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2. MORPHOLOGICAL CHARACTERISTICS: VARIABILITY AND FUNCTION

2.1. GENERAL

The basis of the following statements is the monograph of HEGELMAIER
(1868) which, due to the exactness of his observations, is still consid-
ered to remain a standard work. Many supplements from the literature and
my own observations also have been added. HEGELMAIER describes morpholo-
gical characteristics in much more detail; the ontogenic development of
the different organs and their homologues are given only cursory treat-
ment here. The main emphasis of this section will be the typical varia-
bility of features, whether genetically based or dependent on external
factors, and the known or assumed functions of these characteristics.,

Important elements of the following chapter include observations of liv-
ing plants, both in the field and in cultures, and of herbarium materi-
als. Many preparations of various fronds served for distinguishing mor-

phological features.

2.2. STRUCTURE AND ORGANIZATION OF LEMNACEAE PLANTS; INTERPRETATION OF
DIFFERENT ORGANS

2.2.1. Description of the frond

The leaf-like body of the Lemnaceae species, called a frond, is a com-
plex of tissues with only few differentiations. In addition, a reduction
in the organizational level within the family of the Lemnaceae can be
observed. It begins with SEirodela and leads to Lemna, Wolffiella, and
Wolffia.

As figures 2.la and 2.2 show, Spirodela has a leaf-like body (L) with a
membraneous scale (P) at the basal part of the body; this scale covers
the root primordia on the lower side of the frond with a lobe. The roots

are adventitious. In two lateral pouches at the base of the frond (Po),
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Fig. 2.1. Groups of fronds of various Lemnaceae seen from above or from
the side (f.) (after HEGELMAIER 1868)

a. Spirodela polyrrhiza (x7) d. Wolffiella hyalina (x7)
b. Lemna aequinoctialis (x7) e. Wolffiella oblonga (x7)
c. Lemna valdiviana (x12) f. Wolffia brasiliensis (x7)

g. Wolffia brasiliensis (x20)

A anther ov ovary
Ap apex Pa papule
AS air spaces Pi pigment cells
B base Po pouch
BP basal part of the frond Pr prolongation
DP distal part of the frond R root
F mother frond RC rootcap
Fg daughter frond of the first Se seed
generation Sta stamen
F daughter frond of the second Sti stipe connecting daughter
2 :
generation frond and mother frond
F1 flower Stig stigma
Fr fruit Tr tract of elongated cells
Ne nerve connecting stipe and node

No node
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Fig. 2.2, Young fronds of Spirodela polyrrhiza
a. Young frond from above (upper surface) (after HEGELMAIER 1868) (x60)
b. Very young frond from below (lower surface, ventral side) (x180)

E slit-shaped entrance to the pouch L leaf-like body
Fl+a first daughter frond of the first Ne nerves
generation, plus side Pd prophyllum, dorsal lobe
Fl-a first daughter frond of the first Pd* prophyllum, corner of the
generation, minus side dorsal lobe transgressing
F0 mother frond to the ventral side
FOb second frond of the mother Pv prophyllum, ventral lobe

generation R roots
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Fig. 2.3. Longitudinal section of Wolffiella lingulata (from GOEBEL
1921)
a., pouch (x80), b. distal part (x120)

Fla first daughter frond of the first generation
Flb c.d second to fourth daughter frond of the first generation
P! first and second daughter frond of F
a,b . 1b
IE intercellular spaces
Pi pigment cells
Sti stipe of the first daughter frond

Tr tract of elongated cells belonging to the first daughter frond



-18_

IAS

Fig., 2.4. Longitudinal section of Welffia arrhiza (60x)
(after HEGELMAIER 1868)

EC epidermis cells

Fo mother frond

Flb second daughter frond of the first generation
Flc third daughter frond of the first generation

F2a first daughter frond of the second generation
F3a first daughter frond of the third generation

IAS intercellular air spaces (very small)

No node

Pa papilla

PaC parenchyma cells

Sti stipe of the first daughter frond (Fla) already separated
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Fig. 2.5. Light micrographs of Wolffia arrhiza (No. 7014)
(from ANDERSON et al. 1973)

a.

Vertical cross section of mature mother and daughter fronds
showing palisade-like photosynthetic area (P), highly wvacu-
olate cells (V), substomatal cavity (SC), intercellular air
spaces (AS), and daughter frond (II) (x80).

Placenta-like meristematic area (MA) in the older frond
giving rise to successive daughter fronds (x180).
Horizontal cross section of daughter frond in reproduction
pouch showing three vegetative generations: mother frond
(I), successive daughter fronds Fl , F (IIa, I1b) of the
first generation, and primordia of daughter frond of the
second generation F2a (ITII). (x80).
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the young daughter fronds (Fl, F2) originate. The Spirodela flowers con-
sist of a membraneous scale, two stamens and one ovary (with one to few
ovules).
Lemna (fig. 2.lb) has only one root, and the scale at the base of the
leaf-like frond is missing. The flowers are similar to Spirodela flow-
ers. There are no roots at all in the Wolffiella and Wolffia genera
(fig. 2.1d-f); these fronds are thin and nearly transparent in Wolffiel-
la (two-dimensional) (fig. 2.3) and small and gibbous in Wolffia (three-
dimensional) (fig. 2.4). The flowers of both genera consist of one sta-
men and one ovary; these organs are situated in a cavity on the upper
side of the frond either laterally of the median line (Wolffiella) or in
the median line (Wolffia). The daughter fronds grow to the back of the
fronds in a flat pouch (Wolffiella) or in a conical cavity (Wolffia).

The leaf-like part of the fronds consists of (fig. 2.la):

- a rear or basal section (BP), which is behind the node, where the
daughter fronds are formed; from the node to the base runs a tract of
elongated cells (Tr) that connects the daughter frond with its proge-
nitor.

- the front or distal section (DP), which contains nerves (Ne) in Sgiro—
dela and Lemna.

The two sections are not sharply differentiated from each other. 1In

both, the tissue below the epidermis consists of a photosynthetising pa-

renchyma, partly interrupted by large intercellular air spaces. The air

spaces of the Lemnoideae and Wolffiella with the surrounding cells form

a special aerenchymatic tissue (figs. 2.1lc,d,e; 2.25). In Wolffia the
air spaces are situated in the small gaps between the adjoining corners

of some parenchymatic cells (figs. 2.4, 2.5).

2.2.2. Interpretation of the frond

A morphological interpretation of the frond is difficult. In principle,
there are three theories:

1. The frond corresponds to a leaf (e.g., HOFFMANN 1840a). This theory
is contrary to the fact that leaves in general are not able to form new
leaves and flowers.

2. The frond corresponds to a shoot of leaf-like shape (e.g. SCHLEIDEN
1844, HEGELMAIER 1868). However, as there is no meristematic tissue at

the end of the frond, HEGELMAIER himself abandoned this theory and in
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1895 supported the third theory. BRUNAUD (1974a, 1974b) believes that
the Lemnaceae shoot ends in a terminal cladodium (fig. 2.6). According
to BUGNON (1974), BRUNAUD's interpretation (1974a) of the ramification
of the Spirodela fronds corresponds, with some modifications, to the

situation in Zostera, Ruppia, Dieffenbachia, Crocus, Hydrocharis, Leu-

22125, etc.

3. In the basal section, the frond consists of a shoot and in the distal
section, of a leaf (e.g., VAN HOREN 1869, ENGLER 1877, 1889, HEGELMAIER
1895, MEUSEL 1951, KANDELER 1979). 1In general, a shoot is not able to
end in a leaf. Therefore, there are many variations of this theory. Ac-
cording to ARBER (1920), the frond corresponds to a phyllodium, with the
basal section forming a flat axis and the distal section forming an en-
larged petiole; the "leaf" of Pistia is interpreted in a similar way.
BROOKS (1940) also tries to compare the frond of the Lemnaceae with the
leaf-like body of Pistia; he considers the Pistia plant a sympodium. The
frond of Spirodela, as a part of a sympodium, consists of a prophyllum

at the base, a leaf (forming the leaf- like area), a bract (the lower

DP

BP

Fig. 2.6. Interpretation of the Spirodela frond, according to BRUNAUD
(1974a, 1974b)

Bl' Bz, B3 bracts 1 to 3: Fl daughter frond of the
bracts 1 and 3 supposed first generation
bract 2 existing Fl+a first daughter frond,

BP basal part plus side

DP distal part B first daughter frond,

l=a | .
FO mother frond minus side
FOb second frond of the mother L leaf~like body

generation
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wall of the second pouch), and a terminal inflorescence (fig. 2.7). The
first daughter frond is formed in the axil of the prophyllum, An inter-
pretation of the following daughter fronds of the same generation is not
given by BROOKS. In Lemna, according to BROOKS (1940), there is another
bract, instead of the prophyllum, that forms the lower wall of the first
pouch. ASHBY et al. (1949) believe that the Lemna minor frond is an
axillary shoot from which the daughter frond branches off alternating on
both sides with the leaf-like body of the mother frond consisting of a
bract. However, it is not possible to explain the prophyllum of Spiro-
dela in this way (fig. 2.8). According to GOEBEL (1921) and LAWALREE
(1945), the basal section of the frond consists of a hypocotylous shoot
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Fig. 2.7. Interpretation of the Lemnaceae frond, according to BROOKS
(1940) and DAUBS (1965). The figure represents Pistia;
Spirodela is interpreted in the same way.

B bract I inflorescence

Fl+a first daughter frond of the first L leaf-like body
generation, plus side P prophyllum

F2+a first daughter frond of the second Sp spathe
generation, plus side

F mother frond
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and the distal section consists of a cotyledon-like leaf. The Lemnaceae
are believed to develop no further than the embryonic stage. There is no
true vegetative point; instead, a long-lasting meristematic zone can be
observed at the base of the cotyledon and the following cotyledcn-like
leaves, which later develop into fronds. With this theory it is not
possible to explain the presence of the membraneous sheets which are
interpreted as prophylla in this monograph.

MEUSEL (1951) considers the structure of the Lemnaceae frond homologous
to that of Pistia. The distal part of the Spirodela frond corresponds to
the foliage-leaf of Pistia, the basal part to a shoot bearing a scale-
leaf, an inflorescence and adventitious roots; the first daughter frond
on the plus side is homologous to the sympodial shoot of Pistia, the
daughter frond on the minus side is homologous to a new stolon of Pistia
(fig. 2.9). The daughter frond on the minus side is replacing the inflo-
rescence in non-flowering fronds,

I have not done any extensive work to explain the homologies of the

frond but there seems to be possible a scmewhat different interpretation

Fig. 2.8. Interpretation of the Lemna frond, according to ASHBY et al.

(1949).
F0 mother frond +a first daughter frond, plus side
Fl daughter frond of the first -a first daughter frond, minus side
generation +b second daughter frond, plus side
F2 daughter frond of the second +c third daughter frond, plus side
generation No node

Sti stipe
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which is more obvious in connection with anatomical investigations in
the literature and my own observations (fig. 2.10). The frond of S.Eolx-
rrhiza consists of a very short shoot that begins at the base of the
stipe (which originally connected the frond with its ancestor) and ends
at the node. The shoot of Spirodela forms a partly asymmetric dichasial
sympodium, enclosed by a prophyllum. The main shoot ends at the node.
There are no bracts at the branching off points. The side shoots end in
a terminal flower. If no flower is formed, as usual, in each pouch an
axillary daughter frond develops to which further daughter fronds (se-

condary accessory fronds) of the same generation follow. The flowers, as

Sp

Sc

=) A=

Fig. 2.9. Homology in Pistia and Spirodela, according to MEUSEL (1951)

a. Scheme of stolon formation in Pistia. It is supposed that always new
stolons are formed instead of continuing shoots. The continuing shoot
develops sidewards of the bract.

b. Scheme of derivation of the Spirodela frond from a Pistia stolon.

c. Scheme of the structure of flowering S. polyrrhiza.

I inflorescence L leaf-like body
Sc scale-like leaf Sp spathe



Fig. 2.10. Interpretation of the Lemnaceae frond in the present work.
a. Spirodela, b. Wolffiella, c. Wolffia

The Lemna frond is organized very similarly to Spirodela, but
there is no prophyllum at the base of the frond; the prophyl-
lum at the base of the flower is still existing.

