peptidoglycan layer; OM, outer membrane.
Note also the mitochondrion (Mit) close to the cyanobacterial cell.

transverse sections of cyanobacterial cells (Figure 3A) or
longitudinal sections of cyanobacterial filaments (Figure 4A)
could be observed. The cyanobacterial filament CB 1 in Figure 3A
is somewhat tilted so that a transverse section shows a whole cell
and a fragment of its adjacent cell. Twenty-eight H. hauckii cells
were imaged containing one to three filaments of R. intracellularis
per diatom cell (1.3 £ 0.6 [mean =+ SD]). In total, 34

R. intracellularis filaments were measured for cell dimensions of
the heterocyst and vegetative cells. Considering the dimensions
summarized in Table 1, the heterocysts were about 2.5- to 3-fold
larger in volume than an average vegetative cell. The number of
vegetative cells per filament was 1.9 £ 1.2 (mean % SD), which,
considering that sectioning of tilted filaments may hide some of
the cells in the TEM, is consistent with earlier reports of 3.5 cells
per filament found by fluorescence microscopy (Caputo et al.,
2019; Tuo et al,, 2021). In the filaments containing three or four
vegetative cells, tapering of the filament was evident as the size
of the cells decreased along the filament, with the smallest cell
being located farthest from the terminal heterocyst (Figure 4A
and Table 1). Because filaments could be somewhat tilted in the
sectioning plane, tapering observed by TEM should be taken with
caution; however, this observation is consistent with tapering
of the R. intracellularis filaments visualized by fluorescence
microscopy (Hilton et al., 2013; Pierella Karlusich et al., 2021).
Taking as reference a filament of R. intracellularis made of
one heterocyst and four vegetative cells (see cell dimensions
in Table 1) and a standard H. hauckii cell as viewed by TEM
(see Figure 2: length ca. 25-30 wm, diameter ca. 15-20 pum;
considered as a cylinder to simplify calculations), we estimate that
one cyanobacterial filament occupies about 1% of the volume of
the host diatom.

The cyanobacterial cell envelope, comprising the cytoplasmic
membrane, peptidoglycan layer and outer membrane, was very
well defined in many images (e.g., Figure 3B). Additionally,
thylakoids (photosynthetic intracellular membranes) were
generally observed, and carboxysomes (CO,-fixing structures)
were clearly observed in some images (e.g., Figure 4B).
Abundant glycogen granules were observed only in few images
(Supplementary Figure 4), indicating that the corresponding
H. hauckii-R. intracellulais cells were in a different physiological
state than the other cells that were visualized that lacked such
a large number of glycogen granules. In contrast, no evidence
was found for the presence of gas vesicles, which are common in
other oceanic filamentous cyanobacteria (Hynes et al., 2012).

Independently of the section, mitochondria were frequently
observed close to the cyanobacterium (Figures 3B, 4B-D),
more frequently associated with the vegetative cells than
with heterocysts and sometimes accommodated nearby the
cyanobacterial filament in the zone of the intercellular septa
(Figure 4C). In some instances, the mitochondria were tightly
associated to the cyanobacterial outer membrane (Figure 4D
and see Supplementary Figure 6 below). In spite of an excellent
definition of membranes, no membrane was observed in any
case surrounding a cyanobacterial cell outside of the outer
membrane or between the outer membrane and a nearby
mitochondrion. These observations strongly support the idea
that R. intracellularis resides directly in the cytoplasm of
H. hauckii.

Richelia intracellularis Envelope Vesicles

A distinct feature observed in the vegetative cells of
R. intracellularis was the presence of vesicles in their periplasmic
space (Figure 5 and see also Supplementary Figure 5).
These structures are about 40-60 nm in diameter, and their
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FIGURE 4 | Transmission electron micrograph of mitochondria and R. intracellularis in the cytoplasm of H. hauckii. (A) Longitudinal section of a R. intracellularis
filament (Rint) composed of one terminal heterocyst (Het) and four vegetative cells (Vgt). The cyanobacterial filament is located within a diatom cell; f, frustule.

(B) Transverse section of a cyanobacterial cell with mitochondria (Mit) next to the outer membrane (OM). Note also the presence of carboxysomes (Cbs) and
thylakoids (intracellular membranes) in the cyanobacterium. (C) Magnified view of a section of the filament from panel (A) containing vegetative cells and
mitochondria (Mit) nearby; OM, outer membrane. (D) Transverse section of a R. intracellularis cell showing nearby mitochondria (some indicated by numbers, 1-3).
Note that mitochondria 1 and 2 are tightly associated to the outer membrane of the cyanobacterium, whereas mitochondrion 3 is not bound to the cyanobacterium.

vesicular nature is evident as they appear to be composed of
a closed bilayer. Their localization in the periplasm suggests
that these vesicles originate from the cytoplasmic membrane.
These vesicles are mainly found outside of the peptidoglycan
layer and within partial evaginations of the outer membrane.
Outside of the outer membrane, some double vesicles about
100 nm x 150 nm (eVs) or 115 nm in diameter (eVs*) that
consist of one or two vesicles surrounded by a membrane were
observed (Figure 5). These double vesicles may represent vesicles
that have been extruded from the cyanobacterium surrounded
by outer membrane. Finally, some small vesicles observed
in the diatom’s cytoplasm close to the cyanobacterium (rVs)
might correspond to released periplasmic vesicles (Figure 5 and
Supplementary Figure 5). If this were the case, released vesicles
with one membrane (rVs) could represent extruded vesicles that
shed the outer membrane layer.

