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Ontogeny of Haustorial Xylem in Parasitic Angiosperm
Cuscuta australis R. Brown
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ABSTRACT

Xylogenesis of the haustoriuam in the parasitic angiosperm Cuscuta australis R. Brown grown
on the host plant Trifolium repens L. was studied with light microscopy. As the first event indicating
the ontogeny of the haustorial xylem, cell divisions occurred in the fascicular and interfascicular
regions of the stele of the parasite stem bearing a mature upper haustoriuim, the portion of hausto-
rium external to host organ. The smaller derivatives contained densely stained cyloplasm and
prominent nuclei. It confirmed that these dense cytoplasmic derivataives resulted from the division
of the previous vacuolated parenchyma cells. As the haustorium had penetrated the host tissue,
the cell division activity extended acropetally from the xylem of the parasite stem toward the
base of the haustorium through the interfascicular region of the parasite stem. Thus a strand
of the dense cytoplasmic cells was established. At the same time, the densely stained cells adjacent
to the xylem of the parasite stem began to differentiate into xylary elements. Eventaually, a strand
of haustorial xylem was formed acropctally along the way of the cells with increased cytoplasmic
density. The acropetal induction of the division activity of parenchyma cells and its haustorial
xylogenesis in the stele of the parasite stem was discussed in relation to a possible generation

of morphogenetic or hormonal signal which might lead to a specific pattern of haustorial xylogene-

S15.

INTRODUCTION

Numerous anatomical studies on the structure and de-
velopment of the haustorium in parasitic angiosperms
have suggesied that the final stage in haustoiral matura-
tion is the connection between the vascular tissues of
parasite and host. Xylem intercontinuity plays a very im-
portant role in translocating water and dissolved solutes
from the host xylem (Kuijt, 1969, 1977; Tsivion, 1978b).

Peirce (1893) has stated that in Cuscuta amervicana the
haustoirum has central procambial cells, in which hausto-
rial xylogenesis beging near the base of the hauastorim

137

and extends to its apex. In Cuscuta reflexa, Thomson
(1925) and Forstreuter and Weber (1984) have found that
lignificatiion of the xylem proceeds from the parasite
cells making contact with the host vessels to the zylem
of the parasite stem. In the haustorium of Cuscuta grono-
vir, Truscott (1958) has described a central procambial
strand and a bidirectional differentiation of haustorial xy-
lem, which proceeds acropetally from the parasite stem
along the procambial strand in the haustorium and basi-
petally from the host xylem to the central procambium.
Tsivion (1978a) has reported that cytokinin applied in
the early developmental stage of the haustorium in Cus-
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cuta campestris promotes the growth of the haustorium
and the differentiation of its tracheary elements. Tsivion
(1978c) has also represented the xylem differentiating
near the hase of the haustorium, and moreover has claim-
ed that the haustorial xylogenesis proceeds from the hy-
phal cells to the haustorial base, so thal a tracheary bri-
dge is formed. The existence of the xylary continuum
was found in Cuscuta gronovii (Moss, 1928), Cuscuta ca-
mpestris (MacLeod, 1961), and other parasitic plants
(Piehl, 1963; Musselman and Dickison, 1975; Toth and
Kuijt, 1977; Nwoke and Okonkwo, 1978). Most of these
workers have represented the basipetal differentiation
of the haustorial xylem that proceeds from the parasite
cells in contact with the host xylem toward the haustorial
base. In Cuscula odorata, phloem connection between the
parasite and host has been documented (Israel ef al,
1980). Dorr (1987, 1990) has reported the absence of pro-
cambial strand within the haustorium itself in Cuscuta
odorata and has noted that the haustorial vascular tissues
derived from haustorial parenchyma cells begin to differ-
entiate from the haustorial part nearest the parasite stem
toward the haustorial apex.

No detailed anatomical study has so far been made
on haustorial xylogenesis in Cuscuta, since Kuijt (1977)
has pointed out that Cuscufe haustorial xylem tracing
back to the stem of the parasite has not yet been clearly
revealed. Indeed, the Cuscuta stem having haustorium
has heen overlooked in the studies on haustorial xyloge-
nesis by the above all investigators. For this reason, the
term ‘haustorial xylem’ seems to be used as it means
literally a xylem strand existing within the haustorium
itself. In addition to this difinition, this work suggested
that the haustorial xylem must involve the portion of
the xylem strand extending from the xylem of the Cus-
cuta stem to the haustorial base. The present study deals
with the ontogeny of the haustorial xylem in Cuscuta
australis.

