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ABSTRACT

Frezh specimens of the aquatic macrophyte, Spirodely polyshizzy, have been examined employing scanning
and transmission electron microscopy. Observations revealed the oconrrence of microbial colonization during
development, 3ubmerged parts of the small, free floating & polyrhiza body exhibited a variety of
microorganisms such as bacteria, cyanobacteria, and diatoms throughout their development. However,
immatre and/or young plants normally demonstrated much less microbial eolonization sompared to matire
plants. During the smdy, heavy colonization by the microorganisms was routinely encountered at maturity,
egpecially in the fully developed abaxial fronds and root caps, The mueilaginous layer was shown along the
root caps, and the microorganismes appeared to be either clustered or attached to this layer. In contrast, only
maoderate degrees of colonization were obeerved in the root, and little to no colenization was observable in the
adaxial frond surface. Transmizsion electron microscopy clearly demonstrated the microbial colonization to be
external in the & polyrhiza specimen examined in the current study. The aszzociation between the
microorganisms and 8 polyrhizr has been considered non harmful as no frond senescence and almost no

machanical penetration of the plant by the mietoo rganisms were noticed during the study.
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aquatic macrophytes. The submersed regions of free—

INTRODUCTION floating small aquatic macrophytes are often colonized

by large populations of bacteria. Thiz occurrence hag

Colonization of the hvdrophyte by varlous microor- been documented in zome fresh water species (Baker &

ganizms 1z a well-known phenomenon observed in Orr, 1986; Rimes & Goulder, 1986; Undsrwood &
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Baker, 1991). Duckweeds, including Spirodelas polyr-
hiza, are members of the smallest aquatic flowering plant
family, Lemnaceae (Landolt, 1998; Lemon & Pozlugzny,
2000). These duckwesds are readily found in ponds,
streams, lakss, rics paddies, and in some fresh watsr ma-
rehes (Logedon, 1989). Members of duckweeds are alzo
known to have colonies of various microorganisms in
their submerged parts (Hossel & Baker, 1979; Zuber,
1984; Duong & Tiedje, 1985; Underwood & Baker, 1991).
For the duckwesd-microorganism association, varlous
degrees of both deleterious and beneficial effects have
been recorded. Some of the bacteria may have harmful
effects on the host macrophyte, exhibiting symptoms of
either overall senescence (Underwood & Balker, 1991 or
frond sensscence with pite on the swrface or invasion to
the frond tissus (Rogers & PBrsen, 1981; Zubersr, 1982),
However, a beneficial cutcome to the host plant, where-
by growth factors probably produced by epiphytic bact-
eria are utilized to the plants advantage, has been also
reported by Duong & Tiedje (1985), whose group inves-
tigated the duckwesd -cyanobacteria assoclation among
Spirodele, Lemna, and Wolffiz. They revealed a con-
structive relationship betwsen the two in which the host
provided a more favorable environment for the cyanobac-
teria for improved nitrogen fixation. Interestingly, no sig-
nificant effect on the final population density was shown
in a host inoculated by cultured bactsria, whereas signifi-
cantly higher levels of senescence were found in Lemne
plants inoculated with a natural population of the bastena
{(Underwood & Baker, 1991).

The present study reports the results of experiments that
examine whether various epiphytic bacterla have benz-
eficial or unfavorable effscts on the free—floating giant
duckweeds, Spirodela polyrhiza during their growth period.
The entire plant body, including the fronds, connsctive
gtalks, roots, root caps, and reproductive pocketz of young
and mature duckweeds were exarmned by using both scan-
ning and transrmission electron microscopy. The study foe-
uzes on the relationship between the giant duckwesd and

microbial colonization within their environment. The

work presented has been carried out ag part of a larger
study on the structural azpects of the giant duckwsed in
regards to the structural and cellular aspects of 5. po-
Wrkiza. The structurss of root system, fronds, and conne-

ctive stalks will be the subject of following papers.

MATERIALS AND METHODS

1. Plant material . About 5060 fresh specimens of
Spirodela polvrkiza (L.) Schleiden were collected from
Woopo Marsh, Changryoung, Kvungbook Province,
during the years 2002 and 2003, After being transported
from the collection sites, approximately 20 plants with
at least two to three generations of offspring fronds con-
nected to mothsr fronds with hsalthy stalks were select-
ed for the following transmigsion and goanning electron
MICTOSCOPY.

