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A terrestrial chlorophyte, Chlorococcum sp., was isolated from the stone walls of Miruksazi stupa, which is a national
treasure of Korea. The alga was one of the dominant organisms contributing to biodeterioration of the monument and it
grew extensively on the walls of the inner room of the stupa, which had been sealed for more than 5 yr before we started
this experiment. Chlorococcum survived in darkness during that time as dormant, warty, thick-walled spores. The resting
spores revived in freshwater medium and released numerous unicellular progeny, which were isolated into a unialgal culture.
The isolate was subjected to 18S rDNA phylogenetic analysis as well as ultrastructure and life cycle studies. In addition,
the effect of salinity stress was investigated using sterile enriched seawater as a medium. Chlorococcum sp. grew in seawater
culture medium for more than 5 mo and reproduced by aplanospores.
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INTRODUCTION

The order Chlorococcales is comprised of many genera that
are found worldwide in various aquatic and terrestrial habitats.
They are known to be effective colonizers of denuded soils,
new soils, and newly formed water bodies, and are capable
of growing on any surface that holds moisture, including tree
bark, stone or plaster walls, glass, etc. (e.g. Graham & Wilcox
2000; John & Tsarenko 2002; Shubert 2003). Their growth
may result in considerable damage to surfaces over time, in-
cluding deterioration of woodwork and stone monuments.
Chlorococcum is recorded from many aquatic habitats and
is frequently associated with soil and subaerial surfaces (Can-
ter-Lund & Lund 1995; John & Tsarenko 2002; Shubert
2003). Chlorococcum has been the organism of choice for a
number of physiological and biochemical investigations; how-
ever, not many studies have been conducted regarding its abil-
ity to tolerate environmental stress conditions (Shields & Dur-
rell 1964; Blackwell & Gilmour 1991a, b; Dash ef al. 1995;
Masojidek et al. 2000). High resistance to drought (Shields &
Durrell 1964) and salinity stress (Blackwell & Gilmour 1991a,
b) have been documented for several species of Chlorococcum
from different habitats. Chlorococcum submarinum Alvik
found in inland saline lakes, estuaries, and marine coastal hab-
itats grew in very broad salinities (pH range from 2 to 10),
and in the presence of 10 ppm copper (Blackwell & Gilmour
1991b). However, a freshwater Chlorococcum was less toler-
ant to salinity stress (Masojidek et al. 2000). The drought

* Corresponding author (ghkim@kongju.ac.kr).

resistance of Chlorococcum sp. from soil was reported
(Shields & Durrell 1964). This was attributed to the presence
of highly viscous protoplasts with small vacuoles and very
low water contents (Ahmadjian 1967). The drought resistance
might also be due to the development of hypnospores (aplan-
ospores with thick walls bearing spines within a smooth-
walled aplanosporangium) and hypnozygotes (‘sleeping’ zy-
gotes known as cysts) in some species, with thick, spiny, or
ornamented walls, for example, in Chlorococcum hypnospo-
rum Starr, Chlorococcum minutum Starr, and Chlorococcum
echinozygotum Starr. Development of vegetative cells with
thickened ornamented cell walls in harsh environmental con-
ditions was not previously recorded in Chlorococcum.

In the present paper we report on a Chlorococcum species
that is highly resistant to environmental stress conditions. We
herein consider its habitat, morphology and reproduction, 18S
rDNA molecular phylogeny, and drought and salinity toler-
ance. A culture of this isolate was initiated from the resting
spores collected from the stone walls of Miruksazi stupa in
Korea during conservation of the monument and chemical
treatment of Korean stone cultural properties.

MATERIAL AND METHODS

Brief description of the study area

Miruksazi stupa, located in Iksan, South Korea (national trea-
sure No. 11), was constructed in AD 600—-641. The stupa was
largely destroyed during early 1900s, but its collapsed outer
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=10 pm.

Figs 2—-11. Morphology and reproduction of Chlorococcum cells derived from resting spores. In Figs 2-9, scale bars
Fig. 2. Through-focus images of Chlorococcum resting spores showing surface view and middle focal plane.