MATERIALS AND METHODS

Parasitic angiosperm Cuscuta australis R. Brown grow-
ing on the host plant Trifolium repens L. was collected
at the campus of the College of Natural Sciences, Sung
Kyun Kwan University, Suwon, Republic of Korea, in the
summers of 1983 to 1986. The detailed procedures used
in this work were described in a previous paper (Lee
and Lee, 1989). Material clearings were prepared accor-
ding to Lersten’s method (1967). The specimens were
mounted in xylene and were observed with a Leitz Labo-
lux 12 light microscope.
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RESULTS

The Cuscuta stem bearing haustoria coiled obliquely
around the host stem (Fig. 1). The mature upper hausto-
rium with an endophyte primordium, which established
an endophyte, i.e., the portion of a haustorium growing
within host tissues, developed from the cortex ol the
parasite stem that had made close contact with the host
stem surface (Fig. 2). During this event, a signiflicant
structural feature indicating the differentiation of the
haustorial xylem first appeared in the stele of the para-
site stem (Fig. 2, ST; Fig. 3): cell divisions occurred in
the fascicular and interfascicular regions. The resulting
derivatives had densely stained cytoplasm with promi-
nent nuclei. The dense cytoplamic cells were smaller in
size In cross section, but were elongated in longitudinal
view. This feature was visible clearly in longitudinal
plane as in Figs. 7 and 8. Because of the cell division
activity, externally the parasite stem was seen to be sli-
ghtly swollen, and internally the phloem tissues displaced
from their original position were usually observed; ph-
loem identification in cross section was somcwhat diffi-
cult. As the endophyte primordium had invaded the host
tissues, the cell division activity started from the parasite
stele extended further toward the base of the haustorium
through the interfascicular regions (Fig. 4). Serial sectio-
ning, cutting transversely the stems of the parasite and
the host and longitudinally the haustorium, revealed ac-
ropetal differentiation of the haustorial xylem. When the
hyphal cells of the endophyte had reached near the host
vascular bundle, the densely stained cells adjacent to the
xylem of the parasite stem began to differentiate into
the xylary elements which served to form a haustorial
xylem strand. These elements were characterized by de-
position of a typical secondary wall material which looked
like black dots on inner surface of the walls in transverse
view (Fig. 5). However, radial longitudinal section as in
Fig. 8 showed more clearly the wall thickening of the
xylary elements. Such xylary differentiation proceeded
acropetally along the route of the cells, having increased
cytoplamic density, located at the interfascicular region
(Fig. 6). By this stage of the haustorial development, the
xylary elements dilferentiated within the haustorium it-
self did not appeared.

To observe the precise ontogeny of the haustorial xy-
lem, serial sections that simultaneously cut radially, lon-
gitudinally, and transversely through the parasite stem,
the haustorium, and the host stem, respeclively were
examined. These sections showed that the haustorial xy-
lem strand also differentiated acropetally to near the epi-
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dermal level of the host stem, when the hyphal cells
of the endophyte had made contact with the host xylem
and phloem (Fig. 7). In the stele of the parasite stem
where the endophyte had established, phloem tissues
were usually displaced (rom their original position (Fig.
7. X, P, and FR), because of the cell division activity
in the stele. The dense cytoplasmic cells positioned bet-
ween xylem and phloem in the stele of the parasite stem
also differentiated into the xylary elements forming the
haustorial xylem strand. The xylem strand was usually
tortuous and thus did not lie in a single sectional plane:
each section showed the discontinuity of the xylem st-
rand in the region reaching mainly [rom the parasite
stem’s stele to the haustorial hase (Figs. 7-9). The xylary
discontiniuty at the lower portion of the xylem in the
fascicular region in Fig. 7 was supplied in one of the
following sections (Fig. 8). The remaining discontinuities,
which were seen at the levels corresponding spacially
to the upper portion of the phloem in the fascficular re-
gion and the haustorial base in Fig. 7, were supplied
in another section cutting through the interfascicular re-
gion of the parasite stem (Fig. 9).

On the other hand, the optical sections from the clear-
ed materials showed the haustorial xylem bridge differ-
entiation acropetally from the xylem of the parasite stem
toward the host leaf (Fig. 10, HL), and stem (Fig. 11,
HS) through the haustorial base. 30-cleared and 20-serial
sectioned materials were examined to observe the differ-
entiation pattern of the haustorial xylem: 21 specimens
of them revealed acropetal differentiation, whereas basi-
petal manner was not found; in the remaining specimens
the xylem bridge between the parasite and host were
connected complelely. The mature haustorial xylem was
usually funnel-shaped.

