
Ultrastructure of interaction in alginate beads
between the microalga Chlorella vulgaris with its
natural associative bacterium Phyllobacterium
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Abstract: Chlorella vulgaris, a microalga often used in wastewater treatment, was coimmobilized and coincubated ei-
ther with the plant growth-promoting bacteriumAzospirillum brasilense,or with its natural associative bacterium
Phyllobacterium myrsinacearum,in alginate beads designed for advanced wastewater treatment. Interactions between
the microalga and each of the bacterial species were followed using transmission electron microscopy for 10 days. Ini-
tially, most of the small cavities within the beads were colonized by microcolonies of only one microorganism, regard-
less of the bacterial species cocultured with the microalga. Subsequently, the bacterial and microalgal microcolonies
merged to form large, mixed colonies within the cavities. At this stage, the effect of bacterial association with the
microalga differed depending on the bacterium present. Though the microalga entered a senescence phase in the pres-
ence ofP. myrsinacearum, it remained in a growth phase in the presence ofA. brasilense. This study suggests that
there are commensal interactions between the microalga and the two plant associative bacteria, and that with time the
bacterial species determined whether the outcome for the microalga is senescence or continuous multiplication.
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Résumé: Chlorella vulgaris, une algue microscopique fréquemment utilisée dans le traitement des eaux usées, a été
co-immobilisée et co-incubée avec soit la bactérieAzospirillum brasiliensefavorisant la croissance végétale, soit la bac-
térie Phyllobacterium myrsinacearumavec qui elle est naturellement associée, dans des billes d’alginate conçues pour
l’épuration avancée des eaux usées. Les interactions entre les algues microscopiques et chacune des espèces de bacté-
ries furent suivies pendant 10 jours par microscopie électronique à transmission. Au début, la plupart des petites cavités
à l’intérieur des billes étaient colonisées par des microcolonies de seulement un micro-organisme, sans égard à l’espèce
bactérienne co-cultivée avec l’algue. Par la suite, les colonies de bactéries et d’algues microscopiques fusionnèrent pour
former de grosse colonies mixtes à l’intérieur des cavités. À ce stade, l’effet de l’association entre la bactérie avec
l’algue variait selon le type de bactérie présente. L’algue demeura dans sa phase de croissance en présence deA. brasi-
liense, alors qu’elle entra dans une phase de sénescence en présence deP. myrsinacearum. Cette étude indique qu’il
existe des interactions commensales entre l’algue microscopique et deux bactéries s’associant aux plantes, et que la pé-
riode de contact avec l’espèce bactérienne détermine si le résultat sera la sénescence ou une multiplication continuelle.

Mots clés: Azospirillum, Chlorella, Phyllobacterium, traitement des eaux usées, bioremédiation des eaux.
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Introduction

Over the last two decades, microalgae and bacteria have
been immobilized in a variety of polymers, the most com-
mon being alcjmginate of various forms and shapes. Mi-
crobes contained within polymers provide a convenient
inoculum for numerous industrial, environmental, and agri-

cultural applications (Bashan 1998; Cassidy et al. 1996;
Fages 1992; Leenen et al. 1996; Omar 1993; Tanaka and
Nakajima 1990). For example, the microalgaChlorella sp.
coimmobilized in a polymer with other microorganisms has
been used in biotechnological processes where the microalga
provides oxygen for the accompanying microorganism in-
volved in the compound transformation (Chevalier and De la
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Noüe 1988; Khang et al. 1988; O’Reilly and Scott 1995).
When immobilized in alginate beads and applied experimen-
tally in semiarid agriculture (Bashan 1998; Bashan et al.
1987), the bacteriumA. brasilensehas been found to survive
for prolonged periods (Bashan and Gonzalez 1999). As a
seed or root inoculant, diazotrophicA. brasilense non-
specifically promotes the growth of many terrestrial plants,
and increases the yield of numerous crop plants (Bashan and
Holguin 1997a, 1997b; Okon and Labandera-Gonzalez
1994). It is thus known as a plant growth-promoting bacteria
or PGPB (Bashan and Holguin 1998).