2. Elsctron microscopy @ For transmission electron
microscopy (TEM), approximately 1 —2mrt® tssues of
the immature and mature fronds and roots were fized in
3~6% glutaraldehyde in 0.02 M phosphate buffer for 3
hre and post—fized in 2% csmium tetroxide for 2~16
hrs. Following triple rinses in the same buffer, the apec-
imens were dehydrated in a graded ethanol series (Kim
& Kim, 2000; 1 & Kim, 2002), and embedded in a low-
vigcosity Spurr resin, About 80~ 90 nm ultra—thin sec-
tiong were cut by Ultracut—S ultramicrotome using glass
and diamond knives. These zections were mounted on
0.35% dichloro-ethane coated copper grids and stained
with 1~ 2% aqueous uranyl acetate, followed by 1% lead
citrate, The sections were examined and photographed
with a Hitachi H-7100 TEM, operated at 75kV, at the
Korea Basic Science Institutes (KBST), Dasgu Branch.

For scanning slestron microscopy (SEM), matsrials
were fized and dehwdrated as they were for the above TEM
procedures. The materials, were then substituted with is-
oarmnyl acstate three times and stored at 4°C. Following
the zubstitution, the tissue samples were dried to critical

point, coated with 20--30nm platinum-palladium, and
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ezamined using a Hitachi 5-4200 SEM, operated at 15
k¥, at the KBS Dasgu Branch.

RESULTS

The submerged parts of the small, free—floating
Spirodela polyrhiza exhibited a variety of microorgan-
1sms including bacteria, cyanobacteria, and diatorns, thro-
ughout their development. During root initiation at early
development, the microbial colonization began to take pl-
ace where the prophyllous sheath covered the root primo-
rdia that originated from the abaxial frond. Howsver, the
fronds and roots of immature or young plants normally
exhibited much less microbial colonization (Figs. 1-6)
compared to those of mature plants. The least microbial
colonization has been noticed in the adaxzial frond sur-
face (Fig. 1), while the abaxial surface showed sporadic
colonization (Fig. 2). The root, root cap, and reproduc-
tive pockst were not quantitatively associated with van-
ous microorganisms at this immaturs stags (Figs. 3-6).
Almost no colonization was seen at the point of root—
root cap insertion, and no heavy bacterial colonies were
vigible in the rhizosphere of immature roots (Fig. 4).
While stalk connecting fronds did not show the micro-
bial azsoclation even at a mature stage (Figs, 7-8),
extensive colonization by microorganisms wag routine-
ly encountsred at maturity in a number of structures, es-
pecially in fully developed abazial fronds (Figs. 9-11).
No microorganizms, however, were detected within the
epidermal or mesophyll cells of the frond (Figs, 12-13).
The root caps wers also agsoclated with numerous micr-
sorganizms, and they appeared to be either clustered or
attached to the mucilaginous layer (Figs. 14-15). In con-
trast, only moderate degress of colonization were obser-
ved in the elongated root, and the presence of microbial
colonies was sparse in the junction where the root cap
ingerted into the root, None of the aforsmentioned mier-
oorganisms were dstected in the spidermal, mesophyll,

or cortical cells of the fronds, stalks, roots, and root

caps, except in one case where microbial invasion was
observed in the outermost root cap cell{Fig. 16). The rep-
roductive pockets that enclosed offspring generations of
duckweeds demonsirated a small number of microorgan-
isms only on the covering sheath of the pockst (Fig. 17).
However, this occurrence wag uncommon.
Transmizsion electron microscopy clearly demon-
strated the microbial colonization to be extsrnal in Spir-
odela polyrhize. No invagion of bacteria or other micr-
oorganisms was obzerved throughout the examination
{Figs. 6, 12, 13, 14, 15), except in the one and only caze
mentioned earlier. Hundreds of ultra—thin sections of
epidermis and mesophyll layers of the fronds, epidermal
and cortical layers of connective stalks and roots, and
three layers of root cap cells were carefully surveyed, yet
no signs or symptoms of the microbial intrusion within
the young and mature duckweeds could be detected. Alt-
hough quantification of nitrogen fization, a common
measurs used to prove whether a microbial association is
beneficial or not, has not been attempted currently, the
aszoclation between the microorganism and 5. polyrhiza
have been considered to be at least non—harmful, as the
plants were healthy, without any frond or root senes-
sence or no mechanical penstration by microorganisms,

throughout development.