DISCUSSION

As the mature upper haustorium developed from the
cortex of the Cuscuta australis stem making close contact
the host surface, cell divisions did occur in the fascicular
and interfascicular regions of the stele in the parasite
stem. The cell division activity extended toward the haus-
torial base through the interfascicular region of the par-
asite stem. The smaller derivatives had increased cylo-
plamic density and conspicuous nuclei. This anatomical
structure seems to be the first finding in the study on
the haustoiral xylogenesis of Cuscuta. We confirmed that
these dense cytoplasmic cells apparently derived from
the division of the vacuolated parenchyma cells, since
the latter comprises the fascicular and interfascicular re-
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gions in the stele of the parasite stem devoid of haustoria
before contact with the host (Lee and Lee, 1989, Figs.
4 and 5) and also comprises the haustorial base after
the haustorium develops (Lee and Lee, 1989, Fig. 9).
Such a dedifferentiation pattern of parenchyma cells oc-
curs in the earlier developmental stage of the upper hau-
storium of C. australis, in which close contact between
the parasite and the host induces the division activity
of the middle-layered, cortical parenchyma cells in the
parasite stem, resulting in the initials of an upper hausto-
rium and its maturation (Lee and Lee, 1989). The division
of parenchyma cells and its xylary differentiation has also
been reporled in wound regeneration of Coleus pith (Sin-
nott and Bloch, 1945) and petiole (Jacobs, 1952) and in
tissue cultures of lilac callus (Wetmore and Rier, 1963),
pea root cortex (Sachs, 1968; Phillips and Torrey, 1973),
lettuce pith (Dalessandro and Roberts, 1971), and tobacco
pith (Clutier, 1960; Sussex ef al., 1972).

The secondary wall material began to deposite in the
dense c¢ytoplasmic cells adjacent to the xylem of the par-
asite stem. By this stage of haustorial growth, the secon-
dary wall thickening could not observe in any cells or
tissues consisting the haustorium itself, ie., not in the
haustorial base or apex. On the other hand, the xylary
elements first appearing in the haustorial base have been
reported in C. americana by Peirce (1893) and C. campes-
tris by Tsivion (1978c); however, they did not state
whether the results were obtained from serial sectioning,
and their figures do not involve the Cuscuta stem. We
also observed xylary elements appearing in the haustorial
base from one of the serial sections as in Fig. 9, however,
these elements were completely connected spacially to
those of the following sections. We conclude that the
haustorial xylem began to differentiate acropetally from
the dense cytoplasmic cells adjacent to the xylem of the
parasite stem; the differentiation proceeded toward the
haustorial base through the interfascicular region.

Qur observation of acropetal differentiation of hausto-
rial xylem, extending from the stele of the Cuscufa stem
toward the haustorial base, appears to be the first since
basipetal differentiation in C. reflexa (Thomeon, 1925; Fo-
rstreuter and Weber, 1984) and C. campestris (MacLeod,
1961; Tsivion, 1978¢) and bidiretional differentiation in
C. gronovii (Truscott, 1958) have been observed within
the haustorium itself. Acropetal haustorial xylem matura-
tion described by Truscott (1958) is similar to our resulf,
but its ontogenetical anatomy was not dealt. Dorr (1987)
also noted that the differentiation of the haustorial vascu-
lar tissues begins at the Cuscutfa shoot, where that por-
tion seems to correspond to the haustorial base here,
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but she did not represent the anatomical structure of
the parasite stem. We have not examined here whether
the haustorial xylem part extending from the haustorial
base toward its apex was derived from procambial cells
as in C. americana (Peirce, 1893) and C. gronovii (Trus-
cott, 1958) or from haustorial parenchyma cells as in C
odorata (Dérr, 1987, 1990). The acropetal haustorial xylo-
genesis has been stated in many other parasitic members
(Stephens, 1912; Maybrook, 1917; Simpson and Fineran,
1970; Chuang and Heckard, 1971). Basipetal xylogenesis
in Cuscuta haustorium have been interpreted with the
concept of cytokinin concentration or transport. The Cus-
cuta haustorium has a lower level of cytokinin as compar-
ed with thal of the host tissue (Jacob et «l., 1975), and
thus a high enough cytokinin concentration for the haus-
torial xylogenesis may be translocated from the host xy-
lem to the parasite (Tsivion, 1978a; Gupta and Singh,
1985). Therefore, the hyphal cells of the endophyte mak-
ing contact the host xylem begin to differentiate into the
xylary elements which proceeds successively to back-
ward, and [inally a xylem bridge through haustorium is
basipetally formed (Thomson, 1925; MacLeod, 1961; Tsi-
vion, 1978b, c¢; Forstreuter and Weber, 1984). Such an
explanation would be favored only after the endophyte
primordium penetrates the host. All workers teferring
to the haustorial xylogenesis have not attention the Cus-
cuta stem with a mature upper haustorium which had
not yet invade the host. We stress here that the appear-
ance of the cell division activity in the stele of the C.
australis stem was the {irst event in the acropetal xylo-
genesis of the haustorium.