Distinct Heterocyst Morphology
In the Richelia filaments shown in Figures 2A, 4A, the
heterocysts present a cell envelope that is thinner than that

usually observed in free-living heterocyst-forming cyanobacteria
such as Anabaena, about 100 nm wide in R. intracellularis
vs. 250-600 nm wide in Anabaena (see, e.g., Flores et al,
2019). In contrast, the envelope of the vegetative cells is
about 50 nm wide in both R. intracellularis (Figures 3B, 5)
and Anabaena (Wilk et al., 2011). The blank space around
a heterocyst, as seen in Figure 4A, is a frequent artifact
that, in the heterocysts of Anabaena, results from separation
of the Hgl layer from the outer membrane during sample
preparation (see, e.g., Flores and Herrero, 2010; Flores et al.,
2019). Other examples of heterocysts that show a relatively
thin, but well labeled envelope, are shown in Figures 6A,C. On
the other hand, in contrast to Anabaena heterocysts in which
intracellular membranes tend to concentrate at the cell poles
forming the honeycomb structure next to the heterocyst neck
(see, e.g., Flores and Herrero, 2010; Flores et al, 2019), the
Richelia heterocysts frequently showed intracellular membranes
throughout (Figures 4A, 6C). Nonetheless, the heterocyst in
Figure 6A partially shows a honeycomb structure as well as
a cyanophycin granule, typically found nearby the heterocyst
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Diatom cytoplasm

rvs

eVs*

FIGURE 5 | Transmission electron micrographs of sections of a vegetative cell of R. intracellularis endosymbiotic in H. hauckii showing numerous cell
envelope-related vesicles. Periplasmic vesicles mainly located in outer membrane evaginations (Vs) and possible recently released vesicles (rVs) can be observed.
Two closely located vesicles (2Vs) could be externalized together giving rise to an extruded vesicle such as that shown with two internal vesicles (eVs*). Two
mitochondria nearby the cyanobacterial outer membrane (OM) are also indicated (Mit). In the lower-right micrograph, a possible extruded vesicle containing one

internal vesicle is observed (eVs).

Cyanobacterium

neck. Likely because R. intracellularis occupies a small volume,
a clear honeycomb structure and heterocyst neck, including
the cyanophycin granule, were observed only in one specimen
(Figure 7). This observation indicates the presence of these
structures in the heterocysts of R. intracellularis.

In R intracellularis, the outer —membrane is
continuous between vegetative cells (Figure 4C and
Supplementary Figures 6A,B) and between the heterocyst
and its adjacent vegetative cell (Figures 6A, 7 and
Supplementary Figure 7A), as is usual in heterocyst-forming
cyanobacteria (Flores et al., 2006, 2016; Wilk et al., 2011). As
observed in different samples, the R. intracellularis heterocyst
envelope contains five layers including the cytoplasmic and outer
membranes. Importantly, the continuity of the outer membrane
with that of the adjacent vegetative cell shows that the outer
membrane is the outer-most layer of the heterocyst envelope
in R. intracellularis. In addition to the peptidoglycan layer, two
additional layers of unknown composition can be discerned next
to the cytoplasmic membrane (more clearly seen in Figure 6D
than in Figure 6B and see also Supplementary Figures 7B,D).
Because the staining procedure used was based on reduced
osmium tetroxide (see “Materials and Methods”), which labels
lipids efficiently (Tapia et al., 2012), we hypothesize that the
sharply labeled layer contains lipids and, therefore, could

constitute the heterocyst glycolipid layer (tentatively marked
as Hgl in Figure 6 and Supplementary Figure 7). The layer
next to, inside the outer membrane, could constitute the
heterocyst polysaccharide layer (tentatively marked as Hep in
Figure 6 and Supplementary Figure 7). Thus, in contrast to
the envelope of the heterocysts of free-living heterocyst-forming
cyanobacteria, the heterocysts of R. intracellularis lack an
extra envelope outside of the outer membrane. Instead, the
components of the heterocyst-specific envelope seem to be
located in the periplasmic space, although this hypothesis will
need corroboration.

Possible Third Partner in the Hemiaulus
hauckii Symbiosis

In one H. hauckii cell, a second possible prokaryotic organism
was observed located in the cytoplasm (Figure 8A). It consisted
of a group of cells with different sizes, and the number of cells
that could be seen depended on the sectioning plane. Thus,
two cells are seen in panel A, three in panel B, and five in
panel C (Figure 8; see full series of images of this specimen in
Supplementary Figure 8). The whole group of cells is remarkably
small, about 1.8-pm wide. Assuming a spherical form, this group
of cells is estimated to represent only about 0.03% of the host cell
volume. The ultrastructure of this organism (Figure 8) resembles
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FIGURE 6 | Transmission electron micrographs of R. intracellularis heterocysts and details of the heterocyst envelope. (A) Magnified view of the left-hand heterocyst
(Het) in Figure 2A. Note the outer membrane (OM), which is continuous with that of the adjacent vegetative cell, and the presence of a possible cyanophycin granule
(CG); the relative accumulation of membranes close to the CG resembles the heterocyst honeycomb structure. (B) Magnified view of part of the envelope from the
heterocyst shown in panel (A) (dotted square). Note the presence of cytoplasmic membrane (CM) and outer membrane (OM). Three additional layers tentatively
identified as peptidoglycan layer (PG), glycolipid layer (Hgl) and polysaccharide layer (Hep) are shown. (C) Part of a diatom cell in which a heterocyst (Het) and part of
an adjacent vegetative cell (Vgt) can be observed. Note the presence of nearby mitochondria (Mit). (D) Magnified view of part of the envelope from the heterocyst
shown in panel (C) (dotted square). Heterocyst envelope layers tentatively identified as cytoplasmic membrane (CM), peptidoglycan layer (PG), glycolipid layer (Hgl),
polysaccharide layer (Hep) and outer membrane (OM) are indicated. Note that the putative glycolipid layer is thinner in this image than in that shown panels (A,B).

that of cyanobacteria of the genus Chroococcidiopsis, which
reproduce by both binary and multiple fission producing cells of
different sizes (Waterbury and Stanier, 1978; Billi et al., 2001).
Three envelope layers could be discerned (Figure 8B), suggesting
a Gram-negative type of cell envelope. This is consistent with
the possibility that this is a cyanobacterium in which an outer
membrane (layer L3; Figure 8B) is shared by all the cells
in the group. Unlike cyanobacteria, however, this organism
contains, instead of typical thylakoids, cytoplasmic vesicles that
are about 50 nm in diameter and resemble the chromatophores of
photosynthetic bacteria such as Rhodobacter sphaeroides (Noble
et al., 2018). As in the case on R. intracellularis, a mitochondrion
is observed tightly associated to the outer membrane of this
second cytoplasmic organism (Figure 8C). Additionally, some
vesicles are observed in the periplasmic space and outside of the
cell group (Figure 8B), resembling the vesicles described earlier
for R. intracellularis.