FO mother frond + plus side
F_ daughter frond of the first - minus side
1 :

generation Fl flower

F2 daughter frond of the second L leaf-like body
generation No node

a first frond P prophyllum

b second frond Po pouch
(accessory frond to a) Sti stipe

c third frond
(accessory frond to b)
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well as the daughter fronds of Spirodela, are surrounded by a prophyl-
lum. LACOR (1970) observed at the meristematic basal part of some flow-

ers of S. polyrrhiza one to five roots perforating the prophyllum in a

similar way as the roots of the normal frond do. The distal part of the
fronds branches off at the end of the main shoot. It probably cannot be
determined by the known facts whether this part corresponds to a whole
leaf or only to a petiole, as is supposed by ARBER (1920), in analogy to
the conditions of Pistia. The leaf tissue grows at the minus side of the
frond, where the second daughter frond (Fl_a) is formed, along the stipe
and towards the base, where it forms the lower wall of the pouch (the
lower wall of the pouch at the plus side is formed by a lobe of the pro-
phyllum). On the wupper side, the tissue of the leaf-like part grows
towards the base and, from above, connects with the stipe, thus forming
two upper walls of the pouches. In Lemna, there is no prophyllum at the
base of the frond. The lower wall of the plus side is formed in a simi-
lar way to the formation of the lower wall of the minus side (by leaf
tissue). The prophyllum of the flower is still present. In Wolffiella
and Wolffia (fig. 2.10b), the tissue growing towards the base of the
leaf-like part does not connect with the stipe on the upper side; there-
fore, only one pouch or one cavity grows towards the back from where
daughter fronds emerge backwards. The prophyllum of the flower is also

missing in Wolffiella and Wolffia. The flower is directed to the upper

side of the frond and is not enclosed in the same pouch as the daughter
fronds. It is surrounded by frond tissue and therefore lies in a cavity.
In Wolffiella, the flowering shoots are directed laterally from the
median line., In Wolffia, there is only one direction for flowers (up-
wards into the cavity on the median line of the frond) and for daughter
fronds (backwards into the cavity). As an exception to this arrangement,

I have observed a two-flowered Wolffia columbiana in which both flowers

were arranged along the median line, in separate cavities (fig. 2.41).

The assymetry of the tract of elongated cells and of the daughter fronds
in W. lingulata, W. oblonga, W. gladiata and W. denticulata is second-
ary. As GOEBEL (1921) already pointed out, the Wolffiella frond is by no

means the result of a turning of 90° of a Wolffia frond with a succes-

sive flattening as proposed by HEGELMAIER (1868). It is just a shifting
of the tract of elongated cells from the median 1line (W. rotunda, W.
Welwitschii) to the side. The Wolffia frond probably derived from a sym-

metric Wolffiella frond.
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2.3. GROWTH AND AGEING OF FRONDS; FORMATION OF DAUGHTER FRONDS

2.3.1. Mode of growth; growth rate

The growth of Lemnaceae occurs by budding within the pouches or cavities
of the basal section of the fronds.

The initiation, elongation, and internal differentiation of the fronds
of S. punctata has been described by RIMON (1964) and RIMON and GALUN
(1965)., Initiation of a new bud (the future frond) takes place in a bud
of previous generation which is not more than 18 cells in length. Cell
multiplication continues in the initials and in the mother bud. When the
bud is 30 cells long, differentiation begins. A typical aerenchym and
vascular bundles are produced. The bud is thus converted into a frond,
and further cell divisions are restricted to a small portion of the base
of the young frond. The normal size of the frond is reached by further
cell elongation and by the meristematic activity at the node. The new
fronds separate from the mother fronds after a period of time, Each
daughter frond emerging from the pouch already contains two new genera-
tions of daughter fronds. The distal section of the frond is formed
first which is, according to HEGELMAIER (1868) true for all Lemnaceae,
HEGELMAIER also reports that the daughter fronds of Lemna are formed in
each pouch simultaneously when the mother frond reaches about 0.05 mm in
length. Later the development of one daughter frond (on the minus side)
is delayed.

Daughter fronds are usually formed by meristematic tissue at the node on
the upper side of the mother frond (see e.g. RIMON 1964). However, in
the S. polyrrhiza group the daughter frond of the plus side originates
laterally from and not on the upper side of the mother frond (see chap-
ter 2.4.8.). The meristematic tissue is dermatogenous in W. arrhiza, ac-
cording to LAWALREE (1943); in S. polyrrhiza, the subepidermal tissue
takes part in the production of frond primordia (VINTEJOUX 1969).

With optimal nutrient composition, the growth rate of Lemnaceae is near-
ly exponential. However, it should be noted that successive daughter
fronds do not appear at regular intervals. Also, the elongation of the
cells might be slowed or accelerated by making small changes in culture
conditions. This more-or-less means that new daughter fronds appear un-

expectedly from the pouch, although in the 1long run, the number of new
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daughter fronds formed remains the same. To obtain a regular growth
rate, it is necessary to count only cultures with many fronds. The frond
number almost doubles within 24 hours with fast-growing species (e.q.,

L. aequinoctialis and W. microscopica) and wunder optimal conditions

(LANDOLT 1957, VENKATARAMAN et al. 1970, DATKO et al. 1980a).

2.3.2. Lifespan and ageing

During the vegetation period, the fronds have a lifespan of only a few
weeks. In L. minor, ASHBY et al. (1949) observed a maximal age of 5-6
weeks; PIRSON and GOELLNER (1954) recorded an age of 7 weeks and, rare-
ly, up to 10 weeks; and WANGERMANN (1952) reported an age of up te 9-10
weeks and HOSSELL and BAKER (1979a) 5 weeks. In L. obscura (named as
L. mincr) a lifespan of up to 10 weeks was measured (BOSS et al. 1963a).
The same authors (1963b) observed different lifespans for different
clones and different species under optimal conditions. They reported a

lifespan of 33 days for S. polyrrhiza and L. obscura, 29 days for

L.
gibba, 28 days for L. minuscula, 26 and 22 days for two clones of L.

aequinoctialis, and 21 days for S. punctata. According to many authors,

the lifespan depends on the temperature. At 30°C, the life span is about
half of that at 20°C. However, in a resting stage and at low tempera-
tures, the fronds may survive for several months. Turions of S. poly-
rrhiza are still viable after 10 months (HENSSEN 1954). Nutritional con=-
ditions probably have an influence on lifespan, too. However, available
information 1is contradictory. WANGERMANN and LACEY (1955) observed
longer lifespans for L. minor in nutrient solutions lacking nitrogen,
whereas BOESZOERMENYI and BOESZOERMENYI (1957) reported shorter life-
spans when nitrogen and phosphorus were lacking; the authors suppose
that the assimilaticn of nitrogen and phosphorus is slower with older
fronds; therefore, the new daughter fronds are not as well nourished and
do not form meristematic tissue at the same rate as under conditions
where N and P are present. The difference in the results of the two
groups must be explained by the different culture conditions used. WAN-
GERMANN and LACEY (1955) grew L. minor at a constant temperature of 25°%¢
and at relatively low light intensities of 2000 lux (200 ft-c); BOES-
ZOERMENYI and BOESZOERMENYI (1957) cultivated duckweeds in a greenhouse

with changing temperatures and light intensities. The nitrogen-deficient
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plants probably did not tolerate the stress situation (sometimes high
temperatures) as well as optimally nourished plants. According to OSTROW
and DIJKMAN (1969) the lifespan of S. punctata declines with increasing
day length (from 33.4 days under 8 hours of light daily to 22.8 days un-

der continuous light). On the other hand, the lifespan of L. aequinocti-

alis fronds cultivated under long-day conditions was distinctly longer
(39 days) than of fronds kept under short-day (flowering) conditions
(KANDELER 1974). In general, it appears that the lifespan is longer with
slower growth rates. Also, as the concentration of certain nutrients
falls below a minimum requirement, the fronds become damaged and die
earlier. KASINOV (1981) reports a faster propagation of new fronds and a
faster ageing of L. minor when the daughter fronds are removed prema-
turely (at a size of about half the maximal length). However, the number
of daughter fronds did not change. The rate of photosynthesis but not

the chlorephyll content of a frond of S. polyrrhiza decreases continu-

ously after an age of 15 days (GAPONENKO and STAZHETSKII 1969). For
details and interpretations see vol. 2, chapter 2.4.1.4 (LANDOLT and
KANDELER 1987).

As the mother frond ages, the successive daughter fronds become smaller
and consist of fewer cells of the same size. However, the first daughter
fronds ot the final fronds of this second generation again grow larger;
maximal size of fronds is reached after about four generations (ASHBY et
al. 1949, WANGERMANN and ASHBY 1950, 1951, WANGERMANN 1965). Figure 2.11
gives an example of the changes of frond area in the course of the gene-
rations. The above cited authors also report a shorter lifespan for the
daughter fronds formed later. The same is reported by BOSS et al.
(1963b) for L. obscura (named as L. minor): the lifespan of the daughter
frond reaches 73 days, the lifespan of the 24th and last one only 41
days. They confirmed that the time between successive daughter fronds
increases as parent fronds age. The results show that the maximum size
of daughter fronds is reached in the second and third daughter frond and
that the later daughter fronds successively become smaller. On the other
hand, CLAUS (1972) observed similar lifespans in L. obscura (named as L.

minor) and in L. aequinoctialis, independent of position in the sequence

of formation; according to CLAUS, each daughter frond gave rise to about
the same number of daughter fronds in the next generation. MENDIOLA
(1919) demonstrated that, in spite of physiological and morphological

differences between early and late daughter fronds of L. minor, the
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characteristics of a clone cannot be altered by long-term selection of
particular fronds.

ASHBY and WANGERMANN (1950) postulate that a particular substance is
transported from the mother frond to the daughter frond, which induces
the formation of new cells. According to the authors, the continuing
loss of this substance is the cause of the ageing of the mother frond.
Another substance is supposed to result in the elongation of the cells.
For more recent investigations and interpretations see vol. 2, chapter
2.4.1 (LANDOLT and KANDELER 1987). GUERN (1965) reports that there is a

mutual influence between the daughter and mother fronds of S. polyrrhiza

and L. trisulca, in which a stimulating effect from the mother frond is

transmitted to the first daughter frond. The successive consumption of
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Fig. 2.11. Changes of frond area of Lemna minor grown at 20 C and
5000 lux light intensity in the course of generations

Black columns: reduction of frond area from the first to the sixth
daughter frond (all produced from the same mother frond).

Hatched columns: increase of area in successive generations of first-
daughter fronds, originated from a small mother frond (M). (From KANDE-
LER 1983, after data from WANGERMANN and ASHBY 1951).
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nutrients and energy by this daughter frond inhibits the nutrient supply
and the development of future daughter fronds. If the first daughter
frond is removed, a second one develops on the other pouch. The retarda-
tion effect of the first daughter frond on the second one can be pre-
vented by the addition of kinetin and other cytokinines, as well as by

gibberellins.

2.3.3. Number of daughter fronds

The fronds of L. minor are able to form up to 15 daughter fronds, which
appear after successively 1longer intervals with ageing (ASHBY et al.
1949, PIRSON and GOELLNER 1954). KASINOV (1981) reports up to 21 daugh-
ter fronds in L. minor and BOSS et al. (1963a) up to 24 in L. obscura.
SCHUSTER (1968) observed up to 15 and HILLMAN (1969c, citing POSNER
1962a) 17-20 daughter fronds in L. aequinoctialis (clone 6746). Accord-

ing to KANG and CLELAND (1985), L. gibba G3 develops 10-12 daughter
fronds before senescence and death, whether grown on short days (non-
flowering conditions) or on 1long days (flowering conditions). The
authors did not succeed in finding any treatment to increase daughter
frond preduction. LAWALREE (1943) counted up to 5 daughter fronds in
W. arrhiza. The number of daughter fronds formed by a mother frond is
dependent upon the clone and on the culture conditions (WANGERMANN and
ASHBY 1951). Under suboptimal light conditions, it is smaller for flow-
ering fronds than for vegetatively reproducing ones. SCHUSTER (1968}
counted 14 daughter fronds for L. aequinoctialis (6746) under long day

conditions and only 5 under short day conditions (L. aequinoctialis

flowers under short day conditions).