Considering that a certain range of hormones may de-
termine a specific pattern of differentiation of plant cells
or tissues (Wareing and Phillips, 1981), our result show-
ing the acropetal direction of the division aclivity of pare-
nchyma cells and its xylogenesis in the Cuscuta stem'’s
stele leads to us the following conclusion: a gradient of
hormone concentration had already been established for
the acropetal pattern before the endophyte primordium
penetrates the host tissues. For this to be operated, one
must assume that a morphogenetic signal (Kuijt, 1983)
starts to flow from the xylem of the Cuscuta stem, not
from the host, although no biochemical evidence on the
hormone exists. To explain a possible induction of the
acropetal division activity of parenchyma cells and its
haustorial xylogenesis, one must consider how the mor-
phogenetic signal which may operate the acropetal mode
originates before the intrusion of the endophyte primor-
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dium.

The xylem of the Cuscuta stem may contain a natural
cytokining and auxins which act in the initiation of cell
division and xylogenesis (Roberts, 1976). So it is conceiv-
able that the vacuolated parenchyma cells adjacent to the
parasite xylem began to divide. This dedifferentiation
could establish a strand of the densely stained cytoplas-
mic cells like here along the flow of the hormonal signal.
Simultaneously, an autolysis as cellular breakdown may
take place in precusors of the xylary elements like the
smaller cells with dence cytoplasm here, thus auxin
would be produced by the differentiating xylem itself
(Schedrake, 1973). Eventually, those hormones might
stimulate to cause so-called homeogenetic induction: a
differentiation pattern in one cell or tissue may induce
similar manner adjacent cell or tissue (Cutter, 1978; Wa-
reing and Phillips, 1981). Therefore, we would suggest
that the morphogenetic or hormonal signal began to flow
from the xylem of the Cuscula australis stem and played
some role in directng the acropetal homeogenetic induc-
tion of the division activity of parenchyma cells and its
haustorial xylogenesis. Comparative study of biochemis-
try on hormones known to affect the specific plant cells
or tissues with its corresponding anatomy would be help-
ful to better understand the ontogeny ol haustorial xy-
lem.
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Explanation of Figures

Figs. 1-6. Differentiation of the haustorial xylem in Cuscuta australis. Fig. 1. Parasite stem bearing haustoria
is coiled obliquely to the length of the host stem. X 1.8. Fig. 2. Fully mature upper haustorium has an endophyte
primordium (EP) at the side that contacts the host stem surface (asterisk). Note cell division activity in the
stele (ST) of the parasite stem. X 150. Fig. 3. Enlarged view of the stele in Fig. 2 shows that the cell division
activity occurred in the fascicular region between xylem (X) and phloem (P), and in the interfascicular region
between the vascular bundles. In this cross section, the derivatives of the division are smaller in size and contain
more or less dense cytoplasm with nucldi. X276. Fig. 4. The cell division activity extends toward the haustorial
base (HB) through the interfascicular regions (IR) between the vascular bundles. Arrowheads indicate the position
of the xylem pole of the parasite stem. H, hyphal cell; IIT, host tissue. X 167. Figs. 5 and 6. Two serial cross
sections showing acropetal haustorial xylogenesis initiating in the stele of the parasite stem. 5. This section exhibits
that secondary wall, looks like black dots, begins to deposite on the wall of the densely stained cytoplasmic
cells (arrowheads) adjacent to xylem (X) of the parasite stem. Note the cells, having increaed cytoplasmic density,
reaching toward the haustorial base (HB) through the inlerfascicular region (IR). X372, 6. A strand of haustorial
xylem (arrowheads) extending acropetally from ihe cells adjacent to the xylem (X) of the parasite stem toward
the haustorial base (HB). >372.

Figs. 7-11. Differentiation of the haustorial xylem in Cuscula ausiralis. Figs. 7-9. Serial sections in radial longitu-
dinal plane showing acropetal haustorial xylogenesis. Fig. 7. In the parasite stele, the elongate, dense cytoplasmic
cells located in the middle portion of the fascicular region (FR) between the xylem (X) and the phloem (P),
differentiate into xylary elements (arrowheads). Xylem discontinuities and seen at the haustorial base (HB), and
al the upper and lower portions of the phloem and the xylem, respectively. H, hyphal cell; HP, host phloem;
HX, host xylem. X250. Fig. 8 The dense cytoplasmic cells adjacent to the xylem (X) of the parasite stem differen-
tiate into the xylem elements (arrowheads) which supply the xylem discontinuity that was seen at the lower
portion of the xylem in Fig. 7. X250. Fig. 9, The xylary elements (arrowheads), which differentiated from the
densely stained cytoplasmic cells positioned at the interfascicular region (IR), supply xylem discontinuities that
were seen in Figs. 7 and 8. HB, haustorial base. X250. Figs. 10 and 11. Optical sections [rom cleared materials
show that the haustorial xylems (arrows) differentiated acropetally from the xylem (X) of the parasite stem (PAS)
toward the host leal (Fig. 10, HL) and stem (Fig. 11, HS). Note the point of the arrows indicates the haustorial
base3. X134. X111.
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