Fig. 3. Progeny cells were derived from resting spores in freshwater medium.
Fig. 4. Starch sheath surrounding pyrenoid (arrowhead) observed with light microscopy.

Fig. 5. Vegetative cell with multiple chloroplast lobes.
Fig. 6. Cell wall layers thickening in old cultures (arrow).
Fig. 7. Aplanosporangia containing eight aplanospores each.

Fig. 8. Developing zoosporangia (arrows).
Figs 9-10. Zoospores were set free from an aperture at the cell surface (Fig. 9, arrow) or by cell wall rupture (Fig. 10).

Fig. 10. Notice the eyespot of the zoospores (arrowhead). Scale bar = 5 pm.
Fig. 11. Motile zoospore with flagella. Scale bar = 3 pum.

Parameter values of the substitution model for maximum
likelihood and Bayesian analyses were estimated by PAUP*
from the maximum parsimony seed tree. A maximum likeli-
hood tree was constructed under the selected model by the

with a maximum length of zero collapsed to yield polytomies.
The bootstrap values for the resulting nodes were assessed
using bootstrapping with 2000 pseudoreplicates performed by
10 random sequence-additional heuristic searches.
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heuristic search option with 100 random sequence-additions.
Other settings for the heuristic search were same as those in
the parsimony search. Bootstrap replications were performed
using PAUP* to complete 500 pseudoreplicates by heuristic
search option with 2 random sequence-additions.

Bayesian analyses were performed using MrBayes 3.0
(Huelsenbeck & Rongquist 2001). Each analysis was initiated
from a random starting tree and the program was set to run
four Markov chain Monte Carlo iterations simultaneously for
2,000,000 generations with trees sampled every 100th gen-
eration. The likelihood scores stabilized at approximately
300,000 generations, so the first 3000 trees were burned. The
last 17,000 trees were compiled to the 50% majority rule con-
sensus tree to obtain the Bayesian posterior probabilities.

Application of fluorescent probes

For nuclear staining, DAPI (4',6-diamidino-2-phenylindole,
Sigma) was used. The cells were placed in 5 pg ml~! DAPI
solution in ATCC Medium for 5 min and then heated in a
microwave for a few seconds. After staining, cells were
mounted on slides in the DAPI solution and were examined
with an Olympus BX50 microscope under a UV filter (U-
MWG, 330-380 nm excitation filter, 420 nm barrier filter).

To verify cell viability, one drop of fluorescein diacetate
solution (FDA; Sigma; 1-5 mg ml~! in acetone) was diluted
in seawater and then was applied to the cells for 5 to 10 min.
These were examined with an Olympus BX50 microscope un-
der a UV filter. FDA staining indicates activity of esterases in
living cells (Oparka & Read 1994). After incubation in FDA
solution living cells fluoresced yellowish-green when excited
under a UV light, whereas dead cells appeared red due to the
autofluorescence of chlorophyll.

Salinity experiment

To investigate the tolerance of Chlorococcum to high salinity,
the cells from freshwater culture (ATCC Medium) were col-
lected in a plastic tube, centrifuged, and washed two times
with IMR medium (1 litre of autoclaved enriched seawater pH
8, containing 50 mg NaNO,, 6.8 mg KH,PO,, 1 ml trace metal
chelator stock solution, and 100 wl vitamin stock solution).
The trace metal chelator stock solution of pH 7.5 contained 1
g FeCl;, 0.62 g MnSO,, 0.25 g ZnSO,, 0.13 g Na,MoO,-2H,0,
4 mg CoCl,-6H,0, 4 mg CuSO,-5H,0, 6 g EDTA, and 1 litre
ddH,O. The vitamin stock solution contained 10 mg thiamin,
0.1 mg cyanocabalamin, 0.1 mg biotin, and 100 ml ddH,O.
After the wash, the cells were transferred to IMR medium and
grown in 90 by 15-mm Petri dishes in the same conditions as
described above.