2.3.4. Position of daughter fronds

The daughter fronds are attached to the mother frond with a connecting
piece called the stipe. According to the species, the fronds either se-
parate as soon as the daughter fronds have matured (e.g. many species of
Wolffia) or the mother and daughter fronds stay together, connected by
the stipes over more than one generation. In the latter case, the con-

nected fronds may form small groups (many species of Lemna, fig. 2.12),



rosettes (S. Eglzrrhiza under certain conditions), long and often
branched chains (L. trisulca, fig. 2.13), or clusters (W. gladiata). 1In
species where the daughter fronds separate, the moment of separation
partly depends upon the external conditions. The same species may form
groups of one, a few, or many fronds, according to the conditions of
their origin and to the season. For instance, cultures grown in the
darkness show a tendency to form large groups and clusters (LANDOLT
1957, LEUCHTMANN 1979, and others). A surplus of carbohydrates promotes
the bonds between the fronds (YOSHIMURA 1944). For separation of the

Fig. 2.12. Diagram of the vegetative growth cycle of Lemna aequinoctia-
lis (after DATKO et al 1980b)

F mother frond

a first daughter frond
Fl daughter frond of the first generation b second daughter frond
F2 daughter frond of the second generation + plus side

= minus side
F2+a(1—a) first daughter frond of the plus side of the second genera-
tion originating from the first frond of the minus side of
the first generation
If the group with daughter fronds has a certain size the successive
daughter fronds (with daughter fronds of the second generation) detach.
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fronds, the endogenous content of abscisic acid (ABA) is very important,
according to WITZTUM and KEREN (1978a). The content of ABA is improved
by a short irradiation with wultraviolet light and by increased sugar
concentration in the nutrient solution. Salicylic acid and EDDHA are
suppesed to lower ceoncentration of ABA and therefore promote the forma-
tion of large groups of fronds. DATKO et al. (1980b) observed the chro-
nological sequence of the separation of the daughter fronds of L. aequi-
noctialis. The first daughter colony from one pouch separated after ap-
proximately 60 hours; the second colony from the other pouch separated
after a further 30 hours; and the third colony from the first pouch
separated again after a further 40 hours. The sequence of new daughter

fronds and the distribution of frond ages in a culture is described.

Fig. 2.13. Frond chains in Lemna trisulca (from GUERN 1965) (x4)

F mother frond

0 a first daughter frond
Fl 5 3.4 daughter frond of the first, b secend daughter frond
'%'='" second, third, and fourth + plus side
generation - minus side

Sta stalk (basal part of the frond containing the stipe at the end)
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Only one daughter frond forms if the light conditions are unfavourable,
the daughter frond always developing on the same side. For example, in
the half-shade L. trisulca produces spiral chains instead of reticular
groups (GOEBEL 1921) (fig. 2.14). I made the same observations; with the
addition of sugar, reticular groups are formed again. ZURZYCKI (1957b)
reports simple chains with antidrome branches; he explains this pheno-
mena as due to too-low amounts of carbohydrates; he also found that the
addition of sugars produced daughter fronds on both sides.

There is no genetic fixation on which side the first daughter frond of

Lemna or Spirodela is formed, although the first fronds of a clone will

develop on the same side for many generations. HILLMAN (1961) observed

from the offspring of self-fertilized seeds of L. aequinoctialis that

about 50% of the clones begin to develop the first daughter fronds on
the right side and about 50% on the left side. Our clone 6746 has chan-
ged preferences for the side of the first daughter fronds twice since
1953 in agar culture. Sometimes in nature, one can see symmetrical

groups of Lemna (e.g. L. valdiviana) which means that the first daughter

Fig. 2.14. Lemna trisulca producing spiral chains in the half-shade
(from GOEBEL 1921) (x4)

FO mother frond

F1 —_ daughter fronds of the first to the seventh generation
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frond from the right side developed the first daughter frond of the se-
cond generation on the left side and that the daughter frond from the
left side produced its first daughter frond on the right side. Under
certain conditions, the preference of the side might change after each
generation. BOECKER (1936) made a similar observation with an unidenti-
fied Lemna from an agquarium. DOSS (1978) reported similar symmetric

groups of L. aequinoctialis which showed a flower on alternating sides.

The daughter frond changed the side preference when forming new daughter
fronds of the second generation. Side preference may be changed by TIBA
(WANGERMANN and LACEY 1953, WITZTUM 1966), X-ray radiation (POSNER and
HILLMAN 1960, POSNER 1961) or by the application of 2,4-D (KASINOV 1973,
1978). According to KASINOV and KASINOVA (1974) and KASINOV and PAVLOVA
(1977), the side preference of clones of L. minor is relatively stable.
However, for a short time, when the daughter fronds reach 20-25 um, they
are easily susceptible to external factors. During this time, the appli-
cation of 2.4-D can produce a symmetrical arrangement of daughter
fronds. Afterwards, the new daughter fronds will again have their own
side preferences ("right-handed" or "left-handed"). A spontaneous change
in the side preference was observed only in the relation of 1:10-20'000
(KASINOV and KASINOVA 1974). These authors point ocut, too, that the side
preference cannot be transmitted by genes of either the nucleus or of
the plasma. Stereoisomers of arginine, aspartic acid and atebrine have
no influence on the side preference of L. minor (KASINOV 1980). Accord-
ing to WITZTUM (1966, 1979), the development of a daughter frond is de-
pendent on the concentration of certain hormonal substances ("auxins").
These substances are formed in the meristematic tissues. The side that
has more of this tissue present (the side of the accessory bud of the
mother frond), grows larger and is called the plus side. There, the
first daughter frond will develop on this side. After the application of
TIBA, the accessory frond might often be suppressed resulting in a
reversal of the plus side. 1If growth conditions are very favourable,
there is the possibility that the daughter fronds will develop simulta-

neously on each side (e.g. L. aequinoctialis).

Normally, the position of the accessory fronds (= successive fronds
which are formed after the first daughter frond in each pouch) is on the

plus side of the previcusly formed daughter frond (WITZTUM 1966).
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2.4. CHARACTERISTICS OF NORMAL VEGETATIVE FRONDS

2.4.1. Form, size and weight

In general, the Lemnoideae (Spirodela, Lemna) are thin and leaf-like;

some species (e.g., S. intermedia, S. punctata, L. gibba, L. disperma,

L. obscura) become inflated {gibbous) due to enlarging of air spaces. In
shape, they are orbicular, obovate or lanceolate; they grow up to 1.5 cm

long (without stalk, L. trisulca) and 1 cm wide (S. intermedia, S. poly-

rrhiza). The smallest species of the Lemnoideae reach 3 mm under optimal
conditions; in sub-optimal conditions, sometimes they are smaller than
1 mm. Wolffiella is thinner than the Lemnoideae, leaf-like, often trans-
parent, orbicular, obovate, tongue-shaped or sabre-shaped. The largest

species (W. neotropica, W. Welwitschii, W. lingulata) become up to 8 mm

in length and 5 mm in width; the smallest species reach no more than

3 mm in length (W. repanda) and 0.8 mm in width (W. gladiata, W. denti-

culata). The fronds of Wolffia are thick and either globular, oveid,
cylindrical, conical, boat=-shaped or nutshell-shaped. The fronds grow up

to 2.5 mm in length (W. elongata), 1.5 mm in width (W. brasiliensis) and

2 mm in depth (W. microscopica). The smallest species, (W. angusta and

W. globosa), which are the smallest species of all flowering plants,
reach a length, width and depth of 0.8, 0.4, and 1 mm and 0.8, 0.6, and
0.7 mm, respectively.
The size and shape of fronds are strongly dependent upon external condi-
tions. However, there are also genetic differences between different
clones. It is rather difficult to make precise statements on the
relationship between external factors and the size of each frond because
most factors do not work independently; moreover, the different species
and clones do not always react in the same way. Some variations within
time under the same culture conditions is also reported (e.g. TILLBERG
et al. 1979).
In general the size of fronds increases and the shape may change with
the following conditions:
- increased light intensity: for L. minor, up to at least 8000 lux (ROM-
BACH 1976); for W. arrhiza, between 500 and 5000 lux (GODZIEMBA=-CZYZ
1969).

= increased light duration: bigger fronds of §S. intermedia develop in
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continuous light than in a 1l2-hour day (FERNANDEZ and MUJICA 1973).

- addition of sugar: the size of S. polyrrhiza and L. minor is enlarged

1 1/2 to 3 times with the addition of 1% sucrose at temperatures be-
tween 20°C and 30°C (LANDOLT 1957). Higher concentrations of sugar (2

to 5%) give rise to smaller fronds in S. polyrrhiza (GORHAM 1945, LAN-

DOLT 1957). The effect of glucose is still greater than that of su-
crose; fructose and maltose are less effective than sucrose.

- increased nitrogen, phosphorus, potassium, calcium and magnesium con-
tent: however, very high concentrations of these elements will result
in a reduction of frond size (WHITE 1936a,b,c, PIRSON and SEIDEL 1950,
LUEOEND 1980, ZIMMERMANN 1981, DANN 1982).

- increased temperature: temperatures up to a maximum of about 20°% for

L. minor and S. polyrrhiza in solutions without sugar; at higher tem-

peratures, the size is reduced; again, with the addition of sugar, the
optimum was reached at higher temperatures (LANDOLT 1957).

- low night temperatures: the size of fronds of S. intermedia was much

greater with night temperatures of 5°C than of 25°C, and with a day
temperature of 25%¢ (FERNANDEZ and MUJICA 1973).
- addition of benzimidazole: the size of L. minor fronds nearly doubled
when 3.4 mM benzimidazole was added to the solution (HILLMAN 1955).
- addition of IAA: in L. trisulca, an elongation of the frond was ob-
served with addition of IAA (BATA and NESKOVIC (1982a).
-~ application of lanolin: lanolin applied to the upper frond surface of
L. minor increased the frond size (GORHAM 1941).
The size of L. minor fronds was reduced with the addition of gibberellin
(LOOS 1962). In S. punctata, frond size was decreased with the addition
of EDDHA or salicylic acid (SCHARFETTER et al. 1978).
The length-width ratio and the thickness of fronds depends upon external
factors, too. Fronds of L. minor are narrower under 6 hours daylight
than under 16 hours (FELDMANN 1975). In L. trisulca the length-width
ratio substancially increases with growth under far-red light and to a
lesser extent under blue light, when compared with growth under green or
yellow light (at low light intensities) (ZURZYCKI 1957b). Blue light at
high intensities reduces the length of L. trisulca (BATA and NESKOVIC
1982b). In S. polyrrhiza, DAVIDSON and SIMON (198lb) observed in most

clones relatively 1longer fronds at high temperatures (28°>23°>18°C).
LUEOEND (1980) was able to reduce length-width ratios by increasing the

phosphorus content of the nutrient solution up to a certain maximum;
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with a high concentration of phosphorus, the ratio increased again.
LUEOEND (1980, 1983) made similar observations in relation to the con=-
tent of nitrogen (except L. minuscula). For the clones used, the ratio

varied between: 1.03 and 1.27 (S. polyrrhiza), 1.10 and 1.53 (L. gibba),

1.35 and 1.60 (L. minor), 1.19 and 1.62 (L. minuscula). In the lower
concentrations of P and N the length-width ratio of the fronds of L. mi-
nuscula was extremely high, in higher concentrations very low. There are
also length-width differences between various clones of the same spe-

cies. L. minor and L. turionifera showed a length-width ratio of about

1.6 when grown on either a balanced or a nitrate-limited medium. The ra-

tio of L. turionifera fell below 1.5 when grown on a phosphate-limited

medium while that of L. minor remained near 1.6 (DOCAUER 1984). The use
of Hoagland solution in different concentrations did not cause any dif-

ferences in the length-width ratio of S. polyrrhiza (SPOONER 1967). The

same was true in solutions with and without nitrogen. However, it should
be pointed out that SPOONER (1967) used relatively low light intensities
(3000 lux, as opposed to 18000 lux used in the investigations of LUEOEND
1983). Under conditions of continuous darkness, LEUCHTMANN (1979) no-
ticed no change in the ratio of different species if yeast extract, vi-
tamin B, or amino acids were added.