DISCUSSION

In this work, we have shown that in the Hemiaulus hauckii-
Richelia intracellularis symbiosis, the endosymbiont retains
the Gram-negative type of cell envelope characteristic of
cyanobacteria and resides directly in the cytoplasm of the diatom
(Figure 9). Hemiaulus hauckii can also host a second prokaryotic
organism in its cytoplasm that shows some resemblance to
cyanobacteria of the genus Chroococcidiopsis. Because of its small
estimated size and the nature of TEM, these other cells could
have been largely undetected in our samples, which unfortunately
makes estimating the frequency of its presence difficult. Thus, we
do not know whether these observations represent an occasional
associate of H. hauckii (e.g., a pathogen) or an established
third partner in the symbiosis. Interestingly, visualization
by epifluorescence microscopy has shown the presence of a
possible second non-filamentous cyanobacterial endosymbiont
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in H. hauckii collected from the same location as the cells
presented here (see small fluorescence spot apart from the
fluorescent Richelia filaments in Figure 1B of Hilton et al., 2013)
as well as from a different location (Supplementary Figure 9).
To the best of our knowledge, these observations represent the
first report of a possible additional partner in these globally
distributed symbioses, and thus warrant further investigation.

The location of R. intracellularis in the cytoplasm of H. hauckii
should influence the mechanism(s) of molecular exchange
between the two partners. The cyanobacterium fixes CO;
and N, (Foster et al., 2021), and it has to obtain nutrients
necessary for its growth from the diatom’s cytoplasm. A recent
review of membrane transporters encoded in the genome of
R. intracellularis HHO1, an endosymbiont of a H. hauckii that
was isolated from the same location as the H. hauckii studied
here (Hilton et al., 2013), has identified a number of putative
transporters for sugars, amino acids, sulfur, phosphorus, metals
and vitamins that can support the growth of the cyanobacterium
(Nieves-Morion et al., 2020). Richelia intracellularis provides
H. hauckii with fixed nitrogen (Foster et al., 2011), and therefore
mechanism(s) for molecular transfer (in particular, of fixed
nitrogen) from the cyanobacterium to the diatom must also exist.
However, possible membrane exporters encoded in the genome
of R. intracellularis HHO1 were not as evident or numerous as
membrane importers (Nieves-Morion et al.,, 2020), suggesting
the need for another strategy of metabolite export. Here, we
have shown that R. intracellularis produces cell envelope vesicles,
readily observed in the periplasm of vegetative cells before
being presumably externalized surrounded by a fragment of
the outer membrane. These vesicles resemble the outer-inner
membrane vesicles of Gram-negative bacteria which can carry
cytoplasmic material (Gill et al., 2019; Toyofuku et al., 2019).
We hypothesize that the membrane vesicles surrounding Richelia
can contribute to the transfer of nutrients (especially fixed
nitrogen) from the cyanobacterium to its host. Interestingly,
membrane vesicles have been observed in the proximity of
the periplasmic symbiont of the diatom Rhizosolenia clevei
(Janson et al., 1995) and a cyanobacterial symbiont in a lichen
(Peveling, 1973). Membrane vesicles have also been suggested to
be involved in export of cytoplasmic material from Anabaena
cells to the growth medium (Oliveira et al., 2015). Outer-inner
membrane vesicles can also carry macromolecules including
nucleic acids (Gill et al., 2019), and membrane vesicles containing
DNA have been observed in the cyanobacterial symbiont of
the fern Azolla (Zheng et al., 2009). The size of the genome
of R. intracellularis HHO1 is about 3.24 Mbp, much smaller
than the genome size of most free-living heterocyst-forming
cyanobacteria, which is about 7-9 Mbp (Hilton et al,, 2013). If
some cyanobacterial genes have been transferred to the diatom
nucleus, as has happened in the development of endosymbiont-
derived organelles (Bock, 2017), the membrane vesicles could
represent a vehicle for gene transfer.

N, fixation is very sensitive to oxygen, and in R. intracellularis
the N fixation machinery is likely exposed not only to ambient
oxygen but also to oxygen produced photosynthetically by both
its vegetative cells and host diatom. Here we have observed the
presence of numerous mitochondria nearby the cyanobacteria

Heterocyst

FIGURE 7 | Transmission electron micrograph of the vegetative
cell-heterocyst junction in a R. intracellularis filament endosymbiotic in

H. hauckii. Note the honeycomb membrane structure (HC), the heterocyst
neck, the continuous outer membrane (OM) and the cyanophycin granule
(CQ).

in the diatom’s cytoplasm. Although this might reflect the
presence of a high number of mitochondria in the diatom,
mitochondria frequently appeared to be tightly associated to the
outer membrane of the cyanobacterium, revealing a possible
specific relation. It is possible that the mitochondria contribute to
decreasing the level of intracellular oxygen in the vicinity of the
cyanobacterium. Whether the endosymbiont could additionally
interact with the host mitochondria as has been shown for some
endosymbiotic algae (Song et al., 2017; Uwizeye et al., 2021) and
for the tick bacterial symbiont Midichloria mitochondrii (Stavru
et al., 2020), or alter the metabolism of the mitochondria as has
been described for pathogenic bacteria that target the organelles
of eukaryotic cells (Escoll et al., 2016), is unknown.
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and outside of L3 (eVs in panel B).