DISCUSSION

It has been well established that a majority of aquatic
plants are frequently colonized by a variety of microor-
ganisms in their submerged regions. As in other aquatic
gpecies, the submerged parts of the free—floating duck-
weed Spirodela polyrhiza exhibited a variety of microor-
ganisms including bactsria, cyanobactsria, and diatorns,
throughout their development. However, it iz likely that
the mature duckweeds associate more with the microor-
ganisms than do immature and young plants. Among the
ezamined duckweed surfaces, extensive colonization

occurred most frequently on the abaxial surface of the
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mature fronds where roots attached. The smallest degree
of microbial colonization was notable in the adaxial fro-
nd surface. The root caps were alzo aszociated with micr-
oorganisms somewhat heavily around the mucilaginous
layer. Howsver, microbial colonization in the slongatsd
root wag roderate and sparse in the junction where the
root cap inserted into the root. These results contrast
with those documentsd in the study by Zuberer (1984),
who described rather heavy associations. The connective
stalks and reproductive pocksts showed less colonization
after the adaxial fronds in this study. Depletion of sugars
from the leaf surface was suspected during bacterial
colonization, as a considerable variation on the capacity
of bacteria to deplete leaf surface sugars probably exists
among aquatic species (Mercier & Lindow, 2000), Plants
with high microbial colonization probably depleted mors
gurface nutrients than plants with low colonizations,
However, the physical accsssibility of residual sugars
on colonized lsaves may be rssirictsd to microorgan-
izms due to limitations in wettability and/or diffusion of
nutrients in the leaf’ surface (Mercier & Lindow, 2000),
There iz gome information on carbon leaked or exuded
by intact duckweed plants. Approximately 2% of the
carbon fized by duckweeds iz recorded to be secrsted as
diszolved organic carbon, in which the epiphyte plays a
role ag a carbon sink (Satake & Shimura, 1983} This
supportsd the notion that some of the carbon fized by
the macrophyte is transferred to heterotrophic epiphytes
(Baker & Farr, 1982). The small floating duckweeds are
known to serve ag hosts for a nitrogen—fizing epiphytic
microflora (Zuberer, 1982, 1984].

Aszsociation of substantial microbial biomass with
active duckwsed populations haz been known to oceur
in Lemna minor and Spirodela oligorhiza. A portion of
the nitrogenass activity associated with well-dsvelopsd
duckweed mats iz possibly mediated by heterotrophic
bacteria (Zuberer, 1984), Unlike the findings of the
present study, Zubsrer (1984) showed that bacterial
colonization ocourred within seneszcent frond cells of

duckweeds that were collected from different locations.

The invasion of microorganisms into the plants iz likely
due to an easy mechanical penetration attributable to the
aging process and the increased physical accessibility
that results from it. Another possible explanation iz that
the populations are expected to vary from one site to
another depending on the unique environmental charac-
teristics of the habitat where duckwesds grew. Environ-
mental fastors such as amount of light, tempsrature, and
nitrogen and phosphorous concentrations are expected to
exert some influence on the degree of microbial colo-
nization in duckwesd speciss (Zuberer, 1984). Accor-
ding to the work of Cohen & Yamasaki (2003), when a
certain bacterial strain isolated from the aquatic fern,
Azollg pimnata, 13 inoculated again onto 4. pinnara
fronds, a surface—sterilant resistant density 1z estab-
lished without causing any harm or diseags.

In the submerged angiogperms, inorganic nutrients
are known to be transported generally from the root to
the frond (Pedersen & Sand-Jensen, 1993). Higher
concentrations of diffusible iong have been found in root
tip cells of L. minor (Bchlin et al, 1979, 1980, 1981,
1982). However, the degree of root involvernent in the
uptake of nutrient in . polyrhiza is still controversial, as
effective and ineffective cases are both known. In many
Lempa and Spirodela species, water absorption and
nutrient uptaks supposedly take place on the abaxial
frond surface (Muhonen et al., 1983; Ise & Couch,
1987, Meijer & Sutton, 1987). Since a definite involve-
ment of the fronds and roots in nutrient abzorption
remaing to be clarified, the microbial aszociations in 3.
polvrhiza will be more concluzive when their nutrient
uptake pattern is revealsd,