Although the length-width ratio is variable within a clone and between
different clones of one species, there are extreme values which might be
characteristic for a certain species. To distinguish L. gibba from L.
minor, extreme values of the ratios can definitely be assigned to the
two different species, and only the medium values, which unfortunately
occur rather frequently, cannot be identified. Fronds of a ratio of 1.0
to 1.2 belong to L. gibba and those of a ratio 1.6 to 2.1 belong to L.
55295 (DE LANGE and WESTINGA 1979). In a similar way, extreme ratio
values are characteristic for species within the groups of L. valdiviana

and W. lingulata.
The length-width ratio of SEirodela varies between 1 and 2; of Lemna,

between 1 and 5; of Wolffiella, between 1 and 20; and of Wolffia, be-
tween 1 and 4.

PIETERSE (1972, 1974b, 1975a), DE LANGE (1974), DE LANGE and PIETERSE
(1973), ELZENGA et al. (1980) measured the thickness of L. minor and L.
EEEEE under different external conditions; similar investigations were

done by DE LANGE and REVIER (1982) with S. polyrrhiza (see also chapter

2.4.4.). The gibbosity of the lower side of the frond of L. gibba is
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caused by the enlargement of air spaces. For a long time, there was much
speculation about which factors in nature were responsible for this en-
largement. GUPPY (1894) and VAN HOREN (1869) attributed it to high tem-
peratures (because flat forms were mostly seen during winter times, cf.
also DE LANGE et al. 1984). REJMANKOVA (1975a) made similar observa-
tions. However, DE LANGE and PIETERSE (1973) and PIETERSE (1975a) also
reported gibbous fronds at 1low temperatures. Varying the nitrogen and
phosphorus content in the solution, LUEOEND (1983) observed gibbous
fronds only in solutions with simultaneously high nitrogen and phosphor-
us content (8-40 mg N/1 and 0.6-80 mg P/l). High nitrogen concentration
coupled with medium phosphorus concentration did not stimulate gibbosi-
ty. PIETERSE et al. (1970 b,c), PIETERSE (1972, 1975a, 1976), CLELAND
(1974c), ELZENGA et al. 1980, and CLELAND et al. (1982) mention that the
following chemicals promote the gibbosity of L. gibba: EDDHA, EDTA,
Ethrel, and salicylic acid. Gibberellins and copper prevent the enlarge-
ment of air spaces, whereas iron has no influence. EDDHA and salicylic
acid (SCHARFETTER et al. 1978) are able to make S. punctata gibbous. On
the other hand, L. minor only becomes a little thicker with the addition
of EDDHA. No enlargement of the air spaces was observed with either §.

polyrrhiza by DE LANGE and REVIER (1982) or by me with §S. intermedia.

ELZENGA et al. (1980) show that the gibbosity of L. gibba is actually
caused by ethylene, in nature as well as under culture conditions. The
necessary amount of ethylene is 24 nl/l1 air or more. The authors were
able to measure the same amounts of ethylene at places in nature where
gibbous L., gibba were found. The cultures grown in a nutrient solution
containing EDDHA were able to produce the needed amount of ethylene. The
assumption is therefore that gibbosity is caused by a certain endogenous
concentration of ethylene.

A high dry weight of Lemnaeae fronds is promoted by high light intensi-
ties and by addition of sugar (LANDOLT 1957). At low temperatures, the
dry weight of a single frond is higher than that at high temperatures.
According to LANDOLT (1957), the dry weight of L. minor 1is more than
doubled at 14°C in comparison to the values at 20°C. TILLBERG et al.
(1979) report fluctuations of the average fresh weight of L. gibba
(three frond groups) between 25 and 50 mg at different times but under

exactly the same conditions.



Fig. 2.15. Young frond primordia (II) of Wolffia arrhiza (No. 7014)
arising in the reproductive pouch of a mother frond (I).
NU = nucleolus. (x2500) (from ANDERSON et al. 1973)
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2.4.2. Elements of the cells

The cells of L. gibba contain three main compartments, according to BIE-
LENSKI et al. (1984a,b): cell wall, cytoplasm (incl. nucleus), and vacu-
ole.

The mean relative volumes of the wall, the cytoplasm and the vacuoles in
T gibba are 0.03, 0.32 and 0.65, respectively (GAUDINET et al. 1984).
Fig. 2.15 shows meristematic cells in W. arrhiza (ANDERSON et al. 1973).
The early development of vacuolation can be seen. Chloroplast are pre-
sent in all cells. This presence of chloroplasts and the absence of pro-
plastids in meristematic cells is unusual for wvascular plants. BEAMS et

al. (1979) showed that Lemna fronds are able to survive ultracentrifuga-

tion and to multiply again afterwards.

Fig. 2.16. Ultrastructure of a parenchymatic cell of Spirodela polyrrhi-
za showing cell wall (CW), chloroplast (C), starch grains
(S), vacuoles (V), mitochondria (M), nucleus (N), and part of
the intercellular air space (AS). (x8500) (from LE PABIC
1972)
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The ultrastructure of meristematic cells in S. polyrrhiza is essentially

similar to those described for other higher plants with nucleus, mito-
chondria, Golgi apparatus, plastids, and endoplasmic reticulum (ER) (RAO
1969, LE PABIC 1972). Predominant organelles in the mesophyll cells of

S. polyrrhiza are the chloroplasts with well developed grana-fretwork

system. Starch granules are often present; the protoplasm was seen to be
sparse with respect to ER and Golgi apparatus but contains a large vacu-
ole. Continuity between ER and plasmodesms was noted (RAO 1969, LE
PABIC 1982b, ANDERSON et al. 1973.

Fig. 2.17. Ultrastructure of a guard cell of a mature frond of Wolffia
arrhiza (No. 7014) showing chloroplasts containing starch
(S), numerous vacuoles (V), granum (G), microbodies (MB), and
mitochondria (M). (x13000) (from ANDERSON et al. 1973).



M

Fig. 2.18. Chloroplast of Spirodela polyrrhiza. The membrane limiting
the chloroplast is very fine; the grana are formed by 3 to 10
lamellae. The dense stroma contains a starch grain and sever-
al globuli. (x16000) (from LE PABIC 1972).

CW cell wall P plastoglobuli
G grana S starch grain
M mitochondria SL stroma lamellae (thylacoids)

Me membrane of the chloroplast



Fig. 2.19. Chloroplasts of Lemna sp. (from BEAMS et al. 1979)

The chloroplasts are from fronds ultracentrifuged for 1 hr.
The plants were then allowed to recover for a period of 6 (a)
and 24 (b) hours, respectively.

a. The starch grains (S) are still located at one end of the
chloroplast, but the plastoglobuli (P), grana (G), and stroma
lamellae (SL) have become partially redistributed. (x13000)

b. The chloroplast constituents are distributed in a manner
similar to those of uncentrifuged fronds. (x12000).

Fig. 2.20 (p. 45)

ad.

Division figure of a cell in the primordium. Note numerous mitochon-
dria and chloroplasts in the dividing cell and abundance of plasmo-
desmata. (x14000)

Dictyosomes and ribosomes in a cell adjacent to a)

(x25000)

Young chloroplast in the meristematic proximal end of a daughter
frond. (x42000)

Chloroplasts and mitochondria in an enlarging vacuolate cell. (x9200)



Fig. 2.20. Ultrastructure of young daughter frond cells of Wolffia
arrhiza (No. 7014) (from ANDERSON et al. 1973)
(for further information see p. 44)

C chloroplast G granum PD plasmodesmata
D dictyosome M mitochondrion S starch
ER endoplasmic reticulum MB microbody \'4 vacuole
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The chloroplasts of L. minor grown in a weak light show the typical thy-
lakoid network of higher plants with grana usually containing 8 to 9 ad-
pressed thylakoids. In strong light, the internal membrane system was
less well developed having longer grana structures with only 3 to 4 ad-

pressed thylakoids (RAO 1982). In the chloroplasts of S. polyrrhiza and

of Lemna sp. LE PABIC (1972) and BEAMS et al. (1979) observed a rather
typical ultrastructure with well developed thylakoids, and with grana
and stroma (figs. 2.18, 2.19). Similar results in W. arrhiza are report-
ed by ANDERSON et al. (1973) (fig. 2.20). The authors recognized chloro-
plasts which lack starch in the meristematic tissue but had no proplas-
tids in contrast to most other plants. Further investigations of chloro-
plasts of Lemnaceae were made by WROBLEWSKI (1973) on L. minor and MONT-
SELVE et al. (1984, 1986) on 1. aequinoctialis.

VINTEJOUX (1978, 1982b) studied the endoplasmic reticulum (ER) and the

dictyosomes of turions of S. polyrrhiza. In turions formed in the fall,

the tubes of ER are much reduced, stand vertically to the wall and are
shorter than in normal fronds. During winter time, the tubes get more
frequent, often anastomize and form later two parallel rows. The reticu-
lum does not seem to be preferentially associated with the vacuoles. At
the moment of germination in the spring, the tubes of the ER get dis-
persed within the cytoplasm. Some vesicles of ER become hypertrophied.
The dictyosomes in the meristematic tissue of newly built turions con-
sist of 5 to 6 tubes of irreqular shape which are mostly bigger than in
normal fronds. The Golgi vesicles, which are reduced at the beginning of
the resting period, get more and more frequent towards germination time.

The cell elements of §. polyrrhiza and W. arrhiza are reproduced in

figs. 2.16 and 2.17, respectively.

2.4.3. Colour and brightness; pigment cells

The coulour of fronds is influenced by the following conditions:

- chlorophyll content of the different layers

- thickness of the frond and occurrence of air spaces

= occurrence and distribution of anthocyanins within the frond.

Thick fronds with plenty of chloroplasts in the upper layers are inten-
sively green; thin fronds with few, regularly-distributed chloroplasts

are light green and often transparent. Just as the frond thickness is
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dependent upon external conditions, the intensity of the colour may also
vary, according to the given conditions. A small amount of light or oth-
er unfavourable conditions results in the preoduction of a small amount
of chlorephyll (ROMBACH 1976); yellowish carotinoids and flavoncids may
then affect the colour, whereas they are usually not visible under nor-
mal conditions. HONDA (1983b) showed that in W. arrhiza the percentage
cover of mesophyll cells by chloroplastic matter is constant for a given
set of growth conditions, independent of cell size and age. The number
of chloroplasts per cell is correlated with the cell size.

Some species are usually intensively green coloured: all Spirodela spe-

cies, species of L. minor and W. brasiliensis groups, and W. australia-

na., Very rarely intensively green species include all species of Wolffi-

ella and L. valdiviana, W. microscopica, W. elongata, and W. columbiana.

Other species may be intensively green in colour, depending on the
growth conditions.

Anthocyanins are restricted to all species of Spirodela, to the L. minor
group and to L. trisulca, but they are not always produced. In some spe-
cies, the anthocyanin colour pattern is very characteristic. Sometimes
the fronds have a slightly reddish colour, and sometimes there are defi-
nite spot patterns on either the upper or lower sides. Very often the
subepidermal layer of the lower side is intensively red coloured. Red
colour in the cortex parenchyma of the roots also is possible in the ge-
nus Spirodela. Neither chloroplasts nor starch grains are present in

cells of S. polyrrhiza with anthocyanin dissolved in the sap contrary to

Lemna species (HEGELMAIER 1868). The formation of anthocyanins is pro-
moted by high 1light intensity, unfavourable temperature and nutrient
conditions (e.g., THIMANN and EDMONSON 1949 with S. punctata). LUEOEND
(1983) observed more anthocyanin in L. gibba grown in culture solutions
with low nitrogen and phosphorus content. More anthocyanins are produced

with the addition of fructose (HENSSEN 1954 with S. polyrrhiza). The

presence of copper is necessary for the formation of anthocyanins (THI-
MANN et al. 1951, THIMANN and RADNER 1955b). The synthesis of riboflavin
must precede the development of anthocyanin (THIMANN and RADNER 1958).
High concentrations of kinetin prevent the formation of both anthocyanin
and chlorophyll (GUERN 1965). Phytochrome is involved in the phytoregu=-
lation and anthocyanin production. The most effective spectral regions

for anthocyanin production in S. polyrrhiza are red, blue and ultravio-

let, with action in the far-red (FR) minimal or nil (MANCINELLI and
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RABINO 1984). A more detailed survey of metabolic processes leading to
anthocyanin formation is given in volume 2, chapter 2.5.8.5. (LANDOLT
and KANDELER 1987).