Phyllobacterium myrsinacearumis found in leaf nodules
on a few tropical plants (Knösel 1962, 1984) and in the
rhizoplane of sugar beet (Lambert et al. 1990). Recently, we
isolated a strain ofP. myrsinacearumfrom a culture of the
microalgaC. vulgarisobtained from a wastewater-stabilization
pond (Gonzalez et al. 1997), where it maintained a close as-
sociation with the microalga (Gonzalez-Bashan et al. 2000).
Chlorella vulgaris, a fresh water microalga (Oh-Hama and
Miyachi 1992), is often used for tertiary wastewater treat-
ment (Gonzalez et al. 1997; De la Noüe and Pauw 1988; Lau
et al. 1997; Tam et al. 1994) and for several industrial pro-
cesses (Kayano et al. 1981; Wikstrom et al. 1982).

Although numerous bacteria are known to influence the
growth and development of higher plants, the response of
microalgae to artificial bacterial inoculation is, to the best of
our knowledge, unknown. Two recent studies showed that
growth of C. vulgaris was enhanced following inoculation
with A. brasilense, but not in response to inoculation with its
natural associative bacteriumP. myrsinacearum.Both bacte-
rial inoculants significantly increased pigment production of
the microalga, and changed its nitrogen and phosphorus me-
tabolism (Gonzalez and Bashan 2000; Gonzalez-Bashan et
al. 2000).

The aim of this study was to further characterize, at the
ultrastructural level, the response ofC. vulgaris to bacterial
inoculation. Chlorella vulgaris was coimmobilized sepa-
rately with A. brasilenseandP. myrsinacearum, and the pat-
tern of colonization of the internal cavities of the alginate
beads was followed for ten days by transmission electron
microscopy. A model of the possible interactions among
microalga, bacterium, and the polymer matrix is presented
and discussed.

Materials and methods

Microorganisms and axenic growth conditions
Chlorella vulgaris Beijerinck, (UTEX 2714, U.S.A.) isolated

from the secondary effluent of a wastewater-treatment stabilization
pond near Santafe de Bogota, Colombia (Gonzalez et al. 1997),
was purified from associative bacteria using a mixture of antibiot-
ics (Gonzalez-Bashan et al. 2000). Prior to immobilization in
alginate beads, axenicC. vulgariswas cultivated in sterile mineral
medium (C30) (Gonzalez et al. 1997) for 5 days.Azospirillum
brasilenseCd (DSM 7030, Germany) was grown in liquid Nutrient
Broth (Oxide, U.K.) or N-free OAB medium at 30 ± 2°C for 16 h
using standard methods (Bashan et al. 1993). For viscosity mea-
surements of solutions containing alginate,A. brasilensewas
grown as above in nutrient broth medium supplemented with 1%
alginate, at a viscosity described below for 5 days. Viscosity of the
growth medium was measured by viscosimeter (Brookfield,
LVTDV-I, U.S.A.) (6 rpm, 29°C).Phyllobacterium myrsinacearum

BOG-1–98 was grown in liquid nutrient broth (Oxide, U.K.) at
30 ± 2°C for 16 h.

Coimmobilization of Chlorella vulgaris and Azospirillum
brasilenseor C. vulgaris and Phyllobacterium
myrsinacearumin alginate beads

Pure cultures of microorganisms were immobilized in alginate
beads using the method described by Bashan (1986). Briefly,
20 mL of axenically grown cultures ofC. vulgariscontaining ap-
proximately 6.0 × 106 cells/mL were mixed with 80 mL of sterile,
6000 centipois (cps), 2% alginate solution (a solution made from
14 000 and 3500 cps alginate, Sigma) and stirred for 15 min. The
solution was dripped from a sterile syringe into 2% CaCl2 solution
(Bettmann and Rehm 1984) under slow stirring. The beads formed
were left for 1 h at 25 ± 2°C for curing and then washed in sterile
saline solution (0.85% NaCl). Where cocultures of either
A. brasilenseor P. myrsinacearumand the microalga were coim-
mobilized (separately), the same concentration of microalga as
used for immobilization of the pure culture was mixed with each of
the bacterial species (approximately 109 cfu/mL) prior to bead for-
mation, but the volume of each microbial culture was reduced to
10 mL before adding the alginate. Because immobilization nor-
mally reduces the number of microorganisms in the beads (Bashan
1986), a second overnight incubation step was necessary as de-
scribed below.