Cell viability was verified using FDA staining. The per-

centage of living cells in freshwater culture before their trans-
fer to seawater was estimated first using the equation % =
100 + total number of cells X number of fluorescing cells
(yellowish-green fluorescence of FDA). This was considered
to be the initial percentage of living cells (100%), and the
percentage of cells that remained alive after transfer to sea-
water was calculated at various times after transfer using the
equation % = 100 + % of living cells (before transfer) X %
of living cells (at a given time after transfer). A fluorescing
aplanosporangium was considered as one cell.

Electron microscopic observations

Cells were fixed in ATCC Medium containing 2% glutaral-
dehyde at 4°C for 2 h. The glutaraldehyde was then rinsed out
with ATCC Medium and the cells were postfixed with 2%
osmium tetroxide containing 1% KFe(CN), at 4°C for 1.5 h.
Thereafter, the cells were rinsed with ATCC Medium and
were dehydrated in a graded acetone series, embedded in
Spurr’s epoxy resin, and polymerized overnight in a 70°C
oven (Polysciences Inc.). Sections were cut with a diamond
knife on a Reichert Ultracut E microtome and mounted on
uncoated 200 mesh copper grids. Sections were stained with
2% uranyl acetate for 25 min and a triple lead stain for 10
min (82 ml ddH,O, 1 g lead acetate, 1 g lead citrate, 1 g lead
nitrate, 2 g sodium citrate, and 18 ml of 1 N NaOH). They
were viewed and photographed on a Phillips Bio Twin Trans-
mission Electron Microscope.

RESULTS

Collection of algae

Inside the stupa, the algae covered the stone walls of the en-
trances leading to the inner room (Fig. 1). Collected in dif-
ferent parts inside the stupa were Phormidium, Microcystis,
broken frustules of a pennate diatom, and dormant, warty,
thick-walled spores of Chlorococcum sp. The resting spores
were most abundant, so that the entire stone surface was cov-
ered with a green film. Many small resting spores were inside
the broken diatom frustules. Smooth-walled vegetative cells
of Chlorococcum were not found. The spot where samples
were collected was dark during daytime and dry. Collected
samples were placed in Petri dishes containing ATCC medium
and transferred to a culture chamber. In culture only Chloro-
coccum spores remained alive, whereas cyanobacteria and di-
atoms did not revive.

—

Figs 12-18. Electron micrographs of Chlorococcum cells.

Fig. 12. Pyrenoid surrounded with thick starch sheath with channels. No chloroplast lamellae enter the pyrenoid matrix. Scale bar = 200 nm.
Fig. 13. Pyrenoid within starch-containing chloroplast. Scale bar = 500 nm.
Fig. 14. Section through the zoosporangium. Notice thick, striated zoospore cell wall. The transverse sections of a flagella pair are also shown.

Scale bar = 200 nm.

Figs 15-16. Enlarged micrographs of the transverse section (Fig. 15) and tangential longitudinal section (Fig. 16) of striated cell wall (arrows).

Scale bar = 95 nm.

Fig. 17. Enlarged transverse section of flagellum where it is still within the collar of the cell. Scale bar = 100 nm.
Fig. 18. Longitudinal section through flagellum. Notice that the outer surface is not smooth (arrows). Scale bar = 100 nm.
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Table 2. Uncorrected pairwise distances of the 18S gene of Chlorococcum sp. from Miruksazi stupa (bold) compared with related taxa.

1 2 3 4 5 6 7 8 9 10 11
1. Chlamydomonas sp. —
A058351
2. Chlamydomonas sp. 0 —
ABO058350
3. C. chlamydogama 6.28 6.28 —
AY220560
4. Chlorococcum sp. 1.75 1.75 6.21 —
ABO058335
5. C. lirtorale AB058336  1.75 1.75 6.22 0 —
6. C. hypnosporum 6.02 6.02 7.30 5.96 5.96 —
U41173
7. C. echinozygotum 6.35 6.35 7.15 6.11 6.11 1.78 —
U57698
8. C. ellipsoideum 7.61 7.61 5.75 7.49 50 9.25 9.22 —
U70586
9. C. robustum AY 122332 7.33 733 6.54 7.57 7.57 9.75 9.71 3.09 —
10. Chlorococcum sp. 6.68 6.68 5.46 6.49 6.49 9.02 9.10 0.65 2:52, —
DQ303098
11. Parachlorella kessleri ~ 9.18 9.18 6.77 9.24 9.25 10.89 10.57 8.47 8.91 7.68 —
AB080309
gia contained 2—16 aplanospores (Fig. 22), whereas in fresh- DISCUSSION

water the maximum number of aplanospores was 8 (Fig. 7).
Zoospores were never observed.