Brown pigment cells are characteristic of dead cells found in the genera

Spirodela (fig. 2.23) and Wolffiella (except W. hyalina, W. repanda and

W. rotunda), and in Wolffia brasiliensis (fig. 2.15b) and W. borealis.

The cells are predominantly subepidermal in Spirodela and epidermal in
Wolffiella and Wolffia (HEGELMAIER 1868, cf. figs. 2.1 £f,g). WITZTUM
(1966) observed an accumulation of pigment cells in the substomatal
chambers and in the abscission region of the stipe of S. punctata. There
are also pigment cells surrounding the stigma of Spirodela and some
Wolffioideae species and along the opening fissures of anthers of Spiro-

dela, Wolffiella and Wolffia. WITZTUM (1966) suggests growth regulating

capacities for the chemical substance in the pigment cells. It is not
known whether the pigment cells give some protection against damage by
animals. The pigment is believed to be a phlobaphene-like substance
which is formed after the frond dies or after treatment with ultraviolet
radiation (WITZTUM 1966, 1974a). In a living colourless pigment cell,
phenolic compounds (perhaps leucanthocyanins) are present that can be
changed to phlobaphene-like pigment by oxydaticn and polymerisation.
HEGNAUER (1963) calls the pigment cells "myriophyllin cells". The pig-
ment cells have no influence on the colour of living fronds. They can
get stained by methylene blue, malachite green, gentian violet, methyl
red and saffranin but not by cresol red, thymol blue, phenol red, brom-
cresol green, resorcin blue, anilin blue and bromphenol blue (WITZTUM
1966) .

The shininess of the upper surface of the frond is probably due to a wax
layer of the cuticula; it 1is, as a rule, most pronounced with fronds
that are intensively green coloured. However, there is the possibility
of species-specific differences; under the same conditions, fronds of L.

gibba are less shiny than those of L. minor and L. obscura.

2.4.4. Epidermis, stomata, and papillae (papules)

The one-layered epidermis of Lemnaceae consists of panel-shaped cells.

The cells may be limited laterally by straight walls (Wolffiella and

Wolffia), nearly straight walls (S. intermedia), walls that are slightly
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undulated on the upper side and nearly straight on the lower side of the

frond (S. polyrrhiza), or walls that are distinctly undulated on both

sides (S. punctata, Lemna) (fig. 2.21). The epidermis cells of the coty-

ledons of all Lemnaceae have straight walls (HEGELMAIER 1868, LAWALREE
1943). The epidermis cells of the flowering fronds of L. trisulca show
less undulated walls on the upper side than the vegetative fronds (HE-
GELMAIER 1868). According to HEGELMAIER, the epidermis of Lemnaceae 1is
protected by a cuticle. The cuticle on the upper surface of Spirodela

and species of groups of L. minor and L. perpusilla consists of a wax-

like layer. The cuticle is not very effective in preventing water loss.
A water surface completely covered by duckweeds has only a 10-15% lower
evapotranspiration than a surface without Lemnaceae (BCYD 1975, RYfHER
et al. 1980, DEBUSK 1980).

The size of the epidermis cells may vary greatly. On the average, the
cells are smallest in Spirodela , larger in Lemna and largest in Wolffi-
glig and Wolffia. However, the size is dependent on external factors,

too. The number of epidermis cells per mm’ of S. intermedia is between
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Fig. 2.21. Upper epidermis (x180)
a. Lemna aequinoctialis, b. Wolffia brasiliensis
(after HEGELMAIER 1868)

EpC = epidermis cells, Pi = pigment cells, Sto = stomata cells



2483 and 3689, the smaller number (and therefore the larger cells) oc-
curring with cool night temperatures and the larger number occurring
with warm night temperatures (FERNANDEZ and MUJICA 1973).

The epidermis cells of Wolffia and Wolffiella contain chloroplasts and
starch cells (HEGELMAIER 1868 for different species of Wolffia, MONOD
1949 ANDERSON et al. 1973 for W. arrhiza, LANDOLT unpubl. results for
Wolffiella; ANDERSON et all did not observe starch grains in epidermis
cells except in the guard cells (fig. 2.22). In L. gibba, the epidermis
cells as well as 1-3 cell layers above the lower epidermis contain only
small amount of cytoplasm and very few chloroplasts (GAUDINET et
al. 1984). The same is probably true for all species of Spirodela and
Lemna with many cell layers in cross section. The ultrastructure of the

epidermis cells of S. polyrrhiza seem to be similar to mesophyll cells

(RAO 1969).

Fig. 2.22. Comparison of chloroplasts of Wolffia arrhiza in epidermal
(E) and in palisade-like (P) cells showing starch (S) and
plastoglobuli (PG). Note also mitochondria (M) and micro-
bodies (MB) in cells. (x22000) (from ANDERSON et al. 1973)
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With the exception of vegetative fronds of L. trisulca , L. tenera and

some Wolffiella species which grow totally submerged in water, the
fronds of Lemnaceae develop stomata on the upper surface or at least on
that part of the frond surface that emerges from the water. The stomata
are arranged with the length as opposed to their width parallel to the
longitudinal axis. The 4-7 surrounding cells are not different from the
other epidermis cells, They are therefore named anomocytic by SANCHEZ et
al. (1984). The number of stomata is a characteristic property for dif-
ferent species: 2(0)-10 stomata (rarely up to 20 in flowering fronds)

(W. Welwitschii, W. lingulata, W. oblonga, W. gladiata, W. denticulata,

W. columbiana and W. elongata) and 5 to 30 stomata (W. globosa and W.

angusta). All other species usually have more than 30 stomata (W. arrhi-
za sometimes has only 15 to 30; flowering fronds of L. trisulca have 30-
50 stomata). KAUL (1976) counted 170 stomata per mm’ on the average for
S. polyrrhiza, FERNANDEZ and MUJICA (1973) reported 63 to 81 stomata per

mm’ for S. intermedia, according to the growth conditions (more stomata

were produced under long light duration and low night temperatures). The
ratio of the number of stomata cells to the number of epidermis cells is
also dependent on growth conditions and is smaller with warmer night
temperatures as well as with lower light intensities (4000 instead of
7000 lux).

The size of the stomata varies considerably, with cell lengths varying
between 0.018 and 0.034 mm. Stomata size may vary up to 0.005 mm within
the same frond. However, stomata size is not a species-specific charac-
teristic, and it has not been investigated whether size correlates with
chromosome number. The length-width ratio of the stomata amounts to
about 1 1/2. Below the stomata there is an air space due to lack of sub-

epidermal cells.

N N\
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Fig. 2.23. Longitudinal section of stomata cells of Lemna minor (x1100)
(from HABERLANDT 1887)
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According to REUTER (1948, see also HABERLANDT 1887), full-grown stomata
cells of L. minor no longer function; the stomata cells stay open and
are empty (fig. 2.23). Some are divided by transverse walls., Young sto-
mata cells still have a nucleus and chloroplasts; however, their ability
to open and close is significantly limited. The osmotic wvalue is slight-
ly higher than in normal epidermis cells. It reaches 0.25-0.30 M CaClz.
ANDERSON et al. (19273) observed chloroplasts with starch grains in the
full-grown stomata of W, arrhiza., HEGELMAIER (1868), too, saw starch-
containing chloroplasts in the stomata cells of flowering L. trisulca,

as well as of full-grown Spirodela and Wolffia fronds. The stomata of

turions or resting fronds are closed. SEVERI and BARONI (1982, 1983b)
showed that the ability to control stomatal openings is maintained in
S. punctata, but not in L. minor. About half of the open stomata of S.
punctata close after treatment with CMU, FCCP, valinomycin or nigericin.
In L. minor, the above mentioned substances seem to exert no effect. The
difference in stomatal behaviour between Spirodela and Lemna might be
explained by differences in stomatal quard cells. In Spirodela, stomatal
guard cells show roundish-shaped plastids with large starch grains,
clusters of plastoglobuli and a lamellar system more reduced than in
mesophyll chloroplasts. Lemna guard cells lack plastids or other cyto-
plasmic organelles and structures. The authors also found potassium in
open stomata cells of Spirodela which was not present in closed ones.
In Lemna , potassium is not detectable at all in guard cells except in
rare instances and to a limited extent. Potassium is abundant in epider-
mal cells in both investigated species. ABA (abscisic acid) has no clos-
ing effect on stomata of L. gibba and L. minor, contrary to the effect
of many other phanerogams (TILLBERG et al. 1981). Due to the presence of

plastids and starch grains observed in some species of Spirodela, Wolff-

iella and Wolffia, it is supposed by the present author, these genera
are at least partly able to open the stomata actively. Flowering fronds
of L. trisulca might behave the same way.

In many Lemnaceae, small papillae consisting of one to several cells,
can be seen either on the surface of the frond or along the edge (fig.
2,1b,f). The point of the papilla is formed by a thickening of the outer
walls of the outermost cells. The following species contain papillae

along the edge (mostly in the distal section): L. trisulca, W. hyalina

(fig. 2.1d), W. repanda, and W. denticulata (only at the tip of the

frond). Some Wolffia and Wolffiella species sometimes have a few very
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small papilla=-like cells grown on the upper frond surface or on the
edge. More distinct papillae can be observed on the upper surface of
fronds of floating species. Most prominent are the papillae on the node

and near the tip of the frond in L. disperma, L. ecuadoriensis, L. ob-

scura, L. perpusilla, L. aequinoctialis (fig. 2.1b), W. hyalina and W.

repanda. A very prominent papilla is situated in the middle of the upper

frond surface of W. brasiliensis (figs. 2.1f, 2.24). Some smaller, but

still prominent papillae are found along the median line of the frond

surface of S. punctata and L. turionifera.

The formation of papillae is dependent upon different external factors.
Under certain conditions, which are not completely understood, species

that normally have very distinct papillae (e.g., L. perpusilla, L.

aequinoctialis, L. disperma, W. brasiliensis) do not develop any obvious

papilla. Very often papillae are not formed distinctly at high tempera-
tures (30°C) in old cultures. SCHARFETTER et al. (1978) observed more
prominent papillae in S. punctata when EDDHA or salicylic acid (lO—SM)
was added to the nutrient solution. The ethylene-releasing agent ethe-
phon is able to cause very distinct papillae in S. punctata and L.

aequinoctialis (KANDELER, BUECHELE, SCHARFETTER, unpubl. results). The

unexpected differences in the formation of papillae according to the

culture conditions explain why THOMPSON (1898) distinguished between a

Fig. 2.24. Wolffia brasiliensis with a prominent papilla in the middle
of the upper frond surface, consisting of many cells (x40)
(photo by W.P. Armstrong, San Marcos, Cal., U.S.A.)
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papilla-bearing form of W. brasiliensis as W. papulifera and a form

without papilla as W. brasiliensis. In a similar way, L. trinervis with-

out a prominent papilla at the tip was described as a different species

from L. perpusilla (or L. aequinoctialis), which has a prominent papil=-

la. It can be shown that these differences were not genetically deter-
mined, but were caused by varied external conditions. On the other hand,
there are some genetic differences that affect the size of papillae

within a species. Plants of L. aequinoctialis with very prominent papil-

lae were distinguished as a separate species (L. angolensis) from those

with less prominent papillae (L. paucicostata) by HEGELMAIER (1868).

Clones with very prominent papillae are restricted not only to Africa

but can be found within all areas where L. aequinoctialis occurs. There

is a gradual transition between clones with very prominent papillae and
those with less prominent papillae. However, in some species groups the
size and location of a papilla may be characteristic for that particular
species, especially within the group of L. minor, and can be one of the
very few differentiating features between species.

PAN and CHEN (1979) describe a "trichome" in W. globosa (mentioned as W.
arrhiza) which is interpreted as rhizoid. According to the published
scanning electron micrographs, this "rhizoid" is the place of breaking-

off of the stipe (the connection piece to the mother frond).

2.4.5. Air spaces and parenchymatic tissue

The fronds of Lemnaceae contain one to ten layers of parenchymatic tis-
sue between the epidermis of the upper and the lower sides. The tissue
cells contain chloroplasts, with the layers of tissues just below the
upper epidermis containing many more chloroplasts than the tissues in
the lower parts and in the layers between the air spaces (KAUL 1976 with

S. polyrrhiza). In Lemna (except L. trisulca) and Spirodela, the upper

cells have intercellular spaces between the cocrners; the lower cells are
packed closely together. Otherwise there is not much differentiation
within the parenchymatic tissue. In contrast to most other fronds, the

intensively green-coloured Wolffia species (W. brasiliensis, W. borea-

lis, W. australiana) have much smaller cells in the parenchymatic tissue

with more chloroplasts in the layers directly under the upper epidermis.