FIGURE 8 | Transmission electron micrographs of a third partner in H. hauckii. (A) Diatom cell showing R. intracellularis filaments (Rint), a heterocyst (Het) and an
unidentified additional cytoplasmic partner (tentatively denoted endosymbiont, ES) with two cells (C1, C2); f, frustule. As observed in other sectioning planes, the
heterocyst (Het) belongs to the filament indicated by a double arrow. (B,C) Magnified view of the second endosymbiont as observed in different sectioning planes. In
panel (B), the presence of three cells (C1-C3) and three possible envelope layers (L1-L3) are indicated. In panel (C), the presence of five differently-sized cells
(C1-C5) and of a mitochondrion adjacent to layer L3 are indicated. Note the presence of vesicles inside the cells, as well as in the periplasmic space (Vs in panel B)

Frustule

\

FIGURE 9 | Scheme of a symbiotic Hemiaulus hauckii cell. Two endosymbiotic filaments of Richelia intracellularis composed of one terminal heterocyst (Het) and
three vegetative cells (Vgt) are represented, with emphasis in the distinction between cytoplasmic (inner) and outer membranes. The black line between these
membranes in the heterocyst represents heterocyst-specific components of the cell wall that in Richelia intracellularis are periplasmic. Thin horizontal lines between
cells represent the septal junctions that mediate intercellular molecular exchange in the cyanobacterial filament. Small green dots represent membrane vesicles (Vs),
which may mediate transfer of cytoplasmic material from the cyanobacterium to the diatom. Internal structures of the cyanobacterial cells are not depicted.
Numerous mitochondria (Mit) are present in the cytoplasm of the diatom, and some of them are tightly associated to cyanobacterial cells. A possible second
endosymbiont (ES) with an associated mitochondrion is also depicted. The frustule, a nucleus (N) including a nucleolus (nu), Golgi bodies (G) and numerous
chloroplast lobes (Ch) are also shown for the diatom. Depicted structures are not to scale.

The heterocysts of R. intracellularis lack the extra envelope
deposited outside of the outer membrane that is characteristic
of the heterocysts of free-living heterocyst-forming cyanobacteria
(Lang and Fay, 1971; Flores et al., 2006; Nicolaisen et al.,
2009). Instead, the heterocysts of R. intracellularis appear to
contain specific envelope components in the periplasm, between
the cytoplasmic and outer membranes, making a heterocyst
periplasm that is different from that of the vegetative cells.
Because the genome of R. intracellularis HHO1 contains most
of the genes that are necessary in Anabaena for production
of the Hep and Hgl layers (Supplementary Tables 1, 2),

it is possible that the layers (other than the peptidoglycan
layer) observed in the heterocyst periplasm constitute the
R. intracellularis Hep and Hgl layers. However, the hep and hgl
gene complement of R. intracellularis HHO1 is not identical to
that of Anabaena (Supplementary Tables 1, 2), and therefore
some differences in Hep and Hgl composition may be expected,
as has already been shown for the especial glycolipids produced
by Hemiaulus-associated Richelia (Schouten et al., 2013). If
the extra periplasmic layers observed in the heterocysts of
R. intracellularis are indeed the Hep and Hgl layers of this
cyanobacterium, the genetic basis for deposition of these layers
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in the periplasmic space is still unknown. The role of the Hep
layer protecting the Hgl layer from dispersion in the diluted
external medium in free-living organisms might be unsuitable
for the intracellular location in which R. intracellularis thrives.
Thus, the possible specific arrangement in the periplasmic space
of the heterocyst Hep and Hgl layers may represent an adaptation
to the intracellular lifestyle of R. intracellularis, impacting the
protection of nitrogenase from oxygen.

The membrane vesicles that may be involved in molecular
transfer from R. intracellularis to the cytoplasm of H. hauckii
have been observed only in vegetative cells, raising the question
of why are they missing from heterocysts. Intercellular molecular
exchange in filamentous cyanobacteria takes place through
proteinaceous septal junctions (Flores et al., 2016; Kieninger and
Maldener, 2021). Although the microscopy used in this study
is not optimal to visualize the septal junctions, their presence
could be detected (Supplementary Figure 6C). Intercellular
molecular exchange in the filament of R. intracellularis can
make the vegetative cells a platform for the transfer of fixed
nitrogen to the diatom. This indirect route of transfer of
the nitrogen fixed in the heterocyst to the cytoplasm of the
diatom may be needed because the specialized cell envelope
of the heterocyst may impede the formation and export of
membrane vesicles.

In summary, in the H. hauckii-R. intracellularis symbiosis
the cyanobacterium is not enclosed by a host membrane and
resides directly in the cytoplasm of the diatom. Lack of extra
membranes around the cyanobacterium indicates that this is
not an organelle resulting from serial endosymbiosis. However,
after 50-100 million years since it was established (Caputo
et al,, 2019), the endosymbiont appears to have streamlined its
genome (Hilton et al., 2013) and adapted to an intracellular
lifestyle. Thus, the endosymbiont has developed a specialized
biochemistry exemplified by the presence of specific glycolipids
(Schouten et al., 2013) and the lack of central metabolic enzymes
such as glutamine-oxoglutarate aminotransferase (Hilton et al.,
2013). As shown in this work, the endosymbiont has also
developed specialized structures for an intracellular location such
as a characteristic heterocyst envelope and abundant membrane
vesicles produced by the vegetative cells. The genomic reduction
of the endosymbiont coupled with the direct cytoplasmic
contact indicates a deep integration of host and endosymbiont,

REFERENCES

Adams, D. G., and Duggan, P. S. (1999). Heterocyst and akinete differentiation in
Cyanobacteria. New Phytol. 144, 3-33. doi: 10.1046/j.1469-8137.1999.00505.x

Altschul, S. F., Madden, T. L., Schiffer, A. A., Zhang, ]., Zhang, Z., Miller, W., et al.
(1997). Gapped BLAST and PSI-BLAST: a new generation of protein database
search programs. Nucleic Acids Res. 25, 3389-3402. doi: 10.1093/nar/25.17.
3389

Anderson, E. E., Wilson, C., Knap, A. H., and Villareal, T. A. (2018). Summer
diatom blooms in the eastern North Pacific gyre investigated with a long-
endurance autonomous surface vehicle. Peer] 6:¢5387. doi: 10.7717/peer;j.5387

Bale, N. J., Hopmans, E. C., Zell, C., Sobrinho, R. L., Kim, J.-H., Sinninghe
Damsté, J. S., et al. (2015). Long chain glycolipids with pentose head groups
as biomarkers for marine endosymbiotic heterocystous cyanobacteria. Organic
Geochem. 81, 1-7. doi: 10.1016/j.orggeochem.2015.01.004

suggesting that the host is tightly regulating the physiology of
the endosymbiont.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

TV designed the research. TV and DR performed the research.
EE, MN-M, and RF analyzed the data. EF wrote the manuscript.
TV, DR, MN-M, and RF provided the manuscript revisions.
All authors contributed to the article and approved the
submitted version.