Culture conditions for coimmobilized microorganisms
Coimmobilized microorganisms were grown in batch cultures in

the mineral salts of residual water medium (RWM)(Gonzalez et al.
1997) containing the following (mg/L): NaCl, 7; CaCl2, 4;
MgSO4·7 H2O, 2; K2HPO4, 21.7; KH2PO4, 8.5; Na2HPO4, 33.4;
NH4Cl, 10. The level of phosphate in the medium was insufficient
to dissolve the constructed beads. Cultures (500 mL) were incu-
bated in Erlenmeyer flasks at 25 ± 2°C, 150 rpm, and with a light
intensity of 60µmol·m–2·s–1 for 10 days. Samples for analysis were
taken aseptically.

Transmission electron microscopy
Intact beads were first fixed with 2.5% glutaraldehyde in 0.1 M

cacodylate buffer (pH 7.2) for 2 h at 20 ±2°C, rinsed, and then
postfixed in 1% osmium-tetraoxide in the same buffer for 1 h at the
same temperature. The beads were then rinsed with distilled water
and dehydrated in a series of increasing ethanol concentrations
(30–100%) for 20 min each, and finally with 100% acetone. The
dehydrated beads were embedded in Araldite resin (Sigma).
Ultrathin sections were cut using a Reichert-Young Ultracut
ultramicrotome (Vienna, Austria), stained with uranyl acetate and
lead citrate, and visualized using a Hitachi H-300 transmission
electron microscope (Japan) at 70 kV. Because each bead con-
tained only two microorganisms (microalga and one bacterial spe-
cies) at the time of coimmobilization, and all procedures were done
under aseptic conditions, immunolabelling ofA. brasilenseor
P. myrsinacearumcells was not required for later identification in
the photomicrographs.

Experimental design and sampling
Cultures were prepared in triplicate (one flask is a single repli-

cate) and each experiment was repeated twice. Controls were pre-
pared similarly but without microorganisms in the beads. Five
beads were taken randomly from each flask for electron micro-
scopic analysis. Over 300 photomicrographs were taken during this
study and a representative sample is presented. Viscosity measure-
ments were done in triplicate (one flask is a single replicate).
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Results and discussion

Colonization of the roots of numerous plant species by
Azospirillumsp. has been well documented using a large va-
riety of visual techniques including electron microscope
(Assmus et al. 1995; Bashan et al. 1986, 1991; Bashan and
Levanony 1989; Berg et al. 1979; Levanony et al. 1989;
Puente et al. 1999; Schank et al. 1979; Vande Broek et al.
1993). Only a single scanning-electron- microscope study
shows formation ofA. brasilensemicrocolonies on the sur-
face of alginate beads following immobilization (Bashan
1986). To the best of our knowledge, no photomicrographs
are available to illustrate the ultrastructure ofC. vulgarisor
P. myrsinacearumimmobilized in synthetic beads.

By transmission electron microscopy, we followed events
occurring over a period of 10 days in the interior of the
alginate beads colonized by the microalgaC. vulgaris
coimmobilized and cocultured with either its natural associa-
tive bacteriumP. myrsinacearumor with the common plant
growth-promoting bacteriumA. brasilense. These bacteria
have previously been shown to affectC. vulgarismetabolism
(P. myrsinacearum) and growth rate (A. brasilense) (Gonza-
lez and Bashan 2000; Gonzalez-Bashan et al. 2000).