Agquatic plants are known to take up xzenobiotic corm-
pounds from water and biotransform them in conjunction
with the associated microbiota (Federle & Schwab,
1989). As obzerved in the present study, numerous roots
of Zemna and Spirodela species showed routine colo-
nization by a varisty of microorganisms including bac-
teria, cyanobacteria, and diatoms (Zuberer, 1982, 1084,
Duong & Tiedje, 1985}, Such colonization by large
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populations of epiphytic bacteria can either be dele-
terious or benefisial to the plant. Duong & Tiedje (1985)
reported that cyanobacteria appear to benefit mors than
its host, the duckweed, by using the plant for physical
gupport, protection against direct sunlight, and as a
gource of carbohydrates and growth factors, although
commensaliam has been suspected. On the other hand,
significantly higher levels of ssnsscence wers shown in
Lemng when inoculated with a natural population of
bacteria (Underwood & Baker, 1991). It iz possible to
account for the occurrence of colonization in 5 polyrk-
izg ag being non—harmful, as no frond senescence or
mechanical penetration of the host cell wall by cyano-
bacteria or bacteria were observed during the study.
Since the quantification of nitrogen fization measured
by acetylens convesrsion to sthylsns and commeonly sm-
ployed in the study of duckweed blooms (Duong &
Tiedje, 1985) may better prove a physiclogical micro-
bial association in 5 polyrkize, the measursment of
nitrogen fixation is suggested for a categorical azsess-

ment of the duckwsed -microorganism association,
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FIGURE LEGENDS

Abbreviation : Ab = abaxial frond surface, Ad = adaxial frond swrface, B =bacterial epiphyte, D = diatom, E =epidermal cell F =
frond, m = microorganism, M =mesophyll cell, P = prophyllous sheath, R =root, K¢ =100t cap cell, Ep = Eeproductive pocleet, 8 =

stalle, A1l fimares are SEM, unless specified as TEM.

Fig. 1. Immature adaxial frond exhibiting a very smooth srface, BEar = 3 pm.
Fig, 2, Immature abaxial frond with scattered microorganisms (arrow), Bar = 23 pm. Inzet: Cloge—up of Fig, 2 showing an obvious

microbial-frond association. Bar = 0.8 pm.
Fig. 3. Tip of the root cap at early development. Bar = 30 pm.

Fig. 4, Part of the developing root with the point of root—root cap inzertion (arrows). Bar =435 pm.
Fig. 5. Part of the reproductive pocleet exhibiting inconspicuous microbial association at early growth, Bar =75 pm.
Fig. 6. Crogs—saction of the root cap showing layers of cortical cellz, Mote the abzence of the microorganizms within root and root

cap calls, TEM., Bar =35 pm.

Fig. 7. The cormective stalle showing almost no microbial association, Notice the frond thickly covered with diatoms in the bacl-

orownid, Bar =60 pm.

Fig. 8. Croas—saction of the connective stalll showing part of the epidermal cells, Mo microbial invasion was detected, TEM. Bar =

2.5 pm.

Fig. 9. Exttensive colonization of the microorganizm in fully developed abaxial fronds. & transverzely dizsected portion of the root
that waa attached to the abaxial frond is shown in the bottom left. Bar = 35 pm.
Figs. 10-11. Another extensive microorganism colony in the mature abaxial frond. Bar in Fig 10, inset, and Fig. 11 represent 90, 13,

and 20 pm, respectively,

Fig. 12, Part of'the epidermal and mesophyll cells of the frond, No sign of microbial invasion, TEM. Bar = 2.5 pm.

Fig. 13. SEM micrograph indicating external ecolonization (arrows) on the abaxial frond epidermal cells. Bar = 40 pm.

Fig. 14, Microorganisme appearing to be either clusterad or attached to the mucilaginous layer (arrowheads). TEM. Bar = 2.5 pm.
Fig. 15, Root cap cells associated with numerous microorganisms (arrows), TEM, Bar = 2.5 pm.

Fig. 16. Microbial invasion (arrows) found in the outerm ost root cap cell, TEM. Bar = 2.5 pm .

Fig. 17. Reproductive poclcets with a mamber of microorganisma on the beginning portion ofthe covering sheath. Bar = 30pm.
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