The number of living cells increased up to 70.2 = 14% at
the 20th day after transfer to seawater (Fig. 23) due to release
of aplanospores from the aplanosporangial cells. After the
massive release of aplanospores the number of living cells
began to decrease gradually. The aplanosporangia were still
present but not as abundant as before, and they contained two
to four aplanospores. Living cells changed from grass green
to yellowish-green and then brownish in color at 3 mo after
transfer, and numerous orange globules, presumably second-
ary carotenoids, were observed in the cytoplasm. Such change
in color was not observed in individual cells from the old
freshwater cultures initiated from the resting spores, although
they sometimes contained yellow-orange globules in small
amounts. At all times when cells were transferred to seawater
and then returned to ATCC medium, the cells revived and
grew normally again.

g3 G e A

Figs 20-22. The effect of high salinity on Chlorococcum. Scale bars

A terrestrial green alga, Chlorococcum sp., was one of the
dominant organisms causing biodeterioration of the Miruksazi
stupa and it was abundant on the stone walls of the inner
room. There are reports on the effect of algae on the biode-
terioration of stone (Brook 1968; Grant 1982; Young & Ur-
quhart 1998; Tomaselli et al. 2000; Kim et al. 2001). In par-
ticular, members of Chlorococcales, including Chlorella,
Chlorococcum, Scenedesmus, and others are known to cause
etching of the minerals (Welton et al. 2003).

Phylogenetic analysis revealed affinity of Chlorococcum
from Miruksazi stupa with C. ellipsoideum, as the maximum
likelihood, maximum parsimony, and Bayesian analyses val-
ues were 86%, 99%, and 100%, respectively. However, there
were dissimilarities between our isolate and C. ellipsoideum.
In our isolate, the outer cell wall layer sometimes thickened
with age, but it was not as great as 5 pm thick as in C.
ellipsoideum. In old cultures of C. ellipsoideum, the protoplast

10 pm.
Fig. 20. Granular appearance of cytoplasm following suspension in seawater.
Fig. 21. Cells increased in size, the outer wall layer slightly thickened and the vacuole enlarged (arrows) by the 14th day after transfer to
seawater.
Fig. 22. Aplanosporangium containing 16 aplanospores grown in seawater.
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successfully grew in a wide range of salinities. The ability
to tolerate salinity stress is, therefore, found in both marine
and freshwater/terrestrial species of Chlorococcum, although
there are some differences in the degree of tolerance among
them (Blackwell & Gilmour 1991a, b; Masojidek er al
2000). Some chlorococcalean algae, including Chlorella, An-
kistrodesmus, and Scenedesmus from saline water bodies
were also favored by increased salinity (Dash er al. 1995).
Freshwater alga Chlorella emersonii Shihira & Kraus could
grow in 335 mmol NaCl 17! although the growth rate was
reduced by 30-40% (Setter & Greenway 1979). Related al-
gae, Chlamydomonas pulsatilla Wollenweber and Dunaliella
spp., were also capable of growing in a wide range of salin-
ities (Hellebust & Lin 1989; Fisher ef al. 1997). Thus, our
finding is consistent in this regard.

In conclusion, this study has demonstrated that Chlorococ-
cum sp. can tolerate various unfavorable environments such
as prolonged desiccation, darkness, and salinity stress. The
present results and other studies (Shields & Durrell 1964;
Blackwell & Gilmour 1991a, b) may explain the ubiquity of
this genus in almost every biome.
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