FUNDING

This work in Austin was supported by National Science
Foundation grant numbers OCE 0726726 and OCE 1923667
to TV. Work in Seville and Stockholm was supported by
grant no. 2018-04161 from the Swedish Research Council
(Vetenskapsradet) to RF and EF. RF was additionally funded by
the Knut and Alice Wallenberg Foundation.

ACKNOWLEDGMENTS

We thank Matt P. Ashworth (UTEX, Austin, TX, United States)
for a critical reading of the manuscript. Electron Microscopy
was supported by the Institute for Cellular and Molecular
Biology at UT-Austin.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2022.799362/full#supplementary- material

Bedoshvili, Y. D., and Likhoshway, Y. V. (2012). “The cell ultrastructure of diatoms:
implications for phylogeny?,” in The Transmission Electron Microscope, ed. K.
Maaz (Rijeka: InTech), 147-160. doi: 10.1038/s41598-020-58082-8

Billi, D., Friedmann, E. I, Helm, R. F., and Potts, M. (2001). Gene transfer to
the desiccation-tolerant cyanobacterium Chroococcidiopsis. J. Bacteriol. 183,
2298-2305. doi: 10.1128/JB.183.7.2298-2305.2001

Bock, R. (2017). Witnessing genome evolution: experimental reconstruction of
endosymbiotic and horizontal gene transfer. Annu. Rev. Genet. 51, 1-22. doi:
10.1146/annurev-genet-120215-035329

Caputo, A., Nylander, J. A. A,, and Foster, R. A. (2019). The genetic diversity and
evolution of diatom-diazotroph associations highlights traits favoring symbiont
integration. FEMS Microbiol. Lett. 366:fny297. doi: 10.1093/femsle/fny297

Crawford, R. M. (1981). Valve Formation in diatoms and the fate of the
silicalemma and plasmalemma. Protoplasma 106, 157-166. doi: 10.1007/bf0211
5969

Frontiers in Microbiology | www.frontiersin.org

March 2022 | Volume 13 | Article 799362


https://www.frontiersin.org/articles/10.3389/fmicb.2022.799362/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.799362/full#supplementary-material
https://doi.org/10.1046/j.1469-8137.1999.00505.x
https://doi.org/10.1093/nar/25.17.3389
https://doi.org/10.1093/nar/25.17.3389
https://doi.org/10.7717/peerj.5387
https://doi.org/10.1016/j.orggeochem.2015.01.004
https://doi.org/10.1038/s41598-020-58082-8
https://doi.org/10.1128/JB.183.7.2298-2305.2001
https://doi.org/10.1146/annurev-genet-120215-035329
https://doi.org/10.1146/annurev-genet-120215-035329
https://doi.org/10.1093/femsle/fny297
https://doi.org/10.1007/bf02115969
https://doi.org/10.1007/bf02115969
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Flores et al.

Diatom-Cyanobacterium Nitrogen-Fixing Symbiosis

De Tommasi, E., Gielis, J., and Rogato, A. (2017). Diatom frustule morphogenesis
and function: a multidisciplinary survey. Mar. Genomics 35, 1-18. doi: 10.1016/
j.margen.2017.07.001

Escoll, P., Mondino, S., Rolando, M., and Buchrieser, C. (2016). Targeting of host
organelles by pathogenic bacteria: a sophisticated subversion strategy. Nat. Rev.
Microbiol. 14, 5-19. doi: 10.1038/nrmicro.2015.1

Flores, E., and Herrero, A. (2010). Compartmentalized function through cell
differentiation in filamentous cyanobacteria. Nat. Rev. Microbiol. 8, 39-50. doi:
10.1038/nrmicro2242

Flores, E., Herrero, A., Forchhammer, K., and Maldener, I. (2016). Septal junctions
in filamentous heterocyst-forming cyanobacteria. Trends Microbiol. 24, 79-82.
doi: 10.1016/.tim.2015.11.011

Flores, E., Herrero, A., Wolk, C. P., and Maldener, 1. (2006). Is the periplasm
continuous in filamentous multicellular cyanobacteria? Trends Microbiol. 14,
439-443. doi: 10.1016/.tim.2006.08.007

Flores, E., Lopez-Lozano, A., and Herrero, A. (2015). “Nitrogen fixation in the
oxygenic phototrophic prokaryotes (cyanobacteria): the fight against oxygen,”
in Biological Nitrogen Fixation, Vol. 2, ed. F. J. De Bruijn (Hoboken, NJ: Wiley),
879-889.

Flores, E., Picossi, S., Valladares, A., and Herrero, A. (2019). Transcriptional
regulation of development in heterocyst-forming cyanobacteria. Biochim.
Biophys. Acta Gene Regul. Mech. 1862, 673-684. doi: 10.1016/j.bbagrm.2018.04.
006

Foster, R. A., Kuypers, M. M., Vagner, T., Paerl, R. W., Musat, N., and Zehr, J. P.
(2011). Nitrogen fixation and transfer in open ocean diatom-cyanobacterial
symbioses. ISME J. 5, 1484-1493. doi: 10.1038/ismej.2011.26

Foster, R. A., Tienken, D., Littmann, S., Whitehouse, M. J., Kuypers, M. M. M., and
White, A. E. (2021). The rate and fate of N, and C fixation by marine diatom-
diazotroph symbioses. ISME J. 16, 477-487. doi: 10.1038/s41396-021-01086-
7

Gill, S., Catchpole, R., and Forterre, P. (2019). Extracellular membrane vesicles
in the three domains of life and beyond. FEMS Microbiol. Rev. 43, 273-303.
doi: 10.1093/femsre/fuy042

Hahn, A., and Schleiff, E. (2014). “The cell envelope, in The Cell Biology of
Cyanobacteria, eds E. Flores and A. Herrero (Norfolk: Caister Academic Press),
29-87.