Though the events following coimmobilization and
coculturing ofC. vulgariswith each of the two bacterial spe-
cies appeared similar initially, the outcome after ten days
was different. Regardless of the partner bacterial species,
immediately upon coimmobilization, cells of the microalga
and bacterium were uniformly trapped within the alginate
matrix in cavities formed by the solidification process. Simi-
lar cavities were formed in the absence of microorganisms in
control beads. During the initial coculturing period (24 h af-
ter coimmobilization), small, uniform colonies formed
within the alginate beads in cavities of various sizes (several
µm to 0.3 mm) (Figs. 1a, 2a, 3a, 4 Stage 1). The cavities
contained either microalgal or bacterial cells, but not both.
As found previously (Gonzalez and Bashan 2000; Gonzalez-
Bashan et al. 2000), during the first five days of incubation,
all microorganisms multiplied inside the beads.

Individual bacterial colonies apparently moved close to
the immobile microalgal colonies (Figs. 2b, 3b, 4 Stage II).
Although we do not have ultrastructural evidence of how
this movement occurred, some explanations are feasible. It is
known that upon formation, the alginate beads contained a
large number of cavities, some of which are connected
(Bashan 1986). The bacteria might migrate internally along
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Fig. 1. Immobilization of the wastewater-treatment microalgaC. vulgaris in alginate bead. (a) C. vulgariscell immediately after immo-
bilization filling the entire small cavity in a bead. (b) ThreeC. vulgariscells within a cavity 2 days after inoculation. (c) Two
C. vulgariscells and a ghost cell ofC. vulgariswithin the cavity. (d) Aging C. vulgariscells after 10 days. Bars represent 1µm. Ab-
breviations: Al – alginate bead; c – cavity inside the bead; ch –C. vulgaris; chg – ghost cell ofC. vulgaris; EC – electron-dense ma-
terial of unidentified nature; g – grana; l – cytoplasmic lipids; N – nucleus; St – starch granules.



the formed polymer chains of the beads (Mchugh 1987).
Both A. brasilenseandP. myrsinacearumare motile bacteria
and may be responding chemotactically to signals from the

microalga, such as those thought to be present in exudates of
higher plants (Bashan and Holguin 1994; Knösel 1984). Al-
ternately, the bacteria may partially dissolve the alginate,

© 2001 NRC Canada

4 Can. J. Microbiol. Vol. 47, 2001

Fig. 2. Coimmobilization of the wastewater-treatment microalgaC. vulgarisand its associative bacteriumP. myrsinacearumin alginate
beads. (a) C. vulgarisand P. myrsinacearumcells occupying separate cavities immediately after immobilization. (b) C. vulgariscell
approached byP. myrsinacearumcolony. (c) Dividing (arrows)P. myrsinacearumcell in the bead cavity. (d) C. vulgarisand
P. myrsinacearumcells sharing the same bead cavity. (e) Dividing (arrows)C. vulgariscell in an aging culture containing ghost cells
after 10 days. (f) C. vulgariscell and a ghost cell ofC. vulgarissharing the cavity withP. myrsinacearumcells in an aging coculture.
(g) Aging C. vulgarisand P. myrsinacearumcells after 10 days where most cells are ghost cells. Bars represent 1µm. Abbreviations:
Al – alginate bead; c – cavity inside the bead; ch –C. vulgaris; chg – ghost cell ofC. vulgaris; EC – electron-dense material of un-
identified nature; l – cytoplasmic lipids; p – pyrenoid; Ph –P. myrsinacearum; Phg –P. myrsinacearumghost cell.



thereby removing obstacles to movement. The capacity to
degrade alginate is known in soil bacteria (Dyrset et al.
1994) and marine bacteria (Uchida and Nakayama 1993),
but has not yet been confirmed forP. myrsinacearum. How-
ever, Azospirillum is known to produce small quantities of
acids, like indole-3-acetic acid and others (Baca et al. 1994)
that might dissolve the thin alginate layers (0.3µm or less)
initially separating the microalgal and the bacterial colonies.
Viscosity measurements taken in this study ofA. brasilense
culture medium supplemented with alginate showed a de-
crease in viscosity of 9–15%. Finally, the multiplication of a
large population of each microorganism inside the beads
may create an internal force fracturing the beads and allow-
ing movement along the fractures.