There is an air space directly below the stoma.
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The fronds of Spirodela, Lemna and Wolffiella species contain air spaces

within the parenchymatic tissue (called aerenchymatic tissue) either
throughout the whole frond or only around the node (figs. 2.lc,d,e,
2.25, 2.26, 2.27). The formation of air spaces begins when the young
frond reaches c. 0.2 mm in length (HEGELMAIER 1868). There are fewer air

spaces in turions and resting fronds. No aerenchymatic tissue is present

in Wolffia.

Fig. 2.25. Transverse section of the distal part of Lemna gibba, showing
the aerenchymatous tissue (x7.5) (after HEGELMAIER 1868)

AS
LN

air space, CL = layers of cells, surrounding the air space,
lateral nerve, MN = median nerve

Fig. 2.26. Lemna gibba (No. 7218). Gibbous fronds from below showing air
spaces and roots (x3)
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The air spaces are ventricles filled with air or with different mixtures
of gases and are limited by layers of cells. In gibbous fronds of L.
gibba, the gas mixture consists of 78-82% N;, 17-21% O, and 0.9-1.1%
CO; ; flat fronds of the same species contain 74-76% N, 21-23% O;, and
2.8-3.4% CO;. No methane or ethylene was found in the air spaces of L.
gibba fronds (BEST et al. 1977). In general, air spaces help to diminish
the specific gravity and to give the frond more buoyancy and stability.
Gibbous fronds are able to cover neighbouring flat fronds by their mar-
gins. They therefore have a competitive advantage.

The size and the number of air spaces within one layer of aerenchymatic
tissue, as well as the number of air space layers, may be species-speci-
fic; on the other hand, the number may also depend upon external fac-
tors. The following species never have more than one layer of air spa-

ces: species of Wolffiella, L. tenera (except flowering fronds), and L.

valdiviana, Air spaces of 1 to 3 layers can be found in all other spe-

cies of Lemna. In S. punctata and S. polyrrhiza, there are usually 2 to

3 layers; and 3 to 4 layers in S. intermedia, although at the edge of

the frond, the layers are reduced to one. The following species have air
spaces distributed over nearly the whole area of the distal section of
the frond: all species of Spirodela , and the groups of L. minor and L.
perpusilla, as well as W. gladiata and W. denticulata. Some Wolffiella

species contain air spaces only near the node. The extension of the area

of the air spaces in L. trisulca, L. tenera, L. minuscula, L. valdiviana

and W. oblonga varies, according to the growth conditions, between these

extremes. The species of Spirodela and Lemna , except for the submerged

vegetative fronds of L. trisulca and L. tenera, additionally have air

spaces in the basal section of the frond. The submerged Wolffiella spe-
cies (sect. Wolffiella) have no air spaces in the basal part of the
frond (similar to the submerged Lemna species).

As already mentioned, turions do not have air spaces. Resting fronds of
other species develop only very small air spaces (e.g., L. gibba, cf.
VAN HOREN 1869). Smaller air spaces also form in L. minor grown in dark-
ness (ROMBACH 1976).

Some species (e.g., S. intermedia, S. punctata, L. gibba, L. disperma,

L. obscura and, to a lesser extent, S. polyrrhiza, L. turionifera, L.

japonica) have enlarged air spaces and form gibbous fronds under certain
growth conditions (cf. chapter 2.4.1.). This enlargement is possible due

to the multiplication of cells, which limits the air spaces laterally
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Fig. 2.27. Transverse sections of Lemna gibba fronds (EFRAT et al.

a. gibbous frond
b. flat frond
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(EFRAT et al. 1977). The assumption of HEGELMAIER (1868) that the en-
largement of air spaces is caused by elongation of the cells is appa-
rently not accurate. Figs. 2.27a and b show cross sections of gibbous
and flat L. gibba fronds.

A system of air spaces within the roots, between the cortex parenchyma
and the endodermis, has also been reported (figs. 2.35, 2.36, 2.37, cf.
VINTEJOUX 1958, FAGERLIND and MASSALSKI 1974). The open space between
the rootcap and the root is filled with water.

The Wolffia species have no big air spaces at all. Instead, there are
some small intercellular spaces filled with air between the corners of
the cells. These spaces are especially apparent in the lower parenchym-

atic tissue (GODZIEMBA-CZYZ 1970 in W. arrhiza) (cf. figs. 2.4, 2.5).

2.4.6. Nerves and tracts of elongated cells in the basal section of

fronds; vascular and sieve cells

Nerves are present only in Lemnoideae (Spirodela, Lemna). They originate

in the node and run through the distal section. A tract of elongated
cells connecting the node through the basal section to the mother frond

is found in Lemnoideae, Wolffiella, and, to a lesser extent in Wolffia.

A similar tract of elongated cells runs through the center of the roots

of Spirodela and Lemna from the tip up to the node. It is supposed that

nerves and tracts of elongated cells serve as a transport system for nu-
trients and sugar.

The nerves and the tracts of elongated cells of Spirodela and most Lemna
species contain some tracheids with ring- or spiral-shaped strengthen-
ings in the walls (annular tracheids) (fig. 2.28). No tracheids have

been reported as present in the nerves and tracts of L. tenera, L. val-

diviana and L. minuscula. In L. perpusilla and L. aequinoctialis, tra-

cheids are restricted to the tract in the basal section and to the low-
est part of the central nerve; in L. trisulca, tracheids are visible up

to the middle of the central nerve; and in L. gibba, L. minor and Spiro-

dela, the tracheids have been found in all nerves up to the tip (HEGEL-
MAIER 1868, 1895). HEGELMAIER's observations are much more precise than
the recent indications of NAVARRO ANDRES et al. (1984).

According to SCHENCK (1886), the nerve of L. trisulca contains an upper

row of tracheids and a lower row of sieve cells sustained by a row of
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accompanying parenchyma cells on each side. Other rows of accompanying
elongated parenchyma cells can often be seen which follow the nerve up
to its distal part, where tracheids are absent. From the outer main ner-
ves, which originate in the node, secondary nerves might branch off

(e.g., in Spirodela, L. minor, L. japonica and very rarely, in L. aequi-

noctialis). The secondary branching of L. minor can be stimulated by the
addition of TIBA (SARGENT 1957, SARGENT and WANGERMANN 1959)., The three
main nerves have been ramified into as many as 15 branches. NAA and IARA
alone cause only a slight increase of the amount of vascular tissue, but
other halogenated benzoic acids showed a similar effect. In S. polyrrhi-
za, using the same treatment, the authors found an increase of parallel
nerves but no branching.

The development of the nerves begins relatively late. 1In L. gibba for
instance, the median nerve becomes visible at a frond length of 0.2 mm,
the first pair of lateral nerves at 0.3 mm and the second pair of later-
al nerves at 1-1.2 mm (HEGELMAIER 1868). In full-grown fronds of Lemna

(contrary to Sgirodela) tracheids are very difficult to see.

Ne
No ¢ R Ne
‘(// Po
Fi-c
Fh-c \ E
P

Fig. 2.28. Basal part of the Lemna trisulca frond (x60)
(after HEGELMAIER 1868)

E entrance to the pouch Po pouch

F1+a first daughter frond of the R root
first generation, plus side Sti stipe

Fl_a first daughter frond of the Tr tract of tracheids and
first generation, minus side elongated cells

Ne nerve connecting the stipe with

No node the node
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The number of nerves is species-specific but is also susceptible to the
effect of external factors. Up to 16 nerves can be observed within the

group of S. polyrrhiza (HEGELMAIER 1868 mentions up to 21 nerves), up to

12 of which are formed at the beginning of development, the rest, which
are usually shorter, are formed later on the outside of or between the
existing nerves. Three to 7 nerves are recorded for S. punctata and 1 to
5 (very rarely 7 in L. gibba) in Lemna. L. gibba and L. disperma have 3

to 5 nerves originating from the node (fig. 2.29). The other species of

the L. minor group as well as L. aequinoctialis, L. perpusilla and L.
tenera have 3 nerves beginning at the node. In addition, L. minor and
L. japonica sometimes have 1 or 2 secondary nerves that branch off from
the lowest part of the outer nerves (fig. 2.29). The number of nerves in
L., trisulca might vary between 1 and 3, according to external conditions
and genetic predisposition. The clones of L. trisulca of our living col-
lection originating from Australia never formed more than one nerve un-
der experimental conditions; however, some herbarium material from Aus-

tralia has 3 nerves. L. valdiviana and L. minuscula are characterized by

ocnly 1 nerve. In contrast to some reports in floristic literature, I
have never observed fronds of these species without nerves.

The tract of elongated cells, which runs from the node along the median
line of the basal section of the mother frond, contains tracheids in

Spirodela and in most Lemna species. Sometimes the tract is asymmetric,

Fig. 2.29. Nerves of Lemna gibba (a) and Lemna minor (b) (x15)
(after LANDOLT 1975)
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especially in L. valdiviana (fig. 2.1c). In Wolffiella (figs. 2.14,e;

2.3), the tract is distinctly wvisible, but tracheids are not present.
The tract runs near the median line of the lower wall of the pouch in W.

hyalina, W. repanda, W. rotunda, W. neotropica, and W. Welwitschii. 1In

W. lingulata it is situated between the median line and the edge of the
frond; in W. oblonga (fig. 2.le), W. gladiata, and W. denticulata it is

located near the edge.
In fronds of W. oblonga, W. gladiata, and W. denticulata, due to the la-

teral position of new fronds, the daughter fronds of the first and sec-
ond generations do not cover each other and often form stellate groups
or clusters. Species with the tract along the median line of the basal
part of the frond usually float in two-fronded groups. The tract of
asymmetrical species in the daughter fronds of successive generations is
nearly always situated at the same side.

Only a very small and indistinct tract of elongated cells is typical for
Wolffia. In all species, the tract is situated along the median line of
the lower wall of the budding cavity. No tracheids or elongated cells
are known from sexual organs of Wolffia.

Tracheids and sieve elements have been investigated more intensively in
the roots than in the fronds (cf. chapter 2.4.11). WALSH and MELARAGNO
(1974, 1976, 198l) and MELARAGNO and WALSH (1976) studied sieve elements
in fronds of L. minor and found that, except for the lack of callose,
the lateral walls between sieve elements and contiguous cells are simi-
lar in development and mature state to those reported for other species
of phanercgams. The open pores are of uniform width, are 1lined by a
plasmalemma, and are almost completely empty. Some plastids have been
observed containing protein-like crystalline substances which possibly
act as sealing material. Mitochondria persist in mature sieve elements;

in many cases an intact tonoplast is also present.

2.4.7. Oxalate-crystal idioblasts

Spirodela and Lemna have certain cells that contain oxalate crystals. In

Spirodela, there are two different kinds of crystals: druses and ra-
phides (fig. 2.30). In Lemna, there are only raphide cells, which are
distributed throughout the whole body of the plant except in the subepi-

dermal layer and in the cells separating air spaces vertically. The
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Fig. 2.30. Section of a frond segment of Spirodela punctata (x180)
(after HEGELMAIER 1868)

Dr = druses, Pi = pigment cells, Ra = raphides

Fig. 2.31. Raphide cell from the root of Lemna minor (x1500)
(after VINTEJOUX 1958)

Ch = chloroplast, Nu = nucleus, Pl = plasma, Ra = raphides
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raphide cells are oriented parallel to the margins and nerves of the
frond, and are two to three times larger than normal cells. Each cell
contains a bundle of needle-shaped crystals. Raphide crystal cells are
living and contain some protoplasm for a relatively long time (figq.
2.31). The length of raphides is about 0.03-0.06 mm in L. minor, about
0.04 mm in L. gibba, about 0.13 mm in S. punctata (measured from figures
in HEGELMAIER 1868 and VINTEJOUX 1958) and about 0.02-0.05 mm in S. po-
lzrrhiza (VINTEJOUX and SHOAR-GHAFARI 1985) The diameter of the bundle
of raphides is 0.006-0.010 mm in S, polyrrhiza. In contrast, druse cells

are smaller than normal cells and contain a crystal complex shaped like
a morning star (fig. 2.30). They are apparently dead. Whereas the ra-
phides are spread throughout the whole parenchymatic tissue, except the
subepidermal layer of the surface, the druses are concentrated mainly in
the upper subepidermal layer in the parenchymatic tissue around the node
(HEGELMAIER 1868) and around the nerves (VINTEJOUX and SHOAR-GHAFARI
1985). In S. polyrrhiza, VINTEJOUX and SHOAR-GHAFARI (1985) found ra-

phides in the parenchymatic tissue of normal fronds, roots and turions;
raphides are especially frequent in the prophyllum (lobe of the lower
surface, basal region) where they are oriented parallel to the margin.
Within the frond, the orientation is frequently parallel to the radius
from the central node to the margins. Many druse cells are located in
the perispheric region of the frond; they are often together in groups
of 2, 3 or 4. FRANCESCHI (1985) reports that dark-grown fronds of L.
minor form four times as many crystal cells as light-grown plants.