Hasle, G. R., and Syvertsen, E. E. (1996). “Marine diatoms,” in Identifying Marine
Diatoms and Dinoflagellates, ed. C. R. Tomas (San Diego, CA: Academic Press),
5-385. doi: 10.1016/b978-012693015-3/50005-x

Herrero, A., Stavans, J., and Flores, E. (2016). The multicellular nature of
filamentous heterocyst-forming cyanobacteria. FEMS Microbiol. Rev. 40, 831-
854. doi: 10.1093/femsre/fuw029

Hildebrand, M., Lerch, S. J. L., and Shrestha, R. P. (2018). Understanding diatom
cell wall silicification—moving forward. Front. Mar. Sci. 5:125. doi: 10.3389/
fmars.2018.00125

Hilton, J. A., Foster, R. A., Tripp, H. J., Carter, B. J., Zehr, J. P., and Villareal,
T. A. (2013). Genomic deletions disrupt nitrogen metabolism pathways
of a cyanobacterial diatom symbiont. Nat. Commun. 4:1767. doi: 10.1038/
ncomms2748

Hynes, A. M., Webb, E. A., Doney, S. C., and Waterbury, J. B. (2012). Comparison
of cultures Trichodesmium (Cyanophyceae) with species characterized
from the field. J. Phycol. 48, 196-210. doi: 10.1111/j.1529-8817.2011.01
096.x

Janson, S., Rai, A. N, and Bergman, B. (1995). Intracellular cyanobiont
Richelia  intracellularis:  ultrastructure and immuno-localisation  of
phycoerythrin, nitrogenase, Rubisco and glutamine synthetase. Mar. Biol. 124,
1-8.

Karl, D. M., Church, M. J,, Dore, J. E., Letelier, R. M., and Mahaffey, C. (2012).
Predictable and efficient carbon sequestration in the North Pacific Ocean
supported by symbiotic nitrogen fixation. Proc. Natl. Acad. Sci. U.S.A. 109,
1842-1849. doi: 10.1073/pnas.1120312109

Kieninger, A. K., and Maldener, I. (2021). Cell-cell communication through septal
junctions in filamentous cyanobacteria. Curr. Opin. Microbiol. 61, 35-41. doi:
10.1016/j.mib.2021.02.002

Kumar, K., Mella-Herrera, R. A., and Golden, J. W. (2010). Cyanobacterial
heterocysts. Cold Spring Harb. Perspect. Biol. 2:a000315. doi: 10.1101/
cshperspect.a000315

Lang, N. J., and Fay, P. (1971). The heterocysts of blue-green algae. II. Details of
ultrastructure. Proc. R. Soc. Lond. B Biol. Sci. 178, 193-203. doi: 10.1007/s11356-
021-18000-5

Mague, T., Weare, N., and Holm-Hansen, O. (1974). Nitrogen fixation in the North
Pacific Ocean. Mar. Biol. 24, 109-119.

Medlin, L. K., Crawford, R. M., and Andersen, R. A. (1986). Histochemical and
ultrastructural evidence for the function of the labiate process in the movement
of centric diatoms. Br. Phycol. J. 21, 297-301. doi: 10.1080/0007161860065
0351

Murry, M. A., Olafsen, A. G., and Benemann, J. R. (1981). Oxidation of
diaminobenzidine in the heterocysts of Anabaena cylindrica. Curr. Microbiol.
6, 201-206.

Nicolaisen, K., Hahn, A., and Schleiff, E. (2009). The cell wall in heterocyst
formation by Anabaena sp. PCC 7120. J. Basic Microbiol. 49, 5-24. doi: 10.1002/
jobm.200800300

Nierzwicki-Bauer, S. A., Balkwill, D. L., and Stevens, S. E. Jr. (1984). Heterocyst
differentiation in the cyanobacterium Mastigocladus laminosus. J. Bacteriol. 157,
514-525. doi: 10.1128/jb.157.2.514-525.1984

Nieves-Morion, M., Flores, E., and Foster, R. A. (2020). Predicting substrate
exchange in marine diatom-heterocystous cyanobacteria symbioses. Environ.
Microbiol. 22, 2027-2052. doi: 10.1111/1462-2920.15013

Noble, J. M., Lubieniecki, J., Savitzky, B. H., Plitzko, J., Engelhardt, H., Baumeister,
W., et al. (2018). Connectivity of centermost chromatophores in Rhodobacter
sphaeroides bacteria. Mol. Microbiol. 109, 812-825. doi: 10.1111/mmi.l
4077

Oliveira, P., Martins, N. M., Santos, M., Couto, N. A., Wright, P. C., and Tamagnini,
P. (2015). The Anabaena sp. PCC 7120 exoproteome: taking a peek outside the
box. Life (Basel) 5, 130-163. doi: 10.3390/1ife5010130

Peveling, E. (1973). Vesicles in the symbiont sheath as possible transfer structures
between the symbionts in the lichen Lichina pygmaea. New Phytol. 72, 343-345.
doi: 10.1111/j.1469-8137.1973.tb02041.x

Pierella Karlusich, J. J., Pelletier, E., Lombard, F., Carsique, M., Dvorak, E., Colin, S.,
et al. (2021). Global distribution patterns of marine nitrogen-fixers by imaging
and molecular methods. Nat. Commun. 12:4160. doi: 10.1038/s41467-021-
24299-y

Pyle, A. E,, Johnson, A. M., and Villareal, T. A. (2020). Isolation, growth, and
nitrogen fixation rates of the Hemiaulus-Richelia (diatom-cyanobacterium)
symbiosis in culture. Peer] 8:¢10115. doi: 10.7717/peerj.10115

Rippka, R., Deruelles, J., Waterbury, J. B, Herdman, M., and Stanier, R. Y.
(1979). Generic assignments, strain stories and properties of pure cultures of
cyanobacteria. J. Gen. Microbiol. 111, 1-61. doi: 10.1099/00221287-111-1-1

Round, F. E., Crawford, R. M., and Mann, D. G. (2007). The Diatoms: Biology and
Morphology of the Genera. Cambridge: Cambridge University Press.