After contact, small colonies merged to form one larger
colony composed of a mixture of the abundant bacterial and
algal cells that filled the cavity (Figs. 2d, 3d). At the same
time, the walls of the external cavities at the periphery of the
bead began to deteriorate forming large open cavities
(Fig. 4, stages II and III). That alginate deterioration is in-

duced by the coculture is suggested by the absence of deteri-
oration in control beads, which remained intact (data not
shown).

As early as two days, and throughout the remain incubation
period, coimmobilizedC. vulgaris and P. myrsinacearum
were dying off as indicated by the presence of “ghost” cells
(empty cell envelopes) within the cavities (Figs. 1c, 2e). Af-
ter ten days of incubation, many ghost cells of both microor-
ganisms were observed (Fig. 2f, g). When immobilized alone
or with P. myrsinacearum, the senescent microalga increased
the number of grana, accumulated starch granules inside the
chloroplast, produced lipid granules (in the cytoplasm), and
increased the electron density of its nucleus (Figs. 1b, d; 2a,
d; 4 stage III). These ultrastructural events support an earlier
study in whichP. myrsinacearumwas unable to enhance the
growth of the microalga (Gonzalez-Bashan et al. 2000).

Most of the senescence events did not occur when the
microalga was coimmobilized withA. brasilense. This
PGPB may alter the metabolism of the microalga and delay
its senescence possibly through the production of plant
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Fig. 3. Coimmobilization of the wastewater-treatment microalgaC. vulgarisand the plant growth-promoting bacteriumA. brasilensein
alginate beads. (a) C. vulgarisand A. brasilensecells occupying separate cavities immediately after immobilization. (b) A C. vulgaris
cell approached by aA. brasilensecolony. (c) Enlarged view ofC. vulgariswith A. brasilensecells showing an electron dense material
separating the two microbial species within the bead cavity. (d) C. vulgarisand A. brasilensecells sharing the same bead cavity.
(e) C. vulgaris andA. brasilensecells sharing a bead cavity in an aging coculture after 10 days. Note the absence of ghost cells of
both microorganisms as seen in Fig. 2. Bars represent 1µm. Abbreviations: Al – alginate bead; Az– A. brasilense; c – cavity inside
the bead; ch –C. vulgaris; EC – electron-dense material of unidentified nature; St – starch granules.
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Electron micrograph evidence for deterioration of the bead periphery was published before (Gonzalez-Bashan 2000).



hormones, a well-established characteristic ofA. brasilense
(Costacorta and Vandeleyden 1995; Patten and Glick 1996).
Azospirillum brasilensewas previously shown to maintain
inoculated cardon cactus seedlings in the juvenile phase for
a longer-than-normal time (Puente and Bashan 1993), to
prolong the growth period of the seaweedSalicornia
bigelovii (Bashan et al. 2000), and to increase the population
of C. vulgaris (Gonzalez and Bashan 2000).

An electron-dense material of unidentified nature, formed
on the inner surface of the bead cavities concomitant with an
increase in the electron density of the cells in all
coimmobilized systems (Figs. 1b, c; 2a, d, e; 3c). Despite
the senescence ofC. vulgaris cells when coimmobilized
with P. myrsinacearum, dividing microalgal and bacterial
cells appeared frequently in the culture (Fig. 2c, e; large ar-
rows indicate dividing cells).

The ultrastructural evidence presented in this study allows
us to propose the following hypothetical model for the inter-
action betweenC. vulgarisand plant associative bacteria in
alginate beads (Fig. 4). The coimmobilization process and
the initial multiplication periods are similar for both bacte-
rial species as described above (stages I and II). Longer in-
cubations differentiate between the response ofC. vulgaris
toward the two bacterial partners; senescence in the presence
of its associative bacterium and multiplication in the pres-
ence of the plant growth-promoting bacteria (stage III, a, b).
In summary, this paper provides ultrastructural evidence for
possible commensal interactions between the microalga
C. vulgaris and two plant associative bacteria when
coimmobilized in alginate beads, a preparation proposed for
advanced wastewater treatment.
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