According to STRASBURGER et al. (1978), the raphides in Lemna are en-
closed within a vesicle (raphidosom) formed by a simple membrane and se-
parated from the tonoplast. ARNOTT and PAUTARD (1965, 1970) and CHIU and
FALK {1975) investigated the formation of crystals in L. minor and L.

aequinoctialis, respectively, and they observed a center of crystallisa-

tion within the cell and fibrils connecting the center with the cell
walls. It is supposed that the fibrils are able to transport material
for crystal formation. AL-RAIS et al. (1971) report that the raphides of
L. minor consist of the monohydrate salt of calcium oxalate. The druses
(not investigated in Lemnaceae) contain a calcium oxalate salt with 2.25
part H,O0. Up to 2% magnesium was measured within crystals. WROBLESKI
(1976) investigated raphide and tannin idioblasts in L. minor by means
of TEM, STEM and X- ray microanalysis on semi-thin sections. He could

distinguish two different kinds of raphide idioblasts: cells with large
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crystals showing an hourglass profile and cells with small crystals
showing hexangular and rectangular profiles, Differences in the elemen-
tal composition of the idioblasts may indicate that cells have different
metabolic pathways (for details see volume 2, LANDOLT and KANDELER
1987). Since tannin idioblasts and two different kinds of crystal cells
are only known in Spirodela, the possibility exists that the author
worked with S. punctata instead of L. minor. Then the small crystals
would be identical with druses,

The raphide idioblasts of S. polyrrhiza lack the so-called modified pla-

stids. The starch is present in the proplastids, but does not get accu-
mulated in the plastids of raphide cells (RAO 1969).

It is not known if the crystals of calcium oxalate have a biological
function apart from removing surplus oxalate out of the protoplasm.
These crystals may also serve, as protection against damage by snails
(STAHL 1883) or other small animals. Contrary to the raphides of Ara-
ceae, raphides of S. punctata (LEDBETTER and PORTER 1970) and L. minor
(ARNOTT and PAUTARD 1970) do not cause irritation to people. Raphides of
Pistia have barbs whereas raphides of Lemnaceae only have grooves (SAKAI
et al, 1984).

2.4.8. Pouches (pockets) and cavities protecting daughter fronds

The daughter fronds originating from meristematic tissue near the node
are protected by special pouches, or cavities, during the first stages
of life (cf. fig. 2.1). There are two lateral pouches in the basal sec-
tion of the frond in Spirodela and Lemna (fig. 2.32), which are separa-
ted by a tract of elongated cells. In Wolffiella, one single flat basal
pouch is present. In Wolffia, there is a similar, but conical-shaped ca-
vity. The upper walls of the pouches are formed by tissue extending to-
wards the back from the distal section of the frond. In Wolffiella, Lem—-

na, and S. punctata, the lower wall corresponds to the basal section of
the frond. This lower wall has been the subject of many different inter-
pretations. According to HEGELMAIER (1868) it is the basal part of the
shoot. BROOKS (1940) thinks that it is a bract; LAWALREE (1945) con-
siders it an extension of the distal section, similar to the upper wall
and homologous to a cotyledonal sheath (cf. chapter 2.2.). In S. inter-

media and S. polyrrhiza, the lower wall of the pouch where the first
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daughter frond is formed originates in a different way: one lobe of the
prophyllum becomes the lower wall (fig. 2.2, Pd*). The walls of the sec-
ond pouch (on the minus side) are formed in the same way as in Lemna.
The cavity of Wolffia, which is at first ovoid, and 1later conical in
shape, is formed by a ring-shaped extension of meristematic tissue grow-
ing towards the back. As in the other genera, the first daughter frond
originates at the base of the upper side of the distal section of the

mother frond (HEGELMAIER 1868).

Fig. 2.32. A developing young frond of Lemna aequinoctialis with two
daughter fronds, each in a frond pouch (x1000)
(from SHIH 1979)
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2.4.9. Comnection between mother and daughter frond (stipe)

The connection piece between the mother and daughter plant, called a
"stipe", originates at the base of the lower pouch wall of the daughter
frond by successive divisions of the cells; the dividing cells form new
cells which extend towards the mother fronds, and this results in the
stipe. An exception is the stalk of L. trisulca, in which the dividing
cells form new cells in the direction of the body of the daughter frond.
This stalk is not homologous to the stipes of the other Lemnaceae, but
rather is a continuation of the basal section of the daughter frond; it
is not clearly differentiated from the rest of the frond and is green
(with chloroplasts), in contrast to the stipe found in other Lemnaceae.

Therefore it is called a stalk. In W. hyalina and W. repanda, the cells

at the base of the lower pouch wall form a very short stipe towards the
mother frond similar to the stipe formation in other Lemnaceae; but, the
cells also divide in the direction of the daughter frond, giving rise to
a ribbon-like appendage which attaches to the daughter frond and conti-
nues to grow even after separation from the mother frond. This appendage
improves the stability of the frond in the water.

The size of stipes or appendages is species-specific. In the group of S.
polyrrhiza, the stipe grows up to 5 mm; in the other species (except L.
trisulca), it is usually much shorter than 2 mm. The stalk of L. trisul-
ca may be as much as 20 mm long, while the appendages of W. hyalina and
W. repanda reach 5 mm and 8 mm, respectively. The lengths of the stalk

of L. trisulca and the appendages of W. hyalina and W. repanda definite-

ly depend on culture conditions. The stalk of L. trisulca elongates with
far-red irradiation in comparison with white, blue, green or vyellow
light of the same intensity (ZURZYCKI 1957b). High blue light intensity
reduces the length of the stalk of L. trisulca to less than 2 mm. Under
red and white light the stalk measured 4-6 mm (BATA and NESKOVIC 1982b).
The appendage of W. hyalina becomes longer in diluted nutrient solution
(LANDOLT unpubl.). The addition of gibberellin elongates the stipe
(stalk) of L. trisulca and §. polyrrhiza (GUERN 1965). Gibberellin,

kinetin and indolyl acetic acid (IAA) elongate the stalk of L. trisulca
from 9 mm (control) to 12, 16 and 13 mm, respectively (BATA and NESKOVIC
1982a).

The stipe tears near the mother frond when the mother and daughter frond

of Spirodela and Lemna separate. In Wolffiella and Wolffia, the tearing
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point is near the daughter frond. My own cbservations have not confirmed
the statement of HEGELMAIER (1868) that the stipe of W. lingulata, Ww.

oblonga, W. gladiata and W. denticulata in contrast to the stipe of

Wolffia species remains with the daughter frond. After separation the
stipe stays within all Wolffioideae species in the pouch or cavity of
the mother frond (fig. 2.4). According to HEGELMAIER (1868) and WITZTUM
(1966, 1974b), there are two tearing points in SEirodela. The one near
the mother frond enables its separation from the daughter £rond but
leaves the axillary frond with the mother frond; the other serves to se-
parate the stipe from the daughter frond later. In Lemna, there is only
one tearing point, which is near the mother frond, according to HEGEL-
MATER (1868) and WITZTUM (1966). The short stipe connected with the
daughter frond withers and becomes invisible. It is possible to promote
the separation of the daughter frond by UV-radiation (WITZ2TUM 1966) or
by adding ABA or sucrose to the nutrient solution (WITZTUM and KEREN
1978a,b, OSTROW-SCHWEBEL 1979). The addition of gibberellin (LOOS 1962)
and ethylene (NEGBY et al. 1972) also stimulates separation (cf. chapter
2.3; for further details see volume 2, chapter 2.4.1.3, LANDOLT and KAN-
DELER 1987). CHIU and FALK (1975) investigated the tearing point of the

stipe of L. aequinoctialis using electronmicroscopy. The abscission zone

consists of 4 to 5 rows of rectangular cells. The authors observed mye-
lin strands and long segments of endoplasmic reticulum. Microtubules
have been found regularly in cells of this tissue. The loss of orienta-
tion of microtubules in abscission cells is supposed to be related to
the onset of abscission. According to NEWTON et al. (1978), the tearing

point of turions of S. polyrrhiza is sealed by subepidermal idioblasts.

2.4.10. Prophyllum in Spirodela

In Spirodela, there is a bipartite scale at the base of the frond (fig.
2.2), which HEGELMAIER (1868) interpreted as a prophyllum and a leaf
connected together. He described the ontogenesis of this organ in detail
and then later changed his opinion, considering both parts as belonging
to the same 1leaf (HEGELMAIER 1871). Most subsequent authors (e.q.,
BROOKS 1940, LAWALREE 1945, DAUBS 1965) agreed with the opinion that the
scale is one single leaf-like organ and does not consist of two connec-

ted organs., The most simple assumption is that it is a prophyllum en-
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closing the basal section of the frond, since it is attached to the
shoot axis below the node. It does not have the right position to be a
bract supporting the first daughter frond. In a similar way, the flowers
of Spirodela and of Lemna are enclosed in a membraneous prophyllum (cf.
chapter 2.6.2.). However, many authors (e.g., MEUSEL 1951, BRUNAUD
1974a, KANDELER 1979) regard the scale of Spirodela as a bract.

The prophyllum of S. polyrrhiza and S. intermedia is attached to the

base of the frond, laterally on the upper part; from there the prophyl-
lum covers the whole base of the upper part and overlaps to the lower
part, where it forms the 1lower wall of the pouch of the plus side. On
the other side, a scale-like lobe reaches to the lower part, covering
the point of attachment of the roots. The two lobes are connected at the
base on both sides (figs. 2.2a,b). The prophyllum of S. punctata is much

smaller than that of S. polyrrhiza. The one lobe covering the base of

the upper surface of the frond (which perishes in full-grown fronds)
does not overlap to the lower part. Therefore, the lower wall of the
pouch on the plus side is formed by an extension of tissue from the
distal part, in a similar way to the formation of the pouch on the minus
side and of both pouches of Lemna. The second lobe covering the point of

attachment of the roots is very similar to that of S. polyrrhiza. The

prophyllum does not develop until after the first cell divisions of the
new frond have taken place (VINTEJOUX 1969).

The lobe covering the point of attachment of the roots of Spirodela is
perforated by roots, the number of which is species-specific. 1In S.

Eunctata, all roots perforate the 1lobe (1 to 12); in the §S. polyrrhiza

group, only some of the roots: 2 to 5 in S. intermedia, and 1, rarely 2,

in S. polyrrhiza. In contrast to many reports in the literature, I some-

times observed two perforating roots in clones of S. polyrrhiza from all

parts of the world. According to HARRISON (1964) and BEAL (in 1lit.), all

6 investigated clones of S. polyrrhiza were able to produce 2 perfora-

ting roots under certain conditions. However, SPOONER (1967) observed
only 2 out of 1296 fronds with 2 perforating roots.

The prophyllum consists of one (along the margins) or two layers of un-
dulated epidermal cells. Towards the base the cells get smaller, have
straight walls and enclose one to three layers of parenchymatic tissue.
Pigment cells are very frequent within the prophyllum (HEGELMAIER
1868).