Salje, J. (2021). Cells within cells: rickettsiales and the obligate intracellular
bacterial lifestyle. Nat. Rev. Microbiol. 19, 375-390. doi: 10.1038/s41579-020-00
507-2

Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012). NIH Image to Image]J:
25 years of image analysis. Nat. Methods 9, 671-675. doi: 10.1038/nmeth.2089

Schouten, S., Villareal, T. A., Hopmans, E. C., Mets, A., Swanson, K. M., and
Sinninghe Damsté, J. S. (2013). Endosymbiotic heterocystous cyanobacteria
synthesize different heterocyst glycolipids than free-living heterocystous
cyanobacteria. Phytochemistry 85, 115-121. doi: 10.1016/j.phytochem.2012.09.
002

Sherman, D. M., Tucker, D., and Sherman, L. A. (2000). Heterocyst development
and localization of cyanophycin in N,-fixing cultures of Anabaena sp. PCC
7120 (cyanobacteria). J. Phycol. 36, 932-941. doi: 10.1046/j.1529-8817.2000.
99132.x

Song, C., Murata, K., and Suzaki, T. (2017). Intracellular symbiosis of algae with
possible involvement of mitochondrial dynamics. Sci. Rep. 7:1221. doi: 10.1038/
541598-017-01331-0

Stavru, F., Riemer, J., Jex, A., and Sassera, D. (2020). When bacteria meet
mitochondria: the strange case of the tick symbiont Midichloria mitochondrii.
Cell Microbiol. 22:¢13189. doi: 10.1111/cmi.13189

Subramaniam, A., Yager, P. L., Carpenter, E. J., Mahaffey, C., Bjorkman, K.,
Cooley, S., et al. (2008). Amazon River enhances diazotrophy and carbon
sequestration in the tropical North Atlantic Ocean. Proc. Natl. Acad. Sci. U.S.A.
105, 10460-10465. doi: 10.1073/pnas.0710279105

Frontiers in Microbiology | www.frontiersin.org

March 2022 | Volume 13 | Article 799362


https://doi.org/10.1016/j.margen.2017.07.001
https://doi.org/10.1016/j.margen.2017.07.001
https://doi.org/10.1038/nrmicro.2015.1
https://doi.org/10.1038/nrmicro2242
https://doi.org/10.1038/nrmicro2242
https://doi.org/10.1016/j.tim.2015.11.011
https://doi.org/10.1016/j.tim.2006.08.007
https://doi.org/10.1016/j.bbagrm.2018.04.006
https://doi.org/10.1016/j.bbagrm.2018.04.006
https://doi.org/10.1038/ismej.2011.26
https://doi.org/10.1038/s41396-021-01086-7
https://doi.org/10.1038/s41396-021-01086-7
https://doi.org/10.1093/femsre/fuy042
https://doi.org/10.1016/b978-012693015-3/50005-x
https://doi.org/10.1093/femsre/fuw029
https://doi.org/10.3389/fmars.2018.00125
https://doi.org/10.3389/fmars.2018.00125
https://doi.org/10.1038/ncomms2748
https://doi.org/10.1038/ncomms2748
https://doi.org/10.1111/j.1529-8817.2011.01096.x
https://doi.org/10.1111/j.1529-8817.2011.01096.x
https://doi.org/10.1073/pnas.1120312109
https://doi.org/10.1016/j.mib.2021.02.002
https://doi.org/10.1016/j.mib.2021.02.002
https://doi.org/10.1101/cshperspect.a000315
https://doi.org/10.1101/cshperspect.a000315
https://doi.org/10.1007/s11356-021-18000-5
https://doi.org/10.1007/s11356-021-18000-5
https://doi.org/10.1080/00071618600650351
https://doi.org/10.1080/00071618600650351
https://doi.org/10.1002/jobm.200800300
https://doi.org/10.1002/jobm.200800300
https://doi.org/10.1128/jb.157.2.514-525.1984
https://doi.org/10.1111/1462-2920.15013
https://doi.org/10.1111/mmi.14077
https://doi.org/10.1111/mmi.14077
https://doi.org/10.3390/life5010130
https://doi.org/10.1111/j.1469-8137.1973.tb02041.x
https://doi.org/10.1038/s41467-021-24299-y
https://doi.org/10.1038/s41467-021-24299-y
https://doi.org/10.7717/peerj.10115
https://doi.org/10.1099/00221287-111-1-1
https://doi.org/10.1038/s41579-020-00507-2
https://doi.org/10.1038/s41579-020-00507-2
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1016/j.phytochem.2012.09.002
https://doi.org/10.1016/j.phytochem.2012.09.002
https://doi.org/10.1046/j.1529-8817.2000.99132.x
https://doi.org/10.1046/j.1529-8817.2000.99132.x
https://doi.org/10.1038/s41598-017-01331-0
https://doi.org/10.1038/s41598-017-01331-0
https://doi.org/10.1111/cmi.13189
https://doi.org/10.1073/pnas.0710279105
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Flores et al.

Diatom-Cyanobacterium Nitrogen-Fixing Symbiosis

Tapia, J. C., Kasthuri, N., Hayworth, K. J., Schalek, R., Lichtman, J. W., Smith, S.J.,
etal. (2012). High-contrast en bloc staining of neuronal tissue for field emission
scanning electron microscopy. Nat. Protoc. 7, 193-206. doi: 10.1038/nprot.2011.
439

Taylor, F. J. R. (1982). Symbioses in Marine Microplankton, Vol. 58. Paris: Annales
de I'Institut Oceanographique, 61-90.