The prophyllum cells have fewer chloroplasts per cell than mesophyll
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cells. "A wavy enveloppe and bizarre shape of the chloroplasts along
with elongate animal-type mitochondria are considered as distinguishing
characteristics of prophyllum cells" (RAO 1969).
2.4.11. Roots

2.4.11.1,. Presence of roots

Within the family of Lemnaceae the presence of roots is restricted to

Spirodela and Lemna. In Wolffiella and Wolffia, there is no indication

of roots at all. Sometimes roots of Spirodela or Lemna may drop off or

remain rudimentary (in turiocns); therefore, these fronds seem to be
rootless. The only species of Lemnoideae that does not always form roots
is L. trisulca. Under certain conditions and in some regions (e.g. Aus-
tralia), rootless fronds are frequently found. In the family of Lemna-
ceae, there are no ramifications of the roots and no root hairs. The
roots of Lemnaceae are believed to be adventitious. They originate at
the node on the lower part of the frond from the cell layers below the
epidermis (HEGELMAIER 1868, VINTEJOUX 1958). They are first visible when
the frond reaches 0.035-0.050 mm in length and the first daughter frond
appears. The prophyllum in Spirodela becomes perforated in S. polyrrhiza

by the first root, in S. intermedia by the first 2 to 5 roots, and in S.

punctata by all the roots.
2.4.11.2. size of the roots
The number of roots in Spirodela is partly dependent on external fac-

tors; and partly it is a genetic characteristic. There are up to 21

roots in S. intermedia and S. polyrrhiza. In S. punctata, the addition

of EDDHA and salicylic acid to the nutrient solution reduces the usual
number of roots of 2-4 to 1 (SCHARFETTER et al. 1978). Under certain un-
known conditions, up to 12 roots were observed (VAN DER PLAS 1971). Lem-
ha species have only one root. FURST (1968) observed 2 roots in L. tri-
sulca. However, his figures show so many unclear presentations that an
inaccurate observation is possible. Nevertheless, the formation of two
roots may occur in Lemna, although this is very rare. I myself observed

in L. aequinoctialis (No. 7338) two roots per frond in one out of many
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thousands of samples. WITZTUM (1966) reports of a deeply cleft frond of

L. aequinoctialis (No. 6746) bearing two roots,

The diameter of the root of L. minor was measured as 0.15-0.2 mm (VINTE-
JOUX 1958, ECHLIN et al. 1979a, 1980b). Most species of Spirodela and
Lemna have roots not longer than 2.5-4 cm. The roots of S. punctata grow
up to 7 cm in length; those of the species of the L. minor group reach
up to 15 cm. The roots are still able to grow when the frond has already
reached final development. The root of L. minor can grow within 40 to
100 hours from 1 to 20 mm (PIRSON and GOELLNER 1953). Growth is more or
less linear during this time. The root shows a marked =zonation into a
meristematic region, a region of extension growth, and a region of ma-
ture cells. The cells of the last two regions differ in their plasmo-
lysis form (PIRSON and SEIDEL 1950, SCHAEFER 1956).

The lengths of the roots also depend upon external factors. The roots of
L. minor grow longer with higher light intensities (WHITE 1937b, 1938),
with higher potassium content (WHITE 1936a, 1938), and with low concen-
trations of nitrogen (WHITE 1936b, 1937b, WHITE and TEMPELMANN 1937,
PIRSON and GOELLNER 1953). The authors observed that the longest roots
occurred with high light intensities and low nitrogen content. They ex-
plain it with the diffusion gradient determining the supply of carbohy-
drates to the developing root meristem; carbohydrates and nitrogenous
compounds are required in balanced concentrations corresponding to those
of utilization in development. Any excess of carbohydrate above that re-
quired for development of the frond meristem raises the concentration in
the frond and in this way, steepens the diffusion gradient to the devel-
oping root meristem. If the nitrogen supply is low the frond meristem
grows slower; therefore, more carbohydrates are reaching the root meri-
stem (WHITE 1937b, THORNLEY 1977). The situation seems to be more com-

plex. HENSSEN (1954) observed shorter roots of S. polyrrhiza in solution

with sucrose than in solution with fructose. According to PIRSON and
GOELLNER (1953) deficiency of nitregen (and phosphorus) results in a
greater elongation of the cells rather than in an increase of the number
of cells. LUECEND (1980} repeorts an elongation in roots of different
species caused by lowering the concentrations of nitrogen from 10 to
1l mg NH4N03 per one liter solution., She obtained similar results by
lowering the phosphorus content. However, in very low concentrations of
nitrogen or phosphorus, the roots became shorter again. In L. gibba, the

longest reoots develop in solution with a nitrogen content between 0.008
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and 0.2 M depending on the clone investigated (DANN 1982). The root/
frond ratio increases with decreasing nitrogen supply in L. gibba. The
roots comprise about 10% of the frond dry weight in nitrogen-sufficient
medium compared with 25% in nitrogen-deficient medium (INGEMARSSON et
al. 1984b). The influence of calcium and magnesium con the root length is
even more complex (ZIMMERMANN 1981, cf. LANDOLT and KANDELER 1987). Ac-
cording to HENSSEN (1954), the kind of sugars added is also important
for root length. With glucose, the roots of S. polyrrhiza grow up to

40 mm long; with maltose and fructose, only 2-4 mm long; with sucrose, a
value somewhat between was found. The roots of S. punctata grow longer
with the addition of EDDHA or salicylic acid (SCHARFETTER et al. 1978).
On the other hand, the addition of gibberellin retards root growth in L.
EEEEE (LOOS 1962). CHAMURIS and NIELSON (1983) showed that root growth
of L, gibba and L. minor is inhibited by far-red treatment and must
therefore be under phytochrome control (see also volume 2, chapter

2.4.1.2, LANDOLT and KANDELER 1987).

2.4.11.3. Elements of the root

At the beginning of root growth, the epidermis below the root tip enlar-
ges by cell division (from a cell ring below the tip of the convexity)
and by cell elongation. After being perforated by the root tip, the epi-
dermis forms a one-layered, membraneous tube, called root sheath, which
is 0.15 mm (Spirodela) to 1 mm (L. minor) long, but varies in length

within a species. In L. aequinoctialis and L. perpusilla the root sheath

is furnished at the base on each side with a one-layered, wing- shaped

appendage consisting of 3-8 cell rows at the base (fig. 2.33).

Ap

e

Fig. 2.33. Transverse section of a young root sheath of Lemna aequinoc-
tialis (x180) (after HEGELMAIER 1868)
Ap = appendix
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The epidermis of the root is not supplied with a cuticle. The root tip
is enclosed by a rootcap (fig. 2.34) consisting of three layers of cells
at the base, which tapers towards the tip to one layer. The tip of the
rootcap is 4-7 cells thick. The rootcap originates from the subepidermal
layer of the frond; it does not correspond to the root sheath, which is
part of the epidermis. It is separated from the inner part of the root
by an intercellular space filled with water (FAGERLIND and MASSALSKI
1974). The rootcap in Lemnaceae is never renewed, in contrast to the
rootcaps of terrestrial plants where the meristematic tissue forms per-
manently new cells to replace damaged ones. The rootcap is 0.5-1.8 mm
long and exceeds the meristematic zone of the root tip. Even within a
species, the length may vary strongly. Longest rootcaps are known from
L. gibba (up to 1.8 mm), but because of the great variation, the size of
rootcap is of no taxonomical value. The rootcaps of 1living plants are

very acute or furnished with a prominent point in S. intermedia, S. bi-

perforata, L. trisulca, L. tenera, L. perpusilla, and L. aequinoctialis.

The rootcaps might be acute or obtuse in S. polyrrhiza, S. punctata, L.

turionifera, L. disperma, L. valdiviana, and L. minuscula. In all the

other species the rootcaps are wusually obtuse, although exceptions are
possible in nearly all species. Dried fronds often have much more acute

root tips (e.g. S. polyrrhiza, L. gibba). Contrary to the opinion of HE-

GELMAIER (1868), an acute root tip is not at all typical for L. gibba
and therefore is of no value for distinguishing that species from L. mi-

nor.

Fig. 2.34. Rootcap of Lemna gibba (x20)
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Fig. 2.35. Longitudinal section of the root tip of Lemna minor (x75)
(after VINTEJOUX 1958)

AS air space IC initial cells

CC central cylinder with MZ meristematic zones
phloem cells and axial Pe pericycle
cell tract working as xylem RC rootcap

Co cortex layer with epidermis SW space system

En endodermis filled with water



_74-

2.4.11.4. Structure of the roots

Detailed descriptions of the roots of Spirodela and Lemna are given by

HEGELMAIER (1868) and VINTEJOUX (1958, only for L. minor). Inside the
rootcap there is the epidermis and a two-layered cortex (in L. trisulca

and L. aequinoctialis) or a three-layered cortex (L. minor and L. gib-

ba), followed by a ring of two-layered cells which are interpreted by
HEGELMAIER (1868) as additional cortex layers, by VINTEJOUX (1958) as
endodermis and pericycle (fig. 2.35), and by NEWTON (1972a) and ECHLIN
et al. (1982a) as inner cortex and endodermis. ECHLIN et al. (1982a) ob-
served no Casparian strip in this endodermis, at the beginning of its
development. Between the angles of the cells of the three different cell

complexes, air spaces are visible. In S. polyrrhiza, one can observe an

aerenchymatic system of two cell layers deep between the outer cortex
and the inner two-layered ring (fig. 2.36a). Innermost, there is the

central cylinder. The central cylinder of S. polyrrhiza contains a tract

of tracheids with ring- or spiral-shaped reinforcements in the centre,
surrounded by 5-7 thin-walled elongated cells (HEGELMAIER 1868). These
cells are homologous to phloem. The detection of tracheids in full-grown
roots of S. punctata and Lemna is much more difficult (figs. 2.36,
2.37). HEGELMAIER (1868) recognized tracheids at the base of young S.
punctata roots which disappear in older roots. ECHLIN et al. (1980c,
1982a) observed a tracheal element in the centre of the root of L. mi=-
nor, but they were not sure whether it was functioning. This element was
surrounded by 8-10 phloem cells, consisting of 4-6 cells of phloem par-
enchyma, 2 sieve elements and 2 companion cells. HARRISON (1964) and
BEAL (in 1lit,) reported that root vascularization is partly dependent on
nutrient conditions but not on light intensity and photoperiod. One
clene (out of 3) of §S. punctata showed tracheids in the roots in 1/10

Hoagland solution but not in N-deficient solution. §S. intermedia (1

clone studied) had no vascularization in 1/10 Hoagland solution but did
have in N-deficient solution. From these results it seems that the
development of root vascularization is possible in Spirodela and in the
group of L. minor but is dependent on growth conditions. The structure
of the sieve elements is similar to that of other monocotyledons (MELA-
RAGNO and WALSH 1976, ECHLIN et al. 1979a, 1980b, 1982a). The develop-
ment of the phloem is described by WALSH and MELARAGNO (1976). FAGERLIND
and MASSALSKI (1974) alsc observed the development of xylem cells and
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Fig. 2.36. Transverse section of the root tip of Spirodela polyrrhiza

(x230) (after HEGELMAIER 1868).

(a) and Lemna minor (b)

(1982a)
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Fig. 2.37. Transverse section of the root tip of Lemna minor, without
rootcap and cortex (x460) (after HEGELMAIER 1868).
Explanations as in fig. 2.36.

surrounding phloem tissue of the root of L. minor. The sieve cells are
eventually converted to vacuoles, whereas the accompanying parenchyma
cells maintain their 1living structure (ECHLIN et al. 197%a). However,
WALSH and MELARAGNO (1981) described plastids in L. minor which are able
to plug the sieve pores with a protein-like substance.

ECHLIN et al. (1980b,c,d) analyzed the Na, K, Ca, P, S and Cl content of
apical meristem, endodermis, xylem, and undifferentiated and differen-
tiated phloem parenchyma in L. minor. The highest values for P and K
were found in the apical meristem and the endodermis, which apparently
still has meristemapic properties. The lowest values for P were in the
xylem. Otherwise, the lowest values for all other elements were found in
the differentiated phloem parenchyma. In the root tip, the highest value
for K was found in the inner cortex and the lowest in the rootcap (ECH-
LIN et al. 198l1). The distribution of Na, Mg, P, S, K, and Ca within the

root tip of L. minor was analyzed by ECHLIN et al. (1982a).

2.4.11.5. Punction of the roots

The roots of Spirodela and Lemna contain chloroplasts and starch grains,
especially in the outer cell layers, in the inner cortex and also in the
rootcap (HEGELMAIER 1868, VINTEJOUX 1958, NEWTON 1972b). Therefore,
light-exposed roots are green and able to assimilate (PIRSON and GOELL-
NER 1953). Crystal cells are present in the root and especially in the

inner layers of the rootcap. VINTEJOUX (1958) has obse<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>