Torrado, A., Ramirez-Moncayo, C., Navarro, J. A., Mariscal, V., and Molina-
Heredia, F. P. (2019). Cytochrome cg is the main respiratory and photosynthetic
soluble electron donor in heterocysts of the cyanobacterium Anabaena sp. PCC
7120. Biochim. Biophys. Acta Bioenerg. 1860, 60-68. doi: 10.1016/j.bbabio.2018.
11.009

Toyofuku, M., Nomura, N., and Eberl, L. (2019). Types and origins of bacterial
membrane vesicles. Nat. Rev. Microbiol. 17, 13-24. doi: 10.1038/s41579-018-
0112-2

Tuo, S.-H., Mulholland, M. R., Taniuchi, Y., Chen, H. Y., Jane, W.-N., Lin, Y.-H.,
et al. (2021). Trichome lengths of the heterocystous N, -Fixing cyanobacteria in
the tropical marginal seas of the western north pacific. Front. Mar. Sci. 8:678607.
doi: 10.3389/fmars.2021.678607

Uwizeye, C., Mars Brisbin, M., Gallet, B., Chevalier, F., LeKieffre, C., Schieber,
N. L, et al. (2021). Cytoklepty in the plankton: a host strategy to optimize the
bioenergetic machinery of endosymbiotic algae. Proc. Natl. Acad. Sci. U.S.A.
118:2025252118. doi: 10.1073/pnas.2025252118

Valladares, A., Maldener, I, Muro-Pastor, A. M., Flores, E., and Herrero, A.
(2007). Heterocyst development and diazotrophic metabolism in terminal
respiratory oxidase mutants of the cyanobacterium Anabaena sp. strain PCC
7120. J. Bacteriol. 189, 4425-4430. doi: 10.1128/JB.00220-07

Venrick, E. (1974). The distribution and significance of Richelia intracellularis
Schmidt in the North Pacific central gyre. Limnol. Oceangr. 19, 437-445. doi:
10.4319/10.1974.19.3.0437

Villareal, T. A. (1990). Laboratory cultivation and preliminary characterization of
the Rhizosolenia (Bacillariophyceae)-Richelia (Cyanophyceae) symbiosis. Mar.
Ecol. 11, 117-132. doi: 10.1111/j.1439-0485.1990.tb00233.x

Villareal, T. A. (1991). Nitrogen-fixation by cyanobacterial symbionts of the diatom
Hemiaulus. Mar. Ecol. Progr. Ser. 76, 201-204. doi: 10.3354/meps076201

Villareal, T. A. (1992). “Marine nitrogen-fixing diatom-cyanobacteria symbioses,”
in Marine Pelagic Cyanobacteria: Trichodesmium and other Diazotrophs, eds
E. J. Carpenter, D. G. Capone, and J. G. Reuter (Dordecht: Kluwer Academic
Publishers), 163-175.

Villareal, T. A., Brown, C. G., Brzezinski, M. A., Krause, ]. W., and Wilson,
C. (2012). Summer diatom blooms in the North Pacific subtropical gyre:
2008-2009. PLoS One 7:¢33109. doi: 10.1371/journal.pone.0033109

Waterbury, J. B., and Stanier, R. Y. (1978). Patterns of growth and development in
pleurocapsalean cyanobacteria. Microbiol. Rev. 42, 2-44. doi: 10.1128/mr.42.1.
2-44.1978

Wilk, L., Strauss, M., Rudolf, M., Nicolaisen, K., Flores, E., Kiihlbrandt, W.,
et al. (2011). Outer membrane continuity and septosome formation between
vegetative cells in the filaments of Anabaena sp. PCC 7120. Cell Microbiol. 13,
1744-1754. doi: 10.1111/j.1462-5822.2011.01655.x

Xu, X, Elhai, J, and Wolk, C. P. (2008). “Transcriptional
developmental responses by Anabaena to deprivation of fixed nitrogen,”
in The Cyanobacteria: Molecular Biology, Genomics and Evolution,
eds A. Herrero and E. Flores (Norfolk: Caister Academic Press),
383-422.

Zheng, W., Bergman, B., Chen, B., Zheng, S., Xiang, G., and Rasmussen,
U. (2009). Cellular responses in the cyanobacterial symbiont during its
vertical transfer between plant generations in the Azolla microphylla
symbiosis. New Phytol. 181, 53-61. doi: 10.1111/j.1469-8137.2008.02
644.x

and

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Flores, Romanovicz, Nieves-Morion, Foster and Villareal. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

13

March 2022 | Volume 13 | Article 799362


https://doi.org/10.1038/nprot.2011.439
https://doi.org/10.1038/nprot.2011.439
https://doi.org/10.1016/j.bbabio.2018.11.009
https://doi.org/10.1016/j.bbabio.2018.11.009
https://doi.org/10.1038/s41579-018-0112-2
https://doi.org/10.1038/s41579-018-0112-2
https://doi.org/10.3389/fmars.2021.678607
https://doi.org/10.1073/pnas.2025252118
https://doi.org/10.1128/JB.00220-07
https://doi.org/10.4319/lo.1974.19.3.0437
https://doi.org/10.4319/lo.1974.19.3.0437
https://doi.org/10.1111/j.1439-0485.1990.tb00233.x
https://doi.org/10.3354/meps076201
https://doi.org/10.1371/journal.pone.0033109
https://doi.org/10.1128/mr.42.1.2-44.1978
https://doi.org/10.1128/mr.42.1.2-44.1978
https://doi.org/10.1111/j.1462-5822.2011.01655.x
https://doi.org/10.1111/j.1469-8137.2008.02644.x
https://doi.org/10.1111/j.1469-8137.2008.02644.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Adaptation to an Intracellular Lifestyle by a Nitrogen-Fixing, Heterocyst-Forming Cyanobacterial Endosymbiont of a Diatom
	Introduction
	Materials and Methods
	Results
	Chains of Hemiaulus hauckii Cells
	Hemiaulus hauckii Cellular Structures
	Richelia intracellularis Resides in the Hemiaulus hauckii Cytoplasm
	Richelia intracellularis Envelope Vesicles
	Distinct Heterocyst Morphology
	Possible Third Partner in the Hemiaulus hauckii Symbiosis

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


